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Abstract. A measurement method based on Particle Image Velocimetry (PIV) with refraction of the laser
sheet at a window/water interface is proposed for the measurement of the velocity field of a flow, inside a
water puddle, due to a tire rolling on. This study focuses on the feasibility and repeatability of this optical
measurement method. The characterization of the optical properties of this measurement technique defines
its accuracy. The analysis of the overall features of the flow is focused on two main flow zones in front of and
around the tire. The flow inside the first zone is characterized by a global velocity of the water displaced in
an area located in front of the tire. In the second zone a velocity representative of the flow in the vicinity of
the tire shoulder is also defined. Correlations of both characteristic velocities with the car speed and water
film height are established. New and the corresponding worn tires were tested in this work.

Keywords: Free surface flow / tire / road contact / multiphase flow / particle image velocimetry

1 Introduction

The capacity of a tire to drain water, when rolling on a
water puddle, is critical in order to avoid hydroplaning.
This phenomenon happens when the water height and
the vehicle speed are too high causing an accumulation of
water in front of the tire. Due to this accumulation, the
fluid exerts a lift force on the tire and, then, lifts the car
up to the total loss of contact between the tire and the
ground [1]. This causes a total loss of control of the vehicle.
It has been demonstrated that current regulatory tests (on
vehicle wet braking from 20 to 80 km/h on 1 mm water
depth) have some hydroplaning phenomenon when worn
tires are used [2]. This is why the design of the grooves
of a tire has to be optimized in order to evacuate enough
water to avoid hydroplaning. To be more specific, if the
drainage effect is not sufficient, the effect of the tire load
on the water in front of the contact patch area induces a
high hydrodynamic pressure in proportion to the square
of the vehicle speed [3].

Most experimental works related to hydroplaning are
focused on the evolution of the contact patch area with
different parameters as vehicle speed, water height or tire
grooves geometry ([4-6]). The contact patch area iden-
tification is based on post-processing of images recorded
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with a camera below a window embedded on the road
(were vehicle is moving and water puddle is present) and
using fluorescent dye diluted in the water puddle [7] and
a global illumination. The evolution of this contact patch
area as a function of car speed is important in order to
quantify the uplift of the tire due to the hydrodynamic
pressure and in order to classify the tire groove patterns
with respect to their efficiencies. However, those measure-
ments do not allow to quantify water flow rate in specific
regions, like in the water bank or inside the grooves. Such
flow rate quantification requires the quantitative knowl-
edge of the velocity field in the liquid film near the contact
patch.

The state of the art related to the velocity field struc-
ture in the vicinity of the contact patch for a car rolling
through a puddle and on a smooth ground is mainly
concerned with numerical studies ([8-11]). On the other
hand, to our knowledge, the literature related to velocity
measurements is very sparse. The only available refer-
ence is the work done by Suzuki and Fukijama 2001 [12].
The authors performed measurements using a technique
derived from the so-called particle tracking velocimetry
(PTV). Velocity was deduced from the image recordings
of the flow tracer particles (millet grain seeding) with a
camera and a large exposure time of the camera. Those
measurements provided a rough estimate of the water
velocity direction at a large scale, of the order of the tire
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Fig. 1. Sketch of the different zones in front of the contact patch
area.

width. The lack of seeding particles in the measurement

domain didn’t produce details at smaller scales. Further-

more the precision of velocity magnitude measurements
was also limited due to the uncertainty in the length of the
particle trajectories and the size of the seeding particles.

Finally, measurements inside grooves were not available.

From the previous references, it is possible to summarize
the main features of the flow structure in front of the
moving tire as depicted in Figure 1. From the right to the
left, three zones are identified:

i) a first zone where the fluid is at rest with a nearly
uniform film thickness hg. The free surface can locally
be disturbed by the falling liquid entrained by the
rotating tire and/or ejected above the free surface by
the tire displacement;

ii) a second zone with a more complex three-dimensional
structure, called the velocity front, where the fluid
undergoes a sudden horizontal acceleration, up to a
maximal velocity value. In this zone the streamwise
velocity gradient generates locally large vertical veloc-
ity components combined with a local increase of the
water film thickness, as well as a strong curvature of
the film free surface until the contact line with the
tire surface. Moreover some splashes can be generated
above the free surface in front of the tire and break-up
into a non-continuous liquid phase including filaments
and/or droplets falling on the free surface of region i);

iii) a third zone confined in a region located between
the velocity front and the contact patch area, where
the flow structure recovers a more simple structure:
both ground and tire surfaces prevent the appearance
of large vertical velocities due to flow confinement
between these two solid boundaries. In the central
part (transversally) of the tire, the fluid is pushed by
the tire mainly in the streamwise motion. In regions
located around the shoulders of the tire, this stream-
wise motion is combined with large spanwise velocities
generated by the geometric blockage effect of the tire.
The remaining liquid is trapped downstream inside
grooves.

The balance between the amount of liquid pushed in
front of the tire, flowing around the shoulder and trapped
inside grooves is a complex function of different operating
parameters, like the water thickness hg, the car velocity
Vo and the tire geometric characteristics.

