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Abstract

It has been known for a long time that hydrogen in the gas pteagkto inhibit
gasification of char at low and intermediate temperatures higher tempera-
tures, however, there are indications that hydrogen magdspe gasification.
The mechanisms behind thifects are currently not understood. In this work,
a newly developed detailed chemical kinetics model for dfes been used in
order to study the mechanisms behind the hydrogen inhibaind speed-up of
char gasification. For conditions assumed in this work, gardgen inhibition is
found forT < 200K, while for T > 200K the hydrogen in the gas phase speeds
up the char conversion. By studying the species reacti@s taigether with the
individual rate of every single reaction, the reasons fairbgen influence on the
char gasification are explained in this paper.
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1. Introduction

Gasification is one of the clean energy technologies. It iDagss of the convert-
ing any material containing carbon, such as coal, biomago#rers, into more
useful gaseous form (synthesis gas, syngas). Syngas caselidar electricity
and heat production in a highfeiency devices, such as internal combustion en-
gines and gas turbines. Currently, the gasification is contyngsed to generate
power in Integrated Gasification Combined Cycle (IGCC), adl as to produce
chemicals and transportation fuels. In the gasifier, a sédéferent processes of
the conversion of the carbonaceous material occur, suctvasadilization (which
consists in release of volatiles and production of char dubé heating up and
drying a fuel particle), and the following gasification. Anited amount of oxy-
gen, just enough to provide the heat for gasification, i®thiced into the gasifier.
The gasification process is slower than the devolatilipgtimcess. Simplifying, it
involves the production of carbon monoxide and hydrogenrasult of reactions
of the char with carbon dioxide and steam.

In the current work, a newly developed detailed chemicat#@s model for
char has been used in order to study the mechanism behingdhegen inhibi-
tion of char gasification at low and intermediate tempegsgturt has been also
investigated theféect of speed-up gasification process at higher temperatiures
order to check the impact of hydrogen on char gasificatianréisults of conver-
sion simulations assuming two of the reactions, with hydrogolecule on the
reactant side, to be active or not are compared. Deactiyatireaction means
turning it of by temporarily setting its pre-exponential factors to zero

In this work, the focus is on the gasification of the coal clmanyever it is
predicted, that the results would be similar for a reseaast®et on the gasification
of the other fuels such as biomass.

The char conversion process is influenced by the chemicetioearates and
the rates of the transport of the gas phase to the particdr sutface and through
its pores. The char conversion can proceed in one of thraeyar regimes.
Depending of the two following, chemistry or mass transpisrdominating in
the process of the conversion. For small particle siz&%Qum) the temperature
has a great impact, what has been described previously indheof Mitchell et
al. [1]. At low temperatures{~ 900 K), the conversion is proceed in the zone
| conversion regime, where the chemical reaction rates ansiderably slower
than the mass transport rates. The gas penetrates the cticle@nd the particle
reacts throughout its volume. The size of the particle atrdoss not change and
its apparent density decreases (proportionally with desing) particle mass). In
the zone | conversion regime the rates of char conversiohnaited by the rates
of the chemical reactions. At high temperatures (1800 K), the conversion is
proceed in zone lll conversion regime, where the mass toahsates are slow
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in comparison to the chemical reaction rates. The gas dagzenetrate the par-
ticle,chemical reactions take place mainly at particlaptery. The size of the
char particle decreases and its apparent density relatiees not vary. In zone
[Il conversion regime the rates of char conversion are &dhiby the rates that
gas ditfuses to the particle surface. Between zone | and zone lllegztme I
conversion regimex{~ 900 K and<~ 1800 K). During gasification in the zone
Il conversion regime the size and apparent density of the jghdicle decrease
with mass loss. In this regime the rates of char conversieniarited by both
the chemical reaction rates and the mass transport ratésregfime is the most
difficult to model, considering that penetration of the partigigas might not be
complete. The solution employed in this work is the modetitrygtegy developed
by Thiele [2]. In mentioned approach afiextiveness factor is used to solve the
issue of particle incomplete penetration.

In this paper, the calculations in the model are made on despagticle, the
one of many in the particle cloud. It is assumed that all opaticles behave in
the same way as the considered one.

In the current work, the model assumes that during expodutegarticle to
the hot reactive gase®4 andCO,), the mass, apparent density and size of the
particle change with time. Between the particle and the §as@ occur detailed,
finite rate heterogeneous reactions. The gas phase speeiagdsorbed on the
internal and external surface of the particle and react thi¢hcarbonaceous part
of the particle. The conversion of the char proceeds. Desbspecies may then
react with the other gas phase species due to detailed, fatdehomogeneous
reactions. Moreover it is predicted that between the garand gas phase the
heat is transferred due to convection and conduction. Theehadso takes into
account the radiation exchange between the particles inlthuel, as well as the
radiation between a particle and the wall of the gasifier.

gas phase
02 H2
char co
particle
H,O CO,

Figure 1: Simplified model of char gasification (created it@d@AD [3]).



In the following sections, the essentials of the numericatlet used to simu-
late the char gasification, as well as the results of the ssunih hydrogen impact
of char are described. In the “Results” section, the figuhesving the outcomes
of the char conversion simulations are presented. It capd& that the results are
very similar for cases A and C as well as for cases B and D, ssitines repre-
senting results are exactly on top of each other. It can loealed that lines in the
plots are not smooth. There are atypical peaks for cases £dart=0,12 s and
t=0,31 s. It may be noticed, that these two points could be sitned by the
line following predicted path. The reason of the peaks aetue is not exactly
understood. However, it seems to not have any consequeftiéiel on the general
results. It should be noticed, that the mechanism emplay#ais work has been
developed to study process of char gasification at low teatpess. Indeed, it has
been observed that for the simulations at very high temperamechanism does
not work correctly. In the following section, “Impact of themperature inside
the reactor” the results for the simulation of char gasifozain wide temperature
range are presented. In the plots prepared for the conweasivery high tem-
perature an anomalous peaks occur, that can not be expkinieid stage of the
research. It should be taken into account in the future widtksthe mechanism
is valid just for temperature, which for, it has been oridiyndesigned.



2. Modé description

In this section the essentials of the numerical model usesdnalate the char
gasification are described. For more details on the modekghder is referred to
Haugen, Mitchell and Tilghman (2015) [4].

In the following, particles are assumed to be spherical anfbum in com-
position and morphology, while the ash is uniformly distitided throughout the
particle volume. In addition, ash in the char can not readieoevaporated, and
there is no exchange of mineral matter between the particlélee gas phase.

