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Abstract
Based on the numerical heat transfer theory, a two-dimensional unsteady model for sinter cooling
process is established by applying porous medium flow and heat transfer mechanism. The complex heat
transfer process, including three modes of heat conduction inside the sinter ore particles, gas-solid
convection and radiation in the trolley, is taken into account. By using the mass, momentum and energy
conservation equations, the pressure field, temperature distribution and the temperature characteristic of
outlet gas are obtained by the numerical simulation method. The effect of radiative heat transfer on the
cooling process is analyzed.
Copyright © 2016 International Energy and Environment Foundation - All rights reserved.
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1. Introduction
The iron and steel industry is key to China’s economy. It’s also an energy intensive industry with
complex processes, consumption of natural resources and energy, and emissions of waste materials [120]. The iron and steel industry consumes more than 10% of national energy. The sintering process uses
about 15% of whole energy consumption in an iron and steel plant, second only to the ironmaking
process [21]. The energy consumption processes occurs in two major metallurgical pieces of equipment:
a sintering machine and an annular cooler. Fluid flow and heat transfer processes occur in the annular
cooler, which is a key thermal process device. The flow and heat transfer processes in the trolley are
porous medium cross-flow and heat exchange processes [22].
The development of modern computing technology has provided a strong means of analyzing the
mathematical models of metallurgical processes [23]. Some scholars have done extensive research on
simulations of the annular cooling process. Minoura et al. [24] took account for the heat conduction
within the sinter ore particles, gas distribution, particle diameter segregation, and initial temperature of
sinter bed, and established a 2-dimensional heat exchanger model to estimate the heat exchange
performance of the sinter cooling process. Jang et al. [25] developed a 3-dimensional unsteady fixed bed
model with a packed 4-row spheres bed. With the sinter ore simplified as spheres, the turbulent flow and
heat exchange in the sinter bed were simulated. Caputo et al. [26] simplified the sinter bed as a matrix of
cross-flow heat exchangers and established a dynamic model for the sinter cooling process for the
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optimization of heat recovery. Based on the VS platform simulation, analyses were made with different
operating parameters. Leong et al. [27] established a sinter cooling model with inclined air passage and
different distributions of sinter porosity. Based on local equilibrium thermodynamics, the effects of
different porosity distributions in vertical and transversal directions on the flow and temperature fields
were investigated. Zhang et al. [28] developed one-dimensional unsteady mathematical model for the
gas-solid heat transfer process of high temperature, and simulated the process based on the TDMA and
iteration methods. Zhang et al. [29-32] adopted the two energy equations mode to simulate the sinter
cooling process in a single trolley and obtained the average temperatures of sinter ore and outlet gas. The
effects of five main parameters on the process performance were investigated and optimization of those
relevant parameters was carried out. Xia and Zeng [33] developed one-dimensional unsteady
mathematical model of trolley cross-section based on local equilibrium thermodynamics. Based on Ref.
[33], Liu et al. [34] made a further investigation of air density distribution and temperature fields with
linear porosity segregation under Coriolis force. The effect of porosity segregation on the temperature
uniformity of the sinter bed was analyzed.
The simulations of annular cooling process made by Refs. [24-34] only took into account the factor of
convective heat transfer. Some of those investigated the effect of heat conduction inside the sinter ore
particles. However, the heat radiation factor has rarely been taken into account. Accounting for the high
temperature of sinter ore, the heat transfer should be compound, as mentioned in Ref. [35], and radiation
must be taken into consideration. This paper will establish a two-dimensional unsteady model of cooling
process in a 415 m³ annular cooler. Three modes of heat conduction inside the sinter ore particles, gassolid convection and radiation in the trolley will be taken into account. By numerical simulation, the
pressure and temperature fields of fluid, and the temperature field of sinter ore will be obtained. The
effect of heat radiation factor on temperature field inside the sinter ore and temperature distribution of
outlet gas will be analyzed as well.
2. Model of sinter ore cooling process
2.1 Model and assumptions
As shown in Figure 1, a sinter ore cooling process is considered as a continuous process. On the effective
G
cooling orbit, the cooling air flows across the sinter ore. The sinter inlet flow velocity is a constant Vs .

G

The flow velocity of inlet air is also a constant V gi . There are no chemical reaction in the cross-flow
process.

