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ABSTRACT
Iron ore pellets are a highly refined product supplied to the steel making industry
for use in blast furnaces or direct reduction processes. The use of pellets offers
many advantages such as customer adopted products, transportability and
mechanical strength yet the production is time and energy consuming. Being such,
there is a natural driving force to enhance the pelletization in order to optimize
production and improve quality. The aim with this thesis is to develop numerical
models with which the drying zone of an induration furnace can be examined and
optimized.
To start with, a continuous 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). The results show a rapid cooling of
air due to the high specific surface area in the porous material. With the global
model an overall understanding of heat transfer is gained, but the heat and moisture
transport should also be investigated on a smaller scale in order to account for small
scale phenomena such as turbulence and dispersion. Drying of a bed of iron ore
pellets is therefore considered by modeling a two-dimensional discrete system of
round pellets. The system is divided by modified Voronoi diagrams and the
convective heat transfer of hot fluid flow through the system including dispersion
due to random configuration of the pellets is modeled. The results show that the
temperature front advances much faster in the gaps between pellets than in the
interior of the pellets even if all the heat energy of the air goes in heating of the
pellets initially. Decrease of temperature is possible for low dew points of the input
air due to evaporation. If the dew point temperature is higher than the temperature
of the pellets on the other hand, there is slight condensation of the steam at the
beginning of the process and the temperature increases faster than it would for pure
thermal heating. An uneven distribution in temperature and moisture content
iii

between pellets is furthermore displayed in the discrete system. This phenomenon is
related to the natural dispersion occurring in random system of pellets.
To further investigate drying of individual pellets, forced convective heating of
a cylindrical porous pellet with surrounding flow field taken into account is first
examined. A model with properties similar to that of an iron ore pellet is
numerically investigated and with interface heat transfer condition provided by
CFD, the simulations show an increased 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 since the porous cylinder behaves as if it was
impermeable from a fluid flow point of view. With diffusive liquid transport inside
the two-dimensional pellet and corresponding evaporation at the surface,
simulations of drying show an initial warm up phase with a succeeding constant rate
drying phase. Constant drying rate will only be achieved if the surface temperature
is constant, i.e. if it has reached the wet bulb temperature. The falling rate period
will subsequently start at the forward stagnation point when the local moisture
content approaches zero, while other parts of the surface still provide enough
moisture to allow surface evaporation. The phases will thus coexist for a period of
time.
Experiments are carried out in order to examine the drying behavior of a single
iron ore pellet with main goal to retrieve data for validation of the computational
drying models. The experiments are performed with two inlet temperatures and one
pellet from the experiments is scanned by an optical scanning equipment. In order
to investigate the influence of surface irregularities and overall geometry on drying,
simulations of the first drying period are compared for: 1) a scanned pellet 2) an
oval pellet resembling the experimental one with equivalent volume 3) a spherical
pellet with equivalent volume. The results show that the local moisture content at
the surface is influenced by both surface irregularities and overall geometry. A
smooth surface will decrease the local variation of moisture while a spherical
geometry will, compared to an oval, increase the difference. A diffusive model
taking into account capillary flow of liquid moisture and internal evaporation is
developed to account for the whole drying process and simulations of the scanned
pellet are validated with good agreement. The result clearly shows four stages of
drying; i) evaporation of liquid moisture at the pellet surface, ii) surface evaporation
coexisting with internal drying as the surface is locally dry, iii) internal evaporation
with completely dry surface and iv) internal evaporation at boiling temperatures. A
moisture front moving towards the core of the pellet will start to develop at the
second drying stage and the results show that the front will have a non-symmetrical
form arising from the surrounding fluid flow. With the developed drying model,
simulations are then carried out on a spherical pellet with aim to investigate how the
iv

inlet air humidity affects drying. The results indicates that the effect of air dew
point arise from the start of the first drying period, i.e the surface evaporation
period, while the difference is reduced at the end of the period due to a prolonged
stage of constant rate drying attained at high dew points. The wet-bulb temperature
is increased with humidity and condensation will occur if the pellet surface
temperature is below the dew point. Furthermore it is found that the moisture
gradients at the surface and inside the pellet are increased with drying rate.
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Chapter 1
INTRODUCTION
Iron ore pellets are a highly refined product supplied to the steel making industry
for use in blast furnaces or direct reduction processes. LKAB’s production of pellets
started in the 1950’s since the use of pellets offers many advantages such as
customer adapted products, transportability and mechanical strength. The
production is however time and energy consuming and there is a natural driving
force to enhance the pelletization in order to optimize production and improve
quality.

1.1 The pelletizing process
Before iron ore can be fed to a blast furnace it is necessary to remove a large
portion of its mineral ballast components. Concentrates are finely grained, and
agglomeration and induration is required. Induration is typically performed by
straight grate or grate-kiln processes. General for both types of processes is that
balled pellets made from a mixture of iron ore, additives and water (so called green
pellets) are transported through a drying zone, a preheating zone, a firing zone and a
cooling zone. In the drying and pre-heat zones, pellets are packed on a moving grate
and warm air is convected through the bed. A rotary kiln is used in the firing zone
of a grate-kiln furnace while the grate is continued in the straight grate process. The
principle for heat supply is similar for the two processes. The heat required for
pelletization of magnetite iron ore is obtained from oxidation, from burners and by
recycling heat from the cooling zone. The heat required for drying is for example
recycled from the cooling of the pellets. A flow scheme for a straight grate process,
which is the focus of this work, is displayed in Fig. 1.1.
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Figure 1.1: A schematic picture of a straight grate furnace.

1.1.1 Drying
The quality of the dried pellets will greatly affect the later stages of pelletization,
and it is therefore important that the pellets are dried as efficiently as possible
without damage. Crucial for drying is thus that the moisture within a pellet can
escape through the capillaries without damaging the structure.
Before entering the drying zone of a straight grate furnace, green pellets with
an average size of around 12 mm (Forsmo, 2007) are charged onto the grate and
packed on a heart layer of already fired pellets which protects the grate bars and
green pellets from excessive heating. Warm air is then convected through the bed
first from below (up-draught drying, UDD) and then from above (down-draught
drying, DDD) in the drying zone. The reason for using two types of directions of
drying is to first make the lower layers more resistant to pressure in UDD. Hence,
hot air driven from below will make the lower part of the bed dry quickly but the air
will soon cool from its inlet temperature to its dew point temperature, which may
lead to condensation in the upper part of the bed. The green balls are weakened
when water condensate and this is one of the reasons why there is a limitation in
bed height. Another limitation is that 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. The inlet air is typically around 300 °C in a straight grate
pelletizing plant while the bed initially has a temperature of approximately 35 °C.
Drying of a single pellet is generally divided into three stages (Meyer, 1980).
The first stage is the constant rate drying period. Here is water transport 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, the falling rate period, the moisture moves mainly by diffusion and
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the moisture front moves towards the core of the pellet. In the third period,
hygroscopic and chemically combined water is evaporated. It has been argued that
the first two periods will coexist (Clark, 1981; Tsukerman et al., 2007). The
existence of a constant drying rate has also been challenged. Tsukerman et al.
(2007) suggested that the first two periods presented by Meyer (1980) should
actually be divided into four stages; i) a surface evaporation phase, ii) a hybrid
regime with dry spots and evaporation front developing inside the pellet, iii) a
shrinking wet core, iv) bulk transport of water close to the boiling point.

1.2 Aim with thesis
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. In
order to be successful in this progression it is of highest importance that the process
is known in detail. The aim with this thesis is to develop numerical models with
which drying of both individual and systems of iron ore pellets can be studied.
Transport of energy and moisture should thus be examined both between pellets and
through a single pellet and the following actions must therefore be realized:
•
•
•
•

Models of velocity and temperature distribution
Models of moisture distribution
Validating experiments
Investigation of boundary effects and geometrical variation on several
scales
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Chapter 2
SIMULATIONS I:
HEAT AND FLUID FLOW
A bed of iron ore pellets can be regarded as a porous medium on several scales.
Depending on the scale, different governing equations must be considered since the
fluid flow is turbulent in the pores between the packed pellets while the flow inside
a pellet is considered to be several orders of magnitude lower and thus laminar and
probably Darcian. The different scales are illustrated in Fig. 2.1 and typical
Reynolds numbers for the two scales are Re = 3000 and Re < 1, respectively, based
on the averaged interstitial velocity and the mean diameter of the pellets and grains.
Flow through a bed of pellets is considered in Paper A and Paper G, while Paper
B-F is focused on individual pellets.

Figure 2.1: Iron ore pellets from LKAB (left) and cross section of a single pellet
obtained with microtomography by PhD Fredrik Forsberg, Luleå University of
Technology (right).
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2.1 Transport equations
The governing equations describing flow through porous media can be obtained by
averaging over volumes containing many pores, a so called continuum approach.
The continuum approach is often computationally advantageous since the particles
building up the material do not have to be modeled themselves. A discrete method
where the void between the individual pellets is modeled will on the other hand take
the small scale effects of turbulence, dissipation etc. into account. Transport
equations are hereby stated separately for the global and the discrete scale.

2.1.1 Continuum model
In order to describe the transport of air through a porous medium, a momentum
equation porous medium analogue to the Navier-Stokes equation is used which
there are various forms of. Darcy showed proportionality between flow rate and
applied pressure difference, and Darcy's law is in refined, one dimensional form
expressed as (Bear, 1988)
dp
dx



PQ
.
K A

(2.1)

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. The
Carman-Kozeny relationship offers an estimation of the permeability as (Nield and
Bejan, 1998)
d p2 H 3

K

180 1  H

2

.

(2.2)

Darcy’s law is valid as long as the Reynolds Number based on average grain
diameter (Red) does not exceed some value, often between 1 and 10, where the
transition to nonlinear drag occurs (Hellström et al., 2011). A modification to
Darcy’s law where the influence of quadratic drag is included is presented by
Joseph et al. (1982) as
P



P
K

v  cF K

1

2

Uf vv

(2.3)

where the term cF is a dimensionless form-drag constant. The equation is associated
with the names of Dupuit and Forchheimer (Lage, 1998). An alternative equation
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with both linear and quadratic velocity is the Ergun equation (Ergun, 1952), derived
by fittings to experimental data as
2

'p
1 H
150
y
H3

PU
d

2

 1.75

1  H UU 2
.
d
H3

(2.4)

It has turned out that equations such as Eq. (2.3) and (2.4) can describe laminar
inertia dominated flow as well as turbulent dominated flow in porous media.
Since the region with the porous media contains both fluid and solid, two
energy equations are required. The fluid phase energy equation can be presented in
following form by taking averages over an elemental volume of the medium (Nield
and Bejan, 1998)

H Uc p

GT f
f

wt

 Uc p

f

v  T f

  Hk f T f  M f .

(2.5)

The corresponding solid energy equation is
1  H pc p

s

wTs
wt

  1  H k s T s  M s .

(2.6)

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

Mf

a sf h sf (T s  T f ) ,

(2.7)

Ms

a sf h sf (T f  T s ) .

(2.8)

The specific surface area, asf, is stated by the following expression which is
developed from geometrical considerations
a sf

6(1  H )
.
Dp

(2.9)

The convective heat transfer coefficient, hsf, is a 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. There are
various proposed values for the particle to fluid heat transfer coefficient (Kunii, 1961;
Kuwahara et al., 2001; Wakao et al., 1979). Kuwahara proposed a value according to
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hsf d
kf

§ 4 1 H · 1
¨1 
¸  1 H
H ¹ 2
©

1/ 2

Re 0d.6 Pr 1 / 3 ,

(2.10)

yielding a nearly constant value of Nud (Nud = hsfd/kf) for small Red.
Interface conditions
The convective heat transfer coefficient, h, at the interface between the porous
pellet and the fluid region is estimated to be of the same magnitude as that of a solid
surface due to the small size of the particles building the pellet, and is thus
calculated from (Incropera et al., 2007; Kaya et al., 2007)
h

 k f wT wn s
T s  Tf

(2.11)

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

Mf

hA(Ts  Tf ) .

(2.12)

The corresponding solid energy source ĳs on the interface is estimated with

Ms

hA(Tf  Ts ) .

(2.13)

2.1.2 Discrete model
Considering a bed of pellets as a discrete system of particles enables study of the
statistical variation in macroscopic heat and mass transfer parameters caused by
microscopic stochasticity, see Paper G. Such a variation may originate both from
the distribution of the size of the pellets and their position. Moreover, it includes the
dispersion of temperature distribution in a natural way. In order to divide the system
in cells each containing one pellet, Voronoi diagrams are used. Because the pellets
can have different sizes, a modified version of the Voronoi discretization is used so
that the Voronoi lines do not cross the surface of particles (Hellström et al., 2011).
The closest Voronoi lines with respect to the surface are placed in the middle of the
two nearest surfaces of particles and are perpendicular to the line connecting the
centers of the particles, see Fig. 2.2.
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Figure 2.2: Example of a Voronoi mesh of a bed of pellets.
The pellets are not permeable to the flow of air and the stream function is therefore
constant along the surface of a single pellet. No-slip boundary conditions further
limit possible variation of the stream function. The vorticity distribution results
from the distribution of the stream function. For that reason CFD results for a series
of nearest three particle configurations are used (Hellström et al., 2011). The nondimensional coefficients relating average vorticity and difference in the stream
function in a local area is then retrieved. Such an approach is justified by the fact
that the highest vorticity occurs only in the close proximity of the closest spacing
between two neighboring pellets as estimated by analytical formulas in Lundström
and Gebart (1995) and CFD calculations by Hellström et. al., (2011) for periodic
systems. For low Reynolds number, the minimization of the dissipation rate of
energy can then be applied as

³ PZ

2

dV

min ,

(2.14)

where Z is the vorticity, to obtain the distribution of the stream function (Hellström
et al., 2011; Berlyand and Panchenko, 2007). This is true for laminar flow but is
here extended also for slightly turbulent flows. Because the dissipation rate of
energy has quadratic dependence on vorticity, a linear system of equations is
retrieved with respect to the stream function values for the pellets.
Heat of air is gradually transferred to the pellets starting from the inlet of the
pellet bed. It is assumed that the convective heat transfer is dominating in the space
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between pellets because of the high stream rate. Systematic studies of heat and mass
transfer in a single pellet are made in Paper B. Because the pellets are made from
iron ore, there is only a slight change of temperature within the pellet, and the pellet
temperature is therefore considered uniform here due to the large conductivity.
Specific data for Nusselt number (Nu = hD/k) on given size of pellet and flow rate
between the pellets is now applied to obtain the average heat transfer coefficient.
For a single cylindrical pellet, the heat transport coefficient is stated by Churchill
and Bernstein (1977) as
Nu D

0.3 

0.62 Re1D2 Pr 1 / 3
1  0.4 / Pr

2 / 3 1/ 4

ª § Re · 5 / 8 º
D
«1  ¨
¸ »
282000
¹ »¼
«¬ ©

4/5

(2.15)

which work for a large range of Reynolds numbers. The heat and mass transfer
intensifies if there are series of pellets because of additional turbulence created by
the previous rows of the pellets. The following equation is valid for Reynolds
numbers in the shorter range of 103-105 (Telegin et al., 2002):
Nu D

0.42 Re 0D.6 Pr 0.33 .

(2.16)

The expression is valid for the 3rd row of pellets and the ones that follows downstream.

2.2 Numerical method
The simulations are carried out with the commercial Computational Fluid
Dynamics (CFD) software ANSYS CFX (Paper A-F) and with Matlab (Paper G).
ANSYS CFX is a hybrid method based solver, i. e. a hybrid Control-Volume based
Finite Element Method (CV-FEM). The Continuous domain is first discretized with
a three dimensional mesh to construct final volumes in order to conserve quantities
such as mass, momentum and energy. All solution variables and properties are
stored at the nodes and a control volume is constructed around each mesh node. The
conservation equations in integral form are then applied to these CV’s as for the
finite volume method. For the discretization of the advection term the Numerical
Advection Correction Scheme (NACS) is used with blend factor ȕ 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 term (ANSYS, 2007). For
turbulence quantities a high resolution scheme is used. In order to shorten the
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computational time, simulations are run in parallel on a PC-cluster and a previous
study has shown that CFX parallelizes very well on this cluster (Hellström et al.
2007).
Numerical solutions for fluid flow problems have various types of unavoidable
errors (Ferziger, 2002), mainly modeling errors, discretization errors and iteration
errors:
•

Modeling errors are defined as the difference between the actual flow and
the exact solution of the mathematical model. Modeling error generally
requires experiments in order to be determined.

•

Discretization errors are 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. The
extrapolated value can for example be established by using the Richardson
extrapolation method recommended by Celic (2008) or by fitting a
polynomial curve to the measurements. Both structured and unstructured grids
are considered within the scope of this thesis. Structured grids are chosen for
two-dimensional simulations while unstructured tetrahedral meshes with high
density regions and surface prisms are used for the more complex threedimensional geometries.

•

Iteration errors are defined as the difference between the exact and the
iterative solution of the discretized equations. The error is usually quantified
in terms of a residual or a residual norm. The residual is a measure of the local
imbalance of each conservative control volume equation and is the most
important measure of convergence as it relates directly to whether the
equations have been solved. Typically, the quality of a solution is measured
by the overall reduction in the residual, compared to the level at the start of
the simulation (Ansys, 2010). The residual, rn, is obtained from r n b  AI n
where A is the coefficient matrix and ɮ is the solution vector. The linearized
discrete system is solved iteratively with the Multigrid accelerated Incomplete
Lower Upper factorization technique (Ansys, 2010). RMS and Max residuals
provides a measure of how well the solution has converged. The RMS residual
is obtained by taking all of the residuals throughout the domain, squaring
them, taking the mean, and then taking the square root of the mean at the end
of each timestep. Max residuals are a measure of the local convergence and
are typically 10 times higher than the RMS residuals. The iteration error
should also be controlled with the use of target variables. In case of iterative
convergence, the target variable should remain constant within the
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convergence level (Ansys, 2010). Generally a convergence criterion of Max
residuals of at least 5e-5 is obtained in the simulations performed in this work.

2.3 Simulation of fluid flow and heat transfer
Results of simulations of flow past an individual pellet as well as through a whole
bed of pellets are presented below.

2.3.1 Individual pellets
Laminar flow through a single pellet is here investigated with a continuum model,
see Paper B for details. The flow field around a solid and porous cylinder is at
laminar flow (Re § 23.5) very similar, see Fig. 2.3 and 2.4.

Figure 2.3: Velocity streamlines for flow around a solid cylinder.

Figure 2.4: Velocity streamlines for flow around and through a porous cylinder.
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The velocity profile inside the porous cylinder (perpendicular to the external flow)
shows that the flow is fastest at the edges of the cylinder yet the magnitude of the
flow is very small, see Fig. 2.5 and, in fact, about seven orders of magnitude
smaller than that around the pellet, cf Fig 2.4. 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 İ = 0.629 behaves as if the cylinder was
impermeable, as compared to the porosity İ = 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).

Figure 2.5: Velocity profile at the center of the porous cylinder.
The heat transfer coefficient can be calculated by the CFD software if the
surface is solid while it must be set explicitly at a porous interface. The value of the
external heat transfer coefficient, h, is therefore determined for the solid and then
applied at the surface of the porous cylinder. This is reasonable since the porous
pellet behaves as if it is impermeable and the surface is built up by very small
particles. The coefficient is strongly dependent on the direction of the flow as seen
in Fig. 2.6, where the local NuD obtained from simulations is plotted. The figure
also shows that the maximum value is achieved at the upstream stagnation point
where ș = 0. This is in good agreement with Incropera et al. (2007) who proposed a
value of NuD of 4.96 at this location.
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Figure 2.6: Local NuD as function of angle ș. ș = 0 represents the upstream
stagnation point.
With the determined heat transfer boundary condition, the complete model of fluid
flow and heat transfer around and within a porous cylinder is compared to the
simulations of the solid cylinder. The result, displayed in Figs. 2.7(a) and 2.7(b) for
the upstream stagnation point and pellet centre, 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 the flow through the cylinder. This effect is
however unlikely in this case since the velocity is very small inside the cylinder and
the flow practically behaves as if the cylinder was impermeable. See Paper B for
more information on material parameters and interstitial heat transfer for the cases
presented in Fig 2.7.
a)

b)

Figure 2.7: Comparison of heat transfer effects between a solid cylinder and porous
cylinder at a) the upstream stagnation point and b) the pellet center. The Nusselt
number given in the figure relates to the internal heat transfer coefficient.
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2.3.2 Bed of pellets -Continuum model
A bed of iron ore pellets consists of packed green balls on a grate covered with a
layer of fired pellets at side walls and bottom. The packing of green pellets are
assumed to have a natural variation in the porosity (with an average of 0.41) while
the fired pellets is considered to have a constant porosity of 0.39. The natural
variation of porosity is interpolated from ten randomly selected points and the
corresponding flow distribution is presented in Fig. 2.8 (a) and (b), where the result
of CFD-simulations of a two dimensional cross section of the bed is presented. See
Paper A for more detailed information of the model.
a)

b)

Figure 2.8: Distribution of a) Porosity and b) Velocity.
Due to some computational restrictions, the temperature field could only be
evaluated with constant porosity and fluid density. For illustration of temperature
distribution in the fluid and solid, a transient simulation is carried out. Evaluation of
the fluid temperature show that the inlet air is soon cooled down due to the high
heat transfer rate between pellets and air. This is illustrated in Figure 2.9 where the
alterations in fluid and solid temperatures are displayed.
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Figure 2.9: Fluid temperature distribution at x=0 m presented at t=0 s, t=15 s,
t=30 s and t=45 s (left). Solid temperature distribution at x=0 m presented at t=0 s,
t=15 s, t=30 s and t=45 s (right).

