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ABTRACT 

Experimental results are presented on the kinetics of hydrates for methane and 
four methane-ethane mixtures. Two models of reaction are proposed and 
analysed. In the first, gas diffusion into the liquid is followed by 
conversion into hydrate within a liquid film, whereas in the second, gas 
diffusion was assumed ta occur in parallel with reactions at the gas -l iquid 
interface . The second mode! yielded better fits to the data but st1ll showed 
scatter at high pressures. 

RESUME 

Les résultats d'expériences sur la cinétique d'hydrates de méthane et de 
quatre mélanges méthane-éthane sont présentés. Deux modèles de reaction sont 
proposés et analysés. Selon le premier la diffusion du gaz dans le liquide est 
suivie par la transformation en hydrate à 1 'intérieure d 'u ne couc he l iquide 
mince. Le deuxième modèle suppose que la diffusion du gaz a lieu en m#me 
temps que les réactions à 1 'interface gaz-liquide. Les résultats du deuxième 
modèle s ' accordent mieux avec les données, quoiqu'ils démontrent une 
dispersion au x hautes pressions. 
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INTRODUCTI ON 

Research efforts during the second year of the study of the 

kinetics of formation and decomposition of hydrates from mixtures of 

natural gas components can be summarized as follows: 

i) Data gathering of experiments from pure methane and four 
methane-ethane binaries. 

i i) Modification of experimental equipment. 

iii) Modification of data acquisition and processing scheme. 

iv) Analysis of formation kinetics for methane hydrates and exten
sion to mixture analysis. 
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1. Data Gathering 

Experiment2l data for four methane-ethane binaries as well as 

pure methane was obtained during the period covered in this report. 

The new experimental equipment described in the 1983-84 report (1) 

was used with modifications outlined in section 2 and 3 of this 

report. For each experiment, cumulative moles of gas consumed as a 

function of time were calculated using the new data processing scheme 

(1). Plots of moles consumed versus time for each run are shown in 

appendix A. 

For methane and all binaries, experiments were of two types. 

Formation experiments were carried out in the regions of temperature 

and pressure where nucleation and hydrate formation could be 

observed. Solubility experiments were carried out at pressures 

slightly below the hydrate-gas-wat8r equilibrium pressure (for a 

given temperature) in order to observe gas consumption due to diffu

sion into the reactor water sample. 

A breakdown of experiments according to gas composition is as 

follows: 

1 . 80 mole % methane, 20 mole% ethane in the 275.8-276.2 K range 
(M80E20-T series). 

2. 100% methane in the 275.8-276.2 K range (METHAN-T series). 

3- 50% methane, 50% ethane for four isotherms in the 274-283 K 
range (M50E50 series). 

4. 75% methane, 25% ethane for four isotherms in the 274-283 K 
range (M75E25 series). 

5. 25% methane, 75% ethane for four isotherms in the 274-283 K 
range (M25E75 series ) . 

\ 
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6. 100% methane for four isotherms in the 274-283 K range (MTH100 
series). 

2. Modification of Experimental Equipment 

During hydrate experiments, reactor water agitation often gives 

rise to vortices, leading to gas entrainment w1thin the bulk water. 

This results in extra gas-liquid interfacial area which is difficult 

to account for during analysis of experimental data. To remedy this 

problem, stainless-steel baffles were installed within the reactor to 

prevent vortex formation. By analysis of several baffled and unbaf

fled runs in the M80E20-T and METHAN-T series, it was found that baf

fles provided improved experimental repeatability and were employed 

in all subsequent series. 

Noting figure 3 in the 1983-84 report (1), the reactor occupied 

a separate temperature bath from that of the supply and bias cells 

(R1 and R2). Maintenance of proper coolant levels in both baths 

required tedious adjustment of valves in the coolant supply lines. 

This problem was remedied by removing temperature bath 2 and moving 

the two cells (R1 and R2) into the same bath occupied by the reactor. 

This modification was performed after complet1on of the M75E25 series 

and was kept throughout the MTH100 exper1ments. 

3. Modification of Data Acquisition and Processing Scheme 

As mentioned in the 1983-84 report (1), all process temperatures 

and pressures were recorded on a Doric 235 digital recorder and 

simultaneously stored on a cassette. Transfer of data to the com

puter was accomplished by play1ng back the tape. A substantial 



5 

improvement in data processing speed was accomplished by transmitting 

process temperatures and pressures directly to the computer, elim-

inating the need for data storage on a cassette. In this scheme, 

analog voltages from thermocouples and DP cells were converted to 

digital signals through the use of an analog-to-digital (A/D) multi-

plexer card. Internal software was used to convert these digital 

signals into the temperatures and pressures used in subsequent data 

processing. The Doric 235 recorder was still retained as an indepen

dent check on the accuracy of the computer's new data acquisition 

system, which was implemented after completion of the METHAN-T series 

and was retained for all subsequent experiments. 

After storage of the process temperature and pressures in the 

computer, cumulative molar gas consumption was calculated using the 

scheme described in the 1983-84 report (1). In order to improve data 

processing speed and reduce computer storage requirements, the corn-

puter software was modified to allow on-line calculations. In this 

scheme, calculation of moles consumed at each sampling time was exe

cuted imrnediately following acquisition of the corresponding process 

temperatures and pressures. This allowed greater flexibility in 

choosing a sampling interval, which was appreciated especially for 

long experiments in which a short sampling interval (e.g. 12 seconds) 

would result in computer storage overflow. This data processing 

scheme was implemented after RUN#M50E50-28 (see appendix A) and was 

used for all subsequent experiments. 

' J 
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4. Analysis of Formation Kinetics 

4. 1. Test Runs 

The M80E20-T and METHAN-T series were performed in order to test 

various experimental techniques which would lead to the acquisition 

of more reliable and repeatable experimental data. Solubility exper

iments were performed below formation pressures in order to observe 

gas-liquid diffusion effects in the absence of hydrate formation. 

Agitation rates were varied in order to observe its effect upon for-

mation and diffusion rates. Experiments were performed in which 

reactor agitation was commenced after hydrate nuclei were observed, 

while similar experiments employed agitation throughout the whole 

run. The effect of baffles upon vortex prevention, and hence repea

tabili ty of experiments through elimination of gas en
1
trainment, was 

also tested. 

The observations obtained during these test · runs lead ta the 

implementation of a standard procedure for all subsequent series of 

experiments. With respect to agitation rates, 400 RPM was chosen as 

a standard since higher rates yielded similar reaction rates but were 

subject to occasional decoupling between the magnetic stir bar and 

the motor-driven permanent magnet (see reference 1, figure 2). With 

respect to agitation commencement, it was round that agitation 

throughout an experiment yielded better repeatability and hence was 

used for all non-test runs. The placement of baffles within the 

reactor effectively eliminated vortex formation and resulted in 

better experimental repeatability. As a result, baffles were used in 



7 

all subsequent non-test runs. The solubility experiments provided an 

effective means of measuring the gas-water mass transfer coefficient 

for the given reactor geornetry. 

4.2. Efforts in Modeling Methane Formation Kinetics 

Initial modeling efforts employed data obtained from various 

formation and solubility experiments in the METHAN-T series which 

conformed to the standard experimental procedure previously 

described. Five formation runs (RUNflMETHAN-T29, T30, T45, T46 and 

T47 ) and one solubility run (T50) were used. Later, modeling was 

attempted using these METHAN-T runs plus experiments in the MTH100 

series. In all modeling efforts described in this report, treatment 

of experimental data is limited to times at which hydrates first 

appear, known as the nucleation tirne (t ), and all times afterward. 
0 

This limitation is imposed because prediction of the time when 

hydrate formation commences during an experiment is currently beyond 

the scope of this research. 

4.2.1. Absorption Followed By Reaction 

Cumulative gas consumption during a formation experiment can be 

viewed as a competition between reaction and diffusion effects. As 

shown in figure 1, a possible scenario involves diffusion of gas into 

a liquid film followed by its conversion into hydrate in the presence 

of excess water. In this analysis, mass-transfer resistances between 

the water in the reactor and hydrate particles is considered to be 

lu~ped within the reaction term. Assuming a uniform interracial area 

1 1 

1 1 
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in the liquid film and no accumulation of mass within this film, the 

continuity equation yields: 

ct2c m 
= (-r ) 

m 

with the following boundary conditions: 

C C . ( y .. Q) 
m m, 1 

C = C (y=yL) m m,b 

( 1 ) 

In applying this method of analysis to modeling formation data, 

an empirical first-order rate expression was first used: 

(-r) = k Pn(C -C ) 
m o m m,e 

(2) 

Substitution of equation 2 into equation 1 coupled with a mass bal-

ance in the bulk yielded the two following differential equations: 

dn 
_[ -dt 

dCm,b 
dt 

where: 

VkLaY[ (C b-c ) ~ _ m, m,e C -C 
tanh Y 1 ( C -c ) cosh Y ( m, i m , e) 

m,e m,e 

k a-Y~ (C -C )j • L __ 1_ _ m,b m,e -C _ k C -C ) 
tanh-Y cosh-Y (C 

1
-c ) (cm,i m,e) ( m,b m,e 

m, m,e 

k "' k Pn 
0 

(kD )1/2 
Y• __ m __ 

kL 

( 3) 

(4) 

Use of equations 3 and 4 in modeling consumption data required 

previously determined values for various parameters. D values were m 

obtained from Witherspoon and Bondi (2). C and C were m,i m,e 



calculated assuming Henry's law: 

16.65(xm,i) 
cm,i = V(1-x 

1
) 

m, 

where: 

~mp 
xm,i • H 

m 

9 

(5) 

( 6) 

Henry's constants for methane in water were calculated using 

Himmelblau's correlation (3) with an empirical pressure correction: 

4 6 7 • ( P- p ) ( 7 ) 
Hm(P,T) = (26.10x10 - •51 ixlO )exp(0.093 Rîe + 0.30) 

kLa values were obtained by least-squares fit of solubility runs, 

which were modeled using the following equation: 

dng * 
et"= kLa(n -ng) 

(8) 

The interfacial area (a) was assumed to be equal to the reactor's 

cross-section area (45.6cm2 ) in all cases. Although this is a rough 

estimate, modeling trends are not effected if a 1s assumed constant 

(regardless of its value) for all experiments. Initial conditions 

for n and C were obtained directly from collected experimental 
g m,b 

data at the nucleation time t as shown in figure 2 for a typiçal 
0 

run. 

