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Excessive axial heat transfer through the shaft of high-speed rotary systems
exposed to hot fluids can cause bearing overheating, lubricant degradation,
thermal expansion-induced interference, and premature failure. This study
introduces a passive thermal insulation strategy by incorporating an internal
air gap within the shaft to disrupt the conduction path. Two rotary joint
configurations—a conventional solid shaft and a modified shaft with an air
gap—were evaluated under identical conditions using steady-state CFD
simulations in ANSYS Fluent. The air-gap design lowered the peak bearing
temperature by approximately 55%, a reduction attributed to increased
thermal resistance and natural convection within the gap. A one-dimensional
thermal resistance model further validated these findings, showing strong
agreement with the CFD predictions. These results demonstrate that bearing
overheating can be effectively mitigated without the need for surface coatings or
external cooling systems, highlighting a simple yet robust design alternative for
thermal management in next-generation high-temperature, high-speed rotary
machinery.

air gap, axial heat transfer, bearing overheating, natural convection, CFD

1 Introduction

When high-speed rotary systems are exposed to hot working fluids, excessive axial heat
transfer along the shaft can lead to bearing overheating, lubricant degradation, thermally
induced mechanical interference, and ultimately a reduction in service life (Incropera and
DeWitt, 2007; Cengel and Ghajar, 2011). Therefore, effective thermal management is
essential to ensure the stable operation of critical components such as rotary joints.

Various overheating mitigation techniques have been explored in previous studies.
Liquid cooling offers excellent heat dissipation performance but requires auxiliary
components such as pumps and piping, increasing system complexity and maintenance
costs. Fin or heat-sink structures are simple and easy to implement, yet they are limited in
high-speed rotating systems due to geometric constraints and vibration issues. Fan-assisted
or forced-convection cooling requires an external energy source, which compromises
energy efficiency. Consequently, while active approaches are highly effective, they often
suffer from drawbacks in complexity, cost, and reliability (Bejan, 2013; Hamrock
et al,, 2004).
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Thermal spray coating-based approaches have also been widely
investigated as a means of reducing heat flux and protecting
substrates under high-temperature conditions, with reported
applications in aerospace, power generation, and automotive
systems (Meng et al., 2024; Fauchais et al., 2011). However, such
coatings are prone to delamination, cracking, and fatigue-induced
degradation, and they require periodic inspection and replacement.
In addition, thermal spraying is cost-intensive and demands
specialized equipment, limiting its economic feasibility and large-
scale implementation. These limitations highlight the need for
complementary approaches beyond coating-based solutions.

Recently, passive thermal management techniques have gained
attention as promising alternatives. By controlling heat transfer
without external power input, they offer simplicity and cost-
effectiveness in design, manufacturing, and operation (Kim, 2018;
Bejan, 2013). In particular, air-gap structures leverage the low
thermal conductivity of air to increase thermal resistance and
suppress axial heat conduction (Park, 2015). While the insulating
effect of air gaps has been reported for stationary components (Kim
and Kim, 2017), their applicability to high-speed rotary systems
remains insufficiently investigated—providing the primary
motivation for this study.

Accordingly, this work numerically investigates the thermal
blocking performance of an internal air-gap design applied to a
high-temperature, high-speed rotary joint. Two configurations were
analyzed: a baseline model without an air gap (Case 1) and an
improved model incorporating an air gap (Case 2). The study
combines steady-state CFD simulations with a one-dimensional
thermal resistance model for cross-validation. The results aim to
demonstrate the potential of air-gap structures as a simple yet
effective passive thermal management strategy, distinguishing this
approach from conventional coating-based solutions.

The remainder of this paper is organized as follows: Section 2
describes the theoretical background, including governing equations
and the Boussinesq approximation used in the modeling. Section 3
presents the computational domain, boundary conditions, and
mesh-independence study. Section 4 discusses the CFD and 1D
modeling results and compares them with existing studies. Finally,
Section 5 summarizes the main findings, highlights the significance
and limitations of this work, and proposes directions for
future research.

