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Abstract: In this paper, numerical simulations are carried out for the heat transfer of granular multiphase flow in a
preheating furnace. In the preheating furnace hot air passes through a granular medium with a large particle size
(> 1 cm) moving in a packed bed state. Here, a granular medium with a large particle size was considered as one with
unilateral incompressibility. This method differs from the Eulerian method based on kinetic theory for granular flow.
Also, the calculation of the thermal conductivity in packed bed of granular material used in the discrete element method
was modified to fit the continuum model. To verify the validity of the combination of this heat conduction model and
the Eulerian granular flow model based on the unilateral incompressibility, the comparison with the previous results
using the discrete element method was done. The comparison showed a good agreement of the temperature distribution
with time. Finally, this was applied to analyzing heat transfer in a preheating furnace and the results were compared
with the measured temperatures of the discharged granular material in different conditions. The results show that the
method based on the assumption of unilateral incompressibility is more suitable than the kinetic theory-based model
for the analysis of heat transfer processes in granular flows with large particle sizes and dense particles that are not well
entrained in fluid flow. The calculations show that the inlet charging rate should be less than 0.55 kg/s and the blast
velocity higher than 100 m/s to achieve the discharged material temperature above 1,000 °C. Also it was found that
there exists a thin transition layer with a sharp temperature change at the free surface of the granular layer in the range
of blast velocities (50 m/s~ 125 m/s) and granular material charging rates (0.28 kg/s~1.11 kg/s) considered here.

Keywords: computational fluid dynamics, multiphase flow, preheating furnace, discrete element method, granular flow,
heat transfer

Nomenclature
Cp, Specific heat of granular material (J/kg-K)
d, Particle diameter (m)
E Young’s modulus of granular material (pascal)
F, Interaction force between fluid and the particle (N)
hy Enthalpy of fluid (J)
hq Enthalpy of granular phase (J)
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H, Efficient heat conductivity between two particles (W/m-K)

h, Smoothing length (m)

hy Heat transfer coefficient between fluid and granular material (W/m’-K)

k, Heat conductivity of granular material (W/m-K)
Time-step superscript

ng Number of particles per unit volume (1/m’)

p Static pressure of fluid (N/m®)

D Solid pressure in ith element (N/m?)

Ds Solid pressure (N/m’)

Re; Reynolds number of ith particle

r Geometric average of particle diameters (m)

T; Temperature of fluid (K)

T; Temperature of ith particle (K)

T, Temperature of granular phase (K)

u; Velocity of fluid (m/s)

u, Velocity of granular phase (m/s)

ug ; Velocity of granular phase at face /' (m/s)

Vi Volume of a particle (m’)

w Smoothing function

At Time-step (s)

s Granular viscosity (N-s/m?)

Ly Frictional viscosity (N-s/m?)

Ueos Collisional viscosity (N-s/m”)

Pr Density of fluid (kg/m’)

Ps Density of granular material (kg/m’)

Oy Turbulent Prandtl number for &

o, Turbulent Prandtl numbers for &

T Viscous stress of fluid (N/m?)

T, Granular stress (N/m’)

o Porosity

Drmax Maximum packing limit

0 Solid volume fraction

O ¢ Volume fraction of granular phase at face f

) Internal frictional angle (°)

A Nabla operator at element i

1. Introduction

The motion of granular materials is the commonplace phenomena in the industrial processes including motion
of charging materials in the furnaces or rotary kilns. Here charging material, being not pulverized, is not completely
suspended in the fluid and moves in a layer. On the other hand, it can be floated in some regions where the velocity of
the fluid is large. Thus the motion of system composed of large quantity of mesoscopic particles shows unique physical
behavior that is unlike motion of the pulverized materials in fluid.

For decades, the study of the behaviors of these systems has interested many researchers. In particular, Discrete
Element Method (DEM), one of Lagrangian methods, has been widely used to study granular flows."™ In DEM,
Newton’s momentum equations are solved to determine the motion of every granular particle. These results can then
be coupled with a set of equations for fluid flow to study the interaction with fluid. This method has advantage over
Eulerian method in that it can consider shape of particles, translation or rotation of particles that come in contact with
one another as well as those that do not.
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Numerous examples using DEM can be found, including thermal transfer in granular flow as well as feeding in the
kilns and furnaces.”"

In DEM the heat transfer may be formed by two processes: heat transfer by motion of granular particles and heat
conduction by contact between them. The former can be found from the solution of Newton’s momentum equations for
the particles because particle’s thermal property (temperature) is carried by its velocity. Therefore, the study for heat
transfer in DEM has focused on finding how the heat transfer by contact between particles varies with the motion state
of granular packed bed.""*

In granular flows the heat transfer by contact between particles differs from that by conduction within particle
itself. Chaudhuri et al."” and Nguyen et al." suggested a simple relationship expressing the effective heat conductivity by
contact between particles. Mehdi et al."” simulated the temperature change and melting process of ice granular particles
in water by using eXtended DEM (XDEM).

Guo et al.””” also studied heat transfer in gravity-driven granular flow in moving bed heat exchangers for solar
energy utilization.

