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ABSTRACT Mathematical models of a complex physicochemical underground coal gasification process
involve multidimensional non-linear partial differential equations (PDEs). Therefore, researchers always
seek a suitable numerical scheme that would give a good balance between accuracy of the solution and
computational complexity. In this paper, the non-linear PDEs describing energy and mass balances of both
coal and char are solved byGalerkin finite elementmethod (GFEM). The infinite-dimensional spatial domain
is transformed into a finite number of elements, whose dynamics are governed by a system of ordinary
differential equations (ODEs). Owing to the execution of GFEM, the time domain and space-dependent
first-order ODEs for solids (coal and char) and gases are solved numerically to find a solution of the UCG
process. The resultant syngas compositions and the calibrated heating value are influenced by the operation
parameters and the type of oxidant used. The results are compared with the experimental data obtained from
the Thar coal UCG site, and with existing work, based on the finite difference method (FDM) for the one
dimensional (1D) model. The simulated results along with the quantitative analysis show the superiority of
the GFEM model over the FDM model.

INDEX TERMS Energy conversion process, Galerkin finite element method, packed bed reactor, process
modeling, underground coal gasification (UCG).

I. INTRODUCTION
The underground coal gasification (UCG) is a clean coal con-
version technology in which in-situ coal deposits are gasified
into useful gas products called syngas, which is mainly a
mixture of H2, CO2, CO, and CH4 [1]. The process starts
by drilling a pair of vertical wells (injection and production)
into the coal seam. High pressure air is used to increase the
natural permeability of coal that forms a pneumatic link.
The wells are at a prescribed distance from each other, and
are linked by a process of Reverse Combustion Linking to
allow the transfer of gases through them [2]. Then, air or
a gas mixture of O2 and steam is injected as an oxidizing
agent via injection well. The syngas is recovered from the
production well and can be later used for a number of indus-
trial applications [3], [4]. Pakistan is considered a coal-rich
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country after the discovery of lignite-B type coalfield reserves
(175.5 billion tonnes) in Tharparker district of Sindh province
which covers an area of over 9,100 sq.km [5]–[7]. Due to the
on-site geological conditions and type of the coal, UCG is the
most suitable and environment friendly technology to harness
these coal reserves and to overcome the shortfall of energy in
Pakistan [8], [9].

Computational modeling and simulation tools are impor-
tant to address the feasibility studies and quantitative under-
standing of a complex process like UCG before a field scale
test. There are several field and laboratory-scale UCG reactor
models which are being tested and operated all over the
world. The most popular model is a packed bed reactor model
that describes the overall field performance of UCG [10].
The packed bed model simulates gasification with a sta-
tionary coal bed in a highly permeable porous media and
is consumed over the time [11]. According to Gunn and
Whitman [12], the lignite and sub-bituminous based coal
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seam gasification resembles the operation of a packed bed
chemical reactor so they developed a linear mathematical
model for forward combustion of UCG. They transformed
the PDEs for mass balances and individual gas species into
ODEs using the finite difference method (FDM) and pre-
dicted the exhaust dry gas composition, gas heating value,
thermal energy, and efficiency during the gasification pro-
cess. Thorsness and Rozsa [13] provided the calculational
modeling of permeable packed bed reactor and validated
the results with lab-scale experiment. Thorsness et al. [14]
developed a 1D model of sub-bituminous coal based packed
bed reactor using FDM discretization of mass and energy bal-
ances of the solids. They conducted a lab-scale experiment to
observe the product gas composition and thermal front prop-
agation. Winslow [15] followed the physical and chemical
model of Thorsness et al. [14] but he did not approximate any
stationary phase for conservation equations and an implicit
method was used to solve non-linear PDEs. Abdel-Hadi and
Hsu [16] developed a pseudo-2D model on a rectangular
domain by using the governing equations of Winslow [15]
and transformed the equations to a new coordinate system.
A progressive configuration of gasification zone at several
stages was also calculated. Khadse et al. [17] developed a
1D model by taking the chemical and pseudo-steady state
fluid flow model of Thorsness et al. [14] to analyze the solid
compositions in the UCG process and the effects of model
parameters on temperature. But, the authors slightly changed
the input values of initial porosity, initial feed temperature,
concentration of O2, N2, and steam/O2 ratio. Their results
were only in a qualitative agreement with the experimental
results of Thorsness et al. [14]. Uppal et al. [18] developed
a packed bed mathematical model using FDM technique for
solid phase mass and energy balances and optimized the input
parameters. They utilized the experimental inlet gas flow rate
from the UCG project of Thar coal field and calculated the
composition and heating value of the product gas to validate
with experimental data. The model also employed a sliding
mode control scheme tomaintain a desired heating value [19].

