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Reduction kinetics of commercial haematite
pellet in a fixed bed at 1123–1273 K
Reza Beheshti∗1,2, John Moosberg-Bustnes1, Mark W. Kennedy3,4 and Ragnhild
E. Aune3

In the present study a model for future use in the modelling of moving bed Direct Reduction reactors
has been developed. The model of a fixed bed reactor for the production of sponge iron from
haematite incorporates both heat- and mass-transfer, as well as the chemical reduction rate. The
model results were compared to the experimental data obtained from a lab scale reactor in the
temperature range 1123–1273 K, as well as to the output from a simple model assuming
isothermal conditions. The H2/CO ratio (β) of the reducing gas was in all cases varied from 0.8 to
2.0. Overall the non-isothermal model has been developed permits a more accurate representation
of the experimental data than the isothermal estimates, with a typical discrepancy of only 1.3%.
Keywords: Fixed bed, Shrinking Core Model, Gas-solid reaction, Heat transfer

Introduction
Steel is one of the pillars of modern society and it will con-
tinue to playAQ2

¶
this role long into the twenty-first century.1,2

At present the most common method of converting iron
ore to metallic iron utilizes a Blast Furnace (BF) where
the material is melted to form hot metal, which in turn
is converted to steel in a Basic Oxygen Furnace (BOF).
The energy costs are, however, relatively high in the BF-
BOF process. The pollution problems associated with
ancillary equipment can also be quite severe, and the capi-
tal investment requirements are significant.3–5 As a result
the Electric Arc Furnace (EAF) route has been commer-
cialised, and its use is expected to further increase.
The EAF route was initially developed for remelting

and recycling of steel scrap. Problems related to the
scrap feed, i.e.: (i) short supply, (ii) the heterogeneous
nature, (iii) price volatility and above all else (iv) the
higher content of tramp elements (Cu, Sn, Cr, Mo, Ni,
etc.), necessitated a search for alternative feed materials.
This problem is today tackled by using Direct Reduced
Iron (DRI) or sponge iron. DRI is not only a substitute
for steel scrap as a feed material in EAFs, but also a
more suitable melting stock for the production of higher
quality steels.3,4,6–10

Seventy-five percent of the world’s DRI is today pro-
duced using one of the two main gas-based processes
available, i.e. Midrex and HYL. About 23% of the DRI
produced globally is from the coal-based Direct

Reduction (DR) processes mainly found in India and
South Africa (SL/RN, FASTMET). There are also some
other processes, which are not yet considered fully com-
mercialised, e.g. FINMET, CIRCORED.8,10–14 It is
believed that the DR processes will play an increasingly
major role in ironmaking in the twenty-first century.3,4,12

The DR-EAF route produces today 0.8–1.2 t of CO2 t
−1

of liquid steel, compared to the BF-BOF route which pro-
duces 2–2.25 t CO2 t

−1 liquid steel.12,15

A review of the literature has revealed a lack of infor-
mation in regards to the reaction kinetics of the DR pro-
cesses, especially for the reduction in a fixed bed.16,17 It is
well known that DR reactors are complicated systems due
to: (i) multiple reactions proceeding subsequently and/or
in parallel, (ii) the diversity in mechanisms of gas–solid
reactions and (iii) simultaneous heat- and mass-transfer.
In the case of sequential reactions, each intermediate
solid is produced from a solid and a gaseous reactant
and then subsequently consumed through a further reac-
tion, e.g. Fe2O3→ Fe3O4→ FeO→ Fe. In the case of par-
allel reactions, the same solid may react simultaneously
with different gas species (H2, CO) to produce the same
solid product. These different steps in the sequential
reduction of iron oxide are either endothermic or mildly
exothermic. The reactions do, however, proceed so
rapidly16,18 that isothermal conditions cannot be assured
in the whole bed; hence, pellets can deviate in temperature
either positively or negatively from the overall average bed
temperature. The dynamic variation of temperature,
which influences the degree of conversion, makes it
necessary to evaluate and take the temperature variation
in the bed into consideration. The present authors have
chosen to start out with modelling the reduction rate of
a single pellet, and to continue with the modelling of a
fixed bed with many pellets (∼200 pellets). The overall
objective is to extend the work to even include an indus-
trial moving-bed reactor.
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As the first step, a model for the reduction rate of a
single pellet was developed, and has been reported else-
where.19 This isothermal model was based on the Shrink-
ing Core Model (SCM)20–24 for gas–solid reactions. The
model considered the diffusion in the porous haematite
pellet, as well as in the product layers, and the equations
were solved by Finite Element Modelling (FEM) using
the commercial COMSOL Multiphysics® software (Ver-
sion 4.3b). The model was validated against the results
from isothermal single haematite pellet experiments.
The same type of experiments as for a single pellet was

