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Abstract. In the present paper, contact heat transfer on a batch-operated single circular floor of
a multiple hearth furnace is numerically examined using the Discrete Element Method (DEM).
The particles are agitated on the floor by a single rabble arm equipped with mixing blades. Two
different rabble arm configurations are studied, a rabble arm with three blades covering just the
area from the centre of the floor to the wall enclosing the circular floor, and a rabble arm with
six blades, which covers the whole diameter of the floor. The floor temperature is set to 100°C,
and the initial particle temperature is 20°C. Spherical particles made of aluminium and polyox-
ymethylene (POM) with two particle diameters (10 and 20 mm) are examined. Blade angle
inclination is varied, namely, 0°, 45° and 90°. The major results are that for POM spheres the
major mechanism dominating contact heat transfer is the gas layer in the vicinity of the contact
point particle-floor, whereas for aluminium the heat transfer through the direct contact point of
floor and particle is of equal importance as the heat transfer through the gas layer. For the first
configuration with three blades, a larger blade angle leads to lower heat up rates, while the
second configuration with six blades, increases the heating rate for larger blade angles.
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1. INTRODUCTION

Multiple hearth furnaces are used in industry for the thermal treatment of solids. Typical
examples are the calcination of minerals [1] such as magnesite, dolomite or kaolin but also the
torrefaction of biomass [2]. The furnaces consist of multiple circular floors stacked above each
other, on which the granular material is agitated by rotating rabble arms, typically one to four.
These rabble arms are equipped with blades, which move the bulk material in radial direction,
either to the periphery or the centre of the floor (see Figure 1). From there, the particles fall to
the next subsequent floor. Radially installed burners are providing heat for the thermal treat-
ment. The main heat transfer mechanisms are radiation and convection from the flame and
contact heat transfer from the heated furnace floors.

The number of studies on multiple hearth furnaces is very small despite their industrial im-
portance. As an example of some of the few works on this topic, the group of Wu et al. [4]
presented a dynamic 1D process model for the calcination of kaolin in multiple hearth furnaces
and used this model to derive control strategies for multiple hearth furnaces [5,6]. In addition,
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Thomas et al. [7] determined the residence time of the solid material in a multi-opening kiln for
kaolin production using talc as a tracer. In a recently presented study by Kriegeskorte et al. [8],
particle mechanics on a single batch-operated furnace floor was examined.

The aim of the present work is to examine the influence of particle size, particle material,
blade angle and the type of agitation on heat up of the bulk.
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Figure 1: Schematic sketch of a multiple hearth furnace [1]

2. SET UP

In the current study, a model of a single hearth furnace floor operated in batch mode is used
to evaluate contact heat transfer from the floor to the particle bulk. The configuration used for
the DEM simulations is based on the design and dimensions of the test rig from [8]. The nu-
merical model consists of a circular bottom plate with a diameter of 0.55 m. The central shaft
has a diameter of 50 mm and carries the rabble arm which itself is equipped with blades with a
total length of 60 mm and a thickness of 10 mm. The blade ends are half cylinders with an
equivalent radius 10 mm. The blade inclination is adjustable.

Two versions of blade arms are used. The first version consists of three blades attached to
the rabble arm (see Figure 2a). The blades are arranged in angles of either 90° (orthogonal to
the rabble arm), 45° (as depicted in Figure 2a, transporting the bulk away from the centre) or
0° (parallel to the rabble arm). The second design is equipped with a doubled rabble arm (three
additional blades on the opposite side of the central shaft), depicted in Figure 2b. The doubled
rabble arm is designed in a way that one set of blades leads the bulk to the periphery of the floor
(Figure 2b, left set) and the other set of blades redirects the bulk back to the centre of the floor.
The first design is further on referred to as ’single-blade’ and the second configuration as *dou-
ble-blade’.

