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Abstract: In order to fully understand the energy and exergy transfer processes in sinter vertical
coolers, a simulation model of the fluid flow and heat transfer in a vertical cooler was established,
and energy and exergy efficiency analyses of the gas–solid heat transfer in a vertical cooler were
conducted in detail. Based on the calculation method of the whole working condition, the suitable
operational parameters of the vertical cooler were obtained by setting the net exergy efficiency in
the vertical cooler as the indicator function. The results show that both the quantity of sinter waste
heat recovery (SWHR) and energy efficiency increased as the air flow rate (AFR) increased, and they
decreased as the air inlet temperature (AIT) increased. The increase in the sinter inlet temperature
(SIT) resulted in an increase in the quantity of SWHR and a decrease in energy efficiency. The air net
exergy had the maximum value as the AFR increased, and it only increased monotonically as the
SIT and AIT increased. The net exergy efficiency reached the maximum value as the AFR and AIT
increased, and the increase in the SIT only resulted in a decrease in the net exergy efficiency. When
the sinter annual production of a 360 m2 sintering machine was taken as the processing capacity of
the vertical cooler, the suitable operational parameters of the vertical cooler were 190 kg/s for the
AFR, and 353 K for the AIT.

Keywords: sinter; vertical cooler; gas–solid heat transfer; energy efficiency; exergy efficiency

1. Introduction

The sinter waste heat resource accounts for about 8% of the total waste heat resources
of iron and steel enterprises in China, which is one of the resources producing large
amounts of waste heat with the greatest development potential [1–4]. Sinter annular
coolers and vertical coolers are two main types of equipment for sinter waste heat recovery
(SWHR), and annular coolers have been widely used in the production of SWHR. Due
to the characteristics of the structural style and SWHR in annular coolers, the recycled
air temperature at the outlet of annular coolers is lower, as well as the utilization ratio of
SWHR for cogeneration [5]. Vertical coolers, proposed for overcoming the disadvantages
of existing annular coolers, are a type of highly efficient equipment for SWHR, and both
the air temperature at the outlet of a vertical tank at above 450 ◦C and the utilization ratio
of SWHR in a vertical cooler at above 75% are greater than those in annular coolers [6]. At
present, vertical coolers for SWHR are still in the laboratory research stage, and detailed
research of the flow and heat transfer in vertical coolers is quite important to analyze
the theoretical feasibility of vertical coolers. The gas flow in the bed layer directly affects
the gas flow resistance in vertical coolers and thus affects the power consumption of air
blowers, while the gas–solid heat transfer in the bed layer directly affects the quantity and
quality of SWHR in vertical coolers and thus affects the efficiencies of waste heat recovery
and utilization. Therefore, detailed investigations of the flow and heat transfer in vertical
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coolers have an important significance for improving the recovery rate of sinter waste heat
and optimizing the operational parameters of vertical coolers.

Most studies on the flow and heat transfer in the sinter bed layer were mainly con-
ducted in annular coolers in recent years. Zhang et al. [7] developed flow and heat transfer
models by correcting the momentum source term and local non-thermodynamic equilib-
rium double energy equations, and the influence factors and rules of the flow and heat
transfer in annular coolers were analyzed in detail, while the optimal parameters of an-
nular coolers were determined with the purpose of improving the waste heat utilization.
Liu et al. [8,9] performed gas–solid heat transfer analysis in the sinter bed layer of an
annular cooler, and the operational parametric effects on the quantity and quality of SWHR,
as well as the equivalent annual operational cost, were investigated in detail. Tian et al. [10]
simulated the flow and heat transfer processes of a layer loaded sinter cooler in order to
increase the amount of SWHR and designed an orthogonal optimization experiment to
analyze the effects of the designed parameters. Feng et al. [11] applied constructal theory
to perform parameter optimization in an annular cooler, and the optimal cross-sectional
shape of the bed layer was determined based on the maximum exergy output of SWHR.
Zhang et al. [12,13] utilized local non-thermodynamic equilibrium double energy equa-
tions to investigate the main influence factors and influence laws of SWHR in annular
coolers, and the effective method for improving SWHR was provided. In addition, Zhang
et al. [14,15] also performed exergy transfer analysis in the sinter bed layer of an annular
cooler and analyzed the thermal parametric effects on the temperature exergy and pressure
exergy in the heat transfer process. Tian et al. [16,17] established a simulation model of
three-dimensional flow and heat transfer in an annular cooler and optimized the operating
parameters of a ring annular cooler by taking the sinter outlet temperature and exergy
of SWHR as the objective function. Some other relevant studies were also reported in
the literature [18,19].

