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ABSTRACT 

Iron ore pellets are a highly refined product and for companies such as LKAB it is 
important to constantly improve the pelletization in order to enhance production and 
improve product quality. A long term goal has been established to develop and 
considerably refine tools and techniques with which the drying zone of a pelletizing 
plant can be optimized. The aim with this research project is to numerically 
investigate how material and processing parameters influence the drying. This will 
be applied to several scales: i) The constituents of the pellets, their properties and 
geometry. ii) The geometry of the pellet, their permeability and size distribution. iii) 
The geometry of the bed and the processing conditions including the state of the air 
(ex. humidity, temperature and velocity).  
 To start with, a pellet bed model of velocity and temperature distribution in the 
up-draught drying zone without regard to moisture transport is developed with aid of 
Computational Fluid Dynamics (CFD). Results from simulations show a rapid 
cooling of air due to the high specific surface area in the porous material. It is 
concluded that heat and moisture transport also should be investigated on a smaller 
scale in order to get a proper estimation of velocity and temperature distribution in 
the porous bed. Following this work, heat and mass transport within a single pellet 
during drying is modeled. Heat transfer and convective transport of water and air 
through the capillaries of the porous media is computed and vaporization by boiling 
is taken into account. A sensitivity analysis shows that it is important to use a 
realistic value of the convective heat transfer coefficient when the vaporization of 
water is a dominating drying mechanism while the temperature of the solid and 
capillary movement of water is not influenced to the same extent. The derived model 
is applicable to a number of numerical set up such as a single pellet placed in infinite 
space.  
 To further develop a single pellet model, forced convective heating of a porous 
media with surrounding flow field taken into account is first examined. A two 
dimensional model with properties similar to that of an iron ore pellet is therefore 
numerically investigated. With interface heat transfer condition provided by CFD, 
the heat transfer and fluid flow around and within a porous cylinder is examined. 
The results lay foundation of future development of a single pellet drying model 
where heat and mass transfer models are combined and coupled to the surrounding 
flow field.  
 
 





SUMMARY OF PAPERS 

Paper A  

Simulation of heat transfer and fluid flow in a porous bed of iron ore pellets during 
up-draught drying 

A model of velocity and temperature distribution in the up-draught drying zone is 
here developed with aid of Computational Fluid Dynamics. The velocity distribution 
in the porous bed is described by laws of fluid dynamics in porous media. The 
dominating heat transfer mechanism is convection and two energy equations are 
required since the porous media region contains both fluid and solid. Result from 
simulations show a rapid cooling of air due to the high specific surface area in the 
porous material. Conclusions are that it is possible to simulate convective heat 
transfer within a porous media in ANSYS CFX 10.0 even though there are some 
limitations that need further investigation. Moisture content and condensation in the 
bed are not included in the present model and is therefore subject to future work.  

Paper B   

Heat, mass and momentum transfer within an iron ore pellet during drying 

To examine the pelletization process in detail, heat and mass transfer within a single 
pellet during drying is modeled with aid of Computational Fluid Dynamics. A two 
dimensional rectangular domain is chosen to represent the porous media within the 
pellet and the governing equations are set up for one directional flow through it with 
boiling as dominating vaporization mechanism. To start with, iteration errors and 
discretization errors are found to be negligible. Following this a sensitivity analysis 
shows that it is important to use a realistic value of the convective heat transfer 
coefficient when vaporization of water is the dominating drying mechanism while the 
temperature of the solid and capillary movement of water is not influenced to the same 
extent. The derived model can be applied to a number of numerical set-ups such as a 
single pellet in infinite space. 

Paper C 

Fluid flow and heat transfer within and around a porous iron ore pellet placed in 
infinite space  

The forced convective heating of a porous cylinder with properties similar to an iron 
ore pellet is here numerically investigated. The numerical setup is based on a two 
dimensional micro porous model with surrounding flow field taken into account. 
The simulations are carried out with special attention directed towards minimizing 
numerical errors and with interface conditions provided by CFD, simulations show 
an increased heat transfer rate for the porous cylinder when compared to a solid. It is 
of highest importance that continued developments of the model are subjected to 



proper verifications and validations being in-line with the validations and 
verifications presented in this paper. 
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ABSTRACT 
Iron ore pellets are one of the most refined products for companies such as 
LKAB and it is therefore a global need for research in the area in order to 
optimize the production and improve quality. This work aim at modeling and 
optimizing the drying zone of a traveling grate pelletizing plant and to start 
with, a model of velocity and temperature distribution in the up-draught 
drying zone is developed with aid of Computational Fluid Dynamics. The 
velocity distribution in the porous bed is described by laws of fluid dynamics 
in porous media. The dominating heat transfer mechanism is convection and 
two energy equations are required since the porous media region contains 
both fluid and solid. Result from simulations show a rapid cooling of air due 
to the high specific surface area in the porous material. Conclusions are that 
it is possible to simulate convective heat transfer within a porous media in 
ANSYS CFX 10.0. There is however some limitations when using the 
diffusive transport equation as the solid phase energy equation that need 
further investigation. Moisture content and condensation in the bed are not 
included in the present model and is therefore subject to future work.  

NOMENCLATURE 
asf specific surface area of the packed bed [m-1]  

 thermal diffusivity [m-2 s-1] 
A area perpendicular to flow direction [m2] 
cp specific heat at constant pressure [J kg-1 K-1] 
Dp sphere particle diameter [m] 
 porosity 

hsf convective heat transfer coefficient [W m-2 K-1] 
k thermal conductivity [W m-1 K-1] 
K permeability [m2] 

 density [kg m-3] 
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p pressure [Pa] 
Q volume flow [m3 s-1] 
t time [s] 
T  temperature [ºC] 
u  velocity [m s-1] 
U  superficial fluid velocity [m s-1] 

 dynamic viscosity [kg m-1 s-1] 
 
Subscripts 
f fluid  
s solid  

INTRODUCTION 
Before iron ores enter the blast furnace, it is necessary to remove a great 
portion of the mineral ballast components by graining. To remove these 
contaminations, concentrates are very fine grained and agglomeration is 
therefore necessary. Agglomeration can be achieved by pelletizing and 
sintering. Ores containing large quantities of contaminations must be very 
fine-grained, and can therefore only be used for pellets. Due to advantages 
such as good transportability and mechanical strength, pellets are sometimes 
produced from good iron ore as well. Pellets are thus sintered spheres with 
high iron content. The average diameter for iron ore pellets is about 12 mm 
and 99 % of all pellets have a diameter in the range 6.3 -16 mm and 70 % of 
these are, in their turn, within the interval 10-12.5 mm.  
 
Pellets can be indurated in shaft furnaces, in grate-kilns and on traveling 
grates. The principle of sintering pellets is almost the same in grate-kilns and 
on traveling grates. The process starts with up- draught drying (UDD), 
followed by down- draught drying (DDD), a preheating zone, a burn zone 
and a cooling zone. The zone for burning is called firing on traveling grates 
and in great kiln for kiln. In the burning zone, magnetite is transformed to 
hematite through oxidation.  
 