A comprehensive UCG model incorporates a complex
range of physical phenomena like mass transfer, heat transfer,
coal pyrolysis, and complex chemical reactions for investiga-
tion of the reactive behavior of coal gasification. In numerical
modeling of UCG, the FD (finite difference) discretization
scheme has been used in literature in numerical solution of the
continuum problem but it can give value at particular points
only and cannot be used to evaluate the values at the desired
points between two grid points. Also, it is computationally
expensive, especially if higher accuracy is required. For these
limitations of the FDM, we used GFEM technique to find
numerical solutions of nonlinear boundary value problems.
Because GFEM gives a polynomial at each point within the
domain and one can easily use the finite element shape func-
tions instead of trial functions [20]–[26]. The GFEM uses an
integral form of the PDEs to yield a semi-discretized system
of ODEs satisfying the boundary conditions [27]–[30]. The
time coordinate also needs to be discretized into a sequence

of time intervals, require an iterationmethod because the time
dependent variable affects the future solution only [31]. The
discretization and adjoints commute in GFEM which also
helps in optimization of parameters [32].

In this work, the gasification channel in the UCG pro-
cess is assumed to be a packed bed reactor. The mass and
energy balances of coal and char are viewed as PDEs while
the mass and energy balances of gas phase as ordinary
differential equations (ODEs). The GFEM based simplified
finite-dimensional computational models of coal and char
densities and the coal temperature developed for the UCG
process model are described in [18], [33]. The results of
modeling predict coal consumption, changes of temperature,
gas composition, and the heating value. The chemical and
physical properties of lignite-B coal and the operating condi-
tions of Thar UCG project in Pakistan are used in the simula-
tions. We have compared the computational results obtained
by GFEM with the FDM based packed bed model (given
in [34]). We have also validated our computations using the
experimental data. The results are depicted graphically as
well as in tabular form.

The paper is composed as follows. The mathematical
model of UCG reactor which describes the mass balance,
energy balance, Darcy’s law, and gas velocity is presented
in Sect. II. The GFEM models of solid phase PDEs for both
solid coal and char are described in detail in Sect. III. The
solution strategy followed during computation is explained
in Sect. IV. The obtained numerical results are discussed in
Sect. V. The GFEM model validation is performed against
the FDMmodel with respect to experimental data in Sect. VI.
Finally, the paper is concluded in Sect. VII.

II. UCG REACTOR MODEL
The UCG reactor model of Uppal et al. [18] is adapted in
this work, as shown in Fig. 1. This model is comprised of
eight gases: CO, CO2, H2, H2O(g), CH4, N2, O2, and tar, and

FIGURE 1. Schematic of UCG process [18].

VOLUME 8, 2020 223131



Q. Irum et al.: Galerkin Finite Element Based Modeling of One Dimensional Packed Bed Reactor for UCG Process

two solids: coal and char. The mathematical equations are
obtained from mass and energy balances of solids and gases.

A. MASS BALANCE OF COAL AND CHAR
Equation (1) describes the mass balance of coal as a solid
specie that is consumed within the UCG reactor by pyrolysis
reaction over time.

∂ρ1

∂t
= M1 r1,

I.C : ρ1(0, x) = ρ10 (x), 0 ≤ x ≤ L. (1)

Equation (2) is the mass balance equation for char produced
during pyrolysis reaction and then consumed by oxidation
and gasification reactions.

∂ρ2

∂t
= M2

6∑
j=1

asj rj,

I.C : ρ2(0, x) = ρ20 (x), 0 ≤ x ≤ L. (2)

B. ENERGY BALANCE OF COAL
Equation (3) is the energy balance of the solids, which depicts
the effect of convective and conductive heat transfer on solid
temperature. Moreover, the change in temperature due to the
chemical reactions is characterized by the source term Hs.
The initial condition shows that the temperature is known
at a time t0. The values of spatial derivatives at x = 0 and
x = L constitute the Neumann type boundary conditions.
The homogeneous boundary conditions mean that the ends
of the reactor are insulated and no heat flux can enter or leave
the reactor [33].

