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h i g h l i g h t s

! Three functions were built to calculate particle conversion rate of steam gasification, Boudouard reaction and combustion.
! Function determination includes the use of a validated particle model and a numerical experimental design.
! The functions take into account all phenomena controlling particle conversion rate of a char particle under a reactive atmosphere.
! The functions depend on a limited set of operating conditions – T, pi – and particle properties: e0, ep,0 and Ai.
! The functions can be easily adapted to a new wood char by confronting 3–5 experimental results to the function.
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a b s t r a c t

Many biomass gasification models have been developed at reactor scale with the objectives of under-
standing the phenomena involved and optimizing the processes. Most of usual models consist in solving
equations of heat, mass and momentum balance in a multiphase media. These equations call for source
terms that provide production or consumption of heat and species by the reactions. The heat and mass
source terms are directly derived from the particle conversion rate, dX/dt. This paper focuses on the deter-
mination of these source terms regarding the char gasification stage of the gasification process.

We propose three simple functions to calculate wood particle conversion rate of steam gasification,
Boudouard reaction and combustion. The determination of each function is based on a validated char gas-
ification model at particle size and a numerical experimental design. The model of char particle gasifica-
tion includes all the complexity of the transformation: intrinsic reaction kinetic and both internal and
external heat/mass transfer limitations. The experimental design was used to define simulations to be
carried out, and to establish a relevant correlation between the particle conversion rate and a limiting
set of 5 influencing parameters. Two of them are representative of the operating conditions – tempera-
ture and partial pressure of the reactant gas, the three others corresponds to particle properties: porosity,
thickness, and reactivity constant.

The three functions were determined for the gasification of a wood chips char particle in a H2O/N2, CO2/
N2, and O2/N2 atmosphere respectively. And finally, considering wood pellet char, we showed that the
functions could be adapted to this new char from only 3 to 5 experiments, showing a good correspon-
dence between prediction functions and experimental results.
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1. Introduction

Gasification has been shown to have a high potential for bio-
mass energy production. Various forms of energy such as electric-
ity, heat, or biofuels can be produced depending on the nature of
the feedstock and the technology. Different types of technologies
including fluidized or fixed bed, entrained flow, in single or staged
reactors are now available on the market. Nevertheless, the eco-
nomic competitiveness of these technologies remains questionable
and efforts are required to improve the efficiency and reliability of
the processes, and the flexibility of the feedstock. Modeling can
help develop new designs for reactors as well as optimize existing
ones.

Whatever the technology used, gasification reactors involve a
successive or simultaneous series of thermal processes, mainly bio-
mass drying and pyrolysis, oxidation/cracking of pyrolysis gases,
and char gasification. Achieving complete carbon conversion is
mainly controlled by the heterogeneous reactions that occur be-
tween the char produced during the pyrolysis stage, and the react-
ing gases such as H2O, CO2 and O2:

CþH2O! COþH2 Steam gasification ð1Þ

Cþ CO2 ! 2CO Boudouard reaction ð2Þ

CþO2 ! CO=CO2 Combustion ð3Þ

Numerous industrial or academic codes have been developed for
fluidized bed, fixed bed or entrained flow reactors. These complex
models consist in solving mass, energy, and momentum balance
equations in the multi-phase media. Balanced equations require
source terms that provide local production or consumption rates
of species and heat. Regarding the heterogeneous reactions (Eqs.
(1)–(3)), the mass/heat source terms can be calculated directly from
the particle conversion rate of the char particles, as follows

dm
dt

! "
i ¼

dX
dt

! "
i &m0 and Qi ¼ dX

dt

! "
i &mo & DT

r;j respectively, where dm
dt

! "
i

and Qi are the mass and heat source terms of the reaction i
respectively.

dX
dt

! "
i is the particle conversion rate of the reaction i.

X is the char conversion progress and depends on the mass at
time t, mt, the initial mass, m0, and the mass of ashes, mash, as
follows:X ¼ mo'mt

mo'mash
.

