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To be consistent with the actual production, this paper establishes the 2-D

steady-state mathematical model of the porous media to numerically analyze

influences of structural and operational parameters on the vertical cooling

process by applying particle characteristic parameters, and heat transfer and

resistance correlations of the multi-size sinter. Considering comprehensive

effects of the temperature and pressure drop, the operating and structural

parameters are optimized with the objective of the maximum income exergy of

the gas. Results show that the numerical model established in this paper can

well predict the gas-solid heat transfer process in the sinter bed with the

maximum error of 7%. Besides, the income exergy of the gas increases and

decreases with the sinter outlet temperature and gas outlet temperature

increasing, respectively. The reduction in the equivalent particle diameter is

conducive to improving the income exergy. What’s more, the income exergy of

the gas first ascends and then descends with the increase of the flow rate ratio

of gas to sinter and the height of the sinter layer. Therefore, optimal values of the

flow rate ratio of the gas to sinter and the height of the sinter layer are

1,050–1,540m3·h−1 and 7–11.5 m within the scope of this study, respectively.
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Introduction

With the formulation of the double carbon strategy (Xiong et al., 2022), the

industrial production should take some necessary measures, such as improving the

utilization rate of the clean energy and the combustion efficiency of fossil fuels (Xu

et al., 2020a; Xu et al., 2021). As the energy consumption of the iron and steel industry

accounts for about 20% of the whole industry, it has become an important focus of the

low-carbon development of the economy. With the gradual optimization of various

processes, the efficient recovery of the waste heat has become an important way to

achieve the green development for the iron and steel industry (Xu et al., 2020b),
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especially in the sintering process (Zhang et al., 2021a). The

energy consumption of the sintering process accounts for

10–15% of the whole iron and steel industry (Zhang et al.,

2013). As the horizontal structure, the sinter annular cooling

process has inevitable shortcomings, making the utilization

rate of the waste heat less than 30% (Zhang, 2022). Therefore,

the sinter vertical cooling process is proposed by imitating the

coke dry quenching process (Sun et al., 2015), as shown in

Figure 1. The new process as the vertical structure not only

reduces the air leakage rate, but also improves the gas-solid

heat transfer efficiency. Thus, the recovery rate and the quality

of the waste heat are improved from 30% to 80% and from

150 to 350°C to 450–550°C, respectively (Zhang, 2022).

At present, the test run indicates that the improvement

effect of the waste heat recovery is lower than the expected

target (Bi and Sun, 2018), which is attributed to the

unreasonable design of operating parameters and structural

parameters. To popularize the new technology in the iron and

steel field, a lot of researches have been done on pressure drop

characteristics, heat transfer characteristics and the numerical

optimization of the new process. Moreover, the research on

pressure drop characteristics and heat transfer characteristics

of the sinter has been very mature, fitting the corresponding

empirical correlations. In previous studies, the pressure drop

correlation of the sinter was modified by considering the

effects of the particle shape (Feng et al., 2015a; Tian et al.,

2016a), bed voidage (Feng et al., 2015b), equivalent particle

diameter (Feng et al., 2014), confined wall (Tian et al., 2016b;

Feng et al., 2019; Zhang et al., 2022a) and particle size

distribution (Pan et al., 2015; Tian et al., 2016c; Zhang

et al., 2021b). The results showed that the pressure drop

had a linear relationship with the height of the material

layer, increased in a quadratic relationship with the

increase of the gas velocity, and declined exponentially with

the increase of the equivalent particle diameter and bed

voidage or the decrease of the shape factor. In addition,

Tian et al. (Tian et al., 2016b) found that the influence of

the confined wall can be neglected when the diameter ratio of

bed to particle was larger than 19. When the diameter ratio of

bed to particle was less than 19, the wall effect played a

dominant role, reducing the pressure drop of the gas in the

bed. Zhang et al. (Zhang et al., 2022a) also found that the wall

effect would only reduce the pressure drop no matter what the

gas flow state was. Moreover, the more irregular the sinter

particles were, the weaker the wall effect was. What’s more, the

research of Tian et al. (Tian et al., 2016c) showed that the

resistance coefficient of the binary-size sinter was larger than

that of the mono-size sinter, and the turbulent degree of the

gas flow was more significant. Furthermore, Pan et al. (Pan

et al., 2015) found that the 17% increase in the proportion of

small particles (0–10 mm) in the sinter mixture caused the

pressure drop to increase by 2–3 times. The study of Zhang

et al. (Zhang et al., 2021b) also indicated that the change of the

pressure drop in the multi-size sinter bed with the equivalent

particle diameter was completely different from that in the

mono-size sinter bed. The decreasing amplitude of the

pressure drop for the multi-size sinter ascended first and

then descend with the increase of the equivalent particle

diameter. Also, the bed permeability of the multi-size sinter

was lower than that of the mono-size sinter under the same

equivalent particle diameter. In addition, the layered

distribution mode of dividing the wide particle size into the

narrow particle size was conducive to reducing the pressure

drop (Zhang, 2022).

What’s more, previous studies (Jang and Chiu, 2009; Pan

et al., 2015; Feng et al., 2016a; Liu et al., 2016; Zheng et al.,

2019; Zhang, 2021; Zhang et al., 2022b) showed that the gas-

solid heat transfer intensity increased with the increase of the

gas velocity, bed height and sinter velocity or the decrease of

the particle size. Among them, the gas velocity and the

particle size had the most significant influence (Zheng

et al., 2019). Additionally, Zheng et al. (Zheng et al., 2019)

obtained the heat transfer coefficient of the mono-size sinter

by the logarithmic mean temperature difference method

based on the moving bed, and fitted it into the heat

transfer correlation by the dimensionless method. It was

also found that the change trend of the measured heat

transfer coefficient with the Reynolds number was similar

to that of the predicted value calculated by Wakao et al.