Figure 1. Continuous cooling process of sinter ore
Heat transfer in porous media is relatively complex, including heat conduction inside particles, contact
heat conduction, gap air heat conduction, heat convection and heat radiation. Taking the complexity of
the actual process into consideration, this paper makes the following assumptions: (1) Unlike Refs.[2534] which only involve convection, this paper considers three modes of heat transfer, including heat
conduction inside particles, heat convection and heat radiation; (2) The cooling system operates on a
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stable basis, the bed is even, and the structural and operational parameters are constants; (3) Sinter ore
particle moves flatly; (4) There is no backflow or heat conduction for cooling gas; (5) There is no heat
transfer in the width or length direction or, rather, all the parameters are uniform in the cross section.
Based on the assumptions mentioned above, the model of sinter ore cooling process becomes a twodimensional one. It is assumed that the moving bed consists of a series of fixed beds [36], whose
positions change with cooling time, as shown in Figure 2.

Figure 2. Two-dimensional unsteady model of continuous cooling process of sinter ore
Based on the porous medium theory and the corresponding two-dimensional unsteady mathematical
model [37], the governing equations for elementary unit of the bed are as follows:
Continuity equation (for cooling air):
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where S is the momentum loss source consisting of both viscosity loss and inertia loss. It is given by the
modified Darcy’s Law [37]:
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where µ is the kinematic viscosity, α is the permeability of porous media, 1/ α and C2 are the
coefficients of viscosity resistance and inertia resistance, respectively. They are given by the Ergun
equation [38]:
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In the sinter ore bed, because of local non-equilibrium thermodynamic property, the sinter temperature
Ts is different from the air temperature Tg . Then, the two energy equations should be adopted:
Energy equation for sinter:

(1 − ε )

∂ ( ρ s csTs )
∂t

(

= (1 − ε ) ∇ ⋅ ( k sTs ) + hA ( Tg − Ts ) + ε rσ A T 4 g − T 4 s

)

(5)

Energy equation for air:
∂ ( ε cg ρ g Tg )
∂t

JG

(

+ Vg ⋅ ∇ ⋅ ( cg ρ g Tg ) = ε∇ ⋅ ( k g Tg ) + hA ( Ts − Tg ) + ε rσ A T 4 s − T 4 g

)

(6)

where A is the specific surface area to volume, and it is given by the Achenbach’s criterion [39]:
A = 6 (1 − ε ) / d

(7)

Because of the large size, a big temperature difference inside sinter particles exists. An equivalent
convective heat transfer coefficient hc is introduced to eliminate the influence of heat conduction inside
sinter particles. For the metallurgic production, the general expression of hc is [40]:

hc = h b =

k g Nu
bd

k g (2 + 0.6 Re Pr
0.5

=

0.33

)

(8)

(1 + Bi 5) d

where Nu is the Nusselt number and given by the Rows expression [41]:
Nu = 2 + 0.6 Re Pr
0.5

0.33

(9)

Radiative heat transfer is a significant factor for the sinter cooling process, and can be described with
heat transfer ratio e , which is defined as the ratio of radiative heat transfer to convection heat transfer. It
is defined as:

e=

ε rσ A ( T 4 s − T 4 g )
hc A ( Ts − Tg )

=

ε rσ ( T 2 s + T 2 g ) (Ts + Tg )
hc

=

hr
hc

(10)

When heat transfer ratio e equals to 0, it means that there only exists convective heat transfer between
sinter and cooling air.
Combining Eqs. (5), (6), (8) with (9) gives the two energy equations:

(1 − ε )

∂ ( ρ s csTs )
∂t

∂ ( ε cg ρ g Tg )
∂t

= (1 + e ) hc A ( Tg − Ts )

(11)

JG

+ Vg ⋅ ∇ ⋅ ( cg ρ g Tg ) = (1 + e ) hc A ( Ts − Tg )

(12)

The initial condition is: Ts = Ts 0 .
The boundary conditions are given as:
JG JJG
At the air inlet: Vg = Vgi , Tg = Tgi ;

At the air outlet: both pressure outlet and outflow are accepted. The pressure difference is given by actual
measured value.
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2.2 Parameter settings
The effect factors on the sinter cooling process consist of both physical property parameters and
processing parameters. It is assumed that there does not exist any reaction in the cooling process, so the
density of sinter ore is set as a constant (3000kg/m3) and that of the cooling air is 1.205kg/m3, but both of
the heat capacities of the sinter ore and the air vary with the temperature [42]. The fixed parameters and
equations for the sinter cooling process calculations of a 415 m 2 annular cooler are listed in Table 1.
Table 1. Fixed parameters and equations in the calculations

Sinter ore

Air

Major parameters
Density
kg/m³
Heat Capacity
J/(kg·K)
Height
M
Cooling length
M
Porosity
—
Mean radius
M
Inlet temperature
K
Inlet velocity
m/s
Inlet temperature
K
Density
kg/m³
Heat Capacity
J/(kg·K)

