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Abstract: This work consists of a numerical study of a thermally stressed rotary kiln shell part in a cement
plant. The numerical simulations are performed by using the finite volume method for the discretization and the
simple algorithm for resolution. The velocity air injection and its temperature are the main parameters under
investigation. In the second step of this study, fins are inserted on the shell to examine their effect
on cooling. The results analysis shows that the insertion of fins to the shell has a significant influence on the
decrease in temperature of the shell’s external surface. The study shows that this decrease in
temperature depends significantly on the air injection rate, not on its temperature. To avoid overloading our
equipment, only four fins distributed around the kiln are added to explore their effect. The results obtained give
a reduction of 35% in the temperature distribution for the case of a shell with fin compared to that without fin.
What makes the proposal interesting and thus lead to the preservation of shell of our rotary kiln.
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Introduction

The rotary Kiln is the main equipment of a cement plant, as it is used for firing basic materials for the production
of clinker. It consists of a steel tube coated with refractory brick. The tube is slightly inclined (1 to 4 degrees)
and rotates between 0.5 and 5 rpm. The rotary kiln is of great importance in the field of cement
production. It represents the most thermally stressed component, and the resolution of problems associated
with this phenomenon leads to a better performance of the kiln. To address these issues, we began with the
study of the thermal behavior of the rotary kiln shell. To improve the evacuation of heat flow and to reduce the
temperature of the shell, we worked on various system parameters, such asthe rate of air injection and
temperature of environment.

Due to the temperature difference between the inner surface of the rotary kiln and that of the surrounding air,
there will be a large heat transfer between these two media. Many works have studied these thermal transfers.
We shall mention those of (Mirhosseini et al., 2018), who studied the effect of an absorber placed around the
rotary Kkiln to allow the recovery of part of this heat quantity for other applications. (Shahin et al.,2016) analyzed
the thermal energy of a cement plant rotating kiln. They found that an increase of 10 minutes residence time of
the materials inside the rotary kiln can reduce fuel consumption. (Acharya et al., 2017) studied the heat transfer
by natural convection on a short and long, solid and hollow horizontal cylinder, suspended in the air and placed
on the ground. By using different CFD models, (Kumar et al., 2016) discussed the effects of varying input
parameters on the temperature profile of the rotary kiln. The obtained results agreed with those of the operation.
(Liu et al., 2016) gave a two-fluid approach, and various heat transfer models were applied to a two-dimensional
cross-section of a rotary kiln. The results found were compared with the available experimental

- This is an Open Access article distributed under the terms of the Creative Commons Attribution-Noncommercial 4.0 Unported License,
permitting all non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

- Selection and peer-review under responsibility of the Organizing Committee of the Conference
© 2022 Published by ISRES Publishing: www.isres.org


http://www.isres.org/

International Conference on Technology, Engineering and Science (IConTES), November 16-19, 2022, Antalya/Turkey

data. They found that the significant factors affecting fluid temperature distribution are the initial temperature of
the gas and the kiln rotational velocitie. (Li et al., 2015) deduced a three-dimensional digital model of the rotary
kiln configured according to the finite element method. They observed that the temperature of the outer wall of
the rotary kiln had an approximately linear relationship with the crusting thickness of the kiln. (Sak et
al.,2007) studied the effect of turbulence intensity and convection rate on a heated cylinder, with a Reynolds
number of 27,700, for the transversal airflow and a cylinder diameter between 0.50 and 1.47 m. (Sanitjai et al.,
2004) brought separate empirical correlations of Nusselt number for the region of the laminar boundary
layer, re-adhesion of the shear layer region, and the periodic vortex flow region. For the mean Nusselt, an
empirical correlation was suggested and compared to previous correlations considering all regimes.
(Nakamura et al., 2004) studied experimentally the heat transfer from a cylinder, for Re values included between
70 and 30,000, and between 3000 and 15000. (Scholten et al., 1998) reported the experimental results of a heat
transfer on a cylinder for a low turbulence range. Then, they studied a higher turbulence range of the free flow.
(Sarma and al., 1977) performed measurements of thermal transfer on a horizontal circular cylinder undergoing
a transversal airflow by considering two separate cases, i.e., forced convection and mixed convection. The study
assumed the following conditions: a constant flux density, Reynolds numbers varying from 500 to 4700, the
Grashof numbers ranging from 0.8x10" to 3.3x10’, and the variation of the incidental turbulence intensity
between 0.5 and 20 %. (Jain et al., 1976) studied the unstable forced laminar convection of a circular cylinder by
solving the Navier-Stokes equations and energy for a flow of an incompressible and unsteady fluid. Using
the finite difference method and varying the Reynolds number of 100 to 200, they determined a temperature
field around the cylinder and the variation in Nusselt and Strouhal numbers. (Schmidt et al., 1943) produced
work dealing with heat transfer to a cylinder. Numerous experimental results investigating heat transfer and the
characteristics of hydrodynamics cylinders were presented.