2 Theoretical background
2.1 2D axisymmetric governing equations

The rotary joint investigated in this study is structurally
axisymmetric about the rotating shaft. To ensure computational
efficiency and physical consistency, the governing equations are
formulated in a two-dimensional axisymmetric coordinate system
(r — z plane). Compared with a full three-dimensional analysis, this
approach significantly reduces computational cost while still
capturing the dominant heat transfer and flow phenomena along
the radial and axial directions. In particular, the thermal problem in
high-temperature, high-speed rotary systems is primarily governed
by heat conduction along the shaft and natural convection within
the air gap, both of which can be effectively represented by an
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axisymmetric model (Incropera and DeWitt, 2007; Cengel and
Ghajar, 2011; Patankar, 1980).

Under these assumptions, the present analysis considers steady-
state and incompressible flow conditions. The continuity equation is
expressed as

10 0
~ 5, (rpur) + 5 (puz) = 0 1)

where u, and 1, denote the velocity components in the radial (r) and
axial (z) directions, respectively, and p is the fluid density.
The momentum equations in each direction are given by
Radial direction:

ou, ou,  dp ) u,
gy +pucs = oV - %) @
Axial direction:
ou, du,  dp )
pu, 5 + pu, % - 9 +uVu, + pg (3)

where p is the pressure, y is the dynamic viscosity, and g is the
gravitational acceleration.
The energy conservation equation is expressed as
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where C,, is the specific heat and k is the thermal conductivity. These

equations represent the standard form used to describe axial heat

conduction and natural convection within rotary systems, consistent

with established textbooks and literature (Incropera and DeWitt,
2007; Cengel and Ghajar, 2011; Patankar, 1980).

2.2 Boussinesq approximation

In this study, the Boussinesq approximation was employed to
model natural convection within the air gap. This approximation
assumes a constant fluid density except in the buoyancy term, where
density variation with temperature is considered, thereby improving
computational efficiency while preserving the essential physics of
buoyancy-driven flow (Bejan, 2013; Park, 2015).

The temperature dependence of density is expressed as

p(T) = po[1-B(T - Ty)] ®)

where p; is the reference density, T is the reference temperature,
and f is the thermal expansion coefficient. Substituting into the
buoyancy term of the axial momentum equation yields

pg = pog[1-B(T ~Ty)] (6)

The temperature dependence of density is given in Equation 5,
and its incorporation into the buoyancy term of the axial
momentum equation is shown in Equation 6.

This relation indicates that density decreases with increasing
temperature, creating a buoyancy force that drives natural
convection in the air gap. Under the operating conditions of this
study (approximately 200 °C with a relatively small AT), the
Boussinesq approximation provides a balanced compromise
between efficiency and physical

computational accuracy
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compared with a full-density model. Therefore, the present analysis
employs the Boussinesq approximation within the axisymmetric
governing  equations  to heat

capture  buoyancy-driven

transfer phenomena.

3 Methodology

In this study, computational fluid dynamics (CFD) simulations
were performed to investigate the thermal behavior of a rotary joint
operating under high-temperature and high-speed conditions. The
actual operating environment involves rotational speeds of several
thousand rpm and temperatures exceeding 200 °C, making
experimental implementation and measurement both costly and
complex (Incropera and DeWitt, 2007; Cengel and Ghajar, 2011).
Therefore, at the initial research stage, numerical simulation is an
effective approach to elucidate the dominant heat transfer
mechanisms. The thermal time constant of the system is
sufficiently short compared to the rotational period, allowing the
temperature field to be reasonably treated as quasi-steady.
Accordingly, a steady-state assumption was adopted to model the
thermal field. In addition, a preliminary estimation assuming a
surface emissivity of € =~ 0.8 indicated that radiative heat transfer
accounts for less than 5% of the total heat flux. Hence, conduction
and natural convection were confirmed to be the dominant heat
transfer modes, and radiation was neglected in this analysis. CFD
simulations have the advantage of simultaneously capturing
conduction, convection, and thermal contact resistance across the
multiple domains comprising the shaft, bearing, and air gap
(Patankar, 1980; Versteeg and Malalasekera, 2007).

