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According to the characteristics for combustion and gasification reactions occurring in
the gasification gallery, the mathematical functional relationship between the chemical
reaction rate and every influencing factor is studied. The dynamic nonlinear coupling
mathematical models on underground coal gasification of inclined seams are established.
The determination methods of major model parameters are introduced. Additionally, the
control volume method is adopted to find the numerical solution to the mathematical
models. The patterns of development and variation for temperature field, concentration
field and pressure field in gasification panel are studied. On the basis of the model test,
calculation results are analyzed. From the distribution of temperature field, its calculation
value is a little higher than the experimental one, with the relative error of every
measuring point virtually within 17%. Research shows that, the experiment value of gas
heat value and calculated value take on a good conformity; due to the influence of
temperature, in the high temperature zone, the change gradient of the experiment value
for concentration field of gas compositions is greater than that of the calculation value.
The simulated results indicate that the relative error of the pressure field calculation is
4.13%—12.69% and 8.25%—17.47%, respectively, 7 h and 45 h after the ignition. The drop
rate for the fluid pressure is 6.01% and 10.91%, respectively. Research shows that the
simulated values conform with experimental values comparatively well, which demon-
strates that the numerical simulation on the “three fields” in underground coal gasifica-
tion is correct. © 2005 American Institute of Chemical Engineers AIChE J, 51: 3059-3071, 2005
Keywords: underground coal gasification, mathematical models, temperature field, con-
centration field, pressure field

Introduction

Field test and laboratory model test verify that the ways of
the underground coal gasification is closely related to the
occurrences of coal seams. It is easy for the channel gasifica-
tion to be formed in the gently-inclined coal seams during the
underground gasification, while in the steep coal seams, the
percolation-patterned gasification is in a primary position.!
Research shows that in the underground gasification of inclined
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coal seams, the heat institution and fluid mechanics institution
of gasification process are ever-changing. Its thermal condi-
tions and dynamics conditions fall between those of gently-
inclined coal seams gasification and those of steep coal seams
gasification.!2 With the enlargement of the channel diameter,
the podzolization of the wall plane for the channel produces
gradually, which, in turn, affects the temperature field needed
for keeping the normal gas production, leads to the beginning
of the combustion—gasification effect weakening for coal
seams, and worsens the gasification conditions gradually. How-
ever, as the process of gasification occurs, the effect of high
temperature and gravitation cause the coal seams on the roof of
the channel to continually inbreak. This leads to the gradual
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change from free gasification channel to percolation-patterned
porous loose channel. Thus, the specific surface area for the
reaction between gas and solid carbon increases, improving the
gas production conditions.'3

For the development and exploration of the underground
coal gasification technique, experiment certainly is an impor-
tant means, but, recently, people have tended to adopt the
method of the combination of experiment and mathematical
models. Because the underground coal gasification process is
rather complicated, it is comparatively difficult to establish and
solve its mathematical models. In spite of those, a number of
studies have been made by many scholars home and
abroad.#~'3 At one time, a large amount of experimental and
theoretical research on the “three fields (temperature field,
concentration field and pressure field)” was carried out in
countries such as the Former Soviet Union, the United States,
China, Germany and France, resulting in great progress.!4-20
While their research results are confined to the general analysis
method, experimental method or comparatively simple 1-D,
2-D steady or unsteady-numerical simulation. The dynamic
coupling mathematical models on the underground gasification
of the inclined coal seams are established in this paper. What’s
more, the numerical analysis is made. The calculation results
are checked against the model test.

The Chemical Reactions in the Underground Coal
Gasification Process

During the underground coal gasification, the following
seven kinds of chemical reactions mainly take place in the
gasification channel

Ry
(1) C+0,—CO, AH, = +393.8 MJ/kmol
R,
(2) C+CO,—2CO AH, = —162.4 MJ/kmol
Ry
(3) C+H,0—CO+H, AH,= —131.4MJ/kmol

Ry
(4) C+2H,—CH, AH,= +74.9 MJ/kmol

1

R
50,—>C0, AH; = +285.1 Mi/kmol

(5) CO +
1 R
(6) H, + 3 0,—H,0 AH = +242.0 MJ/kmol

R,
(7) CO+H,0—CO, +H, AH,= +41.0MJ/kmol

The above reactions are the main basis for the conservation
of mass equation of the chemical reactions. (1), (2), (3) and (4)
reactions take place on the wall plane of the coal seams, while
(5), (6) and (7) reactions occur at the gaseous stage. During the
underground gasification, due to the high temperature, the coal
seams crack. The combustion reactions must cause the O, to
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diffuse to the surface of the carbon where reaction has not yet
occurred. Theory proves that, under the underground combus-
tion and gasification condition, the diffusion mass transfer of
the gas passing through the surface grieshoch is the major
factor controlling the carbon reaction rate. The gasification
reaction is controlled by the diffusion process. The diffusion
rate of the mole number for gas compositions equals the
dynamic reaction rate of coal surface.?! On the basis of the
above, we can obtain every chemical reaction rate R;. The
influence of temperature on the reaction rate is mainly reflected
on the constant of reaction rate, the value of K.
According to literature,?' the Arrhenius formula is

K = A_.exp(—AE/RT) (1)