also carried out for a 0.5 kg fixed bed in order to deter-
mine the impact that the scale up had on the overall
rate of reduction. This improved model simulated the
reduction rate by considering the composition gradient
in the bulk gas, as well as how the concentration gradient
changes with the progression of the reduction reaction.
The model proved to reproduce the experimental results
with a 2.5% deviation.25 There was, however, a desire to
improve the model accuracy further, while at the same
time keeping the level of complexity low and the conver-
gence time short.
It is important to point out that during the experiments

on a fixed bed, it was established that the reaction rate was
relatively high, i.e. approximately 70% reduction was
achieved in the first 10 minutes.25 It is believed that the
heat transfer in the porous bed in this case led to vari-
ations in local temperatures in spite of the small reactor
size. Hence, assuming a constant temperature over the
whole bed introduces observable errors into the
model.16 Based on this, the present study revisits and
extends the previous developed model to include the effect
of the temperature variation and the heat transfer in a
fixed bed. Since the prior model was developed by consid-
ering both the Reaction and the Mass-transfer rates it will
in the present study be referred to as Reaction, Mass
transfer Model (RMM), and the model to be developed
in the present study considering also the Heat transfer
will be referred to as Reaction, Mass transfer, Heat trans-
fer Model (RMHM).

Modelling concept and key
assumptions
In the fixed bed, the three dimensional structure that is
created by porous pellets makes the modelling of mass-
and heat transfer a challenging task. The challenge lies
in the description of the macro- and micro-porous struc-
ture, which results in an order of magnitude difference
between heat- and mass-transfer properties within the pel-
let compared to between pellets. The most important
assumptions often made during modelling of such a
reduction process include17,24–28:
. The pellets are spherical with a constant diameter and
with uniform porosity, as well as without crack
formation.
. No temperature gradient exists inside the pellets, and
both the gas within the pellet’s pores and the solid
species are at a constant temperature.
. The pellets in the bed and the gas that surrounds them
are on the same temperature.
. The first order reduction reactions are irreversible and
controlled by combined chemical reaction and gaseous
diffusion.

. The catalytic effects are negligible.

. The bulk gas flow in the reactor is uniform ‘plug’ flow,
i.e. without axial or back-mixing.
. The reactor wall and the gas in contact with the reactor
wall are at the same temperature.
. The bed porosity is constant over time.
. The pressure inside the reactor is constant at atmos-
pheric pressure.
. The temperature gradient in the axial direction is
negligible.
The above assumptions are also the bases of the present

study. As in the previous study the SCM was applied for
the modelling of the reaction rates within a single pellet.
A series of heterogeneous chemical reactions were con-
sidered to take place at the interface of the pellets as
they move spatially and change with time over the course
of the iron reduction sequence. Even the generation or
consumption of heat by the various sequential reactions,
as well as heat exchange to the gases surrounding the pel-
lets, were considered; hence, the new model aims to solve
the reaction, heat- and mass transport equations
simultaneously.

Mass balance
The diffusion equation for each gaseous species may be
written as follows:

u∇Ci + ∂Ci

∂t
+ ∇(Deff ,i∇Ci) = Ri i = H2, CO (1)

Roverall = ∂f
∂t

=
∑
i

Ri

(1− 1b)
(2)

The model for mass-transfer is explained by the present
authors in detail elsewhere19,25.

