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Abstract: This paper presents the analysis of the main reasons for a significant decrease in the
intensity of diffusion processes during the formation of gas hydrates; solutions to this problem are
proposed in a new process flow diagram for the continuous synthesis of gas hydrates. The physical
processes, occurring at the corresponding stages of the process flow, have been described in detail. In
the proposed device, gas hydrate is formed at the boundary of gas bubbles immersed in cooled water.
The dynamic effects arising at the bubble boundary contribute to the destruction of a forming gas
hydrate structure, making it possible to renew the contact surface and ensure efficient heat removal
from the reaction zone. The article proposes an assessment technique for the main process parameters
in the synthesis of hydrates based on the criterion of thermodynamic parameters optimization. The
optimization criterion determines the relationship of intensity of heat and mass transfer processes at
the phase contact interface of reacting phases, correlating with the maximum GH synthesis rate, and
makes it possible to determine optimum thermodynamic parameters in the reactor zone.

Keywords: gas hydrates; heat and mass transfer at the interface; continuous cycle of hydrate formation

1. Introduction

The factorial use of gas hydrates (GH) can be used as a substantial source of energy
for people. In many countries, gas hydrates are considered the most likely alternative
fuel [1-3]. Global estimates of the gas content in hydrate structures are within the range
of ~(1-5) x 10" (m3) [4-8]. The works of many authors [9-11] provide information on
the presence of GH natural sources in various geological structures. However, insufficient
information on the properties of their formation and decomposition disturb development
of gas hydrate technologies. At present, significant efforts of many researchers are aimed
at solving these problems in order to improve the future efficiency of GH production,
synthesis, storage, transportation and industrial use. This study analyses gas hydrate
synthesis technology that will guarantee its transportation and long-term storage. Ac-
cording to many researchers [12-15], storage of natural gas in clathrate hydrates offers
the best storage method, explained by the relative convenience of natural gas recovery
at minimal cost compared to conventional storage methods [16-21]. The works [22,23]
present comprehensive data on managing gases in a hydrated state.

GH synthesis is one of the most important stages of such technology. Clearly, this
process will be quick, continuous, easy and cheap. The stochastic character of hydrate
nucleation and slow kinetics of hydrate growth are the biggest problems to be solved
during GH synthesis; they are analysed in the works of the abovementioned researchers.
Strong and fast nucleation linked with fast crystallization kinetics would allow the use of
this technology by the industry. These are the first two issues focused on in this paper. The
nucleation process could be determined to some extent if ready-made hydrate formation
centres were introduced into the reaction zone. We will demonstrate this process as it was
performed in our GH synthesis technology. As for the second issue, the hydrate formation
rate, in our opinion, it is the hydrate itself that causes a significant decrease in the intensity
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of diffusion flows in the reaction zone. Diffusion processes have also been studied by
many authors [24-27], however, in their works the transfer process itself was considered
with no consequent conclusions regarding the sufficiently high intensity of mass transfer.
Currently, in the literature references, one may encounter descriptions of many devices for
GH production [28-35], where the biggest attention is drawn to methods used to increase
the gas and liquid contact area, either by dispersing water in a gas or by the formation
of a bubble gas flow in water. For this purpose, it is possible to use, for example, bubble
columns, bubblers or spray reactors [36—41]. In [42] during the study of GH synthesis in
a bubble column, the authors observed a thin hydrate film formation on the gas bubble
surface, where GH is gradually formed. However, the rate of gas hydrate formation was
not high, and the process itself cannot be continuous since gas bubbles with a hydrate
crust agglomerated into large complexes, where the synthesis practically stopped. Mixing,
spraying and bubbling are obvious methods of GH synthesis intensification [43-45]. Mixing
helps to mix the gas and liquid phases and enhances the phase interface surface, increasing
GH synthesis rate. To increase the synthesis process intensity, various chemical activating
agents are also used and described in these works. Efficient heat removal from the reaction
zone is the third problem to be solved. The heat removal rate significantly affects the GH
synthesis rate. In every cited study the hydrate synthesis rate goes down over time because
of the changes in thermodynamic features in the reaction zone. In our study, we present
the mechanical activation of GH synthesis, following another idea—the intensity of GH
synthesis process is determined not only by the liquid volume or the size of the phase
contact area but mainly by the intensity of phase interface renewal, which in turn increases
the intensity of heat removal from the reaction zone. Therefore, GH synthesis technologies
should also be marked in terms of the phase interface renewal feature. Hydrate films,
formed on the bubbles’ surface, create resistance to heat removal during the exothermic
hydrate formation reaction. On the other hand, these films at a described stage of their
formation can be easily destroyed by hydrodynamic and thermodynamic instability in the
reactor, referring to a constant intensive phase interface renewal and an increase of hydrate
formation rate. Thus, the drop, bubble or combined modes of gas hydrate formation
and relevant devices can be sufficiently effective for a fast hydrate formation. However,
the problems of deterministic hydrate nucleation, low intensity of hydrate formation,
hinderance of hydrate formation at the interface, ineffective heat removal from the reaction
zone of hydrate formation and removal of excess water from the finished hydrate are still
to be addressed.

