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� A theoretical model is developed for cooling procedure for vertical flow sinters.
� The model is reliable for predicting the operational parameters.
� The pressure drop and the heat transfer are studied for several conditions.
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Sinter cooling is an important process in the sinter production process. This article analyses the sinter
cooling procedure in a new vertical cooling device. The analysis model is established to study the pres-
sure drop and the heat transfer and is used to analyse several conditions. The results show that the anal-
ysis model is reliable for predicting the operational parameters and achieving the preliminary projected
dimension. The parameters such as the cooling air temperature and the cooling air superficial velocity
non-uniformly vary along the cooling device. When the cooling device diameter is set as an independent
variable, the normal volumetric flow rate is not related to the cooling device diameter. The cooling time
increases with the increase in cooling device diameter, whereas the sinter layer height is negatively cor-
related to the cooling device diameter. When the sinter flow rate is set as an independent variable instead
of the cooling device diameter, the cooling time decreases, whereas the sinter layer height increases with
the increasing sinter flow rate. Both cooling time and sinter layer height decrease with the increase in hot
sinter temperature. Importantly, the pressure drop is minimal with variation of the hot sinter
temperature.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The energy consumption of the sintering process accounts for
10–15% of the total iron and steel of energy consumption. It is
extremely urgent to conserve energy in iron and steel because of
the continuing tension for resources. From this viewpoint, increas-
ingly more researchers are paying attention to the energy conser-
vation and emission reduction to optimize the sintering process.
The performance of the annular cooler, which is commonly used,
affects the cooling efficiency, the reliability and the energy conser-
vation. A huge amount of heat is recovered from the sinter cooling
process and can be reversed to electrical energy.

Many experts and scholars have studied the cooling process of
sinters using numerical simulations. The purpose is usually to opti-
mize the operating parameters by investigating the flow and heat
transfer of a sintering cooler bed. Caputo et al. [1] developed a sim-
ulation model for gas-solid beds that considered the thermal beha-
viour and the actual heat recovery of a sintering cooler bed for
different design and operating parameters. Caputo et al. [2] also
developed a two-dimensional time-dependent convection-
conduction heat transfer model for cooling beds to optimize the
size of the air capture hoods for heat recovery systems. Zhang
et al. [3] developed a mathematical model for the sinter cooling
process. Several parameters were analysed in the study: the size
of the sinter, inlet velocity, material height, porosity and inlet tem-
perature. The model results were consistent with the test data.
Some researchers established three-dimensional models to simu-
late the flow, the heat transfer and the relevant parameters. Leong
et al. [4] used the CFD (Computational Fluid Dynamic) method to
investigate the different distributions of the sinter layer porosity
that cause the temperature difference of the sinter cooler. Both
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Nomenclature

As specific surface area (m2/m3)
c specific heat at constant pressure (J/(kg �C))
t Celsius temperature (�C)
T Kelvin temperature (K)
q specific heat quantity (J/kg)
_Q heat flux (W)
r radius (m)
d diameter (m)
w weight (%)
R thermal resistance ((m2 �C)/W)
_m mass flow rate (kg/s & t/h)
p pressure (MPa)
u velocity (m/s)
Re Reynolds number
Pr Prandtl number
h heat transfer coefficient (W/(m2 �C))
k total heat transfer coefficient (W/(m2 �C))
L height of sinter layer (m)
M permeability of sinter sample
LMTD logarithmic mean temperature difference
m number of the particle units

n number of the sinter layer units
f coefficient
g number of the particle size distribution

Greek letters
g efficiency (%)
s time (s & h)
/ sphericity
e porosity
k heat conduction coefficient (W/(m �C))
l dynamic viscosity (Pa s)
q density (kg/m3)

Subscripts
N normal condition (1 atm, 0 �C)
LMTD logarithmic mean temperature difference

