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To establish an accurate model to optimize the vertical cooling process of the sinter, the inverse problem method is used to
calculate the gas-solid heat transfer coefficient based on the gas outlet temperature, which is fitted into the correlation. The
research indicates that the increase in the gas velocity is beneficial to the enhancement of the gas-solid heat transfer. With the
gas velocity ug increasing from 0.8m·s-1 to 1.6m·s-1, the heat transfer coefficient hv increases by about twice. But this effect will
weaken with the increase in the particle size. Besides, the reduction of the particle size is conducive to improving the
convective heat transfer intensity between the gas and solid. With the particle size decreasing, this enhancement effect is
progressively evident. At ug of 0.8m·s-1, the increasing extent of hv is 1142.25W·m-3·K-1 with the particle size decreasing from
20~25mm to 15~20mm, while that is 3152.65W·m-3·K-1 with the particle size decreasing from 15~20mm to 10~15mm. In
addition, the variation of the measured value of the Nusselt number with the Reynolds number has the same trend as
predicted values obtained by other works. However, there is a considerable deviation in the value. Among them, the minimum
value of the mean relative error is 26.81%. It is proved that the previous empirical correlations are no longer applicable, while
the predicted value of this work is in good agreement with the measured value with the mean deviation of only 7.61%.
Therefore, the modified correlation can accurately predict the gas-solid heat transfer characteristics in the sinter bed, which
lays a foundation for the numerical design and optimization of the new process.

1. Introduction

In 2020, China has formulated the strategy of the “double
Carbon.” The targets of the Carbon Peak and Carbon Neu-
trality will be achieved in 2030 and 2060, respectively. It
brings the opportunity for the development of the clean
energy industry, including the solar and wind energy. Mean-
while, it has brought great challenges to the traditional
industry, such as the iron and steel industry. With the for-
mulation of the “double Carbon” strategy, the energy con-
servation and emission reduction have become the main
theme of the development of the iron and steel industry.
Although a number of advanced technologies of the
energy-saving and emission reduction have been applied
[1–4], the energy consumption and pollutant emission in

the iron and steel industry still account for the high propor-
tion in the whole industry, especially in the sintering process
[5, 6]. Moreover, the waste heat utilization rate of the sinter-
ing process is far lower than the international level. There-
fore, the waste heat utilization technology of the sinter has
become an important focus for the green development of
the iron and steel industry.

However, the waste heat recovery rate of the annular
cooling process is less than 30% [7], as shown in
Figure 1(a). Therefore, the sinter vertical cooling process
[7] has been proposed recently based on the coke dry
quenching process [8], as shown in Figure 1(b). The vertical
process transforms the heat transfer mode from the cross
flow to the countercurrent flow by changing the cooler from
the horizontal structure to the vertical structure [9].
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Moreover, the new process can increase the recovery rate of
the waste heat to about 80%, increase the outlet temperature
of the exhaust gas from 150~380°C to 500~550°C, and
reduce the air leakage rate from 35~50% to nearly zero [7].
Therefore, the application of the new process is one of the
important ways to improve the energy-saving and emission
reduction of the iron and steel industry.

However, there are few engineering cases of the success-
ful application at present. In addition, the test run indicates
that the outlet temperatures of the sinter and exhaust gas are
higher and lower than the expected value, respectively [10].
This not only causes the reduction of the sinter treatment
capacity but also decreases the recovery rate and quality of
the waste heat. It can be attributed to the unreasonable
design of the structure and operating parameters, which
reduces the heat transfer efficiency in the vertical furnace.
The characteristics of the flow resistance and heat transfer
are the basis of the design and optimization for the process
parameter, which significantly affects the feasibility of the
new process [11]. At present, a lot of work has been carried
out on the experimental study of resistance characteristics in
the sinter bed, and the applicable resistance correlation has
been obtained [12–21]. First of all, Liu et al. considered the
irregularity of the sinter to modify the resistance correlation
[12]. Tian et al. also found that the flow regime in the sinter
bed was very easy to be destroyed. Its turbulent degree was
higher than the spherical particle, which led to a great
increase in the resistance [16]. Besides, Feng et al. corrected
the resistance coefficient by using the bed voidage and found
that the critical Reynolds number increased as a third-order
relationship with the increase of the particle diameter [13].
In addition, it was found that the pressure drop was basically
the same along the radial direction except at the wall. There-
fore, the wall effect was considered for the correlation cor-
rection [14, 15]. What’s more, the influence of the wall on
the gas flow decreased with the increase of the irregularity
of the sinter [17]. In addition, Pan et al. found that the addi-
tion of the small-size sinter (0~10mm) led to the increase of

the resistance by 2~3 times [18]. Therefore, Zhang et al. con-
sidered the effect of the particle size distribution to correct
the resistance correlation [19–21]. It was also found that
the resistance in the sinter bed with the narrow particle size
distribution is lower than that with the wide particle size
distribution.