Before entering the drying zone, green balls are packed in a continuous bed. 
There are, as already mentioned, two possible flow directions for the drying 
air. Often a combination of these two types of drying are used, in order to 
make the lower layers more resistant to pressure. In UDD, hot air will make 
the lower part of the bed dry quickly but the air will soon cool from its inlet 
temperature to its evaporation temperature, which may lead to condensation 
in the upper part of the bed. The green balls are weakened when water 
condensate in the bed and this is one of the reasons why there is a limitation 
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in bed height. When the green balls reach DDD, their strength has improved 
enough to avoid problems due to condensation. The heat supplied has to be 
controlled so that the moisture existing in the pores can escape through the 
capillaries without any over-pressure which would weaken the pellet 
structure. This phenomenon when over-pressure occurs is called chock 
drying and is one of the greatest limitations in inlet air temperature. Another 
reason to keep the temperature fairly low is the risk for early oxidation [1]. 

THEORY 
The governing equations for fluid flow are given as follows [2]: 
 
Continuity equation   

0u
t

      (1) 

Momentum equation 

Fuu 2p
t

.          (2) 

There are various forms of the momentum equation porous medium 
analogue to the Navier-Stokes equation. The commonly used Darcy's law is 
in refined and one dimensional form expressed as [3]  

A
Q

Kdx
dp .     (3) 

The coefficient K, called permeability in single phase flow, is independent of 
the nature of the fluid and is exclusively given by the geometry of the 
medium. Darcy’s law is valid as long as Reynolds number based on average 
grain diameter does not exceed some value, often between 1 and 10 [4]. As 
the velocity increases, the transition to nonlinear drag is quite smooth. This 
transition is to start with not from laminar to turbulent flow since at such 
comparatively small Reynolds number the flow in the pores is still laminar. 
The breakdown in linearity is rather due to increased inertia and is therefore 
a consequence of the tortuosity of the porespace. An equation that quite 
often fits data well over the entire range of Reynolds number is the Ergun 
equation [5]   
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Regarding heat transfer, convection is the mode of energy transfer between a 
solid surface and the adjacent liquid or gas in motion and it involves the 
combined effects of conduction and fluid motion. Since motion of fluid is 
involved, heat transfer by convection is partially governed by the laws of 
fluid mechanics. Since the region with the porous media contains both fluid 
and solid, two energy equations are required. The energy equations can be 
presented in following form by taking averages over an elemental volume of 
the medium [6].  
 
Fluid phase energy equation:                     

)( fssfsfff

ffp
f

fp

TThaTk

Tc
t

T
c v .    (5) 

Solid phase energy equation:  

)(1

1

sfsfsfss

s
sp

TThaTk
t

T
c .    (6) 

The last terms in Eq. 5 and 6 have their origin in Newton’s law of cooling. 
The convective heat transfer coefficient, hsf, is an experimentally determined 
parameter whose value depends on all variables influencing convection such 
as the surface geometry, the nature of fluid motion, the properties of the fluid 
and the bulk fluid velocities [7]. Specific surface area, asf, is stated by the 
following expression which is developed from geometrical  
considerations [6]  

p
sf D

a )1(6 .     (7) 

COMPUTATIONAL FLUID DYNAMICS 
CFX 10.0 uses the Finite Volume (FV) method as discretization approach. 
The solution domain is therefore subdivided into a finite number of 
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contiguous control volumes (CV), and the conservation equations are 
applied to each CV.  
Numerical solutions for fluid flow problems have various types of 
unavoidable errors, mainly modeling errors, discretization errors and 
iteration errors. Since the first one requires experiments to be determined in 
this case, focus is set on the latter errors [8].  

Discretization error can be defined as the difference between the exact 
solution of the governing equations and the exact solution of the discrete 
approximation. Discretization errors can be estimated by retrieval of an 
extrapolated value when measurements from different grids are available [8].  

Iteration error can be defined as the difference between the exact and the 
iterative solution of the discretized equations. The iteration error should be 
of an order of magnitude lower than the discretization error. If the error level 
at the start of computation is known, the error will fall 2-3 orders of 
magnitude if the norm of residuals has fallen 3-4 orders of magnitude. This 
would imply that the first two or three most significant digits will not change 
in further iterations, and that the solution is accurate within 0.01-0.1 %.   
The dimensionless parameter Courant number is one of the key parameters 
in transient CFD simulations and is defined as  

x
tuc               (8) 

being the ratio of time step t to the characteristic convection time u/ x that 
is the time required for a disturbance to be convected a distance x. When 
using explicit methods as transient schemes, the criterion to be satisfied is c 
< 1. Larger courant numbers are allowed when using the backward or 
implicit Euler method as transient scheme, but using too large values can 
lead to loss of numerical accuracy and each time step must have iterative 
convergence [8]. 

MODELING 
The following assumptions are now introduced: 

 Pellets are regarded as incompressible solid spheres with uniform 
diameter of 12 mm. 

 The flow is assumed to be two dimensional with no regard taken to 
thermal- or mass flow from the bed surroundings. Effects due to 
movement of the bed are also neglected.  

 Moisture content in the bed is not taken into account. Material 
parameters such as density and conductivity are based on sintered 
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pellets and are assigned constant values from Meyer [1] and earlier 
work at LKAB (See Appendix A).  

 A bed of green balls is expected to have greater variation in porosity 
than a bed of fired pellets. Measurements of natural variation in 
packing of green balls are however not available and the variation is 
therefore estimated to be around 15% with a mean value of 0.41. 
The layer of fired pellets is approximately 0.1 m and is given a fix 
porosity of 0.39 which is an average porosity calculated from pellet 
density and bulk density.   

 Since heat in a bed of pellets is up to 90% transferred by convection, 
all other heat transfer mechanisms will be left out of calculation.  

 Only up- draught drying is investigated.  
 The inlet air temperature is 300 ºC and the initial temperature of the 

air and pellet in the bed is 35 ºC in UDD. 
 Thermal dissipation is not taken into account. 

 
With these assumptions a porous domain is used to account for the porous 
material. When simulating heat transfer in porous media with ANSYS CFX 
10.0, the fluid energy equation (Eq. 5) is automatically taken into account. 
However, a source term equal to the last term in Eq. 5 divided by  must be 
added in order to solve for the convective heat transfer between solid and 
fluid.  
 
The solid energy equation (Eq. 6) is not taken into account automatically, 
but may be included as a diffusive transport equation by the use of an 
additional variable. A source must be added here as well to account for the 
interaction between solid and fluid. Additional Variables (AV) are non-
reacting, scalar components which are transported through the flow and 
ANSYS CFX 10.0 typically interprets additional variables as 
‘concentrations’ within the fluid domain. In this case, the additional variable 
should provide a local average temperature in the solid material. The 
diffusive transport equation on specific form has the appearance 

S
t f

f )(
    (9) 

Since Eq. 9 is supposed to represent Eq. 6, the additional variable  and the 
thermal diffusivity  are stated as following: 

f

psssolid cT 1
   (10) 
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By substituting Eq. 10 and Eq. 11 with Eq. 9, the following transport 
equation is obtained: 

f

solidpss

pss

s
f

solidpss

Tc
c

k

S
t

Tc

)1(

)1(

.   (12)

  

Eq. 12 implies some limitations in porosity and fluid density variations. 
Fluid density must be independent of temperature, pressure and location and 
the fluid used in calculations is therefore given constant material parameter 
values based on the mean temperature in the model. Porosity must, in the 
same way as density, have a constant value in the energy equations. It is 
however possible to let flow through the bed be a function of this variation 
in porosity, since the expressions of the linear and quadratic coefficients of 
Eq. 4 are specified in the porous loss model. Layers of different porosity due 
to differences in size and packing for green balls and fired pellets are 
implemented in the model with aid of step functions. To account for natural 
variation, randomly selected values of porosity within the interval 0.38-0.44 
are interpolated over the whole region of green balls. A porosity value based 
on a volume average of the described variation is used in the energy 
equations.  
 