Values
3000
752.4+0.26Ts
1.5
120
0.4
0.1
1023
1.5
300
1.205
919.6+0.3Tg-6.69×10-5Tg2

2.3 Numerical simulation
The mathematical model is solved in the platform of computational fluid dynamics software ANSYS
FLUENT 14.0. To complete the numerical simulation, a two-dimensional rectangular radial section, with
the length H = 1.5m and the width of l = 0.3m , is chosen. The section is meshed in 150×30 grids. The
results show that double mesh intensity has little effect on the simulation result with a relative error less
than 0.1%. FLUENT soft solves the energy equations based on local equilibrium thermodynamics.
Because the heat transfer coefficients are limited and the densities of air and sinter ore are significantly
different in the actual cooling process, the two energy equations based on the local non-equilibrium
thermodynamics are applied. User defined scalars (UDS) are adopted to solve Ts and Tg . At the same
time, as the trolley moves at a given velocity, the location of sinter bed can be replaced by the cooling
time, and then the characteristics changes with the cooling time. The velocity-pressure coupled SIMPLE
JG
algorithm in second order implicit discrete form is selected. As the air inlet velocity is Vgi = 1.5m/s , and
the height of sinter bed is also only H = 1.5m , the time step is set as ∆t = 0.01s to control the accuracy.
3. Numerical examples and analyses
3.1 Modeling verification
Table 2 lists some major device and operating parameters of a 415 m 2 annular cooler in an iron and steel
plant. With the fixed parameters and equations listed in Table 1 and the heat transfer ratio varying from 0
to 0.1, the gas flow velocities, pressure distributions and temperature fields of entire cooling process are
obtained. The average temperatures of outlet air at the first and second stages and the outlet of the sinter
are compared with the actual situation.
Table 3 lists the average temperatures of outlet air at the first and second stages and the outlet of the
sinter. It can be seen that when the heat transfer ratio increases from 0 to 0.1, the temperature of the
sinter outlet decreases, and both the average temperatures of outlet air at the first and second stages
increase, respectively. Moreover, Table 2 and Table 3 show that in the numerical simulations of different
heat transfer ratio, all the temperatures of outlet sinter meet the actual production datum: Tso < 393K, the
average temperatures of outlet air at the first stage are in the range between 633K and 693K, and those at
the second stage are in the range between 470K and 535K.
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Table 2. Device and operation parameters of 415 m 2 annual cooler
Device and operation parameters
Effective cooling area
Width of trolley
Height of baffle plate
Velocity of trolley
Cooling time
Pressure drop
Temperature of inlet sinter
Temperature of outlet sinter
Average temperature of outlet air at the first stage
Average temperature of outlet air at the second stage

m

2

m
m
m/s
s
Pa
K
K
K
K

Values
415
3.5
1.6
0.033
3600
670~710
1023~1123
<393
630~695
470~535

Table 3. Temperatures of sinter ore at outlet and gas of 1st and 2nd stage
heat transfer ratio
Temperature of outlet sinter /K
Average temperature of outlet air at the first stage /K
Average temperature of outlet air at the second stage /K

0
382.94
657.29
525.88

0.05
373.72
674.31
528.99

0.1
369.77
680.18
530.05

3.2 Analyses of simulation results
Figure 3 shows the gas flow and pressure distribution contour inside the sintered bed. Figure 4 shows the
gas pressure corresponding to height of sinter bed. It can be seen that when the air flows cross the bed, its
pressure drops approximately 687.4 Pa, namely, the air pressure drop is in the actual range between 670
Pa and 710 Pa. As the flow resistance and heat transfer of air inside the bed are independent, the gas flow
and pressure distribution of air do not change with the heat transfer ratio e . The velocity vector keeps
constant and the pressure decreases linearly with the height of bed.
Figures 5-7 show the solid and gas temperature distribution contours inside the sintered bed with e = 0 ,
e = 0.05 and e = 0.1 , respectively. It can be seen that during the early stage (about the early 1800s), the
temperature of sinter decreases rapidly due to the large temperature difference between gas and solid.
And during the following cooling time, it changes relatively slowly. So the early stage is the key one for
sinter cooling process. When the heat transfer ratio increases, the heat exchange is strengthened: the
temperature of sinter decreases more rapidly; the temperature of gas inside the bed has a more significant
increment and steeper temperature gradient during the early stage. While both the temperature increment
and gradient of gas decrease at the following stage of cooling process, and the solid and gas temperature
distributions at different heat transfer ratios are similar.