Superscripts
0 inlet
00 outlet

Fig. 1. Schematic diagram of the vertical flow sinter cooling device.
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numerical and experimental methods were used in the study of
Jang et al. [5]. The three-dimensional turbulent, transient fluid flow
and heat transfer were analysed using a four-row packed sphere
bed model. A correlation equation among the particle diameter,
Reynolds number and Nusselt number was provided. Some experts
and scholars studied the gas-solid heat transfer process in the dif-
ferent bed layers and found its heat transfer rules. Dong et al. [6]
established a physical model to study the gas solid heat transfer
process. The results demonstrated that the gas sinter ratio and
bed layer depth significantly affected the variations of the sinter
temperature, the gas outlet temperature and exergy value. Zhang
et al. [7] established a mathematical model for the cooling process
in a sinter circular cooler. In the optimizing study, several param-
eters such as the height and porosity were considered. Feng et al.
[8] studied the basic law of the gas flow in a vertical tank using
CFD and user defined functions (UDF). The results showed that
the influencing factors of the gas flow field were the radial voidage
distribution of the bed layer and the pre-stored segment diameter.
The leakage of the sinter cooling system seriously affected the
cooling system function and the waste heat recovery. Dong et al.
[9] analysed the reason of the air leakage of the sintering cooling
system and the mechanism that affects the waste heat recovery.
Two control methods were proposed to decrease the leakage, rea-
sonably set the total pressure of the cooling system and reduce the
flow rate and total pressure of the draught fan.

However, conventional technology provides notably low effi-
ciency in recovering the heat energy because of the air leakage in
the system. To solve the problem, a new sinter cooling craft is
designed, as shown in Fig. 1 [10]. Two parameters are important
for the new craft design, namely, convection heat transfer coeffi-
cient and air pressure drop in the sinter layer. In this article, the
convection heat transfer coefficient and air pressure drop in sinter
layer are experimentally studied.
2. Methodology

2.1. Particle size distribution

The sinter particle size distribution is complex. There are differ-
ences in the particle size distribution among different steel plants.
In this article, the particle size distribution is specified as shown in
Table 1 [11]. These data were derived from the measurement of a
certain enterprise. An intermediate value of each range is used in
the analysis. For example, 2.5 mm is used to replace the range of
0–5 mm; 70 mm represents the range above 50 mm.
2.2. Properties and parameters

In the cooling process, the hot sinter flows downward, whereas
the cold air flows upward. The cold air removes the heat of the hot



Table 1
Particle size distribution for the considered sinter.

dsinter (m) �0.005 0.005–0.01 0.01–0.02 0.02–0.04 0.04–0.05 >0.050
wquality (%) 8.45 12.54 37.78 24.67 6.98 9.58
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sinter, and the pressure drop occurs in the sinter layer. The air
properties and sinter properties vary with temperature. Then, in
the analysis, some air properties are obtained using the following
equations. The sinter specific heat capacity is calculated using Eq.
(5), which is deduced by Ref. [12]. Other properties are specified
in Table 2.

cair ¼ 1:0� 103 � ð28:11þ 0:1967� 10�2Tair

þ 0:4802� 10�5T2
air � 1:966� 10�9T3

airÞ=28:97 ð1Þ

qair ¼ 1:01325� 10�5=ð289� TairÞ ð2Þ

lair ¼ 1:711� 10�5 � ðTair=273Þ1:5 � ð273þ 122Þ=ðTair þ 122Þ
ð3Þ

kair ¼ 2:72� 10�4T0:8
air ð4Þ

csinter ¼ 1:0� 103 � ð0:16þ 0:9221� 10�4Tsinter

� 2:57� 103T�2
sinterÞ � 4:1868 ð5Þ

Some additional parameters are required before analysing the
heat transfer and flow process in the vertical device, such as, cool-
ing device diameter, cooling efficiency, sinter flow rate, sinter inlet
temperature, sinter outlet temperature, cooling air inlet tempera-
ture and cooling air outlet temperature.

