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Investigation of the Cooling and Uniformity
Effectiveness in a Sinter Packed Bed
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Abstract—When sinters are filled into the cooler from the
sintering machine, and the non-uniform distribution of the sinters leads
to uneven cooling. This causes the temperature difference of the
sinters leaving the cooler to be so large that it results in the conveyors
being deformed by the heat. The present work applies CFD method to
investigate the thermo flowfield phenomena in a sinter cooler by the
Porous Media Model. Using the obtained experimental data to
simulate porosity (E), permeability (k), inertial coefficient (F), specific
heat (Cp) and effective thermal conductivity (keff) of the sinter packed
beds. The physical model is a similar geometry whose Darcy numbers
(Da) are similar to the sinter cooler. Using the Cooling Index (CI) and
Uniformity Index (UI) to analyze the thermo flowfield in the sinter
packed bed obtains the cooling performance of the sinter cooler.

Keywords—Porous media, sinter, cooling index, uniformity
index, CFD.

1. INTRODUCTION

HEN the sinter leaves the sinter cooler and is carried by

the conveyor belt, the temperature should be lower than
250 °C. Poor cooling effectiveness results in over high or
uneven temperatures, which cause deformation and damage the
conveyor. Pan et al. [1] reported that yield rates of the sinter
products have significant differences with the changes in
seasons, where using variable air volume cooling as the cooling
process was more favorable in raising the yield for sinter
products. Zhao et al. [2] distributed materials with a method by
using a roller feeder and a reflecting plate with the sintering
machine, where the silo feeds at a fixed point. As the material
surface appeared with a "taper stacked" shape, the edges of the
sinter were exposed to enforce cooling. Chang et al. [3]
designed an air-flow feeding device by combining the
principles of fluid mechanics with the sintering site, and studied
the parameters that affected particles segregation, such as
airflow speed and feed moisture content. Test results showed
that yield was best when the airflow speed was 50 m/s. From
the above literature review, it can be seen that the sinter cooler
cart, stacked with sinters, may be considered as a porous
packed bed, while the blower of the sinter cooler enforces
convection cooling. The cooling mechanism is strongly
affected by the properties of the inside airflow streams of the
sinter packed bed. Therefore, it is important to understand
resistance properties of the porous packed bed in order to
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improve the cooling performance of the sinter cooler. This is
especially important when conducting the heat transfer analysis
with the porous vessel, as the porosity (E), permeability (k) and
inertial coefficient (F) must first be confirmed. The resistance
properties of these three have a great influence on the flow.

Vafai et al. [4] considered the boundary and inertia effects of
the solid, and used a local average volume approach to derive
the transport equations for the flow and heat transfer in porous
media. It was found that the solid boundary effects and
non-Darcy effects had a significant effect on a flow field with a
higher porosity, Prandtl number, and pressure gradient.
Benenati et al. [5] discovered the variable changing of the
porosity of the inner walls. Chou et al. [6] studied the
channeling effect, caused by changes in porosity, towards the
flow field and temperature distribution inside the porous media
channels. Jones et al. [7] conducted the packed bed
experimental research with sphere particles, and indicated that
for high Reynolds numbers the boundary layer wall effects
must be considered. If the channel to spherical size ratio is too
small, the measurement of the packed bed fluid resistance is
affected, and therefore an empirical equation within range
Re=103-105 was proposed. Vafai [8] analyzed the effects of
the changing porosity and inertia forces toward the heat transfer
and flow field of the porous medium, to understand the
channeling effect caused by changes with the porosity. Hunt et
al. [9] conducted experiments by using a fibrous shaped porous
medium to explore the thermal dissipation effect at the enforced
convection inlet. From theory and experimental results, it was
found that a positive correlation existed between the square root
of the permeability and product of the fluid velocity. Vafai et al.
[10] analyzed the enforced convection for a sphere packed bed,
and had found that when numerical research neglects the solid
boundary and channeling effects, the experimental and
numerical studies would cause error. Shonnard et al. [11]
assumed local heat equilibrium to conduct experiments, used
point contact to define effective thermal conductivity with the
porous medium, and verified with experimental results in initial
literature. Tavman [12] analyzed a porous medium formed
from the stacking of particles, and compared the difference
between the effective thermal conductivity model and
experimental results. Tavman then proposed that a single
effective thermal conductivity model was unable to apply to
every case, as the different porosity and different solid to fluid
effective thermal conductivity ratios would both affect the
calculation of the effective thermal conductivity.

Andrade et al. [13] studied the classical Darcy’s law, and
applied numerical simulation to a two-dimensional porous
medium with the irregular holes distribution, and used the
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Forchheimer equation to modify the correlation equations at
different porosity and flow fields. Also via experiments, it was
found that as the Reynolds number was higher, the inertia effect
increased, and transformed from linear to non-linear. Amiri et
al. [14] used the numerical simulation method to study enforced
convection within a sphere packed bed, and respectively
considered the liquid and solid energy equations, heat
dissipation effect, changing porosities, inertia effect and the
solid boundary effect. Anything missing among the above
assumptions led to errors with research results. Sozen et al. [15]
analyzed the condensation of steam of transient enforced
convection within a sphere packed bed. Calis et al. [16] used
numerical methods to discuss the pressure drop formed in a
three-dimensional packed bed channel, and compared with
experiments; the average error between the two was only 10%.
The numerical simulations and Laser-Doppler Anemometry
(LDA) were compared at different Reynolds numbers, where
the average error for the friction factor was 20% when
comparing the particle size in different channels. Fu et al. [17]
used a numerical method to discuss the effect of
two-dimensional channel enforced convection on the heat
transfer of random porosity porous media. When the average
porosity was greater than 0.5, the average Nusselt number
significantly increased, and was better than solids which were
impenetrable. Therefore, a higher average porosity coordinated
with the suitable copper particle size could allow a porous
medium with random porosities to have a better heat dissipation
effect. Also, with a random porosity distribution, the speed
within the porous medium was distributed irregularly, where
the channeling effect close to the wall was insignificant.

