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1. Introduction 

Gasification technology is proposed for testing the feasibility of producing syngas from waste 

coal fines and dry steam. A DC arc plasma gasifier will be used as the facility for testing this concept. 

The main objective is to gasify low-grade coals that are currently discarded in order to produce market­

quality syngas. In South Africa, approximately 60 million tonnes of material are added to coal waste 

dumps annually (Belaid et al., 2013). These low-grade coals can be profitably used to produce syngas 

for various applications such as heating, electricity production, petro-chemistry, extractive metallurgy, 

energy storage medium, etc. The use of DC gasification technology will extend the application of DC 

arc technology, add value to coal wastes, minimise the amount of coal wastes, mitigate the 

environmental issues pertaining to the storage of waste coals (waste coals are responsible for fire, air 

and waterway pollutions), increase the sustainability of coal reserves, produce additional energy and 

chemicals, and create opportunities for employment and economic growth (Kekana et al., 2015). 

Coal gasification is an important process in advanced thermal power stations, where the resulting 

C02 is captured, liquefied and pumped into underground storage facilities to mitigate global warming 

(Kekana et al., 2015). Standard performance data of a gasifier are dependent on the gasifier temperature, 

product gas composition, carbon conversion, liquid product yield, steam, oxygen and coal consumption 

and the cold gas efficiency (Bisaka et al., 2009). Other important parameters involved in the operation 

of a coal gasifier are the oxygen to coal ratio and the steam to coal ratio. These parameters have an 

impact on the syngas composition and its calorific value. 

1.1. Plasma arc gasification 

Conventional gasification of coal is well known. The process energy is provided by the partial 

combustion of the feed coal with oxygen; thus this process relies on the coal calorific value (Consonni 

et al., 2011). Plasma coal gasification is carried out using an external source of energy and can thus be 

carried out irrespective of the coal calorific value. Plasma assisted waste-to-energy processes have been 

developed and used for the processing of municipal solid wastes (MSW) to generate electricity (Bisaka, 

K., 2011). Currently most of the research development regarding plasma coal gasification is carried out 

using plasma torches as a source of energy. Plasma torches have limited power and lifetime. They have 

an impact on the size and availability of the gasification plant because of their limited power, varying 

between 0.05 and 2.4 MW, and a lifetime not exceeding 3000 h (Plasma torches by Westinghouse 

Plasma Corporation., 2012, ). However DC arc furnaces equipped with graphite electrodes can be easily 

scaled to larger size up to 80 MW (Jones, R.T., 2014). As compared to the plasma torch gasification, 

the DC gasifier can operate in the absence of oxygen. It is thus possible that the DC open-arc gasifier 

would operate more cost-effectively than the plasma torch gasifier because of the economy of scale 

(operating one large unit instead of many small units). 
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1.2. The conceptual DC arc plasma gasifier 

A technology concept for DC arc plasma gasification of low-grade coal has been proposed 

previously (Bisaka et al., 2009; Bisaka, K., 2011 ). This concept comprises two sections: (1) The bottom 

section operating as a DC open-arc furnace generates energy to the process. This section would operate 

with a higher voltage (longer arc as a result of higher arc resistivity) in the presence of dry steam and 

coal fines. Ideally this section should operate with long and stable electric arcs. It serves as a containment 

vessel for slagging and tapping of molten slag. (2) The top section operating as an entrained flow gasifier 

where most of the gasification chemistry occurs. The feed comprising dry steam and pulverised coal is 

added in either the bottom or the top sections of the reactor, or both - see Figure 1. 
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Fig. 1. Modified concept of an assisted DC arc plasma gasifier, Adapted from Kekana et al., 2015. 

1.3. Testing equipment for testing the arc behaviour 

A 3.2 MV A DC pilot plant at Mintek was successfully used to assess the arc stability in the 

presence of dry steam. Figure 2 shows a schematic diagram of a typical DC arc furnace. 
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Fig. 2. Schematic diagram of a typical DC arc furnace adapted from Kekana et al., 2015. 

The arc was operated at constant current of 1, 1.5 and 2.5 kA between a 200 mm diameter 

electrode and a graphite block. Steam produced by an electrically heated boiler was injected into the arc 

environment. The steam flow rates were not directly measured but were controlled manually by 

adjusting the outlet pressure. Once struck, the arc length was varied in increments of 5 cm up to 30 cm. 

