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Abstract: Tyres are one of the most important elements of a vehicle because they are the link to
the road and have a huge impact on traffic-related pollution. Knowing their behaviour, thus being
able to use them at their best and reducing their wear rate, is one of the means of improving their
lifetime, which means decreasing traffic environmental impact. In order to understand how tyres
behave and to predict the real-time tyre—road coefficient of friction, which is strongly influenced by
the temperature, in the last few years several complex thermo-mechanical models of heat transfer
inside the tyre have been developed. However, in the current state of the art of the literature and
practice, there is still an important parameter regarding such models that is not deeply studied. This
parameter is the heat transfer coefficient between the tyre and the road at the contact patch, which
usually is considered as a constant. The current research paper allows understanding that such an
approximation is not always valid for all of the speeds and tyre loads of city and race cars; instead,
it is developed an equation that, for the first time, calculates the real-time, dynamic tyre-road heat
transfer coefficient, taking into account the tyre’s travelling speed and the footprint length. The
equation results are in good agreement with the empirical values coming from the literature and
permit understanding how much such a parameter can vary, depending on the tyre use range. The
formulation is simple enough to be easily implemented in existing thermodynamic tyre models
without requiring meaningful computational time.

Keywords: thermo-mechanical tyre model; heat transfer coefficient; tyre road heat exchange; real
time tyre model; tyre thermodynamics

1. Introduction

The tyre-road interaction is a fundamental element in the field of vehicle dynamics
and plays a pivotal role in determining not only a vehicle performance but also its safety
and energy efficiency (Rafei et al. [1]). A comprehensive understanding of this interaction
is important because tyres are the ultimate link between the vehicle and the road, and
they are the means of the main force exchanges, as underlined by Pacejka [2]. Being
able to predict/simulate tyre behaviour in different conditions permits improving vehicle
design and can be also a way, to a certain extent, to perform the road surface project, as it
can be found in a review of various design guidelines carried out by Das [3]. Moreover,
Zhang et al. [4] reported that tyre wear particle emissions are higher than those coming
from the exhaust. Operating tyres outside the design temperature can accelerate the
wear rate, as remembered by West [5], so deepening the knowledge of tyre behaviour
permits optimizing their use, extending their lifetime and decreasing, in such a way, their
environmental impact.

Historically, semi-empirical models such as the “magic formula” proposed by Bekker
et al. [6] served as the foundational principles for tyre modelling. These models primarily
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focus on the kinematics of the tyre contact patch and are based on empirical data, providing
essential insights into lateral and longitudinal tyre forces and slip behaviour. While these
kinematic models have significantly improved our understanding of tyre-road interaction
and are still used in vehicle dynamics design (see, for instance, Nguyen in refs. [7,8]), they
are inherently limited in terms of capturing the complexities arising from heat generation
and dissipation within the tyre.

As highlighted by Persson in ref. [9], friction between tyres and road is strongly
influenced by temperature. Moreover, in addition to the friction coefficient (in its hysteretic
and adhesion components, as inferred by Grigoriadis [10]), temperature affects the rolling
resistance, as underlined by Ejsmont et al. in ref. [11], and when it is excessive it can be
harmful for the integrity of the tyre, as stated by Marais et al. [12]. Thus, a paradigm shift
occurred in the modelling domain, leading to the development of thermodynamic tyre
models. These models incorporate the thermodynamic aspects of the tyre-road interaction
by accounting for heat generation and dissipation within the tyre, particularly in the
contact patch region. By considering the said phenomena, these models offer a more
accurate representation of real-world tyre behaviour, especially under extreme conditions
and during high-speed manoeuvres.

One of the first researchers that addressed the role of the temperature in friction
behaviour in the modern era was Persson [9], who was also one of the winners of the Tire
Technology International Awards for Innovation and Excellence in 2022 [13].

