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Abstract

This study investigates the flow field and temperature field characteristics of a cer-
tain type of aerospace tail-thrust clutch friction plate under engagement conditions. A
thermo–fluid–solid coupled convective heat transfer model was established based on the
velocity distribution of lubricating oil within the groove cavities. The model was applied
to analyze the surface temperature distribution of a single friction pair (friction plate and
steel plate) under different operating parameters. The results reveal that both the inlet
temperature and flow rate of the lubricating oil have a mitigating effect on temperature
rise. However, due to the geometric constraints of the groove structure, the maximum
wetted area and the actual inflow are inherently limited. Consequently, the temperature
evolution during engagement is more significantly influenced by rotational speed and
applied pressure. In particular, once these parameters exceed certain critical values, the
surface temperature exhibits a sharp increase. Furthermore, the optimization of lubricating
flow is constrained by friction materials. A higher flow rate does not necessarily yield
greater lubrication benefits; instead, the optimal flow rate solution tailored to the friction
pair should be pursued. This work provides theoretical insights into parameter control for
aerospace tail-thrust clutches in practical operation.

Keywords: aerospace friction clutch; thermal-fluid-solid coupling; temperature field
analysis; operating parameters; lubrication and cooling

1. Introduction
Currently, tail push helicopters are capable of both vertical take-off and high-speed

forward flight [1,2]. This performance is achieved through the smooth power transmission
enabled by friction clutches, which have become a critical component in high-power
aeronautical actively controlled pusher propulsion systems due to their ability to transmit
high power levels at elevated rotational speeds [3]. Power is transmitted between the input
and output shafts via multiple friction pairs consisting of steel separator plates and friction
discs. During operation, the clutch transmits torque through frictional contact, and the
relative sliding between the driving and driven sides of these pairs generates substantial
heat, which is absorbed by the friction materials. If this heat is not effectively removed
by the cooling system, it can lead to excessive temperatures and thermal stresses in the
steel plates and friction discs, potentially causing thermal distortion and warping of the
steel separators. Therefore, enhancing the lubrication performance of the friction pairs and
accurately simulating their thermal behavior under various operating conditions—as well
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as the heat transfer capability between the lubricating oil and the friction interfaces through
thermo–fluid–structural coupling analysis—are of significant importance [4].

In the field of thermal behavior research on friction clutches, a number of scholars
have conducted systematic investigations. Abdullah et al. [5] developed a program for
calculating the frictional heat generation and its distribution in the contact areas of clutch
system components during the sliding phase. Huang, Z. et al. [6] derived computational
methods for convective heat transfer on both the annular surface and the contact interface
of friction pairs with rectangular grooves and concentric circular grooves. Jin et al. [7]
analyzed the evolution of the temperature field during dynamic heat flux partitioning
using a solid–liquid convective heat transfer model based on the flow field distribution of
the lubricating oil. Yu et al. [8] investigated the influence of the transition from uniform
contact state (UCS) to intermittent contact state (ICS) on the thermodynamic characteristics
of friction pairs. Liu et al. [9] established a two-dimensional transient temperature field
simulation model for friction plates and proposed a numerical solution for surface temper-
ature distribution at different radii based on the finite difference method. Compared with
traditional prediction approaches, this method achieved higher accuracy. Furthermore, the
effects of pressure and relative velocity on the surface temperature field were analyzed,
revealing that the surface temperature increases with both pressure and rotational speed
during sliding contact. Kong et al. [10] examined the effect of lubricant convection on
temperature distribution, demonstrating that radially arranged arc-shaped grooves pro-
mote favorable flow patterns during the rotation of wet friction discs, thereby enhancing
convective lubricant flow.

