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Abstract

To account for nonlinear nature and huge model uncertaiofie@nderground coal gasification (UCG) process, a
robust model based control strategy is to be employed. Taiéalle models in the literature do not lend themselves
to control applications easily. In this work a control otieth one dimensional (1-D) packed bed model of UCG is
developed, which can be used in a closed loop configuratitim aviobust controller to maintain a desired heating
value of the exit gas mixture by manipulating the flow ratenpécted gases. The model is also capable of predicting
time and space profiles of some important parameters, whidlide solid temperature, composition of exit gas
mixture, rates of dferent chemical reactions and expected life of the UCG reattesponse to dierent operating
conditions and coal properties. Most of these parametersitirer impossible or very expensive to measure. There is
uncertainty in some coal properties which is addressed bgnging few input parameters using sequential quadratic
programming (SQP) algorithm, a nonlinear optimizatiorntéque. The model results are compared with actual field
trials which show a good agreement for the calorific valuexifgas.

Keywords:
Underground coal gasification (UCG), 1-D packed bed moéejential quadratic programming (SQP) and
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1. Introduction

Fossil fuels (coal, natural gas and oil) cover 84% of Worktiergy demand, of which the share of coal is 28%
[1]. The advantages of coal over other fossil fuels are itativee abundance, and its low and stable cost [2]. Thar
coal field, situated in southern part of Pakistan contairsHillion tons of lignite coal [3]. By considering type of
coal, depth and thickness of coal seam and location of wapgifeas under the surface of earth, UCG project Thar
has launched a project of UCG in Block-V of Thar coalfield taess the energy crisis of the country.

Fig. lillustrates the process of UCG in a simplified mannefoBe the start of process, two wells (inlet and outlet)
are drilled from surface to the coal seam, and a link is eistaddl between the drilled wells to allow the flow of gas
through coal bed. After link establishment coal seam isg@ghand a mixture of gas is injected in to the inlet well. The
inlet gas consists of g, or air and BO. The gasifier is divided in to three zones: oxidation zoeéycing zone and
drying and pyrolysis zone. In oxidation zone, char oxidatieaction takes place which increases the temperature of
the UCG reactor. In reduction zone, the important gasificetéactions take place which generate the desired syngas
(a mixture of CO and b). In drying and pyrolysis zone, the coal seam is initialljedrand then pyrolysed. The
estimated temperature ranges fdfelient zones is also depicted in Fig. 1. The product gasasdimg syngas, come
out from the outlet well. The syngas can be used as a fuel fobawed cycle turbines (CCT) for electricity generation
using Integrated Gasification Combined Cycle (IGCC) powants [5] or as a chemical feedstock [2], and [6].

Four diferent types of mathematical models of UCG are found in teeditire: channel model, packed bed model,
coal block model and process model [2]. In channel modetctign and production wells are physically linked by
a horizontal borehole. The coal is gasified at the perimdténeochannel [7]. This type of method is used for the
high rank coal, which has very poor permeability e.g. arditea Magnani et al., [7] and [8] developed two channel
models of UCG, which represent the system dynamics in ondvemdpace dimensions respectively. In packed bed
modeling technique a link is established between inlet arttbbwells either by reverse combustion linking (RCL)
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Figure 1: Schematic of UCG process [4]

or by fracturing the coal seam using pressurized air or cbaleixplosives [9]. The resultant high permeability zone
is ignited and then gasified by suitable inlet gases [10]sT&thnique is used for low and medium rank coals, e.g.
lignite and sub-bituminous, which have relatively highermeability than anthracite. Winslow et al., [11], Thorssie
etal., [12], Khadse et al., [6] and Perkins et al., [13] cdaesed UCG process as a packed bed reactor. The coal block
modeling technique considers coal seam as a wet slab ofwbalh is initially dried and then gasified. Perkins et
al., [14] has considered coal block model for UCG processc&ss models calculate the cavity growth of the UCG
reactor with time in a three dimensional (3-D) space, Be&taal., [15] considered this type of modeling. Solution of
all the models evolve in both time and at least one space dilmerxcept for channel models. In channel models the
solution is function of space only. These models are only disequantitative description of UCG process, none of
these models are used for UCG process control.

