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Abstract: Hot-gas drum heating (HDH) of bituminous mixtures is a new approach to heating
bituminous mixtures that is influenced by the parameters of the hot gas and drum. A fluid thermal
numerical model was developed to evaluate the effects of heating bituminous mixtures with HDH
using a finite-volume method (FVM). The FVM was verified through the heating test of a bituminous
mixture. The effects of the drum rotating speed and hot-gas speed on the efficiency of heating
the bituminous mixture during HDH were analyzed using Fluent. The results indicated that the
drum rotating speed directly influenced the formation of a bituminous-mixture curtain, which had
a significant effect on the efficiency of heating the bituminous mixture. The efficiency of the heat
exchange between the hot gas and the bituminous mixture was high, with full contact between the
hot gas and the bituminous mixture. With an increase in the hot-gas speed, the heating time became
shorter; however, the rate of hot-gas utilization was reduced. A symmetrical temperature distribution
and a superior heating efficiency of the bituminous mixture were achieved when the drum rotating
speed was 7 rpm and the hot-gas speed was 1.4 m/s.

Keywords: bituminous mixture; hot-gas drum heating; heating effect; finite-volume method; heat transfer

1. Introduction

The heating of bituminous mixtures is a necessary process during the hot in-place re-
cycling of asphalt pavements [1,2]. The heating of bituminous mixtures directly influences
the construction quality, cost, and efficiency of asphalt pavements [3-5]. Applying superior
heating technology has always been the primary goal in asphalt pavement maintenance [6].
Owing to the poor thermal stability of asphalt, the elongation and cohesion of asphalt
decrease when the temperature exceeds the aging temperature of asphalt, degrading the
performance of the bituminous mixture [7,8]. The conventional heating process of bitumi-
nous mixtures consumes a large amount of energy, which leads to severe environmental
pollution [9]. The drum heating method is widely applied in the drying of materials and has
been used in bituminous mixture heating in recent years [10-12]. The traditional method for
heating a bituminous mixture uses heating flues or electrical heat strips, and the bituminous
mixture is in a static state in the heating process. The traditional method has a long heating
time and a poor temperature distribution symmetry. HDH of bituminous mixtures is a new
approach to bituminous mixture heating that can enhance the temperature distribution
symmetry in bituminous mixtures, reduce the cost, improve the heating efficiency, and
mitigate environmental pollution.

The principle of HDH for bituminous mixtures is shown in Figure 1. Hot gas, which is
formed in a hot blast stove with the fuel burning in the burner, flows into the bituminous
mixture heating drum. A bituminous-mixture curtain is formed in the drum under the
action of a rotating drum and blade, and the bituminous mixture is heated via full contact
with a hot gas. The temperature of the hot gas decreases after heat exchange with the
bituminous mixture but is still dramatically higher than room temperature. To reduce
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fuel consumption, most of the hot gas flows into the hot blast stove through a circulating
ventilator and is then reheated. The reheated hot gas enters the heating drum, and the bitu-
minous mixture is heated again. A small amount of the hot gas is discharged through the
gap between the hot-gas hood and the drum. This cycle is continued until the temperature
of the bituminous mixture reaches 160 °C, which is appropriate for construction purposes.
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Figure 1. Principles of bituminous mixture heating using HDH.

For the past few years, multiple studies have been conducted on bituminous mixture
heating. Chong developed a system of integrated thermodynamic models and a software
tool for the estimation of the energy consumption in bituminous mixture production [13].
Ren developed a multiscale model to calculate the effective thermal conductivity of a
bituminous mixture according to the principle of minimum thermal resistance [14]. Zhang
developed computational models for virtually generating a three-dimensional (3D) ran-
dom bituminous mixture microstructure and analyzed the thermal conductivity of the
heterogeneous microstructure [15]. Wang established a finite-element model for microwave
heating of a bituminous mixture to investigate the microwave heating properties of the
bituminous mixture [16]. Sarnowski analyzed the properties of non-modified bitumen and
SBS polymer-modified bitumen heated at temperatures of 200, 250 and 300 °C for 1 h [17].
Chen analyzed the temperature distribution of porous bituminous mixtures with steel slag
aggregates heated by microwaves through laboratory tests and numerical simulations [18].
Ma established a multi-layer low-temperature heat transfer model of bituminous mixtures
to study the effects of the multi-layer low-temperature heating method [19]. The above re-
search works offer a reference for the thermal properties of bituminous mixtures. However,
little attention has been paid to the heat transfer in the bituminous mixture during HDH.
The working parameters of the hot-gas drum are significant factors that affect the heating
rate and energy utilization of the bituminous mixture. To gain a better understanding of
heat transfer processes in bituminous mixture, it is necessary to study the heating process
of bituminous mixtures during HDH.