Cs
∂Ts

∂t
−
∂

∂x

[
(1− φ)k

∂Ts

∂x

]
− ht(T− Ts) = −Hs.

I.C : Ts(0, x) = Ts0 (x), 0 ≤ x ≤ L,

B.C :
∂Ts

∂x
(t, 0) =

∂Ts

∂x
(t,L) = 0, t ≥ 0.

Cs =

2∑
i=1

ρicsi , Hs =

5∑
j=1

1Hjrj. (3)

The physical parameters in (1), (2), and (3) are described
in Table 1. The description of ht, k, and the chemical reaction
rates is given in Appendix A and B respectively.

C. MASS BALANCE OF GAS
Equation (4) describes the change in concentration of the gas
due to various chemical reactions, when it moves from the
inlet to the outlet well.

dCi

dx
=

1
ug

−Ci
dug
dx
+

6∑
j=1

aijrj

 . (4)

D. ENERGY BALANCE OF GAS
The temperature of gas in (5) tends to vary due to convective
heat transfer effects from the injection to production well.

dT
dx
= −

1
ugCg

[
ht (T− Ts)+ Hg

]
,

TABLE 1. Physical parameters used in the model.

Cg =

6∑
i=1

Cicpi , Hg = 1H6r6. (5)

E. DARCY’s LAW
The drop of pressure for the gas mixture is modeled by (6).

dP
dx
= −

ugµ
2K

. (6)

F. GAS VELOCITY
Equation (7) represents the gas phase hypothetical velocity in
the porous media of UCG reactor.

dug
dx
= −

ug
P
dP
dx
+

ug
T

dT
dx
+

RT
P

8∑
i=1

6∑
j=1

aijrj. (7)

The gas phase equations are only ODEs in length domain
due to quasi steady state approximation because all the con-
ductive transport is lumped in solid phase and accumulation
terms are neglected in the gas equations. The gas velocity
ranges from 36-360 m/hr, while the rate of coal burning
is only 0.1-0.2 m/hr. Therefore, it can be assumed that the
gas phase reaches steady state before any significant change
occurs in solids [13], [17], [18], [33], [34].

The parameters of the gas phase (4), (5), (6), (7) are
described in Table 2.

In the following section, application of GFEM on solid
phase PDEs is discussed in detail.

III. GFEM MODEL OF UCG PROCESS
A. GFEM MODEL FOR HEAT EQUATION
First, we consider (3) for prediction of the temperature dis-
tribution of solid coal in reactor bed. The GFEM model of
the heat equation requires discretization of the spatial domain
into finite elements. Thus, multiplying (3) by a test func-
tion Ni, integrating the result over the computational domain
[0,L] [35] while evaluating the thermal conductivity term by
the product rule and stiffness term by the integration by parts
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TABLE 2. Gas phase parameters and states.

rule results in:

Cs

L∫
0

∂Ts

∂t
Ni(x)dx+ (1− φ)2k

L∫
0

∂Ts

∂x
∂Ni(x)
∂x

dx

−

L∫
0

ht (T− Ts)Ni(x)dx = −

L∫
0

HsNi(x)dx. (8)

Since,

L∫
0

∂

∂x

(
k
∂Ts

∂x

)
Ni(x)dx

= k

Ni(x)
∂Ts

∂x
|
LL
0 −

L∫
0

∂Ts

∂x
∂Ni(x)
∂x

dx


+ k

L∫
0

∂2Ts

∂x2
Ni(x)dx

Here, Ni(x) is a test function, 1 ≤ i ≤ N, N is total number
of nodes.

In the Galerkin method, the same set of functions is uti-
lized for the basis and test functions. Introducing a mesh,
0 ≤ x ≤ L with element size hj = xj − xj−1, we choose an
approximation in a finite-dimensional subspace.

Ts(x, t) =
N∑
j=1

Ts,j(t)Nj(x), (9)

where the solid temperature Ts,j, j = 1, 2 . . .N, is a function
of time t and Nj(x) is a piece-wise linear polynomial defined
as:

Nj(x) =


x− xj−1
xj − xj−1

, xj−1 ≤ x ≤ xj

xj+1 − x
xj+1 − xj

, xj ≤ x ≤ xj+1

0, elsewhere.

