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specimen. To maintain the low frictional coefficient of the PEEK materials, an effective
cooling method for the PEEK materials needs to be developed. In this study, the passive
cooling method, which attaches the heat sink to the PEEK materials, was suggested.
For evaluating the suggested cooling method of the PEEK materials, the calculation
model adopting OpenFOAM, which is open-source software, has been developed.
Adopting some functions and libraries of OpenFOAM, the frictional heat, heat
resistance, and heat transfer coefficient on the heat sink were modelled. The sliding
bearing experiment was conducted and time variation of the temperature and friction
coefficient in the ring specimen were measured. The temperature variation in the ring
specimen was compared with the calculation result. From the numerical calculation
results, the developed calculation model could simulate the temperature-time
variation of the ring obtained in the experiment, when the variation of the frictional

Keywords: coefficient, heat resistance, and heat transfer coefficient was modelled appropriately.
OpenFOAM; PEEK materials; Based on the friction and wear test results, by applying a heat dissipation mechanism
Reducing PEEK; Heat transfer; to the ring test piece, the calorific value of the PEEK material can be reduced, and it is
Friction and wear; Sliding bearing stable. It was suggested that the friction was maintained.

1. Introduction

Polyether-ether-ketone (PEEK) is a super engineering plastic. It is one of the heat-resistant
polymer resins, and the continuous usable temperature is about 240 to 260°C, while the glass
transition temperature and melting point are 143°C and 343°C respectively [1]. The heat-resistant
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temperature of general-purpose engineering plastics is nearly around 100 to 150°C [2-5]. Hence, the
heat resistance of PEEK material is high. The characteristics of PEEK material have an advantage due
to its heat resistance and chemical resistance. It also has excellent mechanical properties such as
bearings and rolling bearing cages [6]. Until now, engineering plastics have been resistant due to their
low thermal properties and low strength while metals have been mainly used for mechanical
elements used under harsh conditions and high temperatures. However, in recent years, high-speed
slippage has occurred due to the development of PEEK composite materials reinforced by filling with
PEEK and carbon fibre [3,4]. Furthermore, PEEK indicates that higher molecular weight is associated
with improved resistance against the scratch onset of cracking/material removal and abrasive wear
volume loss [7]. It has become possible to use it under harsh conditions such as under high
temperatures. Currently, PEEK composite materials are used for water turbine generators, final
bearings, rolling bearing cages, oil seal rings, etc [5]. By adding PEEK fibres on the mechanical, the
surface analysis results demonstrated more oxidation groups, higher polar surface energy and
greater wettability of the PEEK surface due to the UV-irradiation. This considerably improved the
PEEK/epoxy adhesion and subsequently [8].

Several researchers have been involved in the evaluation of friction and wear properties of PEEK
and PEEK composites under unlubricated and oil-lubricated conditions [9, 10]. Currently, the
development of nanocomposite for viability in extreme (vacuum, hydrogen and cryogenic)
environments is being investigated [11]. They researched terms of the condition of the glass
transition temperature with a friction surface temperature of PEEK under high-speed, oil-lubricated
conditions. From their results, they found that when the temperature exceeds 143°C, PEEK softens
and a large-scale plastic flow is generated, resulting in a rapid increase in the coefficient of friction
and a transition to seizure. The lubrication state of PEEK under oil lubrication changes depending on
the friction surface temperature, from fluid lubrication to mixed lubrication, and then seizure. The
seizure resistance of PEEK composites filled with raw fibres is further improved compared to pure
PEEK [12-16]. Friction surface temperature increases even under non-lubricated conditions. If it
continues, the coefficient of friction tends to increase [17, 18].

As mentioned above, the friction and wear characteristics of PEEK materials are very sensitive to
the friction surface temperature regardless of whether they are non-lubricated or oil-lubricated.
Therefore, to maintain low friction and wear of the PEEK material, the heat resistance performance
of the PEEK material itself needs to be further improved. Another method that can be used is to keep
the friction surface temperature of the system using PEEK material at a low temperature below the
glass transition temperature. Akagaki [17] used the low-temperature air jet cooling method under
unlubricated conditions. It is possible to cool the ring test piece and suppress the increase in the
friction surface temperature, and as a result, suppress the increase in the friction coefficient.

