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Abstract: Convection heat transfer coefficient and air pressure drop in sinter layer are important factors for the design of sinter 
cooling craft. Due to the lack of necessary data, the two parameters are studied by experimental method. The experimental results 
show that heat conduction of sinter impacts the measurement of convection heat transfer coefficient. Convection heat transfer 
increases with the increase of air volumetric flow rate. Sinter layer without small particles (sample I) gives higher convection heat 
transfer coefficient than that with small particles (sample II). Under the considered conditions, volumetric convection heat transfer 
coefficient is in the range of 400−1800 W/(m3·°C). Air pressure drop in sinter layer increases with the increase of normal superficial 
velocity, as well as with the rise of air temperature. Additionally, air pressure drop also depends on sinter particle size distribution. In 
considered experimental conditions, pressure drop in sinter sample II is 2−3 times that in sinter sample I, which resulted from 17% 
small scale particles in sinter sample II. 
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1 Introduction 
 

Smelting and pressing of ferrous metals consume 
16.9% of total energy consumption in 2011 in China [1]. 
Confronted with the serious energy shortage, energy 
conservation in metallurgical industry is becoming more 
and more important. In this high energy consumption 
industry, energy consumption proportion of sinter 
production process is 10%−15% and 20%−30% of the 
total energy consumption is discharged into the 
atmosphere as sensible heat of exhaust cooling air [2]. 

Sinter cooling is an important process in sinter 
production process and determines sinter quality. Waste 
heat from sinter in the cooling process is usually used to 
generate steam or electricity power. Researchers have 
executed much important study on the utilization of 
sinter waste heat. CAPUTO et al [3−6] executed much 
important research on heat recovery from cooling sinter. 
A simulation model for heat recovery in gas-solid 
moving bed is proposed to evaluate thermal 
characteristics of sinter cooler in different operating 
conditions [3] and a two-dimensional time-dependent 
convection-conduction heat transfer model for cooling 
bed is developed to optimize the size of air capture hoods 
for heat recovery system [4]. CAPUTO et al [5−6] also 

carried out research on optimization of heat recovery 
scheme based on plant complexities, capital investment, 
operating expenses and benefits of the schemes. 

With the development of computer, computational 
fluid dynamics (CFD) is becoming a more and more 
important method to solve the flow and heat transfer 
problems. Much research was carried out to reveal the 
impact of the main parameters on the performance of 
waste heat recovery process [7−11]. JANG and CHIU 
[12] obtained a correlation equation among particle 
diameter, Reynolds number and Nuseelt number. 

In conventional craft, ring cold machine is used to 
cool the sinter and the upper collecting hood is used to 
collect the hot air which can generate steam in waste heat 
boiler. However, it is hard to seal well between the ring 
cold machine and the upper collecting hood. Leakage 
rate of sintering and cooling system is up to 30%−60% 
and the leakage has become a bottleneck of recovering 
waste heat efficiently [13]. Therefore, conventional craft 
gives very low efficiency in recovering heat energy 
because of air leakage in the system. In order to solve the 
problem, new sinter cooling craft is designed [14−15]. 
There isn’t motive seal in this new cooling device which 
can give much higher heat recovery efficiency. Two 
parameters, namely convection heat transfer coefficient 
and air pressure drop in sinter layer, are important for 
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new craft design. In this article, experimental studies on 
convection heat transfer coefficient and air pressure drop 
in sinter layer are executed. 
 
2 Methodology 
 
2.1 Experimental system 

An experimental system was established as shown 
in Fig. 1. The system contains an air blower, an air flow 
meter, an air electrical heater, a sinter furnace and a 
vitreous U-tube manometer. Diameter of the sinter 
furnace is 0.3 m and thickness of the sinter layer is 1 m. 
Six temperature measure points have been fixed in the 
sinter layer evenly along vertical direction. Therefore, 
the layer is divided into five units. Not only each sinter 
layer unit but also the whole sinter layer can be 
investigated by experiment method. In order to reduce 
heat loss from sinter furnace to ambient, the outside wall 
of the sinter furnace is insulated by wrapping thick 
rockwool. 

There are two sheathed thermocouples at each 
temperature measure point. One thermocouple is used to 
measure air temperature in sinter layer and the other is 
used to measure temperature on sinter outside surface. A 
perforated casing is used outside the thermocouple which 
is used to measure air temperature to separate the 
thermocouple from the sinter. A spring is used on the 
thermocouple which is used to measure temperature on 
sinter outside surface to ensure that the thermocouple is 
compressed tightly on sinter surface. Air pressure drop in 
sinter layer is measured by the vitreous U-tube 
manometer both sides of which are connected with the 
sinter furnace inlet and the outlet, respectively. Pressure 
difference is shown by water height difference in the 
U-tube. 

