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ABSTRACT-The new numerical procedure for hydroplaning has been developed by considering the following three
important factors; fluid/structure interaction, tire rolling, and practical tread pattern. The tire was analyzed by FEM
with Lagrangian formulation and the fluid is analyzed by FVM with Eulerian formulation. Since the tire and the fluid
are modeled separately and their coupling is automatically computed by the coupling element, the fluid/structure in-
teraction of the complex geometry such as the tire with the tread pattern can be analyzed practically. We verified the
predictability of the hydroplaning simulation in the different parameters such as the water flow, the velocity depend-
ence of hydroplaning, and the effect of the tread pattern on hydroplaning. In order to predict the streamline in the
contact patch, the procedure of the global-local analysis was developed. Since the streamline could be predicted by
this technology, we could develop the new pattern in a short period based on the principle; “make the stream line

smooth”.

KEY WORDS : Hydroplaning, Fluid/Structure interaction, FEM, FVM

1. INTRODUCTION

The hydroplaning is one of the most important per-
formances to design the tread pattern of a tire, because
a vehicle will lose its controllability once it occurs. So
many engineers and researchers have studied the hy-
droplaning phenomena. The effects of many factors on
hydroplaning were investigated in experimental warks,
such as road texture, inflation pressure, tire velocity,
tread pattern, load and water depth etc (Albert, and
Walker, 1965; Albert, 1968; Yeager and Tuttle, 1972;
Horner and Joyner, 1970; Browne, 1975). In the most
of analytical works, hydroplaning was solved by the
2D Reynolds equation and the fluid/structure interac-
tion was considered in some of them (Browne and
Whicker, 1997; Browne et al., 1972, 1975; Browne,
1977a, 1977b; Hays and Browne, 1974; Moore, 1964,
1965, 1967, 1975; Rohde, 1977; Whicker et al., 1976;
Agrawall and Henry, 1980; Sakai, 1987; Boness 1968).
CFD was also applied to analyze the 2D Reynolds
equation including the fluid/structure interaction (Oka-
mura and Someya, 1977a, 1977b). Furthermore in the
recent years 3D-CFD has been performed, in which
hydroplaning was solved by the Navier-Stokes equat-
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ion including the free surface and the turbulence model
(Grogger and Weiss, 1996, 1997).

Though there are a few researchers who solved the
hydroplaning phenomena by the FEM, the FEM have
not been popular for the hydroplaning study. Because it
was difficult to consider the three important factors in
the FEM. Three factors are the fluid/structure interac-
tion in 3D models, tire rolling and complicated tread
pattern geometry, which are necessary for tread pattern
design if we use the hydroplaning simulation as the tire
design tool. Though the fluid/structure inter- action
was considered in the hydroplaning simulation (Oka-
mura and Someya, 1977a, 1977b; Grogger and Weiss,
1996, 1997), other two factors have not been consid-
ered.

So our motivation was to establish the new numeri-
cal procedure for hydroplaning in which the three im-
portant factors were considered. This paper describes
how to consider the three important factors and how to
apply this technology to practical tread pattern design.

2. MECHANISM OF HYDROPL ANING

The hydroplaning is a hydrodynamic phenomenon
caused by the collision of water to a tire at high speed.
The separation of the tire and the road due to the colli-
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Figure 1. Three zone concept of hydroplaning (1).

sion leads to the reduction of the wet performance
of a tire. The hydroplaning is usually explained by the
well-known three zone concept as shown in Figure 1
(Albert and Walker, 1965; Moore, 1965; Hays and
Browne, 1974). In the A region, the tire floats on thick
water films and the water wedge penetrates into the
contact patch so that the tire is fully separated from the
road. In the B region, the tire is on thin water films.
This is the transition region from floating to contact.
In the C region, the tire contacts with the road com-
pletely.

The hydroplaning is classified into two kinds of
phenomena (Moore, 1965). One is the dynamic hydro-
planing. When a vehicle drives into thick water films
at high speed, the hydrodynamic pressure is generated
by the inertia of water and the tire floats on the water
films. The other is the viscous hydroplaning. When a
vehicle drives on thin water films, the hydrodynamic
lubrication between the tire and the road surface occurs
by the viscous effect, and then the tire slips on the wet
road. The dynamic hydroplaning has the dominant
effect in the A region. On the other hand, the viscous
effect has the dominant effect in the B region.