The control of UCG is an emerging area of research and is danfded to the laboratory scale UCG setups. In
literature only the model free control of lab scale UCG ridosnd [16] and [17], and there is no evidence of model
based control of UCG process. In our earlier work [18] a sifigal time domain model of UCG is developed and
then a robust model based sliding mode control [19] straieguccessfully implemented on the developed model.
The simplified model ignores some important aspects of th& e cess and therefore falls short of predicting the
actual UCG phenomena. In the current work limitations ofdimeplified model have been addressed and the results
of the current model have a better resemblance with the ldf@idatrials.

The primary objective of this research work is to developraties oriented mathematical model for UCG process,
which can assist the actual field trials and in the subsequanitol of the process. In this work an already existing
model of [20] is adapted with some modifications in modelctite and solution strategy. The model is capable of
predicting the chemical composition of the product gas amatfon of the injected gas composition and rate as well
as how it might vary with coal properties. The input stoich&iric codficients for coal pyrolysis reaction are also
optimized in order to compensate for the uncertainty in soa@ properties. The optimization is performed by using
a constrained nonlinear optimization technique, based@® &gorithm. The heating value of the model is compared
with field trials in order to validate the model. The model edso be used in a feed back configuration with a robust
controller, which manipulates the flow rate of injected gastane to maintain a desired calorific value of exit gas, as
discussed in [18]. The employed optimization techniqug compensates for uncertainties in coal parameters, which
are used to calculate stoichiometric fitent matrix. There are a lot of other uncertainties andudistnces due to
model assumptions and in-situ conditions respectivelyjclvban be mitigated by using robust control algorithms.

The rest of the article is arranged as: The reactor model @& igdliscussed in Section 2. Section 3 explains the
solution strategy for solving the model equations. In Sect capabilities of the solved model are discussed. Results
of the solved model and field trials are compared in Secti@n8,the paper is concluded in Section 6.



2. UCG Reactor Model

This Section discusses 1-D packed bed model of UCG, whicllapted from [20]. The salient features and
assumptions considered for syngas model are listed below:

e Model of syngas consists of eight gas species: CO;, &, H,O, CH,, N, Oy, and tar (a pseudo specie used
to close the stoichiometry of coal pyrolysis [20]) and twéidspecies: coal and char.

e Equations for energy and mass balances (derived from lawsnsfervation of enrgy and mass respectively) of
gas and solid species are written separately for syngasimode

e 1-D assumption is made for mass and energy balances of gasolddpecies. This approximation ignores
some important multidimensionaffects like heat losses and cavity growth of UCG reactor, butakes the
model simple.

¢ A set of nine chemical reactions is used to describe the aakinetics of the process.

e Heat source generated from chemical reactions is writtparsg¢ely for solid and gas phases, which neglects
detailed interaction at the point of reaction between theptvases.

¢ All the conductive transport is lumped in solid phase, netijg all the accumulation terms in gas phase, this
approximation is actually the part of quasi-steady stasei@ption. According to this assumption convective
inter phase and heat source terms for chemical reactiongdtarthe accumulation terms at all points in the
system. This assumption is valid due to low density of gaseles compared to solid phase, and also due to
the large diferences in the characteristic time of both phases.

e Coal seam is assumed to be a porous medium, and Darcy’s Isgdsas momentum balance for gas phase.

e The particle size and porosity of coal bed is assumed to bstaoh

2.1. Mathematical Equations
2.1.1. Solid Phase Mass Balance

The mass balance equation for solids explains tfexceof diferent chemical reactions on the rate of change of
solid density.
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wherep; is the density ofth solid (kgm?), asj is the stoichiometric cdicient ofith solid specie injth chemical
reaction &g;j is positive for products and negative for reactarg)is rate ofjth chemical reaction (mgh?/s), M; is
the molecular weight of solid compondr(kg/mol) andt is variable for time (s).

