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Abstract: - This paper presents a computational fluid dynamics (CFD) modelling and simulation of 
thermodynamic processes of vertical shaft kiln in a Magnesia plant. The model is a 2D steady state model. The 
combustion, particle-gas dynamics and heat transfer processes which occur inside a vertical shaft kiln are 
modelled by Eulerian multiphase model, and Species transport and finite volume chemical reaction model. 
Segregated solver is employed to solve and couple the numerical calculations from each model. Computational 
methodology and results are presented and discussed. Predicted gas temperature profiles inside shaft kiln show 
good agreement with the designed data (values) supplied by reference plant.  
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1  Introduction 
The vertical shaft kiln is a high temperature 
processing unit in the production of deadburned 
magnesia [1, 2]. After raw magnesite (MgCO3) is 
processed through a multiple heart furnace and 
converted into calcined magnesite (MgO) or clinker, 
it is further processed through vertical shaft kilns 
where densification or deadburned process occurs at 
approximately 2300 oC. The bulk density of MgO 
briquettes are from 1910 kg/m3 to 3540 kg/m3 during 
7-8 hours of holding time. The quality of the final 
product is governed by uniformity in heat 
distribution, fuel types, gas-briquettes contact, fuel 
to briquettes ratio, permeability, airflow/drought, 
holding time and insulation efficiency. During the 
operation, compact MgO briquettes (Clinker) is fed 
through the top of the kiln and onto the existing 
packed bed which progresses down the vertical shaft 
body continuously by the influence of the 
gravitational force. The packed bed of MgO 
briquettes react with the counterflow of hot gas 
resulting from combustion, absorbing energy and 
momentum which gives them translational and 
rotational motions and in turn affecting the gas flow. 

The combustion in the kiln is fuelled by the 
combination of natural gas and air which injected 
through fuel injectors annularly mounted around the 
middle level of the kiln. The heat generated from 
combustion process flows through the packed bed 
and transferred to the briquettes via convection and 
radiation, raising the temperature of the downward 
moving bed and causing densification process to 
take place which turns the clinker into final 
deadburned product. Prior to discharge, the hot 
deadburned product is cooled by secondary air and 

water injected from the bottom of the kiln. Figure 1 
shows simplified schematic of processes involved in 
an annular vertical shaft kiln [1]. 

A number of people have tried to develop 
mathematical models for the thermodynamic process 
of the shaft kiln using either Lotus-123 or MatLab, 
while they are useful the models did not provide 
accurate prediction due to over simplification of the 
processes involved [3-5]. In this study, a CFD model 
is developed using CFD code Fluent with an aim to 
achieve more accurate prediction of thermodynamic 
processes inside shaft kiln. This approach takes into 
an account of the interacting physical and chemical 
laws of combustion, particle gas dynamics, and mass 
and heat transfer, all of which are results from 
interactions between natural gas-air combustion and 
the continuous moving packed bed of briquettes 
inside the kiln.  
 
 
 2   Process Descriptions 
The process of combustion, heat transfer and 
particle dynamics which occur in normal operation 
of vertical shaft kiln at Magnesia plant are described 
below:  

2.1   Combustion 
The primary sources of combustion reaction occur 
in the shaft kiln include Oxygen (exists in the 
primary and secondary air) and Methane (exists in 
the injected natural gas). Due to excessive supply of 
oxygen into the shaft kiln, the type of combustion 
takes place is complete. It is to be noted that 
methane takes up about 89% of the total 
combustible components in natural gas, and thus, 
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only the reaction kinetic of methane and oxygen is 
considered in this study. The effect of thermal 
decomposition is neglected in the model, this is due 
to the fact that the dissociation and ionisation 
reaction are limited to only reaction at a higher 
temperature than that which takes place in the 
reference kiln.  
 

 
 

Fig.1: Simplified process of vertical shaft kiln 
 
The schematic diagram of simplified combustion 
system of the kiln is shown in Fig.2. On the left 
hand side (reactant) natural gas mixes with oxygen, 
and undergoes complete combustion which 
produces carbon dioxide and water vapour as shown 
on the right hand side (product), while heat is 
transferred from the system to the surrounding. 

 
Fig.2: Schematic diagram of the simplified 

combustion system in the kiln 
 
The amount of heat release from combustion is 
simply the difference between the enthalpy required 
to form the compound of the products and that of 
the reactants. The amount of heat released for each 
type of chemical reactions can be calculated by 
applying the principle of stoichiometry, this is done 
through the use of species transport and finite 
volume chemistry model in Fluent. 