According to the Eq. 1 and the research findings?? of V.
Fredersdorff and M. A. Elliott, we can obtain

R, = Aexp(—AE,/RT) Py, 2)
R, = Aexp(a/T — bT) Pco, 3)
Ry = Acexp(—AE3/RT)<PHzo - Klf PCOPHZ) 4
where
K; = exp(—AGI/RT) (5)
where
R,= Acexp(—AE4/RT)(P§,2 — % PCH4> (6)
Rs = Aexp(—AEJ/RT) Peo 7
R¢ = Aexp(—AE/RT) Py, 8)
K\ "
(E) Py (KK Py,Peo, — K 2K 3PcoPio)
Ry = K_,Pco + K;Py, ©)
where
K, = a,T "exp(—AE,/RT) (10)
K, = a,T "exp(—AE,/RT) (11)
K_, = a_exp(—AE,/RT) (12)
K _5 = a_sexp(—AE;/RT) (13)
K5 = asexp(—AE;/RT) (14)
a,
K = T (15)
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Figure 1. Model gasifier.

where K; is the equilibrium constant of chemical reaction j, K,
is the equilibrium constant expressed in terms of the partial
fugacity of every composition; AE, is the activation energy of
chemical reaction j, R is universal gas constant; AG is the free
enthalpy of standard formation when the temperature stands at
T, P; is the partial pressure of composition i in the mixed gas.

Coupled Mathematical Models
Assumed conditions

In the course of the combustion and gasification for the coal
seams, various complex physical and chemical reactions occur
in the gasifier. Meanwhile, there are energy and mass transfer
between gas phase and solid phase. In this paper, in order to
simplify the calculation, the following assumptions are made:

(1) The gasifier itself is in a stable working state. Major
physical and thermodynamic parameters, such as coefficient of
heat conductivity, specific heat and coefficient of heat ex-
change do not vary with time,??

(2) Thermal diffusion and pressure diffusion will be ig-
nored,24

(3) The effect of thermal resistance will be ignored;

(4) The change in the mass of gas current in the oxidation
zone due to the chemical reactions will be ignored;>3

(5) For the inclined coal seams, since its thickness is much
smaller than its slant height and strike length, temperature
conduction and the movement of the mixed gas in the coal
layer can be simplified into a 2-D problem (Figure 1).

In the multicomponent gas, take a control body with an
encompassed area of F, in which every component occupies
the same area. Tracing the changes of the control body with the
movement gives the changes of various parameters with the
time. If a certain characteristic variable of the control body is
¢, the total of the ¢ in the control body will be ¢. Then, in the
cylinder-coordinate system, we have

o(1) = quv(x, r, t)dF (16)

Conservation equation of the compositions

In the process of underground coal gasification, there are
mainly seven kinds of compositions in the product gas, in the
paper, only the balance of these seven kinds of compositions is
taken into consideration, which are, in turn, O, (1), CO, (2),
CO (3), H,O (4), H, (5), CH, (6) and N, (7). According to the
document,?¢ considering axial flow and axial and radial diffu-
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sion, we can obtain the conservation equation of the composi-
tions

dy; 9y, d ay; d ay; 1 dy;
w+axw”_£<Dw tor\Par) TP,
+S i=1,2,...,7 (A7)

where y, is the mole fraction of the composition i (O,, CO,,
CO, H,0, H,, CH,, N,); u is only taking the gas flowing speed
along the axial direction into consideration; D is regarding the
diffusion rate of every composition along the axial and radial
direction the same, therefore, D 4, = D; S, is the generating
rate of the composition i in the chemical reaction.

From the earlier seven kinds of chemical reaction equations,
we can obtain

S, = —Rs — Rq (18)
S, =2R;s (19)
S, = —2R; (20)
S, = 2R 21
Ss= —2R (22)
S¢=S8,=0 (23)

Initial conditions and boundary conditions:
(1) Boundary Conditions
Measuring and analyzing the gas compositions at the inlet of
the gasification gallery, we can obtain the concentration of
gasification agent at the inlet, that is
O=r=r,

Atx=0, y, =y t>0 (24)

where y;, is the mole fraction of gasification agent at the inlet
of gallery.

Because there is little change in the gradient of concentration
for every gas composition at the outlet of gasification gallery,

the gradient of concentration for the gas composition i at the
outlet can be regarded as zero, that is

Y
Atx =1L, y=0,
Jax

O=r=r,

t>0 (25)

where L is the length of gallery, the subscript “0” of the
variable denotes the known value of parameter.

At r = ry, that is, at the boundary of the wall plane for the
coal seams, the boundary conditions are

Py e (26)
ar 20
D R AR —R)=0 @7
ar 2 ! 2 7
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dys 1

D2 D (<R, = Ry R) =0 (28)
D Rt R) =0 (29)
ar 2 e v
D R R —R) =0 (30)
or T3 Rat Ry— Ry =
dye 11 (R4
DW%—E(?)—O 31
dy;
D=0 (32)

(2) Initial Conditions
Before the gasification, the content for the composition i in
the gasification agent is known, that is

t=0, =y O0=r=r, 0=x=L (33)
Conservation equations of energy solid phase

Considering the interior heat conduction gives the tempera-
ture field equation of coal seams?6-27

PsCs g Zax \Msax) Tar\ Mg ) Tt T O
(34)

T a( aTS> a( an) 1 9T

where T is the temperature of solid phase, Cy is the specific
heat of solid phase, Qg is the heat losses of solid phase, Ag is
the coefficient of heat conductivity for the solid phase, pg is the
density of solid phase.