(Wakao et al., 1979). However, the irregular shape of the

sinter led to the large deviation in the value. Besides, Feng

et al. (Feng et al., 2016a) measured the gas temperature at the

inlet and outlet of the sinter fixed bed. The arithmetic mean

value of them was taken as the mean temperature of the whole

bed. Then the logarithmic mean temperature difference

method was used to obtain the heat transfer correlation of

the mono-size sinter. Based on the heat-mass transfer

analogy method, Liu et al. (Liu et al., 2016) applied the

naphthalene sublimation technology to obtain the heat

transfer coefficient of the mono-size sinter, and found that

it was about 40% lower than the predicted value of previous

correlations (Wakao et al., 1979). By combining experimental

and numerical methods, Jang et al. (Jang and Chiu, 2009)

fitted the heat transfer correlation of the mono-size sinter for

the cross-flow heat transfer mode of the annular cooling

FIGURE 1
Schematic diagram of the sinter vertical cooling process.
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process. In addition, Pan et al. (Pan et al., 2015) showed that

the heat transfer performance of the sinter mixture with 17%

small particles was lower than that of the sinter mixture

without small particles. This indicated that widening the

range of the particle size distribution was not conducive to

the gas-solid heat transfer. Therefore, Zhang et al. (Zhang,

2021) considered the influence of the particle size

distribution to obtain the heat transfer correlation of the

multi-size sinter by using the inverse problem method

(Zhang et al., 2022b), which was more consistent with the

actual heat transfer law. Besides, the heat transfer

performance of the multi-size sinter was lower than that of

the mono-size sinter, which was attributed to the

heterogeneous stacking structure (Zhang, 2021).

The above experimental studies on pressure drop and

heat transfer characteristics lay a foundation for the

numerical study of the sinter vertical cooling process. First

of all, Dong et al. (Dong et al., 2012) showed that the flow rate

ratio of gas to sinter and the height of the material layer were

the most significant parameters affecting the waste heat

recovery. It was also found that the gas exergy had a

maximum value with the change of the flow rate ratio of

gas to sinter and the height of the material layer. This

indicated that these two parameters had an optimal value.

However, the empirical correlation of the coke was used for

the calculation of the heat transfer coefficient. The meaning

of the gas exergy and geometric parameters of the sinter were

not also clarified. Considering the combined effect of the

temperature and pressure drop, Zhang et al. (Zhang et al.,

2019) found that the most significant parameter affecting the

dimensionless exergy consumption was the bed diameter,

followed by the gas flow rate, bed height and sinter flow rate.

However, the pressure drop and temperature fields were

numerically predicted by the pressure drop and heat

transfer correlations and particle characteristic parameters

of the mono-size sinter. Feng et al. (Feng et al., 2016b; Feng

et al., 2020) also only applied the heat transfer and pressure

drop correlations of the mono-size sinter to optimize the

structural and operating parameters of the vertical cooling

process. When only considering the influence of the

temperature on the gas exergy, the optimal values of the

bed diameter, bed height, and gas flow rate for the sinter with

an annual output of 3.9 million tons were 10 m, 8 m,

150 kg·s−1, respectively (Feng et al., 2016b). Based on the

comprehensive influence of the temperature and pressure

drop, the optimal values of the bed diameter, bed height, and

gas flow rate for an annual output of 3.9 million tons are 9 m,

8 m, 180 kg·s−1, respectively (Feng et al., 2020). This indicated
that the optimization results would change with different

optimization objectives. However, the pressure drop

determined the energy consumption and gas flow

characteristics, which affected the gas-solid heat transfer

process and the gas outlet temperature. Moreover, the

heights of the material layer in the vertical cooler and the

annular cooler were 7–10 m (Feng et al., 2016b; Zhang et al.,

2019; Feng et al., 2020) and .8–1.5 m (Liu et al., 2014; Feng

et al., 2016c), respectively. The difficulty of the gas flowing

through the vertical cooler was much higher than that of the

annular cooler. It further indicated that the effect of the

pressure drop on the waste heat recovery could not be

ignored.

It can be seen that previous numerical studies did not

consider the influence of the particle size distribution, and

only applied pressure drop and heat transfer correlations of

the mono-size sinter to investigate the vertical cooling

process. This was inconsistent with the multi-size

distribution characteristic in the actual production (Tian

et al., 2016a; Zhang et al., 2021b). Moreover, previous

studies (Pan et al., 2015; Tian et al., 2016c; Zhang et al.,

2021b; Zhang, 2021) showed that the heat transfer

performance and pressure drop of the multi-size sinter

were lower and higher than those of the mono-size sinter,

respectively. In addition, Koekemoer et al. (Koekemoer and

Luckos, 2015) and Rong et al. (Rong et al., 2014) showed that

the wide particle size distribution enhanced the

inhomogeneity of the local structure and gas flow. Byon

et al. (Byon and Kim, 2013) found that the permeability

decreased in a quasi-linear relationship with the particle

size range broadening. Keyser et al. (Keyser et al., 2006)

also indicated that the wider the particle size distribution,

the greater the pressure drop in the bed, and the more uneven

the distribution of the gas flow. Wu et al. (Wu et al., 2016)

found that the viscous and inertial resistance coefficients were

totally different under the uniform and non-uniform particles.

