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Abstract 
The muffle furnace main purpose is to anneal the rough sponge iron powder transported through it, which 

is done by burning natural gas. Heat is absorbed by the muffle and is transferred to the bed of sponge iron 

powder. In order to reduce the consumptions of fossil fuel, some companies of the industry aims to 

exchange the natural gas in their muffle furnace’s burners to syngas, produced from biomass. This will 

however affect the performance of the furnace in the heating aspect. For this work, it is assumed that the 

effect will be negative. Thus the aim of this study is to investigate how to compensate the loss of effect 

from the burners, by examining which other parameters have influence on the furnace heating 

performance of the sponge iron powder transported through the furnace. The investigation is executed by 

simulating a 1 meter of the furnace in COMSOL multiphysics for 10 min, not including the combustion 

chambers. The investigated parameters are the packing degree of the powder, surface emissivity of the 

muffle, process gas velocity, conveyor belt velocity and the heat transfer rate coefficient to muffle from 

the combustion chambers. Alas, the process gas velocity and conveyor belt velocity only have minor 

influence on the final result, according to this simulation. However, the simulation exhibited that the 

surface emissivity of the muffle and the packing degree of the powder has great impact on the heating of 

the powder and could compensate some of the lost effect from the burners. This could be obtained by 

using an unpolished and oxidized muffle surface, and use densely packed powder sample. 
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1.0 Introduction 
The muffle furnace, also called belt furnace, is a part of the industrial manufacturing process of sponge 

iron powder. It’s main purpose is to anneal the rough sponge iron powder to become more ductile,  and 

thus make it more compressible. [1] 

 

As illustrated in Figure 1.1, the furnace consists of a combustion chamber, where burners are placed. 

Through this chamber, a sponge iron bed is transported on a conveyor belt through a long “tube” called 

muffle, as illustrated in Figure 1.2. This muffle separates the powder bed from the combusition gases 

emitted by the burners. The flames from the burners also heats the muffle. The heat is transferred by 

convection and radiation, the muffle heats the powder bed. It should also be mentioned that a process gas 

flows in the opposite direction that the powder bed travels inside the muffle. The purpose of this gas is 

mainly to further reduce the oxygen- and carbon amount in the powder bed. [2] 

 
Figure 1.1: An rough sketch of the muffle furnace’s components, mainly the muffle and the combustion 

chamber. The gray area of the sketch is representing the muffle, and the orange sections are representing 

the burners and their emitted flames. The white box in the sketch that encloses the mentioned above is 

representing the combustion chamber area. The area called modelled section can be studied in Figure 

1.2. The belt transports the powder bed in the z-direction. 

x 

z y 

modelled  

section 
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Figure 1.2: An illustration of the different domains of the modelled section of the furnace, including the 

muffle, process gas, powder bed and the conveyor belt. Each section is marked with its respective 

number. The powder bed on the conveyor belt (domain 3 and 4) is transported in the positive z-direction. 

This figure was constructed using COMSOL. 

 

At the time that this report was written companies are using natural gas as fuel for the burners [4], 

however some companies plan to change the natural gas to syngas produced from biomass in order to 

reduce the consumption of fossil fuels. This will however will influence the heating effect of the muffle 

due to new flame shapes from the burners, other combustion gases etc. and thus changing the heating 

effect of the powder [2]. This work will not go into further details of how the heating of the furnace is 

affected by the biomass fuel. For simplicity it is assumed that the decreased heating effect only means that 

the heat transfer coefficient will be lower. 

 

Assuming this, the purpose of the study is to examine how to produce a more effective heating effect of 

the powder bed that could compensate the loss of heating effect from the burners. The heating effect can 

be changed by altering parameters related to the furnace. The investigated parameters for this work are 

the packing degree of the powder, the emissivity of the muffle, process gas velocity, conveyor belt 

velocity and finally heat transfer rate coefficient between the combustion chamber and the muffle furnace. 

These parameters were chosen, because they were believed to be “easy“ to alter in the reality. This 

investigation will be done by creating a simplified model of the muffle furnace using COMSOL 5.0 and 

do a parameter study, to examine how sensitive the heating curve of the sponge iron bed is to the 

investigated parameters listed later. 