Equation 34 must meet the following boundary conditions
and initial conditions: According to the measurement results
for the temperature field in the gasifier, the temperature of the
outer coal seam with a radius of r,, and temperature at the inlet
of gasification gallery can be known. Because there is little
change in the gradient of temperature for coal seams at the
outlet of gasification gallery, it can be regarded as zero, that is

Atr=ry, Ts=Ts., O0=x=L, t>0 (35)
dTy

Atx=1L, EZO’ n<r<r, t>0 (36)

Atx=0, T3=T, rn<r<r, t>0 (37)

where T, is the temperature of the outer coal seam with a
radius of r,, assumed to be a constant.

At the gas-solid interface where r = r;, because there is heat
convection between gas and solid and heat and mass transfer,
the following conditions should be met
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aT !
)\Sa—; =a(Ts—T) — > mAH, + RHT  (38)

ij=1

where m; is the mass flowing quantity of the composition i,
AH_ ; 1s the reaction heat of the chemical reaction j, « is the
coefficient of heat convection, T, is the temperature of gas
phase, RHT is the quantity of heat exchange by radiation,?¢ that
is

RHT = F\o¢e,(Ts — T}) (39)

where o is Stefan-Baltzmann constant, g, is the coefficient of
heat radiation, F', is the area of heat radiation,?®

L
F,= Zﬁf r(x, t)dx (40)
0

Initial conditions

According to the measured results for the temperature of
coal seams before ignition, the temperature for the solid phase
can be known when

t=0, Ts=Tgy, 0=z=L, 0=r=r

where Ty, is the known temperature of the solid phase.

Gas phase

According to the documents,?®?° we can obtain the conser-
vation equation of energy for gas phase

;
V- ( > y,H,.-Vm,.) +V-(\,-VT,) + SH — Q,
i,j=1

T, aT,
= ng + upg ‘glix (41)

g9t p)

where 1; is the coefficient of weighing and measuring for the
chemical reaction j, H; is the enthalpy of formation for the gas
composition i, SH is the heat of formation for the gas phase,
C,; is the specific heat of the composition i for the gas phase,
A, is the coefficient of heat conductivity for the gas phase, p,
is the density of the mixed gas, Q, is the heat losses of the gas
phase where y; = p,D.?!

Simplifying Equation 41 gives

7
oT
2| Pl TICAT,) — F = ClTI)VT, v m; | = VANVT,
i,j=1

;
+ > Hm;— Q, = RsAHs + RAH, (42)

i=1
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Boundary conditions

Measuring the gas temperature in the gasification gallery, the
gas temperature at the inlet and temperature gradient for the gas
at the outlet can be known, that is

Atx=0, T,=T, O0=r=r, t>0 (43)

>0 (44)

Wall plane boundary

In the proximity of wall plane, there is similarly heat con-
vection and heat radiation between heat current and wall plane,
whose boundary conditions can be shown as

T,
—~=aly—T,)+RHT, 0=x=<I,

Atr=r, A, or t>0
(45)
Atr=0, T,=T,, 0=x=L, t>0 (46)

Initial conditions

According to the measured results for the gas temperature in
the gasification gallery before ignition, the initial temperature
of the gas can be known, that is, when

t=0, T,=T,, O=x=L, 0sr=r, 47

where T, is the initial temperature of the gas.

Equation of the gas phase movement

As stated earlier, in the process of the underground coal
gasification, the flow of the mixed fluid in the gallery can be
regarded as the seepage movement of the gas in the porous
media.! Thus, in so doing, the equation of the gas movement
can be obtained

0P _ \Y L \% 48
TR ay + byu Pe) + W, “8)

where P, is the fluid pressure; a,. is the coefficient of conduc-
tion pressure; W, is the source-sink item, depending on the
generating rate of the gas phase; parameters a, and b, are
determined by the following two formulas, respectively

ay = viger,, b,= Bdigner,

where v is the coefficient of movement viscosity, g is the
gravitational acceleration, e is the permeability, r, is the weight
degree, [3 is the coefficient of geometrical shape for the media
particles, d is the average compromising particle size, n is the
porosity.

AIChE Journal

Gas state equation

In the process of underground coal gasification, the gas state
equation can be shown as follows

P,= CRT, (49)
where C is overall mole concentration of the gas.

Unified form of the conservation and movement
equations

The earlier conservation and movement equations can be
written into a unified form, that is

d(po)
t

+ div(pue — Tygrad ¢) = S, (50)

where ¢ is the dependent variable; Fd> and S, indicate the
coefficient of exchange and source corresponding to ¢, respec-
tively. The equation can be regarded as being made up of four
items, which are transient item, convection item, diffusion item
and source item, in turn.

