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Abstract: The authors of the study focused on the problem of hydrogasifying coal extracted from a 
particular location. Since hydrogen is transparent to radiation, it can only be heated by convection. 
To achieve this, we developed a swirler and utilized Fluent software (version 19.0) to simulate the 
primary flow vectors and the temperature distribution of hydrogen in the hydrogasification reactor. 
The process was carried out under varying conditions, including temperatures ranging up to 1173 
K, pressures of up to 8 MPa, and gas flow rates between 0.5 and 5 dmn3 min−1. The results showed 
that the carbon reactivity of the char was high up to a certain level of carbon conversion. In this 
study, the kinetic equations of the hydrogasification process were developed based on the theory of 
active centers. The researchers also evaluated the kinetic constants at the maximum reaction rate for 
the analyzed chars. The analysis was conducted for four extreme cases of process parameters, which 
included temperatures of 973 and 1173 K as well as pressures of 6 and 8 MPa. The results showed 
that the maximum hydrogasification reactivity of chars could be accurately described using equa-
tions for both the first- and second-order reactions toward hydrogen. This was likely due to the use 
of a narrow pressure range of 6–8 MPa during the experiments. The kinetic equations developed in 
the study could be used to model the process on a technical scale. 
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1. Introduction 
According to the Energy Union strategy (2015), one of the goals of the EU’s energy 

policy is to focus on improving energy efficiency, reducing dependence on energy im-
ports, and primarily reducing CO2 emissions. In accordance with the Paris Agreement, 
another goal is to decarbonize the economy and transition to a low-carbon economy. 
However, these goals cannot be achieved without supporting research in the field of low-
carbon and clean energy technologies. At the same time, research and innovation should 
be prioritized to stimulate energy transformation [1]. 

The current energy situation necessitates considering the utilization of all available 
energy sources. As part of the decarbonization and low-carbon technology strategy, EU 
countries have committed to phasing out the use of solid and liquid fossil fuels and re-
placing them with low-carbon fuels. Recently, attention has been focused on the produc-
tion and utilization of hydrogen in various technologies as a means of reducing CO2 emis-
sions. 

Returning to the idea of transforming solid and liquid fuels into low-carbon gaseous 
fuels is one alternative for promoting energy independence while simultaneously sup-
porting more environmentally friendly technologies through further research into exist-
ing technologies. One of the discussed technologies is the gasification of solid fuels such 
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as coal, biomass, and organic waste from municipal and industrial sectors. Tosti et al. [2] 
discussed the idea of producing alternative gaseous fuels as a substitute for natural gas 
using coal hydrogasification technology. In this publication, they correctly pointed out the 
issue of the availability of hydrogen produced from renewable sources. Nevertheless, hy-
drogasification of coal can be considered one of the ways to reduce the import of natural 
gas into the EU. 

Gasification of coal directly in underground deposits is an innovative idea that ena-
bles the use of fossil fuel resources that are not economically feasible to extract using tra-
ditional methods. Researchers [3] have extensively studied this area, developing a physi-
cal model to investigate various factors that affect the gasification process. In their work 
[4], the authors explore the use of hydrogasification in underground deposits by conduct-
ing experiments that simulate the conditions of underground gasification. However, re-
search in the field of underground gasification has highlighted the formation of tar as the 
primary challenge in obtaining clean synthesis gas. Nevertheless, research results indicate 
possible solutions to mitigate tar formation. Wiatowski [5] conducted experimental stud-
ies on the underground coal gasification (UCG) process to analyze the formation of tar 
quantitatively and qualitatively. Tar formation is a notable issue in biomass gasification. 
The findings of a previous study by the authors [6] indicated that this is primarily a con-
cern with countercurrent gasifiers and that the solution lies in transitioning to a co-flow 
gasifier to mitigate tar formation. 

Mlonka-Medrala et al. [7] focused on improving the quality of synthesis gas from 
agricultural waste biomass; the results of experimental measurements and numerical sim-
ulations confirmed the influence of temperature on the purity of synthesis gas in this case 
as well. In his work, Slowak [8] emphasized that modern methods of theoretical descrip-
tion of the process will not allow the prediction of good results if they are not based on 
experimental data that take into account the specific conditions of the gasification process. 
By comparing the methods of mathematical modeling, he divided gasification processes 
into five types. These include methods based on the principle of basic kinetic laws, meth-
ods of thermodynamic equilibrium, thermodynamics, empirical simulation methods, and 
combined models. 