Calculation Domain

The study was done on a 3.6 m diameter rotary kiln. Regarding the length, only the kiln section was taken, as it
is the most thermally loaded. The kiln temperature (T), reached in these positions is 500 °C (773 K), which
could damage the kiln shell. The outside temperature T, is taken equal to 5 °C (278 K). The rotation velocity of
the Kiln is 5 rpm; the rate of injection of air blowing on the kiln is 5.85 m/s. Figure 1 present the computational
domain of the studied model, and the boundary conditions used for our simulation. In our case study, which is a
rotary cement kiln, where it operates at high temperatures exceeding 1400°C (internal temperature of the kiln)
and around 500°C (external temperature of the shell).

Thus, to allow a combination between the different heat transfer modes at high Reynolds and Rayleigh numbers,
the flow is considered to be mainly turbulent. The center of the kiln is placed 20 D upstream and 40 D
downstream with respect to the X axis, while with respect to the Y axis, a range of 40 D has been taken, divided
into two equal parts upstream and downstream. This computational domain will allow us to avoid the effect of a
boundary condition on the characteristics of fluid flow and heat transfer. At the entrance to the domain, Air is
considered as the working fluid, with velocity U and a temperature Too are imposed. These initial conditions
and computational domain are those of the paper of our validation case (Mirhosseini et al, 2018).
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Figure 1. Rotary kiln calculation domain (Mirhosseini et al, 2018)
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Modeling of Convective Transfer

Our study consists of an approach of a flow around a horizontal cylinder with a wall at high temperature. For
this, it is necessary to quote the adequate formulation for this case. The resolution of the equations governing
this flow is done by the K-o-SST model of the ANSYS-CFX code, the comparison of the results of which
constitutes the essential objective of this work. By adopting the SST model simulates the heat transfer of this
flow. The Navier Stocks equations considered for this incompressible fluid are Patankar (1980) and Menter
(1993):

Continuity equation
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All these equations can be written in the following general form:
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Term 1 : transport of ¢ by convection.
Term 2 : transport of ¢ by diffusion.
Term 3 : local production of ¢.

The SST model has a form similar to the standard k—» model (Menter, 1993)
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The effective diffusivities for the SST model are given by:

=+ @)
r,=pu+= 8)

The empirical constants of the SST model are presented in Table 1:

Table 1. Value of the constants of the SST model

o & B Ry Mty &y Bia Bi Ok1 Ok Ol Oz

1 0.52 0.09 8 0.25 031 0.075 0.0828 1.176 1 2 1.168

This study deals with heat transfer through the laminar regime convection between the steel shell and its
external environment. It describes the movement of a fluid due to changes in density as a function of
temperature. Thus, there is a coupling between the dynamic and the thermal. For all convection problems, the
wall heat exchanges are measured by highlighting the value of the Nu number.
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Since our study has an orientation towards heat transfer with the existence of a rectangular fin with a finite end,
we give the equation that governs this phenomenon (Incropera and al, 2007):

i(;m :—:) —hp(T—T.) =0 )

For heat transfer by natural convection, The Nusselt number correlation for the horizontal cylinder with plate
fins (Nu) is given by [20]:
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The fin efficiency n, which is written as follows (Hyun et al, 2013):
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Optimizing the Grid

The quality of our simulation results is closely linked to the model used. The choice of model is contingent on
the type of information we want to obtain from the simulation. We carried out three simulations to
optimize the grid for reasons of result precisions and computation time. Table 2 shows the three tested grids. We
have opted for a refined uniform grid near the wall of the rotary kiln. According to the results, the second grid
gives a good optimization compared to the two others.

