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Abstract

It has been known for a long time that hydrogen in the gas phase tends to inhibit gasification of

char at low and intermediate temperatures. At higher temperatures, however, there are indications

that hydrogen may speed up gasification. The mechanisms behind these effects are currently not

understood. In this work, a newly developed detailed chemical kinetics model for char has been

used in order to study the mechanisms behind the hydrogen inhibition and speed-up of char gasi-

fication. For conditions assumed in this work, the hydrogen inhibition is found for T < 2000 K,

while for T > 2000 K the hydrogen in the gas phase speeds up the char conversion. By studying
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the species reaction rates together with the individual rate of every heterogeneous reaction, the

reasons for hydrogen influence on char gasification are attempted explained for a wide range of

different temperatures in this paper. The focus is not on investigating a real gasifier, but rather to

understand the fundamental mechanism behind hydrogen inhibition of char.

Introduction

For many applications it is not feasible, or just not economical, to use solid fuels directly. It is

therefore often useful to convert the solid fuel to either a gaseous or a liquid fuel before it is used.

Solid fuels, such as e.g. coal, biomass or pet coke, can be converted to a synthesis gas (syngas)

through reactions with oxygen, steam or carbon dioxide in a gasifier. The syngas can then be

used for e.g. electricity production in an Integrated Gasification Combined Cycle (IGCC), for

production of liquid fuels for the transportation sector or for production of hydrogen for fuel cells

or use in the chemical industry.

The newly developed detailed heterogeneous chemical kinetics model of Tilghman & Mitchell,1

with 18 reversible reactions for char reactions with oxygen, steam and carbon dioxide, has been

used in the current work. Hecht et al. (2011)2 have shown that in oxygen fired systems, it is

important to include the effects of CO2 gasification. The chemical mechanism is used in order to

study the mechanism behind the hydrogen inhibition of char gasification at low and intermediate

temperatures. The effect of a speed-up of the gasification process at higher temperatures has also

been studied. In order to check the impact of hydrogen on the char gasification, without changing

the thermodynamics of the fluid, the heterogeneous reactions that have gaseous molecular hydro-

gen as a reactant are turned on and off. I.e.; the impact of a given reaction where hydrogen is a

reactant is investigated by comparing the results obtained when that specific reaction is turned off

with the results obtained when all reactions are turned on. In this way the impact of the hydrogen

on the gasification process can be studied in great detail. The respective reactions are turned off by

setting their pre-exponential factors to zero.
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For low temperatures or small char particles, the conversion rate is kinetically controlled and

the pore surface of the entire particle volume is reacting. This, which is known as Zone I conver-

sion, yields a constant particle radius, where the particle mass is reduced by a decrease in density.

For very high temperatures or large particles, the reactants are consumed at the external surface of

the particles. This decreases the particle radius while keeping the density constant, and is known

as Zone III conversion. Zone II conversion, on the other hand, is observed for intermediate tem-

peratures and particle sizes. For this regime, both particle radius and density is decreased and the

relative fraction of decrease is described by Haugen et al. (2014).3

The effect of hydrogen inhibition on surface reactions was also recently studied by Pineda &

Chen.4 Here the authors use a heterogeneous reaction mechanism consisting of 8 reaction steps in

a perfectly stirred reactor to find that the inhibition of hydrogen is due to the adsorbed molecular

hydrogen filling up a significant fraction of all the free sites on the carbon surface.

Hydrogen inhibition has previously been studied under many different gasifying conditions.

One of the earlier discussions on the reaction mechanism behind hydrogen inhibition is found in

Laurendeau (1978).5 In previous experimental work, inhibition has been observed at low (1 atm)

and moderate (10 atm) steam pressures and moderate temperatures (950 -1250 K),6–10 as well as at

high pressures (40 - 50 atm).11,12 gasification of a natural graphite at temperatures between 960 ◦C

and 1120 ◦C and low pressures, Biederman et al.8 found that hydrogen inhibition was caused by

dissociative chemisorption of hydrogen on active carbon sites. For graphite-CO2 reactions, they

found that the inhibition was due to hydrogen chemisorbing on impurity catalyst sites. Barrio et

al. studied the steam gasification of wood at atmospheric pressure and in the temperature range

