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Mechanism of Asphalt Heating with Thermal Oil Based
on Biomass Boilers
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Biomass-fired thermal oil heaters are green and efficient heating devices
that use heated thermal oil as the heat transfer medium. This study
investigated how thermal oil thermophysical properties and heating
temperature affect asphalt heating. A physical model incorporating
thermal convection and conduction was established, computational fluid
dynamics (CFD) simulations using hypothetical single-factor property
combinations were conducted to analyze the effects of thermal oil density,
specific heat capacity, and thermal conductivity. An independent
experimental platform using a biomass thermal oil boiler and real thermal
oils was constructed to examine the simulated property effects. Results
show that the specific heat capacity and density of thermal oil dominate
heat transfer during the early heating stage by altering the internal energy
carried by the fluid. In contrast, the extremely low thermal conductivity of
asphalt constitutes the primary bottleneck for system heat transfer, limiting
the influence of thermal oil thermal conductivity on overall heating
performance. Experimental trends support the simulated property effects.
Within the tested property ranges, the influence ranking based on
experimental temperature differences is: specific heat capacity > density
> thermal conductivity. At 1000 s, the corresponding absolute temperature
differences between the high- and low-parameter cases are 1.97, 0.91,
and 0.2 °C. These findings provided theoretical support and design
guidance for the matching of operating conditions and thermal oil selection
in biomass-powered indirect heating systems.
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INTRODUCTION

As an eco-friendly and sustainable thermal energy conversion device, biomass
boilers are increasingly becoming an important alternative to traditional fossil fuel-fired
heating equipment (Zhang et al. 2022; Xu et al. 2025). Their core advantage lies in the use
of renewable biomass resources, such as agricultural and forestry residues, as fuel, which
not only substantially reduces net carbon dioxide emissions in line with the “dual carbon”
strategic goals but also realizes high-value utilization of waste resources (Mao et al. 2022).
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Typical biomass heaters convert the chemical energy of biomass into thermal
energy via gasification or direct combustion. Featuring wide fuel availability, low
operating costs, and environmental friendliness, biomass shows broad application
prospects in fields requiring stable heat sources, such as district heating, industrial drying,
and especially road asphalt production (Ma ef al. 2020).

Efficient, uniform, and stable heating is critical in road asphalt production. Direct
heating of asphalt using flue gas from biomass combustion faces challenges including
inaccurate temperature control, local overheating, and low thermal efficiency (Hu et al.
2018). Therefore, the introduction of thermal oil as an intermediate heat carrier has become
a key technical approach to improving overall system efficiency (Yu et al. 2019). The
working principle and system flow are shown in Fig. 1a. Biomass fuel is fully combusted
in the combustion chamber, generating high-temperature flue gas. This high-temperature
flue gas first exchanges heat with the outer wall of the thermal oil tube bundle via forced
convection, while simultaneously transferring radiative heat to the tube wall through high-
temperature thermal radiation. Heat then penetrates the tube wall and is transferred to the
flowing thermal oil inside the tubes (Ji et al. 2019).

The heated thermal oil is delivered to the asphalt heating unit through a series-
parallel pipeline system. In the pipeline, heat is transferred to asphalt through conduction
across the tube wall. Meanwhile, the thermal oil flow provides forced convection inside
the tubes (Cui 2010). The installed asphalt agitator was not operated in the present
experiments. Investigating the heat transfer characteristics and optimal application of
thermal oil in this composite heat transfer system is of great engineering significance for
improving asphalt heating efficiency and enhancing the practicality and competitiveness
of biomass heaters in this field. The principle of biomass thermal oil heater heating asphalt
and the biomass thermal oil boiler are shown in Fig. 1a and 1b, respectively.

The material heated in this study is asphalt binder. Heat is transferred from the
thermal oil to the asphalt through the walls of the heating tubes. The thermal conductivity
of asphalt affects heat conduction within it, while its specific heat capacity determines the
sensible heat required for a given mass and temperature rise. These properties differ from
those of aggregate-containing asphalt mixtures (Guo et al. 2024). At the mixing plant, the
heated asphalt binder is mixed with aggregates to produce asphalt mixtures for pavement
construction. As described in the Federal Highway Administration’s technical brief
FHWA-HRT-15-052 (2018), asphalt undergoes oxidative aging during heating in contact
with air, which changes its chemical and rheological properties. Oxidation makes the
binder stiffer and more brittle and slows stress relaxation, increasing its susceptibility to
thermal cracking. Higher temperatures accelerate oxidation, while longer exposure allows
aging to progress. Heating should therefore meet the required production temperature while
limiting local overheating and the time spent at high temperatures. Commercial thermal
oils include mineral-oil-based and synthetic organic fluids. Technical data for Shell Heat
Transfer Oil S2 and Eastman Therminol 55 and VP-1 provide examples of their
compositions: highly refined mineral oils, synthetic hydrocarbon mixtures, and
biphenyl/diphenyl ether mixtures, respectively. These fluids differ in their operating
temperature ranges, thermal stability, and viscosity.

The intended application is asphalt tank heating at asphalt mixing plants, with the
boiler located within the plant to supply heat. For practical implementation, the boiler
location, biomass fuel delivery and storage, and ash collection and removal should be
planned around the plant roads and working areas to keep vehicle routes clear.
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Fig. 1. (a) Schematic of asphalt heating by a biomass thermal oil heater; (b) Biomass thermal oil
boiler

To date, numerous scholars have conducted extensive research on biomass boilers
and thermal oil heating systems, focusing mainly on biomass combustion characteristics,
boiler thermal efficiency evaluation, and fundamental heat transfer performance analysis
of thermal oil as a heat transfer medium. Basu (2018) systematically reviewed modeling
methods and operational characteristics of biomass combustion and boiler thermal
behavior, with emphasis on furnace temperature distribution and energy conversion
efficiency. Obernberger and Thek (2004) and Demirbas (2004) conducted in-depth
analyses of thermal efficiency and fuel calorific value characteristics of biomass boilers
from the perspectives of fuel and system operation. Meanwhile, studies on thermal oil as a
heat transfer medium have mostly focused on the effects of thermophysical properties, such
as density, specific heat capacity, and thermal conductivity, on convective heat transfer
performance, with wide applications in industrial heating and energy system analysis
(Laing et al. 2011).

