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Abstract

Heat transfer in a rotary reactor is described for a
reactor consisting of a graphite tube with graphite
heating elements, and operating at temperatures
between 1773 and 2273 K. Under those conditions heat
transfer is very good due to radiation and the high
thermal conductivity of graphite. An overall coeffi-
cient of heat transfer of at least 400 W/m*K is
estimated. As an example of the application of a
rotary reactor the carbothermal production of SiC is
described. A general conclusion is that rotary reactors
are well suited for the endothermal reactions.

Der Wirmetransport in einem Rotationsreaktor wird
fiir einen Reaktor, der aus einem Graphitrohr mit
Graphitheizelementen besteht, im Temperaturbereich
zwischen 1773 und 2273 K beschrieben. Unter diesen
Bedingungen ist der Warmetransport aufgrund der
Wirmestrahlung und der hohen Wiirmeleitfiihigkeit
von Graphit sehr gut. Es wurde ein totaler Wirme-
libergangskoeffizient von 400 W/m?* K bestimmt. Als
Anwendungsbeispiel fiir einen Rotationsreaktor wird
die karbothermische Reaktion von SiC beschrieben.
Generell kann gesagt werden, da Rotationsreaktoren
sich gut fiir endotherme Reaktionen eignen.

On décrit les transferts de chaleur dans un réacteur
tournant pour un réacteur constitué dun tube de
graphite muni d'éléments chauffants en graphite et
travaillant entre 1773 et 2273 K. Dans ces conditions,
le transfert de chaleur est trés bon en raison du
rayonnement et de la conductivité thermique élevée du
graphite. On estime le coefficient global de transfert
thermique a au moins 400 W/m?K. La synthése
carbothermique de SiC est choisie comme exemple
d'application d'un réacteur rotatif. De maniére
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générale, les réacteurs de ce type sont bien adaptés aux
réactions endothermiques.

1 Introduction

Pure, submicron SiC powder can be produced from
SiO, and C on a small scale.! However, on a larger
scale considerable problems are encountered, the
selection of the type and design of reactor being
poorly described in literature. The moving bed
reactor and the rotary reactor have attracted most
attention.””* The application of a simple moving
bed reactor with indirect heating is limited to
reactors with relatively small diameters. The inner
diameter of such reactors is usually smaller than
150mm due to poor heat transfer.® Part of the
chemical reaction engineering of a simple, indirectly
heated moving bed reactor is described in the
literature.”® We discuss here the chemical reaction
engineering aspects of a rotary reactor applied to the
carbothermal production of SiC from silica and
carbon. We will also describe some experimental
results obtained with such a reactor.

2 Reactor Engineering Aspects of Carbothermal
Production of SiC

2.1 The carbothermal reaction

The formation of SiC is described by the overall
reaction

Si0, + 3C — SiC +2CO
1 kg of a silica—carbon mixture will result in 415 g of

SiC at 100% conversion. Usually a small carbon
excess is used. Above a temperature of 1510°C the
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partial CO pressure is higher than 1 bar (10° Pa) and,
when the reaction takes place at 1 bar total pressure,
the CO is forced out of the granules, the bed and the
reactor. Under such conditions a reaction rate
controlled by gas diffusion or mass transfer is not
expected. The reaction is endothermic, with a
reaction enthalpy of 604 kJ/mol SiC.

The reaction involves nucleation and growth of
SiC particles. Two mechanisms for the growth are
possible. The first is a direct solid state reaction;® the
second consists of a solid state reaction followed by
a gas-solid reaction and involves the gaseous SiO:

Si0, + C — SiO(g) + CO
and
SiO(g) + 2C — SiC + CO

Although direct solid state diffusion is probably the
main mechanism, the formation of SiO is always
observed in practice.

The main parameters determining the particle size
of SiC are reaction time, temperature, impurities,
type of carbon, and the presence of SiC particles
which act as nuclei.

Usually B-SiC is obtained. When the reaction is
carried out on a laboratory scale with excess silica in
a nitrogen atmosphere, «-SiC is then obtained due to
the incorporation of nitrogen in the structure.”

2.2 The rotary reactor

Rotary reactors are often used for the processing of
solids. They have the advantage that the heat
transfer is good and that the operation is simple. We
can distinguish between directly and indirectly
heated reactors. Examples of the first type are rotary
reactors used for the production of cement and
ferrites. Examples of the second type with a graphite
tube are less common, but are found in the
production of tungsten carbide and for some other
high temperature processes in non-oxidizing atmos-
pheres.® Although some authors suggest that the
indirectly heated reactors are new, this is certainly
not the case.®> An example of such a reactor for the
synthesis of SiC with heating elements inside the
tube is described in a Japanese patent.® We have
applied this type of reactor to the carbothermal
synthesis of SiC, using a rotary reactor with a
graphite tube and graphite heating elements outside
the tube.

