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In this work gasification of char is studied in a simulatiomledhat includes a detailed 22 step hetero-
geneous reaction mechanism for char reactivity with, O and Q, and uses GRI-Mech 3.0 as the
chemical kinetic mechanism that describes the impact ofdgemneous reactions. The code is transient
and zero dimensional in space, and is designed to be used®atstand-alone gasification/combustion
code and as a sub-model for heterogeneous reactions ofpeotidles in a CFD code both when the
particle evolution is described by Lagrangian particlekiag and when an Eulerian-Eulerian method-
ology is chosen.

The main results for gasification of Wyodak coal char, in aniremment similar to a full scale gasi-
fication reactor, are presented. It is shown that for manyiegtjons, it is important to account for
inter-particle radiation, i.e. it is not sufficient to coder only radiative heat exchange between the
particle and the surrounding wall, radiation between pkesishould be considered as well. Accountis
made for CO and Klinhibition in the model, and is shown to significantly affebtar reactivity rates.
The inhibition is due to CO or Heither blocking free carbon sites or reacting with adsoiaaden.

1 Introduction

There are three main routes to power production from codl @®, capture and storage (CCS);
pre-combustion, post-combustion and oxy fuel combus#dirthree main routes have their advan-
tages and disadvantages, and all of them will most likelydraroercially used, but for different
situations. For the pre-combustion route the gasificatiocoal to syngas is the "heart” of the
process. Coal gasification is also at the heart of a traditifBCC plant, which in many respects
is the starting point of a pre-combustion CCS plant.

The gasification process consists of the devolatilizatibase, followed by the reaction of the
volatiles and the char burnout phase. The char burnout pdscéirough heterogeneous reactions
between the gas and the solid phase. Single particle chaobiucan be modeled using transient
zero dimensional models, i.e. with no spatial discretmatiwhich is done by e.g. Qiao et al.
(2012) [1] and references therein. These zero dimensiondkin are fast and can potentially be
used as sub-models for heterogeneous reactions in highendional CFD tools.

For high reaction rates, i.e. when the diffusive time seglés much smaller than the reactive time
scaler, such that the Damkohler numbea = 7, /7, is much smaller than unity, the char particles
will not be burning uniformly due to species gradients witthe particles. In order to improve the
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accuracy of the simulations one may then employ one dimeabinodels where radial gradients
within the particles are resolved. This can be done both itatogary [2] and a transient [3]
fashion.

2 Equations

Let's define a volumé/, enclosed by the surfacg, containing a gas mixture with a constant
number of N, embedded char particles. Let the surfatbe impermeable such that there is no
mass flux overS and let it be flexible such that the voluriveis allowed to change in order to keep
the gas pressure of the enclosed gas constant. The totalmemksS is then constant and equal to
m = m, N, +m, Wherem, is the mass of each particle white, is the mass of the gas. It is clear
that the gas density is given by = m,/V while the particle number densityig = N, /V.

Due to reactions between the gas phase and the patrticle giteasewill be exchange of matter
between the two phases. The change of the mass fractiongdgspin the gas phase is corre-
spondingly determined by the species production rate ddg ttee particle-to-gas reactions,, ;,

2) the gas-to-gas reactions,, ;, and 3) the gas-to-particle reactions, ;. For the char gasifica-
tion we are interested in here the gas-to-particle reagt@wa insignificant and they will therefore
be neglected them from now on.

The patrticle-to-gas reactions are determined by the sedaaftions listed in Table 1. For this set
of Neacsurt = 22 heterogeneous reactions the generalized equation faacgugdsorption and
desorption due to reactidnis

Nspeme Nads Nspeme Nads

Z Vzkaz‘i‘z,ujkﬁj— Z Vkaz"i_z,ujkﬁj (1)

where Ng,ecies 1S the number of gas phase specils;; is the number of adsorbed species and
andg; represent gas phase speciasd adsorbed solid phase spegigespectively. Furthermore
wjx andp’ - are the stoichiometric coefficients of the adsorbed solasprspecies on the reactant
and product sides, respectively, while the stoichiometoiefficients of the gas phase species on
the reactant and product sides are givewQyandy; ,, respectively.