The particle bulk consists of spherical particles, which are heated by the heated floor, which
is set to a constant temperature of 100°C. The initial particle temperature is 20°C. The number
of simulated particles is determined according to their size so that a single layer of particles
nearly completely covers the floor of the furnace (the calculated coverage of the floor is 82 %).
Regarding 10 mm particles this corresponds to a number of 2424 particles with the single
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bladed arm, in case of the 20 mm particles it is 606. In case of the double-bladed configuration,
the particle number is slightly lower as the additional blades obstruct a further part of the floor
area.

Figure 2a: 3D-Model of the hearth furnace floor — Figure 2b: 3D-Model of the hearth furnace floor —
single-bladed rabble arm double-bladed rabble arm

3. DEM AND CONTACT HEAT TRANSFER MODEL

The DEM simulations were performed with an in house code. The equations for translational
and rotational motion are given by the equations (1) and (2):

dzfl N > -
mgge = ) Fi+mid (D)
=
- N N
23 P
=1 =1

where m; is the mass of the particle and its moment of inertia is 8;. The linear acceleration
is given by d?%;/dt? and the angular acceleration of the particle is d?{;/dt?. ﬁij and IWU are
the external force and momentum induced by other particles or walls. IWJT is the rolling friction
torque. The distance from centre of gravity to the contact point of particle/particle or parti-
cle/wall is represented by 7;. The equations are integrated numerically by an Euler-Cromer al-
gorithm. To determine the contact forces, a linear spring-dashpot model is used. The parameters
used for the simulations of the hearth furnace floor can be found in Table 1.

The basis of the contact heat transfer model used in the code is the model of Vargas and
McCarthy [9,10]. The model consists of two parts, the direct heat transfer through the contact
point of the two solids expressed by the contact conductivity H, and the heat transferred through
the stagnant gas layer in the vicinity of the contact expressed by the gas conductivity H.. Both
conductivities depend on the temperature difference between particle and floor. The total heat
transferred reads as (eg. 3):
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Q = (H. + H,) AT. (3)

The contact conductivity can be calculated according to Hertz [11] by eq. (4) to (9). The

contact radius a, depends on the normal force F™ determined by the spring-damper model, the
effective Young's modulus E, s, the Poisson’s ratio 9 the effective radius r,¢¢. The thermal
conductivity used is the harmonic mean 4,4, Of the two materials:

He = 2 Apgrm * Q. (4)
1
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The thermal conductivity Hy is then calculated from the reciprocal of the thermal resistance
with the area exposed to the gas A,, the thermal conductivity of the gas 4, and the averaged
length 1, over which the heat flux applies.

A,A
H, = glgg (10)
1 /a2
Ay = 2mr? [1—5(70)] (11)
2T
I [1 4] (12)
g r—a
c

The temperature change in the particles is resolved in a radial shell model, in which each
shell has an individual but uniform temperature. Since the intra-particle heat transport is not
simulated based on a 3D mesh, a directional temperature distribution is not resolved. All pa-
rameters used in for the DEM can be found in Table 1 and Table 2.

Table 1: DEM parameters spring-dashpot model

POM Spheres Aluminium Spheres
Sphere- Sphere- Sphere- Sphere- Sphere- Sphere-
Sphere  Plate/Wall  Blade/Shaft Sphere Plate/Wall  Blade/Shaft
Coeffi- [-]
cient — of 0.85 0.75 0.75 0.88 0.88 0.88
restitu-
tion
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gﬂgsmn [s] 6E-4 6E-4 6E-4 2E-4 2E-4 2E-4
E?C't'l'gg [-] 0.015 0.02 0.02 0.015 0.02 0.02
fr'l'cdt'lga [-] 0.3 0.3 0.25 0.3 0.3 0.25
Table 2: DEM parameters contact heat transfer
POM Aluminium Steel Air

