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A d.c. plasma-fluidized bed reactor for the production 
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Up to now, calcium carbide has been produced on an industrial scale exclusively by the 
electrothermal method. Very high-temperature operation should be used, and this results in 
high capital, and some serious environmental problems if open or half-covered furnaces are 
used. A chemical equilibrium calculation conducted in this laboratory shows that if we add 
a certain amount of argon into the precursors, the required temperature for chemical 
equilibrium of the system can be reduced to 1400-1500 ~ We have been guided to develop 
a d.c. plasma-heated fluidized bed for the preparation of calcium carbide. Preliminary 
experiments include cold fluidization, measurement of heat-transfer coefficient, production 
of calcium carbide and measurement of conversion rate. It was found that 84.3% conversion 
is reached in an argon atmosphere under atmospheric pressure and an operation 
temperature of 1400-1450~ X-ray diffraction analysis and SEM show that the generated 
calcium carbide is of good quality. 

1. Introduction 
Of all carbides, calcium carbide is still of the greatest 
industrial importance today. As a starting material it 
is now, as always, the basis of the acetylene welding- 
gas industry. If raw materials and energy are available 
and if petroleum is in short supply, calcium carbide is 
the starting material for the products of acetylene 
chemistry. In a number of countries this is as true 
today as ever before. The fertilizer (cyanamide) and 
the products derived from it, e.g. melamine, are still 
produced to a limited extent. In addition to these 
classical applications, calcium carbide is finding in- 
creasing use in the metallurgical field, where it is used 
for desulphurization of pig iron and steel, and in 
foundry technology, where it is mixed with other 
materials intended for metal treatment. 

Increased acetylene usage for the production of 
organic chemicals, resins, and plastics increased the 
demand for calcium carbide. Annual production in the 
United States reached a maximum of 1027 000 metric 
tons in 1964, whereupon production declined substan- 
tially as acetylene from carbide was replaced by acety- 
lene petrochemical sources, thermal cracking of 
hydrocarbons, and as a by-product in ethylene pro- 
duction. From 1975-1988 calcium carbide production 
ranged from 175 000-253 000 tons/year. 

However, until now, calcium carbide has been pro- 
duced on an industrial scale exclusively by electrother- 
mal (resistance-type electric furnace and electric arc 
furnace) methods [1-7-]. The electrothermal smelting 
methods operate with high CaO losses of as much as 
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22% of the charge. The calcium carbide yields amount 
to only 79%-84%. The market price of CaC2 was 
about $515/ton. Generally, calcium carbide is produc- 
ed in electrical furnaces at a temperature around 
2000~ Because of the high-temperature operation, 
the electrothermal smelting method induces some 
problems: (1) in order to keep the furnaces at high 
temperature, heat losses are very serious, and there- 
fore the thermal efficiency is very low; (2) high-temper- 
ature operation requires high-quality materials for the 
construction of the facilities. Moreover, because the 
present production process is conducted in furnaces, 
the transportation processes of heat and mass between 
precursors are relatively slow, and so the kinetic pro- 
cess requires a relatively long time. All three factors 
result in high capital for production. Because of the 
rapidly growing oil-base ethylene derivatives, it is now 
necessary for us to make the price of C a C  2 cheaper. 

During 1940-1960, the carbothermic process was 
used as a high technology route to make calcium 
carbide in Germany by BASF [8]. This process has 
recently again acquired economic interest, because 
the energy produced by the combustion of fuels with 
oxygen is not as expensive as electrical energy. More- 
over, the CO gas abundantly produced as a by-prod- 
uct is a starting material for organic chemicals. 

Recently, Japanese scientists made some significant 
improvement to the energy-saving type electric fur- 
nace to strengthen further the cost competitiveness of 
the calcium carbide produced [9]. 

A chemical equilibrium calculation conducted in 
this laboratory shows that if we add a certain amount 
of argon or hydrogen to the precursors, the required 
temperature for chemical equilibrium of the system 
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can be reduced to 1400 1500 ~ We have been guided 
to apply the fluidized-bed technology to the process, 
because by using this technology, the chemical reac- 
tions in the system can be pushed to be favourable for 
the formation of CaC2 by using argon as the working 
gas and also the heat and mass transfer in the system 
can be speeded up, and in this case the required 
reaction temperature and reaction time can be 
reduced. 