 

I should be noted that a model for this kind of furnace already has been created in other master thesis 

works, like “Simulation of energy balances in a heat treatment furnace” by Lisa Andersson and Martin 

Håkansson, 2007 [2], or “Modelling and simulation of reduction oven with 

FEMLAB” by Ola Scheire and Johan Teodorsson, 2005 [3]. What separates this work however, besides 

creating the model with more modern simulation tools, is the inclusion of using the model to investigate 

ways to improve the current state of the furnace and not just create an accurate model. 

y 

x 
z 
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It is also of great interest for the industry to investigate how the composition of the process gas affects the 

heating of the powder. This requires the model to support custom made multicomponent gases, a feature 

that either requires a deeper understanding of the software or is not implemented in the 5.0-version of 

COMSOL. Thus it is not implemented in the model. 

 

1.1 About COMSOL 

COMSOL is a multi physics simulation and modelling software developed by COMSOL AB that was 

used to solve this problem. In the software the user applies different the physical phenomena, like 

chemical interactions, solid state mechanics or heat transfer on a constructed model. These physical 

phenomena can also be coupled with each other in order to create a more advanced simulation, a multi 

physics simulation. The software uses advanced numerical methods to calculate the desired output. [5] 
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2.0 The Model 
To simplify the calculations, the placement of the modelled section is chosen in a zone where effect of the 

radiation generated by the burners is negligible. In order for this requirement to be plausible only 1 meter 

of the muffle is modelled. It should be noted that there is no confirmation that such a zone exists in the 

furnace, since such information is classified by the industrial companies. But for this work it is assumed 

that it exists. 

 

The model is constructed using COMSOL 5.0.  The mesh of the model is physics-controlled, and chosen 

as “extra coarse”, COMSOL:s predefined setting for mesh creation. For this simulation this setting 

corresponds to a maximum element size is 0.42m and the minimum size is 0.0756m. The final mesh is 

illustrated in Figure 2.1. A finer mesh was not chosen because it would increase modelling time. 

 

 
Figure 2.1: 

Final mesh of the muffle, conveyor belt, sponge iron bed and the gas atmosphere. 

 

In order to observe the different parameters’ effect on the powder heating, one model was created as a 

reference study, in this work called the “Original Study”, where the values of all the parameters would be 

chosen to as closely to the real furnace conditions as possible. Data that could not be provided by 

manufacturing companies, had to be arbitrarily assumed. From this reference study, the chosen 

parameters were altered respectively, and for each alteration a simulation was run. Five of these 

alterations were done per parameter, and the results of each simulation were finally compared the results 

of the reference study. 

2.1 Laminar Flow 

As described previously, the system that is simulated includes a moving process gas, that flows at the 

opposite direction to the bed transport direction, which is the positive z component direction, making the 

gas flow in the negative z direction. Air is chosen for the material of this domain of the model. 

 

If the shape of the area that the gas flows through is assumed to be pipe shaped then the flow will be 

laminar if Reynolds number < 2100. The formula for Reynolds number can be written as: 

 

   
      

 
         (eq.1) 
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The temperature inside the furnace is between 800 
o
C and 950 

o
C [2], for which ρ equals 2.53*10^-1 

kg/m^3 and μ equals 5*10^-5 kg/m-s [6, page 16]. The characteristic length, L is chosen as the hydraulic 

diameter, Dh, which is calculated with the formula: 

 

   
  

 
         (eq.2) 

 

, where A is the cross-section area that the fluids flows through and P is the length of the wetted 

perimeter.  

 

A is calculated by subtracting the total cross-sectioned area of the belt and the powder bed from half the 

cross-sectioned area of an elliptic surface, using the geometric values shown in Figure 2.2. 

 

  
     

 
              (eq.3) 

 

P is calculated by summarizing the length of all the perimeters in contact with the fluid domain. A elliptic 

perimeters length can approximated with Ramanujan approximation for an infinite power series. 

 

  
 

 
                                         (equ.4) 

 

By inserting the values a= 0.68 m, b= 0.28 m, h= 0.13 m and w= 1.00 m from Figure 2.2 in euq.3 and 

equ.4, resulting in P           and A          . This allows the characteristic length of the muffle to be 

calculated in euq.2 as Dh          . This will finally create a function of Reynolds number using the 

given values and equ.1: 

 

       
 

 
            

Figure 2.2: 
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Shows the geometric values for a and b for the elliptic shape of the muffle, as well as the height (h) and 

width (w) of the combined belt and powder bed domains. 