In addition, many scholars have done a lot of research on
gas-solid heat transfer characteristics in the particle bed and
obtained the corresponding heat transfer correlations
[22–29], as shown in Table 1. First of all, Ranz et al. fitted
the heat transfer correlation applicable to the packed bed
of the single particle layer [27]. Wakao et al. further consid-
ered the influence of the axial fluid heat dispersion to modify
the heat transfer correlation of the spherical particles [22].
What’s more, Gputa et al. found that the heat transfer factor
depended not only on the particle Reynolds number but also
on the bed void [23, 24]. To reduce the scattering degree
between the experimental data and the fitting value, the
bed voidage should be introduced to modify the correlation
[24]. However, Singhal et al. thought that previous studies
did not consider very dense particle ensembles, i.e., having
the bed voidage of less than 0.4 [28]. Previous correlations
were more suitable for fluidized beds than packed beds.
For large particles, the gas-particle heat transfer in packed
beds was typically a much more important limiting factor
than in fluidized beds. Therefore, Singhal et al. present a
new numerical methodology for deriving heat transfer corre-
lations of very dense particle packed beds [28]. In addition,
Will et al. corrected the correlation by considering the ther-
mal radiation and natural convection and expanded the
application range of the Reynolds number [29]. It was also
found that when the Reynolds number was greater than
2.9× 105, the heat transfer coefficient suddenly increased.
Besides, the studies of Ref. [30–33] indicated that the pack-
ing structure of particles had a significant impact on the heat
transfer. The comprehensive heat transfer performance of
the ordered packing mode is better than that of the disor-
dered packing mode. In the ordered packing mode, the gas
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Figure 1: Comparison of two kinds of the sinter waste heat recovery processes: (a) annular cooling process; (b) vertical cooling process.
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channel is more uniform, which makes the gas-solid contact
more sufficient. Yang et al. [30, 34] and Wu et al. [31] also
analyzed the influence of the particle size distribution. They
found that the temperature field and flow field in the bed
with non-uniform particles were more uneven than that of
uniform particles. It resulted in a significant reduction in
the comprehensive heat transfer performance. This may be
attributed to that the packing structure of non-uniform par-
ticles is more disordered than that of uniform particles.

However, the previous research mainly focuses on spher-
ical or regular particles, while there are few studies on the
extremely irregular particles such as the sinter. Also, Yang
[35, 36] found that the bed of ellipsoidal particles not only
had lower gas resistance than the spherical particle bed but
also had higher heat transfer performance. In addition,
Tavasoli et al. [37] showed that the heat transfer correlation
of spherical particles could be applied to spherocylinder par-
ticles only by modifying the particle diameter of spherocy-
linder. The above research indicates that the influence of
the particle shape on the heat transfer cannot be ignored,
and the previous correlation of regular particles is no longer
applicable. Therefore, it is very necessary to study the gas-
solid heat transfer characteristics in the irregular sinter bed.

In recent years, scholars have also carried out some
related research on the heat transfer characteristics of the
sinter. First of all, Zheng et al. [9] obtained the gas-solid heat
transfer coefficient of the sinter by the logarithmic mean
temperature difference (LMTD) method with using the
moving bed. It can be found that the change trend of the
heat transfer coefficient with the Reynolds number was con-
sistent with the predicted value of Wakao’s correlation [22].
However, there was a large deviation in the value, which was
caused by the difference of the particle shape. Due to the
limitation of the discharge device, the particle size range in
the study was only 5~20mm, which was far smaller than
the typical particle size in the actual engineering production.
Besides, Jang and Chiu [38] proposed the heat transfer cor-
relation by combining experiment and numerical methods.
But it was aimed at the cross-flow heat exchange mode of
the annular cooling process. This was not suitable for the
countercurrent heat exchange mode of the vertical cooling
process. In addition, Pan et al. [18], Huang et al. [39], and
Feng et al. [40] used the fixed bed to study the heat transfer

characteristics of the sinter based on LMTD method, and
put forward the heat transfer correlation. When calculating
the heat transfer coefficient by LMTD method, the arith-
metic mean of the inlet and outlet temperatures was
regarded as the average temperature of the whole bed. They
considered that the temperature in the bed changed linearly
with the height, which was inconsistent with the actual situ-
ation of the exponential change. Based on the above short-
comings, this paper studies heat transfer characteristics of
the sinter with the typical particle size in the actual produc-
tion by using the fixed bed. The inverse heat transfer prob-
lem method [41–43] is adopted to calculate the heat
transfer coefficient, which is fitted as the heat transfer corre-
lation suitable for the sinter.

2. Experimental Method and Data Processing

2.1. Experimental Apparatus and Procedure. To measure the
temperature during the cooling process of the sinter, a hot
test-bed is constructed, as shown in Figure 2. The test-bed
consists of five parts, which are the packed bed, air supply
system, heating control system, measurement system, and
data acquisition system, respectively. Firstly, the inner diam-
eter and height of the packed bed are 209mm and 900mm,
respectively. Secondly, the air supply system includes the fre-
quency conversion blower and two ball valves. The flow rate
and flow direction of the gas can be controlled by adjusting
the blower frequency and valve switch, respectively. Thirdly,
the heating control system includes the temperature control
cabinet, two temperature-controlled thermocouples, and
electric heating wire. The sinter is heated to the design tem-
perature by controlling the heating program. Fourthly, the
measurement system is composed of the vortex flowmeter
and K-type thermocouples, which are used to measure the
flow rate of the gas and the temperature of the gas and solid,
respectively. Fifthly, the data acquisition system is the Agi-
lent data acquisition instrument, recording the temperature
and flow rate of the gas during the cooling process.