2.3. Analysis method

This article studied the heat transfer and the pressure drop in
the sinter layer. Fig. 2 shows the flow chart to analyse the vertical
flow sinter cooling. In the device, the temperature of the cooling air
increases when it flows upward, whereas the temperature of the
hot sinter decreases when it flows downward. Several properties
of the air and the sinter are nonlinear with temperature. Therefore,
the cooling procedure of the vertical flow sinter in the device is
divided into many units to avoid introducing errors. The heat
transfer and pressure drop in each sinter unit are orderly studied.
Finally, the data for the entire device are obtained. According to
the previous description, this unit can be named the layer unit.

There are two main heat transfer modes in the sinter layer: heat
conduction in the sinter particle and convective heat transfer
between sinter and air. There may also be heat transfer among
the sinter particles or between the sinter and the inner wall of
the device. However, the latter heat transfer is ignored because it
is less important for the final results. Although the device is well
insulated, heat loss from the device to the environment is unavoid-
able. The efficiency of the device can be expressed as

gdevice ¼
_Q air;get

_Q sinter;give

ð6Þ

The sinter shape is approximately round like a ball. To simplify
the problem, each sinter is considered a standard sphere. The
sphere can be divided into many units: a small solid sphere and
Table 2
Properties of the air and the sinter.

Item qair;N usinter

Unit kg/m3 –

Value 1.293 0.85
several hollow spheres, as shown in Fig. 3. These units are called
particle units. Consequently, the heat conduction in the sphere is
also divided into many micro procedures. For each hollow sphere,
the thermal resistance can be expressed as [13]

Rsinter;i ¼ 1
4pksinter

� 1
ði� 1Þ � Dr �

1
i � Dr

� �
ð7Þ

For each hollow sphere, the temperature difference between the
internal and the external walls is expressed in Eq. (8). All n-1 micro
hollow spheres compose an entire hollow sphere. For the entire
hollow sphere, the temperature difference is expressed in Eq. (9).
Hence, Eq. (10) is obtained.

Dtsinter;i ¼ _Q sinter;i � Rsinter;i ð8Þ

Dtsinter ¼ _Q sinter � Rsinter ð9Þ

Rsinter ¼
Xm
i¼2

_Q sinter;i

_Q sinter

� Rsinter;i ð10Þ

In the heat transfer procedure, all heat comes from the hot sin-
ter particle, which indicates that the heat flux through each hollow
sphere is proportional to the volume of its wrapped solid sphere.
From the above analysis, the thermal resistance of the entire sinter
particle is expressed as

Rsinter ¼ 1
4pksinter � rsinter � limm!1

1
m2 �

Xm
i¼2

ði� 0:5Þ3 � 1
i� 1

� 1
i

� �� �( )

ð11Þ

It is worth noting that the thermal resistance of the micro solid
sphere is not considered because the value tends to be infinity
according to Eq. (7). However, if the number of the divided micro
spheres is sufficiently large, the final result is sufficiently accurate.
A larger number corresponds to a more accurate result.

The convective heat transfer in the sinter layer is calculated
using Eq. (12) [14]. Reynolds number and Prandtl number in
the equation are computed using Eqs. (13) and (14), respectively.
Then, the convective heat transfer coefficient is obtained using Eq.
(15). According to Eqs. (11) and (15), the total heat transfer coef-
ficient is obtained using Eq. (16). It is worth noting that the
parameters in the equations must correspond to the considered
layer unit.

Nu ¼ 2þ 1:1Pr1=3Re0:6 ð12Þ

Re ¼ uair;superficial � dsinter � qair

lair
ð13Þ

Pr ¼ cair � lair

kair
ð14Þ

hconvective ¼ Nu � kair
dsinter

ð15Þ
qsinter;pile ksinter esinter
kg/m3 W/m �C –

1700 8.0 0.4



Fig. 2. Flow chart to analyse the vertical flow sinter cooling.

i-1 i i+1

Fig. 3. Analysis model for a single sinter particle (particle units).
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ktotal ¼ 1
Rsinter � ð4pr2sinterÞ þ 1

hconvective

ð16Þ

As shown in Eqs. (11), (13), (15), and (16), the total heat transfer
coefficient is related to the sinter particle size. However, there are
six particle size ranges instead of a constant value. A model is pro-
posed to study the heat transfer in the considered layer unit, as
shown in Fig. 4. Each sinter group in the layer unit is arranged as
a vertical column, and an intermediate value of each range repre-
sents the sinter group particles. For each sinter group, the logarith-
mic mean temperature difference (LMTD) and specific surface area
are computed using Eqs. (17) and (18) [15], respectively.