The chemical reactions and there kinetics are given in Geef.

2.1.2. Solid Phase Energy Balance

Eq. (2) shows that how does solid temperature change withdine to heat transfer through conduction (between
adjacent coal layers) and convection (inter phase heatfaacaused by the movement of gases), and heat of chemical
reactions.
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whereTs andT are solid and gas phase temperatures respectively(k§)coal bed porosityk is the dfective
thermal conductivity of solids (dVs/K), hr is the heat transfer céiicient (Jm®/g/K), cs is the specific heat capacity
of component (Jm/K) and AH; is the heat of the reaction for heterogeneous (solid-gasYimns (dmol) andx is
variable for reactor length (m).

The description ofy andk is given in Eq. (A.1) and Eqg. (A.3) respectively.

2.1.3. Gas Phase Mass Balance

The concentration of a gas is changed when it moves fromtimletitiet. The change is brought by the chemical
reactions and superficial gas phase velocity. Superficiatitg in porous media, is a hypothetical velocity of gas
phase considered over whole cross sectional area by ignibrénsolid phase [21].

dG _ 1  dw, v, p
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whereC; the concentration oth gas (molmd), uq is superficial gas velocity (f8) andaj is the stoichiometric
codficient ofith gas injth chemical reactiong; is positive for product gases and negative for reactantsjase

2.1.4. Gas Phase Energy Balance

The gas temperature is onlffected by convective heat transféieet and heat of chemical reactions, as gas moves
in the reactor. The accumulation terms are neglected duedsi-gteady state assumption.
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wherec,, is the molar heat capacity foth gas andH; is the heat of the reaction for homogeneous (gas-gas)
reactions (dnol).

2.1.5. Momentum Balance Equation
The solid species in the model are immovable, so momentuambelis only written for gas phase using Darcy’s
law.

dx 2K ©®)

whereP is the gas pressure (P#),is the gas permeability céiecient (n¥), andy is the viscosity (Pa.s).

2.1.6. Equation Of State
Ideal gas law is used to relate the gas phase pressure, tomessind concentration.

Cr = — (6)
Cr = Zci

whereRis universal gas constant fr®amol/K).



2.1.7. Gas Phase Velocity
The equation for the gas phase velocity is derived from Ecai(@ Eq. (6)

d UgdP UgdT RT 2
—Ug = —— — i R 7
dx ¢ Pdx T dx P;jzla” ! ()
3. Method Of Solution
I/P all the Initialize solid
coal » phase
parameters system
solid(t=0,x)

Solve gas phase system by TR-BDF2,
using R(0,x) and boundary conditions for
gas phase

gas(t=0,x)

t=t+dt

Solve discrete solid phase equations
using R(t,x)

No solid(t+dt,x)

Solve gas phase system by TR-BDF2,
using R(t+dt,x) and boundary conditions
for gas phase

gas(t+dt,x)

tend

Yes

End
Figure 2: Solution strategy for the UCG reactor model

The model yields two sets of equations, a set of eleven fid&ragas phase ordinaryfférential equations (ODE's)
in length domain (Eq. (3) for all gases, and Egs. (4), (5) ah)l&nd a set of three solid phase partidfatiential
equations (PDE’s) in time and space (Eg. (1) for each soldiEa (2)). These two sets of equations can be used
for subsequent control of the UCG process. The gas phaséi@mgiare solved simultaneously as a boundary value
problem, marching from inlet to outlet. Due to thefiStiature of the gas phase ODE’s, they are solved using TR-
BDF2, an implicit Runge-Kutta algorithm [22]. The gas ph&ieE's become sfi due to large increase in solid
and gas temperatures (see Fig. 3) at reaction front. Reafttot is a location along the reactor’s length where
heterogeneous (gas-solid) reactions take place (zooneedimr=ig. 4). The solid phase equations are discretized
using forward Euler and explicit finite fierence methods [23] for Eqg. (1) and Eq. (2) respectively,thrd solved
for new time. The discrete solid phase equations are givappendix B.

