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ABSTRACT

Gas hydrates are crystalline compounds formed from water and suitable-sized gas molecules.
Depending on which gas molecules are present, crystals are divided into three distinct structures.
Structure | (sl), structure Il (sll), and structure H (sH) are the three gas hydrate structures. Contingent
implementation for CO; is for gas storage. Hence to apprehend thoroughly the use of CO; gas
hydrates for gas storage or greenhouse gas sequestration, it is crucial to study the kinetics of CO»
hydrate formation. The aim of this work is the kinetic analysis of CO, gas hydrates by the use of
three different flow regimes. This study aims to analyze the CO; hydrate formation kinetics by using
a novel experimental set-up equipped with a continuous stirred tank reactor (CSTR) having a
diameter of 15 cm and a height of 31.2 cm. CO; gas hydrates were formed at a constant temperature
of 5 °C and pressure between 32.5 and 33 bars. Mixing conditions were changed by using three
different types of impellers such as pitched blade turbine-downward trending (PBT-d), Rushton
turbine (RT), and marine propeller (MP) with full baffles hence to include three different flow
regimes and different numbers of impellers such as single and dual. Kinetic analysis of the six
experiments comprises the calculations of rate growth, induction time, driving force, and power
consumption. The hydrate formation rate was calculated with an interval of 30 minutes showing
that for both single and dual impellers, RT has the highest rate of growth (RT> PBT-d > MP, for single)
(RT > PBT-d > MP, for dual). Pitched blade turbines in both single and dual impellers had the highest
values in power consumption but they also had the highest amount of water which was converted
to hydrates. Induction time for both single and dual impeller experiments was smaller than 2
minutes.
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INTRODUCTION

Gas hydrates are crystalline compounds formed from water and suitable-sized gas molecules.
Depending on which gas molecules are present, crystals are divided into three distinct structures.
Structure | (sl), structure Il (sll), and structure H (sH) are the three gas hydrate structures (131, The
structure | hydrate has two types of cavities: a small pentagonal dodecahedral cavity consisting of
12 pentagonal rings of water and a large tetrahedral cavity consisting of 12 pentagonal and two
hexagonal rings of water. Structure Il hydrate also has two cavity sizes, the pentagonal dodecahedral
cavity, and the larger hexakaidecahedral cavity consisting of 12 pentagonal and four hexagonal rings
of water, and structure H comprises 34 water molecules per unit cell arranged in three pentagonal
dodecahedral voids, 2 irregular dodecahedral voids, and 1 icosahedral void 1. Methane hydrates
can contain 150-180 v/v (standard temperature and pressure) hence, researchers became
interested in examining the storage, transportation, and kinetics of gas hydrates. Gudmundsson and
Parlaktuna firstly and several scientists have reported outcomes in this field 719, Hydrates are
found both in permafrost areas as well as in oceans and represent huge untapped natural sources
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[11-13] One of the methods for recovering in situ hydrates comprises the displacing of the trapped
methane with CO, 41, Another contingent implementation for CO; is that for gas storage .
Hence to apprehend thoroughly the use of CO; gas hydrates for gas storage or greenhouse gas
sequestration, it is crucial to study the kinetics of CO; hydrate formation. The aim of this work is the
kinetic analysis of CO; gas hydrates by the use of three different flow regimes.

EXPERIMENTAL SECTION

A new reactor with an internal volume of 5.7 | has been designed and built to carry out studies on
the scale-up of gas hydrate formation. It consists of a high-pressure cylindrical AISI 316 L stainless
steel vessel with an internal diameter of 15cm and an internal length of 312mm. To avoid friction
heat due to the rotational speed of impellers, cooling water is circulated in the shaft of the motor.
The flow rate of a refrigerated cooling bath (WCL-P12) is 12 I/min. The temperature of the
Refrigerated Cooling Bath was measured by a thermocouple inside of the bath. The five ports (3 on
the flange and two on the body of the reactor) are used for supplying gas and measuring
temperature and pressure. Gas is supplied by gas bottles through a pressure-reducing valve that
provides adjustment of the pressure to the gas injection line. Mixing is supplied by a servomotor
type of High Inertia (permanent-magnet synchronous motor Siemens model SIMOTICS S-1FL6.
Voltage signals from pressure transducers, temperature sensors, and torque values for every second
are collected by a PLC unit (software) for data acquisition on a personal computer. Figure 1 shows
the carbon dioxide hydrate formation reactor with the control unit and cooling bath.

Figure 1. Carbon dioxide hydrate formation reactor connected with control unit (left) and cooling bath (right)

The experimental process is as follows: the gas (carbon dioxide) is injected through a steel tube into
the reactor which is already filled with distilled water. The volume of water is 2.65 | for single
impellers and 3.8 | for dual impellers, respectively. Water is put into the reactor when the room
temperature is around 14-15 °C and the gas is fed around 34-35 bars. Then the cooler of the room
is set to a temperature of -5 °C. During this cooling process due to the high solubility of carbon
dioxide, a considerable decrease in pressure is observed. Therefore, CO; is injected a few times to
stabilize the reactor pressure at 34 bars. When the reactor temperature is at 5 °C, the reactor
pressure is adjusted to 32.5—-33 bars, and rotation is started. The rotational speed is kept at 500 rpm
for all experiments for a period of 3 hours.
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The impellers that are used are Pitched Blade Turbine downward trending (PBT-d) with mixed flow,
Rushton Turbine (RT) with radial flow, and Marine Propeller (MP) with axial flow. The diameters of
the impellers are 7.5 cm and in dual impellers the distance between them is 5 cm. The height of
water in the reactor reaches 15 cm for single impellers (equal to the inside diameter of the tank)
while in dual impellers the water height reaches 22.5 cm (1.5 times the inside diameter of the tank).
Furthermore, full baffles are also used with a width of 1cm and a sparger with a 1 cm height for
better gas-liquid contact for mass transfer and/or reaction. The bottom of clearance (distance
between the bottom of the reactor and impeller) is 5cm. Figure 2 shows the three different impellers
and figure 3 shows the sparger and the full baffle.