DtLMTD;unit ¼
ðt0sinter;unit � t00air;unitÞ � ðt00sinter;unit � t0air;unitÞ
ln½ðt0sinter;unit � t00air;unitÞ=ðt00sinter;unit � t0air;unitÞ�

ð17Þ

As ¼ 6 � ð1� eÞ
dsinter

ð18Þ

For the layer unit, the sinter specific heat quantity is expressed
in Eq. (19). In order to ensure the cooling effect, the maximum
cooling time of all the particle sizes is selected as the unit cooling
time, as shown in Eq. (20a). In this article, the sinter range number
n is equal to 6. A coefficient is used considering the non-uniformity
caused by the boundary effect. The non-uniformity coefficient is
commonly used in the design calculation of the CDQ (Coke dry
quenching) process. When the sinter flows downwards, the sinter
layer becomes looser than the static situation. Then, the cooling
air runs more smoothly and more quickly removes the heat. There-
fore, a loose coefficient f 2 is introduced to consider this effect. In
the analysis of the CDQ process, the loose coefficient is specified
as 1.1 [16]. The volume weight should be used in the equation
because it denotes the height percentage. In this article, the poros-
ity and the pile density are considered constant, so the volume
weight is replaced by the quality weight. Consequently, the height
of the layer unit can be calculated according to Eq. (21). It is worth
noting that the sinter layer is divided by the air temperature
instead of the height. Therefore, the temperature drop is identical
for each layer unit, while the height difference is inconsistent.

qsinter ¼ t0sinter;unitc
0
sinter;unit � t00sinter;unitc

00
sinter;unit

¼ ðt00air;unitc00air;unit � t0air;unitc
0
air;unitÞ=gdevice ð19Þ

scooling;unit ¼ max f 1 �
qsinter;unit �wquality;j � qsinter;pile � gdevice

f 2 � ktotal;j � Asj �wquality;j � DtLMTD;unit

� �� �
j¼1;2;���;g

f 2 ¼ 1:1 ð20aÞ

scooling;device ¼
Xn
i¼1

scooling;unit;i ð20bÞ

Lunit ¼ scooling;unit � _msinter

qsinter;pile � ðp � r2deviceÞ
ð21aÞ



0.01-0.02m: 37.78%
0.02-0.04m: 24.67%

0.04-0.05m: 6.98%
   >0.05m: 9.58%

 0.005-0.01m: 12.54%

Fig. 4. Analysis model for the heat transfer of the sinter layer (vertical groups).
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Ldevice ¼
Xn
i¼1

Ldevice;unit;i ð21bÞ

In the design calculation of the sinter ring cooler, a method is
used to estimate the air pressure drop in the sinter layer [11].
The air pressure drop is expressed as

Dpdrop

L
¼ 510 � ðuair;superficial;N=MÞ1:82 ð22Þ

where uair;superficial;N is the air normal superficial velocity in the sinter
layer, and M is the permeability of the sinter layer. The term M can
indicate the sinter properties, and its value can be obtained from
Fig. 5 with respect to the screening efficiency, which is measured
using a sieve with a pore size of 12.7 mm.

Ergun [17] proposed an empirical relation to calculate the pres-
sure drop through a packed bed, as shown in Eq. (23).