As a cooling method to reduce frictional heat, seizure prevention is used by using a heat
dissipation mechanism from a ring with fins attached. By using this method, a heat sink is attached
to the rotating shaft and a PEEK tree that utilizes forced convection heat transfer from the heat sink
during rotation. This method uses the energy required for heat dissipation from the rotational energy
of the shaft, and its mechanism. This system is a passive and easily practical cooling system. Although
the importance of attaching a heat sink to the body has been experimentally suggested [18], only a
few reports have been made, and a practical cooling means by installing a heat sink on a rotating
body has not been established. To develop a practical cooling method by adding a heat sink to such
a rotating body, it is necessary to understand the mechanism and design a heat-dissipating fin with
high heat transfer.

For that purpose, numerical analysis of the forced convection heat transfer mechanism of the
heat radiation fins around the rotating body, and the heat conduction effect on the ring and heat sink
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from the friction surface need to be understood clearly. Previous studies on heat transfer analysis of
rotating bodies in friction and wear environments have been conducted under the conditions of
lubricating oil dripping. Most of the analysis was conducted [19,20], and there are few research cases
in which the frictional heat effect under non-lubricated conditions was evaluated in detail analytically
[20,21]. In conventional research, heat transfer between the rotating body and the surrounding fluid
is only a simple model. Since the proposed cooling method is a practical system, it is desirable to
simulate it by using a commercial software package. However, when considering a practical case for
fluid simulation in a rotating body, large-scale parallel computing may be indispensable because it
must be performed under high-speed conditions. Therefore, many licenses during parallel calculation
cost a lot of money to simulate a phenomenon in a practical environment using a commercial
software package that requires a lot of nodes. It is considered essential, and it is difficult to
understand the heat transfer mechanism in a rotating body in a real environment. So, in this study,
an open-source software simulation capability for large-scale parallel computing, OpenFOAM was
used for the simulation work.

Although OpenFOAM is a free license, it has many calculation libraries. The above-mentioned
fluid simulation of the rotating body and heat conduction analysis in the composite material is easy,
and this software is used. It is considered possible to understand the heat transfer mechanism inside
the rotating body. As mentioned, OpenFOAM is capable of a practical phenomenon. While it has the
potential to be reproduced, the calculation examples of practical phenomena were done by using
another commercial software package. The calculation example by OpenFOAM regarding the heat
transfer mechanism in a rotating body is very little compared to a commercial software package
especially considering the friction surface. Therefore, the purpose of this study is to construct an
analytical model of the heat transfer mechanism of a rotating body during friction using OpenFOAM.
The usefulness of this cooling method will be evaluated by comparing a temperature measurement
from experiment work [22, 23] of the sliding rotation shaft when the heat sink is attached. Moreover,
a comparison also will be made in the rotating body when the heat sink is attached, and the fluid
simulation of the rotating body is constructed by constructing the analysis modelling by OpenFOAM.

2. Methodology
2.1 Numerical Method and Model Analysis

Figure 1 shows a schematic diagram of the block-on-ring type friction used for the simulation in
this study. The simulation was conducted using the three patterns of ring test as shown in Figure 2.
The ring test piece has a diameter of 130 mm and a thickness of 20 mm. Bolts were attached to the
surface of the test piece. In this study, there are three types of models were simulated which are the
ring without a copper plate (Type A), the ring attached with a copper plate (Type B) and the ring with
copper and fin (Type C). The heat transfer mechanism of the rotating body targeted in this research
was the heat dissipation from the rotating body to the surroundings due to rotational motion and
frictional wear. Both effects of heating the ring will be considered. To consider both effects around
the rotating body, it is necessary to couple the fluid analysis and the heat conduction analysis inside
the rotating body. To simply evaluate this problem, both simultaneous coupling method that
calculates the above with the same analysis mesh is considered as a solution. However, the
temperature measurement of the experiment by previous research [6] that was used as a benchmark
was fixed to 60 minutes, which is a long time. Therefore, the simultaneous coupling method of fluid
and heat conduction analysis requires fluid analysis with a high computational load.
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Fig. 1. Schematic diagram of the block-on-ring
type friction for the simulation (side and front
view)

Copper plate Copper plate
with fin

Type A Type B Type C
Fig. 2. Rotating ring used for simulation

To solve the above-mentioned problems, the heat transfer mechanism of the rotating body was
evaluated by analyzing the heat conduction of the rotating body consisting of the rotating shaft. To
understand the heat transfer coefficient, the fluid around the rotating body was analyzed and the
amount of convective heat transfer to the ambient air was calculated. The average value of the flow
heat transfer amount was set as the boundary condition for the composite heat transfer analysis,
and the time change of the temperature of the composite material during friction was obtained. In
the calculation process, the wall surface of the rotating body is set to a constant temperature when
calculating the convective heat transfer coefficient. For each rotation to be analyzed under actual
conditions, the temperature of the rotating body may change depending on the structure of the
body. However, this system is forced convection heat transfer by rotational motion.