From the above literature, it can be seen that in order to
understand the heat transfer behavior of a flowing fluid within a
porous medium, an experimental approach is necessary. Also,
different porous media (such as sand packed bed, spherical
copper particles packed bed, aluminum foam material, etc.)
would have different influences on the material properties of
itself, exterior shape or packing method with the characteristics
of the formed porosity and heat transfer. Therefore, this study
shall first use experimental methods to obtain the pressure drop
and heat transfer characteristics, and use a numerical simulation
approach to explore the behavior of the sinter cooler towards
the cooling heat dissipation. By mechanisms of the thermal
flow field, measures for improving the cooling performance of
the sinter cooler are proposed.

II. STUDY MATERIALS

A. Physical Problem

A typical sinter cooler slowly rotates counterclockwise, with
one complete rotation taking approximately 40 minutes. The
mechanism of the cooling is shown in Fig. 1. The airstreams
from the two blowing fans enter the air duct beneath the
ring-shaped sinter cooler (air passage part/ clear channel).
Since the duct walls form a closed space, the pressure drives the
air towards the sinter above, where this wind penetrates through
the gaps of the sinter and carries away waste heat to reduce the
temperature (sinter layer part/ porous media). As the sinter exits

the sintering machine and fills the cooler, the larger sizes
usually accumulate closer to the inner wall, and the smaller
sizes closer to the outer wall [18], [19]. For larger size particles,
the porosity of the packed sinter also becomes larger, and the
resistance for the air passing through becomes smaller; the
situation is opposite for smaller particles. The reason for the
sinter cooler's poor efficiency is that the air cannot evenly
penetrate to the surface of every sinter, and an even overall
cooling performance cannot be obtained. As a result, this
causes an overlarge temperature difference on the conveyor as
the sintered particles drop from the cooler exit. This study
discusses how the arrangement methods of the sinter on the
sinter cooler affect the uniformity in heat dissipation.

Sinters to
conveyors

Sinters from
distributor

Fig. 1 Illustration of the actuator mechanism of the sinter cooler
(Model A)
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Fig. 2 Monitoring of sinter outlet mean for a 31-day period

B. Improvement Indicators

A temperature recording device was installed at the outlet of
a sinter cooler of a typical sintering site. The temperature of the
falling sinter onto the conveyor is recorded every six minutes.
During a 31-day period, the mean maximum (7 o ) and

minimum (f ) temperatures were 50 °C and 81°C (323 K and
354 K), respectively, as shown in Fig. 2. (There were 240
temperature recordings for each day, the mean temperature
value shown in the figure was an average based with 240

temperature recordings.)
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When a numerical simulation approach is used to discuss the
cooling performance and outlet temperature uniformity of the
sinter cooler, indicators are to be defined in order to determine
if the changes in the geometric shape of the air channel
improved the cooling performance and temperature uniformity.
Therefore, specific indicators were used for analysis: the
temperature cooling index and uniformity index.

1. Cooling Index
T
CI ==
T )
where CI is the temperature cooling index, T is the mean

numerical simulation temperature at the sinter outlet, and 7 ey
is the actual mean temperature at the sinter outlet (339 K) that is
measured based on 31 days. When the cooling index is less than
1, the cooling performance is better.

2. Uniformity Index

Z‘Tf_ﬂ 1
/P

U
n AT,
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where Ul is the uniformity index, T; is the sinter temperature at

the various points at the outlet, 7" is the numerical simulation
mean temperature for the sinter outlet, and AT is the
difference between the actually measured maximum and the
minimum mean temperature for the sinter outlet, where the
value was 31 K. Therefore, the ratio of the temperature
difference with the actual temperature difference at each sinter
point can indicate the uniformity of the sinter outlet
temperature. When the uniformity index equals 1 it indicates
that the temperature difference between the sinter and outlet
mean temperature is 31 K; i.e., the sinter outlet temperature is
rather non-uniform; on the contrary, when the cooling index
equals 0, each sinter temperature equals the outlet mean
temperature, and thus the sinter outlet temperature is rather
more uniform.

From the previous description, the temperature difference at
the sinter outlet and mean temperature are therefore the main
goal for discussion. In addition, the study for improving the
sinter outlet and mean temperature was done by further analysis
on changing the sinter arrangement method, or changing the
geometric exterior of the air channel, where the final goal is to
protect the lifetime usage of the conveyor.

C. Numerical Methods

The study was to discuss the cooling performance of the
cooler applied to the sinter. The computational fluid dynamics
(CFD) approach was used to solve the speed, pressure and
temperature field according to steady state three-dimensional
governing equations. By applying the finite volume method
SIMPLE algorithm [20], and combined with multiple moving
reference frames, standard turbulent model [21] and the
Brinkman- Forchheimer-Darcy porous media model [22]-[24],

the flow field and temperature field of the sinter on the sinter
cooler were solved.

1. Governing Equations

The study wuses the CFD method to solve the
three-dimensional Navier-Stokes equations at steady-state.

i. Continuous Equation
V-y=0 3)
ii. Momentum Equation

(a) Air channel
V-(§r§)+(ﬁ)xf;)=_V.[EJJFV.(lj 4)
(b) Sinter area
V.(§,§)+(a“)><\7):_v.(ﬁ}uv.(i}ri (5)
P P
iii. Energy Equation
(a) Air channels
V-(V,E + pii,) =/L/v2T (6)
P
(b) Sinter area

k S
V-(3,E + pii,) ==L VT + ¢ )
P P
where i, = @x7 is the relative velocity, #, is the rotation

speed, @xV includes the Coriolis acceleration and centripetal
acceleration, S;is the fluid which flows through the porous

medium and creates pressure loss, E is the total energy, and ke

is the effective thermal conductivity. For the equation
Sq = n'q(]; -T ) S, 1s the heat transfer amount of the sinter, 7;is

the sinter inlet temperature when entering the cooler, and 7, is
the sinter outlet temperature when leaving the cooler. In the

equationrin=(1-y)p Cii A, M is the heat emission rate,

¥ 1is the porosity, py is the sinter density, C;is the sinter specific
heat, and A4 is the cross section arca.