Dpdrop

L
¼ g1

ð1� esinterÞ2lair

e3sinterd
2
sinter

uair;superficial þ g2
ð1� esinterÞ
e3sinterdsinter

qairu
2
air;superficial

ð23Þ
where g1 = 150 and g2 = 1.75. The equation is widely used to eval-
uate the pressure drop in a layer of uniform-sized particles. This
equation is suitable for the particle layers with constant size.
Fig. 5. Variation of the permeability
However, the diameter of the considered sinter layer varies in a
large range. To calculate the pressure drop of the sinter layer,
an analysis model is proposed. As shown in Fig. 6, the entire layer
unit is arranged as five horizontal groups according to the particle
size. Then, the pressure gradient in each horizontal group is sep-
arately calculated, and the pressure gradient in the entire layer
unit is obtained by adding the separate values with the weighted
method, as shown in Eq. (24). The quality weight is used in the
equation instead of the volume weight because of the reason in
Eq. (20).

Dpdrop

L

� �
unit;i

¼
X6
g¼1

Dpdrop

L

� �
g
�wquality;g ð24Þ

When the pressure gradient of each layer unit is obtained, the
pressure drop in the entire sinter layer can be expressed as

Dpdrop ¼
Xn

i¼1

Dpdrop

L

� �
unit;i

� Lunit;i ð25Þ
3. Results and discussion

Using the aforementioned theoretical method, some important
parameters are analysed. The variations of the heat transfer and
with the screening efficiency.



0.01-0.02m: 37.78%

0.02-0.04m: 24.67%

0.04-0.05m: 6.98%
   >0.05m: 9.58%

 0.005-0.01m: 12.54%

Fig. 6. Analysis model of the pressure drop for the sinter layer (horizontal groups).

Table 3
Parameters specified for analyzing the heat transfer and flow parameters.

Item ddevice gdevice _msinter t0sinter t00sinter t0air t00air
Unit m % t/h �C �C �C �C

Value 10 95 400 750 200 100 600
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the air flow parameters along the cooling device are shown in this
chapter. The relationship of the parameters is also obtained.

3.1. Heat transfer and flow parameters in the cooling device

In the theoretical study, the cooling device is divided into sev-
eral units considering the variation of the parameters along the
Fig. 7. Variation of the heat transfer and air flow parameters along the cooling device: (a)
flux; (c) cooling time and pressure drop.
cooling device. Then, the analysis can provide more accurate
results than taking it for granted that the heat transfer and the flow
are identical in the entire cooling device. In this section, all operat-
ing parameters are specified, as shown in Table 3. The heat transfer
and the flow situation are studied along the cooling device height.

Fig. 7a shows the temperature of the sinter and the cooling air.
Because the properties of the sinter and the air vary with
temperature of the sinter and cooling air; (b) air normal superficial velocity and heat



Table 4
Parameters specified for analyzing the cooling device diameter effect.

Item ddevice gdevice _msinter t0sinter t00sinter t0air t00air
Unit m % t/h �C �C �C �C

Value 8–11 95 400 700 200 20–180 600
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temperature along the cooling device, the temperature lines are
not straight. This phenomenon will be neglected if it is only studied
with the entire cooling device. As shown in Fig. 7b, the air normal
superficial velocity increases along the cooling device height. In the
upper part of the cooling device, the temperature is higher. The
high temperature indicates a low density. With a constant flow
rate of the cooling air, the normal superficial velocity increases
with decreasing the density. The sinter has a higher heat quantity
at a higher temperature. Therefore, the specific heat flux also
increases along the cooling device. The sinter specific heat flux
and the convective heat transfer coefficient in each unit affect
the cooling time. Both factors vary along the cooling device,
whereas the specific cooling time maintains the constants
throughout the cooling device, as shown in Fig. 7c because the
cooling time is directly proportional to the height of the sinter
layer, as indicated in Eq. (21a). The specific pressure drop is posi-
tively related to the air normal superficial velocity according to
Eq. (23). With the constant specific cooling time, the specific pres-
sure drop increases along the cooling device height.
Fig. 8. Variation of the device parameters with the cooling device diameter and cooling
pressure drop.
3.2. Effect of the cooling device diameter

This section studies the effect of the cooling device diameter
and the cooling air temperature on the other device parameters,
namely, the cooling air flow rate, the cooling time, the device
height and the pressure drop. Table 4 shows the specified param-
eters. The range of the cooling device diameter is from 8 to 11 m.
The coldest cooling air considered is specified as 20 �C to imitate
total nature air, whereas the hotter cooling air is used to imitate
the circulating cooling air from the waste heat boiler.