The complete solution strategy is given in Fig. 2. The sohlustarts by initializing coal parameters and solid
phase equations and then solving gas phase system for fjegéts initial conditions. The initialization of solid
temperature mimics ignition of coal bed, which is very catifor solution of the system. When solution progresses
in time the solid phase system is updated first, and then th@lgase system is advanced in time using the updated
solution of solid phase system. Solid phase system useSaeaates for previous time: R(t,x), where as gas phase
system uses the updated reaction rates+@R(x). The equations for reaction rates given in Appendix ré\aritten
within the gas and solid phase systems.



Each solution variable is a 2-D matrix, which shows the ba&raxf the variable with respect to time and length.
The solution evolves in time due to the solid phase systentladhange in the length is brought by the gas phase
system. Therefore the coupling of the two systems is veticati

Table 1: Input parameters for UCG packed bed model

Sr | Parameter Value

1 Length of reactor 25m

2 Coal type Lignite B

3 Flow rate of inlet gas mixtur& 2 mojm?sec (for Sec. 4)

4 Inlet gas composition air (21% Q and 79% N) during ignition
and gasification

5 Temperature of gas at the inléit,Lo) 430 K

6 Pressure of gas at the inld?,{o) 618.0825 KPa

7 Velocity of gas phase at the inleiy_,) (CTL_O)

8 | Initial coal density 1250 kgm®

The model is simulated in two modes: ignition and gasificatiDuring ignition, coal bed is heated up to initial
0.1 m for 1000 secs. Due to the absence of steam during ignatiase no gasification reaction takes place, the only
reaction taking place in this phase is coal pyrolysis, witichverts coal in to char. When gasification phase starts, a
suficient amount of steam is assumed to be present or is allowendtén the UCG reactor. An optimum amount of
steam is required during the gasification process to fatglithe production of syngas. During the field trials thetinle
gas does not contain any steam. This means water which @grindo the UCG reactor from surrounding aquifers
and moisture contained in the coal converts in to steam asistashe gasification reactions. The water intrusion can
be controlled by varying the pressure gradient within tteeter [24].

Some of the important parameters used for simulation of #8& Weactor model are listed in Table. 1.

4. Model Capabilities

Some important results of the model are discussed in subseparagraphs, which show that the solved model is
capable of predicting some important parameters of the U@Ggss.

Fig. 3 shows the movement of length profiles of solid and gapegatures with time. For all the given cases, gas
temperature follows the solid temperature, the gas teryrerancreases if it is less than the solid temperature and it
decreases if it is greater than solid temperature. The safligherature profiles contain a lot of information, e.g. for
second case (18300 secs) the left boundary of solid temypernatofile indicates the location of reaction front and its
right boundary is showing pyrolysis front (location aloihg treactor length where pyrolysis reaction takes place). At
the reaction front solid temperature suddenly rises todekpralue due to highly exothermic char oxidation reaction.
When solid temperature moves towards pyrolysis front itaezdecreases due to endothermic steam gasification and
CO, gasification reactions. The hump in the solid temperatuee pgrolysis front is due to exothermic pyrolysis
reaction. The region before the reaction front is callecbtelzone, the region between reaction front and pyrolysis
front is called the reaction zone, and the region beyondlpsi®front contains unreacted coal.

