Chemical Papers (2021) 75:863-872
https://doi.org/10.1007/511696-020-01348-2

ORIGINAL PAPER

=

Check for
updates

Numerical simulation for the steam gasification of single char particle

Vinod Kumar Yadav'? - Ravi Shankar’*® - Vineet Kumar®*

Received: 13 May 2020 / Accepted: 9 September 2020 / Published online: 15 September 2020

© Institute of Chemistry, Slovak Academy of Sciences 2020

Abstract

Simulation of a single char particle for the synthesis gas production is challenging task due to its complex chemical reactions
coupled with the varying physicochemical properties during the gasification process. Steam gasification of a single char
particle require the favourable conditions for the CO and H, enriched gas with minimum CO, formation. Here, non-linear
partial differential equation for the unsteady state diffusion-controlled reaction of a gasification agent (steam) inside the non-
catalytic porous spherical char particle is numerically solved by staggered grid finite volume method with suitable boundary
conditions. The steam gasification is numerically solved for the variable size char particle of two different diameters, i.e.
5 and 10 mm between the temperature range of 1000-1300 K. Gasification process at high-steam partial pressure suggests

high H, and CO concentration in the synthesis gases.

Keywords Coal - Gasification - Steam - Staggered grid - Finite volume method (FVM)

Introduction

Coals from different regions of the world have different char-
acteristics in term of mineral content and carbon matrix.
In high ash containing coals, beneficiation process is dif-
ficult for the mineral matter removal that leads to the lower
efficiency and greater environmental pollution during coal
combustion. The carbon dioxide emissions from the coal
combustion leads to global warming that has led to the inter-
national agreement that sets the target for controlling CO,
emissions. To achieve these goals, it is required to enhance
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the energy efficiency by making changes in the combustion
practices of solid fuel.

In many countries, the coal reserves are in better condi-
tion than oil and natural gas (Chavan et al. 2012). Owing to
this reason, countries like India, using coal-based energy
option for their economy and approximately 70-80% of
energy are based on the thermal (coal) power plants (Choud-
hary and Shankar 2012). These power plants unit gener-
ate considerable amount of CO,, which is responsible for
major environmental pollution (Chandra and Chandra 2004).
Although liquid and gaseous fuel produce less pollutants
and require less transportation/operational cost in compari-
son with the solid fuels (Mohamad 2005). Hence, conver-
sion of these solid fuel to liquid/gaseous fuel could be the
better option for less pollution generation. There are many
theory/methods related to solid (coal/char) to liquid/gase-
ous fuel conversion are already available in the literature
(Varma et al. 2019). In this constituent, char gasification has
been a subject of international interest for many years. Char
gasification is commercially important not only for energy
production but also its applications in the production of syn-
thesis gas, ammonia, hydrogen, methanol and various other
purposes.

Gasification of char is one of the effective energy conver-
sion methods for the utilization of coal to produce gaseous
fuel (Umeki et al. 2010) and high fraction of combustible gas
is preferred for wider application during gasification process,
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the use of steam as a gasification agent appears to be excel-
lent options, due to the absence of nitrogen. Also, the steam
gasification has higher reactivity responsible for higher com-
position of H, and CO in the product gases (Gomez and Mahi-
npey 2015; Jayaraman et al. 2017; Shufen and Ruizheng 1994;
Tremel and Spliethoff 2013; Wang et al. 2016; Ye et al. 1998).
The effects of composition of gasification agent on the rate of
gasification of char have been discussed by many research-
ers (Everson et al. 2006; Kwon et al. 1988) and it is reported
that the rate of the gasification increases with increase in the
concentration of gasification agent. The size of the char parti-
cle also affects the rate of gasification process. Because large
particle has less surface area than the smaller one and the rate
of conversion into gaseous product is higher for the smaller
particle (Kajitani et al. 2006; Luo et al. 2001). This variation
in the conversion rate with the char particle size is also due to
the internal effects such as, molecular diffusion, availability
of oxygen. The reaction temperature is expected to be another
most important operating variable affecting the performance of
a gasification process. Since the main gasification reactions are
endothermic and increase in temperature favours higher con-
version. In carbon-steam reaction-based gasification process,
generated gaseous product contains CO and H, as a major
composition and its concentration can be enhanced by con-
verting unwanted CO, to CO at higher temperature according
to Boudouard reaction mechanism (Yadav and Kumar 2014).
Overall, gasification temperature is crucial parameters in the
gasification process and it can be categorised into two parts, at
lower temperature, kinetic control prevails for chars, while at
higher temperature, diffusional effects (pore diffusion) become
dominant and affect the overall reaction rates (Chen et al.
2019; Prabhakar et al. 2019; Zhu et al. 2020). Overall, there are
considerable literatures available related to experimental study
of steam gasification process, but the simulation approach to
study the gasification process is rare in the literature.