Regarding the simulation research of friction plates, Tan et al. [11] investigated a
high-speed helicopter wet friction clutch and developed a thermo–fluid–solid coupling
simulation model based on radial and annular composite grooves. The model revealed the
flow characteristics and temperature distribution of the lubricating oil within the groove
channels of the friction disk. Using the Taguchi experimental design and a multi-objective
optimization algorithm, they achieved a coordinated optimization of drag torque and
overall temperature rise. Similarly, Zhang et al. [12] established a multiphysical-field co-
simulation model considering the groove structure on the friction plate surface, focusing
on the effects of groove inclination, groove number, and groove depth on the thermal
load characteristics of the steel plate. Zheng et al. [13] developed a numerical model
to obtain the temperature rise characteristics of a wet multi-disc clutch under different
separation clearances during continuous shifting, which was experimentally validated
on an SAE #2 test bench. Saffa et al. [14] investigated the thermoelastic behavior of a
single-disc friction system during the sliding period using the finite element method.
Based on axisymmetric finite element simulations, it was found that under a constant
frictional heat flux, the sliding speed has a more pronounced influence on temperature
rise than the applied pressure. Jin et al. [15] studied the torque generation mechanism
during the sliding process of wet clutches by establishing an improved torque calculation
model validated through multiple experimental conditions. Their results indicated that,
according to the fluid–structure interaction analysis, the effects of applied pressure, relative
speed, and oil flow rate on torque decrease successively. A microscopic analysis further
revealed the intrinsic mechanism governing torque variation under different operating
conditions. Wu et al. [16] constructed a single-pair rough contact model and proposed
two characterization parameters for temperature-field-induced failure. The model was
coupled in real time with a macroscopic thermo-mechanical simulation model. By applying
a control variable method, the effects of pressure and speed on the failure parameters
were examined, indicating that the failure parameters are more sensitive to variations
in pressure.
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Most of the above studies have primarily focused on the microscopic mechanisms of
torque generation and local flow-field optimization in wet clutches, providing valuable
insights into the underlying physical processes, while also examining the variations in
transmitted torque under different conditions [17,18]. In this work, a steady-state Multiple
Reference Frame (MRF) approach is employed to develop an efficient thermal simulation
model based on the engineering requirements of an aerospace helicopter tail-thrust clutch
operating under variable rotational speed conditions. The effects of multiple operating
parameters—including engagement pressure, inlet flow rate, rotational speed, and oil inlet
temperature—on the overall temperature distribution of the friction pair are systematically
analyzed. The results aim to provide direct and practical data support for thermal design
and operating condition planning in real engineering applications.

2. Theoretical Method
2.1. Thermo–Fluid–Solid Coupling Method

In general, thermo–fluid–solid coupling (TFSC) is a complex problem, and in the strict
sense, it represents a multiphysics coupling phenomenon [19–22]. For clutch friction pairs,
the interaction involves frictional heat generation between the friction plate and its mating
steel plate (solid–solid frictional heating), heat transfer among the lubricating oil, friction
plate, and steel plate (fluid–solid heat transfer), as well as thermal deformation within
the friction plate and steel plate (solid stress field). The corresponding relationships are
illustrated in Figure 1.

Figure 1. Multiphysics coupling schematic.

Assuming the lubricating oil to be an incompressible Newtonian fluid, the governing
equations can be formulated by combining the conservation laws of mass, momentum, and
energy in the fluid domain with thermoelastic deformation in the solid domain [23]. The
fluid behavior is governed by the Navier–Stokes equations, which incorporate the continu-
ity equation (mass conservation) and the momentum conservation equation. The energy
equation is solved to account for heat transfer within the fluid. On the solid boundary,
Fourier’s law describes conductive heat transfer, while thermal expansion of the structure is
coupled with temperature-dependent material properties through the generalized Hooke’s
law. Interface conditions ensure continuity of temperature, heat flux, and stress, thereby
achieving bidirectional coupling: fluid-induced shear stress and convective heat transfer
alter the structural temperature field, while the resulting deformation modifies the flow
distribution and heat transfer. This nonlinear feedback loop governs the overall stability
and thermal performance of the system. Therefore, accurate thermo–fluid–solid coupling
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(TFSC) analysis requires simultaneous resolution of the fluid, thermal, and solid fields
within a unified framework, rather than treating them in isolation.