The simulation procedure consisted of modeling two
configurations: a baseline model without an air gap (Case 1) and
an improved model including a 1.5 mm air gap (Case 2). Grid
independence testing was then performed to ensure numerical
stability. Subsequently, the governing equations were discretized
using the finite volume method (FVM), and pressure-velocity
coupling was SIMPLE
(Patankar, 1980). Finally, the thermophysical properties and

implemented using the algorithm
boundary conditions were specified according to actual operating
conditions to enhance the physical fidelity of the simulations. This
procedure enabled a quantitative evaluation of the air gap’s
effectiveness in reducing axial heat transfer and bearing
temperature, and the CFD results were further validated through

comparison with a one-dimensional thermal resistance model.

3.1 Computational domain and model
configuration

In this study, two computational models were developed to
investigate the heat transfer characteristics of the rotary joint. Case
1 represents the baseline configuration without an air gap (No Air
Gap), whereas Case 2 incorporates an air gap of 1.5 mm thickness
between the shaft and the bearing. The thickness of 1.5 mm was
selected considering the practical manufacturability and mechanical
clearance constraints of industrial bearings. A preliminary one-
dimensional thermal resistance analysis showed that air gaps
thinner than 1 mm provide only limited improvement in thermal
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resistance, while gaps thicker than 2 mm yield diminishing returns
and increase structural complexity. Therefore, 1.5 mm was chosen as
an optimal compromise between thermal performance and
mechanical feasibility.

The computational domain and boundary conditions for both
cases are illustrated in Figures 1, 2, and the detailed geometry of the
air gap is shown in Figure 3. The bearing assembly was simplified
into a two-dimensional axisymmetric model. The shaft was modeled
as SM45C, the inner and outer rings of the bearing as SUJ2, and the
slinger and spacer as SS400. The lubricant was modeled using the
thermophysical properties of a representative hydrocarbon oil at
200 °C. Air properties were defined under standard atmospheric
conditions, and the Boussinesq approximation was applied to
account for buoyancy effects (Bejan, 2013; Park, 2015). The
heat, and density of each
component are summarized in Table 1.

thermal conductivity, specific

The boundary conditions were defined as follows: a constant
temperature was imposed on the inner surface of the shaft to mimic
heat exchange with the hot working fluid, and natural convection
conditions were applied to the outer wall of the bearing, assuming
exposure to ambient air. Thermal contact conductance was specified
at the shaft-bearing interface to capture the effect of contact
conduction. Symmetry conditions were applied about the central
axis, allowing only half of the domain to be modeled to improve
computational efficiency. The applied boundary conditions are
summarized in Table 2.

3.2 Mesh configuration and
independence test

The computational mesh employed in this study was an
unstructured hybrid grid consisting of quadrilateral and
triangular elements. Local refinement was applied near the
shaft-bearing contact regions and within the air-gap, where steep
thermal gradients were expected, in order to capture heat transfer
with sufficient resolution. Figures 4, 5 illustrate the overall mesh
configuration for Case 1 (No Air Gap) and Case 2 (With Air Gap),
respectively, with insets highlighting the refined region around
the air gap.

A mesh-independence study was performed to ensure the
numerical stability and reliability of the results. The number of
elements was systematically varied from approximately 1.6 x 10° to
4.5 x 10°, and the bearing-average and hotspot temperatures were
compared. As shown in Figure 6, the results converged for meshes
larger than about 2.0 x 10° elements, with relative variations below
1% for Case 1 and approximately 1%-1.5% for Case 2 between the
medium and fine meshes. Based on this analysis, a mesh with
approximately 1.6 x 10° elements was selected for the final
simulations, as it offers an appropriate balance between
computational efficiency and accuracy. The difference compared
to the finer mesh remained within 2%, confirming that the
conclusions are not affected by mesh density.

This systematic verification confirms that the numerical solutions
are essentially grid-independent and physically consistent. Although a
formal Grid Convergence Index (GCI) was not computed, the results
presented in Figure 6 clearly demonstrate sufficient mesh convergence

for the purposes of this study.
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FIGURE 1
Computational domain and boundary conditions for the rotary joint model without an air gap (Case 1).
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FIGURE 2
Computational domain and boundary conditions for the rotary joint model with an air gap (Case 2)

1.5
3.0

Detail /

FIGURE 3
Detailed view of the air gap region with annotated geometric dimensions.