Three kinds of fluidized bed have been tried in 
our research: (1) a resistance-type ftuidized bed; (2) 
a plasma-heated fluidized bed; (3) a flame-heated 
fluidized bed. Here we will describe the d.c. plasma- 
heated fluidized bed in detail. 

During recent years, there has been some develop- 
ment in the aspect of a fluidized bed heated by plasma 
[10]. Its main applications include [11-14] plasma 
nitriding of titanium particles, plasma surface treat- 
ment of milled carbon fibre, and the hydrocracking 
process of heavy hydrocarbons. However, only r.f. 
plasma has been used as a power source. Because of 
the maturity and high efficiency (approximately 90%) 
of d.c. plasma, and also because of the flexibility of the 
adjustment of the operational parameters and the high 

purity of the plasma working gas, it seems that it is 
more valuable to develop a fluidized bed heated by 
d.c. plasma. 

The aim of the present work was to develop a d.c. 
plasma-fluidized bed reactor for the preparation of 
calcium carbide. After presenting the chemical equilib- 
rium calculation, details of the system are given. The 
initial experiment included cold fluidization, measure- 
ment of the heat-transfer coefficient, production of 
calcium carbide and measurement of the conversion 
rate. The generated calcium carbide was analysed by 
using X-ray diffraction and SEM. It was found that 
84.3% conversion is reached under an operation tem- 
perature of 1400-1450 ~ 

2 .  C h e m i c a l  e q u i l i b r i u m  c a l c u l a t i o n  

Calcium carbide is a high-tonnage product of indus- 
try. It is known that it can be formed by the following 
reactions [15] 

CaO + C --, Ca + CO (1) 

Ca + 2C --, CaC2 (2) 
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Figure 1 (a-d) Chemical equilibrium calculations for the system CaO + 3C + Ar. 
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where Reaction 1 occurs in the solid phase. Those a r e  
endothermic reactions, and the total reaction heat is 
465 kJ mo1-1. Generally speaking, these reactions 
occur about 1800 ~ In order to determine the effect 
of some inert gas on the chemical reactions, a ther- 
modynamic calculation was conducted using 
a NASA code [16] which was based on the minimiz- 
ation of Gibbs free energy. The specific heat, entropy 
and enthalpy of each species were taken from the 
JANAF thermodynamic tables E17]. The calculation 
is specific for the CaO + 3C + Ar system, 16 gas 
species and 5 condensed phases (C, CaO, CaC2, 
CaCO3, Ca) were considered. Fig. l a - d  show the 
formation of CaC2 under an argon atmosphere at 
atmospheric pressure. The calculation obviously re- 
veals that CaC2 begins to form at 1700-1800 ~ with 
a very small amount  of argon. The temperature for 
the formation of CaC2 decreases gradually with in- 
crease of the argon molar fraction; when the molar 
ratio of argon to CaO is 10, this temperature de- 
creases to 1400-1500 ~ This result shows that with 
the dilution of the by-products such as CO, the chem- 
ical reaction will be more favourable to the formation 
of CaC2. 

3. Experimental procedure 
The experimental system used in our operation is 
shown in Fig. 2. It includes three parts: (A) a plasma- 
heated fluidized bed reactor; (B) a d.c. plasma power 
supply; (C) a fluidization simulator. 

3.1. Plasma-fluidized bed reactor 
The design and fabrication of a d.c. plasma-fluidized 
bed reactor is a tedious job and should be handled 
very carefully. The plasma-heated fluidized bed used 
in this experiment is shown in Fig. 3 and can be 
divided into two parts. 

