
CFD simulation of gas flow in a rotary kiln: Validation and similarity
for an industrial scale kiln

INTRODUCTION

Rotary kilns are widely used in the chemical, min-
ing and metallurgical industries for the processing of ma-
terials. Applications include drying, calcining, reduction
of oxide ores and pyrolysis. A typical kiln comprises a
cylinder with length / diameter ratio between 10 and
40, depending on the required residence time and with
an inclination to the horizontal of a few degrees. mate-
rials are fed at the raised end, forming a bed of material
along the cylinder and removed at the lower end. Rota-
tion of the cylinder causes the axial motion of particles
and mixes the bed. Fundamentally rotary kilns are heat
exchangers in which energy from a hot gas phase is
extracted by the bed material. Gas flow is typically
counter-current to the bed movement and the gas is
heated to supply the requisite energy for processing the
material. The gas can be heated by way of a direct
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flame or by passing through an external furnace. Both
physical processes and chemical reactions can occur
inside a kiln.

Depending on the kiln�s rotational rate the bed

motion in the transverse plane may be characterized
into six distinct regimes[1]. In order of increasing speed
of rotation these are: (i) slipping, where the bed is ap-
proximately stationary in a transverse plane with the
kiln slipping underneath it, (ii) slumping, where the granu-
lar material falls down the bed surface in discrete ava-
lanches, (iii) rolling, where the part of the bed closet to
the cylinder wall rotates in rigid body rotation and there
is continuous flow of granular material down the free
surface, (iv) cascading, where centrifugal effects cause
the free surface to become curved, (v) cataracting, where
the rotational speed is high enough that particles are
projected into the freeboard region and (vi) centrifug-
ing, where the rotational speed is high enough that the
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ABSTRACT

Understanding the gas flow behavior in rotary kilns is very important for
predicting thermal conditions. This paper describes CFD simulation of the
flow characteristics within an industrial rotary kiln containing a rolling bed
of granules. The axis of the cylinder assumed to be horizontal with no axial
bulk of flow of particles. The velocity profile of the gas flowing through
the cylinder is simulated by CFD. At first, model applied on a laboratory
scale rotary cylinder and the results were compared with the available
literature for validation. The method is applied to an industrial kiln producing
granular lightweight aggregates. The results indicate that the velocity field
is asymmetric with respect to a diameter perpendicular to the granular bed.
The gas velocity profiles are crucial in determining heat transfer from gas
to solid.  2014 Trade Science Inc. - INDIA
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particles form an annulus adjacent to the rapidly rotat-
ing cylinder[2]. Industrial rotary kilns typically operate in
the rolling or cascading regime[3]. Within a rotary kiln
heat can be transferred by conduction, convection and
radiation from gas to wall, gas to bed and wall to bed.
The exposed wall of the kiln which then rotates to be
under the bed and thereby heats it, is sometimes reffered
to as regenerative heat transfer. The simplest models of
rotary kiln operation treat temperatures within the kiln
as depending only on axial position, so the gas and bed
are well-mixed over a cross section and lumped heat
transfer coefficients have been used to describe each
heat transfer mechanism. The gas to bed and gas to
wall heat transfer coefficients have often been estimated
using duct flow correlations such as the Dittus-Boelter
correlation which may be modified to account for sur-
face roughness, as appropriate. However there are in-
dications that the heat transfer coefficient from gas to
bed may be somewhat higher perhaps by an order of
magnitude than that given by the Dittus-Boelter corre-
lation. Brimacombe and Watkinson[4] compared a
model based on the Dittus-Boelter correlation to ex-
perimental data and found that the model underesti-
mated the gas to bed heat flow rate by an order of
magnitude. Two explanation were proposed:(i) the
movement of particles at the bed surface increases heat
transfer and (ii) the area for gas to bed heat transfer is
underestimated as surface roughness was ignored.
Tscheng and Watkinson[5] estimated heat transfer coef-
ficients from their experimental data and found the gas
to bed heat transfer coefficient to be an order of magni-
tude higher than the gas to wall heat transfer coefficient.

The use of duct flow correlations requires the gas
flow characteristics within the kiln to be similar to those
in a duct. However the wall conditions are not the same,
in that in a rotary kiln the kiln wall is rotating and the
surface of the bed is in motion either continuous or ava-
lanching and this might have an effect on boundary lay-
ers near the kiln wall and bed surface and thus on heat
transfer characteristics. Indeed modeling of a rotary coke
calcining kiln by Bui et al. shows a transverse gas flow
field and gas temperature field which are asymmetric
with respect to a line bisecting the granular bed and
perpendicular to it[6]. Modeling of flow and heat trans-
fer in a rotary lime kiln by Georgallis et al. using 3D
modeling of the gas flow shows a temperature field dis-

playing similar asymmetry[7]. Davies et al. described an
experimental investigation and CFD calculations of the
flow characteristics within a rotating cylinder containing
granular material[2]. Their results show that velocity field
is asymmetric with respect to a diameter perpendicular
to the granular bed.

The current paper describes CFD simulation of the
flow characteristics within an industrial rotary kiln con-
taining granular material. For simplicity the axis of the
cylinder was assumed to be horizontal and with no axial
bulk flow of particles.