What’s more, Yang et al. (Yang et al., 2016) showed that the

flow and temperature fields under the uniform and non-

uniform particles were different. Besides, the heat transfer

performance of non-uniform particles was significantly lower

than that of uniform particles (Yang et al., 2012). This was

attributed to that the pressure drop and heat transfer

performance under the ordered packing mode was lower

and better than those under the disordered packing mode,

respectively (Wang et al., 2018).

The above studies prove that the particle size distribution

affects the uniformity of the packed structure and gas flow,

determining heat transfer and pressure drop characteristics.

Therefore, this paper established a 2-D steady-state porous

medium model to numerically analyze the influence of

operating and structural parameters on the outlet

temperature and pressure drop by using the heat transfer

and pressure drop correlations of the multi-size sinter.

Considering the comprehensive influence of the

temperature and pressure drop, the optimization is carried

out with the objective of the maximum income exergy of the

gas, providing the theoretical reference for the engineering

practice.
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Establishment of numerical methods

Assumptions and physical models

During the sinter cooling process, the countercurrent

convection heat transfer between the hot sinter and the

cooling air is essentially carried out in the porous medium

formed by the accumulation of sinter particles. To facilitate

the study, the following assumptions are made (Feng et al.,

2016b).

(1) Under the stable operation, the temperature in the vertical

furnace basically does not change with the time, which can be

regarded as a steady heat transfer process.

(2) As the size of the sinter is much smaller than that of the

vertical furnace, the sinter layer can be seen as the

homogeneous porous media.

(3) On the basis of ignoring the air hood, it is considered that the

inner diameters of the inlet and outlet of the cooling section

are the same.

(4) The sinter and gas only flow evenly along the vertical

direction, ignoring the circumferential and radial velocities

and the circumferential heat transfer.

(5) There is the local thermal non-equilibrium between the

sinter and gas, which transfers the heat through the

forced convection.

Based on the above assumptions, the cooling section of the

vertical furnace can be simplified as a two-dimensional physical

model, as shown in Figure 2.

Mathematical model

Based on the reasonable assumptions, this paper establishes a

two-dimensional steady-state mathematical model of the porous

media.

(1) Energy equation of the gas

z ερgugcpgTg( )
zz

� ε
1
r

z

zr
λgr

zTg

zr
( ) + z

zz
λg
zTg

zz
( )[ ]

+ Spvha Ts − Tg( ) (1)

where r and z are the axial direction and radial direction of the

material layer, respectively, m; ε is the bed voidage; Tg and Ts are

the gas temperature and the sinter temperature, respectively, K.

λg, ug, cpg and ρg are the coefficient of the heat conductivity,

velocity, specific heat, and density of the gas, respectively,

W·m−1·K−1, m·s−1, J·kg−1·K−1, and kg·m−3.

(2) Energy equation of the sinter

z 1 − ε( )ρsuscpsTs( )
zz

� 1 − ε( ) 1
r

z

zr
λsr

zTs

zr
( ) + z

zz
λs
zTs

zz
( )[ ]

+ Spvha Tg − Ts( )
(2)

where λs, us, cps and ρs are the coefficient of the heat conductivity,

velocity, specific heat, and density of the sinter, respectively,

W·m−1·K−1, m·s−1, J·kg−1·K−1, and kg·m−3; Spv � 6(1 − ε)/dp is the
specific surface area, m−1; ha is the surface heat transfer coefficient

calculated by Eq. 3, W·m−2·K−1:

ha � Nuaλg
dp

(3)

where dp is the equivalent particle diameter of the sinter, m;Nua
represents the Nusselt number of the convective heat transfer

intensity. For the Nusselt number of the multi-size sinter, the

experimental correlation obtained by the inverse problem

method in our previous work (Zhang, 2021) is used, as follows:

Nua � 1
ε0.228

0.385 + 0.0102Rep
0.947( )Prg1/3 (4)

FIGURE 2
Physical model of the cooling section of the sinter vertical
cooling process.
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where Prg is the Prandtl number of the gas; Rep is the particle

Reynolds number representing the gas flow state, which is

calculated by:

Rep �
ρgugdp

μg
(5)

where μg is the viscosity coefficient of the gas, Pa·s−1.
The boundary conditions set for the gas-solid energy

equation are described as:

(i) Boundary conditions of the gas

λg
zTg

zr

∣∣∣∣∣∣∣r�0 and R
� 0 (6)

λg
zTg

zz

∣∣∣∣∣∣∣z�L � 0 (7)
Tg

∣∣∣∣z�0 � Tg,in (8)

where Tg,in is the inlet temperature of the gas, K.

(ii) Boundary conditions of the sinter

λs
zTs

zr

∣∣∣∣∣∣∣r�0 and R
� 0 (9)

λs
zTs

zz

∣∣∣∣∣∣∣z�0 � 0 (10)
Ts|z�L � Ts,in (11)

where Ts,in is the inlet temperature of the sinter, K.

(3) Momentum equation

In our previous work (Zhang et al., 2021b), the empirical

correlation of the pressure drop for the multi-size sinter was

obtained through the experimental method. Based on the above

assumptions, this paper uses the pressure drop equation instead

of the momentum equation, as follows:

ΔP
H

� 2843
1 − ε( )2μgug

ε3dp
2 + 5.29

ρg 1 − ε( )ug
2

ε3dp
(12)

where ΔP is the pressure drop of the gas through the sinter bed,

Pa; H is the height of the material layer, m.

