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H I G H L I G H T S

• Systematic evaluation of temperature, pressure, oxygen concentration, and heating rate effects.

• Absolute pressure reduces overall burnout.

• Heating rates have no effect on burnout if above 5000 K/s.

• Higher temperatures and oxygen concentrations increase burnout.
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A B S T R A C T

Understanding the thermochemical conversion of pulverized coal (PC) in the blast furnace raceway zone is essen­

tial for improving coal utilization and process efficiency. However, determining kinetic parameters under raceway 

conditions remains challenging because direct measurements at high temperatures, pressures, and heating rates 

are limited. In this study, the Alternative Reducing Agents (ARA) reactor was used to investigate the pyrolysis 

and combustion behavior of a low volatile coal under raceway relevant conditions. Separate experimental series 

were conducted by systematically varying oxygen partial pressure, absolute pressure, reactor temperature, and 

particle heating rate. The heating rate effect was evaluated by operating the reactor with and without a hydrogen 

burner positioned at the particle injection point. Burner activation increased the particle heating rate by a factor 

of 2 to 4 and raised the local gas temperature.

Absolute pressure reduced pyrolysis rates at low heating rates, while this effect is negligible at high heating 

rates. Significant effects of temperature on the pyrolysis rate were observed until 1200 ◦C, whereas an increase 

to 1400 ◦C had only a minor effect. No clear trend was observed for the heating rate effect on pyrolysis.

Under combustion conditions, burnout increases at higher oxygen partial pressures and temperatures, while 

a minor effect of the absolute pressure was also observed. Heating rate effects were hard to evaluate due to 

a simultaneous temperature increase in the gas stream. Determining reaction orders for coal oxidation yielded 

different results between experiments with and without the burner. Reaction orders for oxygen between 0.7 and 

0.8, and between 0.5 and 1.12 were determined for low heating and high heating rates, respectively, at the 

different experimental temperatures.

Additional comparison data from ARA experiments and blast furnace injection are required before ranking 

PC is possible. 
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1 . Introduction

Injecting pulverized coal into the raceway zone of a blast furnace 

reduces costs, increases blast furnace productivity, and reduces CO2

emissions. A high coke replacement ratio, combined with a high in­

jection rate, is desirable for reducing metallurgical coke consumption. 

The injected coal must fully burn in the raceway zone, as unburnt 

char leaving the raceway zone hinders efficient blast furnace oper­

ation, especially by reducing the burden’s permeability. Identifying 

suitable coals is difficult because the harsh reaction conditions in the 

raceway make direct measurements challenging. Coal reactivity de­

pends on particle temperature, heating rate, absolute pressure, and 

oxygen concentration. Experiments with high heating rates are sparse 

in the literature because the majority of existing test rigs fail to repro­

duce the required operational conditions, especially heating rates above 

104 K/s [1,2]. The Alternative Reducing Agent (ARA) reactor of K1-MET, 

located and operated in collaboration with TU Wien, provides unique 

experimental possibilities and is capable of reproducing the process

conditions [3,4].

An extensive experimental campaign using a low volatile coal was 

conducted to investigate the effects of oxygen partial pressure, abso­

lute pressure, temperature, and heating rate on the coal’s reactivity. 

Therefore, 64 individual experiments were conducted, and the results 

were compared with data from the literature. The campaign aimed to 

explore qualitative changes driven by the mentioned parameters to en­

able future quantitative analysis. The ARA reactor can be operated over 

a broad range of experimental conditions, avoiding device-specific bias 

in the investigation.

The following section briefly describes the ARA reactor, the exper­

imental conditions, and the investigated coal. This is followed by a 

discussion of the experimental results and an analysis of the influence of 

oxygen partial pressure, absolute pressure, operating temperature, and 

heating rate.

2 . Materials and methods

2.1 . Experimental setup

The ARA reactor is an entrained pressurized-flow reactor specifi­

cally designed to recreate the harsh conditions prevalent in the blast 

furnace raceway zone [3]. These conditions are characterized by high 

heating rates, high temperatures, elevated pressures, and short residence 

times [1]. Table 1 compares typical raceway conditions and the ARA 

reactor operating conditions.

