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Abstract
Hydrate formation characteristics and hydrodynamic behavior have been investigated for mixture of methane–propane hydrate 
formation with pure water and with the amino acid of lysine 1.5 wt% at 24.5 bars and 2 °C. There were total 12 experiments 
with full and no baffle estimating the induction time, rate of hydrate formation, hydrate productivity and power consumption. 
The outcomes showed that radial flow experiments with radial flow have better behavior compared to mixed flow ones due to 
better interaction between gas and liquid. Furthermore, lysine experiments formed hydrates more quickly compared to pure 
water experiments showing that lysine functions as promoter and not as inhibitor. RT experiments consume more energy 
compared to PBT ones, while induction time is always smaller in RT experiments compared to PBT ones.
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Introduction

Augmenting planetary demand for natural gas (NG), the 
cleanest burning fossil fuel, necessitates the evolvent of 
large-scale stationary storage systems for NG to cater to 
widespread applications. Gas hydrate is a hopeful candi-
date for large-scale storage of natural gas (NG) in a cost-
effective, extremely safe/nonexplosive and environmental 
friendly way. There is high storage capacity, about 170 v/v 
aided by the relative ease in gas recovery with minimal 
energy requirement (Song et al. 2015; Li et al. 2016; Chong 
et al. 2016). There are three distinct hydrate structures, on 
the basis of both type and number of cavities and the size 
of guest molecules. These are structure I (sI), structure II 
(sII) and structure H (sH) (Ripmeester et al. 1987; Sum 
et al. 1997; Mao et al. 2002). Although hydrate formation 
processes can be regarded in many applications like energy 
storage materials, airconditioning systems and water desali-
nation (Sloan and Koh 2008; Sun et al. 2011; Azizi et al. 
2020; Ganat et al. 2019;Kelland 2011; Kelland et al. 2012), 
they are leading cause of pipeline blockage in upstream and 
midstream industry. As consequence different chemicals 

inhibitors have been studied on the rate of hydrate forma-
tion by many research groups (Azizi et al. 2020; Ganat et al. 
2019;Kelland 2011; Kelland et al. 2012; Niang et al. 2010; 
Valberg 2006). One solution to overcome blockage problem 
is the injection of hydrate inhibitors. There are thermody-
namic kinetic inhibitors (THIs) and low dosage inhibitors 
which are divided to kinetic hydrate inhibitors (KHIs) and 
anti-agglomerates (AAs) (Sa et al. 2011). In this work, lysine 
as amino acid will be examined in specific composition if it 
functions as promoters or inhibitor with the three different 
impellers and the use or no of full baffle (FB). Until now, 
impellers examination (hydrodynamic behavior) had been 
used for different applications (Ghasemi et al. 2020,2021; 
Darjani et al. 2019; Mozaffaria et al. 2017) apart from gas 
hydrate formation.

Experimental process

A CSTR of internal volume of 1.56 l has been designed 
and built to carry out studies on the scale up of gas hydrate 
formation. A schematic diagram of it is shown in Fig. 1. 
Hydrates in fact are formed in the reactor by injecting meth-
ane (95%)–propane (5%) (mixture) in the reactor, while there 
is already water and start rotating the shaft in specific val-
ues of temperature and pressure (P = 24.5 bars, T = 2 °C). 
It consists of polymethyl methacrylate (PMMA) the main 
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body with 2 steel (AISI 316L) outer circular disks which are 
mounted in the main body of the reactor where there are 4 
inlets for the pressure transducer and thermocouple (in one 
of these 2 and more specifically in the first of the main body 
as you see it from down to up) and the other 2 circular disks 
in the upper operating for the servo motor receptacle and 
in the bottom acting as the base of the reactor. All discs are 
mounted with 8 steel studs, hence to function as a reactor 
main body. The polymethyl methacrylate vessel has an inter-
nal diameter of 80 mm and an internal length of 300 mm. It 
has been designed for pressure values up to 30 bars and pro-
vided with a safety valve. In order to avoid friction heat due 
to rotational speed of impellers, cooling water is circulated 
around the shaft of the motor. The flow rate of refrigerated 
cooling bath (WCL-P12) is 12L/min. The cooling medium 
is distillated water.