Saraceno et al. [9] conducted a comprehensive review of various coal and biomass 
gasification methods, with a particular emphasis on hydrogasification. The review fo-
cused on examining the impact of different factors, including catalytic gasification, on the 
intensity of the hydrogasification process. Catalytic gasification has been extensively stud-
ied in several publications to determine the effects of catalysts on hydrogasification [10]. 
The primary objective of this research was to identify the optimal catalyst for achieving a 
high methane yield. 

The hydrogasification process shows the possibility of generating natural gas substi-
tutes from coal and is therefore a topic for deep investigation [11–15]. Two stages are in-
volved in the hydrogasification of coal: in the first, coal pyrolysis occurs at an extremely 
fast rate under high pressure in an atmosphere of hydrogen, and the second is a compar-
atively slow phase with the hydrogasification of the char that is still present. In an inactive 
atmosphere, more quantities of liquid and gaseous hydrocarbons are obtained by hydro-
pyrolysis than by pyrolysis [12,13,16]. 

Reactive activities of coal chars with hydrogen have undergone extensive research 
[17–22] in an effort to determine char features and gasification conditions that affect the 
rate of the reaction. 

The outcomes of Tomita et al.’s [21] thermogravimetric analysis (TGA) hydrogasifi-
cation studies on several chars showed that the more carbon conversion takes place, the 
more reactive most of the chars become, until the process attains a constant value at about 
30% to 50% conversion; however, if there is only one char, the reactivity will decrease as 
carbon conversion proceeds. Nevertheless, Mühlen [20] and Mühlen et al. [23] observed 
that this decrease in reactivity as carbon conversion proceeds is specific to char hydrogas-
ification. A previous study by Johnson [24] validated this assertion. Johnson discovered 
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that the rate of hydrogasification is at its maximum shortly after coal devolatilization and 
declines as gasification increases. 

According to Tomajian et al. [25], the hydrogasification rate rapidly declines as coal 
and other char are converted. Additionally, Gonzales et al. [15] observed a sharp decline 
in the hydrogasification rate, with a conversion of only about 40% at temperatures higher 
than 1023 K. 

Hydrogen plays a crucial role in the first stage of coal gasification (hydropyrolysis) 
because of its impact on primary tar and the solid carbon skeleton. Even at comparatively 
low pressures, coal pyrolysis with hydrogen significantly enhances carbon conversion to 
gaseous hydrocarbons [26,27]. 

Studies have shown that catalyst-related advantages are specifically significant for 
these types of gasification processes, where the potency of the reaction cannot be increased 
by the traditional method of increasing temperature, such as direct coal gasification into 
methane or allothermal gasification using an external, diaphragm heat source [10,28–30]. 

The purpose of this research is to investigate the hydrogasification reactivity of chars 
formed from Polish subbituminous coal, which is promising for gasification to produce 
methane due to its significant deposits in southern Poland. The dynamics of the procedure 
were investigated to determine the kinetic constants at the maximal rate of formation of 
methane by the heterogeneous reaction of solid carbon with hydrogen. In light of this 
research, we suggest a model for the hydrogasification rate’s speed that accounts for the 
variations in the porosity of the char and its inner surface, as well as its active centers. The 
experimental study focuses solely on the ongoing process and kinetics of hydrogasifica-
tion. To achieve a more comprehensive understanding of the underlying processes, a CFD 
model was developed. The objective of the CFD model is to present the internal processes 
through temperature distribution and a vector representation of gas flow under specific 
operating temperature and pressure conditions. This highlights the significance of the re-
actor’s internal construction, which also influences the hydrogasification processes. 

2. Materials and Methods 
2.1. Hydrogasification 

The term “hydrogasification” refers to the exothermal reaction between hydrogen 
and carbon to form methane. C + 2H → CH + 74.9 kJ kmol . (1) 

According to the laws of thermodynamic equilibrium in the H2-CH4-C system, the 
hydrogasification process must be carried out at high pressure p in order to produce a 
high molar proportion of methane zCH4 in the H2-CH4 solution, which results from the 
equilibrium constant K(T) of reaction (1): 𝐾(𝑇) = CH , (2) 

where 𝑧   is the molar proportion of hydrogen and pn is the normal pressure (101,325 Pa). 
Introduction of coal into a hydrogen-rich atmosphere with elevated temperature and 

pressure produces a two-stage process: a—hydropyrolysis, whereby volatile matter liber-
ated from coal combines with hydrogen to form primary methane-rich gas and solid char, 
which is highly reactive during the early phase; b—hydrogasification of the char, with 
high initial reactivity that declines as gasification intensity increases. 