The working conditions are the following. The
degree of filling is usually 5-25% volume. The ideal
movement of the solid particles is shown in Fig. 1.

Fig. 1. Ideal radial movement of solids in a rotary reactor. The

hatched area indicates the volume where the granules move

upwards. The blank area with the arrow is the volume where the
granules are rolling downwards.

Typical data are: rotational speed 1-10 rpm, inclin-
ation 1-5°, residence time 0-25-3h and length to
diameter ratio about 10. The heated length may be
up to 3-5m. Under the right conditions the bed is
radially mixed after 3 rotations.!° When the
rotational speed is too low the movement of the solid
is poor and there is insufficient radial mixing.'! Ata
high rotational speed the particles are pressed
against the wall by the centrifugal force. The
residence time in the heated zone can be estimated
from eqns (1a) and (1b):

t=KL/(NDtana) (1a)
and
t = 4V,/(ynDL) (1b)

Here L is the length of the heated zone, N the
rotational speed in revolutions per unit time, y the
degree of filling, ¥; the volume flow, D the inner tube
diameter, and « the angle of inclination. Kis a factor
depending on the degree of filling.

Equation (1a) is the mathematical description of
the movement of a particle or granule in the heated
zone. The displacement in the longitudinal direction
of the heated zone is Dtan /K per revolution. The
dimensionless constant K is approximately 0-2.
Equation (1b) gives the volume flow divided by the
volume of the bed in the heated zone.

Under most reaction conditions the residence
time distribution can be neglected, i.e. the particles
move like in a plug flow.'"!? In order to prevent
segregation the use of a uniform granulate is
advised.'?
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2.3 Heat transfer

When a reaction is both fast and endothermic, like
the carbothermal reaction of SiO, with C, it is of
importance to have a high heat transfer in order to
prevent a reaction rate limited by heat transfer. In
this section we consider the heat transfer charac-
teristics of a rotary reactor. To this end we
distinguish heat transfer from the heating elements
to the tube, heat transfer through the tube and heat
transfer from the tube to the bed. These terms
contribute to the overall resistance to heat transfer,
1/U, according to

1/JU=(RIn(1 +d/R))/%.+ Ri(a(R+d))+ 1/a, (2)

R is the inner radius of the tube, d the tube thickness,
/. the thermal conductivity of the tube, «, the
coeflicient of heat transfer from the elements to the
outer tube surface, and «, is the coefficient of heat
transfer from the inner tube surface to the bed.

Both conduction, convection and radiation will be
taken into account. Heat losses, e.g. axial heat losses
from the tube, or losses through the insulation, etc.
are not considered however. The heat produced by
the elements is consumed by heating up the Si0,/C
granules and by the reaction only.

For the reaction zone we can write

U A, AT=HV (3)

where A4, is the surface through which the heat is
transported, AT the temperature difference between
the heating elements and the bed, ¥ the volume of
the bed in the reaction zone and H the reaction
enthalpy per unit volume and per unit time. When L
is the length of the reaction zone and y the degree of
filling, we have A, =2nRL, and V=ynR?L,.

For the zone where the granulate is heated eqn (4)
holds

FdeledAZUZ(TO_Tl) (4)

F is the mass flow, C the specific heat, d4, the
surface through which the heat is transported,
(T — T,) the temperature difference between the
elements and the bed and d7; the temperature
increase of the bed. This equation indicates that the
energy which is transferred from the heating
elements to the bed is used entirely to heat up the
granules or particles which enter the heated zone. It
takes time to heat up the granules; this heating time
is equivalent to the distance travelled by the granules
before they are heated up. Then dZ, is the length of
the zone where the material is heated to, say, 97% of
the reaction temperature we have

dA4, =2nRdL, (5)

Table 1. The thermal conductivity of Ar, CO and N, in W/mK

Temperature Gas
K
Ar co N,
293 0017 0-025 0-025

2073 0-084 0125 0125

We shall subsequently describe the three contri-
butions to U.

2.3.1 Heat transfer from the elements to the tube
The coefficient of heat transfer from the elements to
the outside of the tube, a,, can be written as

% = Lycond + Licony + Xy rad

The conduction term can be calculated from the
thermal conductivity, 4,, and the distance x between
the tube and the elements: x4 = 4,/x. Table 1 gives
conductivity values for some gases. For x >0-05m
one gets o.,,q < 2-5 W/m?K. This is a relatively small
value and we will see that this term can be neglected
1n our calculations.