from 750 ◦C to 950 ◦C.10 In their work it is concluded that the hydrogen inhibition effect can be

described on the basis of Langmuir-Hinshelwood kinetics. The aim of the work of Tay et al.13 was

to investigate the role of hydrogen during the gasification of a Victorian brown coal at 800 ◦C in

a fluidised-bed/fixed-bed reactor. Here it was found that the inhibiting effects of hydrogen were

not limited to its chemisorption on the char surface. The presence of hydrogen also changed the

aromatic structure of char during gasification, which is most likely due to the ability of hydrogen
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radicals to penetrate into the char matrix. In the work of Fushimi et al.14 on steam gasification of

woody biomass char, it was observed that hydrogen inhibition was due to reverse oxygen exchange

reactions in the first period and dissociative hydrogen adsorption on the char particle in the second

period.

In the current work, the focus is on gasification of char from Wyodak coal, which is a sub-

bituminous coal from Wyoming, USA. It is expected, however, that the results should also be

similar for other fuels, such as e.g. other coal qualities or biomass.

Model description

In this section the essentials of the numerical model used to simulate the char gasification are

described. The implementation of the numerical model has been verified by Haugen, Tilghman

and Mitchell (2014)3 against the particle resolved simulation tool (DNS) of the Stanford group.

For more information on the model, the reader is referred to Haugen, Mitchell and Tilghman

(2015) .15

In the following, particles are assumed to be spherical and uniform in composition and mor-

phology, while the ash is uniformly distributed throughout the particle volume. In addition, ash in

the char can not react or be evaporated, and there is no exchange of mineral matter between the

particle and the gas phase.

The calculations are made on a single particle in the particle cloud. It is assumed that all other par-

ticles behave in the same way as the considered one. The carbon in the particle will react with the

hot reactive gases (O2, H2O and CO2), causing the mass, apparent density and size of the particle to

change with time. The heterogeneous chemical kinetics were developed by Tilghman & Mitchell1

based on the work of Haynes (2001) ,16 and is presented in Table 1, while the homogeneous chem-

ical kinetic mechanism used is the GRI-mech 3.0.17 The ultimate and proximate analysis of the

coal are presented in Table 2 and Table 3. In the heterogeneous reaction scheme, the adsorbed

species C(H), C(O), C(CO), C(OH) represent a hydrogen atom, oxygen atom, carbon monoxide
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and OH group adsorbed on a carbon site, respectively, while C2(O2) represent two adjacent carbon

sites that have adsorbed one oxygen atom each. The bulk carbon site, Cb, is a carbon atom bonded

to four other carbon atoms. As a result of chemical reactions, the bulk carbon site can become a

free carbon site. The free carbon site, C f , is a carbon atom that is available for adsorption of gas

phase species. Due to the particle-to-gas reactions, the oxygen, carbon and hydrogen compounds

desorb from the carbonaceous matrix and leave the particle surface. As a result of this process, an

underlying carbon atom becomes a free carbon site.

Table 1: The intrinsic heterogeneous reaction mechanism. The units of both the activation energy

Ek and the distribution width σk is kJ/mol, while the units of Ak is such that the units of Rreac,c in

Eq. (9). is mol/m2/s.