Although DEM can effectively describe granular particle motion by utilizing a Lagrangian approach and
considering the interactions resulting from the collision between particles, it requires enormous computational effort to
consider the contact between particles. A new generic hierarchical approach has been proposed, sequentially combining
2D DEM simulations of slices of the bed and 3D two-phase Computational Fluid Dynamics (CFD) models of the entire
kiln, encompassing both bed and gaseous freeboard.”

Several other works studied heat transfer characteristics in granular materials considering it as a continuum. For
example, Natarajan et al.” suggested also the kinetic theory of heat transfer in granular flows and Zhang et al.”* gave
thermal conductivity in non-uniform granular flow.

But in many engineering applications such as rotary kiln or blast furnace, heat transfer between granular particles
and surrounding gas may be necessary. Here there are mainly two approaches to solve these problems, Eulerian-
Lagrangian approach and Eulerian-Eulerian approach, in which motion of primary phase is always represented by
Eulerian approach.

In the Eulerian-Lagrangian approach, the motion of fluid is described by the Eulerian momentum equations, while
DEM is used only for the granular phase. Then, momentum and heat exchanges between fluid and granular phase are
considered to get a complete system solution.*

In the Eulerian-Eulerian method, the motion of the particles as well as fluid is governed by Eulerian equations
as a granular system itself is also considered to be a continuum.””*’ Here constitutive relations for the granular
system are required to study a granular system in addition to mass, momentum and energy equations. There are many
constitutive relations for solid pressure and stress due to collision and friction between particles.”’”* Also, there are
several applications including granular flow in a fluidized bed.”””***** These relations seem to give good results for
the pulverized granular particles but not for one with a large Stokes number. For this issue Narain et al.”* gave a novel
approach. They assumed that granular material had the unilateral incompressibility instead of a constitutive relationship
and then reduced it to an optimization problem for solid pressure and stresses. In our previous study,” their method was
also adopted for granular flow with a large Stokes number.

Tyliszczak et al.”* presented a novel computational algorithm for modeling of heat and mass transfer processes
around neighboring solid objects and inside granular layers. Philipp et al.” also proposed a continuous model approach,
based on the theory of soil mechanics to describe the granular flow inside the heat exchanger.

The present study gives the results of numerical simulation of the temperature distribution in a preheating furnace.
In the preheating furnace, the particles are not fluidized as in the fluidized bed because of the large particle size (> 1 cm)
and the high density. Therefore, we use the unilateral incompressibility-based granular flow model’’ given in our
previous work instead of the kinetic theory based granular flow model. Heat transfer by the convection in the granular
materials depends on the velocity field which is found from the momentum equation for granular phase. Needless to
say, finding the reasonable velocity field of granular materials is of great necessity in the calculation of heat transfer.
Also solid pressure given by a new approach is included in energy equation for the granular phase influencing the
thermal distribution. Once again, our previous approach used the unilateral incompressibility assumption instead of
kinetic theory based model for the granular materials. Therefore, the first object of this study is to test whether our
previous approach can be fitted to calculation of convective heat transfer in the granular flow. In this paper, it is found
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that for the preheated furnace we consider, the heat transfer calculation method based on the one-sided incompressibility
assumption is more suitable compared to the kinematic model-based method.

Next in order to calculate heat conductivity in a packed bed, the method used in DEM was modified to be fit for
continuum model. This was compared with DEM results by Chaudhuri et al.” Finally, the flow of heated gas through
packed bed in a preheating furnace was studied. Here, conduction between granular particles, heat transfer by the
convection of the granular materials and heat exchange between gas and particles occurred simultaneously. Also the
temperature distribution of the bed material with charging rate of the granular material, flux of the blast air and the
temperature of blast air in the preheating furnace was obtained by numerical simulation.

The paper is organized as follows: In section 2 the modeling for heat transfer in granular multiphase flow as well
as momentum equations for phases are given. Section 3 describes discretization procedure of equations for calculating
solid pressure and algorithm. In section 4 heating process of granular particles in a rotary cylinder is simulated by
method presented and the result is compared with previous work to verify the correctness. Finally, heat transfer process
in a preheating furnace is analyzed.

2. Mathematical models for different phases
2.1 Governing equations
2.1.1 Governing equations of fluid flow

In multiphase flow accompanying the granular materials the continuity and momentum equations for fluid flow are
represented as

?
5(¢/Jf)+V'(¢p.~uf)=0, (1)
8

E(quf)w-(qopfufuf )=-oVp+V ot +0pg+F,, 2)

where ¢ is the time, ¢ the porosity and p;, p, T and u, are the density, pressure, viscous stress and velocity of fluid,
respectively, and F; is momentum source due to interaction between fluid and granular particles.
As the turbulence model for fluid flow, the £ — ¢ model is used and the equation for £ and ¢ is given as follows:

5 _ _

5((prk)+v'(¢pfk”f)=v' [ﬂf +§]¢Vk +9G +G, —ppe+S,, 3)
- k .

0 I M, 1 e

E(CDpfg)-'—v'((/)pfguf):v' M +; WwWe +;(¢C15Gk _C25¢)pfg+c3sGb)+Ss’ “4)

where G, is the generation of turbulence kinetic energy due to the mean velocity gradients, G, the generation of
turbulence kinetic energy due to interphase interaction, C,,, C,, and C,, are constants. ¢, and o, are the turbulent Prandtl
numbers for £ and ¢, respectively. S, and S, are user-defined source terms.

