
 
Abstract— Approximately 1.5 Million low-income South-African 

households rely on alternative energy resources like the burning of 
coal in metal drums. To address the health risks associated with the 
resulting indoor air pollution, the North-West University developed an 
improved coal-stove prototype. The unusual temperature profiles 
obtained during the stove’s performance evaluations, were 
investigated using Siemens’s NX-12™ together with STAR-CCM+™ 
modelling software, by simulating the velocity and temperature 
profiles inside the stove. Instead of employing a combustion model, 
which will be computationally intensive, a constant heat source was 
used to approximate the combustion process. From the simulation 
output it was observed that the obstructed flow through the hopper was 
causing the high temperature in the chamber. Some temperature 
observations could be accurately predicted by the model under the 
assumed conditions, however, the inclusion of a combustion and 
detailed packed bed heat transfer model will improve the temperature 
prediction capability of the simulation 
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I. INTRODUCTION 
Despite the government’s strides in providing electricity to 

many low-income households over the past 20 years, 
approximately 1.5 million households are still relying on other 
means of energy [1]. Up to 80% of these households have 
access to electricity but choose to use coal due to its 
availability, affordability and cultural significance [2], [3]. 
Poorly designed coal-stoves lead to the incomplete combustion 
of coal and consequently, dangerous quantities of carbon 
monoxide, sulphur dioxide and nitrogen dioxide are being 
emitted within households [4]. Furthermore, the long-term 
exposure to indoor particulate matter due to the burning of 
organic materials caused approximately 4 million fatalities 
worldwide in 2016 [5]. The two most common strategies used 
to address the problem at hand include the use of alternative 
fuel sources and improving the design of the coal-stoves.   
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Examples of the first strategy includes the use of low-smoke 
fuels or more efficient ignition procedures [6], [7]. However, 
changing the fuel used by low-income households requires that 
additional factors such as re-education, accessibility and price 
be addressed, despite the promising results associated with its 
use [8]. For this reason, the second strategy seems equally 
feasible. During combustion, moisture, volatiles and flue 
gasses are released while only non-combustible materials 
remain in the stove [9]. Ash build-up decreases the coal’s 
number of active sites available to react with oxygen and 
lowers the char combustion rate [10]. To circumvent this 
occurrence, improved designs incorporate at the very least a 
grate or fuel support through which the ash can be removed by 
agitation [11]-[13]. Other common improvements found 
include chimneys [7], [14], heat resistant construction materials 
[11] and air flow controllers. The air opening of a domestic 
coal-stove is normally opened completely during cooking to 
allow for maximum temperatures to be achieved within the 
stove, demonstrating the relationship between the air flowrate 
and temperature [15].  

Consequently, an improved stove was developed by the 
North-West University’s Faculty of Engineering in 
Potchefstroom, and experiments were performed to test the 
performance [16],[17]. To allow for semi-continuous operation 
during colder seasons, a coal hopper chamber was included 
since the continuous addition of coal will allow for prolonged 
periods of space heating. However, an inefficient energy 
distribution was identified following the performance 
evaluations on the stove. The main concern was the 
temperature in the hopper chamber reaching temperatures equal 
to that in the combustion chamber. Similar inefficiencies in 
process equipment are often investigated using a computational 
fluid dynamics (CFD) analysis given the many advantages 
associated with its use [18]. The use of CFD in stove research 
dates to the 1990’s [19]. Since then, work has been done to 
decrease carbon monoxide emissions by 80% by using CFD to 
determine the optimal quantity of air, shape of deflector plates, 
combustion chamber shape and air direction [20]. In another 
study, the recirculation and optimal process conditions for 
mixing requirements was determined using CFD [21]. Many 
additional articles can be found where CFD analysis was used 
to determine the most suitable flow configurations and velocity 
profiles in equipment which maximizes the efficiency thereof 
[22]-[24]. In this project, CFD allowed the analysis of variables 
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throughout the stove wherein experimental procedures would 
have failed to provide the required insight.  

II. MODEL DEVELOPMENT 

A. Siemens NX-12™ 
Using Siemens NX-12™, an inverted stove assembly was 

constructed. This means that all the solid components that 
collectively form part of the stove, was inserted as cut-outs 
from a “solid” gas region. This is illustrated by Fig.  1. In order 
to simulate the combustion of coal without the use of a 
combustion model, two blocks were inserted into the 
combustion region of the oven in order to emulate a coal bed as 
illustrated by the light-coloured region in Fig.  2. Additionally, 
two different changes were made to the stove design and the 
modified versions were simulated in the exact fashion as the 
original. The first modification entailed closing the top of the 
stove gas exit channel next to the chimney opening inside the 
stove to manipulate the flow and energy distribution within the 
heat exchanger chamber. The second modification entailed 
altering the bridge between the coal feed hopper and the 
combustion chamber in order to observe whether the 
temperature and flow profiles within the hopper and 
combustion chambers would dramatically change. The first and 
second alterations can be seen in Fig.  3 and Fig.  4 respectively. 