2.3.3 Bed of pellets -Discrete model
The bed of pellets is represented by a discrete system of particles with an average
diameter of 12 mm in a quadratic box (50 cmu50 cm), as displayed in Fig. 2.2,
Section 2.1.2. Periodic boundary conditions are applied to side walls and the initial
positions of the pellets is randomized by the Monte Carlo procedure described by
Chen and Papathanasiou (2008), avoiding overlapping of the pellets. The inlet of
the air occurs through the bottom surface and the inlet temperature is 300 qC. The
outlet occurs through the top surface. The initial temperature of the pellets is 35 qC,
porosity of pellets is 0.315 and porosity for the space between the pellets is 0.41.
See Paper G for further details.
From the results it is concluded that the temperature front advances much faster
in the gaps between pellets than in the interior of the pellets. The advancement is
especially fast along wide gaps where the convective transport is large, see Fig.
2.10 where the distribution in temperature at two successive snapshots taken at 10 s
and 1 minute after the start of the process are presented. The uneven distribution is
related to the natural dispersion occurring in the random system of pellets. For the
10 s case it is apparent that the pellets at the outlet do not feel yet the heat from the
inlet while after one minute most of the pellets are affected by the flow and
approximately one forth of the pellets have reached the maximum temperature, see
Figure 2.10.
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Figure 2.10: Distribution of temperature with no evaporation at two successive time
moments: 10 s and 1 min.
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Chapter 3
EXPERIMENTS
Experiments are carried out in order to examine the drying behavior of individual
iron ore pellets. Drying of individual pellets has earlier been studied experimentally
by for example Thurlby and Batterham (1980) and Tsukerman et al. (2007). The
main goal with this study is to retrieve data for validation of computational drying
models and the result is presented in Paper D. To further increase the accuracy in
the validation, a pellet from a chosen experiment is scanned and meshed, enabling
simulations of the actual geometry. A scan of the pellet also helps determining
important properties such as volume, density and porosity.

3.1 Experimental method
The experiments are carried out with a drying device located at the Institution of
Chemical Technology, Lund University, in cooperation with Swerea MEFOS and
LKAB. The dryer has earlier been used for research on bark, paper, peat etc,
offering a controlled environment with the ability to vary properties of the drying
medium such as temperature, humidity and mass flow. Both drying of a single
specimen and bed drying can be investigated with the equipment.
The drying device consists, in a simplified manner, of a fan, a thermo battery
and a drying cell (Karlsson et. al, 2009). In the device, the air is first accelerated by
the fan and then heated by a thermo battery to the desired temperature and mass
flow. The air is then led through the drying cell; a vertical cylinder-shaped tube
with a diameter of 0.2 m and a length of 0.3 m. In the drying cell, the test sample is
hung freely in a basket attached to a scale that registers the weight with a frequency
of 2 Hz. The choice of basket is however not uncomplicated as it should not
interfere with the free stream of air and several methods such as steel wires and
21
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magnets where tested, see Fig 3.1. The method that worked best overall was a
triangular basket (Fig. 3.1, right picture).

Figure 3.1: Basket for two pellets (left), pellet on steel wire (middle) and triangular
basket (right).
There will be a natural variation in shape, weight and moisture content even
though the green pellets are specially balled for the experiments. The shape of the
pellets are furthermore rather oval due to the large pellets size required (>10 g) for a
stable results of the weighting. Further improvements on the stability where made
by limiting the mass flow through the drying cell in order to reduce oscillations due
to vortex shedding. Drift of the scale was controlled and should not influence the
result.

3.2 Drying of individual pellets
Experiments are performed with two set-ups. In set-up 1, the air has a temperature
of 150 °C and a mass flow of 0.015 kg/s. Set-up 2 is conducted with the same mass
flow but with a temperature of 80 °C. The initial pellet temperature is regarded to
be at room temperature (25 °C). The same inflow conditions are examined for 4
pellets in each set-up in order to examine the reproducibility. The actual weights,
dew point and moisture contents are presented in Table 3.1 and 3.2 for set-up 1 and
2, respectively.
Table 3.1: Experimental data for set-up 1
Exp. Wet weight
Dry
Air dew point
Moisture content
weight
1.1
14.15
12.87
6.2
0.0995
1.2
14.29
13.02
6.2
0.0975
1.3
13.99
12.82
12.2
0.0913
1.4
14.42
13.16
12.0
0.0957
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Exp.
2.1
2.2
2.3
2.4

Table 3.2: Experimental data for set-up 2.
Wet weight
Dry
Air dew point
Moisture content
weight
13.89
12.57
12.0
0.1050
13.78
12.44
11.6-10
0.1077
13.69
12.52
11.0
0.0935
13.20
12.09
11.0-9.6
0.0918

Results from the experiments show similar results although a small variation,
probably due to inhomogeneity of the iron ore pellets, are observed as displayed in
Fig 3.2-3.3 for set-up 1-2.

Figure 3.2: Drying curves for four similar pellets at T = 150 °C and a mass flow of
0.015 kg/s.

Figure 3.3: Drying curves for four similar pellets at T = 80 °C and a mass flow of
0.015 kg/s.
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From the weight data it is possible to determine the drying rate. Even if the value of
the drying rate is taken as an average of 52 s in each point, the result show large
variations during drying, see Fig. 3.4.

Figure 3.4: Drying rate in Exp. 1.3 averaged from the experimental data.

3.3 Geometry scanning
The relatively large pellets used in the experiments are rather oval and has an
irregular surface due to the balling process. For accuracy in the validation, the pellet
in Exp. 1.3 is therefore scanned by the 3D optical scanning equipment ATOS III
from GOM. The device uses 4 million points in each scanning and has due to the
size of the pellets an absolute resolution of at least 0.01 mm. The procedure of the
scanning is such that two digital cameras capture white light from a projector. The
ATOS software then produces 3D-coordinates for the scanned part of the surface.
The whole geometry is then scanned and by using several reference points at the
surface the system can put together scans of different parts to a complete 3D model.
The extracted 3D surface is finally imported into a CAD software. Knowing the
weight of the water contained in the pellet and overall volume, it is possible to
determine the porosity and density, see Paper D. A picture of the scanned pellet
and the corresponding CAD-version is presented in Fig. 3.5.
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Figure 3.5: Real pellet (left) and the virtual counterpart (right).
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Chapter 4
SIMULATIONS II:
DRYING
Drying has for a long period of time played an important role in industrial
processing of food, paper, wood and minerals. The theory of drying is however still
developing and there are several ways to mathematically and physically describe
the drying phenomenon (Waananen, 1993). Lewis (1921) assumed diffusion of
moisture to the surface, considering only the liquid phase, while Luikov (1966)
suggested a theoretical drying model based on irreversible thermodynamics where
moisture and temperature are determined 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. This method is also adopted by Plumb (2000). Chen and Pei (1989)
developed a drying model where diffusive transport equations describes the liquid
and vapor transport inside the porous medium while the effective diffusivity takes
into account the capillary movement of liquid.
Mathematical description of drying of iron ore pellets has previously been
considered by Huang et al. (1993), proposing a mathematical model for the whole
drying process based on mass balance and energy conversions. Tsukerman et al.
(2007) investigated drying of individual pellets both numerically, by the use of a
shrinking core model, and experimentally. The whole pellet induration process,
including drying, was considered by Sadrnezhaad et al. (2008) and Barati (2008),
also adopting shrinking core models. A more detailed numerical model is however
needed in addition to the previous models in order to fully clarify the mechanisms
involved in drying of pellets. It is also of highest importance to attain drying models
that are applicable to a variety of drying conditions to enable future optimization of
the drying of iron ore pellets.
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4.1 Transport equations
The drying models considered here for individual pellets are Lewis diffusive model
(Paper C and D) and Chen’s diffusive model with capillary flow and internal
evaporation (Paper E and F). The continuum models are chosen with numerical
feasibility in mind. A simplified drying model for individual pellets is considered in
Paper G, where drying of a discrete system of pellets is simulated.

4.1.1 Diffusive moisture transport
The following total energy equation is used for calculating heat transport within the
pellet as (Nield and Bejan, 1998)
1  H Uc

s

 I l Uc p

l

 I g Uc p

wTs
wt

g

  k m T s  M s .

(4.1)

Conduction is assumed to be the dominating heat transfer mechanism due to low
interstitial velocity. The overall thermal conductivity km of a porous medium
depends on the geometry and is here taken as the arithmetic mean of the
conductivities (taking the volume fraction of each phase into account).
The drying model described below is mainly valid in the first stage of drying,
before the influence of internal drying becomes substantial. It is however applied to
the entire drying process of various foodstuffs with good result (Wu et al, 2004;
Kaya et al., 2007; Janjai et al. 2008). The first drying period, the surface
evaporation stage, is here investigated for a two- and three- dimensional pellet in
Paper C and D, respectively. Considering only transport of liquid moisture, the
distribution of moisture is calculated from Fick’s law
wM l
wt

Deff M l 

m
U s 1 H

(4.2)

where the liquid moisture content, Ml, is expressed in terms of density, ȡ, and
volume fraction, ĭ, as
Ml

U l Il
.
U sI s

(4.3)

The effective diffusivity, Deff, may involve a number of mechanisms such as
molecular diffusion, capillary flow, Knudsen flow, hydrodynamic flow and surface
diffusion (Mujumdar, 1995). The term m represents the mass flux of vapor from

29
water at the surface since no internal evaporation is considered. The flux is
determined from the difference in concentration between the saturated vapor at the
surface and the surrounding relative saturation as (Incropera et al., 2007)
m l
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(4.4)

The corresponding total energy source then becomes

Ms

h(Tf  Ts )  m hlg .

(4.5)

The heat and mass transfer coefficients, h and hm, are retrieved from simulations of
the surrounding fluid flow, see Paper C and Section 4.2 for further details.

4.1.2 Moisture diffusivity and internal drying
The diffusive drying model presented in Section 4.1.1 must be extended if the
whole iron ore pellet drying process is to be studied. It is for example crucial to
include internal evaporation with corresponding vapor flow. The choice of effective
diffusivity is also important since it will influence the moisture distribution and
hence the outcome of the whole drying process. The starting point here is therefore
to develop an expression for the diffusivity where the fluid transport is dependent
on the internal saturation. The continuity equations for the flow of fluid and vapor
phases inside the porous medium are
wM l
   D sl M l
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(4.7)

The flow of liquid water in the porous medium is regarded as convective due to
capillary forces while the vaporized water is treated as strictly diffusive. The
capillary conductivity, Dsl, in Eq. (4.6) accounts for the capillary transport of liquid
and is expressed as
Dsl

KK rl

V
.
rc E rc P l
2

2

(4.8)
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The term is retrieved from the assumption that the capillary pressure can be
expressed as a function of surface tension and E ( rc ) Sr 2D r / Ad HS , where
Į(r) is a distribution function of the pore size. The term K represents permeability
while Krl is the relative permeability. The gas is furthermore assumed to occupy all
pores larger than a size rc, see Paper E for a more comprehensive description of the
capillary conductivity. The effective binary diffusion coefficient, Dav,eff, in Eq. (4.7)
is related to the ordinary binary diffusion by a Bruggeman type correlation in order
to account for the pore tortuosity according to
Dva,eff

3

I g 2 Dv,air .

(4.9)

The internal drying process is driven by temperature and limited by the relative
saturation, RS, of vapor in air below the boiling point. The mass flux originating
from evaporation is stated by
m l

hmsf a sf U v , sat (T ) 1  RS

(4.10)

with the relative saturation, RS, defined as (Himmelblau and Riggs, 2004)
RS
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(4.11)

The decrease of temperature corresponding to the evaporation may now be
expressed as

Ms

m l hlg .

(4.12)

When the temperature has reached the boiling point, it is assumed that the drying
rate is controlled by heat transfer (Tsukerman et al., 2007; Barati, 2008). All excess
heat is thus used for vaporization and the mass flux term will be
m l

hsf ,boiling a sf (T  373.15)
hlg

(4.13)

and obviously the energy source becomes

Ms
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(4.14)

The term hsf,boiling is here assumed large enough to keep the temperature at the
boiling point whenever moisture is present. There might be an increased pressure
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within the pellet if the evaporation rate exceeds the rate at which vapor leaves the
pellet. Such a generated pressure gradient leads to a bulk flow of vapor within the
pellet (Tsuckerman, 2007). It is however assumed here that this is a minor
mechanism and that the vapor flow is governed by Fick’s law also during boiling.
While the evaporation of moisture at the surface is identical with the model
described in Section 4.1.1 (Eq. 4.4), the flux of vapor at the surface must also be
taken into account here. The magnitude of the vapor flux at the surface is limited by
the internal mass transfer and the diffusivity of vapor in air. The possible vapor flux
is assumed equal to m l , while limited by heaviside step functions regarding relative
saturation and liquid moisture content. Flux of vapor will thus only take place if the
local liquid moisture content at the surface is approaching zero.
m v
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If the pellet surface temperature is below the dew point of the surrounding air,
condensation will occur instead of evaporation. This phenomenon is taken into
account by Eq. (4.4), which will show a positive contribution to the pellet total
moisture content if the temperature is below the dew point temperature. Since the
latent energy in the vapor is released at condensation, a positive contribution of heat
will also be added by the energy equation source term.

4.1.3 Modeling drying of a bed of pellets
The discrete model presented in Section 2.1.2 is here further developed. The
conductivity of the pellet is considered large enough to assume uniformity of
temperature within the pellets. This is reasonable since the heat is conducted not
only through pores but also through the solid material of the pellet. The mass
transport within pellets may on the contrary take a longer time since the material is
conveyed through the pores of the pellets. Because the pores are relatively narrow,
the predominant mechanism of mass transport is diffusion. The diffusion
coefficient, Dp, of water vapor is taken to be 2.610-5 [m2/s] at room conditions, the
same as in air. As the unit of concentration c we use partial pressure of water with
respect to total pressure. The internal flux of moisture is calculated according to the
formula
Dp
r (1  q )

(c eq (T )  c s ) ,

(4.16)
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where ceq(T) is the moisture concentration at water-gas interfaces and cs is the
average moisture concentration in the pellet, r is the radius of pellet. With high
water content, q | 1, the mass transfer resistance is small since the water-gas
interface is close to the exterior of the pellet. If there is a small amount of water left
within the pellet, q | 0, then the moisture has to travel from the interior of the pellet
and mass transfer resistance is much higher. Based on this discussion a linear
dependence on water content is assumed. The transport of liquid in itself is
disregarded in the current model.
Because of mass conservation, the change of liquid concentration due to
evaporation from the pellets interior is proportional to the change of gas
concentration as
'c

 'q

U l RT
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As the water wets the iron ore, the partial pressure of water is a bit lower than over
a flat surface. This difference is here estimated from the change of partial pressure
on temperature. The partial pressure of water about flat water-air interface in
equilibrium is given by
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where P0=1.03105 Pa is the partial pressure of water at absolute temperature T0 =
373.15 K and R is the universal gas constant. The term 'H is the heat of
evaporation.
Depending on the process parameters, recondensation of water is possible in
the colder part of the system. Because the temperature of the pellets is lower or
equal with the temperature of the surrounding air, the condensation can occur
predominantly on the pellet or inside it. Recondensation of water in the gaps
between the pellets is neglected. The evaporation and condensation at the surface of
the pellets are calculated from the mass transfer analogue to Eq. (2.16). If the
evaporation is carried out at boiling temperatures there will be high pressure inside
the pellets that pushes out the vapor. Due to this high pressure the pellet can break
up, especially when high temperature of gas is used so that pressure from boiled
vapor builds up quickly inside the pellet. Instead of diffusion of vapor from the
pellet should Darcy’s law be used, stating that mass transport is proportional to the
pressure difference. To be fully correct the permeability through the pores should be
taken into account. Assuming high enough permeability, the pressure equalizes fast
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enough with the pressure outside the pellets so that boiling occurs just at boiling
temperature. Moisture transport is therefore momentary at boiling temperature from
the interior of pellet to the steam and the temperature does not grow until all the
water is boiled.
A one-dimensional continuous model is developed in addition to the discrete
two-dimensional model for rapid calculations of drying. Basically it is the same
equations as in the two-dimensional model but the radius of pellet is here assumed
to be small compared to the length of the system. The dispersion property of
temperature and moisture due to randomness in the distribution of pellets is
unknown in the one-dimensional continuous model but the discrete twodimensional model can be used to estimate the dispersion. The 1-D model
furthermore allows optimization of the process parameters at which the pellets still
can withstand the pressure build-up inside the pellets during boiling, see Paper G
for more information.

4.2 Determination of boundary conditions
The magnitude of the convective heat and mass transfer coefficients, h and hm, must
be determined when modeling individual pellets. There are various expressions
determining the averaged Nusselt number (Nu = hd/k) for simple shapes, but these
expressions does generally not take into account local variations at the surface.
Erriguible et al. (2005), Kaya et al. (2007) and Lamnatou (2010) all simulated the
surrounding fluid flow in order to retrieve local heat and mass transfer boundary
conditions. The importance of using surface dependent transfer coefficients is
furthermore demonstrated by Mohan and Talukdar (2010). It is therefore desirable
to calculate the surrounding fluid flow in order to establish the local heat and mass
transfer coefficients.
If the convective heat transfer coefficient is regarded as constant, and thus
independent of the surface temperature, a value of h can be retrieved from one
simulation of the surrounding fluid flow. This will considerably shorten the
simulation time since the fluid flow domain does not need to be calculated
simultaneously with the pellet domain during drying thereafter. The mass transfer
coefficient can then be retrieved by the heat and mass transfer analogy
h
hm

k
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.
3

(4.19)
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The validity of the statement that the heat transfer coefficient is rather independent
of the surface temperature is confirmed in Fig. 4.1, where the result of simulations
of the flow field past a single pellet at different surface temperatures is displayed.

Figure 4.1: Dependence of the surface temperature on the heat transfer coefficient.
The coefficient is evaluated at T=150 oC and vinlet=0.572 m/s.
The flow is regarded as turbulent and all simulations are carried out with the
Shear Stress Transport (SST) turbulence model. The SST model is an evolved
version of the two-equation k-Ȧ turbulence model where the large free-stream
dependency present in the original Wilcox model is avoided. SST also shows better
agreement with experiments when adverse pressure gradient boundary-layer flows
are simulated (Menter, 1994). The model is based on the assumption that the
principal shear-stress is proportional to the turbulent kinetic energy and the k-İ and
k-Ȧ models are combined with a blending factor activating the k- Ȧ model in the
near wall region and the k- İ model in the bulk.
In Paper C, a two dimensional transient simulation of the surrounding fluid
flow is carried out at T = 423.15 K and ReD § 3100. The CFD calculated flow
oscillations show a Strouhaul number (St = f d/U) of St § 0.23 which may be
compared to strictly two dimensional experiments (Wen and Lin, 2001) for which
the wake behind the cylinder have a frequency corresponding to 0.2417. With all
properties evaluated at film temperature, Eq. (2.15) provides a value of Nud § 39, to
be compared with Nud § 41.82 obtained from simulations. The time averaged local
Nusselt number obtained from simulation is presented in Fig. 4.2, where the values
between pi < ș < 2pi are just mirrored values. The figure show rather large
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differences in the local convective heat transfer coefficient with a maximum value
at the upstream stagnation point and minimum values on the vortex side of the
pellet.

Figure 4.2: Time averaged local Nu. ș = 0 rad represents the upstream stagnation
point.
In Paper D, the effect of surface irregularities on the heat transfer coefficient is
investigated. Heat transfer coefficients are retrieved for: i) a scanned pellet from
experiments ii) an oval pellet resembling the experimental pellet with equivalent
volume iii) a spherical pellet with equivalent volume. With stationary simulations,
the irregular shaped surface show a larger variation in local h than the smooth ones;
the maximum h is almost 50 % larger for the scanned pellet when compared to the
smooth oval, see Fig. 4.3. Values of the averaged h are displayed in Table 4.1,
showing similar results for all three geometries. Interesting is that even though the
scanned pellet show the largest variation locally, it has the lowest average h. For a
solid sphere, the value of an average Nu can be stated as (Ranz and Marshall, 1952)
Nu d

2  0.6 Re 1D/ 2 Pr 1 / 3 .

(4.20)

Eq. (4.20) provides a value of Nud § 20, to be compared with Nud § 25.5 obtained
from simulations. The comparison shows an acceptable difference between the
values. Correlations of Nu is usually reasonable over a certain range of conditions,
yet accuracy much better than 20% is generally not expected (Incropera et al.,
2007).
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Figure 4.3: Convective heat transfer coefficient at U = 1.7 m/s for scanned pellet
(top), oval (middle) and sphere (bottom). Upstream view to the left and side view to
the right.
Table 4.1: Surface averaged, minimum and maximum heat transfer coefficient.
Scanned
Oval
Sphere
have [W/m2K]
36.07
37.61
36.34
hmax [W/m2K]
98.92
65.39
69.63
hmin [W/m2K]
6.18
11.05
9.25
In simulations of the fluid surrounding a three-dimensional object (Paper D, E and
F), the SST model stabilizes over time. Time averaged transient simulation of the
fluid flow past a sphere with the SST turbulence model provides a value of the
average heat transfer coefficient of h = 96.07 in Paper F, to be compared to h =
96.082 retrieved from corresponding steady state simulations. Steady state
simulations are thus adequate in these three-dimensional simulations.
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4.3 Drying of individual pellets
Drying of an individual pellet is here investigated, examining the models presented
in Section 4.1.1 and 4.1.2. The surface evaporation stage of drying is first
investigated with two-dimensional simulations. Three dimensional simulations are
then validated against the experimental results in Chapter 3. Questions regarding
the different phases of drying, the effect of inlet air humidity and influence of the
shape and surface irregularities are finally addressed. The simulations are carried
out with the software ANSYS CFX, see Section 2.2.