Density [kg/m3] 1420 2700 7700 -

Heat capacity [J/(kgK)] 1460 900 466 -
Conductivity [W/(mK)] 0.292 237 50 0.0262

Young’s modulus [Pa] 3.2e9 7.0e10 2ell -

Poisson’s ratio [-] 0.44 0.33 0.27 -

4. RESULTS AND DISCUSSION

The simulations were performed for total times of 3000 to 6000 seconds, depending on par-
ticle size and material. To examine the influence of the different parameters, the heat transfer
calculations were performed without any consideration of heat loss, except the heat, which is
transferred to the steel parts of the test rig (the peripheral enclosure of the floor, the central shaft
and the blades). Since the considered temperatures are sufficiently low, radiation effects can be
neglected safely. Figure 3 shows the influence of the blade angle on the particle mechanics for
the POM particles. The increasing of the blade angle results in an increasing heap formation in
front of the blades, regarding a clockwise movement of the rabble arm. At the same time, the
particle-free surface area of the furnace bottom plate increases behind the rabble arm. A detailed
analysis of the particle mechanics can be found in [8]. An additional set of blades, the double-
bladed configuration, decreases the particle-free surface area and the heap formation in front of
the individual rabble arms. It increases the mixing of the particle bulk.

Figure 4 shows the temperature graphs of the single-bladed configuration for 20 mm spheres,
which were agitated on the hot plate for 6000 s. The plots show the averaged surface tempera-
ture of all particles. The graphs on the left side represent the temperatures for POM spheres,
while the graphs on the right side show the temperatures for aluminium spheres.

The changes in particle mechanics have a direct influence on the contact heat transfer. The
blade angle causing the lowest mechanical impact on the particles (0°) shows the fastest heating
rates. The increase of the blade angle results in an increased heap formation in front of the
blades. This reduces the number of direct particle-bottom plate contacts, which leads to reduced
heating rates. Also, the steady-state final temperature of the particle bed changes with blade
angle for both materials, which is caused by the heat loss to the unheated parts of the hearth
furnace. It increases the more spheres are in contact with the blades, the shaft and the surround-
ing walls, i.e. heat loss increases with increasing blade angle due to enhanced heap formation.
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This also applies for the aluminium spheres, which, as expected, show faster heating rates in
comparison to the POM spheres, and have about 10 K higher temperatures after 10 minutes
simulated time (Figure 4, right).

0°single-bladed 45°single-bladed 90°single-bladed

Figure 3: DEM Simulations of 20 mm POM spheres at different blade angles, top view and side view

The contribution of the two contact heat transfer phenomena (gas layer, direct solid contact)
to the total contact heat transfer are very different for aluminium and POM. In the case of alu-
minium, the values for the contact conductivity H, and conductivity through the gas layer H,
are approximately equal. For example, at a simulated time of 10 minutes H,. contributes 54.66 %
and H, contributes 45.34 % to the net conductivity. In contrast, the percentage of H, is 99.51 %
for POM spheres. This is mainly due to the low thermal conductivity of the POM (about 800
times smaller than for aluminium). This different contribution of the two contact heat transfer
phenomena for POM and aluminium agrees with the finding of Fischer et al. [11]. In addition,
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it shall be mentioned that the total heat flow acting on the POM spheres at 10 minutes simulated

time corresponds to 64 % of the heat flow received by the aluminium spheres.
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Figure 4: Surface Temperatures of POM (left) and aluminium (right) spheres of 20 mm diameter for different
blade angles, single-bladed

An outstanding phenomena can be observed when evaluating the simulations with the dou-
ble-bladed rabble arm (see Figure 5). By using a second set of blades, the number of spheres in
contact with the heated plate at 90° blade angle is roughly doubled (compare Figure 3). This
results in visibly higher heating rates for the double-bladed rabble arm than for the single-bladed
rabble arm for both materials at 90°. However, this effect is not visible for the blade angles of
45 and 0°,
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Figure 5: Surface Temperatures of POM (left) and aluminium (right) spheres of 20 mm diameter for different
blade angles, Double-bladed