A value of normal speed is applied at the inlet for stability reasons. The 
magnitude of the velocity is approximated from available process values of 
mass flows and velocities. The inlet superficial velocity is from this 
approximation given a value of 3.8 m/s. Since the value of velocity is based 
on a temperature of 300 ºC, the velocity used as inlet boundary condition is 
recalculated with respect to density changes and set to 2.7 m/s. The outlet 
boundary condition is set to static pressure with zero as relative pressure.  By 
taking the transfer coefficient as zero for the solid temperature inlet 
boundary condition, the only heat transfer between solid and fluid is done by 
the convective term in Eq. 5 and Eq. 6. Thermal energy is chosen as heat 
transfer model and gravity is neglected in the model.  
 
The flow is assumed to be turbulent, based on the theory by Nield [3], since 
the pore Reynolds number for the conditions described above is  3200. 
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There are numerous turbulence models under investigation for flow in 
porous media. For example, Masuoka and Takatsu [9] proposed the 0- 
equation model, Antohe and Lage [10] a macroscopic turbulence k-  model 
and Kuwahara et al. [11] performed a large eddy simulation (LES) study. 
Simulations in this work are carried out with a standard k-  turbulence model 
with default intensity and length scale and automatic eddy dissipation since 
this model is expected to provide a good compromise in computational 
effort, robustness and accuracy. It is important to note that such a turbulence 
model only will take macroscopic turbulence effects into account and 
turbulence due to the porous matrix in a microscopic sense will be left out of 
calculations.  Since only two dimensional flow effects are taken into 
account, the geometry of the bed is simplified in order to save computational 
time. By using a symmetry condition, only one half of the width of the 
geometry has to be included. Since the flow is assumed to be two 
dimensional, only one element in z- direction is used and symmetry 
conditions on the two boundaries are applied. A no slip boundary wall 
condition is imposed at the leaning wall. The bed height is 0.55 m and the 
top and bottom width of this bed is 3.654 m and 3.5 m, respectively. The 
simplified geometry together with boundary conditions is presented in 
Figure 1.   

 
Figure 1: Simplified geometry with boundary conditions. 

Specified blend factor 1.0 is used as advection scheme and second order 
backward Euler as transient scheme. 

RESULTS 
A grid convergence test based on results from isothermal, steady state 
simulations with three consecutive grids is done in order to estimate the 
magnitude of the discretization error. Values of area average inlet pressure 
are used for the error analysis and the result is presented in Table 1. The 
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RMS residual target is set to 1e-7 as convergence criteria, which in this case 
represents a reduction of iteration error with at least 2-3 orders of magnitude. 
 

Grid 
No. 

No. of 
nodes 

Normalized 
number of nodes 

Area average inlet 
pressure [Pa] 

1 122042 1 5129.58 
2 65520 1.86 5129.83 
3 30940 3.94 5130.49 

Table 1: Results from grid refinement study. 

The results of the grid refinement study show monotone convergence. The 
polynomial curve in Figure 2 indicates that the results are in the asymptotic 
range and an extrapolated value of pressure for an infinitely fine mesh is thus 
obtained.   
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Figure 2: Area average inlet pressure as a function of normalized number of 
nodes. 

The extrapolated value and the corresponding estimated errors are shown in 
Table 2. The coarsest grid is used in all further simulations in order to save 
computational time.    
 

pextra [Pa] Error Grid 1 
(%) 

Error Grid 3 
(%) 

5129.31 0.0053 0.023 

Table 2: Results from discretization error analysis. 

The porosity distribution in the bed is presented in Figure 3. The natural 
variation of porosity is interpolated from ten randomly selected points and 
the corresponding flow distribution is presented in Figure 4. 

  9



 
 

 
Figure 3: Porosity distribution. 

 
Figure 4: Velocity distribution. 

For illustration of temperature distribution in fluid and solid, a transient 
simulation is carried out with iterative convergence criteria’s fulfilled since a 
reduction of RMS residuals of at least three decades is achieved for every 
timestep. Evaluation of fluid temperature is illustrated in Figure 5 and the 
corresponding alteration in solid temperature in Figure 6. The graphs present 
temperature dependence on height at different times.  
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Figure 5: Fluid temperature distribution at x=0 m presented at t=0 s, t=15 s, 
t=30 s and t=45 s. 

 
Figure 6:  Solid temperature distribution at x=0 m presented at t=0 s, t=15 s, 
t=30 s and t=45 s. 
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DISCUSSION AND CONCLUSIONS  
This work demonstrates the possibility of doing heat transfer models in 
ANSYS CFX 10.0 that calculates solid and fluid temperatures. Current 
limitations are limitations in density and porosity variation. The presented 
model show heat transfer tendencies, but to get a proper estimation of 
velocity and temperature distribution in the porous bed, further 
improvements are needed. It is also of high importance to make validating 
experiments to compare with the simulation model in the future.   
 
Flow effects due to movement of the bed and other influences from the 
process need to be further investigated as well as effects on heat transfer due 
to microscopic and macroscopic turbulence. In order to fully clarify drying 
of pellets, heat and moisture transport should also be investigated on a 
smaller scale since the present model does not take small scale effects into 
account.  
Due to the complex porosity distribution in the bed, it is important to use 
appropriate approximations in order to make the permeability a function of 
both time and location. In this work, an investigation is made on how to 
implement such variations in CFX 10.0. It is however important to stress that 
the values used in the model are based on rough approximations and should 
not be considered otherwise. This work, however, facilitates further 
investigations on how to describe the bed in a proper way.  
 
Both iteration errors and discretization errors should be negligible in 
comparison to modeling errors, since the assumptions in the model are 
arbitrary and convergence is achieved in all simulations.  
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APPENDIX A 
Parameter Value Dimension 
Density 3700  Kg m-3
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Convective heat transfer 
coefficient 

190  W m -2 K 

Average diameter 0.012  m 
Porosity 0.39  
Specific heat capacity 560  J kg-1 K-1

Thermal conductivity  0.4 W m-1 K-1

Table A.1: Material parameters for fired pellets 
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ABSTRACT  Iron ore pellets are one of the most refined products for mining 
industry. Being such, there is a natural driving force to enhance the pelletization 
in order to optimize production and improve quality especially since the 
process is time and energy consuming. In order to be successful it is of highest 
importance that the pelletization process is known in detail. Following this 
demand, heat and mass transport within a single pellet during drying is 
modeled with aid of Computational Fluid Dynamics. A two dimensional 
quadratic domain is chosen to represent the porous media within the pellet and 
the governing equations are set up for one directional flow through it. 
Convective transport of water and air through the capillaries of the porous 
media is computed from Darcy’s law being adapted to a two-fluid system. 
Vaporization by boiling is taken into account and two energy equations are 
used to calculate the temperature distribution, one for the liquid and solid, and 
one for the gas. To start with, iteration errors and discretization errors are found 
to be negligible. Following this a sensitivity analysis shows that it is important 
to use a realistic value of the convective heat transfer coefficient when the 
vaporization of water is the dominating drying mechanism while the 
temperature of the solid and capillary movement of water is not influenced to 
the same extent. The derived model can be applied to a number of numerical 
set-ups such as a single pellet in an infinite space. 
 