2. Turbulent Model
The Reynolds stress tensor is defined by — pul'u; , which

can be redefined by the Boussinesq's assumption as:

— ou, Ou,| 2
—pun’ = u | —+—=|-=pko, 8
2y M(axj 6)@] 3 Pk9; ®
2
#,=C, o ©
&

where 4 is the turbulent viscosity, & is the turbulent kinematic

energy, and Oy is the unit vector.
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Fig. 3 Rotating reference frame system illustration (Model A)

This study used the standard k-¢ turbulent model [21], where
the transport equation for the turbulent kinematic energy, &, and
turbulent kinetic energy dissipation rate, ¢, is:

i(kuj):li prte || G, (10)
Ox, P Ox, o, )Ox, | p
0(—_12o W\ | ¢ ¢ &
— (e )=——|| p+ = | = | S gy £ (A1)
0x, (gu') P 0x, H,u 0[;]6xi:|+/; k(Gk) G B

The terms in (10) and (11) are defined as follows:

G, =uS; (12)

S, =425;5; (13)

s, =1(9“f +5J (14)
b2\ oy, oy

In the above equations, the coefficients C;=1.44, C,=1.92,
0x=1.0, o¢ =1.3, and C,=0.099 are all empirical constants

created in the turbulent kinetic energy of G.

3. Multiple Rotating Reference System

As shown in Fig. 3, the overall sinter cooler can be divided
into two parts: the bottom layer is the airflow route, and the top
layer is the sinter area. This paper discusses the effect of the
steady state flow field on the temperature by changing the
exterior of the sinter cooler air channel. However, since the
actual situation of the cooling was performed by the sinter area
using the cart to enable the sinter area to rotate on the sinter
cooler to perform heat dissipation, the air channel overall was a
fixed inertia system, and the fluid flows within the channel
were at steady state; furthermore, the sinter area rotated
counterclockwise in relation to the air channel conduct, and
was seen as a rotary system. Since the rotation speed was
0.0025 (rad/s), its interaction influence on the air channel was
rather small. If the two flowing areas were assumed to be
nearly identical, the multiple rotating reference frame can thus
be used to deal with the problems for a non-inertial system.

Also, the interface between the fixed and rotating systems was
assumed to be flowing at steady state, in which the absolute
speeds were the same, and thus followed the mass conservation
law for fluids. In addition, a sophisticated mobile computing
grid system was not required for additional calculations with
the transient interactions among flow changes.

4. Porous Media Model

Since the empirical equation of Darcy‘s Law [22] applies
only to slow-flowing, or for media with very low permeation or
porosity, Forchheimer [23] indicated that the surface drag had a
very important relation to the form drag and friction caused by
the porous medium at large flowing speeds. Therefore, the
influence of the inertia term was considered. Furthermore, there
are many situations where the porous medium, with limited
inside space, contains impermeable walls; and then the friction
resistance of the wall needs to be considered. This resistivity
can be added to the Darcy’s resistance which was caused by the
particle itself. Brinkman [24] indicated that the friction force
due to the limited inside space and impermeable wall contact
was to be considered in order to meet with the wall’s non-slip
condition. Based on the improvement theories of the above
literature, the sinter area in this study used a porous media

model for simulation, and obeyed the Brinkman-
Forchheimer-Darcy equation. The equation is defined as
g __n, _Ip » (15)

i axi K \/Ef

where p is the viscosity coefficient and p is the density. The
other two parameters, the permeability, K, and inertial
coefficient, F, were determined by the wind tunnel
experiments.

D. Sinter Experiments with the Pressure Drop and Heat
Transfer Characteristics

Literature review has demonstrated that the flowing
characteristics within the porous medium vessel strongly affect
heat transfer characteristics. Therefore, to understand the heat
transfer characteristics of the flow of the sinter packed bed, it is
necessary to first understand the flow resistance properties;
especially when heat flux calculation analysis is conducted for
the sinter packed bed flow, the sinter packed bed porosity (E),
permeability (k) and inertial coefficient (F) are the necessary
input parameters. These three resistance characteristics of the
porous medium are greatly related with the flow effect. The
permeability (k) and inertial coefficient (F) of the porous
medium are related with the inside structure composition and
porosity (E). The more acceptable permeability (k) and inertial
coefficient (F) equation at the present is referred to a dense,
sphere packed bed. The irregular shapes of the sinter are not
suitable for any known empirical equation. This study used
experiments to measure the materials properties such as the
sinter density (o), equivalent effective thermal conductivity
(kerr), and specific heat (C) to understand the heat transfer
characteristics. ~Also, by experimental methods, the
permeability (k) and inertial coefficient (F) of the sinter packed
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bed was determined, and the flow resistance within the
channels was discussed to serve as the fundamental study for
numerical simulation with the heat transfer characteristics.

1. Sinter Experiments with the Pressure Drop Characteristics

1.Inverter 6. Anemometer
2.Motor 7.aluminum foams
3.Blower 8 Honey-comb

4 Pressure gauge

5. Test section
Fig. 4 Wind tunnel equipment

i. Equipment

The experiment constructed an experimental wind tunnel
platform to measure the fluid pressure drop characteristics of
the sinter packed bed. The equipment is as shown in Fig. 4, and
is mainly divided into four sub-systems:

Air source supply system: The working fluid in the
experiment was air, and a blower served as the air source device.
A digital frequency converter controlled the rotational speed of
the blower’s motor to regulate the airflow amount. The AC
frequency range of the frequency converter was controlled at 15
Hz-60 Hz. Under the control of the same frequency changes,
the airflow amount would form different wind speeds based on
the different particle sizes.

Wind tunnel: Opened and suction type. After air enters the
contractible bell nozzle, it then passes through a rectifying
section of a honeycomb structure and porous aluminum
material so that the airflow has a uniform flow speed before it
enters the test section, and then the flow finally enters the test
section.

Test section: The rectangular channel was made from
electric wood material with a 10 mm thickness. The length,
weight, and height of the test section were 360 mm x 85 mm x
85 mm. The packed sinter was placed in this area, and the front
and back cross sections were fixed with iron gauze wire,
respectively. The distribution of the sinter packed bed is as
shown in Fig. 5 (upper lid opened). The experiments were
conducted with two different sinter packed beds with the
equivalent particle sizes of 1 mm and 5 mm. The bottom center
of the test section was installed with a number of pressure holes
along the flow direction. The pressure holes were connected to
a switch valve through pipelines, and then connected to a
differential pressure gauge to measure the changes in pressure.

Data collection system: The wind meter was placed at the
front end of the test section to measure the average airflow
velocity within the wind tunnel, and static pressure measuring
holes were arranged at different positions within the test section,

where the differential pressure gauge was used to monitor and
record the pressure changes at each point.