The reaction zone at 18300 secs is shown in Fig. 4. For awidimplexity in solution of the system, all
the reversible reactions are considered to proceed in tiweafd direction only. All of the reactions havefidirent
activation energies, so they are activated difedént temperatures. Due to high activation energy of gasidic
reactions, the peaks of the reaction rates of steam gakificéR;) and CQ gasification (R) reactions occur at
the reaction front, where solid temperature has its maximame. The reaction rates of heterogeneous char-gas
reactions: char oxidation g steam gasification @, CO, gasification (B) and methanation @ are significant
near the reaction front, where char is in excess. The chalatinn reaction rate (I? is also very sensitive to the
amount of Q in the inlet gas mixture. The rate of pyrolysis reaction)(R maximum near the pyrolysis front, where
the coal is in excess. The water gas shift reaction rage §Rnost spans the whole reaction zone, except the region
where concentration of steam and solid temperature havedtwes. It can be seen from Fig. 4 that the process of
UCG is dominated by three reactions: coal pyrolysis, ch&ation and steam gasification.
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Figure 3: Profiles of solid and gas temperatures along réad¢mgth at diferent simulation times.
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Figure 4: Rates of selected chemical reactions along tiggHenf reactor at 18300 secs.

Fig. 5 shows dry gas mole fractions along length at 18300 €&csoming from the inlet well remains unreacted
until the reaction front, where it is entirely consumed byichxidation reaction giving rise to GQn the reactor.
Mole fraction of CQ remains constant until the pyrolysis front, where it sligltecreases due to less increase in
the concentration of COin pyrolysis reaction as compared to the other volatiles. i€@enerated at the reaction
front by steam gasification reaction, when CO moves towdrdutlet well it is completely consumed by water
gas shift reaction before its regeneration by pyrolysistiea at pyrolysis front. Like CO, Hlis also produced by
the steam gasification reaction, on its way towards the esthaell its concentration is first increased by water gas
shift reaction (a small increase) and then by pyrolysistieaca large increase). CHand TAR are the products of
pyrolysis reaction, which are produced at pyrolysis frofig. 5 also shows that concentration of gases and hence
mole fractions only change within the reaction zone.

The densities of coal and char are show in Fig. 6. Coal isaifytdried and then pyrolysed (heating in the absence
of Oy) by heat coming from the reaction zone, the products of pgislare char and gases which reside in the reaction
zone to assist other reactions. Char is produced at theysysdtont and consumed at the reaction front, between the

boundaries of reaction zone it remains constant. Theréfoam be concluded that reactions involving solids occur at
the boundaries of reaction zone.
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Fig. 7 shows that pyrolysis front and reaction front moverfrimlet well to outlet well with the passage of time.
The results in Fig. 7 give a rough approximation of the expetife of UCG reactor. The instantaneougfelience
between locations of pyrolysis and reaction fronts givesantaneous width of the reaction zone. Fig. 7 shows that
reaction zone is widening with the passage of time, thisrigdion is also implicitly provided by Fig. 3 and Fig. 6.
Fig. 7 also gives an idea about the expected life of the UCGtoeaThe fuel for the reactor is coal and char. When
pyrolysis front reaches the outlet well (25 m) the coal bedlisost exhausted. The process ends when all the char
is consumed in the reactor, which is indicated by reactiontfapproaching the outlet. Actually all the chemical
reactions take place between reaction and pyrolysis fi@ets Fig. 4), therefore when reaction front approaches the
outlet well all the reactions stop and the process ends.
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5. Model Validation

It is important to highlight that the solution of the modebamence model validation is very sensitive to the initial
conditions of solid phase equations and boundary conditiongas phase system. In addition, the discretization
in time and length for solid and gas phases respectivelyldhmei able to capture the complete reactor dynamics.
Therefore it is very important to choose a maximum step sizdifme and length which can avoid divergence of
solution and also provide all the necessary informatioruatiee model by avoiding the computational complexity.

5.1. Experimental setup

Al
Pipe carrying air
from compressors

Figure 8: Field area showing setup for UCG.