NOMENCLATURE 
 
asf specific surface area of the packed bed [m-1]  
d sphere particle diameter [m] 
 porosity 

K permeability [m2] 

1 



Kr relative permeability  
S  saturation 
Sir irreducible saturation 

 energy source term [W m-3 K] 
 

INTRODUCTION 
 
Iron ore pellets are a highly refined product and it is important to constantly 
improve the pelletization in order to enhance production and improve 
product quality. Before the pellets are indurated, green pellets made of 
refined iron ore, water, binder and some chemicals important for the process, 
are stacked to form a continuous bed. In a traveling grate pelletizing plant, 
the process then starts with up- draught drying (UDD) meaning that hot air is 
driven through the bed from beneath it and upwards. The green pellets in the 
lower part of the bed are thus dried first with a corresponding increase of 
their strength. The air will, however, soon cool from its inlet temperature to 
its dew point possible leading to condensation in the upper part of the bed. 
The subsequent scenario is that the green pellets are weakened and may 
collapse if the bed is too high. In order to compensate for the resulting 
uneven distribution in water content the air is directed down through the bed 
in the down- draught drying (DDD) stage. Before the bed reaches this stage, 
the strength of the green balls in the lower part of the bed must have 
improved enough to withstand the added pressure generated by the flowing 
air.  
The drying of a bed of iron ore pellets can be treated on several scales. Focus 
is here set on the transport within a pellet in order to form a sound base for 
future studies on the drying of single pellets, arrays of pellets and finally a 
bed of pellets (Ljung, 2006). Moisture transport through a single pellet can 
according to Meyer (1980) be divided into three stages. The first stage is the 
constant rate drying period. Here water transport is due to capillary forces. 
The period continues until the moisture inside the pellets is no longer 
transported to the surface with the same speed as the evaporation occurs. In 
the next stage, falling rate period, the moisture moves mainly by diffusion 
and the moisture front moves towards the core of the pellet. In the third 
period, hygroscopic and chemically combined water is evaporated. It is 
argued that the first two stages will coexist (Tsukerman, 2007; Clark, 1981). 
Crucial is that the moisture generated within a pellet can escape through the 
capillaries without damaging the structure. This phenomenon when the 
pressure of the gas becomes too high is called chock drying and is one of the 
greatest limitations of the inlet air temperature. Another reason to keep the 
temperature fairly low is the risk for early oxidation. After being dried the 
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pellets move through a preheating zone, a burn zone and a cooling zone. In 
order to improve the pelletizing process, a long term goal has been 
established to develop and considerably refine tools and techniques with 
which the drying zone can be optimized, i.e. the restrictions expressed above 
should be driven to their limits enabling a secure manufacturing of superior 
quality pellets at relatively low costs and with as little energy as possible.  
Drying has during a large period of time played an important role in 
industrial processing of food, paper, wood and minerals. The theory of 
drying is on the contrary still under development and there are several 
mathematical descriptions of the drying phenomenon (Waananen, 1993). For 
example Lewis (1921) assumed diffusion of moisture (liquid) to the surface 
and a corresponding evaporation from the surface, Luikov (1966) suggested 
a theoretical drying model based on irreversible thermodynamics where 
moisture and temperature are described by a set of partial differential 
equations. An often employed theory is that proposed by Whitaker (1977) 
where the governing equations are obtained from volume averaging of the 
microscopic conservation laws and liquid transport within the porous media 
is modeled with a version of Darcy’s Law. More recent articles describing 
general modeling of the drying process (Plumb, 2000; Hager, 2000; 
Erriguible, 2005) indicate that Whitaker’s theory is still in use. Mathematical 
description of the drying of iron ore pellets has been made by Huang (1993) 
and Tsukerman (2007), the latter describing drying of individual pellets by 
the use of a shrinking core model. Regarding simulations of the drying 
phenomenon, Kaya (2006) used a finite difference based numerical method 
to calculate heat and mass transport by diffusion. Erriguible (Erriguible, 
2005; Erriguible et al., 2006) presented a method for the problem of heat and 
mass transfer between a porous medium and its surrounding. Zili (1999) 
simulated drying of a granular material using a finite volume method.  
In this work, fundamental equations describing the simultaneous transport of 
air, water and vapor inside a porous media will be applied to the specific 
case of iron ore pellet drying. The process of will be studied by adopting a 
Computational Fluid Dynamics (CFD) code to the theory developed by 
Whitaker (1977). The result of this will be discussed and some conclusions 
will be presented. 

 
THEORY 

 
The governing equations are here described for the transport of heat and 
mass within the porous pellet.  
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Continuity equations  
To start with, continuity for respective phase must hold according to (Kundu, 
2002),  
 

m
t ll

l u                                            (1) 

m
t gg
g u              (2) 

 
where the interchange of mass between the liquid phase and the vapor phase 
in the porous pellet is represented by .  m
 
Momentum equations  
In order to describe the liquid transport of water and air through the porous 
pellets, a porous media momentum equation analogue to the Navier-Stokes 
equation is used. Since the magnitude of the velocity inside the pellet is 
expected to be small, Darcy's law is applied in refined two fluids and one 
dimensional form as described by the following expressions (Chen et al., 
2006) 
 

g
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KK
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The permeability K is independent of the properties of the fluid and is 
exclusively given by the geometry of the porous medium. One of the most 
widely accepted derivations of permeability and its relationship to porous 
media was proposed by Kozeny and later modified by Carman and has the 
form (Bear, 1988)   
 

2

23

1180
dK .       (5) 

 
The coefficients Krg and Krl are the relative permeabilities for the different 
phases. As a first approach, these permeabilities are assumed to solely 
depend on saturation as given by the following expressions (Plumb, 2000) 
 

 4



31 SKrg     (6) 
3SK rl      (7) 

 
where S* is the normalized saturation, defined as 
 

ir

ir

S
SS

S
1

.    (8) 

 
The irreducible saturation, Sir is the saturation below which the liquid is no 
longer a continuous phase. 
 