The arc was assumed sustainable at each position if it could be operated for at least 30 seconds. During 

the arc operation, the electrical parameters were recorded on the SCADA system and an Olympus iSpeed 

3 high-speed video camera was used to record the arc images. Camera's Frame rate: 5000 frames/s, 

Resolution: 804x600 pixels, Shutter speed: 3 microseconds and Lens: Tokina 80-200mm f/4 (manual). 

The pilot furnace comprised an unlined cylindrical steel shell rested on a dome fitted with a pin anode 

and equipped with a central graphite (cathode) electrode vertically positioned (see Figure 3). The shell 

was of 2500 mm internal diameter and 1400 mm height. This setup configuration was operated as an 

open furnace without a roof. This was done to allow arc photography and also contain any explosion/fire 

that may occur in case an explosive gas was produced during the short-burst gasification tests. 
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- --
Fig. 1. Simplified sketch of a DC arc furnace testwork setup, without the furnace roof 

2. Results and discussion 

2.1. Arc behaviour 

Four separate tests were carried out to investigate the behaviour of the arc. The stability of the arc 

was assessed at an atmosphere with and without steam injection at various conditions of current set 

points, arc length, steam pressures and steam temperatures - see Table 1. 

Table 1. 

Parameters varied during testwork. 

Parameters low level high level 

Arc length (cm) 10 30 

Arc current (kA) 1 2.5 

Steam pressure (bar) 0.5 1 

Steam temperature {0 C) 300 400 

Images from the iSpeed 3 high-speed video camera are shown in Figures 4, 5 and 6. Without 

steam present, the typical development of arc dynamics is observed with the arc becoming progressively 

more unsteady as the arc length and current are increased. At low levels, the arc is often stable and 

manifests as a steady, straight jet of plasma (e.g. Figure 4a).With the introduction of steam into the arc, 

the behaviour is immediately modified. This is particularly noticeable at lower currents and shorter arc 

lengths, where the arc often remains highly unstable instead of settling to a steady-state jet. This is 

shown in Figure 5. 
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(a) 1 kA, 15 cm (b) 1kA,25 cm 

(c) 1.5 kA, 25 cm 

Fig. 4. Arcs in air (no steam present) at different current levels and arc lengths 

(a) (b) 

Fig. 5. Unstable arc in steam, current 1 kA, arc length 15 cm 

At higher currents and longer arc lengths, the arc's instability is exaggerated further. This 

increases the probability of arc extinction. Some examples of unsteady arc behaviour are shown in 

Figure 6. The instability stems from a significant increase in the electrical resistivity of the arc plasma, 

primarily as a result of the presence of hydrogen atoms and ions after the dissociation of water molecules 

has completed (Boulos et al., 1994). This implies that DC arc plasma gasifiers will in general need to 

operate at higher voltages, lower currents, and shorter arc lengths than might be familiar from more 

traditional DC furnace operations such as steel melting or ferro-alloy smelting. 
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(a) 1.5 kA, 25 cm (b) 2.5 kA, 15 cm 

(c) 2.5 kA, 25 cm (d) 2.5 kA, 25 cm 

Fig. 6. Arcs in steam at different current levels and arc lengths 

2. 2. Modelling of temperature distribution in a column gasifier 

2.2.1. Plugjlow solution for heat transfer 

The heat transfer between the flowing gas inside a vertical column gasifier and the ambient 

environment outside can be described approximately by assuming that the flow in the column is well­

mixed (i.e. turbulent), and that the velocity is high enough that heat conduction in the direction of the 

flow is relatively low. This causes "plug flow" of the gas inside the column, where there is very little 

variation in the temperature across the diameter of the column. This is a very simple model as it does 

not include thermal radiation from the gas to the inner surfaces (except very crudely as part of the lumped 

heat transfer coefficient), and also does not consider any sources due to chemical reactions in the syngas. 

This model treat the gasifier as a column; that is, the pressure driving force for the flow of gas comes 

only from the buoyancy force of high-temperature, low-density gas inside the column. In this case it 

should be noted that on an operating plant this would normally not happen as the flow rate of the gases 

in the gasifier could be controlled by downstream pumps and valves rather than simple column flow. 