Numerical studies on engineering practices that are similar to the heating process of
bituminous mixtures in a hot-gas drum, such as material drying, material heating, and
concrete mixing, are reviewed as follows. Scherer performed coupled discrete element
method—-computational fluid dynamics (CFD) simulations of the convective drying of
wood chips in a baffled laboratory rotary dryer [20]. Zhang reviewed the fundamental
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thermodynamics and kinematics involved in the production of reclaimed asphalt pavement
(RAP) mixtures and the corresponding numerical methodologies to quantify the thermal
processes [21]. Xie investigated heat transfer processes in drums with L-shaped lifters by
coupling a discrete element method with a heat transfer model [22]. Hanifarianty created a
3D model of a rotary drum dryer including the ambient air to simulate the flow and heat
transfer of the rotary drum dryer using CFD [23]. Perarasu simulated the heat transfer of a
helical coiled agitated vessel with a varying heat input using CFD [24]. Taghizadeh studied
the hydrodynamic behavior of a two-dimensional horizontal rotating drum using the FVM
and granular kinetic theory [25]. Zhang investigated the mixing characteristics in a vessel
equipped with a cylindrical stirrer in an unbaffled tank and analyzed the flow field, power
consumption, and mixing time using CFD [26]. The aforementioned research indicates that
CFD may be valid for investigating the flow and heat transfer in bituminous mixtures.

In this study, a numerical simulation of the HDH process of bituminous mixtures was
conducted according to the heat transfer principle, hydrodynamic theory, and the FVM. The
effects of the drum rotating speed and hot-gas speed on the heating efficiency of bituminous
mixtures under HDH were analyzed via Fluent, and the efficiency of hot-gas utilization was
examined. The numerical simulation results were compared with the measurement results
obtained via experiments to determine the FVM’s reliability for analyzing the heating
effects of bituminous mixtures under HDH. By applying a proper drum rotating speed and
hot-gas speed during HDH, the bituminous mixture heating efficiency and temperature
distribution symmetry can be enhanced.

2. Numerical Simulation and Experiment Method
2.1. Finite-Volume Model of Bituminous Mixtures Subjected to HDH

The heating drum consisted of a truncated cone section with a length of 28 cm and a
cylindrical section with a length of 1970 mm and a diameter of 1508 mm. To improve
the grid quality and calculation accuracy, the truncated cone section was eliminated,
considering that the bituminous mixture is mainly contained in the cylindrical section, and
a bituminous-mixture curtain was formed in the cylindrical section during heating. The 3D
model of HDH is shown in Figure 2a. The blade was L-shaped, its height was 210 mm, and
its short-side length was 120 mm. The model was simplified in the numerical simulations,
and the drum model in Figure 1 was established and meshed via Gambit. The hot gas
parameters were set directly at the drum inlet, and the hot blast stove, burner, fuel tank,
and circulating ventilator model in Figure 1 were not established.

Figure 2. Model of bituminous mixture during HDH: (a) 3D perspective of hot gas drum; (b) grid
model of the bituminous mixture during HDH.

As shown in Figure 2b, the number of grids in the calculated model is 134,426. Further
refinement of the grid had a minimal impact on the computational accuracy. The flow-field
model can be used to represent the bituminous mixture and hot-gas flow. The hot-gas
inlet was a circular surface with a diameter of 600 mm. The hot-gas outlet was on the
other side of the drum and was the same size as the hot-gas inlet. The hot-gas inlet was
set as the velocity inlet, the hot-gas outlet was set as the outflow. In the flow-field model,
the bituminous mixture was defined as an incompressible, non-Newtonian fluid whose
dynamic viscosity varies with respect to the temperature [27,28]. A no-slip boundary