Diffusion equation 
The diffusion velocity of vapor in air is described by Fick's Law according 
to the following expression 
 

g

v
vavv Du .    (9) 

 
Energy equations  
It turns out that it is here more suitable to use a two energy equation system 
in order to calculate the temperature distribution of solid and gas which is in 
contrast to the work of Whitaker (1977), where a total energy equation was 
proposed. Hence, the following equation is used to model the energy in the 
gas (Nield, 1999), 
 

ggggggp
g

gp TTc
t

T
c u  (10) 

 
and a derivation of a corresponding equation for the solid- and liquid phases 
yields 
 

slslsl
sl

slp T
t

T
c 11 .   (11) 

 
In Eq. (11) the values for the variables , cpsl, sl and sl are based on 
physical properties of the solid values according to Appendix A. This 
assumption is certified by the fact that the water volume content is only 15 
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% at maximum at the same time as s >> l and the product between cps 
and s is relatively close to the product between cpl and l, see Appendix A. 
The variation of porosity is thus only of importance in the beginning of the 
calculation when the porous media is saturated with water. The heat sources 
include heat transfer by convection and boiling and are defined as 
 

slgsfsfg TTah                        (12) 
 
and 
 

mhTTah slgsfsfsl lg .                     (13) 
 
When Tsl reaches the boiling point, Tbp, all surplus heat is used for 
evaporation. The following conditions for  is thus used m
 

lgh
TTah

m bpgsfsf  if  T sl > Tbp                     (14) 

0m   if  Tsl < Tbp .                            (15) 
 
It is to the author’s knowledge not obvious what value to use for the 
interfacial convective heat transfer coefficient. This is due to the small pores 
and low velocity of the flow (Re < 0.1). The correlation proposed by Wakao 
(1979) for example, is only valid for Re > 15. Kunii (1961) carried out an 
experimental study, resulting in hsf  0.1 for Re = 0.1. Kuwahara (2001) has, 
on the contrary, numerically developed a universal correlation proposing hsf 

 10000 for Re = 0.1. Due to these diverging results, a parameter study is 
performed to investigate the influence of the convective heat transfer 
coefficient. The boiling point is found where the vapor pressure of liquid is 
equal to the total pressure. The vapor pressure is calculated from Antonie’s 
Equation (Himmelblau, 2004) as 
 

TC
BApvln .                       (16) 

 
Values of the constants A, B and C are presented in Appendix A.  
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NUMERICAL METHOD 
 
The solution domain is subdivided into a finite number of contiguous control 
volumes (CV) and the conservation equations are applied to each CV in such 
way that relevant quantities (mass, energy etc) are conserved. The 
simulations are carried out with the commercial software ANSYS CFX 11.0. 
To discretize the advection term the Numerical Advection Correction 
Scheme (NACS) is used with blend factor  set to one for the continuity and 
momentum equations. A high resolution scheme is used for additional 
variables and the heat equations. The robust, implicit and unbounded Second 
Order Backward Euler (SOBE) scheme is used for time discretization. For 
quantities where boundedness is important (for example volume fractions), a 
modified SOBE is used. Shape functions approximate the pressure gradient 
and diffusion terms.  
Numerical solutions for fluid flow problems have various types of 
unavoidable errors, mainly modeling errors, discretization errors and 
iteration errors. Since the first one requires experiments to be determined in 
this case, focus is set on the latter errors. Discretization error can be defined 
as the difference between the exact solution of the governing equations and 
the exact solution of the discrete approximation. Discretization errors can be 
estimated by retrieval of an extrapolated value when measurements from 
different grids are available. Iteration error can be defined as the difference 
between the exact and the iterative solution of the discretized equations. The 
iteration error should be of an order of magnitude lower than the 
discretization error. If the error level at the start of computation is known, 
the error will fall 2-3 orders of magnitude if the norm of residuals has fallen 
3-4 orders of magnitude. This would imply that the first two or three most 
significant digits will not change in further iterations, and that the solution is 
accurate within 0.01-0.1 % (Ferziger, 2002).   
 

MODELING 
 

The drying model includes following constraints: 
 The solid pellet material will not deform during drying and is thus 

regarded as incompressible and non deformable in the code. The 
material data are displayed in Appendix A.  

 A two dimensional quadratic model with size 0.016 x 0.016 [m2] will 
represent the porous material due to advantages such as simulation 
time and simple boundary conditions.  
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 Since over 90 % of the heat between the phases is transferred by 
convection, all other heat transfer mechanisms are excluded 
(Meyer, 1980).  

 Diffusion of vapor in air is assumed to be of sufficient velocity 
such that the mass generation rate is not affected by how much 
moisture the air can contain. This assumption is also verified by 
simulations.  

 The inlet air is here regarded as completely dry, but moisture could 
easily be added if required.  

 In the simulations, half of the pore space is initially filled with 
water. In reality, a pellet is completely saturated with water at the 
start of the drying process. This will, however, not be 
representative for the geometry and boundary conditions used in 
this model and a smaller degree of saturation is therefore chosen. 

 The presence and influence of bound water is neglected at this 
stage of the modeling.  

 Constant thermal properties for gas, liquid and solid are used 
which is a rather good assumptions for the temperatures considered 
(Kreith, 1986). 

 In the real pelletization process, the inlet air temperature in the drying 
stage is approximately 300 ºC and the initial temperature of the bed 
about 35 ºC. Using the fact that the model outlined above represents 
pellets with an arbitrary position in the bed, the pellet is placed where 
the temperature is 150 ºC for all simulations.  

 Only temperatures near the boiling point are investigated and 
boiling is the only evaporation mechanism taken into account. 

 The value of irreducible saturation will in the following 
simulations be set to zero. 

The gas phase (air and vapor) is assumed to be a multicomponent fluid, i.e. 
the two components air and water vapor are mixed on molecular level and 
they share the same mean velocity, pressure and temperature fields. Air is 
modelled using a constraint equation, its mass fraction is calculated to ensure 
that all the component mass fractions sum to unity. Flow of the vapor 
component is modeled using a transport equation such that it is transported 
with the fluid and may diffuse through it, and its mass fraction is calculated 
accordingly (ANSYS). A porous domain is used to account for the porous 
material. When simulating heat transfer in porous media with ANSYS CFX 
11.0, the gas energy equation (Eq. 10) is automatically applied. However, 
the source term in Eq. 10 must be added. The solid energy equation (Eq. 11) 
is taken into account by the use of an additional variable. A velocity of 1 
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mm/s is applied at the inlet for stability reasons. The outlet boundary 
condition is set to static pressure with zero as relative pressure.  
 

RESULTS 
 
A grid convergence test based on results from simulations with three 
consecutive grids is carried out in order to estimate the magnitude of the 
discretization error. The transient simulations are compared after a total time of 
40 s. Average inlet pressure and average water volume fraction (volume 
fraction in the sense that volume fraction of water plus volume fraction of air 
equals one) are chosen as key variables and are used for the error analysis. 
Results of the simulations are shown in Table 1.  

 
Table 1 

Results from Grid Refinement Study 
 

Grid 
no. 

Mesh size 
[m] 

Average inlet pressure 
[Pa] 

Average water 
volume fraction 

1 0.388154 
2 0.388245 
3 

1.42e-4 
2.13e-4 
3.2e-4 

4921.42 
4923.40 
4926.59 0.388385 
 

The results of the grid refinement study show monotone convergence. The 
polynomial curves in Figure 1 indicate that the results are in the asymptotic 
range and an extrapolated value for an infinitely fine mesh is thus obtained. The 
extrapolated values and the corresponding extrapolated relative errors are 
presented in Table 2.  
 