The main components of the ARA reactor are shown in Fig. 1. The 

dosing unit provides a constant particle flow into the reactor. It consists 

of a rotating disc with small holes on the edge. The disc is dipped into 

a fluidized coal bed, transports particles from the bed to the top of the 

dosing unit, where they are picked up by the carrier gas and transported 

into the reactor. The disc’s rotation speed determines the particle flow as 

long as the fluidization and carrier gas velocity are sufficiently high. The 

flow heater preheats the main co-flow stream to a maximum temperature 

of 1100 ◦C before the hydrogen burner establishes a high-temperature 

zone and radiative heat flux for particle heating. The particles are in­

jected through the middle of the burner lance, which is cooled by the 

combustion air. In experiments without the activated burner, an air­

flow of at least 1 Nm3/h is required to prevent clogging of the lance. 

The burner directs the co-flow and particle stream into the electrically 

heated reaction zone. The reaction zone consists of a 0.9 m long ceramic 

tube. In the water-cooled quench, the off-gas is diluted with nitrogen 

Fig. 1. Schematic overview of the ARA Reactor [3] (© K1-MET GmbH, TU Wien).

and cooled down to stop the reaction. Solid residues down to approx­

imately 1 µm are separated from the off-gas in the cyclone. An orifice 

measures the flow rate before the pressure regulation valve. Afterward, 

an online gas analyzer and a gas chromatograph (GC) determine species 

concentrations, and the off-gas leaves the system.

To achieve the desired reaction conditions within the ceramic tube, 

various operational parameters can be adjusted. The temperature of the 

co-flow can be at a maximum of 1100 ◦C, and the heating elements can 

be operated between 600 ◦C and 1400 ◦C. The oxygen content in the co-

flow can be reduced by adding nitrogen, and the overall flow rate can 

be adjusted to maintain the desired flow conditions. The reactor can be 

operated with or without the hydrogen burner to investigate the effect 

of high heating rates on thermochemical carbon-carrier conversion.

Three different temperatures are used to describe the particle con­

version: i) the operational temperature (𝑇𝑜𝑝) which is the temperature 

of the heating elements, ii) the reaction temperature (𝑇𝑟𝑒𝑎𝑐𝑡), which is 

the temperature measured at the reaction zone exit, and iii) the particle 

temperature (𝑇𝑝), which is the calculated temperature of the particles.

The reaction conditions inside the reactor are described by reac­

tion temperature, reaction pressure, particle residence time, nitrogen 

flow in the quench, gas composition of the co-flow, and burner power. 

The reaction temperature is defined as the thermocouple reading at the 

end of the reaction zone. The temperature in the reaction zone is as­

sumed to be uniform. The reaction pressure is the pressure inside the 

pressure vessel. The particle residence time is estimated using a simple 

Lagrangian model that tracks representative particles through a 1D re­

actor model. Experimental temperatures and flow rates are employed to 

obtain reliable residence times and particle heating rates. The analyti­

cally integrated governing equations of the Lagrangian model are given 

Table 1 

Comparison of typical raceway conditions and the ARA reactor operation capabilities [1,3].

Temperature (◦C) Heating rate (K/s) Pressure (kPa(a)) Gas velocity (m/s) Particle velocity (m/s) Residence time (ms) O2 content(vol%)

Raceway 1200 – 2300 104 – 106 200 – 500 200 20 20 – 100 ∼27

ARA <1800 104 – 106 200 – 700 2 – 20 1 – 12 70 – 650 <25
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by:

𝑚𝑝
𝑑𝑢𝑝
𝑑𝑡

= 𝐹𝑑𝑟𝑎𝑔 + 𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦 =
1
8
𝑑2𝑝𝜋𝜌𝑔𝐶𝑑Δ𝑢

|

|

|

𝑢𝑔 − 𝑢𝑝
|

|

|

+ 𝑚𝑝𝑔 (1)

𝑚𝑝𝑐𝑝
𝑑𝑇𝑝
𝑑𝑡

= 𝑄̇𝑐𝑜𝑛𝑣 + 𝑄̇𝑟𝑎𝑑 = 𝑑2𝑃 𝜋ℎ
(

𝑇𝑔 − 𝑇𝑝
)

+ 𝜎𝜖𝑑2𝑝𝜋
(

𝑇 4
𝑠 − 𝑇 4

𝑝

)