2. Research Background

Mixing and bubbling are traditionally used as mechanical initiation of GH synthesis
processes [46-55]. The use of mechanical mixing improves gas-liquid contact since mix-
ing contributes to the renewal of the gas-liquid interface to improve hydrate formation.
However, as soon as hydrates begin to form, the liquid phase transforms into a suspension,
which becomes denser with a progressive increase in GH amount and the hydrate forma-
tion process slows down or stops. In the works [56-58], the authors presented the results
of fundamental studies of GH formation processes and their stability and determined the
relevant thermodynamic parameters. In our studies, we focus only on the mechanical
initiation of GH formation processes to increase the synthesis rate. Clearly, based on the
studies presented in the cited papers, it is also possible to determine the conditions of
enhancing the performance of synthesizing devices. However, we set it as our goal to
demonstrate that in bubble reactors, particularly in mixing devices, it is impossible to bring
the energy to the level sufficient for a repeated deformation of gas bubbles. Starting from a
certain number of revolutions of the mixing nozzle, the hydrate formation rate becomes
unchanged, as shown in our study.

It is evident that it is not practical to use the configuration of a reactor with a mixer for
large-scale GH production.
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The use of bubble columns and bubbling devices also makes it possible to increase the
liquid and gas contact surface.

In these works, the considerable effect of hydrodynamic factors (liquid flow and
pressure rates) on GH synthesis rate was emphasized. However, with this synthesis
process, the hydrate is formed as a film at the interface, and, furthermore, it also develops
resistance to heat and mass transfer, resulting in a significant decrease in the gas absorption
intensity. For instance, in [42] during the study of GH synthesis in a bubble column, the
authors observed a thin hydrate film formation on the gas bubble surface, where GH is
gradually formed. As the rate of the bubble rise decreases, the bubbles agglomerate and
resist the growth of hydrates from further incoming gas bubbles.

The authors [59,60] point to the high efficiency of surfactants, since most surfactants
reduce the induction time of hydrate nucleation, increase GH growth rate and contribute to
the maximum conversion of water to hydrate. A thorough analysis of the existing literature
on surfactants suggests that a decrease in surface tension in the presence of surfactants
not only increases mass transfer but also changes hydrate formation morphology, thus
improving the interaction of gas with water for a faster hydrate growth rate. The use of
surfactants solves the problem of slow GH synthesis to a certain extent, but in most cases it
harms the environment and complicates the technology of further hydrate use.

Mixing, spraying and gas bubbling are known methods of GH synthesis intensifica-
tion but fail to reduce the hydrate synthesis rate. It can be achieved by a constant update
of the phase contact interface by hydrate crust destruction, formed at the interface, and
intensive heat removal from the reaction zone of hydrate formation. We propose to create
thermodynamic and hydrodynamic conditions in the reactor when gas bubbles will be
constantly deformed and, thus, the hydrate crust will be destroyed. Our preliminary
experimental and theoretical studies [46] demonstrated high efficiency of this method to
intensify the GH synthesis process in the laboratory. However, the issues of high produc-
tivity, synthesis continuity and optimal process parameters of the synthesizing device are
still to be resolved. The long induction time of hydrate formation, low temperature and
relatively high pressure require the innovative reactor design to improve gas-liquid contact
and the resulting increased rate of GH formation, as well as high gas absorption combined
with high water-to-hydrate conversion. These issues are addressed in this paper.