The present study deals the quantitative analysis of partial
pressure, temperature, molecular diffusivity, char conversion
and product formation during the gasification of char parti-
cle. MATLAB 2010 are used to solve the different modelled
equation. The char particle with porosity 73%, solid and bulk
densities 1900 and 507 kg/m?, respectively are used for the
gasification process. The gasification-based data of Mermoud
et al. (2006) is used for the validation purposes (Mermoud
et al. 2006).

Model development
The model introduced to predict the gasification of single
spherical char particle during the processing. Following

commonly assumed conditions are adopted in the develop-
ment of the model:
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e No solid products other than ash is form during the reac-
tions.

e There is no volatile material and moisture in the char

particle.

Constant total pressure inside the char particle.

No change in particle size during reactions.

Isothermal condition.

Variation of particle porosity during its gasification pro-

cess depends only on the carbon composition.

The current models consider only gasification after the
pyrolysis process and first two assumptions are considered.
During the pyrolysis operation ash as well as volatile con-
tent are not considered while temperature and pressure vary
inside the char particle. Less variation in these two param-
eters may be noted due to small size of char particle, due to
this reason theses assumption are incorporated.

Material balance for gaseous species

Mathematical modelling for the steam gasification of a sin-
gle char particle involves the mole balances over a small
spherical volume element of thickness Ar having radius ‘r’,
during the time interval ¢ and 7+ At. The concentration of
various species at nodes represented by C; (Fig. 1) and molar
flux was calculated across the boundaries of volume ele-
ments represented by r; in the same Fig. 1. Where “i”” was
varied from 1 to N.

Performing a molar balance for the gasification agent
(H,0) and product gas, C;; (H,, CO, CO, and CH,) at any
time “#” over the ith volume element bounded between
radius r;_; and r; (Fig. 1) can be presented as Eq. (1) using
the staggered grid finite volume method (SGFVM):

2 2
2r i Dej(i+1)(Cj(i+1),t - Cji,t) 2r i_1Deji(Cji,t - Cj(i—l),t)

(Ar; + Ariyy) (Ar; + Aryy)
1,5 3 Cji,z+At - Cji,t
_g(ri_”m) A — —Rj;,|-
(D

Rearranging Eq. (1), the following recurrence Eq. (2) is
obtained:

6
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where D,y; is the effective diffusivity of jth component in the
ith element at time 7. C; is the concentration of jth species
which are H,0, H,, CO, CO, and CH, at the same time. The
term R;; , is a function of concentration which is based on the
reaction rate of the species.
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Fig. 1 Spherical volume ele-
ments inside the char particle

Equation (2) can be solved for the jth species using the
following boundary conditions (B.C.) (Yadav and Kumar
2016):

BCI: atr=0, (=0
(for all r, and j = H,0, H,, CO, CO,, CH,)

%G
— =0 (forall¢, and j)

B.CII :
or

atr = ¢,

ac;
— =0 (forall¢ and ).

B.C.III :
or

atr =0,
Performing a molar balance for jth species at centre of
the coal char particle, Eq. (1) can be reduced to Eq. (3):

C‘2,t - C'l,z

le,t+Az = (le,t + le,tAt) + 6Dej1,t l'i{M—+A’b))] At.

(©)

The value of R;; , (function of concentration) is based on

the rate of reactions of the jth species at the centre of the

particle. Here it is noted that for the central volume ele-

ment, radius r; = Ar, and in all the elements R; is negative

for reactant (H,0) and positive for products (H,, CO, CO,
and CH,) in Egs. (2) and (3).

Material balance for solid reactant (carbon)

Performing a molar balance for the carbon over the ith
volume element bounded between r;_; and r; (Fig. 1) in
the same way as discussed above, as Eq. (4):

oC. R
ot . = Ci,t* (@]
The rate of consumption of carbon, — R;, is a function
of the concentration of carbon and other reactants in the ith
volume element.