Intrinsic reaction kinetics cannot be used to express the particle
conversion rate as the dimension of the char particles is such that
heat and mass transfers limit their conversion. Consequently, the
particle conversion rate has to be calculated to take into account
limitations to heat and mass transfer.

At the present time, two types of sub-models are commonly
used to calculate these particle conversion rates:

! A complex sub-model of the gasification of a char particle that
solves all the conservation equations at particle scale [1–3].
These sub-models allow a fine description of the physical and

chemical phenomena at particle scale. Changes in particle size
due to reactions and fragmentation can also be taken into
account in the most sophisticated sub-model [4]. The main
problem with this approach is that the process codes built in
this way are too time consuming to be practical for optimiza-
tion or design purposes.
! A simple sub-model is the most widely used solution to express the

source terms [5–9]. It consists in expressing the particle conversion
rate as a function of intrinsic reaction kinetics and diffusional resis-
tances for external heat and mass transfers. This solution consider-
ably simplifies char bed modeling as no description is required at
particle scale. Nevertheless such theoretical formulations have not
been validated for different particle sizes, operating conditions, and
different types of biomass. Moreover, the formulations do not con-
sider internal diffusion in the particle, as shrinking core models are
usually used to model particle conversion progress.

To sum up, there is a need to define simple expressions for par-
ticle conversion rates for char gasification reactions (Eqs. (1)–(3))
that take into account the complexity of the transformation at par-
ticle scale: intrinsic reaction kinetics and both internal and exter-
nal heat/mass transfer limitations. This paper proposes three
correlations to express particle conversion rates for the three reac-
tions involved in char gasification. These correlations are based on
a limited set of parameters:

– operating conditions, i.e. temperature and partial pressure of
the reacting gas;

– the nature of the biomass through the intrinsic reaction kinetics
of the char and its initial porosity;

– particle size.

The functions to calculate particle conversion rates were devel-
oped for wood chips char (WCC). They were subsequently adapted
for the gasification of a new char made from wood pellets (WPC)
thanks to a few validation experiments.

Such correlations can be used in reactor models to determine
source terms for char gasification reactions if WCC or WPC made
from pine are being used.

2. Methodology

The methodology we developed to calculate the particle conver-
sion rate involves the following steps:

– development and calibration of a detailed particle model that
enables the prediction of the particle conversion rate of a char
particle under various gasification operating conditions [3,10];

– choice of a limited set of influencing parameters regarding gas-
ification reactions;

– determination of functions thanks to ‘‘numerical’’ experiments
using the validated model.



2.1. The particle model

The correlations to determine the particle conversion rates are
based on the use of an existing particle model previously devel-
oped by our team [10]. The model enables prediction of the gasifi-
cation of a char particle in N2 atmospheres containing H2O, CO2

and O2 following the reactions (Eqs. (1)–(3)).
Briefly, the model considers all main phenomena that control

the particle conversion rate of a char particle under a reactive
atmosphere, namely external and internal heat/mass transfers
and intrinsic reaction kinetics. For a given set of operating condi-
tions and char properties, the solution is given by the resolution
of mass, energy, and momentum balance equation in a spherically
symmetric, one dimensional mesh. Temperature and partial pres-
sure of the reacting gas, and char properties such as porosity, per-
meability, tortuosity, are fixed at the start. The model calculates
changes in physical values inside the particle during conversion.
In the present work, the only output of interest from the model
is the global conversion of the char particle versus time: X(t). Accu-
rate sensitivity of the calculated conversion to operating conditions
and particle size was demonstrated by comparing simulations with
experimental results [10].

