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ABSTRACT: Optimizing pyrolysis processes is critical for improving the efficiency of pyrolysis furnaces. This study
presents a strategy to enhance heat transfer through agitation, employing Fluent for detailed numerical simulation of
the thermal behavior. The simulation results show strong agreement with experimental measurements of localized
fluid temperature rise. Forced convection induced by impeller rotation significantly improves heat transfer between
the fluid and the furnace walls, effectively reducing thermal stratification. At an impeller speed of 240 RPM, the axial
temperature difference decreases from 200 K to 50 K compared with stationary conditions, while the average heat
transfer coefficient increases by approximately 50% throughout the heating process. The swirl flow generated by
impeller motion disrupts the thermal boundary layer, achieving a more uniform temperature distribution and faster
thermal response.
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1 Introduction

The pyrolysis furnace is a commonly used pyrolysis equipment in industry, and its temperature is
characterized by significant nonlinearity, large inertia, hysteresis, and time-varying characteristics [1].
The fundamental principle involves temperature regulation through the heating effect of electric
filaments, thereby controlling the furnace temperature for material pyrolysis and ultimately obtaining
the corresponding products. During the pyrolysis process in these furnaces, the variation in the heating
rate curve significantly influences the outcome, typically leading to the generation of different pyrolysis
products [2].

Furthermore, pyrolysis furnaces are commonly utilized in industries for the thermal decomposition
treatment of organic substances, producing combustible gas mixtures, tar, and coke. Therefore, to obtain
specific pyrolysis products, corresponding heating rate curves need to be conFig. Heating rate is another
critical parameter influencing the distribution of biomass pyrolysis products. A faster heating rate helps
reduce heat and mass transfer limitations, facilitating bond-breaking reactions and enhancing the yield of
primary volatile components [3].
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The complex heat transfer mechanisms involved inside pyrolysis furnaces, primarily comprising
conduction, convection, and radiation [4–7]. Conduction exhibits linear characteristics, while radiation and
convection demonstrate non-linear properties. Consequently, pyrolysis furnaces are characterized by strong
coupling and nonlinearity. Factors such as the furnace’s structural design, volume, and the positioning of
heating elements influence the temperature distribution within the furnace, imparting significant lag, and
asymmetry to its temperature profile. The combined influence of conduction, convection, and radiation
determines the temperature characteristics of the pyrolysis furnace.

Due to the temperatures inside the furnace typically reaching several hundred to even a thousand
degrees Celsius, coupled with the complex interplay of multiple heat transfer mechanisms, studying heat
transfer within the furnace poses significant challenges. The computational fluid dynamics (CFD) method
provides an economical and reliable solution for complex fluid flow and heat transfer systems by solving
a series of continuity, momentum and energy equations to obtain the numerical physical field. Ashouri
and Mazaheri [8] conducted three-dimensional CFD simulations, employing the first application of the
PaSR combustion model, to compare the performance of premixed and non-premixed burners in steam
cracking furnaces. Their study revealed that the non-premixed configuration enhances furnace temperature,
improves temperature uniformity, and reduces the temperature differential between reaction tubes, while
also strengthening vortex mixing within the flow field. Zhao et al. [9] utilised computational fluid dynamics
(CFD) methodology, incorporating the k-ε turbulence model, the eddy dissipation combustion model (EDM),
and the P1 radiation model, to investigate the flow and heat transfer processes in an oilfield heating furnace
under varying load conditions. The research demonstrated that the burner rotation device intensifies mixing,
shortens the flame length, and improves the temperature distribution. Lu et al. [10] developed a CFD model
for a natural gas combustion furnace, accounting for the mixing of air and flue gas. Employing the k-ε
turbulence model, they compared three air–flue gas mixing methods and found that the structure with air
entering the mixing chamber obliquely generates a helical flow, significantly enhancing heat exchange
efficiency and outlet temperature uniformity. He et al. [11] employed CFD simulation techniques, based
on the k-ε model, to analyse the flow field characteristics and gasification performance of a Shell gasifier
under normal and abnormal feed conditions. The results indicated that the symmetrical swirl flow formed
under normal operating conditions is conducive to high-temperature reactions.

Hernando A. Yepes et al. [12] investigated the impact of adding 30% syngas on the temperature field
of flameless combustion in a regenerative furnace through a combined approach of numerical simulation
(CFD) and experimentation. Analysis revealed that, compared to pure natural gas, the hybrid fuel reduced
the average combustion chamber temperature by 6% but yielded superior thermal homogeneity. Teng Zhang
et al. [13] established a model for the temperature distribution within a heating furnace and integrated
it with a back-propagation neural network (BPNN) to analyse the influence of slab thickness, velocity,
and furnace gas temperature distribution on the slab heating process and furnace efficiency. The study
demonstrated that optimising the furnace gas temperature distribution can reduce heat transfer exergy
loss, thereby increasing furnace efficiency from 28.5% to 45.2%. Chenchang Wu et al. [14] employed a
methodology combining computational fluid dynamics (CFD) with various machine learning algorithms,
such as Random Forest Regression, to study the effects of temperature uniformity in a multi-nozzle array and
particle residence time on the decomposition rate of magnesium nitrate within a pyrolysis furnace. Results
indicated that increasing the thermal carrier gas temperature and nozzle cone angle, along with optimising
the nozzle arrangement, can effectively enhance the decomposition rate. Chen et al. [15] conducted a
numerical simulation to analyse the influence of the corrugation pitch ratio and depth ratio of helical
corrugated tubes, used in a grate furnace superheater, on the steam-side heat transfer performance. The
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research found that increasing the corrugation depth ratio significantly enhances cross-sectional secondary
flow velocity, disturbs the boundary layer, and consequently improves the local Nusselt number and wall
heat flux density. Panjkovic and Gloss [16] developed a synthesized model based on the commercial code
CFX. The model takes into account conjugate heat transfer, free convection, and flow under the influence
of inertial forces in the furnace. The model predicts the fluid flow and heat transfer in the blast furnace,
especially the flow and temperature distribution in the ferro-water and the temperature distribution in the
refractory material.