2.1. Intensification of GH Formation Processes by Renewing the Phase Boundary

Mixing of the contacting media also contributes to the renewal of phase contact
interface. To determine how effective such initiation can be, we performed experimental
studies of synthesis processes in a laboratory reactor with and without a high-speed
rotating mixer (Figure 1). The specific amount of formed hydrate had to be determined
(Ig, kg/ (m2s)). To assess the level of synthesis intensification by mechanical initiation, the
number of mixer revolutions, the degree of its immersion in the liquid and thermodynamic
conditions changed. Then, the obtained data were compared with the intensity of diffusive
hydrate formation (without mixing).

External thermostat 8 (Figure 1) was used to stabilize the temperature in the reactor.
The variation of temperature readings was £0.1 °C and thermodynamic parameters corre-
sponded to the hydrate formation conditions. The following measurement methods were
used. First, the reactor was filled with a gas mixture at 10-15 °C. After the temperature
regime was stabilized, the initial pressure was recorded. Subsequently, the temperature in
the reactor was decreased to hydrate formation temperature and the pressure was stabi-
lized. Then, the temperature in the reactor was maintained for a specified time interval,
whilst time and gas pressure readings were recorded. The hydrate formation occurred at
the fixed interface. The experiment was completed with an increase of temperature in the
reactor, hydrate dissociation and gas volume measurement.
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Figure 1. Experimental facility to study gas hydrates (GH) synthesis dynamics: (a) in stationary media (diffusion) (b) use of
a mixing device: 1—working module; 2—reactor; 3—pressure control; 4—gas; 5, 6—temperature control: 7—high-speed

mixer, 8—thermostat, 9—electronic parameter control unit.

For pure gases of the methane group, thermodynamic conditions of GH equilibrium

state were approximated by means of the equations shown in Table 1.

Table 1. Thermodynamic parameters of the hydrate formation process (authors’ data).

Gas Temperature Range, °C Equilibrium Pressure, Pa (Absolute)
0.67
0<t<22.0 Py = 10(6+0.006(18+£)"*) b = {1088%86)—6} _18
Methane
log( Py, )—6
t<0 Py = 10(6+0016(28.9+y.)) tgn(P) = g(().g{é) 289
0<t<145 Py, = 10(5-+0.056(13+£g1)) ten(P) = % _13
Ethane . 2 . (P =
. . 08\ Lgh ) —
t<0 Pgh — 10(5+0 018(40 1+tg;,)), tgh (P) _ W — 401
) . o _ log(Pe,)—5
Propane 0<t<b55 Py, = 10(5-+0.093(2.55+a)) tan(P) = % _ 255
log(Pgn)—
Isobutane 0<t<25 Py, = 10(5-+0.083(0.35+£¢1) ) ten(P) = % — 035

where t,, is synthesis temperature of gas hydrates, °C; Py, is absolute equilibrium pressure on hydrate formation line, Pa.

As an example, let us present some typical mass transfer characteristics for experi-
ments with a propane-butane mixture. After the temperature reaches +2.5 °C (supercooling
2.1 °C), propane hydrate formation begins and the formed hydrate crust sharply inhibits
further hydrate formation. Similar results were obtained at other gas temperatures.

With further increase in subcooling, diffusion processes are initially more intense
(about 1.5 times) (Figure 2) but with higher subcooling, the hydrate crust thickness on
the phase interface grows faster and diffusion processes rapidly slow down. After about
50 min the hydrate formation intensity at different supercooling levels becomes almost
the same.

Experimental data can be approximated by the following dependence:

17.8

Figure 2 shows a dependency graph of the specific amount of formed GH; it can
be used to assess the degree of decrease in hydrate formation intensity over time (in the
growth of hydrate crust at a fixed phase interface) (Figure 2a) and a dependency graph of
the specific amount of GH over time at different temperatures (Figure 2b).
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Figure 2. The hydrate formation dynamics at the fixed phase interface (experimental data): (a) change
in the synthesis intensity over time; (b) specific mass transfer at different temperatures (At).