The coefficient of heat transfer due to convection
can be calculated from the Nusselt number, N, '#

N, =055 (PG, (6)

Here the Prandtl number P, is only weakly tempera-
ture dependent and is 0-68 for N, and CO and 0-53
for Ar. G,, the Grashof number can be calculated
from eqn (7)'*

G, = AQQgh*/(1?) (7)

Q is the density of the gas when at the heating
element temperature, AQ the difference in density of
the gas at the tube and at the elements, u the dynamic
viscosity, g the gravitational constant and /4 the
outside tube diameter. Table 2 gives some physical
data of the relevant gases and Table 3 gives data for
%oy @S @ function of the tube diameter and the
temperature difference. The average temperature is
taken at 2073 K. From Table 3 it can be seen that the
value for «},,, is maximally 6 W/m?K. As we have
heat transfer from the elements to the gas and from

the gas to the tube o,.,,, = 3%,.,... which is less than
3W/m?K.

Table 2. The dynamic viscosity g and the density Q for three
gases at 2073 K.

Gas W Ns/m?) Olkg/m®)
N, 65 x 10°° 0-165
CO 67 x 10°° 0-165
Ar 85 x 107° 0-235




58 R. K. van Dijen, R. Metselaar

Table 3. /., in W/m2K at 2073 K as a function of the outer
tube diameter 2(d + R) and temperature difference AT between
the heating elements and the outer tube surface

Diameter CO or N, Ar
(m)
AT=100K AT=200K AT=100K AT=200K
01 47 56 31 36
05 31 37 20 24

Finally we estimate the contribution of radiation
to the heat transfer from the elements to the tube.
Here we use the well known expression!#!3

oyaa = {(T4/100)* —(T,/100)*} C1, AT, — T))
(W/m?’K) (8)

Here 7, is the temperature of the elements, T, is the
temperature of the outer tube surface. The radiation
factor C,, can be calculated from eqn (9)

Cy»=567/{1/e + F,/Fy(1/e — 1)}
(W/m?K*) (9)

When both the elements and the tube are made of
graphite the emissivity coefficient e is about 0-9. F, is
the surface area of the tube in the heated zone,
F, =2n(R+d)L. F, is the surface area of the elements
and it also accounts for the heating of the outer
tube surface by reflection from the insulation. For
our calculation we take F] as a cylinder with surface
2n(R+d+ x)L, x being the distance between the
tube and elements/insulation. In Table 4 values for
C,, are given as a function of x and the outside tube
diameter. From this table we can see that C,,
decreases with x, but is approximately equal to 4-0.
In Table 5 we show «,,,, for different values of T, and
T,. From these data it is evident that «,,4 is much
larger than «,.,,, and a4 It can also be seen that
o,,.q4 18 large when the difference T,-7, is small or
when T, is high.

From these calculations we conclude that heat
transfer from the heating elements to the tube is
dominated by radiation and that both conduction
and convection can be neglected. The value for «, is
estimated to be 1000-1800 W/m?K.

Table 4. The influence of the tube-element distance x and the
outer tube diameter on C,,, with emissivity e =09

x(m) QOuter tube diameter (m)

01 03 05
0-05 426 451 457
010 393 438 4-49
0-20 341 4-15 433

Table 5. a,,,, and a,,, in W/m?K for different values of Ty, 7,
T, andT,, with C,;, =40

T,orT, T, or T5 (K)
(K)
2273 2173 2073 1973 1873 1773
2173 1760
2073 1650 1530
1973 1540 1430 1330
1873 1440 1330 1230 1140
1773 1340 1240 1140 1050 907
1673 1260 1160 1060 980 890 820

2.3.2 Heat transfer through the tube

Heat is transported through the tube by conduction
only. The thermal conductivity of graphite depends
on the temperature, the orientation of the particles,
the porosity, etc. For our purpose we will assume a
value for the thermal conductivity of graphite at
high temperatures of 30 W/mK.'® The second term
in eqn (2) can be simplified to d/A when d/R« 1. In
Table 6 values for RIn(1 + d/R)/A are given as a
function of d and R. The average value for the inverse
quantity 4/(R In (1 + d/R)) is estimated to be between
1000 and 3300 W/m?K, which is comparable with
a,. At lower temperatures this value increases due to
a decrease of 4 with increasing temperature.!®

Table 6. The influence of the thickness d and inner diameter 2R
of the tube on the term Rin(1 +d/R)/4 with A=30W/mK

d(m) 2R(m)

01 03 05
001 30x 1074 32x107% 33 x107%
003 78x 1074 91x10"* 94 %1074

2.3.3. Heat transfer from the tube to the bed

Heat transport from the inner tube surface to the
bed takes place by contact between the two, by
radiation from the inner tube surface which is not in
contact with the bed to the upper side of the bed and
by convection and by conduction. Usually there is
also a gas flow through the tube. Consequently there
is no free convection but instead forced convection.
Heat transfer by contact between the bed and tube
can be described as a stationary or as an instationary
process. For a stationary process the heat transfer
can be described with eqn (10)!’