A review of previous research indicates that improving the uniformity of temperature distribution
within the furnace has been established as a key objective for optimising heat transfer. The enhancement
of convective effects is of pivotal significance in achieving temperature field homogeneity [17]. Despite
the advances achieved in recent studies, which have enhanced our understanding of furnace heat transfer
mechanisms, structural optimisation, and numerical simulation methods, there remains a paucity of in-depth
and targeted research on the systematic enhancement of convective heat transfer in pyrolysis furnaces
through active mechanical agitation. This is particularly evident in the context of the coupling between
natural and forced convection in confined spaces. In pyrolysis processes, the accuracy and uniformity of
temperature control directly affect the distribution and quality of pyrolysis products. This study proposes
a novel approach to heat transfer optimisation in furnaces by introducing a rotating impeller to actively
intensify convection inside the furnace. Provides a valuable addition to existing heat transfer optimisation
strategies and offers a novel technical and theoretical foundation for achieving efficient, controllable, and
uniform pyrolysis processes.

2 Experimental Setup

The pyrolysis furnace used in the experiments, shown in Fig. 1a, is cylindrical in shape and possesses
a controller that can be used to precisely regulate the heating temperature and motor operation. Three
thermocouples were placed inside the furnace and their temperature readings were conveniently displayed
on an LED panel. The uncertainty in the temperature measurement process was analysed according to the
method proposed by Moffat [18]. Using this method, the standard deviation of the average temperature was
calculated to be 2.257 K, and the standard deviation of the average heat transfer coefficient was 1.2767. The
maximum uncertainty of the average heat transfer coefficient was determined to be 4.4%. Consequently,
the systematic error meets the testing requirements, and the test data possesses a degree of reliability. The
high temperature exhaust gas is discharged from the top and is cooled and purified by special equipment.
A discharge port controlled by a screw rod is provided at the bottom. In contrast to conventional pyrolysis
furnaces, this particular furnace is equipped with two three-bladed impellers in the center with a spacing of
250 mm between them. The lower impeller is 100 mm away from the bottom of the furnace and the design
of the impeller is shown in Fig. 1b. When the equipment is in operation, the impeller is driven by a motor
at the top and rotates in a counterclockwise direction at a uniform speed to promote the mixing of the heat
transfer medium in the furnace. From the top view in Fig. 1c, six high-temperature heating elements can be
clearly seen evenly distributed around the furnace body. Each heating element is angled at an angle of 35◦
with respect to the contact surface of the furnace body, and a gap of 25◦ is maintained between the contact
surfaces. Fig. 1d provides details of the localized dimensions of the pyrolysis furnace, including an inner
diameter of 500 mm and an inner height of 570 mm. Three type K thermocouples were provided at the
center point of the furnace, located at the upper, middle, and lower portions of the furnace body, with a
longitudinal spacing of 210 mm between them.
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Figure 1: Schematic and dimensional details of the experimental setup. (a) Pyrolysis furnace; (b) Impellers; (c) Top
view; (d) Side view.

3 Physical Model and Numerical Methods

3.1 Physical Model

The physical model used for calculations has undergone simplification based on the experimental
platform. Geometric modeling was performed using the commercial CAD software Solidworks, and
the simplified physical model is depicted in Fig. 2. This model comprises two cylinders with radii of
500 mm and 196 mm, and heights of 515 mm and 170 mm, respectively. The internal three-bladed impeller
is dimensionally consistent with the physical model. Near the impeller, two regions were created with
diameters of 300 mm and heights of 100mm for establishing rotating zones. All geometric entities underwent
Boolean operations; the impeller shaft and impeller regions were removed, while the two rotating zones
were retained, resulting in three geometric entities.
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Figure 2: Physical model used for computation.

3.2 Governing Equations

The flow within the pyrolysis furnace is assumed to be three-dimensional and incompressible turbulent
flow. The fluid medium for flow and heat transfer within the fluid domain is air, and the thermal properties
of the fluid (including specific heat Cp = 1006.63 J/(kg⋅K), thermal conductivity λ = 0.026 W/(m⋅K), dynamic
viscosity µ = 1.86 × 10−5 Pa⋅s) are considered constant, with the exception of density, which varies with
temperature as determined by the Boussinesq approximation [19]. This approximation is primarily employed
in the analysis of thermal convection and buoyancy-driven convection. It more effectively captures the
natural convection effects driven by thermal buoyancy. In this study, we use the commercial computational
fluid dynamics software ANSYS Fluent as the solver.

In this study, the flow was mainly caused by impeller rotation and natural convection. Flow within the
furnace is dominated by turbulence. By reference to the Re number calculation method proposed by Wang
and Yu [20] which is applicable to stirred kettles, the flow induced by stirring is a turbulent flow regime.
Natural convection uses the range of Rayleigh numbers considered to be 2.1 × 1010 < Ra < 6.4 × 1010,
Ra > 1010, and natural convection can be considered to be a fully turbulent flow regime.

𝑅𝑒 = (𝜌 ⋅ 𝑛 ⋅ 𝐷
2

)/𝜇 (1)
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where 𝜈 represents the kinematic viscosity, 𝛽 is the thermal expansion coefficient, Lc is the characteristic
length.