The heat transfer equation can be reduced to a low-order, one-dimensional differential equation. 

Assuming constant values for the physical properties of the gas in the column, the differential equation 

for energy transfer is given by Equation 1: 
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(1) 

Where mF is the mass flow rate of gas in the column in kg/s, Cp is the gas specific heat capacity 

in J/kg.K, T is the temperature (in K) as a function of the vertical distance from the column entrance (x), 

dis the column diameter in m, TA is the temperature of the surrounding environment, and Uc is a lumped 

heat transfer coefficient (in W/m2.K) (consisting of three separate heat transfer coefficients - from the 

gas to the inner column surface, through the column lining, and from the column outer surface to the 

environment). 

Solving the equation by integration gives T as a function of the length x of the column: 

(2) 

To is the initial temperature of the gas at the column inlet. Since the heat transfer coefficient Uc depends 

on parameters of the gas flow inside the column (velocity, density, Reynolds number etc.) that are 

initially unknown, this equation has to be solved iteratively starting from an estimate to determine the 

actual gas flow rate and outlet temperature. 

2.2.2. Ideal gas equation for density 

To estimate the density of the gas in the column as a function of temperature, the ideal gas law 

equation can be used: 

PV = nRT (3) 

Where P is the pressure in Pa, n is the number of moles in mol, R is the universal gas constant 

(=8.314 J/kg.K), T is the temperature in K. 

Density is defined as the mass of material per unit volume, therefore: 
nM PM p = - = - (4) 
V RT 

Where p is the density of gas in kg/m3
, Mis the average molar mass of the gas, in kg/mol. Pressure 

is assumed to be constant at atmospheric (there are small variations which cause the flow of gas inside 

the column, but the total pressure is close to constant), therefore the density is inversely proportional to 

temperature. A spreadsheet was prepared for the column calculator which models the relationship 

between certain variables in the column. The variables of interest were the exit temperature of gases 

from the column, the average gas velocity in the column, the mass flow rate of the gases exiting the 

column. 

Figure 7 shows the relationship between the mass flow rate of the gases exiting the column and 

the exit temperature of the gases. It can be seen that as the flow rate of the gases increases, the 

temperature of the exiting gases also increases. The flowrates range is indicative of what will be 

produced on a pilot plant demonstration furnace at the same scale as the testwork that is reported here. 

1 to 3 tons of feedstock per hour (and equivalently gas produced) is expected to be typical at the 3MW 

scale accessible at Mintek. 
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Exit temperature of the gas vs gas mass Flowrate 
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Fig. 7. Exit gas temperature as a function of flowrate 
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Figure 8 shows how the density of the gases is affected by changes in (exit) temperature. From 

the graph, it is shown that the higher the density of the gases, the lower the exit temperature of the gases. 

This effect is due to the fact that lower-density gases cause a greater pressure differential in the column 

flow model used for the gasifier, resulting in higher velocities. Increased velocities convect more energy 

to the top (outlet) of the column, resulting in higher temperatures. 
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Fig. 8. Exit gas temperature as a function of density 

Overall, it can be seen that it is feasible to regulate the temperature within the top column of the 

gasifier by controlling the variables such as gas inlet temperature, flow rate and composition (gas 

generated in the bottom section) as well as the velocity (diameter of the column and gas generated in 

the bottom). Composition of the raw syngas stream produced in the furnace vessel will be strongly 

dependent on the relative quantities of carbonaceous material and water/steam in the feed streams. The 
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primary source of variability is likely to be the carbonaceous feedstock, since it will be a waste material 

rather than a primary ore. 

2.3. Explosibility studies of three coal dust samples 

Explosibility study of discard coal fines is imperative in DC gasification project as future tests 

will be aimed at testing the feasibility of feeding discard coal fines and dry steam into a DC arc furnace 

to produce syngas. Coal fines are regarded as hazardous material as they present a possible explosion 

risk. Currently none of the existing feed systems for the DC arc furnace and the electrical installations 

are explosion rated and as such it is imperative to do a material study on coal fines . Explosibility study 

of coal dust samples was carried out to quantify the explosion limits and the subsequent explosion risk. 