 

Most of the velocities, u, used in this work will be < 0.5 m/s resulting in Re < 2100, i.e it can be assumed 

that the flow remains laminar for this simulation. Thus the model takes the behaviour of the gas/fluid 

domain into account by using “Laminar Flow”. 

 

The inlet velocity, ug0, of the gas is chosen to be 1.0 cm/s (or -1.0 cm/s in the z-direction) for the reference 

study in order to keep the gas flow of the original study laminar. This velocity is also chosen as the 

system’s initial value with pressure 0 Pa. 

 

The physic "Laminar Flow" also take behaviour of the walls around the fluid into account, by choosing 

them to be a “Moving wall” or “No-slip” for instance. The muffle wall in contact with the fluid is chosen 

as a “No-Slip” wall. However since the sponge iron bed moves, the area connecting the sponge iron bed 

and conveyor belt domain (illustrated as domain 3 and 4 in Figure 1.2) with the fluid domain (illustrated 

as domain 2 in Figure 1.2)  is chosen as a “Moving wall”. This moving section has a velocity in the z 

direction as 10 cm/min in the reference study in order to simulate that the entire powder passes through 

the modelled section in 10 min (simulated time, chosen to let the system enter steady state). The absolute 

pressure of the fluid is chosen to be 1 atm. 

 

The temperature of the fluid is chosen to be the same as the temperature measured in the "Heat transfer 

with Surface-to-Surface radiation" physic. Thus the temperature is coupled to the laminar flow. The 

studies on the parameters related to the “Laminar flow” are calculated as a steady state. 

 

2.2 Heat transfer 

The physic "Heat transfer in porous media with surface-to-surface radiation" is used in order to take into 

account the radiation from the muffle as well as the fact that the bed is porous. Thus this physic contains 

two solid phase domains (the muffle and the conveyer belt), one fluid domain (the process gas) and 

finally one porous domain (the sponge iron bed). As mentioned earlier in this section of the report, the 

placement of the modelled section is chosen in a zone where effect of the radiation generated by the 

burners is negligible, as illustrated in the principal Figure 2.3, and therefore the model does not include 

radiation absorbed from the combustion chambers. 
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Figure 2.3: A simplified principal figure of where the modelled section is placed in order to neglect the 

impact by the burners generated radiation. 

 

On the muffle’s outer surface area, a convective heat flux is placed to simulate the heating of the muffle 

by convection. In the reference study, the heat transfer coefficient chosen as 12 W/(m2*K) very 

arbitrarily, due to no real data given. The external temperature is chosen as 1220 K in order to correspond 

the real data. The initial value of the muffle temperature is also chosen to be 1220 K for the same reason, 

thus assuming that the muffle already is completely heated. The material of the muffle for this simulation 

is arbitrarily chosen as Steel AISI 4340, since companies expressed not to share this information. 

 

For the fluid domain, the velocity field is chosen to be the same as the one generated in “Laminar flow”, 

thus coupling the two physics. The absolute pressure of the fluid is chosen to be 1 atm. In the fluid’s inlet, 

the temperature is chosen to be above the fluids initial temperature since it is assumed that the fluid have 

been heated a certain amount before entering the modelled section. In this case it is assumed that the fluid 

is heated to 500 K in order to be warmer than the powder domain, yet colder than the muffle. Assuming 

the gas is more warm when it enters the system, the initial temperature of the remaining fluid is chosen to 

be 300 K, in order to be cooler than previous mentioned temperature. The material of the fluid for this 

simulation is arbitrarily chosen as air, since companies expressed not to share this information. 

 

The conveyer belt domain’s material is chosen to be the same the muffle, Steel AISI 4340, for the same 

reason given for that choice of material. Its initial temperature is chosen as same as the powder domain’s 

temperature, 300 K, for the same reason stated for . The inlet of the belt is chosen as a surface of thermal 

insulation. 