The site area consists of control and analysis area andangrdar field. The important components in the control
and analysis area are LP (Low Pressure) and HP (High Préssamgoressors, control valve and gas analyzer. LP
compressors are used to supply air during gasification,evageHP compressors are used as a source of compressed
air during well linking phase. The wells are linked usinge®se combustion linkage (RCL) technique [25]. Control
valve is placed in a control room and it is used to manipulai flate of air coming from the compressors. After
separation of steam from the exit gas mixture, the gase&atacsthe gas analyzer. The GAS 3100 R coalgasyas
analyzer [26] measures the mole fraction of gases and tHeulates the heating value of the exit gas mixture. The
technologies used to measure mole fraction @edént gases are listed below.

e CO, CQ, CH4 and TAR are measured by Dual beam Non-Dispersive R&d{NDIR) detectors.
e Hy is measured by Thermal conductivity (TCD) detector.

e A galvanic fuel cell is used to determine the % volume contéi@, in the sample gas.

Molar fraction of N is measured by using the measurements of other gases. Tiirgghedue of gases is calcu-
lated by using following relationship

HVexp = mMcq,,Heo + Mrar, Hrar
+ My, Hen, + Mu,,, Hi, (8)

whereHVeypis the experimental heating value of the exit gas mixturgr(ik)l mg,,, is the experimental percent-
age mole fraction oith gas andH; is heat of combustion ath gas (KJm3).

The field shown in Fig. 8 spans 18756 area (150 m long and 125 m wide) and contains an arrag)@f wells
connected by a network of pipes, two consecutive wells am@ 2part from each other. The blue pipes in Fig. 8 take
air at a specific pressure and flow rate to the injection well e red pipes carry product gas mixture to the gas
analyzer from the outlet wed.

The experiment was performed on a pair of wells. The sulject@l seam was 144 m to 149 m deep and 5 m
thick.



5.2. Optimization

Two different sets of data are used for optimization and model aitla There is uncertainty in the ultimate
and proximate analysis of coal and char which is compengdateptimizing some parameters. The proximate and
ultimate analysis of coal and char have an impact on stameaidc balance of chemical reactions given in Table. A.2,
especially on coal pyrolysis reaction. Moles of 31), CHa (as1) and Char &s,,) are inputs for balancing the coal
pyrolysis reaction, so there valuefext the moles of other product gases. Therefore uncertairtgal analysis is
compensated by optimizirg 1, as1 andas,,. The constrained nonlinear optimization is performed gisequential
guadratic programing (SQP) algorithm [27], which is defiire#q. (9).

h(x) = 0

900 <0 ®)

mingf(x), such that{

wherex € R" is a vector of optimization variable$,: R" — R is a scalar objective functiof, : R" — R™
defines the equality constraimt,: R" — RP defines the inequality constraint.is a quadratic function of andh
andg are dfine functions ok.

The inequality constrairg makes sure that moles of CO remain greater than zero in coallygis reaction. The
equality constrainh is not used in the optimization routine.

The definitions ok, f andg are given in Eq. (10).

X = [83,1 as1 aszl], Xib < X < Xub
n 2
f Zt:l (HVsimt - HVexpt)
= WX
Z?:l HVexpt
g < o0
g = Ax-b
where
A = [Cl C2 Cg] (10)

wherex, = x — 0.05xandxp = X + 0.1x are lower and upper bounds mrrespectivelyw is a weighting factor
which is used to suppress the objective functidiv,s, is simulated heating value of product gas mixture/(h)
which is a function of multiple variables including A € R3 is a vector of constants afds also a constant.
The value ofHVsm can be computed by using Eq. (11)

HVsim = mMcoHco + MrarHTAR

+  McraHen, + My, Hy, (11)
Ci
- = 100x —
Mg, &
) 8
G = > G
i=li#4

whereny, is percentage mole fraction ith gas ancCy (mol/m3) is total concentration of gases without steam.
The above equations show that the parameters are optim&ied results of experimental data obtained from
the site. During optimization constraints are imposed arhgemrameter to make sure that these parameters have the
same physical limitations as on site. Once the parametergmimized the results are validated againfedent set
of experimental data at fierent conditions. However the operating conditions likmposition of inlet gas mixture,
flow rate and pressure of injected gases and amount of stedine idCG reactor can be kept same foffelient
experiments.