Energy equation for fluid flow can be written as

0 0
5((ppfhf)+v.((ppfhfuf) = (Pa—}:'i'ff :V”f _V'Hf +Sf‘ +Qfs (5)

where /4, is the specific enthalpy of fluid, H, the heat flux due to conduction, S; the source (that is here assumed to be 0)
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due to chemical reaction or radiation, Oy the heat transfer term between fluid and granular particles.

2.1.2 Governing equations of granular flow
The equation for mass conservation in the granular flow can be written as

o
5 @P)+V (epu) =0, (6)

where p, and u, are the density and velocity of granular particles, respectively, and ¢, =1 — ¢.
The motion of granular materials in the gas flow can be also described based on Eulerian model of multiphase
flows as

%(wspsus)+V (p.puu)=-pVp-Vp +V-1 +0pg+F,, (7

where p, is solid pressure, 7, the stress occurred due to the motion of granular materials, and F;, momentum source term
due to interaction between fluid and granular particles.
Energy equation of granular flow can be also written as a similar form to that of fluid, which is as follows:

0 op
L ophV+V-(0.phu)=p L
at(rﬂsps )+V-(o.phu,) =0, p»

+7,:Vu, -V-H +0,, ®)

where H, is heat flux due to conduction in the granular material and Q ; = Q..

2.1.3 Frictional and collisional viscosity

30,40

Here, Schaeffer’s model is used for frictional viscosity.” " Therefore, frictional viscosity may be written as follows:

p,sing
/’lfr = —¢ (9)
IZD

where ¢ is the internal frictional angle depending on the granular particle size and material properties, and I, is the
second invariant of the deviatoric stress tensor. Also p; is solid pressure that satisfies equations (11) and (12).

The collisional viscosity may be considered similar to molecular viscosity in thermodynamics and may be written
as follows:”’

/’lcol = ﬂzpswszss’ lf q)s < 099¢max 4
:ucol = 0’ lf q)s > 0'99(pmax’ (10)
where f, is a constant dependent upon granular particle properties and S; is the efficient collisional cross-sectional area.

2.2 Modelling of solid pressure

According to Gidaspow," solid pressure has been described by granular temperature in multiphase flow. This
model was obtained from kinetic theory for very small particles (such as pulverized coal), and therefore is not adequate
when particles have large diameter and material density is much greater than that of the fluid. In this case particle
motion is not significantly affected by fluid flow. Therefore, it is not appropriate to describe granular pressure by
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granular temperature, which is a thermodynamic property. When the volume fraction exceeds the packing limit for
granular particles with large diameter and material density is much greater than that of the fluid, compressive pressure
may be produced due to gravitational force. If granular materials are in motion at this status, friction force may give
greater influence to its motion than the interaction due to collision between granular particles. Additionally, if the solid
volume fraction, ¢, becomes less than the maximum packing limit, ¢,,,,, the compressive pressure between particles
vanishes and, at this moment, interaction force due to the collision between particles may become dominant. Namely,
granular materials have unilateral incompressibility.
Because particle material density is assumed to be constant, unilateral incompressibility is described as follows:*

¢’s < ¢7max (11)
or
ps ((Dmax_ws):()’ lf ps 20 (12)

Equation (12) implies that when a material experiences maximum packing limit, solid pressure should be nonzero,
and when it is less, solid pressure should be zero.

2.3 Momentum interaction between fluid and particles

Many models exist for the interaction between a fluid and granular particles, such as Wen & Wu and Ergun
models.”*** However, in most research based on DEM,*** the DiFelice model has been used. In this model, the
magnitude of the force applied on a particle by a fluid can be written as follows:"'

Ff,i = tu,ﬂ’?lﬂ) (13)
where

Fp, = 0'125Cd0,ipf”d52¢s2

(up —m,),

uf _us

(1.5—log, Re, )’

¥ =3.7-0.65exp| — 2

b

2
4.8
Cyi=10.63+ ,
do, i ( Re. ]

i

Re — pfdsws

i

u,—ug,

f

and p; is fluid density, x4 is fluid viscosity, and d; is particle diameter.

Because equation (13) represents the force acting on a particle, a modification is required when applying it to
Eulerian model. If the number of particles per unit volume is ng, the total force acting on particles in a unit volume may
be written as follows:

[
st,i:7Ff,i’ (14)

1

F,=n
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where ¥V, = d_/6 is the volume of a particle. Here, the particle was assumed to be spherical.

2.4 Contact heat conductivity between particles

When the diameter of particles is small, contact area between them is great, so the conductivity within packed bed
is almost the same as that of granular material. However, the greater the diameters of particles, the smaller contact area
between them, so heat conductivity of packed bed significantly differs from that in granular particle.

In general, in DEM heat transfer flux through the boundary between two particles 7 and j is expressed as

where T and T are the temperatures of two particles, and H, is efficient heat conductivity between two particles that is
expressed as

E
H, :2k5[3FNf } (15)

(Chaudhuri et al.” and Nguyen et al.").