With a uniform element size h, (8) becomes:

Cs

N∑
j=1

 L∫
0

dTs,j

dt
NiNjdx


+ 2(1− φ)k

N∑
j=1

 L∫
0

Ts,j
dNi

dx
dNj

dx
dx


+ ht

N∑
j=1

 L∫
0

Ts,jNiNjdx

− ht

L∫
0

TNidx = −

L∫
0

HsNidx.

(10)

Let Ai and Mi, i = 1, 2, ..,N, be the local stiffness and
mass matrices, respectively.

Ai =

N∑
j=1

 L∫
0

dNi

dx
dNj

dx
dx

 ,
Mi =

N∑
j=1

 L∫
0

NiNjdx

 .
We combine contributions from the element matrices (Ai

and Mi) into the global stiffness matrix A and global mass
matrix M by expanding each element matrix and vector to
dimension N.

A =
1
h


2 −1 0 0 · · · 0
−1 2 −1 0 · · · 0
0 −1 2 −1 · · · 0
· · · · · · · · · · · · · · · · · ·

0 0 · · · 0 −1 2

 ,

M =
h
6


4 1 0 0 · · · 0
1 4 1 0 · · · 0
0 1 4 1 · · · 0
· · · · · · · · · · · · · · · · · ·

0 0 · · · 0 1 4

 .
For the entire spatial domain, the finite element discretiza-

tion results in a system of ODEs with continuous represen-
tation of time. A fully discretized model requires a further
approximation of ODEs to obtain a set of algebraic equations.

Equation (10) can be written in the matrix form as:

M
dTs

dt
=

hhtT− Hs − 2k(1− φ)ATs(t)− htMTs(t)
Cs

. (11)

In a time dependent problem, a disturbance can only influ-
ence a part of domain. The Forward Euler method carries
information forward in time [36]. To get updated time profiles
of the solid temperature in (11),

MTs,k+1

=

(
hhtT− Hs − 2k(1− φ)ATs,k − htMTs,k

Cs

)
dt+MTs,k.

(12)
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This formulation implies that once the solution of solid
temperature at k, 1 ≤ k ≤ n, discretization points in time,
is known at a given time t then (12) explicitly gives the
solution at time t+1t.

B. GFEM MODEL FOR COAL DENSITY
The PDE describing the mass balance of coal in (1) is also
discretized to obtain the GFEM formulation.

L∫
0

∂ρ1

∂t
Ni(x)dx = M1

L∫
0

r1Ni(x)dx. (13)

The approximation of coal density in terms of a piece-wise
linear basis function is:

N∑
j=1

 L∫
0

ρ1j

dt
NiNjdx

 = M1

N∑
j=1

 L∫
0

r1NiNjdx

 . (14)

Equation (14) can be written in the matrix form as:

M
dρ1
dt
= 5Mρ1exp

(
−
6039
Ts

)
. (15)

The time discretization of (15) by the Forward Euler
method yields the updated value of coal density.

ρ1,k+1 = 5ρ1,kexp
(
−
6039
Ts

)
dt+ ρ1,k. (16)

C. GFEM MODEL FOR CHAR DENSITY
Now, the GFEM model of the char density from (2) is devel-
oped as follows,

L∫
0

∂ρ2

∂t
Ni(x)dx = M2

L∫
0

 6∑
j=1

asj rj

Ni(x)dx. (17)

Multiplying (17) by a test function Ni, i = 1, . . . ,N, while
taking approximate solution of char density in terms of a
piece-wise linear polynomial function Nj, j = 1, . . . ,N and
integrating over the computational domain [0, L], we obtain
a matrix form.

M
dρ2
dt
= hM2

6∑
j=1

asj rj. (18)

We solve (18) using the Forward Euler method.