 

The sponge iron domain is chosen as a “Porous media” with a volume fraction of 0.63, or 63% metal in 

the reference study, in order to correspond the real data. The remaining volume fraction of the domain 

material is chosen to be the same material as the fluid (Air) with the velocity of 1 cm/s in the negative z-

direction. Assuming the bed is colder when it enters the system, the temperature in the porous media inlet 

is chosen to be 293 K, in order to be slightly below the initial temperature of the remaining powder 

domain, 300 K. This initial value is chosen because it will show how effectively the muffle heats the 



12 
 

powder before the system enters a steady state. This will assist in the explanation of the results. The 

material of the porous media is chosen as iron. 

 

The radiation inside the muffle is taken into account by making the surfaces of the inner muffle wall and 

the outer boundary of the powder and belt domains diffuse surfaces, illustrated in Figure 2.4. However, 

for the muffle, the radiation direction is chosen to be positive to the normal direction of the surface, thus 

pointing inward to the bed and belt due to the assumption that all radiation from the muffle is directed 

inwards. Because of the porous media’s irregular opacity, the radiation direction for this surface is chosen 

as opacity controlled. The used emissivity coefficient in the reference study of the muffle and the belt 

surface is arbitrarily chosen as 0.5, while the emissivity coefficient of the bed is chosen as 0.8. 

 

%The studies related to Heat-transfer are chosen as time dependent over 600 seconds. 

 

Figure 2.4: Illustration of the chosen diffusive surfaces, where the inner muffle wall and the outer 

boundary of the powder and belt domains in the model are marked in blue. This model was created in 

COMSOL Multiphysics. 
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2.3 Parameters of interest 

The studied parameters in this model are listed in Table_2.2. 

 

Table_2.2: List of the parameters studied.  

Parameter explained unit 

eps The surface emissivity of the 

muffle 

No unit 

 fv packing degree of the powder, or 

volume fraction of sponge iron 

the the domain 

No unit 

Ug process gas velocity m/s 

uw conveyer belt velocity m/s 

h heat transfer rate coefficient to 

the muffle from convection 

outside the muffle 

W/s-m^2 

 

These parameters are chosen because they seem “easy” to alter in the manufacturing process. This was 

also explained in the Introduction part of this text.  

 

As mentioned earlier in the text: for each investigated parameter, five studies are made with domain 

probes that calculates an average value for the temperature gradient [K/m] as well as the heat flux 

gradient [W/m3] with the respect to the x- and z-component respectively, in the powder bed domain.  

 

The measurements are done using COMSOL:s domain probes. They are placed on a marked volume of 

the model (in this case domain nr.3 in Figure 1.1, the domain representing the sponge iron powder bed) 

and calculates an average value of the measured unit using integration to the fourth order (default setting). 

For this work, this result is enough to indicate the amount of influence a parameter has on system, since 

even if small portions of the volume are affected, it will be taken into account by the integration 

calculated by the probe. This is because the boundary temperature conditions of the powder domain 

remain unaltered through all the studies, and thus a deviation from the original result will be show. 

Furthermore is the simulation measured with three different types of probes used per study, measuring 

different components of the system. This helps to solidify a sufficient indication of how the parameters 

affect the end result. Of course, a more refined method of measurement would be to plot how the 

temperature varies along a line, however this method was not implemented due to time restriction since it 

would require more measurements per study. 
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2.4 Restrictions with the model 

Since the system includes a moving solid piece of mass, the most accurate way to simulate this would be 

with the “Moving Mesh” physic, since it makes the solid piece move in the simulation. However due to 

time restriction and a required deeper understanding of this physic, this feature is not included in the 

model. Instead the “Moving wall” assumption in “Laminar flow” is used, which generates a more 

simplified scenario, since only the wall in contact with the fluid has a velocity.  

 

 

  



15 
 

 

3.0 Results and discussion 
The reference study was simulated in COMSOL using the inserted data. From this reference study the 

chosen parameters are altered respectively, and for each alteration a new simulation was run. Five of these 

alterations are done per parameter, and the results of each simulation are finally compared the results of 

the reference study, called “original study” in the figures.  
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3.1 Conveyer belt velocity 

Less notable is the conveyer belt velocity parameter, with a very small deviation compared to the other 

results. As Figure 3.2 illustrates, this deviation is not solely related to the last data point of the study, but 

the whole heating curve. The maximum deviation noted in this instance is from study 6, where the 

velocity is the highest. However this deviation is always negative. The maximum positive deviation is 

from study 1, where the velocity is the lowest. Since the powder receives less time to heat up if it travels 

at a higher speed, this result seems valid. Therefore it can be concluded that the conveyer belt velocity’s 

influence in this simulation very small. 