Oybe = 64p/(2R) (10)

/4y is the thermal conductivity of the bed; it depends
on the temperature and on the size of the granulate,
d,.° At 1973K one has for a granulate with d, =
Imm 4, =15W/mK, for d,=5mm 4,=5W/mK
and for d,=10mm 4,=8W/mK. Table 7 gives
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Table 7. Heat transfer coefficient by contact from the tube to
the bed, according to the stationary model; a,,,. in W/m?K at
1973K

Granulate diameter Tube diameter

(mm) (m)
02 05
1 45 18
5 150 60
10 240 96

values of a.,,, as a function of R and d,,. These values
only hold for the part of the tube where the granulate
is in contact with the tube.

For the instationary model, to describe heat
transfer from the inner tube surface to the bed by
contact, the Higbie penetration theory can be
used.'* Lehmberg et al. showed that the penetration
theory should be corrected for film resistance near
the inner surface.'® At low temperatures, when
radiation can be neglected, this correction leads to a
lower value of a,,,. In this regime the influence of the
granulate size on « is explained by an increase of the
film thickness with increasing d,. This results in a
decrease of a,,. At high temperatures radiation
becomes important, film resistance becoming rela-
tively less important and so the bed may be
considered as a continuum. As far as the contri-
bution of radiation to a,, 1s concerned the
penetration theory seems applicable. One has

Eyberad = 2{)'be Cp rpm/(zon)} 12 (1 1)
For a granulate with d,=5mm 4,4 =45 W/mK at
1973 K.® The density of the bed Q,, varies during the
reaction, but is approximately 500kg/m?® C,=
1570J/kgK and the rotational speed, rpm, is
assumed to be 3 revolutions per minute. Substitution
ineqn (11) then gives a radiation contribution to «
of 820 W/m?K.

According to the model of Lehmberg et al. the
conduction contribution is about 100 W/m2K.
Therefore the total value of «,,. becomes about
900 W/m?K. For a granulate with = 1 mm a similar
calculation leads to .~ 500 W/m?K at 1973 K.

For rotary reactors operating at high tempera-
tures the models describing heat transfer by contact
between the bed and the inner tube surface have not
been proven experimentally. Therefore this leaves us
with some uncertainty. For our calculations we use
an estimated value of a,,.~ 500 W/m2K. About
30% of the inner tube surface is in contact with the
bed.

Seventy percent of the inner tube surface is in
contact with the gas phase. From this, surface heat is
transferred to the upper bed surface by radiation.

wbc

The corresponding coefficient of heat transfer, a,,,,
is described by eqns (12) and (13)

Lwbr = {(T3/100)4 - (T4/100)4}C12/(T3‘T4)
(W/m?’K) (12)

Ciy=567/(1/e5+ Fy/Fy(l/e,—1)
(W/m?K*%) (13)

e; and e, are the coefficients of emissivity for the
tube and bed, both are about 09, F; is the tube
surface in contact with the gas phase, F, the upper
surface of the bed. T; is the temperature of the inner
tube surface and T, of the upper surface of the bed.
We have F;/F, =2nRLO-7/(1-6RL)=272 and C,, =
4-0. In Table 5 values of «,,, are given for several
values of T; and T,. From this table it can be seen
that a,,, is quite large.

Separate heating of the upper surface of the bed is
not accounted for. The heating of the upper surface
of the bed is compensated by the higher energy
consumption which is due to a higher reaction rate.
The residence time of the granulate at the upper
surface of the bed is of the order of magnitude of a
few seconds, which is relatively short. So, a uniform
temperature of the bed is assumed.

Heat transfer by convection between the tube and
the gas phase and between the gas phase and the bed
is described in literature.'® It is assumed that the
heat transfer by forced convection from the tube to
the bed is less than 6 W/m2K. A similar calculation
as given in section 2.3.1 shows that the contribution
by conduction is also very small. This means that
again the contributions of conduction and con-
vection can be neglected compared to radiation.

We can now calculate a, from

ay =0Ty, + 030, (14)

A conservative estimation gives a value of
1000 W/m?K for a,.