4.3.1 Surface evaporation
With aim to investigate the surface evaporation period of an individual pellet, two
dimensional drying simulations are carried out in Paper C with the model
described in Section 4.1.1, implementing the constant effective diffusivity of liquid
moisture, Deff, retrieved in Paper D. Similar simulations has earlier been conducted
by for example Kaya (2007), Wu et al (2004) and Mohan and Talukdar (2010),
assuming continuous supply of moisture to the surface throughout the drying
process. The surface evaporation stage is here investigated more thoroughly to
further examine the transition between drying periods, which is more appropriate
for drying of iron ore pellets.
The convective heat transferred from the gas is used both for increasing the
pellet temperature and for evaporation of water at the surface. Regardless of the
magnitude of the convective heat and mass transfer coefficients, the balance
between convective heat transfer and the evaporative heat loss will eventually reach
an equilibrium resulting in a steady state temperature, the so-called wet bulb
temperature. The balance has its origin in Eq. (4.5) and is expressed as
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according to Incropera et al. (2007). The balance shows a wet bulb temperature of
Ts § 309.7 K for present modeling conditions. This temperature is verified in the
CFD- calculations presented in Fig. 4.4(a) with boundary conditions as presented in
Fig 4.2. The overall drying rates follow the trends of the temperature in the surface
evaporation period, see Fig. 4.4(b), and approaches a value that will only be
constant if the first surface evaporation period is sustained for a sufficient amount
of time for the temperature to reach the wet bulb temperature, being controlled by
the diffusivity of moisture inside the pellets.
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a)

b)

Figure 4.4: a) Surface temperature at the upstream stagnation point and
temperature in the centre of the pellet as a function of time. b) Average drying rate
as a function of time.
A minimum moisture content of M = 0 is reached at the upstream stagnation point
at t § 42 s, and the second drying period with internal evaporation will thus start,
see Fig. 4.5 where the local minimum and maximum moisture content at the surface
are displayed with the average pellet moisture content.

Figure 4.5: Average pellet moisture content with maximum and minimum surface
moisture content as a function of time.
The corresponding local temperature and moisture content inside the pellet at t =
42.2 s are presented in Fig. 4.6(a) and (b), respectively. Please notice the rather step
gradients in moisture content within the pellet as well as the non-axisymmetric
distribution of moisture, which is caused by the variation in flow as a function of
angular position around the pellet. The temperature is on the other hand
approaching a constant value.
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a)

b)

Figure 4.6: Contour plot of a) temperature distribution at t = 42.2 s and b)
corresponding moisture content distribution.
The large local difference in moisture content at the surface indicates that surface
evaporation will be maintained locally on the pellet surface, see Fig 4.7. The
surface evaporation and internal drying phases will thus coexist for a period of time.

Figure 4.7: Local moisture content on the surface at t = 42.2 s.

4.3.2 Validation
Validation of the drying model in Section 4.1.1 with constant diffusivity is carried
out in Paper D while the extended model presented in Section 4.1.2 is validated in
Paper E. The boundary and initial conditions are designed to fit Exp. 1.3 and 2.4 in
Chapter 3 for the validations. The actual velocity around the pellet is not known and
is therefore retrieved by comparing the experimental result with simulations.
Simulations of various inlet velocities are thus performed from which appropriate
convective heat and mass transfer coefficients are determined. The heat and mass
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transfer is here assumed to only be driven by forced convection and effects due to
radiation etc are subject to future work. The assumption is however investigated by
comparing simulations of Exp. 1.3 and 2.4 with the experimental data. No regard is
taken to the influence of the sample basket (Fig. 2.1).
First, Exp. 1.3 is used for validation of the surface evaporation period
simulated with the scanned geometry. In simulations with boundary conditions U =
1.7 m/s and T = 150 °C, the scanned pellet show good agreement with the
experimental result, see Fig. 4.8(a), and a value of the constant diffusivity of Deff =
3.3e-8 [m2/s] is retrieved. The inlet velocity is thus approximated to 1.7 m/s,
corresponding to a mass flow of 0.0446 kg/s. This is to be compared with the mass
flow given in the experiments of 0.015 kg/s. It is however likely that the flow in the
centre of the experimental equipment is higher than at the edges, which could
explain the higher flow indicated in the simulations. To investigate the validity of
the approximated velocity and effective diffusivity, simulations of an oval geometry
resembling the pellet in Exp. 2.4 are carried out. With the mass flow derived from
Exp. 1.3 for the oval shaped body in Paper D (m = 0.041 kg/s) and a temperature of
80 °C, simulations show good agreement with the experiment, see Fig. 4.8(b). The
smooth surface of the oval pellet will however delay the start of the internal drying
period in the simulations.
a)

b)

Figure 4.8: Comparison between a) Exp. 1.3 and moisture content retrieved from
simulations. b) Exp. 2.4 and moisture content retrieved from simulations.
Simulations of the whole drying process are performed and compared with
Exp. 1.3, enabling determination of the unknown parameters permeability, K, and
interstitial heat transfer coefficient, hsf, required for the model with capillary flow
and internal drying in Section 4.1.2. With a permeability of K = 2.501e-14 m2 and
an interstitial heat transfer coefficient of hsf = 0.55 W/m2K, the simulated average
moisture content show good agreement with the experimental result, see Fig. 4.9.
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The approximated values of permeability and interstitial heat transfer coefficient are
further discussed in Paper E but it can be said that the obtained values are realistic.
To compare drying rates, the experimental data is taken as an average over 56 s in
each point to reduce the experimental instabilities. Although the variation is still
rather large it is safe to conclude that it is a good agreement between the experiment
and simulation, see Fig. 4.10.

Figure 4.9: Comparison of moisture content between CFD and experiments.

Figure 4.10: Comparison of drying rate between CFD and experiments.
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4.3.3 Periods of drying
A thorough investigation of the different stages involved in drying of an individual
iron ore pellets is of high interest in order to clarify the mechanisms involved in
drying. The validated drying simulation presented in Section 4.3.2 is thus further
studied, see Paper E. An analysis of the drying rates show that the initial surface
evaporation period is succeeded by a period with decreasing surface evaporation
and increasing internal evaporation, see Fig. 4.11 (a), where the liquid drying rate
and the surface vapor flux are presented with the total drying rate as a function of
time. It is obvious that the mechanisms surface liquid evaporation and internal
vapor generation will co-exist during a certain period of time. Zero liquid moisture
content is first approaching at approx. 207 s, while the whole surface can not be
regarded as dry until after 460 s of drying, see Fig. 4.11 (b) where the maximum
and minimum surface moisture content are presented and the transitions between
periods are clearly shown.
a)
b)

Figure 4.11: Comparison between liquid evaporation and vapor flux as a function
of time (a) and max and min surface moisture content with pellet average moisture
content (b).
The liquid surface moisture content in the second drying period, where surface
evaporation and internal drying mechanisms coexists, is presented in Fig. 4.12,
showing large gradients of moisture at the surface. Large gradients of moisture are
also present inside the pellet where a moisture front will develop over time and
move towards the core of the pellet; see Fig. 4.13 where the distribution of liquid
moisture inside the pellet throughout drying is presented.
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Figure 4.12: Moisture content at the surface at t = 207, 282, 357 and 432 s. The
flow is from the left to the right.

Figure 4.13: Moisture content inside the pellet (x = 0) at t = 207, 407, 607 and 807
s.
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The pellet temperature will first reach towards the wet bulb temperature, which is
approx. 314 K in this specific case, see Fig. 4.14. The temperature will thereafter
start to increase again as soon as the moisture content at the surface is locally zero.
The effect of boiling initiate when the drying time is close to 800 s. The increase in
drying rate close to 800 s shown in Fig. 4.10 is thus due to boiling. The temperature
in the wet areas of the pellet will then limit to the boiling temperature and the rate
of increase of the average pellet temperature is damped as seen in Fig. 4.14. With
the experimental instabilities in mind it is precarious to determine the initiation of
boiling in the experiments. The third stage of drying will thus be internal
evaporation below boiling temperatures succeeded by a forth stage of internal
drying at boiling temperatures.

Figure 4.14: Variation of average pellet temperature, maximum surface
temperature and minimum surface temperature with time.
The appearance of the internal temperature varies during drying depending on the
zones of evaporation; see Fig. 4.15 where the distribution is displayed for drying
times between 208-838 s. The heat distribution is mainly dependent of the external
flow at 208 s, while it is also influenced by internal evaporation at 418 and 628 s.
At 838 s, the temperature sets at the boiling point in the moist zones.
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Figure 4.15: Internal temperature distribution at t = 208, 418, 628 and 838 s.

4.3.4 Geometry dependence
It is of interest to examine how numerical approximations of the pellet geometry
affect the result of validation and consequently determination of unknown
parameters. Such an examination will also provide information on how the pellet
surface and shape affect drying in a straight grate furnace.
Simulations are run for i) a scanned pellet from experiments ii) an oval pellet
resembling the experimental pellet with equivalent volume iii) a spherical pellet
with equivalent volume, i. e. the boundary conditions presented in Fig. 4.3. In the
simulations based on U = 1.7 m/s and T = 150 °C, the scanned pellet show good
agreement with the experimental result for the first drying stage, while the oval and
spherical pellet is subjected to a small deviation from the experiments as displayed
in Fig. 4.16 where the moisture content as a function of time is presented for all
three geometries. Further details are presented in Paper D. The results show that
the sphere will dry slightly slower due to the smaller surface area while the oval
pellet will dry faster due to its larger average heat transfer coefficient presented in
Table 4.1, Section 4.2.
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Figure 4.16: Comparison between Exp. 1.3 and volume averaged moisture content
from simulations.
Validation often requires an estimation of the external flow velocity due to
complex experimental setups. If an oval and spherical pellet is adjusted to fit Exp.
1.3, the velocity for the sphere must be increased to 1.88 m/s (have = 38.19) due to
the surface area while the velocity for the oval pellet is decreased to 1.57 m/s (have =
36.07) in order to fit the experiments. The corresponding velocity for the scanned
pellet is 1.7 m/s (have = 36.07). With the adjusted velocities, the spherically shaped
pellet will have the largest variation in moisture content at the surface as displayed
in Fig. 4.17.

Figure 4.17: Minimum and maximum surface moisture content as a function of
time.
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The local moisture content at the surface is thus influenced both by surface
irregularities and overall geometry, see Fig. 4.18 where the local moisture content at
t = 188 s is displayed for the three geometries. A smooth surface will thus decrease
the local variation of moisture while a spherical geometry will, compared to an oval
shape, increase the difference.

Figure 4.18: Moisture distribution at the surface (upstream side) at t = 188 s.
The sphere will also have the largest gradients in temperature before reaching the
wet bulb temperature, see Fig. 4.19(a). The temperature curves are nearly identical
for the scanned and oval pellet. The scanned pellet will however have the largest
variation in local drying rate, which is shown in Fig 4.19(b).
a)
b)

Figure 4.19: a) Minimum and maximum surface temperatures as a function of time.
b) Minimum and maximum drying rates as a function of time.

4.3.5 Influence of air humidity
The influence of air humidity on drying is here investigated at four inlet air dew
points; Tdp = 273, 292, 313 and 333 K. Taking into account capillary transport of
liquid and internal evaporation, the diffusive model described in Section 4.1.2 is
applied to a spherical geometry representative for an individual iron ore pellet.
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The balance between the convective heat transfer and the evaporative heat loss,
Eq. (4.21) in Section 4.3.1, is now further investigated to determine the influence of
air humidity on drying. From Eq. (4.21) it is apparent that the external parameters
influencing the surface temperature at which equilibrium occurs are the temperature
and relative saturation at the inlet. The dew point, Tdp, is the temperature at which
vapor begins to condensate at a specified pressure and is related to the relative
saturation as
p sat ,Tdp Tf
.
(4.22)
RS
p sat ,Tf Tdp
Although not explicitly given in Eq. (4.22) the relative saturation will increase with
dew point due to a relatively large increase of the saturated vapor pressure with Tdp.
If the dew point of air is above the surface temperature of the pellet, condensation
will occur until the surface has reached the specific temperature. This is presented
in Fig. 4.20 where the balance between the heat and evaporation energy in Eq.
(4.21) is presented for four dew point temperatures representative for various
positions in a bed of pellets (Tdp = 273, 293, 313 and 333 K). Condensation will
occur if the right hand side (rhs) of Eq. (4.21) shows negative values. Hence, for the
cases studied there will be no condensation if the pellet is preheated to about 333 K.
The equilibrium points between heat (lhs) and evaporation energy (rhs) in Fig. 4.20
show the corresponding wet bulb temperature. It is thus apparent that the air dew
point temperature will increase the surface wet bulb temperature with a lower
drying rate as a consequence.

Figure 4.20: The evaporative heat is plotted for four dew points (Tdp = 273, 293,
313 and 333 K), at an inlet temperature of T = 423 K. The corresponding relative
saturation at T = 423 K is 0.0019, 0.007, 0.0209 and 0.0531.
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Drying simulations are performed with inlet air dew point temperatures of 273, 293,
313 and 333 K, and the simulations are run until the surface is completely dry. In
overall, the moisture content of the pellet decreases as a function of time. An
increase in moisture content due to condensation is however observed in the case of
Tdp = 313 and 333 K as seen in Fig. 4.21 where the pellet moisture content is
displayed as a function of time. The corresponding drying rates show a surface
evaporation period succeeded by a falling rate period. A prolonged surface
evaporation stage with constant drying rate is obtained at high saturations of the air;
see Fig. 4.22 where the drying rates are presented as a function of time. The initial
increase in temperature is more rapid if the saturation is high while the temperatures
will stagnate at the respective wet bulb temperature at the end of the surface
evaporation period, see Fig. 4.23. These temperatures are the same as those derived
from Fig. 4.20, verifying the simulations.

Figure 4.21: Pellet moisture content as function of time.

Figure 4.22: Drying rate as function of time.
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Figure 4.23: Pellet average temperature as function of time.
From Fig. 4.21-4.23 it is apparent that the differences in drying due to inlet air
saturation arise from the start-up of drying. The effect is damped at the end of the
surface evaporation period and the falling rate drying period will in its turn also
reduce the differences since the rate of decrease in drying rate is less for high inlet
air dew points. The influence of the distribution of heat and mass transfer
coefficients is clearly presented in Fig. 4.24, where the local moisture contents in a
plane alongside the fluid flow are displayed. The moisture contents are presented at
the times when the internal drying period is initiated for the respective dew point.
From the figure it is apparent that a high drying rate will increase the moisture
gradients.
a)
b)

c)

d)

Figure 4.24: Distribution of moisture in the middle of the pellet in a plane parallel
with the external fluid flow at Mmin = 0.001 for a) Tdp = 273 K, t = 30.8 s, b) Tdp =
293 K, t = 35.3 s, c) Tdp = 313 K, t = 48.9 s, d) Tdp = 333 K, t = 76.4 s.
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4.4 Drying of a bed of pellets
The drying model in Section 4.1.3 is now included in the discrete system of pellets
described in Section 2.3.3. Temperature and moisture distribution in the pellet bed
is presented in Fig. 4.25(a) and (b), where the distributions after 0.1 s and 2 min of
drying are presented, respectively. It is obvious that there are several pellets that are
heated very slow, see the top-left temperature distributions in Figure 4.25.
Moreover, decrease of temperature is possible for low dew point temperatures of
the input steam. However, the temperature cannot fall lower than the dew point
temperature of input air. If the dew point temperature is higher than the initial
temperature of the pellets on the other hand, there is slight condensation of the
steam at the beginning of the process and the temperature increases faster than it
would for pure thermal heating. The uneven distribution in temperature is also
reflected in the remained water volume-fraction inside the pellets; see the top-right
plots in Figure 4.25.
Interestingly the moisture content in the air is highest at the inlet during the
initial stage of drying; see Fig. 4.25(a) bottom-left where the moisture volumefraction in air both inside and outside the pellets is presented. Recondensation will
then occur and notice that the input air needs only a fraction of a second to reach the
outlet at a flux of the steam equal to 10 m/s. In later stages of the drying (Fig.
4.25(b) bottom-left) the moisture volume-fraction, on the contrary, increases
continuously from the inlet to the outlet as it is collecting water evaporation from
the pellets. The latter results in a lower evaporation in the wet area close to the
outlet. From the profiles presented in Fig. 4.25 bottom-right it is clear that much
higher amount of heat is required to heat up wet pellets than dry ones. After about
10 s the temperature of pellets near the inlet reaches the boiling temperature and the
gas moisture is then close to its maximum at the inlet. After 2 minutes, see Fig.
4.25(b), almost half of the system is dry or the boiling has started. The inlet air is at
this point however still subjected to an extensive cooling by the pellets, as the
temperature in the middle of the bed is around 380 K, to be compared with the inlet
temperature of 573 K.
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(a)

(b)
Figure 4.25: Distribution of temperature and moisture after (a) 0.1 s and (b) 2 min.
Top-left: Temperature distribution in Kelvin degrees. Top-right: Remained water
volume-fraction inside pellets. Bottom-left: Moisture volume-fraction in steam both
inside and outside the pellets. Bottom-right: Profiles of averaged temperature
(steam and pellet) and water volume fractions along vertical line.

Chapter 5
CONCLUSIONS
The numerical models developed in this thesis provide detailed information on
some key fluid dynamic and physical processes that an iron ore pellet undergoes
during drying and serve as a valuable tool when optimizing the drying process. The
simulations show detailed information of drying that could be difficult to obtain
even with conventional experiments. Experiments are on the other hand invaluable
when working with numerical models since they provide an indication on whether
or not the right equations are solved. Comparison between experiments and
simulations is thus mutually beneficial. The experimental setup presented in this
work provides reproducible data of drying of individual pellets despite difficulties
arising from oscillations of the specimen and influence of the sample basket. The
numerical model developed for individual pellets is validated against the
experimental results with good agreement and the following material parameters are
retrieved from the comparison between simulations and experiments; permeability,
K, constant diffusivity of liquid, Deff, and the interstitial heat transfer coefficient, hsf.
From the simulations it is concluded that drying of an individual iron ore pellet
can be divided into four stages concerning evaporation of free water; i) evaporation
of liquid moisture at the pellet surface, ii) surface evaporation coexisting with
internal drying as the surface is locally dry, iii) internal evaporation with completely
dry surface and iv) internal evaporation at boiling temperatures. The first stage, the
surface evaporation period, can in its turn be divided into two phases concerning
drying rate; an initial warm up phase with a succeeding constant rate drying phase
as the temperature stabilizes at the wet bulb temperature. The constant rate drying
phase is prolonged if the relative saturation of the air is high while there will be
practically no constant rate drying if the air is dry, being controlled by the
interaction between the internal water transport and the rate of evaporation at the
surface. The wet-bulb temperature is furthermore increased with the relative
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saturation and condensation will occur if the pellet surface temperature is below the
dew point. The appearance of the drying rate curve in the proceeding falling rate
stage (stage (ii), (iii) and (iv)) is in its turn decided from both the geometry of the
pellet and the moisture transport. Furthermore there will be a moisture front moving
towards the core of the pellet that will start to develop in stage ii) and the
simulations show that the front will have a non-symmetrical form arising from the
surrounding fluid flow. The distribution of heat inside the pellet throughout drying
will depend on the modes of evaporation. For optimization of the drying process it
is essential that that the numerical models are efficient and that they are applicable
to a variety of drying conditions. Detailed simulations are on the other hand of great
value for e.g. validation purposes, despite the increase in computer effort. It is
foremost important to determine how simplifications may influence the result. A
pellet with surface irregularities taken into account will for example show a larger
variation in local heat transfer coefficient, for the case presented here up to 50%
when compared to a smooth pellet, and consequently a larger difference in drying
rate. From the simulations it is concluded that the local moisture content is
influenced by both surface irregularities and overall geometry. A smooth surface
will decrease the local variation of moisture while a spherical geometry will,
compared to an oval, increase the difference.
The boundary conditions at the pellet surface are determined from simulations
of the surrounding flow, assuming that the porous pellet behaves as a solid. This is a
reasonable assumption since a porous cylinder with properties similar to that of an
iron ore pellets behaves as if it is impermeable from a fluid flow point of view.
Results of simulations of the surrounding fluid flow show that a local heat transfer
coefficient can be determined, with good experimental agreement, for a twodimensional turbulent flow by use of the SST turbulence model. The transient
behavior is however not captured in three-dimensional set-ups but steady state
simulations will provide an averaged flow with satisfactory accuracy even if more
advanced turbulence models should be considered in the future in order to fully
capture vortex shedding and unsteady effects.
The continuum and discrete bed models show similar results concerning heat
transfer tendencies. The air will soon cool from its inlet temperature and the
temperature front will advance much faster in the gaps between pellets than in the
interior of the pellets even if all the heat energy of the air goes in heating of the
pellets initially. With the discrete system of pellet it is possible to study statistical
variations of the macroscopic heat and mass transfer parameters caused by
microscopic stochasticity and the dispersion of temperature and humidity is also
introduced in a natural way through randomness of the arrangement of pellets.
Another advantage with the discrete model is the direct inclusion of drying where
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both evaporation and condensation can be considered for each pellet. The
conductivity of heat between pellets is however included in a more direct way in the
continuum model.
With the developed models it is possible to further investigate how external and
internal parameters influence drying, e.g. inlet velocity and temperature, inlet air
humidity, initial temperature of the pellets and size distribution of the particles
building up the pellet, enabling optimization of the process. There are foremost two
physical process that an iron ore pellet undergoes during drying that should be
further investigated; the onset of boiling and chock-drying. For further validation of
the drying model developed for individual pellets it is crucial to reduce the
experimental instability and also to compare results between various drying
conditions. A detailed experimental investigation of the drying rate would also be of
great value. In future experiments it would be beneficial to produce an experimental
set-up for which normal sized pellets and higher inlet flows could be handled, as
this would reduce the computational time and effort. The actual differences in heat
transfer between a porous and solid surface are together with the interstitial heat
transfer coefficient’s behavior at low Reynolds numbers other interesting areas that
would profit from a more extensive study.
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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 are however some limitations when using the
diffusive transport equation as the solid phase energy equation that need further
investigation. Moisture content and evaporation in the bed are not included in the present
model and is therefore subject to future work.

Nomenclature
asf
Į
A
cp
Dp
İ
hsf
k
K

specific surface area of the packed bed [m-1]
thermal diffusivity [m-2 s-1]
area perpendicular to flow direction [m2]
specific heat at constant pressure [J kg-1 K-1]
sphere particle diameter [m]
porosity
convective heat transfer coefficient [W m-2 K-1]
thermal conductivity [W m-1 K-1]
permeability [m2]
1

U
p
Q
t
T
u
U

P

density [kg m-3]
pressure [Pa]
volume flow [m3 s-1]
time [s]
temperature [ºC]
velocity [m s-1]
superficial fluid velocity [m s-1]
dynamic viscosity [kg m-1 s-1]

Subscripts
f
fluid
s
solid

1 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 traveling
grate processes. 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 in traveling grate furnaces 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 dew point, 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 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
2

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].

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

wU
   Uu
wt

(1)

0

Momentum equation

wu
(2)
p  P 2 u  U F .
wt
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]
U

dp
dx



P Q.