Equations 3 and 4 were solved by a non-linear least-squares rou

tine for the rate constants k and n using the METHAN-T formation 
0 

data described earlier. A variety of assumptions were used in solv-

ing these two equations. First, steady-state bulk concentrations 

were assumed, with steady-state slopes of n with respect to tirne g 

1 1 
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used as data. Later, equations 3 and 4 were integrated nurnerically 

using the technique of Kalogerakis and Ruus (4). 

Despite the various methods used to obtain optimum k
0 

and n 

values for the 275.8-276.2 K methane isotherm, numerical results 

indicated that most of the reaction was carried out in the film (i.e. 

near the gas-liquid interface). Also, parameter optimization 

obtained by integrating equations 3 and 4 produced a poor fit to the 

gas consumption profiles. Because of this and the fact that the 

model was purely empirical, it was abandoned. 

In order to more accurately predict the hydrate formation 

phenomena during nucleation and early formation, a three-step reac

tion mechanism was proposed: 

( 9) 

( 1 0) 

( 11 ) 

* .ihere L represents an empty lattice which is incompletely filled to 

form a hydrate nucleus (N ). This nucleus is subsequently completed 
C 

by the addition of an extra methane molecule to form a unit of 

hydrate (H). Material balance equations similar in form to equations 

3 and 4 were derived based on rate expressions corresponding to the 

scenario shown in equations 9-11. Rate express ion cons tants were 

determined for the METHAN-T runs using a least-squares routine. The 

resulting fit gave a poor representation of the gas consumption pro

files. Also, results indicated that practically all gas consumption 
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went into the formation of N with negligible arnounts of H formed, 
C 

thus eliminating the need for the third reaction. 

poor performance of this rnodel, it was abandoned. 

Because of the 

Another serni-empirical rate expression was proposed by parti

tioning temperature and pressure effects upon reaction rate: 

(-r) 
m 

where: 

K (P) 2 ?" - r 
2 m m 

( 1 2) 

( 1 3) 

Thus, the pressure-dependent driving force for reaction was taken as 

the fugacity difference between methane as · a dissolved gas and 

rnethane in the hydrate lattice. By the use of various thermodynarnic 

identities, the following rate expression was derived: 

where: 

6P • P - P 
e 

k • k(T) 

( 1 4) 

Noting equation 14, the concentration-dependent term resembles that 

in equation 2. As a result, k and a were treated as fitted parame

ters using a similar technique described for equation 2. 

( 

i / 
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Attempts to fit these parameters for the METHAN-T data using 

equation 14 resulted in a poor reproduction of experimental trends. 

Optimized a values yielded v values which were thermodynamically 
m 

inconsistent with known values. Also, these a values implied that 

the best fit that could be obtained for the data was to neglect con

sumption due to reaction and assume that all gas consumption was 

attributed to diffusion. Based on this observation, this model was 

abandoned. 

4.2.2. Parallel Absorption and Hydrate Formation 

Based on direct observation of experimental behavior and failure 

of the sequential absorption-reaction approach, gas consumption 

within the reactor was next envisioned as gas diffusion into the bulk 

liquid in parallel with hydrate formation at the gas-liquid inter

face. Hydrate formation or decomposition within the bulk is con

sidered to be negligible. Using this approach, the rate of consump

tion by the reactor is given by: 

dn * 
~ • V(-rm) + kLa(n -ng) 

(, 5) 

Integration of equation 15 yields the cumulative molar gas consump-

tion as a function of time: 

t 
ng(t) •VI (-r )dt 

t t m 

where: 

~t - t-t 
0 

0 

* 
+ n * - (n -n )exp(-kLa~t) g,o 

( 16) 
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n = n (t ) g,o g o 

The 1nterfac1al reaction phenomenon was first modeled by drawing 

an analogy with the Langmuir adsorption modelas described by Smith 

(5). In this model, the net adsorption rate of gas molecules onto a 

solid lattice is given by: 

(net rate of adsorption)-(k f (1-e) - k ë) 
a m,g d 

( 17) 

where ë 1s the overall fraction of occupancy of hydrate lattice cavi-

ties by methane molecules. The Langmuir adsorption model is the 

basis for the Van der Waals - Platteauw (VDW-P) model (6), which is 

extensively used to calculate thermodynamic properties of natural gas 

hydrates. However, application of the Langmuir model in a kinetic 

rate equation requires a subtle modification. While equation 17 

accurately describes the adsorption phenomena for a fixed lattice 

geometry, the overall reaction rate must be also a function of the 

number of stable hydrate cavities, which can be modeled using the 

following thermodynamic driving force: 

(no. of stable 
fL - rH 

cavi ties)~ w w 
rH 

( 18) 

w 

where, by derinition: 

L H (µ -µ )/RT ~µ /RT 
E e w w - , a e w - , (, 9) 

and ~µw/RT for methane hydrate is calculated from the VDW-P model: 

/ 



) 

/lV (?-P) 
w e 

RT 

2 1+Ck ~ P \ m m 
- l vkln(1+C ~ p) 

k~1 k,m m,e e 

where v
1 

= 1 /23, v
2

•3/23 for structure I hydrates, 

14 

(20) 

/lv •ll.6cm3 /mol 
w 

accord!ng to Holder et. al. (7), and ~m' ~m,e are calculated from the 

Peng-Robinson (PR) equation of state (8). In equation 20, C 1s k,m 

the Langmuir constant for methane in cavity type k. By definition, 

the Langmuir constant for a given cavity type is simply the ratio of 

the adsorption and desorption rate constants: 

In this report, Langmuir constants for methane and other hydrocarbon 

gases (corresponding to structure I or II as well as small or large 

cavities) were calculated using the temperature correlation suggested 

by Parrish and Prausnitz (11). The overall rate expression for 

methane hydrate formation 1s shown below: 

V(-r) = a(exp(/l~ /RT)-1)(k f (1-6)-k 6) 
m w a m,g d 

(22) 

Since structure I methane hydrate has two cavity types, modeling 

efforts involving equation 22 employed a single hypothetical cavity 

with degree of occupancy corresponding to e. Integration of equation 

22 yielded and expression for the cumulative gas consumption due to 

reaction: 

t 
V I ( - r )dt 
t-t m 

0 

where: 

-e c, <-t l-r)) • vn -e w,o e 
(23) 
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(~µ /RT) 
k f (e w -1)a 

1/T = a m,g (24) 

V • v1 + v
2 

and n is the number of moles of water initially present in the w,o 

reactor (16.65 mol). ëe was derived from the VDW-P model: 

2 
ë = l v C f /(1+C f ) 

e k=l k k,m m,g k,m m,g 
(25) 

Substitution of equations 22 to 24 into equation 16 yieldeà an 

explicit expression for n which could be fitted to an experimental g 

isotherm for one adjustable constant (k ). This was done for the 
a 

METHAN-T data (275.8-276.2 K) previously studied, resulting in a good 

representation of experimental trends. This is illustrated in fig

ures 3-6. In applying equation 16 to a parameter estimation routine, 

* a Henry's constant correlation is still required to obtain n values. 

For this parameter estimation and all subsequent ones described in 

this report, Henry's constants were calculated using a correlation 

which was obtained from the Ng-Robinson hydrate program (10). Com

parison between H values calculated by this correlation and those m 

obtained through methane solubility experiments yielded relative 

* errors in n of less than 10%. 

Unfortunately, upon the acquisition of methane hydrate formation 

data for the remaining isotherms in the 274-282 K range (MTH100 

series), it was found that the rate expression in equation 22 yielded 

a poor fit to the 274, 276 and 282 K isotherms. 

1 / 

, _ 

\ 

r 

( 
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The next attempt in kinetic modeling involved a simple zeroth

order rate equation. The basis for this model is in the dependency 

of the net rate of adsorption upon a thermoèynamic driving force and 

the number of moles of water present in the reactor. The amount of 

water is analogous to the adsorption area available for hydrate for

mation since the water within the reactor is constantly circulated. 

Since water is in excess throughout all experiments, the rate of 

hydrate formation is essentially a function of temperature and pres-

sure : 

V(-r) = aK (T,P) 
m a 

(26) 

Thus, Kawas treated as a single parameter and fitted for each exper

iment separately, assuming a constant interfacial area. For indivi

dual experiments, this assumption yielded an excellent reproduction 

of molar consumption trends as a function of time . A plot of K 
a 

values fitted for all methane formation experiments is shown in fig-

ure 7. 

The good prediction of experimental trends using equation 26 can 

be related to the good performance obtained using equation 22 in 

corr elating the METHAN-T formation runs. Noting figures 3-6, curves 

represent ing gas consumption due to reaction as predicted using. equa

tions 23-25 are essential ly linear with time, which is the same 

behav ior obtained when equation 26 is employed. 

Desp ite the good fit obtained for individual experiments, exami

nation of figure 7 yields some insight as to why the previous model

ing attempts have failed to produce a predictive model which can 
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accurately describe the effects of pressure upon reaction rate. For 

the 274, 276 and 279 K isotherms, experiments at low pressures show 

discernible pressure dependencies. At higher pressures, experimental 

reaction rates are compressed into a morass of random points. For 

the 282 K isotherm, only four experiments are shown. Experiments at 

higher pressures may also be subject to the same degree of scatter 

exhibited for the other isotherms. 