Mρ2,k+1 = hM2

6∑
j=1

asj rj +Mρ2,k. (19)

IV. SOLUTION STRATEGY
The solution procedure is described in the flow chart in Fig. 2.
The model comprises the set of PDEs for solid phase balance
equations and ODEs for gas phase balance equations. The
input parameters for coal are density and temperature and for
gas are concentration, temperature, and pressure.We begin by
initializing the solid and the gas phase systems at t = 0 sec-
ond. For solution of the system of ODEs, an implicit TR-
BDF2 method is used, which is a one-step numerical scheme

FIGURE 2. Solution strategy for GFEM based UCG packed bed reactor
model.

for stiff problems [37], [38]. The overall solution of the
system advances in time due to the solid equations, whereas,
the gas phase system inculcates the dynamics against the
length of the reactor. After the initialization, the set of dis-
cretized solid phase algebraic equations given in (11), (15),
and (18) are computed at the new time level to get updated
profiles of solid-temperature, solid-densities, and reaction
rates. Then, the gas phase species (4), (5), (6), and (7) are
updated at the new time level to generate new estimates of the
gas temperature and concentrations. Selection of element size
h in GFEM model is important in space discretization [36],
[39]. Therefore, different element sizes have been tested and
it was found that the numerical solution approaches the field
outcomes if a mesh with h <= 0.5 cm is used. The procedure
is repeated until the final time tend.

The input parameters used in MATLAB simulations are
specified in Table 3.

V. NUMERICAL RESULTS AND DISCUSSION
The computed solutions of GFEM based numerical model for
the UCG reactor demonstrate various features of the simula-
tion. The volatile matter in coal is released first in the reactor
at low heating rates. Then char reacts with an oxidizing
agent at higher temperatures to yield the gaseous products.
We show in Fig. 3 the behavior of temperature distribution
along the length of the coal bed reactor at different times. The
movement of the gasification process associates the reaction
and pyrolysis fronts at different speeds. The coal pyrolysis
front is followed by the char reaction front, as shown in Fig. 3.
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TABLE 3. Input parameters for simulation.

FIGURE 3. Solid temperature at three different times for 1 m reactor
simulation.

At the reaction front, the exothermic chemical reactions occur
and the gases flow in opposite direction. The close-up of
temperature profiles show that the reaction zone expands with
time.

The gas temperature profile shown in Fig. 4 only accounts
for heat transfer through convection. Finally, the solid and gas
temperatures reach the thermal equilibrium value.

FIGURE 4. Calculated solid and gas temperatures after at t=20 hrs.

Profile of the coal and char densities in Fig. 5 and Fig. 6
demonstrate that wet coal has dried and char has been pro-
duced at the pyrolysis front, which is then consumed at the
reaction front. It can be seen that the width of spatial pro-
files of solid temperature (Fig. 3) and char density (Fig. 6)
increases as the process advances in time. This necessarily
indicates that the reaction zone is widening with time.

Average reaction rates that occurred over the length of
the reaction zone at t = 7 hrs, 11 hrs and 20 hrs are shown
in Fig. 7. The char reactivity to O2, H2O, CO2, and H2
determines the rates for the desired product. These rates are

FIGURE 5. Simulated density profiles of coal.

FIGURE 6. Simulated density profiles of char.

an exponential function of solid temperature that reflects the
heat transfer phenomenon. The pyrolysis reaction rate is the
highest at the pyrolysis front because of excess of coal. When
O2 is present, the coal decomposition process is accelerated
by the oxidation reaction and CO arises as a primary syngas
compound. The oxidation and the steam gasification reaction
rates act as a heat source for the endothermic CO2 gasification
reaction. It is observed that the process of coal decompo-
sition enhances above the temperature of 900K by addition
of steam through the reaction C+ H2O(g)→ CO+ H2. The
increase in the H2 concentration is due to the water-gas
shift reaction. This is considerably higher for lignite coal
because it consumes CO and produces more H2, CH4,
and CO2.
The trends of initial concentration of gases along the bed

length of 1 m are shown in Fig. 8 represent the time course
of values of gas components due to chemical reactions. The
course concentration of CO2 in syngas is due to production of
enough heat in the oxidation zone where the combustion of
carbon takes place and in the reduction zone, CO2 reduces
itself to CO. For an appropriately designed UCG reactor,
production of oxygen may cause explosion in the producer,
therefore O2 and H2O(g) plots show that the coal is exhausted
when oxygen reduces to the zero value. The H2 concentration
is greater than CO concentration due to higher steam gasifi-
cation reaction rate. Tar is produced as a by-product of the
gasification process with very little concentration which can
be observed at density profile of char.

The gross calorific value of the syngas in (20) is cal-
culated on a dry basis using the sum of heating values of
individual combustible constituents [40]. This calculation is
based on exit concentrations of CO, H2, CH4, and tar only.
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FIGURE 7. Chemical reaction rates.

FIGURE 8. Initial concentration of gases along the length of reactor.