(3)

K A

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]
1H

'p
y
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H 3 Dp

H

2

3

PU
Dp

2



.

(4)
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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
3

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:

H Uc p

GT f

 Uc p f v   T f .
wt
  Hk f T f  a fs hsf (Ts  T f )
f

(5)

Solid phase energy equation:
wTs
.
wt
  1  H k s Ts  a sf hsf (T f  Ts )
1  H pc p

s

(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]
a sf

6(1  H ) .
Dp

(7)

3 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 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 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
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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

u't
'x

c

(8)

being the ratio of time step ǻt to the characteristic convection time u/ǻx that is the
time required for a disturbance to be convected a distance ǻx. 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].

4 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 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
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equal to the last term in Eq. 5 divided by İ 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
w (HU f I )

  HU f DI  HS

wt

(9)

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

I

Tsolid 1  H U s c ps

(10)

HU f
D

ks
.
U s c ps

(11)

By substituting Eq. 10 and Eq. 11 with Eq. 9, the following transport equation is
obtained:
w (1  n) U s c ps Tsolid
wt

nS 

§
(1  n) U s c ps Tsolid
ks
  ¨ nU f

¨
U s c ps
nU f
©

·
¸
¸
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.
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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. 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 kİ model and Kuwahara et al. [11] performed a large eddy simulation (LES) study.
Simulations in this work are carried out with a standard k-İ 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.
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5 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 RMS residual target is set to 1e7 as convergence criteria, which in this case represents a reduction of iteration error
with at least 2-3 orders of magnitude.
Grid
No.
1
2
3

Table 1: Results from grid refinement study.
No. of nodes
Normalized number of Area average inlet
nodes
pressure [Pa]
122042
1
5129.58
65520
1.86
5129.83
30940
3.94
5130.49

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.
Area average inlet pressure [Pa]

5131,00
2

y = 0,01x + 0,26x + 5129,31
5130,50
5130,00
5129,50
5129,00
5128,50
5128,00
0,0

1,0

2,0

3,0

4,0

5,0

Normalized number of nodes

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.
Table 2: Results from discretization error analysis.
pextra [Pa]
Error Grid 1 (%)
Error Grid 3 (%)
5129.31
0.0053
0.023
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.
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Figure 3: Porosity distribution.

Figure 4: Velocity distribution.
For illustration of temperature distribution in the 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 for 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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6 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
Table A.1: Material parameters for fired pellets.
Parameter
Value
Dimension
Density
3700
Kg m-3
Bulk density
2200
Kg m-3
Convection heat transfer 190
W m -2 K
coefficients
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
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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 heating rate for the
porous cylinder when compared to a solid.

Nomenclature
asf
Į
A
cp
d
D
İ
ĭ
h
k
K

U

p
Q
t
T
u
U

specific surface area of the packed bed, 1/m
thermal diffusivity, 1/m2 s
area perpendicular to flow direction, m2
specific heat at constant pressure, J/ kg K
average grain size, m
cylinder diameter, m
porosity
energy source term W/ m3 K
convective heat transfer coefficient, W/ m2 K
thermal conductivity, W/ m K
permeability, m2
density, kg/ m3
pressure, Pa
volume flow, m3/s
time, s
temperature, ºC
velocity, m/ s
superficial fluid velocity, m/ s
1

P

dynamic viscosity, kg/ m s

Subscripts
f
fluid
s
solid
i
interface

1 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 induration furnace consists of four stages: drying
zone, pre-heat zone, firing zone and a cooling zone. 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 ȝm
(Forsmo, 2007). 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).
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. 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
2

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 ReD is considered in this paper but the
developed model will be applicable to higher ReD as well. 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.

2 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),
wU
   Uu
wt

0.

(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
U

wu
wt

p  P 2u .

(2)

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)
dp
dx



P Q.

K A

(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 necessary 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
Uc p

wT f
wt

f

 Uc p

u f  T f

f

  k f T f  I f i .

(5)

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

H Uc p

f

wt

 Uc p

1  H Uc p

s

f

wTs
wt

u f  T f

  Hk f T f  I f

  1  H k s T s  I s .

(6)
(7)

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

a sf hsf (Ts  T f )

(8)

Is

a sf hsf (T f  Ts ) .

(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
hsf d
kf

§ 4 1 H · 1
¸  1 H
¨1 
H ¹ 2
©

1/ 2

Re 0d.6 Pr1/ 3 ,

(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
a sf

6(1  H ) .
Dp

4

(11)

2.1 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)
 k f wT wn s

h

Ts  Tf

(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
If

i

hA(Ts  Tf )

(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 ĭsi on the interface can be estimated with
Is

i

hA(Tf  Ts ) .

(14)

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.

3 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 ȝm.
•
Since over 90% of the heat between the phases is transferred by convection
in a traveling grate pelletizing plant, all other heat transfer mechanisms
between the phases 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).
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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
12.6e-3
(Clark, 1966)
o -1
C ]
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
26e-6
(Forsmo, 2007)
[m]

4. 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 Correction Scheme (NACS) is used
with blend factor ȕ 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).

4.1 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.
Grid No.
1
2
3

Table 2: Temperatures at upstream stagnation point.
Number of nodes
Temperature [K]
432790
308.595
338686
308.596
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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308.61
y = - 0.0012229*x 2 + 0.0063847*x + 308.59

Temperature [K]

308.605

308.6

308.595

308.59
0

0.5

1

1.5

2

Normalized number of nodes

Figure 1: Plot of temperature at the upstream stagnation point as function of
normalized number of nodes.
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.

Figure 2: Mesh resolution close to and within the cylinder also indicating the two
evaluation points.

5 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.
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5.1 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.

Figure 3: Velocity streamlines for flow around a solid cylinder.

Figure 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.
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Figure 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 İ = 0.629
behaves as if the cylinder was impermeable, as compared to the porosity İ = 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).

5.2 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 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.

Figure 6: Temperature of surrounding air flow with corresponding solid
temperature at t = 10 s.
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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 ș = 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.
5
4.5

Nu=hD/k

4
3.5
3
2.5
2
1.5
1
0

pi/2

pi

3*pi/2

T [rad]

2*pi

Figure 7: Local NuD as function of angle ș. ș = 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 (İ = 0.05) is evaluated and compared to a
solid, since the behavior of these should be similar due to the small porosity. The
result from this comparison is shown in Fig. 8.
311

Temperature [K]

310.5

Solid, Point 1
Solid, Point 2
Porous, H = 0.05, Point 1
Porous, H = 0.05, Point 2

310
309.5
309
308.5
0

2

4

6

8

10

Time [s]

Figure 8: Comparison between a permeable cylinder with İ = 0.05 and a solid
cylinder at Point 1 and Point 2.
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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 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. During the
calculations there is also a discrepancy in Nu between the solid and porous cylinder
the first three seconds, before the flow have stabilized The reason to this is that for
the solid cylinder the value of Nu increases to a final value during the initial stage
while this final Nu is used for all time steps for the porous cylinder. Hence the heat
transfer to the porous cylinder is too high in the beginning, eventually leading to a
higher temperature.
Secondly, simulations on the porous model with İ = 0.05 and İ = 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 İ = 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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Temperature [K]
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Porous, H = 0.05, Nu = 0
Porous, H = 0.315, Nu = 0
Porous, H = 0.315, Nu = 9.69
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309.5
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4

6
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10
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Figure 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
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cylinder. This effect is however unlikely in this case since the velocity is very small
inside the cylinder.
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Figure 10: Comparison of heat transfer effects between solid cylinder and porous
cylinder at Point 1.
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Figure 11: Comparison of heat transfer effects between solid cylinder and porous
cylinder at Point 2.

6 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 simulations. Finally, it is of highest importance that
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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.
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ABSTRACT
The objective of this paper is to numerically model convective drying of a two dimensional
iron ore pellet subjected to turbulent flow. Simulations of the iron ore pellet drying process
are carried out with commercial computational fluid dynamics (CFD) software. The
moisture distribution inside the pellet is calculated from a diffusion equation and drying due
to evaporation at the surface is taken into account. The results show an initial warm up
phase with a succeeding constant rate drying period. Constant drying rate will only be
achieved if the surface temperature is constant. The falling rate period will subsequently
start at the forward stagnation point when the minimum moisture content is reached, while
other parts of the surface still provide enough moisture to allow surface evaporation. The
phases will thus coexist for a period of time. The simulations offers detailed information on
some key fluid dynamics and physical processes that an iron ore pellets undergoes during
drying and the model provides a complement to experimental investigations when
optimizing the drying process.

Nomenclature
c
cp
d
DAB
Deff
f
h
hlg
hm
k
km
m

specific heat, J/kg K
specific heat at constant pressure, J/kg K
diameter, m
binary mass diffusivity, m2/s
effective diffusivity, m2/s
frequency, Hz
convection heat transfer coefficient, W/m2 K
latent heat of vaporization, J/kg
convection mass transfer coefficient, m/s
thermal conductivity, W/m K
thermal conductivity of the porous medium, W/m K
molecular weight, kg/kmol
1

m
M
p
R
RS
t
T
u
U

mass flow rate, kg/m2 s
moisture content, kg/kg
pressure, Pa
universal gas constant
relative saturation
time, s
temperature, K
velocity, m/s
free stream velocity, m/s

Greek symbols
İ
porosity
U
density, kg/m3
P
dynamic viscosity, kg/m s
I
volume fraction
ĳ
energy source term, W/m2
Subscripts
f
fluid
g
gas
l
liquid
s
solid
v
vapor

1 Introduction
Iron ore pellets is a highly refined product supplied to the steel making industry for
use in blast furnaces or direct reduction processes. The use of iron ore pellets offers
many advantages such as good transportability, mechanical strength and quality
control (Meyer, 1980).
A pelletizing plant generally consists of four stages: drying zone, pre-heat
zone, firing zone and a cooling zone. Throughout the drying zone, balled pellets
made from a mixture of iron ore, binders and water are transported as a continuous
bed on rosters while warm air is convected through the bed from either above
(Down-Draught Drying) or below (Up-Draught Drying). The dominating heat
transfer mechanism is thus forced convection; over 90% of the heat is transferred
this way (Meyer, 1980). Crucial for drying is that the moisture 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 of the magnetite. For the pellets
to be dried as efficiently as possible, it is of highest importance that this process is
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known in detail. Following the work of Ljung et al. (2008a), and Ljung et al.
(2008b), heat and mass transport past a single cylindrical pellet placed in infinite space
is here modeled with aid of Computational Fluid Dynamics (CFD).
Moisture transport through a single pellet is generally divided into three stages
(Meyer, 1980). The first stage, the so-called constant rate drying period, continues
until the moisture inside the pellets is no longer transported to the surface with the
same speed as evaporation occurs. In the next stage, the 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 et al.,
2007); (Clark, 1981)). Clark (1981) also claimed that the surface evaporation
mechanism is not of the constant rate type. There are several mathematical
descriptions of the drying phenomenon (Waananen, 1993). For example Lewis
(1921) assumed diffusion of moisture (liquid) to the surface with corresponding
evaporation from the surface, Luikov (1966) suggested a theoretical drying model
based on irreversible thermodynamics and Whitaker (1977) obtained the governing
equations from volume averaging of the microscopic conservation laws. Chen and
Pei (1989) proposed a model which describes drying behavior of hygroscopic and
non hygroscopic materials. In the model, a capillary conductivity is developed to
account for capillary flow of free water. Plumb (2000) addressed general modeling
of the drying process by adopting the equations proposed by Whitaker.
Mathematical description of the drying of iron ore pellets has been made by Huang
et al. (1993) and Tsukerman et al. (2007), the latter describing drying of individual
pellets by the use of a shrinking core model. Regarding simulations of the drying
phenomenon, Zili (1999) simulated drying of a granular material using a finite
volume method. This approach was also used by Carmo and Lima (2008) when
investigating mass transfer inside a two dimensional spheroidal and Wu et al.
(2004) who simulated drying of a three dimensional rice kernel. Taking into
account the actual flow field surrounding the porous body, Kaya et al. (2007) used a
finite difference based numerical method to calculate heat and mass transport by
diffusion. Erriguible et al. (2006) presented a method for the problem of heat and
mass transfer between a porous medium and its surrounding and Lamnatou et al.
(2010) developed a numerical procedure for convective drying of porous bodies,
implementing Luikov’s model.
In this work, diffusive equations describing heat and mass transport will be
applied to the specific case of iron ore pellet drying considering mainly the surface
evaporation period.
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2 Theory
The governing equations are described for the pellet as well as the surrounding fluid
flow. The porous pellet is in this context treated as a solid, meaning that convective
transport through the pellet is assumed to be small.

2.1 Governing equations
Continuity for the fluid flow must hold according to

wU
   Uu
wt

(1)

0

and the flow of air outside the cylinder is described by the following form of the
momentum equation (Kundu, 2002)

U

Du
Dt

p  P 2 u .

(2)

The energy equation describing temperature distribution in the flow surrounding the
cylinder is given by (Nield, 1999)
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The following total energy equation where the material properties are a combination
of iron ore, water and air properties is used for within the pellet
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(4)

The convective term is neglected since conduction is assumed to be the dominating
heat transfer mechanism due to low interstitial velocity. The overall thermal
conductivity km of a porous medium depends on the geometry and is here taken as
the arithmetic mean of the conductivities (taking the volume fraction of each phase
into account). The moisture content distribution is calculated from Fick’s law

wM
wt

Deff M 

m l
Us 1  H

(5)

where the effective diffusivity, Deff, may involve a number of mechanisms such as
molecular diffusion, capillary flow, Knudsen flow, hydrodynamic flow and surface
diffusion (Mujumdar, 1995). The moisture content M is defined as

U l Il
U sI s

M
4

(6)

and m represents the mass flux of vapor from water. Since the evaporation at the
surface will be dominant in the first drying stage, no internal evaporation is taken
into account.

2.2 Interface conditions
The convective heat transfer coefficient at the interface between the porous pellet
and the surrounding air is estimated to be of the same magnitude as that of a solid
due to the small size of the particles building the pellet as compared to the pellet
itself, cf. Table 1. The coefficient is thus calculated from ((Incropera et al., 2007);
(Kaya et al., 2007))

 k f wT wn s

h

(7)

Ts  Tf

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 air at the interface is given by the
sink

Mf

h(Ts  Tf ) .

(8)

Since there will be a loss of energy at the solid surface due to evaporation, the
corresponding total solid energy source becomes

Ms

h(Tf  Ts )  m l hlg .

(9)

The mass flux, m , is determined from the difference in concentration between the
saturated vapor at the surface and the surrounding relative saturation and is thus
described by
m l

hm

mv
R

p v , sat Tf RS ·
§ p v , sat Ts
¨¨
¸¸ .

Ts
Tf
©
¹

(10)

The heat and mass transfer analogy is used to derive a value for the mass transfer
coefficient hm (Incropera et al., 2007)
h
hm

k
D AB Le

1

.

(11)
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psat(T) is the vapor pressure corresponding to saturation at T, calculated from
Antonie’s Equation as (Himmelblau et al., 2004)

p sat
§
·
ln¨
¸
2
© 1.333  10 ¹
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A

B
C T

(12)

with A = 18.3036, B = 3816.44 and C = -46.13. The relative saturation RS is defined
as
RS

p v Tf
.
p v , sat Tf

(13)

3 Simulation Technique
The set-up of the model and the numerics is here shortly described and the
numerical accuracy is discussed.

3.1 Modeling
The inlet air temperature in the drying zone of a straight grate pelletizing plant is
approximately 573 K with an initial bed temperature of around 308 K. Since the air
soon will cool down from its inlet temperature and using the fact that the model
outlined above represents a pellet with an arbitrary position in the bed, the inlet
temperature is set to 423.15 K in the simulations. Calculated from process data, the
interstitial velocity around the cylinder is approximated to 7.3 m/s which
corresponds to a turbulent flow with ReD § 3100 at T = 423.15 K. An average static
pressure with a relative pressure set to zero is used at the outlet boundary. The air is
here treated as an ideal gas and is assumed to be completely dry. A schematic
picture of the external flow field domain is presented with corresponding boundary
conditions in Fig. 1.

Figure 1: Schematic picture of the domain for the flow surrounding the pellet.

Various thermal properties are required for the solid, liquid and gas when modeling
drying. It is however reasonable to employ constant values of the thermal properties
since the difference in initial and final temperature is relatively small for the first
drying period. Thermal properties of magnetite are presented in Table 1, where also
some general pellet properties are presented. Thermal properties of air and water are
determined from Incropera et al. (2007) at approximately 313 K. The volume
fractions of liquid and gas are approximated with constant values appropriate for
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the first drying period (ĳl = 0.248, ĳg = 0.067). A green pellet is initially fully
saturated with liquid. With a porosity of İ = 0.315 this corresponds to an initial
moisture content of M = 8.8 %.
Table 1: Properties of magnetite (at approx. 293 K),
averaged material properties used in simulations.
Parameter
Value
Density
5175 [kg/m3]
Thermal conductivity
12.6e-3 [cal/cm sec oC]
Specific heat capacity
586 [J/kg K]
Porosity
0.315
Pellet diameter
0.012 [m]
Average particle size of 26e-6 [m]
raw material
Effective diffusivity
3.3e-8 [m2/s]

geometrical estimates and
Reference
(Waples, 2004)
(Clark, 1966)
(Waples, 2004)
(Forsmo, 2007)
(Forsmo, 2007)
(Forsmo, 2007)

(Ljung et al., 2010)

3.2 Numerical method
The simulations are carried out with the commercial software ANSYS CFX 11.0 in
parallel computer mode (Hellström et al., 2007). For the discretization of the
advection term the Numerical Advection Correction Scheme (NACS) is used with
blend factor ȕ 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, 2007). For the turbulent fluid flow simulations, the Shear Stress
Transport (SST) turbulence model is applied. SST is an evolved version of the twoequation k-Ȧ turbulence model where the large free-stream dependency present in
the original Wilcox model is avoided. SST also shows better agreement with
experiments when adverse pressure gradient boundary-layer flows are simulated
(Menter, 1994).

3.3 Numerical accuracy
Numerical solutions have various types of unavoidable errors, mainly modeling
errors, discretization errors and iteration errors, e.g. (Nordlund and Lundström,
2005), (Marjavvara and Lundström, 2006). 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 meshes are designed to fit
recommendations of y+ < 2 (ANSYS, 2007). Transient simulations of heat transfer
between a solid cylinder and the surrounding flow field are compared and the
temperature at the upstream stagnation point is chosen as key variable, see Table 2.
The result show monotone convergence and an extrapolated value for an infinitely
fine mesh is obtained by Richardson extrapolation, showing that the coarsest grid
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has a relative error of only 1 percent (Textra = 316.892). This mesh is therefore used in
all further simulations.
Table 2: Temperature at upstream stagnation point for three consecutive grids.
Grid No.
Number of nodes
Temperature [K]
1
895274
316.889
2
623742
316.882
3
432826
316.857

4 Results and discussion
Results from simulations are here presented and discussed. First the turbulent fluid
flow past a cylinder is computed and validated. The heat transfer coefficient at the
surface is then determined and applied as boundary condition for the drying
simulations.

4.1 Turbulent fluid flow
Fluid flow simulations are carried out under isothermal conditions at T = 423.15 K.
CFD calculated flow oscillations show a Strouhaul number St of § 0.23, see Fig. 2.
This may be compared to strictly two dimensional experiments (Wen and Lin,
2001) for which the wake behind the cylinder have a frequency corresponding to
St

fd
U

0.2417 .

(14)

Figure 2: Velocity 1/10 of a radius ʌ/2 rad above and below the upstream
stagnation point.
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From a pressure distribution curve at the cylinder surface, it is found that the
laminar boundary layer separates at § 80o from the upstream stagnation point,
which is in agreement with theory for flows below Re < 3 x 105 (Kundu, 2002).
This is also visualized in the contour plot of the time averaged velocity field, shown
in Fig. 3, hence the simulations are in good agreement with experiments as well as
theory.

Figure 3: Time averaged velocity distribution.

4.2 Heat transfer at interface
For a solid cylinder, the value of an average Nu (Nu=hd/k) can be stated as
Nu D

0 .3 

0.62 Re1D2 Pr 1 / 3
1  0.4 / Pr

2 / 3 1/ 4

ª § Re · 5 / 8 º
D
«1  ¨
¸ »
282000
¹ »¼
«¬ ©

4/5

.

(15)

The expression is valid for all ReD Pr  0.2 (Churchill and Bernstein, 1977). With
all properties evaluated at film temperature, Eq. 15 provides a value of N u D | 39 ,
to be compared with N u D | 41.82 obtained from simulations. The time averaged
local Nusselt number obtained from simulation is presented in Fig. 4, where the
values between pi < ș < 2pi are just mirrored values. The figure show rather large
differences in the local convective heat transfer coefficient with a maximum value
at the upstream stagnation point and minimum values on the vortex side of the
pellet.

9

Figure 4: Time averaged local Nu. ș = 0 rad represents the upstream stagnation
point.

4.3 Drying
The convective heat transferred from the gas will be used both for increasing the
pellet temperature and for evaporation of water at the surface. Regardless of the
magnitude of the convective heat and mass transfer coefficients, the balance
between convective heat transfer and the evaporative heat loss will eventually reach
an equilibrium resulting in a steady state temperature, the so-called wet bulb
temperature. The balance is expressed as (Incroperia et al., 2007)
D Le
(Tf  Ts ) hlg AB
k

1

3

mv
R

p v , sat Tf RS ·
§ p v , sat Ts
¸¸ .
¨¨

Ts
Tf
¹
©

(16)

The temperature curves for present modeling conditions (Tinf = 423.15 K and RS =
0) is presented in Fig. 5, showing a wet bulb temperature of Ts § 309.7 K. This
temperature is verified in the CFD- calculations presented in Fig. 6, where the
surface temperature at the upstream stagnation point and the middle pellet
temperature are plotted as a function of time. The result is also in accordance with
the experiments conducted by Tsukerman et al. (2007), showing a stagnation in
pellet temperature in the surface evaporation drying period.
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Figure 5: Derivation of the steady state surface temperature according to Eq. 16.

Figure 6: Surface temperature at the upstream stagnation point and temperature in
the centre of the pellet as function of time.