(2)

where 𝑚𝑝, 𝑢𝑝, 𝑢𝑔 , 𝑑𝑝, 𝜌𝑔 , 𝐶𝑑 , Δ𝑢, 𝑔, 𝑄̇𝑐𝑜𝑛𝑣, 𝑄̇𝑐𝑜𝑛𝑣, 𝑐𝑝, 𝑇𝑝, 𝑇𝑔 , 𝑇𝑠, ℎ, 𝜎, 

𝜖 are the particle mass, particle and gas velocity, particle diameter, 

gas density, drag coefficient, gas-particle relative velocity magnitude, 

gravity, convective and radiative heat flux, specific heat capacity, par­

ticle, gas, and surface temperature, convective heat transfer coefficient, 

Stefan-Boltzmann constant, and the emissivity. The drag coefficient is 

calculated according to Schiller and Naumann [5]:

𝐶𝑑 =

⎧

⎪

⎨

⎪

⎩

24∕𝑅𝑒 𝑅𝑒 < 1
(

1 + 𝑅𝑒2∕3

6

)

24
𝑅𝑒 1 ≤ 𝑅𝑒 < 1000

0.44 𝑅𝑒 ≥ 1000

(3)

where 𝑅𝑒 is the particle Reynolds number. The heat transfer coefficient 

is calculated according to the Ranz-Marshall correlation [6]:

ℎ =

(

2 + 0.6𝑅𝑒1∕2𝑃𝑟1∕3
)

𝜅
𝑑𝑝

(4)

where 𝑃𝑟 and 𝜅 are the Prandtl number and thermal conductivity of the 

gas phase. Coal properties are approximated by temperature dependent 

polynomials fitted from averaged coal data [7].

The general experimental procedure consists of a preheat phase, dur­

ing which the ARA reactor is heated to the required temperature, and a 

pressure charging step to reach the experimental pressure. Once the ex­

perimental settings are reached and stable, the dosing unit is prepared, 

and the actual experiment begins with the particle dosing. The carbon 

dioxide content in the off-gas is used to monitor the dosing stability. 

At the end of each experiment, the solid residues captured by the cy­

clone are discharged from the reservoir, and the next experiment can be 

prepared. 

2.2 . Experimental procedure

A low-volatile bituminous coal was tested at different temperatures, 

oxygen partial pressures, operational pressures, and heating rates to 

evaluate the effects of those parameters on the thermochemical con­

version. Table 2 summarizes the operational conditions. The coal was 

tested at 200 and 400 kPa(a). The co-flow was set to 30 Nm3/h at the 

lower pressure to achieve an approximate residence time of 150 ms. It 

was doubled at the higher operational pressure to achieve similar flow 

conditions in the reaction zone at both pressure levels. The nitrogen 

flow rate into the quench was 10 Nm3/h at 200 kPa(a) and 20 Nm3/h at 

400 kPa(a). The heating elements were operating at four different tem­

perature levels, and the temperature of the flow heater was increased 

alongside the temperature of the heating elements until the maximum 

operational temperature of the flow heater (1100 ◦C) was reached. The 

temperature of the heating elements is measured on the outside of the 

ceramic tube and further referred to as operational temperature. The 

oxygen concentration in the co-flow was set at four levels by partially or 

fully replacing pressurized air with nitrogen. Sufficient oxygen for com­

plete burnout is available in all cases with oxygen in the co-flow. All 

experiments were conducted without the burner and with the burner 

operating at 1 Nm3/h hydrogen (2 Nm3/h hydrogen for experiments 

at an operational temperature of 800 ◦C to ensure sufficient tempera­

ture in the burner chamber), with a stoichiometric air-to-fuel ratio. The 

burner heated the upper part of the ceramic tube to approximately 850 
◦C during experiments, even with the heating elements off, while the 

operational temperature was 800 ◦C. To ensure a uniform temperature 

alongside the reaction zone, all heating elements were set to 850 ◦C. 

The co-flow temperature had to be set to 850 ◦C during these experi­

ments, because otherwise the burner chamber would have been cooled 

below 750 ◦C, disallowing the safe operation of the hydrogen burner. 

For the pyrolysis experiments, the co-flow temperature was further in­

creased to 900 ◦C to counteract the cooling effect of the endothermic 

reaction. The injection lance for the particles was cooled with an airflow 

of 1 Nm3/h during the experiments without the burner at 200 kPa (a)

and with 2 Nm3/h at 400 kPa (a). In the burner experiments, the com­

bustion air flow was sufficient for cooling, and no additional air was 

required. As a result, some oxygen (approx. 0.65 vol%) was present dur­

ing the pyrolysis experiments without the burner due to the required 

lance cooling. The residence time is estimated using the 1D Lagrangian 

model and is 45–80% longer compared to assuming plug flow inside 

the reactor. The actual residence times are expected to be longer due to 

vortices near the injection lance and the burner [8–10]. The hydrogen 

burner introduces some water vapor into the system. The H2O concen­

tration with a hydrogen flow of 1 Nm3/h was at 3 vol% and 1.5 vol% 

at an operational pressure of 200 kPa (a) and 400 kPa (a), respectively. 