¥ aa s ‘ - b‘é
(b) dp=0.5cm
Fig. 5 Test section of the wind tunnel

ii. Measurement Procedure

After each measuring instrument was calibrated, the
pipelines in the experiment were tested for any leakage to
ensure the correctness with the pressure measurement.
Experiments for the sinter pressure drop characteristics were
conducted with the two different particle size groups,
respectively. The work fluid used air at normal temperature,
where the pressure drop was measured as the air flowed
through the sinter to obtain the sinter permeability (k) and
inertial coefficient (F).

iii.  Similarity Analysis of the Sinter Cooler within the Test
Section

Due to the limitations of the wind tunnel size, if the original
size of sinters on the sinter cooler were directly placed into the
wind tunnel test section, the channeling effect at the wall would
greatly affect the accuracy of the experiments. At the same time,
the similarities for the multiple holes were unable to be
compared by analogy for the actual sinter cooler. Therefore, the
sizes of the sinter particles were required to adjust to the width
of the sinter cooler and the width of the wind tunnel test section
for the experiment. The size was similarly shrunk based on the
Darcy number (Da), where the original equivalent particle sizes

(Dmin ~ Dmax) of the sinters on the sinter cooler were
0.05-0.2 m. In this study, the sinter cooler width (De) was 3.4

m, the wind tunnel test section width (dexp) was 0.085 m, and
the Darcy number (Da) similarity was calculated as below:

Dmax — 07 — dmax dmax (16)

D, 34 d

e

[\

exp
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d_. =0.005m
Dmin _ 0.05 _ dmin _ dmin (17)
D, 34 dy, 0085

d,, =0.00125m

The final obtained equivalent particle diameters for the
packed sinters within the test section are respectively shown in
Table 1.

TABLEI
SINTER SIZE CHART

sinter dmin ~ sinter dmax

sinter cooler particle size (m) 0.05 0.2
test section particle size (m)  0.00125 0.005
porosity 0.395 0.545

2. Data Processing and Uncertainty Analysis

The measured pressure drop (Dp) and average wind speed (U)
in the experiments can be rearranged into dimensionless
parameters, the friction coefficient (f), Reynolds number (Rey)
and Darcy number (Da). The three dimensionless parameters
are defined as:

Ap H 1 F 18

- L) (18)
4 0.5pU° L [ReHvDa+\/Da]

Re,, =2 (19)

pek 2o

where Dp is the test section inlet and outlet between pressure
drop, L is the test section channels length, H is the test section
channels height, U is the fluid average velocity, K is the
permeability, and F is the inertial coefficient.

The overall experimental errors include measurement and
calculation errors, where the uncertainty with measurements
was caused by the errors of the instrument system itself, and
man-made reading errors. Calculation errors were formed as
the measured values were calculated. The uncertainty analysis
in this experiment applied the methods by Kline et al. [25] and
Moffat [26]. The experimental results were measured through
the series of experiments, and thus the experimental results R is
the function of experimental measured parameters (x1, x2,
X3, ...... , xn). When xi creates a change amount, xi, R shall also
create a change amount, Ri. Thus the uncertainty (uR) caused
by xi can be summarized with the following equations:

R=R(x,X,,X;,.cc0,X,) (1)
or =R sy (22)
ox

OR _1 R 5, % 0RO 23)
R R 0x R Ox, x;
u, = R, (24)
R 0ox

If ug is expressed as the experimental result uncertainty
function, (u;, uz, us, ...... , Uy,) 1s then the uncertainty for each
measured experimental measure parameter. The uncertainty
equation for the experimental results and measured
experimental parameters is as below:

L
x, OR " (x, R ’ x; OR ) x, OR NG
Up =F| | ——u | +| = ——u, | +| =y | .. +| = ‘u,
R 0x R ox, R Ox, R ox,

Such related parameters are the pressure drop (Dp), average
flow speed (U), permeability (x), inertial coefficient (F),
equivalent effective thermal conductivity (ke), specific heat
(C), density (p), non-dimensional parameters friction
coefficients (f), Reynolds number (Ren) and Darcy number
(Da), where the uncertainty Figs. 5 (a) and (b) were £2.0%,
+2.0%, +4.2%, 4.6%, +3.6%, £3%, £2.87%, £3.9%, +3.1% and
+4.4%, respectively.

III. COMPUTATIONAL MODEL AND BOUNDARY CONDITIONS

A. Computational Model

The ranges of the rotation angle, overall height and inner and
outer diameter for the sinter cooler were -20° <0< 313°,-2.7 <
z/H<1.0 and 2.8 <1/H < 4.0, respectively. The air channel was
located at the bottom layer of the sinter cooler (-20° <6 <313°,
2.7 < z/H £ 0.0, 2.8 < r/H < 4.0), and installed with two
blowing fans for the cooling mechanism, as shown in Fig. 6.
The working performances of the blowing fans are given in
Table II. Before performing with numerical simulation
calculations, a grid system was to be established based on the
geometric shape of the simulation. In this study, the grid
allocations in all grid system calculations were based on a
structuralized grid system. This study respectively changed the
sinter arrangement methods, and changed the geometric
exterior channel to discuss and analyze the sinter cooler.

TABLE IT
PERFORMANCE CHART OF THE SINTER COOLER BLOWING FAN

Air volume (m*/min) 12,780
Pressure (mm WC) 240
Cooler fan motor 420%2

B. Boundary Conditions

This study simulated the introduction of gas by a blowing fan
into the air channel under the sinter cooler. The sinter above the
cooler carries high temperatures due to the sintering process,
and then moves along with the cooler as the cooler rotates.
Furthermore, the cooling gas within the air channel flows
upwards toward the sinter area to dissipate heat. In this study,
the boundaries were defined, which included the inlet
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boundary, outlet boundary, wall boundary and porous media
area. The flow field was expressed by mathematical methods,
and the physical flux as it passed through each boundary was
calculated. The calculation was then applied to the governing
equations.