 

 

 
Figure 3.1: Graph of how the powder bed domain’s average heat flux gradient in the z-component varies 

over time of each study. The list to the right represents the different values on the conveyer belt velocity 

(uw) chosen for each corresponding study. It should be noted that the comparison behaves similarly in 

the measurement of dT/dz and dT/dx. 
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3.2 Surface emissivity of the muffle 

On the contrary, the surface emissivity of the muffle, epsilon, has great influence on the results on all the 

measured variables. By observing the Figure 3.2, Figure 3.3 and Figure 3.4 conclusions can be drawn 

that the surface emissivity of the muffle has great influence on the final result, and that a lower surface 

emissivity in general results in a lower more negative gradient. A higher surface emissivity means that the 

surface will behave more like black body; absorbing more of the ambient radiation (which for this model 

consists of the radiation emitted by the powder bed and conveyor belt), which will increase the muffle’s 

temperature and in turn cause it to emit more heat radiation, which can be absorbed by the powder bed. 

As presented by Nickolas J. Themelis in a table of surface emissivity for different materials in “Transport 

and Chemical rate Phenomena”, a more polished material has lower surface emissivity, while for example 

a more oxidized surface a higher surface emissivity [6, page 186]. An oxidized, or less polished muffle 

surface does therefore, according to this simulation, increase the heat flux gradient in the z-component, 

decrease the negative temperature gradient with respect to the x component and increase the temperature 

gradient with respect to the z-component. The behaviour of the dT/dx-result (Figure 3.3) is explained 

later in the report. 

 

 

 
Figure 3.2: Graph of how the powder bed domain’s average heat flux gradient varies over time of each 

study. The list to the right represents the different values on the surface emissivity of the muffle (eps) 

chosen for each corresponding study. 
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Figure 3.3: Graph of how the powder bed domain’s average temperature gradient in the x-component 

varies over time of each study. The list to the right represents the different values on the surface 

emissivity of the muffle (eps) chosen for each corresponding study. 

 

 

 
Figure 3.4: Graph of how the powder bed domain’s average temperature gradient in the z-component 

varies over time of each study. The list to the right represents the different values on the surface 

emissivity of the muffle (eps) chosen for each corresponding study.  
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3.3 Process gas velocity 

Another of the parameters with a less impactful effect compared to the reference study, or the original 

study, is the process gas velocity. On the heat flux gradient and the temperature gradient with respect to x, 

the process gas velocity results in a deviation between -6% to 1% for the first four studies, which is 

illustrated in Figure 3.5 and Figure 3.7. However, the graph plotted in Figure 3.6 comprises that this 

parameter as more impact on the temperature gradient in the x-axis, strongly indicating that a higher 

velocity exhibits a higher value for the gradient, thus making the heating of the powder less homogenous. 

 

 

 
Figure 3.5: Graph of how the powder bed domain’s average heat flux gradient in the z-component varies 

over time of each study. The list to the right represents the different values on the process gas velocity in 

the negative z-direction (ug) chosen for each corresponding study. 
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Figure 3.6: Graph of how the powder bed domain’s average temperature gradient in the x-component 

varies over time of each study. The list to the right represents the different values on the process gas 

velocity in the negative z-direction (ug) chosen for each corresponding study. 

 

 

 
Figure 3.7: Graph of how the powder bed domain’s average temperature gradient in the z-component 

varies over time of each study. The list to the right represents the different values on the process gas 

velocity in the negative z-direction (ug) chosen for each corresponding study.  
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3.4 Packing degree 

The packing degree of the iron sponge powder, or the volume fraction of sponge iron bed (fv), is one of 

the more influential parameters of this study. This can be observed in Figure 3.8, Figure 3.9 and 

Figure 3.10, where it deviates from the original result with a percentage between -73% and 40%. A 

general conclusion can be drawn from graphs is that a lower volume fraction results in a greater absolute 

value for the gradient, hence making the heating more inhomogeneous. The contrary case seems to result 

in the opposite, resulting in a decreasing absolute value for all the gradients. This can be considered a 

valid result since a more solid piece of metallic material is more conductive, due to air being a less 

conductive medium than metall. A more less conductive material will thus have more locally heated 

areas, resulting in a more inhomogeneous heated piece.  