3. 1. 1. P lasma torch 
Several components were identified with the d.c. 
plasma torch: cathode, anode, water-cooling jacket, 
plasma gas and power input system. The cathode was 
fabricated using standard design with a 60 ~ conical tip 
made up of thoriated tungsten (tungsten- and zirco- 
nium-alloyed tungsten were kept as stand-bys). The 
anode was made of copper, and a convergent throat 
shape with a nozzle of 6 mm diameter. The length of 
the anode can be changed very easily according to 
requirement (this may be called an arc plasma torch, 
where plasma stabilization takes place by eddy gases). 
The plasma gases were injected into the system 
tangentially and passed through the gap between the 
cathode and the anode created by a special swirling 
channel (a large swirling velocity is necessary for 
a stable plasma arc). These gases were simultaneously 
passed through four screens mounted in series in front 
of the anode to reduce the turbulence. The first three 
screens were of 250 mesh size and last 100 mesh size. 
The distance of the gap between the cathode and the 
anode was adjustable by a screwing arrangement, 
which is important to the operation condition of the 

Figure 2 A photograph of the d.c. plasma-heated fluidized bed system for the production of CaCz. 
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Figure 3 Experimental layout of the d.c. plasma-heated fluidized 
bed reactor. 1, Reactor cover; 2, powder filter; 3, refractory brick; 4, 
thermal insulation layer and metal wall; 5, protection graphite tube; 6, 
graphite tube; 7, distributor; 8, thermal insulation layer; 9, anode; 10, 
screens and passage of swirling gas; 11, cathode; 12, electrode adjus- 
tor; 13, waterjacket; 14, thermal insulation plate; 15, wind-box. 

torch. An important cooling system was provided for 
both cathode and anode. The power supply was con- 
nected to cathode and anode by the cooling-water 
output lines; the anode was electrically grounded. 

3. 1.2. P l a s m a - h e a t e d  f lu id i zed  b e d  reac tor  
Plasma-heated fluidized bed reactor is sited above the 
plasma torch. The plasma tail flame gas is transported 
into the windbox through a graphite tube, as shown in 
Fig. 3. In order to avoid the possible dropping of the 
powder into the bed through the holes on the top of 
the distributor, which can affect the electrical dis- 
charge and even induce damage of the electrodes, the 
plasma tail flame gas exits through the holes which are 
located on the side wall of the graphite tube. The 
cross-section of the bed is 50 mm x 50 mm. The height 
of the bed and freebroad is 300 ram. The reactor wall 
consists of a layer of refractory brick, a layer of ther- 
mal insulation material and an external metallic wall, 
as shown in Fig. 3. In order to protect the refractory 
brick (its temperature limit is about 1400 ~ a water- 
cooling system is used. Also a layer of insulation 
material is attached to the wall of the windbox to 
avoid loss of heat from the plasma tail flame gas. 
A layer of graphite is attached to the reactor wall in 
the fluidized bed section. The function of this layer is 
to protect the refractory brick wall from the high 
temperature of the fluidized bed. Because the thermal 
conductivity of graphite is relatively very large, it will 
enhance the temperature uniformity inside the bed. 
Underneath the fluidized bed is a distributor specially 
designed for the reactor. Details of the design will be 
specified later. The working gas exhausts from the exit 
located at the top of the freebroad. A powder filter 
made of a carbon fibre layer is mounted in front of the 
exit tube as a "flytrap" to avoid the possible flying out 
of the powder reactants. 

Before each experiment, the powder is fed into the 
fluidized bed reactor. Then the top cover is closed and 
the exit hole and the powder filter are fixed. The top 
cover is opened 1 2 h after an experiment is finished 
in order to remove the product. During this time, 
a small argon flow rate is maintained to protect 
the product from moisture and to cool down the 
system. 

3.2. D.c. plasma power supply 
The maximum open circuit voltage of the power sup- 
ply was 59.4 V, and the permissible maximum current 
230 in the continuous operation. The power supply 
had an H F  source with a frequency of 1 MHz and 
a voltage of 3000 V, which could be used to start the 
discharge of the d.c. torch. The power supply could 
maintain any constant current value in the permissible 
range, according to the adjustment (see [18] for de- 
tails). 