Recent studies have addressed thermal-oil heating from the perspectives of system
operation, heat-transfer enhancement, and fluid selection. A biomass boiler coupled to a
thermal-oil circuit and a recuperative organic Rankine cycle (ORC) was experimentally
investigated, focusing on performance under design and off-design conditions (Falbo ef al.
2025). A numerical comparison of high-temperature thermal-oil flow in straight, helical,
and internally torsion-ribbed helical tubes showed that the ribs enhanced heat transfer and
improved temperature uniformity (Wu et al. 2024). A comparison of three industrial
thermal oils in an ORC coupled with thermal energy storage showed that, within the
investigated conditions, system configuration and operating conditions were more
influential than the choice among the tested oils (Birriel et al. 2025). These studies address
system-level performance and oil-side heat transfer. The present study examines the
individual effects of thermal-oil density, specific heat capacity, and thermal conductivity
on the transient heating response of asphalt under common numerical geometry and
boundary conditions.

The numerical analysis focuses on the asphalt heater, with thermal oil temperature
and velocity prescribed at the inlet of the heating tubes. This study adopted computational
fluid dynamics (CFD) numerical simulation and established a three-dimensional
simulation model of the biomass-thermal oil asphalt heating system using the ANSYS
Fluent platform. A numerical model with geometric structure and boundary conditions is
constructed. Through setting hypothetical single-factor thermal oil cases with different
specific heat capacity, thermal conductivity, density, and heating temperature, the flow and
heat transfer processes in heating pipes are systematically simulated. Through solving
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momentum and energy equations, the influences of each parameter on heat transfer rate,
area-averaged thermal oil outlet temperature, and volume-averaged asphalt temperature are
qualitatively analyzed, revealing the heat transfer enhancement mechanism and energy
efficiency restriction under the synergistic effect of thermophysical properties. An
experimental platform for asphalt heating using a biomass thermal oil boiler is built to
quantitatively analyze the effects of thermal oil properties on heating performance and
examine the trends in property effects using real thermal oils. The numerical model and
experimental platform are independent; the comparison concerns property effects. Here,
inlet refers to the thermal oil inlet of the heating tubes in the asphalt heater.

PHYSICAL MODEL AND EXPERIMENTAL SETUP

Physical Model

In this study, a three-dimensional model of an asphalt heater was established based
on the structure of a practical asphalt heater (Yang 2016), as shown in Fig. 2. The asphalt
heater mainly consists of the following components: heating tubes, external enhanced heat
transfer fins, thermal oil inside the heating tubes, and the outermost asphalt zone. Due to
the low thermal conductivity of asphalt, the external heat transfer fins maximize the heat
exchange area between the heating tubes and asphalt, thereby improving heating efficiency
(Li et al. 2019; Peng et al. 2022). The tube walls and fins are included as solid domains in
the conjugate heat-transfer calculation.

The dimensions of the numerical model are as follows: inner wall size of the heater:
800 mm x 800 mm x 1100 mm; inner diameter of the heating tube: 20 mm; wall thickness:
I mm. Length of enhanced heat transfer fins: 700 mm; width: 250 mm; thickness: 10 mm;
number of fins: 9; tube bending radius: 30 mm. The numerical model is shown in Fig. 2.
Thermal oil enters through P1 and P2 and leaves through the corresponding outlets P3 and
P4, respectively, as indicated by the arrows in Fig. 2.

Model dimensions

Tank interior
800 = 800 = 1100 mm

Tube inner diameter: 20 mm
Tube wall thickness: 1 mm
Tube bend radius: 30 mm

Fin dimensions
700 x 250 x 10 mm

P1 Inlet Number of fins: 9
P2 Inlet
P3 Outlet
Flow paths: P1 — P3; P2 — P4
P4 Qutlet

Fig. 2. Physical model
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A three-dimensional model is used to retain the bends and fin arrangement in the
numerical geometry and to calculate oil temperature variation along the tubes, as well as
temperature distributions and buoyancy-driven flow within the asphalt. In a one-
dimensional model representing heat transfer only across the tube wall, the spatial
arrangement of bends and fins, differences in heat-transfer paths, and transverse
temperature variations would require equivalent parameters or simplified relationships.
The three-dimensional model allows the effects of thermal oil properties on overall heating
performance to be compared under the same geometry and boundary conditions.

Mesh Generation

Figure 3(a) shows the mesh of the asphalt region, while Fig. 3(b) shows the mesh
at the outlet cross-section of the heating tube, corresponding to the thermal oil outlet
boundary of the numerical model. Fluent Meshing was used for mesh generation, with a
maximum element size of 8§ mm and a minimum size of 1 mm. A size function was applied
for local control. The proximity to the inner walls of fins and heating tubes was set to 3 to
ensure at least 3 mesh layers near fins and inner tube walls.

The normal angle for mesh curvature was set to 5° to accurately capture the
curvature of the heating tubes. To precisely resolve the flow and thermal boundary layers
at fluid—solid interfaces, boundary layer meshing was applied at the interfaces between
fluid and solid domains. The first layer thickness of the boundary layer accounted for 0.272
of the first grid thickness; the growth rate was set to 1.2; the number of layers was 3; and
the minimum orthogonal quality was 0.35 (Cui 2014; Palanisamy 2024).
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Fig. 3. (a) Asphalt-region mesh; (b) Mesh at the heating-tube outlet cross-section

Governing Equations for Physical Processes

The operation of the asphalt heater mainly involves the flow and heat transfer of
thermal oil. Because the dominant heat transfer mechanisms between asphalt and heating
tubes and between tubes and thermal oil are conduction and convection, radiative heat
transfer is neglected in the heating process. Accordingly, the flow and heat transfer inside
the asphalt heater and thermal oil follow three fundamental conservation equations (Chen
etal.2017; Qin et al. 2021), as given in Egs. 1-1 to 1-4.
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1) Mass Conservation Equation

9
2 rvpu=0 (1-1)
0¢

2) Momentum Conservation Equation
U
—+VpU XU =—-VP+V1+pg 1-2)