Nr. Reaction Ak Ek σk

R1 2C f + H2O ↔ C(OH) +C(H) 2.1 × 106 105 0

R2 C(OH) +C f ↔ C(O) +C(H) 4.1 × 1011 80 0

R3 C(H) +C(H) ↔ H2 + 2C f 1.4 × 1011 67 0

R4 C(O) +Cb → CO +C f 1.0 × 1013 353 28

R5 C(OH) +Cb ↔ HCO +C f 1.0 × 1013 393 28

R6 Cb +C f +C(H) + H2O ↔ CH3 +C(O) +C f 1.0 × 1013 300 0

R7 Cb +C f +C(H) + H2 ↔ CH3 + 2C f 1.0 × 1013 300 0

R8 C f +C(H) +CO → HCO + 2C f 1.0 × 1013 300 0

R9 C(H) +C(H) → CH2 +C f 3.0 × 1011 426 0

R10 CO2 +C f ↔ C(O) +CO 3.7 × 103 161 0

R11 Cb +CO2 +C(O) → 2CO +C f 1.26 × 108 276 0

R12 C(CO) ↔ CO +C f 1.0 × 1013 455 53

R13 CO +C(CO) → CO2 + 2C f 9.8 × 106 270 0

R14 2C f + O2 → C(O) +CO 5.0 × 1010 150 0

R15 2C f + O2 → C2(O2) 4.0 × 107 93 0

R16 C f +Cb +C(O) + O2 → CO2 +C(O) +C f 1.5 × 107 78 0

R17 C f +Cb +C(O) + O2 → CO + 2C(O) 2.1 × 107 103 0

R18 Cb +C2(O2) → CO2 + 2C f 1.0 × 1013 304 33

Arrhenius parameters shown in Table 1 were obtained for Wyodak coal1 based on Thermo-

gravimetric analysis (TGA). The obtained activation energies where found to be within expected

ranges when compared with values for chars and activated carbon from the literature. In the exper-

iments, the char conversion was limited only by the chemical reaction rates, i.e.; the experiments
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Table 2: Proximate analysis of Wyodak coal.

Property amount (wt-%)

fixed carbon 35.06

volatile matter 33.06

moisture 26.30

ash 5.58

Table 3: Ultimate analysis of Wyodak coal.

Property amount (wt-%)

carbon 69.8

hydrogen 5.65

oxygen (diff) 15.6

nitrogen 0.94

total sulfur 0.43

ash 7.57

where kinetically controlled. The pressure was held at 1 atm and the testing temperatures were

selected according to the reacting gases: 700 - 900 ◦C for environments containing H2O, 800 -

1000 ◦C for environments containing CO2 and 400 - 550 ◦C for environments containing O2. The

char specific surface area was measured with the BET method. Since the heterogeneous reaction

mechanism is intrinsic, the surface area is required in order to calculate the total reaction rate of

the char particle.

In this paper, the focus is on the two reactions that have molecular hydrogen as a reactant. This

corresponds to reaction R3 backward (R3b) and reaction R7 forward (R7f). Hydrogen inhibition

of char gasification is studied by investigating the effect of de-activating these two reactions.

The exchange of matter between the particles and the ambient gas is caused by reactions be-

tween the gas and the solid phase. The species production rate can be symbolized by ωpg,i for

the particle-to-gas reactions and ωgg,i for the gas-to-gas reactions. These two terms determine the

change of the mass fraction of species i in the gas phase.
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Governing gas phase equations

In the following a brief overview of the most important equations will be presented. For a full

description of all relevant equations, the reader is referred to Haugen et al.15

The gas phase is defined by three governing equations describing the evolution of mass, species

and temperature in the gas phase. The first equation describes the evolution of the mass of the gas

phase mg;

dmg

dt
=

mg

ρg

Ns,gas
∑

i=1

ωpg,iMi, (1)

where ρg is the mass density of the gas phase, Mi is the molar mass of species i andωpg,i is the molar

production rate of species i due to reactions between the solid and the gas phase (heterogeneous

reactions). The second equation describes the mass fraction Yi of species i in the gas phase;

ρg

dYi

dt
+ Yi

Ns,gas
∑

k=1

ωpg,kMk = (ωgg,i + ωpg,i)Mi, (2)

where ωgg,i is the molar production rate of species i due to gas phase (homogeneous) reactions.

The third equation is the energy equation, which is here represented by the temperature;

ρgcp,g

dTg

dt
+

Ns,gas
∑

i=1

hi(ωgg,i + ωpg,i)Mi = np(Qh + Qc), (3)

where cp,g is the heat capacity of the gas mixture at constant pressure, Tg is the temperature of the

gas, hi is the enthalpy of species i, Qh is the energy transfer from the solid phase to the gas phase

due to heterogeneous reactions and Qc is the heat transfer from the particle to the gas mixture due

to convection and conduction.

Governing solid phase equations

In this subsection, the governing equations describing mass transport and chemical reactions in the

solid phase (the char) are presented.
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Particle mass

The evolution of the carbonaceous part of the char particle mass mc is described by

dmc

dt
= −S tMcRreac,c, (4)

where Mc is the molar mass of carbon and Rreac,c is the molar reaction rate of carbon. Since the

heterogeneous reaction mechanism is intrinsic, the total surface area of the carbonaceous part of

the particle, S t, is required. This is in contrast to for apparent reaction mechanisms where the effect

of the surface area is implicitly included in the reaction kinetics.