In essence, a sinter annular cooler is a cross-convection fixed bed, and most of the
above heat transfer models established in annular coolers are for unsteady-state heat trans-
fer, which means that the particle movement in the bed layer is ignored, and the bed layer
is treated as a stationary bed. Compared with an annular cooler, a vertical cooler is a type
of counter-flow moving bed, in which the heat transfer process is a steady-state condition.
Due to the complexity of the flow and heat transfer in vertical coolers, correlational studies
for vertical coolers were mainly based on experimental research [20–22], while few numer-
ical studies in vertical coolers were conducted, and thermal parameter optimization of
vertical coolers as the critical issue was rarely considered and mentioned, which resulted
in the parameter design of vertical coolers being based more on experience and a lack of
theoretical guidance. In addition, the objective functions of parameter optimization in
annular coolers mentioned above were mainly the quantity of SWHR and the outlet exergy
of the heat carrier, which could not accurately reflect the relationship between system
inputs and outputs. For all we know, energy and exergy efficiency analysis in vertical
coolers was not carried out, and optimization analysis of the operational parameters in
vertical coolers was also not performed by using the analysis method of exergy efficiency.

In conclusion, it is necessary to perform energy and exergy efficiency analysis of the
sinter cooling process to improve the efficiencies of sinter waste heat recovery and utiliza-
tion in vertical coolers. Therefore, in the present work, the specific expressions of energy
and exergy efficiency in a vertical cooler were derived first. Then, the simulation model
of the flow and heat transfer in the vertical cooler was established by taking the particle
movement into account based on the porous medium model and local non-thermodynamic
equilibrium double energy equations, and the operational parametric effects, involving
the sinter inlet temperature (SIT), air flow rate (AFR) and air inlet temperature (AIT), on
the energy and exergy transfer processes in the vertical cooler were investigated in detail.
Finally, the net exergy efficiency in the vertical cooler was selected as the indicator function,
and the suitable operational parameters of the vertical cooler were determined through the
calculation method of the whole working condition. The research results mentioned above
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are very important and useful for improving the recovery rate of sinter waste heat and
could provide theoretical guidance for the design and operation of sinter vertical coolers.

2. Analysis of Energy and Exergy Efficiency

The analysis methods of energy and exergy efficiency are based on the first and second
laws of thermodynamics, which can better analyze and explain the work capacity of a
working medium in the case of deviation from the environmental state; obtain the amount
of energy loss and reveal the essence of energy loss inside the system; and provide guiding
significance for the thermodynamic optimization of whole systems [23].

According to the first law of thermodynamics, the quantity of SWHR is described
below.

Qw = mgcg(Tg,out − Tg,in) (1)

The energy efficiency is an important index to evaluate the energy recovery effect of a
system, which refers to the proportion of the quantity of SWHR that is further utilized in
the total input energy. The energy efficiency of the system is expressed as follows.

ηe =
Qw

∑ Qin
× 100% =

Qw

Qs,in + Qg,in
× 100% (2)

where Qs,in is the sinter inlet energy, and Qg,in is the gas inlet energy, which are given
below.

Qs,in = mscs(Ts,in − T0) (3)

Qg,in = mgcg(Tg,in − T0) (4)

When the sinter temperature is constant, the expression of the sinter exergy value is
described below based on the second law of thermodynamics.

Exs = ms(
∫ Ts

T0

csdT − T0

∫ Ts

T0

cs

T
dT) = mscs(Ts − T0)[1−

T0

Ts − T0
ln

Ts

T0
] (5)

When the gas temperature is constant, the expression of the gas exergy value is
described below.

Exg = mg(
∫ Tg

T0

cgdT − T0

∫ Tg

T0

cg

T
dT) = mgcg(Tg − T0)[1−

T0

Tg − T0
ln

Tg

T0
] (6)

When the cooling air passes through the vertical cooler, an air pressure drop is bound
to occur due to the influence of the sinter particles on the gas flow in the bed layer, which
involves viscous resistance loss and inertia resistance loss. The energy loss of the gas flow
in a vertical cooler can be described quantitatively by the air pressure exergy because the
air outlet pressure in a vertical cooler is the ambient pressure. The air pressure exergy is
given below [12].