During the experimental process, a frequency 
converter fixed on air blower is used to control air 
volumetric flow rate in the system. Air flow meter is 
used to give the value of air volumetric flow rate. The 
electric heater can enhance temperature of the air that 
flows along the equipment if the device switch is turned 
on. In heat transfer experiment, hot air heats the cold 
sinter layer firstly and then cold air cools the sinter layer. 
In air pressure drop experiment or sinter cooling 
experiment, the switch of electric heater is turned off. 
The exhaust gas is discharged by exhaust pipe. 
 
2.2 Sinter sample 

Two typical samples are used in this experimental 
study. One sinter sample is screened sinter and the other 
one is original sinter that is obtained from steel enterprise. 
Screened sinter doesn’t contain small sinter particles 
whose sizes are less than 10 mm while the original sinter 
contains small sinter particles. These two sinter samples 
are used to establish sinter layer in sinter furnace, 
respectively. The detailed compositions of the two sinter 
samples are listed in Table 1. 
 
Table 1 Compositions of two experimental sinter samples 

Sample
Composition/% 

0−5 mm
5− 

10 mm
10− 

18 mm 
18− 

30 mm 
30− 

40 mm
>50 mm

I 0 0 12.40 55.44 22.95 9.21

II 8.52 8.10 10.34 46.23 19.13 7.68

 
2.3 Analysis method 

Convection heat transfer experiment contains two 
processes, namely, heating sinter process and cooling 
sinter process. Each process is executed using sinter 
sample I and sinter sample II, respectively. The air 

 

 
Fig. 1 Experimental system for convection heat transfer and air pressure drop in sinter layer (Unit: mm) 
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temperature in sinter layer inlet increases with time in 
heating sinter process and decreases in cooling sinter 
process. The reason is that temperature of electric heater 
increases slowly after turning on the switch while also 
decreases slowly after turning off the switch. 
Additionally, temperature difference between air and 
sinter varies with time. Therefore, unsteady convection 
heat transfer exists in both heating sinter process and 
cooling sinter process. When sinter is heated by the hot 
air, the heat transfer capacity can be calculated by 
 

)/3600( outair,,outair,inair,,inair,Nair,Nair,giveair, pp ctctVQ    

(1) 
 

When sinter is cooled by the cold air, the heat 
transfer capacity can be calculated by 
 

)/3600( inair,,inair,outair,,outair,Nair,Nair,getair, pp ctctVQ   (2) 
 

Because of the variation of the air temperature and 
sinter temperature, heat capacity, temperature, and nearly 
specific heat are all transient. Though the sinter furnace 
is well insulated by wrapping thick rockwool, heat loss 
from the sinter to the environment is unavoidable. 
Efficiency of the sinter furnace can be expressed as  






heating
giveair,

cooling
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d

d






Q

Q

                                                (3) 

 
It should be noted that efficiency of the sinter 

furnace is an average value in the whole experimental 
process rather than a transient value. Convection heat 
transfers in the five sinter layer units are all investigated. 
There are two process, namely, heating sinter process 
and cooling sinter process, for each sinter layer unit in 
experiment. The sinter layer keeps stationary throughout 
the experiment process while the air flows upwards 
through the sinter layer from the bottom to the top. When 
hot air heats the sinter layer, temperature distributions of 
air and sinter are similar to those shown in Fig. 2(a). 
When cold air cools the sinter layer, the temperature 
distributions of air and sinter are shown in Fig. 2(b). 
Logarithmic mean temperature difference (LMTD) in 
heating sinter process can be expressed as Eq. (4) where 
t  is average value in specified time unit Δτ. Convection 
heat transfer capacity can be calculated by Eq. (5) and  
Eq. (6). The volumetric heat transfer coefficient can be 
expressed as Eq. (7).  

 unitup,air,unitdown,sinter,unitdown,air,heatLMTD, ()[( tttt  

unitdown,air,unitup,sinter, ln[(/)] tt  

)])/( unitup,sinter,unitup,air,unitdown,sinter, ttt   (4 ) 
 

 unitin,air,,unitin,air,Nair,Nair,unitgive,air, ( pctVQ   

)unitout,air,,unitout,air, pct                 (5) 

unitgive,air,unit,convection QQ                        (6) 
 

heatLMTD,unit

unit,convection
heatV, tV

Q
h


                        (7) 

 
 unitout,air,,unitout,air,Nair,Nair,unitget,air, ( pctVQ   

)unitin,air,,unitin,air, pct                   (8) 
 

unitget,air,unit,convection QQ                         (9) 
 

 unitup,sinter,unitdown,air,unitdown,sinter,coolLMTD, ()[( tttt  

unitdown,sinter,unitup,air, ln[(/)] tt  

]))/( unitup,air,unitup,sinter,unitdown,air, ttt     (10) 
 

coolLMTD,unit

unit,convection
coolV, tV

Q
h


                                              (11) 