The maximum concentration of 6 vol% was achieved while operating 

the burner with a hydrogen flow of 2 Nm3/h. The influence of the water 

vapor on the coal reactivity is negligible [11,12].

Table 3 provides the proximate analysis of the investigated coal.

The D[3,2] diameter, often also referred to as the Sauter mean di­

ameter, is significantly smaller (11.6 ± 0.5 µm) than the mean diameter 

because of the higher weight of smaller particles, while the D[4,3] di­

ameter is larger (112.0 ± 1.2 µm) because of the higher weight of larger 

particles [13]. Fig. 2 shows the particle size sum of the tested coal 

measured using a Malvern Mastersizer 2000.

The particle burnout ratio (BO) is calculated using the ash tracer 

method [14,15]:

𝐵𝑂 =
104

(

𝑌𝑎𝑠ℎ − 𝑌𝑎𝑠ℎ,0
)

𝑌𝑎𝑠ℎ
(

100 − 𝑌𝑎𝑠ℎ,0
) (5)

where Yash,0 and Yash are the virgin coal and residual char ash mass 

fractions on a dry basis, respectively.

The ash content of the samples was determined according to DIN 

51719 [16]. The dried sample is heated to 500 ◦C within 60 min, then 

Table 2 

Operational conditions for investigating low volatile coal.

reaction pressure co-flow quench flow heater heating elements burner air burner hydrogen O2 in co-flow N2 dosing unit residence time

(kPa(a)) (Nm3/h) (Nm3/h) (◦C) (◦C) (Nm3/h) (Nm3/h) (vol%) (ms)

200/400 30/60 10/20 850 – 900a 800 5 2 0/10/15/21 1.3/2.3 146 – 167

200/400 30/60 10/20 800 800 1/2 0 0/10/15/21 1.3/2.3 172 – 178

200/400 30/60 10/20 1000 1000 2.5 1 0/10/15/21 1.3/2.3 141 – 157

200/400 30/60 10/20 1000 1000 1/2 0 0/10/15/21 1.3/2.3 151 – 165

200/400 30/60 10/20 1100 1200 2.5 1 0/10/15/21 1.3/2.3 142 – 157

200/400 30/60 10/20 1100 1200 1/2 0 0/10/15/21 1.3/2.3 150 – 162

200/400 30/60 10/20 1100 1400 2.5 1 0/10/15/21 1.3/2.3 138 – 152

200/400 30/60 10/20 1100 1400 1/2 0 0/10/15/21 1.3/2.3 151 – 156

a
 850 ◦C for experiments with oxygen and 900 ◦C for pyrolysis experiments.
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Table 3 

Ultimate and proximate analysis of the tested coal.

volatiles ash moisture C H N O S mean diameter lower calorific value

(%w d) (%w d) (%w ar) (%w d) (%w d) (%w d) (%w d) (%w d) (µm) (𝑘𝑊 ℎ∕𝑘𝑔)

13.26 10.35 1.46 78.13 3.44 1.92 5.07 0.35 63.3 ± 1.65 8.6

d …dry, ar …as received

Fig. 2. Particle size sum of the tested coal; the gray area indicates the standard 

deviation of the measured size sum, while the red line indicates the volumetric 

mean diameter.

heated to 815 ◦C, held for 60 min, and finally cooled to ambient tem­

perature. This method is weight-based and might be biased by a few 

large particles with low burnout. The reactivity of the smaller particle 

fraction will be underestimated. A narrow particle size distribution is de­

sirable for reliable results. However, the particle size distribution should 

be as close as possible to the actual use case under investigation, as it 

influences overall burnout. Small particles ignite first and increase the 

temperature, thus facilitating the ignition of larger particles [17].

3 . Experimental results

3.1 . Heating rate estimation

The particle heating rate was estimated using the same 1D 

Lagrangian model employed for the residence time estimation. We al­

ways calculate heating rates for a 50 µm reference particle diameter, 

since they are highly influenced by particle size. We are aware that the 

calculated heating rates based on the mean particle size can vary signif­

icantly from the actual mean heating rates experienced by the particles 

in the reactor due to the broad particle size distribution.