2.1 Gas phase equations

The gas phase is described by three evolution equationan@ke equation

specxe

dm
Y =V Z wpgz 2 (2)

where M; is the molar mass of speciésallows for mass to be added to the gas phase due to
reactions with the solid phase, while the species equation
dm,Y;
dt

= V(wpg,i + wgg,i)Miv (3)
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Nr. Reaction Ap E,/105 04/10° Dep. spec.
R1 2Ct + H,0 — C(OH) + C(H) 9.20 x 101 105 0 Hy0
R2 C(OH)+ C(H) — 2Cy + H30 2.37 x 102 101 0 -
R3 C(OH)+Cy — C(O)+ C(H) 1.52 x 10 50 0 -
R4 C(O)+C(H) — C(OH)+ Cy 2.37 x 1014 121 0 -
R5 C(H)+ C(H) — 2Cs + H, 1.52 x 10'2 100 0 -
R6 2Cy+ Hy, — C(H)+ C(H) 2.00 x 10 20 0 H,
R7 C(H)+ C(OH) — Hy+ C(0) + Cy 1.52 x 106 155 0 -
R8 C(0O)+Cy,— CO+Cy 1.00 x 10 353 28 -
R9 C(H)+Cy,— CH+Cy 1.00 x 10" 433 36 -
R10 C(OH)+Cy, — COH + Cy 1.00 x 10 433 36 -
R11 C(H)+ C(H) — CHy + Cy 1.00 x 10? 200 0 -
R12 Cy+COy — C(O)+CO 1.52 x 107 168 0 COy
R13 C(0)+CO — Cy+ CO;q 2.37 x 105 65.7 0 CO
R14 Cy+ C(0) + COy — C(0) +2C0 3.26 x 106 367 0 CO,
R15 Cr+CO — C(CO) 5.06 x 10+ 77.9 0 coO
R16 C(CO) — Cy+CO 1.00 x 1013 455 53 -
R17 CO+ C(CO) = 2C; + CO 3.36 x 10° 266 0 CO
R18 2C; + 0y — C(0)+ CO 6.50 x 1013 102 0 O
R19 2Cf + Oy — CQ(OQ) 8.95 x 10? 55 0 O
R20 Cb+Cf+C(O)+OQ—>C(O)+COQ+Cf 1.18 x 1015 120 0 O
R21 Cy+ Cs+C(O)+ 02 = 2C(0) + CO 3.74 x 1022 227 0 O
R22 Cy + CQ(OQ) — QCf + COs,. 1.00 x 1013 304 33 -
Table 1: Arrhenius parameters and dependent species for the surface reactions for Wyodak coal.

The unit of both the activation energy  E} and the distribution width o, is J/kmol.

whereY; is the mass fraction of specigscontrols the total mass of any give speciesY;) in the
gas phase. The total mass of a species changes either dwtioms in the gas phase itself or
due to reactions between the gas and the solid phase. Thgyetgration can be expressed in the
terms of enthalpy,, as

d(mgh)

S =,V (Qn + Qo) (4)

yielding that the enthalpy will change only due to héator enthalpy,, being transferred from
the solid phase to the gas phase.

The equation for the mass of the gas phase, (2), can be renwas

Nspecies

m
= -9 Z wpgviMZ-. (5)
Pg =1

dm,

dt

Using Eq. (5) it is also straight forward to re-write the Sps@quation as

d}/’l Nspecies
Po~ar +Yi D WMy = (Wygi + Whgi) Mi. (6)
k=1
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In order to find an equation for the temperature evolutionranst use Eq. (3) to find

d(myh) d(mgyh;Y;) dh; d(m,Y;)
dt j%: dt j§:7ng "dt *‘§§3f“ dt
dT,
MyCpg—y + Z hiV (wpg,i + Wgg,i) M (7)

whereh; is the enthalpy of speci€sT} is the temperature of the gas and where it has been utilized
that the heat capacity of the mixture at constant pressuyg, is- (0h/0T),.