Particle temperature

The temperature evolution of the char particle is given by

dTp

dt
=

1

mpcp,p

(Qreac − Qc + Qrad) , (5)

where Tp is the particle temperature, cp,p is the specific heat capacity of the particle, Qreac is the

heating due to heterogeneous reaction, Qc is the heat transfer from the char particle to the gas phase

via convection and conduction and Qrad is the heating due to radiation.18

Adsorbed species

The number of moles of adsorbed species j is given by

N j = Cs, jS t, (6)

where Cs, j is the concentration of adsorbed species j on the surface of the char particle. The rate

of change in the site fraction of adsorbed species j is given by

dΘ j

dt
=

Rspec, j

ξn
+ ARreac,cΘ j, (7)
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where Θ j = Cs, j/ξn is the adsorbed species site fraction and ξn is the total surface concentration of

carbon sites (both free and occupied). The molar rate of adsorbed species production is given by

Rspec, j while A is an active surface area15

Species concentrations at the particle surface

The relationship between the flux of gas phase species i through the boundary layer to the external

particle surface and the net production of species i via particle-to-gas reactions, in steady state, is

given by

ṅi − Xi,sṅtotal = −kim(Xi,∞ − Xi,s), (8)

where Xi,∞ is the mole fraction of species i in the ambient gas phase and Xi,s is the mole fraction

of species i at the particle surface. The species mass transfer coefficient is represented by kim. The

molar flux of species i, ṅi, is defined as positive in the direction away from the particle surface,

such that the total molar flux away from the particle is given by ṅtotal =
∑

ṅi. A Newton method is

used to solve Eq. (8).

Internal particle burning and the effectiveness factor

The molar rate of reaction k is given by

Rreac,k = kk

Ns,gas+Ns,ads
∏

i=1

C
νi,k
i
, (9)

where kk is the rate coefficient of reaction k. The concentration of species i is represented by

Ci while νi,k is the Stoichiometric coefficient. This equation is valid when the concentration of

reactants of reaction k inside the particle is uniform. In a situation where the mass transport rates

are slower than the chemical reaction rates, the gas does not penetrate the particle completely. As

a result, the concentration of reactants inside the particle is not uniform and the rate of reaction k
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is lower than what is found from Eq. (9). The reduced rate of reaction k can be written as

Rreac,k = ηkkk

Ns,gas+Ns,ads
∏

i=1

C
νi,k
i
, (10)

where

ηk =
3

φ

[

1

tanh(φ)
−

1

φ

]

(11)

is the effectiveness factor of reaction k and φ is the Thiele modulus.19

The evolution of the particle radius vs. density is also handled based on the effectiveness factor,

as described in Haugen et al. (2014).3

Results

In order to investigate the effect of molecular hydrogen in the gas phase on the heterogeneous reac-

tions, the heterogeneous reactions containing molecular hydrogen as a reactant is either activated

or de-activated. The reactions are de-activated by setting their reaction rates to zero. All other

conditions are kept unchanged. The first relevant reaction is the reverse part of reaction R3, which

in the following is referred to as R3b:

H2 + 2C f → C(H) +C(H), (12)

where two free carbon sites on the particle surface and a hydrogen molecule reacting to become

two adjacent carbon sites that each have an adsorbed hydrogen atom. The other relevant reaction

is the forward part of reaction R7 (R7f):

Cb +C f +C(H) + H2 → CH3 + 2C f , (13)

where the free carbon site adsorbs the hydrogen molecule from the gas phase. During the process

of reaction, the hydrogen molecule moves, binds to the hydrogen atom adsorbed on the carbon
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Table 4: Studied cases A, B, C and D. Reactions R3b, H2 + 2C f → C(H) + C(H), and reaction

R7f, Cb +C f +C(H) + H2 → CH3 + 2C f , are simulated to be active or not active.

Case R3b R7f

Case A ON ON

Case B OFF ON

Case C ON OFF

Case D OFF OFF

site C(H) and desorbs and leaves the particle as CH3. An underlying bulk carbon becomes a free

carbon site.