CFD SIMULATION

The gas velocity profile is simulated in a horizontal
cylindrical of length 40 m and variable diameter 2.1 m
to 2.6 m containing a bed of granules with mean diam-
eter of 7 mm and angle of repose 42°. The shape of

studied kiln is showed in Figure1.

Figure 1 : Schematic of Kiln

The cylinder operates in semi-batch mode with no
flow of granular in or out. The bed depth is constant
along the cylinder. The entry plate rotates with the cyl-
inder and contained a central hole of 0.5 m diameter
for the gas. The gas flow rate is 12.67 m3/s, corre-
sponding to a Reynolds number of 161230. The cylin-
der rotation speed is 4.5 rpm.

The objective is to create a simple model to simu-
late the gas flow in the cylinder. Such model calcula-
tions are useful in understanding the nature of gas flow
for example entry and exit lengths and could be devel-
oped to include heat transfer. The package used is Flu-
ent 6.3. The geometry was constructed and meshed.
The appropriate fluid definitions and boundary condi-
tions applied and then the equations solved. The nature
of CFD simulation required assumptions and simplifi-
cations as follows:
i The system is isothermal, taken to be at tempera-

ture 298 K.
ii The k-epsilon turbulence mode; is used.
iii No-slip is assumed for the gas at all moving sur-

faces, i.e. the wall and bed surface.
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iv The roughness used is 1 mm for the wall and 14
mm for the bed surface.

v The walls are treated as rotating.
vi Internally the bed is treated as a solid static body,

because modeling of internal circulation of granu-
lar material in the bed is not necessary to investi-
gate the gas flow. Motion of gas within the inter-
stices is ignored.

For grid independency test, four different meshes
are created and the model is applied for different meshes.

Due to the lack of experimental and/or reported
data for the complete validation of the model makes it
necessary to use some indirect methods to carry out
model validation. In this paper validation of the model
is used with the data reported by Davies et al.[2].

RESULTS AND DISCUSSION

Simulation of experimental kiln

First, the model was applied to the experimental
scale kiln reported by Davies et al.[2]. Local gas veloc-
ity measurements were made at a location 0.1 m from
the cylinder exit showed in Figs. 2 and 3. Figure 2 shows
axial air flow velocity in x direction and Figure 3 shows
axial air flow velocity in y direction. As can been seen in
Figs. 2 and 3 the CFD results of the present simulation
have good conformity with the reported experimental
results[2].

Figure 2 : Axial air flow velocity in x direction

Figure 4 shows computed axial velocity contours
over a cross section 0.1 m from the cylinder exit, which
shows good agreement with experimental and CFD
results. As shown in Figures. 2, 3 and 4, flow asymme-
try is evident with a region of slower flows near the foot
of the rolling bed.

Figure 3 : Axial air flow velocity in y direction

Figure 4 :  Axial velocity contours over a cross-section 0.1 m
from the air outlet end of the cylinder (4.a: Davies et al.
simulation, 4.b: present work)
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Simulation of industrial kiln

For grid independency test, model was applied on
four meshes with different cells (Mesh 1: 2988000 cells,

Mesh 2: 3990400 cells, Mesh 3: 5170400 cells and
Mesh 4: 5991200 cells). Results related to different
meshes are displayed in Figure 5. Axial velocity in x
direction at a location 4 m from the kiln exit is shown in
this Figure As can be seen, with increasing the mesh
number the difference between the results decreases.
Increase of the mesh more than 3990400 cells has not
considerable effect on the results.

Figure 6 shows axial velocity contours over the axis
of cylinder at the central plate. The computation results
show that a jet is formed the inlet of the kiln, and its
main effect is in the first 5 meter of the kiln inlet. As can
be seen the flow is fully developed near the discharge
end.

Figure 7 shows computed axial velocity contours
over different cross sections from kiln. Asymmetric flowFigure 5 : Axial velocity in x direction for different meshes

Figure 6 : Axial velocity contours over the axis of cylinder and central plate

Figure 7 : Axial velocity contours over different cross sections from kiln
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can be seen in different sections of the kiln. The com-
putational results clearly show the assumption that the
air flow pattern in the rotary kiln is not similar to that in
a duct. Estimation of the gas-wall and gas-bed heat
transfer coefficients based on the pipe flow correla-
tions do not predict these parameter correctly.

CONCLUSIONS

Modeling and simulation of an experimental kiln is
done with the available literature and the results are used
for simulation of an industrial kiln. The industrial kiln is
producing granular lightweight aggregates. The gas ve-
locity profile has been estimated to be asymmetric with
respect to a diameter perpendicular to the granular bed
with a region of slower flows near the foot of the rolling
bed. These results are similar in experimental and in-
dustrial scale kiln. The asymmetry is contrary to a com-
mon assumption in modeling that of plug flow. In indus-
trial scale kiln the entry length that jet formation at the
inlet can be seen in approximately 5 m. The results pre-
sented here indicate that the bed-gas interaction is sig-
nificant on the scale of the apparatus. The implication
for the modeling of heat transfer warrant further inves-
tigation.
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