The governing equations for the fluid flow region with the Boussinesq approximation are as follows
Eqs. (4)–(8) [21]:

Continuity equation:

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖

= 0 (4)

For incompressible flow, with the density cancelled, the equation reduces to:

𝜕(𝑢𝑖)

𝜕𝑥𝑖

= 0 (5)

Momentum equation:

𝜕

𝜕𝑥𝑗

(𝜌𝑢𝑖𝑢𝑗) = −

𝜕𝑝

𝜕𝑥𝑖

+

𝜕

𝜕𝑥𝑗 (
(𝜇 + 𝜇𝑡)

(

𝜕𝑢𝑖

𝜕𝑥𝑗

+

𝜕𝑢𝑗

𝜕𝑥𝑖 ))
− 𝜌𝛽(𝑇 − 𝑇0)𝑔𝑖 (6)

For incompressible flow, with the density cancelled, the equation reduces to:

𝜕
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+

𝜕𝑢𝑗
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− 𝛽(𝑇 − 𝑇0)𝑔𝑖 (7)

Energy equation:

𝜕𝑢𝑖𝑇

𝜕𝑥𝑖

=

𝜕

𝜕𝑥𝑖 [(

𝜇

𝑃𝑟

+

𝜇𝑡

𝑃𝑟 𝑡)

𝜕𝑇

𝜕𝑥𝑖 ]
(8)

where ui and uj represent velocity components, T is the static temperature, T 0 is the reference temperature
evaluated from the overall fluid temperature, gi is the gravitational acceleration, µ is the dynamic viscosity,
Pr is the Prandtl number, and the subscript t is the turbulence.

The RNG model takes into account small-scale effects, including explicitly calculated isotropic
coefficients [22]. In this study, the more pronounced flows within the furnace were turbulent flow and
rotational flow. Therefore, the hybrid turbulent RNG k-ε model is most suitable for turbulent simulations
in this work [9,10]. The turbulent kinetic energy equation and the turbulent dissipation rate equation are
expressed as follows Eqs. (9)–(12), the details of these equations can be found in the Ref [23]:

Turbulent kinetic energy (k):

𝜕

𝜕𝑡

(𝜌𝑘𝑡) +

𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑡𝑢𝑖) =

𝜕

𝜕𝑥𝑗 ((
𝛼𝑘𝜇𝑒𝑓 𝑓 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗 )
+ 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘 (9)
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For incompressible flow, with the density cancelled, the equation reduces to:
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Dissipation rate (𝜀):
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For incompressible flow, with the density cancelled, the equation reduces to:
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where Gk represents the generation of turbulence kinetic energy due to the mean velocity gradients, Gb

is the generation of turbulence kinetic energy due to buoyancy, YM represents the contribution of the
fluctuating dilatation in compressible turbulence to the overall dissipation rate. Sk and Sε are user-defined
source terms. The quantities αk and αε are the inverse effective Prandtl numbers for k and ε, respectively
(αk = 1.0, αε = 1.3). C1ε, C2ε and C3ε are the constant parameters, C1ε = 1.44, C2ε = 1.92 and C3ε = tanh𝑢

𝑣
.

Here, v denotes the velocity component aligned with the direction of gravity, while u represents the velocity
component perpendicular to the gravitational direction. Accordingly, for a buoyant shear layer in which
the primary flow direction coincides with gravity, C3ε becomes unity. Conversely, for a buoyant shear layer
oriented perpendicular to the gravity vector, C3ε reduces to zero.

3.3 Boundary Conditions and Computational Methods

Fig. 3 illustrates the boundary condition settings for the geometric entities. The blue regions denote
adiabatic surfaces, while the red regions represent isothermal surfaces. The lateral surface of the large
cylinder is subdivided into 12 zones, with this partitioning derived from the arrangement of heating rods
within the experimental apparatus. The angles between adjacent zones are 35◦ (heating surfaces) and 25◦
(adiabatic surfaces). The heat transfer process between the heating surface and the heater is simplified as
an isothermal wall. The white regions denote the impeller and impeller shaft, with relative motion within
the flow field achieved through the Multiple Reference Frame (MRF) and Moving Wall Method [24].

The governing equations in the fluid domain are solved using the finite volume method. The SIMPLEC
algorithm is used for the coupling of velocity and pressure. The pressure discretization scheme is based
on the PRESTO method. Second order upwind space discretization is used for momentum, turbulent
kinetic energy and turbulent energy dissipation rate equations. The numerical convergence criterion for all
equations is 1 × 10−4. The time step is set to 0.001 s, and the maximum number of iteration steps for each
time step is 50, and the total simulation time is 170 s. The calculation results are saved once per second for
subsequent data processing.
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Figure 3: Computational domain and boundary conditions.

3.4 Grid Generation and Independence Test

For the cylindrical stirred pyrolyzer, the addition of two three-bladed impellers inside the pyrolyzer
results in a complex geometry in the fluid domain. For complex geometric models, polyhedral meshing
can reduce the number of meshes and save computational resources while ensuring the computational
accuracy. Fig. 4 shows the polyhedral mesh generated by Fluent meshing, the mesh sizes of the impeller
surface are encrypted, and 12 layers of boundary layer mesh are generated to ensure the computational
accuracy on the wall surface where the velocity or temperature gradient changes drastically.

Figure 4: Polyhedral unstructured grid system.

Prior to the present numerical investigations, mesh independence tests were conducted for an impeller
rotational speed of 120 RPM with air as the working fluid. Three mesh systems were selected: coarse
(1,098,551), medium (1,895,376), and fine (3,452,923) meshes for three-dimensional steady-state numerical
simulations. Upon obtaining converged numerical results, identical reference locations were selected
across the three mesh sets to monitor pressure and local velocity, thereby verifying mesh independence.
The reference position was a straight line at coordinates x = 0.15 m, z = 0 m, y = −0.25 m to 0.25 m.
The local Y-velocity component (as shown in Fig. 5a) and dynamic pressure distribution (as shown in
Fig. 5b) were extracted respectively. When the number of grid cells increased from 1,098,551 to 1,895,376,
significant computational discrepancies were observed. However, when the grid size expanded from
1,895,376 to 3,452,923 cells, the calculated Y-velocity components and local pressure distributions exhibited
negligible differences.

A mesh independence test was conducted under identical conditions for three-dimensional transient
numerical simulations. Following the acquisition of transient results, the average temperature variation
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curves within the furnace were extracted for three distinct mesh sets (as shown in Fig. 5c). When the mesh
size was 1,098,551, the computational results differed considerably from the other results. However, when
the mesh size increased from 1,895,376 to 3,452,923, the differences in the calculated average temperature
variation within the furnace were negligible. Through computations using ANSYS Fluent, the reliability of
the numerical simulation method was validated under identical operating conditions to those employed
by other researchers. The observed discrepancies in results stemmed from differing boundary conditions,
whilst the simulation outcomes demonstrated good agreement with findings from other studies.