Exg,p = mgRgT0

∫ pin

p0

dp
p

= mgRgT0 ln
pin

p0
= mgRgT0 ln

p0 + ∆p
p0

(7)

As it is known from Equation (3), because the air pressure drop in the bed layer is
larger than zero, the air pressure exergy is also greater than zero, which means that the
gas flow in the vertical cooler needs to consume the external work. Therefore, the air net
exergy in a vertical cooler is defined as the difference between the air outlet exergy and air
pressure exergy, which can be determined below.

Exg,net = Exg,out − Exg,p (8)

Exg,net = mgcg(Tg,out − T0)[1−
T0

Tg,out − T0
ln

Tg,out

T0
]−mgRgT0 ln

p0 + ∆p
p0

(9)
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The net exergy efficiency is an important index to evaluate the energy recovery and
utilization effect of a system, which refers to the proportion of the net output exergy that is
further utilized in the total input exergy. The higher the net exergy efficiency, the higher
the energy recovery and utilization efficiency of the system. The net exergy efficiency is
expressed as follows.

ηex =
Exg,net

∑ Exin
× 100% =

Exg,out − Exg,p

Exs,in + Exg,in
× 100% (10)

3. Description of Simulation Model
3.1. Physical Model

The structure diagram of a vertical cooler for SWHR is revealed in Figure 1. The whole
body of the vertical cooler is composed of five parts: feeding section, pre-storage section,
ramps section, cooling section and discharging section. Based on previous research results
from a vertical cooler [24], the heat exchange of the cooling air with the sinter particles
in the bed layer mainly occurs in the cooling section, meaning the cooling section of the
vertical cooler was set as the physical model and simulation area in the modeling process.

Energies 2021, 14, x FOR PEER REVIEW 4 of 19 
 

 

gas flow in the vertical cooler needs to consume the external work. Therefore, the air net 
exergy in a vertical cooler is defined as the difference between the air outlet exergy and 
air pressure exergy, which can be determined below. 

g,net g,out g,pEx Ex Ex= −  (8) 

g,out0 0
g,net g g g,out 0 g g 0

g,out 0 0 0

m ( )[1 ln ] ln
TT p pEx c T T m R T

T T T p
+ ∆

= − − −
−

 (9) 

The net exergy efficiency is an important index to evaluate the energy recovery and 
utilization effect of a system, which refers to the proportion of the net output exergy that 
is further utilized in the total input exergy. The higher the net exergy efficiency, the higher 
the energy recovery and utilization efficiency of the system. The net exergy efficiency is 
expressed as follows. 

g,net g,out g,p
ex

in s,in g,in

100% 100%
Ex Ex Ex

=
Ex Ex Ex

η
−

× = ×
+∑

 (10) 

3. Description of Simulation Model 
3.1. Physical Model 

The structure diagram of a vertical cooler for SWHR is revealed in Figure 1. The 
whole body of the vertical cooler is composed of five parts: feeding section, pre-storage 
section, ramps section, cooling section and discharging section. Based on previous re-
search results from a vertical cooler [24], the heat exchange of the cooling air with the 
sinter particles in the bed layer mainly occurs in the cooling section, meaning the cooling 
section of the vertical cooler was set as the physical model and simulation area in the 
modeling process. 

 
Figure 1. Schematic diagram of vertical cooler for SWHR. Figure 1. Schematic diagram of vertical cooler for SWHR.

As the sinter particles are different in size and irregular in shape, on the premise of
ensuring the accuracy of numerical calculation, the sinter bed layer in the vertical cooler
can be simplified. At present, the commonly used method is to conduct average and
statistical treatments for the flow and heat transfer in the vertical cooler and regard the
cooling section of the vertical cooler as the porous medium region [25]. Therefore, the
physical model of the vertical cooler can be simplified as follows [7,9].

(1) The vertical cooler runs under stable working conditions, the operating parameters
of which are constant;

(2) The sinter bed layer in the vertical cooler is a homogeneous and isotropic porous
medium, without considering the sinter porosity and deformation at high temperature;
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(3) The radiation heat transfer between the particles and the gas in the bed layer is
neglected, as well as the heat dissipation of the vertical cooler.

3.2. Mathematical Description

According to the Navier–Stokes equation of incompressible viscous fluids, the stan-
dard k−ε turbulence model is applied to analyze the gas flow law in vertical coolers [26].
The calculation of the heat transfer in vertical coolers is performed through local non-
thermodynamic equilibrium double energy equations [27], and the governing equations of
mass conservation, momentum conservation and energy conservation in vertical coolers
are as follows [28,29].