Using SGFVM approach, the recurrence equation for car-
bon can be written as Eq. (5):

Ceirvar = Ceiy + Rei /AL, )

the following boundary condition can be used for carbon
gasification:

BCIV: attr=0, C,=C, (forallr).

Variation of porosity and effective diffusivity

Pore structure of char is a factor which controls the gasifica-
tion reaction rate. Although it is not a controlling factor for
highly reactive chars (Mishra et al. 2018). The porosity and
the internal structure of char particle changes considerably
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during the gasification and it is also affecting the other prop-
erties, such as molecular diffusivity. Since the porosity of the
char particle is linearly dependent on the carbon content, the
following Eq. (6) can be used for predicting porosity changes
during reactions (Gil et al. 2011):

ep =0+ X(1 — &), ©)

where ¢ is the initial char particle porosity and X is the
fractional conversion of the char particle given by Eq. (7):
m(r)

X=1-—,
my

(N

where my, is the initial mass of particle (initial mass of car-
bon and ash) and m(¥) is the mass of particle (mass of carbon
and ash) at any time 7 (¢>0).

Equation (8) has been used by many researchers (Gomez-
Barea and Ollero 2006; Holikova et al. 2005; Zajdlik et al.
2001) to correlate effective diffusivity in terms of increment
in porosity and the initial diffusivity:

2 ()
0 - - s
Dej €
where oo is equal to 2 for random pore size distribution and
ng is the initial effective diffusivity of jth components in

®)

solid phase.
Kinetics of char gasification

Five kinetics mechanism, steam gasification (R1), hydrogasi-
fication (methanation) (R2), boudouard reaction (R3), meth-
ane steam reforming (R4) and water gas shift reaction (R5)
are used for the char gasification process and represented

in Table 1. The modelling, simulation and kinetic of char
gasification studies have been carried out by many research-
ers using different combinations of these reactions and
their respective rate kinetics (Groeneveld and Swaaij 1980;
Mendes et al. 2008; Corella and Sanz 2005; Inayat et al.
2010).

The overall volumetric rate of generation of each jth com-
ponent, Rj (=0C j/()t), as presented in Table 1, can be repre-
sented as Egs. (9-13):

Ry,0 = ai};zo =TTy Ts )

u, = athz =1+ 31,415 —2r, (10)
RcozaCCO=r1+2r2+r4—r5 an
Rey, = ac(;CIm =r-Ty (12)
Reo, = aCa‘;OZ =1+ 1. (13)

Calculation procedure

The flow diagram for the overall solution in the MATLAB
program is shown in Fig. 2. In this algorithm, solution
begins with assigning variables and applying appropriate
boundary conditions at #=0. Then concentration and reac-
tion rate are calculated sequentially beginning from particle

Table 1 Steam gasification reactions with kinetic parameters and rate of reaction

Reaction Reaction name Reaction Heat of ( mole ) Rate constants References
no. reaction (kJ/ Rate of reaction, \ m’s
mol)
R1 Steam gasification C+H,0 + 1314 ry =k CoporCii0 k; = 10° exp (_217100) Groeneveld and
— CO+H, RT Swaaij (1980)
R2 Hydro gasiﬁcation C+2H, — CH, =75 ry = di kyC, k, = 2000 exp (_ 230274 ) Mendes et al. (2008)
(methanation) 4 RT
R3 Bqudouard reac- C+CO,—2CO +172 ry= k3scharcg'gi ky = 7.2exp (_ @) Corella and Sanz
tion - T (2005)
R4 Methane steam CH,+H,0 +206.4 ry = kyCep, Cuyo k, = 3% 105 exp (_ 15000) Inayat et al. (2010)
reforming — CO+3H, “ ¢ r
RS Water gas shift CO+H,0 —-41.7 CcoCryo ks = 100 exp (_ 6370 ) Corella and Sanz
reaction <~ CO,+H, r (2005)
rs = ks CC(;;CHZ ky = 520exp (—@)

dp diameter (m) of char particle, S
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Fig.2 Flow diagram for solu-
tion of material balance

| Caleulate ky, ks, ks, ks ks, Ry Doji |

t=t+At

| Calculate Cj;, C¢; from material balance |

STOP
YES
7 OUTPUT ;

NO

surface to centre of the particle. Material balance for each
volume element at any time ¢ is made for every small-time
interval Af: 0.00001 s and their resulting concentration is
predicted at time ¢4 At. The same sequence of calculation is
repeated (from particle surface to the centre of the particle)
for the regular time interval (A7) till the final time set for the
analysis is attained.