The overall drying rate follows the trends of the temperature, see Fig. 7, and
approaches a value that will only be constant if the first surface evaporation period
is sustained for a sufficient amount of time, being controlled by the diffusivity of
moisture inside the pellet. The overall drying rate will then decrease as the surface
is locally dried. Although there are rather large differences in local drying rate at the
surface, the small overall difference in average surface drying velocity leads to a
rather constant decrease in moisture content. This is presented in Fig. 8 where the
average pellet moisture content is plotted as a function of time. The figure also
displays the local minimum and maximum moisture content at the surface as a
function of time. A minimum moisture content of M = 0 is reached at the upstream
stagnation point at t = 42.2 s, and the second drying period with internal
11

evaporation will thus start. The average pellet moisture content is at that time 7.1%
with a maximum surface moisture content of 7.0%.

Figure 7: Average drying rate as a function of time.

Figure 8: Average pellet moisture content with maximum and minimum surface
moisture content as a function of time.

The local temperature and moisture content inside the pellet are presented in Fig. 9
and 10, respectively. The local moisture content at the surface is displayed in Figure
11. Please notice the rather step gradients in moisture content within the pellet as
well as the non-axisymmetric distribution of moisture, which is caused by the
variation in flow as a function of angular position around the pellet. The
temperature is on the other hand approaching a constant value.

12

Figure 9: Contour plot of temperature distribution at t = 42.2 s.

Figure 10: Contour plot of moisture content distribution at t = 42.2 s.
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Figure 11: Local moisture content at the surface at t = 42.2 s.

5 Conclusions
The results show the first period for drying of an iron ore pellet. The surface
temperature will first rise towards a steady state temperature determined by the inlet
temperature and the air humidity. Whether or not there will be a constant drying
rate is then dependent on the moisture diffusivity and thus how long the surface
evaporation period is maintained. A constant drying rate will only occur if the
surface temperature is constant. The falling rate period will start at the forward
stagnation point where the minimum moisture content is reached, while other parts
of the surface still provide enough moisture to allow surface evaporation. The large
local difference in moisture content at the surface indicates that surface evaporation
will be maintained locally on the pellet surface. The surface evaporation and
internal drying phases will thus coexist for a period of time. There is also a large
variation in moisture content within the pellet during the process which is partly
caused by the non-uniform flow outside the pellet. In simulations, the falling rate
drying period starts when the average pellet moisture content is just about 7 %. It
should however be noticed that this value is dependent on the effective diffusivity,
which is estimated to be constant in the simulations. The value of diffusivity should
in the future be made a function of for example saturation and permeability
((Lundström et al., 2008); (Frishfelds et al., 2008)).
In addition to drying, the results also show that a local heat transfer coefficient
can, with good experimental agreement, be determined for a two-dimensional
turbulent flow by the use of a SST turbulence model. 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 simulations. Finally, it is of
14

highest importance that continued developments of the model are subjected to
proper verifications and validations.
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ABSTRACT
In this paper, simulations of the first drying period of a single iron ore pellet are compared
for: i) a scanned pellet from experiments ii) an oval pellet resembling the experimental one
with equivalent volume iii) a spherical pellet with equivalent volume. The comparison
provides information on how simplifications of an actual geometry might affect the result.
The simulations are carried out with the commercial software ANSYS CFX 12.0 and the
model is validated against experimental results with good agreement. The results show that
the local moisture content at the surface is influenced by both surface irregularities and
overall geometry. A smooth surface will decrease the local variation of moisture while a
spherical geometry will, compared to an oval, increase the difference.

1 Introduction
Iron ore pellets is a highly refined product supplied to the steel making industry for
use in blast furnaces or direct reduction processes. An induration furnace generally
consists of four stages: drying zone, pre-heat zone, firing zone and a cooling zone.
Throughout the drying zone, balled pellets made from a mixture of iron ore,
additives and water (so-called green pellets) are transported as a continuous bed on
rosters while warm air is convected through the bed from either above or below.
The quality of the dried pellets will greatly affect the later stages of pelletization
and it is therefore crucial that the moisture within a pellet can escape through the
capillaries without damaging the structure. For drying to be optimized, it is of
highest importance that the drying process is known in detail.
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Moisture transport through a single pellet is generally divided into three stages
[1]. The first stage is the constant rate drying period. Here water transport within
the pellet is due to capillary forces. The period continues until the moisture inside
the pellets is no longer transported to the surface with the same rate as the
evaporation occurs. In the next stage, the 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 periods will coexist [2], [3], [4]. The surface evaporation
mechanism will only be of the constant rate type if the surface has reached the wet
bulb temperature [4]. Convective drying of a three dimensional pellet is here
modeled with aim to investigate the surface and geometry influence on drying. The
model is validated against experimental results with focus on the so-called constant
rate drying period.

2 Experimentals
An individual pellet placed in a forced fluid flow is examined experimentally in
order to investigate the drying behavior of a single iron ore pellet. Basically, the
experimental equipment consists of a fan, a thermo battery and a drying cell as
shown in Fig. 1. In the device, the air is first accelerated by the fan and then heated
by a thermo battery to the desired temperature and mass flow [5]. The air is then led
through the drying cell; a cylinder-shaped tube with a diameter of 0.2 m. In the
drying cell, the test sample is hung freely in a triangular basket (see Fig. 1). The
basket is attached to a scale that registers the weight with a frequency of 2 Hz.

Figure 1: Simplified flow scheme for the experimental equipment (left) and test
sample with basket (right).
Experiments are performed with two set-ups. In set-up 1, the air has a temperature
of 150 °C and a mass flow of 0.015 kg/s. Set-up 2 is conducted with the same mass
flow but with a temperature of 80 °C. For the reproducibility, the same inflow
conditions are examined for 4 pellets in each set-up. The moisture content as a
function of time is presented in Fig 2-3 for set-up 1-2, respectively. The pellets used
in the experiments are green pellets specially balled for the experiments. They will
however vary in shape, weight and moisture content, leading to a small variation in
the result. The actual weights, dew point and moisture contents are presented in
Table 1.
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Figure 2: Drying curves for four similar pellets at T = 150 °C and mass flow =
0.015kg/s.

Figure 3: Drying curves for four similar pellets at T = 80 °C and mass flow =
0.015kg/s.
Exp.

Wet weight

1.1
1.2
1.3
1.4
2.1
2.2
2.3
2.4

14.15
14.29
13.99
14.42
13.89
13.78
13.69
13.20

Table 1: Experimental data.
Dry weight
Air dew point
12.87
13.02
12.82
13.16
12.57
12.44
12.52
12.09

6.2
6.2
12.2
12.0
12.0
11.6-10
11.0
11.0-.6
3

Moisture
content
0.0995
0.0975
0.0913
0.0957
0.1050
0.1077
0.0935
0.0918

3 Mathematical model
Drying has played an important role in industrial processing of food, paper, wood
and minerals during a long period of time. The theory of drying is on the contrary
still under development and there are several mathematical descriptions of the
drying phenomenon [6]. The fundamental equations proposed by Whitaker [7] are
frequently adopted ([8]) while Kaya [9] used theory based on Lewis [10] diffusion
model. Mathematical description of the drying of iron ore pellets has been made by
Huang [11] and Tsukerman [2], the latter describing drying of individual pellets by
the use of a shrinking core model. In this work, diffusive equations describing heat
and mass transport will be used. The governing equations are described for the
surrounding fluid flow as well as for the pellet.

3.1 Surrounding fluid flow
Following continuity, momentum and energy equations must hold for the
surrounding fluid flow
wU
   Uu
wt
U
Uc p

wT f
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3.2 Porous domain
Only the first drying phase where the surface is fully saturated with water is
considered here. The influence of the vapor phase is therefore expected to be
negligible and is not taken into account. A continuity equation for the fluid phase
together with a total energy equation must thus be stated for the domain
wM l
   D sl M l
wt
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The effective diffusivity, Dsl, may involve a number of mechanisms such as
molecular diffusion, capillary flow, Knudsen flow, hydrodynamic flow and surface
diffusion [12]. Since only surface evaporation is considered here, it’s reasonable to
assume a constant value of Dsl. The overall conductivity kA is here taken as the
arithmetic mean of the conductivities [13]
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The volume fractions, porosity, liquid phase saturation and moisture content are
related as
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3.3 Boundary conditions
The convective heat transfer coefficient, h, at the interface between a porous pellet
and a fluid region is estimated to be of the same magnitude as that of a solid due to
the small size of the particles building the pellet as compared to the pellet itself. The
coefficient is thus calculated from [14]
 k f wT wn s

h

Ts  Tf

(11)

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 air at the interface is given by the
sink
Mf

h(Ts  Tf ) .

(12)

There will be a loss of energy at the solid surface due to evaporation and the
corresponding total energy source for the porous material becomes
Ms

h(Tf  Ts )  m l hlg .

(13)

The mass flux, m , is determined from the difference in concentration between the
assumed saturated vapour at the surface and the surrounding relative humidity. The
mass flux is thus described by [14]
m l

hm

Ml
R

p v , sat Tf RS ·
§ p v , sat T s
¸.
¨

¸
¨
Ts
Tf
¹
©

(14)

The convective mass transfer coefficient, hm, is according to the heat and mass
transfer analogy
h
hm

k
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and the relative saturation RS is defined as
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The term pv,sat(T) is the vapor pressure corresponding to saturation at T, calculated
from Antonie’s Equation as [15]
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with A = 18.3036, B = 3816.44 and C = -46.13.

4 Modeling
The boundary and initial conditions are designed to fit Exp. 1.3 and 2.4 in order to
validate the numerical model. The actual velocity around the pellet is not known
and is therefore retrieved by comparing the experimental result with simulations.
Simulations of various inlet velocities are thus performed from which appropriate
convective heat and mass transfer coefficients can be determined. The heat and
mass transfer is here assumed to only be driven by forced convection and effects
due to radiation etc are subject to future work. The assumption is however
investigated by comparing simulations of Exp. 1.3 and 2.4 with the experimental
data. For calculations of the flow around the pellets, the SST turbulence model is
used. SST is an evolved version of the two-equation k-Ȧ turbulence model [16].
The inlet temperature is 150 °C when simulating Exp 1.3 and 80 °C for Exp. 2.4.
The initial pellet temperature is set to 25 °C in both cases. Thermal properties of the
solid are presented in Table 2, where also the density and porosity calculated from
the experimental data are displayed.
Table 2: Properties of solid and pellet porosity.
Parameter
Value
Ref.
Density
5262 [kg/m3]
Thermal
12.6e-3
[17]
conductivity
[cal/cm sec oC]
Specific heat
586 [J/kg K]
[18]
capacity
Porosity
0.325

4.1 Geometries
For accuracy in the validation, the pellet in Exp. 1.3 is scanned by the 3D optical
scanning equipment ATOS III, enabling meshing and simulation of the actual
geometry. The relatively large pellets used in the experiments are rather oval due to
6

the balling process. An oval pellet mimicking the real pellet with equal volume is
constructed in order to investigate the influence of irregularities at the surface. A
spherical pellet with equivalent volume as the scanned pellet is also constructed to
study dependence of surface area and overall geometry. In addition to this, a fourth
geometry resembling the pellet in Exp. 2.4 is also produced. Data for the four
geometries are presented in Table 3.
Exp.
1.3
1.3
1.3
2.4

Table 3: Geometrical properties.
Geometry Surface area [m2] Radius [m]
Scanned
0.001205
Oval
0.001193
0.006125, 0.0109
Sphere
0.001138
0.001193
Oval
0.001150
0.006775, 0.0104

5 Simulation technique
The simulations are carried out with the commercial software ANSYS CFX 12.1.
For the discretization of the advection term the Numerical Advection Correction
Scheme (NACS) is used with blend factor ȕ 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 [19]. For turbulence quantities a high resolution
scheme is used.

5.1 Numerical accuracy
A grid convergence study based on results from simulations of three consecutive
grids is carried out in order to estimate the magnitude of the discretization error.
Following the procedure of Richardson extrapolation, the results show monotone
convergence and extrapolated values for an infinitely fine mesh are obtained for the
fluid and pellet domain, see Table 4 and 5, respectively. The pellet and fluid domain
is represented by (respective) mesh no. 3, the coarsest grids, in all further
simulations. Iteration errors should be negligible since all simulations fulfill the
convergence criteria of max residuals less than 5e-5.
Table 4: Discretization error estimation in the fluid domain with the area average
heat transfer coefficient as key variable.
Grid No. No. of cells
HTC [W/m2s]
Extrapolated value Error [%]
1
35795515
35.6622
35.2341
1.22
2
21856105
35.8443
3
14004020
36.0739
2.38
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Table 5: Discretization error estimation in the pellet domain with a local moisture
content at t = 20 s as key variable.
Grid No.
No. of cells
M [Kg/Kg]
Extrapolated value
Error [%]
1
5131407
0.0899185
0.0899186
0.00007
2
1596488
0.0899183
3
454273
0.0899173
0.0014

6 Results
Results from simulations are here presented and discussed. The surrounding fluid
flow is first investigated and the corresponding heat transfer coefficient at the
surface is determined, enabling calculation of the mass transfer coefficient. The
result is then applied as boundary condition in the drying simulations.

6.1 Surrounding flow
With the porous pellet treated as a solid, the flow around the pellet is calculated by
stationary turbulent simulations with the SST turbulence model providing a sort of
time averaged flow past the pellet. The velocity and temperature fields for the
scanned pellet are displayed in Fig. 4 and 5, respectively.

Figure 4: Velocity field.

Figure 5: Temperature field.
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The corresponding wall heat transfer coefficients deduced from simulating all three
geometries are displayed in Fig. 6. The inlet velocity is approximated to 1.7 m/s,
corresponding to a mass flow of 0.0446 kg/s. This is to be compared with the mass
flow given in the experiments of 0.015 kg/s. It is however likely that the flow in the
centre of the experimental equipment is higher than at the edges, which could
explain the higher flow indicated in the simulations. As expected, the heat transfer
coefficient is higher at the upstream side of the pellet while lower values are
observed at the side where vortex shedding occurs.

Figure 6: Convective heat transfer coefficient at U = 1.7 m/s for scanned pellet
(top), oval (middle) and sphere (bottom). Upstream view to the left and side view to
the right.
The irregular shaped surface show a larger variation in local h than the smooth
ones; the maximum h is almost 50 % larger for the scanned pellet when compared
to the smooth oval. Values of the averaged h are displayed in Table 6, showing
similar results for all three geometries. Interesting is that even though the scanned
pellet show the largest variation locally, it has the lowest average h. For a solid
sphere, the value of an average Nu (Nu=hd/k) can be stated as [20]

Nu D

2  0.6 Re1D/ 2 Pr 1 / 3 .

(18)

Eq. 18 provides a value of NuD § 20, to be compared with NuD § 25.5 obtained from
simulations.
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Table 6: Surface average, minimum and maximum heat transfer coefficient.
Parameter
Scanned
Oval
Sphere
have [W/m2K]
36.07
37.61
36.34
hmax [W/m2K]
98.92
65.39
69.63
6.18
11.05
9.25
hmin [W/m2K]

6.2 Drying
The value of the effective diffusivity, Dsl, is approximated by comparing
simulations of the scanned geometry with the experiments. The internal drying
period is assumed to start after approx. 200 s in Exp. 1.3, providing a value of the
effective diffusivity of Dsl = 3.3e-8 [m2/s]. The initial moisture content is set to 0.09
in the model to avoid instabilities arising from the start-up of the experiment and
the simulations are run from t = 0 until the local minimum moisture content of M =
0 is reached. In simulations with boundary conditions based on U = 1.7 m/s and T =
150 °C, the scanned pellet show good agreement with the experimental result, see
Fig. 7 where the moisture content as a function of time is presented for all three
geometries. The results show that the sphere will dry slightly slower due to the
smaller surface area while the oval pellet will dry faster due to its larger average
heat transfer coefficient.

Figure 7: Comparison between Exp. 1.3 and volume averaged moisture content
from simulations.

If drying of the oval and spherical pellet instead is adjusted to fit the experiment,
the velocity for the sphere must be increased to 1.88 m/s (have = 38.19) due to the
surface area while the velocity for the oval pellet is decreased to 1.57 (have = 36.07)
m/s. With the adjusted velocities, the spherically shaped pellet will have the largest
variation in moisture content at the surface as a function of time as displayed in Fig.
8, where the local minimum and maximum surface moisture content are compared
between the geometries. The sphere will also have the largest gradients in
temperature before reaching the wet bulb temperature, see Fig. 9. The temperature
10

curves are nearly identical for the scanned and oval pellet. The sphere will have the
largest overall drying rate at the surface while the average drying rate for the oval
and scanned pellet are nearly equal. However, the scanned pellet does have the
largest variation in local drying rate, which is shown in Fig 10.

Figure 8: Minimum and maximum surface moisture content as a function of time.

Figure 9: Minimum and maximum surface temperatures as a function of time.

Figure 10: Minimum and maximum drying rates as a function of time.
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The local moisture content at t = 188 s is displayed in Fig. 11 for the three
geometries.

Figure 11: Moisture distribution at the surface (upstream side) at t = 188 s.

To investigate the validity of the approximated velocity and effective diffusivity,
simulations of the oval geometry resembling the pellet in Exp. 2.4 are carried out.
With the mass flow derived from Exp. 1.3 for the oval shaped body (m = 0.041
kg/s) and a temperature of 80 °C, simulations show good agreement with the
experiment, see Fig. 12. The smooth surface of the oval will however delay the start
of the internal drying period.

Figure 12: Comparison between Exp. 2.4 and volume averaged moisture content
from simulations.

7 Conclusions
The result show the first period of drying of an iron ore pellet. Drying due to
surface evaporation is simulated and the model show good agreement with
experimental data. The discrepancy between the mass flow determined by the
simulations and the mass flow given in the experiments should however be further
studied. From the simulations it is concluded that a pellet with surface irregularities
taken into account will show a larger variation in local h, up to 50% when
compared to a smooth pellet, and consequently a larger difference in drying rate.
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Simulating drying with an approximated smooth surface will thus delay the start of
the internal drying period. If the overall geometry has been resembled correctly,
however, the results will show similar averaged drying rate and temperatures.
Comparing the sphere with the oval pellet shows that the shape of the geometry also
will affect the local moisture content. A spherical pellet will, on the contrary to an
oval, advance the start of the internal drying period. The local moisture content will
thus be influenced by both the drying rate and overall geometry. How the
irregularities and geometry influence the later stages of drying is subject to future
work, where also the effective diffusivity, Dsl, should be made a function of for
example saturation and permeability.
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ABSTRACT
The objective of this paper is to numerically model convective drying of an individual iron
ore pellet with aim to clarify the different stages of drying. A diffusive model taking into
account capillary flow of liquid moisture and internal evaporation is developed and
simulations are performed with commercial Computational Fluid Mechanics (CFD)
software. An experimental pellet is scanned and simulations of the actual geometry are
validated with very good agreement. The result clearly shows four stages of drying; i)
evaporation of liquid moisture at the pellet surface, ii) surface evaporation coexisting with
internal drying as the surface is locally dry, iii) internal evaporation with completely dry
surface and iv) internal evaporation at boiling temperatures. A moisture front moving
towards the core of the pellet will start to develop at the second drying stage and the results
show that the front will have a non-symmetrical form arising from the surrounding fluid
flow. For additional developments of the model, it is crucial to compare results between
several experiments and simulations and also to further investigate the effect of boiling.

Nomenclature
asf
c
cp
d
D
h
hlg
hm
j
k

specific surface area, m-1
specific heat, J/kg K
specific heat at constant pressure, J/kg K
diameter, m
diffusivity, m2/s
convection heat transfer coefficient, W/m2 K
latent heat of vaporization, J/kg
convection mass transfer coefficient, m/s
mass flux, kg/m2 s
thermal conductivity, W/m K
1

km
K
Krl
m
m
M
p
r
R
RS
S
t
T
u

thermal conductivity of the porous medium, W/m K
permeability, m2
relative permeability
molecular weight, kg/kmol
mass flux, kg/m2 s, mass generation kg/m3s
moisture content, kg/kg
pressure, Pa
radius, m
universal gas constant
relative saturation
saturation
time, s
temperature, K
velocity, m/s

Greek symbols
İ
porosity
U
density, kg/m3
P
dynamic viscosity, kg/m s
I
volume fraction
ĳ
energy source term, W/m2
ı
surface tension, N/m
Subscripts
c
capillary
f
fluid
g
gas
l
liquid
s
solid
v
vapor

1 Introduction
Iron ore pellets are a highly refined product offering many advantages such as
transportability, mechanical strength and quality control when supplied to the steel
making industry for use in blast furnaces or direct reduction processes. The
induration process generally consists of four stages: drying zone, pre-heat zone,
firing zone and a cooling zone. Throughout the drying zone, balled pellets made
from a mixture of iron ore, binders and water are transported as a continuous bed on
rosters while warm air is convected through the bed from either below (up-draught
drying) or above (down-draught drying). The quality of the dried pellets will greatly
affect the later stages of pelletization and it is therefore of highest importance that
2

the pellets are dried as efficient as possible without damage. Phenomenon like
shock-drying, oxidation and recondensation implies limitations on for example inlet
air temperature and bed height and for drying to be optimized it is essential that the
drying process is known in detail.
Moisture transport through a single pellet is generally divided into three stages
[1]. 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, the 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 has been argued that
the first two periods will coexist ([2];[3]). This is demonstrated in Ljung et al. [4]
which also showed that the surface evaporation mechanism only will be of the
constant rate type if the surface has reached the wet bulb temperature.
There are several mathematical descriptions of the drying phenomenon [5]. For
example Lewis [6] assumed diffusion of moisture (liquid) to the surface with
corresponding evaporation from the surface while Luikov [7] suggested a
theoretical drying model based on irreversible thermodynamics where moisture and
temperature are described by a set of partial differential equations. Whitaker [8]
developed a model 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. Chen and Pei [9]
developed a diffusive drying model where the effective diffusivity was designed to
account for the capillary movement of moisture inside the porous media. This
starting point is adopted also in this work. Mathematical description of the drying of
iron ore pellets has previously been made by Huang et al. [10], Sadrnezhaad et al.
[11], Tsukerman et al. [2] and Barati [12], the three latter describing drying of
individual pellets by the use of shrinking core models. There are various methods
for simulating drying. A review of the application of Computational Fluid
Dynamics (CFD) for simulation of drying processes is provided by Jamaleddine and
Ray [13]. Zili [14] adopted the finite volume method when simulating drying of a
granular material, a method also used by Wu et al. [15] who simulated drying of a
three dimensional rice kernel. A finite element based method was used by Janjai et
al. [16] to model two dimensional moisture diffusion in a mango. Taking into
account the actual flow field surrounding the porous body, Erriguible et al. [17]
presented a method for the problem of heat and mass transfer between a porous
medium and its surrounding and Lamnatou et al. [18] developed a numerical
procedure for convective drying of porous bodies, implementing Luikov’s model.
Kaya et al. [19] used a finite difference based numerical method to calculate heat
and mass transport by diffusion. Mohan and Taukdar [20] demonstrated the
importance of including influence of the external flow field in a three dimensional
diffusive drying model.
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Following the work of Ljung et al. [4], convective drying of a three dimensional
pellet is here modeled with aid of Computational Fluid Dynamics (CFD).
Fundamental equations are applied to the specific case of iron ore pellet drying and
validated against experimental results with aim to further clarify the different stages
of drying.