As expected, the 10 mm spheres heat up faster compared to the 20 mm spheres because of
their reduced thermal capacity (see Figure 6). It is striking that the graphs for 10 mm POM
spheres at 45° and 90° have a very similar progression in contrast to the 20 mm particles. The
main reason for this is due to the changed geometry ratios of particles and blades. Due to their
smaller diameter, the 10 mm spheres, unlike the 20 mm spheres, are hardly caught at the pe-
riphery when the blades are positioned at 45°.
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Figure 6: Surface Temperatures of POM (left) and aluminium (right) spheres of 10 mm diameter for different
blade angles, single bladed

Evaluating the temperature distribution on the hearth furnace floor after 3000 s (see Figure
7) one can see that the 45° blade angle causes a significant higher number of particles with
lower temperatures towards the non-heated outer walls of the furnace. For the 90° angle, mix-
ing is effective over the entire radius of the bottom plate, but the piling up in front of the blades
and the heat loss there leads to lower overall temperatures.

In case of the aluminium spheres, the mixing at 45° blade angle is marginally improved due
to the difference in particle density. Due to this and an improved sphere-sphere heat transfer
caused by the higher heat conductivity of aluminium the heating rates are slightly larger than at
90° blade angle. Over the total time, however, the final temperatures for both angles reach the
same values because rather cold particles also accumulate at the outer edge of the bottom plate.

0°single-bladed 45°single-bladed

90°single-bladed

surfaceTemperature

Figure 7: Temperature distribution on the hearth furnace after 3000 s simulation time for 10 mm POM spheres

Figure 8 shows the results of the 10 mm sphere simulations with the double-bladed rabble
arm. In contrast to the 20 mm spheres, there are no larger heating rates present for the 90° blade
angle. The increased heat flux due to the increased number of sphere-bottom plate contacts
seems to be compensated by larger heat losses at the unheated parts of the hearth furnace. For
the 45° blade angle, the extra set of blades works against the accumulation of particles next to
the furnace walls, which leads in a more even temperature distribution and higher overall aver-
age temperatures compared to the single-bladed simulations.
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Figure 8: Surface Temperatures of POM (left) and aluminium (right) spheres of 10 mm diameter for different
blade angles, double bladed

5. CONCLUSIONS

Contact heat transfer is examined of initially cold spherical polyoxymethylene (POM) and
aluminium particles, which are in contact with a heated circular floor. The particles are agitated
by a rotating shaft equipped with mixing blades. The results show that for all cases the angular
blade position with the lowest mechanical influence on particle bulk mechanics shows the fast-
est heating rates. This is due to the fact that an increasing blade angle increases accumulation
of the spheres in front of the rabble arm, which reduces the number of contacts of spheres and
heated bottom plate. At the same time, the number of contacts with the unheated parts of the
furnace increases, which leads to larger heat losses and hence to lower terminal temperatures
in steady state. Due to the higher thermal conductivity, the heating rates of the aluminium
spheres are, as expected, larger.

In case of POM spheres, the simulations show that contact heat transfer is mainly determined
by heat transfer is the gas layer in the vicinity of the contact point particle-floor (~99%). The
larger thermal conductivity of aluminium leads to equal importance of heat transfer through
contact of solids and through the gas layer in the vicinity of the contact point.

The 10 mm particles show that here, the degree of mixing has a higher influence on the
average temperature. For the intermediate angular position of 45 degrees, there is a clearly rec-
ognizable accumulation of particles at the edge of the base plate where spheres with signifi-
cantly lower temperatures concentrate. Spheres with higher temperatures are located more to-
wards the middle of the bottom plate.

It can be summarised that for the larger particles considered here (POM and aluminium,
20 mm diameter), an increase in the heating rates can be observed for the highest blade angle
(90°) when an additional set of blades is used (2x3 blades on opposite sides instead of 1x3
blades on only one side of the shaft). This is due to an increased number of sphere-bottom plate
contacts. For the 10 mm spheres, this effect is seen at 45° blade angle and is due to an improved
mixing of the bulk. At 0° blade angle, however, the larger number of contacts with the heated
surface is compensated by an equally larger number of contacts with unheated surfaces, which
cool the spheres.
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