An important point in the development of the model was the
choice of kinetic model and the determination of the kinetic con-
stants and the concentration of active sites. Whatever the reaction
concerned (Eqs. (1)–(3)), char reactivity depends on temperature,
gas partial pressure (n-order dependence) and the concentration
of active sites:

Ri ¼ Kint
i & P

ni
i & FiðXÞ ð4Þ

where pi (atm) is the partial pressure and ni (–) is the order of the
reaction i. Kint

i (s atm'n) is the intrinsic reaction kinetics of the reac-
tant gas i:

Kint
i ¼ Ai & exp

'Ei

R:T

# $
ð5Þ

Ai (s'1 atm'ni) and Ei (J mol'1), respectively the pre-exponential fac-
tor and the activation energy of the heterogeneous reaction i were
previously determined for each reaction, by comparing experimen-
tal and model results.Fi (X), called surface function, was used to de-
scribe the change in the concentration of active sites during
conversion. More generally, the surface function enables all the
phenomena involved in the change in reactivity during gasification
to be taken into account: the surface function was determined
experimentally in a previous work [10].

The model was experimentally validated for wood chips char
(WCC) in the following operating conditions:

– temperature between 1073 and 1323 K;
– H2O partial pressure between 0.1 and 0.4 atm;
– CO2 partial pressure between 0.1 and 0.4 atm;
– O2 partial pressure between 0.03 and 0.12 atm;
– char particle thickness between 1.5 and 6.5 mm.

As an example, in the case of gasification of a char particle in
H2O/N2 atmosphere, model sensitivity to partial pressure (a), tem-
perature (b), and char particle thickness (c) is shown in Fig. 1.
Experimental results are also plotted in the figure to show the
accuracy of the simulations.

These curves, which were discussed in detail in our previous pa-
per [10] form the basis of the methodology proposed here to calcu-
late the functions. Indeed, the particle conversion rate dX

dt for a set of
operating conditions is given by the slope of the corresponding
curve in Fig. 1. It is noteworthy that whatever the set of operating
conditions, the particle conversion rate remains constant until 90%
of the char has been converted and decreases thereafter. From this

observation and for the sake of simplicity, we decided to predict
the particle conversion rate as a single value, independent of
char conversion and equal to its value at 50% of conversion. The
consequence is that our simplified particle conversion rate
overestimates the reactivity at the end of the conversion, but
nevertheless remains acceptable when considering the conversion
as a whole. The description of the end of gasification remains a
delicate and unsolved problem because fracturation, the catalytic
effect of minerals, and the development of porosity all play a major
role. This point, which requires more fundamental research, is
beyond the scope of this paper, where our objective is establishing
simple practical correlations.

Furthermore, developing three independent correlations for
the three heterogeneous reactions implies that synergistic and
antagonistic phenomena between reactions are not taken into
consideration. Several authors have investigated the effect of inter-

Fig. 1. Example of model results; gasification of a char particle in H2O/N2

atmosphere at different partial pressures of reactant (a), temperatures (b), and
char particle thicknesses (c) (experiment and model) referential operating
conditions: temperature of bulk gas, 1173 K; char thickness, 5.5 mm; partial
pressure of reactant gas, 0.2 atm H2O; porosity, 0.65; pre-exponential factors,
35.5 ( 104 s'1 atm'0.8 [10].



actions between various reactive gases on gasification reactivity,
but their results remain questionable [11,12]. Nevertheless, in
cases where interactions were observed, their impacts on the par-
ticle conversion rate were relatively weak. Consideration of these
interactions was in any case not feasible in the simplified approach
we proposed to determine the functions.

2.2. Choice of influencing parameters

The particle conversion rate of char gasification depends on
many parameters that affect both intrinsic reaction kinetics and
heat/mass transfer limitations. These parameters can be classified
in two categories:

i. Parameters that affect operating conditions. This category
includes the reaction temperature, the partial pressure of
the reactant gas, and the gas flow velocity around the particle.

ii. Parameters that affect char particle properties. This category
includes intrinsic reaction kinetics, porosity, particle thick-
ness and mineral composition.

The choice of the parameters with the most influence on char
particle conversion is a determining point of the methodology
developed. Indeed, the number of parameters has to be high en-
ough to allow the correlation to reproduce all the phenomena in-
volved in char particle gasification. But for the sake of simplicity,
the number of parameters has to be as small as possible. Our
choice of parameters is now given and discussed.