Figure 3. Pressure distribution contour of gas inside sintered bed
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Figure 4. Pressure of gas inside sintered bed versus height

(a) Solid

(b) Gas
Figure 5. Solid/gas temperature distribution contours inside sintered bed with e = 0
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(a) Solid

(b) Gas
Figure 6. Solid/gas temperature distribution contours inside sintered bed at e = 0.05

Figures 8-10 show effects of the heat transfer ratio e on temperatures of sintered bed at different heights.
Obviously, at the same heat transfer ratio, the temperature drop of the sinter bed becomes smaller with
the increase of height. And the temperature drop rate is also different from at different height. The
temperature of the sinter bed decreases rapidly at the forepart cooling time at the lower height; the
temperature drop rate slows up gradually. Compared with the middle and bottom bed, the temperature
drop rate of the upper bed is relatively slow. At the same height, the temperature of the sinter bed
decreases with the increase of heat transfer ratio e but the amplitude of temperature drop slows. The
effect of the heat transfer ratio e on the temperature of sinter seems to be very small at the early stage of
the cooling process for different height. Specifically, the early stages for H = 0.25m , H = 0.75m and
H = 1.25m are in the early 400s, 600s and 1000s, respectively.
Figure 11 shows the effect of the heat transfer ratio e on the temperature of outlet gas. It can be seen that
the temperature of outlet gas decreases when the cooling time increases, and the temperature drop slows
at the same time. As the cooling process proceeds, the temperature of the sinter decreases. It shows that
the temperature difference between the air and sinter becomes smaller, and that the heat transfer
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weakens. During the early stage of the cooling process, namely the early 1800s, the temperature of outlet
gas increases when the heat transfer ratio e increases. During the following cooling time, on the
contrary, the temperature decreases. It is because that during the early stage, the temperature difference
makes drastic heat transfer between air and sinter, increasing heat transfer ratio leads to the increase of
temperature of outlet gas. At the later stage, the heat transfer is limited by the relatively small
temperature difference, so the temperature of outlet gas increases less. Therefore, for reinforcing the
exhaust heat of the sinter cooling process, the early stage is the key period, namely to enhance heat
transfer at the first and second stages.

(a) Solid

(b) Gas
Figure 7. Solid/gas temperature distribution contours inside sintered bed with e = 0.1
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Figure 8. Effect of heat transfer ratio e on temperature of sintered bed at H = 0.25m

Figure 9. Effect of heat transfer ratio e on temperature of sintered bed at H = 0.75m

Figure 10. Effect of heat transfer ratio e on temperature of sintered bed at H = 1.25m
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Figure 11. Effect of heat transfer ratio e on temperature of waste gas
4. Conclusion
A two-dimensional unsteady model for sinter cooling process is established based on the actual sinter
cooling process in an annular cooler. The complex heat transfer process, including three modes of heat
conduction inside the sinter ore particles, gas-solid convection and radiation in the trolley, is taken into
account. The heat transfer ratio is proposed to explore the effect of heat radiation to the cooling process.
With actual device and operating parameters, modeling verification and analyses of datum based on
numerical simulation are conducted. The results are consistent with actual production datum when the
heat transfer ratio e varies from 0 to 0.1. The pressure field, temperature distribution and the
temperature characteristic of outlet gas are obtained by numerical simulation method. The effect of
radiative heat transfer on the cooling process is analyzed. The results show that the heat transfer ratio e
has no effect on the gas flow and pressure distribution of air. The increase of the ratio e can reinforce
the heat transfer between the sinter and air, which will lead to bigger increase of temperature drop rate of
the sinter. The solid and gas temperature distribution trends at different heat transfer ratios are similar.
The results obtained herein may provide some guidelines for the research on the actual cooling process in
an annular cooler.
Nomenclature
A
specific surface area ( m −1 )
Bi
Biot number
C
inertia resistance coefficient ( m −1 )
c
specific heat capacity ( J kg ⋅ K )
d
particle diameter ( m )
e
heat transfer ratio
g
gravity vector (m 2 s )
height ( m )
H
h
heat transfer coefficient ( W m 2 ⋅ K )
k
apparent thermal conductance ( W m ⋅ K )
length ( m )
L
Nu
Nusselt number
pressure
( Pa )
P
Prandlt number
Pr
Re
Reynolds number
S
source of momentum loss ( kg (m 2 ⋅ s 2 ) )
thermodynamic temperature ( K )
T
t
time ( s )

velocity ( m s )
Greek letters
ε
porosity ; emissivity
ρ
density ( kg m3 )
τ
viscous stress tensor
µ
kinematic viscosity ( Pa ⋅ s )
α
permeability ( m 2 )
φ
shape factor of particle
σ
blackbody radiation constant ( W/(m 2 ⋅ K 4 ) )
Subscripts
c
(equivalent) convection
g
gas
i
input
o
output
radiation
r
s
solid
0
initial (value)
V
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