3.3 Numerical methods and solver settings (continuity, momentum, and energy; Equations 1-4) were
discretized using the finite volume method (FVM),

The numerical simulations were carried out using ANSYS  pressure-velocity coupling was achieved with the SIMPLE
Fluent 2025 R1 (ANSYS Inc, 2023). The governing equations algorithm (Patankar, 1980; Versteeg and Malalasekera, 2007).
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TABLE 1 Thermal properties of applied materials.

10.3389/fmech.2025.1679597

Part name Material name Thermal conductivity (W/m-K) Specific heat (J/kg-K) Density (kg/m 3)
Shaft SM45C 48.0 470 7,850
Bearing (Inner/Outer) SUJ2 46.0 480 7,810
Slinger/Spacer SS400 50.2 481 7,850
Air Gap Air 0.025 1,007 1.225
Oil oil 0.13 2000 780
TABLE 2 Boundary conditions for thermal analysis.
Region Location Boundary condition Details
Inlet Left end of shaft Isothermal T =200"C
Outlet Right end of shaft Pressure outlet Gauge Pressure = 0

Solid - Solid Contact Shaft-Bearing interface CHT Interface

Outer Wall Outer surfaces of shaft/bearing

Natural convection

Thermal contact resistance Hconace = 3000 W/ (m? - K)

Heat transfer coefficient 10 W/(m? - K)

Air Gap Inside air layer Fluid domain

Air region, modeled with Boussinesq approximation for natural convection

FIGURE 4

50.00 100.00 (mm)
)

Mesh topology and boundary-layer refinement for the model without an air gap (Case 1).

All simulations were performed under steady-state conditions,
which is justified given the short thermal time constant of the system
and the quasi-steady nature of the thermal field under high-speed
rotation. The residual convergence criterion for the energy equation
was set to 10™° to ensure numerical accuracy. Second-order upwind
schemes were employed to minimize numerical diffusion. The
standard k-e turbulence model was used to represent the flow
within the air gap, as it has been widely validated for similar
natural convection problems (Bejan, 2013).

Temperature-dependent density was linearized according to the
Boussinesq approximation, and the thermophysical properties of all
components were taken from standard references (Incropera and
DeWitt, 2007; Cengel and Ghajar, 2011) and are summarized in
Table 1. The key numerical parameters used in the simulations are
listed in Table 3, with justification provided for the choice of

Frontiers in Mechanical Engineering

turbulence model, Courant number, mesh resolution, and
boundary conditions to ensure the

numerical setup.

robustness of the

These numerical methods and solver settings allowed for a
quantitative assessment of the air gap’s influence on axial heat
transfer in the rotary joint and ensured the reliability of the
CFD-based results.

4 Results and discussion

This section presents the numerical results and discusses the
influence of the air-gap design on the heat transfer characteristics
of the rotary joint. First, the temperature distributions of Case 1
(No Air Gap) and Case 2 (With Air Gap) are compared to examine

frontiersin.org
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FIGURE 5
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Mesh topology and boundary-layer refinement for the model with an air gap (Case 2).
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FIGURE 6

Mesh independence study results showing average and hotspot bearing temperatures versus element count, comparing Case 1 (No Air Gap) and

Case 2 (With Air Gap).

how the introduction of the air gap mitigates local bearing
overheating.

Subsequently, the flow field and natural convection patterns
within the air gap are analyzed to clarify the role of fluid motion in
enhancing thermal resistance. The radial temperature profiles at the
bearing cross-section are also examined to quantify both axial and
radial thermal resistance effects.

Finally, the CFD results are compared with a one-
dimensional thermal resistance model to verify the numerical
validity and to analyze the differences between the two
approaches. The findings are then compared with
conventional coating-based thermal management techniques

Frontiers in Mechanical Engineering

in terms of performance, cost, and reliability to highlight the
engineering significance of this study.

4.1 Temperature distribution characteristics

Figures 7-10 present the temperature distributions of the
baseline model (Case 1) and the improved model with an air gap
(Case 2). In Case 1, heat generated by the hot fluid inside the shaft is
directly conducted to the bearing region, leading to localized
overheating near the inner race (bearing hotspot in Figure 7).
This hotspot region represents a critical weakness, as it can
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TABLE 3 CFD analysis settings and parameters.