Table 2. Grid optimization

Nusselt number Number of elements  Number of nodes
3942 578,185 557,286

4299 843,932 825,648

4300 1,254,234 1,227,695

Results and Discussion

A thermal study was performed to derive the various parameters that influence the temperature of the rotary kiln
and the evolution of the Nusselt number. For this purpose, we have taken different velocities values, air
injection, and kiln rotation. To illustrate our results, a tangential line to the top kiln wall parallel to the x-axis
was designated as a reference for extracting the results. The results of the simulation were obtained using the
algorithm SIMPLE as a solution method.

Validation

Table 3 shows the values of the average number of Nusselt calculated in our case study and those published by
(Mirhosseini et al, 2018), as well as the percentage difference. The analysis of the results shows that the
calculations of our research are very satisfactory. We note that the error in our case of study is evaluated at 3.87

% compared to the analytical solution.

Table 3. The average Nusselt number

Nusselt number Difference
Analytical solution (Mirhosseini and al, 2018) 4473.2572
Numerical solution (Mirhosseini and al, 2018) 3628.71 18.88%
Numerical solution (our study) 4299.95 3.87%

1st Case “Smooth Cylinder”
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Variation of the Injection Air Velocity

The rotary kiln is industrial equipment with an outdoor installation. Thus, it is stressed by air currents which can
influence the behavior of the temperature parameter. For this reason, we have taken this factor as a calculation
parameter. We varied the air injection velocity from 5.86 m/s to 27.77 m/s. This velocity variation range
is taken with respect to the actual conditions of an outdoor environment. The aim of this case study is to
determine the effect of the air injection velocity on the thermal behavior of the shell. Four tests were carried out
to deduce there from the maximum temperature value of the shell, as well as the Nusselt number.

Table 4. Nusselt number and Shell temperature as a function of air injection velocity

Air velocity (m/s) 5.86 11.11 16.66 22.22 27.77
Number of Nusselt 4375 5503 6210 7360 8845
Shell temperature (°C) 401 330 298 274 255

Table 4 shows the evolution of the Nusselt number and shell temperature as a function of the air injection
velocity. Note that the Nusselt number increases proportionally with the air injection velocity; it reaches the
value of 8845 for an air injection velocity of 27.77 m/s. This is justified because the increase in velocity directly
induces an increase in the Reynolds number, which results in an increase in the Nusselt number. This step
consists in deducing the effect of this same parameter, namely the air injection velocity, on the maximum
temperature of the shell. Also in Table 4 shows the evolution of the temperature of the shell. Note that the
temperature decreases relatively as the air injection velocity increases.

We notice in this part that as the air injection velocity increases, the Nusselt number increases, with a decrease
in the temperature of the shell, and thus favoring the cooling of the rotary kiln shell. Figure 2 shows the
variation in the temperature of the shell as a function of different values of the air injection velocity. We note
that the shape of the curves corresponds well to the laminar regime characterized by the Poiseulle profile. The
temperature increases to its maximum value near the shell, then it decreases to ambient temperature (5 °C)
beyond the shell. For a high air injection velocity (27.77 m/s), cooling of the shell is observed, given that the
temperature decreases from 401 °C to 255 °C, which corresponds to a 36 % rate of decline in temperature.
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Figure 2. Temperature of the shell as a function of the air injection velocity

Variation of the Injection Air Temperature

In this section, we wanted to know the effect of the variation in ambient air temperature T.,. For this purpose, we
used the temperatures 5°C, 18 °C, 25 °C, and 40 °C. Figure 3 presents the variation in the temperature of
the shell as a function of the temperature of the air. A rate of increase of 13 % or 276 °C to 289 °C of the shell
temperature is observed when the air temperature increases from 5 °C to 40 °C.

We note that this parameter, which is the temperature of the air injected into our kiln, does not have a great
effect, because our equipment operates with very high temperatures compared to those of the air injected. The
choice of air temperatures is dictated by the environment surrounding the kiln.
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Figure 3. Temperature of the ferrule as a function of the air temperature

2nd Case “Finned Cylinder”

The first section of our study showed us the presence of a very high-temperature gradient between the outer
surface of the shell and its environment. The latter indicates the presence of a heat flow that must be released to
allow the preservation in good condition of the rotary kiln shell. To this end, in this second part of our study, we
wanted to install fins on the shell. This way, it is possible to increase the exchange surface and thus attempt to
solve the problem of the heat flow release. The geometric model has been reproduced, wherein the shell has four
fins with | = 50 mm long and e = 50 mm wide. The boundary conditions are those used previously, namely
that used by (Mirhosseini and al, 2018) in his work, to deduce the effect of these fins on the shell temperature
behavior.