7= pu(VU + VTU) (1-3)
3) Energy Conservation Equation

dpcpT

Jt
where p is the fluid density (kg/m?®), U = (1,0,) denotes the velocity components in the x,
y, and z directions (m/s), u is the dynamic viscosity of the fluid (Pa-s), ¢ is time (s), P is
pressure (Pa), T denotes temperature (K), 4 denotes thermal conductivity (W/m-K), ¢
denotes shear stress (Pa), g denotes gravitational acceleration taken as 9.81 m/s?, cp is the

+ Vpc,TU = —V(AVT) (1-4)

specific heat at constant pressure (J/kg-K), and V= %i + ai Jj+ % k is the gradient (del or
y

nabla) operator (m™) (Chen et al. 2023). Temperature is expressed in K in the governing
equations and numerical solver. Numerical and experimental temperature results are
reported in °C, with numerical temperatures converted using 7(°C) = T(K) — 273.15.
Temperature differences and rates of temperature change retain the same numerical values
when converted from K to °C and from K/s to °C/s, respectively.

Inside the heating tubes, heat conduction is the dominant heat transfer mode, and its
governing equation is as follows:

V- (AVT) +Sq =0 (1-5)

where 4 is thermal conductivity and SQ is the volumetric heat source, which is zero in
non-source regions (Hu et al. 2024).

Model Assumptions and Boundary Conditions

To simplify the physical process of asphalt heating by thermal oil, an efficient
computational model capable of capturing realistic physical behavior was constructed.
Based on the indirect heating system of asphalt by thermal oil, the following physical
assumptions and boundary conditions were adopted in this study:

1) Thermal oil is heated in the biomass furnace and is treated as a Newtonian fluid.
Density, specific heat capacity, and thermal conductivity are constant within each
numerical case and are varied separately between cases for single-factor comparisons.
Dynamic viscosity is fixed at 0.001 Pa-s in all numerical cases, with no viscosity—
temperature relation applied. In real thermal oils, temperature-dependent viscosity affects
the Reynolds number and convective heat transfer. The property effects reported here are
obtained from flow and heat-transfer calculations under the specified constant-property
conditions.
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2) The combustion process of the biomass boiler is not explicitly modeled. Thermal
oil temperature and velocity are prescribed at the inlet of the heating tubes in the asphalt
heater.

3) Because asphalt, heating tubes, and other components are opaque, internal
radiation is neglected, and only heat conduction and convection are computed.

4) The asphalt heater is well insulated externally with negligible heat loss; thus, the
outer surface of asphalt is set as an adiabatic wall.

5) The initial temperature inside the heating tubes and asphalt zone is 26.85 °C (300
K in the solver).

6) The flow is unsteady, and the temporal evolution of temperature during heating
is investigated.

7) The Boussinesq approximation is used to account for temperature-induced
density variations in the buoyancy term, while treating asphalt density as constant in the
other terms of the governing equations (Spiegel and Veronis 1960).

8) The Reynolds number of the thermal oil in the heating tubes is calculated as Re
= puD/u. Using the inlet velocity u = 1 m/s, heating-tube inner diameter D = 0.020 m, and
dynamic viscosity ¢ = 0.001 Pa-s from Table 1 gives Re = 10000 to 40000 for densities of
500 to 2000 kg/m?>. The common reference case B gives Re = 20000. With inlet velocity,
tube diameter, and viscosity fixed, the Reynolds number varies with the assigned density
between cases. These values support treating the thermal oil flow in the heating tubes as
turbulent; the standard k-¢ model is used to calculate the flow and temperature fields. A
laminar model is adopted to capture buoyancy-driven flow in the asphalt zone (Menter and
Matyushenko 2025).

9) Gravity acts vertically downward with a magnitude of 9.81 m/s’.

10) The thermal oil inlet of the heating tubes in the asphalt heater is specified as a
velocity inlet with a constant temperature boundary condition; the inlet velocity is fixed at
1 m/s. The inlet temperature varies compared to heat transfer and asphalt temperature rise
under different inlet temperature conditions.

The numerical model describes batch heating of a fixed asphalt charge, with
thermal oil flowing through the heating tubes. The asphalt has no inlet or outlet mass flow
during heating. Mechanical stirring is not applied; buoyancy-driven flow in the asphalt is
included through the Boussinesq approximation and the laminar flow model.

Thermophysical properties of materials

Table 1 lists the thermophysical properties of the materials used in the numerical
model.
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Table 1. Thermophysical Properties of Materials Used in the Model

. Density | Specific Heat Therm_a I. Viscosity Coefficient

Region Name (kg/m?) JI(kg-K) Conductivity (Pa-s) of Thermal

W/(m-K) Expansion
Heating tube 8920 386 378 - -
Thermal pad 8920 386 378 - -

Asphalt 1100 1450 0.2 0.01426 0.0009

Thermal oil A 500 1000 20 0.001 -
Thermal oil B 1000 1000 20 0.001 -
Thermal oil C 1500 1000 20 0.001 -
Thermal oil D 2000 1000 20 0.001 -
Thermal oil E 1000 500 20 0.001 -
Thermal oil F 1000 1500 20 0.001 -
Thermal oil G 1000 2000 20 0.001 -
Thermal oil H 1000 1000 5 0.001 -
Thermal oil | 1000 1000 10 0.001 -
Thermal oil J 1000 1000 15 0.001 -

The thermal oil properties were assigned as hypothetical combinations for single-
factor comparisons. Density was set to 500, 1000, 1500, and 2000 kg/m?; specific heat
capacity to 500, 1000, 1500, and 2000 J/(kg-K); and thermal conductivity to 5, 10, 15, and
20 W/(m-K). Each property varies over four equally spaced levels, with case B as the
common reference. Only one property was changed at a time, while the other properties,
geometry, and boundary conditions were held constant. These cases were used to compare
the effects of individual thermal oil properties on heat transfer and mean temperature rise.

Cases A, B, C, and D have identical specific heat capacity, thermal conductivity,
and viscosity, allowing isolation of the effect of thermal oil density on the heating process.
Similarly, cases B, E, F, and G have different specific heat capacities to examine the effect
of specific heat capacity. Cases B, H, I, and J have distinct thermal conductivities to reveal
the influence of thermal conductivity. The lower heating value ranges of common biomass
fuels are shown in Table 2.