Symmetry 2024, 16, 559

40f13

condition was adopted for the near wall [29,30]. The flows of the bituminous mixture and
hot gas were computed using the standard k-¢ turbulent model [31]. The Euler multiphase
flow model was used for multiphase coupling of the bituminous mixture and hot gas in the
drum [32]. The continuity equation for phase q is expressed in Equation (1):

d - L
57 (@g09) + V- (”‘qpqvq> = Zlmpq (1)
p:

where &, is the volume fraction of phase g, p; is the density of phase g, ?q is the velocity of
phase g, and 1y, characterizes the mass transfer from phase p to phase 4.
The momentum balance for phase g is described by Equation (2)

_ n — o — — —
Xg0q 0 g q> =—a,Vp+V -7+ Z (qu + mpqqu> + ag0q <Fq + Flifrg + FVm,q> 2)
p=1

— —
where p is the pressure shared by all the phases, 7; is the gth phase stress—strain tensor, R,

N
is the interaction force between the phases, v pq 1s the interphase velocity, F is the external

body force, 1_5 lift,q 1s the lift force, and I_-le,q is the virtual mass force.

An AC-13C bituminous mixture was taken as the research object. It had a mass of
2 tons, a density of 2450 kg/m?, a specific heat capacity of 1680 J/(kg-°C), and a thermal
conductivity of 3.05 W/(m-K). The air had a density of 1.225 kg/m?3, a specific heat capacity
of 1006.43 J/(kg-°C), and a thermal conductivity of 0.0242 W/(m-K) [33]. The temperature
of the inlet gas was 400 °C. The bituminous mixture viscosity was defined by a piecewise
linear function because it varied with respect to the temperature. The bituminous mixture
particles were loose at room temperature (approximately 20 °C). The viscosity coefficient
of the bituminous mixture in the FVM model is presented in Table 1 [34]. Considering
the insulation of the drum wall, the effect of the heat exchange between the outer wall
surface of the drum and the outside was minimal. To reduce the computational complexity,
an atmospheric model for the outside of the drum was not established, and the heat
exchange between the drum and the atmosphere was neglected. The calculation model of
the bituminous mixture under HDH was meshed, and the near-wall grids were refined.
In order to ensure the accuracy of the simulation, grid independence was executed. A
sliding mesh was used to simulate the bituminous mixture flow and drum rotation, and
the drum wall and the blade were set as dynamic boundary conditions. The hot-gas inlet
was set as the velocity inlet, and the hot-gas outlet was set as the outlet. Finally, a finite-
element thermal and flow-field analysis model based on the finite-element heat conduction
equation, standard k-¢ turbulent model, and Euler multiphase flow model was established
(Figure 2b). The heating of the bituminous mixture was simulated via Fluent.

Table 1. The viscosity coefficient of the AC-13C bituminous mixture at different temperatures.

Temperature (°C)

105 120 130 140 160 170

Viscosity (Pa-s)

2.32 1.94 1.15 0.72 0.53 0.2 0.1

2.2. Experimental Method

To verify the numerical model, a hot-gas heating experiment of a bituminous mixture
was performed using an asphalt pavement maintenance vehicle (Figure 3a). The asphalt
pavement maintenance vehicle was equipped with a temperature monitor and display
screen (Figure 3b), which monitored the bituminous mixture’s temperature in the drum.
The drum rotating speed was 7 rpm, and the drum’s structural parameters and the working
parameters of the asphalt pavement maintenance vehicle are presented in Table 2.
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Figure 3. Heating test of bituminous mixture: (a) experimental equipment for heating the bituminous
mixture; (b) bituminous mixture being heated in the drum; (c) heating console and temperature meter
of bituminous mixture; (d) bituminous mixture after heating.

Table 2. Drum structural and working parameters.

wall thickness of drum the short-side length

radius of drum length of drum (with insulating layer) of blade
754 mm 1970 mm 68 mm 120 mm
height of blade Thickness of blade hot-air temperature hot-air flow rate
210 mm 10 mm 400 °C 1.36 m/s

3. Results and Discussion
3.1. Model Verification

To verify the numerical model, the process of heating a bituminous mixture was
simulated and experimentally researched. Simulations and experimental tests lasted until
the temperature of the bituminous mixture was 160 °C. The temperature of the bituminous
mixture was measured each 10 s during simulations, and the bituminous mixture temper-
ature was recorded every 5 min by observing the display screen during the experiment.
A comparison of the experimental results with the simulation results of the bituminous
mixture using HDH is presented in Figure 4.