Combining Eq. (7) and Eq. (4) yields

dT Nspecies
pgcp,gd—tg + Z hi(Wgg,i + Wpgi) Mi = np(Qn + Qc). (8)

i=1

The convective heat transfer between a particle and thesgas |
Qe = _HAp(Tg - Tp) 9

whenT,, is the temperature of the particld, = 477 is the outer surface of the particle, is its
radius and the heat transfer coefficient can be expressdd as |

Nuk B
H =% (10)
2r, exp(B) —1
whenNu is the Nusselt numbetk, is the thermal conductivity of the gas mixture
MpCp,g
11
2mr,Nuk, (11)

is the Stefan flow constant [5] and, = dm,/dt. Finally the enthalpy transfer between the
particles and the gas is

Nspecies /
wpg,i hz Mz

Qn= )

i=1

(12)

Tp

If the species is a gaseous reactant the valuehffis evaluated at the temperature of the gas
mixture while if it is a product of a solid phase reactinis evaluated at the particle temperature.

Furthermore the equation of state for a perfect gas is used;

T,
p — Paltly (13)
M
where the mean molar mass is .
M = i . 14
Zi:agl)emes Y;/MZ
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2.2 Particle phase equations

The evolution equation for the mass of the coal particlevemgiby

dm,

dt

= —S,M.R, (15)

whensS, = S,.m. is the total surface area of the particle, is the molar mass of coal, is the
molar reaction rate of coal ar),. is the specific surface area of the particle. In the curremkwo
we have used,., = 3 x 10° m?/kg, which is a valid number for sub-bituminous coal. Since
R, = R;M;, EqQ. (15) can be re-written to read

1 dm,
me dt M,

Me

= —S,.R. (16)

whenri, is the carbon consumption rate due to heterogeneous resciibe total surface are of a
particle was found by [6] to be

Si = (1—2)Sp0\/1 — ¢ (1 — ) (17)

for zone | combustion when the carbon conversiaa
e=1- 1T (18)

meo

A more general expression, which in addition to zone | alkmal for zone Il and Il combustion,
is presented by [3];

St:(1—x)st,0J1—zp1n(pc> (19)
Pe,0

which should be valid for all zones and reduce to the expoessi[6] for zone | combustion.
The particle temperature equation is given by

dT, 1
dt MyCpp

(Qreac - Qc + Qrad) (20)

whenc, , is the specific heat capacity of carbon.

The net heat of reaction of the particle due to solid phaseticess is

Nreac,surf

Qreac - Z mc,ereac,k (2 1)

k=1

when Ne.csuet 1S the number of heterogeneous reactions @nd . is the heat of reaction for
surface reaction. The molar heat of reaction for reactiéns given by

Nsurf,spec Nads
~ / /
Qreac,k = Z Vi,khz‘ - Vz-,khz‘ + Z Mj,khj - Mj,khj (22)
=1

=1

5



8th Us Combustion Meeting — Paper # 070C0-0312 Topic: Coal and bi  omass combustion and gasification

when h; is the enthalpy of formation of speciés The enthalpy of formation of the adsorbed
speciesh;, has in the current work been set to half the value of the spmeding non-adsorbed
species. It is found that the final result is not very sensitovthe method used to firid and it is
therefore believed that the errors introduced due to tHeda&nowledge of the exact value bf
are minor.

The radiative heat from the particle to the wall is tradiaty described as
Qraa = deomr(Ty — T))) (23)

wheree, o andT,, is the emissivity, Stefan-Boltzmann constant and the veafigerature, respec-
tively. Here gas phase radiation and radiation betweelcpegthave been neglected.

When accounting for inter particle radiation, and picking &verage particle within the enclosure,
the radiative term can be shown to be

Qrad = npR (Tzil; - T;) (24)
where
FB) =15 e 2+ o (25)
S 2p? B 2p?

the optical depth i$§ = aR, R is the radius of the enclosure and= mﬁnp is the absorption
coefficient due to the particles. In the above the averagicfgars defined such tha@,,qn,V =
Eannet WhereE,,i et IS the net radiation to the wall.
The Sherwood number

. 2Tpkim
~ CyDjp,
is set to two since the Reynolds number is assumed to be ii#gligfrom the above equation the
mass transfer coefficient is found to be

Sh

(26)

CyDim

Tp
whenD,,, is the molecular bulk diffusivity of speciésand the total gas concentration is
p P
Y M RI, (28)

Given a rate for reactioh, RRy, the production rate of carbon per total particle surfaea és
Nspecies
Rc,k = Mc Z RRk(”;Jg - Vi,k)ac,i (29)
=1
whena,; is the number of carbon atoms in specieBrom Eq. (16) it can be seen that the carbon
consumption rate due to reactibrmay be written as

mc,k = _StRc,k- (30)