 
 

Figure 1. Critical variables as a function of normalized grid size. 
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Table 2 
Extrapolated Values and Errors 

 
Grid no. Extrapolated 

average inlet 
pressure [Pa] 

Error (%) Extrapolated 
water volume 

fraction 

Error 
(%) 

1   0.387976 0.046 
2  0.069 
3 

4918.02 0.069 
0.109 
0.174  0.105 

 
The coarsest grid is used in all further simulations since the error is only 0.1 %. 
To investigate the influence of the heat transfer coefficient, simulations are 
carried out with three values of hsf; 0.1, 1 and 10 [W m-2 K-1] where the initial 
pellet temperature is set to 373.15 K (just below the boiling temperature).  
At the inlet the solid temperature increases slowly, see Figure 2, and the largest 
relative difference in solid temperature for the three values of hsf is marginal, 
0.00268 %. The relative slow increase in temperature (inlet air temperature is 
150 C) is attained since most of the heat is conducted further into the pellet. 
Another result is that the water mass flow out of the domain is fairly high 
during the initial stages of the drying but decreases radically after about 12 s, 
see Figure 3. 

 
Figure 2. Solid temperature at inlet as function of time. 
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Figure 3. Water mass flow at outlet as function of time. 

 
Vapor is, however, not released in the beginning since the boiling point 
increases with increasing pressure and boiling will only occur near the outlet 
where the relative pressure is zero during the period of the simulation. The 
boiling process starts when the heat from the inlet has been transported to the 
outlet region after approximately 18 seconds, see Figure 4.  
 

 
Figure 4. Vapor mass flow at outlet as function of time. 
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Interestingly the largest relative difference of water mass flow as a function 
of hsf is negligible, following the results for the inlet temperature but the 
relative difference of vapor mass flow is as large as 94%, see Figure 4. 
Notice, however, that the vapor mass flow rate is several orders of 
magnitude lower than the water mass flow rate. Hence the vaporization do 
not influence the drying and the total moisture content is independent of hsf, 
see Figure 5 and notice that the inlet is located at x = 0 [m] and the outlet at x 
= 0.016 [m]. 
 

 
 

T=0 s 
 

t=20 s 
 

 
 

T=40 s 
 

t=60 s 
 

Figure 5. Total moisture content as function of location x. 
 
Finally, the total mass of water in the domain is displayed as a function of 
time in Figure 6. In this simulation, hsf  = 1 and the total time is 225 s.   
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Figure 6. Total mass of water as function of time. 
 

DISCUSSION AND CONCLUSIONS 
 
This work demonstrates the possibility of simulating the drying within an 
iron ore pellet with ANSYS CFX 11.0. The study shows the importance of 
using a realistic value of the convective transfer coefficient, hsf, when 
vaporization of water is a dominating drying mechanism and that special care 
must be taken when considering mass transfer between two phases. The pellet 
temperature and capillary movement of water is not influenced to the same 
extent. Since a large part of the transport of moisture inside a real pellet will be 
due to evaporation and diffusion of vapor, further studies of hsf should be 
carried out. In addition to this, a study of how to describe the pore size in a 
proper way is important since this will affect both heat transfer and fluid 
flow. Also, the influence of water content on the solid-liquid energy equation 
should in the future be included. It is also found that both iteration errors and 
discretization errors are negligible forming a sound base for upcoming 
improvements of the physical modeling. In this context it will be of highest 
importance to do validating experiments and, if possible, tune the 
simulations so that the results can be compared to existing data.   
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APPENDIX A 

 
Table 1 

Properties Related to a Single Pellet 
 

Parameter Value 
 

Reference 

Porosity 
Pellet Diam. 

Particle size of raw 
material 

0.315 
0.012 m 
26 m 

(Forsmo, 2007) 
(Forsmo, 2007) 
(Forsmo, 2007) 

 
Table 2 

Properties of Magnetite (at approx. 20 oC) 
 

Parameter Value 
 

Reference 

Density 
Thermal Conductivity 

Specific Heat 
Capacity 

5175 [kg m-3] 
5.28 [W m-1 K-1] 
586 [J kg-1 K-1] 

(Waples, 2004) 
(Clark, 1966) 

(Waples, 2004) 

 
Table 3 

Properties of Water (at. 20 oC) 
 

Parameter Value 
 

Reference 

Density 
Thermal Conductivity 

Specific Heat 
Capacity 

998.2 [kg m-3] 
0.597 [W m-1 K-1] 
4182 [J kg-1 K-1] 

(Kreith, 1986) 
(Kreith, 1986) 
(Kreith, 1986) 
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Table 4 
Antoine Equation Constants for Water 

 
Constant Value 

 
Reference 

A 
B 
C 

18.3036 
3816.44 
-46.13 

(Himmelblau, 2004) 
(Himmelblau, 2004) 
(Himmelblau, 2004)   
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ABSTRACT 
The forced convective heating of a porous cylinder with properties similar to 
an iron ore pellet is here numerically investigated. The numerical setup is 
based on a two dimensional microporous model with surrounding flow field 
taken into account. The simulations are carried out with special attention 
directed towards minimizing numerical errors. With interface conditions 
provided by CFD, simulations show an increased heat transfer rate for the 
porous cylinder when compared to a solid.  
 
INTRODUCTION 
Iron ore pellets are one of the most refined products for mining industry. 
Being such, there is a natural driving force to enhance the pelletization in 
order to optimize production and improve quality since the process is both 
time and energy consuming.  
 A traveling grate pelletizing plant consists of four stages: drying zone, 
pre-heat zone, firing zone and a cooling zone. Throughout the process, 
pellets are transported as a continuous bed on rosters while warm air is 
convected through the bed from either above or below. The dominating heat 
transfer mechanism in thus forced convection; over 90% of the heat is 
transferred this way (Meyer, 1980). Before entering the drying zone, grained 
ore, binders and water are formed to green balls with an average diameter of 
around 12 mm. The average particle size of the grained ore is  26 m 
(Forsmo, 2007).  
 For a continuous development of this process, a long term goal has been 
established to develop tools and techniques with which the drying zone can 
be optimized. In order to be successful in this progression it is of highest 
importance that the process is known in detail. Following the work of Ljung 
et al. (2006) and Ljung et al. (2008), heat and fluid transport around and 
within a single pellet placed in infinite space is here modeled with aid of 
Computational Fluid Dynamics. The numerical model is applied on a 
cylindrical geometry representing a two dimensional pellet.  
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 Flow around and within a porous cylinder has several fields of 
applications, for example in various gas-solid reactors applied in chemical 
and biological processes. To examine this phenomenon, Noymer (1998), 
conducted a general investigation of how moderate Reynolds number and 
permeability influence the drag on a permeable cylinder. Von Wolfersdorf 
(2000) presented a mathematical model for invicid and incompressible flow 
past a porous cylinder. A numerical investigation of flow through and around 
a permeable cylinder subjected to flows at relatively low Reynolds numbers 
was presented by Bhattacharyya et al. (2006), where the influence of Darcy 
number on drag and separation angle was investigated. The flow past and 
within a permeable spheroid was investigated by Vainshtein (2002).  
 Regarding heat transfer within a porous material, particle to fluid heat 
transfer in a packed bed has been soundly examined by Amiri (1994), Wakao 
et al. (1979) and Nield (1999). They have all adopted a method where the heat 
is calculated by two energy equations and a particle to fluid heat transfer 
coefficient for the exchange of energy between the two phases.  
 Heat transfer between a solid cylinder and its surrounding has been 
extensively studied by Zukauskas et al. (1985) and Incropera et al. (2007). The 
combination of heat distribution and fluid motion through a porous cylinder has 
experimentally been examined by Nomura (1985), where the influence of mass 
transfer of vapor on heat transfer also was investigated.  
 The aim with this work is to numerically study the heat transfer within and 
around a porous cylinder. Flow at low Re  is considered in this paper but the 
developed model will be applicable to higher Re  as well. 