In above equation k, and E" are heat conductivity and Young’s modulus of granular material, respectively, and
¥ geometric average of particle diameters, Fy, normal force between particles which are in contact. In the continuum
model, the normal force between particles is not possible, but when the medium is in a packing state, the solid pressure
can be considered to represent the normal force between particles. Therefore, the normal force between particles in
equation (15) is replaced with solid pressure and some coefficients are also modified slightly, resulting in the following
equation:

1/3
H, =2k, [M} (16)
E

where a is a suitable coefficient and 7 is the radius of a particle. Next, heat flux due to conduction in the granular
material may be represented as

H =HVT. (17)

This is a slight modification of heat conduction model used in DEM and is substituted into equation (8) to be used
in finding final temperature field.

2.5 Heat transfer between granular material and fluid

Heat transfer term Q,; in energy equation (8) can be written as
st :hsz(T;_T;) (18)

where T} and T, are the temperature of fluid and granular material, respectively, 4 is the interfacial area between fluid
and a particle. And 4 is heat transfer coefficient between fluid and granular material which is represented as

k. Nu
st Sd S‘ (19)

s
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Here, Nu, is Nusselt number to be calculated by Gunn’s model,” which is available for the granular flows with
porosities ranging from 0.35 to 1.0 and Reynolds numbers up to 10°. In Gunn’s model Nu, is found as

1

Nug =(7-10p, + 5¢j)[1+0.7 Re!? Pr3J+(l.33—2.4¢)S +1.2¢7 )Re{” Pr'”, (20)

where Pr is Prandtl number to be calculated as Pr = Cp,u/k,, Cp, the specific heat at constant pressure, and g, the
viscosity of granular material defined at the point of view of continuum medium.

3. Discretization of governing equations
3.1 General discretization

Equations (1)-(5) and equations (6)-(8) are governing equations of fluid and granular flows, respectively. They
are discretized based on Finite Volume Method (FVM) and can be solved in terms of SIMPLE method well-known

in CFD.***” The solid pressure, p, in equation (7) has to be determined to satisfy conditions (9) and (10). In order to
calculate p,, the following discretization step was introduced. At first, equation (6) is discretized in time as follows:

s

q)SnH =g’ —AtV-(gDS"H/Zu"H/Z ) 1)

Dividing both sides of equation (7) by p, and discretizing in time, we obtain the following expression.

Vp V. F |
¢sn+1/2usn+1/2 = (Dsnusn _ﬁ \% '(wsusus)_'_ q)s P - TS _(ﬂsg_i} _£Vps
2 ; o L] 2p
At At
=¢o'u’' ——F' ———Vp_, 22
(05 S 2 2ps pb ( )
where
Vp V- F
F=V (puu)+ PP 25 _pg T5 (23)
o) P o)

Substituting equation (22) into equation (21) and subtracting both sides from ¢,,,,, the resultant equation is written
as

A A
P P = P — 0L +AtV-(¢£’VZ)—7tV-F" —Ttvzp - (24)

S

3.2 Discretization of Vzps

For the discretization of V’p, term the following discretization operator used in the Smoothed Particle Hydrodynamics
(SPH) method was adopted:**

5 _ pi'ri'ViVVi’
() =25 5)
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where AV is the discretized element volume, r; is the distance between an element and its j-th neighbor, p; = p; — p; is
the pressure difference between them. In addition, V¥ is the derivative of smoothing function 7 at considered element
and A, is the smoothing length. J is a constant to avoid the singularity and its value is generally 0.01. In 3D case the third
order spline function is used as the smoothing function.

3.3 Discretization of other terms

The term V- (p.u,) was discretized using Gauss integration for each element.”’

Z o, fFluxs) c

q)s s s~ q’s us S _— (26)
|AV|6AV Z ' ' ps

V-(pu)=
where |AV| is the volume size of the element AV being considered, AV is the surface (boundary) of the control volume
or element AV Also, the subscript /in summation symbol refers to the faces enclosing the element while ¢, ; and u, ; are
volume fraction and velocity of granular phase at face f, respectively, and S; the area vector on the face. ¢, ; is obtained
based on upwind method from ¢, values at both elements sharing the face and Flux, ; is face flux of granular phase
which can be provided by Analysis System (ANSYS) Fluent via User-Defined Function (UDF).

Same method was used even in the discretization of convective term in equation (22), i.e.

z% f Fluxs f us f

V- (puu )= uu -dsS~ uu S, =L . 27
((05 s s) |AV|8AV¢5 ;ws,f s, £7s, f ps ( )

After finding F” for each element, the term V- (F") was discretized using the SPH method as follows:
V-(F") =2 AV, () —E)- V. (28)
j

Substituting the discretized equation (24) into conditions (11) and (12) allows us to formulate an optimization
problem for calculating the solid pressure.”’

3.4 Boundary condition and algorithm

A no-slip condition was applied to the wall. At the outlet where the granular material exits, the boundary condition
is given so that all granular material from the top is discharged.

The algorithm is mostly the same as the previous study.”’

Here reduced conductivity of granular materials given by equation (16) is coupled by UDF code.