In such a context, it is worth remembering the extended studies of Farroni et al. [14]
that, starting from the one-dimensional Thermo-Tyre model of De Rosa et al. [15], which is a
simplified method devoted to determining the surface temperature of the rubber, developed
the analytical-physical tri-dimensional model called “Thermo Racing Tyre” (TRT). Such a
model takes into account all heat generation and flux exchange phenomena occurring inside
the tyre. Allouis et al. [16] proposed a test procedure to evaluate the thermal diffusivity of
tyres, to be used in the said TRT model, and even a further model called TRTLAb. Moreover,
Farroni [17] developed the Tire/Road Interaction Characterization and Knowledge (TRICK)
tool, which permits tuning the various models using the vehicle as a lab. Furlan et al. [18]
provided an artificial neural network model to predict the friction coefficient, including
a heat transfer model to calculate the tyre bulk temperature. Mavros [19] proposed a
thermo-mechanical model based on an extensive study of the local flash temperature.
Ebbot et al. [20] developed a model, based on finite element analysis (FEA), able to predict
the thermal distribution inside the tyre at steady state. Lin et al. [21] developed a simulation
procedure that combines dynamic mechanical tests and material tests in order to evaluate,
through computer simulation, the temperature distribution. Even solid rubber tyres for
aircraft have been studied. For instance, Chen et al. [22] developed a particular model from
the thermo-mechanical point of view, acknowledging that the high heating of such parts of
the airplane can threaten safety during the landing procedures.

All of the above cited models, which depend upon the number of sub-systems into
which the tyre is subdivided, calculate the heat transfer between the various parts by means
of convection and conduction. It is worth mentioning that, usually, even advanced tyre
models do not take into account any radiation thermal coefficient towards the external
environment because it is considered negligible, as reported by Marais et al. [12]. The said
heat transfer mechanisms considered are usually (Figure 1) represented by:

(1) heat directly generated because of tyre deformations (mainly because of rolling resistance);

(2) heat exchanged with external air by (forced) convection (tyre rolling at speed);

(3) heat internally exchanged between rubber layers or other parts of the tyre;

(4) heat directly generated in the surface layer by viscoelastic excitement of the polymer
from rubber sliding over road asperities;

(5) heat exchanged with the road at the contact patch, removed from the surface layer,
which requires knowledge of the tyre-road heat transfer coefficient Hc.
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Figure 1. Synthesis of heat transfer mechanisms between the tyre and the surroundings.

Whereas the first four heat transfer mechanisms are well studied and discussed in
the existing thermodynamic tyre models, the heat exchanged with the ground is vastly
overlooked because information about the Hc coefficient is scarce and its actual value,
which was obtained only in empirical ways, is not easy to find in the literature.

The Hc coefficient is important because it takes into account, in a macroscopic manner,
the conduction heat transfer during the transitory time of contact between the tyre and the
ground. By means of the said coefficient, the expression of the heat flux, ¢ [W], exchanged
with the ground can be calculated with the Newton formula as follows:

¢ = Hc-A-AT @)

where A [m?] is the tyre contact patch area and AT [K] is the temperature difference between
the road and the surface of the tyre tread.

Usually, in the literature as well as in practice, the tyre-road heat transfer coefficient Hc
is proposed as an empirical constant, as declared by Farroni et al. in ref. [23]. However, the
(few) values published in the literature are very different one from another, suggesting that
the actual value of Hc may depend upon the testing conditions. For example, Miller [24]
suggested a value of 3 x 10* W/m?K. Smith et al. [25] proposed one of the most used values,
1.2 x 10* W/ (m2K), employed, as it is, also by [26-28], without any discussion about its
validity in relation to the testing conditions. Hackl et al. [29] found results significantly
lower and around 2 x 10> W/m2K. Taking into account the above discussion, the Hc range
seems rather wide, suggesting that its expression should be more complex than a simple
constant. To date, there is no evidence that the value 1.2 x 10* W/(m?K), even if it is
the most used, is the correct one, because as far as the authors” knowledge goes, there is
not an extensive validation of such a number for all of the possible tyre use conditions.
Farroni et al. [30] considered Hc a function of the thermal characteristics of the compound
only, but as far as the authors’ knowledge goes, there is not a relation or an equation
that permits calculating the coefficient on the basis of known parameters related to actual
vehicle conditions. There is a lack of knowledge about the phenomenon.

It is important to underline that the use of a constant for the Hc value is acceptable
when two different materials are continuously in contact. Such a hypothesis is not verified
in the case of a rolling tyre and the road, because the contact surface portion continues to
change and the heat stored in each portion of the surface layer is continually released to
the ground every tyre revolution. Thus, Hc is expected to show some dependency upon
the tyre speed and footprint length.

As underlined by [17], the thermal real effects on tyres are often underestimated;
nevertheless, the Hc impact can be very meaningful on modern thermodynamic models
implementing it. Thus, its determination is an important open research question, which
cannot be neglected in the complex evaluation of tyre behaviour.