The theory of active centers Cf is employed in the kinetic mechanism of hydrogasifi-
cation, where the reactants and inactive centers Ci can be adsorbed. Blackwood [26] pro-
posed a two-step mechanism: 
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H + 𝐶   𝑘⇄𝑘 𝐶(H ), (3) 

𝐶(H ) + H + 𝐶   𝑘⇄𝑘 CH + 𝐶 . (4) 

In addition, he assumed that methane desorption in the reaction (4) determines the 
process rate. In his later paper [18], he changed this assumption to exclude the superiority 
of either. If [Cf] is the surface concentration of free active centers per 1 g of carbon and 
[C(H2)] is the concentration of C(H2)-coated active centers per 1 g of carbon, the rate of 
solid methane production (𝑅•  or 𝑅• ) in a steady state for a sample with the mass mc can be 
determined as follows: 𝑅• = 𝑛 𝑘 𝐶 𝑝 − 𝑘 𝐶(H ) , (5) 

𝑅• = 𝑛 𝑘 𝐶(H ) 𝑝 − 𝑘 𝐶 𝑝 , (6) 

where 𝑛   is the number of carbon moles, kmol; 𝑝  is the partial pressure of hydrogen, 
Pa. 

The solution of the system of Equations (5) and (6) can be presented in the following 
way: 

𝑅• = 𝑛 𝑘 𝑘𝑘 𝑝 − 𝑘 𝑝CH1 + 𝑘 + 𝑘𝑘 𝑝 + 𝑘𝑘 𝑝CH  , (7) 

where 𝑝  is the partial pressure of methane, Pa. 
For very small methane concentrations in the gasifying environment, the impact of 

CH4 on the hydrogasification rate can be neglected, and Equation (8) is simplified to the 
Langmuir-Hinshelwood equation: 𝑅• = 𝑛 𝐴𝑝1 + 𝐵𝑝  (8) 

The hydrogasification rate for char attains its maximum value shortly after coal de-
volatilization and declines with gasification degree in accordance with the exponential 
function established by Johnson [24] that was modified by Műhlen [20] to the relationship 
between char gasification degree x and process temperature T-dependent: 𝑅• (𝑥)𝑅• (𝑥 = 0) = exp − 𝑏𝑥𝑅𝑇  (9) 

where b = 17.5 kJ mol−1. Based on hydrogasification experiments on the char produced 
from subbituminous coal Fűrst Leopold at 800 °C, conducted at 1 to 6 MPa and 800 to 1000 
°C, Műhlen [4] determined the following values for Equation (8) defining the gasification 
rate: 𝐴 = 6.91 exp − 𝑎𝑇𝑅 , (min∙ MPa )  ; (10) 

where a = 72.1 kJ mol−1, 𝐵 = 3.510  exp − 𝑏𝑇𝑅 , MPa  ; (11) 

where b = 118.1 kJ mol−1. 
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Pressure has a distinct effect on the rate of hydrogasification than it does during the 
gasification of H2O and CO2. According to calculations made under isothermal settings, t 
= 900 °C as a function of pressure and as a function of temperature at the pressure p = 2 
MPa, Műhlen [20] compared the rates of the above three types of char gasification. At only 
about 2 MPa, a typical maximal rate of char gasification in H2O and CO2 was recorded. 
The H2O gasification rate is more than three times higher than the CO2 gasification rate 
across the entire pressure range. Hydrogasification is the least rapid process at low pres-
sures; it takes around 40 bar to accomplish the gasification rate in CO2, while approxi-
mately 10 MPa is needed to achieve the gasification rate in H2O. 

Since there are significant quantities of Polish subbituminous coal in southern Po-
land, the gasification of this coal for the generation of methane is promising. The goal of 
the current study was to investigate the hydrogasification reactivity of chars formed from 
this coal. The primary objective of the study was to determine how the char conversion 
affected the reactivity of chars at varied temperatures and pressures. To determine the 
kinetic constants at the maximal rate of production of methane via the heterogeneous in-
teraction of solid carbon with hydrogen, the kinetics of the process are investigated. 

2.2. Experimental Facility and Heating Problems 
Figure 1 shows an illustration of the experimental facility. A flow rate of 0.1 to 10 

dmn3 min−1 (normal cubic decimeter per minute) of pure hydrogen (or hydrogen mixed 
with another gas) is utilized in the pressure reactor (11) to hydrogasify samples up to 30 
g. 1 K s−1 electrical sample heating device installed in the reactor makes sure that hydrogen 
is heated to the process temperature simultaneously (up to 1273 K). The reactor is steri-
lized with helium and then filled with hydrogen after the sample has been inserted inside. 