Table 2 summarizes the lower heating value ranges of common biomass fuels as
background for the boiler heat source. Torrefied biomass pellets offer another fuel option.
Increased heating values and improved ignition and combustion characteristics were
reported for the biopellets examined in a study of torrefaction (Lee et al. 2024). For the
same heat demand and boiler thermal efficiency, the required fuel mass is inversely
proportional to its lower heating value. A fuel with a higher lower heating value therefore
reduces the mass of fuel that must be transported to meet that heat demand. Fuel selection
should also consider torrefaction processing costs, transport distance, pellet bulk density,
and compatibility with the boiler burner.
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Table 2. Typical Lower Heating Values (LHV) of Common Biomass Fuels

Biomass Fuel Lower Heating Value Typical

Type (MJ-kg™) Application/Form Reference
. Basu 2018;
Wood pellets 16.5t0 18.5 Industrial pellets Demirbas 2004
Wood chips 15.0 to 17.0 Boiler-scale Basu 2018
combustion
Rice husk 13.0t0 15.0 Agricultural residue McKendry 2002
Baled / pelletized McKendry 2002;
Wheat straw 14.5t017.0 straw Obernberger 2004
. . McKendry 2002;
Corn straw 14.0t0 16.0 Field residue Obermnberger 2004
Bamboo 18.0t0 19.5 Dense biomass Dem{rbas 2004;
Liu 2013
Processed biomass Basu 2018;
Sawdust pellets 17.0t0 18.8 fuel Demirbas 2004

Experimental Setup Construction

An experimental platform for asphalt heating using thermal oil was constructed,
with a 0.325 m? asphalt heating tank as the core component, combined with a thermal oil
circulation system and a thermal oil storage tank. Table 3 lists the thermophysical
properties of the thermal oils and asphalt used in the experiments. The experimental
platform is independent of the numerical geometry. Each experiment used a fixed charge
of asphalt in the asphalt heating tank. No asphalt was added or withdrawn during heating
and temperature recording, while thermal oil circulated through the heat exchanger. The
experiments therefore followed a batch heating process. The agitator was installed but was
not operated during these tests. The experimental heat exchanger consists of a serpentine
tube without external fins.

Figure 4 shows the main equipment of the experimental platform, including thermal
oil storage tank, asphalt heating tank, coiled-tube heat exchanger, flow meter, agitator, and
data monitoring and acquisition system. Figure 5 illustrates the thermal oil circulation
system and its instrumentation. The biomass boiler supplies heat to the thermal oil, and the
circulation pumps drive the oil through the connected piping. In the asphalt heating tank,
the oil transfers heat to the asphalt through the wall of the serpentine heat exchanger; the
two materials remain separated. The thermal oil storage tank and expansion tank are
connected to the circulation system, with the expansion tank accommodating changes in
oil volume during heating. Solid lines represent thermal oil piping, whereas dashed lines
represent signal connections between the measuring instruments and the control terminal.
The flow meters monitor thermal oil flow, and the thermometers monitor temperatures at
the indicated locations. The asphalt temperature measurements are described below and
located in Fig. 6.
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Table 3. Thermophysical Properties of Thermal Oils and Asphalt Used in

Experiments

\ Density Specific _I-Ieat Therm_al_ D_ynam_ic
ame (kg-m") Capamt)f1 Conductlv_|1ty VISC(?1SIt¥
(J-kg-1-K-) (W-m-1-K) (kgrm-s1)
Thermal oil(1) 890 2800 0.448 0.000043
Thermal oil(2) 890 3500 0.448 0.000041
Thermal oil(3) 890 2500 0.448 0.000042
Thermal oil(4) 930 2800 0.448 0.000044
Thermal oil(5) 800 2800 0.448 0.000043
Thermal oil(6) 890 2800 0.350 0.000043
Thermal oil(7) 890 2800 0.510 0.000043
Asphalt 940 1900 0.33 -

To measure the spatial temperature distribution of asphalt during heating, a multi-

level temperature monitoring network was established inside the heating tank. Eighteen

armored Pt100 temperature sensors were employed as core detection units. The probe outer

diameter was 6 mm, with a measurement range of -50 to 450 °C. The single-point
measurement accuracy reached £+ 0.1 °C, meeting the requirements for long-term stable

monitoring of high-temperature fluid media.

- (d)
Fig. 4. Main equipment of the experimental platform: (a) asphalt heating tank; (b) thermal oil
storage tank; (c) flow meter; (d) agitator; (e) PT100 sensor; (f) temperature display

(e)

(f
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Fig. 5. System flow chart

Spatial positioning used the geometric center of the tank as the origin of the three-
dimensional coordinate system, with the tank axial direction defined as the Y-axis.
According to the requirement of layered temperature field monitoring, three monitoring
planes were divided along the Y-axis from top to bottom, designated as the first to third
detection layers. Five temperature sensor nodes were arranged in a circular array on each
plane, forming an equally spaced distributed measurement structure.

To enhance the analysis of local heat transfer characteristics, three additional
monitoring points were installed at the bends of the serpentine heat exchanger tubes in the
tank head region. Meanwhile, one temperature acquisition node was set at both the inlet
and outlet pipelines of the thermal oil circulation system, finally forming a distributed
temperature monitoring network with 20 measuring points. The three-dimensional
schematic of the spatial coordinate parameters of each sensor is shown in Fig. 6.
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Among them, measuring points 19 and 20 are the temperature measuring points at
the thermal oil inlet and outlet of the asphalt heating pipeline, respectively, as shown in
Fig. 7.
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(b)

Fig. 7. Temperature measuring points at the (a) inlet of the asphalt heating tank; (b) outlet of the
asphalt heating tank

Excessively high temperatures accelerate the aging of asphalt during processing.
Therefore, to maintain stable asphalt performance, the asphalt temperature in heating tanks
at mixing plants is usually maintained within 80 to 90 °C. When production of asphalt
concrete is required, asphalt must be heated to approximately 150 °C to meet production
demands. To better match the actual heating conditions of asphalt mixing plants, an initial
asphalt temperature of approximately 80 °C was adopted in this experiment.