Therefore, it is assumed that the heat transfer coefficient changes only by the Reynolds number,
that is, the rotation speed. Using this assumption, the wall of the fluid analysis was performed with
a constant temperature, and the amount of heat transfer was calculated. In the combined heat
transfer analysis, the averaged convection heat transfer amount is calculated as metal. It was given
as a solid wall boundary condition. In an actual system, the amount of convective heat transfer may
change on each wall surface. However, in the system for this study, the biot number, Bi is assumed
to be small because it is heat conduction in metal and it is assumed to be a centralized heat capacity
model. The analysis method constructed in this study is based on the above assumptions which are
the heat transfer coefficient depends only on the Reynolds number and the collection of each
component. By using the application of the medium heat capacity model, fluid and heat conduction
analysis can be performed independently, and the rotating body can be analyzed. The internal
temperature change can be acquired in a short time. In this study, OpenFOAM-v2016 was used in
each analysis. The model was constructed, and each analysis method is described below.
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2.2 Fluid Analysis Around a Rotating Body

For the numerical fluid analysis around the rotating body, the rotational motion was taken into
consideration. In this research, the rotational motion of a rotating body is considered three-
dimensionally. Support the energy equation for pimpleDyMFOAM, in which the moving mesh was
considered in calculating the considered heat transfer amount. Navier-Stokes equation, which is the
governing equation used in this analysis. The energy equation is described by Eqg. (1) and (2),
respectively.

ou; - 0u; ap 0 0u;

—_— y — T — . ) —— 1
o Y axj  dx; tw+v 9xj 0x; (1)
aT _ aT vt) o aT

< 2= ) === 2
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The working fluid is assumed to be an incompressible fluid, and the Navier-Stokes equation with
an incompressible approximation shown in Eq. (1) is used. Parameters in the Navier-Stokes equation,
u [m/s] is velocity, t [s] is time, x [m] is distance, and p [m?/s?] is the corrected pressure, which is the
pressure divided by the reference density. v [m?/s] is the kinematic viscosity coefficient, v¢ [m?/s]
indicates the vortex viscosity coefficient. The vortex viscosity coefficient will be described later, but
it is modelled by the Reynolds average model. In Eq. (2), T [K] in the energy equation is temperature,
a [m?/s] is the thermal diffusivity, Pr:is the turbulent Prandtl number. The overbars of the variables
in each equation indicate the Reynolds average processing. A simple external flow model of a rotating
body using the standard OpenFOAM meshes, blockMesh and snappyHexMesh was produced. The
number of grids in the model is around 800,000. Figure 3 shows a cross-sectional view of the mesh
of the external flow model. The patch on the surface of the rotating region in Figure 3 is designated
as an arbitrary mesh interface (AMI).

The air temperature of 20°C was used as the physical property value of the fluid used in this
analysis. As a boundary condition, the velocity gradient was set at the outer wall of the mesh. The
pressure gradient was zero (the pressure was zero only on the outlet surface), and the temperature
gradient also was set to zero. In addition, the surface of the rotating body should be on the moving
surface. A uniform isothermal condition was given on the surface at 100°C with no pressure gradient.
The turbulent model used is Reynolds’s average with the k- model. The turbulent heat flux was
modelled with a constant turbulent Prandtl number of 0.7.

e

—

Rotating zone

Ring

Fig. 3. Cross-section of calculation
mesh for simulation work
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The differential term was discretized using the complete implicit method, and the time progress
was performed. Time progress so that the maximum number of Courant is 0.2 or less was set. The
convection term and the diffusion term are the quadratic precision upwind difference method (Gauss
linear Upwind grad) and the non-straight mesh. Discretized using the Gauss linear limited corrected
0.33 method with limited second-order accuracy. Then, under each condition of Type A, B, and C, the
average heat transfer coefficient of each of the shaft, ring and copper plate parts was calculated. All
the parameters and boundary condition settings are summarized in Table 1.