— Pressure outlet

(

Sinter Layer
Sinter inlet

Air Passage

D/F)ressure inlet

(a) Isometric view (Model A)

(b) Top view

Fig. 6 Geometry of the site cooler and its air passage

1. Inlet Boundary Condition

Air was selected as the gas fluid, where the inlet pressure was
fixed at 2352 Pa, and temperature at 300 K. The sinter inlet
mean temperature was 700 K. According to the description for
the sinter entering the sinter cooler, the temperature of the sinter
itself varies according to the difference in particle size. At the
inner side of the cooler, the temperature of the large particles
was 900 K, whereas at the outer side the temperature of the
small particles was 500 K. In addition, the temperature
distribution was assumed to change linearly. The time to
deliver the sinter from inside to outside by the cart was 40
minutes, thus the cart rotation speed was defined to be 0.0025
rad/s.

2. Outlet Boundary Condition

The outlet air flow was simulated to flow through the porous
medium to the outside atmosphere. Therefore, the outlet
boundary condition used standard atmosphere pressure.

3. Wall Boundary Condition

Not only does the fluid satisfy the impermeable condition as
it passes the walls, but it also satisfies the no-slip condition.
Thus the surrounding wall of the sinter cooler constituted an
adiabatic, no-slip wall.

4. Sinter Area

The area obeys the Brinkman- Forchheimer-Darcy flow
model. Furthermore, the measured pressure drop and heat
transfer characteristics of the sinister material are substituted
into the model to define the sinter material's parameters.

TABLE IIT
INDIVIDUAL CASES WITH THE SINTER ARRANGEMENT
Model Characteristics
Sinter porosity is larger at the inner position, and linearly
decreases as the radius is increased
Large sinter porosity at the radius center, and linearly
decreasing towards the two ends.
A; Porosity linearly decreases with the increasing of height.

Ay

Ay

TABLEIV
INDIVIDUAL CASE WITH SINTER COOLER BLOCKAGE PLATE LAYOUT

Model Characteristic Model

Characteristic

B, ‘ ( \ ‘L 3
(A1)

Bs

C. Matrix in the Research

1. Individual Cases with Different Sinister Arrangement
Changes

This study used three types of arrangement methods on the
sinter cooler to discuss which method had the better cooling
performance. A polarization analysis device for improvement
was then used as reference. The arrangement methods are listed
in Table III. A typical arrangement method is shown in Model
Al where the horizontal distribution are the large sinter
particles positioned at the outside end, and becoming smaller at
the other end; A2 is a horizontal distribution of large sinter
particles and porosities located at the middle, and becoming
smaller toward both sides; A3 is a vertical distribution with
large sinter particles and porosities at the bottom and becoming
smaller at the top. The diameters of the sinter particles were all
between 5-20 cm. The porosity ranged between 0.4-0.55.
Since Model A1 was based on the arrangement of sinter site, it
is a typical example for comparison.

2. Individual Cases by Changing the Geometric Exterior of
the Sinter Cooler Air Channel

For sinter arrangements under the same method, the method
of fluid mechanics was used in this study (sinter particles at the
inward position in the radial direction are relatively larger), and
discussed the influence with the cooling performance with the
geometric changes of the air channel. Three shapes were
respectively used, i.e., using a blockage plate, air channel slope,

900



International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:10, No:5, 2016

and groove as the different layouts as to provide improvement
for the sinter cooler channel. Individual cases for the blockage
plate B1-B6: The layout methods for the blockage plate are
given in Table IV. Individual cases for the air channel slope
C1-C5: The layout methods for the changes in the slope angle
change are given in Table V. Individual cases for the sinter
cooler air channel groove D1-D3: The layout methods for the
changes in the grooves are given in Table V. Individual cases
for the changes with the blowing fan inlet temperature E1-E6:
The different types of blowing fan inlet temperature changes
are given in Table VI.

IV.RESULTS AND DISCUSSION
A. Scheme Verification

The grid test was conducted by using a two-dimensional
flow field, and was used to verify the sinter pressure drop
characteristics for the results of the wind tunnel experiments,
and to compare the pressure drop changes at different flow
speeds. Moreover, the similarities of the two-dimensional flow
field are to be further used with the grid size of a
three-dimensional flow fields.

TABLE V
INDIVIDUAL CASE WITH CHANGES OF THE AIR CHANNEL SLOPE GROOVE

Model Characteristic Model Characteristic
D,
C
' (A)
CZ DZ
C3 D3
Cy
Cs
TABLE VI
INDIVIDUAL CASE OF BLOWING FAN INLET TEMPERATURE CHANGE
Model E: Ex E; E4 Es Es
inlet temperature

blowing fan A 300 290 280 273 273 300

inlet temperature

blowing fan B 300 290 280 273 300 273
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Fig. 7 Experiments and numerical scheme verification for the pressure drop and velocity

The dimensions of the test area for the wind tunnel/sinter
pressure drop characteristic experiments were 8.5x8.5%36 cm
(WxHxL), as shown in Fig. 7 (a). The geometric structural size
for numerical simulation is shown in Fig. 7 (b). In order to save
calculation time and reduce the consumption of calculation
resources, analysis of the grid is first required, as shown in Fig.
7 (c). Four types of grid systems were respectively established,

from dense to sparse grid sizes, d/x (unit length for the grid
distance of the first layer) were 0.08, 0.2, 0.5 and 0.8. From the
calculating results of the four types of grid systems, it could be
found that under a wind speed of 0.1 m/s or less, the pressure
difference trend was almost the same at &/x= 0.2 and 0.08.
However, as the saving of computer calculating resources was
considered, the numerical calculation at grid size 6/x=0.2 was
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better. The numerical simulation and experiments results were
then respectively used to verify the pressure loss relation of
sinter particle sizes at 0.1 and 0.5 cm at different wind speeds,
where the results are shown in Figs. 7 (d) and (e). It is seen that
the simulation results and experiments data appeared with good
consistency. The grid similarities were then applied to the grid
configuration of a three-dimensional flow field.