The temperature of the Refrigerated Cooling Bath was 
measured by a thermocouple inside of the bath. Two AISI 
316L stainless steel flanges are used to seal the reactor. One 
flange has appropriate ports for access to the interior. The 
seven ports (3 on flange and 4 on the body of the reactor) 
are used for supplying gas and measuring temperature and 
pressure. The temperature sensors are mineral insulated 
type TW/T (Threaded Type Thermowells) with accuracy 
(± 0.2%) and measure the temperature inside in the middle 

part of the vessel. The Piezoresistive pressure sensors (Keller 
Seriers 21 Y) give digital output with accuracy ± 0.25FS %. 
The gas inlet line is equipped with a gas pressure regulator 
with accuracy 0.6. Gas is supplied by gas bottles through a 
pressure-reducing valve that provides adjustment of the pres-
sure to the gas injection line. Voltage signals from pressure 
transducers and temperature sensors collected by a PLC unit 
(software) for data acquisition on a personal computer. The 
shaft and baffle are made by steel AISI 316L and AISI 304 
equivalently, while the impellers are made by acrylolonitrile 
butadiene styrene (ABS) plastic. For the rotation is used ser-
vomotor type of High Inertia (permanent-magnet synchro-
nous motor siemens model SIMOTICS S-1FL6. Figure 1 
shows the flowchart of our experiments.

The gas mixture (methane 95% and propane 5%) is 
injected through steel tube in the reactor, which is already 
found the distillated water. The volume of water is 0.4l 
(height of liquid is the same with the diameter of reac-
tor, 8 cm). The room temperature is 10 °C and after feed-
ing with the gas, we put the room temperature to − 5 °C 
until the temperature of our reactor reaches the 2 °C. 
The rotation process starts when the temperature is 2 °C 
and the pressure is 24.5 bars, while we also decrease the 
temperature of the cold room from − 5 to 0 °C (there is 
increase in temperature to 0 °C because we do not want 

Fig. 1  Flowchart of experimental procedure of transparent reactor with RT
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the temperature to go less than 2 °C because hydrate will 
start form without rotation). The rotational period and our 
measurements are taken for a period of 3 h after the induc-
tion time (first nuclei of gas hydrates).

The main objective of this study is to investigate the 
effect of lysine and different impellers with full baffle (FB) 
and no baffle (NB) configurations on hydrate formation 
kinetics. Therefore, a tool must be devised to extract the 
kinetic data from raw experimental data. Application of 
real gas law (PV = znRT) for each data point with known 
pressure, temperature and free gas volume gives the 
change in number of moles of free gas with time. The gas 
compressibility factor of the real gas law Z is estimated 
by using Lee and Kesler’s (1975) compressibility factor 
expression (Longinos and Parlaktuna2021a). A sample 
plot of change in free gas number of moles is given in 
Fig. 2 for  CH4-C3H8-SI-PBTU-FB-Lysine 1.5 wt%.

Figure 3 is plotted with the same data of Fig. 2 but cov-
ering only hydrate formation period. A third-order poly-
nomial fit of experimental data result with Eq. 1.

where: n = Number of moles of free gas, mol and t = Time, s
The derivative of Eq. 1 results with the gas consump-

tion rate (Eq. 2) which can be considered as the hydrate 
formation rate.

(1)
n = −4.74 × 10

−16t3 + 1.44 × 10
−11t2 − 1.48 × 10

−7t + 3.89 × 10
−3

where dn
dt

 = Gas consumption rate, mol/s and t = Time, s
Comparison of gas consumption rates of different 

experiments will be done by utilizing gas consump-
tion rate equations (Eq. 2 is an example) with four dif-
ferent time values, namely 1, 600, 1200 and 1800  s. 
Table 1 presents the gas consumption rates of experiment 
 CH4-C3H8-SI-PBTU-FB-Lysine, as an example.

Power consumption was calculated based on the torque 
measured every second based on the following equation:

where Tq is the Torque in N-m and N is the rotational speed 
in rps, and power consumption is in Watt.

The power consumption at every second over the duration 
of hydrate formation for each experiment was summed to 
obtain overall power consumption during the experiment. 
The duration for the calculation of overall power consump-
tion is the sum of the induction time of a given experiment 
and the hydrate formation duration of the experiment with 
shortest duration.

Hydrate productivity is defined by the formula

(2)

dn

dt
= −3 × 4.74 × 10

−16t2 + 2 × 1.44 × 10
−11t − 1.48 × 10

−7

(3)Pc = Tq × 2�N

(4)NR
30

=
R
30

V
water

(mol × l−1 × s−1)

Fig. 2  Change in number of moles of free gas in  CH4-C3H8-SI-PBTU-FB-Lysine experiment
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where Vwater is the volume of water (l) in the reactor,
R30 is the rate of hydrate growth (mol × s−1) calculated 

by fitting the gas uptake due to hydrate growth versus time 
for the first 30 min after the induction time.