By turning on and off reactions R3b and R7f, four different test cases can be defined, as pre-

sented in Table 4. The purpose of this paper is to investigate the impact of H2 in the gas phase on

the time that is needed to reach full conversion of the char particle, and to understand the reasons

of this impact. It is assumed that full conversion of a particle is reached when 99% of the solid

carbon has been converted.

In the following the impact of the hydrogen in the gas phase on char gasification at low, in-

termediate and high temperatures is studied. It is assumed that the temperatures of the fluid and

the particles inside the reactor during the conversion process is constant. Small char particles, with

Stokes numbers less than unity are used. Furthermore, the reactor is assumed to be perfectly stirred

within a small sub-volume following the particles, such that both species and particles are homoge-

neously distributed within this sub-volume. This means that the char particles stay within the fluid

element into which they where injected throughout the course of conversion. As such, the process

can be thought of as a batch process for each particle, even though the reactor itself is continuous.

The exception from the homogeneity of the simulation domain is the thin boundary layer around

each char particle, where gradients in gas phase species exist as described by Eq. (8). It is clear

that the assumption of constant gas temperature is not valid in a real application, this assumption

is nevertheless made in order to more clearly see the effect of temperature on the reactions and

correspondingly also on the amount of hydrogen inhibition.
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It should also be noted that in real gasification of coal, the properties of the char will depend on

the conditions under which the char was formed. This effect is not account for here, and all char

samples have been formed under the same conditions.

Conversion of the char particle exposed to the conditions shown in Table 5 and reacting ac-

cording to the set of reactions presented in Table 1, describe the base case simulation (Case A).

See Table 4 for a description of the other cases (B, C and D).

Table 5: Properties for the simulation at constant temperature inside the reactor.

Property Value Unit

Carbon to gas mole ratio 0.5 -

Reactor wall temperature 700 K

Pressure 2.4 × 106 Pa

Initial particle radius 5.0 × 10−5 m

Initial particle density 1300 kg/m3

Initial mole fraction of H2O 0.50 -

Initial mole fraction of O2 0.45 -

Initial mole fraction of N2 0.05 -

The time to reach full conversion as a function of temperature is shown in Fig. 1. The time to

reach full conversion is symbolized by τ. At high temperatures (T > 1900 K), it takes less then 1

s to reach full conversion. It can also be seen that in the temperature range 1150 K to 2000 K the

full conversion is reached faster for cases B and D than for cases A and C. At low temperatures

(T < 1400 K), it can be observed that τ is longer for case C than for case A. In the temperature

range 2000 K to 2650 K, it takes longer to reach full conversion for cases B and D than for cases

A and C. Based on this, it is clear that the impact of the hydrogen on the char gasification strongly

depends on the gasification temperature.

Lets now compare the time it takes for the char to reach full conversion in each case, where one

of the hydrogen reactions (cases B and C) or both of them (case D) are deactivated, with the time it

takes to reach full conversion in base case (case A), in the different temperatures. This relationship

can be expressed by the ratio of the time to reach full conversion in cases B, C and D, respectively,

to the time to reach full conversion in case A. These ratios are symbolized by α and can be written
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Figure 1: Time to reach full conversion of the char as a function of temperature.

as

αB =
τB

τA

, αC =
τC

τA

and αD =
τD

τA

, (14)

when τA, τB, τC and τD represent the time to reach full conversion in case A, B, C and D, respec-

tively.

In Fig. 2, the relative time to reach full conversion of the char as a function of temperature for

cases with (black line) and without (colored lines) hydrogen reactions is shown. It can be seen

that αB and αD increase with increasing temperature, reach unity at about 2000 K and continue to

increase. It is also seen that αC decreases with increasing temperature, reaches unity at about 1400

K and remains equal to unity at higher temperatures.

By comparing cases A and B, it is seen that hydrogen in the gas phase inhibits char gasification

at low and intermediate temperatures (T < 2000 K), while hydrogen speeds up the gasification

process at high temperatures (T > 2000 K). By comparing cases B and D it also seems clear
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Figure 2: Relative time to reach full conversion of the char as a function of temperature.

that reaction R7f does not have a significant impact on the results, and hence, that the hydrogen

inhibition is primarily due to reaction R3b.