The actual gas temperature in the burner chamber is uncertain. The 

thermocouple supervising the burner is situated in the lower part of the 

burner near the wall and is only used to ensure safe burner operation. 

The measured value might significantly underestimate the actual gas 

temperature. Correcting the thermocouple is difficult because no addi­

tional thermocouples with different diameters can be installed in the 

burner to apply the multi-element or extrapolation methods [18,19]. 

Therefore, the only possibility to correct the measurement is to solve 

the heat balance around the tip of the thermocouple [3,20]. The nu­

merical correction accounts for convective heat transfer from the gas to 

the thermocouple, conductive heat loss along the thermocouple, and ra­

diative heat transfer to or from the burner wall. The wall temperature 

cannot be measured directly and is approximately 50 - 100 K lower than 

the gas temperature. The temperature at the end of the thermocouple 

can be well approximated using nearby thermocouples that are supervis­

ing the material temperature. The balance shows that the thermocouple 

underestimates the gas temperature by up to 250 K, depending on the 

actual operating conditions. The flame temperature was estimated from 

temperature measurements obtained with an in-house-built hydrogen-

powered Hencken burner. The uncertainty in the exact radiative heat 

flux from the burner leads to wider error bands when the hydrogen 

burner is activated.

Fig. 3 compares the evolution of the particle temperature through 

the reactor. The particles exit the lance at 0.15 m. The burner increases 

the particle heating rate by a factor of two to four, depending on the 

operational temperature. For the estimation, the measured values of all 

experiments at 200 kPa(a) and the corresponding operational tempera­

tures were averaged and used. The deviations to the cases at 400 kPa(a)

are below 5%. The particles are heated up in two steps. The first peak 

in the heating rate is right after exiting the injection lance. In the cases 

with the hydrogen burner, this peak is significantly higher than in the 

cases without the burner. For operational temperatures of up to 1000 
◦C and the activated hydrogen burner, the second peak of the heating 

rate nearly disappears. In the other cases, the second peak in the heat­

ing rate occurs when the particles enter the electrically heated reaction 

zone, and radiative heat transfer from the ceramic tube further heats 

them. The higher reaction temperature measured by the thermocouple 

at the end of the reaction zone during the experiments with the burner 

does not significantly affect the final particle temperature.

3.2 . Particle burnout

Fig. 4 shows the burnout of all 64 combinations of the operational 

conditions. The stated oxygen concentration is the concentration in 

the co-flow, achieved by adding nitrogen to the pressurized air. The 

actual oxygen concentration at the particle’s injection point may dif­

fer slightly because the dosing unit introduces additional nitrogen into 

the reactor, and pressurized air is used to cool the lance. Therefore, 

some oxygen was available during the pyrolysis experiments (approx. 

0.65 vol%). For the pyrolysis experiments with the burner, the oxygen 

was consumed by the hydrogen. The number above the bars indicates 

the reaction temperature measured at the end of the reaction zone. The 

error bars indicate the uncertainty associated with the ash content and 

they were calculated according to DIN 51719 [16]. No repetitions of the 

experiments were done as we collected a statistically meaningful sam­

ple of at least 5 g of solid residues during the continuously operated

experiments.

The pyrolysis experiments show a slight increase in reactivity as tem­

perature increases. Although elevated pressures inhibit the precipitation 

of volatiles, the fuel conversion does not decrease with increasing pres­

sure, as reported in the literature for low-volatile coals [21,22]. The 

activation of the burner did not increase the fuel conversion in the pyrol­

ysis experiments at operational temperatures above 1000 ◦C, although 

the reaction temperature increased. The endothermic nature of pyrolysis 

resulted in lower overall reaction temperatures in experiments without 

oxygen in the co-flow. The pyrolysis results are discussed in detail in 

Section 3.3.

The burnout of the experiments increases with rising temperature 

and oxygen levels. The burner significantly increases the burnout for 

experiments with an operational temperature of 1000 ◦C, slightly in­

creases it for 1200 ◦C, and does not alter it for 1400 ◦C. The experiments 

with and without the burner at 800 ◦C cannot be directly compared, as 

the co-flow temperature was increased and the experiments without the 

burner showed nearly no reactivity. The maximum particle temperature 

is not significantly influenced by the activation of the burner for op­

erational temperatures of at least 1000 ◦C. Nonetheless, a higher initial 
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Fig. 3. Estimated heating rate for a particle with 50 µm.