 

B. STAR-CCM+™ 
1. Start-Up and Meshing 
 The coal assemblies were exported as parasolid files from 

NX-12™ and imported to STAR-CCM+™ as a surface mesh. 
Upon importing the parasolid, the software automatically 
created three leaf-level computer-aided design (CAD) parts 
which was renamed coal bottom, coal top and gas respectively. 
The three leaf-level parts were then assigned to regions with 
every part receiving a region and each part surface receiving a 
boundary. 

 
 

 
Fig.  1. A section of the stove to illustrate the inverted assembly 

created in Siemens NX-12. 
 

 
Fig.  2. Two blocks used to recreate a coal bed. 

 
 

 
Fig.  3: Indication of the first stove modification. 

 
 

 
Fig.  4: Indication of the second stove modification. 

 
The top and bottom coal blocks were changed to porous 

regions and each of the 3 newly created regions were given an 
internal and in-place interface, suitable for both heat and mass 
transfer across the region boundaries. Per-region meshing was 
enabled after which a polyhedral- and prism layer mesher was 
chosen together with a surface remesher. The prism layer 
mesher automatically created a finer grid around regions with 
sharp edges or small openings where the flow descriptions 
became complicated. 
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The mesh base size was chosen by completing a grid 
independent study during which the temperature at the top and 
bottom of the hopper chamber was monitored. The temperature 
at the two monitor points was noted after decreasing the base 
size and a new state of convergence was reached. The 
temperature at the previous base size was subtracted from the 
temperature at the new base size and the difference was plotted 
and is shown in Fig.  5. Even though a change in temperature 
between a base size of 10 mm and 8 mm could still be observed, 
the time to reach convergence doubled. For this reason, the 
final mesh base size was chosen to be 10 mm as presented in 
Fig.  6.  

 
2. Fluid Mechanics 

It is common practice in the world of CFD modelling to use 
the compressed form of the Reynolds-averaged Navier-Stokes 
(RANS) equations as given by (1) to describe flow within a 
domain [25]. 
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Here,    represents the fluctuating velocity component, p 

represents pressure,   is the density of the gas and  ̅, with   
any vector, represents the time averaged value of that variable. 
The term on the farthest right of (1) is termed the Reynolds 
stress term. This term represents the contribution of turbulence 
to the shear stress [26] and is most commonly calculated with 
the Boussinesq equation as given by (2) [27]. 
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    Represents the Reynolds stress term,    is known as the 

turbulent eddy viscosity and k represents turbulent kinetic 
energy.  

 
Fig.  5: Grid independence study using temperatures from the 

top and the bottom of the hopper chamber. 

 

 
Fig.  6: 10 mm Mesh used to create the control volume grid. 

 
The turbulent eddy viscosity is calculated by using a 

turbulence model chosen from one of seven commonly found 
classes [28]. STAR_CCM+™ uses a turbulence model from the 
two-equation model class known as the k-ε model proposed by 
Jones and Launder, although the k-ω model is also a popular 
closure model used for CFD applications [29]. The standard k-ε 
(SKE) model as used by the software is given by (3) – (5). 
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Here,   represents the dissipation rate,                    

represent model constants and    is a source term for turbulent 
kinetic energy. Equations (3)-(5) has a poor performance record 
in complex flow domains [30] which is improved by using the 
realizable k-ε (RKE) model. The RKE model differs from the 
SKE model in two ways. The first is the use of a transport 
equation to calculate the dissipation rate (6) and the second is 
the use of a function to determine    as given in  (7). 
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Where         ,  and   ,  ,    and   is calculated by 
equations (8)-(11). 
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S Represents the strain rate. After the closure of the RANS 

equations, the flow through the domain can be determined. For 
the purposes of simulating the temperature profile through the 
domain the law of conservation of energy (12) must be included 
in the model. 
 
     

  
                               (12) 

 
With E the total energy per unit mass,    the resultant body 

forces per unit volume,   the stress tensor,   the heat flux and 
   the energy source per unit volume. 