The sinter used in the experiment comes from the pro-
duction site of an iron and steel company. After screening,
the heat transfer characteristics of seven kinds of typical
particle sizes [16, 20, 21] are studied, as shown in
Table 2. The equivalent particle diameter and bed voidage

Table 1: Summary of previous correlations in the Nusselt number form for the gas-solid heat transfer in the particle packed bed.

Researcher Heat transfer correlation Equation

Wakao et al. [22] Nu = 2 + 1:1Rep0:6Pr1/3 (1)

Thodos et al. [23] Nu = 1/εð Þ 2:876 + 0:3023Rep0:65
À Á

Pr1/3 (2)

Gputa et al. [24] Nu = 1/εð Þ 0:0108 + 0:929/Rep0:65 − 0:483
À ÁÀ Á

RepPr1/3 (3)

Ramos et al. [25] Nu = 2 + 0:7Rep0:5Pr1/3 (4)

Handley and Heggs [26] Nu = 1/εð Þ0:255Rep2/3Pr1/3 (5)

Ranz [27] Nu = 2 + 0:6Rep0:5Pr1/3 (6)

Singhal et al. [28] Nu = 2:67 + 0:53Rep0:77Pr0:53 (7)

Will et al. [29] Nu = 2 + 0:493Rep1/2 + 0:0011 Rep (8)
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are characterized by the equal volume method and weigh-
ing method, respectively [19, 20]. To provide accurate ther-
mophysical properties for the calculation of the heat
transfer coefficient, Figure 3 shows the specific heat and
thermal conductivity of the sinter measured by the methods
of the scanning calorimetry and laser flash, respectively.
Besides, the mass and heating process under different particle
sizes are the same to ensure the comparability of the experi-
mental results. First of all, the sinter is heated from the room
temperature to 500°C at the heating rate of 10K·min-1. Sec-
ondly, it is kept at 500°C for 3 h. Then, the gas is blown into
the bed at the set flow rate to cool the sinter for 1 h. During
the cooling process, the gas outlet temperature shall be
recorded as the original data for calculating the heat transfer
coefficient. Finally, the above process is repeated to measure
the gas outlet temperature under different flow rates and par-
ticle sizes, so as to analyze the influence of the flow rate and
particle size.

2.2. Calculation Method of the Volumetric Heat Transfer
Coefficient. The sinter cooling process is essentially the
forced convection heat transfer of the gas in the porous

medium formed by the accumulation of sinter particles, as
shown in Figure 4.

Therefore, this paper adopts the inverse heat transfer
problem method in the porous media [41–43] to calculate
the heat transfer coefficient. First of all, the forward problem
model is established based on the reasonable assumptions:

(1) It is considered that the gas flows only along the axial
direction of the bed, ignoring the heat transfer in
the circumferential and radial directions. Therefore,
the cooling process can be regarded as the one-
dimensional unsteady process

(2) The bed formed by the accumulation of sinter parti-
cles can be regarded as the homogeneous and isotro-
pic porous medium

(3) The heat transfer between the sinter and air is carried
out by the convection, which is in the local non-
thermal equilibrium

According to the above assumptions, the following
mathematical model can be established [41–43].

Table 2: Experimental conditions and characteristic parameters for 7 kinds of particle sizes.

Particle size d (mm)
Equivalent particle
diameter dp (mm)

Bed voidage ε Bed height L (m) Gas velocity ug (m·s-1)

5~10 5.76 0.5728 0.5673 0.8, 1.0, 1.2, 1.4, 1.6

10~15 11.11 0.5939 0.6162 0.8, 1.0, 1.2, 1.4, 1.6

15~20 14.72 0.6038 0.6434 0.8, 1.0, 1.2, 1.4, 1.6

20~25 19.50 0.6073 0.6576 0.8, 1.0, 1.2, 1.4, 1.6

25~30 23.55 0.6118 0.6748 0.8, 1.0, 1.2, 1.4, 1.6

35~40 30.97 0.6203 0.6945 0.8, 1.0, 1.2, 1.4, 1.6

45~50 38.80 0.6293 0.7149 0.8, 1.0, 1.2, 1.4, 1.6
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Figure 2: Schematic diagram of the gas-solid heat transfer test-bed for the sinter.
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(1) Energy equation of the gas:

∂ ερgcpgTg
� �

∂t
+
∂ ερgvgcpgTg
� �

∂z
= ε

∂
∂z

λg
∂Tg
∂z

� �
+ hv Ts − Tg

À Á
, ð1Þ

where ρg is the density of the gas, kg·m-3; cpg is the specific
heat of the gas, J·kg-1·°C-1; λg is the thermal conductivity of
the gas, W·m-1·°C-1; Tg is the temperature of the gas, °C; Ts

is the temperature of the sinter, °C; hv is the volumetric heat
transfer coefficient, W·m-3· °C-1.

