


Fluidized bed gasification of selected South African coals

Figure 3. The results show clearly that the reactivities over
the complete range of conversions are very different and that
it correlates with the vitrinite reflectance and carbon content.
(Table IV), which is in agreement with many published
results4. This dependence can also be seen in terms of a
reactivity index defined as Rs=0.5/t0.5 with t0.5 the time
(hours) for the char to reach a conversion of 0.55,6 as shown
in Table IV for all temperatures examined. 

Pilot-scale fluidized bed gasification
Pilot scale gasification tests were carried out on the four
selected coals using the bubbling fluidized bed gasifier (FBG)
described above. All experiments were done at ± 925°C and ± 
950°C (mid-bed) and at atmospheric pressure. The results of
eight fluidized bed gasification experiments consisting of
plant measurements, gas analysis and calculated variables
are shown in Table V. The fluidizing velocity was more than
three times the calculated minimum fluidizing velocity and
low enough to prevent excessive carry-over of unconverted
char to the cyclone. The gas calorific value was calculated
from the composition and heats of combustion of the

components of the gas. The fixed carbon conversion and char
elutriated were calculated from carbon and ash balances
respectively and the residence time reported (average value)
was determined by assuming a perfectly mixed fluidized bed.     

All experiments were carried out at approximately the
same char residence times, bed temperatures (mid-bed),
particle sizes and fluidizing velocity, since the objective of the
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Table III

Chemical and physical characterization of coal samples
Property Method New Vaal Matla Grootegeluk Duvha

Calorific value

Calorific value (MJ/kg) ISO 1928 15.1 18.6 19.8 21.0

Proximate analysis

Inherent moisture (%) SABS 925 5.80 3.50 1.60 1.80
Ash content (%) ISO 1171 40.4 33.4 34.9 32.5
Volatile matter (%) ISO 562 19.20 21.00 24.90 19.90
Fixed carbon (%) By diff. 34.60 42.10 38.60 45.80

Ultimate analysis

Carbon (%) ISO 12902 42.58 50.66 51.96 58.70
Hydrogen (%) ISO 12902 2.19 2.65 3.15 3.33
Nitrogen (%) ISO 12902 0.89 1.07 0.99 1.27
Sulphur (%) ISO 19759 0.69 0.74 1.58 1.10
Oxygen (%) By diff. 7.54 7.97 5.85 3.14

Maceral content (daf) and vitrinite reflectance (rank)

Liptinite (%) ISO 7404-3 3 5 7 4
Vitrinite (%) ISO 7404-3 23 38 52 13
Inertinite content (%) ISO 7404-3 74 57 41 83
Vitrinite reflectance (%) ISO 7404-3 0.53 0.64 0.68 0.75

Structural properties

BET surface area (m2/g) Nitrogen adsorption 7.01 2.08 <1 < 1
BET Porosity (%) pore diameters < 810 Å Nitrogen adsorption 3.2 1.3 1.5 1.1

Other physical properties

Hardgrove grindability index (HGI) ISO 5074 66 51 47 60
Free swelling index (FSI) ISO 501 0 0 1 0
Roga index (RI) ISO 335 0 0 10 0
Ash fusion temperature (°C) ASTM D 27 1600 1500 1500 1600
Bulk density (kg/m3) Displacement 1700 1620 1570 1577

Table IV

Reactivity indices (h-1) of chars

Char Temperature (°C) Rank parameters of parent coal
875 900 925 950 Vitrinite random reflectance (%) C (%) dry ash free

New Vaal 2.75 3.80 5.63 8.92 0.53 79.1
Matla 0.51 0.65 0.99 1.56 0.64 80.2
Grootegeluk 0.14 0.27 0.40 0.75 0.68 81.8
Duvha 0.13 0.21 0.34 0.52 0.75 89.4

Figure 3—Char reactivities at 950°C from thermogaravimetric analyser



investigation was to evaluate the performance of four
different coal feedstocks. With the start-up procedure
described above and the conditions given in Table V the
fluidized bed was found to attain a steady state condition 6 h
after start-up during which measurements were made.
Evidence of this is given in Figure 4 where the gas concen-
trations are plotted against time in Figure 4.