Though both the inertia and the viscosity are important
for hydroplaning, we just focused the aim of the simu-
lation on dynamic hydroplaning in this study. One of
reasons is that the 10 mm depth of water films, which
is the measurement condition of the hydroplaning ve-
locity in this study, is thick enough for the dynamic
hydroplaning to be dominant. The important aspects of
the dynamic hydroplaning of pneumatic tires can be
satisfactorily explained on a purely inertial basis.
NASA’s hydroplaning velocity prediction formula
(Homer and Joyner, 1970), derived solely on the basis
of nonviscous flow, should be given great credence.
Viscous effects need to be considered only if a detailed
analysis of the fluid flow is desired (Browne et al.,
1972). The other reason is that the road surface prop-
erty of micro-texture may be considered to be effective
in the ‘thin film’ penetration region of the ground con-
tact.

Sharp points in the road surface will penetrate to and
into the rubber surface and the effective friction de-
veloped will contain some component due to the shear
of the rubber at these points. The micro-texture defines

hydrodynamig pressure

contact pressure

B water

_____

Figure 2. Schematic figure of dynamic hydroplaning.

its inherent frictional characteristics (Albert and

Walker, 1965). Because of these reasons, the viscous

hydroplaning is considered to be less important than

the dynamic hydroplaning in this study.

The schematic figure of dynamic hydroplaning is
shown in Figure 2 and the mechanism of hydroplaning
on thick water films is the following:

(1) Water collides with a tire at high speed;

(2) Hydrodynamic pressure is generated by the inertia
of water;

(3) When the hydrodynamic pressure exceeds the con-
tact pressure at the leading edge, the tire starts
floating on water;

(4) Tire deformation due to the hydrodynamic pressure
increases progressively;

Due to this- deformation the wedge of water films
penetrates into the contact patch, the depth of water
and the hydrodynamic pressure increase progressively.
Since hydroplaning includes the fluid/structure interac-
tion, both tire deformation and fluid flow must be si-
multaneously simulated.

3. GOVERNING EQUATIONS

Since we focused the aim of this study on the dynamic
hydroplaning, we ignored the viscosity of water. So the
governing equations of fluid becomes the Eulerian
equations as follows:

mass conservation
[} ﬁ—pdV = -, pu-ndS
v ot * (1)

momentum conservation

[ ZLYar — - [ (puxu-n)ds + [Tonds (_

energy conservation

f %f—dv =-[ eu-nds +[u-T-nas O

where p is the density, u is the velocity of fluid, T
is the stress tensor of fluid force, and e, is the inter-
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nal energy. Since the viscosity of water is ignored, the
viscous hydroplaning in the B region is not considered
in this study.

4. DIFFICULTIES IN HYDROPLANING SIMU-
LATION

There are two difficulties in the hydroplaning simula-
tion. One is the fluid/structure interaction in a rolling
tire. If we simulate the hydroplaning by Lagrangian
formulation, mesh of water are largely distorted due to
the tire rolling, particularly meshes in the lateral
grooves of the tire model are severely distorted as
shown in Figure 3. Furthermore, meshes of water in
the contact area are largely deformed so that the thick-
ness of the mesh will become too small to continue the
calculation. »

The deformable Eulerian mesh such as ALE method
(MSC. Dytran) is often used to solve such problems
due to large deformation and distortion. But the vol-
ume of the fluid region in the contact area disappears
while the tire is loaded, so it is very difficult that we
calculate the fluid flow in the contact area by ALE.
There is the possibility that hydroplaning can be solved
by ALE with remeshing. But many remeshing proce-
dures of the fluid region are required during a very
short time step (which is about 0.1-1msec), so hydro-
planing simulation by ALE with remeshing is imprac-
tical.

The other difficulty in the hydroplaning simulation
is the meshing problem in the fluid region when the
practical tread pattern is considered. Since the practical
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Figure 4. Practical tire tread pattern.

tread pattern has the complicated geometry as shown
in Figure 4, it is difficult to generate the compatible
mesh between the practical tread pattern and the fluid
region. Furthermore the distortion of the fluid mesh
shown in Figure 3 becomes severer when the practical
tread pattern is considered. Hence, the new procedure
that can simulate hydroplaning with practical tread
pattern is required.

5. MODELING OF TIRE AND FLUID

In order to solve the aforementioned problems, we
used the commercial explicit code MSC.Dytran in
which the tire is analyzed by FEM (Finite Element
Method) with Lagrangian formulation and the fluid is
analyzed by FVM (Finite Volume Method) with Eule-
rian formulation. Furthérmore the interface between
the tire and the fluid is modeled by the general cou-
pling, which is the special function in MSC.Dytran, in
order to consider the fluid/structure interaction as

shown in Figure 5.

