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1 Instruction

Fuel synthesis through coal gasification qententially provide a solution to the increasing
demand of energy and transportation fuels. Undedgtg the complex chemical processes in coal
gasification, both experimentally and computatibndias received increasing interest in recentsear
In terms of modeling coal gasification processesyipus work have mainly focused on three areas
single coal particle gasificatibir one-dimensional coal gasificatfoh and Computational Fluid
Dynamics (CFD) coal gasificatié?- CFD modeling of entrained flow reactors is extrgnmmplex,
involving gas-phase turbulent flow and particlegdndurbulent flow as well as particle-gas phase
coupling, which is beyond the scope of the prestrdy and thus will not be discussed here.

Previous studies have shown that severabifscincluding the detailed devolatilization Kirosti
gas-phase reactions, char structure (through @ffiysrocess) as well as char surface reactionsaltan
influence gasification behavior, especially at hjghssures. The models in literature have mostg us
simple kinetics or reactions and some reactiongwassumed to be at equilibrium. The reaction rate
has been mostly expressed in terms of one-stepalbveaction rate, which may not be accurate
enough. Additionally, multi-physics interactionstlween gas-phase and particle-phase were not
carefully considered in these models. Some intEnastthat account for the mass and energy
exchange between the two phases were even neglddiede studies indicate that a more detailed
model that includes diffusion process, char stmagtsurface reactions, as well as interactions é&etw
the two-phase at the boundary, is needed for pestat the small scale of particle size. In palicu
the interactions between the particle-phase anduhm®unding gases should be carefully considered.
Finally, gas-phase homogenous reactions and tremspbich have shown to have an importance
impact on the gasification behavior, should be dvettescribed using detailed chemistry, variable
thermodynamic properties, and multi-component partgroperties.

Motivate by this, we developed a multi-phgsimodel with detailed gas-phase chemistry and a
numerical code to simulate the complex gasificapoocesses in a perfect-stirred reactor. The model
considers gas-phase and particle-phase reactiongeldsas coupling including mass and energy
exchanges between the two phases at various s¢alegovernment equations for both phases were
developed. Finally, numerical simulations were agmtdd to understand the gasification process at
various operating conditions.

2 Model description

A multi-physics model with detailed chemistwas developed to simulate coal gasification
processes in a well-stirred reactor. Figure 1 shaveshematic of the reactor. Carbon particles with
diameter dp are uniformly distributed inside thaater together with gaseous species. The pres$ure o
the reactor remains constant, which means duriegésification process the volume increases due to
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thermal expansion and thus the number density af particles decreases but the total number of
particles is conserved. We assume intense mixirgyirecinside the reactor so that all gas-phase
properties are uniform or spatially-independent. &&» assume the temperature and number density
of particles are uniform inside the reactor. Howgvbere are mass, species and energy exchanges
between individual particles and the surroundingega causing local non-equilibrium. These
interactions are modeled on the particle scalather words, a single particle is modeled to inelud
several mechanisms (surface heterogeneous readliffnsion process onto particle surface, and heat
transfer between the particle and the surroundasgsg). Moreover, the model developed for a single
particle will represent all particles inside thactr as we assume the mixture is well-stirred.tRer
gas-phase reactions, detailed kinetics, multi-carepb diffusion, and variable thermodynamic
properties are considered. The governing equatbmsass, species, and energy conservation for the
gas-phase and the particle-phase are coupled twutcéor mass, species and energy exchange
between the two phases. The transient gasificgitfoness will be computed until 99% of the coal
particle is gasified.
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Figurel. Coal Gasification in a Well-Stirred Remact

A. Gas Phase Equations
The conservation equations of mass, species amgyefue the gas phase are given as:
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In Eq. (1), w is the production rate of speciésbecause of gas-phase reactions and surface

heterogeneous reactions. is the molecular weight of speciesIn Eq. (2),y is the mass fraction of
species. N is the particle number densityr_; is the production rate of speciedecause of the
surface reactions which speciegarticipates in. In Eq. (3} is the enthalpy of species S,

represents enthalpy transfer between the two phéisedo mass transfeg, is the convection heat

transfer between the particle and its surroundasgs.