! Regarding operating conditions.
Temperature and the partial pressure of the reactant gas were
naturally chosen as their influence on intrinsic reaction kinetics
is well known and clearly illustrated in Fig. 1a and b for C–H2O
gasification in our operating conditions.
Gas flow velocity was not taken into account because it was
found to have a negligible impact on char particle gasification
[13].
! Regarding char particle properties.

We chose the initial char particle porosity and thickness
because of their influence on internal and external heat/mass
transfers. The thickness of the WCC particle has a major impact
on reactivity (Fig. 1c). In a previous study, we showed that the
other dimensions do not influence particle conversion rate [10].
Sensitivity to char porosity was checked by performing simula-
tions with porosity varying from 0.5 to 0.8 in typical operating
conditions (see Fig. 2). Results clearly showed the sensitivity of
particle conversion rate to this parameter. For the sake of sim-
plicity, we thus chose to use the initial value of particle porosity
and thickness.
To account for intrinsic reaction kinetics, we chose the pre-
exponential factor Ai. Fig. 3 illustrates sensitivity to Ai through
simulations performed with Ai varying between 2.1 ( 105 and
5.4 ( 105 s'1 atm'0.8. Regarding intrinsic reaction kinetics, we
assume that sensitivity to temperature (Ea) and partial pressure
(n) do not depend on the nature of the char. Ea and n are con-
stant whatever the kind of char considered. Values are those
obtained with WCC (Table 1).

Finally, we selected five parameters to calculate particle conver-
sion rates of heterogeneous reactions. The three functions take the
form:

dX
dt

# $

i
¼ f ðT; Pi; ep;0; ep;0;AiÞ ð6Þ

where i is the heterogeneous reaction subscript (steam gasification,
the Boudouard or combustion reaction); T (K) and pi (atm) are

respectively the bulk temperature and the partial pressure of
the reactant gases in the atmosphere; ep,0 (–) and ep,0 (m) are
respectively, the initial porosity and thickness of the particle;
Ai (s'1 atm'ni) is the pre-exponential factor of the reaction i.

2.3. Statistical method for the determination of the functions

The validated particle model was used to produce particle con-
version rate values dX

dt at 50% of conversion for various sets of
parameters (T,pi, ep,0,ep,0,Ai). Then, the function that fit all the sim-
ulation results best was determined using a statistical method. The
aim of the method was also to guide us in the choice of the simu-
lation to be performed to best capture the sensitivity of the particle
conversion rate to the parameters concerned. In other words, we
set up an experimental design. For this purpose the Modde 9.0 soft-
ware, (Umetrics, Umeå, Sweden) was used to successively:

– set up an experimental design to determine the best simula-
tions (numerical experiment) to be performed with the particle
model;

– determine the ‘‘particle conversion rate’’ as a correlation
between the particle conversion rate dX

dt calculated with the par-
ticle model and the variables retained (T, pi, e0, ep,0, Ai) that min-
imize errors between the function and the results of the particle
model;

– validate the function by comparing it with the results of the
particle model.

Fig. 2. Simulation results of WCC gasification for three char porosities: 0.5, 0.65 and
0.8. Temperature of bulk gas: 1173 K; char thickness: 5.5 mm; partial pressure of
reactant gas: 0.2 atm H2O, pre-exponential factors: 35.5 ( 104 s'1 atm'0.8.

Fig. 3. Simulation results of WCC gasification for three pre-exponential factors:
2.1 ( 105, 4.5 ( 105, and 5.4 ( 105 s'1 atm'0.8. Temperature of bulk gas: 1173 K;
char thickness: 5.5 mm; partial pressure of reactant gas: 0.2 atm H2O, porosity:
0.65.



In the following, we present successively the chosen experi-
mental designs and the development domain of the functions.

The experimental design was based on a first screening to
validate our choice of influencing parameters in terms of the
sensitivity of the particle conversion rate. It was also used to
identify the most significant interactions between the parameters.
Then a second screening was performed to quantify the variation
in the response ‘‘particle conversion rate’’ with a variation in a
given parameter. For readers familiar with experimental design,
we performed a two level factorial experiment and a Latin
hypercube design successively. These two experimental designs
generated a numerical database to help determine the polynomial
function. Function coefficients were calculated using the least
squares method to minimize errors between the function and
numerical experiments.