(2) Energy equation of the sinter:

∂ 1 − εð ÞρscpsTs
À Á

∂t
= 1 − εð Þ ∂

∂z
λs

∂Ts
∂z

� �
+ hv Tg − Ts

À Á
,

ð2Þ

where ρs is the density of the sinter, kg·m-3; cps is the specific
heat of the sinter, J·kg-1·°C-1; λs is the thermal conductivity
of the sinter, W·m-1·°C-1.

At the beginning of the cooling process, the temperature
of the gas and solid is the same, which is the temperature
measured by the thermocouple at the end of the insulation
stage. The boundary conditions of energy equations for the
gas and solid are as follows:

Tg t, z = 0ð Þ = Tg,in,

− 1 − εð Þλs
∂Ts t, z = 0ð Þ

∂z
= hv Tg,in − Ts t, z = 0ð ÞÀ Á

,

λg
∂Tg t, z = Lð Þ

∂z
= 0,

λs
∂Ts t, z = Lð Þ

∂z
= 0,

ð3Þ

where Tg,in is the inlet temperature of the gas, which is the
same as the ambient temperature, °C.
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Figure 3: Measured data of the thermal conductivity λs and specific heat cps of the sinter at different temperatures.
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Next, the method of the numerical solution is intro-
duced. First of all, the physical model is discretized by the
outside node method to determine the mesh element, node
position, and control volume, as shown in Figure 5.

Besides, the energy equation is discretized by the control
volume integration method to obtain the discrete equation.
The algebraic equation of each element after discretization
is shown in Eqs. (4) and (5).

(1) Discretization equation of the gas:

εi ρgcpg
� �j−1

i
Δz + ρgvg

� �
0
cj−1pg,iΔt + εiλ

j−1
g,i+1

Δt
Δz

+ εiλ
j−1
g,i−1

Δt
Δz

+ hvΔtΔz
� �

Á T j
g,i − εiλ

j−1
g,i−1

Δt
Δz

+ ρgvg
� �

0
cj−1pg,i−1Δt

� �
T j
g,i−1 − εiλ

j−1
g,i+1

Δt
Δz

T j
g,i+1

= εi ρgcpg
� �j−1

i
ΔzT j−1

g,i + hvΔtΔzT
j−1
s,i :

ð4Þ

(2) Discretization equation of the solid:

1 − εið Þ ρscps
À Á j−1

i
Δz + 1 − εið Þλj−1

s,i+1
Δt
Δz

+ 1 − εið Þλj−1
s,i−1

Δt
Δz

+ hvΔtΔz
� �

Á T j
s,i − 1 − εið Þλj−1

s,i−1
Δt
Δz

T j
s,i−1 − 1 − εið Þλj−1

s,i+1
Δt
Δz

T j
s,i+1

= 1 − εið Þ ρscps
À Áj−1

i
ΔzT j−1

s,i + hvΔtΔzT
j−1
g,i ,

ð5Þ

where j and j − 1 represent this moment and the last
moment; i − 1, i, and i + 1 represent the last node, this node,

and the next node, respectively; Δz and Δt represent the time
step and space step, m and s, respectively.

By discretizing the controlling equation of each element,
a series of algebraic equations can be obtained to form an
algebraic equation system similar to Eq. (6).

b1x1 + c1x2 = d1

a2x1 + b2x2 + c2x3 = d2

⋯

aixi−1 + bixi + cixi+1 = di

⋯

am−1xm−2 + bm−1xm−1 + cm−1xm = dm−1

amxm−1 + bmxm = dm

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

: ð6Þ

The algebraic equation system is solved by the tridiago-
nal matrix algorithm (TDMA) based on the Gauss elimina-
tion method. Finally, the computer language C# is used to
write the calculation program to realize the above algorithm,
thereby solving the sinter cooling process.

To obtain the solution independent of the space and
time, the temperature field in the bed under different time
and space steps is calculated by the numerical model. The
change of the gas outlet temperature Tg,out with the time is
shown in Figure 6. It is found that the change of Tg,out is
no longer significant when Δz and Δt are less than
0.35mm and 3 s, respectively. However, the further reduc-
tion of the time step and space step would greatly increase
the amount of the calculation, while the improvement of
the calculation accuracy is limited. Therefore, Δz and Δt
are set to 0.35mm and 3 s in this paper, respectively.

To verify the accuracy of the numerical model, the
experimental data in Ref. [39] are compared with the
calculated value of this model, as shown in Figure 7.
First of all, Figure 7(a) shows that the variation trend
of the measured value and calculated value with the
time is basically consistent. Besides, Figure 7(b) indicates
that the relative error between the measured value and
predicted value is less than 5%. Therefore, the numerical
model established can well predict the cooling process of
the sinter.

Figure 8 shows the whole process of calculating the heat
transfer coefficient by using the inverse problem method.
Firstly, the value of the convective heat transfer coefficient
hv is assumed. Combined with conditions of the geometric
parameters, physical properties, gas inlet temperature, and
initial temperatures of the gas and solid, the calculated value
of the gas outlet temperature ðTg,outÞcal is solved by the
numerical model. Then, the absolute deviation δ is obtained
by comparing the calculated value of the gas outlet temper-
ature ðTg,outÞcal with the measured value ðTg,outÞexp. If δ is

less than 1 × 10−3, the assumed value is the measured value
of the heat transfer coefficient at this moment. Otherwise,
the heat transfer coefficient hv is modified based on the devi-
ation δ between ðTg,outÞcal and ðTg,outÞexp [42]. Using the

1

m-1

i

i + 1

i-1

2

m

Mesh element

Figure 5: Schematic diagram of the mesh discretization of the
physical model.
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modified heat transfer coefficient, the energy equation is
resolved until δ is less than 1 × 10−3.