Specifically, in the fluid domain, the governing equations consist of the incompressible
Navier–Stokes equations and the energy equation [24]:

∇→
u = 0 (1)

ρ

(
∂
→
u

∂t
+ (

→
u · ∇)

→
u

)
= −∇p + µ∇2→u + ρg (2)

ρcp (
∂t
∂T

+
→
u · ∇T) = k f ∇2T + Φ (3)

where
→
u is the velocity vector, p is the pressure, T is the temperature, ρ is the fluid density,

u is the dynamic viscosity, cp is the specific heat at constant pressure, k f is the thermal
conductivity of the fluid, and Φ denotes the viscous dissipation term.

In the solid region, heat conduction and thermoelastic deformation are considered:

ρscs
∂T
∂t

= ks∇2T (4)

σij = Cijkl (εkl − α∆Tδkl ) (5)

where ρs, cs and ks are the density, specific heat, and thermal conductivity of the solid,
respectively. σij is the stress tensor, εkl is the strain tensor, α is the coefficient of thermal
expansion, and Cijkl denotes the elastic stiffness tensor.

At the fluid–solid interface, continuity of velocity, stress, temperature, and heat flux
must be satisfied:

u f luid =
∂dsolid

∂t
, n · σf luid = n · σsolid, (6)

Tf luid = Tsolid, −k f n·∇Tf luid = −ksn·∇Tsolid (7)

This set of governing equations and coupling conditions provides the theoretical
framework for analyzing the bidirectional interaction among thermal, fluid, and structural
fields in the system.

2.2. Heat Flux Calculation

During the engagement of a wet friction clutch, the steel plate and friction plate are
compressed by the pressure exerted by the piston. The relative rotational speed difference
between the two surfaces generates a frictional torque, which drives the input shaft and
output shaft to rotate together. At the same time, this frictional torque produces frictional
work, leading to heat generation [10,25]. In the present calculation, it is likewise assumed
that the contact pressure between the friction pairs is uniformly distributed [26]. Consider-
ing that the tangential velocity of the friction pair varies with radius, the resulting frictional
torque also differs across radii, which in turn affects the distribution of heat flux density
on both the steel plate and friction plate. For computational convenience, the friction pair
contact region can be discretized along the radial direction into infinitesimal elements dA

as illustrated in Figure 2.
Based on the aforementioned conditions, the frictional work on the annular element

dA at radius r of the friction pair can be approximately calculated as:

dW =
F(t)

π(R2 − r2)
· dA · µ(t) · r · ωrel(t) (8)
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where F is the normal engagement pressure between the friction pairs, R and r are the outer
and inner radii of the friction pair, dA is the infinitesimal area of the friction pair element
(dA = 2πr0 · dr0), µ is the coefficient of friction, and ωrel is the relative angular velocity.

Figure 2. Friction Micro-Element Schematic.

The behavior of the sliding angular speed with time can be written as [20]:

ωrel(t) = ωro(1 −
t
ts
), 0 ≤ t ≤ ts (9)

where ωro is the initial angular sliding speed. ts is the total time required to complete
the combination.

According to Equations (8) and (9), on the circular ring of the friction pair, the heat
flux at radius r0 can be expressed as [12,27,28]:

q(t, r) =
F(t)

π(R2 − r2)
µ(t) · r0 · ωro(1 −

t
ts
) (10)

3. Numerical Model
3.1. Geometric Model

In aerospace clutches, due to the requirement of transmitting high power and ensuring
reliable engagement, a multi-disc configuration combining multiple friction plates with
mating steel plates is commonly employed. This coupling arrangement is complex and
exhibits axial symmetry. To focus on the influence of operating parameters on a single
friction pair, the present study selects one friction pair for analysis. A commonly used
radial composite groove pattern in aerospace applications is adopted, and the investigation
is carried out under its maximum operating parameters. The constructed model consists
of one friction plate and two mating steel plates, forming a complete friction pair. The
geometric configuration is shown in Figure 3, and the dimensional parameters are listed
in Table 1.