Results and discussions

Table 2 summarizes the outcomes of single impeller such 
as PBTU, PBTD and RT, methane (95%)–propane (5%) 
mixture experiments with pure water and the amino acid 
of lysine in 1.5% wt. In all RT experiments, hydrate for-
mation almost started immediately compared to PBTU and 
PBTD ones. Furthermore, the highest value of induction 
time belonged to pure water compared to lysine experiments. 

Fig. 3  Gas consumption rate 
equation for lysine

Table 1  Gas consumption rates 
of experiment  CH4-C3H8-SI-
RT-NB-Lysine

Time (s) 1 600 1200 1800

Gas consumption rate (mol/s)  − 1.48 × 10 − 7  − 1.31 × 10 − 7  − 1.15 × 10 − 7  − 1.01 ×  10−7

Table 2  Summary of outcomes of single impeller with pure water and different amino acids experiments (*where SE is standard deviation and 
n = 2 the number of experiments, while the results are for 1 and 600 s)

System Pexp (bars) T (°C) Induction Time (s or min) Hydrate productiv-
ity  (10−8 mol/s × l)

(R2) in Rate of 
Hydrate formation 
graphs

Standard Error 
*SEX = SE/n1/2

PBTU-FB-Water 24.5 2 42 min 24.5 0.976 1.44/1.31
PBTU-FB-Lysine-1.5% wt 24.5 2 1 min and 14 s 20.8 0.996 1.86/1.31
PBTD-FB-Water 24.5 2 46 min 22.7 0.984 1.27/1.22
PBTD-FB-Lysine-1.5% wt 24.5 2 2 min 24.7 0.997 1.54/1.37
RT-FB-Water 24.5 2 2 min 26.0 0.982 1.61/1.50
RT- FB-Lysine-1.5% wt 24.5 2 1 min 24.7 0.997 1.48/1.28
PBTU-NB-Water 24.5 2 16 min 18.8 0.987 1.72/1.55
PBTU-NB-Lysine-1.5% wt 24.5 2 3 min 21.5 0.979 1.34/1.25
PBTD-NB-Water 24.5 2 14 min 23.2 0.981 1.58/1.39
PBTD-NB-Lysine-1.5% wt 24.5 2 4 min 21.3 0.988 1.69/1.44
RT-NB-Water 24.5 2 3 min 25.8 0.986 1.73/1.54
RT- NB-Lysine-1.5% wt 24.5 2 2 min 25.3 0.992 1.42/1.12
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It should be mentioned that from perspective of induction 
time all different impeller experiments with lysine behaved 
as promoters and not as inhibitors with the objection that 
hydrate formation is a stochastic process (although that in 
our experiments that were used for duplicate our results, 
induction times were similar and did not show different 
outcomes). Column 5 shows the hydrate productivity. The 
highest value of hydrate productivity takes place both in full 
and no baffle experiments is RT with pure water experiment 
( 26 mol/s × l and 25.8 mol/s × l). On the other hand, the 
lowest values of hydrate productivity takes place in pitched 
blade turbine upward trending (PBTU) with lysine for full 
baffle (FB) experiments with value 20.8 mol/s × l, while in 
no baffle (NB) experiments the lowest value of hydrate pro-
ductivity takes place in PBTU with pure water experiment 
with value 18.8 mol×/s. Hydrate productivity outcomes fol-
low the same row like rate of hydrate formation in first sec-
ond showing that the process of hydrate formation increases 
almost analogically through period of time.

The baffles provide axial flow and eliminate the central 
vortex in a stirred tank. When full baffles are used, it is 
expected to observe the axial motion of the reactor contents 
beginning from the bottom of the tank. On the other hand, 
central vortex could be useful in incorporating gas if the vor-
tex reaches the impeller; however, excessive entrance of the 
gas would have a significant effect on the hydrodynamics in 
the tank and the gas entrance through the vortex can become 

an undesired situation. Based on these, it is seen here that 
when full baffles are used, there is sufficient gas entrance to 
the system and the axial flow provided by the baffles allows 
for the induction to begin much faster. Furthermore, in all 
experiments, an increase in the temperature of the system is 
observed with the initiation of hydrate since the reaction is 
exothermic. Table 2 and pre-last shows that rate of hydrate 
formation fits with third-order polynomial fit very well since 
all  R2 are above 0.975.

The change in the number of moles of free gas after the 
initiation of hydrate formation was used to calculate the rate 
of hydrate formation at four different times (1 s, 10, 20 and 
30 min). Figures 4 and 5 present the hydrate formation rates 
of PBTU, PBTD and RT impeller experiments with pure 
water and lysine 1.5% wt, respectively.