LetV be considered as the volume, containing a uniform gasepartiixture.
The number of embedded char particles in the cldgljs constant. The surface
S, which is impermeable (there is no mass flux across S) andlexihe gas
pressure is kept constant), encloses the vol¥m&he total massn enclosed by
surfaceS is then constant and can be written as

m= m,N, + m, 1)

wherem, is the mass of a single particle ang is the mass of the gas. The gas
density is given by
i (2)

PI= VNV,
whereV, is the volume of a single particle. The particle number dgnsigiven
by \
p
v 3)

The exchange of matter between the particles and the amipisns caused
by reactions between the gas and the solid phase. The specatkgtion rate can
be symbolized bywvyy; for the particle-to-gas reactions angg; for the gas-to-
gas reactions. These two terms determine the change of tbefraations of the
species in the gas phase.

The heterogeneous reaction mechanism, based on the workyokeld (2001)
[5], is shown in Table 1. The mechanism is described by Tilghrand Mitchell
[6]. In the reaction scheme, the adsorbed speCig$), C(O), C(CO), C(OH)
represent a hydrogen atom, oxygen atom, carbon monoxid®©&hdroup ad-
sorbed on a carbon site, respectively, widl€O,) represent two adjacent carbon
sites that has adsorbed one oxygen atom each. The bulk caiteoCy, is a
carbon atom bonded to the four other carbon atoms. As a refsaltemical re-
actions, the bulk carbon site can become a free carbon diefrée carbon site,
Cs, is a carbon atom that is available for adsorption of gasebkpecies. Due to
the particle-to-gas reactions, the oxygen, carbon anddgygar compounds desorb
from the carbonaceous matrix and leave the particle surfAsea result of this
process, an underlying carbon atom becomes the free caitbon s

np:

4



Table 1: The heterogeneous reaction mechanism.

Nr. Reaction Ay Ex | o«
R1 ¢ +H,O < C(OH)+C(H) 7.3x 107 106 O
R2 C(OH) +Cs « C(O)+C(H) 1.5%x10% 150| O
R3 CH)+C(H) < H,+2C¢ 1.0x 102 100| O
R4 CO)+C, — CO+Cq 1.0x 102 353 28
R5 C(OH)+C, < HCO+C; 1.0x 10" 393 28
R6 C,+Ci+C(H)+H,0 & CH3+C(O)+C;|10x10® 300| O
R7 Co+Ci+C(H)+H, o CHs+2C; 1.0x 10" 300| O
R8 Ci+C(H)+CO — HCO+2C; 1.0x 10 300| O
R9 CH)+C(H) — CH,+Cq 30x10* 426| O
R10 CO,+Cs < C(O)+CO 8.6 x 10 188| O
R11 C,+CO,+C(O) — 2CO+Cs 3.26x 10 367| O
R12 C(CO) & CO+Cs 1.0x 10" 455]| 53
R13 CO+C(CO) — CO,+2C 3.36x10° 266| O
R14 X;+0, — C(0)+CO 7.0x101° 150| O
R15 Ti+0, — Cy(0y) 3.0x10° 103| O
R16 Ci{+C,+C(O)+0, — CO,+C(O)+C; | L.5x10’ 78| 0
R17 Ci+C,+C(O)+0, — CO+2C(0O) 2.1x 10 103| O
R18 Cp+Cy(0,) — CO,+ 2Cs 1.0x 10" 304 33

* Arrhenius parameters shown in the table were obtained farxdaAl coal [7].

In this paper, the focus is on two of the mechanism reactiB88, and R7f,
with the hydrogen molecule on the reactant side. Studyiedytrogen inhibition
on char gasification, the results of conversion simulati@ssuming these two
reactions to be active or not are compared.

Letk define a reaction from the setdf =18 heterogeneous reactions listed in
Table 1 and let define a reacting species, gas phase species or adsorbeskspec
Adsorption and desorption due to reactlois given then by the generalized equa-
tion

Nsgas+Nsads Nsgas+Nsads
’
Z Vik@i © Z Vi i, (4)
i=1 i=1

whereNsgas is the number of gas phase species Blagls is the number of ad-
sorbed species. Speciess symbolized bye;. Stoichiometric cofficients are
represented by; for species on the reactant side andvbyfor species on the
product side of reactiok.



2.1. Governing gas phase equations

The gas phase is defined by three governing equations descitite evolution of
mass, species and temperature in the gas phase. The firtibeqiescribes the
evolution of the gas phase mass,

W = Z wpg,iMi, (5)

wherepg is the mass density of the gas phase Bhds the molar mass of species
i. The second equation describes the total mass fractioneziesp in the gas
phase:

dy: Nsgas
pgd_tl +Y, kzz; WpgkMi = (Wggi + wpgi)Mi, (6)

whereY; is the mass fraction of speciesThe third equation is the energy equa-
tion:
dTy ps
PoCpg=g * Z hi(wggi + wpgi)Mi = Np(Qn + Qc), (7)
i=1

wherec, 4 is the heat capacity of the gas mixture at constant pressyre,the
temperature of the gals, is the enthalpy of speciesQy, is the energy transfer from
the solid phase to the gas phase due to heterogeneous meatid). is the heat
transfer from the particle to the gas mixture due to coneaciind conduction.

2.2. Governing solid phase equations

In this subsection, the governing equations describingsrtrassport and chemi-
cal reactions in the solid phase (the char) are presented.

2.2.1. Particlemass

The evolution of the carbonaceous part of the char partielesvs described by

d .
d_Tc =m = _StMcRreac,c, (8)

whereM; is the molar mass of carboR;e IS the molar reaction rate of carbon
andsS; is the total surface area of the carbonaceous part of thigleagiven by

St = Sgcmc, (9)



whereSg is the specific surface area of the carbonaceous part of tirgoalticle.
Based on Eq. (8) and Eq. (9) the equation for the carbonadesmimn of the char
particle mass may be rewritten as

1d 1
Ed_nt]c = % = _SgcRreac,cMc- (10)

The production rate of carbon per total particle surface &vereactiork is given
by

Nsgas

Rek = M Z Rreack(Vik — Vik)aci, (11)
-1

whereR ¢k IS molar reaction rate for reactidnanda; is the number of carbon
atoms in specieis For reactiork the carbon consumption rate can be defined as

Mk = —SiRek (12)

The evolution of the carbonaceous part of the particle velspecific surface
area for conversion in the zone | conversion regime is giwen b

Svc = Svc,O(l - X) V 1- v In(l - X)’ (13)

wherey is the structural parameter amds the conversion of the carbonaceous
part of the particle. Subscript 0 symbolizes the initial didions in the char con-
version process. Since variations of the apparent denfsiheacarbonaceous part
of the particle o, is proportional to variations of the mass of the carbonaseo

part of the particlem, in the zone | conversion regime, it is true that
T _ P _3-x (14)
Mo Pco

such that Eq. (13) can be rewritten as

Svc = Svc,O& 1- l/’ |n(& . (15)
Pco \ Pc,0

Based on the relationship
Sqc = % (16)
Pc
Eq. (15) can be modified to express the evolution of the spexififace area of

the carbonaceous part of the particle during the char ceioreas

Sge = Sgeo /1 - wIn(£2). (17)
Pc,0
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Since in the zone Il conversion regime the particle appadensity is con-
stant, the particle mass specific area should also remastaran According to
the statement above, Eq. (17) is found to be correct for gasivn of char both
in zone | and zone Il conversion regimes. The model is asduimée flexible,
such that the char conversion can proceed in any of the teggmes. Since it is
valid both for zone | and lll, it seems sensible to expect Bq@) o be valid also
for gasification in zone Il conversion regime.