 

 
Figure 3.8: Graph of how the powder bed domain’s average heat flux gradient in the z-component varies 

over time of each study. The list to the right represents the different values on volume fraction of the 

sponge iron (fv), or packing degree, chosen for each corresponding study. 
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Figure 3.9: Graph of how the powder bed domain’s average temperature gradient in the x-component 

varies over time of each study. The list to the right represents the different values on volume fraction of 

the sponge iron (fv), or packing degree, chosen for each corresponding study. 

 

 

 
Figure 3.10: Graph of how the powder bed domain’s average temperature gradient in the z-component 

varies over time of each study. The list to the right represents the different values on volume fraction of 

the sponge iron (fv), or packing degree, chosen for each corresponding study.  
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3.5 Heat transfer rate coefficient 

The heat transfer rate coefficient from the muffle exterior to the outer muffle wall is investigated, and for 

it to have a more significant deviation from the original study, it had to be changed drastically compared 

to the other parameters. This can be observed in Figure 3.11, Figure 3.12 and Figure 3.13. A higher 

coefficient will result in the muffle becoming warmer due more heat being transferred to it from the 

outside. In turn this will exhibit in more energy being transferred to the sponge iron bed from the muffle, 

however it seems to result in more local heating of the domain of interest since the graphs show an 

increased gradient with a higher heat transfer rate coefficient. However, this contradicts the result of 

Figure 3.3, since this result exhibit a more homogenous heating of the powder bed, despite that both esp 

and h will result in a warmer muffle. 

 

 

 
Figure 3.11: Graph of how the powder bed domain’s average heat flux gradient in the z-component 

varies over time of each study. The list to the right represents the different values on the heat transfer rate 

coefficient from the exterior atmosphere to the muffle walls (h) chosen for each corresponding study. 
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Figure 3.12: Graph of how the powder bed domain’s average temperature gradient in the x-component 

varies over time of each study. The list to the right represents the different values on the heat transfer rate 

coefficient from the exterior atmosphere to the muffle walls (h) chosen for each corresponding study. 

 

 
Figure 3.13: Graph of how the powder bed domain’s average temperature gradient in the z-component 

varies over time of each study. The list to the right represents the different values on the heat transfer rate 

coefficient from the exterior atmosphere to the muffle walls (h) chosen for each corresponding study. 

 

 

The result where the parameters trends to go opposite directions are in graphs showing the temperature 

gradient with respect to x (dT/dx) over time, in Figure 3.3 and Figure 3.12. The respective graphs show 

that the dT/dx becomes more negative with an increasing h-value and becoming less negative for a 
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increasing eps-value. However, it should also be noted that in Figure 3.12 for eps = 1.0, the temperature 

gradient with respect to x remains positive much longer than h = 100 W/m
2
K. This means that the centre 

of the powder domain (x = 0) remains colder than the boundaries at the edge of the x-axis for a longer 

time, until the curve cross below the t-axis. It should alas also be noted that the temperature of the muffle 

is higher with the increased highest calculated h-value, as shown in Figure 3.14, and this will help to 

explain the difference in result for Figure 3.3 and Figure 3.12. 

 

As stated earlier, a muffle with higher temperature will emit more radiation. What this will exhibit is that 

more the muffle’s  emitted radiation will be absorbed by the powder domain with the smallest area (which 

is the boundary perpendicular to the x-axis), due to the related equations of diffusive surfaces are much 

dependent on temperature [6, page 189]. If the muffle stays at a higher temperature it will exhibit more 

radiation for the boundary at the edge of the x-axis to absorb, and thus increase in temperature. As a 

result, this will make the boundary warmer than the rest of the powder bed domain, which in turn creates 

a higher temperature gradient with respect to the x-axis. 