Solution method and verification of the
mesh independence

The solution method of the numerical model consists of

three steps, which are the discretization of meshes,

discretization of the differential energy equation and

solution of the algebraic equation system, respectively

(Zhang et al., 2022b). Firstly, the physical model is meshed

by the external node method to determine the node position

and mesh element. What’s more, the differential energy

equations of the gas and solid for each mesh element are

discretized into the algebraic equation by using the control

volume method. By sorting out the discrete equation of each

mesh element, two sets of tridiagonal algebraic equation

systems on the gas temperature and solid temperature can

be obtained. The initial value of the gas and solid temperature

is assigned by reasonable assumptions. Based on the

assumptions, two sets of algebraic equation systems are

solved by the tridiagonal matrix algorithm, obtaining the

new value of the temperature. Based on the new value, the

tridiagonal matrix algorithm is used to solve the algebraic

equation system repeatedly until the temperature difference

between the two results is less than 10−3. Finally, this paper

uses the computer language C# to write the program to realize

the above algorithm and calculation process.

To obtain the solution independent of meshes, two

limiting conditions are selected in this paper with the

equivalent particle diameter dp of 11.45 mm and

30.95 mm, respectively. The outlet temperature of the

sinter and gas that significantly affects the process

feasibility are taken as parameters to verify the mesh

independence, as shown in Figure 3. It is observed that the

effect of increasing the number of meshes on the outlet

temperature of the gas and sinter is no longer significant

when the number of meshes is greater than 280,000. The

further increase of meshes will greatly increase the amount of

the calculation, while the improvement of the calculation

accuracy is limited to less than 0.5%. Therefore, the mesh

number is set to 280,000 in the numerical simulation.

Verification of the numerical model

At present, there are few successful cases of the sinter vertical

cooling technology applied in the engineering. Therefore, this

paper applies the pilot experimental data of three kinds of the

mono-size sinters in Ref (Dong, 2015). to verify the accuracy of

the numerical model. The particle sizes of three kinds of the

mono-size sinter are 5–10 mm, 10–15 mm and 15–20 mm,

respectively. The height of the material layer is 0.4 m. The

inlet temperatures of the sinter and gas are 873 K and 293 K,

respectively. The moving speed of the sinter is 0.95 mm s−1. The

gas flow velocities are 1.38, 1.58, 1.73 and 1.92 m s−1, respectively.

According to the above conditions, the sinter outlet temperature

Ts,out and the gas outlet temperature Tg,out are calculated by using

the numerical model in this paper, which are compared with the

measured values, as shown in Figure 4. It can be observed that the

maximum errors of Tg,out and Ts,out are within 6% and 7%,

respectively. This indicates that the numerical model established

in this paper is accurate, which can well predict the gas-solid heat

transfer process of the sinter.
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Basic parameters and optimization
criteria of the vertical cooling process

Basic parameters of the vertical cooling
process

Based on the production site, the process parameters and

particle characteristic parameters applied in the numerical model

are designed and measured so as to provide the effective

guidance. First of all, the structure parameters and operating

parameters set in the numerical study are from the production

site of HBIS Group Co., Ltd., as shown in Table 1. Moreover, five

batches of the sinter mixture are selected from the sintering

FIGURE 3
Variation of the temperature with the number of meshes: (A) Outlet temperature of the gas Tg,out; (B) Outlet temperature of the sinter Ts,out.

FIGURE 4
(A) Comparison between predicted values Tg,out,cal and measured values Tg,out,mea of the gas outlet temperature; (B) Comparison between
predicted values Ts,out,cal and measured values Ts,out,mea of the sinter outlet temperature.

TABLE 1 Structural and operating parameters of the sinter vertical cooling
process.

Parameter Symbol Value Unit

Bed diameter D 9 m

Bed height H 7 m

Inlet temperature of the sinter Ts,in 973 K

Inlet temperature of the gas Tg,in 293 K

Productivity of the sinter Qs 700 t·h−1

Flow rate of the gas Qg 4.38×105 m3·h−1

Flow rate ratio of the gas to sinter Qg−s 625 m3·t−1
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production site. From our previous work (Zhang et al., 2021b), it

can be seen that the sinter with the particle size of 5–60 mm

accounts for more than 85% of the total weight. Therefore, this

paper studies the multi-size sinter mixture with this typical

particle size, as shown in Figure 5. To adapt to the production

fluctuation, six types of the multi-size sinter composed of

11 kinds the mono-size sinter are designed based on the

original particle size distribution (Zhang et al., 2021b), as

shown in Figure 6.

To obtain accurate particle characteristic parameters, the

thermophysical and geometric properties of the sinter are

measured, respectively. First of all, the specific heat and

thermal conductivity of the sinter at different temperatures

are measured by the simultaneous thermal analyzer (DSC

404F3) and laser thermal conductivity instrument (LFA

467HT), which are fitted into the following equation:

cps � 823.63 − 0.468Ts + 0.0139T2
s − 2.57 × 10−5T3

s

+ 1.41 × 108T4
s (13)

λs � 4.35 − 0.00655Ts − 1.595 × 10−5T2
s + 1.753 × 10−8T3

s

− 7.092 × 10−12T4
s (14)

For the multi-size particle composed of various mono-size

irregular particles, the equivalent particle diameter dp,m
and apparent density ρa,m can be calculated by the weighted

harmonic mean method with Eq. 15 (Keyser et al., 2006;

Koekemoer and Luckos, 2015) and the weighted

mean method with Eq. 16 (Tian et al., 2016c; Zhang et al.,

2021b):

dp,m � 1

∑k
i�1

wi
dp,ni

(15)

ρa,m � ∑k
i�1
wiρa,ni (16)

FIGURE 5
(A) Multi-size sinter of 5–60 mm; (B) Mono-size sinter of
5–10 mm; (C) Mono-size sinter of 20–25 mm; (D) Mono-size
sinter of 55–60 mm.

FIGURE 6
Mass fraction of each mono-size sinter in six types of the
multi-size sinters.