Table 1
Summary of parameters and boundary conditions setting

Microhardness HV0.05 of the Microhardness HV0.05 of the
Sample . .

surface material material under the surface
C120 349 349
Rp3 438 438

2.3 Thermal Conduction Analysis in a Rotating Body

Thermal conduction analysis in composite materials was performed using chtMultiRegionFoam.
The governing equation used in the analysis is shown below,

d 0T

L=k
PCo = 0x;j 0x;

(3)

where, p [kg/m3] is the density, ¢ [J/(kg.K)] is the specific heat, and k [W/(m.K)] is the thermal
conductivity. The analysis mesh is similar to fluid analysis. It was generated using blockMesh and
snappyHexMesh. The number of grids in the analysis mesh is around 100,000 under each condition.
Figure 4 shows the analysis model of the derivative analysis using Type C as an example. In this study,
the frictional heat is evenly distributed to the ring test piece with a sliding width of 10 mm. When
using this assumption, the amount of work per unit time due to frictional heat, W [W] is by the
following equation.

W = uP,v (4)

Here, V [m/s] indicates the slip speed of the ring test piece. The amount of work per unit of time
is equal to the entire circumference of the ring test piece. Assuming that it affects heat flux, the acting
heat flux g [W/m?] is expressed by the following equation,

q=W/A (5)

where A [m?] is the product of the sliding width of 10 mm and the circumference of the ring test
piece. The friction generated in Figure 4 is shown on the surface. The time derivative term is
completely implicit, and the time progress was performed by discretizing using the method. The
diffusion term is a quadratic precision centre difference method (Gauss) that corrects the non-
orthogonality of the mesh (it was discretized using linear corrected). In the analysis, the analysis mesh
of the ring, shaft, and copper plate is used for each constituent material. The shaft end connected to
the motor was given adiabatic conditions. The spatial average heat transfer coefficient derived in the
analysis was used as the third-class boundary condition.
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Type 3 boundary conditions of chtMultiRegionFoam were also used for the application. For this
type of boundary condition, the ring part and the copper plate are mechanically joined using screws.
Therefore, the thermal resistance at the joint is also taken into consideration. In this simulation,
chtMultiRegionFoam can add the effect of thermal resistance between arbitrary objects. Besides
that, a layer with the maximum height roughness R; thickness of the copper plate and the ring test
piece is generated between the ring test piece and the copper plate. However, the thermal resistance
was expressed by giving the thermal conductivity of air. The average value of the maximum height
roughness of the copper plate is 1 um, which is the maximum of the ring test piece. The average
value of the height roughness is 5.6 um. From the above conditions, when the coefficient of friction
is taken into consideration, the coefficient of friction and thermal resistance are also taken into
consideration.

3. Results
3.1 Air Flow Field around the Rotating Body

Figure 5 shows the visualization result of the velocity distribution around the rotating body 3
seconds after the start of the rotation. For the visualization, the plane including the axis of rotation
was the cross section. The maximum wind speed generated by rotation is 1.95 m/s for Type A, 1.94
m/s for Type B and 3.24 m/s for Type C. It was confirmed that the highest flow velocity was generated
around the surface of the fins of Type C. In the heat conduction analysis, uniform heat transfer
coefficient to the wall surface of each component of the ring, shaft, and copper plate, is regarded as
a centralized heat capacity model. However, from this visualization result, the fin surface, that is,
copper, is reproduced.

Figure 6 shows the visualization result of the temperature distribution around the ring test piece
3 seconds after the start of the rotation. The results show that it has a uniform temperature
distribution of 373 K around the ring tested. The surrounding temperature boundary layer is thicker
for Type B compared to the Type A and Type C test pieces. From the shape of the Type B test piece,
it is possible that air stagnation occurs on the surface and heat is not dissipated well. The distribution
of the temperature also shows that Type B was maintained at a lower temperature compared to Type
A. This is due to the heat sink with a high heat conduction effect being added. Due to the more
efficient heat exchange, even Type B, which has a low convection effect, is higher than Type A when
considering the system. It is considered that the heat dissipation performance was excellent. This
result also suggests the importance of adding a heat sink. For the fin effect in Type C, the temperature
boundary layer becomes thinner due to the agitation of the fluid around the ring.
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Figure 7 shows the time change of the space average heat transfer coefficient for the ring, shaft,
and copper plate. As shown in the figure, the spatial average heat transfer coefficient of each
component rotates. The value is constant 3 seconds after the start of rotation. From this result, the
heat transfer coefficient in each component area is 3 for this simulation. Considering that it becomes
a steady value in seconds, the value of the heat transfer coefficient spatially averaged at 3 seconds
was used as the boundary condition for heat conduction analysis.
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3.2 Analysis of Heat Conduction Inside the Rotating Body

The spatial average heat transfer coefficient of each region of the ring, shaft, and copper plate
obtained by fluid analysis is applied to the surface of each component as a third-class boundary
condition. The heat conduction analysis in the composite material was performed. In this study, for
the sake of simplicity, the average value and maximum coefficient of friction during the simulation
were obtained. Three patterns of heat conduction analysis were performed under each condition
with the values and minimum values given as constants. The friction coefficient of each rotating body
used in this analysis is shown in Table 2.