Numerical Calculation

In view of the nonlinearness for the earlier control equations
and the strong coupling among equations, so it is difficult to
solve them through analysis method, making us have no choice
but to employ the numerical solution. In this article, the control
volume method?¢-3° is adopted, which is a discretization
method belonging to the finite difference method in the form,
but being not fundamentally different from finite element
method in methodology. The method aims at the integral
equilibrium in the control volume, uses knot to represent con-
trol volume. The discretization of the domain to be solved
usually includes two kinds, namely, even grid and uneven grid.
On the basis of the characteristics of the problem to be ad-
dressed in the paper, every variable is the function of time for
its spatial distribution. Hence, in the process of solution, the
grid will be divided according to the even grid.

The discretization of Eq. 50 depends on the following two
basic assumptions:

(1) The function value is evenly distributed in each grid,
that is, the function value on the node of the grid represents its
value everywhere within the grid, or we can say, the size of the
grid determines the spatial resolution ratio of the function.

(2) The function value is evenly distributed on each inter-
face for each grid, that is, the function value at an arbitrary
point of the boundary of the grid can represent the function
value at that boundary. Usually, the crossover point between
the ligature of the two neighboring points on both sides of the
boundary for a certain grid and the boundary is selected as the
representative point of that boundary.

Integrate Eq. 50 on the grid centered around point P, we can
obtain the commonly-used form of the difference equation

J
a1 (POFp+ 2 [(pud — T yerad $) - Al = (S,Fy)r (51)

ns
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where F; indicates the area of the grid, varying with time,
under this circumstance, u takes the velocity of the fluid
relative to the moving boundary of the grid. The absolute value
of A indicates the length of a certain interface for the grid,
whose direction is that of the outer normal for the interface, >
indicates taking a sum of the four boundaries for the grid.

Discretization of the transient item

The expression of the discretization for the transient item is

r9
J Fy (pdFy)pdt = (pdFy)p — (pdF ) (52)

t—Ar

where superscript “0” denotes the state of the point P at the
previous time, r — At; At is time step size.

Discretization of the source item

Assuming adopting the fully implicit form when making the
integration of the source item in Eq. 51 relative to time, that is

J (S4F 3)pdt = (S4F4) pAt (53)
t—At

If the source item is a constant one, its discretized expression
will be the form of Eq. 53.

If the source item is the function of the variable ¢, generally
the linearization method will be adopted to further discretize
the source item, that is, write the source item S, in the general
form of the differential Eq. 50 personally as

Sy =Sc+ Spd (54)

where S and S, are constants relative to ¢, actually they can
either be a real constant or the function of the previous iterative
value ¢* for the variable ¢.

Discretization of the total flux item

The item in the X of the Eq. 51 combines the influence of the
convective flux, and the diffusion flux, known as the total flux
item. Write the total flux as J

J = (pud — Tygrad ¢) (55)

In view of the similarity for the principles and treatment
method in which the total flux item is discretized at each
interface, now we will take the calculation of the total flux for
an arbitrary grid interface (for example, e plane) as an example
(Figure 2), so as to illustrate the discretization method of the
total flux item.

At the e plane of the grid P, the general flux item is

J.=J-AJA, = [<pu>¢>e - r(dx) } (56)
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Figure 2. Grid points and grid interface.

For the convenience of the writing, the discretized expres-
sion of the general flux item at the e plane can be written as

AJ. = Cohp. = D(dbr — dp) (57)
where
C. = (pud), (58)
D,=T.AJ(dx), (59
C, indicates the convection (or flowing) intensity at the e

plane, whose sign is determined by the direction of u, D,
indicates the diffusion intensity at the e plane, always to be
positive.

Normally, the exchange coefficient I', at the interface takes
the arithmetic average of the exchange coefficient for two
neighboring grid points. In the even grid system

1
r,= 2 (T'p+Tp) (60)

Discretized equation

On the basis of the numerical model established earlier
for the 2-D problem, the author developed the generally-
used computer program used to solve for the mathematical
models on the 2-D nonlinear dynamic reaction flow in the
underground coal gasification, and realized the calculation
of the models in this article. The general form and its
corresponding coefficients for the discretized (finite differ-
ence) equations of the control differential, Eq. 50, in 2-D
unsteady problem, are as follows

apdp = appp + aydy + aydy + asdbs + be (61)
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where

agp = DtA(|E) + [[_Cev 0]]
ay = DW‘A(BV|) + [[Cw‘? O]]
ay = DMA(BV!D + [[_Cm O]]
as = DA(P) + [[C,, 0]] 62)
ap = ppoF /At

bC = SCF¢ + apad)Po
ap=ag + ay+ ay+ as+ ap — SpFy)

In the coefficient expressions, a, indicate coefficients of
difference equation corresponding to different grid points (I =
E, W, N, S); b is constant term, ppo is the fluid density of the
point P at the previous time, C;, and D, are the convection
intensity and diffusion intensity of the k interface, respectively,
P, is the ratio of the two; their definition expressions are

C,= (P“A)k
D, = A,
o (63)
Ci
Pk = Ek

k = e, w, n, s indicates the grid interface between two grid
points, A, is the length of the k interface, §, is the distance
between two grid points on the vertical k interface.

The distribution of the variable in the control volume takes
the power function, so, for different circumstances, the form
function A(|P|) may be selected various forms, selecting power
law form in the article, that is

A(|P]) = [[0, (1 = 0.1|P|)*]] (64)

where P is Peclet number, indicating the relative intensity of
convection and diffusion; the operator [[ ]] denotes selecting
the maximum in the square brackets.