The mass of the patrticle, including ash, is given by

XalMeo
1-X,°

wherem, and X, are the mass and initial mass fraction of the mineral matter i
the particle, respectively.

Mp = M+ My = Mg + XaMpo = M + (18)

2.2.2. Particletemperature
The temperature of char particle is determinated by

aT, 1
dt — myCpp

(Qreac = Qc + Qrad) » (19)

whereT), is the particle temperature awg, is the specific heat capacity of the
particle. The heating due to heterogeneous reac@pg,, depends on the total
surface area of the carbonaceous part of the partsg]ehe molar reaction rate,
RR-esck, @nd the molar heat of reactiogecx for all reactionsk in mechanism.
Heat of reactiongeck iS the function of the enthalpy of formation of species
hi, evaluated at the temperature of the particle. The heasfeafrom the char
particle to the gas phase via convection and conductiorpresented by).. The
heating due to radiatior®, g from the char patrticle to the reactor wall is defined
by Stefan-Boltzmanns equation. The radiation between #ntcfes and the gas
phase is not taken into account. The inter-particle raalat considered, though.
The position of the particle in the particle cloud becomepantant, so the heat
transfer due to radiatiorQ, .4, depends also on the particle number density, the
reactor enclosure radius and the absorptiortfzment of the cloud via absorption
of radiant energy by the particles.

2.2.3. Adsorbed species

The species adsorbed on the patrticle internal and exteunialkce is symbolized
by j. The number of moles of adsorbed spegiesgiven by

N; = Cq;St, (20)

8



whereCsj is the concentration of adsorbed spegem the surface of the char
particle. The rate of change in the site fraction of spegisgiven by

dO®; Rgpecj

& - sfp:CJ + ARreac O, (21)
where®); is the adsorbed species site fraction, that is the ratio dxtvhe con-
centration of adsorbed speci€3;;, and the total surface concentration of both
free and occupied carbon sit&s, The molar rate of adsorbed species production
is symbolized byRge j. The termA appearing in Eq. (21) can be expressed as

SZ (1 - X)?

A=(1-
( 252

)SgcMe. (22)

The free carbon sites fraction is given by
Ot =1- ) O, (23)
i#cf

where®; is the site fraction of species

2.3. Species concentrations at the particle surface

The relationship between the flux of gas phase speadiesough the boundary
layer to the external particle surface and net productiospefies via particle-
to-gas reactions, in steady state, is given by

Ni — Xi shiotal = —Kim(Xico = Xis), (24)

whereX; ., is the mole fraction of specigsin the ambient gas phase aig; is

the mole fraction of specidsat the particle surface. The species mass transfer
codficient is represented b,. The molar flux of all specieg Ny and each
species, n; are expressed, respectively, as

Nsgas

N (25)
i=1
and
Ne
=) M. (26)
k=1
In Eq. (26)n; is the molar flux of speciasdue to reactiork and is defined as

S

. @7)

Mk = (V] = Vik)Rreack



where A, is the external surface of the particle. The species moladymtion
rate from a single particle is expressedas,. The species molar production rate
from all the particles in the cloud is then given by

Wpgi = hiApnp. (28)

When the distance between the particles in the cloud isf&gntly larger
than the radius of a particle, the mass transfeffament of speciesis expressed

by the relationship
CyDi
Kim = ——, (29)
'p
wherer, is the particle radiusD;y, is the molecular bulk diusivity of species
and

Jo, P
C,=—= — 30
"M RTy (30)

is the concentration of gas close to the particle surfacgéhdrequation abovg,
M, P andR are the density, average molar mass, pressure and unigersshnt
of the gas, respectively. The temperature of the gaseolisasbend the particle
is given by

1

2.4. Surfacereactions
The molar rate of reactiokis given by

Nsgas+Nsads

Rreack = K l_l CiVi’k’ (32)

i=1

whereky is the rate coféicient of reactiork. The concentration of speciéss
represented b;. Symbolv;y specifies that just species on the reactant side of
reactionk are taken into account in Eq. (32). The molar productionoétpecies

i, via all reactions in mechanism, is given by

N
Rspeci = Z(Vi,’k — Vik)Rreack- (33)
k=1

The rate cofficient of reactiork depends on the temperature of the particle in
accordance with the Arrhenius equation

_Ek

ki = AR, (34)

10



where A andEy are Arrhenius parameters. The pre-exponential fagigrand
the activation energ¥y, are presented in Table 1 for each reackamthe mech-
anism.

The distribution of activation energies can be additionalken info account,
then the rate cdicient of reactiork is given by

= [ WEfEKE (35)
0
wheref (E) is the activation energy distribution, given by
1 1(E-E
f(E) = —— exp[—é( ~ ) ] (36)

In the equation above is the standard deviation, which can be found in Table 1
for each reactiofk.

2.5. Internal particle burning and the effectiveness factor

The rate of reactiok is expressed by Eq. (32). This equation is valid when the
concentration of reactants of reactiomside the particle is uniform. In a situation
where the mass transport rates are slower than the cheremaion rates, the
gas does not penetrate the particle completely. As a rehelizoncentration of
reactants inside the particle is not uniform and the rateactionk is lower than
what is found from Eq. (32). The reduced rate of reack@an be written as

ngas+ Nsads

Reck=nke [ ] C™ (37)

i=1

wherery is the dfectiveness factor of reactidn The dfectiveness factor is equal
to the dfectiveness factor of the gas phase reactant in the reaatioch) is defined
as R
M= e, (38)
Spec,i,max

whereRg,e; IS the actual overall reaction rate of reactant speic8® Rypec max
Is the maximum possible reaction rate of reactant species

The dfectiveness factor is related to the Thiele modugysyhich is a param-
eter depending on chemistry and mass transport inside thielpa

In some cases, thefectiveness factor is equal to one, i.e. when there is no
gas phase reactant in reactioor the reactant species are net products.