Table 1. Geometric parameters of the friction pair.

Parameters Friction Plate Steel Plate

Outer radius R (mm) 73 81.75
Inner radius r (mm) 43 44
Thickness δ (mm) 3 3

Groove pitch b (mm) 50 -
Groove width b1 (mm) 1 -
Groove width b2 (mm) 3 -
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Table 1. Cont.

Parameters Friction Plate Steel Plate

Groove depth δa (mm) 0.35 -
Groove angle θ (◦) 90 -

Figure 3. Geometric model of the friction disc and separator plate.

3.2. Material Properties

The material property parameters are listed in Table 2. The separator plate is made
of heat-treated alloy steel. The friction disc consists of two types of sintered composite
materials: the outer layer is composed of high-temperature-resistant paper-based material,
and the base plate is also made of high-temperature-resistant alloy steel.

Table 2. Material property parameters.

Parameters Paper Base Steel

Density ρ (kg·m−3) 1200 7750
Thermal conductivity κ (W·m−1·K−1) 0.241 38
Specific heat capacity c (J·kg−1·K−1) 1600 519

Elastic modulus v (GPa) 1 210
Poisson’s ratio u 0.25 0.3

Thermal expansion α (K−1) 30 × 10−6 12 × 10−6

The material properties of the lubricating oil are provided in Table 3. AeroShell Turbine
Engine Oil 555 was used as the lubricant in this study.

Table 3. Material parameters of the oil.

Parameters Value

Density ρ (kg·m−3) 850
Thermal conductivity κ (W·m−1·K−1) 0.12
Specific heat capacity c (J·kg−1·K−1) 1950

Dynamic viscosity 40 ◦C η (kg·m−1·s−1) 0.0227
Dynamic viscosity 80 ◦C η (kg·m−1·s−1) 0.0085

The simulation model is illustrated in Figure 4. The computational domain was dis-
cretized using unstructured grids generated with Fluent Meshing software. To balance
computational accuracy and efficiency, global size controls were first applied to the entire
model. Local refinement was implemented specifically on the groove surfaces to capture



Lubricants 2025, 13, 469 7 of 18

critical flow details. Five layers of inflation meshes were generated at the fluid–solid in-
terfaces. A low-y+ resolution strategy was applied in the near-wall region, achieving a
target value of y+ ≈ 1 on all wall surfaces with enhanced wall treatment. The boundary
layer consisted of five layers with a growth rate of 1.15, ensuring adequate resolution of
velocity and temperature gradients within the boundary layer and meeting the require-
ments of conjugate heat-transfer analysis. Further improving mesh quality, cells with a
mesh quality below 0.2 were remeshed, including both surface and volume grids. The final
mesh contained 2,657,816 elements, with skewness values below 0.7 and orthogonal quality
above 0.2, satisfying the basic quality criteria required for CFD simulations.

Figure 4. Finite Element Model of the Friction Pair.

3.3. Boundary Conditions

During clutch engagement, the piston actuates the axial movement of a steel plate
toward the friction surface, generating a normal engagement pressure. Torque is subse-
quently produced by the resulting friction force, which drives the output shaft into motion.
As the input shaft rotates at high speed, the output shaft undergoes a rapid change in
rotational velocity during the engagement period until it synchronizes with the input
speed [28,29]. A schematic diagram of this engagement process is provided in Figure 5.

Figure 5. Engagement Process of the Friction Pair.