RESULTS AND DISCUSSION

Analysis of Simulation Results
Effect of thermal oil specific heat capacity on the heating process

Figure 8(a) shows the relationship between heat transfer rate of heating tubes and
thermal oils with different specific heat capacities, where the abscissa represents time and
the ordinate represents heat transfer rate. It can be seen that at the initial heating stage,
high-temperature thermal oil flows into the heating tubes, and thermal oil with higher
specific heat capacity presents a higher heat transfer rate. After a certain period of heating,
thermal oil with lower specific heat capacity exhibits a relatively higher heat transfer rate.
The overall heat transfer rate increases sharply at first and then decreases gradually over
time.

This phenomenon occurs because at the initial heating stage, the temperature of
thermal oil inside the tubes is low. As high-temperature thermal oil flows in gradually,
thermal oil with higher specific heat capacity possesses greater internal energy. Meanwhile,
the temperature of asphalt is low, resulting in a large temperature difference between the
two media, which leads to a sharp rise in the overall heat transfer rate. The heat transfer
rate reaches its maximum when the heating tubes are only filled with high-temperature
thermal oil, indicating the largest temperature difference between the high-temperature
thermal oil and low-temperature asphalt.
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As time elapses, the asphalt temperature increases gradually, and the temperature
difference between thermal oil and asphalt diminishes. Consequently, the system heat
transfer rate decreases with time and eventually approaches zero (Yao et al. 1999).
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With continuous heating, asphalt heated by high-specific-heat thermal oil reaches
a higher temperature, reducing the temperature difference between the thermal oil and
asphalt, which results in a lower heat transfer rate in the second half of heating. In contrast,
low-specific-heat thermal oil has smaller internal energy and a faster temperature drop rate,
leading to a lower heat transfer rate in the first half. In the second half, the temperature of
asphalt heated by low-specific-heat thermal oil remains relatively low, maintaining a
considerable temperature difference and thus a higher heat transfer rate (Ma et al. 2020).

Figure 8(b) presents the temporal variation of the volume-averaged temperature of
asphalt heated by thermal oils with different specific heat capacities, where the abscissa is
heating time and the ordinate is the volume-averaged asphalt temperature. It is observed
that the heating rate of asphalt is slow at the initial stage. With increasing time, the heating
rate first rises and then declines gradually. Meanwhile, using thermal oil with higher
specific heat capacity leads to a faster temperature rise of asphalt.

For batch heating, the higher early-stage heat transfer rate contributes to a faster
rise in asphalt temperature. As heating proceeds, the decreasing temperature difference
between thermal oil and asphalt changes the heat transfer rate. The effect of specific heat
capacity is therefore evaluated using both the heat transfer rate and the asphalt temperature
over time, so that the early response is considered together with the subsequent heating
process.

Figure 8(c) shows the relationship between the area-averaged outlet temperature of
thermal oils with different specific heat capacities and time, with time as the abscissa and
outlet average temperature as the ordinate. It can be seen that thermal oil with higher
specific heat capacity consistently maintains a higher outlet temperature throughout the
heating process.

This is because, at the same mass flow rate and temperature, fluids with higher
specific heat capacity possess greater internal energy. Given identical heat conduction and
dissipation areas in the model, although the heat transfer rate (i.e., internal energy loss rate)
differs per unit time, the difference in energy loss is negligible compared with the
difference in the inherent internal energy of the fluids. Therefore, high-specific-heat
thermal oil always shows a higher outlet temperature.

Effect of thermal oil thermal conductivity on the heating process

Figure 9(a) shows the relationship between heat transfer rate and time for thermal
oils with different thermal conductivities, where the abscissa represents time and the
ordinate represents heat transfer rate. It can be seen that the heat transfer rates between
asphalt and thermal oils with different thermal conductivities are nearly identical, and the
overall heat transfer trend is basically consistent with that of specific heat capacity
discussed earlier.
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Fig. 9. Effect of thermal oil thermal conductivity on (a) heat transfer rate; (b) area-averaged outlet
temperature; (c) volume-averaged asphalt temperature; (d, ) heat transfer rate during the first
and last 100 s of heating, respectively; (f, g) area-averaged outlet temperature during the first and
last 100 s of heating, respectively; (h, i) volume-averaged asphalt temperature during the first and
last 100 s of heating, respectively

Figure 9(b) shows the relationship between the area-averaged outlet temperature of
thermal oils with different thermal conductivities and heating time. The abscissa represents
time, and the ordinate represents the area-averaged outlet temperature. Overall, the
difference in outlet temperature among thermal oils with different thermal conductivities
is very small. This is because the inlet velocity and temperature of the model are consistent,
and the outlet temperature is directly related to the heat transfer during flow. A larger heat
transfer rate leads to a lower outlet temperature, while a smaller heat transfer rate results
in a higher outlet temperature.
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Figure 9(c) shows the variation of volume-averaged asphalt temperature heated by
thermal oils with different thermal conductivities with heating time. The abscissa
represents time, and the ordinate represents the volume-averaged asphalt temperature. It
can be seen that the thermal conductivity of asphalt limits the heat transfer from thermal
oil to asphalt, resulting in almost the same heat transfer rate and thus similar temperature
rise rate of asphalt. The thermal conductivity of asphalt is much lower than that of the
thermal oil in these numerical cases. This limits heat transfer to the asphalt and accounts
for the small differences among the overall responses in Fig. 9(a) to (c). The small
differences between the curves are examined using the initial and final 100 s of heating.
Figures 9(d) and 9(e) show the corresponding heat-transfer-rate details, respectively.

It can be easily seen that at the initial heating stage, thermal oil with higher thermal
conductivity has a higher heat transfer rate due to its stronger heat transfer capability. With
the progress of heating, asphalt heated by thermal oil with higher thermal conductivity
increase faster. In the late heating stage, asphalt temperature is higher, and the temperature
difference between asphalt and thermal oil is smaller. This results in a lower heat transfer
rate between thermal oil and asphalt in the late heating stage, and vice versa.

Although the low thermal conductivity of asphalt results in a small difference in
heat transfer rate, the slight difference in heat transfer still leads to a small difference in
outlet temperature. At the beginning of heating, thermal oil with higher thermal
conductivity has a higher heat transfer rate and a relatively lower outlet temperature. In the
late heating stage, the heat transfer rate decreases, and the outlet temperature of thermal oil
with higher thermal conductivity becomes higher instead. The early- and late-stage outlet
temperatures are shown in Fig. 9(f) and Fig. 9(g), respectively.