11



2.6. Mode of char particle conversion

In this paper, the char conversion regimes have been dsgugéhen the gasifica-
tion of the char is proceeding in the zone Il conversion regiboth the apparent
density and radius are reduced during conversion. It isrdestin the work of
Haugenet al. [8], that the particle radius starts to decrease when tharapp
density at the external surface of the particle goes to z&tus occurs after a
certain time of conversion,, which is defined as

mp:f'wmﬁm, (39)
0

wherep.o is the initial apparent density of the carbonaceous parefarticle

andR(r,, t) is the overall rate of char conversion at the external sertd the par-

ticle. The rate of particle size and apparent density chdngeag char gasification
can be written as

, . drp dop dmc 1

|ftSTC. E—O and E—Tv—p, (40)

: . drp dme 1-9 dop dm: p
T g T a g, M w ay, @Y

where the meanfiectiveness factor is given by
Rreac

= : 42
n Rreac,rm\x ( )

whereR, g andRreac max are the sums of molar production rates due to all reactions
for all reactants of the global set of reactions for nonumif@and uniform reactant
concentration, respectively.

It can be noted that when the time of converdignshorter or equal to the time
7¢, the particle size does not change and the apparent deasigg proportionally
with the mass loss rate. When the time of conversisronger than the time,
both particle size and apparent density change due to the loss

12



3. Reaults

In this paper simulations of coal char particles exposedh¢ocbnditions shown
in Table 2 are presented. Conditions presented in Table 2henldeterogeneous
reaction mechanism given in Table 1 describe the base casdasion (Case A).

Table 2: Properties for the simulation.

Property Value Unit
Carbon to gas mole ratio 0.35 -
Initial temperature 1400 K
Reactor walls temperature 700 K
Pressure 2Ax1¢° Pa
Initial particle radius Dx10° m
Particle number density Px 100 m3
Initial particle density 1300 kon®
Fluid density 5.05 ka3
Initial mole fraction ofH,O 0.50 -
Initial mole fraction ofO, 0.27 -
Initial mole fraction ofN, 0.23 -

The focus is on theftect of H,, which comes in through the two reactions,
R3b and R7f, in which the hydrogen molecule is one of the esdct
Reaction R3b:

H, + 2C; — C(H) + C(H) (43)

where two free carbon sites on the patrticle surface and alggdrmolecule react-
ing together become two adjacent carbon sites each haviagsammbed hydrogen
atom.

Reaction R7f:

Cp+C¢ +C(H) + H, - CHz + 2C¢ (44)

where the free carbon site adsorbs the hydrogen molecuie tihe gas phase.
During the process of reaction, the hydrogen molecule mdnreds to the hydro-
gen atom adsorbed on the carbon €ifel) and desorbs and leaves the particle as
CHzs. An underlying bulk carbon becomes a free carbon site.

In order to check the impact of the hydrogen on char gasifinatieactions
R3 reverse and R7 forward are simulated to be active or noeadDeactivating
a reaction means turning itfaby temporarily setting its pre-exponential factors

13



to zero. All other conditions are kept unchanged. In caseot) beactions R3b
and R7f are active. In case B, reaction R3b is not active wieiéetion R7f is
active. Case C represents the situation with active rea®@b and deactivated
reaction R7f. In case D, both reactions are turnffd All cases are presented in
Table 3. The purpose of this paper is to investigate the impiEl, in the gas
phase on the time that is needed to reach full conversioneothhr particle, and
to understand the reasons of this impact. It is assumedulatdnversion of a
particle is reached when over 99% of the carbon has been wmtsu

Table 3: Studied cases A, B, C and D. Reactions RBb; 2C; — C(H) + C(H),
and reaction R71C, + C; + C(H) + H, — CHj3 + 2Cy, are simulated to be active
or not active.

Case R3b R7f
Case Al ON ON
Case B| OFF ON
Case C| ON OFF
Case D| OFF OFF

It can be seen in the figures below that the results of the sithouls are very
similar for cases A and C as well as for cases B and D. Simjl&oitcases A and
C means that turningfbreaction R7f does not have much influence on the process
of conversion. As soon as reaction R3b is deactivated (casecBse D) results
are diferent. It can be concluded that reaction R3b has greaterciropahe char
conversion process than reaction R7f.

It can be noticed that in the presented figures the lines @aditp results for
cases A (black line) and C (yellow line), just as lines assthto results for cases
B (red line) and D (blue line) are exactly on top of each other.

The conversion of the char as a function of time is shown in Eiglt can
be seen that cases A and C take much longer to reach full coonesf the char
than cases B and D. It can be deduced that deactivatingoad®8b has a strong
impact on the conversion rate of the char. In order to undedsthe reason behind
this, the whole chemical reaction process should be iryastidl. Turning &
reaction R3b, that is reducing the pre-exponential factaeto @rs, = 0), causes
a variations in rate of other reactions, what can be seergir3Filn this figure the
molar rate of the most important reactions are compareddmtwases A and B.
The molar rate of reaction k is calculated as thféedence between the molar rate
of reactionk; and the molar rate of reactidg, wheref andb symbolize reaction
forward and backward, respectively,
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Rreac,k = Rreac,kf - Rreac,kb- (45)
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Figure 2: Radius of particle and conversion as a functiomoé t

It can be noted that lines in the plots are not smooth. Thereiaexpected
peaks for cases A and C f£0.12 s and=0.31 s. It may be noticed that these two
points could be simply linked by line following predictedtpa It is not known
exactly the reason why the peaks occur but it seems to notdmveonsequential
effect on the general results.

An hydrogen atom adsorbed on a carbon €{¢]), is the product of reaction
R3b,C(H) + C(H) « H,+2C;. Deactivation of reaction R3b causes inhibition of
C(H) production. The same species is a reactant in reaction@®6efC; + C(H) +
H,O <« CHs + C(O) + C¢ and reaction R8C; + C(H) + CO — HCO + 2C;.

As a result of having les€(H), the molar rate of both reactions R6 and R8 is
slower in case B than in case A. Likewigg(H) is a reactant in reaction R1b,
2C; + H,O « C(OH) + C(H) and reaction R2bC(OH) + Cs « C(O) + C(H).

In this case the molar rate of reactions R1 and R2 is fastease & that in case
A, since it is the backward reactions that are inhibitedatt be seen that C(H) is
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Figure 3: Molar rate of reactiokfor cases A and B as a function of time.

also one of the reactants in reaction RZf+ Cs + C(H) + H, & CH3s + 2Cs, but

in this case the absolute value of the molar rate of reactibisBmaller in case B
than in case A. The reason for this is the low concentrati@petiesCH;, which

is limited by reaction R6, which is slower in case B. The maote of reaction
R4, C(0O) + C, — CO + C4, is limited by concentration o£(O). This species

is produced in reaction R2f and R6f. Comparing case A and Bass a result

of Reacre being faster in case BZ(O) production is intensified and as a result
of Reascrs DeING Slower in case BZ(O) production is reduced. It can be seen in
Fig. 3 that the dierence of rate of reaction R6 between case A and case B (&titb
called diterence 6) during the first 0.12 seconds of char conversioggebthan

the diference of rate of reaction R2 between cases A and fBe(dnce 2). That
results in lowelC(O) concentration and hence a slower rate of reaction R4 in case
B. The diference 2 increases and thé&elience 6 decreases during the conversion
process. After the time of 0.12 s, thdtdrence 6 is smaller thanfterence 2. The
concentration o€(O) is high enough to intensify reaction RRecr4 IS faster in
case B than in case A. When reaction R3b is active (cas€@j) is primarily
produced due to reaction R3, thanx 0.37s)C(H) is consumed, since rate of
the reaction forward is higher than rate of reaction backiwdys a result of the
deactivation of reaction R3I6;(H) is just consumed due to reaction R3 for the
whole duration of the gasification process.