Mathematically,

HV = yCOHCO + yH2HH2 + yCH4HCH4 + ytarHtar,

yi =
Ci

CT
, (20)

where Hi is the heat of combustion of the combustible com-
ponent i (kJ/m3), yi is the mole fraction of the gas i in the
product gas on a dry basis and CT is the sum of concentration
of all gases except H2O.

FIGURE 9. Air flow rate.

VI. MODEL COMPARISON WITH EXPERIMENTAL DATA
The GFEM based numerical model of reactor has been val-
idated by comparing the predicted results against the field
trials in block-V of Thar UCG setup. This validation requires
a proper selection of input parameters and mesh. The flow
rate of the inlet oxidant is taken from the experiment, shown
in Fig. 9. This model validation is performed for 8 hours and
records the composition of exhaust gases and the resultant
heating value of syngas.

Fig. 10 represents the resulting composition of syngas for
GFEM and FDM models based on the experimental data.
As shown, fractions of important compounds, i.e. H2, CH4,
and CO, vary significantly depending on a gasification pro-
cess involved. This wide variation of composition determines
the end use of the product gas due to its detailed spatial and
temporal history by energy concentration and the chemical
species. The lower concentration of CO in the product gas is
due to lower temperatures. But a higher content of CH4 can
increase the overall heating value of syngas.

FIGURE 10. Experimental and simulated molar compositions.

There is a correlation between the flow rate of air and
calorific content of syngas. The predicted HV in the GFEM
model approaches the experimental HV when finer mesh is
used for spatial discretization. Therefore, h = 0.3 cm, h =
0.4 cm and h = 0.5 cm were considered for the simulation of
HV of syngas, with results shown in Fig. 11.

The quantitative measure of convergence is done by com-
paring the numerical solutions with the experiment [41], [42].
We consider the L2 norm of residual [43]

Error(L2) =
(
‖uexp − usim‖L2
‖uexp‖L2

)
× 100, (21)
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FIGURE 11. Syngas heating value.

TABLE 4. % Relative error in GFEM and FDM model parameters
compared to experimental results.

where uexp is the experimental value and usim is the simulated
value.

The difference between the computed results and the exper-
imental data arises due to the approximations made in the
discretization process and an iterative procedure used to
solve the coupled non-linear equations of the reactor model.
We have compared the experimental data with the numerical
solution produced by simulation of the reactor to validate the
model.

The relative errors in both models (GFEM and FDM)
using the same data are reported in Table. 4. In the FDM
model, we obtain one algebraic equation per grid node and
the variable value appears as unknown other than node points
so the error tends to be larger. The GFEM model satisfies the
boundary conditions and each element is defined by contin-
uous piece-wise polynomial functions to produce a solution
in the continuous time domain. An appropriate time step size
1t is selected to maintain stability throughout the simulations
because the explicit time marching scheme allows only small
time steps. To reduce the error in the GFEMmodel, the finite
element mesh is refined until the L2 norm of the errors gets
sufficiently small. According to the computed results, greater
accuracy is obtained with a more refined mesh as well as with
smaller time step.

A sharp change in temperature profiles was observed at the
reaction front for the FDM modeling of packed bed reactor
[18]. This gave rise to oscillations in the molar compositions
and the HV of syngas, as seen in Fig. 10 and Fig. 11. But the
integral form of the GFEM model produces stable and more
accurate solution because of the positive definite stiffness
matrix form of equation. This smoother behavior depicts
a gradual change in the temperature distribution (Fig. 3).
Although GFEM requires more programming effort, exploit-
ing sparsity of FE matrices reduces the computer memory
requirement and the computational time.

VII. CONCLUSION
A simplified one-dimensional numerical model of the packed
bed reactor for the UCG process has been developed suc-
cessfully. This numerical model simulates the temperature
profiles in coal seam through the reactor during gasifica-
tion, mass and heat transport, and the chemical reactions
during coal combustion process. We have employed GFEM
approach to discretize the solid phase PDEs with explicit
time integration method and used implicit solvers to find
solution of gas phase ODEs. The GFEM based model ensures
stability of the computation of the gasification process,
improves the accuracy of the computed heating value of
syngas, and the composition of the combustible gas. The
computational results have been compared with FDM based
one-dimensional model and a good agreement has been found
between the GFEMmodel based simulated results and exper-
iment. The GFEM model is computationally more efficient
than the FDM model for simulation of the UCG process that
ensures a closer prediction of the combustion state. Lower
order piece-wise basis functions are used in the GFEMmodel
in order to simplify computations and to make a compromise
between the computational effort and accuracy. In future,
higher-order polynomials can be employed to explore the
accuracy and complexity in the system model.