The general coupling is very useful for Euler-Lagrange

coupling. The features are the followings (MSC. Dy-

tran);

(1) Lagrangian elements for structure and Eulerian
elements for fluid are modeled separately, and the
interface of them is modeled as coupling elements;

(2) The general coupling function computes the inter-
action between the Lagrangian mesh and the Eule-
rian mesh and enables complex fluid-structure
interaction problems to be analyzed;

(3) The coupling elements, which are generated on the
surface of the Lagrangian mesh, transfer the forces
between the two solvers;

(4) The surface acts as a boundary to the flow of water
in the Eulerian mesh. At the same time, the fluid
pressure in the Eulerian elements causes forces to
act on the coupling surface, and the forces causes
deformation of the Lagrangian elements;

(5) Deformation of the fluid mesh does not occur.
The forces of the fluid/structure interaction are
transferred by the coupling elements, and the cou-
pling elements, which are not compatible with the
fluid mesh, overlap in the fluid domain;
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Figure 5. General coupling and modeling of tire and
fluid.
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Since the fluid is analyzed by Eulerian formulation,
deformation of the fluid mesh does not occur even if
that of the structural mesh occurs. Hence the complex
fluid/structure interaction problems, hydroplaning
simulations of tires with practical tread pattern for
example, can be analyzed practically when we use this
function.

The free surface is modeled by the volume fraction
of water. If an element is completely filled with water,
the volume fraction of water is 1.0. Otherwise if an
element is completely empty, the volume fraction of
water is 0. Propagation of the volume fraction of water
is solved by the transport equation (MSC. Dytran).

The overlapping appearance of the tire model in the
fluid domain is shown in Figure 5. The coupling ele-
. ments are modeled on the surface of the tread pattern.
The fluid domain is large enough to transport water
when the free surface moves.

6. HYDROPLANING ANALYSIS OF TIRE
WITH PATTERN

The result of the hydroplaning analysis of the tire with
tread pattern is shown in Figure 6. The velocity of the
tire is 60km/h, the tire size is 205/55R16, the inflation
pressure is 220kPa, and the load is 4,500 N. The num-
ber of elements of the fluid domain is almost 39,000
that include the number of the coupling elements, and
the number of elements of the tire is almost 18,000.
Prescribed velocities are applied to the tire model in
the horizontal and rotational direction. Friction coeffi-
cient between the tire and the road is 0. The size of

Figure 6. Hydroplaning analysis of tire.
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Figure 7. Time history of contact force.

water pool is 300x2000x30mm that is large enough for
water flow around the footprint area, and the depth of
water is 10mm. Flow boundaries around the water pool
are wall boundaries through which no water can flow.
The tread pattern is modeled in the part of the tread
area to decrease CPU time, which is large enough for
the footprint area as shown in Figure 6.

The tread pattern rolls into the water pool after the tire
rolls 320 degrees. Figure 6 shows that water is drained
into the two circumferential grooves and the lateral
grooves.

The time histories of contact forces are shown in
Figure 7. Vertical axis in this figure is the contact force
between the tire and the road, and the horizontal axis is
the time of the simulation in the explicit solver. The
loading sequence applied to the tire model is also
shown in Figure 7. A tire is inflated until Sms and
loaded until 50ms, then the blank tread area contacts
with the road and the rolling motion reaches steady
state until 135ms. After the steady rolling the pattern
area rolls into water between 135 and 150ms. The hy-
drodynamic force is evaluated in this period in order to
consider the effect of the tread pattern on hydroplaning.

7. VERIFICATION OF PREDICTABILITY

7.1 Comparison of Water Flow with Measurement

The flow of the drained water is shown in Figure 8 in
which the tire model is removed in order to see the be
havior of water clearly. The water is drained to the
perimeter through the two circumferential grooves and
the lateral grooves, and the bow wave is generated at
the leading edge.

The water flow around the leading edge is shown in
Figure 9 by lines and particles. The water is drained to
the circumferential direction at the center of the con-
tact patch and to the lateral or slantwise direction at the
shoulder of the contact patch respectively. If we watch
the detail of the water flow, we can recognize that the
drained water flows into the circumferential grooves
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Figure 8. Flow of drained water.

rolling direction

Figure 9. Water flow around the leading edge.

at the center, and flows into the lateral grooves at the
shoulder. Direction of water flow is varied by the pat-
tern geometry. This is the reason why the pattern ge-
ometry is very important for hydroplaning perform-
ance.