In the heterogeneous reaction mechanism, presented ia Jatile important
reactions that are predominantly responsible for charemmn can be identified.
Through reactions (R4, R5, R6, R7, R9, R11, R14, R16, R17) Rafon is
taken from the particle surface, becoming gas phase speties intensity of
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these reactions determinate the overall char conversien Reactions R4, R6,
R7, and R14 are also important in terms of high molar reaataa for studied
conditions. Comparing cases A and B, the impact of reactibhdan be omitted,
since the dierence of reaction rate for cases A and B is negligible. Rzt
R6 and R7 counteract each other, in both cases A and B, as caebén Fig. 3.
Therefore the principal reaction, governing the char cosive process is reaction
R4. As mentioned before, in case B, when the concentratiaasdrbed species
C(O) is high, reaction R4 is very intense and the molar rate iefdhan in case
A. This is the main reason for the faster conversion of the pheticle for case B.
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Figure 4: Molar rate of reactiokfor cases A and C as a function of time.

It can be noted that, as a result of deactivating reaction iR#&kes longer to
reach full conversion in case C that in case A, as can be sd@g.i. Turning df
reaction R7f results in variations of rate of reactions R B, which is shown
in Fig. 4. For reaction R6 the fierence of molar rate between cases A and C is
almost unnoticeable. For reaction R7 thiffelience is also very flicult to see in
the plot. However, it should be noticed that in Fig. 4, theralleifference, for
both reaction forward and backward, is shown. Reaction Riief the reactions
governing particle conversion, as it was mentioned befbherefore deactivation
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R7f should have anfiect on the time of char conversion, what has been proved
and presented in Fig. 2.

The char conversion proceeds very similarly for case B asd Ea However,
it can be seen in Fig. 2 that the time to reach full converssaslightly shorter in
case B than in case D. This is the result of the combirtkxtes of deactivation of
reactions R3b and R6f, as described before.
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Figure 5: Particle and gas phase temperatures as a functiomeo

In Fig. 5 particle and gas phase temperatures as a functibmefare shown.
It can be seen that at the beginning, both particle and gaseptieanperature in-
crease. This is the result of oxidation, which is an exotheprocess. In Fig. 7 it
can be observed, that it takes less time to consume all thgeoxyear the particle
surface than far from the particle. Likewise, it can be ndtest the peak par-
ticle temperature is reached before the gas phase temperitains maximum
value. As soon as the oxygen has been consumed carbon danddgeam start
to dominate the conversion mechanism. These endotheragtioas cause the
particle temperature decrease. As a result of cooling frlieenparticle, the gas
phase temperature also decrease.

It can be noticed that the gas phase temperature is veryasifoil all cases.
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The peak particle temperature for cases A and C are lowefdhaases B and
D. This is due to the greater intensity of endothermic reastin cases A and C.
In Fig. 6 the heating via heterogeneous reactions as a mofitime is shown.
At the beginning of the char conversion process heat is pedifas an féect
of oxidation), later the heat is consumed. It can be seertliedines symboliz-
ing heating for cases A and C are lower, which means that mesé las to be
delivered to proceed the gasification in this cases.
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Figure 6: Heating due to heterogeneous reactions as adanaititime.

In Fig. 2, the radius of the patrticle as a function of time iswh. As con-
version proceed the size of the particles decrease. It caedrethat at the time
when full conversion is reached, the particle radius is Bmé&br cases B and D
than for cases A and C. This is connected with the particl@&rature, which is
higher for cases B and D. For higher temperatures, the claéneiaction rates are
faster, which means that the chemical reactions are mogasetat the particle
periphery. As anfect, the particle size decreases faster than the partinktge

The mass fraction of the gas phase species as a function @figishown in
Fig. 7. The very first moment of the conversion process caraldedccombustion,
since oxygen reacting with carbon results in heat generaboiring combustion,
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O, is consumed an@€0O, is produced very quickly. After the oxygen has been
consumed, gasification of char B0, andH,O starts to dominate the process.
This explains the decreasing amounts of carbon dioxide gddhen in the gas
phase. The amount @O andH, in the gas phase increase, as &ea of char
gasification.
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Figure 7: Gas phase species (left panel) and mole fractiga®phase near to the
surface of particle (right panel) as a function of time.

In Fig. 7, the mole fraction of the gas phase near the surfatieeoparticle
as a function of time can be seen. Combustion takes placdyrithe parti-
cle surface, where the amount®©$ decreases faster than at some distance from
the particle. First, the amount @O increase very fast as a result of incomplete
combustion, then, it quickly decrease while being oxidire€O,. As soon as
gasification with steam and carbon dioxide starts, bothetimeass fractions de-
crease and the fraction of carbon monoxide and hydrogeraser

The amount of species either near or away from the particfasiis the same
for all cases. It can be inferred that deactivation of reeccR3b, R7f or both does
not influence the fraction of species the gas phase. The gas phase reach the
chemical equilibrium.

In Fig. 8, the surface fraction of adsorbed species as aiamaf time is
shown. It can be noted that the fraction of free carbon siteghd the whole
conversion process is close to unity. That may suggesthiatte of conversion
is limited by particle adsorption ability. In the plot, thé&férences between ad-
sorbed species fraction 6{0O), C(OH) andC(H) for each case can be seen. The
amount of oxygen adsorbed on the carbon site is initiallyelow case B and D
than in case A and C. The fraction©{O) for cases B and D increases faster than
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Figure 8: Surface fraction of adsorbed species as a funofibme.

for cases A and C during conversion process and afe0.5 s it is higher. This
results from changed molar rate of reactions R2 and R6. Dtieee reactions
C(O) is produced, what has been described before. The amougtobden ad-
sorbed on the carbon side is lower in case B and D than in casedACalt is

clear, that this ffect is caused by deactivation of reaction R3b, the main it
which due toC(H) is produced. The amount €{OH) is higher in case B and D
than in case A and C. The reason for this is more intensiveyatoxh of C(OH)

due do reaction R1 having higher molar rate in cases B and D.
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3.1. Impact of thetemperatureinside thereactor

In this section the impact of the hydrogen in the gas phasdangasification at
low, intermediate and high temperatures is studied. Itssiaed that the temper-
ature inside the reactor during the conversion processistant.

Table 4: Properties for the simulation at constant tempegahside the reactor.