Based on direct experimental observation and the randomness of 

the high pressure rates, it is postulated that the observed scatter 

at high pressures may be due to a reduction of interfacial area 

available for gas absorption and adsorption under these conditions. 

In a given formation experiment, the gas-water interface is kept free 

of hydrates by continuous agitation of the accumulating hydrate 

slurry. For a given reactor geometry and agitation rate, the 

residence tirne of amorphous hydrate at the interface is dependent 

upon its rate of formation relative toits removal rate. The higher 

the rate of formation at the interface (due to high pressure driving 

forces), larger amounts of hydrate remain at the surface and more of 

the interracial area is blocked off. The randomness is attributed to 

the unpredictable agglomeration of hydrates at the surface, which may 

enhance or retard their removal from the interface, given a fixeè 

agitation rate and reactor geometry. This behavior is in contrast to 

the experiments performed by Vysniauskas (9). In these experiments, 

the unbaffled configuration of the reactor caused vortex formation. 

As previously mentioned, the presence of vortices has a detrimental 

r 
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effect upon the predictability of the gas-liquid interfacial area. 

However, the high fluid velocities associated with vortex formation 

probably means that the gas-liquid interface is kept free of accumu-

lating hydrates. When baffles are introduced, fluid velocities are 

much lower, resulting in an enhanced accumulation of hydrates at the 

surface. This behavior is exacerbated by the positive buoyancy of 

hydrates relative to water, which necessitates high fluid velocities 

in the vicinity of the interface to prevent particle accumulation. 

Attempts to model the data shown in figure 7 was limited to 

experimental runs representing the three lowest pressures in each 

isotherm. In the rate expression, K was partitioned in terms of 
a 

temperature and pressure effects. For temperature dependence, a typ-

ical Arrhenius-type expression was used. For effects dominated by 

pressure, two thermodynamic driving forces were proposed. This 

resulted in two rate expressions as shown in equations 27 and 28: 

(6µ /RT) 
V ( -r ) = ak ( T ) ( e w -1 ) 

m 

(27) 

V(-r) = ak(T)6µ 
m w 

(28) 

where: 

k(T) • k exp(-t.H /RT) 
o a 

(29) 

and as 45.6 cm2 • In equations 27 and 28, 6µ was calculated from 
w 

equation 20. k and 6H were treated as two adjustable parameters 
o a 

and were determined for all low pressure runs simultaneously using a 

least-squares routine fit of experimental n data. Comparison of the g 

experimental and predicted K values are shown i n figure 8. The a 



optimum values for k
0 

and 6Ha/R are shown in table 1. 

Equation no. 

27 

28 

TABLE 1 
OPTIMUM PARAMETER FITS FOR EQUATION 27, 28 

METHANE HYDRATE FORMATION (274-282 K) 

k -------0------
-2 2 5.64x10 (mol/cm min) 

1.07x10-5 (mol 2/cm2 min J) 

19 

ôH a I .B...J.rl 

1365.8 

1122. 5 

The fits obtained using equations 27 and 28 yielded reasonably 

good reproducibility of experimental trends for the low pressure data 

in each isotherm. However, standard deviations obtained for k using 
0 

equations 27 and 28 were large, indicating that a more accurate form 

for k(T) should be sought. As can be seen in figure 8, the two rate 

expressions are virtually indistinguishable in terms of "goodness of 

fit" given the data available at this time. 

5. Extension of Analysis to Gas Mixtures 

The simplicity of the rate expressions shown in equations 27 and 

28 result in a straightforward extension into rnodeling hydrate forma

tion involving mixtures of natural gas components. Since all adsorp

tion reactions are considered to occur in parallel with each other 

and with the diffusion of the gases into the bulk liquid, the overall 

consumption of gas (as a function of time) can be described using 

equation 30: 

* * ne 
n (t) .. n - (n -n )exp(-kLaôt) + Fa( I k.(T))ôt 

g g,o j-1 J 
(30) 

where: 

\ ) 

\ 



) 

or, 

LlJJ /RT 
F = e w - 1 

F • LlJJ 
w 

20 

(31a) 

( 31 b) 

and 6JJ is calculated using a multicomponent version of equation 20: w 

t,.v (P-P ) 
w e 

RT 

ne 
2 1+ L ck .y.~.P 

j=1 ,J J J - l vkln1--n_.c _____ _ 
k=1 

i+ L ck .y.~. P 
j=l ,JJJ,ee 

(32) 

* k. is given for each pure component by equation 29, and n for the 
J 

gas mixture is calcufated using the procedure in appendix B. 

In equation 30, kLa values are obtained for each mixture from 

solubility experiments. The temperature-dependence parameters in the 

rate constant k . are determined from pure-component formation data. 
J 

All other parameters are calculated a priori. Tous, given solubility 

data and pure-component formation data, hydrate formation behavior 

for gas mixtures can be predicted directly without the need for 

further parameter estimation. 

For the methane-ethane binary data presented in this report, it 

i s suggested that a corresponding K value be fitted for each exper i
a 

ment in order to observe overall pressure and temperature dependence 

of reaction rates for each binary . These experimental K values 
a 

could be compared with corresponding calculated values as a check for 

the validity of the proposed mixture rate expression. In a multicom

ponent case, K would be calculated using equation 33: 
a 
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ne 
K "' F l k . (T) 

a j =1 J 
(33) 

6. Discussion and Conclusions 

In this report, two main reaction scenarios were proposed. In 

the first, gas diffusion into the liquid was proposed, followed by 

conversion into hydrate within a liquid film. In the second, gas 

diffusion into the bulk was postulated to occur in parallel with 

reaction at the gas-liquid interface. Of the two scenarios, only the 

parallel diffusion-reaction case yielded good reproductions of gas 

consumption profiles for individual methane experiments. 

When applying the parallel diffusion-reaction scenario to model

ing reaction rate trends as a function of temperature and pressure, 

considerable scatter is indicated for high pressures. It is possible 

that this behavior is due to a reduction in available interfacial 

area as previously discussed, or that the current models do not com

pletely describe all phenomena associated with the formation reac

tion. Since computations involving the three-step reaction mechanism 

showed that only two equations were needed, as possible avenue for 

further research is to model methane hydrate formation as a two-step 

process and apply the resulting rate equations to the parallel 

diffusion-reaction scenario. 
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Nomenclature 

K2 

m) 

gas-liquid interfacial area (cm2 ), or solubility correla
tion parameter 

solubil ity correlation parameter 

concentration (mol/cm3), or Langmuir constant (1/bar) 

solubility correlation parameter 

diffusion coefficient (cm2/min) 

base of natural logarithms 

thermodynamic driving force function 

fugacity (bar) 

Henry's constant (bar) 

Arrhenius activation energy (J/mol) 

temperature and pressure, respectively, partition parame
ters in equation 12 

zeroth-order rate constant (mol/cm2 min) 

rate constant 

pre-exponential constant 
2 

gas-liquid mass transfer coefficient (1/cm min) 

empirical constant in equation 2 

number of hydrate-forming gases 

total moles of gas consumed (mol) 

moles of gas in water at saturation (mol) 

system pressure (bar) 

equilibrium pressure (bar) 

universal gas constant (8.31432 J/mol K) 

intrins3c rate of 
(mol/cm min) 

methane 

system temperature (K) 

consumption due to 

t ime el apsed from beginning of experiment (min) 

nucleation time (min) 

reactor volume (300cm3 ) 

partial molar volume (cm3/mol) 

reaction 



y 

volume expansion term (cm3/mol) 

solubility correlation parameters 

liquid-phase mole fraction 

23 

vapor-phase mole fraction, or distance from gas-liquid 
interface (cm) 

liquid film thickness (cm) 

Greek letters: 

y 

6 

e 

\) 

î 

Subscripts: 

a 

b 

d 

e 

g 

i 

j 

k 

m 

0 

w 

dimensionless parameter in equations 3,4 

solubility correlation parameter 

degree of occupancy of hyrate lattice 

chemical potential (J/mol) 

lattice constant 

vapor-phase fugacity coefficient 

time constant in equations 23, 24 (min) 

adsorption 

bulk 

desorption 

equilibrium 

gas 

interface 

component index 

lattice type index 

methane 

initial or base value 

water 

Superscripts: 

H 

L 

CO 

hydrate phase 

liquid phase 

infinite dilution 

' 

I. 