The development domain of one function is the set of parameter
values for which the function is developed. This domain is charac-
terized by a low limit and high limit for each parameter (Table 2).

Concerning temperature T and partial pressure pj, low and high
limits correspond to the operating conditions that can be used in a
continuous char gasification reactor [14]. For the Boudouard reac-
tion, steam gasification, and combustion, low limits were fixed at
1173 K, 1073 K and 973 K respectively.

Concerning initial particle thickness ep,0, the lower limit was set
at 1.5 mm because below this value particle thickness no longer af-
fects particle conversion rate [15–18]. The upper limit was set at
6.5 mm based on the thickness distribution analysis found in
[14]: 95% of the char particles were 0–6.5 mm thick.

Initial porosity e0 was determined from porosity measurement
performed on WPC (0.80) and WCC (0.50) [14]. These values are
taken as the upper and lower limits respectively.

The upper and lower limits of pre-exponential Ai factor were
calculated so as to vary the particle conversion rate in a range of
±30% from the referential conditions. Referential gasifying
conditions are T = 1173 K, pH2O and pCO2 = 0.2 atm, and pO2 = 0.03.
Referential properties of WWC particles are ep,0 = 5.5 ( 10'3 m,

e0 = 0.75 and AH2O = 3.55 ( 103 s'1 atm'0.8, ACO2 = 1.2 ( 108 s'1

atm'0.7 and AO2 = 1.1 ( 109 s'1 atm'0.6.

3. Functions for wood chip char

To improve the quality of the regression, a variable transforma-
tion in decimal logarithmic was performed so that the functions
take the form:

log10
dX
dt

# $
¼ f ðT; Pi; ep;0; ep;0;AiÞ ð7Þ

Functions of the particle conversion rates in the three atmospheres
are given in Eqs. (8)–(10), and the coefficient values are listed in
Table 3.

Values of the correlation coefficient R2 and predictive coefficient
Q2, which reflect the descriptive and predictive quality, respec-
tively, are listed in Table 4. They are greater than 0.95 whatever
the reaction considered, attesting to their good quality.

Steam gasification function:

log10
dX
dt

# $
¼ aþ b & T þ c & PH2O þ d & ep þ e & ep þ f & AH2O

þ g & T2 þ h & P2
H2O þ i & T & ep þ j & T & ep þ K & T & AH2O

þ l & PH2O & Avapo þm & ep & ep þ n & ep & AH2O þ o & ep & AH2O

ð8Þ

Boudouard function:

log10
dX
dt

# $
¼ aþ b & T þ c & PCO2 þ d & ep þ e & ep þ f & ACO2 þ g & T2

þ h & P2
CO2 þ i & T & ep þ j & T & ep þ K & T & ACO2

þ l & ep & ep þm & ep & ACO2 þ n & ep & ACO2 ð9Þ

Combustion function:

Table 1
Intrinsic kinetic parameters of the wood chips char (WCC) [10].

Factors Steam-gasification
reaction

Boudouard reaction Oxidation reaction

A 3.55 ( 105 s'1 atm'0.8 1.2 ( 108 s'1 atm'0.7 1.1 ( 109 s'1 atm'0.6

Ea (J. mol'1) 170 ( 103 3245 ( 103 17.94 ( 103

n (–) 0.8 0.7 0.6

Table 2
Range of variation for each parameters.

Parameters Limit
Low High

Steam gasification reaction T (K) 1073 1373
pH2O (atm) 0.1 0.4
ep,0 (m) 1.5 ( 10'3 6.5 ( 10'3

ep,0 (–) 0.5 0.8
AH2O (s'1 atm'0.8) 210,000 540,000

Boudouard reaction T (K) 1173 1373
pCO2 (atm) 0.1 0.4
ep,0 (m) 1.5 ( 10'3 6.5 ( 10'3

ep,0 (–) 0.5 0.8
ACO2 (s'1 atm'0.7) 0.75 ( 108 16.5 ( 108

Oxidation reaction T (K) 973 1373
pO2 (atm) 0.03 0.12
ep,0 (m) 1.5 ( 10'3 6.5 ( 10'3

ep,0 (–) 0.5 0.8
AO2 (s'1 atm'0.6) 0.1 ( 109 8 ( 109

Table 3
Coefficient values of the functions for the three reactions.

