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Abstract

In this article, changing the concentration of NaCl in solution affects the rate of hydrate
formation only slightly. However, a further increase in the NaCl content in the solution reduces
the rate of hydrate formation by 25%. In aqueous solutions with low concentrations of alcohols,
the formation of mixed air and chloroform hydrate and propane hydrate is accelerated. It has been
established that in the presence of small additions of alcohols, the mechanism of hydrate growth
is similar to that observed for the growth of hydrates with the addition of surfactants. This effect
manifests itself at the stage of mass crystallization. The process of hydrate formation is
exothermic, therefore, to increase the rate of hydrate formation, it is necessary to intensively
remove heat from the gas-water system. In experiments conducted under static conditions, this
excess was about 0.3 MPa.
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Qazlarmm naglinda Kkristal hidratlarin amalo galmasina tasir edan amillarin
tadqiqi

9.N. Qurbanov , I.Z. Serdarova, C.R. Sliyev

Azorbaycan Déviat Neft va Sanaye Universiteti (Baki, Azarbaycan)

Xiilasa

Mogalads kristal hidratlarin amolo galmasina tasir edon amillar tadgiq edilib. Mahlulda
NaCl konsentrasiyasinin doayisdirilmasi hidrat amalo galma siiratine yalniz bir qodor toesir edir.
Bununla bels, mahlulda NaCl torkibinin daha da artmasi hidrat amalo galms siiratini 25% azaldir.
Alkogqollarin az konsentrasiyasi olan sulu moahlullarda qarisiq hava va xloroform hidrat vo propan
hidratin amolo galmasi siiratlonir. Miioyyon edilmisdir ki, spirtlorin kigik olavalori oldugda
hidratlarin boyiimo mexanizmi sathi aktiv maddoslorin olavo edilmasi ilo hidratlarin boytimasi
ticlin miisahido olunana banzayir. Bu tosir kiitlovi kristallasma marhalasinds 6ziinii gostorir.
Hidrat omalo golmasi prosesi ekzotermikdir, buna gora hidratin amalo galmasi siiratini artirmaq
ticlin qaz-su sistemindon istiliyi intensiv sokildo ¢ixarmaq lazimdir. Statik soraitdo aparilan
tocriibalords bu artigliq toaxminan 0,3 MPa toskil etmisdir.
Acar sozlar: qaz hidratlari, suyun temperaturu, amoalo galmasi, kegidi, metanol, tacriibo, sistem.

HccaenoBanue (axkropoB Ha 00pa3soBaHMe KpPHUCTAUIOTMAPATOB IpH
TPAHCIIOPTHPOBKE ra3oB
A.H. I'ypoanos, 1.3. Capaaposa, /I.P. Annesn

Asepbatiodicanckuil  20Cy0apcmeentblil  yHusepcumem Hegmu u npomviuiaeHnocmu  (baky,
Asepbatiodcan)

AHHOTALUSA

B cratbe, paccMaTpuBaroTcsi (akTOphl, BIAMSIONIME HAa 00pa3oBaHUE KPUCTAJLIOTUIPATOB.
N3menenne xonmentpaiuu NaCl B pacTBOpe HE3HAYUTENbHO BIUSET Ha CKOPOCTb
ruzparoodbpaszoBanusd. OnHaKo AanbHelee yBennyenue coaepxanus NaCl B pacTBope CHIKaeT
CKOpOCTh THApaTooOpa3oBaHusi Ha 25%. B BOJHBIX pacTBOpax ¢ HU3KOW KOHIIEHTpalueH
CIIMUPTOB YCKOpSETCS 00pa3oBaHUWE CMEIIAHHOTO BO3AYyXO-XJ0podopM-THapaTa M THIpara
npornaHa. YCTaHOBJIEHO, YTO MEXaHU3M POCTa TMIPATOB B NMPHCYTCTBUM HEOOJBIINX J100AaBOK
CIUPTOB aHAJIOIMUYEH TOMY, KOTOPBIN Ha0Jt01aeTCsl MPpU pocTe ruaApaToB ¢ no6askoil IIAB. Orot
3¢ dexT mposBISETCSs Ha OdTale MAacCOBOM KpucTamu3amnuu. [Ipormecc rumpaTooOpazoBaHUs
SBJIAETCS OSK30TEPMHYECKHM, TIIOITOMY JJIsi YBEJIMYEHHUS CKOPOCTH THJIpaTooOpa3zoBaHUs
HE0OXOUMO HHTEHCUBHO OTBOJUTH TEIUIO M3 CHUCTEMBI «ra3 — Bojaa». B skcmepumeHTax,
IIPOBEJIEHHBIX B CTATUYECKUX YCIIOBUSX, 3TO MPEBBILIEHUE cocTaBmiIo okoio 0,3 MIla.
KiroueBble cjioBa:  ra3oBble THIPAThI, TEMIIEpaTypa BOAbI, 00pa3oBaHueE, MEPEXO, METAHOI,