\ 
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Appendix A: 

Experimental Gas Consumption Profiles 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNMETHAN-151 __ 15/10184 

(bars)= 33.?5 
(C) = 2.70 

= 350 
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GAS HYDRATE FORMATJON EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 
RUNMETHAN-T51 __ 15110/81 

Pres (bars)= 33.80 
TeMp. (C) = 2.70 

RPM = 350 
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GAS HYD~ATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 
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RPM = 300 

o.o 10.0 20.0 3o.o 10.0 5o.o Go.o ?o.o so.o 9o . o 100.011~.o 120.0 

$ TIME <MINUTES) 



G 
A 
s 

M 
0 
L 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

$ 

0.0300 

0.0270 

0.0210 

0.0210 

0.0180 

0.0150 

0.0120 

0.0090 

0.0060 

0.0030 

0.0000 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT .OF MOLES OF GAS IN SOLUTION/HYDRAlE VS TIME 

RUNMETHAN-T52 __ l6/10/81 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTCONIHYDR(ITE VS TitlE 

RUNMETflAN -T53 __ 17/10181 
~--------------------·- - -•·-·•-···- -···- •·•·----···-·•··• -•·•··· 

Pres (bars)= 33.73 
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GAS HYDRATE FORMATION EXPEPIMENT 

PLOT OF MOLES OF GAS IN SDLUT ICIM,'ll\'DF'11T[ V':i T Hl[ 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TJME 

RUNMETHAN-T51 __ 18/1O/B1 

Pres (bars)= 33 . 73 
TeMp. (C) = 2.60 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION / HYDR ATE VS TIME 

RUNMETHAN-T51 __ 18/10181 
__,...----------- - -·- -- ---·--------- -- - . ------ - - -- -- . . ....... . - .. . . ... - .. .. - .. - . - - . - -

..---------------
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNttM50E50-01 __ 8~/11101 
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(C) = 10.47 

= 400 
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PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNIMSOES0-02 __ 84/11102 

(bars):::: 3?.01 
(C) ;::: 10.35 

= 400 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TinE 

RUNnMSOES0-O2 __ 81/11/O2 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTIONIHYDRATE VS TIME 

RUNffM50E50-03 __ 84/lll05 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN#M5OE5O-O3 __ 81/11/O5 

Pre s ( bars ) = 35 . 01 
Tenp. (C) = 10.10 
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GAS HYD~ATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNlMSOES0-01 __ 8~/11/06 
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GAS HYDRATE fORMATION EXPERIMENT 

PLOT Of MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNDM50E50-01 __ 84111106 

(bars)= 33.03 
(C) = 10.22 

= 100 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SDLUTION/HYDRAlE VS TIME 

RUNKMSOESO-O1 __ 81111/O6 

Pres (bars)= 33 . 03 
leMp . (C) = 10 . 22 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT . OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNffM50E50-05 __ 81/11/07 

Pres (bars)= 3].97 
ÎeMp. (C) = 7 .13 

RPM = 400 
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GAS HYDRATE FO~MATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNüM5OE50-O6 __ 81/11/08 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES UF GAS IN SOLUTION/HYDRATE VS TIME 

RUNIMSOESO-O6 __ 84/11108 

(bars)= 39.01 
(C) = 7.25 

= 400 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNIMSOESO-O7 __ 81/111O8 

Pres (bars)= 31.05 
TeMp. (C) = 7.13 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN"M50E50-07 __ 81/11/08 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT . OF 11JLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNHM50E50-08 __ 81/11/11 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN#MSOES0-08 __ 81/11111 
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ÎeMp. (C) = 7.75 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNDM50E50-09 __ 81/11115 
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GAS HYDRATE FORMATION EXPERIME~T 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 
RUNttMSOES0-09 __ 84/11/15 
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GAS HYDRATE FORMATION EXPERIMENT 

PLO T OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNUMS0ES0-10 __ 84/11/16 
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GAS HYDRATE FORMATION EXPERIMENT 
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M 0 . 0100 

E 
D 0 . 0200 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNMM25E75-20 __ 85/05/08 

Pres (bars)= 

TeMp. (C) = 

RPM = 

13 . 86 

2.88 
100 

0 . 0 0 0 0 -r __ T _____ T ____ _ 

120.0130.0110.0150.0160.0170.0180.019!).o :~00.0 21C . ) 22 1) . t):~3(1.(1 ~:·tC . ) 

$ TIME (MIHUTi:~i> 



G 
A 
s 

M 
0 
L 
E 
5 

C 
0 
N 
s 
u 
M 
E 
D 

û . 50()0 

0.45()0 

0 . 40()0 

0 . 35()0 

0 . 30()0 

0 . 2500 

0.2000 

0 . 1500 

0 . 10()0 

0 . 0500 

0 . 0000 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNüM25E75-03 __ 85/03127 

Pres (bars)= 19.92 
,' ( ( 0 ,-- -. " - , ' :,. 

·, 
'Ï . ' 

Ter1p. (C) = 8 . 11 

RPM = 400 

· 3 6 0 . 0 3 7 0 . 0 3 8 0 . 0 3 3 0 . 0 4 0 ù . 0 41 0 . 0 12 0 . 0 13 0 . 0 4 4 0 . 0 -15 0 . 0 4 6 0 . 0 4? () . 0 18 0 . (1 

$ TIME (MINUTES> 



G 
A 
s 

M 
0 
L 
E 
5 

C 
0 
N 
s 
u 
M 
E 
D 

û . 50()0 

0.45()0 

0 . 40()0 

0 . 35()0 

0 . 30()0 

0 . 2500 

0.2000 

0 . 1500 

0 . 10()0 

0 . 0500 

0 . 0000 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNüM25E75-03 __ 85/03127 

Pres (bars)= 19.92 
,' ( ( 0 ,-- -. " - , ' :,. 

·, 
'Ï . ' 

Ter1p. (C) = 8 . 11 

RPM = 400 

· 3 6 0 . 0 3 7 0 . 0 3 8 0 . 0 3 3 0 . 0 4 0 ù . 0 41 0 . 0 12 0 . 0 13 0 . 0 4 4 0 . 0 -15 0 . 0 4 6 0 . 0 4? () . 0 18 0 . (1 

$ TIME (MINUTES> 



0.5000 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNüM25E75-01 __ 85/03/28 

Pres (bars)= o. 4500 -
G TeMp. (C) = 

17 . 83 
7.99 
100 = A O 4000 - RPM s . .__ _______ _, 

N O. 3500 -

0 
L O. 3000 -

E 
S O. 2500 -

C O. 2000 -
0 

~ 0. 1500 -

u 
M 0 . 1000-

E 
D O . 05 0 0 - ------------ i-

L-__,......,.---------------
0 . 0000 1 1 1 1 1 1 1 1 1 1 1 

2 4 0 . 0 2 S O . 0 2 6 0 . 0 2 7 0 . 0 2 81) . 0 2 9 0 . 0 3 0 0 . O 31 0 . 0 3 2 û . 0 3 30 . 0 310 . 0 3 5 0 . 0 J 13 0 . 0 

$ TIME (MINUTES) 



G 
A 
s 

M 
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E 
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C 
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M 
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f1 

· E 
D 

0 . 0200 

0 00180 
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0 . 01-10 

0 . 0120 

0 . 0100 

0 . 0080 

0 . 0<)60 

0.0010 

0 . 0020 

GAS HYDRATE FORMATION EXPERIMENT 

PLQT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNüM25E75-05 __ 85/03/29 

Pres (bars)= 12.85 

T eMp . ( C) = 7. 99 

RPM = 100 

0 .0000 r---
o . 0 1 c, . 0 2 0 . 0 3 0 . 0 1 1) • 0 5 O • 0 '3 0 . 0 7 0 . ù 8 0 . 0 9 ü . 0 1 0 c) • 0 11 0 . 0 1 2 0 . Ci 

TI ME (t1INUTES) 



0 . 5l)00 

o. 1500 
G 
fl 
s 0. 1000 

N û.3500 

(1 

L 0 . 3000 

E 
S 0.2500 

C 0.2000 
n 
n 
s 

(l, 1500 

u 
t1 0. 1000 -

E · 
11 <1 • (,50 0 -

Pres 

Ter1p . 

RF' t1 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNUM25E75-07 __ 85/01/01 

(bars)= 19 . 87 
(C) .. 1 . 1? 

= 100 

. ' , , 
)., ( .. '· -'. 

. l. ., 

T HIE (~IINLITES) 



G 
A 
s 

M 
0 
L 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

$ 

0 . 5000 

Pres o. 4500-
ÎeMp. 

0 . "1000 - RPM 

o. 3500-

0 . 3000-

o. 2soo-

o. 2000 -

0. 1500 -~ 

0 . 1000-

o. 0500 -

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNttM25E75-08 __ 85/01/08 

(bars)= 12.80 
(C) = 1.00 

= 100 

0 . 0000 1 1 1 1 1 1 1 1 i 1 1 

2-10 . 0 2 5 0 . 0 2 6 O . O 2 7 0 . 0 2 8 0 . 0 2 9 û . 0 3 () 0 . 0 31 0 . 0 3 2 0 . 0 3 3 0 . 0 3 4 0 . 0 3 50 . 0 3 6 0 . 0 

T I r1 E ( M I NU TES ) 



0 . 2000 

0 . 1000-
G 

GAS HYDRATE FORMATION EXPERIMENT 

~LOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNüM25E75-10 __ 85/01110 

Pres (bars)= 
Tei-.p. (C) = 

RPN = 

7.29 
0.87 

-100 A O 1600 -
s . ---------~ 
M 0.1100-

0 
l 0 . 1200-

E 
S 0 . 1000-

C O. 0800 -
0 

~ o. osoo -L-------~-------------------~-_,___-------~----7 
u 
M 0 . 04◊0-

E 
D O. 0200 -

0 . 0000 1 1 1 1 1 1 1 1 1 1 1 

360.0 370 . 0 380 . 0390.0 400 . 0 410.0 420.0"130.0440.0150.0460.0470.0180.0 

TIME <MINUTES) 



G 
A 
s 

M 
0 
L 
E 
s 

C 
0 
N 
s 
u 
~l 
E 
D 

0 . 2000 

Pres 
0.1000-

ÎeMp. 

0.16◊0-
RPM 

0.14◊0-

0.1200-

0.1000-

o. 0800 -

0.0600-

0.0100-

o. 0200 -

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDR ATE VS TIME 

RUN#M25E75 - 10 __ 85/04/10 

(bars)= ?.29 
(C) = 0.8? 

= 400 

0 . 0000 1 1 1 1 1 1 1 1 1 1 1 

840. 0 850. 0 860. 0 870. 0 880. 0 890. 0 900.0 910. () 920. 0 930. 0 1340. 0 950. 0 960. 0 

$ JIME (MINUTES) 



G 
A 
s 

M 
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L 
E 
s 

C 
0 
M 
s 
u 
M 
E 
D 

$ 

0 . 2000 

0 . 1800 

0. 1600 

0 . 1400 

0 . 1200-

0 , 1000 

0 , 0800 

0 . 0600 

0 . 0400 

0 , 0200 -

0 . 00()0 

GAS HYDRATE FORMATION EXPERIMENT 

P~OT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNffM25E75-11 __ 85/04111 

Pres (bars)= 6.82 
T eM p . ( C ) = 0 . 8 7 

RPM = 100 

1----~-----~-------~---~--------------~-

120.0 lJû.O 110.0150.0160.0170.0180.019ù.0200.0210.0220.0230.0210.0 

T ItlE ( l'lI NU TES) 



0 . 2000 

0. 1800 -
G 
A 
s 0 . 16◊0-

M o. 1100-

0 
L 0.1200-
E 
s 0.1000-

C O. 0800 -
0 

Pres 
ÎeMp. 