It should be noted that ¢, given by equation (21) has to be used during calculation of equations (26), (27), although
values given by ANSYS Fluent are used for velocity and flux. ¢ is artificially constrained not to exceed packed limit in
ANSYS Fluent. Therefore if in our algorithm this value is used, calculation of p, in equation (24) is affected.

When granular packed bed moves very slowly (velocity of the bed is less than 1 cm/s), this management make the
calculation to be stable.

The algorithm is summarized as follows.

(1) Set the initial values for fluid flow and granular flow.

(2) Solve equations (1)-(8) in ANSYS Fluent using the initial values given by the SIMPLE method.

(3) Calculate ¢, from equation (21) using given velocity of the granular phase in the UDF code.

(4) Calculate p, from equation (24) in the UDF code.

(5) Repeat steps 2-4 until the solutions converge.
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4. Results and discussion
4.1 Heat transfer of granular particles in a rotating cylinder

At first in order to verify the validity of the model for the contact heat conductivity between particles and
convective heat transfer of the particles, the heat transfer of granular particles in a rotating cylinder was simulated. In
this example, heat transfer between gas and particles was not considered. The model in Chaudhuri et al." is used as a
computational model. The cylinder is 18 cm in diameter, 1cm in length, and each particle is 2 mm in diameter with a
density of 8,900 kg/m’. Initially, half of the cylinder is full of particles and the cylinder is rotated at a velocity ranging
from 30 to 80 rpm. The temperature of cylinder wall is 1,298 K and initial temperature of granular material bed is 300 K.
The computation was performed for the cases when the heat conductivity of granular material are 192.5, 272, 385 W/m-k.
The number of mesh elements is 9,231.

The computation is performed by using Eulerian model of ANSYS Fluent.

1,100

- K =385 W/mK (Ref."”)
- K =385 W/mK (Cal.)
1,000 |-m- K =272 W/mK (Ref.")
-~ K =272 W/mK (Cal.)
- K =192.5 W/mK (Ref.")
900 |-+ K=192.5W/mK (Cal.)

g
2
2
<
oy 800
o
£
2
3 700
O
E
2 600
[
En)
&
§ 500
<
400
300
0 1 2 3 4 5
Revolutions

Figure 1. Average temperatures of granular material along with the revolution

Here the granular and frictional viscosity, solid pressure of secondary phase, and heat conductivity of granular
material are modified by means of UDF code. Also, for the comparison with previous work the interphase convective
and radiative heat transfers are not considered.

Average temperatures of granular material along with the revolution are displayed in Figure 1 to compare with the
result from DEM. As shown in this figure, the present result is well consistent with one from Chaudhuri et al.” obtained
by DEM. From this, it can be said that it is reasonable to use the solid pressure obtained based on the assumption of
unilateral incompressibility in the calculation of heat transfer in the packed bed.

Figure 2 shows the temperature distributions within granular bed when heat conductivity is fixed as 385 W/m-K.

It is shown from this figure that at 1 revolution the temperatures near wall are distinct from ones far from the wall
but as the revolution increases, temperature differences become small and overall average temperature becomes high
because of heat conduction and mixture of particles.
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Figure 2. Temperature distributions (K) of granular bed along with the revolution when rotation velocity is 20 rpm and heat conductivity is 385 W/m-K

4.2 Heat transfer in a preheating furnace

In the present study both dynamic and thermal interactions between granular materials and heated gas are
investigated in a preheating furnace.

Figure 3 shows geometry of model used for computation. The model is similar to that of the blast furnace which
is widely used in the ironmaking industry. The study of flow characteristics in blast furnaces has already been widely
conducted.”** However, there is no case here that the heating process of a moving granular bed by hot gas is studied by
the Eulerian approach.

The heated gas with temperature of 1,700 K is blown through tuyeres on both sides of the furnace. The feed of
granular materials into the furnace was modeled by mass source of continuity equation for granular materials, which
has a positive value at the elements adjacent to bottom boundary of rectangle of 0.5 m x 0.3 m surrounding it’s center.
In all cases, the amount of granular material discharged is equal to the amount of granular material being charged. The
discharge was also modeled by the above-mentioned source, which has a negative value at the elements adjacent to
bottom boundary of square of 0.3 m x 0.3 m surrounding it’s center. Granular material has the density of 2,300 kg/m’,
specific heat of 856 J/kg-K, heat conductivity of 2.25 W/m-K and diameter of a particle is 2 cm. The heated gas is an
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ideal gas, with a specific heat of 1,006.43 J/kg-K and a heat conductivity of 0.0242 W/m-K. The viscosity depends on
the temperature according to the Sutherland’s law with three coefficients. The charging rate of granular material was
varied from 0.28 kg/s to 1.11 kg/s. When the charging rate of granular material changes in this range, the granular bed
moves slowly at a rate less than 1 cm/s. The unsteady calculation was performed with a time step of 0.01 s until the
temperature field reached steady state. The time to reach steady state is about 3,000~3,500 seconds.

At first the mesh dependence of the computational model was examined.