The scope of the current paper is to answer such a question by developing a first
proposal for an equation that allows evaluating the Hc coefficient.
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The novelty of the paper consists in providing, for the first time, a dynamic formulation
for Hc, based on physical principles of heat transmission, that takes into account not only
the tyre compound characteristics but also the real-time speed of the vehicle and the tyre
footprint length.

In order to achieve the declared scope, the paper is structured into the following sections:

Section 2: An analysis of the theoretical heat transfer mechanism between the tyre surface
and the road, based on energy conservation principles;

Section 3: A physics-based equation describing the process;

Section 4: A validation of the model on the basis of the few literature results available;
Section 5: A discussion of the results;

Section 6: Some considerations for future possible developments.

2. Heat Transfer between Road and Tyre—Thermophysical Aspects

The tyre-road heat transfer mechanism is theorised starting from the description
of what happens when the rolling tyre surface comes into contact with the ground and
becomes part of the contact patch. In particular, the description takes into account a small
part of the tyre tread surface AS [m?] and what happens inside the first infinitesimal layer
of rubber in terms of the thermal gradient and thermal flux, ¢, exchanged with the ground,
as can be seen in Figure 2.

T1 .(road) @

|I Temperature |I Temperature |' Temperature |Il Temperature

Figure 2. Thermal gradient evolution inside the tyre due to the heat flux passing through the tyre
surface AS.

Analysing Figure 2, it can be seen that, at first, the tyre and road surfaces have different
temperatures, T1 [K], the road one, and T, [K], the tyre one. Nevertheless, as soon as AS
is pressed into contact with the ground, because of the tyre rotation, at least the very first
molecular layer substrate must reach thermal equilibrium. In that situation, a steep thermal
gradient develops inside the rubber surface AS, so an intense thermal flux, ¢, starts to flow
from the tyre surface to the ground [31].

Because of that intense thermal flux, the temperature of the first substrate drops,
and this thermal drop begins to propagate deeper (it is worth noting that the thermal
gradient develops inside a very short depth of the rubber surface layer tread). The heat
propagation smooths the thermal gradient; consequently, the heat flow decreases. A Finite
Element Method (FEM) simulation by Mavros [19] was in agreement with the above
description. Furthermore, the road temperature remains almost the same, given that the



Appl. Sci. 2023,13, 11996

50f 14

asphalt conductivity, as well as its thermal capacity, is one order of magnitude higher than
those of the tyre rubber, as reported by [32].

As soon as the surface area previously in contact with the ground loses such a contact,
the temperature of the first layer rises again, returning in thermal equilibrium with the
temperature of the rubber surface layer until AS, after a full tyre rotation, returns into
contact with the ground. The whole process generates continually a heat loss that can be
taken into account when defining the Hc coefficient. Such a coefficient permits calculating
the heat flux passing from the tyre to the road on average (Equation (1)).

Considering the above description, Hc is not expected to be a constant but rather a
function of the (rolling) tyre footprint-road contact time; in other words, the Hc coefficient
should increase with the tyre rolling speed while decreasing with the footprint length, as
hinted at also in ref. [29]. The above observation is the basis of the Hc equation development
proposed in Section 3.

3. The Tyre-Road Heat Transfer Coefficient Hc Equation Proposal

As stated above, the Hc parameter should have a dependence upon the tyre rolling
speed and the footprint length. In the current section, a formulation that takes into account
such variables is proposed, starting from a simplification of the temperature gradient
behaviour. The transient temperature gradient in the first infinitesimal tyre tread layer
shows a shape like the one in Figure 2 [31], which can be approximated by a simplified
polygonal curve, as depicted in Figure 3.

a) b)
4 £4

____ real gradient 12 (tyre) T2 (tyre)

depth

- — - approximated

p(t)

Q)

({0

Temperature Temperature

T1 (road) T1 (road)

Figure 3. (a) Temperature gradient approximation between the tyre tread surface and the road.
(b) Heat exchanged between the tyre tread surface and the road as a function of the temperature
gradient penetration.

In the above Figure 3, p(t) [m] is defined as the “propagation depth” of the temperature
gradient: p(t) is the “knee” of the real curve gradient, and it represents the depth over which
the temperature is still “undisturbed” and can be considered the one of the surface layer.
Such a parameter p(t) is a function of time, equal to 0 at time ty = 0, that corresponds to the
instant at which the surface AS touches the ground, and then increasing monotonically as
long as AS remains in contact with the road. The approximation in Figure 3 is based on
the hypothesis that, given the short time of contact for a tyre rolling at speed, the length
p(t) is very short as well, in comparison to the whole rubber thickness, and that the entire
gradient is developing (happening) well inside the surface layer of the tyre rubber.