3.3. The fluidization simulator and the 
design of the distributor 

The design of the distributor is of vital importance for 
the operation of the bed reactor. In order to simplify 
the structure of the fluidized bed and to save the 
working gas, no other gas except the plasma tail flame 
gas is used as working gas for the ftuidization. There- 
fore, the distributor should be well-designed so that 
the required power of the ftuidized bed and the 
amount of plasma gas for ftuidization should be well 
matched through design. In the meantime, the temper- 
ature of the plasma tail gas is higher than 3000 ~ in 
the graphite tube, and possible overheating of the 
reactor wall, and possible enlargement of the small 
holes on the distributor, must also be considered 
during design. 

After repeated design and testing, the distributor 
shown in Fig. 4 is currently in use. The areas of the 
bottom cross-section and the top cross-section are 
50 mm x 50 mm and 20 mm x 20 mm, respectively. 
The height of the distributor is 30 mm. There are 56 
holes in a diameter of 0.8 mm on the bottom cross- 
section. On the top cross-section, there are 5 holes of 
the same diameter. The special shape of the distributor 
guarantees that the major part of the heat within the 
plasma tail flame gas can be transferred to the mater- 
ials within the fluidized bed. In order to assist the 
design, the heat-transfer coefficient was measured 
systematically as shown in the next section. Because 
the plasma tail flame gas firstly passes the central 
projecting part of the distributor, this kind of 
passage avoids the direct contact of the high-temper- 
ature plasma tail flame gas with the reactor wall 
and overcomes the so-called "burn-through" problem 
on the reactor wall, which once occurred at the begin- 
ning of the experiment with other structures of the 
distributor. 

Under the working temperature, it is very difficult 
to test and observe the fluidization in the reactor; 
therefore, a fluidization simulator was manufactured 
to test the fluidization in cold-working gas. The inside 
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Figure 5 Pressure drop of the fluidized bed reactor with CaO and 
3C particles. Measurements  from the simulator. Size (mm): 
0.355 < x.  < 1.0. 9v = 0.976 g c m  3, in air. 

Figure 4 The distributor of the fluidized bed. 

configuration and size of the fluidization simulator is 
the same as that in the fluidized bed reactor. The 
simulator is made of transparent reinforced plastic 
glass. Flow rate is measured by a set of rotameters. 
There are four holes along the windbox, bed and 
freebroad. Pressure drop along the four holes can be 
measured through an inclined monometer. The real 
structure can be seen in Fig. 2. A typical measurement 
is shown in Figs 5 and 6. From these measurements 
the minimum fluidization velocity was found to be 
8 cm s-  1, i.e. the required gas flow rate is 0.7 m 3 h -  1 
When the bed reactor  is heated to high temperature, 
the parameters obtained at low temperature for flui- 
dization should be modified before use. For  particles 
with different size and different physical properties 
there exist differences in their fluidization parameters 
between low temperature and high temperature. For  
instance [19], for the particles with diameters less than 
2 mm, the fluidization velocity increases with the in- 
crease of temperature, but for those particles with 
diameters larger than 2 ram, the ftuidization velocity 
decreases with increasing temperature. At high tem- 
perature, some particles exhibit viscosity, and experi- 
ment shows that the fluidization velocity is different 
for particles with different viscosity. However, in our 
experiment, we always keep the particle size less than 
2 mm, and the superficial velocity twice the minimum 
fluidization velocity from the simulator, in order to 
guarantee the fluidization. 

3.4. Measurement  of heat-transfer 
coeff icient 

The heat-transfer coefficient is a very important para- 
meter for the fluidized bed design and operation as 
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Figure 6 Bed expansion of the fluidized bed reactor. Size (mm): 
0.355 < x, < 1.0. Pv = 0.976 g c m  -3, in air. Powder: CaO + 3C. 
H = bed height, H0 = initial bed height. 

mentioned in the previous section. Because the heat 
transfer between the plasma tail flame gas and the 
distributor is concentrated in the central projecting 
part of the distributor, the following relationship is 
used 