To ensure computational accuracy and conserve computational resources, the mesh system with
1,895,376 cells was adopted for subsequent numerical simulations in this study.
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Figure 5: Verification of grid independence. (a) Local Y velocity components; (b) Local Y dynamic pressure
distributions; (c) The average temperature variation curves within the furnace.

3.5 Experimental Verification of Temperature Rise Characteristics

This study focuses on the temperature rise characteristics within the furnace body. Three
thermocouples were deployed to monitor the air temperature within the chamber, with these three
monitoring points providing the basis for validating the numerical results. In the numerical simulation,
temperatures were monitored at positions identical to those in the experimental setup to track changes over
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time, thereby verifying the accuracy of the numerical results. The validation was conducted under heating
conditions of 673.15 K and an impeller rotational speed of 0 RPM. However, due to uneven furnace heating
and natural convection effects during the experiment, the uneven distribution of the three thermocouples
resulted in significant thermal stratification. Consequently, the validity of each temperature measurement
point required separate verification. Fig. 6 presents a comparison between the temperatures measured at
each point during the numerical simulation heating process to 673.15 K and the experimental results. The
temperature values measured at the three thermocouple positions, from top to bottom, are labelled T1, T2,
and T3 respectively. As the numerical simulation disregards heat dissipation from the furnace body to the
surrounding environment, experimental data exhibits a pronounced lag compared to numerical results.
This occurs because, with the impeller stationary, only natural convection effects exist with-in and outside
the furnace body during the experiment. In the initial heating phase, heat loss to the external environment
causes slower internal temperature rise. Consequently, experimental data exhibit a pronounced lag relative
to numerical results during the initial 40 s of heating. Subsequently, as the ambient air temperature rises,
the heat dissipation effect diminishes, reducing this lag in the experimental data. However, considering
the overall heating trend, numerical simulation results demonstrate good agreement with experimental
data. The temperature distribution also reflects the thermal stratification within the furnace caused by
natural convection.
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Figure 6: Validation of numerical results.

4 Results and Discussion

4.1 Fluid Temperature Rise Characteristics

Since the temperature of the fluid inside the furnace is not uniformly distributed, in order to analyze
the overall heat transfer effect, the average temperature of the fluid inside the furnace is used as a reference



Fluid Dyn Mater Process. 2026;22(2):6 11

to reflect the overall heat transfer effect within the furnace body. The heat balance between the fluid in the
furnace and the wall temperature can be expressed as:

𝑉𝜌𝐶𝑝 ⋅
𝑑𝑇𝑎𝑣𝑒

𝑑𝑡
= ℎ𝑡𝐴(𝑇𝑤 − 𝑇𝑎𝑣𝑒) (13)

where V is the volume, 𝜌 and Cp are the density and specific heat capacity of air, respectively, t is the
heating time, Tw is the wall temperature, Tave is the average temperature of the fluid, ht is the transient heat
transfer coefficient, and A is the area of the heated surface. Thereby, the transient heat transfer coefficient
of the fluid in the furnace can be calculated as:

ℎ𝑡 =

𝑉𝜌𝐶𝑝 ⋅
𝑑𝑇𝑎𝑣𝑒

𝑑𝑡

𝐴(𝑇𝑤 − 𝑇𝑎𝑣𝑒)

(14)

Fig. 7 shows the characteristics of the total body temperature rise within the furnace under different
rotational speeds of the impeller, and the fluid temperature rise within the furnace shows a trend of first fast
and then slow. At the beginning of heating, the rate of heat transfer is faster due to the larger temperature
difference between the fluid and the wall, while the rate of heat transfer gradually decreases with the
increase of the fluid temperature and the decrease of the temperature difference between the fluid and
the wall. The rotational speed of the impeller in the furnace has an obvious strengthening effect on the
heat transfer process, but this heat transfer strengthening effect is mainly concentrated in the first 60 s.
After 60 s, the rotational speed of the impeller has a very weak influence on the heat transfer, but when the
rotational speed of the impeller reaches 240 RPM, the overall performance of the heat transfer strengthening
is enhanced more obviously, and the average temperature in the volumetric domain quickly reaches the set
target temperature.
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Figure 7: Temperature rise curves at different impeller rotational velocities.

Fig. 8 demonstrates the variation of heat transfer coefficient with time for different impeller velocities.
Initially, a stable thermal boundary layer is not formed near the heated wall, and there is less thermal
resistance between the heated wall and the fluid, so the heat transfer coefficient is significantly larger. For
an impeller velocity of 60 RPM, the effect of impeller rotation on heat transfer in the furnace is very weak.
When the impeller speed increases to 120–180 RPM, the heat transfer in the furnace is first dominated by
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the natural convection driven by the buoyancy force, and when the fluid temperature distribution in the
furnace tends to be uniform, the forcing effect produced by the impeller rotation begins to significantly
affect the heat transfer, increasing the heat transfer coefficient, the faster the rotational speed of the impeller,
the faster it is able to make the heat transfer dominated by the forcible convection induced by the impeller
rotation. For high impeller speed (240 RPM), the heat transfer coefficient tends to be constant throughout
the steady heating process, and it can be assumed that the impeller rotation at this speed acts as a heat
transfer enhancement for the heat transfer process.
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Figure 8: Variation of heat transfer coefficient (h) with time for different impeller rotational velocities.