Item Value

Type of analysis Steady-state thermal-fluid analysis (CFD)

Solver ANSYS Fluent 2025 R1

Turbulence model Standard k-¢

Density approximation Boussinesq approximation

Number of mesh elements Approximately 1,500,000 ~ 4,500,000

Y + range <30 (refined near wall regions)

Discretization scheme Second Order Upwind

Courant number <1

Convergence criterion Residual RMS <1.0 x 107

accelerate lubricant degradation, material strength reduction, and
localized thermal stress concentration. At higher rotational speeds,
the increased contact pressure may further accelerate thermo-
mechanical damage.

10.3389/fmech.2025.1679597

In contrast, Case 2 shows that the air gap effectively interrupts
the axial heat conduction path between the shaft and bearing. As
shown in Figure 10, the formation of hotspots is suppressed, and the
overall temperature level is significantly reduced compared with
Case 1. This improvement is attributed to the combined effects of
the air gap’s high thermal resistance and the natural convection
induced by the temperature difference within the cavity, which helps
redistribute heat. As a result, temperature rise in the bearing contact
region is mitigated, reducing the risk of localized overheating.

Figures 8, 9, which present the temperature distributions along
the entire shaft cross-section, also confirm these trends. In Case 1,
high temperatures propagate continuously along the shaft,
transferring heat to the outer race. In Case 2, the air gap acts as
a thermal barrier, effectively blocking this conduction path and
resulting in a significantly lower outer-race temperature and a more
gradual axial temperature gradient.

For visual clarity, a consistent color scale (50 “C-200 °C) was applied
to both cases. This enables a direct and intuitive comparison, making it
evident that Case 2 exhibits both a lower overall temperature field and a
smoother temperature gradient. These results confirm that the air-gap
structure can serve as an effective passive insulation layer through a

Temperature
Hotspot

134.080

134.080

134.080
[C]

FIGURE 7

Bearing Hotspot

Velocity distribution on the mid-axial cross-section for the model without an air gap (Case 1), with scale fixed to 0 ~ 4.0 m/s.

Temperature
Hotspot

61.909

61.909

61.909

61.909

61.909
[C]

FIGURE 8

Bearing Hotspot

r 2

K 1

1]

Velocity distribution on the mid-axial cross-section for the model with an air gap (Case 2), with scale fixed to 0 ~ 4.0 m/s.
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FIGURE 9

Local temperature field near the bearing contact region for the model without an air gap (Case 1) on the mid-axial cross-section, colormap 50

~ 200 °C.
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FIGURE 10
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LS| I |

Local temperature field near the bearing contact region for the model with an air gap (Case 2) on the mid-axial cross-section, colormap 50 ~ 200 °C.

simple geometric modification. Quantitative comparisons are presented
in Section 4.4, where the CFD results are validated against the one-
dimensional thermal resistance model.

4.2 Flow and natural convection
characteristics

In Case 2, natural convection is induced within the air layer
between the shaft and bearing due to buoyancy effects. Figure 11
shows the streamline distribution inside the air gap, where ascending
and descending air currents form a distinct circulation pattern. This
circulation redistributes heat between the shaft surface and the outer
race, explaining the difference in thermal behavior compared with
Case 1, where conduction dominates.

Figure 12 shows the velocity distribution, indicating relatively
higher flow velocities near the center of the air gap, with a sharp
decrease near the walls forming a typical boundary-layer profile. The
maximum velocity remains below approximately 4 m/s, with most of
the flow in the range of 1-2 m/s, indicating that laminar natural
convection is the dominant mode of heat transfer. Together with the

Frontiers in Mechanical Engineering

low thermal conductivity of air, this laminar convection enhances the
air gap’s function as a thermal resistance layer.

These findings demonstrate that the air gap not only blocks the
conduction path but also promotes heat redistribution through
buoyancy-driven laminar flow, thereby reducing thermal gradients.
Consequently, the air gap serves as both a mechanical insulation layer
and a thermal buffer, contributing to extended bearing life and
improved system stability.

4.3 Radial temperature profile analysis

The radial temperature distribution of the bearing cross-section
provides a key metric for quantifying the thermal blocking effect of
the air gap. In this study, five measurement points were defined from
the inner race (0%) to the outer race (100%), and the temperature
profiles of Case 1 and Case 2 were compared.