The heat stored inside the rubber is proportional to the reached temperature and the
heat capacity. When the temperature decreases, it means that part of the stored heat is
transmitted outside the tyre.
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Taking into account the representation of the thermal gradient behaviour shown in
Figure 3, it can be inferred that the amount of heat exchanged with the ground at time ¢ [s],
Q(t) []], is proportional to the area of the triangle depicted in red in said figure. Thus:

Q) & 2 p(0) @

Introducing the heat capacity per unit of volume, C [k]/(m3K)], considered as a
constant as in ref. [33], the energy lost by the rubber of the tyre surface AS at time f and
transferred to the ground can thus be written as:

2 —-T1
Q() = as-C 2 p() ©
Given the heat flux definition: 40
=" 4
Equation (3) can be derived as follows:
B T2—-T1 dp
@ =AS-C- 5 5)

The heat flux going from the tyre to the road, however, must equal the heat flux
inside the tyre rubber expressed by the Fourier thermal conduction law, considering the
temperature gradient, the depth p and the heat conductivity coefficient, A [W/(mK)]
(assuming, as said above, that the asphalt conductivity is one order of magnitude higher

than the rubber one):
2 -T1

@ = AAS- (6)
From the comparison of Equations (5) and (6) comes:
T2—-T1 dp T2 —-T1 Cdp A _C _
AS-C 5 -EfAAS ; :>2dtfp:>2pdpf/\dt 7)

Integrating the above differential equation with the boundary conditions p(t) = 0 when
t =0, it is possible to obtain, for p(t), the following expression:

plt) = /22 ®)

Thanks to the above formulation, by comparing Equations (8) and (3), it is possible to
express the amount of heat exchanged by the tyre surface AS and the ground as a function
of the contact time ¢:

Q(t) = AS-(T2 — T1)-VA-C-t ©)

The above expression implies that Q(tp) = 0 because before any contact between the
ground and tyre, no flux exchange with the ground happens.

Remembering Equation (4), the average heat flux exchanged can be expressed as the
total amount of heat flowing during the whole time the surface AS is in contact with the
ground divided by such an amount of time. Considering the interval of time At = t. — t,
where {, is the instant when the surface AS loses contact with the ground, it comes:

A0 Q-Q _ o [AC
Gug = 7 = —p, = AS(T2=Th |5

(10)
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Remembering Equation (1), the average Hc can be expressed by dividing Equation (10)
by the surface area AS and the temperature difference (T, — T1):

. Pavg . £
Heaws = Rsma—1) ~ \ & (1

Given the tyre footprint length FL [m] and the tyre speed v [m/s], it is straightforward
to calculate the time t. as FL/v, and the final formulation of the real-time Hc heat transfer

coefficient becomes:
AC-v
pe= /1" 12

The above equation is very easy to be applied, for instance, in existing thermodynamic
tyre models. It allows determining the coefficient Hc as a function of two constant tyre
compound characteristics (the heat conductivity coefficient, A, and the heat capacity per
unit of volume, C) and two dynamic variables: the rolling speed, v, and the footprint length,
FL. These two variables can be easily determined by means of existing tyre models and/or
by experimental results. The Hc formulation permits adding the real-time characteristic of
the heat exchanged between the tyre and the road to those existing models.

In the next section, the validation of the proposed mathematical expression is carried
out by comparing the literature results with the ones calculated using the equation.

4. Equation Validation

As already pointed out, as far as the authors” knowledge goes, there are very few Hc
values in the literature. Thus, in order to understand if the equation can be considered
reliable, a test was carried out on the only available values. It must be underlined that in
all of the literature cases, the boundary conditions were not very clear.

At any rate, considering a tyre conduction coefficient of 0.25 W/(mK), which is
a diffused used value for tyres [12,34], and an average specific volume heat equal to
2 x 10°J/(m3K) 121, Equation (12), with a speed of 41.6 m/s, equal to 150 km/h, for an FL
equal to 0.14 [24], gives:

= 1.22:10* W/m2K

Lo 2000,000)/ (mPK)-0.25-W/ (mK)41.6('2)
€= 0.14m

This result is in perfect agreement with [25]. The error of 1.6% can be considered
completely negligible.