VelocityMagnitude
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35

3

25

2

15

1
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0

Pressure
2350
2345
2340
2335
2330
2325
2320

VelocityZ

(d)

Fig. 8 Speed, pressure and vertical velocity distributions for Model A1l
at z/H=-1

B. Effect of Different Sinter Arrangement Methods on the
Thermo Flow Field

1. Air Channel Flow Field

Because the maximum wind amount created by the blowing
fan was located at the cross section z/H=-1 (as shown in Fig. 8
(a)), the following shall discuss the relation of the pressure,
speed and vertical direction speed at zZH=-1. From Fig. 8 (b), it
can be seen that the blowing fan blows cooling air at a
temperature of 300 K into the air channel. At first, the cooling
air collides with the inner wall, and the air flows along the inner
wall to the surroundings. Also, the collision of pressure
interaction of the two blowing fans occurs, as shown in Fig. 8
(c). The location at this place causes a possible loss in energy,
where the cooling air was unable to effectively flow towards
the sinter area. By the speed vector approach, it can be seen that
besides the cooling air interaction collisions causing return
flow by the two blowing fans, the cooling air additionally
started to separate from the inner wall due to the centrifugal
force effect and flowed toward the outer wall (as shown in Fig.
8 (d)) and formed a return flow area at the end of the air channel
as the airflow collided into the wall. From the cross section
z/H= -1 in Fig. 8 (d), the vertical direction speed profile is
shown. The cause of the outer vertical direction speed was
because after the introduction of cooling air from the blowing
fan, the air along the inner wall started to flow outwards. As
shown in Fig. 9, the vertical speeds at cross sections a-a’, b-b’,
c-¢” and d-d’ of the air channel (-2.7 < z/H < 0.0) are expressed
in vectors, where a’, b’, ¢’ and d’ are the outer walls. From
cross section c-c’, it can be significantly seen that the speed
vector flowed to the bottom of the air channel, and then flowed
outwards with a direction along the outer wall. This was the
reason for the formation of the vertical direction speed at the
outer wall.

2. Sinter Area Flow Field

Although different sinter arrangement methods were
performed at the sinter area, the flow field mechanism within
the air channel was nearly the same if the exterior of the air
channel had no changes. Therefore, as the fluid flows though
the sinter area, different pressure drop characteristics exist in
accordance with the different methods of the sinter
arrangement. The sinter arrangement method for Model Al
(typical example) was a horizontal distribution of large sinter
particles and porosity at the inner radial direction end, and
decreased in size and porosity with a linear relation towards the
outer end as the radius increased. In Fig. 9, the flow resistance
at the sinter area (0.0< z/H < 1.0) is relatively smaller as the
porosity was smaller, which would become larger for the
opposite situation. In Fig. 9 (a), it could be clearly seen that the
vertical direction speed is higher as the inner porosity is
smaller. The arrangement method in Model A2 was a
horizontal distribution of large sinter particles and porosities
located at the middle and becoming smaller toward both sides.
In Fig. 10, the flow resistance at the sinter area (0.0< z/H < 1.0)
is relatively smaller as the porosity was smaller, which would
become larger for the opposite situation. Although the
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arrangement method was changed, from Fig. 10 (a) it could be VelocityZ
clearly seen that at the center location the vertical direction 1
speed is higher as the inner porosity is smaller. Figs. 8 (b)-(e) 0.9
show that when the cooling air flowed from the air channel 0.8
towards the sinter area, due to the relation between the viscosity 0.7
resistance and inertial resistance of the packed sinters, the 0.6
speed in the vertical direction of the cooling air flowing gi
towards the sinter area was greatly affected. The arrangement 0j3

method in Model A3 was a vertical distribution with large
sinter particles and porosities at the bottom and becoming
smaller at the top. Since the porosity gradually decreases with
the height, the vertical direction speed becomes nearly uniform
as the cooling air passes the sinter area.

VelocityZ

1

0.9

0.8

07

06
05

(b) a-a’ (c) b-b’

: 35 4
x/H y/H
(b) a-a’ (¢) b-b’

-3 35 -4 3 35 -4

x/H yiH
(d) c-¢’ (e) d-d’
Fig. 10 Vertical velocity distribution for Model A2 at various cross
sections
TABLE VII

INDIVIDUAL CASE OF SINTER ARRANGEMENT -SINTER OUTLET TEMPERATURE
COOLING INDEX (CI) AND UNIFORMITY INDEX (UI)

Model Ay Az As
mean temperature (K) 328 326 343
the maximum temperature (K) 507 502 584
the minimum temperature (K) 300 300 300

S 35 4 3 ﬁ'ﬂ 4 temperature difference (K) 207 202 284
cl 0.97 097 1.01
(d) c-c (e)d-d ul 097 094 139

Fig. 9 Vertical velocity distribution for Model A1 at various cross
sections
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3. Sinter Area Temperature Field

For locations where the sinter porosity was larger, the
cooling air flowed more easily to the location, and thus the heat
transfer phenomenon was rather more significant. In Fig. 11,
since the sinter arrangement methods were different, although
the cross section average velocity in the vertical direction did
not had a large difference with the overall change in height, the
comparison of the temperature cooling index (CI) and
uniformity index (UI) at the sinter outlet (shown in Table VII)
showed that the mean outlet temperature of Model A2 was
0.6% less than Model Al (typical example), whereas with
Model A3 the outlet mean temperature was 4.5% higher than
Model Al. From the cooling index, the sinter arrangement
method by Model A2 was indicated to be better, where the
temperature uniformity also dropped 4% lower than Model A1.
Therefore, Model A2 (large sinter particles at the center and
decreasing toward the two ends in the radial direction) was able
to reduce the mean temperature and temperature uniformity at
the sinter outlet.
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2 | ! I
o \ ! i
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: | ] i
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g ‘ Air Passage : Sinter Layer I
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Fig. 11 Models A1-A3, different height cross section vertical average
velocity relation

C. Effect of Adding Blockage Plates in the Air Channel on the
Thermo Flow Field

1. Air Channel Flow Field

For an air channel without blockage plate installation, the
interaction collision of the cooling air due to the two blowing
fans causes energy consumption. Therefore, the concept of
adding blockage plates was purposed to avoid the interaction
effect of the cooling air caused by the two blowing fans. By
using Model A1 as an example for reference (named as Model
B1), the following five sets of blockage plates installed at
different positions, respectively, provided a comparison for the
typical example of Model B1, where which set provided an
enhancing effect for the cooling performance.