Furthermore, the molar production rate per particle outeiase area of specieégrom reactionk

IS
NI
T’LM = (Vz{,k — Vz,k)RRkA_t (31)
14
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2.3 Absorbed species

We now want to look at species adsorbed to the particle seirfae number of kmoles of species
j on the particle surface is given by
Nj — Cs’jst (32)

when(; ; is the concentration of specig®n the surface. This yields

dN;  dC, ds,

2 Psg ot
dt @ oGy (33)
which can be expressed in terms of the evolution of the cdraigon as
dCs; 1 dN; Cs,;dS;
St B Y B 34
dt Sy dt Sy dt (34)
It is clear that N
d—tj = R;5; (35)
Whenf%j is the molar production rate of adsorbed spegiésee Eq. (50)) such that
aCs; »  Cs;dS
2 =R — ——, 36
dt R S dt (36)
The site fraction of speciesis
Cs.;
0, = gd (37)

where¢,, is the total surface concentration of all carbon sites, iredbccupied or not. This means

that
Nads

when N, is the total number of occupying species and the free carlies are counted as a
species. From Eg. (36) it follows that

de; R; ©;dS

o E S d (39)

By using Egs. (16) and (18), assuming zone 1 combustion dfetettiating Eq. (19) it is found
that the evolution of the total surface area is given by

1dS, S (1 —z)? . ,
AT ( 252 SyeM R, R, (40)

when

52 4h (1 — )
A= (1 — %) Sy M, (41)
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such that from Eg. (39) and Eq. (40) the evolution equatiorife site fractions of speciéss

e; R;

I L AR.O.. 42
yr £n+ RO, (42)

One must now solve the evolution equation for the site foactf each of the adsorbed species,
the only exception is for the free carbon sit€s,, which are found from

O;=1-Y 6, (43)
i#cf

2.4 Species concentrations at the particle surface

The molar flux of each gaseous spedcias the particle surface can be expressed as

Nreac,surf

=Y, Mg (44)
k=1
whenn; is given by Eqg. (31). The production rate of spediésie to surface reactions is then

Wpg,i = NiApnyp. (45)

By assuming steady state for the volume fraction of the ggagtithe particle surfacg; ,, is given
by

hi - Xi,shtotal - _kim(Xi,oo - Xi,s) (46)
which is solved by using the Newton-Raphson method to finaddbeof

EimXi oo + 10

i(Xis) = Xis — .
f( ’ ) ’ klm _'_ntotal

(47)
whenn = >.; n;. The second term on the left hand side of Eq. (46) is due to tiusflow.
For infinitely fast mass diffusion this equation simplifi@sX; ; = X; .. which can be used for
testing the simulation code.

It turns out that for very early times a steady state solutiothe species surface mole fractions
may not exist, yielding unphysical values. It has therefmen decided to solve the time dependent
equation for the surface species mole fractions instead;

dX,, A,
it~ 6C,V,

(hi - htotalXi,s + kim(Xi,w - Xi,s)) . (48)

This explicit equation yields almost exactly the same tissag the implicit method except at very
early times and it is much more stable and robust.
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2.5 Surface reactions

The rate expression of sub reactibis given by

~ Nads Nspecies
j=1 i=1

whenk; is the rate coefficient and, , = C,X; ;. The molar production rate of adsorbed spegies
is

Nsurf,reac R
Rj= Y (Wjx— tjx)RRs. (50)
k=1
The rate constant for each of the sub reactions is given by

where the values ofl;, and E;, for each sub reaction is found in Table 1.
For reactions R8, R9, R10, R16 and R22 there is a distribati@ctivation energies such that

ko= [ k() (E)IE (52)
where )
$(B) = - 1% exp [—% (E _O_E’f) ] . (53)

Eqg. (52) is solved numerically using 20 numerical bins anégrating fromk), — 6oy, to E, + 60y..