 
3. Solution Algorithm 

The models described are solved in STAR-CCM+TM by first 
deriving more useful forms of the formulas using the finite 
volume method. The stove geometry is divided into a finite 
amount of control volumes as illustrated by Fig.  6. The 
continuity, momentum, energy, turbulent and all other relevant 
equations are integrated over the control volume. To calculate 
the value of variables at the interfaces between two control 
volumes a central differencing scheme is used.  Following 
mathematical simplifications, matrix algebra is used to 
calculate all the required variables. The segregated solver in 
STAR-CCM+TM was chosen for this purpose. The segregated 
solver is less computationally expensive than a coupled solver 
for large problems[31][32]  since each component of velocity 
and the value of the pressure is calculated using separate 
equations. Selecting the segregated solver activates the 
semi-implicit method for pressure linked equations (SIMPLE) 
algorithm. A pressure difference is guessed and used to 
calculate the velocity field vectors of the discretised RANS 
equations [33]. These values are plugged into a pressure 
equation, the Poisson equation in the case of STAR-CCM+, to 
calculate a pressure correction. The correction value from the 
Poisson equation is added to the initial pressure field guess and 
the new pressure field is used to calculate a corrected velocity 
field. All other parameters are calculated using these corrected 
velocity and pressure values. The corrected pressure is used as 
the new pressure guess value and the entire process is repeated 
until both the continuity and momentum equations are 
converged [34]. 

 
4. Constant determination and specification 

The gas was specified to be CO2 in the physics continuum 
tree. The inlet boundary type was changed to a velocity inlet 
after which it was given a magnitude corresponding to the 
experimental inlet velocity measurement of the specific run to 
be investigated. A similar approach was followed for the outlet 

boundary within the gas region, but with the type set to pressure 
outlet and a constant pressure difference of 0 Pa with respect to 
the atmosphere. A total heat source in the bottom coal block 
was specified and manipulated until the converged model 
delivered a temperature at the bottom thermocouple in the 
hopper chamber that is sufficiently close to the experimental 
measurement at that point. The sphericity of coal was assumed 
to be 0.79 [35] and was used to calculate the bed void fraction 
using (13). From the void fraction, the tortuosity of the coal 
could be approximated using (14) [36].  
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Here   represents the bed void fraction,    the coal 

sphericity and   the tortuosity of the coal bed. Furthermore, the 
porous inertial and viscous resistance was determined by 
solving    and    in (15) to achieve a pressure drop of 1000 Pa 
using the Microsoft ExcelTM solver function. Finally, the 
thermal conductivity of coal was retrieved from literature of 
samples between the temperatures of 600 °C and 1000 °C [37]. 
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TABLE I: LIST OF CONSTANTS USED IN THE SIMULATION. 
Constant Unit Value 
Bed porosity        
Heat source (LPa, Db)       
Heat source (LP, C)       
Heat source (HPc, D)       
Heat source (HP, C)       
Porous inertial resistance            
Porous viscous resistance              
Coal bottom; thermal 
conductivity 

      
     

Coal top; thermal 
conductivity 

      
     

Tortuosity        
Outlet Pressure relative to 
atmospheric pressure 

   
  

Mesh base size       
a Low-power run; b Coal grade; c High-power run 

 

III. EXPERIMENTAL METHOD 
The coal to be used during the experiments was sieved to 

ensure all particles were between 19.5 mm and 26.5 mm, while 
the coal grade varied between A, B, C and D. Locally bought 
wood was cut into 10.0 cm x 0.5 cm chips. As required by the 
experiment, the required number of woodchips were soaked in 
paraffin for 24 hours and stored in a plastic container. The 
exterior of the stove is illustrated in Fig.  7. First, the cooking 
surface of the stove and the hopper chamber was opened in 
order to continue with ignition and 1.5 kg of coal was 
distributed in the stove to cover the entire grate surface area.  

17th JOHANNESBURG Int'l Conference on Science, Engineering, Technology & Waste Management (SETWM-19) Nov. 18-19, 2019 Johannesburg (S.A.)

https://doi.org/10.17758/EARES8.EAP1119295 201



 

 
Fig.  7: Stove exterior including the attached thermocouples 

and the load cell used for mass measurements. 
 

 
Fig.  8: Thermocouple positions and their corresponding 

names. 
 

200 g Of the woodchips were placed on top of the coal in a 
horizontal position and was distributed beneath the bridge and 
on top of the coal bed. An additional 150 g of small coal pieces 
were placed on top of the wood after which 1 paraffin-soaked 
wood chip was placed in the combustion chamber and another 
beneath the bridge. An additional 100 g of dry wood chips were 
placed on top of the coal and wood layers, and a match was 
lighted and placed inside the combustion chamber using tongs. 
The cooking surface was then closed, the hopper chamber was 
left open and the coal could ignite for 15 minutes. After the 
waiting period, the air controller was fully opened and the 
hopper was filled to the brim and closed.  