From hydrodynamic perspective in Fig. 4, it is observed 
that in experiments with mixed flow (PBTU and PBTD), 
the full baffle experiments have higher values compared to 
radial flow experiment. On the other hand, in radial flow 
experiment, the experiment with no baffle has higher value 
of rate of hydrate formation compared to full baffle experi-
ment. Among all experiments of water, radial flow experi-
ment with no baffle has the highest value of hydrate forma-
tion rate (14.6 × 10−8 mol/s). The same behavior occurs 
also in the experiments with lysine mixed flow experiments 
with full baffle which have higher values of rate of hydrate 
formation compared to no baffle, while the opposite occurs 

Fig. 4  Rate of hydrate formation for water experiments
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in radial flow experiment. The highest value of rate of 
hydrate formation among all lysine experiments occurs in 
experiment with no baffle (NB) and radial flow with value 
(14.8 × 10−8 mol/s). As an outcome, it is observed that 
the central vortex in a stirred tank with radial flow works 
positively compared to mixed flow which works negatively. 
From Figs. 4 and 5, it is noticed that all experiments with 
lysine have higher values of hydrate formation compared 
to pure water showing us that lysine works as promoter no 
matter the flow (radial or mixed) or the design inside the 
reactor (full or no baffle). Among all the experiments with 
no baffle, the highest value of rate of hydrate formation 
occurs in RT with lysine experiment (14.8 × 10−8 mol/s) 
while in experiments with full baffle the highest value of 
rate of hydrate formation takes place in PBTD with lysine 
experiment (14.5 × 10−8 mol/s). This shows that radial flow 
with full or no baffle experiment presents a conduct which 
indicates a better level of gas–liquid contact by giving the 
permission to mass transfer impedances to be appreciably 
diminished which eventually guided at beneficial mixing 
intensity. Better pumping capacity, uniform shear field and 
good contact ability can be suspected to be the reason of 
this outcome which comes into accordance with previous 
results in larger scale (Longinos and Parlaktuna2021a,b
,c,2020; Douieb et al. 2015). Moreover, although lysine as 
charged side chain group, it forms a van der Waals interac-
tion or electrostatic interactions with crystal surface which 
generally delay nucleation and confound more growth of 

the hydrate crystals (Kyte and Doolittle 1982), the dynamic, 
however, of this reaction does not allow any delay cancel the 
function of lysine as a catalyst (promoter).

Last parameter that is estimated is the power consumption 
of all 12 experiments by the use of PBTU, PBTD and RT 
impeller. The outcomes are presented in Figs. 6, 7 and 8 for 
PBTU, PBTD and RT experiments, respectively.

In both experiments with mixed flow (PBTU and PBTD) 
is observed that the experiment with pure water has higher 
value of power consumption compared to other ones. This 
takes place due to long period that there is between start 
stirring and induction time in pure water experiments whiles 
in lysine experiments is only few minutes. In second posi-
tion in both mixed flow experiments come the experiment 
with 1.5% wt of lysine. Furthermore, in mixed flow experi-
ments with full baffle higher values have the experiments 
with pure water while in no baffle experiments higher values 
of power consumption have the lysine experiments. Among 
the two groups of mixed flow impeller experiments, PBTD 
experiments have higher values of power consumption in all 
relatively experiments with the exception of full baffle with 
pure water experiment which is also confirmed by literature 
(Longinos and Parlaktuna2021c,2020; Douieb et al. 2015).

In RT experiments where the period of total process is 
almost the same, it is observed the opposite conduct com-
pared to mixed flow experiments (PBTU and PBTD). In full 
baffle experiments, the highest value of power consump-
tion took place in lysine experiment, while in no baffle 

Fig. 5  Rate of hydrate formation for lysine experiments
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experiments the highest value of power consumption took 
place in pure water. As general observation RT experiments 
consume more energy (average value is always higher) com-
pared to PBT experiments in case they work for same time 
with the exception of full baffle water experiments (Longi-
nos and Parlaktuna2021a,c).

Conclusion

In this research work, there was an investigation of lysine 
and its function as promoter or inhibitor in the process of 
mixture hydrate formation parallel with the examination 

of three different flows. The outcomes of the experiments 
show that all different experiments with lysine 1.5% wt 
behave as promoter. The highest rate of hydrate formation 
of methane (95%)–propane (5%) gas hydrate took place in 
radial flow, showing that radial flow creates a better level 
of gas–liquid contact. The induction time of radial flow 
experiments is smaller compared to mixed flow ones. 
Hydrate productivity values follow the same row like rate 
of hydrate formation. Mixed flow experiments with full 
baffle and water consume more energy compared to other 
experiments due to the fact that they have long period 
from start stirring until hydrate formation.

Fig. 6  Power consumption of 
PBTU impeller experiments

Fig. 7  Power consumption of 
PBTD impeller experiments
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