Heat balance
The energy balance of interest in the system is related to
the heat transferred between gas and solid, and the net
heat of the sequential reactions, see Table 1. In principle,
the energy equation for heat transfer in a porous media
should include conduction, radiation and convection;
however, the common approach is to simplify the radiant
heat transfer at higher temperatures by including it in an
effective thermal conductivity term.26,27,29 In the present
study, the enthalpy of reactions were calculated using
the FactSage™ software.30

The radial thermal dispersion, i.e. wall to centre, is
expressed by the following equations27,31:

rCp
∂Tb

∂t
+ rCpu∇Tb = ∇(keff∇Tb)+

∑6
i=1

(− DHi)R+Q

(9)

∂Q
∂t

= KeffAb
∂Tb

∂x
(10)

The initial and boundary conditions adapted for
equation (9) were:

Tb = T0 at t .= 0 (retort wall)
∂Tb

∂z
= 0 at t .= 0
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All general literature data adapted in the present
model, for both the individual pellets and the fixed bed,
are summarised in Table 2.16

Materials and experimental procedure
All the DR pellets used in the present study were of com-
mercial grade, i.e. KPRS pellets supplied by LKAB, Kir-
una, Sweden. The chemical composition of the KPRS
pellets is summarised in Table 3. The reducing gas atmos-
phere used during the reduction experiments consisted of
a mixture of H2 and CO, while N2 was used as an inert gas
to prevent unwanted reactions from taking place during
the heating and/or cooling cycles.
The experimental set-up used was based on a thermal

gravimetric analysis principal as shown in Fig. 1. A sche-
matic view of the set-up, as well as the gas flow in to the
retort are given in Fig. 2.33

Experiments were conducted using a fixed mass of iron
ore pellets (0.5 kg), at four different temperatures, i.e.
1123, 1173, 1223 and 1273 K, and four different reducing

gas compositions, i.e. at: β= 0.8, 1.2, 1.6 and 2. Two
additional experiments were carried out using (i) pure
H2 and (ii) pure CO, as a reference case. To keep the
flow rate constant, pure reducing gas (H2 or CO) diluted
by approximately 25% vol. N2 to avoid very high concen-
trations of flammable gases in the off gas system. A sum-
mary of the experimental condition adopted during the
present study is given in Table 4 and Table 5.

Experimental results and discussion
The temperature measurement at the centre of the bed
showed a significant temperature drop during first 10

Table 1 The enthalpy of reactions 3–8 calculated at 1123, 1173, 1223 and 1273 K according to Factsage™

Reduction reaction ΔH°(J/mol) ΔH°
T (kJ mol−1) Equation

3Fe2O3 +H2 = 2Fe3O4 +H2O 0.0493T2− 122.32T + 69 452 ΔH°1123 =−5.74 (3)
ΔH°

1173 =−6.20
ΔH°

1223 =−6.41
ΔH°

1273 =−6.37
3Fe2O3 +CO= 2Fe3O4 +CO2 0.037T2− 83.525T + 7829.7 ΔH°

1123 =−39.31 (4)
ΔH°

1173 =−39.24
ΔH°

1223 =−38.98
ΔH°

1273 =−38.54
Fe3O4 +H2 = 3FeO+H2O 0.0261T2− 71.987T + 97 671 ΔH°

1123 = 49.75 (5)
ΔH°

1173 = 49.14
ΔH°

1223 = 48.67
ΔH°

1273 = 48.33
Fe3O4 +CO= 3FeO+CO2 0.0228T2− 54.682T + 48 861 ΔH°

1123 = 16.21 (6)
ΔH°

1173 = 16.09
ΔH°

1223 = 16.09
ΔH°

1273 = 16.20
FeO+H2 = Fe +H2O −13.813T + 33 219 ΔH°

1123 = 17.71 (7)
ΔH°

1173 = 17.02
ΔH°

1223 = 16.33
ΔH°

1273 = 15.64
FeO+CO= Fe +CO2 −5.1505T− 9941.1 ΔH°1123 =−15.73 (8)

ΔH°1173 =−15.98
ΔH°1223 =−16.24
ΔH°1273 =−16.50

Table 2 General literature data for a single pellet and a fixed
bed16

Apparent
density of a
single pellet
(ρ, kgm−3)

Heat
capacity of a
single pellet
(Cp, J kg−1

K−1)

Effective thermal
conductivity of a
single pellet (Keff,

W m−1 K−1)

Fixed bed
porosity

(ɛb)

4222 975.6 0.5 0.5

Table 3 Chemical composition of the KPRS pellets supplied
by LKAB, Kiruna, Sweden, in wt-%32