 
 
 

 
 

TABLE III: AIR OPENING CORRESPONDING TO DIFFERENT RUN TYPES. 

Air-opening 
     

Opening 
    Run Type Run no. 

0.5 25 Low power 2, 4, 5, 7, 8, 9, 11, 12 

4.0 50 High power 1, 3, 6, 10 

 
After a final 30-minute waiting period the air-controller was 

adjusted to the relevant position for the type of run. 12 
Experimental runs were completed during which the coal could 
combust to completion. The air-controller openings 
corresponding to the type of run are summarised in TABLE III. 
After the 30-minute period, grate shakes were done once every 
30 minutes for high-power runs and once every hour for 
low-power runs. The mass loss from the stove was measured 
using a Combix 1 unit and the data was recorded in 10 second 
intervals with a CR1000 X datalogger connected to a laptop. 
The same logger was used to store temperature data measured 
via K-type thermocouples connected to the stove at the 
locations illustrated by Fig.  8. The chimney velocity was 
measured with an S-type pitot tube connected to a Fluke 922 
air-flowmeter at an opening located approximately 0.6 m above 
the chimney bend. An average velocity was obtained by 
measuring the chimney velocity across the entire diameter of 
the pipe. The opening was sealed between measurements with 
fire proof tape. The inlet velocity to the stove was measured 
with a Kestrel vane anemometer with the help of a cylinder with 
a constant diameter of 0.04 m. The cylinder was placed against 
the inlet while the anemometer was held at the opposing side.  
 

IV. RESULTS AND DISCUSSION 

A. Flow rate correction 
The volumetric flow rate at the inlet and outlet was 

calculated by multiplying the velocity with the area of the 
constant diameter cylinder and the chimney area respectively. 
This was done to the experimental outputs as well as the model 
outputs. Furthermore, a correction was added to the model’s 
chimney prediction to account for the increase in volume due to 
combustion - which was calculated by multiplying the mass 
loss in kg/s between two consecutive measurements by the 
approximate density of CO2 at the chimney temperature. Model 
validation and profile analysis were done with the data from the 
5th, 6th, 8th and 10th experimental runs and the applicable 
correction factors are provided in TABLE II. 

 
 

  
TABLE II: CALCULATION OF THE CORRECTION FACTORS USED TO DETERMINE THE EXIT FLOW RATE. 

Run no. 
     

Chimney temperature 

        
Density of CO2 

       
Mass loss x 10-4 

       
Correction value x 10-4 

5 127 1.326 1.42 1.07 
6 191 1.140 2.68 2.35 
8 122 1.342 1.34 1.00 

10 178 1.173 2.30 1.96 
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Fig.  9: Comparison between modelled and experimental 

chimney flow rates. 
 

 
Fig.  10: Comparison between modelled (M) and experimental 

hopper chamber temperatures. 
 
 

 
Fig.  11: Comparison between modelled (M) and experimental 

combustion chamber temperatures. 
 

 
Fig.  12: Comparison between modelled (M) and experimental 
heat exchanger chamber temperatures. 
 

B. Model validation 
The comparison between predicted and experimental 

chimney flow rates is provided in Fig.  9. Even with a 
correction factor, the model output underestimates the flow-rate 
in the chimney by an average of 30%. However, the trend of the 
simulation prediction agrees with that of the experimental data. 
The inaccurate prediction results from the absence of a 
combustion model that would more accurately predict the 
volume change due to combustion products in the exit gas. A 
constant density model was also chosen in the model which 
further influences the model’s output. The comparison between 
predicted and experimental hopper temperatures is provided in 
Fig.  10. Since the heat source within the stove was manipulated 
to match the temperature at the bottom thermocouple position 
in the hopper, the model has a near perfect fit to this point for all 
runs as illustrated by H_Bot. Although the modelled 
temperatures in the top of the hopper chamber visually deviate 
slightly from the observed temperatures, the deviation is due to 
the porous region selection that heats up the gas in this specified 
region to emulate the presence of a porous media (like a bed of 
coal particles). If a porous media model was used to simulate 
the presence of coal, the predicted values would more closely 
reflect the experimental values. The comparison between 
predicted and experimental combustion chamber temperatures 
is provided in Fig.  11. The temperature prediction of the 3rd 
thermocouple is within a suitable temperature range while the 
top thermocouple prediction deviates by as much as 311 °C 
from measured data. This is due to the absence of a combustion 
model that would account for the additional combustion heat 
transfer into the flue gas. The comparison between predicted 
and experimental combustion chamber temperatures is 
provided in Fig.  12. The temperature prediction is not 
representative of the experimental data and the inaccuracy of 
the model can be ascribed to the low temperature prediction at 
the top of the combustion chamber previously discussed. When 
considering the data, the inability of the model to accurately 
predict temperature, prevents any further investigation 
regarding the inefficient heat distribution throughout the stove.  
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C. Velocity profile analysis 
Since the predicted velocity profile of each run under 