 

 
Fig. 2 Temperate distributions of air and sinter in each 

considered unit: (a) Air heats sinter; (b) Air cools sinter 

 
In cooling sinter process, convection heat transfer 

capacity, LMTD and volumetric heat transfer coefficient 
can be calculated by Eqs. (8)−(11). 
 
3 Results and discussion 
 
3.1 Convection heat transfer 

Experiment is executed to study convection heat 
transfer in sinter layer. Both sinter samples are selected 
to establish the sinter layer, respectively. For each sinter 
sample, several experiment series with different air 
volumetric flow rates are considered. The values of air 
volumetric flow rate are 75, 100, 125 and 150 m3/h, 
respectively. Sinter layer is heated by hot air firstly and 
then is cooled by cold air. Air temperature and sinter 
temperature at each temperature measure point are 
measured by thermocouples and are used in analyzing 
convection heat transfer. 

Figure 3 shows the temperature profiles of air and 
sinter at each temperature measure points in experiment 
series with air volumetric flow rate of 125 m3/h. When 
the system is started up, air is gradually heated by 
electric heater. Then, heat energy transfers from hot air to 
cold sinter. Air temperature and sinter temperature 
increase with time. Temperature measure point 1 is 
located at the bottom of the sinter layer, so temperature 
at this point increases earlier than the other points. At the 
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same time in heating sinter process, the higher the 
temperature measure point locates, the lower the 
temperature is. The electric heater can provide the 
maximum temperature of air is about 400 °C according 
to the equipment power and the air volumetric flow rate. 
Therefore, air temperature at temperature measure point 
1 reaches about 400 °C and then keeps nearly constant. 
When temperatures at the other temperature measure 
points also reach nearly constant values, the electric 
heater should be turned off. In cooling sinter process, 
temperatures at each temperature measure points 
decrease with the time. The lower the temperature 
measure point locates, the earlier the decrease begins. In 
this experiment process, heat energy transfers from hot 
sinter to cold air. However, it should be noted that sinter 
temperature is higher than air temperature at temperature 
measure points 2−6 in the incipient stage of heating 
sinter process and sinter temperature is lower than air 
temperature at temperature measure points 2−6 in the 
incipient stage of cooling sinter process. The reason is 
that sinter conductivity coefficient is much high and heat 
energy transfers from hot sinter to cold sinter in the 
incipient stage of heating sinter process and cooling 
sinter process. In experiment series with other air 
volumetric flow rate, the temperature profiles are similar 
with this condition. 
 

 
Fig. 3 Temperature profiles of air and sinter at each 

temperature measure points 

 
Figure 4 shows the capacity of convection heat 

transfer from air to sinter in each sinter layer unit. In the 
figure, positive value represents that air loses heat energy 
and negative value indicates that air gets heat energy in 
sinter layer unit. With the increase of air temperature, 
capacity of convection heat transfer from air to sinter 
increases firstly and then decreases. For each sinter layer 
unit, there is a maximum capacity of convection heat 
transfer in heating sinter process and also in cooling 
sinter process. Capacity of convection heat transfer is 
determined by LMTD and convection heat transfer 

coefficient. The maximum value appears later and 
becomes smaller in higher sinter layer unit. According to 
the heat capacity in whole sinter layer throughout entire 
experiment series, thermal efficiency of the sinter 
furnace can be calculated by Eq. (3) and the value is 
71.3%. 
 

 
Fig. 4 Capacity of convection heat transfer from air to sinter in 

each sinter layer unit 

 
According to capacity of convection heat transfer 

and LMTD, volumetric convection heat transfer 
coefficient in each sinter layer unit can be calculated by 
Eq. (7) and Eq. (11). Vertical heat conduction of sinter is 
much high in each sinter layer unit. Therefore, in the 
incipient stage of heating sinter process, air up 
temperature is lower than sinter up temperature in each 
sinter layer unit and is higher than sinter up temperature 
in the incipient stage of cooling sinter process. This 
phenomenon in incipient stage of heating and cooling 
sinter process can be recognized in Fig. 3. Accurate 
values of volumetric convection heat transfer coefficient 
can not be obtained by experimental data in the incipient 
stage of heating or cooling sinter. In order to get useful 
accurate heat transfer coefficient, steady heat transfer 
data in the later stage of heating and cooling sinter 
process are used. 