(1) Mass conservation equation

∇ ·
(
ρgug

)
= 0 (11)

(2) Momentum conservation equation

ρg
(
ug · ∇

)
ug = ∇ ·

[
−pI + (µ + µT)

(
∇ug +

(
∇ug

)T
)
− 2

3
(µ + µT)

(
∇ · ug

)
I− 2

3
ρgkI

]
+ F + S (12)

In order to analyze the gas flow in a porous medium, a source term S is added to the
right side of the equation to modify the momentum transfer equation in a porous medium,
and the expression of the source term is shown as follows [7].

S = −
(

µ

α
ug +

1
2

C2ρg
∣∣ug
∣∣ug

)
(13)

where 1/a is the viscous resistance coefficient, and C2 is the inertial resistance coefficient,
which are given below, derived from previous research results [30].

1
a
=
[
85.4 + 3294e(−0.085D/dp)

] (1− ε)2

ε3dp2 (14)

C2 =
[
0.632 + 2.8e(−0.112D/dp)

] (1− ε)

ε3dp
(15)

(3) Energy conservation equations
Due to the great difference in the thermal conductivity and heat capacity of the two

gas–solid phases in the sinter bed layer, the gas–solid temperature difference at the same
height in the bed layer is obvious [9]. Therefore, local non-thermodynamic equilibrium
double energy equations are used to solve the gas–solid heat transfer in the cooling section
of the vertical cooler. The specific expressions of the energy equations are given below [29].

Sinter:
ρscsus · ∇Ts = (1− ε)∇ · (λs∇Ts)− hv

(
Ts − Tg

)
(16)

Cooling air:
ρgcgug · ∇Tg = ε∇ ·

(
λg∇Tg

)
+ hv

(
Ts − Tg

)
(17)

where hv is the volume heat transfer coefficient in the sinter bed layer, which can be
determined by the following expression [31].

hv =
6h(1− ε)

dp
=

Nuλg

dp

6(1− ε)

dp
(18)

where h is the convective heat transfer coefficient, and Nu is the gas–solid heat transfer
Nusselt number, which is determined below, derived from previous research results [32].

Nu = 0.198ε0.07Re0.66Pr1/3 (19)
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where Re is the Reynolds number, and Pr is the Prandtl number, the expressions of which
are given below.

Re =
ρgugdp

µ
(20)

Pr =
cgµ

λg
(21)

3.3. Grid Generation and Boundary Conditions

In the present work, the ICEM-CFD software was used to perform the geometry
construction and mesh generation of the simulation area mentioned in Figure 1. As the
research object, namely, the cooling section of a vertical tank, is a symmetric cylinder, the
structured grid fits the grid generation with a uniform symmetrical structure perfectly. The
structured grid only contains quadrilateral elements and a hexahedron. Compared with
the unstructured grid, the structured grid has many advantages, such as the realization of
easy boundary fitting, a faster grid generation speed, a better quality of grid generation
and the smaller memory of the computing run. Therefore, a three-dimensional structured
grid with quadrilateral elements was determined for the mesh generation of the simulation
area [33,34], and the generation result of the simulation area is shown in Figure 2.
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The FLUENT-CFD software was applied to calculate the flow and heat transfer in the
simulation area. The user-defined functions (UDFs) in the FLUENT-CFD software were
developed to define and compile the gas–solid physical parameters, source term Si and
heat transfer coefficient h. Furthermore, the convective term with the particle movement
was also compiled through the transition of the source term in the solid energy equation.

The boundary conditions for the simulation area were set as shown in Figure 2. As a
condition of the gas inlet boundary, the mass flow condition was adopted for the gas inlet
of the bottom and central cowl in the simulation area. Furthermore, the pressure outlet
condition with a gas relative pressure of zero was used for the gas outlet of the top in
the simulation area. In addition, the wall of the simulation area was set as the adiabatic
condition, which means that the heat loss in the wall was not considered.

3.4. Model Verification

As vertical coolers are still in the stages of theoretical and experimental studies, a self-
made experimental cooler for the measurement of the experimental data was developed,
and the structural diagram of the experimental cooler is shown in Figure 3. The reliability
verification of the above simulation model was performed by contrastive analysis between
the simulation values and the measurement data. The related parameters of the sinter
and the environment used in the simulation [35,36] are listed in Table 1. The air outlet
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temperature was selected as the verification function of the simulation model, and the
contrastive results of five operational cases are presented in Table 2.
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Table 1. Related parameters of the sinter and the environment.