investigation was similar, the profile for run 10 is provided in 
Fig.  13. Very low flow is observed in the hopper chamber, 
which is to be expected since no path is available for the gas to 
exit at the top, and a low pressure drop of 1000 Pa was specified 
when approximating the inertial and viscous resistances of the 
porous region. At the top of the combustion chamber, the flow 
is reversed and the gas flow from the top of the chamber 
collides with that from the bottom causing recirculation just 
below the chamber opening to the heat exchanger. The gas 
flowing through the inlet to the heat exchanger chamber, 
reaches velocities up to 65% of the maximum velocity, after 
which most gas enters the chimney through the top chimney 
opening. By comparing Fig.  13 to a temperature profile 
generated by the model as shown in Fig.  14, it becomes 
apparent that the low flow through the hopper chamber, and 
thus the absence of convective heat transfer from the coal to the 
gas, could be causing the increased temperature in this 
chamber. 

 

 
Fig.  13: Predicted velocity profile inside the coal stove. 

 
 

 
Fig.  14: Predicted temperature profile inside the coal stove. 

 

 
Fig.  15: Predicted velocity profile inside the stove with the first 

modification. 
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Fig.  16: Predicted velocity profile inside the stove with the 

second modification. 
 
However, due to the temperature predicting limitations of the 

model, making a conclusion regarding the cause behind the 
inefficient distribution could be biased. All the regions where a 
low velocity is observed seem to reach high temperatures 
according to the current simulation.  

 

D. Stove modifications 
The velocity profile of the first modified stove is given in 

Fig.  15. The velocity inside the chimney entrance reaches a 
value of approximately 1.1 m/s due to the absence of a top 
entrance in the exhaust channel inside the stove feeding the 
chimney. The recirculation in the combustion chamber is still 
present and the velocity throughout the coal bed is the same as 
that of the unmodified stove. The velocity profile of the second 
modified stove is provided in Fig.  16.  

The velocity profile is the same as the profile of the 
unmodified stove except for the bridge region, which is the 
section inside the stove that controls the flow of coal particles 
from the hopper region into the combustion chamber. In the 
case of the unmodified stove, the entering air is directed 
towards the hopper chamber once colliding with the bridge, 
after which the pressure in the hopper chamber forces the gas 
through the small opening below the bridge towards the 
combustion chamber. For the modified stove most of the 
entering air flows in the direction of the combustion chamber 
with only a fraction reversing towards the hopper chamber. 
These phenomena are illustrated by Fig.  17 and Fig.  18 
respectively. Despite the change in velocity profiles, neither of 
the stove alterations had a noteworthy effect on the predicted 
temperature profile in the stove. The comparison between the 
temperatures at each of the investigated thermocouples for the 
unmodified and two modified stoves are illustrated by Fig.  19.  

 
 

 
Fig.  17: Enlarged view of the velocity profile around the bridge 

of the unmodified stove. 
 
 

 
Fig.  18: Enlarged view of the velocity profile around the bridge 

with the second modification. 
 
 

 
Fig.  19: Predicted temperatures at every thermocouple of the 

unmodified and two modified stove geometries. 
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V. CONCLUSION 
At a grid size of 10 mm and a convergence time of 1 hour, the 

model proved to be representative of the behaviour of the 
velocity through the stove. The temperature distribution was 
predicted with limited accuracy, especially in the heat 
exchanger chamber. Based on the current model, the increased 
temperature in the hopper chamber is related to the low velocity 
of the gas through the region and the resulting absence of 
convective heat transfer. The primary aim of this 
reconnaissance study of determining the reason for the poor 
energy distribution using the model, was partially fulfilled, 
when considering the predicting capability of the simulation. 
The model prediction capability can be improved by including 
a combustion model and introducing a comprehensive heat 
transfer model, through the stove walls and in the packed bed of 
combusting particles. Results validation by comparison with 
external temperature measurement as well as the temperature 
and composition of the gas in the chimney will also benefit the 
modelling effort. The ease by which modified geometries can 
be investigated with this method has been demonstrated and it 
is recommended that the findings of this work be used as a 
stepping stone towards a simulation that more accurately 
represents the experimental data. Once such a simulation has 
been created, the stove modifications can be repeated and 
adapted to aid in the improvement of the semi-continuous coal 
stove. 
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