Q~ = h ( T s -  Tb)S (3) 

to give the heat-transfer coefficient. Fig. 7 shows the 
relationship of heat transfer coefficient, h, and superfi- 
cial velocity, V, where Ts is the average surface 
temperature of the central projecting part of the 
distributor, and T b is the average temperature of the 
fluidized bed. Q is the heat loss of the plasma tail flame 
gas after it passes through the graphite tube and the 
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Figure 8 Measurement of the surface temperature on the distribu- 
tor and the averaged bed temperature, in argon. Powder: 
CaO + 3C; size (ram): 0.71 < x < 1.& 

central projecting part of the distributor, which can be 
calculated as the following 

Q = G p C p ( T i -  Tr (4) 

where Gv is the flow rate from the torch (because there 
are five holes on the top of the central projecting part 
of the distributor, some modification was made for the 
calculation of the real value of Gp), Ti the temperature 
in the graphite tube at the position of the b o t t o m  
section of the distributor, T,  the temperature of the 
plasma tail flame gas after it passes the central projec- 
ting part of the distributor, and S is the total surface of 
the central projecting part of the distributor. Measure- 
ment showed that the value of Te is very near that of 
Tb. This result is what we expected when we made the 

design. Fig. 8 shows the relationship between the aver- 
age temperature Ts and the superficial velocity at 
different bed temperatures. Most of the measurements 
were conducted by using thermocouples made of 
W/5 %Re-W/26%Re,  some of the measurements were 
conducted by using an infrared pyrometer. The model 
of the pyrometer used in the experiment is M77E, 
manufactured by Mikron Instrument Company Inc., 
which is a completely self-contained two-colour 
radiometer with the measurement range of 
1100-2100 K and an accuracy of _4- 0.75%. 

4. The production of CaC2 and the 
preliminary results of the experiment 

In order to produce CaC2 with high quality and 
high quantity in a fluidized bed, except for the well- 
designed fluidized bed, other problems must be solved. 
The raw material must satisfy the technical require- 
ment of the working conditions in the plasma- 
fluidized bed. As we know, the chemical reactions 
proceed within the solid particles, the fluidized bed 
affords a very high-temperature environment and the 
heat required for the high endothermic reaction. The 
working gas within the bed also plays an important 
role in removing gaseous by-products such as CO, 
CO2, and then pushing the chemical reaction forward 
to reach the equilibrium at the bed temperature under 
conditions without those gas by-products. Based on 
the above analysis, the requirements include (1) the 
shape and the size of the particles should be good for 
their fluidization, (2) within every particle, the 
stoichiometric ratio of reactants should be correct, (3) 
the connection between carbon and calcium oxide 
particles should be strong enough to withstand high 
temperatures, and the mechanical forces induced dur- 
ing the operation which include friction force, collision 
force between particles, particles and the wall of the 
reactor, particles and the distributor. There are several 
ways to manufacture such particles. Herold et aL [20] 
used CaO small particles as the core to coat a carbon 
film in order to produce the required particles for their 
operation in a flame reactor. Another way which was 
developed in our laboratory was to mix carbon and 
CaO powders according to the stoichiometric ratio of 
CaO + 3C and form pellets under high pressure 
( ~  t 5 0 0 0 0 N c m  -2) with some bonding, then those 
pellets are broken into small particles of the required 
size. 

Recently, two kinds of material have become avail- 
able in the laboratory for the experiments. The first is 
from South Africa. The diameter of the particles is 
about 3-5 ram. Every particle is a combination of 
CaO and carbon. They were stuck together by some 
bonding. Because those particles are very loose, dur- 
ing the experiment, much small powder drops from 
them. The other kind of material is also from South 
Africa, and this is big blocks of lime (95% CaO) and 
big blocks of anthracite (77% C). 

The following tests have .been conducted on those 
t w o  materials. 

I. Direct experiment with the particles of diameter 
3-5 mm. Because the particle size is very large, the 
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cold fluidization requires a large amount of argon. In 
order to save gas, we use a small flow rate. The 
fluidization cannot be achieved during the cold-state 
test. However, during the high-temperature test, it 
seems that the bed is fluidized because small hot 
particles are blown out from the exit of the reactor. 
The test temperature is 1400-1450 ~ Because this 
kind of particle is very loose and the materials within 
them are non-uniform, the resulting conversion rate is 
different for different particles. Some reach very high 
values (up to 80%), some are very low, some even have 
zero conversion rate. 