Fe SiO2 CaO MgO Al2O3 Mn P S

67.9 0.75 0.9 0.65 0.16 0.06 0.025 <0.002 1 A picture of the experimental set-up25

AQ1
¶
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minutes, as shown in Fig. 3. This phenomenon may be
explained by the endothermic nature of the magnetite to
wustite reduction reaction, see equations (5) and (6).
Initially the reduction reactions are believed to be domi-
nated by H2,

34–36 but this domination reduces with time
as the CO starts to diffuse into the pellet and as the rate
of the more exothermic reduction reaction increases, see
equation (10). This is supported by the fact that the mag-
nitude of the temperature drop in Fig. 3 proved to be lar-
ger for higher contents of H2 in the reducing gas mixture.
In Fig. 4 the reduction fraction of the fixed bed as a

function of time at 1173 K with changing gas compo-
sitions (β), from pure H2 (β=∞) to pure CO (β = 0), is
presented. From the figure it can be seen that with an
increasing H2 concentration in the reducing gas mixture,
the reduction rate increases.
Based on the obtained results it was established that the

initial reaction rate during the first 2 minutes increased
from 6% min−1 to 11% min−1 with the use of H2. It can
furthermore be seen that all of the gas mixtures contain-
ing H2 reacted at a similar initial rate, substantially vali-
dating the conclusion that initially H2 is the dominant
reducing species. It is only after 10 minutes that the
reduction reactions containing CO appear to become
significant.
In the case of the experiments conducted in pure CO

the reduction did not reach completion within the dur-
ation of the experiments, i.e. 60 minutes. As can be seen
from Fig. 4, only 88% reduction was reached and the reac-
tion product proved to be wustite.37–39 On the other hand,
the reduction by pure H2 reached 99% completion within
the first 25 minutes. It can therefore be concluded that the
conditions were favourable for fast reduction by H2. It
should be pointed out that the endothermic H2 reactions
did not experience any limitation due to sensible heat as
the gas temperature and the flow rate were both high. It

can also be seen from Fig. 4 that in the case of the exper-
iments conducted with a gas mixture of H2/CO, the
samples were fully reduced within 30 min.
In Fig. 5 the reduction fraction of the fixed bed as a

function of time at 1223 K with changing gas compo-
sitions is presented. As can be seen from the figure, the
effect of the gas composition gets weaker with time, i.e.
the total degree of reduction converges after 20–25 min-
utes. Furthermore, the rate of reaction by β= 1.2 and
1.6 overlap throughout the reduction period and the
difference in the reduction rates is not distinguishable.
At 1173 K a similar convergence after long reduction
time (about 30 minutes) can be seen at β= 1.6 and β=
2. Therefore, the relative contribution of the higher reac-
tion rate of H2 to the overall rate appears to be reduced at
higher temperatures and longer reaction times.
In Fig. 6 the comparison of the change of the reduction

fraction versus time at two different gas ratios, i.e. 0.8 and
1.6, for a number of different temperatures, i.e. 1123,
1173, 1123 and 1273 K, is presented. As can be seen
from the figure the reduction fraction for any given time
at each of these gas compositions shows that an increase
in temperature allows for an increase in the total degree
reduced. The effect is more pronounced when the redu-
cing gas mixture was rich in H2, which may well be

Table 4 Overall experimental conditions

Holding time
(min)

Sample weight
(kg)

Gas flow (Nl
min−1)

Pellets size
(mm)

Oxygen content of the
pellets (%)

Porosity of the
pellet (%)

Bed depth
(mm)

60 0.5 50 10–12.5 29.1 27 60

2 A schematic view of the experimental set-up25

Table 5 The temperature and gas compositions used in each
of the experiments

H2/CO (β) 1:0 0.8:1 1.2:1 1.6:1 2:1 0:1

T(K)
1123 ∗ ∗

1173 ∗ ∗ ∗ ∗ ∗ ∗

1223 ∗ ∗ ∗ ∗

1273 ∗ ∗

3 The temperature of the fixed bed as a function of time
during the reduction process for various β, i.e. H2/CO,
and at a set temperature of 1223 K

Beheshti et al. Reduction kinetics of commercial haematite pellet in a fixed bed at 1123–1273 K
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supported by the endothermic reaction by H2. Moreover,
except for two outliers, i.e. β= 0.8 at 1123 K and β= 1.6 at
1273 K, all of the experiments reached 0.92 reduction
fraction within 30 minutes. The obtained results show
that potential exists for optimisation between the

temperature and gas ratio (β), based on both economic
and technical requirements.