In order to study the exact mechanism behind the impact of the hydrogen on char gasification,

the gasification process has been studied in detail for three selected temperatures. The lowest

temperature (1150 K) corresponds to the lowest temperature for which full conversion could be

reached, the intermediate temperature (2000 K) correspond to the temperature where the time to

reach full conversion both with and without the hydrogen reactions turned on are equal, while the

higher temperature (2650 K) correspond to the highest temperature where a numerical result could

be obtained.

The mechanism employed in this work is designed to study the process of gasification at low

and intermediate temperatures. However, in this section, the mechanism has been used to simulate

char gasification in a much wider temperature range. It will later become evident when studying

the species production rates that the heterogeneous mechanism is “unstable” at very high temper-
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atures ∼ 2600 K. This clearly means that the mechanism can not be fully trusted at these high

temperatures. These problems do not, however, seem to have any substantial impact on the overall

results. By “unstable” it is meant that the simulation code is not able to identify one single solution,

but rather jumps between two neighbouring possible solutions.

Gasification at 1150 K

Figure 3: Gas phase species fraction Xi (top panel) and surface fraction X j of adsorbed species

(bottom panel) as a function of time at temperature of 1150 K.

At a temperature of 1150 K, turning off reaction R3b slows down the overall production of
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C(H), which is seen by comparing cases A and B in Fig. 3. Since C(H) is a reactant in reactions

R1b, 2C f + H2O↔ C(OH) +C(H) and R2b, C(OH) +C f ↔ C(O) +C(H), the molar rate of both

reactions R1 and R2 is higher when reaction R3b is de-activated. The net result of this is that more

C(O) is produced, which leads to higher molar rates of reactions R4, C(O)+Cb → CO+C f , R10b,

CO2 + C f ↔ C(O) + CO and R11 Cb + CO2 + C(O) → 2CO + C f . In reactions R4 and R11 a

carbon atom is removed from the solid surface, and as such, these reactions have a positive impact

on the conversion rate of the char. Since reaction R10 is neutral with respect to its impact on the

conversion, the increased conversion rate of the char when reaction R3b is turned off is due to the

higher amount of adsorbed oxygen on the surface when there is less adsorbed hydrogen present.

When reaction R7f is de-activated, we see from Eq. (2) that the time to reach full conversion

increases for very low temperatures. The reason for this is two-fold; first, the de-activation of R7f

yields a higher concentration of adsorbed hydrogen, which, as described in the previous paragraph,

has a negative effect on the rate of conversion. It can, however, be seen from Fig. 3 that the levels

of adsorbed hydrogen and oxygen are rather similar for cases A and C, such that this effect is

not expected to be significant. Secondly, since R7f removes one carbon from the solid surface,

the de-activation of this reaction will also reduce the rate of conversion directly. This is probably

the main reason for the longer times to reach full conversion when reaction R7f is turned off for

temperatures less than 1400 K.

Gasification at higher temperatures

In this section the gasification characteristics at temperatures of 2000 K and 2650 K is presented.

It should be noted that at these high temperatures, the assumption that the ash can not evaporate is

no longer valid.

From Fig. 2 it can be seen that the de-activation of reaction R3b, at a temperature of 2000 K,

does not influence the net rate of conversion. The main reason that the de-activation of R3b does

not have an effect at this temperature, even though the effect was substantial at 1150 K, is that the

de-activation of reaction R3b does no longer have an effect on the amount of adsorbed oxygen on
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Figure 4: Gas phase species fraction Xi (top panel) and surface fraction X j of adsorbed species

(bottom panel) as a function of time at temperature of 2000 K.

the particle surface. This can be seen by comparing cases A and B in the lower panel of Fig. 4.

As a result of lower concentration of C(H), reaction R8 slows down. This does not have an

effect on the char conversion rate, since reaction R8 does not change the number of carbon atoms

on the surface, but it does effect the net production rate of CO and HCO. This can be seen by

comparing cases A and B in Fig. 5. Based on the above it may at first glance seem surprising that

the molar concentrations of CO and HCO in the gas phase are still unchanged. This is however due

to the fact that these species are converted through the homogeneous reactions in order to obtain
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chemical equilibrium in the gas phase. At these high temperatures, gas phase chemical equilibrium

is obtained at a time scale significantly shorter than the time scale for char conversion.

Figure 5: Species production rate ωpg due to the gas-to-particle reactions as a function of time at

temperature of 2000 K.