Parameters Values

dp (m) 0.035
cs (J/(kg·K)) 337.03 (Ts-273)0.152

λs (w/(m·K)) 2.87
ρs (kg/m3) 3400

ε 0.41
T0 (K) 293
p0 (Pa) 101,325

Table 2. Contrastive results of five operational cases.

Cases SIT (◦C) AFR (m3/h)
Sinter Flow
Rate (kg/h) AIT (◦C)

Air Outlet Temperature

Measurement
Value (◦C)

Simulation
Value (◦C)

Deviation
(%)

1 769.2 2127 2520 20 504.5 481.6 −4.56
2 873.6 1723 2160 20 631.3 594.5 −5.83
3 720.9 1684 2160 20 502.4 478.6 −4.74
4 732.7 1545 1800 20 477.9 454.2 −4.96
5 781.4 1499 1800 20 543.1 518.3 −4.57

As it can be seen in Table 2, the simulation values of the air outlet temperature
under the five cases match well with the measurement values, and the average calculation
deviation between the simulation values and the measurement values is 4.93%, which
means that the above simulation model and analytical methods for the cooling section of
the vertical cooler are credible and correct.

4. Results and Discussion

The actual sinter production of a 360 m2 sintering machine was taken as the simulation
processing capacity of the vertical cooler, namely, 3.9 million tons per year, which means
that the sinter mass flow rate in the vertical cooler is 152 kg/s. The inner diameter and
height of the cooling section were set as 9 m and 7 m [37], respectively, and the related
parameters of the sinter and the environment used in the simulation are also listed in
Table 1. Due to the difference in the sintering terminal point position on the sintering



Energies 2021, 14, 4522 8 of 18

machine and the preheating effect of the gas inlet at the bottom of the vertical cooler, the
SIT and AIT entering into the vertical cooler are not constant, and the AFR is also an
important factor affecting the flow and heat transfer in the vertical cooler. Therefore, based
on the established simulation model mentioned above, and according to the three main
factors affecting the flow and heat transfer in the vertical cooler, namely, the SIT, AFR and
AIT, the influence law of the third factor on the energy and exergy transfer processes in
the vertical cooler was calculated and analyzed in detail when the set values of the two
other factors were invariable. On this basis, the net exergy efficiency of the vertical cooler
was identified as the indicator function of the parameter optimization, and the parameter
optimization analysis of the vertical cooler was carried out. The change conditions of the
three influencing factors are shown in Table 3.

Table 3. Change conditions of three influencing factors.

Levels Ts,in (K) mg (kg/s) Tg,in (K)

1 873 170 293
2 898 180 313
3 923 190 333
4 948 200 353
5 973 210 373

4.1. Effect of SIT

By setting the AFR and AIT to 190 kg/s and 293 K, respectively, the variations in the
air outlet temperature, sinter outlet temperature and air pressure drop in the sinter bed
layer were determined for various SITs, as shown in Figure 4.
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As it can be seen in Figure 4, with the increase in the SIT, the air outlet temperature,
sinter outlet temperature and air pressure drop gradually increase. This may be explained
as follows: the heat transfer temperature difference in the sinter with the air in the bed
layer gradually increases as the SIT increases, and then the heat transfer quantity also
increases, which leads to the increase in the air outlet temperature for the given AFR. As
the sinter output and AFR are constant, the heat exchange time of the sinter with the air
in the bed layer is also constant, and due to the increase in the SIT, the sinter waste heat
carried into the vertical tank is not taken away completely by the air, meaning the sinter
outlet temperature also increases as the SIT increases. Furthermore, the enhancement of
the gas–solid heat transfer results in an increase in the air temperature in the bed layer,
the gas velocity in the bed layer also increases accordingly, which results in the intensified
collision between the cooling air and sinter particles, and the inertia force of the gas flow in
the bed layer also increases, meaning the air pressure drop gradually increases.