/0.4 rn7

0.4 m

Alr input 4=—j
0.4 m

Figure 3. Dimensions and mesh of the preheating furnace

Table 1 shows the pressure loss in the furnace and the average temperature of the exhausted gas as a function of
the number of mesh elements. Here the gas inlet velocity is 125 m/s, the gas temperature is 1,700 K, and charging rate
of the granular material is 0.28 kg/s. The mesh is composed of hexahedral elements as shown in Figure 3. As shown in
Table 1, when the mesh size is reduced from 2.5 cm to 1 cm, there is a difference in the pressure loss, but the average
temperature of the exhausted gas is almost no different.

Table 1. The mesh dependence of the pressure loss in the furnace and the average temperature of the gas at the outlet

Number of elements Mesh size (cm) Pressure loss (Pa) Average temperature (K)
50,400 2.5 13,201.6 1,344.13
96,320 2 13,574.1 1,346.06
243,600 1.5 13,742.7 1,348.56
393,024 1.25 13,763.2 1,348.01
767,120 1 13,765.0 1,347.43
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Figure 4. Temperature distribution (K) of gas phase according to the charging rate and blast velocity on the central vertical section
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Furthermore, when the mesh size is less than 1.25 cm, i.e., the number of mesh elements is more than 393,024,
the difference in pressure loss is not significant. Hence, for further calculations, the number of mesh elements is set to
393,024.

In Figure 4 and 5 the temperature distributions of gas phase and granular phase on the central vertical section are
displayed according to the charging rate and blast velocity. Looking at Figure 4, the temperature distribution of the gas
is highest near the tuyere and then the gas temperature drops as it rises. It can be seen that the temperature difference
increases with the lower blast velocity and the higher charge rate. However, Figure 5 shows that the temperature of
the feed does not show a sharp increase in the temperature near the tuyere. This is attributed to the high velocity of
the gas in this region, which is responsible for the active convective exchange of the granular medium. When the blast
velocity is large and the charge rate is small, the temperature variation of granular material with space position in the
furnace is not large in most cases. However, Figure 5 shows that the temperature of granular material in the furnace
decreases rapidly when the blast velocity is low and the charging rate is large. It is clear from Figure 4 and 5 that the
greater the flow rate of granular material and the smaller the blast velocity, the lower the temperatures in both gas and
granular phases. Also the temperature variation in granular phase is not so large but in gas phase it is significantly large.
In particular, when blast velocity is 125 m/s and charging rate is more than 0.83 kg/s. Temperature difference between
near gas inlet and top of granular bed is about 700 K in gas phase and 200 K in granular phase. It is also shown that
as the blast velocity decreases, maximal temperature regions near the inlets are rapidly reduced. Especially, when the
blast velocity is 125 m/s, central part of furnace has high temperature but when the blast velocity is small, the heat is
not sufficiently transferred to the central part. In Figure 6 and 7 the profiles of temperature on the central axis of furnace
are depicted for several values of charging rate and blast velocity. As can be seen from Figure 6, the temperature of gas
phase is the highest around the tuyere and again becomes low when going down towards the bottom of furnace. Such
a behavior appears most apparently for 125 m/s of the blast velocity. In the granular phase the temperature increases
monotonously unlike the gas phase when going down towards the bottom of furnace (See Figure 7). This is because the
particles heated at the upper space go down keeping the heat.
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Figure 6. The profiles of temperature of gas phase on the central axis of furnace
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Figure 7. The profiles of temperature of granular phase on the central axis of furnace

Comparison of Figure 6 with Figure 7 shows that both phases have approximately the same temperatures in
the lower part of furnace. This shows that the granular material and gas in the range of parameters we consider are
in thermal equilibrium in the lower part of the furnace. The most obvious one in Figure 7 is the sharp drop in the
temperature distribution of granular material near the free surface. It can be generally thought that the temperature of
the granular material layer is reduced at a certain thickness because it takes a certain time for the granular material to
heat away from the top. To confirm that the temperature distribution of the granular material at the free surface changed
rapidly as such, the temperature variation with time was calculated when one particle of the same particle size and the
thermal properties of the material was in the hot gas. The temperature of the hot gas is then given by the temperature of
the gas near the free surface shown in Figure 6 and it was calculated how long the particle temperature took to reach the
temperature of the granular bed near the free surface shown in Figure 7. The time for the temperature of a single particle
to reach the temperature of the granular bed near the free surface was about 60 s~80 s. When the charging rate is large,
the time to reach the temperature of the granular bed is short. And the average velocity at which the particle descends
can be calculated as follows.

Charging rate / Density of the particle

The average descending velocity of the particle : -
Cross sectional area in the throat of the furnace

_ Charging rate /2,300
0.22

This value is typically 0.4 mm/s to 2 mm/s. Then, the thickness of the transition layer, which is rapidly rising in
temperature near the free surface, is about 3.2 cm to 12 cm. The results of Figure 7 we obtained show that the thickness
of this transition layer is slightly thinner, which is presumed to be due to the mixing by boiling of the granular layer near
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the free surface.

Additionally, it can be shown from Figure 7 that for charging rate of 0.28 kg/s temperature profile is almost
horizontal but for charging rate of 1.11 kg/s its profile has the steeper slope. The temperature difference is evident in
the whole region for high particle charging rate and high gas flow rate (see the curves for fan velocity 100 m/s,
125 m/s, granular material loading rate 0.83 kg/s, 1.11 kg/s in Figure 7), but otherwise the temperature difference is not
significant in the whole region of the furnace.