2.2   Particle-Gas Dynamics 
As gas interact with the falling particles, it collides 
with some of the particle while passes through 
others. The passage which the gas passes through is 
called voidage, as the energised gas travels upwards 
through this voidage, it losses energy and hence 
losses pressure. Other particles interacts with the 
upward travelling gas receive the impulse and gain 
momentum, the resulting force causes motion from 
each particle which inturn interacts with the 
neighbour particles. As a result of particle-fluid 
interaction force, the gravitational force and the 
inter-particle forces between each particle, each 
particle obtains the translational and angular 
velocities. 
 
2.3 Heat Transfer 
Heat transfer in the packed bed system of shaft kiln 
can be considered to consist of the following modes: 
 
1. Conduction heat transfer in axial and radial 

direction between the particles in the bed.  
2. Convective heat transfer between the bed particles 

and the flowing gas.  
3. Heat transfer due to the effect of the convective 

mode on the conduction.  
4. Heat transfer due to the radiation.  

a. between the bed particles 
b. between the flowing gas and bed wall 
c. between the particle and the flowing gas  

5. Heat transfer from wall to bed particles.  
a. bed wall and bed particles 
b. bed wall and the flowing medium 

 
 
3   Process Simplification 
The process that takes place inside a shaft kiln is 
complex. In order to describe the process 
quantitatively and to yield a more robust solution 
some simplification were made as summarized below: 
 
1. The process inside the kiln is asymmetrical. 

Hence, it is believed that a 2D model should be 
adequate to capture heat profiles and physical 
characteristics of the particle-gas interaction 
inside the kiln. 

2. The combustion inside the shaft kiln is assumed to 
be complete combustion. This assumption is made 
from the fact that the amount of primary air and 
secondary air, which contributes in the 
combustion process, is much higher than that of 
Natural gas.  

3. The insulation system of shaft kiln at reference 
plant is known to be at least 93.5% efficient. 
Therefore, heat transfer through wall can be 
considered insignificant.  
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4. Only CH4 and O2 combustion is considered. It was 
assumed that the properties of combustible 
components in natural gas are identical to those of 
methane.  With the exclusion of methane, other 
gas species made up of approximately 12.12%. 
The percentage of natural gas contribution to the 
process gas during normal operation is only 
8.36%, therefore, the overall composition of other 
gas component except methane is 1.04%. This has 
been considered to be negligible.  

5. Equivalent spherical diameter was used instead of 
specifying real dimension of the MgO briquettes 
(prolate spheroid) 

 
 
4   Computational Methodology 
The geometry of the vertical shaft kiln used in this 
work was in 1:1 scale to the real kiln and was 
constructed using GAMBIT. Quadrilateral mapped 
grid and paved grid were used to construct the 
unstructured mesh. Quadrilateral cell was chosen, as 
suggested by Fluent 6.2 user guide, to be the 
suitable grid topology for multiphase flow problem 
[6]. In constructing the grid, one major issue 
encountered was the creation of the turning plate, 
where a face must be subtracted from another to 
create a solid zone inside a fluid zone.  Finally, a 
variety of mesh spacing were constructed and tested, 
however by using solution stability, accuracy and 
computational time as the main criteria for selection, 
5 cm mesh spacing was selected as the optimal size, 
except for 1 cm mesh spacing selected for the fuel 
inlet. Moreover, boundary layers were specified to 
all wall surfaces to ensure more accurate 
reproduction of turbulence flow of gas in fuel inlet 
pipes and in the shaft kiln.  

The computational model consisted of two sub-
models, species transport and finite volume chemistry 
for combustion, and multiphase Eulerian finite volume 
model for particle dynamics and heat transfer of gas 
and packed bed. The methodology utilized to solve 
and couple each model is summarized below: 
 
1. A steady state segregated solver was used to solve 

energy and momentum conservation equations 
from species transport and finite volume 
chemistry, multiphase Eulerain finite volume 
models.  