The variation in the quantity of SWHR and energy efficiency for various SITs was
obtained and is revealed in Figure 5. As it can be seen in Figure 5, the quantity of SWHR
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increases as the SIT increases, while the energy efficiency gradually decreases. This may be
explained as follows: with the increase in the SIT, the increase in the air outlet temperature
results in an increase in the quantity of SWHR. The increased amplitude of the sinter outlet
temperature shown in Figure 4 becomes larger and larger with the increase in the SIT,
which results in a decrease in energy efficiency.
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Figure 6 reveals the changes in the air outlet exergy and air pressure exergy in the
sinter bed layer with the SIT. As it can be seen in Figure 6, both the air outlet exergy and
air pressure exergy increase as the SIT increases. That is to say, the increase in the SIT
results in the increase in the air outlet exergy and air pressure exergy for a given AFR,
and according to Equations (6) and (7), the air outlet exergy and air pressure exergy also
gradually increase.
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The variation in the air net exergy and net exergy efficiency for various SITs was
obtained and is revealed in Figure 7. As it can be seen in Figure 7, with the increase in
the SIT, the air net exergy gradually increases, and the net exergy efficiency gradually
decreases. That is to say, because the value of the air outlet exergy is always greater than
that of the air pressure exergy with the increase in the SIT, the air net exergy also increases
based on Equation (8). Furthermore, the increase in the SIT leads to the increase in the
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sinter outlet temperature, the sinter outlet exergy also increases based on Equation (5) and
the exergy loss in the vertical cooler gradually increases, which leads to the decrease in the
net exergy efficiency.
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4.2. Effect of AFR

By setting the AIT and SIT to 293 K and 923 K, respectively, the variations in the air
outlet temperature, sinter outlet temperature and air pressure drop in the bed layer were
obtained and are shown in Figure 8 for various AFRs. As it can be seen in Figure 8, both
the air outlet temperature and sinter outlet temperature gradually decrease, and the air
pressure drop gradually increases as the AFR increases. This may be explained as follows:
when the sinter inlet heat flux is constant, the air outlet temperature decreases with the
increasing AFR based on the energy conservation law. Furthermore, the heat transfer
quantity of the sinter with the cooling air in the bed layer increases as the AFR increases,
and the sinter cooling rate also increases accordingly, which results in the decrease in the
sinter outlet temperature. Moreover, the increase in the AFR leads to the increase in the gas
velocity, and the viscosity and inertia resistance loss in the bed layer also increase, meaning
the air pressure drop increases accordingly.
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Figure 9 shows the variations in the quantity of SWHR and energy efficiency in the
bed layer with the AFR. As it can be seen in Figure 9, both the quantity of SWHR and
energy efficiency increase as the AFR increases. That is to say, because the sinter mass flow
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rate and inlet temperature are constant, the decrease in the sinter outlet temperature shown
in Figure 8 inevitably results in an increase in the quantity of SWHR and energy efficiency.
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Figure 10 shows the variations in the air outlet exergy and air pressure exergy in the
bed layer with the AFR.
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As it can be seen in Figure 10, the air outlet exergy first increases and then decreases
as the AFR increases, while the air pressure exergy increases accordingly. That is to say,
when the sinter inlet heat flux is constant, the air outlet heat quantity increases as the sinter
outlet temperature decreases, and due to the limitation of the sinter outlet temperature, the
increased amplitude of the air outlet heat quantity gradually decreases. As the air outlet
temperature decreases as the AFR increases, the air energy level also decreases accordingly.
Furthermore, the lower the air outlet temperature, the larger the decrease in the amplitude
of the air energy level. As the air outlet exergy is the product of the air outlet heat quantity
and the air energy level, the change curve of the air outlet exergy could have a maximum
value as the AFR increases. Moreover, the increase in the AFR leads to an increase in the
air pressure drop in the bed layer, and the air pressure exergy also increases accordingly.

The variation in the air net exergy and net exergy efficiency for various AFRs was
obtained and is revealed in Figure 11. As it can be seen in Figure 11, both the air net exergy
and net exergy efficiency first increase and then decrease as the AFR increases. That is to
say, because the value of the air outlet exergy is always greater than that of the air pressure
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exergy with the increase in the AFR, as shown in Figure 10, the variation trend of the air net
exergy is the same as that of the air outlet exergy. In addition, there is a small increase in
the inlet exergy of the cooling air due to the increase in the AFR, which also leads to a small
increase in the inlet exergy of the vertical cooler, namely, the value of the denominator in
Equation (10) for a given sinter inlet heat flux, meaning the net exergy efficiency also first
increases and then decreases as the AFR increases.
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4.3. Effect of AIT