The comparison of the prediction and the measure-
ment of water flow is shown in Figure 10. This photo-
graph shows that the rolling tire in the water through

prediction ¥ ‘

Figure 10. Comparison of prediction and measurement.

the glass plate is observed. The conditions of the pre-
diction and the experiment are the water depth of
10mm and the velocity of 60km/h. Although the vis-
cosity of water is ignored in this simulation, the pre-
diction of water flow is in good qualitative agreement
with the measurement.

7.2. Velocity Dependence of Hydroplaning

Since hydroplaning occurs when the hydrodynamic
pressure exceeds the contact pressure, the hydrody-
namic force is considered as a good criterion for hy-
droplaning. In order to obtain the hydrodynamic force,
we calculated two cases which were the rolling tires
with and without water, and then we subtracted the
contact force with water from that without water as
shown in Figure 7. The contact force with water is
smaller than that without water due to the fluid/ struc-
ture interaction, and the difference between these con-
tact forces is considered as the hydrodynamic force in
hydroplaning.

We studied the velocity dependence of the hydro-
dynamic force as shown in Figure 11. The hydrody-
namic forces of the rolling tires, which are with tread
pattern and with blank tread, increase with the velocity.
Which is the same as the conventional knowledge.
Furthermore Figure 12 shows that the hydro-
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Figure 11. Velocity dependence of hydrodynamic force (1).
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Figure 12. Velocity dependence of hydrodynamic force (2).
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Figure 13. Water flow in different velocity.

dynamic force is almost proportional to the square of
velocity both in the tire with tread pattern and with
blank tread.

This corresponds to the fact that the hydroplaning ve-
locity is proportional to the square root of the inflation
pressure (Horner and Joyner, 1970).

Because the hydroplaning occurs when the hydro-
dynamic pressure equals the contact pressure that is
almost proportional to the inflation pressure. The com-
parison of the water flow around the contact patch in
the different velocity is shown in Figure 13. We can
see that the water flow around the leading edge in-
creases with the velocity.

7.3. Effect of Tread Pattern on Hydroplaning
The effect of the tread pattern on hydroplaning has
been predicted in this study. The hydrodynamic forces
with and without tread pattern are compared at 60km/h
as shown in Figure 14. The tread pattern decreases the
hydrodynamic force, which is the same as the conven-
tional knowledge.

The outlines of tires at the leading edge are shown in
Figure 15, which are measured at the centerline on the
surface of the center rib. The outlines of both the roll-
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blank tread

tread with pattern

Figure 14. Hydrodynamic forces with and without
tread pattern.
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Figure 15. Deformation at the leading edge (80km/h).

ing tire with tread pattern and that with blank tread are
compared. The outline of the rolling tire without water
in a steady state is also shown for reference. The de-
formation of the outlines increases with velocity, and
the tread pattern decreases the deformation caused by
the hydrodynamic pressure.

8. APPLICATION TO PATTERN DESIGN

8.1. Global-Local Analysis of Water Flow for Practical
Pattern Design

The hydroplaning analysis of a rolling tire needs huge
CPU time, particularly in the case of a tire with practi-
cal tread pattern on the whole tire tread. So the new
procedure based on the global-local analysis is devel-
oped to predict the water flow around the practical
tread pattern. In the scheme of the global-local analysis
as shown in Figure 16, the rolling tire with blank tread
is firstly analyzed as the global analysis in which the
fluid/structure interaction is considered. Then, the his-
tory of the.displacement of the belt is obtained from
the global analysis. After the practical pattern model is
glued to the belt model, the prescribed velocities cal-
culated from the displacement are applied to the belt in
the local analysis. The local analysis is run as a sepa-
rate analysis. Since the local model is more pre cise
than the global model, the nodal coordinates in the
local model are not necessarily the same as those in the
global model. Hence the prescribed velocities in the

global analysis g

Jpuer

Figure 16. Global-local analysis.
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local model are determined by using the element in-
terpolation functions.

In the local analysis the fluid/structure interaction is
also considered. The number of elements of the fluid
domain is almost 32,000 including the coupling ele-
ments and the number of elements of the pattern part is
almost 2,300 in the local analysis. Since the local
model is independent of the global model, we could
analyze the effect of the small change of tread pattern
design on hydroplaning by using the precise model.
We could also reduce the CPU time by this global-
local analysis.