As shown in Figure 6, the friction plate and the mating steel plate are assigned
different materials. In the calculation process, the effect of gravity can be neglected, since
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the centrifugal acceleration generated by high-speed rotation is dominant [16]. The inlet
boundary condition is specified as a mass flow inlet, while the outlet is defined as a pressure
outlet. The oil layer surface is set as an interface coupled with the solid domain. Heat
transfer within the friction pair is modeled as forced convection, with thermal exchange
among the friction plate, steel plate, and lubricating oil determined by their material
properties and convective parameters. At the coupling interface of the friction plate, a
heat source is applied via a user-defined function (UDF), based on Equation (10). The heat
source is defined as a function of working pressure, speed difference, radius of the friction
pair, and time. To evaluate the effect of each operating parameter on the temperature
field, the single-variable method was applied, where the friction coefficient and time were
kept constant. The friction coefficient was set to 0.12, a typical value for paper-based
friction materials, and the time was chosen at the moment of maximum relative speed
difference—that is, when the friction pair first comes into contact and the heat generation
reaches its peak. This heat source is formulated as a function of working pressure, relative
rotational speed, and radius. A single-factor analysis was conducted to examine the effects
of engagement pressure and speed difference on the temperature field of the friction pair.
The heat source was applied to the contact surface between the friction plate and steel plate,
with the heat flux distribution ratio automatically determined according to the material
properties of each component.

Figure 6. Friction Pair Boundary Conditions.

To simulate the influence of different relative rotational speeds on the temperature
field of the friction pair, the Multiple Reference Frame (MRF) model was employed for the
calculation of both the flow field and the temperature field. Since this is a pseudo-transient
calculation, it offers relatively high computational efficiency and good numerical stability,
making it possible to quickly assess the influence of operating parameters on the friction
pair. This model offers significant advantages in handling problems involving multiple
rotating regions. In the simulation setup, the rotational speeds of the input shaft and the
separator plates were held constant, while the output shaft and the lubricating oil were
set to rotate at specified speeds, thereby modeling the oil-throwing lubrication mechanism
from the central shaft of the friction pair. The temperature distribution was analyzed under
various conditions of relative speed difference, engagement pressure, inlet flow rate, and
inlet oil temperature.

3.4. Turbulence Model

The Reynolds number quantitatively describes the ratio of inertial to viscous forces in
a fluid and serves as a fundamental criterion for determining the flow regime. When the
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Reynolds number is low, viscous forces dominate and the flow remains laminar, for which
a laminar model should be applied. At high Reynolds numbers, inertial forces prevail,
and the flow transitions to turbulence, requiring the adoption of a turbulence model. For
rotating machinery, the Reynolds number is typically calculated as:

Re =
ρωr2

µ
(11)

where ρ is the fluid density, ω is the angular velocity, r is the characteristic radius, and µ is
the dynamic viscosity.

In the present aerospace friction clutch, the rotational speed reaches 4800 rpm, resulting
in a Reynolds number of approximately 2.68 × 105. Generally, for external flows, turbulence
occurs when Re > 5 × 105, while for internal flows, turbulence is typically established
when Re > 2300. Therefore, the present case clearly corresponds to a highly turbulent
flow regime.

Commonly used turbulence models for fluid flow analysis include several categories.
The Spalart–Allmaras (S–A) one-equation model offers low computational cost and per-
forms well in aerospace external flow simulations; however, its applicability is limited for
complex internal flows and strong separation regions. The standard k− ε model and its vari-
ants, such as RNG k − ε and Realizable k − ε, are robust and computationally efficient for
high-Reynolds-number, fully developed turbulence. Nevertheless, their accuracy decreases
in flows with strong streamline curvature, rotation, or adverse pressure gradients, which
often lead to flow separation. Among the k − ω family, the Shear Stress Transport (SST)
k − ω model is the most representative. This model effectively combines the advantages
of both the k − ε and k − ω formulations. Near the wall, it uses the k − ω model, allowing
integration down to the viscous sublayer without wall-function corrections (suitable for
fine grids with y+ ≈ 1), enabling accurate predictions of wall friction and heat transfer. In
the free-stream region, it transitions smoothly to a k − ε-like behavior, thereby reducing
sensitivity to the inlet turbulence properties. Importantly, the SST model incorporates a
shear stress transport limiter that enhances prediction accuracy under adverse pressure
gradients, especially in capturing the onset and extent of flow separation.

Therefore, considering the high-intensity turbulence (Re ≈ 2.68 × 105) and strong
rotational effects in this study, the SST k − ω turbulence model with curvature correc-
tion was adopted to accurately capture the complex turbulent flow behavior within the
friction clutch.