Reaction Steam gasification Boudouard Oxidation

a '2.38 ( 101 '3.30 ( 101 '7.83
b 2.92 ( 10'2 4.18 ( 10'2 8.65 ( 10'3

c 2.63 2.86 2.32 ( 101

d 3.72 ( 102 6.01 ( 102 '2.89 ( 102

e '4.33 '6.42 '3.52
f 3.32 ( 10'6 1.48 ( 10'8 1.13 ( 10'10

g '1.02 ( 10'5 '1.45 ( 10'5 '3.12 ( 10'6

h '2.88 '2.90 '6.59 ( 101

i '4.08 ( 10'1 '5.86 ( 10'1 2.85 ( 104

j 3.39 ( 10'3 4.86 ( 10'3 3.78
k '2.59 ( 10'9 '1.12 ( 10'11 '4.95 ( 10'3

l 8.38 ( 10'7 1.34 ( 102 '9.54 ( 10'2

m 1.19 ( 102 '2.87 ( 10'7 '8.36 ( 10'14

n '8.17 ( 10'5 4.04 ( 10'9

o 1.05 ( 10'6



log10
dX
dt

# $
¼ aþ b & T þ c & PO2 þ d & ep þ e & ep þ f & AO2 þ g & T2

þ h & P2
O2 þ i & e2

p þ j & e2
p þ K & T & PO2 þ l & T & ep

þm & T & AO2 ð10Þ

The accuracy of these functions in predicting particle conversion
rate is illustrated in Figs. 4–6 for steam gasification, Boudouard,
and oxidation reactions respectively. In these plots, we compare
the particle conversion rates calculated by the function to the one
given by the particle model (numerical data). Moreover, we added
the experimental data used for particle model calibration in the
plots. In any of the three figures, each graph represents the response
of the particle conversion rate to the variation in only one parame-
ter, the values of the other parameters being set at referential con-
ditions (Section 4.2). The development domain in which the
functions were calculated is also mentioned in the graphs. These

figures show also the behavior of the functions outside the develop-
ment domain.

In the development domain, these figures show that the func-
tions very accurately predict the numerical results for the five
parameters. Differences were observed in several cases and are dis-
cussed below.

Fig. 4 shows results obtained for steam gasification. In the
development domain, the coefficient of variation (CV) – defined
as the ratio of the standard deviation to the mean between func-
tion and model results – is less than 6%. This low value is quite
acceptable when the aim is predicting particle conversion rates gi-
ven the complexity of the mechanism involved and the uncertain-
ties in experimental measurements. Functions outside the validity
domain cannot be applied as they are not validated.

Concerning the Boudouard reaction (Fig. 5) the coefficient of
variation between the model and the function was less than 6%,
which is quite acceptable.

Concerning the combustion reaction (Fig. 6) the accuracy of the
function was slightly lower than the two other reactions: the coef-
ficient of variation was less than 10% in the development domain.
This uncertainty is nevertheless acceptable. Let us recall that this is
more or less the accuracy of the experimental results that were
used to calibrate the particle model [10]. Fig. 6e shows that the
particle conversion rate calculated by the particle model increases

Fig. 4. Validation of the apparent reactivity function for steam gasification reaction.

Table 4
Correlation coefficient R2 and predictive coefficient Q2 of apparent reactivity
functions.