The obtained data indicate a significant decrease in the intensity of mass transfer
processes at the fixed phase interface.

2.2. Mechanical Initiation of Hydrate Formation Processes Using Mixing Devices

Diffusion mechanisms of hydrate formation at the fixed phase interface are consid-ered
the basic ones, and in the future we will use the data to assess the initiation efficiency.

The mechanical initiation of the hydrate formation process was performed using a
mixer within the range of 10-1500 revolutions per minute.
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At low speeds of the mixer blades (up to 100 revolutions per minute), GH formation
rate increased by about 6.4 times. However, upon reaching such revolutions, when a por-
tion of gas above the water surface was captured by the liquid flow (in our experiments,
700-800 revolutions per minute) and a bubble flow structure was formed (Figure 3a),
the synthesis process intensity did not increase with further increase in the speed of the
mixer blades. Clearly, this effect depends on the immersion depth of the blades, but its
qualita-tive characteristic remains unchanged. Figure 3b shows the measurement results.
In the graphs, we can distinguish plateau areas of the mass transfer stabilization. This
mode corresponds to a new method of hydrate formation on the surface of gas bubbles but,
in this case, hydrate films were destroyed and bubbles with the hydrate layer accumulated
on the water surface. The synthesis process intensity increased as a result of a significant
increase in the phase interface.

10,000
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I/l
1000
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1 ! u K \\\ﬂ“““‘“\
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(b)

Figure 3. Formation of a bubble flow structure using a high-speed mixer: (a) photograph of the
process of formation of gas bubbles; (b) change in the intensity of GH formation during mechanical
initiation relative to diffusion hydrate formation.
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Figure 3 shows a depression in water (vortex) when the mixer is operating and a
bubble formation zone. Gas bubbles are relatively large in size &J1-3 mm. The experiment
was performed in the presence of a refrigeration unit with a thermostat. Water and gas
temperature was stabilized at the set level within 0—+ 2 °C. The studied mixture components
were propane and distilled water.

As a result of measurements, significant activation of the mass transfer process was
observed. Approximation formula for the calculation of the relative intensity of mass
transfer, compared to free diffusion mode (R? = 0.89):

I 14.7
8§ __
E - e1.53-T @)

where 7 is time, s, I; is the amount of GH obtained at a fixed interface by diffusion
(without initiating the process). Experimental data demonstrate mass transfer activation by
12-13 times, but after 40 min from the start of mass transfer the use of a high-speed mixer
becomes ineffective.

Thus, the high-speed mixer operation can activate the mass transfer 7-8 times at the
beginning of the hydrate formation process but the hydrate film formation, even in this
case, prevents an intensive synthesis. To achieve high GH synthesis intensity, hydrate film
must be constantly destroyed.

3. Materials and Methods

This study is represented by the development of the ideas specified in [46]. Based on
the analysis of GH synthesis devices, cited in Section 1, we developed an injection reactor
(Figure 4) to solve the problems of hydrate crust breaking at the interface, as well as massive
heat removal from the reaction zone formation of the developed phase contact area.

ArT] l '

Gas hydrate
; granulation
‘—GZI_IL N
8 Temperature

setting k P.T
© - temperature/sensor -...q"‘ ges
- o T 1

mixture of GH
with water

2

Figure 4. Scheme of a gas hydrate plant for continuous production of gas hydrate: 1—reactor;
2—separator; 3, 5—inspection windows; 4—jet apparatus; 6—bubbler; 7—filter; 8, 9—thermostats;
10—gas; 11—thermal chamber for hydrate drying; 12—recirculation pump; flows: I—water under
pressure; Il—gas; [ll—water-gas hydrate mixture; IV—wet hydrate for drying.