FIGURE 7
Equivalent particle diameter dp , apparent density ρa , bulk
density ρb and bed voidage ε of six kinds of multi-size sinters.
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where wi is the mass fraction of each mono-size particle in the

multi-size particle, wt%; dp,ni is the equivalent particle

diameter of each mono-size sinter, mm; ρa,ni is the apparent

density of each mono-size sinter, kg·m−3. The apparent density

represents the mass of the material per unit apparent volume.

The apparent volume includes the solid volume of particles

and the volume of closed pores inside particles. In our

previous work (Zhang et al., 2021c), the equivalent particle

diameter and apparent density of the mono-size sinter are

measured by the equal volume sphere method and drainage

method, respectively. The bed voidage ε is calculated by the

bulk density and apparent density as follows:

ε � 1 − ρb
ρa

(17)

where ρb is the bulk density, kg·m−3, which is measured by the

weighing method with the known-volume container (Tian

et al., 2016a; Zhang et al., 2021c). The bulk density refers to

the mass of the material per unit bulk volume, which consists of

the volume of closed pores inside particles, the solid volume of

particles and the volume of voids between particles. The

geometric parameters of the multi-size sinter obtained by the

above method are shown in Figure 7. First of all, the equivalent

particle diameters dp of the six kinds of the multi-size sinters are

11.45, 15.35, 19.25, 23.15, 27.05, and 30.95 mm, respectively.

What’s more, the apparent density ρa decreases with the

increase of the equivalent particle diameter. The previous

work (Zhang et al., 2021c) shows that the number of closed

pores inside particles increases with the increase of the particle

size. This makes ρa of the mono-size sinter decrease with the

increase in the particle size. Additionally, Figure 6 shows that

the content of small particles and large particles in the multi-

size sinter decreases and increases with the increase of dp,

respectively. Moreover, it is observed that the bulk density also

declines with the increase of dp. Firstly, the apparent density

shows a similar trend. Secondly, the content of large particles in

the multi-size sinter gradually increases. This makes the void

between particles increase. Meanwhile, this is the reason why

the bed voidage increases with the increase in dp.

In addition, Figure 8 compares the bed voidage of the

mono-size and multi-size sinters under the same equivalent

particle diameter. First of all, the bed voidage of the multi-size

sinter is lower than that of the mono-size sinter. For the multi-

size sinter, the small particles will fill the gaps between large

particles, making the packing denser. In addition, the voidage

difference reduces with dp increasing from 19.25 mm to

30.95 mm. The voidage difference corresponding to

19.25 mm and 30.95 mm are 0.0296 and 0.0175 with the

reducing extent of 40.88%, respectively. With the increase

in dp, the content of small particles in the multi-size sinter

declines. It reduces the mixing degree of particles and

improves the uniformity of the void structure. Therefore,

the particle size composition has a significant impact on

the size and distribution uniformity of the void in the

sinter bed. This further indicates that it is necessary to

carry out the numerical research on the cooling process of

the multi-size sinter.

Optimization criteria of the vertical
cooling process

In this paper, the exergy is applied to analyze the effect of

the process parameter based on the quantity and quality of

the waste heat. From the inlet to the outlet of the vertical

furnace, the change of the gas exergy includes the

temperature exergy Ex,T and pressure exergy Ex,P. Ex,T

and Ex,P are related to the temperature rise and pressure

drop of the gas, which can be given by Eqs. 18, 19 (Feng et al.,

2020):

Ex,T � qgcp,g ∫Tg,out

Tg,in

dT − T0∫Tg,out

Tg,in

dT

T
[ ]

� qgcp,g Tg,out − Tg,in( ) 1 − T0

Tg,out − Tg,in
ln

Tg,out

Tg,in
( ) (18)

Ex,P � qg∫Pg,out

Pg,in

RgT0
dP
P

� qgRgT0 ln
P0

P0 + ΔP
(19)

where Ex,T and Ex,P are the temperature exergy and pressure

exergy of the gas per unit time, MW; qg is the mass flow rate of

the gas, kg·s−1; T and P represent the temperature and pressure

of the gas, K and Pa; Tg,out and Tg,in are the gas temperature at

the outlet and inlet of the vertical furnace, K; Pg,in and Pg,out are

FIGURE 8
Comparison of the bed voidage ε between the mono-size
sinter and multi-size sinter under the same equivalent particle
diameter dp .
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the gas pressure at the inlet and outlet of the vertical furnace,

Pa; T0 and P0 represent the ambient temperature and the

ambient pressure, K and Pa; ΔP is the pressure drop of the gas

through the sinter layer in the vertical furnace, Pa; Rg =

287.05 is the gas constant, J·kg−1·K−1.

Based on the comprehensive influence of the temperature

and pressure drop, the process parameters are numerically

optimized based on the income exergy of the gas, as follows

(Feng et al., 2020):

Ex � qgcp,g Tg,out − Tg,in( ) 1 − T0

Tg,out − Tg,in
ln

Tg,out

Tg,in
( )

+ qgRgT0 ln
P0

P0 + ΔP
(20)

where Ex represents the income exergy of the gas, MW.

Results and discussion

Analysis of temperature fields in the
sinter bed

The sinter vertical cooling process is calculated by the

numerical model. Taking the multi-size sinter with the

equivalent particle diameter of 11.45 mm as an example,

Figure 9 analyses the temperature field of the sinter and gas.

First of all, it is observed that the gas temperature increases from

293 K to 935.79 K from the bottom to the top of the bed.

Moreover, the sinter temperature decreases from 973 K to

341.10 K from the bed top to the bed bottom. There exists the

temperature difference between the gas and solid, leading to the

convection heat transfer. Therefore, the cooling gas gains the
amount of the heat, increasing the gas temperature. While the hot

FIGURE 9
Temperature fields of the multi-size sinter bed with the equivalent particle diameter of 11.45 mm: (A) Gas; (B) Sinter.