4.2 Local Heat Transfer and Temperature Distribution

Fig. 9 illustrates the heat flux distribution across the heating wall surface when the impeller is stationary
and rotating at 240 RPM. Over time, the heat flux intensity exhibits a decreasing trend. During the initial
phase, the substantial temperature difference between the furnace fluid and the heated wall surface results
in significantly elevated local heat flux intensities. This corresponds to the region where the slope of the
furnace fluid temperature rise curve is maximal. At 30 s of heating duration, it can be observed that the
heat flux intensity at the upper section of the heated wall is relatively low when the impeller speed within
the furnace is 0 RPM. This distribution characteristic becomes increasingly pronounced as the heating time
increases. This occurs because the heat transfer process within the furnace chamber is primarily governed
by natural convection at this stage. Density differences in the heated fluid cause the high-temperature
fluid to accumulate at the upper part of the furnace body due to thermal buoyancy. Consequently, the
temperature difference between the fluid and the heating wall diminishes, resulting in poorer heat transfer
efficiency at the upper section of the furnace. At an impeller speed of 240 RPM, the impeller rotation induces
forced convection within the furnace. At 30 s, a uniform distribution of heat flux intensity is observed
across the heating wall surface, with significantly higher heat flux intensities at the two corresponding
impeller positions (X = 0.1 m and X = 0.35 m). Throughout the process, localised heat transfer at the heating
wall is enhanced. The mixing effect generated by impeller rotation mitigates thermal stratification caused
by thermal buoyancy, thereby promoting the mixing of fluids at different temperatures within the flow field.
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Figure 9: Heat flux distribution on the heated wall surface. (a) The impeller rotation speed of 0 RPM; (b) The impeller
rotation speed of 240 RPM.

Fig. 10 illustrates the average axial temperature distribution within the furnace chamber after 30 s of
heating. Axial temperature data were processed using CFD post-processing software, with cross-sections
extracted at 1-mm intervals along the x-axis. The temperature at each cross-section was then calculated by
integration using Eq. (15).

𝑇𝑎𝑣𝑒 =
1

𝐴𝑥

∬
𝐴𝑥

𝑇𝑑𝐴𝑥 (15)

At 30 s of heating, heat transfer between the furnace fluid and heated walls had not yet reached
equilibrium. Thermal stratification persisted within the furnace due to natural convection. At 0 RPM, this
stratification effect was pronounced, with an average axial temperature difference reaching approximately
200 K. At 60 RPM, the temperature variation trend along the axial span was broadly consistent with that at
0 RPM, though the average axial temperature difference diminished by approximately 50 K. As impeller
rotational speed increases, the axial temperature distribution tends towards uniformity. The average axial
temperature difference across different rotational speed analysis groups decreases by approximately 50 K. At
the maximum impeller speed of 240 RPM, the average axial temperature difference reduces to approximately
50 K. Notably, when rotational speeds exceed 120 RPM, the axial temperature distribution trends at two
corresponding impeller positions (X = 0.1 m and X = 0.35 m) undergo significant changes. Within a small
range, the axial temperature difference markedly diminishes, indicating that impeller rotation promotes
localised temperature mixing within the furnace chamber.
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Figure 10: Temperature distribution in the axial direction at 30 s.

Fig. 11 illustrates the average heat flux at the heating wall surface. As the fluid temperature within the
furnace increases, the temperature difference between the heating wall and the furnace fluid diminishes,
causing the average heat flux to gradually decrease. With an increase in impeller rotational speed, the
average heat flux at the heating wall surface also decreases. This may be attributed to improved temperature
uniformity, resulting in reduced localised heat transfer temperature differentials. During the initial heating
phase, the average heat flux at the heating wall surface at 0 RPM is markedly higher and exhibits a weaker
decline trend. This correlates with the heat flux distribution at the heating wall surface depicted in Fig. 9:
thermal buoyancy within the furnace fluid creates distinct temperature stratification, resulting in a larger
temperature difference between the lower furnace fluid and the heating wall surface. However, the weaker
decline in the average heat flux curve at this stage also indicates a longer duration required for the furnace
fluid to reach its final temperature. During the mid-heating phase, heat exchange between the furnace fluid
and heating wall stabilises. At an impeller speed of 240 RPM, the average heat flux on the heating wall
decreases by approximately 50 W/m2 compared to other conditions. This may be attributed to the superior
temperature distribution uniformity during the initial heating phase under high rotational speeds, resulting
in higher overall heat transfer efficiency compared to other conditions. Following the preliminary heating
process, the reduced temperature differential between the furnace fluid and heating surface at this stage
leads to a decrease in the average heat flux on the heating surface. Overall, the enhanced heat transfer effect
from impeller rotation primarily manifests in intensified thermal mixing of the fluid, thereby shortening
the time required for the furnace fluid to reach its target temperature.



Fluid Dyn Mater Process. 2026;22(2):6 15

 

0 20 40 60 80 100 120 140 160 180

0

2500

5000

7500

10000

12500

15000

17500

20000

80 85 90 95 100 105 110 115
0

100

200

300

400

500

600

H
ea

t F
lu

x 
(W

/m
2 )

Time (s)

 0 RPM
 60 RPM
 120 RPM
 180 RPM
 240 RPM

0 10 20 30 40
-500

0

500

1000

1500

2000

2500

3000

3500

H
ea

t F
lu

x 
(W

/m
2 )

Time (s)

 0 RPM
 60 RPM
 120 RPM
 180 RPM
 240 RPM

H
ea

t F
lu

x 
(W

/m
2 )

Time (s)

 0 RPM
 60 RPM
 120 RPM
 180 RPM
 240 RPM

Figure 11: Variation of average heat flux with time for different impeller rotational velocities.

4.3 Evaluation of Flow Field Temperature Uniformity

Fig. 12 illustrates the temperature distribution at rotational speeds of 0 RPM and 240 RPM. The
furnace body achieves full heating within 150 s. At 0 RPM, pronounced thermal stratification is observable
throughout the heating process; conversely, when the impeller speed increases to 240 RPM, this stratification
is markedly reduced, yielding a more uniform overall temperature distribution. Comparing the temperature
distribution within the furnace chamber at the same moment, the distribution at 240 RPM is not only more
uniform but also exhibits a higher overall temperature than at 0 RPM. This corroborates the observation in
Fig. 11 that higher rotational speeds result in lower heat flux on the heating wall surfaces. Consequently,
the homogeneity of temperature field mixing serves as a crucial indicator of how the forced convection
generated by impeller rotation enhances both heat transfer efficiency and thermal mixing uniformity within
the furnace.