4. Results and Discussion
4.1. Flow Field Distribution at Different Rotational Speeds

Figure 7 illustrates the flow field distribution under different rotational speeds. It can
be observed that the flow field is significantly influenced by centrifugal force. The flow ve-
locity along the groove surfaces increases radially outward. The majority of the lubricating
oil flows through the vertical grooves, where the velocity is considerably higher than that in
the annular regions. This trend becomes more pronounced as the rotational speed increases,
indicating effective lubricant throughput in this groove design. However, the limited oil
flow in the annular grooves may lead to localized high-temperature phenomena.

Figure 8 shows the flow field distribution at the cross-section of the grooves under
different rotational speeds. The velocity trend continues to increase radially outward. At
the outlet, the flow velocity is significantly influenced by wall adhesion, resulting in higher
velocities along the wall surfaces. This phenomenon is particularly noticeable at a low
speed of 1000 rpm. As the rotational speed increases, the outlet flow velocity rises, and
this wall-adhesion effect diminishes, being replaced by more intense flow field variations.
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These results indicate that the flow field undergoes more drastic changes under high
rotational speeds.

(a) (b) 

 
(c) (d) 

 

Figure 7. Flow field distribution over the grooved surface at different rotational speeds: (a) = 4800 rpm;
(b) = 4000 rpm; (c) = 3000 rpm; (d) = 2000 rpm.

  
(a) (b) 

 
(c) (d) 

Figure 8. Flow field distribution at the groove cross-section under different rotational speeds:
(a) = 1000 rpm; (b) = 2000 rpm; (c) = 3000 rpm; (d) = 4800 rpm.

Figure 9 summarizes the maximum velocity of the lubricating oil on the groove plane
and the average velocity at the outlet. As the rotational speed increases, the average outlet



Lubricants 2025, 13, 469 11 of 18

velocity increases gradually, while the maximum velocity shows a more significant rise.
This indicates that, although increasing the rotational speed can enhance the flow velocity
of the lubricating oil passing through the friction discs, the actual throughput is constrained
by the structural parameters of the grooves. As a result, the rate of lubricant passage does
not improve markedly with higher rotational speeds.

Figure 9. Maximum and average velocities of lubricating oil.

4.2. Temperature Field Distribution Under Different Engagement Pressures and Inlet
Oil Temperatures

Figure 10a presents the average and maximum temperatures of the friction plate and
steel plate under different engagement pressures. The results indicate that the surface
temperature increases nonlinearly with pressure, where the maximum temperature exhibits
a more pronounced rise compared with the average temperature. Specifically, the maximum
temperature increases from 125 ◦C to 270 ◦C, indicating that engagement pressure is a
critical factor affecting the peak temperature. Figure 10b illustrates the variation in outlet
temperature under different engagement pressures. With the overall temperature rise, the
outlet temperature increases slightly. This suggests that the increase is mainly attributed to
the elevated surface temperature at the contact interface, which in turn raises the outlet
temperature, while also reflecting the inherent limitation of the heat exchange capacity.

 
(a) (b) 

Figure 10. (a) Average and maximum temperatures of the friction disc and the steel disc under
different pressures. (b) Average temperature at the outlet under different pressures.
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Figure 11a summarizes the average and maximum temperatures of the friction disc and
the steel plate under different inlet oil temperatures. The inlet oil temperature significantly
influences the surface temperature of the friction pair. When the inlet oil temperature is
below 40 ◦C, the cooling effect is pronounced, whereas above 40 ◦C, the effect diminishes.
Figure 11b shows the variation in outlet temperature under different inlet oil temperatures.
It can be observed that the outlet temperature variation is significant below 40 ◦C, while it
diminishes at higher temperatures. This indicates that increasing the temperature difference
enhances heat exchange efficiency. However, as the inlet temperature rises, the heat
exchange capacity gradually decreases.

  
(a) (b) 

Figure 11. (a) Average and maximum temperatures of the friction disc and the steel disc under differ-
ent inlet oil temperatures. (b) Average temperature at the outlet under different inlet oil temperatures.