2.4 The overall coefficient of heat transfer

By application of eqn (2) the overall coefficient
for heat transfer can be estimated. Table 8 gives
data for U as a function of R and d, assuming

Table 8. The overall coefficient of heat transfer U in W/m?K, as
a function of the inner tube diameter 2R and the thickness d of
the tube

d(m) 2R(m)

01 03 0-5
001 510 490 480
003 400 380 370
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a; = 1300 W/m?K, a,=1000W/m2K, and A=
30 W/m?K. From the table we conclude that a value
of U= 400 W/m?K is a conservative estimation. This
is a relatively high value, which is due to the large
radiation contribution and the high thermal conduc-
tivity of graphite.

3 Experimental Results

We have performed a series of experiments to verify
that a rotary reactor can be used for the production
of SiC. Since solid state diffusion is important in our
case for the formation of SiC the particle sizes of
both silica and carbon have to be small and they
have to be well mixed. Table 9 gives the analysis of
the starting powders. An experimental, precipitated
silica with properties similar to Aerosil ox 50 was

Table 9. Analysis of silica and carbon black

Si0, (Aerosil Carbon

ox 50" (Printex U)*
Type fumed gas black
BET surface (m?/g) 50 110
Metal content (% wt) <005 <003
Volatile matter (% wt) <1 <6
Moisture (% wt) <15 <1
Density (g/1) — 410 (pearls)

“Raw materials: Degussa, Frankfurt, FRG.

Fig. 2. Optical micrograph of a precipitated silica—carbon
black mixture after attrition milling. Bar length 20 um. The
white particles are silica, the black particles are carbon black.

used. The powders with a mole ratio of 1:3 were wet
mixed in an attritor for 45 min, using SiC balls of
3mm diameter. Nuclei were added prior to milling,
The use of an organic liquid instead of water results
in a higher chemical reaction rate, probably due to
improved mixing and milling.!® After attrition
milling the mixture is dried and granulated. Figure 2
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Fig. 3. Thermogravimetric analysis of the carbothermal synthesis of SiC. Region 1-2 indicates the heating of the pellets, 2-3 is the
isothermal part (i.e. 15min at 1600°C), 3 indicates the cooling range.
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shows an optical micrograph of the mixed powder.
Each type of reactor requires a granulate with a
specific size and strength. For our experiments with a
rotary reactor, we used tablets with a diameter and
height of Smm and a density of 1-1 g/ml.

First some experiments were carried out in a
thermobalance (Netzsch STA 429). The tablets were
heated in an alumina crucible at a rate of 20 K/min.
The alumina reacts slightly with the tabliets, but this
does not influence the present results. As shown in
Fig. 3 volatile matter is lost between 100 and 1000°C.
At about 1200°C the reaction starts. At 1600°C, in
flowing helium, the reaction time is usually less than
10 min. This shows that the carbothermal synthesis
of SiC is fast indeed. Some SiO deposits at the outlet
of the thermobalance.

The next experiments were performed in a rotary
reactor with a heated length of 1-6 m and an inner
tube diameter of 0-1 m. Both the reactor tube and the
heating elements were made of graphite. Both ends
of the tube were water cooled. The reactor was
purged with 1 m> nitrogen per hour. The tablets were
fed through a lock by a vibrating feeder, and were
removed from the reactor through a lock. The
rotation speed was 3 rpm, the angle of inclination
2°. Further reaction conditions were: inner tube
temperature 1850°C (determined by pyrometry),
feed 2-0kg/h, degree of fill about 20% vol., resi-
dence time in the heated zone about 30 min. Under
these conditions 09 kg/h of reaction product were
obtained. Runs normally lasted 9h. The product
contained maximal 10% free carbon and less than
0-5% wt of oxygen. No dust problems were en-
countered.

4 Discussion and Conclusion

According to eqn (3) with U=400W/m2K, y=0-2,
H=1600kJ/m?s and a reaction time of 30 min, the
temperature difference between the heating elements
and the bed is estimated to be AT=20K for the
reactor used. The experiments showed that the
carbothermal reaction runs smoothly under these
conditions. It should be possible to use rotary

reactors with inner diameters larger than 0-1m,
increase the degree of fill and decrease the residence
time. The temperature difference AT increases in
proportion to the tube diameter. This limits the
diameter to about 0-4 m. According to eqn (4) with
U=400W/m’K and C,=1570J/kgK, the tablets
were heated up after 30 mm. So, from this point of
view also, a larger rotary reactor seems possible. As
mentioned before, heat losses were not considered
here. Cautiously, one may say that the rotary reactor
seems attractive for all carbothermal reactions
where CO is forced out of the granulate and out of
the bed, like in the production of SiC, TiC, and
others.
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