RPt1 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNttM25E75-11 __ 85/04/11 

(bars)= 6 . 82 
(C) = 0.87 

= 100 

~ 0 . 0600 ___, 

~ o. 0400 -L-~----~------~--~--------------~~-7 
E 
D O. 0200 ~ 

() . 0000 1 ! 1 1 1 1 1 1 1 1 1 

600. 0 610. û 620. 0 630. 0 640. 0 650. 0 660 . Ci 670. 0 680 . 0 690. 0 700. 0 710. 0 ?20. 0 

$ T Hl E ( M IN UTES ) 



- ,_,,... 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUT[ON/HYDRATE VS TIME 

RUNttM25E75-11 __ 85/04/11 

0.2000 

Pres (bars)= 6.82 
0.18◊◊-

ÎeMp . (C) 0.87 G = 
A RPM = 400 
s 0 . 16◊0-

M 0 . 14◊0-

0 
L 0. 1200-
E 
s 0. 1000-

C o. 0800 -
0 
N O. OGOO -s 
u o. 0400 -
M 
E 
D o. 0200 -

O. Oû0O 1 1 1 1 

1080.0 1100. 1) 1120 . 0 1140.0 1160 . 0 1180.0 1200. 

~ T I~IE (MINUTES) 
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A 
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11 
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L 
E 
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C 
0 
N 
s 
u 
M 
E 
D 

0.5000 

Pr es 
0. 4500 

Tenp. 

0. '10 00 RPt1 

0.3500 

0.3000 

0.2500 

0.200 0 

0.1500 

0. 100 () 

o.osoo-

O.ûûOû 

GAS HYDRATE FORMATlON EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN#M25E75-13 __ 85 / 04115 

(bars)= 19 . 88 
(C ) = 5.01 

= 400 

120. 0 130.014 0 . 0 150.0 16ù. () 170.0 180.0 190 . 0 2ûC. 0 210. () 220. 0 230. 0 :2 10 . C 

TIME U1INUTES'.; 



G 
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s 

M 
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L 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

0 . 2000 

Pres 
0. 1800 

ÎeMp. 

0 . 1600 RPM 

0. 1400 

0. 1200 

0 . 1000 

0 . 0800 

0.0600 

0.0400 

0 . 0200 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GfiS IN SOLUTIONIHYDRATE VS TIME 

RUNüM25E75 - 15 __ 85/04/17 

(bars)= 13 . 90 
(C) = 4 . 88 

= 400 

O. OûOO 
120. 0130.0140.0150.0160.0170.0180 .0 190.0200 .0210.0220 .0230 .02 40. 0 

TIM E (tlINUT ES) 



G 
A 
s 

M 
0 
L 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

$ 

o. 5000 

Pres 
0. 4500 -

ÎeMp. 

o . 4000- RPM 

o. 3500 -

o . 3000 -

o. 2500 -

o. 2000 -

o.1soo-

0.1000 -

o . 0500 -

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN#M25E75-16 __ 85/04122 

(bars)= 11 . 85 
(C) = 4.88 

= 400 

o. 0000 1 1 1 1 1 1 1 1 1 1 1 

360. 0 370. 0 380 . 0 390. 0 100 . t) 410 . 0 "120. 0 430. 0 440. 0 450. 0 460. 0 470. 0 "180. 0 

TI ME ct1I MUTES) 



o. 2000 

0 . 1800 
G 
A 0 . 1600 s 

M 0 . 1100 

0 
L 0 . 1200 

E 
s 0 . 1000 

C 0.0800 
0 
M 0 . 0600 s 
u 

0.0100 
M 
E 
D 0. 0200 

O.COOO 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUT[ONIHYDRATE VS TIME 

RUNttM25E75-20 __ 85/05108 

P r es ( bars ) = 

ÎeMp. (C) = 

RPM = 

r 
1 

.,,,/ 1),1; ·: 
IL '--,'\ ,- . L-

,, ,.~ 1, 

l 

13.86 

2.88 

100 

0 . 0 10.0 20 . 0 30.0 '10.0 50.0 60.0 ?0.0 80.0 90.0100.0110.0120 . 0 

TIME (MINUTES) 



0.5000 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNüM25E75-01 __ 85/03/28 

Pres (bars)= o. 4500 -
G TeMp. (C) = 

17 . 83 
7.99 
100 = A O 4000 - RPM s . .__ _______ _, 

N O. 3500 -

0 
L O. 3000 -

E 
S O. 2500 -

C O. 2000 -
0 

~ 0. 1500 -

u 
M 0 . 1000-

E 
D O . 05 0 0 - ------------ i-

L-__,......,.---------------
0 . 0000 1 1 1 1 1 1 1 1 1 1 1 

2 4 0 . 0 2 S O . 0 2 6 0 . 0 2 7 0 . 0 2 81) . 0 2 9 0 . 0 3 0 0 . O 31 0 . 0 3 2 û . 0 3 30 . 0 310 . 0 3 5 0 . 0 J 13 0 . 0 

$ TIME (MINUTES) 



0 . 5l)00 

o. 1500 
G 
fl 
s 0. 1000 

N û.3500 

(1 

L 0 . 3000 

E 
S 0.2500 

C 0.2000 
n 
n 
s 

(l, 1500 

u 
t1 0. 1000 -

E · 
11 <1 • (,50 0 -

Pres 

Ter1p . 

RF' t1 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNUM25E75-07 __ 85/01/01 

(bars)= 19 . 87 
(C) .. 1 . 1? 

= 100 

. ' , , 
)., ( .. '· -'. 

. l. ., 

T HIE (~IINLITES) 



G 
A 
s 

M 
0 
L 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

$ 

0 . 5000 

Pres o. 4500-
ÎeMp. 

0 . "1000 - RPM 

o. 3500-

0 . 3000-

o. 2soo-

o. 2000 -

0. 1500 -~ 

0 . 1000-

o. 0500 -

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNttM25E75-08 __ 85/01/08 

(bars)= 12.80 
(C) = 1.00 

= 100 

0 . 0000 1 1 1 1 1 1 1 1 i 1 1 

2-10 . 0 2 5 0 . 0 2 6 O . O 2 7 0 . 0 2 8 0 . 0 2 9 û . 0 3 () 0 . 0 31 0 . 0 3 2 0 . 0 3 3 0 . 0 3 4 0 . 0 3 50 . 0 3 6 0 . 0 

T I r1 E ( M I NU TES ) 



0 . 2000 

0 . 1000-
G 

GAS HYDRATE FORMATION EXPERIMENT 

~LOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNüM25E75-10 __ 85/01110 

Pres (bars)= 
Tei-.p. (C) = 

RPN = 

7.29 
0.87 

-100 A O 1600 -
s . ---------~ 
M 0.1100-

0 
l 0 . 1200-

E 
S 0 . 1000-

C O. 0800 -
0 

~ o. osoo -L-------~-------------------~-_,___-------~----7 
u 
M 0 . 04◊0-

E 
D O. 0200 -

0 . 0000 1 1 1 1 1 1 1 1 1 1 1 

360.0 370 . 0 380 . 0390.0 400 . 0 410.0 420.0"130.0440.0150.0460.0470.0180.0 

TIME <MINUTES) 



G 
A 
s 

M 
0 
L 
E 
s 

C 
0 
N 
s 
u 
~l 
E 
D 

0 . 2000 

Pres 
0.1000-

ÎeMp. 

0.16◊0-
RPM 

0.14◊0-

0.1200-

0.1000-

o. 0800 -

0.0600-

0.0100-

o. 0200 -

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDR ATE VS TIME 

RUN#M25E75 - 10 __ 85/04/10 

(bars)= ?.29 
(C) = 0.8? 

= 400 

0 . 0000 1 1 1 1 1 1 1 1 1 1 1 

840. 0 850. 0 860. 0 870. 0 880. 0 890. 0 900.0 910. () 920. 0 930. 0 1340. 0 950. 0 960. 0 

$ JIME (MINUTES) 



G 
A 
s 

M 
0 
L 
E 
s 

C 
0 
M 
s 
u 
M 
E 
D 

$ 

0 . 2000 

0 . 1800 

0. 1600 

0 . 1400 

0 . 1200-

0 , 1000 

0 , 0800 

0 . 0600 

0 . 0400 

0 , 0200 -

0 . 00()0 

GAS HYDRATE FORMATION EXPERIMENT 

P~OT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNffM25E75-11 __ 85/04111 

Pres (bars)= 6.82 
T eM p . ( C ) = 0 . 8 7 

RPM = 100 

1----~-----~-------~---~--------------~-

120.0 lJû.O 110.0150.0160.0170.0180.019ù.0200.0210.0220.0230.0210.0 

T ItlE ( l'lI NU TES) 



0 . 2000 

0. 1800 -
G 
A 
s 0 . 16◊0-

M o. 1100-

0 
L 0.1200-
E 
s 0.1000-

C O. 0800 -
0 

Pres 
ÎeMp. 