JKCIIEPUMEHT, CUCTEMA.
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Introduction

In the systems of production, collection,
treatment, transport and processing of
hydrocarbons, under certain thermobaric
conditions, the formation of gas crystalline
hydrates occurs, which adversely affect the
operation of process equipment. To prevent
and combat crystalline hydrates, it is
necessary to know the time and rate of their
growth.

Of all the issues related to the study of
gas hydrates, the question of the kinetics of
hydrate formation is the most complex.
During the extraction, collection, preparation,
transport and processing of hydrocarbons
under certain thermobaric conditions, the
formation of gas crystalline hydrates occurs,
which affect the operation of process
equipment.

With the study of gas hydrates, the
question of the kinetics of hydrate formation is
the most difficult. Affecting the speed of the
hydrate formation process, the solution of
which will allow the development of new
technological methods for the prevention and
control of crystalline hydrates.

The study of factors affecting the rate of
hydrate formation is an important task, the
solution of which will allow developing new
and modernizing existing technological
methods for the prevention and control of
crystalline hydrates. The main factors are
presented below.

Materials and methods

Eliminating the causes of the formation
of crystalline hydrates is one of the important
issues in order to prevent the failure of
technological equipment used in the
processing of hydrocarbon raw materials and
preparing them for transportation. The
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important role of changes in thermodynamic
parameters in the formation of crystalline
hydrates has been studied. The process of gas
transition into the hydrate phase until it is
completely saturated in time is exponential in
nature.

In the experiment, the mass
concentration of propane in the gas hydrate
was the maximum possible. As a result, the
conditions for the penetration of gas molecules
into a finely dispersed liquid are maintained at
low temperatures.

Eliminating the difficulties in the
preparation of natural and oil gases for
transportation is one of the most urgent
problems in modern times. Certain methods
have been developed to prevent them.
Experiments were conducted under certain
conditions to prepare gases for transport and
results were obtained. Hydrate formation in
temperature and pressure changes, the effect
of different absorbents at certain temperatures,
the dynamics of hydrate formation were
investigated experimentally.

The effects of water droplets in gases on
hydrate freezing and activators added to gases
on hydrate formation were determined under
experimental conditions. The effect of the
turbulization system on hydrate formation
during the movement of gases in the pipelines,
the effect of heat transfer and physical fields
during the transportation of gases were
experimentally investigated and analyzed.

The processes of formation of crystalline
hydrates due to changes in pressure at certain
temperatures are graphically shown. The ratio
of the mass of crystalline hydrates with a
change in temperature depending on the
volume has been determined.

Temperature and pressure. The effect of
water content of carbohydrates on hydration
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was investigated and the results have been
graphed. In this case, the quantities of
inhibitors used have been studied in a
comparative manner. The changes that occur
when certain salts are used as inhibitors have
been studied.

The growth rate of hydrates depends on
the degree of supersaturation AP and the
thermometer force AT or the degree of
supercooling, respectively, the difference in
pressure and temperature of the medium in
which the process of hydrate formation
occurs, and their equilibrium values increases.
However, it is noted that a high hydrate
growth rate leads to a smaller filling of with
an increase in AT, other things being equal,
the growth rate of hydrates the crystal cavities
with gas and to a lower stability of the
resulting hydrate [1].

The stability of the hydrate depends on
AP. The stability of a hydrate refers to the
pressure of its dissociation at t = 0°C. At the
same AT, the growth rate of hydrates of the
KS-I structure is more than 5 times higher
than the growth rate of hydrates of the KS-II
structure [2].

Fig. 1 shows the growth Kinetics of
natural gas and ethylene hydrates at a
temperature of 278 K. During the film growth
of hydrate on the free surface of water, with an
increase in AT, an extremum of the growth
rate of methane and ethane gas hydrates is
observed) [3] (Fig. 2).