By setting the AFR and SIT to 190 kg/s and 923 K, respectively, the variations in the
air outlet temperature, sinter outlet temperature and air pressure drop in the bed layer
were determined for various AITs, which are revealed in Figure 12. As it can be seen
in Figure 12, the air outlet temperature, sinter outlet temperature and air pressure drop
gradually increase with the increase in the AIT. That is to say, the increase in the AIT
leads to the increase in the gas velocity in the bed layer for a given AFR, and the heat
exchange intensity is also enhanced accordingly, which leads to an increase in the air outlet
temperature. Furthermore, the gas–solid temperature difference in the bed layer gradually
decreases as the AIT increases, and the heat exchange quantity of the sinter with the cooling
air decreases accordingly in the same periods, which results in an increase in the sinter
outlet temperature. In addition, because of the increase in the gas velocity in the bed layer,
the air pressure drop also increases accordingly.
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Figure 13 reveals the changes in the quantity of SWHR and energy efficiency in the
bed layer with the AIT. As it can be seen in Figure 13, both the quantity of SWHR and
energy efficiency gradually decrease with the increase in the AIT. This may be explained as
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follows: since the sinter mass flow rate and inlet temperature are constant, the increase in
the sinter outlet temperature, as shown in Figure 12, inevitably results in an increase in the
quantity of SWHR and energy efficiency. In addition, the increase in the AIT also results in
an increase in the denominator in Equation (7), meaning the decreased amplitude of the
energy efficiency is larger than that of the quantity of SWHR.
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Figure 14 reveals the changes in the air outlet exergy and air pressure exergy in the
sinter bed layer with the AIT. As it can be seen in Figure 14, both the air outlet exergy and
air pressure exergy gradually increase with the increase in the AIT. This may be explained
as follows: since the increase in the AIT leads to an increase in the air outlet temperature
and air pressure drop for a given AFR, according to Equations (6) and (7), the air outlet
exergy and air pressure exergy also gradually increase accordingly.
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Figure 14. Effect of AIT on air outlet exergy and air pressure exergy.

The variation in the air net exergy and net exergy efficiency for various AITs was
obtained and is revealed in Figure 15. As it can be seen in Figure 15, the air net exergy
gradually increases with the increase in the AIT, while the net exergy efficiency first
increases and then decreases. This may be explained as follows: since the value of the
air outlet exergy is always greater than that of the air pressure exergy with the increase
in the AIT, as shown in Figure 14, the air net exergy also increases based on Equation (8).



Energies 2021, 14, 4522 14 of 18

In addition, the increasing trend of the air outlet exergy shown in Figure 14 is obviously
less than that of the air pressure exergy with the increase in the AIT, which results in the
increased amplitude of the air net exergy gradually decreasing accordingly. Furthermore,
the larger the AIT, the larger the air inlet exergy, which results in a larger increase in the
amplitude of the denominator value in Equation (10), meaning the change curve of the net
exergy efficiency could have a maximum value as the AIT increases based on Equation (10).
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4.4. Optimization Analysis of Operational Parameter

According to the analysis of the results of the above three influencing factors, it can
be seen that the net exergy efficiency increases monotonically with the increase in the
SIT, and with the increasing AFR and AIT, the net exergy efficiency first increases and
then decreases. Therefore, only the two parameters of AFR and AIT were selected as the
optimized parameters, and the SIT was set to 923 K for the present optimization simulation.
The values of the AFR and AIT at five levels are presented in Table 4.

Table 4. Level table of different operational parameters.

Levels mg (kg/s) Tg,in (K)

1 170 293
2 180 313
3 190 333
4 200 353
5 210 373

In order to obtain the detailed research results, the calculation method of the whole
working condition was applied to perform the optimization analysis of two operational
parameters, and the net exergy efficiency in the vertical cooler was selected as the opti-
mization objective function. The simulation results of the full working condition are listed
in Table 5, and the corresponding calculation values of the net exergy efficiency under
different AFRs and AITs are shown in Figure 16.
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Table 5. Simulation results of whole working condition.

Conditions
Parameter Setting

Tg,out (K) ∆p (kPa) Exg,net (MW) ηex (%)
Tg,in (K) mg (kg/s)

1 293 170 791.9 15.66 33.41 82.94
2 293 180 781.5 17.02 34.02 84.46
3 293 190 767.4 18.34 34.07 84.58
4 293 200 751.5 19.62 33.71 83.69
5 293 210 734.1 20.86 32.98 81.87
6 313 170 798.4 16.16 34.05 84.3
7 313 180 788.1 17.57 34.7 85.89
8 313 190 774.2 18.94 34.79 86.08
9 313 200 758.3 20.27 34.46 85.26