Taking into account the same tyre parameters but decreasing the rolling speed, for
example, at 2.7 m/s, equal to 10 km /h, Hc becomes 3.1 x 103 W/(m?K). Again, the parameters
are in good agreement with the testing conditions and the results are of the same order of
magnitude as those found in ref. [29].

It is interesting, in these cases, to calculate the maximum value of p(t) in order to
validate the initial hypothesis that the thermal propagation depth is very thin in comparison
to the whole tyre tread thickness. Remembering the expression of p(t) in Equation (8)
and using for ¢ the contact time FL/v, the above speeds give results in the range 10~° m
(v=41.6 m/s, that is, 150 km/h) and 10~* m (v = 2.7 m/s, that is, 10 km/h). Given an
average rubber layer thickness in the order of magnitude of 3 x 1072 m [35], the initial
assumption that the whole process happens only at the tyre surface layer can be considered
confirmed and therefore validated.

Finally, it must be underlined that the Hc values, calculated using the equation, increase
with speed. Such a result complies with empirical observations about the tyre temperature
behaviour, such as that described by Hyttinen et al. [36].

Table 1 summarises the comparison between the literature values and equation results.
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Table 1. Comparison between the Hc literature values and Hc equation results.
Speed Hc Literature Values Hc Equation Results
[/s] [km/h] [W/m2K)] References [W/(m2K)]
27 10 2 x10° [29] 3.1 x 10°
41.6 150 1.2 x 10* [25] 1.22 x 10*

5. Discussion

On the basis of the discussion in Section 4, it is possible to state that the equation
provides results in the same order of magnitude as the values found in the literature in
similar conditions. Thus, the study, as far as the authors” knowledge goes, for the first
time offers a theoretical justification for the use of the empirical values normally found in
the literature and provides an explanation, mainly driven by the tyre rolling, for the wide
range of them.

It is important to remember, even in this section, that one of most adopted values
for He is 1.2 x 10* W/(m?K) and that, in many models and papers, it is used without
discussion about the boundary conditions. In particular, it is used without paying attention
to the rolling speed of the tyre or to the wheel footprint length. It is worth noting that, on
the basis of the equation analysis, as well as of the testing conditions of some of the users
of such a number, it seems that the number should be suitable only for high speeds. In the
graph in Figure 4, the Hc behaviour is parameterised as a function of the footprint length of
0.14 m and calculated as a function of the rolling speed, as expressed in kilometres per hour.

Hc function
2.1
=
=
< 16
o
= 1.2
>
2 11
Q
3
()
>
Q 0.6
i
0.2
0
0.1
AN TN ONONNOANM N OMNONNO AN M N O ™~N0 O O
= e e e e e e - - AN AN AN AN ANANANANANANM

Speed [km/h]

Figure 4. Hc behaviour as a function of the rolling speed (footprint length of 0.14 m). Red dots
represent the literature empirical values.

Analysing the graph above, itis clear that the most used value of Hc could be employed
for a speed range between 100 km/h and 200 km/h, if a total error of 40% (£20%) can be
considered acceptable. Such a range is certainly suitable for racing cars and, as a matter of
fact, it must be recognised that many tyre models are focused on such a target. Nevertheless,
if passenger cars and city speeds are considered, it seems more appropriate to halve the Hc
values employed.

It is interesting to analyse, as well, what happens if the tyre load changes, influencing
the footprint length. Regarding the FL evaluation, Balakina et al. [37] proposed an inter-
esting work. The paper starts from the Hedekel formula reported below, which is derived
from geometric considerations:
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FL = 2,/Az(2R — Az) (13)

In the equation above, Az represents the radial tyre deformation [mm], while R is the
free wheel radius [mm]. The gradient of z is given by the ratio between the normal wheel
load P [N] and the radial rigidity of the tyre, R, [N/mm], as written below:

p

Az = R (14)
In said paper, Balakina et al., proposed a correction coefficient for Equation (13) in
order to obtain the best fit between the empirical findings and the calculated ones. One of
the most interesting parts of the work is that, in order to evaluate such a coefficient, several
experiments were carried out, concerning both various types of passenger cars as well as
trucks. For the current work, the very experimental results reported in Table 2 of ref. [37]
were taken into account. Only passenger vehicles, characterised by a normal wheel load
that goes from 1863 N to 3923 N, were considered. Here, 1863 N is about 750 kg, a typical
mass for a small car, while 3923 N is about 1568 kg, a mass ascribable to a station wagon or

small sports utility vehicle (SUV) [38]. The average free wheel radius was 0.3 m.