Figure 4 . Rotary kiln with four fins

Variation of the Air Injection Velocity

Under the same conditions as the case of the smooth shell, four tests were carried out to deduce the maximum
value of the wall temperature, as well as the Nusselt number corresponding to each air injection velocity (Table
5). The results are shown in Table 5. The increase in the air injection velocity causes a slight decrease in the
temperature of the finned shell, unlike the case of the smooth shell, where the temperature decreases
considerably.
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Table 5. Nusselt number and temperature according to the air injection velocity
Air velocity (m/s) 5.86 1111  16..66 22.22 27.77
Nusselt number 4375 5503 6210 7360 8845
Shell temperature (°C)  167.7 163.4  158.8 159 158

Figure 5 shows the variation in temperature of the finned shell as a function of different air injection
velocities. The temperature profiles have the same tendency due to the position of the results extraction line. The
temperature gradient when increasing the air injection velocity is not very significant (6 °C). Compared to the
case without fins, we notice the presence at the top of the curve of a stable temperature with light fluctuations
due to the presence of the fins. We note the presence of a flat at the level of the extremum of the curve, which is
caused by the fin, creating a disturbance and also favoring an increase in temperature. The flats present at the
level of the structure are essentially due to the disturbances created by the fins.
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Figure 5. Evolution of the temperature as a function of the air injection velocity

Comparison between the Smooth Shell and the Finned Shell

To show the fins effect on the temperature of the kiln shell, a comparison was made between the two case
studies (smooth and finned). Figure 6 shows the evolution of the temperature for the two cases. It is noted that
the insertion of the fins causes a decrease in the maximum temperature for the finned shell. This decrease is
about 36 %, a decrease of the maximum temperature of 401 °C for the smooth shell to 164°C for the finned
shell. It is also noted that the increased temperature can only occur from 1 meter in length from the beginning of
the shell, for the smooth case. While for the finned case, this only happens at 1.8 meters. This increase in
distance is yielded by the decrease in temperature.

o — Wit fin
e — Without fin

hiaximum shell temperators CC)

Computing domain (m)
Figure 6. The temperature evolution of the smooth and finned shells
Table 6. Comparison of Nusselt number

Shells Smooth Finned
Nusselt Number 4299 4375
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Table 7. Comparison of shell temperature as a function air velocity
Air velocity (m/s) 5.86 11.11 16.66 22.22 27.77
case “smooth cylinder”  Shell temperature (°C) 401 330 298 274 255
case “finned cylinder” Shell temperature (°C) 167.7 1634 158.8 159 158

Table 6 shows the Nusselt number values in the case of smooth and finned shells for a value of the rotary
velocity of the kiln of 5 rpm. From the results, it can be said that the insertion of the fins causes an increasein
the Nusselt number. This increase in the Nusselt number results in asignificant exchange of the heat flow with
the shell. Similarly, Table 7 summarize the drop in the external temperature of the shell. This decrease is clearly
visible for this parameter, namely the air injection velocity on the kiln.

Conclusion

In this study, a numerical modeling was conducted by combining an unstructured mesh with the finite volume
method. The solution was obtained by using the SIMPLE algorithm (pressure-velocity coupling). The aim was
to study the thermal behavior of a rotary kiln shell. Two cases of numerical simulations were carried out. The
first one consisted of simulating the rotary kiln section with the most significant thermal stress, namely the shell
part where the external wall temperature was 500 °C. This shell was taken in this case as being smooth. In the
second case, the same simulations were reproduced with the same boundary conditions, with
additional fins inserted to the outer surface of the shell.

The results showed that the increase in Nusselt number and the decrease in temperature were a function of the
air injection velocity for both cases. For a smooth shell, the rate of decrease was 36 % by increasing the air
injection velocity. While for a finned shell, the decrease was 41.82 %. Overall, the predominant parameter for
the shell cooling is the air injection velocity for both geometric configurations. More significant cooling may be
obtained when the shell is equipped with fins.
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