As shown in Fig. 12 (b), Model B2 installed a blockage plate
to block the interaction interference of the cooling airflow from
the two blowing fans. The flow for one of the blowing fans was

directed, whereas the other cooling air from the other blowing
fan still flowed towards the location of the blockage plate, and
formed a loop flow area. Another loop flow area was also
formed when the cooling air flowed to the end wall of the air
channel. As the sinter cooler blowing fan blew cooling air
forwards, the airflow was divided into two paths as it touched
with the cooling channel inner wall; one moved along the inner
wall flow and flowed towards the sinter area, whereas the other
moved along the inner wall flow and flowed downwards to the
bottom wall of the air channel, which then continued to flow
towards the outer wall. This point had a significantly larger
vertical direction speed formed at the outer wall, and was the
main reason for having a larger vertical direction speed.
However, due to the fans’ blowing effect with the cooling
airflow, the airflow at the outer wall was dragged along the
inner wall and flowed towards the sinter area.

VelocityiMagnitude

(b) Model B3 (c) Model B4

(d) Model Bs

(e) Model Bs
Fig. 12 Models B2-B6, air channel z/H=-1 velocity patterns

The blockage plate layout for Model B3 is as shown in Fig.
12 (c), which allowed the two blowing fans to each have an
independent air channel space, where the other air channel
space is separated from the blockage plate. In this space, the
blown cooling air by the blowing fan is unable to flow through
directly, and must flow through the independent air channel,
installed with a blowing fan to cross the blockage plate and
flow to the location. The cross section in Fig. 13 clearly shows
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that the air channel is shortened to half of the channel width due
to the adding of the blockage plate, and the cooling air vertical
direction speed is concentrated at the outer position.

The blockage plate layout for Model B4 is as shown in Fig.
12 (d), where the blockage plate length is only 0.9 times the
length in Model B3. As a result, in this example the air channel
was not separated into three independent air channels as in
Model B3, but rather formed a connected, looped, air channel.
The blown cooling air by the blowing fan was influenced by the

v
l: (elocityZ
1

09
08
0.7
0.6
0.5
0.4
03
0.2
01
o] [
Model B3

opening effect at the end of the air channel due to the blockage
plate, and caused the cooling air channel within the inner wall
to become longer than in Model B3. The flow speed is raised in
the inner channel for the model B4, because the turning airflow
from the terminal of the outer channel flows into and
influences. Therefore, a local high velocity circulation in
occurred near by the top of inner wall as shown in Figs. 13 (e)
and (g), and the vertical velocity (Z-direction) is also increased
as shown in Fig. 13 (a).

(a) Top view
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Fig. 13 Model B3 and Ba cross section vertical velocity patterns
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For the cooling air which moved along the outer wall and
flowed towards the sinter area, due to the airflow effect from
the blowing fan, the vertical direction speed area at the outer
wall was reduced. This indicated that the cooling air was unable
to effectively reach the outer positions of the smaller sinter
particles and porosity.

The blockage plate layout for Model BS5 is as shown in Fig.
12 (e), where the blockage plate was of an S-shape, and the
blowing fan was separated into an independent and gradually
widened air channel. Since the air channel gradually increased,
the outer wall airflow flowed into the inner wall.

TABLE VIII
INDIVIDUAL CASE OF BLOCKAGE PLATE LAYOUT -SINTER OUTLET
TEMPERATURE COOLING INDEX (CI) AND UNIFORMITY INDEX (UI)

Model B B Bs B4 Bs Bs

Mean temperature (K) 328 328 353 328 329 329
Maximum temperature (K) 507 507 592 507 507 507
Minimum temperature (K) 300 300 300 300 300 300
Temperature difference (K) 207 207 292 207 207 207
CI 097 097 1.04 097 097 097
Ul 097 097 135 097 097 097

The blockage plate layout for Model B6 is as shown in Fig.
12 (f), where the blockage plate separated a blowing fan into an
independent gradually widening air channel. However, the
gradually widening location was rather nearer to the end of the
air channel. Similar to the flowing situation in Model B3, since
the air channel gradually increased, the outer wall airflow
flowed into the inner wall.

2. Sinter Area Flow Field and Temperature Field

Fig. 14 is the vertical direction speed for the sinter outlet
surface, where (a) to (f) are respectively of Model B1 to Model
B6. Since the sinter arrangement methods all had porosity and
particle size linearly decreasing as radius increased, the flow
resistance and porosity thus appeared in inverse relation, where
the flow speed and porosity formed a proportional relationship.
The speed distribution therefore decreased as the radius
increased. When compared with Model B1, the differences
with the outlet surface speed distribution were: in Model B3 as
the inner sinter porosity was larger, the flow resistance was thus
relatively smaller, and the cooling air crossed over the blockage
plate to flow toward the inner location of the inner sinter area
(as shown in Fig. 14 (e)). However, the installation of the
blockage plate caused the inner location to become unable to
have direct enforced cooling air convection from the blowing
fan, and resulted in high temperatures still existing within the
insides of the sinter as shown in Fig. 15. As in Fig. 16, where
the vertical average velocity changed in relation with the cross
section height, the sinter arrangement method was the same but
it can be seen in the Fig. 16 that the average velocity in parts of
the air channel was smaller than in Model B4, Model B5 or
Model B6. This was caused by an inclined angle design with
the air channel, where the main expectation was to guide the
cooling air towards the sinter area. When the blockage plate
was installed so that the air channel was flowing in a winded
matter (Fig. 12 (c)), the air moved along the inner location of

the air channel slope and flowed downwards, which in turn
caused the airflow to be unable to effectively flow through the
sinter area. When the cooling performance and temperature
uniformity of the sinter outlet surface were compared (Table
VIII), it could be realized that the outlet surface mean
temperatures of Model B2 and Model B1 were nearly the same,
whereas the outlet surface mean temperature in Model B3 was
7.6% higher than Model B1; Model B4 raised 0.1%, Model B5
raised 0.2%, and the blockage plate installation in Model B6
raised the temperature 0.4%. Therefore, the method of adding a
blockage plate was unable to obtain a reduction effect for the
outlet mean temperature and temperature uniformity.