The hydrate crust breaking contributes to the renewal of the phase contact surface,
while the intensity of mass transfer processes remains quite high. The broken crusts are
continuously removed from reactor 1 to separator 2—water after hydrate separation returns
to the reactor. Hydrate crystals enter the reactor with the recirculation water, becoming the
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centres of hydrate structure formation. This technology requires a separator, but it makes it
possible to solve these problems and organize a continuous synthesis process.

Figure 5 shows the scheme of gas-liquid mixture formation. In injection nozzle 4
(Figure 4), part of the gas from the reactor zone enters the water jet and mixes. When the
jet enters liquid volume, gas is injected into the liquid and dispersed with the formation of
the smallest bubbles. Gas pressure in the bubbles change cyclically, deforming the surface
of bubbles.

Figure 5. Scheme of gas-liquid mixture formation.

The amount of injected gas depends on the nozzle geometric parameters and hydro-
dynamic mode of liquid flow.

Gas bubbles, in the process of hydrate crust formation around them, will be subjected
to variable deformation resulting from pressure change in the middle of bubbles and
mechanical action of the liquid jet. At the same time, constant crust breaking will take
place as gas bubbles change their size and form. Gas bubbles are repeatedly deformed in
the liquid flow, while hydrate crusts get destructed and removed from the reaction zone.

The proposed GH production procedure is a continuous process, which will occur at
constant parameters. The reactor pressure is maintained automatically by compensating
for the appropriate amount of gas that has entered the gas hydrate. For continuous GH
synthesis, it is necessary to provide conditions for its constant removal from the reactor,
supply of gas and water to the reactor, as well as heat removal during hydrate formation.
Hydrate removal from the reactor is complicated due to a rapid agglomeration of hydrate
structures (broken GH crusts). To prevent this process, the GH concentration in the mixture
cannot exceed 15-17%.

Water, separated from the water-gas-hydrate mixture in the separator, returns to the
reactor, containing many microstructures and hydrate formation 0.1-0.5 mm nuclei. The
hydrate formation rate at this phase contact is quite high, depending on the reaction zone
temperature, which in turn depends on the heat removal rate of GH synthesis reaction.

4. Results
4.1. Water Removal from Gas Hydrate Mass

In separator 2 (Figure 4), most of the water is separated from the hydrate mixture.
However, it is problematic to remove adsorbed water by separation. In our previous
experiments on the presented installation, the separation coefficient was up to 0.83-0.85. To
produce a dry gas hydrate, the cooled gas hydrate mixture obtained in the separator con-
tacts with gas under certain thermodynamic conditions in a thermal chamber 11 (Figure 4).
In this case, a considerable total surface pore area provides a sufficient contact phase area
for intensive hydrate formation.

The following gas was used for the experiment: CH;3—92.8%, C3Hg—2.1%, Co,Hg—
5.1%. The nozzle diameter was 2.12 (mm). Gas pressure in the reactor was maintained at
3.8 MPa. The temperature in a plant thermal chamber was maintained at 276.1 (K). The
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distance from nozzle 4 (Figure 4) of the jet apparatus to the liquid surface was 98 (mm).
Water was supplied into the nozzle under 10 (MPa) with 1.3-1073 (m3/s) flow rate. As
a result of pressure drop between pump 12, separator 2 and reactor 1 water-gas hydrate
mixture circulated from the reactor to the separator. Wet gas-hydrate mixture was subjected
to the final stage of processing in contact apparatus 11 where GH final properties were
formed. Hydrate formation heat was removed in thermostat 9. The rate of gas hydrate
formation was determined by the amount of gas consumed per unit time.

4.2. Hydrate Mass Drying

The hydrate mass is dried through its contact with hydrate-forming gas (in this case, a
gas of similar composition) in thermal chamber 11 (Figure 4). When a hydrate mass layer
is treated with gas under pressure, free water binds to the hydrate.

The crushed hydrate mass (with particle size not exceeding 1 mm) was placed in a
0.65-m long cylindrical container 0.1 m in diameter. Gas was supplied to the container,
whilst pressure and temperature were recorded as appropriate. The gas pressure in the
container was raised to 5 MPa at 273.5 K. This temperature was maintained throughout
the drying process. The hydrate structure and its properties change during processing
(Figure 6). Hydrate in Figure 6b is ready for formation into blocks or granules (Figure 7).