In Fig. 4, the gas phase species concentration Xi and surface species concentration X j as a

function of time at a temperature of 2000 K is shown. The gas phase reaches chemical equilibrium

since the difference between the fractions of each species can not be seen. The important difference

is between cases A and B for the concentration of hydrogen adsorbed on the particle surface, which

is higher in case A, since C(H) is not produced due to reaction R3b.
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Figure 6: Gas phase species fraction Xi (top panel) and surface fraction X j of adsorbed species

(bottom panel) as a function of time at temperature of 2650 K.

By studying Fig. 6, it can be seen that several of the adsorbed species fractions make abrupt

and seemingly unphysical jumps. Since smooth numerical results are no longer obtained, this

indicate that a temperature of 2650 K is outside the temperature range for which the heterogeneous

mechanism can be used. The reason for these jumps in adsorbed species fractions is probably that

there exist two different solutions that both satisfy the governing equations at these rather extreme

conditions. The numerical solver then ends up jumping between these two solutions, which yields

the observed jumps in adsorbed species fractions.
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Gasification at very low temperatures

Figure 7: Conversion as a function of temperature for different cases and for two different equilib-

rium solvers.

At low temperatures, global chemical equilibrium dictates that full conversion of the char will

not be obtained. For the conditions presented in Table 5, it is found that the char is fully converted

for T > 1150 K. Below this temperature, only a fraction of the char will be converted as t → ∞.

The fraction of the char that gets converted is visualized by the solid lines in Fig. 7. Here it

is seen that the amount of conversion decreases with temperature for all cases, but that the cases

when reaction R3b is turned off always yield more conversion. The explanation for this is the same

as before, namely that less adsorbed hydrogen on the surface yields more adsorbed oxygen, and

hence more char conversion through reaction R4. The conversions shown here are obtained as time

goes towards infinity, i.e. at chemical equilibrium. Hence, these results can be compared to results

from chemical equilibrium solvers. Here, GASEQ20 and Cantera21 have been used to simulate

the equilibrium condition. These results are visualized by the deep red dashed-dotted line and the

black dashed line in Fig. 7. From this it is seen that the results for the two equilibrium solvers are
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almost identical, as expected, and that the trends obtained from the equilibrium solvers are similar

to what is found for cases A-D. The equilibrium solvers do, however, always yield a slightly lower

conversion. Since one or more of the reactions are turned off in cases B-D, these cases are not

expected to yield results similar to the equilibrium solvers. This is not true for case A, however.

The reason for the discrepancy between the equilibrium solvers and case A is the fact that the

equilibrium solvers do not take the adsorbed species into account. This means that the enthalpies

and entropies of the char in the equilibrium solvers are not the same as in our main solver, hence

the Gibbs free energy, and correspondingly also the equilibrium condition, is different.

Summary

In this work, the newly developed detailed chemical kinetics model of Tilghman & Mitchell1 has

been used in order to study the mechanisms behind hydrogen inhibition and speed-up of char

gasification. For the conditions studied here, it is clearly seen that hydrogen inhibition is found for

T < 2000 K, while for T > 2000 K the hydrogen in the gas phase speeds up the char conversion.

By studying the species reaction rates together with the individual rate of every single reaction, it

is shown that hydrogen inhibition at low and intermediate temperatures is due to atomic hydrogen

adsorbed on the char surface interacting with atomic oxygen on the surface to form an adsorbed

OH molecule. The adsorbed OH molecule combines with another adsorbed hydrogen atom to form

gaseous water. The outcome of this is that the adsorbed atomic oxygen, which would normally

desorb as gaseous CO while removing a carbon atom from the surface, only takes part in the

production of steam, which does not yield any char conversion, and hence the time to reach full

conversion is increased due to the presence of hydrogen. This conclusion differs from the findings

of Pineda & Chen4 who found that hydrogen inhibition is mainly due to the blocking of active sites

by adsorbed hydrogen. This discrepancy may be explained by the fact that adsorbed OH was not a

part of of their mechanism.

It has also been shown that at higher temperatures the presence of hydrogen results in a speed-
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up of the char conversion. This is due primarily to reaction 6f, where adsorbed hydrogen reacts

with steam to produce oxygen adsorbed on the surface. As a result of the higher concentration of

C(O), the process of removing carbon from the surface is faster.
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