FIGURE 10
Influences of the sinter inlet temperature Ts,in on the cooling process: (A)Change of the sinter outlet temperature Ts,out, gas outlet temperature
Tg,out and pressure drop ΔP with Ts,in; (B) Change of the temperature exergy Ex,T , pressure exergy Ex,P and income exergy Ex with Ts,in.
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sinter loses the amount of the heat, making the sinter
temperature reduce.

Effect of the sinter inlet temperature on
the cooling process

Figure 10 illustrates the influence of the sinter inlet

temperature Ts,in on the sinter outlet temperature Ts,out, gas

outlet temperature Tg,out, pressure drop ΔP, temperature

exergy Ex,T, pressure exergy Ex,P and income exergy Ex.

First of all, Figure 10A shows that both Ts,out and Tg,out

increase with the increase of Ts,in. This indicates that the

increase of Ts,in is beneficial to the improvement of the

quality of the waste heat. The gas-solid temperature

difference increases with Ts,in increasing. Therefore, the

increase in the quantity of the heat exchange makes Tg,out

improve. Meanwhile, this is the reason why the increasing

extent of Ts,out is lower than that of Ts,in. When Ts,in increases

from 873 K to 1073 K, Ts,out only increases from 351.07 K to

384.11 K.

Moreover, the increase of Ts,in leads to the increase in the

pressure drop ΔP. The gas temperature in the sinter bed

improves with Ts,in increasing. Therefore, the gas density

reduces, making the gas flow velocity increase. It makes the

gas flow more disordered, increasing the pressure drop of the

gas through the sinter layer (Feng et al., 2015b; Zhang et al.,

2021c). Additionally, it can be seen from Figure 10B that the

temperature exergy Ex,T and pressure exergy Ex,P increase

with the increase of Ts,in. This is attributed to an increase in

Tg,out and ΔP. Besides, the increasing extent of Ex,P is less than

that of Ex,T. It leads to the improvement of the income exergy

Ex with increasing Ts,in. Therefore, the heat loss of the hot

sinter during the transportation process shall be cut down as

much as possible so as to improve the sinter temperature at the

inlet.

Effect of the gas inlet temperature on the
cooling process

Figure 11 illustrates the influence of the gas inlet temperature

Tg,in on the sinter outlet temperature Ts,out, gas outlet

temperature Tg,out, pressure drop ΔP, temperature exergy Ex,T ,

pressure exergy Ex,P and income exergy Ex . First of all, it can be

observed from Figure 11A that Ts,out improves with the increase

of Tg,in. The gas-solid temperature difference declines with the

increase of Tg,in, leading to the reduction of the released heat

from the hot sinter. It is also found that Tg,out increases with Tg,in

increasing. This implies that the quality of the waste heat is

improved. However, the reduction of the temperature difference

would reduce the amount of the absorbed heat for the gas.

Therefore, the increasing extent of Tg,out is lower than that of

Tg,in. With Tg,in increasing from 293 K to 423 K, Tg,out only

increases from 874.59 K to 895.62 K. Moreover, ΔP increases as

Tg,in increases. The gas temperature improves with the increase

in Tg,in. As a result, the gas density reduces, making the gas

velocity increase.

In addition, Figure 11B shows that the temperature exergy

Ex,T reduces with Tg,in increasing. This is caused by the fact that

the increasing extent of Tg,out is lower than that of Tg,in. Besides,

the increase of ΔP leads to the increase in the pressure exergy

Ex,P . Therefore, the income exergy Ex declines with Tg,in

increasing. It can be concluded that the increase of Tg,in not

only causes a limited increase in the quality of the waste heat, but

also significantly reduces Ex . Therefore, the fresh air should be

supplemented at the gas inlet to minimize the gas inlet

temperature as much as possible.

FIGURE 11
Influences of the gas inlet temperature Tg,in on the vertical cooling process: (A) Change of the sinter outlet temperature Ts,out, gas outlet
temperature Tg,out and pressure drop ΔP with Tg,in; (B) Change of the temperature exergy Ex,T , pressure exergy Ex,P and income exergy Ex with Tg,in.
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Effects of the equivalent particle diameter
on the cooling process

Figure 12 shows the change of the sinter outlet temperature

Ts,out, gas outlet temperature Tg,out, pressure drop ΔP,

temperature exergy Ex,T , pressure exergy Ex,P , and income

exergy Ex with the equivalent particle diameter dp. First of all,

it can be observed from Figure 12A that Ts,out and Tg,out increase

and decrease with dp increasing, respectively. The heat transfer

intensity of the gas-solid convection declines with the increase of

FIGURE 12
The influence of the equivalent particle diameter dp on the vertical cooling process: (A)Change of the sinter outlet temperature Ts,out, gas outlet
temperature Tg,out and pressure drop ΔP with dp; (B) Change of the temperature exergy Ex,T , pressure exergy Ex,P and income exergy Ex with dp.