APPENDIX A
MODEL PARAMETERS
The expressions for the followingmode parameters have been
taken from [18], [33].

1) THERMAL CONDUCTIVITY OF SOLID

k =
1− φ

1
λs
+

1
25λg + dLs

+ φdLv (A.1)

Ls = 3.16× 10−12T 3
s

Lv =
5.1× 10−12T 3

s

1− 0.125
(

φ

1− φ

) (A.2)

2) INTERPHASE HEAT TRANSPORT COEFFICIENT

h = 3Cgu0.49g T 1.5
[
6(1− φ)

d

]0.51
× 10−5 (A.3)

APPENDIX B
CHEMICAL REACTION RATES
The expressions for the following chemical reaction rates
have been taken from [18], [33].

3) COAL PYROLYSIS REACTION RATE

r1 = 5
ρ1

M1
exp

(
−6039
Ts

)
(B.1)

where ρ1 and M1 are density and molecular weight of coal
respectively.
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4) CHAR OXIDATION REACTION RATE

r2 =
1

1
rc2
+

1
kyy7

rc2 =
9.55× 108ρ2y7P exp

(
−22142

T̃

)
T̃−0.5

M2

T̃ = βTs + (1− β)T (B.2)

where ρ2 is char density, M2 is the molecular weight of char
and y7 is the mole fraction of O2. For simulations β = 1

5) STEAM GASIFICATION REACTION RATE

r3 =



1

1
rc3
+

1
kyy4

, if y4 −
(
y1y3
KE3

)
> 0

1

1
Rc3
−

1
kyy1

, if y4 −
(
y1y3
KE3

)
< 0

rc3 =
rc3
+

y4

(
y4 −

y1y3
KE3

)

rc3
+
=

ρ2y24P
2 exp

(
5.052− 12908

T̃

)
M2

[
y4P+ exp

(
−22.216+ 24880

T̃

)]2 (B.3)

where y1,y3 and y4 are molar fractions of CO, H2 and H2O
respectively, and KE3 is equilibrium constant for steam gasi-
fication reaction.

6) CO2 GASIFICATION REACTION RATE

r4 =


1

1
rc4
+

1
kyy2

, if y2 −

(
y21
KE4

)
< 0

1
1
rc4
−

2
kyy1

, if y2 −

(
y21
KE4

)
> 0

rc4 =
rc4
+

y2

(
y2 −

y21
KE4

)

rc4
+
=

1.15× 104ρ2y2P exp
(
−23956

T̃

)
M2D

D = 1+ 0.014y1P exp
(
7549

T̃

)
+ 0.21y2P exp

(
3171

T̃

)
(B.4)

where y2 is the mole fraction of CO2, and KE4 is equilibrium
constant for CO2 gasification reaction.

7) METHANATION REACTION RATE

r5 =


1

1
rc5
+

2
kyy3

, if y23 −
(
y5
KE5

)
> 0

1
1
rc5
−

1
kyy5

, if y23 −
(
y5
KE5

)
< 0

rc5 =
rc5
+

y23

(
y23 −

y5
KE5

)

rc5
+
=

ρ2y23P
2 exp

(
2.803− 13673

T̃

)
M2

[
1+ y3P exp

(
−10.452+ 11698

T̃

)] (B.5)

where y5 is mole fraction of CH4, and KE5 is equilibrium
constant for methanation reaction.

8) WATER GAS SHIFT REACTION RATE

r6 =


1

1
rc6
+

2
kyy1

, if C1C4 −

(
C2C3

KE6

)
> 0

1
1
Rc6
−

1
kyy2

, if C1C4 −

(
C2C3

KE6

)
< 0

rc6 =
Rc6
+

C1C4

(
C1C4 −

C2C3

KE6

)
rc6
+
= 3× 107φC1C4 exp

(
−7250

T̃

)
(B.6)

where C1, C2, C3 and C4 are concentrations of CO, CO2,
H2 and H2O respectively, and KE6 is equilibrium constant for
water gas shift reaction.
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