2.6 Internal particle burning and the effectiveness factor

It is customary to think of a porous char particle as being posed of a large number of small
pores in which the gas phase species diffuse. For large pagesvhen the pore diametédy, is
significantly larger than the mean free patlof the gas phase molecules, the pore diffusion is
described by the usual bulk diffusion of the molecules. dwhver, the pore diameter is much
smaller than the mean free path, the molecules will typyaadit collide with other molecules but
rather with the pore wall. This is referred to as Knudsenudifin. The Knudsen diffusion for
speciegs is given by

2rpored  |8RT,
37 wM;

wherer is the tortousity factor, which here is set to 3, introduaeadider to account for the fact
that the pores are not purely in the radial direction and. = 2f,.0/(p,5,.) = 2f,0V,/S; is the
mean pore radiud/, is the particle volume and, is the roughness factor, which is set to 2 [7].
The porosity of the char particle is given By= 1 — p,/p... Wherep, is the apparent density of the
particle and.., = 1.8 kg/m? is the true density of carbon.

Dk, (54)

When calculating the effective diffusiob.s ; through the particle pores account must be made
for the combined effect of bulk diffusion and Knudsen diftus The importance of the Knudsen

9
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diffusion is determined by the Knudsen numb&r = \/d, which is a measure of how important
molecule collisions with the pore wall is compared to interi@cule collisions. Knowing both the
bulk and the Knudsen diffusion coefficients the effectivifudion coefficient of speciesis given

by
1 1 1

Duts  Di | Dry

(55)

If the mass diffusion within the particle is slow comparedite heterogeneous reactions it is clear
that the reactant concentration will not be homogeneowsigirout the particle. The total particle
reaction rate will then be lower than expected. This reductn reaction rate is given by the
effectiveness factor

_Actual overall reaction rate of reactant species
Maximum possible reaction rate of reactant speties

i (56)

and it was found by Thiele [8] that this could be expressed as

3 1 1
= g [ D

where the Thiele modulus is
Rippsgc
C(g)(iDeﬁ,i .

For an n'th order reaction this has later been found to be

i =Ty (58)

= ! ! ] (59)

" b [tanh(qsn,i) "

i = bir/ (n+1)/2. (60)

Subscript refers to the reactant of the reaction which could be e,g HYO or any other reactant
species. Different reactions may have different reactantsone must then use the correct Thiele
modulus to find the effectiveness factor of that reactione molar reaction rate of reactants
given by

where

Nsurf,reac

Ri = Z (Vz{,k — Vi’k)ﬁRk. (61)

k=1
The reaction rates given by Eq. (49) is now augmented to read

R Nads Nspecies
7=1 =1

wheren; is the effectiveness factor of reactién which equals the effectiveness factor for the
dependent gas phase species of readtiolhe dependent gas phase species for each reaction is
listed in the last column of Table 1. If reacti@rdoes not have a dependent species the effectiveness
factor is set to one.

10
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2.7 Burning mode

The mode of burning, i.e. the relation between particleusdiensity and mass is straight forward
for zone 1 and zone 3 burning. Generally, however, one caths&yor the times andt + 6t the
particle mass and density are related as

Pp,t+6t _ (mp,t+6t>a (63)

Pp.t Mpt

while the rationship between the particle mass and radigsen by

T'pt+6t _ (mp,t-i-ét)B (64)

Tpt Mpt

such thate = 1 for zone 1 burning and. = 0 for zone 3. In the previous equation superscript
t andt + ot refers to the values at timésandt + dt, respectively. Furthermore, by assuming
spherical particles, it can be found thatt- 35 = 1. Since, as already stated,= 1 for zone 1
burning when the particle is totally penetrated by the ieagases and the effectiveness factor is
one, andy approaces zero for zone 3 burning when the reactions onlyr @t ¢he outer surface of
the particle such that the effectiveness factor approach) #eseems reasonable to equatith
the mean effectiveness factor, i.e.

a=Tn (65)

in order to close the equation.

3 Reaults

The test cases reported in the following have conditiondairto a typical entrained flow gasifier
operating at 24 bar and a temperature of 1640 K. See Tabler@de properties of the base case.

Property Symbol Value Unit
Surf. conc. of C sites 3 1.08 x 107 kmol/m?
Spec. init. part. surf. area S o 3 x 10° m?/kg
App. density of part. Pp 1300 kg
Particle radius Tp 5x107° m
Pressure P 24 Bar
Initial temperature T; 1640 K

Mole fractionOq Xo, 0.73 -

Mole fraction Ny XN, 0.14 -

Mole fraction H,O XH,0 0.13 -
Carbon to gas mass ratio m,/mg 0.65 -

Mean molar mass M 29.6 kg/kmol
Initial gas density Pg 5.3 kg/m?