Table 2

The friction coefficient was obtained for each ring simulated

Ring Average friction Maximum friction Minimum friction
Type coefficient coefficient coefficient

Type A 0.5910 0.9591 0.2573

Type B 0.4334 0.6470 0.2476

Type C 0.5016 0.6679 0.2909

Figure 8 shows a comparison between the simulation results from this study and the
experimental results of the time change of the temperature for the ring part when the friction
coefficient is taken into consideration. Temperature to evaluate 1 mm from the ring surface where
the thermocouple was installed from the experiment. Given the average value of the coefficient of
friction, the simulation results were nearly like the experimental results for Type A. Also, the
fluctuating experimental results are between the analysis results given the maximum and minimum
friction coefficients. Therefore, it is considered that the analysis result of Type A can express the
experimental result. For Type B and C, the results show a different trend compared to the
experimental results. For the simulation purpose, thermal resistance between the ring test piece and
the copper plate in the experimental work was neglected.

Other analyses were the temperature rise of the ring test piece in consideration of thermal
resistance. With a ring, the effect of thermal resistance was modelled by assuming that an air layer
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was formed between the ring and the copper plate at the sum of the maximum roughness of the
copper plate. Figure 9 shows a comparison between the simulation results and the experimental
results when the friction coefficient and thermal resistance are taken into consideration. By
considering the thermal resistance of Type B and Type C, the analysis results obtained agreed very
well with the experimental results. Therefore, it is considered that the experimental results could be
reproduced in general, and the constructed analysis model was constructed. It is considered that we
were able to show the effectiveness of the system.

280

200

2

Temp. difference (°C)
-
2

0 500 1000 1500 2000 2500 3000 3500
Time (sec)
Fig. 8. Simulation and the experimental results of the time change of
the temperature for the ring part for case friction coefficient

Summarizing the above results, the following can be considered. In the rotating body for Type A,
the heat dissipation mechanism is convection heat transfer from the ring surface. Considering the
change in the coefficient of friction from Figure 9, the simulation model shows the temperature
change of the rotating body for Type A. It became clear to predict to some extent Type A. This result
is the spatial average heat transfer coefficient by the centralized heat capacity model assumed in this
study. It shows the effectiveness of the numerical model used. It also shows the effectiveness of
modelling the frictional heat effect given as an isobaric boundary condition. It is probable that by
considering thermal resistance, the temperature of the rotating body Type B and Type Cis composed
of composite parts. Since the time variation of the distribution is also matched, it is possible to show
the possibility that this analysis model can be used even in a more practical system.
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Fig. 9. Simulation and the experimental results when the friction
coefficient and thermal resistance are taken into consideration

The effectiveness of this analysis model was shown in fluid analysis and heat conduction analysis,
which are extremely expensive to calculate. It is thought that it was possible. It is shown that the
phenomenon can be predicted by one-way analysis from fluid analysis to heat conduction analysis
without performing direct coupled analysis. Since the numerical investigation for the heat conduction
effect can be performed at high-speed simulation only, it is thought that it will be possible to shorten
the time for a large amount of simulation during practical calculation using this numerical model.

4. Conclusions

In this research, the authors constructed an analytical modelling of the heat transfer mechanism
of a rotating body in a PEEK resin slide bearing using OpenFOAM. To achieve the objectives, a
numerical simulation was conducted to measure the temperature distribution of the sliding rotating
body when the heat sink was attached. The simulation results were compared with the experimental
work and it agree very well with the available experimental data. With the model developed for
validation, a simulation of heat conduction in the rotating body when the heat sink is attached was
performed and compared with the experimental. From the result obtained, a conclusion was made
about the effectiveness of the constructed numerical model. Based on the friction and wear test
results, by applying a heat dissipation mechanism to the ring test piece, the calorific value of the PEEK
material can be reduced, and it is stable. It was suggested that the friction was maintained. From the
experiment.
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