This means that the temperature difference between the top and bottom parts of the furnace increases with
increasing the charging rate of granular material. Alternatively, let the charging rate be fixed and the blast velocity be
varied. As can be seen from Figure 7, the temperature of granular phase doesn’t decrease significantly until reaching to
the blast velocity of 100 m/s, but its temperature decreases remarkably for the blast velocity below 75 m/s.

As seen from Figure 5, the temperature distributions for some cases have wiggly shape at the granular interface due
to boiling of particles.

However, as seen from Figure 8 showing the volume fraction distribution of granular phase, volume fractions at
the interface are really small. Here, the top surface of granular bed is horizontal. Also, looking at the case for 125 m/s in
Figure 8, there occurs a big gas bubble around each tuyere.

- 3.93e-0
3.66e-01

0.00e+00

0.00e+00
0.28 kg/s 0.55 kg/s 0.83 kg/s 1.11 kg/s

Volume fraction of the granular phase

Figure 8. Volume fraction distribution of the granular phase according to the charging rate and blast velocity on the central vertical section

Growth process of gas bubble investigated by transient simulation is as follows: initially, the heated gas injected
through the tuyere is cooled and contracted by granular material, so the velocity of gas rapidly decreases and thus size of
gas bubble is small. However, because granular material is heated with the time, gas is no longer contracted. As a result,
size of gas bubble as well as velocity of gas become great. In particular, for the blast velocity of 100 m/s the gas bubble
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formed around the tuyere is very small even in the steady state.
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Figure 9. Velocity contours and vector distributions for granular and gas phases

Sustainable Chemical Engineering



Figure 9 shows the velocity contours and vector distributions for both granular and gas phases when the blast
velocity is 125 m/s and charging rate is 1.11 kg/s. As seen from velocity contour of granular phase in Figure 9a, the
velocity field remains nonzero due to the falling particles in the upper space of furnace but almost zero in the granular
bed. From the enlargement figure of velocity vector field of granular phase in Figure 9b, it can be investigated that the
particles are discharged at a velocity of about 6 cm/s through the outlet and move at a velocity of 7~8 mm/s elsewhere.

As seen from Figure 9c, gas velocity is fast in the granular bed because gas passage become very narrow due to
charged granular material but once escaped from granular bed, it becomes slow. When the blast velocity decreases, flow
pattern of gas phase is hardly changed. Here, the heat exchange process between the granular material and the gas is as
follows. Figure 9 shows that the heating air enters through the tuyere on both sides below and hits the middle and rises
upward. Although there is a pressure that the air is forced to lift, the granular material is heated by air and is lowered by
the weight of its own layer. That is, the gas and the particles move in opposite directions, exchanging heat.

As shown in Figure 8, at high blast velocity, bubbles are generated near the tuyere, in which the particle material
is actively moving as the packing rate of the particle material is reduced. However, as shown in Figure 9b, the motion
of the particles tends to be pushed out of the tuyere and downward. And the granular material continues to heat up as it
descends, and the temperature gradually increases.

Figure 10 shows the solid pressure contour for the variation of the feed rate of granular material when the gas
blowing rate is 125 m/s. As shown in the figure, when the charging rate of granular material is increased (going to the
right in the figure), the region of high solid pressure is widened. As shown in equation (12), the solid pressure will
increase as the granular material is compressed, resulting from the maximum packing limit reached. In other words, it
means that in the region of high solid pressure, the granular materials become dense.

Solid pressure (blast velocity 125 m/s)
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Figure 10. Solid pressure contours with charging rate of the granular material (blast velocity 125 m/s)

The figure shows that the solid pressure distribution is irregular, which continues to change during the unsteady
calculation. This shows that the particles are the total downstream flow in the furnace, but that the abnormally local
“boiling” occurs and the regions where the solid pressure is small are just such regions. It can be expected that the wider
the “boiling” region, the more active the heat exchange in these regions.

Figure 11 shows the solid pressure versus gas blast velocity when the granular material charging rate is 0.28 kg/s.
It can be seen that the solid pressure is much lower at 125 m/s than at 50 m/s, and the granular material will descend
almost in the compression state at 50 m/s. Also, it can be seen from Figure 10 and 11 that the solid pressure is small near
the gas blowing tuyere. That is, in this region, the filling rate of granular material is small and the motion is active.
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Figure 11. Solid pressure contours with gas blast velocity (charging rate 0.28 kg/s)

On the other hand, we have performed calculations using kinetic theory-based models, i.e., Lun et al., or Syamlal-
Obrien model for the solid pressure of the granular phase under above conditions. However, the temperature of the
granular phase was not higher than 370 K. This is quite different from the actual phenomenon. This shows that the
method based on the assumption of unilateral incompressibility is more suitable for the calculation of the heat transfer
process than the model based on kinetic theory in the case of large particle sizes and large density which are not well
accompanied in the fluid flow.