RPt1 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNttM25E75-11 __ 85/04/11 

(bars)= 6 . 82 
(C) = 0.87 

= 100 

~ 0 . 0600 ___, 

~ o. 0400 -L-~----~------~--~--------------~~-7 
E 
D O. 0200 ~ 

() . 0000 1 ! 1 1 1 1 1 1 1 1 1 

600. 0 610. û 620. 0 630. 0 640. 0 650. 0 660 . Ci 670. 0 680 . 0 690. 0 700. 0 710. 0 ?20. 0 

$ T Hl E ( M IN UTES ) 



- ,_,,... 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUT[ON/HYDRATE VS TIME 

RUNttM25E75-11 __ 85/04/11 

0.2000 

Pres (bars)= 6.82 
0.18◊◊-

ÎeMp . (C) 0.87 G = 
A RPM = 400 
s 0 . 16◊0-

M 0 . 14◊0-

0 
L 0. 1200-
E 
s 0. 1000-

C o. 0800 -
0 
N O. OGOO -s 
u o. 0400 -
M 
E 
D o. 0200 -

O. Oû0O 1 1 1 1 

1080.0 1100. 1) 1120 . 0 1140.0 1160 . 0 1180.0 1200. 

~ T I~IE (MINUTES) 
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11 
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C 
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N 
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u 
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E 
D 

0.5000 

Pr es 
0. 4500 

Tenp. 

0. '10 00 RPt1 

0.3500 

0.3000 

0.2500 

0.200 0 

0.1500 

0. 100 () 

o.osoo-

O.ûûOû 

GAS HYDRATE FORMATlON EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN#M25E75-13 __ 85 / 04115 

(bars)= 19 . 88 
(C ) = 5.01 

= 400 

120. 0 130.014 0 . 0 150.0 16ù. () 170.0 180.0 190 . 0 2ûC. 0 210. () 220. 0 230. 0 :2 10 . C 

TIME U1INUTES'.; 



G 
A 
s 

M 
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C 
0 
N 
s 
u 
M 
E 
D 

0 . 2000 

Pres 
0. 1800 

ÎeMp. 

0 . 1600 RPM 

0. 1400 

0. 1200 

0 . 1000 

0 . 0800 

0.0600 

0.0400 

0 . 0200 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GfiS IN SOLUTIONIHYDRATE VS TIME 

RUNüM25E75 - 15 __ 85/04/17 

(bars)= 13 . 90 
(C) = 4 . 88 

= 400 

O. OûOO 
120. 0130.0140.0150.0160.0170.0180 .0 190.0200 .0210.0220 .0230 .02 40. 0 

TIM E (tlINUT ES) 
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M 
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L 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

$ 

o. 5000 

Pres 
0. 4500 -

ÎeMp. 

o . 4000- RPM 

o. 3500 -

o . 3000 -

o. 2500 -

o. 2000 -

o.1soo-

0.1000 -

o . 0500 -

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN#M25E75-16 __ 85/04122 

(bars)= 11 . 85 
(C) = 4.88 

= 400 

o. 0000 1 1 1 1 1 1 1 1 1 1 1 

360. 0 370. 0 380 . 0 390. 0 100 . t) 410 . 0 "120. 0 430. 0 440. 0 450. 0 460. 0 470. 0 "180. 0 

TI ME ct1I MUTES) 



G 
A 
5 

M 
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C 
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u ~, 
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1: 

0.2000 

Pres 
0.1000-

Ter1p. 

0 . 1600- RPN 

0 . 1100-

0.1200-

0 . 1000-

0 . 0800 --

û . 0600 -

o. J1◊0-

0 . J200 -

___,,,...,-r-
C' . 00;)0 1 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN#M25E75-18 __ 85/05/06 

(bars)= 10.90 
(C) = 5.01 

= 100 

1 1 1 1 1 1 1 1 1 1 
C·. <) 10.0 20.0 30.0 10.0 50. 0 60. 0 70. 0 80. 0 90 . 0 100. 0 110. 0 120. 0 

TIME (MINUTES) 
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u ~, 
E 
[I 

1: 

0.2000 

Pres 
0.1000-

Ter1p. 

0 . 1600- RPN 

0 . 1100-

0.1200-

0 . 1000-

0 . 0800 --

û . 0600 -

o. J1◊0-

0 . J200 -

___,,,...,-r-
C' . 00;)0 1 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN#M25E75-18 __ 85/05/06 

(bars)= 10.90 
(C) = 5.01 

= 100 

1 1 1 1 1 1 1 1 1 1 
C·. <) 10.0 20.0 30.0 10.0 50. 0 60. 0 70. 0 80. 0 90 . 0 100. 0 110. 0 120. 0 

TIME (MINUTES) 



0.5000 

0 . 4500 
G 
A 0.41000 s 

M 0.3500 

0 
L 0 . 3000 
E 
5 0 . 2500 

C 0 . 2000 
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~ 0.1500 

LI 
M 0 . 1000 
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D 0 .0500 

GAS HYDRATE FORMATION EXPERIMENT 

P~OT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TlME 

RUN"M25E75-04 __ 85/03/28 

Pres (bars)= 

T eMp. (C) = 

RPM = 

1?.83 
7.99 
400 

0 . 0000 --, 1 1 
0 . 0 1 0 . 0 2 0 . 0 3 0 . 0 4 0 . 0 5 O . 0 60 . 0 7 0 . O 8 0 . 0 9 û . 0 1 0 0 . 0 11 0 . 0 12' 0 . 0 

$ THIE <MINUTES) 



0.5000 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNüM25E75-01 __ 85/03/28 

Pres (bars)= o. 4500 -
G TeMp. (C) = 

17 . 83 
7.99 
100 = A O 4000 - RPM s . .__ _______ _, 
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$ TIME (MINUTES) 



0.5000 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN#M25E75-04 __ 85/03/28 
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GAS HYDRATE FORMATION EXPERIMENT 

PLQT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNüM25E75-05 __ 85/03/29 
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GAS HYDRATE FORMATICN EXPERIMENT 

PLOf OF MOLES OF GAS IN SOLUTION/HYDRAlE VS TIME 
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GAS HYDRATE FORMATION EXPERIMENT 

P~OT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 
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RUNttM25E75-08 __ 85/01/08 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TltlE 

RUNüM25E?5-10 __ 85/01/10 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNHM25E75-10 __ 85/01110 
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P~OT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUT[ON/HYDRATE VS TIME 

RUNttM25E75-11 __ 85/04/11 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNHM25E75-12 __ 85/04/12 
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TeMp . (C ) = 1.00 
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GAS HYDRATE FORMATlON EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNltM25E75-14 __ 85/01/16 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNüM25E75-16 __ 85/01!22 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNttM25E75 _19 __ 85/05/07 
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GAS HYDRATE FORMATION EXPERIMENT 
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GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TinE 

RUNttM25E?5-21 __ 85/O5/09 
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0.0040 

0 . 0020 

Pres 

TeMp. 

RPM 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN HM25E75-22 __ 85/05 / 10 

(bars)= 6 . 86 
<C) = 3.01 

= 400 

~IJ ;r'li' Il 
11 1 \ l.J 

~'\-, ,, 
l'' 1 

/'' 
1 

_j 
1 __, 

1 ,..... 

0.0000 1 

0. 0 10.0 20.0 ]0.0 "10.ù 50.0 60.0 70.0 80.0 90.0100.0110.0120. 0 

$ TIME (MINUTES) 



G 
A 
s 

M 
0 
L 
E 
5 

C 
0 
N 
s 
u 
M 
E 
D 

0 . 0200 

0 . 0180 

0 . 0160 

0 . 0140 

0 . 0120 

0 . 0100 

0 . 0080 

0 . 0060 

0 . 0010 

0 . 0020 

0 . 0000 

Pres 
TeMp. 

RPM 

GAS HYDRATE FORMATION EXPERIMENT 

PL□ l OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNüM25E75-22 __ 85/05/10 

(bars)= 6.86 
(C) = 3.01 

= 400 

1 
~Il• Il ,, 

l'tt!i! 

120. 0 130.011Q.0150 . 0 160. 0 170.0180.0190. () 200. 0 210. 0 220. 0 230. 0 210. 0 

$ TIME <MINUTES) 



0.2000 

0 . 1800 
G 
A 0. 1600 s 

M 0. 1400 

0 
L 0. 1200 

E 
s 0. 1000 

C 0 . 0800 
0 
N 0.0600 s 
u 
M 0 . 0100 

E 
D 0 .0200 

O.ûOOO 
0.0 

r, 

GAS HYDRATE FORMATION EXPERinENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 
RUNüM25E75-23 __ 85/05/15 

Pres (bars)= 

TeMp. (C) = 

RPM = 

11 . 90 

3.01 

100 

,<'' // - 1· / ·. , ,_,. I ' <; 

J : '/ , ,f; 

r--...-----.---~ --- -.. ·- - -.-----,----.----.------.---.,-----.------i 

11).ù 20.0 30.0 4ù .:) 50.0 60.0 70.0 80.0 90.0100.0110.0120. 0 

T: ME <t1I MUTES) 



0 . 2000 

0. 1800 
G 

~ 0.1600 

M 0 . 1"100 

0 
L 0.1200 
E 
5 0 . 1000 

C 0 . 0800 
0 

N 0 . 0600 
5 . 
u 
M 0 . 0-100 

E 
D 0 . 0200 

0 . 0000 

Pres 

ÎeMp. 

RPM 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN"M25E75-23 __ 85/05/15 

(bars)= 11 . 90 
<C) = 3 . 01 

= 400 

120.0130 . 0140 . 0150 . 0160 . 0170.0180.0190.0 200.0 210.0 220.0230.0 240.0 

$ TIME <MINUTES) 



0 . 2000 

0.1000-
G 
A 
s 0.16◊0-

M O.li00-

0 
L O. 1200 -

E 
S 0.1000-

C O. 0800 -
0 

N O. 0600 -
5 

~ 0. OiOO -

E 
D O. 0200 -

0.0000 

Pres 

ÎeMp. 