Steam gasification Boudouard Combustion

R2 (–) 0.998 0.996 0.984
Q2 (–) 0.989 0.980 0.953



with temperature between 1000 and 1200 K. Above, it remains
constant. This can be explained by a change in the particle conver-
sion regime: above 1200 K, conversion is limited by external mass
transfer and no longer depends on temperature. This change of
behavior in the conversion regime is difficult to capture by the
function. In Fig. 6a, we observe that the particle conversion rate
calculated with the particle model is not sensitive to pre-exponen-
tial factor (Section 4.2). This behavior is incorrectly displayed by
the function which fails to reproduce sensitivity to this parameter
A. Indeed, the low impact of ‘‘A’’ on apparent reactivity makes it
difficult for the experimental design to take into account the influ-
ence of this parameter.

4. Adaptation to char made of wood pellets

In previous sections we validated the functions for particles of
wood chip char in N2 atmospheres containing H2O, CO2 and O2.
When a new char is considered, the previous functions are not
useable as is. Properties such as porosity (e0) and pre-exponential
factor (Aj) have to be updated in the function. Initial porosity can
be easily measured in the laboratory. Determination of the
pre-exponential factor is more complex and requires additional
experiments.

The new char considered here is a wood pellet char (WPC).
Table 5 compares the properties of the two chars. Porosity is the
major difference between WCC and WPC: WCC porosity is 40%
lower than WPC porosity.

4.1. Experiments on wood pellet char

Regarding the determination of Ai, we used the ‘‘Macro-TG’’
reactor to carry out the experiments [3,10,19,20]. In theory, only
one experiment is needed in each atmosphere. Nevertheless, we
conducted several experiments in each reactive atmosphere
(H2O/N2, CO2/N2 and O2/N2), each time varying partial pressure pj

or temperature T (Table 6). This ensured that the determination
of Ai was more accurate and above all that Ai was validated in a
wider range of operating conditions.

In Fig. 7, the conversion ratio is plotted against time for the new
WPC. The particle conversion rate of WPC, given by the slope of the
curves, remained more or less constant until 90% of char conver-
sion was completed and decreased thereafter, as already observed
in the case of wood chips char.

Steam gasification (Fig. 7a) is very sensitive to temperature:
complete conversion was reached after 1140, 2340, and 7320 s at
temperatures of 1273, 1173, and 1073 K respectively. That is to

Fig. 5. Validation of the apparent reactivity function for the Boudouard reaction.



say a 200 K increase in gasification temperature resulted in 6.5
times higher reactivity. At the reference temperature of 1173 K,
we varied the concentration of steam in the atmosphere. Gasifica-
tion was completed at 2340 and 4260 s with 0.2 and 0.1 atm H2O
(in N2), respectively. Steam gasification was thus about 3 times fas-
ter with 0.2 atm H2O than with 0.1 atm H2O.

The same trend was observed for gasification with carbon diox-
ide (Fig. 7b). Gasification was completed after 1860 and 4320 s at
temperatures of 1273 and 1173 K respectively: the particle conver-
sion rate was 2.3 times faster. Complete conversion was reached
after 4320 s with 0.2 atm CO2 while it was reached only after
3000 s with 0.2 atmCO2.

During combustion (Fig. 7c), the particle conversion rate is sen-
sitive to O2 partial pressure: it was 4 times faster at 0.12 atm O2

than at 0.03 atm O2 with complete conversion after 960 and

3900 s respectively. However, the impact of temperature was
slight: conversion was complete after 3180 and 3900 s at
temperatures of 1273 and 1173 K respectively.

4.2. Determination of Ai

The determination of Ai is simple and does not require running
the statistical method again. This is one advantage of the present
functions. First, we calculated the particle conversion rate for each

Fig. 6. Validation of the apparent reactivity function for the oxidation reaction.

Table 5
WCC and WPC properties.

WCC WPC

ep,0 (mm) 1.5–6.5 4.2
e0 (–) 0.74 0.51
AH2O (s'1 atm'0.8) 3.55 ( 105 2.80 ( 105

ACO2 (s'1 atm'0.7) 1.20 ( 108 1.06 ( 108

AO2 (s'1 atm'0.6) 1.10 ( 109 3.11 ( 109

Table 6
Operating conditions for WPC gasification experiments.