FIGURE 13
The influence of the flow rate ratio of gas to sinterQg−s on the vertical cooling process under differentmulti-size sinters: (A)Change of the sinter
outlet temperature Ts,out, gas outlet temperature Tg,out and pressure drop ΔP with Qg−s; (B) Change of the temperature exergy Ex,T , and pressure
exergy Ex,P withQg−s; (C)Change of the income exergy Ex withQg−s; (D)Change of the optimal value ofQg−s with the equivalent particle diameter dp.
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dp (Zhang et al., 2022b). Firstly, the specific surface area of

particles declines with dp increasing, reducing the total area of

the gas-solid heat transfer. Secondly, the bed voidage increases as

dp increases. The reduction of the gas velocity makes the

turbulent degree of the gas decrease. It can increase the

thickness of the boundary layer of particles, improving the

heat transfer resistance. These two aspects reduce the amount

of the gas-solid heat exchange with the increase of dp. This makes

the temperature drop of the sinter and the temperature rise of the

gas decrease. Moreover, the pressure drop ΔP declines

exponentially with the increase of dp (Feng et al., 2015b).

First of all, the decrease in the gas velocity reduces the

collision frequency between particles and gases, and the

velocity gradient of the boundary layer. It leads to the

reduction in the inertial and viscous resistance of the gas flow.

Secondly, the gas-solid contact is insufficient, further reducing

the viscous resistance.

Additionally, Figure 12B indicates that both the

temperature exergy Ex,T and pressure exergy Ex,P decline

with the increase of dp, which is attributed to the

reduction of Tg,out and ΔP. However, the decreasing extent

of Ex,P is lower than that of Ex,T , making the income exergy Ex

decline with dp increasing. Therefore, the reduction of dp

increases the quality of the waste heat and the income exergy.

On the premise of ensuring the particle size of the sinter

applied in the ironmaking process, the particle size of the

sinter produced by the sintering machine should be reduced

as much as possible.

Effect of the flow rate ratio of gas to sinter
on the cooling process

The influence factors of the sinter cooling process also

include the sinter flow rate and gas flow rate. Moreover, both

of them have a significant impact on the gas flow rate per ton

of the sinter. Thus, Figure 13 analyses the influence of the flow

rate ratio of gas to sinter Qg−s on the sinter outlet temperature

Ts,out, gas outlet temperature Tg,out, pressure drop ΔP,
temperature exergy Ex,T , pressure exergy Ex,P and income

exergy Ex . It can be discovered from Figure 13A that both

Ts,out and Tg,out reduces with the increase of Qg−s. Moreover,

the change range of Ts,out and Tg,out gradually decreases and

increases, respectively. The increase of Qg−s has a significant

impact on the two aspects. Firstly, the increase of the gas

velocity improves the intensity and amount of the gas-solid

heat transfer. Secondly, the increase in the gas flow rate means

the increase of the total heat required to heat the gas to the

same temperature. These two reasons make Ts,out decline with

the increase of Qg−s. However, Ts,out gradually approaches the

gas inlet temperature with Qg−s increasing. Therefore, the

decreasing extent of Ts,out gradually declines. In addition,

the sinter heat has not been released completely when Qg−s

is relatively low. Therefore, the improvement of the heat

transfer intensity makes the decreasing extent of Tg,out

relatively low. When Qg−s is very high, the sinter heat is

completely released, resulting in an increase in the

decreasing extent of Tg,out.

Also, the pressure drop ΔP increases approximately in a

quadratic relationship with Qg−s increasing (Feng et al., 2015b).

The gas temperature reduces with the increase in Qg−s. So the gas
density in the bed becomes large, making the gas velocity reduce.

But the increase in Qg−s means the direct increase in the gas

velocity, which is far greater than the influence of the gas

temperature. Therefore, the gas velocity improves as Qg−s
increases, resulting in the increase of the inertial and viscous

resistance.

Figure 13B shows that the temperature exergy Ex,T first

increases and then decreases slightly with the increase of Qg−s.
According to Eq. 18, Ex,T is mainly affected by the flow rate and

outlet temperature of the gas. WhenQg−s is relatively low, the gas
outlet temperature is relatively high and the change range is very

small. Under this working condition, Ex,T is mainly controlled by

the gas flow rate, which increases rapidly with the increase of

Qg−s. When Qg−s is very high, the gas outlet temperature is

relatively low and the variation range increases. This makes the

outlet temperature and flow rate of the gas have the same

influence on Ex,T . Therefore, it makes Ex,T only slightly

decline with the continuous increase of Qg−s. Besides, it is

found that the pressure exergy Ex,P increases in a quadratic

relationship with Qg−s increasing, which is similar to the change

trend of the pressure drop.

Moreover, Figure 13C indicates that the income exergy Ex

first ascends and then descends with the increase of Qg−s. This
indicates that there exists an optimal value of Ex when Qg−s is
adjusted to an appropriate value. When Qg−s is relatively

small, the increasing extent of Ex,P is lower than that of

Ex,T . At the large Qg−s, Ex,T tends to be unchanged, while

Ex,P continues to increase. Furthermore, the increasing rate

and decreasing rate of Ex increase with the equivalent particle

diameter dp reducing. The reduction of dp improves the

intensity of the heat transfer and the turbulent degree of

the gas. Therefore, the change rate of Ex,T and Ex,P also

increases with the decrease in dp. Figure 13D illustrates the

change of the optimal value of Qg−s with the equivalent

particle diameter dp. It is found that the optimal value of

Qg−s is 1,050–1,540 m3 h−1 within the scope of this study, and

increases with the increase in dp. The heat transfer intensity

improves with the reduction of dp. Therefore, the smaller the

equivalent particle diameter is, the lower the flow rate ratio of

gas to sinter required to achieve the same heat transfer effect.

The quantitative relationship between the optimal value of Ex

and dp can provide the theoretical guidance for the

engineering application. Thus, the waste heat recovery

effect can be maximized with the minimum energy

consumption.