RPM 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN#M25E75-24 __ 85105/16 

(bars)= 9.45 
(C) = 3.01 

= 100 

1 1 1 1 1 1 1 1 1 1 1 

0.0 10.0 20.0 30.0 40.0 50.0 GO . O 70.0 80.0 90.0100.0110.0120.0 

$ TIME (MIMUTES) 



G 
A 
s 

11 
0 
L 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

0.2000 

Pr es 
0 . 1800 -

ÎeMp . 

o. 1600 - RPM 

0 . 1400-

0 . 1200-

o. 1000 -

o. 0800 -

o. 0600 -

o. 0400 -

o. 0200 -

-
GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/H YDRATE VS TIME 

RUNIM25E75-24 __ 85/05/16 

(bars)= 9.45 
(C) = 3.01 

= 100 

. , 

Î) 11 l ! ,1.,} 

0. 0000 1 1 1 1 1 1 1 1 1 1 1 

120.0130.0110 . 0150. 0 160. 0 170. 0 180. 0 190. 0 200. 0 210.0 220. 0 230. 0 210. 0 

$ TIME (M INUTES > 



G 
A 
s 

M 
0 
L 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

0 . 2QOO 

Pres 
0 . 1000-

ÎeMp. 

0 . 16◊0-
RPM 

0.l·fOO-

0.1200-

0.1Q◊O-

0. 0800 -

o. oGoo-

0. OiOO -
~ 

0 . 0200-

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN#M25E75-21 __ 85/05116 

(bars)= 9 . 45 
<C) = 3.01 

= 100 

0 . 0000 1 : 1 1 1 1 1 1 1 1 1 
240. 0 250 . 0 260. 0 270. 0 280. 0 290. 0 300. 0 310. 0 320. 0 33). 0 340. 0 350. 0 360. 0 

$ TIME (MINUTES) 



G 
A 
s 

M 
0 
L 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

$ 

0 . 20()0 

Pres 
0 . 1000-

ÎeMp. 

0. 16()0 - RPM 

0 . 1100 -

0 . 1200-

0 . 1000 -

0 . 0800 -

0 . 06()0 -

0 . 0100-

0 . 0200 -

GAS HYDRATE FORMATION EXPERIMENT 

PLOl OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNttM25E?S-2i __ 85/0S/16 

(bars)= 9 . "15 

(C) = 3.01 

= 100 

0. 0000 1 1 1 1 1 1 1 1 1 1 1 

360. 0 370. 0 380.0390.0100.0110.0120. 0 430. 0 440. 0 450. 0 460.0 470. 0 480. 0 

TIME <tllNUTES) 



G 
A 
s 

M 
0 
L 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

$ 

0. 2000 

Pres 
0 . 1800 -

TeMp. 

0. 1600 - RPM 

0. 1400 -

0 . 1200 -

0. 1000-

0 . 0800 -

0. 06◊0-

0 . 0400 -

0 . 0200 -

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNnM25E?5-21 __ 85105116 

(bars)= 9 . 45 
(C) = 3.01 

= 100 

0. 0000 1 1 1 1 1 1 1 1 1 1 1 

480. 0 490 . 0 500. 0 510 . 0 520. 0 530. 0 5 40. O 550. 0 560. 0 570. 0 580. 0 590. 0 600. 0 

TJME <MINUTES) 



0 . 2000 

GAS HYDRATE FORMATJON EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNüM25E75-24 __ 85/05116 

Pres (bars)= 9 . 15 
0 . 1000-

G leMp. (C) = 3.01 

~ O. 16 O O _ .___R P_M ____ = _4_o_o ____ 

M 0.1400 -

0 
L 0 . 1200 -

~ 0 . 1000 -L_~-------------------------7 
C O. 0800 -
0 

N O 0600 -s . 
u 
M O. 0100 -

E 
D 0 . 0200-

0 . 0000 1 1 1 1 1 1 1 1 1 1 1 

600. 0 610. 0 620. 0 630. 0 6-10. 0 650. 0 660. 0 6?0. 0 680 . 0 690. 0 70 0. 0 710. 0 720. 0 

$ TIME (MINUTES) 



0.2000 

Pres 
0.1000-

TeMp. G 
A RPM 
s 0.16◊0-

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNIM25E75-21 __ 85/05/16 

(bars)= 9.15 
(C) = 3.01 

= 100 

~ o. 11◊◊-l ___________________________ l 
L 0.1200-

E 
S 0.1000-

C O. 0800 -
0 

~ 0.06◊0-
u 
M 0. 0100 -

E 
D 0. 0200 -

0.0000 1 1 1 1 1 1 1 1 1 1 1 

720. 0 730. 0 740. 0 750. 0 760. 0 770. 0 ?80. 0 ?90. 0 800. 0 810. 0 820. 0 830. 0 840. 0 

$ TIME <MINUTES) 



0.2000 

Pres 
0.1800 -

ÎeMp. G 
A RPM 
s 0 . 1600 -

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES or GAS IN SOLUTION/HYDRATE vs TIME 

RUN#M25E75-24 __ 85/05116 

(bars)= 9.15 
(C) = 3.01 

= 100 

M O. 1100 -L-----~__,_.,..----~...,..,..,.---__, 
0 
L 0 . 12◊◊-

E 
S 0 . 1000-

C o. 0800 -
0 
N o. 0600 -s 
u o. 0400 -M 
E 
D o. 0200 -

6. 0000 1 1 1 1 1 1 1 1 1 1 1 
840. 0 850. 0 860. 0 870. 0 880. 0 890. 0 900. 0 910. 0 920 . 0 930. 0 940. 0 950. 0 960. 0 

$ TIME (MINUTES) 



0 . 2000 

0 . 1000-
G 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN#M25E75-25 __ 85/05/1? 

. Pres (bars)= 

TeMp. (C) = 

RPM = 

8 . 92 

2.88 

400 A 0 1600 -s . ._ _______ __. 

M 0 . 1100-

0 
L 0.1200-

E 
S 0 . 1000-

C O. 0800 -
0 

N 0 0600 -s . 
u 
M 0 . 04◊0-

E 
[1 0 . 0200 -

0 . 0000 1 1 1 1 1 1 1 1 1 1 1 
0.0 lù.O 20.0 30.0 -10.0 50.0 60.0 70.0 80.0 90.0100 . 0110.0120.0 

TH1E <tlINUTES) 



G 
A 
5 

M 
0 
L 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

0.2000 

0 .1 000-

0.1600-

0.1-100-

0.1200 -

0.1000-

o. 0800 -

o. 0600 -

0 .0 -100 -

0 . 0200 -

Pres 

leMp . 

RPM 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNttM25E75-25 __ 85/O5117 

(bars)= 8. 92 
(C) = 2.88 

= 400 

/'' ' ' ' ' ,J : (. ; 
/• · . ('. 1- "A , 

t 
0 . 0000 1 1 1 1 1 1 1 1 1 1 1 

120. 0 1JO .0 140. 0 150. 0 160. 0 170 . 0 180. 0 190. 0 200. 0 210 . 0 220. 0 230. 0 210. ( 

$ TINE (M INUTES ) 



G 
A 
s 

M 
0 
L 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

0.2000 

0.1000-

0.1600-

0.1100-

0.1200-

0.1000-

0. 0800 -

0. 0600 -

0. 0100 -

o. 0200-

GAS HYDRATE FORMATION EXPERIMENT 

. PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNIM25E75-25 __ 85/05117 

Pres (bars)= 8.92 
ÎeMp. (C) ::: 2.88 

RPM ::: 100 

___,....... ~ 

0. 0000 1 1 1 1 1 1 1 1 1 1 1 

240. 0 250. 0 260. 0 270. 0 280. 0 290. 0 300. 0 310. 0 320. 0 330. 0 340. 0 350. 0 360. J 

$ T I 1·1 E < M I MUT ES ) 



G 
A 
s 

M 
0 
L 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

$ 

0.2000 

Pres 
0. 1800 -

TeMp. 

0.160◊-
RPM 

0 . 1 iOO -

0. 1200 -

0 . 1000-

o. 0000-

o. OGoo-

0 . OiOO - -
~ 

0 . 0200 -

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNttM25E75-25 __ 85/0511? 

(bars)= 8.92 
(C) = 2.88 

= 400 

0. OQOO 1 1 1 1 1 1 1 1 1 1 1 

360. 0 370 . 0 380.0390.0100. 0 410. 0 420. 0 430. 0 440. 0 450. 0 460. 0 470. 0 480. 0 

TIME <t1IMUTES> 



G 
A 
5 

M 
0 
L 
E 
5 

C 
0 
N 
C 
J 

u 
M 
E 
D 

$ 

0.2000 

0 . 1000-
Pres 

ÎeMp . 

0. 1600 - RPM 

0.1100-

0 . 1200-

0.1000-

0. 0800 -

0 . 0600-

0 . 0100-

0 . 0200-

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNttM25E?S-25 __ 85/05/l? 