The fixed carbon conversion varies significantly for the
four coals between 52% and 85.9% and was also found to
correlate with the vitrinite reflectance and carbon content, as
shown in Figure 5. This trend was also obtained with the
results from the thermogravimetric experiments with very
different reaction indices (reactivity), which is attributed to
the different modes of operations, such as differential (low
conversion), isothermal conversion with reaction controlling
in the thermogravimetric analyser as opposed to non-
isothermal, bubble and emulsion phase operation with
coupled diffusion effects, and particle attrition in the fluidized
bed. A similar result was obtained by Jing et al.7 who gasified
three bituminous coals of differing rank originating from
Chinese coalfields in a fluidized bed gasifier. It should be
noted that the carbon in the fines has a higher carbon
content than the bigger particles in the bed. Also, by
increasing the temperature from 925°C to 950°C the fixed
carbon conversion increases by an average of 3.6%.

The gas compositions and consequently the gas calorific
values for the different coals depend only slightly on the coal

type at the operating conditions, and it was not possible to
identify any trends. Similar results have been published by
Gururanjan and Argarval8.

Thermal shattering and attrition of the coal particles in
the bed also occurred with the generation of smaller particles
(average diameter) in the bed and fines that are eventually
elutriated from the gasifier. The relative size reduction can be
seen in Table V. The relationship between the percentage
cyclone char and the Hardgrove grindability index (HGI) is
given in Figure 6 for each coal and temperature. The char
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Table V

Fluidized bed gasification experiments at 90 kPa absolute pressure

New Vaal Matla Grootegeluk Duvha
Experiment  number 1 2 3 4 5 6 7 8

Coal feedrate (kg/h) 28.7 23.9 27.0 24.3 23.0 23.0 26.4 26.4
Airflow (Nm3/h) 52.2 47.0 50.6 50.9 48.5 47.8 47.5 47.8
Steam flow (kg/h) 9.1 5.8 8.5 8.5 10.2 10.0 10.9 9.0
Air and steam temp. (ºC) 202 159 190 185 173 178 176 186
Oxygen: carbon molar ratio 0.48 0.52 0.42 0.47 0.46 0.45 0.34 0.35
Steam: carbon molar ratio 0.50 0.38 0.41 0.46 0.57 0.56 0.47 0.39
Coal particle size (mm)1 2.4 1.2 1.6 1.6 1.9 1.9 1.6 1.6
Fluidizing velocity (m/s)5 2.2 1.9 2.1 2.2 2.1 2.1 2.1 2.1
Mid-bed temperature (ºC)  922 947 925 949 927 953 927 949
Lower bed temperature (ºC)  967 948 995 972 948 978 921 954
FBG exit temperature (ºC) 750 720 752 756 742 764 761 773

Dry gas composition
CO (%) NR2 11.1 10.8 11.6 8.7 10.2 8.8 9.9
H2 (%) NR 8.6 10.0 9.6 9.4 9.5 8.5 9.3
CH4 (%) NR 0.7 0.8 0.7 1.1 1.1 0.8 0.7
CO2 (%) NR 15.8 14.8 14.6 15.0 14.9 15.3 15.0
N2 + others3 (%)4 NR 63.7 63.5 63.4 65.7 64.2 66.5 65
O2 (%) NR 0.1 0.1 0.1 0.1 0.1 0.1 0.1
CO/ H2 - 1.29 1.08 1.21 0.92 1.07 1.03 1.06
Gas calorific value (MJ/Nm3)5 - 2.8 3.0 3.0 2.7 2.9 2.5 2.7

Bed pressure drop (Pa) 2664 2115 2553 2259 2553 2553 2455 2456
Char residence time (min)5 36.7 36.6 37.4 37.6 45.1 45.1 35.7 35.7