The results from the study will be used as a guideline when designing a proper feed system which will 

accommodate the explosion risk. 

Explosibility index tests were conducted on three coal dust samples namely, Goedehoop, 

Grootegeluk and Leeuwkop. The samples were also tested for Lower Explosion Limit (LEL) and 

Minimum Ignition Energy (MIE). The tests were performed in a 20-litre explosion test vessel at fixed 

parameters. The samples were air dried and milled through a hammer mill to attain a product finer than 

125 µm. Goedehoop discard fines sample had 60% particle size less than 63 µm. Grootegeluk dust 

sample had a median particle size of 63 ~Lm whereas 60% of the Leeuwkop dust sample was less than 

63µm. 

Experimental setup 

The operation and data capturing on the 20-litre vessel were controlled by a KSEP 332 system. 

For each, test the specified amount of powder was placed in the sample holder. Once the igniters were 

fitted to the electrodes, the lid was closed and the safety switch disengaged. For the explosion index test 

series, chemical igniters with an energy release of 10 kJ were used. All outlet valves were also closed 

before a negative pressure of 0.47 kPa was established inside the vessel with a vacuum pump. The 

purpose of the negative pressure was to compensate for the fact that the powder inlet valve would blow 

the powder into the vessel; it was required that the igniters be set off when the pressure inside the vessel 

was approximately 1 atm. Once the vessel was ready, the controller was activated to start the test and 

data capturing sequence. Two piezo-electrical pressure sensors recorded the pressure profile inside the 

vessel during the test. The vessel was then cleaned and prepared for the next test in the series. 

2.3.1. Goedehoop, Grootegeluk and Leeuwkop discard.fines explosibility test results 

Explosibility test results of Goedehoop, Grootegeluk and Leeuwkop discard coal fines are shown 

in Figure 9. 
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Explosibility of Goedehoop,Grootegeluk and Leeuwkop Discard Coal 
fines 
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Fig. 9. Explosibility test results on Goedehoop, Grootegeluk and Leeuwkop discard coal fines 

2.3.2. Goedehoop, Grootegeluk and Leeuwkop LEL results 

Goedehoop discard coal fines has an LEL of 40g/m3 at explosion pressure (Ep) of 1.8 bar and 

maximum pressure (MP) of 0.3 bar. Grootegeluk discard coal fines has an LEL of 60g/m3 at Ep of 2 bar 

and MP of 0.5 bar. Leeuwkop coal dust has an LEL of70g/m3 at Ep of2 bar and MP of 0.5 bar. 

2. 3. 3 WE test results for Goedehoop, Grootegeluk and Leeuwkop coal dust samples 

Minimum ignition energy test results on Goedehoop, Grootegeluk and Leeuwkop coal dust are 

shown in Table 2. 

Table 1. 

MIE for Goedehoop, Grootegeluk and Leeuwkop discard coal fines 

Tl,120 MIE 
Samples T1,60 (ms) 

(ms) (mJ) 

Goedehoop discard coal fines 62 89 101- 1000 

Grootegeluk discard coal fines 72 119 101- 1000 

Leeuwkop discard coal fines 69 99 101- 1000 

TI is the combustion time 

Goedehoop discard fines were able to ignite from a concentration of 60g/m3 throughout the test 

series. The LEL where Goedehoop discard coal fines ignited was 40 g/m3.Grootegeluk coal dust was 

able to ignite from a concentration of 125g/m3
. The LEL where Grootegeluk coal fines ignited was 50 

g/m3
. Leeuwkop coal dust was able to ignite from a concentration of 250g/m3 to higher concentrations 

in the test series. The lowest LEL where Leeuwkop coal dust ignited was 70 g/m3
. It was observed that 
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that all three discard coal fines can participate in a weak to moderate dust explosion with the MIE 

between 101 mJ and 1 OOO mJ at different combustion times. 