2. The discretization of density and pressure 
interpolation was achieved by applying first order 
upwind scheme.  

3. The phase couple simple algorithm method was 
employed for pressure and velocity coupling.  

4. Porous media was specified to the regions where 
the reproductions of packed bed of MgO 
briquettes are required.  

 
 

5   Simulation Conditions 
Due to program limitation, continuous moving packed 
was reproduced defining the packed bed as “stationary 
porous fluid zone” with granular fluid phase flowing 
through it. By specifying the solid particle as granular 
fluid, it could be assumed that it behaves like a bulk of 
fluid. To initiate the simulation, first, the control 
variables such as primary air inlet velocity, secondary 
air inlet velocity, methane inlet velocity, exhaust 
pressure, product input, output and turning plate 
rotational speed were specified to their corresponding 
inlet or outlet boundary. Once the simulation was 
initiated the simulation continues until no obvious 
change was observed in the residual plot of energy 
and momentum transfer in both phases, under which 
condition, the simulation was regarded as steady state.  
Initial conditions, boundary conditions and physical 
properties of material used in the model are 
summarized in Table 1, 2 and 3 respectively. A non 
zero mass fraction was specified to CH4 to ignite the 
combustion in fewer iterations. 

 
Table 1: Initial conditions used in simulation 

 
Descriptions Value 

Volume fraction of Hot Zone 0.577 
Volume Fraction of Preheat Zone 0.167 
Temperature of Hot Zone 1300 C 
Temperature of Top Kiln Zone 300 C 
Gas Temperature 300 C 
Air temperature 300 C 
CH4 Mass Fraction 0.2 
O2  Mass Fraction 0.23 
 

Table 2:  Boundary conditions used in simulation 
 

Descriptions Type User input 
Shaft kiln Walls Stationary Wall - 
Chute wall Stationary Wall - 
Fuel injector pipe Stationary Wall - 
Primary Air Inlet Velocity Inlet 30 m/s 
Secondary Air Inlet Velocity Inlet 34 m/s 
Gas Inlet Velocity Inlet 5.84 m/s 
Exhaust Exhaust Fan 101 kPa 
Turning Plate Rotating Wall 1.5 rad/s 
Hot Zone Porous Zone 0.467 
Top Zone Porous Zone 0.467 
Product outlet Velocity Inlet 0.0232 
Raw material Inlet Velocity Inlet 0.00032 m/s 
Mass content of O2 Velocity Inlet 0.23 
Mass content of CH4 Velocity inlet 1 
 
Table 3: MgO physical properties used in simulation 

 
Physical Properties Value 

Bulk density of deadburned MgO 3410 Kg/m3 
Bulk density of raw MgO 1910 Kg/m3 
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Theoretical Bulk density of MgO 3580 Kg/m3 
Specific gravity 40.304 g/mol 
Enthalpy of formation of MgO -0.601 J/mol 
Porosity of deadburned MgO 0.047 
Porosity of raw MgO 0.467 
Volume fraction of raw MgO 0.167 
Volume fractionof deadburned MgO 0.523 
Equivalent Diameter of raw MgO 0.06214 m 
Equivalent Diameter of deaburned MgO 0.03 m 
Angle of internal Friction 30  
Granular viscosity Gidspaw 
Granular Bulk viscosity Lun-et-al 
Frictional viscosity Schaeffer 
Granular temperature Algebraic 
Solid Pressure Lun-et-al 
Radial Distribution Lun-et-al 
Elasticity Modulus derived 
Packing limit 0.5 
 
Since the specific heat capacity (Cp) and thermal 
conductivity of MgO briquettes are both dependent on 
temperature, a set of values were entered in Fluent 
using piecewise linear function to approximate the 
values at corresponding temperatures. Values of 
specific heat and thermal conductivity of MgO 
briquettes for a range of temperatures were acquired 
from [7] and [8]. Specific heat capacity for 
temperature of 300K-1200K only were given in [7], 
however by using Microsoft Excel the specific heat 
capacity of MgO briquettes at temperature higher than 
1200 K were approximated using the Logarithmic 
trendline as shown in Fig.3. Table 4 shows the value 
of thermal conductivity of MgO briquettes used in 
simulation. 

 
Table 4:  Thermal conductivity of MgO [8]  

 
Temp (K) W/kg/K 

273 42 
373 33.494 
673 5.861 

1073 5.024 
1473 4.604 
1873 4.815 
2273 5.443 

 
 
6   Results and Discussion 
Only data available for model validation is shown in 
Fig.4. This is design temperature data as a function 
of height of the kiln for the reference plant. It should 
be noted, however, that the diameter and cooling 
system at existing kiln is slightly different from the 
originally designed one due to recent modification. 
The diameter of the existing kiln (Fig.1) is about 
10% larger than the one shown in Fig.4 (originally 
installed kiln) and the cooling air (i.e. secondary air) 
enters the existing kiln from the bottom whereas it 
enters the originally designed kiln from the sides.  