As indicated by Figure 4, the starting temperature of the bituminous mixture was
16 °C, and the time taken to heat the mixture to 160 °C was 1980s in the experiment. The
similarity between the simulation results and the test results indicates that the simulation
results correctly reflect the temperature variation of the bituminous mixture during heating.
However, there was a difference between the experimental and simulation results for
the temperature variation of the bituminous mixture under HDH. The reason for this
difference is that the initial temperature of the bituminous mixture was lower in the
experiment and part of the heat was lost during actual heating. The drum was considered
to be adiabatic (i.e., there was no heat exchange between the drum and the external
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environment). Consequently, the heating time of bituminous mixture was longer in the
experiment compared with the simulation.
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Figure 4. Comparison between experiment and numerical simulation of bituminous mixture heating.

In the experiment, the bituminous mixture was discharged from the drum when the
temperature reached 160 °C. The temperature was measured using a UT322 thermome-
ter. It was impossible to selecting the same measurement points in the experiment and
numerical simulations. However, the temperature at random monitoring points can truly
reflect the temperature of asphalt mixtures. It is feasible to verify the reliability of the
model by comparing the bituminous mixture’s temperature at random monitoring points
throughout the numerical simulation and experiment. Ten random monitoring points
for the bituminous mixture were selected. The experimental and simulation results are
presented in Figure 5. As shown, the maximum temperature gap between the monitoring
points of the bituminous mixture was approximately 4 °C, indicating that the temperature
of the bituminous mixture was uniform under HDH. The temperature differences between
the monitoring points of the bituminous mixture were slightly smaller in the simulation
than in the experiment. Excellent agreement was observed between the simulation and
experimental results.
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L Experimental measurement results |
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Figure 5. Numerical simulation results and experimental verification.

3.2. Effect of the Drum’s Rotating Speed on the Heating Efficiency of Bituminous Mixtures

The effect of the drum rotating speed on the heating efficiency of the bituminous
mixtures was examined when the speed of the hot gas was 1.36 m/s. The bituminous
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mixture was heated to 160 °C, and the temperature field of the bituminous mixture was
analyzed at 160 °C. When the drum rotating speed is 7 rpm and the hot-gas speed is
1.36 m/s, the temperature distribution of the bituminous mixture in the drum, including
the transverse cross-section and longitudinal cross-section, under HDH is depicted in
Figure 6.

L ongitudinal section

Transverse section

Temperature/"C

162
161.5
161
160.5
160

Figure 6. Temperature distributions of the bituminous mixture during HDH.

As shown in Figure 6, the temperature of the bituminous mixture in the drum ranged
between 160.5 and 161 °C. This indicates that there was nearly no temperature difference in
the bituminous mixture using HDH. The temperature in the red area above the drum was
higher, as a small part of the bituminous mixture adhered to the drum wall and the blade.
The temperature of this part of the bituminous mixture exceeded 162 °C due to hot-gas heat
transfer and the high-temperature drum wall. The proportion of the bituminous mixture
adhering to the drum wall and the blade was small, and this does not indicate uneven
heating of the bituminous mixture.

The minimum temperature of the bituminous mixture was monitored during the
simulation until it reached 160 °C, and the temperature variation of the bituminous mixture
at the monitoring point was determined. The temperature variations of the bituminous
mixture at different drum rotating speeds are shown in Figure 7. The heating periods of
the bituminous mixture for various drum rotating speeds are shown in Figure 8, under
the condition of identical working parameters, and the bituminous mixture was heated to
160 °C (note that the minimum temperature of the bituminous mixture reached 160 °C).
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Figure 7. Temperature variation of the bituminous mixture during HDH with different drum rotating
speeds.
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Figure 8. Heating time of the bituminous mixture heated to 160 °C for different drum rotating speeds
at a hot-gas speed of 1.2, 1.36 and 1.4 m/s.

As shown in Figure 7, the slope of the curve of the temperature of the bituminous
mixture was steep during the starting period and gradually decreased over time. This
implies that the bituminous mixture’s temperature increased rapidly at the beginning
and then increased gradually with the heating time. When the bituminous mixture’s
temperature was low, the temperature gap between the hot gas and the mixture was large.
The heat-transfer efficiency between the bituminous mixture and hot gas was initially high,
and the temperature of the bituminous mixture increased rapidly. The temperature gap
between the bituminous mixture and the hot gas gradually decreased with the increase in
the bituminous mixture’s temperature, and the heat-transfer rate decreased. Therefore, the
rate of the temperature rise of the bituminous mixture decreased.