D

D The resulting model 
is compared to heating of a solid cylinder and will lay ground to future model 
development where drying of a porous pellet is considered.  
 
THEORY 
The governing equations are here described for the transport of fluids within 
as well as around the porous pellet.  
 
Continuity equations  
Continuity for respective phase must hold according to (Kundu, 2002),          
              

0u
t

.   (1) 

 
Momentum equations  
The momentum equations are in their turn expressed differently outside and 
inside the pellet in order to facilitate the computations. Hence, the flow of air 
outside the pellet is described by the following form of the momentum 
equation  
 

uu 2p
t

.  (2) 
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In order to describe the transport of air through the porous pellets, a 
momentum equation porous medium analogue to the Navier-Stokes equation 
is used, which there are various forms of. To exemplify, the commonly used 
Darcy's law is in refined, one dimensional form expressed as (Bear, 1988) 
 

A
Q

Kdx
dp .  (3) 

 
The coefficient K, called permeability in single phase flow, is independent of 
the nature of the fluid and is exclusively given by the geometry of the medium. 
Darcy’s law is valid as long as Reynolds Number based on average grain 
diameter (Red) does not exceed some value, often between 1 and 10. To 
couple the flow through the porous medium to the surrounding flow, it is 
necessarily to use an equation with both linear and quadratic velocity 
coefficients. An equation that offers this is the Ergun equation (Ergun, 1952), 
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The Ergun equation quite often fits data well over the entire range of Red, and 
will provide similar results as Eq. (3) for low Red.  
 
Energy equations  
The energy equation describing temperature distribution of the flow outside the 
cylinder is given by 
 

iffffffp
f
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t

T
c u .  (5) 

 
For the solid and gas temperature inside the porous medium two energy 
equations are used according to (Nield, 1999) 
  

ffffffp
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T
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The interstitial fluid to particle heat transfer is attained by adding a source and 
a sink in the following manner 
 

)( fssfsff TTha   (8) 
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)( sfsfsfs TTha .  (9) 

 
The particle to fluid heat transfer coefficient, hsf, is an experimentally 
determined parameter whose value depends on all variables influencing 
convection such as the surface geometry, the nature of fluid motion, the 
properties of the fluid and the bulk fluid velocities (Incropera et al., 2007). 
There are various proposed values for this coefficient (Wakao et al, 1979; 
Kuwahara et al., 2001; Kunii et al., 1961). Kuwahara proposed a value 
according to 
 

3/16.02/1 PrRe1
2
1141 d

f

sf

k
dh , (10) 

 
yielding a nearly constant value of Nud (Nud = hsfd/kf) for small Red. The 
specific surface area, asf, is developed from geometrical considerations (Amiri, 
1994) and stated by  
 

p
sf D

a )1(6 .  (11) 

 
Interface Conditions 
The convective heat transfer coefficient at the interface between the porous 
and fluid region is estimated to be of the same magnitude as that of a solid 
cylinder due to the small particle size, and is thus calculated from (Incropera et 
al., 2007; Kaya, 2007) 
 

TT
nTk

h
s

sf    (12) 

 
where s is a point along the surface and n is the normal to the surface. 
Following this, the total loss of heat from the surrounding airflow is given by 
the sink 
 

)( TThA sfi
   (13) 

 
at the interface. This is in agreement with theory in the work of Nomura (1985). 
Surface roughness is here neglected due to the small particle size. The 
corresponding solid energy source si on the interface can be estimated with  
 

)( ss TThA
i

  (14) 
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since the contact area inside the medium will be dominating when compared 
to the surface contact area. The heat contribution supplied by the surrounding 
air could as well be shared by the solid and gas inside the porous medium. 
Such an approach was also tested yielding the same result as with the method 
proposed in Eq. (14) due to the extensive interstitial heat transfer.  
 
MODELING 
The numerical model is subjected to the following conditions: 

- Based on the properties of grained ore, the model porous cylinder is built 
up by spherical particles with a diameter of 26 m.  

- Since over 90% of the heat between the phases is transferred by 
convection in a traveling grate pelletizing plant, all other heat transfer 
mechanisms are excluded (Meyer, 1980).  

- In the real pelletization process, the inlet air temperature in the drying stage 
is approximately 300 ºC and the initial temperature of the bed about 35 ºC. 
Using the fact that the model outlined above represents pellets with an 
arbitrary position in the bed, the pellet is placed where the temperature is 
150 ºC for all simulations.  

- To facilitate verification and validation, the inlet velocity is set to 0.037 
m/s, corresponding to a flow with ReD  23.5. An average static pressure 
with a relative pressure set to zero is used at the outlet boundary.  

The material parameters of iron ore and the estimated properties of the 
porous material used are presented in Table 1). 

 
Table 1. Properties of magnetite (at approx. 20 C) and geometrical estimates. 

Parameter Value Reference 
Density 
[kg m-3] 

5175 (Waples, 
2004) 

Thermal conductivity 
[cal cm-1 sec-1 oC-1] 

12.6e-3 
 

(Clark, 1966) 

Specific heat capacity 
[J kg-1 K-1] 

586 
 

(Waples, 
2004) 

Porosity 0.315 (Forsmo, 
2007) 

Pellet diameter 
[m] 

0.012 
 

(Forsmo, 
2007) 

Average particle size of 
raw material 
[m] 

26e-6 
 

(Forsmo, 
2007) 

 
NUMERICAL METHOD 
The solution domain is subdivided into a finite number of contiguous control 
volumes (CV) and the conservation equations are applied to each CV in such 
way that relevant quantities (mass, energy etc) are conserved. The 
simulations are carried out with the commercial software ANSYS CFX 11.0. 
For the discretization of the advection term the Numerical Advection 
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Correction Scheme (NACS) is used with blend factor  set to one for the 
transport equations. The robust, implicit and unbounded Second Order 
Backward Euler (SOBE) scheme is used for time discretization and shape 
functions approximate the pressure gradient and diffusion terms (ANSYS).  
 
NUMERICAL ACCURACY 
Numerical solutions for fluid flow problems have various types of 
unavoidable errors, mainly modeling errors, discretization errors and 
iteration errors. A grid convergence test based on results from simulations of 
three consecutive grids is carried out in order to estimate the magnitude of 
the discretization error. The transient simulations of heat transfer between a 
solid cylinder and surrounding flow field are compared after a total time of 3 s. 
The temperature at the upstream stagnation point is chosen as key variable 
and is used for the error analysis.  
 