Table 2: Properties of a typically entrained flow gasifier, us ed as the initial conditions for the base
case.

11
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In the left hand panel of Fig. 1 the char conversion is showa &sction of time for different
cases. First of all it should be noted that the initial insee&n conversion is very fast, before it
slows down from a conversion of around 0.8. For the base d@9, of the total time used to
reach full conversion is spend gasifying only the last 20%hefparticle mass. This feature will
be explained later. In the right hand panel of Fig. 1 the plartand gas phase temperatures are

1.of T T Gos T
L — — Part.
0.8+ 3000 ___ Base case _
3 — No gas reaction
— Simple radiation
0.8 B ___ Base case _
5e X 2500
L &
0.4 — Simple radiation 4
— No gas reactions
2000
0.2 — No Thiele _
0.0 s s s s 1500 [
0.0 0.1 0.2 0.3 0.4 0.5 0.0

t [s]
Figure 1: Particle and gas phase temperatures (right) and ca  rbon conversion (left).

shown as a function of time. It may be surprising to see thg W&gh gas phase temperature
for the base case at intermediate times, but this is due tplyase reactions as can be seen by
comparing the base case and the case without gas phasemsagcéd line). Even though the
gas phase temperature goes up to above 3000 K it is down tacait®00 K at the end of the
gasification process. This temperature is less than 200 Keathe initial temperature. The very
high gas phase temperature does not have much impact onrtivbegamperature as itis relatively
constant and always below 1800 K. For the blue line the fiatht radiation expression, given
by Eq. (23), is used, while for all the other lines the expasgiven in Eq. (24) is used for the
radiation. Since the traditional radiation expressionsdua take into account the radiative heating
from all the surrounding particles it yields too strong ¢oglfor full scale gasification reactors.
The temperature evolution for the black and the blue linesvary similar at early times, but at
later times the blue line, with the simplified radiation eegsion, naturally shows the effect of the
stronger cooling. The radiative cooling is actually so sgrehat full conversion is not reached
before the chemical reactions are quenched due to the lopeiertures.

Increasing the initial gas and particle temperatures bykgives a somewhat reduced gasification
time as can be seen from the yellow/green line in Fig. 1. Elmendh both the gas and particle
temperatures were initially 200 K higher than for the basedacan be seen that for almost all
the time spent gasifying the particle the temperature iffee between the two cases is less than
50 K.

The gas phase temperature and composition at the end (99#rsmm) of the base case simula-
tion are listed in Table 3 under the column named “End sinm”orider to check if the mixture is
in equilibrium at the end of the simulation the conditionte £nd of the simulation is fed into an
equilibrium solver and the results are shown in the same fablconstant enthalpy and pressure

12
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End sim. Equi. (HP) Equi. (TP)

TIK] 1721. 1585. 1721.
CO 0.67731  0.69112 0.69280
H2  0.19622  0.24474 0.24385
H20 0.03785  0.02032 0.02175
CO2 0.03737 0.01951 0.01767
N2  0.02503  0.02376 0.02375
CH4 0.01849  0.00049 0.00012
C2H2 0.00638  0.00000 0.00000
C2H4 0.00126  0.00000 0.00000
HCN 0.00002  0.00004 0.00003
SUM 0.99991  0.99997 0.99996

Table 3: Temperature and species mole fractions of the gas ph ase at the end of the simulation (End
sim.) compared to equilibrium values. The equilibrium valu es are calculated from the condition at
the end of the simulation, assuming adiabaticity (Equi. (HP )) or constant temperature (Equi. (TP)).

(Equi. (HP)) and for constant temperature and pressurei.(EfR)). It is clear that even though
gas phase reactions are fast at these temperatures theagaspiture is not in equilibrium at the
end of the simulation. In particular the concentrations e®Hand CQ are around a factor 2 too
high, while the concentrations of GHC,H, and GH, are orders of magnitude too high.

_R8 __RI8 ___RI4 ]
L\ R9 _.R21 ]
oStz 7x1071°/S1(0)

X
_
(@]
L
L L L
9/s]
3

s — 10710 L \ 4
(0T S (0) J C(CO) |
C(OH) C2(02) g _Lhi
1078 ____ C(H) ___C; R 107 F
10t ‘ ‘ ‘ R AT ‘
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4

Figure 2: Coverage fraction of the adsorbed species (left pa nel) and carbon conversion rate for
different reactions (right panel).