4.3. Distribution of the Temperature Field Under Different Rotational Speeds

To investigate the effect of centrifugal forces induced by rotational speed on the
temperature distribution of friction plates and their mating steel plates, Figure 12 shows
the temperature distribution of the friction plate and steel plate at rotational speeds
of 0 and 1000 rpm, respectively, Under the 1000 rpm condition, a heat source term was
applied to the contact surface between the friction plate and steel plate. Results indi-
cate: without centrifugal force, lubricant primarily flows out through vertical grooves.
Low-temperature zones in the friction pair concentrate near vertical grooves, while
high-temperature zones cluster in the central region of annular grooves, reaching a
maximum temperature of 232 ◦C. Comparing this with the temperature distribution
at a rotational speed difference of 1000 rpm reveals that, under centrifugal force, the
flow field undergoes significant changes. Both the circumferential and radial grooves
receive lubrication, the high-temperature zone shrinks considerably, and the maximum
temperature drops to 150 ◦C—a significant reduction. This demonstrates that centrifugal
force produces a beneficial lubrication effect.

Subsequently, the engagement pressure of the friction pair was set to 4000 N, with
the lubricant inlet temperature maintained at 80 ◦C and the inlet flow rate at 1.2 L/min,
while the rotational speed was varied as the single independent variable. Figure 13 shows
the average and maximum temperatures of the friction disc and the steel plate, as well
as the average temperature at the outlet, under different rotational speeds. As rotational
speed increases, the temperature of the friction plate and steel plate rises rapidly. When
rotational speed reaches 4000 rpm, the temperature exhibits a sharp surge, indicating
that rotational speed significantly impacts temperature, with a particularly pronounced
effect on maximum temperature. Concurrently, the outlet temperature shows a slight
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increase, but the overall heat exchange rate remains low. This suggests that, while rotational
speed influences heat transfer, it is also constrained by inlet temperature, limiting the heat
exchange rate at the outlet.

 
(a) (b) 

  
(c) (d) 

Figure 12. Effect of Rotational Speed on the Temperature Field: (a) friction plate, n = 0 rpm; (b) steel
plate, n = 0 rpm; (c) friction plate, n = 1000 rpm; (d) steel plate, n = 1000 rpm.

  
(a) (b) 

Figure 13. (a) Average and maximum temperatures of the friction disc and the steel disc at different
rotational speeds. (b) Average temperature at the outlet under different rotational speeds.
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4.4. Temperature Field Distribution Under Different Inlet Flow Rates

In aerospace friction clutches, the flow rate of lubricant is a critical factor in controlling
temperature rise. As other parameters—such as structural design, operating pressure,
and rotational speed—are often difficult to adjust in real time during system operation,
flow rate regulation provides a relatively flexible and effective means of managing heat
accumulation through control of the cooling medium, thereby maintaining stable clutch
operation within a suitable temperature range. In this study, the engagement pressure
of the friction pair was set to 4000 N, the lubricant inlet temperature to 80 ◦C, and the
rotational speed to 4800 rpm, with the flow rate varied as the single independent variable.
Figure 14 shows the average and maximum temperatures of the friction disc under different
flow rates. As the inlet flow rate increases, the temperature of the friction disc decreases;
however, the distribution of high-temperature zones remains largely unchanged. Overall,
the temperature rise is reduced with higher flow rates.

  
(a) (b) 

  
(c) (d) 

Figure 14. Temperature field distribution of the friction disc under different inlet flow rates: (a) = 1.2 L/min;
(b) = 2.4 L/min; (c) = 3.6 L/min; (d) = 4.8 L/min.