To accurately compare the temperatures of asphalt heated by thermal oils with
different thermal conductivities, Fig. 9(h) and Fig. 9(i) show the temperature differences
at 100 s after heating starts and 100 s before it ends, respectively. It is obvious that thermal
oil with higher thermal conductivity has stronger heat transfer capability (Yao et al. 2023).

Effect of thermal oil density on the heating process

Figure 10(a) shows the effect of thermal oils with different densities on heat transfer
rate, where the abscissa represents time and the ordinate represents heat transfer rate. It can
be seen that the heat transfer rate increases rapidly at the initial stage, then decreases
gradually over time, and finally approaches zero. It can also be observed that the heat
transfer rate between high-density thermal oil and asphalt is higher in the early heating
stage but lower in the middle and late stages.
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Fig. 10. (a) Effect of thermal oil density on heat transfer rate; (b) Effect of thermal oil density on
area-averaged outlet temperature; (c) Effect of thermal oil density on volume-averaged asphalt
temperature

The effect of thermal oil density on heat transfer rate is analyzed as follows. The
inlet is set to a constant velocity in the model. Therefore, when the density of thermal oil
increases, more mass flows into the heating tubes per unit time. Under the same specific
heat capacity and temperature, high-density thermal oil has higher internal energy per unit
volume.
At the initial heating stage, asphalt temperature is low. High-density thermal oil has
higher internal energy and slower energy attenuation, resulting in higher heating efficiency
and larger heat transfer rate to asphalt. In the middle and late heating stages, asphalt heated
by high-density thermal oil reaches a higher temperature, reducing the temperature
difference and thus the heat transfer rate. In contrast, low-density thermal oil has a smaller
heat transfer rate in the early stage but a relatively higher rate in the middle and late stages.
Figure 10(b) shows the temporal variation of the area-averaged outlet temperature
of thermal oils with different densities, where the abscissa represents time and the ordinate
represents outlet temperature. It can be seen that high-density thermal oil has a higher outlet
temperature, which increase gradually over time and finally approaches the inlet
temperature.
The reason is that with the increase of heating time, asphalt temperature increases
gradually, and the temperature difference between asphalt and thermal oil becomes smaller.
Therefore, the heat transfer rate decreases gradually, and the temperature drop of thermal

4000
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oil becomes smaller, leading to the outlet temperature finally approaching the inlet
temperature.

Similarly, high-density thermal oil has higher internal energy per unit volume,
while the thermal conductivity and heat transfer area are the same. Therefore, the difference
in internal energy per unit volume is much larger than that in heat transfer rate. High-
density thermal oil has less energy loss, resulting in a higher outlet temperature.

Figure 10(c) shows the temporal variation of volume-averaged asphalt temperature
heated by thermal oils with different densities. The abscissa represents time, and the
ordinate represents the volume-averaged asphalt temperature. It can be seen that with the
increase of heating time, the temperature rise rate first increase, then decrease gradually,
and the maximum temperature approaches the heating temperature. Meanwhile, it can be
concluded that asphalt heated by high-density thermal oil reaches the maximum
temperature faster. The overall trend of temperature rise rate increasing first and then
leveling off is consistent with that of specific heat capacity. When high-density high-
temperature thermal oil flows into the heating tubes, its internal energy per unit volume is
higher, while the thermal conductivity and cross-sectional area are the same. That is, the
difference in heat transfer rate is small compared with the difference in internal energy,
leading to less energy attenuation and slower temperature drop of high-density thermal oil.
Therefore, asphalt heated by high-density thermal oil reaches the maximum temperature
faster. The above results reveal the influence of the laws of thermal oil thermophysical
properties on the asphalt heating process. The effect of thermal oil inlet temperature on
asphalt heating is examined next.

Effect of thermal oil inlet temperature on the asphalt heating process

In a biomass-thermal oil heating system, the thermal oil inlet temperature is a key
operating parameter. This study analyzes its effect on asphalt heating by varying the
prescribed inlet temperature.

For the inlet-temperature comparison, four prescribed temperatures of 196.85,
206.85, 216.85, and 226.85 °C (470, 480, 490, and 500 K in the solver, respectively) are
used. The inlet velocity is fixed at 1 m/s, and the thermal oil properties are kept unchanged
to examine the effect of inlet temperature on heat transfer and asphalt temperature rise.

Figure 11(a) shows the relationship between heat transfer rate and heating time
under different thermal oil inlet temperatures. It can be found that the heat transfer rate
increases sharply at the beginning of heating and then decreases gradually with time.
Meanwhile, the higher the thermal oil inlet temperature, the higher the heat transfer rate,
which remains at a relatively high level throughout the heating period.
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Fig. 11. Effect of thermal oil inlet temperature on (a) heat transfer rate; (b) volume-averaged
asphalt temperature; (c) area-averaged outlet temperature

The temporal variation of heat transfer rate has been analyzed in previous sections;
the relationship between thermal oil heating temperature and heat transfer rate is explained
below. Although the inlet temperatures of thermal oil are different, the initial temperature
of asphalt is uniformly 26.85 °C. Therefore, the higher the thermal oil inlet temperature,
the larger the temperature difference between thermal oil and asphalt. Correspondingly,
higher temperature differences exist between asphalt and heating tubes and between
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thermal oil and heating tubes. This enhances convective and conductive heat transfer
between thermal oil and heating tubes. As a result, the higher the thermal oil inlet
temperature, the greater the heat transfer rate between thermal oil and asphalt.

Figure 11(b) shows the temporal variation of the volume-averaged asphalt
temperature during heating by thermal oils with different inlet temperatures. It can be seen
that the asphalt temperature increases continuously with heating time. Meanwhile, a higher
thermal oil inlet temperature increases the heat transfer rate between thermal oil and
asphalt. Consequently, the volume-averaged temperature of asphalt heated by higher-
temperature thermal oil is also higher. In addition, the asphalt temperature gradually
approaches the thermal oil inlet temperature with time.