10



5.3. Result Comparison

After optimization, results of the solved model are compaséth the experimental data from field trials. The
experimental data is taken after every one hour, where adisieeetized solid phase equations in Appendix B are
solved with a step size of 20 secs.
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Figure 9: Flow rate (G) of the injected air provided by the ldhpressgs with time
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Figure 11: Experimental and simulated gas mole fractioogfartant gases with time

Fig. 9 shows the flow rate of inlet air supplied to the injectimell. The experimental and simulated heating
values of the exit gas mixture are shown in Fig. 10. fadience can be observed between simulated and experimental
results. The dference can be reduced by increasing the optimization asalhich is in progress. The oscillations
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in simulated results in Fig. 10 and Fig. 11 are due to the sudligease in the solid temperature (can be seen in
Fig. 3) at the reaction front for every time step. The abs@foscillations in experimental results is the result ofslo
sampling (data taken after every one hour). Fig. 11 showsnible fraction of gases which contribute to the heating
value.

6. Conclusion

The control oriented model of UCG is successfully developéte solution of the model shows that the heating
value of the exit gas is sensitive to flow rate of inlet gasdseré&fore a robust control strategy can be employed to
maintain a desired heating value in the presence of distedsaand model uncertainties by manipulating the flow
rate. The solution of the model is also sensitive to the caitipn of inlet gas mixture, amount of steam residing in
the UCG reactor and properties of coal seam. The solved nwdapable of providing estimates for some important
parameters of the process, which are useful for analyziagtbcess dynamics and in the conduction of actual field
trials. The expected life of UCG reactor can also be detezthbyy the information of the reaction front location. The
input stoichiometric cocients for coal pyrolysis reaction are optimized and rasaite compared with actual field
trials. Despite the assumptions considered in the moddithelated results show a good match with experimental
results.

Appendix A. Physical and Chemical Models

Appendix A.1. Inter Phase Transport Gldents

The inter-phase heat transfer @d@enth determines how quickly the heat transfers from one phasedther by
the process of convection. The heat transfefiocient can be determined by following relationship [20].

0.51
hr = 3Cqud*T™S [@] x 107° (A.1)
whered is particle diameter (m).
The inter-phase mass transfer fia@ent used in the reaction rates is given by [20].

k, = O.lhy (A.2)

Appendix A.2. Thermal Conductivity

The relation for &ective thermal conductivity takes into account conducitiosolid, radiant transfer and conduc-
tion through fluid adjacent to solid [20].

1-
Kk = — == sdL, (A.3)
(£)+ (;)
s 2514+dLs
Ls = 3.16x101T3
54x 101213
L, =

1- 0.125(1%)

whereAs is the thermal conductivity of char/§K/m), andAg is the thermal conductivity of H(Js/K/m).

12



Table A.2: Chemical reactions considered in the model

Sr | Chemical equations

1. Pyrolysis

CHaOp — as,,CHaOp + a1,1CO+ @21C O, + a31H2
+3a41H20 + a51CHy + ag1CoHc

2. Char Oxidation

CHaOp + 87202 — @22CO; + [as2H20]

3. | Steam gasification

CHzOp + a4 3H>0 = @;3CO + az3H>

4. | CO; gasification

CHaOp + @24C0O = @14CO + [a4.4H20]

5. Methanation

CHzOp + agsH> = [a15CO] + as5CHy

6. | Water gas shift reaction

alvg;CO +ag6 H,O = a2,6002 + ag’eHz

7. Oxidation of H»

ag7H2 + a7702 — ap7COy + a4 7H20

8. | Oxidation of CO

a18CO+ a7802 — apgCO

9. Oxidation of CH4

a59CH4 + 27902 — a29C0Op + a4 9H20

Appendix A.3. Chemical Model

A lot of chemical reactions take place in the UCG channely it set of nine important reactions is considered
for describing the chemical kinetics of the model [20].