(@) (b) (c)
Figure 6. GH photos: (a) 15% water content, morphology 1 (M1); (b) 6% humidity, morphology 2
(M2); (c) dry hydrate, morphology 3 (M3).

Figure 7. Formed hydrate (morphology 2 (M2)).

Figure 8 shows a thermogram of the hydrate formation process in a dehumidifier.
Layer temperature sensors recorded the temperature change over time. Pressure in the
dehumidifier was rising stepwise. The change in pressure was accompanied by a change in
the hydrate structure. As shown in Figure 8, the pressure injection process was completed in
about 10 min. The whole formation process lasted 40 min. Prior to processing, morphology
of the hydrate containing the experimental medium was a significant inhomogeneity
(Figure 6a). Adsorbed water formed GH during drying.

Figure 8 shows the temperature trajectories during the hydrate formation process.
Temperatures in various experiments ranged from 273.5 to 265 K. The decrease in temper-
ature indicated a more intense process. However, a decrease in temperature below the
minimum specified value resulted in GH drying with a final morphology (Figure 6¢) not
suitable for pressing the hydrate into granules with a stable structure.
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Figure 8. Thermograms of hydrate formation at the final stage.

4.3. General Process Flow Diagram of GH Synthesis

Figure 9 shows a GH synthesis diagram, including the main processes: hydrate
mass formation, separation, adsorbed water binding and formation of gas hydrate gran-
ules or blocks suitable for transportation and storage. If GH is used for heat accumula-
tors, then the final stage of hydrate formation will be implemented at a low temperature

(Figures 6¢ and 8).
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=
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Figure 9. GH synthesis diagram.
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Optimal thermobaric conditions of the hydrate formation process in reactor 1 were

determined experimentally and are presented in Figure 10 through the equilibrium hydrate
formation curve.

(o)}

Pressure, MPa
=
o

243 253 263 273 283 293
Temperature, K

Figure 10. Equilibrium curve of hydrate formation for the gas entering the reactor.

After empirical data processing, the equation describing the process of gas hydrate
formation in the reactor is as follows mol/s:

R = 0.117-V (ky — 3.15)15(copy — ), @)

where c, is gas concentration at the gas-liquid interface at hydrate formation pressure and
equilibrium temperature, (mol/m?3); ¢, is the gas concentration in the liquid at hydrate
formation pressure and equilibrium temperature, (mol/m?); vy is the water velocity in
4 (Figure 4), (m/s), mass transfer coefficient ky, depends on nozzle diameter dy, liquid
volume in reactor V and is determined by the following formula:

541076 (p-d3-03) [ 1,
km == 5 |7
O"V() d()

(4)

where p, (kg/ m?) is water density, surface tension of liquid 0—4.56-1072—7.33-1072 (N/m),
l,—injector nozzle length, Vj is volumetric water flow, (m?/s).

5. Heat Exchange Processes on the Interfacial Surface

The hydrate formation is based on heat and mass transfer processes. Each process can
limit the reaction rate under certain conditions. However, with the optimal ratio of heat
and mass transfer processes, GH can be produced rather quickly.

Our experimental data [46] are generalized by the following empirical equation:

Bol” _ 042 Re.5 0% — 000278 (120}
5, = 0.042-Re-Sc _0‘0420, D, , ®)

where B, is the volume mass transfer coefficient from gas to liquid, s~ 1 Bo = Br-Sy; Sy is
specific surface area of the phase boundary, (1/m); Sc is the Schmidt number; / is a capillary
constant, (m); D; is the coefficient of molecular diffusion of gas into liquid, (m?/s); v, is the
liquid volume; vg is the gas volume. Capillary constant:
o
l=,/—, (6)
Pr8
where g is the acceleration of gravity, (m/s?); p, is the density of water.
Surface coefficient of mass transfer from gas to liquid with energy dissipation rate

in liquid:
_ D, tm
Br = 0050, /@’ [;] @)
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According to the law of convective diffusion, the amount of gas transmitted to
water surface,
M = Bp-AC-F-7, (kg). 8)

where AC is gas concentration difference, (kg/m?) F is phase contact surface area, (m?).