Table 2. Hc analytical results for different vehicle speeds at different footprint lengths.

Footprint Length [m]

0.1 0.12 0.14 0.16 0.18

Speed [km/h] Hc [W 10%/(m?K)]
10 0.372678 0.340207 0.31497 0.294628 0.277778
30 0.645497 0.589256 0.545545 0.51031 0.481125
50 0.833333 0.760726 0.704295 0.658808 0.62113
70 0.986013 0.900103 0.833333 0.779512 0.734931
90 1.118034 1.020621 0.944911 0.883883 0.833333
110 1.236033 1.128339 1.044639 0.97717 0.921285
130 1.34371 1.226633 1.135642 1.062296 1.001542
150 1.443376 1.317616 1.219875 1.141089 1.075829
170 1.536591 1.402709 1.298656 1.214782 1.145307
190 1.624466 1.482928 1.372924 1.284253 1.210805
210 1.707825 1.559024 1.443376 1.350154 1.272938
230 1.787301 1.631575 1.510545 1.412985 1.332175
250 1.86339 1.701035 1.574852 1.473139 1.388889
270 1.936492 1.767767 1.636634 1.530931 1.443376
290 2.006932 1.83207 1.696167 1.586619 1.495879
300 2.041241 1.86339 1.725164 1.613743 1.521452

Table 2 of ref [37] permits inferring an FL range that goes from 0.1 to 0.18 for the said
car range.

Taking into account Equation (12), considering a tyre conduction coefficient of 0.25 W/(mK)
and an average specific volume heat equal to 2 x 10° J/(m3K), it was possible to calculate
the Hc values parametrised as a function of increasing the FL values, starting from 0.1 m,
with an increment step of 0.02 m. The calculation was performed for increasing speeds in a
range from 10 km/h to 300 km/h. The analytical results are reported in Table 2.

Figure 5 offers a graphical representation of what is reported in Table 2.
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Figure 5. Hc variation with the rolling speed as a function of different foot lengths.

Analysing Figure 5, it can be confirmed that the value of 1.2 x 10* W/(m?K) remains
suitable for high speeds: from 70 km/h, for the lightest footprint, related to very small
cars, to 300 km/h, for the heaviest one. When low speeds are considered, it seems more
adequate to use values one order of magnitude below. For example, it would be suitable to
use 3.1 x 10° W/(m?K) for a speed range from 50 km/h to 10 km/h, representing typical
city speeds. Nevertheless, if, for example, an FL of 0.18 is considered, the value of 130 km/h
could be the lowest threshold where 1.2 x 10* W/(m?K) can be applied. Below such a
speed, a lower Hc value should be considered. As a matter of fact, from the considerations
above, an attentive Hc evaluation should not be a negligible step in the tyre thermal model
definition. Actually, it must be remembered that the use of a completely wrong Hc provides,
as a result, an unrealistic tyre behaviour, because such a coefficient should be able to offer
an account of all of the heat discharged by the tyre through contact with the ground.

It Is worth remembering that the temperature of tyres is one of the main parameters
ruling their consumption. Understanding how the thermal profile evolves in different
speed ranges and load configurations is one of the means of improving tyre design and
management. All of these actions are focused on improving safety and on minimizing
consumption, thus decreasing tyre-related pollution.

From the computational point of view of an implementation of the proposed formula,
it can be said that the equation only requires a square root, a division and a multiplication.
It is clear that such operations add a negligible computation time in comparison to the use
of a simple constant. Thus, in a complex thermodynamic tyre model, where it is important
to achieve the most realistic results, adding this expression for Hc does not affect the
computational time, while, at the same time, it can meaningfully improve the accuracy of
the results. Authors have made a first experimental attempt to integrate said equation into
the existing tyre model of the AVC™ virtual car simulation library [39], obtaining results
more in compliance with the empirical results, without noticing significant additional
computation time.
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6. Further Developments

In order to better validate the model, in addition to the literature results, it is advisable
to compare the theoretical results with new sets of empirical data directly collected for
the purpose. The next step in the current research will be developed in this direction,
collecting Hc values using real vehicles running on a specific track at different speeds and
with different footprint lengths. Different tyre typologies will be tested too. The vehicles
will be equipped with on-board instruments in order to collect the temperature behaviour
of the external layers of the rubber, while the asphalt conductivity will be determined
starting from its granular composition and compared to the tyre one to understand the
approximation error entity of the proposed equation. The experiments will be carried out
on sport cars in order to test the widest speed range possible.