As shown in Figure 7, there were several “small steps” in the temperature curve of the
bituminous mixture when the drum rotating speed was 5 rpm. These “steps” indicate that
the temperature rise of the bituminous mixture was sometimes rapid or slow because of
the intermittent formation of a mixture curtain. The temperature of the bituminous mixture
increased rapidly when the curtain was fully formed but increased slowly when the curtain
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was not completely formed or not formed at all. The temperature curve of the bituminous
mixture was relatively stable, and there were hardly any “small steps” in the curve when
the drum rotating speed was 7, 8 and 9 rpm because the mixture curtain was stable at
higher drum rotating speeds.

As shown in Figure 8, when the drum moved at a lower rotational speed, the heating
time of the bituminous mixture was longer and the heating efficiency was lower. This trend
occurred because the lifting of the bituminous mixture by the blade was too slow, and the
mixture curtain sometimes disappeared when the drum moved at a low rotational speed.
Additionally, the efficiency of the heat exchange between the hot gas and the bituminous
mixture was significantly reduced when there was no full contact with the bituminous
mixture, which resulted in a longer heating time of the bituminous mixture. Furthermore,
the heating efficiency of the bituminous mixture was low when the drum rotating speed
was very high. This is because part of the bituminous mixture rotated with the drum
without falling. Although a mixture curtain was formed continuously, its area was small,
and the heat exchange efficiency between the hot gas and bituminous mixture was low
with a small contact area. Furthermore, the heating time was the shortest when the drum
rotating speed is 7 rpm at hot-gas speeds of 1.2, 1.36 and 1.4 m/s.

Various pieces of evidence indicate that both higher and lower drum rotating speeds
adversely affect the heating of the bituminous mixture. The lifting of the bituminous
mixture by the blade was not quick enough, and the mixture curtain sometimes disappeared
at a low drum rotating speed. The utilization of hot gas was reduced, resulting in a
low efficiency of bituminous mixture heating. Although a mixture curtain was formed
continuously, the formed bituminous-mixture curtain area was small because part of the
bituminous mixture rotated with the drum without falling when the drum rotating speed
was very high. Consequently, the heating efficiency of the bituminous mixture was low.
The heating efficiency of the bituminous mixture was higher when the drum rotating speed
was 7 rpm. Therefore, it is appropriate to set the drum rotating speed to 7 rpm.

3.3. Effect of Hot-Gas Speed on the Heating Efficiency of the Bituminous Mixture

The hot-gas speed is a critical parameter for bituminous mixtures with hot-gas heating.
To determine an adequate hot-gas speed, the effects of the hot-gas speed on the bituminous-
mixture heating efficiency and the efficiency of hot-gas utilization at a drum rotating speed
of 7 rpm were investigated.

The heating period and hot-gas consumption of the bituminous mixture under HDH
for different hot-gas speeds are presented in Figure 9. As shown, the hot-gas speed
significantly affected the heating period of the bituminous mixture. The heating period of
the bituminous mixture decreased with an increase in the hot-gas speed. A higher speed
corresponded to a shorter heating time of the bituminous mixture, although the efficiency
of heat utilization was reduced. Although part of the hot gas was recycled and reused after
heating the bituminous mixture, some of the hot gas was lost in the heating process, and
a large amount of energy was consumed. Moreover, when the hot-gas speed reached a
certain value, the heating-up period of the mixture was not significantly shortened with
the increase in hot-gas speed. In contrast, at a high hot-gas speed, the heating-up period
of the bituminous mixture was short, but the hot-gas consumption increased, and more
energy was wasted. The above analysis indicates that the hot-gas speed should neither be
very low nor very high. When the hot-gas speed was increased from 1.2 to 1.4 m/s, the
heating-up period of the bituminous mixture was significantly shortened, and the hot-gas
consumption increased slightly. Therefore, it is suitable to set the hot-gas speed to 1.4 m/s.
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Figure 9. Heating time and hot-gas consumption of the bituminous mixture during HDH.