To optimize GH synthesis, it is necessary to correlate heat and mass transfer processes
on the phase interfacial surface. We propose to apply the optimization criterion, which can
be obtained by considering the system of equations of heat and mass transfer at the phase
interfacial surface (W/m?) and (kg/(s-m?))

q=a(Ty — To)
AM = Br(po — pg) )
q= AA/I-r
mg

where 7, is mass gas content of gas hydrate, (kg/kg); AM is GH mass gain, (kg); g is

specific heat flux, (W/m?); « is heat transfer coefficient, (W/(m?K)); Ty is initial water

temperature, (°C); pg is gas density, (kg/ m3); po is initial water density, (kg/ m?).
Substitution from the system of Equation (9) gives the ratio (°C-m3)/ kg)

(Te—To)  Brr
(0o —pg) — aiig (10

Using Nusselt’s criteria for heat transfer Nu = "‘Tl and diffusion Nu' = ’%l, the

right-hand side of Equation (10) can be rewritten as:

Brr  Nu' D-r

= , 11
a-mg  Nu A (1)
where the ratio of Nusselt’s criteria is a criterion for GH synthesis optimization
Nu'
Ky = —, 12
= (12)

R is phase transition heat, (J/kg); A is thermal conductivity, (W/(mK)).
To determine Kg value, express the gas density through pressure and temperature
from the thermodynamic state equation

Pu
P=R ng’
"

(13)

Hg is molar mass of gas, (kg/mol).

In a mass-transfer apparatus the processes occur under constant pressure conditions
and compressibility coefficient Z slightly changes. In this case, the difference in densities
from Eqaution (10) can be determined by the temperature difference (kg/ m?)

P. P. p. T, — T
Po=Ps =R ?gZ—R ?gz:Ryé(éTO) (14)
Y ntg W g0
Given the difference in gas densities, Equation (8) takes the form
T, — T D-P-uq-r
g — 10 Hg
=K 1
(GR) ~ VR Zg (15)
TeTo

From Equation (15) we obtain the optimization criterion value

i ARAZ g T Ty .
DgPpgreg
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where 774, is the mass content of gas in GH, (kg/kg); T is liquid temperature, (K); Ty is
gas temperature, (K); P is the pressure at which the synthesis process occurs, (Pa); r4¢ is
heat of GH dissociation, (J/kg), R is universal gas constant, ji¢, (Paxs).

The non-dimensional optimization coefficient of GH synthesis determines the optimal
ratio between heat and mass transfer processes near the interfacial surface under hydrate
formation, depending on the thermophysical characteristics of gas hydrate and its syn-
thesis conditions. In other words, the coefficient determines the optimal ratio of diffusion
processes and mass transfer at the phase interface.

For conditions of GH synthesis for different gases, we propose the optimal values of
Ks, presented in Table 2.

Table 2. The optimization coefficient value for different gases.

Gas Ks
Methane 36-40
Ethane 55-57
Propane 115-124
Isobutane 173-186

The physical content of the coefficient can be interpreted as follows: To maintain the
maximum rate of GH formation, the intensity of heat transfer processes (heat removal from
the reaction zone) near the interfacial surface will exceed the intensity of mass transfer
processes by 36—40 times (e.g., for methane). In the case of lower actual Kg values, the
process of gas hydrate synthesis will be restricted to the low intensity of heat removal,
whilst if the optimal value is exceeded the lower the intensity of mass transfer processes.

The comparison of the actual value (K’s) with the optimal value makes it possible to
determine hydrate formation efficiency (E):

K{ _ K
{g1—>EK5 a7

X

S —_ KS
The use of calculated dependences for experimental data for GH synthesis in the

diffusion mode (Figure 11) demonstrates that the optimal supercooling is a temperature

difference of 2.9-3.0 °C. At higher supercooling values, the optimal ratio of heat removal

and mass exchange is broken; with an increase in time, the gas flow into GH slows down

as a result of GH crust formation.

i
0.8 \
0.6

——At=29°C
0.4 At=3.2 °C
0.2 ——
0
0 50 100 150 200

Time, minutes

Figure 11. The efficiency of the hydrate formation process in diffusion mode (E) depending on gas
supercooling (At) and time according to experimental study results.