Fig. 4. Coal burnout with an oxygen concentration of a) 0 vol%, b) 10 vol%, c) 15 vol%, and d) 21 vol% in the co-flow.

heating rate increases the mean particle temperature and, consequently, 

the residence time at higher temperatures.

The influence of the higher heating rate compared to the influence 

of the higher temperature due to the burner is discussed in Section 3.4. 

The burner introduces water vapor into the system, increasing the H2O 

concentration to 1.6 to 5.7 vol%, depending on the operating conditions. 

According to the literature, coal combustion is not influenced by these 

low concentrations [11].

Higher operational pressure appears to slightly increase particle 

burnout. This effect is less pronounced at higher operational temper­

atures. A detailed discussion of the influence of absolute pressure and 

oxygen partial pressure is in Section 3.5.
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Fig. 5. Burnout of pyrolysis experiments.

3.3 . Nominal pyrolysis

The results from the pyrolysis experiments are summarized in Fig. 5. 

During the experiments without the burner, some oxygen (≈0.65%v/v) 

was available because the lance had to be cooled with air.

The pyrolysis ratio is defined as the ratio of fuel conversion divided 

by the dry ash-free volatile matter of the original coal [23]. At high 

heating rates (>104 K/s) and high temperatures, pyrolysis ratios greater 

than unity are reported in the literature [23–25]. A proportion of the 

fixed carbon can be carried into the gas phase during pyrolysis at high 

temperatures and high heating rates. The determination of the volatile 

content was performed in accordance with DIN 51720. Therefore, the 

sample is put into an oven at 900 ◦C for 7 min. The higher pyrolysis 

temperatures present in the experiments might lead to higher volatile 

release compared to the DIN 51720 results.

For the low-pressure experiments without the hydrogen burner, the 

pyrolysis ratio increases up to a reaction temperature of 850 ◦C. For 

the reaction temperature of 950 ◦C, the gas temperature provided by 

the flow heater remains the same, and therefore, the reaction conditions 

in the uppermost part of the test rig stay unchanged. The high-pressure 

experiments without the hydrogen burner show a smaller increase in the 

pyrolysis ratio and an overall lower fuel conversion, as higher pressure 

has been reported to decrease the fuel conversion during pyrolysis [2].

There is no significant influence of the reaction temperature or pres­

sure on the pyrolysis rate in the experiments with the burner. The higher 

heating rate did not influence the fuel conversion, although an increase 

in the pyrolysis yield with a higher heating rate is reported in the litera­

ture [25–27]. Those experiments were conducted with coals with higher 

volatile contents (25-45 wt%), which might limit direct comparability. 

The high pyrolysis ratios observed in the experiments at 800 ◦C may 

be due to the higher burner power of 6 kW and the elevated co-flow 

temperature.

The relatively high uncertainty of the pyrolysis ratio and injected 

oxygen in the experiments without the burner hinders a detailed quan­

titative analysis of the results.

3.4 . Influence of the heating rate

Experiments on the influence of heating rates above 104 K/s on the 

combustion of coal are sparse in the literature because the majority 

of existing test rigs fail to reproduce the required operational condi­

tions [1]. Li et al. [28,29] compared coal combustion at low (<104 K/s) 

and high (105–106 K/s) heating rates. According to their experiments, 

the burnout increases at higher heating rates. However, using two dif­

ferent test rigs to investigate the different heating rates might introduce 

a device-specific bias. Besides these experiments, there is some data on 

the influence of the coal pyrolysis heating rate on the reactivity of the 

produced char. Thomas et al. [30] pyrolyzed inertinite macerals in a 

laser microreactor with heating rates of 105–106 K/s and showed that 

high heating rates increase the reactive fraction of the inertinite macer­

als in the created char, which will further increase the combustion rate. 

Cai et al. [31] performed pyrolysis experiments at a maximum heating 

rate of 5000 K/s. The reactivity of the resulting char leveled off be­

tween heating rates of 1000 and 5000 K/s. These experiments are in 

line with the findings of Liu et al. [32], which state that the rapid re­

lease of volatile matter during high heating rate pyrolysis increases the 

pore volume and specific surface area of the resulting char and, thus, 

the char’s reactivity. However, the reactor used only provided heating 

rates up to 3000 K/s.