Modelling results and discussion
In this section the experimental results presented in the
previous section are compared against predictions of the
RMHM developed in the present study. The accuracy of
the RMHM is compared against predictions using the
RMM (previously developed)25 under similar conditions.
In order to quantitatively calculate the accuracy of the
model, an error analysis is performed using following
relationship40:

e = 1
N

∑N
i=1

( fexp ,i − fmod,i)
2

fexp ,i fmod,i

( )
100% (11)

In Table 6 the accuracy of the RMM and the RMHM,
calculated at 1173 K, is presented. As can be seen from
table, the division between the experimental results and
the RMHM results gives a constant error of 1.1% for all
four gas mixtures. In the case of the RMM the division

4 The reduction fraction of the fixed bed as a function of time at 1173 K for various β, i.e. H2/CO

5 The reduction fraction of the fixed bed as a function of
time at 1223 K for various β, i.e. H2/CO

6 The reduction fraction of the fixed bed as a function of time in the temperature interval 1123–1273 K for various β, i.e. H2/CO;
(i) β = 0.8 and (ii) β = 1.6
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gives an error that average is more than twice as high, i.e.
2.5%. Based on this, it was concluded that the RMHM
reproduced the experimental results with much less error
compared to the RMM at the intermediate range of

reduction fraction as shown in Fig. 7. The RMHM was
therefore used to calculate the temperature drop in the
bed. It should however, be mentioned that the RMHM
predictions of the temperature drop in the bed were less
than those actually observed and the time required to
achieve thermal equilibrium proved to be over predicted.
Hence the RMHM could benefit from further parameter
tuning as shown in Table 7. It should also be mentioned
that the constant wall temperature assumed in the
model was not sufficiently valid, as the furnace controller
constantly increased the power to compensate for the
impact of the endothermic reactions. This resulted in a
rapid temperature rise and a characteristic proportional-
integral ‘overshoot’ in the set point as observed in Fig.
8. Hence, the temperature deviations were experimentally
induced, and they were not a result of the fundamental
model parameters used.
The results obtained from the experiments using pure

H2 or pure CO has also been compared to the modelling
results, see Figs. 9–12. As can be seen from Fig. 9 and Fig.
11, the RMM over predicts the reduction, while the
RMHM under predicts the reduction when it exceeds
50%. Error analysis was performed using equation (13),
and indicative errors of 0.83% and 2.6% for the
RMHM and RMM were obtained respectively.
As can be seen from Fig. 10, the deviation between the

RMHM and the experimental results for reduction by H2

is still considerable. The RMHM predictions are, how-
ever, noticeably improved when compared to the RMM
with the error analysis indicting a 4.8% and 14.4% error
for the RMHM and RMM respectively. The continued
deviation by the RMHM may partly be explained by
the power increase induced by the furnace temperature
controller as mentioned previously. In the temperature
profile presented in Fig. 12, this is evident as a rapid
increase in temperature is obtained after the minimum
has been experienced. In a comparison between Figs. 10
and 12, it is clear that the RMHM correctly accounts
for the relative direction and magnitude of the ‘peak’
temperature deviation (positive in the case of CO due to
exothermic reduction reactions, and negative for H2 due
to the endothermic reduction reactions).

Table 6 The accuracy of the RMM and the RMHM, calculated
at 1173 K using equation (13), for various ratios of
H2/CO, i.e. (β)

β 0.8 1.2 1.6 2 Average

Model error
RMM 2.1 2.2 2.6 3 2.5
RMHM 1.1 1.1 1.1 1.1 1.1

7 Comparison of the reduction fraction of the fixed bed as a
function of time at 1173 K and various β, i.e. H2/CO,
between experiment results (Exp.) and two different
model predictions, i.e. the RMM and the RMHM

Table 7 The difference between the actual temperature in the
bed and the model output from the RMHM for
various ratios of H2/CO, i.e. (β)