 
(A) 

 
(B) 

Figure 1. (A) Experimental facility: 1—gas cylinders, 2—pressure controller 30/10 MPa, 3—cut-off 
value, 4—manometer, 5—control value, 6—check value, 7—pressure controller 25/1 MPa, 8—ana-
lyzer, 9—flow controller, 10—pipe, 11—reactor, 12—single-stage pressure controller, 13—electro-
magnetic valve, 14—gas cylinder cabinet, 15—pressure converter, 16—thermocouple, 17—com-
puter, and 18—cooler. (B) Methodology flowchart. 

The mass flow controller maintains the hydrogen flow rate at ±1.5% (9). The analyzer 
calculates the amount of CH4 in the process gas (8). The process variables are captured at 
predetermined intervals of 5 s. In Figure 2, the experimental facility is presented. The fa-
cility’s module design makes sure that the measurement and flow channels for the process 
gases can be expanded further. It specifically makes sure that hydrogen solution and an 
additional reactant are supplied to the process. 
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Figure 2. A perspective of the experimental facility. 

Chars were produced in a separate station intended for coal devolatilization. The sta-
tion enables devolatilization of samples up to 1.5 g at a heating rate of 1–100 K s−1 up to 
1373 K and at up to 3 MPa in inert gas. 

A serious problem with reactor operation was the inability to measure the actual tem-
perature of hydrogen during hydrogasification, as H2 is transparent to radiation and only 
heats up through convection. There was a concern that the hydrogen temperature would 
be lower than the char temperature. It is necessary to expand the gas-reactor wall contact 
surface and the gas path in addition to directing the hydrogen flow. A swirler was de-
signed for this purpose, and the mainstream vectors and hydrogen temperature fields in 
the hydrogasification reactor were modeled in Fluent, a program that enables the deter-
mination of spatial or surface flow parameters, physical quantity distributions defined in 
conservation equations, closing hypotheses, and equations of state. The numerical divi-
sions applied in the program procedures are based on the finite volume method. It was 
developed based on universal algebraic equations obtained from differential equations for 
elementary surface or volume dimensions and (in the case of transient state calculations) 
the elementary time step. In Figure 3, the reactor design and its spatial arrangement are 
presented. The gas was delivered from the swirler. The reactor components were mostly 
heated up through radiative heat transfer. The mesh was divided into three zones: the 
inlet zone with the swirler, the char zone, and the outflow zone with the char-holding 
grate, which allow for modeling a fixed, deposited char bed. The marginal conditions and 
the mesh parameters are presented in Table 1. 

 
Figure 3. The design of reactor components (A), the numerical mesh on the surfaces of the swirler, 
and the outlet area (B). 
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Table 1. Main data of the model and characteristics of the discrete mesh. 

Parameter, Unit Value 
Temperature of the swirler surface, min/max, °C 700/1000 
Temperature of the quartz pipe wall, min/max, °C 700/1000 
Number of the mesh elementary volumes 189,992 
Volume of the largest elementary cell, m3 9.364 × 10−9 
Volume of the smallest elementary cell, m3 4.777 × 10−16 
Operating pressure, min/max, MPa  6/10 
H2 temperature at the reactor inlet, °C 19 
Coefficient of convective transfer into the reactor/swirler walls, Wm−2 K−1 132/145 
Mass flow rate (the reactor), kgn h−1 26.4 

Calculations were performed for two extreme cases, i.e., 700 °C at 6 MPa and 1000 °C 
at 10 MPa. The dispersion of the thermal fields and flows in the reactor that was empty 
and the reactor that had 10 g of coal were taken into consideration for each scenario. Mul-
tiphase flow calculations were required during the modeling of the char-filled reactor, and 
the fixed bed having an average solid phase consisting of 0.8 mm particles (on average) 
was estimated. The other parameters for the char-containing reactor and the data on the 
char used in the modeling process are presented in Table 2. 

Table 2. Main data for the modeling of biphasic gas flow through the char layer. 

Parameter, Unit Value 
Number of phases 2 
Mean porosity within the char bed 0.6 
Emissivity of the char surface 0.95 
Char mass, g 10 
Initial temperature of the char surface, min/max, °C 700/1000 
Turbulence model Each of the phases k–ε 
Char density, kg m−1 1400 
Coefficient of convective transfer from hydrogen into the char, 
Wm−1 K−1 

132/145 

Table 3 presents information about the computational methodology of CFD, such as 
pressure velocity coupling, discretization, relaxation factors, and mesh shape and struc-
ture. The increase in the number of discrete mesh elements was conducted until no further 
change in the calculation results occurred. It was assumed that subsequent calculation 
results should not differ by more than 1%. The condition EAS < 75% was met for each of 
the tested meshes. 

Table 3. Information about the computational methodology of CFD. 