Figure 5 shows volumetric convection heat transfer 
coefficient under different conditions. Heat transfer 
coefficient increases with increasing volumetric flow rate 
of air. Generally, heat transfer coefficient of sample I is a 
little higher than that of sample II. There isn’t much 
difference between heat transfer coefficient in heating 
sinter process and in cooling sinter process. It is well 
known that convection heat transfer coefficient depends 
on several parameters. For example, for single-phase 
forced convection in a tube, heat transfer coefficient is 
determined by fluid parameters, such as velocity, density, 
dynamic viscosity, heat conduction coefficient and 
specific heat, and tube parameter like diameter. This 
correlation can be shown in the equation ,( 8.0ufh   
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Fig. 5 Volumetric convection heat transfer coefficient in each sinter layer unit: (a, b) Heating sinter process; (c, d) Cooling sinter 

process 

 
).,,,, 2.02.04.04.08.0  dcp  Air velocity in sinter layer 

increases with the rise of normal volumetric flow rate. 
For this reason, heat transfer coefficient increases with 
the increase of normal volumetric flow rate. Sinter layer 
can be considered porous medium. But air flow through 
the sinter layer is much nonuniform. That is to say, air 
velocity in some situations is low while may be much 
high in another situation. Small sinter particle is harmful 
for air’s flow through the sinter layer. Then, 
nonuniformity is more serious in sample II sinter layer. 
This reason can result in a fact that heat transfer reduced 
in situations with low velocity. Therefore, heat transfer 
coefficient of sample I is a little higher than that of 
sample II. 

In steady heating sinter process, air temperature is 
about 400 °C and it is 50 °C in steady cooling sinter 
process. Air parameters at these two temperatures are 
shown in Table 2. Specific heats are nearly the same 
while other parameters are very different at both 
temperatures. At 400 °C, density is lower while velocity 
is higher than that at 50 °C. At 400 °C, heat conduction 
coefficient and dynamic viscosity are all higher than 
those at 50 °C. But heat conduction coefficient is helpful 
while dynamic viscosity is harmful for convection heat 

transfer. Consequently, some effects of air parameters on 
heat transfer coefficient counteract the others and no 
obvious difference can be found between heat transfer 
coefficient in heating sinter process and in cooling sinter 
process. In considered conditions, volumetric convection 
heat transfer coefficient is in the range of 400−1800 
W/(m3·°C). 
 
Table 2 Comparison of air parameters at two typical 

temperatures 
Temperature/

°C 
ρ/ 

(kg·m−3)
λ/ 

(W·m−1·°C−1) 
μ/ 

(10−5Pa·s) 
cp/ 

(kJ·kg−1·°C−1)

400 0.521 0.0498 3.29 1.070 

50 1.085 0.0277 1.96 1.007 

 
3.2 Pressure drop in sinter layer 

In this section, pressure drop of air with different 
temperatures in sinter layer has been tested. Three 
temperatures are considered, such as ambient temperature 
(about 20 °C), about 150 °C and about 250 °C. Volumetric 
flow rate of air is in the range of 50−300 m3/h. Also 
sinter sample I and sinter sample II are selected to 
establish the sinter layer, respectively. In the experiment, 
air temperature should be roughly uniform throughout 
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the sinter layer. 
ERGUN [16] proposed an empirical relation for 

describing the pressure drop through porous media based 
on the porosity  

2
lsuperficia32lsuperficia23

2

1
drop )1()1(

u
d

Ku
d

K
L

p






 







 

(12)  
where K1=150 and K2=1.75. As indicated in the Ergun 
equation, pressure drop in porous media is determined by 
porosity of porous media, dynamic viscosity, superficial 
velocity and media diameter. The equation is widely used 
in evaluating pressure drop in uniform size particles layer. 
However, for sinter samples, diameter of finished 
product is usually in the range of 5−40 mm. Meanwhile, 
there are also some particles less than 5 mm or larger 
than 40 mm. Consequently, among the above dominant 
parameters, diameter value is hard to specify for sinter 
layer though the size distribution can be obtained by 
screening. But Eq. (12) can be used in qualitative 
analysis of the experimental data. 