2.3. Analysis of the Uncertainty. Since this paper uses the
inverse problem method to calculate the heat transfer coeffi-
cient, it is difficult to use the error transfer theory to directly
analyze the uncertainty [44]. For the inverse problem

method, the uncertainty analysis generally adopts the
method of setting the manual error [44]. The error of this
experiment mainly comes from the measurement of the
temperature, flow rate of the gas, and height of the sinter
bed. The measurement accuracy of the thermocouple and
flowmeter is class I, and the measurement errors of the
temperature and flow rate are 0.4% and 1.0%, respectively.
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Figure 6: The change of the gas outlet temperature Tg,out with the time t: (a) different space steps Δz; (b) different time steps Δt.
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The accuracy of the straight rule used to measure the bed
height is 1mm. Since the minimum height of the bed layer
of seven kinds of sinters is greater than 500mm, the max-
imum error is less than 0.2%. Then, the uncertainty
caused by these three parameters on the heat transfer coef-
ficient hv is analyzed by the method of setting manual
error.

First of all, the heat transfer coefficient hv of three differ-
ent particle sizes under the gas velocity of 0.8m·s-1 is set, as
shown in Figure 9. Based on the heat transfer coefficient, the
outlet temperature of the gas is calculated by the numerical
model, as shown in Figure 10. Besides, the standard devia-
tion corresponding to the relative error is used to generate
the random number of the normal distribution as the
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Figure 7: Verification of the numerical model: (a) change of the calculated value and measured value of the gas outlet temperature Tg,out
with time t; (b) comparison between the calculated value ðTg,outÞcal and measured value ðTg,outÞexp of the gas outlet temperature.
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manual error [44]. Then, the error is added to the exact
value as the input parameter of the inverse problem to recal-
culate the heat transfer coefficient. Finally, the influence of
the measurement error is estimated by comparing the recal-
culated heat transfer coefficient with the set value.

The following is a brief description of the temperature
measurement error as an example. The gas outlet tempera-
ture with the error can be obtained by Eq. (7):

Tg,out
À Á

err = Tg,out
À Á

exact + ξTg,out
, ð7Þ

where ðTg,outÞexact is the outlet temperature of the gas with-
out the error, °C; ðTg,outÞerr is the outlet temperature of the
gas with the error, °C; ξTg

is the normally distributed ran-

dom number. The standard deviation σ of the normal distri-
bution function is 0.08, corresponding to the temperature
measurement error of 0.4% [44]. Figure 11(a) compares
the heat transfer coefficient based on ðTg,outÞexact and
ðTg,outÞerr. It is found that calculation errors of the heat
transfer coefficient with the particle size of 5~10mm,
25~30mm, and 45~50mm are 11.75%, 5.13%, and 3.67%,
respectively. In addition, the measurement errors of the gas
flow rate and bed height are estimated by the same method,
as shown in Figures 11(b) and 11(c), respectively. The errors
caused by the flow rate on the heat transfer coefficient for the
sinters of 5~10mm, 25~30mm, and 45~50mm are 6.11%,
3.96%, and 2.32%, respectively. The errors caused by the
bed height for the sinters of 5~10mm, 25~30mm, and
45~50mm are 0.89%, 0.38%, and 0.31%, respectively. The
comparison indicates that the temperature measurement
has the greatest impact on the heat transfer coefficient,
followed by the flow rate of the gas. The influence of the
bed height can be almost ignored.

3. Experimental Results and Discussions

3.1. Effect of the Gas Velocity on Gas-Solid Heat Transfer
Characteristics. Figure 12 illustrates the change of the gas
outlet temperature Tg,out and its change rate dTg,out with

the cooling time t in the sinter bed of the 5~10mm under
different gas velocities ug. Since the gas outlet temperature
is repeatedly measured three times under each condition,
the curve in Figure 12(a) is the average value of the three
results. Since the number of experiments is small, the error
bar should be calculated by using the t-distribution. The sig-
nificance level selected in this paper is 0.05, that is, the con-
fidence probability is 95%. Firstly, the t-distribution table
shows that t0:05/2ð2Þ is 4.3027. Besides, the standard error
S�x is calculated as follows:

S�x =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑3

i=1 xi − �xð Þ2
3 × 3 − 1ð Þ

s
, ð8Þ

where xi represents the gas outlet temperature measured by
each time; �x represents the mean value of the three results.
Therefore, the error bar is t0:05/2S�x, as shown in Figure 12(a).