A detailed gas-phase reaction mechanism, GRI-Me2H, 1s incorporated into the model, which
includes 177 elementary reactions and 31 speciggr®echanisms were also used but the results
shown here are based on GRI-Mech 1.2. The gas@mezies are: H2, H, O, 02, OH, H20, HO2,
H202, C, CH, CH2, CH2(S) , CH3, CH4, CO, C0O2, HEGB20, CH20H, CH30, CH30H, C2H,
C2H2, C2H3, C2H4, C2H5, C2H6, HCCO, CH2CO, HCCOHR &2. Multi-component transport
properties and variable thermodynamic propertiegwedopted based on CHEMKIN format.
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B. Particle Phase Equations

The mass and energy conservation equatioasioigle particle are expressed as

w0 (4)

dT,
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In Eqg. (5),Q. is the gross heat by four surface reactions aespsessed as

Q=M aQat MeQ et McQct MpQ, (6)
Wherem, ,, iy g My M, @NAQ .0 Qg Qv Q. , @re the carbon consumption rate and reaction

heat of surface reactions A, B, C and D. Theseti@ss are described in the following.
C. Char Surface reactions

Four heterogeneous reactions are assume#ldplace at the surface of particles:

C+H,0 - CO+ H, (A)
C+CQ - 2CC (B)
C+2H, -~ CH, (C)
2C+0, - 2CO (D)

The reaction rate controlled by boundary taji§fusion is given by Eq.*7. The reaction rate can
be expressed as a function of the partial pressuifee gaseous reactant and the external surfaee ar
of the particle as Eq.'8

_ _ADPW (7)
S rpRuTg (X1 K.)
g, =k, A(PX)" 8

Where, x, and X, are the mole fractions of speci€¢H,O, CO, H, and Q) in the gas-phase and at
the particle surface respectively. is the rate constant of the surface reactions ACEnd D. By
eliminatingxsvl, the surface reaction rate can be obtained as:

| ©)

DW,

M, = Ak, PX(m

3 Preliminary results

Numerical simulations were conducted at various ratpgg conditions to gain a better
understanding of the gasification processes anddeotify the most influential parameters on
gasification performance. The result shown in tiefving is a general case and the parameters used
in the simulation are shown in Table 1.

Table 1: Initial conditions.

Initial gas temperature T, =1200K Initial particle temperature T, =1200K
Gas pressure P =10atm Density of particles p,=1.3g /ent
Initial water concentration X, =0.9 Initial particle diameter d, =25um
Initial oxygen concentration Xo, =0.1 Particle number density N, =55615/cn
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Figure 2. Profiles of gas and particle temperature ~ Figure 3. Profiles of species concentration and
carbon conversion rate.

Figure 2 shows the temperature profiles of the glesse and the particle phase as a function of
time. The particle and gas temperatures incregsdlysto a maximumT, = 1970 KandT,= 2250 K)
in 0.005 second.T, and Ty then decrease and remain the same &fe0.05s T, is higher tharT, at
the initial period { < 0.0039, but becomes lower until an equilibrium is reatlat = 0.05s The
peaks of the temperatures take place at the pbimhigah the oxygen is completely consumed, as can
be seen in Fig. 3. In the initial period, oxidatimi both the gas phase (mainly reactions
2CO+G—2C0, (E) and 2H+0O,—2H,0 (F)) and the particle phase (CFQCO (D)) take place.
However, the rates of the gas phase reactions aoh ffaster than those of solid-gas reactions. The
gas-phase oxidation reactions are dominant in tlesepce of @ This explains why the peak
temperature offy is higher than the peak df, because of larger heat release from the gas-phase
oxidation reactions. Later, after oxygen is constymig and Ty reach the same value because of
convective heat transfer between the particleslaadases.