2. The above particles are broken into particles 
about 1 mm in diameter. It is very easy to ftuidize this 
kind of particles, both at low and high temperature. 
Because the materials contained in the particles are 
not in the correct stoichiometric ratio for the produc- 
tion of CaC2 after breaking, after the operation the 
conversion rate is much more non-uniform and much 
lower that in the above case. We frequently find pure 
white and black powders in the product. The opera- 
tion temperature is 1400-1450 ~ 

3. The big blocks of lime and anthracite are broken 
into small particles, about 0.7 mm diameter and are 
mixed together without bonding. The resulting con- 
version rate for this kind of raw material is very low, 
even though some smell of C2H2 from the product can 
be detected. 

4. The big blocks of lime and anthracite are broken 
into small particles, of less than 0.2 mm diameter. 
These are mixed together with the correct 
stoichiometric ratio of CaC2. Then the mixture is 

pressed into pellets. Part of the pellets are broken into 
small particles of less than 2 mm diameter and .then 
fed into the fluidized bed. The reaction is kept under 
1400-1450 ~ Because the small particles can easily 
move around the big pellets during the operation, this 
enhances the transport process between the solid ma- 
terial and working gas, and eventually very satisfac- 
tory results are obtained. With this kind of material 
the operation should be very carefully performed, as 
most of the pellets and particles are very easily broken. 

The products produced in case 4 were analysed 
using X-ray diffraction and SEM. Fig. 9 shows the 
X-diffraction pattern which verifies that the produced 
CaC2 is of very good quality with a very small amount 
of impurity. The peaks at 20 =26.8 ~ 32.8 ~ 43.4 ~ 46.8 ~ 
and 55.3 ~ are standard values for CaC> Fig. 10 shows 
that the produced CaC2 is formed of very uniform and 
small crystal grains. The cracking in the picture is 
induced by the rapid moisturizing of some parts of the 
product. Table I gives the conversion rate, which was 
directly measured from the product assuming that 
there was no impurity within the product. 

5. Discussion and conclusion 
Guided by a chemical equilibrium calculation, we 
have successfully developed a d.c. plasma-heated 
fluidized bed reactor for the preparation of calcium 
carbide. Preliminary experiments, including cold flui- 
dization, measurement of the heat-transfer coefficient, 
production of calcium carbide and measurement 
of the conversion rate, were conducted. The major 
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Figure 9 X-ray diffraction of the produced CaC2. 

2418 



A high conversion rate can be achieved only in 
a suitable raw material. A mixture of carbon particles 
and CaO particles without bonding gives a very low 
conversion rate. A high conversion rate can be reach- 
ed using the preparation method (case 4) developed by 
the authors. 

In order to scale up the process, it seems that many 
more tests should be performed, for instance, the de- 
pendence of the conversion rate on the reaction time, 
the effect of particle size of carbon and CaO powders 
which are used to make the raw material and the raw 
material particle size on the conversion rate, etc. The 
results of these tests will be published elsewhere. 

Figure 10 Scanning electron micrograph of the produced CaC2. 

T A B L E  I Preliminary results for the production of CaC 2 in 
a plasma-fluidized bed reactor. The results give a conversion rate of 
84.3%. This is measured directly from the product assuming that 
there is no impurity within the product. In fact, there is some 
impurity inside the product, which was not evaporated during the 
operation. If this point is considered in the analysis, the conversion 
rate may be higher 

Raw Operating Reaction Conversion X-ray 
materials temperature time rate 

(~ (rain) 

Lime 
(95% CaO) 
Anthracite 
(77%C) 

1400-1450 40 84.3 Good 

advantage of this method is that the temperature and 
reaction time required for the production of calcium 
carbide are much lower than those used in the furna- 
ces in operation today. 

Another advantage of the present method is that the 
production process is very clean and there is very low 
material loss during the operation. The generated cal- 
cium carbide was analysed by X-ray diffraction and 
SEM. A conversion rate of 84.3% was reached under 
the reaction temperatures of 1400-1450 ~ and a reac- 
tion time of 40 min. 
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