According to the difference equations established, we can
obtain the simultaneous algebraic equation set of the control
equations. On the basis of this, it is comparatively easier to
adopt the separated iterative solution.

Model Parameters
Specific heat of gas phase, C

The specific heat of the gas phase mixture normally depends
on its thermodynamics state. The relational form for the spe-
cific heat used in this article is as follows

C,=A,+BT"+ CT" (65)

where A i B i C » nl and n2 are coefficients of the expression,
which vary with the kinds of substances and are irrelevant to
temperature, whose specific values can be referred to in refer-
ence 26.
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Figure 3. Relation between the specific heat and tem-
perature of coal.

Specific heat of solid phase, Cg

The experimental research shows that the specific heat for
solid substances containing carbon is linked to its characteristic
composition and temperature, whose relationship is shown in
Figure 3. In the process of inversion calculation, Cgy will be
determined according to the Figure 3.

Cocefficient of heat convection, o

Gas-solid phase reactions mainly occur in the pores of solid
phase, the heat of the heterogeneous reaction is applied to the
solid phase. When the oxidation reaction, the solid-phase trans-
fers heat to gas phase, while reduction, dry and distillation, the
gas phase transfers heat to solid phase.

There are heat-transfer by convection and heat-transfer by
radiation in the gas-solid heat exchange. When the temperature
is high, heat-transfer by radiation will play a major role. Ad-
ditionally, when the diameter of the particle is comparatively
big, the heat conduction of the particle itself has to be taken
into consideration. In the gas-solid heat transfer, the tempera-
ture of every point is shown in Figure 4. The quantity of heat
transfer is calculated as follows?!

0= an(Tg - Ts) (66)
where
1
= 1 (67)
o, tas  agt oag

2 6
O S A (68)
ag = SSS(T?( + TzKTKl + TKT%(] + T;(l) (69)

N,

ax=p (70)
ay = &00y(Thy + Ti Ty + T T + T)) (71)
3065



-~ -

s

Figure 4. Temperature distribution for gas-solid heat

transfer.
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In the earlier formula, «; and a are the coefficient of heat
convection, and that of heat-exchange by radiation through ash
dreg layers, respectively; ax and o are the coefficient of heat
convection and that of heat-exchange by radiation through
reduced film, respectively; e5 and €, is the radiation rate of
solid phase and gas phase, respectively; N, is Nulet dimen-
sionless number; 6 and §, are the thickness of the ash dreg
layer and that of the reduced film, respectively; Fg is the
specific surface area of the solid particle; Dy is the diameter of
the particle; R, is the radius of the reaction core, Ry is the
radius of the particle; T is the temperature of reaction core;
and T, is the temperature of the solid particle.

Permeability, ¢

Experimental research shows that, under the nonisothermal
condition, the permeability of the porous media is a function of
temperature.'22° With the movement of the flame working
face, in the process of combustion and gasification, since there
are great temperature differences for the coal layers at various
sections, great changes will take place in the permeability.
Under the nonisothermal condition, the measured results of the
permeability for the coal layers media used in the experimental
model are shown in Figure 5. The input of this parameter is
mainly based on the experimental data shown in Figure 5.

0 200 400 l 600 800
T(C)

Figure 5. Changing curve of permeability and tempera-
ture.
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Figure 6. Cutaway view of the gasifier model.

Cocefficient of heat conductivity, Ag

Under the condition of the combustion and gasification for
the coal layers, the total coefficient of the heat conductivity for
the media also consists of heat conduction and heat radiation,
whose expression is as follows!

Ag = &(T) + gz(T) (73)

where {,(T) is the function of the coefficient of heat conduc-
tivity for coal mass; {,(7) is the function of the coefficient of
heat-exchange by radiation among coal chunks.

Other parameters

Other parameters in the mathematical model, such as the
coefficient of diffusion, the enthalpy of formation and the
coefficient of viscosity, are all functions of temperature under
the nonisothermal condition, whose specific calculation
method can be referred to in the relevant documents.32-3¢

Because temperature has an important effect on model pa-
rameters, in the process of inversion calculation, the values of
parameters shall be initially determined, based on the relation-
ship between each parameter and temperature and temperature
values at different nodes. Then through positive calculation, we
will judge the reasonability of the model parameters selected. If
the errors between calculated values and experimented values
are within tolerance, the parameters selected are right, other-
wise, further adjustments or correction should be made on
every parameter till comparatively ideal calculated results have
been obtained.

Model Test

The overall size of the model gasifier body is 7.35 m long by
1.45 m high by 1.0 m thickness, consisting of base and lid, as
shown in Figure 6. Under the bottom of the gasifier was
installed a line of hydraulic jacks, which makes the gasifier rest
at any angle. The hearth is so spacious that it can be filled with
other materials, which are used to simulate coal seams with
different thickness. On the sides of the gasifier there are a
number of gas inlets, outlets, and slip casting holes, used to
simulate various gasifiers and study different modes of air
pumping and gasification channel with different lengths. A
circular air (steam) injection pipeline is equipped on the plat-
form in hope for supplying the air (steam) in the same or
counter direction and with moving pumping points. The gas-
ifier adopts hydraulic sealing technology. On the upside of the
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Figure 7. System of model experiment.

gasifier is installed a piece of board pushed by hydraulic push
rod, which imposes a certain pressure on the coal seams
through the board in the course of gasification, in order to
simulate the pressure on the top of the coal seams.