10 313 210 740.9 21.58 33.76 83.51
11 333 170 804.2 16.63 34.62 85.05
12 333 180 794 18.09 35.31 86.67
13 333 190 780.2 19.51 35.43 86.9
14 333 200 764.4 20.91 35.13 86.12
15 333 210 747.1 22.27 34.45 84.41
16 353 170 809.2 17.08 35.12 85.21
17 353 180 799.1 18.59 35.83 86.82
18 353 190 785.4 20.06 35.97 87.06
19 353 200 769.7 21.52 35.7 86.29
20 353 210 752.5 22.94 35.05 84.61
21 373 170 813.4 17.49 35.52 84.85
22 373 180 803.4 19.05 36.26 86.42
23 373 190 789.8 20.58 36.43 86.63
24 373 200 774.2 22.09 36.18 85.85
25 373 210 757.1 23.57 35.56 84.17
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As it can be seen from Figure 16, the net exergy efficiency first increases and then
decreases as the AFR increases under different AITs, while the net exergy efficiency also first
increases and then decreases as the AIT increases for a given AFR. When the AIT is 353 K,
the net exergy efficiency reaches the maximum value for different AFRs. Furthermore, as it
can be known from Table 5, the net exergy efficiency under the eighteenth condition is the
maximum, which means that the optimal operational parameters of the vertical cooler are
190 kg/s for the AFR, and 353 K for the AIT.
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5. Conclusions

(1) A porous medium and local thermal non-equilibrium theories were adopted to
establish a simulation model of the flow and heat transfer in a vertical cooler. The convective
term with the particle movement was compiled into the simulation model through the
transition of the source term in the solid energy equation on the basis of user-defined
functions. The average deviation between the simulation values and the measurement
values obtained from a self-made experimental cooler was 4.93%, and the reliability and
correctness of the established simulation model were verified.

(2) The SIT, AFR and AIT are three main operational parameters affecting the flow and
heat transfer in a vertical cooler. Both the quantity of SWHR and energy efficiency increased
as the AFR increased, and they decreased as the AIT increased. The increase in the SIT
resulted in an increase in the quantity of SWHR, and a decrease in the energy efficiency.

(3) The air outlet exergy gradually increased as the SIT and AIT increased, while the
air outlet exergy first increased and then decreased as the AFR increased. The increase in
the SIT, AFR and AIT only led to an increase in the air pressure exergy. The change curve
of the air net exergy could reach the maximum value as the AFR increased and gradually
increased as the SIT and AIT increased. The increase in the SIT resulted in a decrease in the
net exergy efficiency, and through the adjustment of the AFR and AIT, the vertical cooler
can obtain the maximum net exergy efficiency.

(4) The AFR and AIT were determined as the optimized parameters, and the calcula-
tion method of the whole working condition was applied to obtain the optimal operational
parameters of the vertical cooler by using the maximum net exergy efficiency. The actual
sinter production of 3.9 million tons per year was taken as the processing capacity of the
vertical cooler, and the optimal operational parameters of the vertical cooler were 190 kg/s
for the AFR, and 353 K for the AIT.
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Abbreviations

1/a viscous resistance coefficient
c specific heat (J/(kg·K))
C2 inertial resistance coefficient
D inner diameter of cooling section (m)
dp sinter equivalent diameter (m)
Exg,out air outlet exergy (MW)
Exg,in air inlet exergy (MW)
Exg,p air pressure exergy (MW)
Exg,net air net exergy (MW)
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Exs,in sinter inlet exergy (MW)
h convective heat transfer coefficient (W/(m·K))
m mass flow rate (kg/s)
Nu heat transfer Nusselt number
p0 ambient pressure (N/m2)
pin air inlet pressure (N/m2)
Qw quantity of sinter waste heat recovery (MW)
Qg,in gas inlet energy (MW)
Qs,in sinter inlet energy (MW)
Pr Prandtl number
Rg air constant (J/(kg·K))
Re Reynolds number
T temperature (K)
T0 ambient temperature (K)
u superficial velocity (m/s)
AFR air flow rate
AIT air inlet temperature
SIT sinter outlet temperature
SWHR sinter waste heat recovery
Greek Symbols
ε bed voidage
λ thermal conductivity (W/(m·K))
µ dynamic viscosity (kg/(m·s))
µT turbulent viscosity coefficient (kg/(m·s))
ρ density (kg/m3)
ηex net exergy efficiency
∆p air pressure drop (N/m2)
Subscripts
0 external environment state
ex exergy
g air
in inlet
out outlet
p pressure
s sinter
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