8.2. Development of New Pattern Design
We applied the global-local hydroplaning simulation to
generate the new pattern design. In order to control the
water flow around the tread pattern, we studied the
three dimensional design of the block shape. Then we
found that the water flow around the block tip could be
made smooth by the sloped block tip as shown in Fig-
ure 17. Typical dimensions of the block tip are also
indicated in Figure 17, and the depth of the tread pat-
tern is 8mm. We call it the F1 nose because it is similar
to the nose shape of the F1 car. The F1 noses are ap-
plied to the circled blocks in Figure 18.

We simulated two rolling tires that were with and
without the F1 nose to study the effect on hydroplan

units: mm

Figure 18 . Position of F1 nose.

Figure 19. Water flow with and without F1 nose.

ing. The water flow of the tire with the F1 nose be-
comes smoother than that of the tire without the F1
nose as shown in Figure 19, which indicates that the
F1 nose avoids increasing the hydrodynamic pressure
around the block tip. The measurement of the tire hy-
droplaning velocity shows the 1 km/h improvement by
the F1 so that the F1 nose is effective to improve the
hydroplaning performance.

8.3. Development of Tread Pattern in Mortor Sport
Tire

The hydroplaning is easily occurred in the motor sport
tire due to the high speed, but the tread pattern has
been designed by the trial and error process based on
the designer’s experience. We applied the hydroplan-
ing simulation to design the new pattern for the racing
tire, based on the design principle; make the streamline
smooth.

In the beginning the simulation of a blank tread is
performed, in order to see the streamline. The stream-
line of the front tire is asymmetric due to the camber
angle, and on the other hand the streamline of the rear
tire is symmetric as shown in Figure 20. The velocity
is 200km/h and the water depth is 2mm.

Secondly the void geometry on the tread is designed
by the streamline and the global-local analysis is used
to simulate the effect of pattern. Since the streamline
indicates where the water tends to flow out of the con-
tact patch, we can effectively drain the water by
grooving the void which geometry is the same as the
streamline on the blank tread as shown in Figure 21.
The void gradually changes from the circumferential
direction in the center area to the lateral direction in
shoulder area. Since the centerline of the contact area
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front rear

Figure 21. New pattern geometry.

is not located at the center of the tire geometry in the
front tire, the void configuration becomes asymmetric.
The hydrodynamic pressure is shown in Figure 22. The
number in the parenthesis is the hydrodynamic force
index. Judging from the decrease of the hydrodynamic
force index in the new pattern, the hydroplaning per-
formance is improved. In fact, the lap time of a ftire
with the new pattern was shortened in the field test.

Lastly the void geometry on the block is designed.
After the water is effectively drained from the contact

Hihe

AN

Figure 22. Comparison of current and new pattern.

Figure 23. Effect of sipe on hydrodynamic pressure.

patch by optimizing the void geometry, we can further
improve the water drainage on the block by adding the
small void called the sipe. The global-local analysis is
used in order to simulate the water drainage on the
block as shown in Figure 23. The hydrodynamic pres-
sure is largely reduced by adding the sipe. The lap time
is also shortened by adding the sipes in the field test.

9. CONCLUSION

We established the new procedure for the hydroplaning
simulation in which the following three important fac-
tors are considered; fluid/structure interaction, tire
rolling, and practical tread pattern. The tire is analyzed
by FEM with Lagrangian formulation and the fluid is
analyzed by FVM with Eulerian formulation. Fur-
thermore, the interface between the tire and the fluid is
modeled by the general coupling function. Since the
tire and the fluid can be modeled separately and their
coupling is computed automatically, the complex fluid/
structure interaction problems such as the hydroplan-
ing of a tire with practical tread pattern can be ana-
lyzed practically.

We verified the hydroplaning simulation in the
various parameters such as the water flow, the velocity
dependence of hydroplaning, and the effect of the tread
pattern on hydroplaning. We also confirmed that the
hydrodynamic forces were almost proportional to
square of the velocity.

We developed the new procedure based on the
global-local analysis to apply the hydroplaning simula-
tion to the design of the practical tread pattern, and we
found that the three dimensional design of the block
shape, which was the sloped block tip, was effective to
improve hydroplaning performance. Since the hydro-
planing simulation could clarify the water flow around
the practical tread pattern, we could develop the new
pattern in a short period based on the principle; “make
the stream line smooth”.
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