The cooling air flow rate is related to the cooling air import and
export parameters, the sinter import and export parameters and
the sinter flow rate. In the analysis, the sinter flow rate remains
at 400 t/h, and the sinter import and export temperature are con-
stant, so the heat quantity has a unique value in this section. In
addition, the cooling air outlet temperature also remains constant.
Therefore, the normal volumetric flow rate increases with the
increase in cooling air temperature but is not related to the cooling
device diameter, as shown in Fig. 8a. The increase in cooling air
air temperature: (a) cooling air flow rate; (b) cooling time; (c) device height; (d)



Table 5
Parameters for analyzing the sinter flow rate influence.

Item ddevice gdevice _msinter t0sinter t00sinter t0air t00air
Unit m % t/h �C �C �C �C

Value 10 95 300–500 700 200 20–180 600
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flow rate helps enhance the convective heat transfer coefficient
according to Eqs. (12) and (13). Additionally, the mean air param-
eters in the entire cooling device, namely, specific heat capacity,
density and heat conduction coefficient, lightly vary with the vari-
ation in cooling air temperature. However, the logarithmic mean
temperature difference dominates the cooling time, compared
with the convective heat transfer coefficient and the mean air
parameters. The logarithmic mean temperature difference
decreases rapidly with the cooling air inlet temperature, which
causes the rapid increase in cooling time, as shown in Fig. 8b.
Fig. 8 also shows that the cooling time increases with the increase
in cooling device diameter because the cooling air normal superfi-
cial velocity and the convective heat transfer coefficient signifi-
cantly decrease when the cooling device diameter increases. The
low convective heat transfer coefficient leads to a high cooling
time, which is indicated in Eq. (20).

As shown in Eq. (21), the sinter layer height is determined only
by the cooling time and cooling device diameter with constant sin-
ter mass flow rate and sinter pile density. Consequently, the trend
of the sinter layer height is similar to the cooling time, as shown in
Fig. 8c. However, there is a negative correlation between the sinter
Fig. 9. Variation of the device parameters with the sinter flow rate and cooling air temper
layer height and the cooling device diameter. Obviously, the cool-
ing device diameter dominates the result. Eqs. (23)–(25) are used
to compute the pressure drop. Many parameters affect the pres-
sure drop, but the sinter layer height and the cooling air normal
superficial velocity are more important. Fig. 8d obviously shows
that the trend of the pressure drop is similar to the sinter layer
height. The pressure drop increases increasingly rapidly with the
decrease in diameter, which is caused by the increase in cooling
air normal superficial velocity.

3.3. The influence of the sinter flow rate

In this section, the considered parameters are the cooling air
flow rate, the cooling time, the device height and the pressure
drop. The difference is that the independent variables are the sinter
flow rate and the cooling air temperature. The parameters are
specified in Table 5. The cooling air temperature varies from
20 �C to 180 �C. The sinter flow rate is 300–500 t/h.

As shown in Fig. 9a, the cooling air flow rate increases with the
increase in sinter flow rate. The heat quantity removed by the cool-
ing air increases with the increasing sinter flow rate. Therefore, a
ature: (a) cooling air flow rate; (b) cooling time; (c) device height; (d) pressure drop.



Table 6
Parameters for analyzing the hot sinter temperature effect.

Item ddevice gdevice _msinter t0sinter t00sinter t0air t00air
Unit m % t/h �C �C �C �C

Value 10 95 400 650–800 200 20–180 600
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higher sinter flow rate corresponds to a higher cooling air flow rate.
The high cooling air flow rate implies high normal superficial
velocity and high convective heat transfer coefficient. Then, the
sinter layer requires a shorter cooling time with a high sinter flow
rate, which is obvious in Fig. 9b. The shorter cooling time helps
reduce the sinter layer height, whereas the higher sinter flow rate
makes the sinter layer height increase. Under the effect of the two
factors (sinter flow rate and cooling time), the sinter layer height
increases with the increasing sinter flow rate, as shown in
Fig. 9c. This result illustrates that the mass flow rate has a stronger
effect than the cooling time on the sinter layer height. As explained
in the previous section, the sinter layer height and the cooling air
normal superficial velocity affect the pressure drop. Therefore,
the trend of the pressure drop is similar to the sinter layer height,
as shown in Fig. 9d.