The structure of the gasifier is made up of three layers. The
outer one is sealant made of thick steel plate, with the middle
one thermal insulating made of vermiculite, the inner one flame
retardant coating. The size of simulated coal seams in the
gasifier is 6.7 m X 1.3 m X 0.45 m, with a dip angle of about
45°. The type of coal is gas-fat coal. The data of the proximate
analysis can be consulted in the document.! In the process of
coal injection, use as much lump coal as possible, so we can
keep the natural state of the coal seams at best. The interstices
will be filled with small pieces of coal. Finally, smear the
interstices with the mixture of cement and coal powder. The
gasification panel is 6.0 m X 1.1 m X 0.42 m. The initial
equivalent diameter of the gasification gallery is 80 mm.

The system of the model test is shown in Figure 7. The
pipeline system is designed as an armillary circuit. Through the
reversal valve, we can pump the air or steam negatively and
positively. Coal gas cleaner is mainly to remove the tar from
the gas and lower the temperature of the resulting gas. In order
to measure the temperature distribution in the gasifier accu-
rately, we deploy the temperature-measuring points inten-
sively. In the gasification panel, 17 rows of temperature-mea-
suring points are buried, with 7 in each row. The number totals

[—+—3h —=—7h ——15h——30n —%—45h |
1300 ~ I

Experiment ———Calculation|

Figure 8. Experiment value and calculation value of the
temperature field at various times of gasifica-
tion.
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Figure 9. Experiment value and calculation value of the
concentration of O, at various times of gasifi-
cation.

119. The temperature-measuring elements adopt the strictly-
standardized NiCr-NiSi thermal couples. The automatic data
acquisition will be made regularly, and the data will be dis-
played on the screen of the computer and recorded. The result-
ing gas will be analyzed with gas-phase chromatographer,
which can tell the contents of different compositions. Every
bore hole deployed at the sides of gasifier along the direction of
gasification gallery also has the monitoring function. In the
experiment, the real-time monitor has been made against the
pressure and gas compositions in the gasifier, so as to learn the
state of changes for the pressure field and concentration field at
different places and various times within the gasification gal-
lery.

The operating conditions: the gasification agent, air; the
pressure at the inlet, 25502600 Pa; the flowing capacity at the
inlet, 25-30 m>/h. The results of the experiment are shown in
Figures 8§—-15.

Analysis

The calculation results of numerical simulation are shown in
Figures 8—15. From Figure 8, it can be shown that the calcu-

[——3h —=—7h —=—15h ——30h —*—45h|
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Figure 10. Experiment value and calculation value of the
concentration of CO,, at various times of gas-
ification.
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Figure 11. Experiment value and calculation value of the
concentration of CO at various times of gas-
ification.

lated values of temperature field virtually conform with the
measured ones. Except the measuring points in the combustion
zone, where the relative error between the calculated values
and measured ones of temperature is rather high (certain points,
over 20%), the relative error of other points is no more than
17%, majority of which is within 14%, completely meeting the
precision requirement of numerical simulation on the temper-
ature field. Judging from the distribution of temperature field,
the calculated values are a bit bigger than the measured ones.
The reasons are the following: first of all, the term of heat
losses in the mathematical model is determined on such con-
ditions as the calculation formula for the coefficient of heat
transfer with the composite structure and fixed setting (temper-
ature, wind velocity). In the process of experiment, natural
ventilation or forced ventilation makes the coefficient of heat
losses increase, which contributes to the slight drop in the
measured temperature. Then, during calculation, the coefficient
of heat conductivity for coal seams is not that of body coal but
the equivalent coefficient of heat conductivity for coal seams
taking the influence of convection and heat radiation into
consideration. The coal seams in the model test are piled up
selecting various sizes of coal chunks. Though the interstices
are filled with pulverized coal, its pores are far bigger than

| —+— 3h —=—7h ——15h —e—30h —%—45h |

{—— Experiment —--Calculation|

3
L(m)

Figure 12. Experiment value and calculation value of the
concentration of H, at various times of gas-
ification.
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Figure 13. Experiment value and calculation value of the
concentration of CH, at various times of gas-
ification.

those of the natural ones. Therefore, heat transfer is no longer
a single form of heat conduction. With the effect of convection
intensifying, the coefficient of apparent heat conduction for the
coal seams heightens, which influences the calculation results
precision.

Because the reaction rate heightens rapidly with the rise in
temperature, which leads to the increase in the reaction con-
version rate, as a result, the influence of the temperature causes
the calculated values of the concentration for various compo-
sitions in gas to be a little bigger than the experimental ones;
the change gradient of the composition concentration for ex-
perimental value in high-temperature zone is bigger than that of
the calculated value (Figures 9-13).