Table 4 and Figure 13 present the temperatures and the
percentage reduction of Case 2 relative to Case 1 at each
location. At the inner race (0%), Case 1 shows approximately
134.1 °C, whereas Case 2 shows 61.91 °C, corresponding to a

frontiersin.org
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FIGURE 11

Overall temperature field of the rotary joint without an air gap (Case 1) on the mid-axial cross-section, colormap 50 ~ 200 °C.
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FIGURE 12

Overall temperature field of the rotary joint with an air gap (Case 2) on the mid-axial cross-section, colormap 50 ~ 200 °C.

53.8% reduction. Even at the outer race (100%), the temperature
dropped from 106.5 °C (Case 1) to 52.24 °C (Case 2), representing a
50.9% decrease. Across the entire radial span, more than 50%
temperature reduction was maintained, with a 52.4% decrease
observed even at the 50% position (119.0 °C — 56.64 °C).

These results indicate that the air gap provides consistent
thermal suppression not just locally but across the entire radial
path. As shown in Figure 13, Case 1 exhibits a gradual temperature
decay from the inner to the outer race, whereas Case 2 maintains
uniformly lower temperatures with a relatively flat profile between
50% and 75% of the radius. This behavior suggests a shift in the
dominant heat transfer mechanism from direct metal-to-metal
conduction to indirect convection and radiation.

The effect is most pronounced near the inner race,
where heat generation is concentrated, making the air gap
particularly effective in relieving local thermal stress and
preventing lubricant degradation. The maintained temperature
reduction up to the outer race demonstrates the potential of
this approach to improve overall thermal stability and extend
bearing life.

Frontiers in Mechanical Engineering

TABLE 4 Temperature distribution and reduction rate from inner to outer
race.

Position (%) Case 1 ('C) Case 2 (°C) Reduction (%)
0 134.1 61.91 53.83
25 1269 59.48 53.13
50 119.0 56.64 52.40
75 1112 54.86 50.67
100 106.5 52.24 50.95

4.4 Comparison between theoretical model
and CFD

To verify the validity of the CFD results and to assess the usefulness
of a simplified predictive approach during early design stages, a one-
dimensional thermal resistance model was also employed. This model is
based on conduction and a thermal resistance network, allowing rapid
estimation of axial heat transfer. Owing to its simplicity and low
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FIGURE 13

Radial temperature profile across the bearing from the inner race
(0%) to the outer race (100%) comparing Case 1 (No Air Gap) and Case
2 (With Air Gap).

computational cost, it serves as a practical tool for quick parametric
studies of design variables such as material properties, thickness, and
cross-sectional area. Although it cannot capture local phenomena in
detail, it provides valuable insights into overall heat transfer trends from
a design perspective.

As summarized in Table 5, the absolute bearing temperature
predictions of the 1D model deviate considerably from the CFD
results. This discrepancy arises because the 1D model accounts only
for axial conduction and neglects other mechanisms such as natural
convection, radiation, and thermal contact resistance. The difference is
particularly pronounced in Case 2, where natural convection plays a
significant role.

Nevertheless, the simplified model correctly predicts the overall
trends: the air gap increases thermal resistance, reduces heat flux,
and lowers bearing temperature—consistent with the CFD results.
This comparison provides two important insights: first, the 1D
model, despite its limitations, is suitable for preliminary design
screening and rapid parametric studies; second, CFD is essential in
later stages of design to capture the detailed physics, including
convection, radiation, and local thermal effects, for accurate design
validation and optimization.

Thus, the difference between the two approaches should not be
seen merely as numerical error but as an indicator of their respective
roles and applicability. The 1D model offers a fast and simple
guideline for early-stage design, whereas CFD provides a detailed

10.3389/fmech.2025.1679597

and reliable prediction for final validation. Together, they form a
complementary framework that strengthens the physical credibility
of the proposed air-gap design.

4.5 Comparison with previous studies

The results of this study show a clear distinction from previously
reported thermal management techniques. Thermal-spray coating
technologies have been widely applied to reduce heat flux and
protect substrates in high-temperature environments, with
numerous applications reported in aerospace, power generation,
and automotive industries (Fauchais et al, 2011; Meng et al., 2024).
However, coatings are subject to delamination, cracking, fatigue-
induced damage, and require periodic inspection and reapplication.
In addition, the coating process is expensive and equipment-
intensive, limiting its scalability (Hamrock et al., 2004).