Furthermore, the proposed equation will be implemented in a complex thermos-
mechanical tyre model based on the interaction between the temperature dependant charac-
teristics of the tyre compound and the power spectral density of the terrain asperities. Such
a model is a further step in the research and it is currently in the final development phase.

7. Conclusions

The current paper proposes a novel, physics-based equation that serves the purpose of
computing, in real-time, the dynamic tyre-road heat transfer coefficient Hc. This coefficient
estimation relies on essential tyre compound characteristics and two dynamic parameters:
the rolling speed of the tyre and the length of its footprint on the road. The work is
motivated by the need to address a research question that has long been overlooked in
this field: the lack of knowledge about the heat transfer coefficient between the tyre and
the road. Despite its significant impact on the results generated by more intricate thermos-
mechanical tire models, this parameter has historically been treated as a constant, even
though the few values available in the literature exhibit significant variability, varying by
more than one order of magnitude. This inconsistency has cast doubt on the suitability of
these values for integration into advanced tyre models whose aim is to provide the most
realistic results possible.

The equation presented in this paper was developed considering the mechanism of
heat transfer that occurs between the ground and the first layer of the rubber composing the
tyre tread. This heat transfer predominantly occurs within the tyre surface layer, specifically
through the contact area. The formulation of Hc is based on the average heat flux exchanged
between the tyre surface and the ground throughout a full revolution of the wheel.

To validate the proposed equation, comparisons with the values actually available in
the existing literature were made. The results consistently demonstrated a close alignment
with the empirical data. For instance, at high speeds of approximately 41.6 m/s (equivalent
to 150 km/h) and a tire footprint length of 0.14 m, the proposed model provides a value
of 1.22 x 10* W/(m3K). Conversely, at lower speeds of 2.7 m/s (equivalent to 10 km/h),
the equation yields a value of 3.1 x 10° W/(m?K). These results support the theoretical
justification for employing the empirical values that are commonly found in the literature.

Upon careful analysis of the equation outcomes and thorough consideration of the
underlying physics, it becomes evident that Hc is not a constant throughout the entire
spectrum of vehicle speeds. Specifically, this work emphasises that the most widely used
value of Hc, which stands at 1.2 x 10* W/(m?K), is most suitable within the medium- to
high-speed range, spanning from 100 km/h to 200 km/h, with the tire footprint length
set at 0.14 m. However, when vehicle speeds fall within the 10 km/h to 50 km/h range, it
is more fitting to halve the aforementioned Hc value. For higher speeds, employing the
widely disseminated Hc value could potentially lead to an underestimation of the actual
heat exchanged with the ground.

An additional advantage of the formula Is Its simplicity and efficiency. It entails
minimal computational overheads and can be seamlessly integrated into more complex tyre
models, adding the needed real-time characterisation of the heat exchange between the tyre



Appl. Sci. 2023,13, 11996

12 of 14

References

and the ground. This integration serves to refine the prediction of tyre behaviour, fostering
smarter tyre design and utilisation that can effectively mitigate tyre-related pollution.

Looking ahead, this research will expand to encompass the validation of the equation
using experimental data gathered from real vehicles operating at various speeds. Moreover,
the aim is to incorporate the formula into a new comprehensive thermos-mechanical tyre
model actually under development by the authors.
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FEA Finite Element Analysis

FEM Finite Element Method

SUV Sports Utility Vehicle

TRT Thermo Racing Tyre

TRICK  Tire/Road Interaction Characterization and Knowledge

Symbols

A Contact area between tyre and road (m?)

C Heat capacity per unit of volume (J/(kgK))
R Radial rigidity of the tyre (N/mm)

FL Tyre footprint length (m)

H, Tyre-road heat transfer coefficient (W/ (m2K))
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Q) Heat (J)

P Normal wheel load (N)

S Tyre surface (m?)

T Dry bulb temperature (°C)

t Time (s)

v Tyre speed (m/s)

Az Radial tyre deformation (mm)

A Conductivity coefficient (W /(mK))

@ Heat flux (W)
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