Property Value Unit
Carbon to gas mole ratio 0.5 -
Reactor wall temperature 700 K
Pressure 2Ax10¢ Pa
Initial particle radius Dx10° m
Initial particle density 1300 kon®
Initial mole fraction ofH,O 0.50 -
Initial mole fraction ofO, 0.45 -
Initial mole fraction ofN, 0.05 -

Conversion of the char particle exposed to the conditions/shn Table 4 and
reacting according to the set of reactions presented ireThbilescribe the base
case simulation (Case A). See Table 3 for a description obther cases (B, C
and D).

In this section the conversion of the char affelient temperatures has been
studied. It is assumed that the initial temperature (whicthe same for the gas
phase and particle) does not change during the gasificataregs. It has been
found, that in the conditions described in Table 4, the foiheersion of the particle
(i.e. whenx > 0,99) can be reached in the temperature range 1150 K to 2650 K.

The time to reach full conversion as a function of tempertarshown in
Fig. 9. The time to reach full conversion is symbolized#ylt can be noted,
that the lower temperature, the longer time is needed tdridlcconversion. At
high temperaturesl( > 190K), the full conversion takes less than 1 s. It can be
also seen, that in the temperature range 1150 K to 2000 K thecdiversion is
reached faster for cases B and D than for cases A and C. Atoerteimperature
(T < 140K), it can be observed thatis longer for case C than for case A. In
the temperature range 2000 K to 2650 K, it takes longer tahréatconversion
for cases B and D than for cases A and C. It can be concludedhin&mpera-
ture of gasification fiects the time it takes for the char to reach full conversion.
The impact of the hydrogen on the char gasification strongpedds also on the
temperature inside the gasifier.

It is the purpose of this paper to compare the time it taketh®char to reach
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Figure 9: Time to reach full conversion of the char as a fuorctf temperature.

full conversion in each case, where one of the hydrogenimeec{cases B and
C) or both of them (case D) are deactivated, with the timekiesato reach full
conversion in base case (case A), in thedent conditions of the temperature.
This relationship can be expressed by the ratio of the tinneaoh full conversion
in cases B, C and D, respectively, to the time to reach fulveaion in case A.
The ratio is symbolized by and can be written as

ap = 22, (46)
TA

ac = <€, (47)
TA

ap = -2, (48)
TA

wherer,, 1, 7c andrp represent the time to reach full conversion in case A, B,
C and D, respectively.

In Fig. 10, the relative time to reach full conversion of thearcas a function
of temperature for cases with (black line) and without (cetblines) hydrogen
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reactions is shown. It can be seen thgtand ap increase with the increasing
temperature, reach unity at temperature about 2000 K artthcerto increase. It
can be also seen that decrease with the increasing temperature, reach unity at
temperature about 1400 K and remain equal to unity at higdmepératures.
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Figure 10: Relative time to reach full conversion of the chara function of
temperature.

Summarizing, the deactivation of the hydrogen containgggctions has an
impact on the time to reach full conversion of the char in thére temperature
range. At low and intermediate temperatures hydrogen itshiand at high tem-
peratures, it speeds up gasification. Analyzing the ind@ideactions, turning
off reaction R3b results in the faster conversion at low tenmpess, and at high
temperatures it causes the slower conversion. The detotivaf the reaction R7f
has an impact on the time of full conversion just at very lomperaturessc is
longer in this case.

In order to study the mechanism behind the impact of the lgehi@n the char
gasification, the detailed chemical reaction process has ibgestigated for three
selected temperatures: the lowest and the highest teraperathich for the full
conversion of the char still can be reached, 1150 K and 265@sgectively, and
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the temperature of 2000 K, where the time to reach full caigeris almost the
same in all cases.

The mechanism employed in this work is designed to study tbegss of
gasification at low and intermediate temperatures. Howewnehis section, the
mechanism has been used to simulate the char gasificatiomuch wider tem-
perature range. It can be seen from the figures presentinigsre$sthe conversion
of the char at very high temperature of 2650 K that an atygeak occurs. It
can be deduced that the mechanism does not work correcthegetconditions.
However, the mentioned anomaly seems to not have any stibstarpact on the
overall results of the research.
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Figure 11: Conversion as a function of time at temperatuel 60 K, 2000 K and
2650 K.

In Fig. 11, the conversion as a function of time for th&atent temperatures
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is shown. At temperature of 1150 K the time to reach full cosian is very long.
In cases B and D it is shorter, and in case C it is longer tharage ltase (case
A). At temperature of 2000 K the conversion is faster thareatgerature of 1150
K. The time to reach full conversion is the same for all cagggemperature of
2650 K reaching full conversion takes the shortest time, iarsdreached faster
for cases A and C than for cases B and D.
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Figure 12: Particle radius as a function of time at tempeeadfi 1150 K, 2000 K
and 2650 K.

In Fig. 12, the radius of the particle as a function of timeiifiedent conditions
of temperature is shown. It can be seen that, as the tempeiathigher, the
size of the patrticle is smaller at the end of the conversiatgss. The reason
for this are chemical reaction rates, which are faster at hégnperatures. In
result, the gasification takes part mainly at the particlgppery, so the radius of

26



the particle decreases faster than the particle densitjerAperature of 1150 K,
the particle radius decreases at the beginning of the csioveprocess, then it
remains constant. It can be noted that the size of the paiscdmaller in case
A than in cases B, C and D. This means that for cases with dagati hydrogen
containing reactions, thdfectiveness factor is closer to unity than for case, where
the full reaction mechanism is used. It can be concludedutiaing df hydrogen
reactions causes more uniform concentration of the reagts inside the particle.
At temperature of 2000 K, the rate of change of the radiusaséme for all cases.
At temperature of 2650 K, the size of the particle changesfdst cases A and C
than for cases B and D, but at the end of the conversion pradesbe same for
all cases, the particle radius is very small. This is theltedithe fast chemical
reaction rates at very high temperature inside the reaéionost all conversion
proceeds at the particle periphery.

In order to understand thefterentiated impact of the hydrogen on the char
gasification, depending on the temperature inside the gagtie whole chemical
reaction process has been investigated for each temperdatlb0 K, 2000 K and
2650 K.

At temperature of 1150 K, the deactivation of reaction R3kults in the
change of the molar rate of other reactions (R1, R2, R4, RIDRil). An
hydrogen atom adsorbed on a carbon sié), is produced due to reaction
R3b. Turning of this reaction causes inhibition@fH) production. The same
species is a reactant in reaction R18; 2 H,0O « C(OH) + C(H) and reaction
R2b,C(OH) + C; « C(O) + C(H). As a result of having les§(H), the molar
rate of both reactions R1 and R2 is faster, since it is thewank reactions that
are inhibited. The molar rate of reactions RXO) + C, —» CO + Cs, R10b,
CO;, + Cs « C(O) + CO and R11Cy, + CO, + C(0O) — 2CO + Cs is limited by
concentration oC(0O), which is higher in case B than in case A, because of the
lower consumption due to reaction R2b. The reactions R4pRib@ R11 are in-
tensified, which determines the faster overall char commenste, since through
reactions R4 and R11 carbon is taken from the particle seirfaecoming gas
phase species.