2 Transport equations
The governing equations are here described for the surrounding fluid flow as well as
the heat and mass transfer in the porous region.

2.1 Surrounding fluid flow
Following continuity, momentum and energy equations holds for the surrounding
fluid flow

wU
   Uu
wt

U
Uc p

wT f
f

wt

Du
Dt

 Uc p

(1)

0

p  P 2 u

f

(2)

  k f T f  M f .

u  T f

(3)

2.2 Porous domain
Continuity equations for the fluid and vapor phases together with a total energy
equation are stated for the porous domain.

Continuity equations:

wU l I l
   jl
wt
wU v I v
   jv
wt

 m l

(4)

m l

(5)

Energy equation:
w
1  H Uc
wt
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 Il Uc l  I g Uc

g
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  k m T s  M s
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The convective term in the energy equation is thus neglected since conduction is
assumed to be the dominating heat transfer mechanism due to low interstitial
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velocity. The overall thermal conductivity, km, is taken as the arithmetic mean of the
conductivities, see Appendix A. The volume fractions, porosity, liquid phase
saturation and moisture contents are related as

I g  Il  I s 1

(7)

H 1  Is

(8)

Il
H

S

M tot

U l I l U vI v

U sI s U sI s

(9)

Ml  Mv .

(10)

The mass fluxes, ji, can be convective and/or diffusive. The flow of liquid water in
the porous media is regarded as convective due to capillary forces while the
vaporized water is treated as diffusive. The mass fluxes are stated by [21]
Darcy’s law:

jl



U l KK rl
p l
Pl

(11)

Fick’s law:

jv

 U g I g Dav ,eff 

U vI v
.
U gI g

(12)

See Appendix A for derivation of the binary diffusion coefficient Dav,eff. Although
the liquid water is regarded to be transported through convection, its continuity
equation is written on the form of a diffusive equation. Similar to the work by Chen
and Pei [9], the approach below is used to derive a capillary conductivity, Dsl,
jl

 U s I s D sl M l



U l KK rl
 p g  pc .
Pl

(13)

The following assumptions are now introduced:
•
Creeping flow in the capillaries.
•
Homogeneous isotropic medium.
•
Effect of gravitational forces is negligible.
•
Effect of gas phase pressure is negligible.
It is then reasonable to assume an expression for the capillary conductivity, Dsl, of
the form
Dsl



U l KK rl p c
.
U s I s P l M l
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(14)

A green pellet may during drying be treated as an only partly saturated porous
media. If the wettability to the liquid water is good, the liquid is driven into small
capillaries of the porous media so that the surface energy is minimized. Hence, at a
certain value of capillary pressure pc, a good approximation is that the gas occupies
all pores larger than a size rc as [21]
2V
, p c
rc

pc



2V
rc

2

.

(15)

The saturation, S, is stated as
rc

³ Sr D r dr
2

S

rmin

(16)

HAd

where D (r ) is a distribution function of the radii r (rmin < r < rmax). Eq. 16 shows
that with E ( rc ) Sr 2D r / Ad

HS , M can be expressed as
M l

E (rc )U l
.
U sI s

(17)

V
.
rc E rc P l

(18)

The value of Dsl is then

Dsl

KK rl

2

2

See appendix A for derivation of ȕ(rc), rc, ı/μ and Krl. The permeability, K, is
approximated from a comparison between experiment and simulation and the
retrieved value is displayed in the result section. The continuity equations (Eq. 4, 5)
can thus finally be written on the form
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(20)

2.3 Internal evaporation
Below the boiling point, the internal drying process is driven by temperature and
limited by the relative saturation, RS, of vapor in air. The mass flux origin from
evaporation is stated by
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hmsf a sf U v , sat (T ) 1  RS

m l

(21)

where hm,sf is an interstitial mass transfer coefficient, produced from the interstitial
heat transfer coefficient, hsf, by the heat and mass transfer analogy [22]
hsf
hm sf

k
Dav Le

1

.

(22)
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The interstitial 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 [22]. There are various proposed values for this coefficient at
moderate Reynolds numbers ([23]; [24]; [25]). An appropriate value for the interior
of an iron ore pellet where the Reynolds number is very low is here determined by
comparing experiment and simulations. The specific surface area, asf, is developed
from geometrical considerations and stated by

asf

6(1  H )
.
dp

(23)

The relative saturation RS is defined as
RS

M v U s I s RT
.
p v , sat I g ml

pv
p v , sat

(24)

The term pv,sat(T) is the vapor pressure corresponding to saturation at T, calculated
from Antonie’s Equation as [26]

p sat
§
·
ln¨
¸
2
© 1.333  10 ¹

A

B
C T

(25)

with A = 18.3036, B = 3816.44 and C = -46.13.
The decrease of temperature corresponding to the evaporation is

Ms

m l hlg .

(26)

When the temperature has reached the boiling point, it is assumed that the drying
rate is controlled by heat transfer ([2];[12]). All excess heat is thus used for
vaporization and the mass flux and energy source terms will be
m l

Ms

hsf ,boiling a sf (T  373.15)

,

(27)

hsf ,boiling a sf (T  373.15) .

(28)

hlg
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The term hsf,boiling is here assumed large enough to keep the temperature at the
boiling point whenever moisture is present. An increased pressure within the pellet
might occur if the evaporation rate exceeds the rate at which vapor leaves the pellet,
which could lead to a bulk flow of vapor [2]. It is however assumed here that the
vapor flow is governed by Fick’s law also during boiling.

2.4 Boundary conditions
The convective heat transfer coefficient at the interface between a porous pellet and
a fluid region is estimated to be of the same magnitude as that of a solid due to the
small size of the particles building the pellet as compared to the pellet itself, see
Appendix A. The coefficient is thus calculated from [22]

 k f wT wn s

h

Ts  Tf

(29)

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 air at the interface is given by the
sink

Mf

h(Ts  Tf ) .

(30)

Since there will be a loss of energy at the solid surface due to evaporation, the
corresponding total energy source for the porous material becomes

Ms

h(Tf  Ts )  m l hlg .

(31)

The mass flux, m , is determined from the difference in concentration between the
assumed saturated vapor at the surface and the surrounding relative humidity. The
mass flux is thus described by [22]
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The convective mass transfer coefficient, hm, and the saturated pressure, pv,sat are
calculated from Eq. 22 and 25, respectively.
The magnitude of the vapor flux at the surface is limited by the internal mass
transfer and the diffusivity of vapor in air. The possible vapor flux is assumed equal
to m l , while limited by heaviside step functions regarding relative saturation and
liquid moisture content. Flux of vapor will thus only occur if the liquid moisture
surface content is approaching zero.

m v
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(33)

3 Modeling
Simulations of the drying are divided into three phases for numerical reasons. In
period 1 the capillary moisture transport is large enough to continually supply the
surface with liquid water for surface evaporation. Only heat and liquid mass transfer
is calculated here due to the fact that ĭg is initially very small (approaching zero)
and that the air at the surface is fully saturated. It is therefore assumed that no
internal vapor escapes from the pellet at this stage. Period 2 is a transitional period
where the liquid moisture content is locally approaching zero due to low capillary
transport. The influence of internal evaporation is increasing and the vapor phase is
taken into account. The total drying rate during this period is thus a blend of mass
flux from the liquid phase and vapor phase at the surface, depending on the local
Ml, yet the internal evaporation eventually will be dominating. In period 3,
vaporization due to boiling is included.

3.1 Experiment
The boundary and initial conditions are designed to fit experimental data of pellet
drying in order to validate the numerical model and to determine unknown material
parameters. The data is provided from experiment 1.3 in Ljung et al. [27], where
drying of an individual pellet placed in a free stream is studied for different inlet
temperatures and velocities. The pellet has an initial weight of 13.99 g and a dry
weight of 12.82 g. The inlet velocity corresponds to Re § 1150. The initial moisture
content is set to 0.09 in the model to avoid instabilities arising from the start-up of
the experiment.
Table 1: Boundary and initial conditions.
Ml
Mv
Tpellet
Tinf
Uinlet
Initial Condition
0.09
0
25 °C
Boundary Condition
150 °C
1.7 [m/s]
The following modeling assumptions are now introduced:
•
No bound water is present in the model.
•
The permeability, K, is estimated from comparison between simulations
and experiments. The value is later on discussed and it will turn out that it is
similar to the value obtained by the Carman-Kozeny relationship [28] of K
= 2.501e-13 m2 based on an average particle size of 26 μm. The interstitial
heat transfer coefficient, hsf, is also determined from the experiments.

3.2 Geometry
The pellets studied are so called green pellets specially balled for the experiments.
The experimental setup requires relatively large pellets and the geometry for these
pellets is complex since large pellets will have a rather oval shape due to gravity
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and the balling process. The pellets will also have several geometrical flaws. For
accuracy in the validation, the pellet in Exp. 1.3 in Ljung et al. [27] is therefore
scanned by the 3D optical scanning equipment ATOS III, enabling meshing and
simulation of the actual geometry. For simulations of the surrounding fluid flow,
the pellet geometry is placed in a cylinder with diameter 0.2 m and length 0.44 m at
a distance of 0.2 m from the inlet, see Fig. 1.

Figure 1: The scanned geometry is placed in a cylinder in order to simulate the
ambient fluid flow with air inlet to the left and outlet to the right.

4 Simulation technique
The simulations are carried out with the commercial software ANSYS CFX 12.1 on
a PC-cluster with a capacity of more than 150 nodes. A previous study has shown
that CFX parallelizes very well on this cluster [29]. For the discretization of the
advection term the Numerical Advection Correction Scheme (NACS) is used with
the 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. For turbulence quantities a high resolution scheme is applied [30] with the
Shear Stress Transport (SST) turbulence model. SST is an evolved version of the
two-equation k-Ȧ turbulence model where the large free-stream dependency present
in the original Wilcox model is avoided. SST also shows better agreement with
experiments when adverse pressure gradient boundary-layer flows are simulated
[31].

4.1 Numerical accuracy
Numerical solutions 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 meshes are unstructured tetrahedral
grids with high density regions and prism layers designed to fit recommendations of
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y+ < 2 [30]. For steady state simulations of heat transfer between a pellet and
surrounding flow field, the average wall heat transfer coefficient is chosen as key
variable. Following the procedure of Richardson extrapolation recommended by Celic
et al. [32], the results show monotone convergence and an extrapolated value for an
infinitely fine mesh is obtained, see Table 2. Meshes of the pellet are also compared
with internal moisture content as key variable. Here simulations are compared at t = 20
s, see Table 3. The pellet domain is represented by mesh no. 3 in all further
simulations. Iteration errors should be negligible since all simulations fulfill the
convergence criteria of max residuals less than 5e-5.
Table 2: Discretization error estimation in the fluid domain with the area average
heat transfer coefficient as key variable. The coefficient is evaluated at a surface
temperature of 35 °C.
Grid No. No. of cells h [W/m2 s] Extrapolated Apparent
Error
value
order
[%]
1
35795515
35.6622
35.2341
2.15
1.22
2
21856105
35.8443
3
14004020
36.0739
2.38
Table 3: Discretization error estimation in the pellet domain with a local moisture
content at t = 20 s as key variable.
Grid
No. of
Average
Extrapolated Apparent
Error [%]
No.
cells
moisture
value
order
content []
1
5131407
0.0899185
0.08991856
3.8
0.0000668
2
1596488
0.0899183
3
454273
0.0899173
0.0014

5 Results and discussion
The flow around the pellet is first evaluated in order to obtain appropriate
convective heat and mass transfer coefficients. The result is then used as boundary
condition in the drying simulations.

5.1 Convective heat and mass transfer coefficients
With the porous pellet treated as a solid, the flow around the pellet is calculated by
stationary turbulent simulations. The velocity and temperature fields are displayed
in Fig. 2 and 3, respectively. Previous results has shown that the averaged flow give
reasonable results when compared to estimations of Nusselt number found in
literature [27].
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Figure 2: Velocity field.

Figure 3: Temperature field.

The convective heat transfer is regarded to be independent of the surface
temperature and the corresponding wall heat transfer coefficient deduced from the
simulations is displayed in Fig. 4. As expected, the heat transfer coefficient is
higher at the upstream side of the pellet while lower values are observed at the side
of the turbulent wake. The average wall heat transfer coefficient is 36.07 [W m-2 K1
]. The mass transfer coefficient is calculated from Eq. 22, resulting in an initial
averaged mass transfer coefficient of 0.039 m/s. The corresponding local mass
transfer values are displayed in Fig. 5.
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Figure 4: Distribution of heat transfer coefficient. Upstream view to the left and
side view to the right.

Figure 5: Distribution of mass transfer coefficient. Upstream view to the left and
side view to the right.

5.2 Drying
Drying simulations are performed and compared with experiments, enabling
determination of the unknown parameters permeability, K, and interstitial heat
transfer coefficient, hsf. With a permeability of 2.501e-14 m2 and an interstitial heat
transfer coefficient of 0.55 W/m2K, the simulated average moisture content show
satisfactory agreement with the experimental result, see Fig. 6. To compare drying
rates, the experimental data is taken as an average over 56 s in each point to reduce
the experimental instabilities. Although the variation is still rather large it is safe to
conclude that it is a good agreement between the experiment and simulation, see
Fig. 7.
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Figure 6: Comparison of moisture content between CFD and experiments.

Figure 7: Comparison of drying rate between CFD and experiments.

To investigate the estimated value of the interstitial heat transfer coefficient, a
model with only liquid surface evaporation is compared to simulations with
different values of hsf. With hsf = 0.02 W/m2K and hsf = 0.55 W/m2K, simulations
show that the influence of internal drying is first noticeable at t = 350 s, see Fig. 8.
The chosen value of hsf = 0.55 W/m2K can be further discussed but the estimation is
regarded to be sufficient for the scope of this work. A more thoroughly analyze of
the drying rate show that the initial surface evaporation period is succeeded by a
period with decreasing surface evaporation and increasing internal evaporation, see
Fig. 9, where the liquid drying rate and the surface vapor flux are presented with the
total drying rate as a function of time. It is obvious that the mechanisms surface
liquid evaporation and internal vapor generation will co-exist during a certain
period of time. Zero liquid moisture content is first approaching at approx. 207 s,
while the whole surface can not be regarded as dry until after 460 s of drying, see
Fig. 10 where the maximum and minimum surface moisture content are presented
and the transitions between periods are clearly shown.
14

Figure 8: Comparison of drying rate between simulations with only surface liquid
evaporation and full model with hsf = 0.02 W/m2K and hsf = 0.55 W/m2K.

Figure 9: Comparison between surface liquid evaporation, surface vapor flux and
total drying rate as a function of time.

Figure 10: Variation of average pellet moisture content, maximum surface moisture
content and minimum surface moisture content with time.
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The liquid moisture content in the second drying period (where surface evaporation
and internal drying mechanisms coexists) is presented in Fig. 11, showing large
moisture gradients at the surface. Large gradients of moisture are also present inside
the pellet where a moisture front will develop over time and move towards the core
of the pellet, see Fig. 12 where the distribution of liquid moisture inside the pellet
throughout drying is presented.

Figure 11: Surface moisture content at t = 208, 283, 358 and 433 s.

Figure 12: Moisture content inside the pellet (x = 0) at t = 208, 358, 508, 658, 808
and 958 s.
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The pellet temperature will first reach towards the wet bulb temperature, which is
approx. 314 K in this specific case. The temperature will thereafter start to increase
as soon as the moisture content at the surface is locally zero, see Fig. 13. The effect
of boiling initiate when the drying time is close to 800 s. The temperature in the wet
areas of the pellet will then limit to the boiling temperature and the rate of increase
of the average pellet temperature is damped as displayed in Fig. 13. The increase in
drying rate close to 800 s shown in Fig. 7 is thus due to boiling. With the
experimental instabilities in mind it is precarious to determine the initiation of
boiling in the experiments. The appearance of the internal temperature gradient
varies during drying depending on the zones of evaporation; see Fig. 14 where the
distribution is displayed for drying times between 208-838 s. The heat distribution
is mainly dependent of the external flow at 208 s, while it is also influenced by
internal evaporation at 418 and 628 s. At 838 s, the temperature sets at the boiling
point in the moist zones.

Figure 13: Variation of average pellet temperature, maximum surface temperature
and minimum surface temperature with time.

17

Figure 14: Internal temperature distribution at t = 208, 418, 628 and 838 s.

6 Conclusions
A numerical model describing drying of an individual iron ore pellet is developed in
this work with aim to clarify the different stages of drying. With estimations of the
permeability of K = 2.501e-14 m2 and the interstitial heat transfer coefficient hsf §
0.55 Wm-2K-1, simulation of a scanned pellet is validated against experimental
results with good agreement. From the simulations it is deduced that drying of an
iron ore pellet can be divided into four stages concerning evaporation of free water;
i) evaporation of liquid moisture at the pellet surface, ii) surface evaporation
coexisting with internal drying as the surface is locally dry iii) internal evaporation
with completely dry surface iv) internal evaporation at boiling temperatures. A
moisture front moving towards the core of the pellet will start to develop at the
second drying stage and the results show that the front will have a non-symmetrical
form arising from the surrounding fluid flow. The distribution of heat inside the
pellet throughout drying will depend on the modes of evaporation. The estimation
of hsf, K, Dva,eff, the internal temperature distribution, uncertainties in the
experiments etc could all be part of reason for the small discrepancy between
experiments and simulations starting at t = 600 s. For further developments of the
model, it is therefore crucial to reduce the experimental instability and also to
compare results between several experiments and simulations. The effect of boiling
on the drying rate shown in the simulations should also be further investigated and
validated. The numerical errors are negligible in comparison to modeling errors
18

since the simulation has reached the convergence criteria and the discretization
error is low.
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Appendix A
Pore distribution function:
With E ( rc ) Sr 2D r / Ad , the distribution function can be determined from the
expression [21]:

H

rmax

³ Sr

2

D r
Ad

rmin

dr .

(A.1)

Assuming a constant distribution of particle sizes (Į(r) = const) and that the size of
the particles building up the material are comparable to the size of the voids (rmin =
3.5e-6 m and rmax = 22.5e-6 [33]), the distribution is retrieved as

D
Ad

3H §¨
1
3
¨
S © 22.5E  6  3.5E  6

3

·
¸ 2.65077 E13 .
¸
¹

(A.2)

Critical radius:
The critical radius rc can in a similar way be derived from

Il

rc

³ Sr

rmin

2

D (r )
Ad

dr

(A.3)

leading to

rc

§ 3I l
3·
¨¨
 rmin ¸¸
© S D Ad
¹

1/ 3

.

(A.4)

ı/μ:
For water, ı/μ is a linear function of temperature, which can be expressed as [9]
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1.604T  394.3 .
P

(A.5)

Relative permeability:
The relative permeability, Krl, can be expressed by the normalized saturation [34]
K rl

§ S  S ir
¨
¨ 1 S
ir
©

3

·
¸ .
¸
¹

(A.6)

The irreducible saturation is the saturation for which the liquid is no longer a
continuous phase. A value of Sir = 0.15 is assumed.
Dva:
The effective binary diffusion coefficient is related to the ordinary binary diffusion
by a Bruggeman type correlation in order to account for the pore tortuosity
Dva, eff

3

I g 2 Dv, air .

(A.7)

Overall thermal conductivity:
The overall thermal conductivity km of a porous medium depends on the geometry
and is here taken as the arithmetic mean of the conductivities [28]
kA

Is ks  I f k f  Ig k g .

Material properties:
Table A.1: Material properties of the iron ore.
Parameter
Value
Density
5262 [kg/m3]
Thermal conductivity
12.6e-3 [cal/cm sec oC]
Specific heat capacity
586 [J/kg K]
Porosity
0.325
26e-6 [m]
Average particle size of
raw material

(A.8)

Reference
[27]
[35]
[36]
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[33]
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ABSTRACT
The influence of air humidity on drying is here investigated at four inlet air dew points; Tdp
= 273, 292, 313 and 333 K. A diffusive model taking into account capillary transport of
liquid and internal evaporation is applied to a spherical geometry representative for an
individual iron ore pellet. Drying simulations are carried out with commercial
Computational Fluid Dynamic (CFD) software and the boundary conditions are calculated
from the surrounding fluid flow. The results indicates that the effect of air humidity arise
from the start of the first drying period, i.e the surface evaporation period, while the
difference is reduced at the end of the period due to a prolonged stage of constant rate
drying attained at high saturations. The wet-bulb temperature is increased with humidity and
condensation will occur if the pellet surface temperature is below the dew point.
Furthermore it is found that the moisture gradients at the surface and inside the pellet are
increased with drying rate.