Firstly, the curve of Tg,out moves to the left side of the
time axis with the increase of ug. This indicates that the time
required for the cooling process decreases with the increase
in ug. The completion time for the cooling process decreases
from about 39min to 22min with ug increasing from
0.8m·s-1 to 1.6m·s-1, which is shortened by 43.59%. Besides,
both the steep degree of the dTg,out curve and the peak value
of dTg,out increase with the increase of ug. The peak value of
dTg,out increases from 29.16°C·min-1 to 55.28°C ·min-1 with
ug increasing from 0.8m·s-1 to 1.6m·s-1, which increases by
about 1 time. The above result shows that the increase of
ug is conducive to improve the heat transfer between the
gas and solid.

For the cooling process of the sinter, the heat transfer
mode between the gas and solid is mainly the convective
heat transfer. The viscous force caused by the viscosity
occupies an absolute advantage at the wall. This results in
the existence of the laminar flow boundary layer on the par-
ticle surface, also known as the heat transfer boundary layer.
The heat transfer in this area mainly depends on the heat
conduction. Due to the small thermal conductivity of the
gas, the temperature difference in the laminar flow area is
large. Therefore, the heat transfer resistance mainly concen-
trated in the boundary layer. But the heat transfer in the tur-
bulent region outside the boundary layer mainly depends on
the mixing effect caused by the velocity fluctuation. As a
result of the violent mixing of fluid particles, there is basi-
cally no temperature difference in the turbulent area, which
can be considered no heat transfer resistance. Therefore, the
thermal resistance of the convective heat transfer mainly
depends on the boundary layer. The thicker the boundary
layer, the greater the thermal resistance and the weaker the
convective heat transfer. The increase of the gas velocity
increases the degree of the gas turbulence, which thins the
boundary layer and reduces the heat transfer resistance
[11]. Consequently, the intensity of the gas-solid convective
heat transfer is improved.

Figure 13 shows the change of the mean value
ðdTg,outÞmean and peak value ðdTg,outÞpeak of the change rate

t

(Tg, out) exp

t

Tg, in

Air

Tg, outTg, inTT

Air

Tg, outTT

AirTest
section

Experiment Numerical simulation

Governing equations
initial conditions

boundary conditions

Assumed hv

𝛿 < 1×10–3

𝛿 = |(Tg, out) exp – (Tg, out) cal|

hv
Yes No

(Tg, out) cal

Figure 8: The whole process of calculating the heat transfer
coefficient by the inverse problem method.
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of the gas outlet temperature with the gas velocity ug under

different kinds of sinters. It is found that the steep degree
of the fitting curve reduces with the increase in the particle
size. When the particle size increases from 5~10mm to
45~50mm, the slopes of the ðdTg,outÞmean curve and

ðdTg,outÞpeak curve decrease by 55.61% and 70.36%, respec-

tively. This indicates that the increase in the particle size will

weaken the effect of the gas velocity on the gas-solid heat
transfer. This is attributed to the increase of the heat con-
duction resistance within the particle [45].

Figure 14 illustrates the variation of the volumetric heat
transfer coefficient hv with the cooling time t in the sinter
bed of the 5~10mm at different gas velocities ug. Firstly, it
is observed that hv increases with the increase of ug. At the
cooling time of 40min, hv increases from 16288W·m-3·K-1
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Figure 9: Volumetric heat transfer coefficients hv set for three different kinds of sinters.

0 10 20 30 40 50 60
0

50

100

150

200

250

300

5~10 mm
25~30 mm
45~50 mm

T
g,

ou
t (

°C
)

t (min)

Figure 10: Gas outlet temperatures Tg,out of three kinds of sinters based on the set heat transfer coefficient.

10 International Journal of Photoenergy



0 10 20 30 40 50 60
500

750

1000

1250

1500

1750

2000

Without the error:
5~10 mm
25~30 mm
45~50 mm

With the error:
5~10 mm
25~30 mm
45~50 mm

h v
 (W

·m
–3

·K
–1

)

t (min)

(a)

0 10 20 30 40 50 60
500

750

1000

1250

1500

1750

2000

h v
 (W

·m
–3

·K
–1

)

t (min)

Without the error:
5~10 mm
25~30 mm
45~50 mm

With the error:
5~10 mm
25~30 mm
45~50 mm

(b)

Figure 11: Continued.
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to 49599W·m-3·K-1 with ug increasing from 0.8m·s-1 to
1.6m·s-1, which increases by about twice. Since the turbulent
degree of the gas increases with the increase in ug, the thick-
ness of the boundary layer decreases. This would decrease
the thermal resistance. Besides, hv is smaller in the initial
stage of the cooling process but increases gradually with
the cooling continuing. Since the gas temperature in the
bed is high at the initial stage, the viscosity coefficient is
large, which is about 1.8 times that of the room temperature.
Therefore, the viscous resistance of the gas on the particle
surface increases, which increases the thickness of the
boundary layer and heat transfer resistance. As the cooling
process continues, the gas temperature decreases. At this
time, the viscosity coefficient of the gas decreases, thereby
reducing the thickness of the boundary layer. Therefore,
the heat transfer resistance decreases, improving the convec-
tive heat transfer coefficient. In addition, the greater the gas
velocity ug, the faster the heat transfer coefficient hv
increases in the initial stage. The time of the initial stage at
ug of 0.8m·s-1 and 1.6m·s-1 is about 25min and 8min,
respectively, which is shortened by 68%. As shown in
Figure 12, the decreasing rate of the gas temperature with
the cooling time increases with the increase in ug. This
would increase the decreasing range of the viscosity coeffi-
cient. Therefore, the faster the gas temperature in the bed
decreases with the increase in ug, the greater the decrease
of the viscosity coefficient. Therefore, the decreasing extent
of the thickness of the boundary layer increases with the

increase in ug, which makes the increase of the heat transfer
coefficient faster in the initial stage.