Reactant gas Partial pressure (atm) Temperature (K)

H2O 0.1
11730.2

0.4
0.2 1073
0.2 1273

CO2 0.2
1173

0.4
0.2 1273

O2 0.03
1173

0.12
0.03 1273



experiment (Table 7, third column). The operating conditions (T,
PH2O) and char properties (ep,0, e0) were known. So, we adjusted
AH2O by minimizing the sum of the squares of the deviations (5th
column) between the particle conversion rate calculated by the
function from Eq. (9) (4th column) and the one determined
experimentally (third column). The value determined was
A = 2.8 ( 105 s'1 atm'0.8 in the case of steam gasification.

4.3. Validation of Ai

In Fig. 8, we compare Ai for WCC and WPC for the three reac-
tions. It is important to note that that new values of Ai (WPC) are
in the range of Ai used for calculating the function (Table 2). For
steam gasification and for the Boudouard reaction, differences be-
tween WCC and WPC were small. These results are satisfactory
since WWC and WPC were both produced from maritime pine.
Moreover the two initial chars were produced in the same pyroly-
sis operating conditions (temperature 750 K, residence time 1 h;
flow rate 15 kg h'1) [14].

Concerning combustion, Ai was 3 times higher for WCC than for
WPC. But as already mentioned in Section 3, in the case of combus-
tion, the function fails to apprehend the sensitivity of the particle
conversion rate to pre-exponential factor.

Finally, in Fig. 9, we present the comparison between experimental
particle conversion rates and those calculated with the functions in the
three atmospheres. Concerning steam gasification and combustion, the
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Fig. 7. Results of WPC gasification under H2O/N2 (a), CO2/N2 (b) and O2/N2 (c) atmosphere.

Table 7
Comparison of experimental and calculated apparent reactivity case of steam
gasification.

T (K) H2O (atm) dX
dt

! "50
exp

dX
dt

! "50
calc

(Exp – calc) CV (%)

1173 0.1 2.53 ( 10'4 2.89 ( 10'4 1.30 ( 10'9 6.63
1173 0.2 4.81 ( 10'4 4.59 ( 10'4 4.63 ( 10'10 2.29
1173 0.4 7.49 ( 10'4 7.77 ( 10'4 7.66 ( 10'10 1.81
1073 0.2 1.38 ( 10'4 1.27 ( 10'4 1.28 ( 10'10 4.27
1273 0.2 1.07 ( 10'3 1.04 ( 10'3 1.17 ( 10'9 1.62



coefficient of variation was less than 7%. For the Boudouard reaction, the
coefficient of variation was less than 14%. Nevertheless given the com-
plexity of the phenomena and the uncertainties on the experiments
[10] these results are quite acceptable. In conclusion, the particle conver-
sion rate functions determined for wood chips char can be used for wood
pellets char with the new calculated pre-exponential factors.

5. Conclusion

Three functions were established to calculate the particle con-
version rate of steam gasification, Boudouard reaction and com-
bustion for wood char chips. These functions take into account
the phenomena that control the particle conversion rate of a char
particle under a reactive atmosphere, namely external and internal
heat/mass transfers and intrinsic reaction kinetics. The functions
depend on the operating conditions selected – temperature T,
partial pressure of the reactant gas pi – and on selected char
properties: porosity e0, particle thickness ep,0 and reaction pre-
exponential factor Ai.

The determination is based on an original method using a par-
ticle model and an experimental design.

A function dX
dt ¼ f ðT; Pi; ep;0; ep;0;AiÞwas determined for each reac-

tant gas: H2O, CO2 and O2.
Using the example of wood pellet char, we showed then that

these functions can be easily adapted to a new wood char provided
that experimental results are in good agreement with function
predictions during pre-exponential factors determination step.
The later was performed by confronting 3–5 experimental results
to the functions. Additional studies are now necessary to show
the functions adaptability to a char from a new biomass nature.

These functions can be used to express the source terms in the
heat and mass balance equations of academic or industrial codes of
gasifiers, provided that operating conditions and char properties
are within the validity domains of the functions.
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