At temperature of 1150 K, the deactivation of reaction R&uits in the
change of the molar rate of other reactions (R1, R2, R4, RGMRI’R8). Since
an hydrogen atom adsorbed on a carbon €i¢el), is one of the reactant of reac-
tion R7f, turning dt this reaction, results in the lower consumptiorGgH). The
concentration ofC(H) is higher, which intensifies reactions R1Il§:2+ H,0 <
C(OH) +C(H), R2b,C(OH) + Cs « C(0O)+C(H), R6f,C,+C; +C(H) + H,0 «
CH3+C(0) + Cf and R8Cs + C(H) + CO — HCO + 2C¢, in whichC(H) is one
of the reactants. The intensification of reaction R2b catlsesigher consump-
tion of C(O). In result, the molar rate of reactions R4(O) + C, —» CO + C;
is lower, since there is not enough adsorbed oxygen to runethetion. In case
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C, the molar rate of two principal reactions governing thevession process, R4
and R7, is reduced, which results in the slower overall chaversion rate.

In case with deactivated both reaction, R3b and R7Db, fieets exactly the
same as in case with deactivated just reaction R3b, whickel/Imuch more
important than reaction R7f.
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Figure 13: Gas phase species (top panel) and surface frasftaxdsorbed species
(bottom panel) as a function of time at temperature of 1150 K.

In Fig. 13, the gas phase species as a function of time at tatope of 1150
K is shown in the top panel. It can be seen that the amount ablggah is higher
in cases B and D than in cases A and C, since it is not consunetbdeaction
R3b, which is deactivated. The mass fractiorHD is limited by reaction R2.
The slower reaction R2b hence the lesser productidi,@l, and as a result, the
lower concentration in the gas phase for cases B and D thacagas A and C.
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The faster reactions R4 and R11 cause the more intensivegrod of CO, so
the amount of this species in the gas phase is higher in caaied B than in cases
A and C. Due to reaction R1CO, is consumed, the mass fraction of this species
is lower in cases B and D than in cases A and C. It can be noteédntanass
fraction of gas phase species is the same in cases A and Cif @dveronversion
rate is diferent for both cases. It can be concluded that in case witttidated
reaction R7f, the chemical equilibrium of the gas phaseashed. Similarly, in
Fig. 13, just the dierence between surface fraction of adsorbed species betwee
cases A and B can be noted. In this situation, two of the mogbrtant species
are oxygen and hydrogen adsorbed on the carbon site. ThenammbG(H) in
cases B and D is lower than in cases A and C, since it is not peatidue to
reaction R3b. The concentration GfO) is higher in cases B and D. The reason
for this is the lower consumption via reaction R2b.

In Fig. 14, the species production rate due to the gas-tiefsareactions as a
function of time is shown. The fference between the gas phase species fraction
for cases A and B can be seen in the Fig. 13, although the raigeaspecies
production is the same. It should be taken into consideratlmat there is also
species production due to gas-to-gas reactions. In Figthelpositive values
of the rate represent the overall production of the speanesregative values
represent the overall consumption of speciest can be noted that during the
first step of gasification, the combustion, the carbon isiagd and both carbon
dioxide and carbon monoxide are produced. It can be alsal o as a result of
steam consumption, hydrogen is produced. As the time ofdk#igation process
is longer, the species production rate is closer to zerof wigans that most of
the reactions between the gas and the char particle takatpe beginning of
the process. Later the reaction rates are very slow, whiagéisstason of very long
conversion of the char.

The deactivation of reaction R3b, at temperature of 2000€sahot influence
the rate of the conversion, however it does have an impachemate of other
reactions (R1, R2, R4, R6, R7, R8, R13). As a result of lowerceatration of
C(H), reactions R1b, R2b, R6f and R8f slow down. Siid; is less produced
due to reaction R6f, reaction R78, + C; + C(H) + H, « CHs + 2Cy, also
slows down. The rate of reaction R4 depends on the concemii@tC(O), which
is one of the reactant of reaction R2b and one of the productadtion R6f.
Firstly, the diference of molar rate of reaction R2 between cases A and Bgebig
then the diference of molar rate of reaction R6 between cases A and B thise
difference is smaller. As a result, at the beginning of the psyaesction R4,
which is directly responsible for the conversion is fasteBithan in case A, then
it is slower. Additionally, due to reduced consumptiorG® in reaction R8, with
much lower rate in case B than in case A, reaction I3+ C(CO) — CO,+2Cs,
speeds up. This reaction causes putting the carbon atonequatticle surface,
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Figure 14: Species production rate due to the gas-to-pargactions as a func-
tion of time at temperature of 1150 K.

what slows down the conversion process. Summing up, the tinreach full
conversion is the same for all cases.

The deactivation of reaction R7f, does not influence the nraltes of other
reactions. The féect of turning o both reactions, R3b and R7f, is exactly the
same for cases B and D.

In Fig. 15, the gas phase species as a function of time at tatupe of 2000 K
is shown. The gas phase reach the chemical equilibrium, @drabe concluded,
since the dterence between the fractions of each species can not belsdébe.
same figure, the surface fraction of adsorbed species inrshdle important
difference is between cases A and B for concentration of the ggdradsorbed
on the particle surface, which is higher in case A, siG¢d) is not produced due
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Figure 15: Gas phase species (top panel) and surface frasftacdsorbed species
(bottom panel) as a function of time at temperature of 2000 K.

to reaction R3b.

In Fig. 16, the species production rate due to the gas-tefgareactions as
a function of time at temperature of 2000 K is shown. It can &ens that as
oxygen is consumed, the carbon monoxide is produced aslasésot complete
combustion, first and then, as a result of gasification dué@e. It should be
also noticed, that the higher overall production can mearsttime as the lesser
consumption of species. This explains the higher prodnative of specie€O
in case B than in case A. Carbon monoxide is less used in ogaR®8, which is
slower in case B. Faster reaction R8 is also the reason fdmigheer production
of HCO in base case than in case B. As the gasification du&@proceedH,
is produced. As described before, in this situation, thédigverall production
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Figure 16: Species production rate due to the gas-to-pargactions as a func-
tion of time at temperature of 2000 K.

of hydrogen in case B than in case A means actually reducesuoggtion of
H,, what is an &ect of deactivation of reaction R3b. The production ratehef t
species due to the gas-to-particle reactions is the santasas A and C, as well
as for cases B and D.