Figure 12 shows graphs of the GH synthesis process intensity by the value of opti-
mization coefficient K’'s. As it is shown in the graph, the movement of values of graph
functions to the right of the optimal zone I corresponds to a decrease in the rate of GH
synthesis and gas content in the gas hydrate structure.
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As is shown in graph Figure 12b, non-observance of optimal K’s values can also be
at the initial moment of time, when the phase interface surface is “clean”; in this case, the
hydrate crust grows slowly and has little effect on the synthesis process intensity.

Crystallization of propane hydrate, supercooling 2,9 [°C]

10,000 1.2
1000 /.L/’____’,/—‘/ E
100 I 1
10 I
Ks,Ig 1 ! 0.8
01 1 reduction of gas content in GM
0.01 e 0.6
|
-3
1x10 N —
1x10* .
p I —s—Efficiency
1 x 10 . 0.2
1 %107 | I —
1x10% 0
0 50 100 150 200
Time, minutes
(a)
Crystallization of propane hydrate, supercooling 3,2 [°C]
10,000 1.2
1000 ?’//’/‘ E
100 _ 1
10
Ks, Ig 1 0.8
0.1
0.01 0.6
1 x 107 ——Ks'
1 x10¢ ’ 0.4
1% 10° Ig, kg/(m*C)
1 % 106 Efficiency 0.2
1x 107 ———
1 %108 ()
0 50 100 150 200

Time, minutes

(b)

Figure 12. Optimal characteristics of GH synthesis process at various levels of gas subcooling:
(a) 2.9 °C; (b) 3.2 °C (Ig—mass of synthesized hydrate per unit surface).

Thus, compliance with optimal K’s values and renewal of the interface ensures the
best intensity of hydrate formation. According to our technology (Figure 4), additional
gas cooling (if necessary) is performed in thermostat 8, and thus K’s value can be adjusted.
This criterion for optimization of heat and mass transfer processes in GH synthesis on
the interfacial surface allows for determining the process parameters, complying with
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the above requirements to increase the intensity of the hydrate formation process. The
proposed criterion can be applied to the GH bubbler design.

6. Conclusions

Diffusion phenomena underlying the processes of gas hydrate formation at the inter-
face are slow, and practically all researchers use various tools to intensify these processes.
In most cases, these techniques make it possible to implement a diffusion-convective mech-
anism for heat and mass transfer between gas and liquid. Clearly, the intensity of these
processes is affected by the temperatures of contacting phases and pressure in the reaction
zone. However, with the diffusion-convective mechanism of gas hydrate formation, as well
as with the diffusion mechanism, the synthesis intensity decreases as a hydrate layer at
the interface, generating resistance to mass gas flow and preventing intense heat removal
from the reaction zone. Therefore, the formed hydrate layer will be destroyed and, thus,
the phase interfacial contact will be renewed. According to our technology, this problem is
solved using the hydrodynamic initiation of the synthesis process, resulting in a hydro-
dynamic and thermodynamic situation in the reactor; it contributes to the deformation of
gas droplets and breaking of hydrate films. Hydrate removal from the phase interface also
means a rather intensive heat removal from the reaction zone. The continuous destruction
of the hydrate film provides a sufficiently high intensity of the GH synthesis process.

It was determined that at a certain optimal ratio of the intensity values of heat and mass
transfer processes at the phase contact interface, the synthesis rate will be maximum, whilst
continuous renewal of the contact interface allows for maintaining the maximum value
of this parameter throughout the entire synthesis process. In this case, the optimal values
of gas subcooling are recorded at 2.5-3.5 °C. To assess the conditions for intensive GH
synthesis, an optimization criterion was proposed to characterize the ratio of mass and heat
transfer processes at the interface. Thus, the surface renewal and compliance with optimal
ratios of heat and mass transfer processes will make it possible to achieve the maximum
rate of hydrate synthesis. These ratios can be adjusted using our proposed method.
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