Parameter Value 
Pressure velocity coupling Simple 

Discretization  
 Presto 

Pressure Second order upwind 
Momentum Second order upwind 

Volume fraction Second order upwind 
Turbulence kinetic energy Second order upwind 

Turbulence dissipation rate Second order upwind 
Energy Second order upwind 

Discrete ordinates  
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Under relaxation factors  
Pressure 0.3 
Density 0.4 

Body forces 0.2 
Momentum 0.4 
Slip velocity 0.2 
Vol. fraction 0.2 

Turbulence kinetic energy, k 0.4 
Turbulence dissipation rate, e 0.4 

Turbulent viscosity 0.4 
Energy 0.4 

Discrete Ordinates 0.5 
Mesh shape and structure Tetrahedral, unstructured 

Maximum equi-angle-skew factor (EAS) value of mesh  
Mesh shape and structure 0.80 

The computations produced flow parameter fields specific to reactors operating un-
der two extreme experimental scenarios (Figures 4–7). 

 
Figure 4. The temperature field (in Kelvin degrees) in the hydrogasification reactor, with an operat-
ing temperature T = 973 K and an operating pressure p = 6 MPa. 

 
Figure 5. Vectors of the velocity (m s−1) of the gas stream in the hydrogasification reactor, with an 
operating temperature T = 973 K and an operating pressure p = 6 MPa. 
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Figure 6. The temperature field (in Kelvin degrees) in the hydrogasification reactor, with an operat-
ing temperature T = 1273 K and an operating pressure p = 10 MPa. 

 
Figure 7. Vectors of the velocity (m s−1) of the gas stream in the hydrogasification reactor, with an 
operating temperature T = 1273 K and an operating pressure p = 10 MPa. 

3. Experimental 
The char was formed within 30 min of pyrolysis in helium at 2 MPa and 1373 K (heat-

ing rate: 100 K s−1). The char samples were separated into a category of 0.6–1.0 mm-sized 
particles by sieving. Janina, a subbituminous coal obtained from Silesia, was used for the 
experiments; see Table 4. 

Table 4. Characteristics of the Janina coal [31]. 

Wa, % Va, % Aa, % Ca, % Ha, % Sa, % Na, % 
10.21 32.41 9.46 62.73 3.94 1.45 0.84 

Wa is water, Va is volatile matter, Aa is ash, Ca is carbon, Ha is hydrogen, Sa is sulfur, and Na is nitro-
gen, respectively, in the analytical state. 

The initial properties of the Janina char (i.e., solid particle porosity, ε0; internal specific 
surface area, A0; real density, ρ0; initial total active centers, Cf0; carbon content in the ana-
lytical state, Ca0 ) used for testing the mechanism and the kinetic constants are presented 
in Table 5. 
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Table 5. Characteristics of the Janina char [32]. 

ε0 A0 ρ0 Cf0 Ca0 
% m2 kg−1 kg m−3 kmola.c. kg−1 % 

59.3 16.7 × 103 1390 16.1 × 10−5 80.1 

The experiments were conducted in accordance with the Janina coal hydrogasifica-
tion schedule of 10 g of samples being subjected to 973 and 1073 K at a pressure of 8 MPa 
and at a hydrogen flow rate of 0.5 dmn3 min−1. 

‘Janina’ coal samples weighing 10 g were used in the char hydrogasification assess-
ments. The hydrogasification schedule involved trials for pressures of 6, 7, and 8 MPa with 
hydrogen flow rates of 0.5, 2, and 5 dmn3 min−1 at 973, 1073, and 1173 K. 

The rate of the hydrogasification reaction was determined using the measured molar 
methane (CH4) content. Given that H2 was delivered into the reactor and that both H2 and 
CH4 are present in the observed molar gas stream 𝑛𝑔 leaving the reactor, the rate of hy-
drogasification—which is equal to the rate of CH4 production—was estimated as follows: 𝑅 = 𝑛  𝑧  (12) 

The quantity of carbon moles present in the reactor’s solid char at time t equals: 𝑛 (𝑡) = 𝑛 (0) − 𝑛 (𝑡)   kmol (13) 

where 𝑛 (0) is the initial quantity of carbon moles in the sample of char, and nCH4(t) is 
the quantity of moles of generated methane at time t. 