AL '

Figure 2. RT (left). PBT-d (middle) and MP (right)  Figure 3. Full baffle (left) and sparger (right)

RESULTS AND DISCUSSION

Table 1 presents the relevant experimental conditions, the induction time for hydrate formation,
the water conversion to hydrate (hydrate yield), and the power consumption. As seen in Table 1 the
water conversion to hydrates for single impellers follows the specific order: from 0.81 % which is
the highest value for pitched blade turbine in downward trending, then to the marine propeller with
0.51 % and last comes the Rushton turbine with the value of 0.31 %. The same order is also followed
in the dual impellers such as pitched blade turbine downward trending have the value of 0.0089 %,
then follows marine propeller with 0.0043 % and last comes the Rushton turbine with 0.0039 %.
Another factor that is examined is the power consumption of every different impeller single and
dual from the start stirring until the end of the experiment (3 hours after induction time). In single
impellers, the power consumption is approximately the same for both pitched blade turbines and
Rushton turbines (Rushton turbines consume a little more compared to pitched blade turbines,
which is less than 0.02) while is less for marine propellers. The difference in percentage between
the two first impellers compared to the marine propeller is approximately more power consumption
around 14 %. On the other hand, in dual impellers, the marine propellers consume less energy
compared to pitched blade turbines and Rushton turbines 32.87 % and 30.56 % respectively.

Table 1 Summary of experimental conditions and percent conversion to hydrates together with the power

consumption
Design Vwater (1) Induction time (min) Hydrate Yield mol% Power Consumption (Kg*m?/s3)
SI-PBT-d 2.65 <1 0.945132075 36.46541125
SI-RT 2.65 <1 0.362769057 36.64237292
SI-MP 2.65 <1 0.598224797 30.79206434
DI-PBT-d 3.8 <1 1.101348684 42.77516745
DI-RT 3.8 <1 0.569586261 41.35666148
DI-MP 3.8 <1 0.496062936 28.71803463
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Another factor that is calculated is the hydrate productivity for both single and dual impellers and
they are presented in Figures 4 and 5, respectively. In single impellers pitched blade turbine has the
highest value (51.32 mol/s*1), then follows the marine propeller (12.03 mol/s*1), and last comes the
Rushton turbine (9.54 mol/s*I). On the other hand, in dual impellers the Rushton turbines have the
highest value (41.31 mol/s*1), then followed pitched blade turbine (31.84 mol/s*I) and the smallest
value belongs to the marine propeller (8.31 mol/s*I).

Hydrate Productivity vs Single Impeller Hydrate Productivity vs Dual Impellers
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Figure 4. Hydrate Productivity of single impellers Figure 5. Hydrate Productivity of dual impellers

Kinetic analysis continues with the calculations of rate growth. The rate growth for single is
presented in Figure 6. The best performance has the pitched blade turbine (downward trending)
which has mixed flow with a value of 144*10°® mol/s, second comes marine which has axial flow
with a value of 31.9*10® mol/s, and last comes the Rushton turbine with a radial flow and value
25.3*10 mol/s. Furthermore, only the pitched blade turbine and marine propeller continue to form
hydrates after the first 30 minutes. For the three hours after induction time (first hydrate particle),
we took measurements to calculate the values in Table 1 only the marine propeller continued to
form hydrates while in the pitched blade turbine there was a stabilization in hydrate formation (no
more hydrate formation) after 1.5 hours after its induction time and a small hydrate dissociation.
As far as it concerns the Rushton turbine impeller, there is hydrate formation for only the first 30
minutes, then a small period of stabilization of hydrate formation and continues with hydrate
dissociation (losing the amount of hydrate formation). The above descriptions are all presented in
Figure 7 which also shows that in hydrate formation there is a decrease in pressure and an increase
in temperature due to the reaction being exothermic.

140 Rate growth of single impellers vs 30 minutes time period
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Figure 7. Pressure and Temperature vs Time for three different impellers (left is pitched blade turbine,
middle is Rushton turbine and right is marine propeller)

On the other hand, on dual impellers, our results differ. For dual impellers, the highest rate growth
has the Rushton turbine impellers (157*10% mol/s), then followed by the pitched blade turbines
(121*10°® mol/s) and finally comes the marine propeller (31.6*10® mol/s). As can be seen in Figure
8 pitched blade turbines and Rushton turbines form hydrates for only 1 hour and after this the
dissociation of hydrates. Marine propeller form hydrates for all three hours with an almost constant
value for the first hour (31.6*108 mol/s for the first 30 minutes and 30.2*10® mol/s for the second
30 minutes) while the decrease in hydrate growth between the first half hour and the last is less
than 50 % (16.6*10° mol/s).
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Figure 8. Rate growth of dual impellers every 30 minutes
CONCLUSIONS

This work aimed to compare CO; hydrate formation experiments carried out at constant
temperature 5 °C and pressure 32.5-33 bars with three different impellers in both single and dual
designs. The kinetic analysis was compared among the three different impellers with their different
flows. In a single design of impellers, the better performance of rate growth had the Rushton turbine
with the radial flow while the less good performance had the marine propeller with the axial flow.
In dual impellers, the best performance in hydrate growth had the Rushton turbines, then pitched
blade turbines followed and last were the marine propellers. Pitched blade turbines in both single
and dual had the highest values in power consumption but they also had the highest amount of
water which was converted to hydrates.
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