3.2. Effect of the Equivalent Particle Diameter on Gas-Solid
Heat Transfer Characteristics. According to the experimental
data under the gas velocity ug of 0.8m·s-1, the change curves
of the gas outlet temperature Tg,out and its change rate
dTg,out for sinters with different particle sizes are plotted in
Figure 15. Firstly, the smaller the particle size, the higher
the gas outlet temperature in the initial stage. At the cooling
time of 1min, Tg,out with the particle size of 45~50mm and
5~10mm are 305.91°C and 453.54°C with an increase of
147.63°C, respectively. Besides, the steepness of the dTg,out
curve increases with the reduction of the particle size, indi-
cating that the time required for cooling is shortened. The
cooling time with the particle size of 15~20mm and
5~10mm is about 51.5min and 39.0min with the reduction
of 12.5min, respectively. In addition, the peak value
ðdTg,outÞpeak of the dTg,out increases with the particle size

decreasing. ðdTg,outÞpeak increases from 8.27°Cmin-1 to

29.25°Cmin-1 with the particle size decreasing from
45~50mm to 5~10mm, which increases by about 2.5 times.
The above results show that the reduction of the particle size
is beneficial to improve the intensity of the gas-solid convec-
tive heat transfer. This is attributed to the following two
main reasons [9, 40, 45]. Firstly, the bed voidage reduces
with the decrease in the particle size. It makes the real
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Figure 11: Influence of the measurement error on the heat transfer coefficient hv : (a) error of the temperature; (b) error of the gas flow rate;
(c) error of the bed height.
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velocity of the gas in the bed increase under the same flow
rate of the gas. Therefore, the boundary layer of the heat
transfer will become thin with the increase in the gas turbu-
lence. This makes the thermal resistance decrease. Secondly,

the specific surface area of particles increases with the parti-
cle size decreasing. It makes the gas-solid contact more suf-
ficient, resulting in an increase in the total heat exchange
area.
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Figure 12: Variations of the gas outlet temperature Tg,out and its change rate dTg,out with the cooling time t in the sinter bed of the 5~10mm
under different gas velocities ug.
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Figure 16 illustrates the mean value ðdTg,outÞmean and
peak value ðdTg,outÞpeak of the change rate of the gas outlet

temperature with the equivalent particle diameter dp under
different gas velocities ug. It can be seen that ðdTg,outÞmean
and ðdTg,outÞpeak not only increase with the reduction of dp
but also show the growth trend in the increasing extent. In
addition, Figure 17 shows that the heat transfer coefficient
hv increases with the reduction of dp, and the increasing
extent also increases. When the sinter is cooled to 40min,
the increasing extent is 1142.25W·m-3·K-1 with the particle
size decreasing from 20~25mm to 15~20mm, while that is
3152.65W·m-3·K-1 with the particle size decreasing from
15~20mm to 10~15mm. The above results indicate that
the reduction of dp is beneficial to improve the gas-solid
convective heat transfer, which is more and more significant.
First, Figure 18 shows that the specific surface area increases
with the particle size decreasing, which makes the gas-solid
contact more sufficient. Besides, the reduction in the bed
voidage ε with the particle size decreasing makes the turbu-
lent degree of the gas increase. This reduces the heat transfer
resistance. Finally, the variation range of the specific surface
area and bed voidage also increases with the reduction in the
particle size.

4. Modification of the Gas-Solid Heat
Transfer Correlation

For the cooling process of the sinter, the main factors affect-
ing the gas-solid heat transfer characteristics include the bed

voidage ε, equivalent particle diameter dp, gas velocity ug,
specific heat of the gas cpg, viscous coefficient of the gas μg,
thermal conductivity of the gas λg, density of the gas ρg,
and volumetric coefficient of the gas-solid heat transfer hv.
To fit the heat transfer correlation, the following expressions
are usually used for the dimensionless treatment of the
above factors.

Nu =
hadp
λg

, ð9Þ

where Nu is the Nusselt number representing the intensity
of the convective heat transfer; ha = hv/Spv is the area heat
transfer coefficient of the gas-solid convection, W·m-2·K-1;
Spv = 6ð1 − εÞ/dp is the specific surface area of particles,
m2·m-3.

Pr =
μgcpg
λg

, ð10Þ

where Pr is the Prandtl number, which is the ratio of the
dynamic viscosity coefficient to the thermal diffusivity.