The ARA Reactor enables the investigation of heating rate effects, 

thereby avoiding reactor-specific biases. The activation of the burner 

increases the heating rate by a factor of 2 to 4, depending on the ac­

tual operating conditions. Additionally, the burner increases the reaction 

temperature measured at the end of the reaction zone. Fig. 6 compares 

experiments with and without the burner at both operational pressures.

At an operational pressure of 200 kPa(a), the increase in the heat­

ing rate achieved by the activation of the burner caused no increase 

in the burnout. For the experiments with an oxygen concentration of 

21 vol% the higher heating rate decreased the burnout. The experi­

ments at 400 kPa(a) also showed no influence of the heating rate on the 

burnout. This is in line with prior experiments [3,4], which showed that 

burnout does not change significantly with the activated burner as long 

as the reaction temperature is comparable and the co-flow temperature 

remains constant.

To further assess the effect of the heating rate on the burnout, we 

modeled the burnouts using the thermal history and residence times esti­

mated with the Lagrangian model and kinetic coal oxidation parameters 

from the literature [33] and compared the calculated and measured ra­

tios of burnout with and without the burner. If these ratios are similar, 

the heating rate has no influence on the burnout. The results indicate 

a significant effect for operation temperatures of 1000 ◦C and a minor 

effect at 1200 ◦C, whereas no significant effect was observed for 1400 
◦C. The 800 ◦C cases were excluded from the evaluation because of the 

high uncertainty in the data.

3.5 . Influence of oxygen partial pressure and absolute pressure

Fig. 7 compares the effect of the oxygen partial pressure on the 

burnout rate and evaluates the sensitivity of the reaction order to the res­

idence time. The burnout rate was determined by dividing the burnout 

by the residence time, which was varied by ± 20% for the sensitivity 

analysis. The experiments performed with pressurized air at 200 kPa(a)

and an equal mixture of air and nitrogen at 400 kPa(a) yielded identi­

cal oxygen partial pressures of around 42 kPa. The experimental cases 

at an operational temperature of 800 ◦C without the burner showed no 

significant burnout and are therefore omitted. The relatively high un­

certainty in the burnout for cases at 1000 ◦C without the burner hinders 

meaningful conclusions on the influence of the oxygen partial pressure at 

this temperature. The experiments with the higher operational temper­

atures without the burner show a clear trend towards higher burnout 

rates at higher oxygen partial pressures and lower operational pres­

sures [34,35]. The reaction order with respect to oxygen partial pressure 

does not change significantly at different pressures  [36]. Furthermore, 

the reaction order shows negligible sensitivity to the residence time. 

Table 4 summarizes the reaction orders and fitting parameters for the 

experiments without the burner.

The experiments with the burner display a less cohesive picture re­

garding the reaction order. The burnout rate still increases with higher 

temperature and lower pressure. However, the effect of operational tem­

perature on the burnout rate is less pronounced because the burner 

provides additional power. The cases at an operational temperature of 

800 ◦C cannot be directly compared with the other cases, as the burner 

power was 6 kW rather than 3 kW. The reaction order increases with 
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Fig. 6. Comparison of coal burnout with and without the burner at different oxygen concentrations and pressures.

Fig. 7. Comparison of the effect of the partial pressure on the burnout rate for the experiments without and with the hydrogen burner.

Table 4 

Oxygen reaction order and fitting parameters for the experiments without burner.

pressure 

(kPa(a))

temperature 

(K)

reaction order 

(-)

intercept 

(ln(1/s))

R2

(-)

𝜎slope
(-)

𝜎intercept
(-)

200 1400 0.73 −6.45 1 0.015 0.017

1200 0.82 −7.67 0.996 0.059 0.076

1000 −0.29 2.46 −0.702 0.505 0.29

400 1400 0.71 −6.7 0 0.922 0.253 0.298

1200 0.71 −6.83 0.985 0.112 0.126

1000 0.77 −8.57 0.914 0.266 0.344

pressure, except for the cases at 800 ◦C, in contrast to the nearly 

constant reaction order for the experiments without burner. Similar to 

the experiments without the burner, the sensitivity of the reaction order 

to residence time is negligible. Table 5 summarizes the reaction orders 

and fitting parameters for the experiments with the burner.