To compare the heat transfer enhancement effects and thermal mixing uniformity at different impeller
rotational speeds, the temperature field standard deviation (𝜎) is introduced to evaluate the mixing
uniformity of the temperature field [25]. The calculation method for the temperature field standard
deviation is shown as Eq. (16).

𝜎 =

√

1

𝑁

𝑁

∑

𝑖=1

(𝑇𝑖 − 𝑇)

2 (16)

Fig. 13 illustrates the distribution of standardised variance in the temperature field across different
rotational speeds. The standardised variance consistently exhibits a decreasing trend. This indicates that
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as temperature increases, fluid uniformity within the furnace progressively improves. During the initial
heating phase, significant temperature field non-uniformity arises due to the substantial temperature
differential between the wall surface and the fluid region. Within the first 30 s, the standardised variance
of the temperature field initially increases gradually, reaching a maximum before commencing a gradual
decrease. As the impeller rotational speed increases, the maximum value of the standardised variance also
diminishes. At an impeller speed of 60 RPM, the variance in the temperature field differs from that at 0 RPM
primarily during the first 70 s; thereafter, the standardised variance of the temperature field remains largely
consistent. This indicates that the impact of low rotational speeds on thermal mixing uniformity is only
pronounced during the initial heating phase. As the impeller speed continues to increase, the decay of
the standardised variance accelerates. Furthermore, when elevated to the maximum rotational speed of
240 RPM, the peak standardised variance of the temperature field is lowest and declines more rapidly to
zero. This demonstrates that an impeller speed of 240 RPM significantly enhances the uniformity of the
temperature field within the furnace, thereby accelerating the heating process.

 
Figure 12: Temperature distribution in the furnace with time. (a) The impeller rotation speed of 0 RPM; (b) The
impeller rotation speed of 240 RPM.

When the standardised variance of the temperature field drops to zero, this indicates that the furnace
has achieved a state of complete thermal uniformity. Throughout the simulation, the standardised variance
of the temperature field failed to reach zero at impeller speeds of 0 RPM and 60 RPM. In actual equipment
operation, complete fluid uniformity cannot be achieved due to factors such as heat dissipation from the
furnace body to the external environment and leakage of high-temperature fluid. Under such circumstances,
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increasing the impeller speed to enhance forced convection can effectively improve temperature uniformity
within the furnace.
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Figure 13: Standard deviation of the temperature field in the furnace relative to time.

Fig. 14 illustrates the axial distribution of mean temperature standard deviation at different rotational
speeds after 30 s of heating. The mean temperature standard deviation at each axial position was calculated
using temperature data within a 0.01 m radius of that location. At impeller speeds of 0 RPM and 60 RPM,
the standardised variance at the furnace base exhibits significant values, further demonstrating that
thermal buoyancy-induced thermal stratification exacerbates local temperature field inhomogeneity. As
rotational speed increases, the overall uniformity of the temperature field markedly improves. Notably,
substantial fluctuations in temperature field standard deviation occur at the impeller’s corresponding
positions (X = 0.1 and X = 0.35). This arises because the forced convection effect generated by impeller
rotation disrupts thermal buoyancy, making the rotational zone the primary location where fluids of
differing temperatures within the furnace converge. At an impeller rotational speed of 240 RPM, the axial
temperature distribution within the furnace is most uniform.

Based on analysis of the heat flux density on the heating wall surface and the temperature distribution
within the furnace. It is evident that as the impeller rotational speed increases, the dominant mechanism
governing air flow within the furnace undergoes a dynamic evolution from thermal buoyancy-driven
to impeller-driven. At initial low rotational speeds, flow is dominated by thermal buoyancy induced by
temperature gradients, resulting in a pronounced thermal stratification within the temperature field. As
rotational speed increases, inertial forces intensify, propelling the system into a transitional regime. Here,
buoyancy forces become comparable to the forced inertial forces generated by the impeller, disrupting
thermal stratification and evolving the flow field into a mixed convective state. At high rotational speeds,
the flow is predominantly governed by forced convection driven by the impeller, with inertial forces and
turbulent viscous effects controlling the overall behaviour. At this stage, the influence of thermal buoyancy



18 Fluid Dyn Mater Process. 2026;22(2):6

is confined to fine-tuning local turbulent structures, thereby achieving intense mixing of the furnace fluid
and homogenisation of the temperature field.
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Figure 14: Standard deviation of the temperature field within the furnace relative to the axial direction.

4.4 Flow Field Analysis

The motion of the fluid in the flow field is not only caused by the rotation of the impeller, but also the
thermal buoyancy after the fluid is heated will be the relative motion of the fluid.

Fig. 15 illustrates the velocity field distribution during the heating process at impeller speeds of 0 RPM
and 240 RPM. At 0 RPM, flow velocities near the heating wall are markedly higher than in other regions.
As fluid temperature gradually increases, localised flow zones within the furnace diminish, with movement
confined primarily to the vicinity of the heating wall. This occurs because, with the impeller stationary, the
flow field is dominated by natural convection, resulting in only minor fluid motion near the heating surface.
At an impeller speed of 240 RPM, the overall flow velocity is markedly higher than when the impeller is
stationary. Furthermore, the vicinity of the impeller becomes the primary flow development zone, with a
more uniform distribution of overall flow intensity. This demonstrates that under the influence of impeller
rotation, the forced convection effect achieves effective fluid mixing throughout the entire flow process
within the furnace.

Fig. 16 illustrates the distribution of turbulent kinetic energy in the furnace for impeller speeds of
0 RPM and 240 RPM. For an impeller speed of 0 RPM, the flow in the furnace is dominated by natural
convection. Initially, the temperature distribution in the furnace is not uniform and the intensity of natural
convection is higher, but the intensity of natural convection decreases as the temperature of the air in
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the furnace tends to become more uniform. It is worth noting that the turbulent kinetic energy is mainly
concentrated in the distribution near the heated wall. The overall turbulent kinetic energy in the furnace is
more intense at 240 RPM, and the turbulent kinetic energy is mainly induced by the impeller rotation. And
it did not show decay within the whole time period.