Table 2. Temperatures at upstream stagnation point. 
Grid No. Number of nodes Temperature 

[K] 
1 432790 308.595 
2 338686 308.596 
3 265250 308.597 

 
The results of the grid refinement study show monotone convergence, see 
Table 2). The polynomial curve in Fig. 1 indicates that the results are in the 
asymptotic range and an extrapolated value for an infinitely fine mesh is thus 
obtained.  
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y = - 0.0012229*x2 + 0.0063847*x + 308.59

 
Fig. 1. Plot of temperature at the upstream stagnation point as function of normalized 
number of nodes. 
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From this assessment it can be concluded that grid no. 3 has a relative error of 
only 2 per mil. This mesh is therefore used in all further simulations. The mesh 
resolution at the interface is displayed in Fig. 2. The figure also displays the two 
points that will be used to evaluate the results; Point 1 is located at the 
upstream stagnation point and Point 2 at the centre of the cylinder. 

 

 
Fig. 2. Mesh resolution close to and within the cylinder also indicating the two 
evaluation points.  
 
RESULTS AND DISCUSSION 
To ensure credibility of the result, all steps toward the complete porous model 
are evaluated. To start with, the fluid flow past a solid and porous cylinder is 
investigated.  
 
Fluid flow past a cylinder  
The flow fields around a solid and porous cylinder with data according to 
Table 1) are practically the same, see Fig. 3 and 4, respectively.  
 

 
Fig. 3. Velocity streamlines for flow around a solid cylinder. 
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Fig. 4. Velocity streamlines for flow around and through a porous cylinder. 

 
Regarding the flow inside the porous medium, the velocity profile at x = 0 
(center of cylinder) as function of location y is displayed in figure 5. 
 

1.5 2 2.5 3 3.5

6
x 10

-3

x 10
-9

-6

-4

-2

0

2

4

y 
[m

]

Velocity [m/s]  
Fig. 5. Velocity profile at the center of the porous cylinder. 

 
The results are in agreement with the work of Bhattacharyya et al. (2006), 
where it is shown that flow around the porous cylinder with porosity as large as 
 = 0.629 behaves as if the cylinder was impermeable, as compared to the 

porosity  = 0.315 used in this work. The size of the wakes downstream of the 
cylinders is representative for the corresponding ReD, when compared to 
experimental visualization (Van Dyke, 1982).  
 
Heat transfer through a cylinder 
All simulations with heat transfer are subjected to the same initial condition, 
namely that the cylinder is placed in a free stream with temperature T = 150 °C 
at time t = 0. First, heating of a solid cylinder is examined. The temperature 
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fields of the surrounding air and the solid material after 10 s of heating is in 
accordance of what can be expected as displayed in Fig. 6. This implies that 
the heating of the model pellet is strongly dependent on the direction of the 
flow.  
 

 

 
Fig. 6. Temperature of surrounding air flow with corresponding solid temperature at t = 
10 s. 
 
In order to get quantitative comparisons, the local NuD is calculated from Eq. 
(12) using temperature gradients available from simulation. The maximum 
value achieved, NuD = 4.93 at the upstream stagnation point where  = 0 
(see Fig. 7), is in good agreement with Incropera et al. (2007) who proposed 
a value of NuD of 4.96 at this point for a solid cylinder (for low ReD). Notice 
that the simulation presented has a corresponding relative error of 6 per mil.  
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Fig. 7. Local NuD as function of angle .  = 0 represents the upstream stagnation point. 
 
Two steps are now performed to ensure that the porous model with NuD from 
the simulation of the solid model is set up correctly. First, the temperature 
distribution in a porous cylinder with small porosity (  = 0.05) is evaluated 
and compared to a solid, since the behavior of these should be similar due 
to the small porosity. The good agreement from this comparison is shown in 
Fig. 8.   
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Fig. 8. Comparison between a permeable cylinder with  = 0.05 and a solid cylinder 
at Point 1 and Point 2. 
 
Since the porous medium has a lower conductivity (Zabbarov, 1967) leading 
to a greater surface temperature, the temperature at Point 1 should be 
slightly larger for the porous cylinder. This is verified in Fig. 8 at t = 10 s. The 
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same result applies to Point 2, where the temperature of the porous material 
instead should be somewhat smaller, depending on the chosen porosity. 
The discrepancy of surface temperatures at the first few seconds of the 
simulation originates from the numerical set-up where the surface 
temperature of the solid cylinder is 150 °C at t = 0.   
 Secondly, simulations on the porous model with  = 0.05 and  = 0.315, 
the later with and without interstitial heat transfer taken into account, are 
compared. The result is presented in Fig. 9, where temperature at Point 1 is 
investigated for the three cases. Evaluation shows reasonable results since 
the case with  = 0.315 without interstitial heat transfer should have larger 
surface temperature than the other two due to a smaller effective conductivity. 
Result also show that the temperature decreases when the interstitial heat 
transfer is taken into account.  
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Fig. 9. Comparison of T at Point 1 for three models of the porous medium. 

 
Finally, the complete model of fluid flow and heat transfer around and within 
a porous material is compared to the simulations of the solid cylinder. A 
study of the specific heat capacities and densities of solid pellet material and 
air show that it theoretically requires less total energy from the surrounding 
to heat up the air. The result, displayed in Figs. 10-11 for Point 1 and Point 
2, respectively, demonstrates an enhanced heating rate for the porous 
cylinder when compared to a solid. The most plausible explanation to this is 
that there is less solid to heat up for the porous medium. Another 
explanation could be convective heat transfer through the cylinder. This 
effect is however unlikely in this case since the velocity is very small inside 
the cylinder. 
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Fig. 10. Comparison of heat transfer effects between solid cylinder and porous 
cylinder at Point 1. 
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Fig. 11. Comparison of heat transfer effects between solid cylinder and porous 
cylinder at Point 2. 
 
CONCLUSIONS 
A numerical set-up for fluid flow and heat transfer past a porous cylinder has 
been verified and validated in several steps with very good agreement. The 
continued numerical study shows an increase in heating rate compared to 
that of a solid cylinder when using a Nud that is approaching a constant 
value at low Red. It is also observed that flow past the porous medium 
behaves as if the cylinder was impermeable. It is furthermore found that 
iteration- and discretization errors are negligible, since the grid study show 
monotone convergence and sufficient convergence is achieved in all 
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simulations. Finally, it is of highest importance that continued developments 
of the model are subjected to proper verifications and validations being in-
line with the validations and verifications presented in this paper and that the 
model is developed towards real geometries since it is apparent that the 
detailed flow strongly influences the heating of the model pellet. 
 
ACKNOWLEDGEMENTS 
The authors express their gratitude’s to LKAB for financially backing up this 
work.  
 
NOMENCLATURE 
asf specific surface area of the packed bed, 1/m  

 thermal diffusivity, 1/m2 s 
A area perpendicular to flow direction, m2

cp specific heat at constant pressure, J/ kg K 
d average grain size, m 
D  cylinder diameter, m 
 porosity 
 energy source term W/ m3 K 

h convective heat transfer coefficient, W/ m2 K 
k thermal conductivity, W/ m K 
K permeability, m2

 density, kg/ m3

p pressure, Pa 
Q volume flow, m3/s 
t time, s 
T  temperature, ºC 
u  velocity, m/ s 
U  superficial fluid velocity, m/ s 

 dynamic viscosity, kg/ m s 
 
Subscripts 
f fluid  
s solid  
i interface 
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