Carbon conversion 𝑈(𝑡) is defined as follows: 𝑈(𝑡) = 1 − 𝑛 (𝑡)𝑛 (0)  (14) 

Considering the degree of carbon conversion, the particle porosity ε(t), internal spe-
cific surface area A(t), and total active centers U(t) can be determined. Based on Stanmore 
[33], it was assumed that: 𝜀(𝑡) = 𝜀 + 𝑈(𝑡)(1 − 𝜀 ) (15) 

and 𝐴(𝑡) = 𝐴 1 + 2.5𝑈(𝑡) 1 − 𝑈(𝑡)  (16) 

In the paper by Gil et al. [32], other relationships were proposed and verified based 
on the experimental data reported in [34]: 𝜀(𝑡) = 𝜀 𝑒𝑥𝑝 −𝑈(𝑡)𝑙𝑛(𝜀 )  (17) 

𝐴(𝑡) = 𝐴 𝑒𝑥𝑝 −2𝑈(𝑡)𝑙𝑛(𝜀 ) ++𝑎 1 − exp (−𝑈(𝑡)𝑙𝑛(𝜀 )  (18) 

𝐶 (𝑡) = 𝐶 1 − 𝑒𝑥𝑝 −𝑈(𝑡)𝑙𝑛(𝜀 )1 − 𝜀 ∙ 𝑒𝑥𝑝 −2𝑈(𝑡)𝑙𝑛(𝜀 ) + 𝑎 1 − exp (−𝑈(𝑡)𝑙𝑛(𝜀 )  (19) 

where a is the matching constant for coals, a = 1 ± 0.05. For active carbons, coals, and coal 
chars with high microporosity and anthracites, the suggested matching constant values are 
lower by approximately 40%. 

Figure 8 shows how the hydrogasification isothermal stage temperatures (973, 1073, 
and 1173 K) at 6 MPa affect the rate of conversion of char for the Janina char. 
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Figure 8. The influence of temperature on the carbon conversion rate in our own experiments, Janina 
char, 6 MPa: (1) 1173 K, (2) 1073 K, (3) 973 K; and Ding et al. [35], ‘Inner Mongolia Semicoke’, 5 MPa: 
(4) 1173 K, (5) 1073 K, (6) 973 K. 

The results were contrasted with those reported by Ding et al. [35] for the ‘Inner Mon-
golia Semicoke’ under the same conditions and at 5 MPa. The highest conversion rate for 
the Janina char was similar to that reported by Ding et al., while it was lower by 18% at 
1173 K. 

Figure 9 shows the measured CH4 molar concentration at the reactor outflow for 
three different hydrogasification temperatures: 973, 1073, and 1173 K, as well as two dif-
ferent reaction pressure values: 7 and 8 MPa. 

 
Figure 9. Molar methane content in the outflow gas measured as a function of time for the Janina 
char, 2 dmn3 min−1, 0.6–1.0 mm. 

All three of the cases were equal in terms of the original char sample mass. The 
amount of methane in the resultant gas exiting the reactor is higher because a greater re-
action pressure increases the production of methane. 

Figure 10 shows the computed char reactivity for two temperature values, 1073 K 
and 1173 K, which is defined as the ratio 𝑅/𝑛 (𝑡), and the hydrogasification pressure of 7 
MPa and 8 MPa as a function of carbon conversion determined by the ratio U(t). When the 
C conversion exceeds 60% or 80%, respectively, for 1073 K and especially for 1173 K, the 
reactivity rapidly decreases. This implies that a temperature of roughly 1200 K needs to 
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be maintained in order to achieve a significant amount of C conversion during char hy-
drogasification. 

 
Figure 10. Hydrogasification reactivity versus carbon conversion: the Janina char, 2 dmn3 min−1, 0.6–
1.0 mm. 

4. Kinetics of Char Hydrogasification 
For chars, the role of the active center may be attributed to the marginal carbon atoms 

in the coal structure, dislocations, infinite inclusions, or oxygen or hydrogen groups. 
The development of the kinetic relationships in the char particle-gas reaction requires 

the analysis of elementary phenomena on the solid-gas surface, which is possible based 
on the theory of active centers. Porous char particles react with gas on the external surface 
and inside the pore structure. Active centers formed by irregularities in the particle surface 
trigger gas-solid bonding or adsorption. Reactant adsorption, intermediate migration, and 
product desorption may occur in any active center. As a result of the reactant X adsorp-
tion, the free active centers become the occupied centers C(X). In his later paper on the 
hydrogasification process within the range of 923 K to 1143 K, Blackwood [17] discusses 
the mechanism, which is expanded by two further reactions: 

H + 𝐶   𝑘⇄𝑘 𝐶(H )  

𝐶(H ) + 𝐶  ⇄  2𝐶(𝐻) (20) 2𝐶(𝐻) + H  ⇄  2𝐶(H ) (21) 