Carbon in bed char (%) 2.8 1.4 24.3 20.8 26.8 26.4 38.6 33.9
Bed char particle size (mm) 1.1 0.6 1.2 1.0 0.8 1.0 0.9 1.2
Carbon in cyclone char (%) 19.5 15.5 32.3 27.8 31.0 27.0 41.6 43.2
Cycl. char particle size (mm) 0.07 0.08 0.05 0.07 0.07 0.07 0.06 0.08
Char elutriated to cyclone (%)5 60.6 66.6 53.8 55.6 51.1 51.6 58.3 59.9
Fixed carbon conversion (%)5 82.7 85.9 68.2 74.0 63.2 67.0 52.0 53.7

1d50—50% of the coal mass is less than the d50 size 
2NR—no reading
3Others are < 0.4 % and include H2S, NH3, HCN and C2+

4(N2 + others) by difference
5Calculated results.

Figure 4—Gas concentration versus time for Malta coal at 925°C
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fines generated and elutriated increase with the grindability
of the coal and with the temperature. Using the experimental
results and least squares regression, a correlation was
developed to predict the amount of cyclone char that would
be produced by the gasifier. This is given by the following
equation:

Elutriated char (%) = 3.13(HGI)0.69 (U)0.33 (dp)-0.19

with dp = the mean particle size (d50) of the feed coal, U =
the fluidizing velocity and HGI = the Hardgrove grindability
index of the coal. A similar correlation was used by
Rhinehardt et al.9 to predict the carry-over of fines. 

From Table V it can be seen that the temperature close to
the distributor (T1) is higher than the temperature in the
middle of the bed (T3). This is a result of oxygen reacting
with the char and with back-mixed combustible gas close to
the air distributor10. Ciesielczyk and Gawdzik11 reported that
the maximum temperature is limited to the bottom 10% of the
bed and is up to 200°C higher than the uniform bed
temperature in the middle of the bed. The maximum
temperature increase observed during the pilot plant experi-
mentation was ± 70°C (experiment 3). 

Due to the non-caking nature of the coals tested 
(Table III), bed agglomeration and defluidization of the bed
did not occur during any of the experiments. The same result
was achieved by Gutierez and Watkinson12 with Canadian
coals in a fluidized bed gasifier. 

Conclusions
A pilot-plant fluidized bed gasifier (coal feed rate 
18–30 kg/h) was designed and was successfully operated

with selected low grade coals with carbon conversion ranging
from 54% to 86% at 950°C for approximately the same set of
operating conditions13. The results from the laboratory
experiments using a micro-reactor (intrinsic reactivity) and
results from the pilot plant (overall reactivity) all correlate
with coal rank (vitrinite reflectance and carbon content) of
the parent coal, with the coal with lowest rank having the
highest reactivity. This indicates that the characteristics of
the coal and resultant chars have a significant affect
(controlling) on the overall performance of the fluidized bed
in addition to other transport and mechanisms characteristic
of fluidization. Published results in the literature on the
dependence of coal/char reactivity on rank have been
deduced mostly from experimentation with ideal laboratory
reactors7. The amount of fines generated in the gasifier and
the resulting elutriation rate of fly ash from the gasifier can
be described well by the Hardgrove grindability index (HGI)
of the feed coal. The low free swelling (FSI) and Roga (RI)
indices, together with the high ash fusion temperature (AFT)
of the coals tested, prevented agglomeration, clinkering and
defluidization of the bed. Due to the relatively low gasifi-
cation reactivity of most South African bituminous coals, a
secondary char combustion stage may be required after the
fluidized bed gasifier (at optimal conditions), in order to
achieve overall carbon conversions in excess of 95%. 
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Figure 6—Char fines generated as a function of Hardgrove grindability
index

Figure 5—Fluidized bed gasifier fixed carbon conversion versus
reflectance (rank)