According to Figure 14, with the prolonging of gasification
time and the increase in the gasification channel length, the
heating value of gas increases gradually, and there is virtually
no fluctuation for it. Therefore, the experimental values and the
calculated ones take on a good conformity. However, beyond
the reduction zone, the extent of increase for the heating value
decreases. The influence of temperature field on the heating
value of gas is remarkable. 7 h after the ignition, in spite of the

| ——3h —=—7h ——15h —e—30h —%—45h|
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Figure 14. Experiment value and calculation value of the
gas heat value at various times of gasifica-
tion.
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Figure 15. Pressure field in the gasification tunnel 7 h
and 45 h after the ignition.

comparatively long gasification channel, due to the short period
of time and the low temperature in the oven, the heating value
of gas is comparatively low; 45 h after the ignition, the tem-
perature of the oven increases. Although the length of the
gasification channel is relatively short, the heating value of the
outlet gas is higher than that of previous one. Therefore,
maintaining an ideal temperature field and comparatively
longer gasification channel is conducive to the stability and
improvement of the heating value for the gas.

Figure 15 demonstrates that the simulated calculation values
of the gas pressure basically conform with the measured ones.
The relative error at the second time between calculated values
and measured ones is 4.13%—-12.69%, with the average drop
rate of fluid pressure 6.01%. From Figure 15, we can know
that, 45 h after the commencement of gasification, the error of
the simulated calculation for pressure is 8.25%—17.47%, with
the average drop rate of the gas pressure along the gasification
channel 10.91%. It can be concluded that, with the prolonging
of gasification time, the extent of drop for the fluid pressure
rises and the calculation error increases. The major reasons are
the following: at the very beginning of the experiment, the gas
moves along the free gasification channel with little resistance
on the fluid. The fluctuation for the curve of the experiment is
small, so the drop rate and the calculation error are low, but the
calculation value is comparatively high. With the development
of the gasification process, the coal layers over the gasification
channel, due to the effect of high temperature, expands, splin-
ters and falls onto the gasification channel because of dead-
weight, which fills the bottom of the gasification channel with
loose coal chunks. Thus, the free gasification channel trans-
forms into a percolation-patterned one. The seepage movement
of the gas will go on in the porous media. The resistance on the
gas movement increases by a large margin, so does the extent
of the pressure drop, which also tends to be stable. The curve
between the experiment and calculation takes on a good con-
formity. Considering the changes in movement conditions, in
the preliminary determination of major model parameters, such
as the coefficient of conduction pressure, permeability, the
involvement of personal or empirical factors in the consider-
ation of relevant calculation coefficients results in a certain
error in the initial parameters calculation, which causes oscil-
latory occurrence in the value of initial numerical simulation.
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In short, the simulated results indicate the calculated values
can conform with the measured values, which shows that the
establishment of mathematical models on heat and mass trans-
fer in the process of underground coal gasification, the deter-
mination of parameters, the analysis and treatment of boundary
conditions and the solution method are correct. This will pro-
vide necessary theoretical evidence and scientific guidance for
the further comprehensive quantitative study and production
practice of underground coal gasification.

Conclusion

(1) According to the features of gasification process, on the
basis of the model test, the nonlinear coupled mathematical
models on the underground coal gasification for inclined coal
layers are established. The simulated results demonstrate the
calculated values can conform with the measured ones com-
paratively well, which proves that the numerical simulation on
the temperature field, concentration field and pressure field is
reasonable in the underground coal gasification under the ex-
perimental condition.

(2) The numerical simulation results show that, in high
temperature zone, the calculated value of the temperature field
is a bit bigger than the measured one; the change gradient of the
measured value of the concentration for various compositions
in the gas is bigger than that of the calculated value; temper-
ature field has a great influence on the heating value of the gas.
The heating value of the gas increases gradually with the
prolonging of gasification time. The calculated value of heating
value is basically the same with the experimental one. Appar-
ently, the ideal temperature field is conducive to the improve-
ment on the gas quality and the stability of the gasification
process.

(3) According to the calculation results, the relative error
between the calculation value and measurement one of the fluid
pressure and its drop rate increases gradually with the process
of gasification. The change of the flow condition in gasification
channel is mainly responsible for the change of the calculation
error.

(4) The numerical calculation results basically reflect the
real patterns of variation for the temperature field, concentra-
tion field and pressure field in the underground coal gasification
for the inclined coal seams, which will provide necessary
scientific theoretical evidence for the further quantitative study
on the underground coal gasification process and the predic-
tions of its variation patterns.
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Notation

a
a

m
a

coefficient in Eq. 3
coefficients in Egs. 10-15 (m = 1, 2, =2, =3, 3, —1)
coefficients of difference equation (61) (/ = E, W, N, S)
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parameter in Eq. 48, determined by a, = v/ger,

the coefficient of conduction pressure, m?/s

coefficient in Eqs. 1-4 and Eqs. 6-8

length vector of a certain interface for the grid, m

length of the e plane, m

length vector of the e plane, m

length of the k interface (k = e, w, n, 5), m

coefficient of the expression (65), which varies with the kinds of
substances

form function

form function of the k interface (k = e, w, n, s)

coefficient in Eq. 3

coefficients in Eqs. 10 and 11 (h = 1, 2)

constant term of difference Eq. 61 o

parameter in Eq. 48, determined by b, = Bd/gner,
coefficient of the expression (Eq. 65), which varies with the
kinds of substances