Results and discussion
Model validation

The present simulation model is validated with the data of
Mermoud et al. (2006) for the single char particle of size

10 mm in term of their conversion with respect to time at
two different temperature 1100 and 1200 K and steam pres-
sure 0.2 and 0.1 atm, respectively. The modelled and experi-
mental value of char conversion at both temperatures are
represented in Fig. 3a, b, respectively.

It is evident from Fig. 3a that the simulated data are not
showing more deviation with experimental data while in
Fig. 3b simulated data are showing more deviation with
respect to experimental data. At higher temperature, how-
ever, predicted result follows experimental values only dur-
ing initial period of gasification (up to 500 s). After 500 s,
the experimental result continues to follow a constant rate
of conversion (linear X vs. ¢ plot), but the model results
are concave downward. This difference is due to uneven
shrinking size of the char particle during gasification of
char particle (Mermoud et al. 2006) and the constant size of

Fig. 3 Gasification of char- 0.6 7 0.70 1 °
coal particles at temperature Model °
a 1100 K, partial pressure 0.5 1 Model 0.60 . o°
0.2 atm, b 1200 K, partial pres- - © Experiment 0.50 4 © Experiment o
sure 0.1 atm g 04 § 0.40
S = 0.30
“ 02 3
02 0.20
0.1 A 0.10
0 < T T ) 0.00 & T T T )
0 1000 2000 3000 0 600 1200 1800 2400
Time (s) Time (s)
(a) (b)
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spherical char particle assumed in the present model. Owing
to this, model predicted rate of conversion decreases with
time which is in tune with the observation made by many
researchers (Wang et al. 2009; Xu et al. 2011). Further, it
is observed that at lower temperature, gasification of a char
particle follows progressive reaction model and it is shifted
to shrinking core model gradually with increase in tempera-
ture (Lahijani et al. 2015). Therefore, at lower temperature,
gasification takes place everywhere inside the char particle
leading to significant conversion without appreciable change
in particle size (i.e. experimental condition remains closer
to the model assumption of constant particle size), leading
to better match of model result. On the other hand, at higher
temperature, change in particle size with conversion is fast
(due to shrinking core) that leads to deviation in the experi-
mental and predicted result after 500 s time.

Effect of operating parameters

In the present unsteady state modelling study, the effects of
temperature, steam partial pressure, carbon concentration
in the char and particle size, during the gasification of char
particle on the synthesis gas formation have been studied for
the char particle of 5 and 10 mm in the temperature range of
1000-1300 K. It has been observed that conversion increases
with operating time at variable operating parameters, which
results increase in the porosity of the reacted outer surface
of the char particle. Enhanced porosity leading to enhanced
effective diffusivity of the steam and products through the
outer layer. Overall, the porosity increases from inner sur-
face to outer surface and porosity change causes change in
diffusivity, which alters the rate of approach of gasification
agent and the rate of removal of products in a complex way.
Overall, these phenomena during gasification process may
be affected by the variation in the operating factors.

Carbon concentration variation inside char particle

The major reaction in gasification process are endother-
mic in nature so, gasification process at higher temperature
increases the reaction rate inside the char particle. Small
char particle size increases the overall surface area and
enhances the overall gasification reaction (Hecht et al. 2012).
Owing to the molecular diffusion the concentration of the
char particle decreases with the radial distance from the char
particle. Figure 4 shows carbon concentration inside the par-
ticle at different radial distance after 500 s of gasification
process at two different temperatures 1000 and 1100 K.

In this study, initial carbon concentration of the solid
particle was 260 kmol/m>. From Fig. 4, it is evident that at
higher temperature (1100 K) carbon concentration remains
unchanged up to #/R ratio of 0.5 and then carbon concen-
tration reduces sharply for r/R between 0.5 and 0.7. These

@ Springer
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Fig.4 Effect of char particle size on the reaction mechanism

phenomena indicates that the maximum consumption of
carbon take place only in this reacting zone as the rate of
approach of steam (gasification agent) through the outer ash
layer is less than that being consumed in the reacting zone
of the particle (Seshadri and Bai 2017). Although gasifica-
tion process at 1000 K indicates the continuous decrease in
carbon concentration with radial distance. This result indi-
cates the rate of reaction becomes low enough to allow the
gasification agent to diffuse up to even centre of the particle.
Evidently, the gasification reaction follows nearly a shrink-
ing core model when temperature is high and it becomes
progressive reaction model at lower temperature (Prabhakar
et al. 2019).