As shown in Fig. 6, for each air temperature, air 
pressure drop increases with the increase of air 
superficial velocity. The higher the air temperature is, the 
higher the air pressure drop is. Air pressure drop in sinter 
layer with sinter sample II is much higher than that with 
sinter sample I. Obviously, air pressure drop increases 
with the rise of air superficial velocity when air 
temperature is constant, as shown in Eq. (12). The higher 
the air temperature is, the lower the air density is. When 
air normal superficial velocity is constant, air velocity 
increases with the increase of air temperature. 
Additionally, air dynamic viscosity increases with 
increasing air temperature. Therefore, air pressure drop 
increases with the rise of air temperature. Particle size 
determines sinter diameter and sinter porosity. The less 
the particle size is, the less the diameter and porosity are. 
Average gain diameter of sinter sample I is generally 
higher than that of sinter sample II, so air pressure drop 
with sinter sample I is much lower than that with sinter 
sample II. 

In Ref. [17], a method was provided to estimate air 
pressure drop in sinter layer. The air pressure drop can be 
expressed as  

82.1
Nl,superficiaair,

drop )/(510 Mu
L

p



             (13) 

 
where Nl,superficiaair,u  represents air normal superficial 
velocity in sinter layer and M represents permeability of 
sinter layer. In the equation, sinter diameter is not an 
input parameter, so it is more suitable than Eq. (12) for 
analyzing pressure drop in sinter layer. The term of M 
can indicate sinter properties. The value of M can be 
fined out in Fig. 7 according to screening efficiency 
which is measured by sieve with pore size of 12.7 mm. 

 

 
Fig. 6 Variation of air pressure drop in sinter layer with air 

normal superficial velocity: (a) Sample I; (b) Sample II 

 

 
Fig. 7 Variation of permeability with screening efficiency 

 
Experiment results and computational results 

obtained by estimation method are compared in Fig. 8. 
As shown in Fig. 8(a), for sinter sample I, when M is 
specified as 850 (with screening efficiency of about 
75%), experiment results are in good agreement with 
estimation results. Sinter sample I doesn’t contain sinter 
particles with particle size less than 10 mm while 
contains sinter particles with particle size of 10−12.7 mm. 
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Therefore, it is unreasonable to specify screening 
efficiency as 100%. As shown in Fig. 8(b), for sinter 
sample II, when M is specified as 500 (with screening 
efficiency of about 13%), experiment results are in good 
agreement with estimation results. Based on the above 
analysis, experimental results are credible. In 
experimental conditions, pressure drop in sinter sample 
II is 2−3 times that in sinter sample I, which resulted 
from 17% small scale particles in sinter sample II. 
Therefore, particle size is a very important factor in 
sinter cooling process design. 
 

 
Fig. 8 Comparison between experimental results and estimation 

results of air pressure drop in sinter layer: (a) Sample I; (b) 

Sample II 

 
4 Conclusions 
 

1) Convection heat transfer coefficient and air 
pressure drop in sinter layer are two most important 
factors for the design of sinter cooling craft. An 
experimental system is established and studied on 
convection heat transfer and air pressure drop in sinter 
layer. 

2) Heat conduction of sinter impacts the 
measurement of convection heat transfer coefficient. 
Steady heat transfer data in heating and cooling sinter 

process should be used to get useful accurate heat 
transfer coefficient. Convection heat transfer increases 
with the increase of air volumetric flow rate. Sinter layer 
without small particles gives higher heat transfer 
coefficient than that with small particles. Under 
considered conditions, volumetric convection heat 
transfer coefficient is in the range of 400−1800 
W/(m3·°C). 

3) Air pressure drop in sinter layer increases with 
increasing normal superficial velocity, as well as with the 
rise of air temperature. Additionally, pressure drop of 
sinter sample II is much higher than that of sinter sample 
I. In experimental conditions, small scale particles in 
sinter sample II lead to that pressure drop in sinter 
sample II as much as 2−3 times that in sinter sample I. 
 
Nomenclature
cp Specific heat capacity at constant pressure (J/(kg·°C))
λ Heat conduction coefficient (W/(m·°C) ) 
μ Dynamic viscosity (Pa·s) 
ρ Density (kg/m3) 
t Temperature (°C) 
p Pressure (MPa) 
τ Time (s) 
u Velocity (m/s) 
V  Volumetric flow rate (m3/h) 
V Volume (m3) 
Q Heat transfer capacity (W) 
hV Valid volumetric heat transfer coefficient (W/(m3·°C))
g Air drag coefficient 
d Diameter (mm) 
ε Porosity 
L  Height of sinter layer (m) 
M  Permeability of sinter sample 
  
Greek letters 
 Efficiency 
f Friction coefficient 
  
Subscripts 
N Normal condition (1 atm, 0 °C) 
LMTD Logarithmic mean temperature difference 
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