 

Figure 15: Velocity distribution in the furnace with time. (a) The impeller rotation speed of 0 RPM; (b) The impeller
rotation speed of 240 RPM.

As shown in the Fig. 17, in addition to the initial unsteady state of the flow, the volume-averaged
turbulent kinetic energy inside the furnace increases as the impeller speed increases. At an impeller speed
of 60 RPM, the turbulent kinetic energy induced by impeller rotation is small, and the turbulent kinetic
energy is still due to natural convection in the furnace. As the impeller does not rotate or the impeller
speed is low (60 RPM), the turbulent kinetic energy inside the furnace will be attenuated with the intensity
of natural convection weakened by the uniform fluid distribution inside the furnace. When the impeller
speed exceeds 120 RPM, the flow is mainly driven by impeller rotation, and the turbulent kinetic energy
tends to remain constant as the flow enters a steady state.

Fig. 18 shows the flow lines in the furnace at different rotational speeds when the heating time is 30 s.
The localized flow generated by the natural convection leads to the flow in the flow field and its instability,
and the natural convection generates an upward flow near the wall, which generates vortices near the wall,
and multiple vortices that are smaller than the scale of the flow field are generated in the furnace due to
the combined effect of the natural convection and the rotation of the impeller. For an impeller speed of
0 RPM, the vortices are mainly concentrated at the upper end of the flow field, indicating that the buoyancy
force generated by the density difference is the main factor in generating mixing. When the impeller speed
is 60 RPM, only very small vortices are generated near the impeller, indicating that the rotation of the
impeller does not produce strong mixing. As the rotational speed of the impeller continues to increase, the
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vortex generated by the impeller rotation dominates the whole flow field, especially when the rotational
speed reaches 240 RPM, the vortex generated by the impeller rotation occupies the whole flow field, which
significantly weakened the thermal boundary layer of the heated wall, which explains why the rotational
speed of the impeller of 240 RPM brings about a significant enhancement of heat transfer.

Fig. 19 shows the streamline distribution of the cross section at the two impellers, increasing the
impeller speed provides tangential velocity and the velocity field spreads around from the vicinity of the
impeller. However, when the impeller speed is 0 RPM, the natural convection also produces a certain
amount of swirling, and in the vicinity of the upper impeller, small-scale vortices are generated. Increasing
the impeller rotational speed primarily yields greater tangential velocity, with the vortex developing solely
around the impeller.

As demonstrated in the preceding analysis, it is evident that the integration of the impeller has resulted
in substantial enhancements in the temperature field, velocity field, and vortex within the furnace. During
the actual pyrolysis process, these enhancements will, to a certain extent, reduce the furnace’s energy
dissipation into the environment, thereby achieving higher heating efficiency. On the other hand, the
increased intensity of the vortex will enhance the mixing of the reactants. During pyrolysis, this will
directly improve the distribution and quality of the pyrolysis products.

 

Figure 16: Turbulent kinetic energy distribution in the furnace with time. (a) The impeller rotation speed of 0 RPM;
(b) The impeller rotation speed of 240 RPM.
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Figure 17: Variation of Turbulent kinetic energy with time for different impeller rotational velocities.

 

Figure 18: Streamline distribution in the furnace.
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Figure 19: Streamlines at the impeller position. (a) Axial position X = 0.1 m; (b) Axial position X = 0.35 m.

The swirl number is a key dimensionless parameter in rotating flow models, characterising the relative
strength of rotational and axial motion within the flow field. It directly influences flow structure, turbulence
characteristics, heat transfer efficiency, and temperature uniformity, serving as a vital tool for analysing and
optimising rotating flow systems [26,27]. Therefore, to characterise the vortex motion patterns throughout
the fluid flow field, a dimensionless parameter known as the swirl number (S) is introduced. The equation
for the calculation of the swirl number is as follows [28,29]:

𝑆 =

∫
𝑅

0
𝑢𝑥𝑢𝜃𝑟

2
𝑑𝑟

𝑅∫
𝑅

0
𝑢
2

𝑥
𝑟𝑑𝑟

(17)

The Cartesian coordinate system used by Fluent is converted to a polar coordinate system, and the
conversion of the coordinates is performed using the formulae. ux and u𝜃 are the axial and tangential
velocities, and Fluent provides the calculation of tangential and axial velocities in the x-axis.

Fig. 20 illustrates the axial vorticity distribution during 30 s of furnace heating. At 0 RPM, natural
convection generates a degree of swirling throughout the axial position. When the impeller speed is
below 180 RPM, an increase in rotational speed paradoxically reduces the swirl density within the furnace,
corresponding to the tangential streamline distribution at the impeller position shown in Fig. 19. The
generated swirls form exclusively around the impeller, and at low fluid velocities, substantial swirl intensity
cannot be achieved. At this stage, the swirls density in the upper furnace section remains strong. This
is attributable to the presence of irregular, small-scale vortices distributed throughout the upper furnace,
corresponding to the streamline distribution within the furnace depicted in Fig. 18. When the rotational
speed increases to 240 RPM, the axial swirl intensity intensifies, with significant changes occurring in
the vicinity of the impeller. This occurs because at 240 RPM, the vortex velocity is substantially higher,
generating high-intensity turbulence within the furnace. Considering the combined effects of the velocity
and temperature fields on heat transfer within the furnace, alongside factors such as reactant mixing and
energy dissipation during actual pyrolysis processes, it can be preliminarily concluded that the optimum
impeller rotational speed is 240 RPM.
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Figure 20: Distribution of axial spin number at different rotational speeds at 30 s.