Figure 11(c) shows the relationship between the area-averaged outlet temperature
of thermal oil and time. It can be observed that the thermal oil outlet temperature increases
gradually with heating time and finally approaches the inlet temperature.

During heating, as asphalt is heated, the heat transfer rate between asphalt and
thermal oil decreases gradually. The internal energy consumption of thermal oil
diminishes, leading to a decreasing temperature difference between the inlet and outlet.
This is reflected in the gradual increase of the thermal oil outlet temperature toward the
inlet temperature. When the inlet thermal oil temperature is higher, it possesses greater
internal energy, a higher heat transfer rate, and a higher outlet temperature.

Analysis of experimental data

It can be seen from Fig. 12 that the volume-averaged asphalt temperature under
different thermal oil specific heat capacities rises rapidly at first, then slows down, and
finally stabilizes with increasing time. Meanwhile, the temperature derivative curve shows
a typical exponential decay characteristic: high initially, decreasing gradually, and
approaching zero. This indicates that the system heat transfer rate weakens continuously
over time.
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Fig. 12. Effect of thermal oil specific heat capacity on asphalt heating temperature

At 1000 s, increasing the specific heat capacity from 2500 to 3500 J/(kg-K) raises
the reported mean asphalt temperature from 97.07 to 99.04 °C, a difference of 1.97 °C. In
the initial heating stage (0 to 1000 s), the curves diverge rapidly, and the temperature
derivative corresponding to high-specific-heat thermal oil (cp3500) is considerably higher
than those of other cases. This indicates its stronger instantaneous heat transfer capability.
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This is because thermal oil with a larger specific heat capacity has a higher heat
capacity flow rate and slower temperature attenuation during flow. It can maintain a
relatively high temperature for a long time, thereby increasing the temperature difference
with asphalt. With the progress of heating, the asphalt temperature increases gradually, and
the temperature derivatives of all cases decrease continuously. In the middle and late
heating stages (beyond 1500 s), the temperature derivative corresponding to low-specific-
heat thermal oil (cp2500) becomes higher instead. This trend is consistent with the
simulated change in heat transfer rate presented above.
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Fig. 13. Effect of thermal oil density on asphalt heating temperature

It can be seen from Fig. 13 that the effect of thermal oil density on asphalt heating
is similar to that of specific heat capacity, but the overall difference is considerably smaller
and remains stable with time. At 1000 s, increasing the thermal oil density from 800 to 930
kg/m? raises the reported mean asphalt temperature by 0.91 °C.

The temperature derivative curves differ greatly in the initial stage (0 to 1000 s)
and basically coincide in the later stage. The effect of density on heat transfer is mainly
reflected in changing the system heat capacity flow rate by affecting the mass flow rate of
thermal oil. When the thermal oil density increases, the mass flow rate rises under the same
volumetric flow rate. The heat carried per unit time increases, enhancing the temperature
rise of asphalt. Within the tested ranges, the temperature difference for the density group
is smaller than that for the specific heat capacity group; normalized sensitivity is compared
in Table 4.

It can be seen from Fig. 14 that the volume-averaged asphalt temperature curves
almost completely overlap under different thermal conductivities, and the temperature
derivative curves are also basically consistent. This indicates that the effect of thermal
conductivity on system performance is limited. At 1000 s, the reported mean asphalt
temperatures for 0.350 and 0.510 W/(m-K) are 98.01 and 97.81 °C, respectively, differing
by only 0.20 °C. The reason is that the main heat exchange process in this study is fluid
convection, and the thermal conductivity of thermal oil only affects the local heat transfer
resistance. The overall heat exchange process is mainly controlled by temperature
difference and heat capacity flow rate. Therefore, thermal conductivity only slightly affects
the local initial heat transfer rate and has no pronounced effect on the overall temperature
rise and final temperature.
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Fig. 14. Effect of thermal oil thermal conductivity on asphalt heating temperature

In summary, the influences of different thermal oil thermophysical properties on
asphalt heating efficiency differ considerably. At 1000 s, the absolute temperature
difference between the high- and low-parameter cases is largest for specific heat capacity
(1.97 °C), followed by density (0.91 °C) and thermal conductivity (0.20 °C). This ordering
refers to the tested parameter ranges. This indicates that the system heat transfer process is
mainly controlled by the heat capacity flow rate of thermal oil, while thermal conductivity
plays a limited role in the overall temperature rise.

To account for the different parameter ranges, the normalized finite-interval
sensitivity was calculated using Eq. 1-6,

_ Yhigh —
Yref

Pref
Phigh — Plow

Yow

S (1-6)
where Y is the mean asphalt temperature rise above the initial temperature and p is the
thermophysical property. The subscripts high and low denote cases with the higher and
lower values of the property, respectively, and ref denotes the reference case. The
numerical reference is case B in Table 1 (initial temperature 26.85 °C); the experimental
reference is oil (1) in Table 3 (initial temperature 80 °C).

Table 4 presents the temperature differences and normalized sensitivities at 1000 s;
their absolute values are used to compare the strength of the property effects. Both
comparisons show that specific heat capacity and density have greater effects on asphalt
temperature rise than thermal conductivity in both the simulations and experiments.

Table 4. Temperature Differences and Normalized Sensitivity at 1000 s

Study Property Range AT (°C) S
Numerical Specific heat 500 to 2000 63.19 0.3844
Numerical Density 500 to 2000 56.35 0.3428
Numerical Conductivity 510 20 2.01 0.0245

Experimental Specific heat 2500 to 3500 1.97 0.3479
Experimental Density 800 to 930 0.91 0.3080
Experimental Conductivity 0.350t0 0.510 -0.20 -0.0313

Note: Property ranges use J/(kg-K), kg/m?, and W/(m-K), respectively. AT = Thigh = Tiow. The
numerical and experimental reference temperature rises are 109.59 and 17.91 °C, respectively.
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To investigate the effect of thermal oil inlet temperature on asphalt heating
performance, thermal oil (1) in Table 3 was used in this study, and three different thermal
oil inlet temperatures were set: 160, 170, and 180 °C, with an inlet velocity of 2 m/s. The
temperature curves of measuring points under the three inlet temperatures are shown in
Fig. 15(a to ¢). Figure 15(a) shows the temperature curve at an inlet temperature of 160 °C;
Fig. 15(b) at 170 °C; and Fig. 15(c) at 180 °C.
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Fig. 15. Temperature of asphalt measuring points at thermal oil inlet temperatures of (a) 160 °C;
(b) 170 °C; (c) 180 °C

Comparison of the temperature curves of each measuring point shows that the
temperature of Point 1 closest to the inlet increases first, with a heating trend of fast first
and then slow. Because the heat exchange between thermal oil and asphalt is realized
through convection, the intensity of convection depends on fluid properties and
temperature difference. At the initial moment, the asphalt temperature is 80 °C, while the
thermal oil temperature in the heat exchange pipeline is 160 °C. The temperature difference
between them is the maximum in the heat exchange process, and the heat exchange is
intense at this time.