With an increase in the cooling rate of
the system, the initial temperature of hydrate
growth decreases [3]. For example, for a
propane-butane mixture at p = 1.01 MPa and a
cooling rate of 1K/h, the temperature of
hydrate formation is -275.1K, at 5K/h -274.6K
(0.5K less).
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Figure 1 — Growth kinetics of natural gas and
ethylene hydrates at a temperature of 278K:

1 - natural gas structure KS-I1; 2-ethylene structure

KS-I

0.7r
06F
§ost
904}
[¥]
o
= 03F
ks ]
[}
a 02F
0.1r /;Ea
0 5 10
hyvpothermia, AT?C

1.4 MPa

Radial speed v, mm/s

=
[

0 1 2 3 4 5 6 T & 9
hypothermia, AT°C

ab

Figure 2 — Dependence of the radial growth rate
of the surface-film hydrate of methane: a — and
ethane; b — on the degree of supercooling and
pressure (the numbers on the lines are the pressure
of the process)
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The process of gas transition to the
hydrate phase until it is completely saturated
in time has an exponential character, for
example, as shown in the graphs (Fig. 3) for
natural gas and for propane (Fig. 4).
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Figure 3 — Dynamics of transition of natural gas to
the hydrate phase
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Figure 4 — Mass of propane, not affecting the lips

A decrease in the process temperature
and an increase in pressure lead to an increase
in the rate of hydrate formation. A decrease in
temperature with an increase in pressure
increases the rate of hydrate formation to a
certain value, after which the rate remains
constant for example, at temperatures of the
order of 271-275K, an increase in pressure
has little effect on the rate of gas transition to
the hydrate phase. Experimental conditions: p
= 0.15..04 MPa, T = 264...274K. In the
experiment, after 60 h, the mass concentration
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of propane in the gas hydrate was 0.08, i.e.
56% of the maximum possible. Points of
experiment [3]. The trend line is made by the
authors of this article.

Water dispersion. The rate of growth of
hydrates is affected by the dispersion of water
in the gas-liquid system.

It is known that when the radius of water
droplets decreases to micron sizes, their
freezing does not occur at 0°C, but shifts to
the negative temperature range. So, for
example, for particles with a diameter of
1.5...2.5 um, the freezing temperature is —
35...-22°C, respectively [4]. Ice formation
occurs faster from larger water particles than
from smaller ones. The diffusion coefficient of
gases in ice is much lower than in liquid. As a
result, the conditions for the penetration of gas
molecules into a finely dispersed liquid are
preserved at low temperatures, i.e. at a high
degree of supercooling AT, which causes a
high growth rate of the hydrate. The smaller
the particle size of water, the higher the
growth rate of hydrates. Fig. 5 shows the
dependence of the mole fraction of hydrate
formation from a mixture of propane-butane
and ice (water) particles on time.
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Figure 5 — Dependence of the mole fraction x of

hydrate formation from propane-butane mixture

(60% propane, 40% butane) and ice particles (size

20...40 um) on time t.
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Solutions and analyses. With an increase
in the gas concentration in aqueous solutions,
the growth rate of hydrates increases [5, 6].

The presence of salts in aqueous
solutions usually reduces the rate of formation
and growth of hydrates. The change in the
concentration of NaCl in the solution in the
range of 2 ... 6% wt. influences the rate of
hydrate formation insignificantly. However, a
further increase in the content of NaCl in
solution reduces only 0.08 mol%. reduces the
rate of hydrate formation by 25%. In this case,
the resulting hydrate does not contain salts. It
is noted that in the process of hydrate
formation, salts accumulate in an aqueous
solution. From saline solutions, the rate of
formation of propane hydrates is 15 times less
than the rate of formation of freon-12 hydrate
(CF2Cl2 - 16.63H20). In this case, the sizes of
the resulting crystals of propane hydrates are 6
... 30 microns, and freon -12 =120 microns.
This effect is applied, for example, to water
desalination.

The presence of aliphatic alcohols
(methyl, ethyl, n-propyl, glycols) in solutions
with water inhibits the formation and growth
of hydrates. However, the pressure of a small
amount of alcohol in the range of 1 ... 2% mol.
It leads to an increase in the growth rate of
hydrates (Fig. 6, 7).

With a further increase in the con-
centration of alcohol in the solution, the rate
drops sharply [6, 7].

In aqueous solutions with a low concen-
tration of alcohols (methyl, ethyl, n-propyl),
the formation of a mixed hydrate of air and
chloroform and propane hydrate is accelerated
shows the kinetic curves characterizing the
change in the gas content in the mixed
chloroform and air hydrate at different
methanol contents of 0 ... 4.21 mol [7].
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Figure 6 — Kinetic curves of changes in the gas
content in the mixed hydrate of chloroform and air
in the presence of methanol and without it
(experimental conditions: T=263.1; p=0.1013
MPa);

1 - without methanol; 2 - 0.58% mol. methanol; 3 -
1.16%; 4 - 1.44%; 5 - 1.85%); 6 - 2%; 7 - 2.28%; 8
- 2.5%; 9 - 3.39%; 10 - 4.21%.