At temperature of 2650 K, the deactivation of reaction R3ibits the con-
version of the char by changing the molar rate of other reast(R1, R2, R4, R6,
R7, R8). Turning & reaction R3b results in the lower production of spe€iés),
the reactant of reactions R1b, R2b, R6f, R8f. The reactioadess intensive in
this case. Reaction R7f is also slower, since the fractidbHf is lower. At very
high temperatures, the molar rate of reaction R6 is influgnoech more than the
rate of reaction R2. As a result of very small productiorC@¢D) due to reaction
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Figure 17: Gas phase species (top panel) and surface frasftacdsorbed species
(bottom panel) as a function of time at temperature of 2650 K.

R6f, the rate of reaction R4 is slower in case B than in case fAmintioned
before, reaction R4 is one of the most important in the procgsconversion,
since a carbon is taken from the particle surface due todaistion, decorbing as
carbon monoxide. Furthermore, the reduced consumpti@Qoflue to reaction
R8 causes speeding-up reaction R13 in case B. This reaesoits in the oppo-
site dfect - a carbon is set back at the particle surface, so the xianeslows
down. The low molar rate of reaction R4 and the high molar chteaction R13
are the main reasons for longer conversion of the char aehigmperatures in
the gasifier. The deactivation of reaction R7f has no impacthe rate of char
conversion.

In Fig. 17, the gas phase species and the surface fracticsoflaed species
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Figure 18: Species production rate due to the gas-to-pargactions as a func-
tion of time at temperature of 2650 K.

as a function of time at temperature of 2650 K is shown. In Eig.it can be
seen, that the fraction of gas phase species, as well asatttefr of the species
adsorbed on the particle surface is the same for all casesoiily diference is
between the surface fraction©{H) for cases A and B. It is lower in case B, since
C(H) is not produced due to reaction R3b.

In Fig. 18, the species production rate due to the gas-toefgareactions as
a function of time is shown for a temperature of 2650 K. As tbmbustion pro-
ceed, oxygen is consumed. At the beginning of the conversiooess, carbon
dioxide is produced, as a result of the oxidation, then ibisstuimed, as the gasifi-
cation due taCO, proceed. It can be seen, that after some time, carbon digxide
overall produced again. The reason for this is the fast fateaction R13 in case
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B. The rate of production of carbon monoxide decreases vatineising amount
of oxygen in the gas phase to finally reach the negative valhat means the
overall consumption o€0. The reason for this is very slow rate of reaction R4
- the slower reaction R4 in case B, the productioiC@f is lower. Due to gasifi-
cation,H,0 is consumed an#i, is produced. It can be seen that the production
of H, is faster in case B than in case A, since reaction R3b is dedet. It can

be noticed, that the rate of the production of spe¢i€O is higher as the tem-
perature increases. The reason for this is the faster matlarof reaction R8 at
high temperatures. Since in case B, at temperature of 265€dtion R8 is less
intensive than in case A, the rate of productiorHsfO is also slower.

1.0

0.9

0.8

II‘IIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIII

0.7
‘," Case A
7 Case B
0.6 7
/"
PRt Case D
l"
e — . GASEQ
05C .+ v v 0wy
900 950 1000 1050 1100 1150 1200
T [K]

Figure 19: Conversion as a function of temperature.

It can be noted that at very low temperatures the speciesiptiot rate due to
the gas-to-particle reactions is almost the same for afissand at higher tempera-
tures it is diferent for cases with deactivated reaction R3b. The lowep&zature
inside the reactor, the conversion of the char is longehsodte of the production
of the species is slower, close to zero. It can be seen in theeBghowing the gas
phase species and surface fraction of adsorbed speciesiast@ah of time, that
for conversion at higher temperatures the chemical eqjuihiof the gas phase is
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reached, since the fractions of the gas species and adsspbeits are the same
for all cases. For low temperatures in the gasifier, the dppabe fractions of
the gas species and adsorbed species &axelt for each case.

In this work, the gasification of char also at low temperaturas been stud-
ied. The simulation of the conversion of the char particléeatperatures lower
than 1150 K (the lowest temperature for which full convemsmreached for all
considered cases) have been performed. The outcomesabiaithis section
and the results of simulation in GASEQ [9], a Chemical Eduilim Program
for Windows, have been compared. The simulation of gasificah GASEQ
has been performed for the same conditions as assumed iartie@tcsection. In
Fig. 19 the conversion as a function of temperature at lowperatures is shown.
The conversion shown on the y-axis is the conversion of tlae wimen time goes
to infinity - i.e. at chemical equilibrium. Hence, these flesaan be compared to
the results from a chemical equilibrium solver (such as GAEHt can be seen,
that the lower temperature in the gasifier, the lower comversf the particle is
reached at chemical equilibrium. It can be noted that thev&ion is going
further for cases B and D than for the base case. This confirengrevious con-
clusions that at low temperatures, the hydrogen inhibgsctimversion (for cases
B and D). However, in can be also seen, that less carbonaceatasial is con-
verted in case C than in case A. Indeed, it has been obseriec pbthat at very
low temperatures, the deactivation of reaction R7f caus®gdr conversion of the
char. The results obtained on the basis of GASEQ (dasheddiresimilar to the
outcomes of the simulations of the model used in this workha@ugh, it can be
noticed that for GASEQ), the conversion is lower for each mered temperature
of gasification. The lowest temperature, which for the folheersion of the par-
ticle can be reached, is 1200 K. Likely, the slightlyfdrent results are due to the
fact that the assumptions in employed models are not the &arbeth cases.
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4. Summary

In this work, a newly developed detailed chemical kinetiasdel for char has
been used in order to study the mechanisms behind the hydiogibition and
speed-up of char gasification. It is clearly seen that hyeindghibition is found

for T < 200K, while for T > 200K the hydrogen in the gas phase speeds
up the char conversion. By studying the species reacti@s taigether with the
individual rate of every single reaction, it is shown thatllggen inhibition at low
and intermediate temperatures is due to atomic hydrogeorizels on the char
surface interacting with atomic oxygen on the surface tonfan adsorbe®H
molecule. The adsorbe&dH molecule combines with another adsorbed hydrogen
atom to form gaseous water. The outcome of this is that therbdd atomic
oxygen, which would normally desorb as gase@@ while removing a carbon
atom from the surface, only takes part in the productionedust, which does not
yield any char conversion, and hence the time to reach fallexsion is increased
due to the presence of hydrogen. It has also been shown tthetdgn speed-up at
higher temperatures is due to reaction of adsorbed hydraigen with steam and
carbon atom producing atomic oxygen adsorbed on the surfeca result of high
concentration ofC(O) the process of removing carbon atom from the surface is
also faster. Additionally, while hydrogen occurs in the ghase, the consumption
rate of carbon monoxide in reaction with adsorbed atom ofdyen and carbon
atom is intensified. This inhibits the interaction of gaseoarbon monoxide and
adsorbed carbon monoxide, which would normally desorb dmoalioxide while

a carbon atom would be set back on the particle surface, seersian would

be longer. The presence of hydrogen in the gas phase foragaisifi at higher
temperatures results in a decrease the time to reach fulecsion.
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