β 0.8 1.2 1.6 2

Maximum ΔT −15 −3 −9 −2

8 Comparison of the fixed bed temperature as a function of time at 1223 K and various β, i.e. H2/CO, between the experiment
results (Exp.) and the model prediction, i.e. the RMHM
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In Fig. 13 the relative error between the experimental
results and the RMHM predictions for β= 0.8 and β=
1.6 in the temperature interval 1123–1273 K is presented.
As can be seen from the figure, in the temperature interval
1123–1223 K the RMHM reproduced the experimental
results with accuracy independent of the gas composition,
i.e. with an error of 1.2%. At 1273 K, the error is, however,

more significant, i.e. 2.2%, but still within an acceptable
range.
The results from the calculation of individual errors

obtained for the RMHM at 1173 K and 1223 K are com-
pared in Table 8 for different gas ratios, i.e. β= 0.8–2.
Although the error proved to increase at higher tempera-
tures, the deviation was calculated to be only 1.3% at
1223 K.

Summary and conclusions
A kinetic model has been developed that describes the
chemical reactions and the mass equations for each gas-
eous species within the bed. Since all the sequential iron
oxide reduction reactions are either endothermic or
mildly exothermic, it has been of interest to investigate
the possibility that the model could be improved. Simul-
taneously considering heat transfer with the reaction

9 Comparison of the reduction fraction of the fixed bed as a
function of time, at the aim temperature 1173 K in pure CO,
between the experiment results (Exp.) and two different
model predictions, i.e. the RMM and the RMHM

10 Comparison of the fixed bed temperature as a function of
time at the aim temperature 1173 K in pure CO between
the experiment results (Exp.) and the model prediction,
i.e. the RMHM

11 Comparison of the reduction fraction of the fixed bed as a
function of time at the aim temperature 1173 K in pure H2

between the experiment results (Exp.) and two different
model predictions, i.e. the RMM and the RMHM

13 The error analysis for the RMHM based on equation (13)
for two different gas ratios of H2/CO (β), i.e. β = 0.8 and β =
1.6, and the temperatures 1123, 1173, 1223 and 1273 K

Table 8 The error analysis obtained for the RMHM at 1173 K
and 1223 K using different gas ratios of H2/CO, i.e. β

Β 0.8 1.2 1.6 2

T (K)
1173 1.1 1.1 1.1 1.1
1223 1.4 1.3 1.5 1.1

12 Comparison of the fixed bed temperature as a function of
time, at aim temperature 1173 K in pure H2 between the
experiment results (Exp.) and the model prediction, i.e.
the RMHM
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kinetics, but without unnecessarily increasing the com-
plexity of the model and/or the computational time was
the chosen strategy. Results from both models, i.e. with
and without considering heat transfer, have been com-
pared in the present study. The following major con-
clusions are made:
. Experimentally it was seen that the pellets were
reduced quickly, i.e.70% reduction was achieved during
the first 10 minutes. The overall reduction reaction was
highly endothermic and caused a significant tempera-
ture drop (maximum 60 K) even in small scale beds.
. Endothermic reactions reduced the gas temperature
and inhibited the reduction rate. To achieve a high
rate of reaction it was necessary to either increase the
temperature of the reducing gas, or to increase the
level of H2/CO ratio. At a sufficiently high temperature
it is believed that the desired conversion may be
achieved in a rapid manner even when a low H2/CO
ratio is used.
. Although both models, i.e. the RMM and RMHM,
predict the variations observed in the experimental
information, it was the more rigorous RMHM that
gave the best representation of the behaviour of the
reducing bed. The average error analysis for reduction
at 1173 K with β= 0.8–2 proved to decrease from
2.5% in the case of the RMM to 1.1% in the case of
the RMHM.
. There are some discrepancies between the experimen-
tal results and the RMHM results in the case of
reduction by pure H2 or pure CO, which were thought
to be due to limitations in the experimental set-up (fur-
nace temperature controllers) rather than fundamental
issues in the model.
. The RMHM can model the presently obtained exper-
imental results with acceptable accuracy at all gas
ratios. The magnitude of the error for reduction by a
gas mixture of β = 1.6 increased from 1.1% at 1173 K
to 1.5% at 1223 K.
. At constant temperature, i.e. 1173 K, a typical error of
1.1% was obtained in the case of the RMHM, and a
typical error of 2.5% in the case of the RMM, repre-
senting a 50% reduction in the error.
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