0 1 2 3 4 5 6 7 § 9
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Figure 7 — The change in the gas content in the
mixed hydrate of chloroform and air over time in
the presence of lower alcohols: M is the number of
moles of gas per 17 moles of water; 1 - methanol;
2 - ethanol; 3 - n-propanol; 4 - i-propanol; 5 - in
the absence of alcohol

On shows the kinetic curves obtained for
the same mixed hydrate in the presence of
various alcohols [8]. To accelerate the
formation of mixed hydrates, ethylene glycol
was used in the CHs+CsHg+ H2O systems (at
T =270.1 K); N2 and Oz [9]; chloroform with a
number of auxiliary gases.
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To explain the results of experiments
(carried out at T<273.1 K) with different
amounts of alcohols, the “isochron” method
was proposed [9]. Isochrones are lines of
constant time during which gas accumulates in
a hydrate. The isochron method is based on
measuring the amount of gas in the hydrate
formed in the presence of different amounts of
the added activator - alcohol for the same time
(at P and T = const). For example, shows
isochrones characterizing the effect of
methanol in the initial solution, the content of
propane bound in the hydrate has a maximum,
and with an increase in the time of hydrate
formation, the value of the extremum
increases. The descending branches of the
isochrones practically merge with each other
after 4 h.

The activating effect of alcohols on the
kinetics of hydrates is associated with a
change in the mechanism of their growth, and
not with an increase in the solubility of a gas
in a liquid. It has been established that in the
presence of small additions of alcohols, the
hydrate growth mechanism is similar to that
observed for the growth of hydrates with the
addition of surfactants (surfactants) of the
order of 0.05-1.0 g/l. This effect manifests
itself at the stage of mass crystallization. In
this case, the rate of hydrate formation
increases hundreds of times. The mechanism
of this phenomenon is that in the presence of
surfactants, porous hydrates with a developed
interfacial capillary surface are formed. The
liquid under the action of capillary forces
diffuses into the hydrate and intensifies its
growth.

The kinetics of hydrate formation has an
activating effect of an emulsifier, for example,
sodium dodecyl benzenesulfonate in an
amount of 0.5 ... 2.0 mol%. [9].
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Turbulence of the system. Here,
turbulence refers to a number of mechanical
effects on the hydroforming system: mixing,
gas bubbling through the liquid, oscillatory
processes (for example, shaking).

Mixing of the hydrate-forming-water
system intensifies the growth of hydrates (Fig.
8). An increase in the growth rate occurs due
to the renewal of the hydrate-forming-water
contact surface and intensive heat removal
from the forming hydrates. Intensive mixing
of the suspension increases the rate of hydrate
formation even in aqueous NaCl solutions [9],
while the inhibitory properties of the brine
solution deteriorate significantly.
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Figure 8 — Dependence of experimental at 500
rpm (points) and calculated (curves) rates of CoHs
hydrate formation on pressure and temperature T,
K:1-274.9;2-275.9;3-279.9; 4 - 282.3.

With intensive shaking in a gaseous
medium of ice crystals with metal balls (T <
273.1 K) the formation and growth of hydrates
of the CS | and CS Il structures are
accelerated (Fig. 9). When shaken, the hydrate
crust on the surface of ice crystals is destroyed
and the conditions for mass transfer are
improved.
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Figure 9 — The rate of formation of hydrates of structures KS-1 and KS-II: a) — reaction rate of Xe, Kr, Ar
with ice crystals: 1 - Xe at p=13.2kPa and T=223.1K; 2Kr- at p= 86.7 kPa and T=190.9 K; 3-Ar at p=40
Kpa and T-90.1K; b) — reaction rate of Xe, Kr, Ar with a mixture of ice crystals and chloroform: 1-Xe at
p=26.7 kPa and T=263.1 K; 2- Kr at p=28.0 kPa and T=195.1 K; 3 - Ar at p=48.3 kPa and T=185.1 K;

c¢) — reaction of Kr with chloroform hydrate at p=40.3 kPa and T=195.1 K; Vgas is the amount of gas

absorbed by 1 g of ice

The horizontal dotted lines correspond
to 10.0% filling of all cavities of the hydrate
crystal lattice. The process is accelerated by
bubbling auxiliary gas through a system of
water and liquefied C3-C4 hydrocarbons [10].
In this case, the auxiliary gas bubbles mix the
system and act as crystallization centers.