Effect of temperature and time on product gases

The rate of consumption of carbon depends not only on the
rate of approach of gasification agent but also on the con-
centration of products, such as hydrogen, carbon dioxide and
carbon monoxide (Table 1). Figure 5a—c presents change in
molar flux of CO, H, and CO, coming out of the char parti-
cle with the time at three different temperature 1000, 1200
and 1300 K temperature.

From Fig. 5a—c, it is clear that, concentration profiles of
various species within the particle changes affect the over-
all rate of production of gasses at temperature 1200 and
1300 K. Although the rate of production of all the product
gasses remains almost constant at the gasification tempera-
ture of 1000 K. It is obvious, at the gasification temperature
of 1000 K, the reaction rates are slow and steam diffuses
deep into the char particle and all the reactions happening
simultaneously throughout the particle. Overall, during gasi-
fication process, steam gasification reaction (R1) produce
enough CO that further reacts with steam through water gas
shift reaction (R5) to form CO, and H,. Thus, although small
in amount, but production of all the product species contin-
ues for a longer period at almost the same rate.
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Fig.5 Overall molar fluxes of 1.50E-01 1O0B-01 | el CO2 at 1000 K
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In the starting of gasification process at 1200 K tem-
perature, the initial rate of formation of CO and CO, in the
product gas becomes nearly same (Fig. 5a, b). This may be
because of the Boudouard reaction (R3) which is favoured at
high temperature, producing more CO by consuming gener-
ated CO, (Li et al. 2020). From Fig. 5, it is also noted that,
formation of CO decreases with the gasification time indi-
cating significant conversion through water gas shift reac-
tion (R5) at 1200 K temperature. Upon further increase in
temperature up to 1300 K, all the reactions are fast and rate
of production of each species are high in the initial phase.
However, in the initial phase, maxima of the rate of forma-
tion of different species are at different time. It is clear from
Fig. 5, that carbon monoxide molar flux start to decline from
very beginning of the reaction (after 10 s, if plotted on loga-
rithmic x axis) and CO, flux increases up to 100 s due to the
water gas shift reaction, but after 100 s CO, flux declines
because of the rapid formation of ash on the outer surface
that reduces the overall rate of reaction. Maximum hydrogen
flux is observed at about 50 s and overall mechanism of their
formation is varied as CO formation.

The properties of gaseous product can be understood by
the CO/CO, and H,/CO ratio. The variation of CO/CO, ratio
with respect to time is represented in Fig. 6 at three different
temperature of 1000, 1200 and 1300 K. Evidently, at lower

0 200 400 600 800
Time (s)

1000

Fig.6 Overall molar fluxes ratio of CO and CO, from outer surface
of char particle at different temperature and steam partial pressure of
0.1 atm

temperature, amount of CO produced is always less than
CO,. At higher temperature, i.e. 1300 K, CO production
rate is high, but it cannot sustain for longer period. So, at
temperature 1300 K, molar flux of CO and CO, becomes
equal at about 80 s. The H,/CO ratio during the gasification
process is also depends on the gasification temperature and
time. The variation of H,/CO ratio with respect to tempera-
ture at 10, 100 and 1000 s are represented in Fig. 7.
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Fig.7 Overall molar fluxes ratio of H, and CO from outer surface of
char particle at different time interval with steam partial pressure of
0.1 atm

From Fig. 7 it is noted that, the H,/CO ratio decreases
with the temperature of gasification process while, the H,/
CO ratio at 1000 s decreases from 1000 to 1100 K tempera-
ture then increases thereafter.

Because gasification reaction mechanism becomes faster
at higher temperature, which is ultimately responsible for
higher H, production. Although in the starting of gasifica-
tion process, surface reaction is predominant and hydrogasi-
fication and other water shift reaction decreases the H, gas
in the composition and its ratio also decreases with increase
in temperature (Zeng et al. 2015, 2016).