3.4. Effect of the hot sinter temperature

The temperature of the sinter that flows downwards from the
sintering machine is commonly 750–800 �C. However, some heat
Fig. 10. Variation of the device parameters with the hot sinter temperature and coolin
pressure drop.
may be lost in the transport process in the improved technology.
Because the newly built technological system can certainly reduce
the loss, in this section, the hot sinter temperature and the cooling
air temperature are used as independent variables. The parameters
are specified in Table 6. The hot sinter temperature is 650–800 �C,
while the cooling air temperature remains in the range of 20–
180 �C.

The heat quantity removed by the cooling air is determined by
the sinter flow rate and hot sinter temperature and is positively
correlated with the two factors. Therefore, the cooling air flow rate
increases with the increase in hot sinter temperature, as shown in
Fig. 10a. This analysis explains that a high cooling air flow rate
helps reduce the cooling time. In this section, the hot sinter tem-
perature is also an independent variable. As indicated in Eqs. (19)
and (20), the hot sinter temperature plays a positive role in
increasing the cooling time. However, the cooling air flow rate
obviously dominates the trend of the cooling time. Consequently,
the cooling time decreases with the increase in hot sinter temper-
ature, as shown in Fig. 10b. As shown in Eq. (21), there is only inde-
pendent variable: the cooling time. Then, the sinter layer height
g air temperature: (a) cooling air flow rate; (b) cooling time; (c) device height; (d)
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shows a nearly identical trend as the cooling time, as indicated in
Fig. 10c. In Fig. 10d, the pressure drop increases with the increase
in cooling air temperature. The pressure drop first decreases and
subsequently increases with the hot sinter temperature. A detailed
trend is also provided to show the variation of the pressure drop
with the hot sinter temperature. Fig. 10d clearly shows that there
is a minimum pressure drop. As explained above, the sinter layer
height and the cooling air normal superficial velocity affect the
pressure drop. For both parameters, high values lead to a high pres-
sure drop. In this section, the two factors are consistent in strength.
When the hot sinter temperature is low, the sinter layer height
dominates the trend of the pressure drop, which decreases with
the increasing hot sinter temperature. When the hot sinter temper-
ature is high, the sinter cooling air normal superficial velocity dom-
inates the trend of the pressure drop, which increases with the
increasing hot sinter temperature.

4. Conclusions

In this article, a theoretical method is proposed to study the
heat transfer and the flow process in vertical flow sinters. Several
important parameters were analysed, namely, the cooling air flow
rate, the cooling time, the device height and the pressure drop.

(1) Because of the inconstant properties of the sinter and the
cooling air with temperature, the parameters trends are
curve along the cooling device, such as the cooling air tem-
perature and cooling air superficial velocity. The specific
heat flux, the cooling air superficial velocity and the specific
pressure drop increase along the cooling device. The specific
cooling time is constant throughout the entire cooling
device.

(2) When the cooling device diameter and the cooling air tem-
perature are set as independent variables, the normal volu-
metric flow rate is not related to the cooling device
diameter. The cooling time increases with the increase in
cooling device diameter, whereas the sinter layer height
has a negative correlation with the cooling device diameter.

(3) When the sinter flow rate is set as an independent variable
instead of the cooling device diameter, the cooling time
decreases, whereas the sinter layer height increases with
the increasing sinter flow rate.

(4) Both cooling time and sinter layer height decrease with the
increase in hot sinter temperature. It is important to note
that the pressure drop has a minimum value that varies with
the hot sinter temperature.
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