5 Conclusions

In the current work, numerical investigations have been carried out for the increase of impeller
rotation in the confined space of a heating furnace, and the results of simulations and experiments on the
temperature rise characteristics of the fluid are in agreement. The simulation results explain the effect of
impeller rotation on the heating heat transfer enhancement in the furnace.
(1) The forced convection generated by the impeller rotation effectively intensifies the heat exchange

between the fluid in the furnace chamber and the heated wall. After 30 s of heating, the forced
convection significantly improved the uniformity of the heat flux distribution on the heated wall,
thereby notably enhancing the local heat transfer at the wall surface. An impeller speed of 240 RPM
achieved the optimal enhancement in heat transfer rate due to the forced convection effect. Compared
to a stationary impeller, the average heat transfer coefficient throughout the heating process increased
by approximately 50%.

(2) The heat transfer enhancement due to impeller rotation primarily manifests in the intensification of
thermal mixing within the fluid. During the initial heating stage, compared to a stationary impeller,
the involvement of a rotating impeller strengthened the decreasing trend of the average heat flux
curve at the heated wall. As the heat transfer process approached a steady state, the heating time
required for the average heat flux at the heated wall to decrease to the same level was significantly
reduced at an impeller speed of 240 RPM. Furthermore, at the same heating time, the heat flux was
approximately 50 W/m2 lower compared to other scenarios. An impeller speed of 240 RPM enhances
fluid thermal mixing, leading to a faster attainment of the target temperature.

(3) Impeller rotation effectively mitigates thermal stratification within the furnace, significantly improving
the uniformity of the internal temperature field. Under natural convection conditions, the average
axial temperature difference within the furnace could reach about 200 K. Increasing the impeller speed
reduced this axial temperature difference, with higher speeds resulting in smaller differences. However,
at low speeds (60 RPM), the forced convection effect had minimal impact on the axial temperature
distribution trend at two corresponding impeller locations (X = 0.1 m and X = 0.35 m). When the
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impeller speed reached 240 RPM, the local average axial temperature difference decreased significantly,
the overall axial temperature difference was reduced to below 50 K, and the fluid in the furnace chamber
achieved the most uniform temperature distribution state in approximately 80 s.

(4) The increased turbulent kinetic energy and swirl effect induced by high impeller speeds significantly
enhance heat transfer. At an impeller speed of 240 RPM, both the flow field intensity and turbulent
kinetic energy within the furnace were markedly enhanced and more uniformly distributed. The
vortex effect generated by the impeller weakens the thermal boundary layer on the heated wall,
promotes fluid mixing within the furnace, and leads to significant heat transfer enhancement. When
the impeller speed reaches 240 RPM, the swirl effect generated by the impeller provides the most
significant improvement in the uniformity of the flow field and temperature within the furnace. In the
actual pyrolysis process, increased swirl intensity would also enhance the mixing of reactants, which
could further improve the distribution and quality of the pyrolysis products.
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Nomenclature

𝐴 The area of the heated surface (m2)
𝐴𝑥 Area of the heated surface in the x-direction (m2)
𝐶𝑝 Specific heat capacity (J/(kg⋅K))
𝐷 Characteristic length (m)
𝑔 Gravitational acceleration (m/s2)
𝑔𝑖 Gravitational acceleration component in the i-direction (m/s2)
𝐺𝑘 Generation of turbulence kinetic energy due to mean velocity gradients
𝐺𝑏 Generation of turbulence kinetic energy due to buoyancy
ℎ𝑡 Transient heat transfer coefficient (W/(m2

⋅K))
𝑘 Thermal conductivity (W/(m⋅K))
kt Turbulent kinetic energy (m2/s2)
𝐿𝑐 Characteristic length (m)
𝑛 Rotational speed (rev/min)
𝑁 Number of points
𝑝 Pressure (Pa)
Pr Prandtl number
Pr𝑡 Turbulent Prandtl number
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𝑟 Radial coordinate
𝑅 Radius (m)
RPM Impeller rotational speed (rev/min)
Re Reynolds number
Gr Grashof number
Ra Rayleigh number
𝑆 Swirl number
𝑆𝑘 User-defined source term for 𝑘
𝑆𝜀 User-defined source term for 𝜀
𝑡 Time (t)
𝑇 Static temperature (K)
TKE Turbulent kinetic energy (m2/s2)
Ti Measurement value of the i-th data point (K)
T Arithmetic mean of all measured values (K)
𝑇0 Reference temperature (K)
Tave Average temperature (K)
𝑇𝑤 Wall temperature (K)
𝑇∞ Ambient temperature (K)
𝑢𝑖, 𝑢𝑗 Velocity components in the i and j directions (m/s)
𝑢𝑥 Axial velocity (m/s)
𝑢𝜃 Tangential velocity (m/s)
𝑉 Volume (m3)
𝑥𝑖, 𝑥𝑗 Spatial coordinates
X Axial position (m)
𝑌𝑀 Contribution of fluctuating dilatation in compressible turbulence to the overall dissipation rate
𝛼𝑘 Inverse effective Prandtl number for 𝑘
𝛼𝜀 Inverse effective Prandtl number for 𝜀
𝛽 Thermal expansion coefficient (1/K)
𝜀 Turbulent dissipation rate (m2/s3)
𝜆 Thermal conductivity (W/(m⋅K))
𝜇 Dynamic viscosity (Pa⋅s))
𝜇𝑡 Turbulent viscosity (Pa⋅s)
𝜇𝑒𝑓 𝑓 Effective viscosity (Pa⋅s)
𝜈 Kinematic viscosity (m2/s)
𝜌 Density (kg/m3)
𝛿 Standard deviation of temperature
𝜎𝑘 Turbulent Prandtl number for 𝑘
𝜎𝜀 Turbulent Prandtl number for 𝜀
𝐶1𝜀 , 𝐶2𝜀 , 𝐶3𝜀 Model constants for the RNG k-ε model
𝑖, 𝑗 Direction components
𝑡 Turbulent
ave Average
𝑤 Wall
∞ Ambient or free-stream
𝑥 Axial direction
𝜃 Tangential direction
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