= overall mole concentration of gas, mol/m>

convection (or flowing) intensity at the e plane in Figure 2
convection intensity

coefficient of the expression (Eq. 65), which varies with the
kinds of substances

= specific heat of the composition i for the gas phase, J/kg K

the specific heat of solid phase, J/kg K

average compromising particle size, m

diffusion rate of every composition along the axial and radial
direction, m?/s

diffusion intensity at the e plane in Figure 2

effective diffusion coefficient of the composition i, m%/s
diffusion intensity

diameter of the particle, m

interface between two grid points

permeability, wm?

encompassed area of a control body, m?

area of heat radiation, m>

specific surface area of the solid particle, m*/m>

area of the grid, m?

gravitational acceleration, m/s>

enthalpy of formation for the gas composition i, J/mol
vector of total flux item

vector of general flux item at the e plane in Figure 2
rate constant

equilibrium constant of chemical reaction j

the equilibrium constant expressed in terms of the partial fugac-
ity of every composition

length of gallery, m

mass flowing quantity of the composition i, kg/m?
interface between two grid points

coefficient of the expression (Eq. 65)

coefficient of the expression (Eq. 65)

porosity

Nulet dimensionless number

Peclet number

partial pressure of composition i in the mixed gas, Pa
fluid pressure, Pa

ratio of the C;, and D,

quantity of heat transfer, W

heat losses of the gas phase, J/m® s

heat losses of solid phase, J/kg s

r-coordinate

distance between boundary of the outer coal seam and x-coor-
dinate axis, m

radius of gallery, m

weight degree, N/m*

universal gas constant, J/kmol K

quantity of heat exchange by radiation, W

chemical reaction rate, mol/m?> s

radius of the particle, m

radius of the reaction core, m

interface between two grid points

constant relative to ¢ in Eq. 54

generating rate of the composition i in the chemical reaction,
mol/m? s

SH = heat of formation for the gas phase, J
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S, = constant relative to ¢ in Eq. 54
S, = source item
t = time, s
T = temperature, K
T, = temperature of solid phase at the inlet of gallery, K
T, = temperature of gas phase, K

T,, = temperature of the gas at the inlet of the gallery, K
T,, = temperature of the gas at wall plane boundary, K
T,, = initial temperature of the gas at the inlet of the gallery, K

T, = temperature of reaction core, K

Tk, = temperature of the solid particle, K

T = temperature of solid phase, K

T, = known temperature of the solid phase, K
Ts.. = temperature of the outer coal seam, K

u = velocity of the fluid, m/s
w = interface between two grid points
W, = source-sink item
x = x-coordinate
y; = mole fraction of the composition i
v;0 = mole fraction of gasification agent at the inlet of gallery

Greek letters

a = coefficient of heat convection, W/m? K

«, = coefficient of heat convection through ash dreg layers, W/m? K

a, = coefficient of heat convection through reduced film, W/m?* K

ag = coefficient of heat-exchange by radiation through reduced film,

W/m? K

a = coefficient of heat-exchange by radiation through ash dreg lay-
ers, W/m? K

v; = coefficient of weighing and measuring for the chemical reaction
J

£ = radiation rate of solid phase, W/m* K*

&, = radiation rate of gas phase, W/m® K*

6 = thickness of the ash dreg layer, m
8, = thickness of the reduced film, m

8, = distance between two grid points on the vertical k interface, m

6x = distance between two grid points, m

£,(T) = function of the coefficient of heat conductivity, W/m K
{,(T) = function of the coefficient of heat-exchange by radiation, W/m K

v = coefficient of movement viscosity, m?%/s
B = coefficient of geometrical shape for the media particles
¢ = dependent variable

r
Eq. 60
I’ = exchange coefficient at the grid point E in Figure 2
I', = exchange coefficient at the k interface (k = e, w, n, s)
I', = exchange coefficient at the grid point P in Figure 2
I', = coefficient of exchange corresponding to the variable ¢
¢ = characteristic variable of the control body
¢, = variables of difference Eq. 61 (I = E, W, N, §)
¢* = previous iterative value for the variable ¢

AE; = activation energy of chemical reaction j, J/mol
AG = free enthalpy of standard formation, J/mol
AH; = reaction heat of the chemical reaction j, J/mol

Ar = time step size, s
o = Stefan-Baltzmann constant, W/m? K*
g, = coefficient of heat radiation
. = coefficient of heat conductivity for the gas phase, W/m K
Ag = coefficient of heat conductivity for the solid phase, W/m K
p = fluid density, kg/m?
p, = density of the mixed gas, kg/m’

ppo = fluid density of the point P at the previous time, kg/m*

. = density of solid phase, kg/m?

Ps
[[ ]] = selecting the maximum in the square brackets

V = Hamilton operator

Subscripts

b = boundary

¢ = coefficient

C = constant
eff = effective

f = partial fugacity

= exchange coefficient at the e plane in Figure 2, determined by
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= gas
= composition i

= chemical reaction j

= k interface

= wall plane

= grid point P

state of the point P at the previous time
= heat radiation

= radius

= solid

= variable

= outer coal seam

= known value

S8t EWE . = 00
I
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