Heat transfer. The process of hydrate
formation is exothermic, therefore, to increase
the rate of hydrate formation from the gas-
water system, it is necessary to intensively
remove heat. The technical design of this
problem is carried out mainly in two ways.

In the first, heat is removed through the
wall. This method is implemented in surface-
type heat exchangers. In the second method,
heat is removed by direct contact of water
with gas.

Physical fields. It was found that in a
sample of distilled water, which was
previously in a magnetic field with a strength
of 2.3-105 A/m for 3.47s, hydrates formed at a
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temperature 1°C lower than in the control
sample of water, not subjected to a magnetic
field. However, the process of hydrate
accumulation is significantly accelerated
under the influence of magnetic fields. Static
electromagnetic fields accelerate the growth of
hydrates. Qualitative studies of the influence
of electromagnetic fields on the formation of
gas hydrates have shown that under these
conditions denser and more stable crystalline
hydrates are formed. The field strength, which
significantly affects the equilibrium in the
system, is -103 VV/m.

A high-frequency electric field affects
the thermobaric conditions for the formation
and dissociation of crystalline hydrates. Under
the necessary thermodynamic conditions in
the absence of a field, the appearance of nuclei
of hydrate crystals began after 30—45 minutes.
In the presence of an external field, hydrate
growth began after 2-3 hours. Comparison of
the dissociation pressures of gas hydrates
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formed in the field and without the field
showed that the presence of the field at a
constant temperature leads to an increase in
the dissociation pressure. In experiments
carried out under static conditions, this excess
was about 0.3 MPa at a potential difference of
2.5 kV. Daylight has an accelerating effect on
the formation and growth of hydrates. During
long-term observation of the development of
crystals for several days at different
illumination (day and night), their uneven
cyclically repeating growth was noted. The

cyclicity was determined by the change in the
illumination of the crystals within 1 day.

Experimental conditions: fresh water,
natural gas (94.2% CHs4, 3.5% CzHs, 1.3%
CzHs, 0.5% CsH1o, 0.2% N2, 0.3% CO2) p =
9.6 MPa; T=274.05K. As can be seen from the
brief review, there are quite a lot of influences
on the growth of hydrates. The authors made
an attempt to systematize the factors
considered in the review, and Tab. shows their
classification scheme.

Table — Classification of the main factors affecting the growth rate of hydrates of natural and

petroleum gases

factors influencing the growth of gas hydrates

| ] [ 1
Termobaric conditions Sull'l.ltmni and Turbulization physical fields Heat transfer
actrvators
1T 1 [ _— l !—L\
scillatory Ch : v
AT || Ap || AT, Ap Bubbler ] ange I'hrmrlgh direct gas-water
pProCesses sewing the wall | | contact
[ |
concentration | | salt concen- Aleohol | | | |
of hydrate tration SAS cone . electro- Ph . hich f ]
edueator solutions [—H magnetic magnetic otomic gh frequency
Lower ||Inferior
aliphatic | | fatty
Conclusions hydrate formation increases, the extremum

It was determined that increasing the
cooling rate of the system decreases the initial
temperature of hydrate growth. When the
radius of water drops is reduced to a few
microns, their freezing does not occur at 0°C,
on the contrary, it moves to the negative
temperature region. Ice formation occurs
faster in relatively larger water particles. The
isochronous method is based on measuring the
amount of gas hydrate formed by
simultaneously adding different amounts of
activating alcohol. In this case, as the time of

value increases. Descending branches of
isochores practically merge after 4 hours,
facilitating the preparation of gases for
transport. From the conducted experiments, it
is known that the effect of different amounts
of activating alcohols on the Kkinetics of
hydrates is not related to the increase in gas
solubility in liquid, but to the change in their
growth mechanism. As a result, the presence
of surfactants causes the formation of porous
hydrates, the formation and growth of
hydrates is prevented.
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Comparison  of the  dissociation
pressures of gas hydrates formed in hydrated
and non-hydrated areas showed that the
presence of an area at a constant temperature
leads to an increase in the value of
dissociation pressure. It was determined by the
effect of alcohol on the kinetics of hydrates.

The discussed factors were systematized
and their classification scheme was presented.
There are quite a few factors that influence the

growth of hydrates, as can be seen from a brief
overview. Using this scheme, it becomes
easier to take measures against hydrate
formation during gas transportation.
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