𝐶(H ) + H + 𝐶   𝑘⇄𝑘 CH + 𝐶   

When this mechanism is simplified and only involves reactions (3) and (4), simple 
relationships determining the gasification rate expressed in moles of solid carbon pro-
ceeding to the solid phase as methane can be obtained. The presence of the reactions (20) 
and (21) is justified by the fact that the reaction between the carbonate and atomic hydro-
gen also leads to methane production. The rate of solid methane formation is described 
by Equations (5) and (6). Assuming that reaction (4) controls the hydrogasification mech-
anism and reaction (3) is in an equilibrium state, Equation (5) may be presented as follows: 
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𝑘 𝐶 𝑝 − 𝑘 𝐶(H ) = 0 (22) 

When C(H2) in Equation (6) is expressed by [Cf] from Equation (22), the hydrogasifi-
cation rate is described as: 𝑅 = 𝑛 𝐶 𝑘 𝑝 − 𝑘 𝑝 , kmol s  (23) 

Equation (23) describes the rate of C gasification (molC s−1) as equal to the rate of me-
thane production (molCH4 s−1). For a constant number of free active centers [Cf] per unit of 
C mass in the char particle, the final kinetic equation may be defined as follows: 𝑅• = 𝑛 𝐴(𝑇)𝑝 − 𝐵(𝑇)𝑝  , kmol s  (24) 

where A(T) = [Cf]k6f(k3fk3b−1) and B(T) = [Cf]k6b are experimentally determined kinetic con-
stants. However, it is highly possible that the total number of active centers [Ct] = [Cf] + 
[C(H2)] per unit of C mass is constant. Using the total number of active centers in Equation 
(22) and substituting [Ct] for [Cf] and [C(H2)], the rate of hydrogasification can be pre-
sented as: 

𝑅• = 𝑛 𝑘 𝑘𝑘 𝑝 − 𝑘 𝑝CH1 + 𝑘𝑘 𝑝 , kmol s  (25) 

and its final form: 𝑅• = 𝑛 𝐶 (𝑇) 𝑝 − 𝐷(𝑇) 𝑝1 + 𝐸(𝑇) 𝑝  , kmol s  (26) 

The coefficients of hydrogasification rate C(T) = [Ct]k4f(k3f k3b−1)−1, D(T) = [Ct]k4b, and 
E(T) = k3f k3b−1 were determined based on experiments conducted at various hydrogen pres-
sures and process temperatures. The number of generated methane moles was deter-
mined based on the equation: 𝑛 = 𝑛∘ 𝑧 (𝑡)𝑑𝑡 ,   kmol (27) 

while the number of carbon moles in the sample at time t is determined by the Equation 
(13). 

For the above model, an algorithm for computer calculation was developed to enable 
the determination of the kinetic constants. Based on the results of a series of experiments, 
the kinetic constants of gaseous hydrogasification product formation were determined 
using the values at the points of maximum process reactivity. The kinetic constants for 
Janina coal char from the paper by Tomeczek and Gil [31] (see Table 6) were used to de-
termine correlations for the Equation (26) presented in Figure 11. 

Table 6. Hydrogasification reactivity kinetic constants [31]. 

Constant A(T) B(T) C(T) D(T) E(T) 
E, kJ mol−1 40 129 122 211 85 

ko 
(Pa2s)−1 3.0 × 10−16  2.1 × 10−8   
(Pa s)−1  1.4 × 10−5  9.5 × 10−2  

Pa−1     1.6 × 10−1 
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Figure 11. Hydrogasification reactivity: the Janina char, 2 dmn 3 min −1, 0.6–1.0 mm. 

A contrast of the kinetic Equation (26) is shown in Figure 12 formulated for the Janina 
char (pH2 = 6 MPa, pCH4 = 0 MPa) with data from two sources in the literature: Mühlen [20], 
Fürst Leopold char, pH2 = 6 MPa, pCH4 = 0 MPa, and Misirlioglu et al. [4], Elbistan char, pH2 

= 2.5 MPa, pCH4 = 0 MPa. The reactivity values for the investigated Janina char are similar 
to those computed by Mühlen [20] for the ‘Fürst Leopold’ char, also for conversion U=O, 
and they surpass the values reported for the “Elbistan” char [14] by more than one order 
of magnitude. In comparison to the other shown chars, the ‘Fürst Leopold’ char exhibits 
a significantly higher activation energy for the overall process C + 2H2 ⇄ CH4. 

 
Figure 12. A comparison of the char reactivity values. Adapted from [4,10]. 