Figure 15 shows the average and maximum temperatures of the steel plate under
different inlet flow rates. As the flow rate increases, the temperature of the steel plate
decreases, accompanied by a reduction in the extent of high-temperature zones and an
overall decline in temperature rise. Owing to the relatively high thermal conductivity
of steel, heat exchange occurs more efficiently in the steel plate compared to the friction
disc. Therefore, increasing the flow rate has a more pronounced cooling effect on the
separator plate.
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(a) (b) 

 
(c) (d) 

Figure 15. Temperature field distribution of the steel plate under different inlet flow rates: (a) = 1.2 L/min;
(b) = 2.4 L/min; (c) = 3.6 L/min; (d) = 4.8 L/min.

Figure 16 illustrates the temperature field distribution on the cross-section of the
friction pair. The higher-temperature zones are primarily concentrated in the friction
pair engagement area, with the steel plate exhibiting significantly higher temperatures
compared to the paper-based friction material. Most heat dissipates through the steel plate,
indicating that paper-based materials retain heat more readily. The steel plate rapidly
transfers heat into the overall metal matrix and lubricating oil, resulting in a more uniform
temperature distribution. As the flow rate increases, the overall temperature rise in the
friction pair decreases, further demonstrating that increased lubricating oil is an effective
cooling method.

  
(a) (b) 

  
(c) (d) 

Figure 16. Temperature field at the cross-section of the friction pair under different flow rates.
(a) = 1.2 L/min; (b) = 2.4 L/min; (c) = 3.6 L/min; (d) = 4.8 L/min.
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Figure 17 summarizes the temperature variations in the friction disc and the steel plate
under different inlet flow rates. As flow rate increases from 1.2 L/min to 4.8 L/min, the
temperature of the friction plate and steel plate decreases accordingly, with the maximum
temperature showing a more pronounced drop than the average temperature. For this
radial groove configuration, the most significant temperature reduction occurs when flow
is maintained between 1.6 and 1.8 L/min. The outlet temperature variation remained
relatively small. Overall, it was still influenced by the circumferential oil storage capacity
of the groove design. Relying solely on vertical grooves to handle flow has a certain upper
limit; hence, the temperature increased slightly.

  
(a) (b) 

Figure 17. (a) Average and maximum temperatures of the friction disc and the steel disc at different
volumetric flow rates. (b) Average temperature at the outlet under different volumetric flow rates.

5. Conclusions
This study investigates the overheating issue in a wet friction clutch under high-speed

and heavy-duty aerospace conditions. The thermal–fluid–solid coupling (TFSC) model was
developed to analyze the flow and temperature fields of the friction pair under various
operating parameters using a single-variable approach. The effects of engagement pressure,
inlet oil temperature, rotational speed, and inlet flow rate were systematically examined.
The main conclusions are as follows:

1. Engagement pressure is a key factor inducing local thermal failure. An increase in
engagement pressure significantly elevates the peak temperature of the friction pair,
while its effect on the overall average temperature remains relatively limited. This
indicates that high pressure tends to generate localized hot spots in the contact region,
which are the primary cause of friction material ablation and thermal spot formation,
particularly for paper-based materials.

2. A lower inlet oil temperature is an effective means of controlling thermal rise. Reduc-
ing the inlet oil temperature can markedly enhance heat dissipation. In particular,
when the inlet temperature is below 40 ◦C, its suppression effect on the overall temper-
ature field becomes more pronounced. This provides a clear direction for developing
early-stage cooling strategies in the system.

3. Increasing rotational speed nonlinearly intensifies the system’s thermal load. The
frictional heat generation power increases sharply with rotational speed, especially
in the high-speed range. The resulting rapid temperature rise not only poses a risk
of thermal runaway but also serves as a dominant factor leading to local burning or
failure of the friction pair.
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4. Flow optimization exhibits a yield inflection point, with material thermal management
capability being the key constraint. Increasing the lubricant flow rate is an effective
method for temperature regulation, but its effectiveness is limited by the flow channel
structure, exhibiting a distinct critical point of diminishing returns. Blindly increasing
the flow rate is not an economically efficient choice; design should instead target
identifying this inflection point. Additionally, paper-based friction linings exhibit
poor thermal conductivity and high heat storage capacity. This results in higher
operating temperatures under identical conditions, making them a key focus in
system thermal design.
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