Nomenclature
asf
c
cp
d
D
h
hlg
hm
k
km
K
Krl

specific surface area, m-1
specific heat, J/kg K
specific heat at constant pressure, J/kg K
diameter, m
diffusivity, m2/s
convection heat transfer coefficient, W/m2 K
latent heat of vaporization, J/kg
convection mass transfer coefficient, m/s
thermal conductivity, W/m K
thermal conductivity of the porous medium, W/m K
permeability, m2
relative permeability
1

m
m
M
p
r
R
RS
S
t
T
u

molecular weight, kg/kmol
mass flux, kg/m2 s, mass generation kg/m3s
moisture content, kg/kg
pressure, Pa
radius, m
universal gas constant
relative saturation
saturation
time, s
temperature, K
velocity, m/s

Greek symbols
İ
porosity
U
density, kg/m3
P
dynamic viscosity, kg/m s
I
volume fraction
ĳ
energy source term, W/m2
ı
surface tension, N/m
Subscripts
c
capillary
f
fluid
g
gas
l
liquid
s
solid
v
vapor

1 Introduction
Iron ore pellets are a highly refined product supplied to the steel making industry.
The use of pellets offers many advantages such as customer adapted products,
transportability, mechanical strength and quality control yet the production is time
and energy consuming. There is thus a natural driving force to enhance the process
in order to optimize production and improve quality.
Pelletizing is generally performed by straight grate or grate-kiln processes.
Typical for both types of processes is that balled pellets made from a mixture of
iron ore, additives and water (so called green pellets) are transported through a
drying zone, a preheating zone, a firing zone and a cooling zone. In the drying and
pre-heat zones, pellets are packed on a moving grate and warm air is convected
through the bed. A rotary kiln is used in the firing zone of a grate-kiln furnace while
the grate is continued in a straight grate process. In the drying zone the warm air is
2

convected through the bed first from below (up-draught drying, UDD) and then
from above (down-draught drying, DDD). The reason for using two types of
directions of drying is to first make the lower layers more resistant to pressure in
UDD. Hence, hot air driven from below will make the lower part of the bed dry
quickly but the air will soon cool from its inlet temperature to its dew point, which
may lead to recondensation in the upper part of the bed. The green balls are
weakened when water condensate in the bed, resulting in a limitation in the bed
height. When the green balls reach DDD, their strength should have been improved
enough to avoid problems due to condensation.
Mathematical description of the drying of iron ore pellets has previously been
considered by Sadrnezhaad et al. [1], Tsukerman et al. [2] and Barati [3] all
described drying of individual pellets by the use of shrinking core models. In the
work of Barati [3], both evaporation and condensation was accounted for in the
drying zone. Ljung et al. [4; 5] developed a diffusive single pellet drying model
with surrounding flow field taken into account by the use of Computational Fluid
Dynamics (CFD). The advantage with this model is the detailed information of
moisture and temperature distribution within the pellet.
A review of applications of Computational Fluid Dynamics (CFD) in drying
processes is provided by Jamaleddine and Ray [6]. Zili [7] adopted the finite volume
method when simulating drying of a granular material, an approach also used by Wu
et al. [8] while simulating drying of a three dimensional moist object. Three
dimensional simulations of drying was also conducted by Mohan and Talukdar [9],
showing the importance of taking the surrounding flow field into account. Two
dimensional simulations was performed by Carmo and Lima [10] when
investigating drying of an oblate speroidal solid. Janjai et al. [11] used a finite
element based method to model two- dimensional moisture diffusion in a mango.
Simulations of diffusive moisture transport in a two dimensional cylindrical object
was conducted by Kaya et al. [12]. The focus of the above mentioned papers is
evaporation of moisture with relatively dry inlet air. Depending on the position in a
bed of pellets, the relative humidity can be high leading to condensation when the
air is cooled by the pellets. It is therefore of interest to investigate how the level of
air saturation affects drying. Using the single pellet drying model developed and
validated by us in [5], the aim with this work is to numerically investigate how the
surrounding air humidity influence drying in terms of pellet moisture content and
temperature.

2 Theory
The drying model used for simulations is here rendered in brief. For a more
thoroughly description of the model the reader is referred to Ljung et al. [5]. The
model is applied on an individual iron ore pellet placed in a stream of air and the
surrounding as well as the internal fluid flows are modeled.
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2.1 Surrounding fluid flow
The following continuity, momentum and energy equations hold for the
surrounding fluid flow

wU
   Uu
wt

U

Du
Dt

0,

(1)

p  P 2 u

(2)
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respectively.

2.2 Porous domain
The continuity equations for the flow of liquid and vapor phases inside the porous
medium are
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The volume fractions, ĭ, porosity, İ, liquid phase saturation, S, and moisture
contents, M, are related as
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The effective diffusivity, Dsl, in the second term of Eq. (4) may be expressed as

4

(9)

Dsl

KK rl

V
.
P
rc E (rc ) l
2

(10)

2

The permeability, K, is estimated by Ljung et al [5] as K = 2.501e-14 m2 for an iron
ore pellet. The relative permeability, Krl, is a function of the saturation, S, and the
irreducible saturation, Sir, [13]
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The irreducible saturation is the saturation for which the liquid is no longer a
continuous phase. A value of Sir = 0.15 is assumed, following [13]. With
E (rc ) Src 2D / Ad , the distribution function Į(r) can be determined from the
expression [14]:
rmax

³ Sr D r dr .

HAd

2

(12)

rmin

A constant distribution of particle sizes (Į(r) = const) with rmin = 3.5 μm and rmax =
22.5 μm is assumed. The critical radius, rc, can in a similar way be derived as
rc

§ 3I l
3·
¨¨
 rmin ¸¸
¹
© S D Ad

1/ 3

.

(13)

For water, ı/μl is a linear function of temperature according to the following
relationship [15]

V
Pl

1.604T  394.3 .

(14)

The effective binary diffusion coefficient, Dv,eff, in the second term of Eq. (5), is
related to the ordinary binary diffusion by a Bruggeman type correlation in order to
account for the pore tortuosity
3

I g 2 Dv,air .

Dv,eff

(15)

By applying a total energy equation where the material properties are a combination
of iron ore, water and air properties, the temperature distribution inside the pellet
may be calculated from the following expression

w
1  H Uc
wt

s

 Il Uc l  I g Uc

g

Ts

  k m T s  M s .

(16)

The overall thermal conductivity, km, is taken as the arithmetic mean of the
conductivities.
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2.3 Internal evaporation
The internal drying process is driven by temperature and limited by the relative
saturation, RS, of vapor in air. Only temperatures below the boiling point are
considered here. The mass flux originating from evaporation can be derived from

hmsf a sf U v , sat (T ) 1  RS

m l

(17)

where hm,sf is an interstitial mass transfer coefficient, produced from the interstitial
heat transfer coefficient, hsf, by the heat and mass transfer analogy [16]
hsf
hm sf

k
Dav Le

1

.

(18)
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The value of the interstitial heat transfer coefficient hsf 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 [16]. An appropriate value for the
interior of an iron ore pellet where the Reynolds number is very low is approximated
to 0.55 Wm-2K-1 [5]. The specific surface area, asf, is developed from geometrical
considerations and stated by

asf

6(1  H )
.
dp

(19)

The relative saturation RS is defined as
RS

M v U s I s RT
p v , sat I g ml

pv
p v , sat

(20)

where Pv,sat(T) is the vapor pressure corresponding to saturation at temperature T as
calculated from Antonie’s Equation [17]

p sat
§
·
ln¨
¸
2
© 1.333  10 ¹

A

B
C T

(21)

with A = 18.3036, B = 3816.44 and C = -46.13. The decrease of temperature
corresponding to the evaporation is

Ms

 m l hlg .

(22)

2.4 Boundary conditions
For a pellet subjected to evaporation, the source of energy may be expressed as

Ms

h(Tf  Ts )  m l hlg .
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(23)

The mass flux, m l , is determined from the difference in concentration between the
assumed saturated vapor at the surface and the surrounding relative saturation. The
mass flux is thus set by [16]
m l

hm

ml
R

p v , sat Tf RS ·
§ p v , sat Ts
¸¸ .
¨¨

Ts
Tf
¹
©

(24)

With the convective heat transfer coefficient, h, determined from simulations, the
convective mass transfer coefficient, hm, and the saturated pressure, pv,sat are
calculated from Eq. 18 and 21, respectively. If the pellet surface temperature is
below the dew point of the surrounding air, condensation will occur instead of
evaporation. This phenomenon is taken into account by Eq. 24, which will show a
positive contribution to the pellet total moisture content if the temperature is below
the dew point temperature. Since the latent energy in the vapor is released at
condensation, a positive contribution of heat will also be added by the energy
equation source term.
The magnitude of the vapor flux at the surface is limited by the internal mass
transfer and the diffusivity of vapor in air. The possible vapor flux is assumed equal
to m l , while limited by heaviside step functions regarding relative saturation and
liquid moisture content. There will, thus, only be a flux of vapor if the liquid
moisture surface content is approaching zero
m v

hm

ml
R

p v , sat Tf RS ·
§ p v , sat Ts
¨¨
¸¸T ( RS )T ( M l ) .

Ts
Tf
©
¹

(25)

3 Modeling
Simulations are carried out with an inlet velocity of the fluid flow of 7.3 m/s, which
is appropriate for the interstitial velocity in a bed of pellet. The inlet temperature is
set to 423 K and the pellet has initially a uniform temperature of 308 K. The pellet
is spherical with a diameter of 12 mm and is at the beginning fully saturated with
water. With a porosity of 0.325 this corresponds to an initial moisture content of
0.09126. Properties of the pellet material are presented in Table 1.
The simulations are carried out with the CFD software ANSYS CFX 12.1
which is a hybrid method based solver. Transient simulations of the surrounding
fluid flow are conducted with the SST turbulence model. The SST turbulence model
is an evolved version of the two-equation k-Ȧ turbulence model where the large
free-stream dependency present in the original Wilcox model is avoided. SST also
shows better agreement with experiments when adverse pressure gradient
boundary-layer flows are simulated [18].
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In the simulations, the surface evaporation period and the first stage of the
falling rate period is regarded. Simulations are therefore divided into two periods
for numerical reasons. In Period 1 the internal capillary moisture transport is large
enough to continually supply the surface of the pellet with liquid water for surface
evaporation. It is therefore assumed that no internal vapor escapes from the pellet at
this stage and only heat and liquid mass transfer is calculated due to the fact that ĭg
is initially very small. Period 2 is a transitional period where the liquid moisture
content is locally approaching zero due to low capillary transport. The influence of
internal evaporation is increasing and the vapor phase is therefore taken into
account.
Table 1: Material properties of the iron ore.
Parameter
Value
Reference
Density
5262 [kg/m3]
[19]
Thermal conductivity
12.6e-3 [cal/cm sec oC]
[20]
[21]
Specific heat capacity
586 [J/kg K]
Porosity
0.325
[19]
Average particle size of
26e-6 [m]
[22]
raw material

3.1 Error estimation
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 meshes are designed to fit y+ < 1. For steady state simulations of heat transfer
between a pellet and surrounding flow field, the average wall heat transfer coefficient
is chosen as key variable. Following the procedure of Richardson extrapolation
recommended by Celic et al [23], the results show monotone convergence and an
extrapolated value for an infinitely fine mesh is obtained, see Table 2. Meshes of the
pellet are also compared with internal moisture content as key variable at t = 32, see
Table 3. The pellet domain is represented by mesh no. 3 in all further simulations.
Iteration errors should be negligible since all simulations fulfill the convergence
criteria of max residuals less than 1e-5 for the fluid domain and 5e-5 for the pellet
domain. Notice that the apparent order in the fluid domain is reasonable since it is
between 1 and 2. In the pellet domain the apparent order is too high. The reason to this
might be that other errors than those accounted for in Richardson extrapolation
becomes important when the overall error is very small as is the case for the moisture
content.
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Table 2: Discretization error estimation in the fluid domain with the area average
heat transfer coefficient as key variable. The coefficient is evaluated at a surface
temperature of 308 K.
Mesh No. No. of cells h [W/m2 s] Extrapolated Apparent
Error
value
order
[%]
1
10456552
94.9844
92.37
1.53
2.83
2
8157799
95.338
3.21
4.02
3
5265927
96.082
Table 3: Discretization error estimation
content at t = 32 s as key variable.
Mesh No. No. of
Moisture
cells
content []
1
951168
0.0740409
2
421543
0.0740392
3
191646
0.0740371

in the pellet domain with a local moisture
Extrapolated
value
0.0740422

Apparent
order
2.57

Error
[%]
0.0017

0.0069

4 Results
The convective heat transferred from the air to the pellet will be used both for
increasing the temperature and for evaporation of water. Heat released at
condensation may also increase the pellet temperature. Regardless of the magnitude
of the heat and mass transfer coefficients, the balance between convective heat
transfer and the evaporative heat loss will eventually reach an equilibrium resulting
in the constant so-called wet bulb temperature, TWB, provided that the whole surface
is covered in water. Originating from Eq. 23, the balance is expressed as
D Le
(Tf  Ts ) hlg AB
k

1

3

Ml
R

p v , sat Tf RS ·
§ p v , sat Ts
¨¨
¸¸ .

Ts
Tf
©
¹

(26)

From Eq. 26 it is apparent that the external parameters influencing the surface
temperature at which equilibrium occurs are the temperature and relative saturation
at the inlet. The dew point, Tdp, is the temperature at which vapor begins to
condensate at a specified pressure. The dew point is related to the relative saturation
as

p sat ,Tdp Tf

RS

p sat ,Tf Tdp

.

(27)

Although not explicitly given in Eq. (27) the relative saturation will increase with
dew point due to a relatively large increase of the saturated vapor pressure with Tdp.
If the dew point of air is above the surface temperature of the pellet, condensation
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will occur until the surface has reached the specific temperature. This is presented
in Fig. 1 where the balance between the heat and evaporation energy in Eq. 26 is
presented for four dew point temperatures. The dew points are representative for
various positions in a bed of pellets (Tdp = 273, 293, 313 and 333 K). Condensation
will occur if the right hand side (rhs) of Eq. 26 shows negative values. Hence, for
the cases studied there will be no condensation if the pellet is preheated to about
333 K. The equilibrium points between heat (lhs) and evaporation energy (rhs) in
Fig. 1 show the corresponding wet bulb temperature. It is thus apparent that the air
dew point temperature will increase the surface wet bulb temperature with a lower
drying rate as a consequence.

Figure 1: The evaporative heat is plotted for four dew points (Tdp = 273, 293, 313
and 333 K), at an inlet temperature of T = 423 K. The corresponding relative
saturation at T = 423 K is 0.0019, 0.007, 0.0209 and 0.0531.

4.1 Surrounding flow
The convective heat transfer coefficient at the pellet surface is determined by
simulations of the surrounding fluid flow. The velocity and temperature distribution
around the pellet is displayed in Fig. 2 and 3. Time averaged transient simulation of
the fluid flow past the sphere provides a value of the average heat transfer
coefficient of h = 96.07, to be compared to h = 96.082 retrieved from steady state
simulations. The local heat transfer coefficient is presented in Fig. 4. The
corresponding local mass transfer coefficient is determined by Eq. 18.
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Figure 2: Velocity distribution.

Figure 3: Temperature distribution.

Figure 4: Local heat transfer coefficient at upstream side (left) and side view
(right).

The averaged heat transfer coefficient corresponds to an average Nu § 42. For a
solid sphere, an estimation of the average Nu (Nu=hd/k) can be stated as [24]

Nu D

2  0.6 Re1D/ 2 Pr 1 / 3 .
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(28)

This provides a value of Nu § 32. The comparison shows a rather large yet
acceptable difference between the values. Correlations of Nu is usually reasonable
over a certain range of conditions, yet accuracy much better than 20% is generally
not expected [16].

4.2 Drying
Drying simulations are performed with inlet air dew point temperatures of 273, 293,
313 and 333 K, and the simulations are run until the surface is completely dry. In
overall, the moisture content of the pellet decreases as a function of time. An
increase in moisture content due to condensation is however observed in the case of
Tdp = 313 and 333 K as seen in Fig. 5 where the pellet moisture content are
displayed as a function of time. The corresponding drying rates show a surface
evaporation period succeeded by a falling rate period. A prolonged surface
evaporation stage with constant drying rate is obtained at high relative saturations
of the air; see Fig. 6 where the drying rates are presented as a function of time. The
initial increase in temperature is more rapid if the saturation is high while the
temperatures will stagnate at the respective wet bulb temperature at the end of the
surface evaporation period, see Fig. 7. These temperatures are the same as those
derived from Fig. 1, verifying the simulations. From Fig. 5-7 it is apparent that the
differences in drying due to inlet air humidity arise from the start-up of drying. The
effect is damped at the end of the surface evaporation period and the falling rate
drying period will in its turn also reduce the differences since the rate of decrease in
drying rate is slightly less for high inlet air dew point temperatures. Interesting is
that the magnitude of the drying rates and moisture contents are nearly identical at
the time when internal drying becomes dominating (i.e. when the total surface
evaporation rate is zero) for the respective dew points.

Figure 5: Pellet moisture content as function of time.
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Figure 6: Drying rate as function of time.

Figure 7: Pellet average temperature as function of time.

The transition between drying periods is clearly shown in Fig. 8, where the surface
max and min moisture contents together with the average pellet moisture content
are displayed for the specified dew points. The surface evaporation period is
extended with relative saturation while the first stage of the falling rate period could
actually be shortened; see Fig. 9 where the surface vapor and liquid fluxes are
presented. Comparison between Fig. 8 and 9 indicate that some surface liquid
evaporation is present even though the moisture content is approaching zero. This
phenomenon is foremost observed at high drying rates and is being controlled by
the internal water transport towards the surface. The appearance of the drying rate
curves is thus both influenced by the asymmetric distribution of the heat transfer
coefficients at the surface and the diffusion of moisture inside the pellets,
explaining the sharp transitions in drying rate.
13

Figure 8: Surface max, min and average pellet moisture contents for a) Tdp = 273 K b) Tdp =
293 K c) Tdp = 313 K d) Tdp = 333 K.

Figure 9: Surface liquid evaporation and surface vapor flux plotted with the total drying
rate for a) Tdp = 273 K b) Tdp = 293 K c) Tdp = 313 K d) Tdp = 333 K.
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The influence of the distribution of heat and mass transfer coefficients at the surface
is clearly presented in Fig. 10, where the local surface moisture contents are
displayed for all dew points. The moisture contents are presented at the times when
the internal drying period is initiated for the respective dew point. The asymmetric
distribution of moisture on the surface is also reflected within the pellet as
exemplified with planes alongside the fluid flow in Fig. 11. From Fig. 10 and 11 it
is also apparent that a high drying rate, i.e. low dew point temperature, will increase
the moisture gradients at the surface.

Figure 10: Distribution of moisture at the surface at Mmin = 0.001 for a) Tdp = 273
K, t = 30.8 s, b) Tdp = 293 K, t = 35.3 s, c) Tdp = 313 K, t = 48.9 s, d) Tdp = 333 K, t
= 76.4 s.
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Figure 11: Distribution of moisture in the middle of the pellet in a plane parallel
with the external fluid flow at Mmin = 0.001 for a) Tdp = 273 K, t = 30.8 s, b) Tdp =
293 K, t = 35.3 s, c) Tdp = 313 K, t = 48.9 s, d) Tdp = 333 K, t = 76.4 s.

5 Conclusions
In this work, drying of an individual iron ore pellet is simulated at various inlet air
dew point temperatures. The results indicates that the effect of air humidity arise
from the start of the first drying period, i.e the surface evaporation period, while the
difference is reduced at the end of the period due to a prolonged stage of constant
rate drying attained at high relative saturations. The magnitude of the drying rates
and moisture contents are rather similar at the time when internal drying becomes
dominating (i.e. when the total surface evaporation rate is zero) for the respective
dew points, yet the drying time is increased for high saturations. The wet-bulb
temperature is increased with the relative saturation in air and condensation will
occur if the pellet surface temperature is below the dew point. Generally, the
gradients of moisture at the surface and inside the pellet are increased with drying
rate.
Steady state simulations with the SST turbulence model have proven to be
sufficient for simulations of the turbulent fluid flow surrounding the pellet. More
advanced turbulence models should however be considered in the future in order to
fully capture vortex shedding and unsteady effects. Numerical discretization and
iteration errors are furthermore controlled and should be negligible compared to
modeling errors.
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ABSTRACT
Drying of a bed of iron ore pellets is here considered by modeling a two-dimensional
discrete system of round pellets. In the model the system is divided by modified Voronoi
diagrams and by using data for particular configurations of the three nearest pellets, the
relationship between average vorticity and the change of the stream function is obtained.
The overall stream function distribution is then obtained by using the principle of
minimization of dissipation rate of energy, enabling study of the convective heat transfer of
a hot stream through the system including dispersion due to random configuration of the
pellets. Evaporation is further added in order to describe the drying of iron ore pellets. The
results show that the temperature front advances much faster in the gaps between pellets
than in the interior of the pellets even if all the heat energy of the air goes in heating of the
pellets initially. An uneven distribution in temperature and moisture content between pellets
is furthermore displayed in the discrete system. This phenomenon is related to the natural
dispersion occurring in random system of pellets. A one-dimensional continuous model is
developed in addition to the discrete two-dimensional model for rapid calculations of
drying. Basically, we use the same equations as in the two-dimensional model but the radius
of pellet is here assumed to be small compared to the length of the system. The dispersion
property of temperature and moisture due to randomness in the distribution of pellets is
unknown in the one-dimensional continuous model but the discrete two-dimensional model
can be used to estimate the dispersion. The 1-D model allows optimization of the process
parameters at which the pellets still can withstand the pressure build-up inside the pellets
during boiling.

1 Introduction
The use of iron ore pellets offers many advantages such as transportability,
mechanical strength and quality control. Nevertheless, the production of pellets
requires considerable amount of energy for example in drying of iron ore pellets.
Throughout the drying zone in an induration furnace, balled pellets made from a
1

mixture of iron ore, binders and water are transported as a continuous bed on rosters
while warm air is convected through the bed from either above or below. For the
drying zone to be optimized, it is of highest importance that this process is known
in detail. Following the work in [1], where heat and mass transport past a single
cylindrical pellet is modeled with Computational Fluid Dynamics (CFD), a twodimensional model of randomly packed pellets is constructed to describe drying in a
whole system since the drying conditions vary significantly from the inlet to the
outlet. The model is based on Voronoi discretization of the system and calculation
of the stream function by minimization of the dissipation rate of energy [2]. Heat
and moisture transport to and from the pellets is further added for a particular local
configuration. A continuous one-dimensional model is developed in addition to this
based on the results from the two-dimensional discrete model.