(bars)= 8 . 92 
<C) = 2.88 

= 100 

0 . 0000 1 1 1 1 1 1 1 1 1 1 1 

180 . 0 490. 0 500. 0 510. 0 520. 0 530. 0 540. 0 550. 0 560. 0 570. 0 580. 0 590. 0 600. i 

TIME (MINUTES) 



0.2000 

Pres 
0.1000-

TeMp . G 
A RPM 
s 0 . 1600-

M 0.1100-

0 
L 0 . 1200-

E 
s 0 . 1000-

C o. 0000-
0 
N 0 . 0600 -s 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SDLUTION/HYDRAlE VS TIME 

RUNDM25E75-25 __ 85/05/17 

(bars)= 8 . 92 
(C) = 2.88 

= 100 

u 
M 0.04◊0-

E 
D 0. 0200 -

0 . 0000 1 1 1 1 1 1 1 1 1 1 1 

600. 0 610 . 0 620. 0 630. 0 610. 0 650. 0 660 . 0 6~0. 0 680. 0 690. 0 700.0710. 0 720. 0 

$ TIME (MINUTES) 



0.2000 

Pres 
0.1000-

ÎeMp. G 
A RPM 
s 0.1600-

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNHM25E75-25 __ 85/05/17 

(bars)= 8.92 
(C) = 2.88 

= 400 

M 0 . 1400-

0 
L 0 . 1200-

E 
s 0.1000-

C o. 0800 -
0 
N 0. 0600 -s 
u o. 0400 -
M 
E 
D o. 0200-

0 . 0000 1 1 1 1 1 1 1 1 1 1 1 

7 2 0 . 0 73 0 . 0 7 4 0 . 0 7 5 0 . 0 ? 6 0 . 0 7 7 0 . O ? 8 0 . 0 ? 9 0 . 0 8 0 0 . 0 81 0 . 0 8 2 0 . 0 8 30 . 0 8 4 0 . 0 

$ TIME (MINUTES) 



0.2000 

0 . 1800 
G 
A 0 . 1600 s 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUN#MTH100-05 __ 8S/O6/O1 

Pres (bars)= 81.10 
îeMp. (C) = 8.98 

RPM = 100 

M 0.1100 

0 
L 0.1200 
E 
s 0 . 1000 

C 0 . 0800 
0 
N 0 . 0600 
5 
IJ 
M 0 . 0100 
~ 

':. 

D 0.0200 

0 . 0000 1 

4 8 0 . 0 5 0 0 . 0 5 2 0 . 0 5 4 0 . 0 5 S O . (1 5 8 C . O 6 0 0 . ) 6 2 0 . O 610 . 0 6 6 0 . 0 GE O . 0 7 0 ç . 0 ? 2 0 . 0 

i TJME <M!NUTE3) 



0 . 2000 

0.1000-
G 
A 
s 0 . 16◊0-

M 0.1100-

0 
L 0 . 1200-

E 
s 0 . 1000-

C 0. 0800 -
0 
N 0. 0600 -s 
~ 0. 0400 -
E , 
D O. 0200-

Pres 

TeMp. 

RPM 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNüM25E?5-25 __ 85/05/l? 

(bars)= 8.92 
<C) = 2.88 

= 400 

0. 0000 1 1 1 l I l 1 1 1 · 1 1 
810 . 0 8 5 0 . 0 8 6 0 . 0 8 7 0 . 0 8 8 0 . 0 8 9 ,) . O 9 O O . 0 91 0 . 0 9 2 0 . 0 9 3 0 . 0 9 -10 . 0 9 5 0 . 0 9 6 0 . 0 

$ -,-Ii'lE (MINUTES) 



0 . 2000 

0 . 1800 
G 
A 0 0 1600 s 

M 0 . 1400 

0 
L 0 0 1200 
E 
s 0 0 1000 

C 0.0800 
0 
N 0 . 0600 s 
u 
M 0 . 0-100 
E · 
D 0 . 0200 

GAS HY[IRATE FORMATION E:<=[~IME NT 

PLOT OF MOLES OF GfiS IN SOL. Jl C ( 1~ / HY[I ~ATE VS TI ME 

RUMü M25~?5-25 ___ :3f;/( !i 1 :. 7 

--,--------- ---------------
Pres (bars)= 

TeMp. (C) = 

RPM = 

8 . ~2 
2.BE 
100 

_j_.. __ __,,,-----~~-----------------

-------------

---------- ~- ------

0 . 0000 , , ,-------r--- 1 ,----r-------
960.0970.0980.0990 . 0 l( 1c)0 . 1010.Q020.(l(1 3( : .0-10.<l0E0.<l06(•.C.0: 1i:. l HO.Il 

$ TIME <UIIL-· : ~;> 



GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNttM25E75-25 __ 85/05/17 

0 .2000-r-----------------"----------------, 

Pres (bars)= 
0 . 1000-

G leMp. (C) = 

= 

8.92 

2.88 

400 A 0.160◊- RPM 
s .___....------------' 

M 0 . 140◊-

0 
L O. 1200 -L-----~,._------------~---------------.,-----------7 
E 
S 0 . 1000-

C O. 0800 -
0 

~ o. 0Goo

u 
M O. 0400 -

E 
D O. 0200-

0 . 0000 
1080.0 

1 

1100.0 
1 1 1 

1120.0 1110.0 1160.0 

TI~IE (MINUTES) 

1 

1180.0 1200. 



G 
A 
s 

M 
0 
L 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

0 . 2000 

0 . 1800 

0 . 1600 

0 . 1400 

0 .1200 

0 . 1000 

0 . 0800 

0.0600 

0 . 0400 

0 . 0200 

0 . 0000 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SDLUTION/HYDRAlE VS TIME 

Pres (bar·s)= 

TeMp. (C) = 

RPM = 

RUNijMl00-01 ____ 85/05/ 21 

91 . 97 

8.98 

10◊ 

J. 2 () , (l 1 ] 1) . 0 1 41) , Û 1 5 Ô . (l 16 ◊ . ◊ 1 7 0 . Û 18 Ô , Ô 19 ◊ . ◊ L () lJ . () 2 1 Û • 0 2 2 0 . 0 2] 0 . () 21 Ô • () 

T I l'I E ( M I N LIT E S ) 





/ 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOL[S OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNüMl00-01 ____ 85/O5/24 

0.2000 

Pres (bars)= 9-'t. 97 
0. 1800 

TeMp. (C) 8.98 G = 

A RPM = 400 
s 0. 1600 

M 0.1100 

0 
l 0 .1200 

E 
s 0. 1000 

C 0.0800 
0 
N 0.0600 s ~~ 

u 
0.0-100 N 

E 
D û.0200 

0.0000 
2 40. Q 250. (I 260. Û 270. ◊ 280, ◊ 291.), ◊ 300.Û31 Ô. 0 ]20. Ù ]]Q. Ô 340. Ô ]50. Û 360. Ô 

$ TIME (MINUTES) 



GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF ~OLES OF GAS IN SOLUTION/HYDRATE VS TIME 
RUNüMl00-01 ____ 85/05/24 

0.2000 

0 . 1800 
Pres (bars)= 94. 97 

G ÎeMp . (C) = 8.98 

A RPM = 400 
s 0 . 1600 

M 0 . 1400 

0 
L 0.1200 

E 
5 0 . 1000 

C 
rJ" 

0 . 0800 ...r../~ 
0 ~ 
M 0 . 0600 s 
u 

0 . 0100 M 
E 
D 0 . 0200 

0 . 0000 
360. 0 370 . 0 380. 0 390. 0 100. 0 41().0120.0130. 0 440. 0 450.0 460. 0 470. 0 480. 0 

$ TIME (MINUTES) 



G 
A 
s 

M 
0 
l 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

$ 

0 . 2000 

Pres 
0.1800 

ÎeMp. 

0 . 1600 RPtl 

0 . 1100 

0 .1200 

0 0 1000 

0 , 0800 

0.0600 

0.04100 

0 . 0200 

- ) 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNHMTHl00-02 __ 85/05128 

(bars)= 91. 03 
(C) = 8.86 

= ~ 
_./ 

0.ûOOO 
120.0130. 0 140 . 0150.0160 . 017 1).0180.0190.0200.0210.0220.0230.0240.0 

TIME (1'1INUTES) 



0.5000 

( 0.1500 
1 

~ 0.4000 -1 

< 
0.3500 

L 0 . 3000 
E 
C - 0.2500 1 

C 

~ 
0.2000 

0. 1500 -1 

½ 

~ 
0. 1000 

½ 0.0500 

0.0000 

• 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNttMTHl00-03 __ 85/05/29 

Pres (bars)= 

TeMp. (C) = 

RPM = 

85.90 
8.98 

100 

0 . 0 1 ù . 0 2 û . 0 3 0 . 0 10 . 0 5 0 . 0 6 0 . 0 7 0 . 0 8 0 . 0 90 . 0 10 0 . 0 11 0 . 0 12 0 . 0 

TIME CMitfüTES) 

'I ) 



,, 

G 
A 
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M 
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L 
E 
s 

C 
0 
N 
s 
u 
M 
E 
D 

0.5000 

0 . 4500 

0.4000 

0.3500 

0.3000 

0.2500 

0.2000 

0 . 1500 

0 . 1000 

o. 0500 -

> 
) 

GAS HYDRATE FORMATION EXPERIMENT 

' ,J 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TIME 

RUNffMTHl00-03 __ 85/05129 

Pres (bars)= 85 .90 
ÎeMp. (C) = 8 . 98 
RPM = 400 

0 ~ 0()00 ------
120.0130 . 0140 . 0150.0160.ù 170.0180.0190.0200 .02 10.0220.()230 .0 240.0 

$ TIME (MINU TES ) 



G 
A 
s 

M 
0 
L 
E 
s 

C 
0 
N 
r 
::J 

u 
~ 
---
D 

0. 2000 

0.1800 

0.1600 

0 .1100 

0 .1200 

0 . 1000 

0.0800 

0.0600 

0.0-100 

0.0200· 

GAS HYDRATE FORMATION EXPERIMENT 

PLOT OF MOLES OF GAS IN SOLUTION/HYDRATE VS TlME 

RUNIMTHl00-05 __ 85/06/04 

Pres (bars)= 81.10 

ÎeMp. (C) = 8. 98 

RPM = 100 

~ --~"---....~,~-~--,--~----~~-✓"V""---,,....._,,-...,-----~...__-----~--'-.....r--- ..,-
/""'_.,,-----,-

,-4 .,,/,,,,./ 

/ 
/ 

0 . 1)0 0 0 - ---T----i-----, ~~ ,----r---,----T----1------T------T------~ 

0.0 10. •) 2C.'J 30.0 40.0 EiC.O (i0.0 )0.0 13( . 0 ~I0.01C0.011C . 'Jl::o.o 
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