3.4. Hot-Gas Temperature at the Drum Outlet

To further investigate the heating effect, the hot-gas temperature at the drum outlet
was monitored in the simulation, and the area-weighted mean of the hot-gas temperature
at the drum outlet was calculated. The variations in the hot-gas temperature at the drum
outlet with different drum rotating speeds are presented in Figure 10.
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Figure 10. Temperature variation of hot gas at the drum outlet with different drum rotating speeds.

In Figure 10, the hot-gas temperature fluctuation at the drum outlet is significant. The
reason for this fluctuation is that the bituminous-mixture curtain forming in the drum was
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unstable. When the formed bituminous-mixture curtain area was large, heat exchange
between the hot gas and the bituminous mixture was sufficient, and the hot-gas temperature
of the drum outlet was low. When the formed bituminous-mixture curtain area was smaller,
the amount of heat exchanged was lower and the hot-gas temperature at the drum outlet
was higher. Owing to the intermittent curtain formation in the bituminous mixture at a low
drum rotating speed, the hot-gas temperature of the drum outlet fluctuated significantly
when the drum rotating speed was 5 rpm. With an increase in the drum rotating speed, the
instability of the bituminous-mixture curtain steadily decreased and a bituminous-mixture
curtain was formed continuously. Therefore, the temperature fluctuation of the hot gas at
the drum outlet gradually decreased. Furthermore, the hot-gas temperature ay the drum
outlet gradually increased during the heating process. With an increase in the bituminous
mixture’s temperature, the amount of heat exchange between the bituminous mixture and
the hot gas decreased, and the reduction in the temperature of the hot gas was mitigated.

4. Conclusions

The heat transfer and mechanisms of bituminous mixtures during HDH were inves-
tigated. FVM-based numerical models were constructed on the basis of the bituminous
mixture parameters, such as the gradation, thermal conductivity, specific heat capacity,
and viscosity coefficient, and then verified. The proposed method is a viable approach
for studying the effects of heating bituminous mixtures under different conditions. The
following conclusions are drawn:

(1) The simulation results obtained using an FVM are in agreement with the tests, indicat-
ing that the simulation method can predict the temperature variation of a bituminous
mixture during heating. It is concluded that the FVM can be used to evaluate the
effects of heating bituminous mixtures and optimize the operating parameters of
HDH equipment.

(2) In the simulation results, the slope of the bituminous mixture’s temperature curve is
steep during the initial period and gradually decreases over time. The temperature
gap between the bituminous mixture and the hot gas gradually decreases with an
increase in the bituminous mixture’s temperature. Consequently, the heat-exchange
rate decreases and the temperature increase in the bituminous mixture slows down.

(3) Excessively high or low drum rotating speeds are not conductive to the formation of a
bituminous-mixture curtain, which affects the efficiency of the heat exchange between
the hot gas and the bituminous mixture. The amount of heat exchanged increases
with the bituminous-mixture curtain area. For the simulations with drum rotating
speeds of around 5, 6, 7, 8 and 9 rpm, the heating time is 1940, 1750, 1670, 1730, and
1830s. The heating time is the shortest when the drum speed is 7 rpm.

(4) The hot-gas speed significantly affects the heating rate of the bituminous mixture.
With an increase in the hot-gas speed, the heating time of the bituminous mixture is
shortened, but the efficiency of hot-gas heat utilization is reduced. According to a
comprehensive analysis of the hot-gas consumption and heating efficiency, when the
hot-gas speed is increased from 1.2 to 1.4 m/s, the bituminous mixture’s heating-up
period is significantly reduced and the hot-gas consumption is increased slightly.
Therefore, it is suitable to set the hot-gas speed to 1.4 m/s.

(5) The hot-gas temperature fluctuation at the drum outlet is significant, as the bituminous-
mixture curtain forming in the drum is unstable. The temperature fluctuation of the
hot gas at the drum outlet was observed to decrease with an increase in the drum
rotating speed, as the formation of a bituminous-mixture curtain is more continuous
if the drum rotating speed is high. Although the temperature fluctuation of the hot
gas at the drum outlet is small, the average temperature of the hot gas is higher
when the drum speed is higher. When the drum rotating speed is 7 rpm, the average
temperature of the hot gas at the drum outlet is lower, indicating a higher hot-gas
utilization rate and a higher mixture heating efficiency.
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