Figure 3 shows the concentration profiles of sebkt species as well as carbon conversion rate as
a function of time. Note the simulation ends wih@9%o of carbon particles are gasified. The
concentrations of intermediate and minor speciesat shown, which are much lower than the stable
species. The gasification process needs aboueddnds to be complete. 86 <t < 0.005soxygen
concentration falls to zero and CO concentratiardases slightly first and then decreases to zero,
while CQ, concentration keeps increasing to over 10%. Dutfiig) period, carbon surface oxidation
reaction (D) and gas-phase reaction (E) are thdrdorhreactions which consumes most oxygert. At
> 0.005swhen Q is consumed and a peak temperature has been egh@arbon surface reactions A,
B and C become more important, particularly thebecarsteam reaction A, which causes the
concentrations of CO and;itb increase and the concentration g®Ho decrease.

To further understand the relative importance @f fibur surface reactions, the reaction rates of
Reactions A, B, C, and D are plotted as a funatibime in Fig. 4. During the initial period, thate
of 2C+G—2CO reaction is much higher (100 times) than the o0& C+HO—CO+H, reaction. After
oxygen is depleted, the carbon-steam reaction besatominant, with a rate about 10 times higher
than the rate of C+C©»2CO reaction. The reaction rate of C+2HCH, reaction is much slower
than the other two during the whole gasificatiomgass and thus can be neglected under present
conditions. Based on Figs. 2-4, we can divide thsifigation process into three stages: (1) carbon
oxidation, (2) gas-phase oxidation, (3) carbonfgagion, as noted in Fig. 2.
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Figure 4. Profiles of carbon consumption rate. Figure 5. Net production rate of five species th
surface reactions on partic

Figure 5 shows the net production rates of fivecigseas a function of time as a result of surface
reactions. The CO curve has two peaks. The firak pg due to C+0.50-CO reaction, and the
second peak is due to C3#BCO+H, reaction. The first peak corresponds to a maximum
consumption rate of O And the second peak is approximately aligneth witnaximum consumption
rate of HO and a maximum production rate of. At t > 0.15 the rates of all species approach very
low because of the temperature drop which lowergdhctivity.

Figure 6 shows the source terms in the particle ges energy equations. For the purpose of
comparison, all source terms are scaled withq.,. As shown in Fig. 6, the heat released by

reaction D (C+0.59-CO) and the convective heat transfer between pestand surrounding gases
are most important in the initial stage. The fornmareases the particle temperature and the latter
increases the gas temperature by convection. &ftés consumed, the absorbed heat by reaction A
(C+H,0—CO+H,) and the convective heat transfer are most impbriiche absorbed heat by reaction
B (C+CO,—2CO) increases, but the value is smaller thandfalie absorbed heat by reaction A. The
total enthalpy transfer due to mass transfer bystiréace reactions is much smaller compared to the
other source terms in the particle energy equation.
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Figure 6. Comparison of the source terms inthe  Figure 7. Comparison of the source terms in the
particle energeequation gas energy equation.

Figure 7 shows a comparison of three source temntisel gas energy equation, including the total
heat by gas-phase reactions, convective heat ¢raresid enthalpy transfer due to mass transfer from
the surface reactions. In the initial stage, cotivedeat transfer between the two phases is dorhina
A peak of the total heat by gas-phase reactionsre@round = 0.003s Later during the gasification
stage, the three source terms remain almost cdnstan
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4 Conclusions

Following conclusions can be reached based onrimgept study: 1. With the presence of oxygen in
the reactant mixture, the chemical process in #etor can be divided into three stages: carbon
oxidation, gas-phase oxidation, and carbon gasidica2. In the first stage, the reaction rate of
C+0.5Q—CO0 is much faster than the other surface reactionthe later stages, C+8—CO+H,
reaction dominates the consumption of carbon, wittate about 10 times higher than the rate of
C+CO—2CO reaction. 3. In the particle energy equatiagction heat by C+0.56-CO and
convective heat transfer between particles andtieunding gases are most important in the initial
stage. Later when s consumed, reaction heat by G&4-CO+H, and convective heat transfer are
most important. 4. In the gas energy equation, edtive heat transfer between the two phases is
dominant at the initial stage. Later during theifizstion stage, the three source terms (gas phase
reaction heat, convection heat transfer and enthladat transfer due to mass exchange) have very
similar order of magnitude and remain almost carista
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