Effect of steam partial pressure

The steam gasification rate of char particle is proportional to
the partial pressure of the steam. Figure 8 shows the effect

1.9 4 \
T T

1.7 A

1.6

_______
L~ -
S~

1.5 1 N

144 e H2

Ratio ( Flux at 0.2 atm/Flux at
0.1 atm)

Time (s)

Fig.8 Ratio of overall molar fluxes of H,, CO, and CO from outer
surface of particle at 0.2 and to 0.1 atm steam partial pressure at
1100 K
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of steam partial pressure on the overall yield of fluxes of
product gases.

Generally, increasing the partial pressure of steam from
0.1 to 0.2 atm, the rate of steam gasification reaction (R1) is
almost double which produces more hydrogen and carbon
monoxide (Prestipino et al. 2018). The carbon monoxide is
further reacted with steam (R5) to form more hydrogen and
carbon dioxide causing an increase of hydrogen fluxes 1.8-
fold compared to that at 0.1 atm partial pressure of steam
(Fig. 8). Due to lower reaction temperature (1100 K), less
increments in the carbon monoxide flux is observed. Overall,
the high yield of H, can be achieved at high steam partial
pressure.

Effect of particle size

The particle sizes of 5 and 10 mm are used for the gasifi-
cation process at the reaction temperature of 1100 K with
steam partial pressure of 0.2 atm. The individual gas (H,,
CO, CO,) flux ratio with respect to time at 1100 K tempera-
ture and 0.2 atm partial pressure are represented in Fig. 9.

Generally, the overall rate of conversion of char particle
increases with a decrease in the particle size. In a gasifica-
tion process with smaller particle, the steam diffuses deep
in the char particle and reactions continue throughout the
particle following the progressive model. While, in case of
large particle, reactions take place at the outer surface of
the particle and steam does not reach deep into the particle
follow the shrinking core model (Yadav and Kumar 2016).
Hence, the rate of the surface reaction of large char particle
is high as compared to the small particle causing six to eight-
fold increase in CO production rate. This leads to higher
overall fluxes of product gas for large size particle and lower
for small size particle.

8.00

H2 co2 y

7.00 4

6.00

mm particle)

5.00 4

4.00 4x2e-

Flux Ratio (10mm particle/ 5

3.00 T T T
0.1 1 10 100 1000

Time (s)

Fig.9 Ratio of overall molar fluxes of H,, CO, and CO from outer
surface of particle from 10 to 5 mm particle size at 1100 K with
steam partial pressure of 0.2 atm
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Fig. 10 Ratio of overall molar fluxes of H,, CO, and CO from outer
surface of particle with 158 and 100 kmol/m® carbon concentrations
in the particle at 1100 K with steam partial pressure of 0.2 atm

Effect of carbon concentration

The char particle (10 mm) with variable carbon concentra-
tion of C1-100 and C2-158 kmol/m? are used for this study.
The concentration variation may be causes due to internal
porosity of the char particle. The variation of carbon flux
ratio (C,/C,) of different product gases (H,, CO, CO,) with
respect to time at 1100 K temperature and 0.2 atm partial
pressure is shown in Fig. 10.

The consumption of carbon near the surface of the char
particle during gasification is more for a higher carbon con-
centration, but for lower carbon concentration of char, the
consumption of carbon is higher towards the centre of the
particle because of diffusivity. Owing to this reason, the
overall fluxes of product gas are higher for larger carbon
concentration of char particle.

Overall, the high CO and H, concentration is desirable
properties of syngas and its concentration in the product
gas may depends upon the physical and chemical proper-
ties of solid fuel and the operating conditions used in the
gasification process. The use of mathematical model may be
helpful in the prediction of output gases and input, output
parameters easily corelated.

Conclusion

In this study, an unsteady state mathematical model for the
production of synthesis gas using steam gasification pro-
cess is developed. By which the effect of reaction tempera-
ture, particle size, steam partial pressure and carbon con-
centration in the char particle on the gasification process
are studied. This study reveals that the highest concentra-
tion of CO and H, and minimum fraction of CO, in the
synthesis gas are obtained when the reaction temperature
is greater than 1200 K (lesser time, < 600 s). In addition,
the present model deals with that and also, it is analysed

that the removal of the ash layer from the particle surface
at the gasification time of 100 s may give higher CO con-
centration. The high H, concentration may be achieved by
maintaining high steam partial. The opposite relationships
are obtained between the rate of conversion and particle
size while the fluxes of product gas are varying with par-
ticle size.
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