VelocityZ

(b)

(¢)

Fig. 14 Models B1-B6, sinter outlet vertical velocity vectors
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Fig. 15 Models B1-B6, sinter outlet temperature patterns
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D.Effect of Changing the Air Channel Slope Angle on the
Thermo Flow Field

From Fig. 17, it could be seen that as the air channel slope
increased with the angle, the vertical direction speed within the
air channel also gradually increased. However, it was unable to
allow the vertical speed flowing across the sinter to have a

significant and strong acceleration. Therefore, as shown in
Table IX, the mean temperature was 328 K and the slope angle
of the air channel was from 0 to 20 degrees, whereas the
temperature uniformity was all 0.30. From the cooling index, it
could be seen that the changes with the air channel slope angle
did not have a significant cooling effect improvement with the
sinter outlet temperature.

TABLE IX
INDIVIDUAL CASE OF SLOPE CHANGE -SINTER OUTLET TEMPERATURE
COOLING INDEX (CI) AND UNIFORMITY INDEX (UI)

Model Ci C: Cs Cs Cs

Mean temperature (K) 328 328 328 328 328
Maximum temperature (K) 507 507 507 507 507
Minimum temperature (K) 300 300 300 300 300
Temperature difference (K) 207 207 207 207 207
CI 097 097 097 097 097
Ul 097 097 097 097 097

. —H8—— ModelC,
- -0— - ModelC,
| —£—— ModelC,
|— ~4— - ModelC,

| —— Model €,

-
1

05 +

N
)
!

Mass-Weighted Average Z-Velocity [m/s]
=)
1

Sinter Layer |

)

T LA S
05 0 05 1 15

do

]

M
w

]
P
'

-
t
L

Fig. 17 Models C1-CS5, different height cross section vertical direction
average velocity relation

TABLE X
CHANNEL GROOVE -SINTER OUTLET TEMPERATURE COOLING INDEX (CI) AND
UNIFORMITY INDEX (UI)
Model D D2 D3
Mean temperature (K) 328 328 328

Maximum temperature (K) 507 507 507
Minimum temperature (K) 300 300 300
Temperature difference (K) 207 207 207
CI 0.97 0.97 0.97
Ul 0.97 0.97 0.97

E. Effect of Changing the Air Channel Slope Exterior on the
Thermo Flow Field

From Fig. 18, it can be seen that the surface of the air channel
slope is added with a groove design. Model A1 was used as the
reference model (named as Model D1) for comparison. The
changes with the groove height allocation were unable to make
the vertical direction speed to accelerate. Stagnation of the
cooling air within the groove caused kinetic energy
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consumption with the flow. As seen in Table X, the changes
with the groove height were unable to have significant cooling
effect improvements with the sinter outlet temperature.
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Fig. 18 Models D1-D3, different height cross section vertical direction
average velocity relation

TABLE XI
BLOWING FAN INLET TEMPERATURE -SINTER OUTLET TEMPERATURE
COOLING INDEX (CI) AND UNIFORMITY INDEX (UI)

Model E: E> Es E4 Es E¢
Mean
emperatare () 328 325 321 318 34 32
Maximum 507 506 504 503 504 506
temperature (K)
Minimum 300 293 285 280 300 281
temperature (K)
Temperature
diffornce (k) 207 213219 223 204 225
Cl 097 096 095 095 096 096
Ul 097 100 103 106 094 106

F. Effect of Changing the Blowing Fan Inlet Temperature on
the Thermo Flow Field

The sinter outlet uniformity was discussed when the blowing
fan inlet temperature was changed for the typical example. As
the cooling air temperature was changed for blowing fans A
and B, respectively, the results are shown in Table XI. The
sinter outlet mean temperature in Model E2 reduced 1% of
Model E1 (typical example), whereas Model E3 reduced 2%,
and Model E4 reduced 2.7%. However, the sinter at z/H=1 still
existed with high temperatures, which caused poor temperature
uniformity when cooler air was blown from a fan. The sinter
outlet temperature uniformity in Model E2 raised 3.5% higher
than Model E1, whereas Model E3 raised 7.1%, and Model E4
9.7%. In Model ES, the temperatures for blowing fans A and B
were 273 K and 300 K, respectively. The sinter outlet mean
temperature and temperature uniformity were lowered at the
same time. Although the mean temperatures in the other
examples were lower than the typical example, the overlarge
temperature difference caused the temperature uniformity to be
higher than the typical example. It is therefore realized that the

temperature cooling index for Model E2 to Model E6 were all
better than Model E1 (typical example), obtaining a cooling
effect, but only the uniformity index in Model ES was lower
than Model E1 with a reduction of 0.4%.

V.CONCLUSIONS

The study discussed and analyzed the sinter arrangement
methods. From the study, the following conclusions were
given:

Sinter arrangement method to Model A2 (particle size is
greater in the middle of radial direction, and to internal and
external sides of decline) of cooling index (CI) and uniformity
index (UI) are better than the typical example cooling effect.

Air channel blockage plate set for the installation of sinter
outlet temperature does not improve the effect, and Model B3
set the case for the blockage plate cooling effect was the least
one.

Changing air channel slope angle, vertical direction as the
angle increased speed also rose, but improved temperature of
the cooling effect was not a significant upgrade; changing air
channel slope exterior of the groove design and unable to
increase the vertical direction speed, so that airflow back in the
groove to generate flow and consumption kinetic energy,
leading to sinter outlet mean temperature higher than the more
typical example.

When the blowing fan by the cooling temperature sinter
cooler into the lower one, its sinter outlet mean temperature up
to significant improve the effect, but the temperature difference
also increased, but resulted in poor temperature uniformity.
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NOTATIONS

A = cross section area, m?

Ccl = temperature cooling index, (1)

= specific heat, Jkg'K"!

= total energy, J

= generated terms in turbulent kinetic energy
= effective thermal conductivity, Wm™ k™!
= turbulence kinetic energy, m”/s’

= permeability, m’

= mass flow rate, kg/s

= pressure, Pa

= radius, m

= Source term

~ numerical simulation of the sinter outlet mean temperature, K

ﬂlﬂlh\ﬁs.x;‘\g@mﬁ

= actual measured data of 31 days for the sinter outlet mean
temperature, K

= sinter temperature at each outlet surface, K

= uniformity index, (2)

"~ rotational speed, m/s

e}
£
=l

\)tlg’:l

<!

' relative velocity, m/s
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= turbulent dissipation rate, m’/s’
~ porosity

= viscosity coefficient, kg ms™’

= density, kg/m?

= angular velocity, m/s

~ dependent variable
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