2 Discrete model of a bed of pellets
Considering a bed of pellets as a discrete system of particles enable us to study the
statistical variation in macroscopic heat and mass transfer coefficients caused by
microscopic stochasticity. Such a variation may originate from the distribution of
the size and shape of the pellets and their position. In the present case the shape is
always circular while size and position is allowed to vary. The methodology here
proposed moreover makes it possible to include dispersion of temperature
distribution in a natural way.

2.1 Voronoi discretization of the system
In order to divide the system into cells each containing one pellet, Voronoi
diagrams are used. Because the pellets can have different size a modified version of
the Voronoi discretization is used so that Voronoi lines do not cross the surface of
the particles [2]. The closest Voronoi lines with respect to the surface of the
particles are placed in the middle of the two nearest surfaces of particles and are
perpendicular to the line connecting the centers of the particles, see Figure 1.

2.2 Derivation of the stream function
The pellets are here assumed to be impermeable and the air penetrating the bed just
moves around them. Therefore, the stream function is constant along the surface of
a single pellet. Non-slip boundary condition further limits possible variation of the
stream function. The vorticity distribution results from the distribution of the stream
function. For that reason we use CFD results for a series of nearest three particle
configurations [2]. We then get non-dimensional coefficients relating average
vorticity and difference in the stream function in a local area.
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Figure 1: Voronoi mesh of the system with periodic boundary conditions.
Such an approach is justified by the fact that the highest vorticity occurs only in the
close proximity of the closest spacing between two neighboring pellets as estimated
by analytical formulas in [3] and CFD calculations in [2] for regularly packed
systems. For low Reynolds number, we can apply the minimization of dissipation
rate of energy according to

³ PZ dV
2

min ,

(1)

where Z is the vorticity used to obtain the distribution of the stream function [2, 4].
This is true for laminar flow but we will extend this formula also for slightly
turbulent flows. Because the dissipation rate of energy has a quadratic dependence
on vorticity, we get a linear system of equations with respect to the stream function
values for the pellets and can thus compute the velocity distribution as exemplified
in Figure 2. It is, in this context, assumed that air flow can be modeled with
incompressible fluid mechanics which is not completely true since the pressure at
the inlet can significantly exceed that at the outlet. Moreover, evaporating water
further disturbs the pressure distribution in the system. Another assumption is that
we consider a static flow pattern, whereas the turbulence causes flow to change in
an irregular manner.
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Figure 2: Obtained flow pattern for the system in Figure 1.

2.3 Transport properties in gases
According to Chapman-Enskog theory for gases with Maxwell-Boltzmann
distributions [5] the transport properties (diffusion, dynamic viscosity and thermal
conductivity) of gases, have the following temperature and pressure dependencies,
when neglecting interactions between molecules:
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where T0 and P0 are the reference temperature and pressure at which the transport
coefficients are known. The diffusion of water vapor in air, D0, is set to 2.610-5
[m2/s] at 300 K. The term Q0 represents kinematic viscosity of air and is taken to be
1.610-5 [m2/s] at 300 K while k0 represents heat conductivity of air and is set to
0.026 [W/m/K] at 300 K. This results in a value of the thermal diffusivity according
to the following calculation
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The temperature as a variable outside the pellet affects several properties of the gas.
Because the viscous boundary layer is thin for high Reynolds numbers, we can give
the viscosity, diffusion and conductivity coefficients their values for the
temperature of the pellet in focus. Heat capacity slightly increases with moisture
content since water is a three atom molecules instead of two-atomic nitrogen and
oxygen. Therefore molar heat capacity can be written as

Cp
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PH 20
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Pair  PH 20 2

(4)

where R is the universal gas constant.

2.4 Heat and mass transfer between pellets and air
Heat of air is gradually transferred to the pellets starting from the inlet of the pellet
bed. It is assumed that the convective heat transfer is dominating in the space
between pellets because of the overall high speed of the flow. The flow pattern
between the pellets is calculated based on the model described in the previous subsection. Systematic studies of heat and mass transfer to a single pellet are made in
[1]. We apply, now, the specific data for Nusselt number on a given size of a pellet
and the flow rate between the pellets to obtain the heat transfer. Because the pellets
are made from iron ore, there is only slight change of temperature within the pellet
and the pellet temperature is therefore as a first approximation considered uniform
due to the large conductivity. For a single pellet, the heat transfer coefficient at the
surface is [6]
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being valid for a large range of Reynolds numbers, [6]. The heat and mass transfer
intensifies if there are series of rows of pellets in the flow direction because of
additional turbulence created by previous rows of the pellets. The following
equations for the heat and mass transfer coefficients, respectively, are valid for
Reynolds numbers in the shorter range of 103-105 [7]:
Nu D

0.42 Re 0D.6 Pr 0.33 ,

(6)

ShD

0.42 Re 0D.6 Sc 0.33 .

(7)

The expressions are valid only for the 3rd and down-stream rows of pellets. The
Prandtl number is here Pr Q 0 D 0 | 0.75. Schmidt number for air-water mixture
with low vapor content is Sc Q 0 D0 | 0.6. Lewis number characterizing thermal
diffusivity to mass diffusivity is close to one: Le Sc Pr | 0.8, meaning that both
mass transfer and thermal transfer should be considered. It is considered that heat
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and mass transport between gas and pellet are dependent only on gas velocity along
the Voronoi line at local positions around the pellet. This, however, yields that
maximal heat and mass transport is near the sides of pellet with maximal velocity.
This is not in agreement with CFD calculations for one pellet which suggest that
highest heat and mass transfer rate is at frontal part and opposite part of pellet with
the respect to the stream. Nevertheless, the situation is rather different from a single
pellet in a free stream since we consider highly packed systems with a significant
tortuosity factor of the flow and the approximation is assumed to be valid for the
initial calculations here presented. Alternatively, one can calculate the average
Reynolds number around single pellets and apply the Nusselt and Sherwood
numbers for a whole pellet, an approach that will be used in the one-dimensional
continuous model.

2.5 Mass transport inside the pellets
The conductivity of the pellets is, as previously stated, considered large enough to
assume a uniform temperature within single pellets. This is reasonable since the
heat is conducted not only through pores but also through the solid material of the
pellet. The mass transport within pellets may on the contrary take a longer time
since the material is conveyed through the pores of the pellets. Because the pores
are relatively narrow, the predominant mechanism of mass transport is diffusion.
The diffusion coefficient of water vapor Dp is taken to be 2.610-5 [m2/s] at room
conditions, the same as in air. As the unit of concentration c we use partial pressure
of water with respect to total pressure. The flux of moisture is calculated according
to the formula

Dp
r (1  q )

( ceq (T )  cs ) ,

(8)

where ceq(T) is the moisture concentration at water-gas interfaces and cs is the
average moisture concentration in the pellet, rpel – radius of pellet. With high water
content, q | 1, the mass transfer resistance is small since the water-gas interface is
close to the exterior of the pellet. If there is a small amount of water left within the
pellet, q | 0, then the moisture has to travel from the interior of the pellet and mass
transfer resistance is much higher. Based on this discussion a linear dependence on
water content is assumed. The transport of liquid in itself is disregarded in the
current model.

2.6. Evaporation
Because of mass conservation, the alteration of liquid concentration in the vapor
due to evaporation from the pellets interior is proportional to the change of gas
concentration as
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Because the water wets iron ore, the partial pressure of water is a bit lower than
over a flat surface. This difference is here estimated from the change of partial
pressure on temperature. The partial pressure of water about flat water-air interface
in equilibrium is given by

§P·
ln¨¨ ¸¸
© P0 ¹



'H
R

§1 1 ·
¨¨  ¸¸ ,
© T T0 ¹

(10)

where P0 = 1.013105 Pa is partial pressure of water at absolute temperature T0 =
373.15 K; R is the universal gas constant. Evaporation causes reduction in the local
internal energy by 'H. The heat of evaporation, 'H, is nearly constant for water in
the range of temperatures 20-150 qC and is set to 40.657 kJ/mol.
Depending on the process parameters, recondensation of water is possible in
the colder part of the system, i.e., high amount of water vapor in the air leaves the
hottest pellets and recondensates as it reaches the colder part of the system. This
will lead to a slight increase in water in the corresponding part of the system.
Because the temperature of the pellets is lower or equal to the temperature of the
surrounding air, the condensation is likely to take place on the pellet or inside it.
Recondensation of water in the gaps between the pellets is neglected.

2.7 Boiling
If the surrounding moisture is in equilibrium with the moisture above the liquid-gas
interface then there will be major evaporation only when the boiling point is
reached. Boiling furthermore creates high pressures inside pellets that push out the
vapor. Due to this high pressure the pellet can break up especially when a high
temperature of gas is used so that the pressure from boiled vapor builds up quickly
inside the pellet. Instead of diffusion of vapor from the pellet we then have to use
Darcy’s law, stating that mass transport is proportional to the pressure difference. If
we would like to be fully correct then permeability through the pores should thus be
known which is proportional to the squared diameter of pores. We however assume
high enough permeability so that the pressure within the pellet fast enough becomes
equal to the pressure outside the pellet and that boiling occurs just at boiling
temperature and no overheated water will be present. Hence, moisture transport is
momentary at the boiling temperature from the interior of the pellet to the steam
and temperature does not increase until all the water has turned into steam by
boiling. From simulations it is shown that the boiling mechanism at boiling
temperature is correct for high temperatures of input steam, whereas the process of
slower evaporation at sub-boiling temperatures takes place for temperatures of input
steam below ~200 qC. The following variable characterizes which way the process
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goes, where the heat flux is compared with the resulting evaporation heat from mass
flux:

k (Tsteam  Tboil )
.
D (C steam  Ceq (Tboil )) 'H

J

(11)

Here molar concentrations of vapor are used. If the quote is much larger than 1 then
the water will boil in a standard manner, when boiling temperature is reached. The
pellet will dry at sub-boiling temperatures if J << 1.

2.8. Setup of the System
We use a quadratic box 500 x 500 mm2 with around 1200 pellets, see Figure 1.
Periodic boundary conditions are applied to the vertical side walls. The initial
positions of the pellets is randomized by the Monte Carlo procedure described in [8]
avoiding overlapping of the pellets. The inlet of air is through the bottom surface
and the inlet air temperature is 300 qC while the initial temperature of all pellets is
set to 35 qC. The outlet is through the top surface of the box. The porosity of pellets
is set to 0.315 while the porosity for the space between the pellets is 0.41. Initially
90% of the pores inside the pellets are filled with water, (q = 90%). The average
speed of the gas in the whole system is 10 m/s and the air has a dew point
temperature of 50 ° C at the inlet.

2.9 Estimation of drying time
The time required for drying can be easily estimated by comparing the power of the
input steam and the energy of heating up and evaporation of all the system. Thus
the minimal time required for drying can be estimated by
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Tsteam

where Toutput is characteristic output temperature, vint

v / H – interstitial velocity,

'T is increase of pellets temperature during drying, cpel is heat capacity of pellet that
includes both heat capacity of solid and pores partially filled with water. Assuming
that in the major part of the drying the output temperature does not exceed the
boiling temperature and evaporation energy is more significant for water than the
heating energy, we get the following time of drying
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For the chosen values of the variables, this time is here some minutes.

3. Results
Results are here first presented for simulations of the heat and fluid flow through
the two-dimensional discrete system of pellets without evaporation. Drying
simulations performed with both the two-dimensional discrete model and the onedimensional continuous model are then presented.

3.1 Heat and fluid flow without evaporation
First, let us consider the case when there is no water in the pellets and we just
explore the increase in temperature. The temperature front advances much faster in
the gaps between pellets than in the interior of the pellets. The advancement is
especially fast along wide gaps where the convective transport is large, see Fig. 3
where the distribution in temperature at two successive snapshots taken at 10 s and
1 minute after the start of the process are presented. The uneven distribution is
related to the natural dispersion occurring in random system of pellets. For the 10 s
case it is apparent that the pellets at the outlet do not feel yet the heat from the inlet
while after one minute most of the pellets are affected by the flow and
approximately one forth of the pellets have reached the maximum temperature, see
Figure 3.

Figure 3: Distribution of temperature with no evaporation at two successive time
moments: 10 s and 1 min.
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3.2. Drying of a two dimensional discrete system of pellets
Now, let us include the evaporation of water in the pellets in the two dimensional
model. This will increase the complicity of the modeling considerably since the rate
of evaporation is dependent on the temperature and moisture content of vapor in air
as stated in our models in the previous chapter. It will also imply that a number of
results can be presented from the simulations. To start with we will present
temperature distributions as for the case in the previous subchapter. In addition
remained water volume-fraction inside pellets and moisture volume-fraction within
the steam both inside and outside the pellets will be illustrated. Finally plots of
averaged temperature (steam and pellet) and water volume fractions along vertical
lines along the main flow direction will be presented. All of this after 0.1 s, 10s, 2
min, see Figure 4 (a)-(c), respectively. It is obvious that also for this case there are
several pellets that are heated very slow, see all three top-left temperature
distributions in Figure 4. Moreover, decrease of temperature is possible for low dew
point temperatures of the input steam. However, the temperature cannot fall lower
than the dew point temperature of input air. As the dew point temperature in Fig. 4
is 50 qC, i.e. higher than the initial temperature of the pellets, there is slight
condensation of the steam at the beginning of the process and the temperature
increases faster than it would for pure thermal heating. The corresponding increase
in liquid moisture content due to condensation is on the other hand rather small as
the liquid moisture content is still close to 90%, see top-right and bottom-right
illustrations in Fig. 4 (a) The uneven distribution in temperature is also reflected in
the remained water volume-fraction inside the pellets, see the top-right plots in
Figure 4. Interestingly the moisture content in the air is highest at inlet during the
initial stage of drying, see Fig. 4a bottom-left where the moisture volume-fraction
in steam both inside and outside the pellets is presented. Then recondensation
occurs and notice that the input air needs only a fraction of a second to reach the
outlet at a flux of the steam equal to 10 m/s. In later stages of the drying (Fig. 4c
bottom-left) the moisture volume-fraction, on the contrary, increases continuously
from the inlet to the outlet as it is collecting water vapor from the pellets. The latter
results in a lower evaporation in the wet area close to the outlet, see Fig. 4 bottomleft. From the profiles presented in Fig. 4 bottom-right it is clear that much higher
amount of heat is required to heat up wet pellets than dry ones. After about 10 s the
temperature of pellets near the inlet reaches the boiling temperature and the gas
moisture is then close to its maximum at the inlet. After 2 minutes, see Fig. 4 (c),
almost half of the system is already dry or the boiling has started. The inlet air is at
this point however still subjected to an extensive cooling by the pellets, as the
temperature in the middle of the bed is around 380 K, to be compared with the inlet
temperature of 573 K. The moisture is collected all the way to the outlet. Due to
low gas flow around certain pellets, their temperature raises relatively slowly and
the water inside these pellets stays longer time. This effect is, however, likely to
decrease somewhat if time dependence due to turbulence is included in the model
and if a 3D-model had been studied [9, 10].
10

(a)

(b)
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(c)
Figure 4: Drying in a two-dimensional bed after (a) 0.1 s, (b) 10s and (c) 2 min,
respectively for the flow pattern in Fig. 2. Top-left: temperature distribution in
Kelvin degrees. Top-right: remained water volume-fraction inside pellets. Bottomleft: moisture volume-fraction in steam both inside and outside the pellets. Bottomright: profiles of averaged temperature (steam and pellet) and water volume
fractions along vertical line.

3.3 One-dimensional continuous drying model for threedimensional pellets
Along with discrete calculations we can use a continuous model for simulation of
drying. Here, we consider that the following list of variables: temperature of gas
between pellets, moisture between pellets, temperature of pellets, moisture in pellets
and liquid fraction in pellets are continuous functions of distance from the inlet to
the outlet. In this way we can consider three-dimensional particles instead of
cylinders. Also the solutions are well defined and calculations are fast. Basically,
we use the same equations as above but assume that the radius of the pellets is small
as compared to the length of the system. The Nusselt and Sherwood numbers are
approximated in the same manner as for the two-dimensional calculations (See Eq.
(6)-(7)). The gas temperature varies according to

12

wT
wT
 Uc p vint
wt
wx
O
w §
wT · S
Uc p ¨ Ddis
(T  T pel )
¸   Nu 
wx ©
wx ¹ V
2r pel

Uc p

(14)

and the moisture concentration in air is calculated from

wc
wc
 vint
wt
wx

w §
wc · S
D
(c  cs ) ,
¨ Ddis ¸   Sh 
wx ©
wx ¹ V
2rpel

(15)

where Ddis is the effective dispersion, S is the surface area of pellets in a volume V.
The temperature of the pellet varies according to
(1  H ) Uc pel

wT pel

S
O
 Nu 
(T  T pel )
V
2r pel

wt

Dp
S
'H P
 H por
(c eq (T pel )  c s )
V
r pel (1  q)
R T

(16)

whereas the moisture at the surface of pellet is
(1  H )

wc s
wt

S
D
 Sh 
(c  c s )
V
2r pel

Dp
S
 H por
(c eq (T pel )  c s )
V
r pel (1  q)

.

(17)

The amount of water in pellets below boiling temperature varies according to

wq
wt

H por

Dp
rpel (1  q)

( ceq (T pel )  c s )

P Ul R
.
T pel P mol

(18)

When the boiling temperature is reached then mass transport is set to infinity in the
same way as for the two-dimensional discrete model. Since the equations (14)-(17)
are coupled, the system of equations is calculated simultaneously.
One drawback with this one-dimensional continuous model is that we must
know the dispersion properties of temperature and moisture due to the natural
randomness of the distribution of the pellets. To deal with this we can use the
discrete two-dimensional model to estimate the dispersion and use the obtained
value for the continuous one dimensional model. However, dispersion in twodimensional systems appears to be slightly higher than in three-dimensions. This is
at least the case for the transport of matter as derived in [9, 10]. Anyway, a
comparison with the discrete 2D-model yields a value of dispersion of around 1
m2/s.
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The model yields that there is a distinct zone where the boiling takes place with
a temperature plateau at 100 qC, as seen in Fig. 5. In this figure the temperature and
moisture content are plotted versus channel height (left) and time (right) for the one
dimensional system. According to the assumptions made, there is infinite mass
transfer at boiling temperature between interior of pellet and its exterior. Thus, the
fraction of surface moisture and external moisture decreases in a similar manner
after boiling, see Fig. 5 (right). The one dimensional model shows an increased
evaporation and heating rate if compared with the two-dimensional discrete model,
see the bottom-left illustration in Fig. 4. There is a 1.5 times higher effective surface
area of the pellet-gas interface in three-dimensions

S

3(1  H )V
rpel

(19)

S

2(1  H )V
,
rpel

(20)

in comparison with two-dimensions

where V is the volume. Therefore, heat and mass exchange between pellet and gas
is increased for the same porosity of the space between pellets. The time required
for drying does not depend significantly on the moisture of the inlet air, see Figure
5 (right) and Figure 6 (left). Increasing the moisture at the inlet increases the
moisture at the outlet and the behavior remains much the same. Because there is
minor recondensation for wet input air, the temperature at the outlet is a few
degrees higher than for dry inlet air. On the other hand, dry inlet air reduces slightly
the excess pressure at boiling that is favorable from mechanical aspects concerning
the strength of the pellet. This is shown in Figure 6 (right), where various air
velocities and inlet dew points are applied. The left axis represents the increase rate
of excess pressure that would take place if the Darcy flow of the steam-water from
the interior of the pellet would be neglected. The mechanical stress on the pellet is
just proportional to the value in left axis. If the value exceeds some critical value so
that Darcy flow from the interior of pellet does not manage to equalize pressure
difference fast enough, then there is a risk that the pellet is broken. Increasing the
velocity of the flow increases the stress within the pellets, see Figure 6 right, but
reduces the required time of drying. There are especially high stresses within
particles located at the inlet because of the sharp temperature front in this area.
Thus, this indicates that it is better to increase the heating rate in the later stages of
the drying by increasing inlet temperature and/or velocity. In summary, the 1-D
model enables us to obtain a critical inlet velocity at which the mechanical stresses
at boiling do not exceed a critical value and thus optimize the process parameters
for efficient drying.
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Figure 5: Drying for one-dimensional model. Temperature of pellet and
surrounding gas, moisture and remained water fractions vs. distance (left graph)
after 2 min and vs. time at the outlet (right graph). The dew point of the inlet air is
here 50 qC.

Figure 6: Left: drying for the one-dimensional model for dry input air with dew
point at 0 qC. Temperature of pellet and surrounding gas, moisture and remained
water fractions vs. time at the outlet. Right: maximal increase rate of excess
pressure inside pellets during boiling at normal velocity v0, twice higher or half the
velocity as well as at two dew points of the inlet steam: 0 qC and 50 qC.
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4. Conclusions
The drying of iron ore pellets in a two-dimensional bed is considered using Voronoi
discretization and the flow pattern is obtained by minimization of the dissipation
rate of energy. The dispersion of temperature and humidity is introduced in a
natural way through randomness of the arrangement of pellets. Simulations show
the heat and moisture distribution in the bed of iron ore pellets. The temperature
front advances much faster in the gaps between pellets than in the interior of the
pellets even if all the heat energy of the air goes in heating of pellets initially.
Decrease of temperature is possible for low dew point temperatures of the input
steam. However, the temperature cannot fall lower than the dew point temperature
of the input air. If the dew point temperature is higher than the initial temperature of
the pellets on the other hand, there is slight condensation of the steam at the
beginning of the process and the temperature increases faster than it would for pure
thermal heating. An uneven distribution in temperature and moisture content
between pellets is furthermore displayed in the discrete system. This phenomenon is
related to the natural dispersion occurring in random system of pellets. Generally, a
much higher amount of heat is required to heat up the wet pellets if evaporation of
water is accounted for. Comparison between the two- dimensional discrete system
with the one-dimensional continuous system show an increased evaporation and
heating rate for the continuous system. This is due to the fact that the larger
effective surface area of the pellet-gas interface in three-dimensions is actually
taken into account in the 1-D model. The 1-D model furthermore allows
optimization of the process parameters at which the pellets still can withstand the
pressure build-up inside the pellets during boiling.
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