As heat exchange proceeds, the asphalt temperature rises gradually, while the
thermal oil inlet temperature remains constant at 160 °C. The temperature difference
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between the two media decreases progressively, leading to a gradual slowdown in the
heating rate at each measuring point. Measuring Point 12 is the farthest from the thermal
oil heat exchange tube, so its temperature remains the lowest among all measuring points,
yet its heating trend remains consistent with the others.

Longitudinal comparison of temperature curves under different inlet temperatures
reveals that the temperature at each measuring point increases continuously with the
increase of thermal oil inlet temperature. Taking Measuring Point 1 as an example, when
the thermal oil inlet temperature increases from 160 °C to 180 °C, the temperature at
Measuring Point 1 at 4000 s increases from 149.74 to 167.67 °C, a difference of 17.93 °C.

Similarly, for Measuring Point 12, increasing the thermal oil inlet temperature from
160 °C to 180 °C raises its temperature at 4000 s from 93.43 to 96.31 °C, a difference of
2.88 °C.

Notably, as the thermal oil inlet temperature increases, temperatures at all other
measuring points increase to varying degrees. However, this effect is more pronounced for
measuring points near the thermal oil heat exchange tube and weaker for those far away.

The experiments were conducted with the asphalt agitator switched off, and
temperatures were recorded at different locations over time.

The 0 to 1000 s interval (approximately 16.7 min) is used to compare early heating
responses, and the reported comparisons also include 4000 s (approximately 66.7 min).
These times provide reference points for comparing the heating responses under the
conditions of this study. During asphalt heating at a mixing plant, the time required for the
asphalt to reach the target temperature depends on the amount of asphalt, initial and target
temperatures, heat-transfer area, and operating conditions.

The results of this study can guide the selection of thermal oils for asphalt mixing
plants. Density and specific heat capacity should be evaluated at the intended operating
temperatures. Within the conditions examined here, thermal conductivity has a relatively
small effect on the heating response; its contribution should therefore be assessed together
with the effects of the other properties. Eastman’s Therminol fluid selection guidance also
identifies operating temperature range, thermal stability, and viscosity as considerations in
selecting a thermal oil.

For the same asphalt mass and initial and target temperatures, the sensible heat
required by the asphalt is essentially unchanged. The energy implications of differences in
heating performance depend on the time required to reach the target temperature, heat
losses from the tank and piping, and circulation electricity use. At the same average heat-
loss rate, a shorter heating duration reduces cumulative heat loss; at the same pump power,
it also reduces circulation electricity use. For cold starts, the heat required to warm the
thermal oil and equipment must also be included in the energy balance.

For an illustrative conversion, assuming a biomass lower heating value of 17 MJ/kg
and a boiler thermal efficiency of 70%, each 100 MJ reduction in heat supplied by the
boiler to the system is expected to reduce biomass consumption by approximately 8.4 kg
[100/(17 x 0.70)]. Here, 100 MJ is the reference heat reduction used for the conversion.
The corresponding fuel-cost reduction is obtained by multiplying this mass by the fuel
purchase price per kilogram. For the same asphalt throughput and heating target, economic
comparisons should include fuel costs, circulation electricity costs, and average annual oil
purchase and replacement costs calculated over the service life. The allowable operating
temperature determines suitability for the heating duty, thermal stability affects
replacement requirements, and viscosity affects flow resistance and pumping demand.
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Thermal oil selection should therefore consider both heating performance and long-term
operating costs.

The comparison shows consistency between the numerical and experimental trends
in the effects of the main thermophysical properties, providing experimental support for
the applicability of the simulated trends under the tested conditions with real thermal oils.

CONCLUSIONS

1. Increasing the thermal oil inlet temperature from 160 °C to 180 °C raises the
arithmetic mean temperature of the 18 experimental measuring points at 4000 s from
106.76 to 115.69 °C, a difference of 8.93 °C. As the thermal oil inlet temperature
increases, the heat transfer driving force between the thermal oil and asphalt becomes
stronger, resulting in a faster asphalt heating rate and a higher final temperature.

2. During asphalt heating by thermal oil, the specific heat capacity of thermal oil exerts
a pronounced effect on the temperature rise of asphalt. Thermal oil with higher
specific heat capacity can carry more internal energy under the same conditions,
thereby providing a higher heat transfer rate in the early heating stage and
substantially accelerating the temperature rise of asphalt. At 1000 s, increasing the
specific heat capacity from 2500 to 3500 J/(kg-K) raises the reported mean asphalt
temperature by 1.97 °C.

3. Increasing the thermal oil density from 800 kg/m3 to 930 kg/m3 raises the reported
mean asphalt temperature at 1000 s by 0.91 °C. Thermal oil with higher density
contains more thermal energy per unit volume under the same operating conditions,
resulting in a faster asphalt heating rate, particularly during the early stage of heating.

4. At 1000 s, the absolute difference in reported mean asphalt temperature between
thermal conductivities of 0.35 and 0.51 W/(m-K) is only 0.2 °C. Because the thermal
conductivity of asphalt is much lower than that of thermal oil, the thermal resistance
on the asphalt side dominates the heat transfer process. Consequently, the influence
of thermal oil thermal conductivity on asphalt heating performance is relatively
limited.

5. The results of this study provides a systematic theoretical basis for the selection of
thermal oil properties and the matching of heat source conditions in biomass—thermal
oil heating systems, and have direct guiding significance for the engineering design
and operational optimization of biomass thermal oil boilers.
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