 

 

 
Figure 3.14: Graph of how the average temperature of the muffle inner walls over time. What the 

different curves represents is listed to the right, where “eps” is the surface emissivity of the muffle while 

“h” is heat transfer rate coefficient between the combustion chamber and the muffle’s exterior wall. The 

data used is from the fifth study for both parameters. 
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3.6 Overview 

The aim for this work is to compare the impact each parameter has on the simulation. This comparison is 

illustrated in Figure 3.15, Figure 3.16 and Figure 3.17, and was done by using the last data point (at t= 

600 s) of each study separately and dividing the received value with the corresponding data point in the 

reference study, or the original study, and finally subtract this result with 1 and finally multiply with 100.  

 

The reason for using the last data point as the referenced value, is because each study seems to follow an 

asymptote towards the end of the calculated domain of function. This is most likely because the system is 

entering a steady state, which is most likely the state where the actual furnace is in. 

 

In general, the parameters with the most notable effect on dq(z)/dz, dT/dx and dT/dz are the surface 

emissivity (esp), packing degree of the powder (fv) as well as the heat transfer rate coefficient (h).  

 

 

 
Figure 3.15: An illustration bar chart of how much each study for the listed parameters (h, ug/U_g, fv, 

uw/U_w and eps) deviates from the result in the reference study (original study) of the heat flux gradient 

in the z-component with respect to the z-axis. The horizontal axis is the deviation of each study, which are 

represented by its own colour. The larger coloured bar, the higher is the impact of that study on that 

parameter. 
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Figure 3.16: An illustration bar chart of how much each study for the listed parameters (h, ug/U_g, fv, 

uw/U_w and eps) deviates from the result in the reference study (original study) of the temperature 

gradient in the x-component. The horizontal axis is the deviation of each study, which are represented by 

its own colour. The larger coloured bar, the higher is the impact of that study on that parameter. 

 

 

  
Figure 3.17: An illustration bar chart of how much each study for the listed parameters (h, ug/U_g, fv, 

uw/U_w and eps) deviates from the result in the reference study (original study) of the temperature 

gradient in the z-component. The horizontal axis is the deviation of each study, which are represented by 

its own colour. The larger coloured bar, the higher is the impact of that study on that parameter.  
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4.0 Conclusion 
Numerically coupled laminar flow and heat transfer equations were successfully calculated with 

COMSOL multiphysics 5.0 in order to analyze the sensitivity of the heating curves of a sponge iron 

powder bed in a muffle furnace, with respect to the packing degree of the powder, surface emissivity of 

the muffle, process gas velocity, conveyor belt velocity and the heat transfer rate coefficient to muffle 

from the combustion chambers. The process gas- and the conveyor belt velocity are according to this 

study, parameters of minor impact. Furthermore, they influence the result mostly negatively since a 

higher value will decrease the performance heating effect of the powder or make the heating less 

homogenous, while a lower value only would alter the performance between -6% to 1%. This will not be 

enough to compensate a lower heating effect from the burners in a significantly positive way. 

 

The heat rate transfer coefficient is on the contrary of greater positive impact, but is more dependent on 

the conditions of the combustion chambers surrounding the muffle. As stated in the introduction, this is 

not an area of focus in this report.  

 

Packing degree of the powder (for this work calculated as the volume fraction of solid material in a 

porous medium) and surface emissivity of the muffle are also more influential parameters. In addition, 

they also are more easily controlled.  

 

The aim for the industry should, according to this simulation, be set on using an unpolished surface on the 

muffle (an oxidized surface is an effective way for acquiring this) in order to obtain as close as a black 

body behaviour as possible. This will make the muffle warmer since it would absorb more radiation from 

its ambience and thus increase in temperature, which in turn will result in the muffle emitting more heat 

radiation for the powder bed to absorb. Combine this with acquiring a maximally packed powder bed in 

order to receive the most homogenous heating of the powder bed due to a more overall conductive sponge 

iron bed where heat spreads effectively, and this could in total potentially compensate some of the energy 

lost from the decreased effect from the burners. 
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5.0 Future studies 
As mentioned earlier, the impact of the burners and the remaining components in the combustion chamber 

have not been investigated in this work. This could be a subject for a future study since this would 

especially impact the result of the surface emissivity’s effect on the powder heating, since the burners also 

emit radiation.  

 

It should also be noted that there exists more parameters to be examined, like the thickness of the muffle 

or the composition of the process gas, parameters that also could be of interest for the industry to 

investigate. 
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