Rep =
ρgugdp
μg

, ð11Þ

where Rep is the particle Reynolds number, representing the
gas flow state in the particle bed.
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Based on the form of previous correlations [23, 24, 26],
the dimensionless gas-solid heat transfer correlation of the
sinter is fitted according to the experimental data as follows:

Nu = 1
ε0:356

1:779 + 0:0256Rep0:851
À Á

Pr1/3: ð12Þ

The fitting correlation coefficient R2 of the above for-
mula is 0.99015. Figure 19 compares the measured value of
the Nusselt number Nu with the predicted value calculated
by this work and other works. Furthermore, the comparison
is made by means of the mean relative deviation (MRD), as
given by
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Figure 15: Variation of the gas outlet temperature Tg,out and its change rate dTg,out with the cooling time t for the different kinds of sinters at
the gas velocity of 0.8m·s-1.
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MRD %ð Þ = 1
N
〠
N

i=1

Nucal,i −Nuexp,i
Nuexp,i

����
���� × 100, ð13Þ

where Nuexp and Nucal are the measured value and calcu-
lated value of the Nusselt number Nu, respectively.

First of all, the change trend of the measured value of the
Nusselt number Nu is consistent with the predicted value
obtained by this work, that is, it increases with the increase
of the Reynolds number Re. Besides, the measured value is
evenly distributed on both sides of the predicted curve with
the mean relative deviation of only 7.61%. Therefore, the
heat transfer correlation obtained by this paper can be used
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to accurately predict the gas-solid heat transfer characteris-
tics in the sinter bed.

In addition, it is found that the variation of the measured
value of the Nusselt number with the Reynolds number has
the same trend as predicted values obtained by other works

[9, 22–26, 40]. However, there is a considerable deviation
in the value. Among them, the minimum value of MRD is
26.81%, and the maximum value of MRD is as high as
177.32%. This may be attributed to the different shape of
packed particles in the bed. Compared with the previous
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Figure 17: Variation of the volumetric heat transfer coefficient hv with the cooling time t for the different kinds of sinters at the gas velocity
of 0.8m·s-1.
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particles, the shape of sinter particles is more irregular,
resulting in different gas channels from regular particles
[9]. Therefore, the heat transfer correlation of regular parti-
cles is no longer applicable to the sinter.

5. Conclusions

To establish an accurate model to optimize the vertical cool-
ing process of the sinter, the key is to apply an accurate heat
transfer correlation. Therefore, the heat transfer characteris-
tics in the sinter bed with the typical particle size are exper-
imentally studied. The inverse problem method is used to
calculate the gas-solid heat transfer coefficient based on the
gas outlet temperature, which is fitted into the correlation.

The results show that the heat transfer between the gas
and sinter is significantly enhanced with the increase in the
gas velocity. At the cooling time of 40min, hv increases from
16288W·m-3·K-1 to 49599W·m-3·K-1 with ug increasing
from 0.8m·s-1 to 1.6m·s-1, which increases by about twice.
But this effect is gradually weakened with the increase in
the particle size. With the particle size increasing from
5~10mm to 45~50mm, the slopes of the ðdTg,outÞmean curve
and ðdTg,outÞpeak curve decrease by 55.61% and 70.36%,

respectively. In addition, the reduction of the particle size
is also conducive to the enhancement of the heat transfer
intensity. With the particle size decreasing, this effect is pro-
gressively evident. When the sinter is cooled to 40min, the
increasing extent of hv is 1142.25W·m-3·K-1 with the particle
size decreasing from 20~25mm to 15~20mm, while that is

3152.65W·m-3·K-1 with the particle size decreasing from
15~20mm to 10~15mm.

In addition, it is found that the variation of the measured
value of the Nusselt number with the Reynolds number has
the same trend as predicted values obtained by other works
[9, 22–26, 40]. However, there is a considerable deviation
in the value. Among them, the minimum value of MRD is
26.81%, and the maximum value of MRD is as high as
177.32%. It is proved that the previous empirical correlations
are no longer applicable due to the difference of the shape.
While the predicted value of this work is in good agreement
with the measured value with the mean deviation of only
7.61%. Therefore, the modified correlation can accurately
predict the gas-solid heat transfer characteristics in the sinter
bed.

Nomenclature

cp: Specific heat capacity (J·kg-1·K-1)
d: Particle size (m)
dp: Equivalent particle diameter (m)
hv: Volumetric heat transfer coefficient

(W·m-3·K-1)
ha: Surface heat transfer coefficient (W·m-2·K-1)
L: Bed height (m)
Nu: Nusselt number (−)
Pr: Prandtl number (−)
Rep: Particle Reynold number (−)
Spv : Specific surface area (m2·m-3)
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Figure 19: Comparison between the measured value of the Nusselt number Nu and predicted value of this work and other works.
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T : Temperature (°C)
Tg, Tg,in, Tg,out: Gas temperature, inlet gas temperature,

outlet gas temperature, respectively (°C)
dTg,out: Change rate of the gas outlet temperature

(°C·min-1)
Ts: Sinter temperature (°C)
t: Time (s)
ug: Gas velocity (m·s-1)
z: Ordinate (m).

Greeks

ε: Bed voidage (−)
λ: Thermal conductivity (W·m-1·K-1)
δ: Absolute error (−)
σ: Standard error (−)
ξ: Random number of the normal distribution (−)
ρ: Density (kg·m-3)
μ: Dynamic viscosity of the gas (Pa·s).

Subscripts

p: Particle
s: Sinter
g: Gas
err: Error
cal: Calculation
exp: Experiment.
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