3. Conclusions 

Gasification test work using pilot-scale furnaces is a valuable tool for building improved 

understanding of the arc phenomena that are relevant to full scale DC arc furnace gasifier designs for 

the valorisation of low-grade discard coals into market-quality syngas. The fundamentals for the 

operation of the DC arc plasma gasifier were investigated through testwork on arc stability in the 

presence of dry steam; modelling of the temperature distribution within the reactor and explosibility 

studies on three coal dust samples. These testwork were designed to understand heat transfer phenomena 

since combination of arc and steam are responsible for heat transfer within the reactor. Furthermore 

modelling to ensure that adequate and suitable temperatures are achieved within the reactor to effect 

efficient gasification. Explosibility study of discard coal fines is imperative in this project as future tests 

will be aimed at testing the feasibility of feeding discard coal fines and dry steam into a DC arc furnace 

to produce syngas. Coal fines are regarded as hazardous material as they present a possible explosion 

risk. 

From the testwork it was concluded that sustainable arcs are possible in the presence of dry steam. 

The arc power varied between 100 and 800 kW and arc lengths of25- 30 cm were achieved. The arc in 

the absence of steam was stable and manifested as a steady, straight jet of plasma, but became more 

unstable once steam was introduced. However, at consistent steam flow rate, the chaotic nature of the 

arc increased as the current and the arc length were increased from 1 to 2.5kA and 15 to 30 cm, 

respectively. Modelling of the temperature distribution of the gasification column showed that the 

temperature suitable for efficient gasification can be achieved throughout the top column and could be 

regulated by controlling variables such as the gas inlet temperature, flowrate and composition. The 

explosibility tests results indicated that all the three coal fines samples are explosible at different 

conditions however Leeuwkop coal fines seems to explode at higher concentrations as compared to 

Goedehoop and Grootegeluk coal fines . Going forward, it is recommended that Leeuwkop coal fines be 

used as a feed material for future test work. Further work is still required in order to assess the broader 

industrial and techno-economic viability of the DC arc plasma gasifier. Research and development of 

the technology is ongoing and will include extensive pilot-scale testing. 

Acknowledgements 

This paper is published by permission of Mintek. The authors are grateful to Mr I. Mthombeni 

from CSIR Kloppersbos Explosion testing and fire management centre, who conducted sample 

preparation and experimental work for the explosibility studies, which comprised of determining the 

explosibility index, lower explosive limits and minimum ignition energy. 

2419 



IMPC 2020: XXX International Mineral Processing Congress, Cape Town, South Africa, 18-22 October 2020 

References 

Belaid, M., Falcon, R., Vainikka, P., Patsa, K.V., 2013. Potential and technical basis for 

utilizing coal beneficiation discards in power generation by applying circulating fluidized bed boilers. 

In: Proceedings of2nd International Conference on Chemical, Ecology and Environmental Sciences. 

Bisaka, K., Malatse, G., 2009. Feasibility of producing hydrogen in DC arc furnace. Mintek 

Internal Report no 40313. 

Bisaka, K., 2011.Techno-economic evaluation of the DC arc plasma coal gasifier. Mintek 

Internal Report no 40849. 

Boulos, M.I., Fauchais, M.P., Pfender, E., 1994.Thermal Plasmas: Fundamentals and 

Applications Volume 1 Plenum Press, New York (USA). 

Consonni, S., Vigano, F., 2011.Waste gasification vs. conventional Waste-To-Energy: A 

comparative evaluation of two commercial technologies .. Department of Energy, Politecnico di 

Milano, Via Lambruschini 4, 20156 Milan, Italy. 

Jones, R.T., 2014. DC arc furnaces - past, present, and future. Celebrating the Megascale, 

Proceedings of the Extraction and Processing Division Symposium on Pyrometallurgy in Honor of 

David G.C. Robertson, Mackey P.J., Grimsey E.J., Jones R.T., & Brooks, G.A. (Editors), Wiley, TMS 

2014, 16-20 February 2014, San Diego, California, USA, pp.129-139. 

Kekana, T., Reynolds, Q., Bisaka, K., 2015 .Operability of the DC waste coal gasification 

concept. Mintek Internal Report no 42018. 

Plasma torches by Westinghouse Plasma Corporation 2012, accessed 05 June 2017, 

<http://www.alternrg.com/wp-content/uploads/2012/11/WPC-Plasma-Torches-Eng-Email-Feb-

2012. pdf.> 

2420 