In contrast, the air-gap design proposed in this study achieves
significant thermal blocking effects through a simple geometric
modification, without additional coatings or external devices. The
CFD results confirm that inserting an air gap reduces bearing
contact temperatures by more than 50%, alleviating local
overheating, preventing lubricant degradation and strength loss, and
ultimately extending bearing life and improving system reliability.

Because the air-gap design does not require external energy input
or complex auxiliary systems, it is highly cost-effective. There is no
need for periodic inspection or re-coating, and once implemented
during the design stage, the solution provides long-term stability.
Hence, in terms of performance, cost, and reliability, the air-gap
approach offers a more balanced and robust solution compared with
conventional coating-based methods (Kim, 2018; Park, 2015).

Moreover, this work contributes to the growing body of research on
thermal management and lubrication strategies, including studies on
air-gap insulation layers (Kim, 2020), oil-air lubrication heat transfer
(Li et al, 2021), magnetorheological (MR) bearing thermal-fluid
analyses (Vaziri et al, 2024), and grease-lubricated bearing film
thickness prediction (Shetty et al, 2024). While these approaches
provide meaningful insights, many still involve complex system
configurations or limited applicability.

In conclusion, the proposed air-gap thermal insulation design
represents not merely an alternative to existing technologies but a
cost-effective and reliable paradigm shift in thermal management.
Considering recent studies on transient temperature rise in high-
speed rotors (Dong et al, 2024) and CFD-based thermal
performance modeling of bearings (Zhang et al., 2025), the
approach presented here provides a strong foundation for future
practical implementation and extended research.

TABLE 5 Comparison of 1D theoretical model and CFD results for heat flux and bearing temperature.

Parameter Case 1 (without air gap) Case 2 (with air gap)
Total Thermal Resistance [K/W] 205.7 368.5
Heat Flux Qqp) [W] 0.85 0.475
Bearing Temperature (1D) ["C] 198.3 121.7
Bearing Temperature (CFD) [*C] 134.1 6191
Wall Heat Flux Qcrpy [W] 11.34 4.15
Frontiers in Mechanical Engineering 10 frontiersin.org
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5 Conclusion

This study quantitatively investigated the -effectiveness of
an internal air-gap design in suppressing axial heat transfer
in a high-temperature, high-speed rotary joint. A combination
of CFD simulations and a one-dimensional thermal resistance
model was employed, leading to the following key conclusions.

First, compared with the baseline configuration (Case 1), the
air-gap configuration (Case 2) reduced the bearing contact
temperature by more than 50%. This reduction was not
merely the result of interrupting the conduction path, but was
further enhanced by laminar natural convection within the air
gap, which redistributed heat
accumulation.

and mitigated thermal

Second, analysis of the radial temperature profiles revealed
consistent temperature reductions across the entire span from
the inner to the outer race, along with the mitigation of local
hotspots. This result suggests that the air-gap design can suppress
lubricant degradation and local thermal stresses, thereby
improving the thermal stability and extending the service life
of the bearing.

Third, while the absolute temperature values predicted by the
1D theoretical model differed from the CFD results, both
approaches showed the same overall trend of increased thermal
resistance and reduced temperature with the introduction of the air
gap. This confirms that the simplified model is suitable for rapid
parameter screening during early design stages, whereas CFD is
indispensable for final design validation and performance
optimization.

Fourth, unlike conventional thermal-spray coatings, the air-
gap design achieves significant thermal blocking performance
without requiring expensive coating processes or periodic
reapplication. This approach provides a well-balanced solution
in terms of cost, reliability, and performance, while reducing
maintenance requirements.

Overall, this study demonstrates that an air-gap structure is
a simple yet highly effective passive thermal management
strategy capable of mitigating local bearing overheating and
enhancing system reliability. Nevertheless, this work was
limited to steady-state conditions, and additional factors such
as transient thermal behavior, thermo-structural coupling, and
varying rotational speeds and loads must be considered for
comprehensive evaluation. Future work will address these
factors through extended simulations and, importantly,
experimental validation using controlled heating and infrared
thermography. These efforts will enable model calibration and
design optimization, ultimately providing a robust foundation
for the practical implementation and commercialization of the
air-gap insulation concept.
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