4 . Summary and conclusion

The study investigated the effects of oxygen partial pressure, absolute 

pressure, heating rate, and temperature on the thermochemical conver­

sion of a low volatile coal under process conditions. The experiments 

were carried out using the Alternative Reducing Agents (ARA) reac­

tor, which was designed to recreate the operational conditions in the 

blast furnace raceway zone. The residence time and heating rate were 

estimated using a 1D Lagrangian model of the reactor. Activating the 

Table 5 

Oxygen reaction order and fitting parameters for the experiments with the 

burner.

pressure 

(kPa(a))

temperature 

(K)

reaction order 

(-)

intercept 

(ln(1/s))

R2

(-)

𝜎slope
(-)

𝜎intercept
(-)

200 1400 0.71 −6.16 0.997 0.049 0.055

1200 0.64 −5.47 0.912 0.269 0.288

1000 0.97 −9.36 0.948 0.206 0.325

800 0.08 −0.06 0.222 0.858 0.341

400 1400 0.94 −9.12 0.998 0.041 0.061

1200 0.51 −4.39 0.914 0.266 0.226

1000 1.12 −11.52 0.972 0.151 0.269

800 0.71 −7.29 0.978 0.133 0.152

hydrogen burner increased the particle’s heating rate by a factor of 2 

to 4.

The experiments showed no significant effect of the operating tem­

perature on the pyrolysis rate, provided it was above 1200 ◦C. The py­

rolysis ratio decreased with increasing absolute pressure in experiments 

without the burner, whereas no effect was observed in experiments with 

the burner. This might be caused by the available oxygen from lance 

cooling with pressurized air in the experiments without the burner. The 

relatively high uncertainty in ash content determination according to 

DIN 5179 at low ash contents significantly affects the pyrolysis ratio. For 

further quantitative analysis of the results, additional experiments and 

tests are necessary to improve the dataset and lower the measurement 
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uncertainty of the burnout. The test rig can be adapted to use nitrogen 

for lance cooling in experiments without the hydrogen burner, enabling 

data to be obtained in the absence of any oxygen in the gas phase.

In experiments with an operational temperature of at least 1200 ◦C, 

the higher heating rate provided by the burner did not significantly 

influence the burnout. At lower operational temperatures, the burner 

increased the burnout. Part of this effect might be caused by the 

higher gas temperature provided by the burner. However, modeling 

with kinetic data from the literature revealed a potentially signif­

icant heating rate effect at 1000 ◦C and 1200 ◦C operating tem­

peratures. Burnout increased with higher oxygen partial pressure at 

the same absolute pressure, whereas it decreased at lower absolute 

pressures at constant oxygen partial pressure. For the experiments 

without the burner, the oxygen reaction order remained nearly un­

changed across the operating temperature range. The reaction or­

der increases with pressure in the experiments with the activated

burner.

The experimental campaign demonstrated that the effects of oxygen 

partial pressure, absolute pressure, heating rate, and temperature on the 

thermochemical conversion of pulverized carbon carriers can be investi­

gated using the ARA reactor. Further experiments and data are necessary 

to conduct a detailed quantitative analysis of the effects of oxygen partial 

pressure, absolute pressure, heating rate, and temperature on thermo­

chemical conversion. Nonetheless, the following trends were observed 

for the investigated low-volatile coal:

• Higher absolute pressure reduces the pyrolysis ratio for experi­

ments without the burner, while only a minor effect is observed 

for experiments with the burner.

• Higher oxygen partial pressures and temperatures increase the 

burnout.

• Higher heating rate effects seem to influence only the burnout for 

temperatures between 1000 ◦C and 1200 ◦C.

To obtain a quantitative analysis of the influence of the opera­

tional parameters discussed, further experiments will be conducted. 

Furthermore, additional measurements will be performed to allow qual­

itative comparison with other fossil coals and biochars to rank their 

suitability for use in blast furnaces or combustion processes. The influ­

ence of absolute pressure can be evaluated by conducting experiments 

at different pressure levels while keeping the oxygen partial pressure 

constant. These experiments can be carried out at different oxygen par­

tial pressure levels to quantify the effect of oxygen partial pressure 

and absolute pressure. The burner lance can be cooled with nitrogen 

to perform pyrolysis experiments completely without oxygen at differ­

ent operating temperatures and pressures. The operating temperature 

and heating rate can be investigated by adjusting the burner power, 

co-flow temperature, and heating element temperature. The results 

will be combined with Computational Fluid Dynamics (CFD) simula­

tions to gain additional insight into the reaction conditions in the test

rig.
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