In figure Fig. 1 it was shown that the char particle reactiae feattens out, yielding an almost
constant change in conversion, framv~ 0.13. In Fig. 2 (left panel) this is shown to be due to
the coverage fraction of adsorbed species being essgrdaiktant aftet = 0.12. The coverage
fraction of adsorbed H is very high, almost one, and is effebt inhibiting the reactions since it
yields a coverage fraction of free carbon sites as low a&sx 1072,

In the right panel of figure Fig. 2 the carbon conversion rata &unction of time is shown for the
most important reactions. Traditionally reaction R Q) + C;, — CO + CY) is thought to be
the dominant one for carbon conversion but here it is sednothlg for early times is R8 larger
than RO C'(H) + C, — CH + Cy). This is clearly due to the amount of adsorbed H being around
5 orders of magnitude larger than the amount of adsorbed @nWioking more carefully at the
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data it becomes clear that since the carbon conversion isusb faster in the initial phase of the
simulation most of the carbon conversion is still due to tieadR8, as expected.

The red dashed line in the right hand panel of Fig. 2 sh8wgS; o and from this is is clear that
the reason for the decrease in carbon conversion due to R@psysdue to the reduction in total
particle surface ares. This is as expected since the temperature and coveragefratC(H) are
essentially constant for late times. In the abevs just a plotting constant and has now physical
meaning. It can also be seen that adsorbed CO block some aofduee sites, but this is not as
important as the adsorbed H.

In Fig. 3 it is seen that the hydrogen in the ambient is nothitimg the reactions directly since
the reaction rat& Rs — RR; is negative most of the time, i.e. adsorbed H ultimately cofnem
reactions with HO and not from reactions with4d The hydrogen in the ambient does however
inhibit the reactions indirectly since they increase theamance of R6 compared to R5 making
RRg — RR5 less negative than it would otherwise be.

0.6 B ___ Base case _
5 I No radiation
04 I _ — Traditional radiation _
—._ R=10
0.2 —...R=0.1 i
— -R=0.01
0.0 s . ! s
0.0 0.1 0.2 0.3 0.4 0.5
t [s]
Figure 4: Conversion as a function of time for various treatm ents of the radiation.

In Fig. 4 the conversion as a function of time for simulatiovith different enclosure sizes are
shown together with a simulation without any radiation maaed a simulation with the tradi-
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tional radiation model (Eq. (23)). For all these simulasitine particle number density,, is kept
constant such that the absorption coefficient is also cotstdis means that when the enclosure
size is increase so is also the optical thickness. It can & that as expected the simulation with
traditional radiation yields the slowest conversion, aadrentioned previously, ultimately does
not even convert all the carbon due to too low temperaturies.ehclosure with radiu8 = 0.01 m
yield results very similar to the case with traditional itthn since the optical depth in this case is
very low such that inter particle radiation is small comgki@ particle wall radiation. Increasing
the domain size t&? = 0.1 m gives some more conversion, but even here full conversiomi
reached. Finally the case with= 10 m, being very optically thick, give results very similar teet
case without any radiative cooling at all. This is reasoaabice the fraction of particles “seeing”
the cold wall is very small. The base case, havihg- 1 m, also being relatively optically thick,
lays very close to the case without radiation.

4 Conclusion

Single particle gasification is simulated with a high fideliero dimensional simulation tool. Re-
sults are shown for different simulations meant to represenditions of a typical entrained flow
gasifier. The amount of adsorbed H in particular, but als@toesextent the amount of adsorbed
CO, is found to severely block the available free carborssit€his yields a very low reaction
rate for conversions larger than about 80%. The high fraatibadsorbed H is not directly due
to adsorption of H from the ambient, but indirectly due to the large fractionHsf shifting the
equilibrium in the H adsorption-desorption towards less desorption.

The effect of different radiation models and the size of tasification environment is investigated.
It is found that the traditional radiation model neglectintgr particle radiation is applicable only
for very small enclosures. For enclosures of dimensionsefroeter and up it is actually more
accurate to neglect radiation all together than to use atiadimodel which neglects inter particle
radiation.
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