If charging rate is zero in our model furnace, the results by non-equilibrium porosity model seem to be comparable
with our present model. The blast velocity is 125 m/s and also for other boundaries the same boundary conditions
are applied in the calculation by non-equilibrium porosity model. Also Gunn’s model (19) and (20) was used for heat
transfer coefficient in porosity zone. In this case ¢, is constant in the porosity model but not for the present model.
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Figure 12. The profiles of temperature of gas phase and granular phase on the central axis of furnace

Figure 12 shows the profiles of temperature of gas phase and granular phase on the central axis of furnace for
porosity model and the present model. The porosity model gives the higher temperature than the present model for both
of the gas and granular material as seen from Figure 12. It is supposed to result from the fact that thermal energy of the
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gas is converted into the motion energy of the granular particles in the present model in contrast to the porosity model.
The maximum difference in temperature is about 80 °C for the gas and 70 °C for the granular material.

Finally, Table 2 shows the comparison between measurements and calculation results for temperature of the
granular materials discharged from the outlet of the model furnace. The test for measurement was conducted at the
pilot plant of the Institute of Thermal Engineering of the State Academy of Sciences in our country. The temperature
was measured by a radiation pyrometer immediately after the particles were exhausted by a scraper discharge device.
Particular attention has been paid to maintaining the discharging rate of granular material, the temperature of the heating
gas and the inlet flow rate accurately.

Table 2. Comparison between calculation results and measurements for temperature of the discharged granular materials, Cal.: Calculated temperature
(°C); Meas.: Measured temperature (°C); Diff.: Absolute difference between calculated and measured values (°C)

Blast velocity 125 m/s 100 m/s 75 m/s 50 m/s

Charging rate Cal. Meas. Diff. Cal. Meas. Diff. Cal. Meas. Diff. Cal. Meas. Diff.
1.11 kg/s 1,048 1,027 21 805 794 11 614 608 6 508 518 10
0.83 kg/s 1,063 1,057 6 829 835 6 669 673 4 659 637 22
0.55 kg/s 1,139 1,122 17 1,046 1,023 23 860 834 26 668 673 5
0.28 kg/s 1,188 1,161 27 1,113 1,087 26 894 882 12 719 712 7

Also, Figure 13 shows the values of Table 2 visually in the form of a graph. It can be seen from Figure 13 that the
temperature difference is large when the inlet charge is changed from 0.83 kg/s to 0.55 kg/s at the blast velocity above
75 m/s. This indicates that the heat exchange is well achieved when the inlet charging rate is less than 0.55 kg/s and
the blast velocity is greater than 75 m/s. From the Table 2, it can be seen that calculation results are in agreement with
the measured results with maximum absolute error of 27 °C. Also the Root Mean Square Error (RMSE) absolute error
between the experimental and calculated values is 16.4 °C.
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Figure 13. Comparison between calculation results and measurements for temperature of the discharged granular materials
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5. Conclusion

In this paper, the previous study’’ for granular flow is extended to the heat transfer problem and applied to the
analysis of heat transfer processes in a preheating furnace.

(1) For flows where the particle size is large (> 0.01 m) and the density is high so that the particle does not
accompany the flow well, the model assuming the characteristics of the granular medium as unilateral incompressibility
is shown to exhibit better behavior than the particle flow model based on kinetic theory.

Indeed, when applying various kinetic theories (e.g., Lun et al., or Syamlal-Obrien model for solid pressure)
for granular flow in ANSYS Fluent, the calculation of the temperature distribution in the preheating furnace showed
unphysical results in which the maximum temperature did not increase above 370 K under the same conditions as here.

(2) Also the method used for effective heat conductivity of granular materials in DEM was modified in accordance
with continuum model.

In order to verify the validity of the model for the contact heat conductivity between particles and convective heat
transfer of the granular materials, the comparison with previous work'® was made. The comparison shows that two
results are in good agreement with each other.

(3) Next, thermal characteristics in a model furnace was analyzed, in which dynamic and thermal interaction
between fluid and particles as well as heat transfer between particles took place simultaneously.

Thermal change process was considered according to both, charging rate of granular materials and blast velocity in
tuyeres. One can know that as charging rate of granular materials increases or blast velocity decreases, the temperature
within the preheating furnace is lowered as expected. The temperature distribution of the granular phase and the
temperature distribution of the gas phase are quite different. While in the gas phase maximal temperature is reached
around tuyeres, in the granular phase the temperature is monotonously increased when going down towards the bottom
of furnace.

(4) It was found that the temperature of granular material near the free surface of granular layer increases sharply
in the thin transition layer, rather than gradually increasing.

(5) To ensure the temperature of the discharged material is above 1,000 °C, the inlet charging rate must be less than
0.55 kg/s and the blast velocity above 100 m/s.

When the charging rate of granular materials is zero, the comparison with the non-equilibrium porosity model was
made. The porosity model gave the higher temperature than the present model on the central axis for both of the gas and
granular material. It was supposed that the reason was due to the conversion of the thermal energy into motion energy
of the granular materials in the current approach. Finally, the comparison between measurements and calculation results
was made for temperature of the granular materials discharged from the outlet of the model furnace. The result shows
that calculation agrees with the measurement comparatively well.
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