5. Discussion of the Results 
Figure 5 shows the velocity vectors of the hydrogen stream flowing through the swirl 

system (operating temperature T = 973 K and operating pressure p = 6 MPa). The obtained 
speeds ranged from 0.1 to 0.3 m s−1. Values in the upper range occur most often between 
the swirl insert and the reactor wall. 

The obtained temperature field indicates that hydrogen is heated to the desired tem-
perature in the short initial section of the reactor, but only in the outer layer. This is due 
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to the higher velocities of the gas flowing at the wall (Figure 7), while the core of the flow-
ing gas block has a slightly lower temperature of approx. 1150 K. 

Figure 7 shows the velocity vectors of the hydrogen stream for higher values of pres-
sure and temperature (operating temperature T = 1273 K and operating pressure p = 10 
MPa) than in Figure 5. Due to the higher density of the flowing gas under the pressure of 
10 MPa with the same mass streams, the obtained velocities were lower and ranged from 
0.03 to 0.2 m s−1. 

The results of temperature influence on the carbon conversion rate were contrasted 
with those reported by Ding et al. [35] for the ‘Inner Mongolia Semicoke’ under the same 
conditions and at 5 MPa (Figure 8). The highest conversion rate for the Janina char was 
similar to that reported by Ding et al., while it was lower by 18% at 1173 K. 

Figure 10 shows the computed char reactivity for two temperature values, 1073 and 
1173 K, and the hydrogasification pressure of 7 and 8 MPa as a function of carbon conver-
sion. When the carbon conversion exceeds 60% or 80%, respectively, for 1073 K and espe-
cially for 1173 K, the reactivity rapidly decreases. This implies that a temperature of 
roughly 1200 K needs to be maintained in order to achieve a significant amount of carbon 
conversion during char hydrogasification; however, the upper temperature range for the 
reactor used did not allow for such experiments. 

For the presented hydrogasification model, an algorithm for computer calculation 
was developed to enable the determination of the kinetic constants. The presented hydro-
gasification algorithm uses mechanisms of structural change such as particle porosity, in-
ternal specific surface area, total active centers, and degree of carbon conversion. Based 
on the results of a series of experiments, the kinetic constants of gaseous hydrogasification 
product formation were determined using the values at the points of maximum process 
reactivity. The kinetic constants for Janina coal char from the paper by Tomeczek and Gil 
[31] (see Table 6) were used to determine correlations for the Equation (26) presented in 
Figure 11. The developed kinetic equations based on these dependencies can be used to 
model the process on a technical scale. 

A contrast of the kinetic Equation (26) is shown in Figure 12, formulated for the Ja-
nina char, with data from two sources in the literature: Mühlen [20], Fürst Leopold char, 
and Misirlioglu et al. [4], Elbistan char. The reactivity values for the investigated Janina 
char are similar to those computed by Mühlen [20] for the ‘Fürst Leopold’ char, also for 
conversion equal to 0, and they surpass the values reported for the “Elbistan” char [14] by 
more than one order of magnitude. In comparison to the other shown chars, the ‘Fürst 
Leopold’ char exhibits a significantly higher activation energy for the overall process of 
hydrogasification. 

6. Conclusions 
Since hydrogen is heated only by convection (H2 is transparent to radiation), it is im-

portant to properly design the heater in the gas supply line to the hydrogasification pro-
cess and to control its temperature. 

The char becomes less reactive with prolonged contact with hydrogen. Probably, hy-
drogasification requires temperatures higher than 1200 K to achieve a high degree of coal 
conversion; however, the upper temperature range for the reactor used did not allow for 
such experiments. 

At 973 K, the hydrogasification process is more than two times less than at 1173 K; 
thus, hydropyrolysis produces more methane at higher temperatures than hydrogasifica-
tion does at lower temperatures; the situation is inverted during char hydrogasification, 
which produces a lot more methane. 

The influence of temperature on the carbon conversion rate was contrasted with those 
reported by Ding et al. [35] for the ‘Inner Mongolia Semicoke’ under the same conditions 
and at 5 MPa. The highest conversion rate for the Janina char was similar to that reported 
by Ding et al., while it was lower by 18% at 1173 K. 
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Equations for both the first- and second-order reactions toward hydrogen may accu-
rately represent the maximal hydrogasification reactivity of chars. This is likely due to the 
use of a limited pressure range in the experiments, whereas, due to the partial pressure of 
hydrogen, it is more likely to fit the first-order equation. 

The presented hydrogasification algorithm uses mechanisms of structural change 
such as particle porosity, internal specific surface area, total active centers, and degree of 
carbon conversion. The developed kinetic equations based on these dependencies can be 
used to model the process on a technical scale. 

To further improve the efficiency of the hydrogasification process, the next step 
should be tests involving catalysts. 
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