Frontiers in Energy Research frontiersin.org12

Zhang et al. 10.3389/fenrg.2022.1114270

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1114270


Effect of the height of the sinter layer on
the cooling process

The height of the material layer also has a significant impact

on the waste heat recovery. Firstly, the height of the material layer

determines the time of the gas-solid heat transfer, affecting the

quality and quantity of the waste heat. Secondly, the height of the

material layer significantly influences the pressure drop of the gas

through the bed, determining the pressure and energy

consumption of the fan. Thirdly, the height of the material

layer determines the height of the cooling section, affecting

the construction cost. Thus, Figure 14 studies the influence of

the height of the material layerH on the sinter outlet temperature

Ts,out, gas outlet temperature Tg,out, pressure drop ΔP,
temperature exergy Ex,T , pressure exergy Ex,P and income

exergy Ex .

Figure 14A shows that both Ts,out and Tg,out first increase and

then tend to be constant with the increase of H. When other

parameters remain unchanged, Ts,out and Tg,out depends on the

heat transfer time and the water equivalent ratio of gas to sinter.

First of all, the heat transfer time increases with H increasing,

which makes Ts,out and Tg,out decrease and increase, respectively.

As H continues to increase, the gas-solid heat transfer is

completely sufficient. This makes Ts,out and Tg,out tend to be

constant. Secondly, the water equivalent of the sinter is greater

than that of the gas under this flow rate ratio of gas to sinter.

Therefore, Tg,out is close to the sinter inlet temperature. While the

asymptotic value of Ts,out is 423 K, which is higher than the gas

inlet temperature. Besides, the pressure drop ΔP increases in an

approximate linear relationship with the increase of H, which is

in line with previous studies (Feng et al., 2015a; Zhang et al.,

2021c).

It can be also discovered from Figure 14B that the

temperature exergy Ex,T first ascends and then tends to be

constant with H increasing, which is attributed to the similar

change of Tg,out. Besides, the pressure exergy Ex,P improves

with the increase in H, which is caused by the increase of the

pressure drop. Figure 14C shows that the income exergy Ex

first ascends and then descends with the increase in H. It

indicates that there is an optimum value for the height of the

sinter layer. When H is relatively low, both Tg,out and ΔP
increase with H increasing. However, the increasing extent of

Ex,P is smaller than that of Ex,T . This leads to the increase in the

income exergy Ex with the increase of H. As H continues to

FIGURE 14
The influence of the height of the sinter layerH on the vertical cooling process under different multi-size sinters: (A) Change of the sinter outlet
temperature Ts,out, gas outlet temperature Tg,out and pressure drop ΔP with H; (B) Change of the temperature exergy Ex,T , and pressure exergy Ex,P

with H; (C) Change of the income exergy Ex with H; (D) Change of the optimal value of H with the equivalent particle diameter dp .

Frontiers in Energy Research frontiersin.org13

Zhang et al. 10.3389/fenrg.2022.1114270

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1114270


increase, Ex,T tends to be constant, while Ex,P continues to

increase. It causes Ex to decline with the continuous increase

of H. In addition, the ascending speed of Ex is higher than that

of descending speed of Ex . Ex is mainly affected by the pressure

drop ΔP and outlet temperature of the gas Tg,out. Moreover,

the change range of Ex,T is far higher than that of Ex,P . WhenH

is relatively low, Tg,out changes greatly so much that it becomes

the dominant factor. With H continuing to increase, Tg,out is

basically unchanged, making ΔP become the controlling

factor.

Figure 14D shows that the optimal value of H is 7–11.5 m

within the scope of this study, and declines with the reduction of

the equivalent particle diameter dp. The smaller dp is, the larger

the heat transfer intensity is. To achieve the same heat transfer

effect, the gas-solid contact time required for the small-size sinter

is shortened. The optimization of the height of the material layer

not only contributes to reducing the energy consumption, but

also helps to obtain the maximum waste heat recovery effect with

the minimum investment cost.

Conclusion

To realize the dual carbon strategy in the iron and steel

industry, it is necessary to study the vertical waste heat recovery

technology of the sinter. At present, previous numerical studies

are inconsistent with the non-uniform particle size distribution

in the actual production. Therefore, a 2-D steady-state

numerical model is established to analyze the gas-solid heat

transfer process by using the heat transfer and pressure drop

correlations, and particle characteristic parameters of the multi-

size sinter. Considering the effects of the pressure drop and

temperature, the operating parameters and structural

parameters are optimized with the objective of the income

exergy.

With the increase in the sinter inlet temperature Ts,in, the

increasing extent of the temperature exergy Ex,T is higher than

that of the pressure exergy Ex,P, improving in the income

exergy Ex. Therefore, the heat loss of the sinter during the

transmission process should be reduced as much as possible.

In addition, Ex,T and Ex,P decrease and increase with the gas

inlet temperature Tg,in increasing, respectively, which makes

Ex decline. Therefore, the fresh air shall be supplemented at

the inlet as much as possible. Moreover, the decreasing extent

of Ex,P is lower that of Ex,T with the increase in the equivalent

particle diameter dp, causing Ex to decline. Therefore, the

sinter size should be reduced as much as possible on the

premise of ensuring the size of the sinter in ironmaking

process.

With the flow rate ratio of gas to sinter Qg−s increasing,
Ex,T first increases and then decreases slightly, while Ex,P

increases approximately in a quadratic relationship. This

makes Ex first increase and then decrease with the increase

of Qg−s. Therefore, the optimal value of Qg−s is

1,050–1,540 m3·h−1 within the scope of this study, and

increases with the increase of dp. Besides, Ex,T first

increases and then tends to remain unchanged with the

increase in the bed height H, while Ex,P has been

increasing. This makes Ex first ascend and then descend

with the increase of H. Therefore, the optimal value of H is

7–11.5 m within our investigated conditions, and increases

with the increase of dp.
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