CH,0, andCHzOy in coal pyrolysis reaction are molecular formulas for coal ahar respectively. The values of
a, b, a, andb are determined by coal and char ultimate analysis. Reacfidhare heterogeneous (char-gas) reactions
where as Reactions 6-9 are homogeneous (gas-gas) readtanexpressions for the chemical reaction rates [20] are
given in the subsequent text.

Appendix A.3.1. Coal pyrolysis Reaction Rate

_ op (6039
Rl = 5M1 exp( T (A.4)

wherep; andM; are density and molecular weight of coal respectively.

Appendix A.3.2. Char Oxidation reaction Rate

R = T = (A-5)

E + kyy7
9.55x 10%p,y,P exp( —2?42)-':,0,5
M;

RC2 =
T = BTs+(1-p)T

wherep, is char densityM; is the molecular weight of char and is the mole fraction 0ofD,. For simulations
B=1
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Appendix A.3.3. Steam Gasification Reaction Rate

;1’ |f)/4 (y1y3) >0
E3

4L
ky
R3 _ RC3 yYa

15;’ |fy (y1y3)<0

Reg ~ kyy1
_ Rc_f( _ M)
Re, v Ya Ke,
p2y3P? exp(5.052— 1220°)

(A.6)

R,* = 2
M, [Y4P + exp(—22.216+ %Tg@)]

wherey,,ys andy, are molar fractions of CO, Hand HO respectively, anlg, is equilibrium constant for steam
gasification reaction.

Appendix A.3.4. C@Gasification Reaction Rate

1 ; vi
_—, - if yz—(K—)<0

Ry = {™ o2 (A7)
e 'fY2—(Ki)>0
Ry, kyyr
Re,* ¥i
R, = (YZ “L
Y2 Ke,
1.15% 10%,y,P exp(-2%)
R,,” =
* M2D
D = 1+0014y1Pexp(7549)
+ 0.21y,P exp( 1~71)
7
wherey, is the mole fraction of C@ andKg, is equilibrium constant for C@gasification reaction.
Appendix A.3.5. Methanation Reaction Rate
L, if (y—)
Ry = |7 %ol (A.8)
L if Y§ (Ky_) <0
Res 95
_ RS ¥s
RCs - yg y% KE5
. p2Y3P? exp(2 803- 13673)
Res

M2 1+ ysP exp(-10.452+ 146%)]

whereys is mole fraction of CH, andKg, is equilibrium constant for methanation reaction.
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Appendix A.3.6. Water Gas Shift Reaction Rate

——— c1c4—(czc3) >0

_ Reg ' kyv1 Keg
Re = PR - (A.9)
— ., FCC—(3E2)<0
Reg  Kyv2 Es
Ry CCs
Res = CiC4 CiCa- Kg,
-72
R,* = 3x 107¢Clc4exp( TSO)

whereC,, Cy, C3 andC,4 are concentrations of CO, G{H, and HO respectively, anég, is equilibrium constant
for water gas shift reaction.

Appendix A.3.7. Gas Phase Oxidation Reaction Rate
All the gas phase oxidation reactions are assigned zer@djate

In Eq. (A.6)-(A.9) first condition is for forward rate and s for the reverse rate.
Appendix B. Discrete Solid Phase Equations
Appendix B.1. Discrete Mass Balance For Solids
t+1

9
Pt = M Z as,1j x dt+pf (B.1)
=1

wheredt is step size for time (S).

Appendix B.2. Discrete Energy Balance For Solids

1 r
T = c T8, - 2T + T8 |+ T8,
+ dta [Th-T5]- dtC—S (B.2)

r

dt
(1-ksgs
wheredxis the step size for length (m).
The solution of above equation converges fox % [23].
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