 
 

Fig.3: Excel aproximation of Cp of MgO (data point 
acquired from [7]) 

 

 
Fig.4: Schematic diagram of design temperature of the 

original kiln as a function of height. 
 
Figure 5 shows the simulated contour of gas 
temperature at steady state. The preheating zone is at 
the top of the kiln where heat lost to new feed of MgO 
causes the decrease in gas temperature. The cooling is 
at the bottom of the kiln where secondary air is 
preheated by downwards moving hot deadburned 
products. The burning zone is around the fuel 
distributor level where most of the sintering process 
takes place. It is also obvious that the heat profiles 
close to the walls and around the burner level are 
distinctively higher than in other regions, this 
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indicates the formation of MgO scaling which is 
caused by molecular bonding at high temperatures. It 
can be seen from Figure 5 that the maximum 
temperature of methane without heat transfer to other 
material is around 2250 to 2350 K. This gives the 
percentage error of 3%-7% when compared with the 
theoretical maximum burning temperature of methane, 
which is 2421K [9].  

 

 
Fig.5: Contour of gas temperature at steady state 

 
The gas temperature profiles obtained from 
simulation are compared with the design data in 
Figs. 6a, 6b and 6c. It can be seen from Fig.6 that 
the simulated profiles displays similar trends as that 
of the design data. The unexpected differences in 
temperature at point A in Fig.6 for the left and right 
walls could be due to the difference in cooling 
system of the existing kiln as mentioned earlier. In 
Fig.6c, a much higher temperature of gas is shown 
below the burner level in existing kiln than that of 
the original kiln this indicates inefficiency in the 
cooling system of the existing kiln. 

Figure 7 compares granular solid phase 
temperature profile with gas temperature along the 
left side wall, right side wall and center of the kiln. 
It can be seen from Fig.7 that the granular phase 
temperature profile follows that of gas temperature 
profile in the higher regions of the kiln. However, 
the granular and gas temperatures on each side of 
the kiln and at the centre are different. This is a 
result of both the physical interaction of porous 
media and gas, and the exhaust system which 
positioned on the top left hand corner of the kiln; 
influencing the air and gas flows to swirl towards 
one side more than another. Moreover, constant 
temperature profiles of granular phase below the 

burning level indicate inefficiency in the existing 
cooling system.  

 

 
Fig.6a: Gas heat profile (left wall) vs  

design profiles 
 

 
Fig.6b: Gas heat profile (right wall) vs  

design profiles 
 

 
Fig.6c: Gas heat profile (Centre) vs  

design profiles 
 
Although, the gas temperature profiles shows 
reasonable agreement with the design profiles 
(Fig.6) but the results obtained from the analysis of 
particle dynamics suggest that there is a discrepancy 
in the model (Fig.7). Assumption made earlier that 
the “solid particles” behaves like a “granular fluid 
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(i.e. bulk of fluid)”, may not be appropriate and thus 
prevents the model from reproducing the correct 
physics of solid grain structures. It was observed 
during the simulation that, as simulation progressed 
towards the steady state the packed bed began to 
expand and float towards the exhaust. This was due 
to the packed bed behaving like a fluidized bed. 
Because an amount of particles still move 
downwards and there is still continuous feed of new 
materials into the kiln, the effect of this discrepancy 
could not be detected in the gas temperature profile. 
Due to this fact, further study is recommended on 
gas-particle dynamics in order to establish correct 
modelling of shaft kiln thermodynamic processes.  
 
 
8   Conclusions and Recommendation 
A 2D CFD model has been developed to simulate 
thermodynamic processes of shaft kiln of sintering 
magnesia briquettes. The model showed reasonable 
agreement with the design values of gas temperature 
profile, however, discrepancy in the model was 
observed for gas-particle dynamics. Further work is 
needed for a more accurate prediction of gas and 
particle dynamics interactions. It is highly 
recommended that a 3D CFD model should be 
developed using user-defined functions which can 
be written in C++ language and embedded in Fluent.  
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Fig.7a: Left side wall gas temperature vs  

granular temperature 
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Fig.7b: Right side wall gas temperature vs  

granular temperature 
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Fig.7c: Centre of kiln gas temperature vs  

granular temperature 
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