In the present work, the influence of these parame-
ters on measurements is explored inside the third zone
iii) located in front of the tire, including the shoulder
zone; the flow inside grooves is not of the scope of the
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Measurements are performed using a technique derived
from the so-called Particle Image Velocimetry (PIV). PIV
is an extensively used method in fluid mechanics for the
measurement of instantaneous velocity fields [13,14]. Seed-
ing particles introduced in the fluid are illuminated with
a double pulsed laser light sheet. A pair of particle images
is recorded with a double frame camera and processed
using a cross-correlation algorithm to determine the dis-
placement of particle patterns in the flow; displacements
are converted into velocity components knowing the time
delay between laser pulses. To our knowledge, this method
has never been used for measurements in the liquid phase
displaced by a real tire rolling through a puddle.

The measurement method and test facility are detailed
in Section 2 with description of optical parameters of the
measurement method. Then the tire model and the dif-
ferent zones of study are presented. Measurement results
are given in Section 3; the characteristic of seeding spatial
distribution is used for image processing. A double spa-
tial and ensemble averaging process is described in order
to analyse the influence of operating parameters on some
characteristic fluid velocities in front of the central rib and
around the shoulder of the tire. Finally perspectives and
conclusions are discussed in Section 4.

2 Experimental facility and methods

2.1 Facility and set-up

In this work, measurements are performed on a dedicated
track at Michelin(@© Ladoux site (France)®©. This track is
composed of a straight road portion on which is superim-
posed a water film containing seeding particles as depicted
in Figure 2. The thickness hg of the water film, when fluid
is at rest, is regulated with an ultrasound probe which con-
trols the opening of valves at the inlet and outlet of the
puddle. Due to safety considerations, both emitting and
receiving optics for the present visualisation technique,
cannot be placed at the ground level, neither in front of
the tire, nor on the side of the water puddle. Therefore,
seeding particles cannot be illuminated by a light sheet
parallel to the ground as should be done for a classical PIV
measurement arrangement. To overcome this constraint,
a PMMA transparent window whose thickness is 500 mm
is embedded in the ground and provides an optical path
from a room below the road. The originality of the present
set-up is based on the refraction of the illumination light
sheet at the PMMA /water interface, as shown in Figure 2.
Details of this specific optical arrangement are described
in the next section.

2.2 Emitting and receiving optics characteristics

2.2.1 Emission

The laser sheet is generated by a double cavity pulsed
Nd : Yag Laser (Litron Bernoulli) emitting at a wave-
length of 532nm. The energy of each pulse is around
100 mJ and their length around 5 ns. The light is gener-
ated using sheet optics composed of a spherical divergent
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Fig. 2. Scheme of the illumination method.

lens in order to enlarge the laser beam before a conver-
gent lens which minimizes the thickness of the laser sheet
at the beam waist. A cylindrical divergent lens spreads
the laser beam in the spanwise direction (compared to
axis beam direction). The light sheet optics are placed
on a rotation stage to select the proper incident angle of
the incoming laser sheet on the PMMA prism. In order to
obtain a laser sheet propagating inside the water film with
the lowest as possible inclination angle (compared to the
horizontal road), the window has a prismatic shape with
an inclined side. The angle between the upper horizontal
face (road level) and the inclined face is equal to 6, = 66°.
This value of 8, is close to the critical angle (6. = 63.2°)
of total light reflection at a PM M A/water interface with
respect to standard Snell-Descartes laws:

6, = asin <npsin(91v)> 1)

Ny
tan (asin (%sin(@i)) - Hi)
tan (asin (%sin(ﬁi)) + 9i)

2

T=1-R=1-

(2)

where n, = 1.49 and n,, = 1.33 are respectively the theo-
retical refractive indices of water and PMMA transmission
media, 6; is the incident ray angle before the interface, 6;
is the transmitted ray angle, 7" is the transmission coef-
ficient between PMMA and water and R is the reflection
coefficient at the interface.

The precision on this angle is approximately equal to
0.1°. The orientation angle of the laser sheet optic has to
be taken with a slight offset of approximately 5° + 0.5°
compared to the normal of the inclined face of the prism
to obtain enough transmission T of the light sheet to
illuminate particles. In this configuration, the transmit-
ted angle in the water puddle, according to equation (2)
is approximately 6; = [77°;80°] to the normal of the
interface.

2.2.2 Seeding

With this refracted illumination method, the main optical
noise sources collected by the camera are
i) spurious light trapped in the prism due to the part of
the beam reflected at the interface which propagates
inside the PMMA with secondary reflections on the
tire and
ii) ambient light above the water film.
This noise can be reduced by the use of fluorescent
particles and camera filter. The chosen particles emit

Table 1. Time delay between laser pulses.

Vehicle speed V' (km/h) 30 40 50 60 70 80
330 225 180 150 130 115

Time step 0t (us)

light at a higher wavelength than the illumination laser
light. Therefore, by selecting the wavelength of the emit-
ting particles with an adequate reception filter, spurious
light is strongly reduced to ensure a good signal/noise
ratio. The wavelength of the light emitted by fluorescence
is around 584 nm. The diameter of fluorescent particles
lies in the range 20—50 pm. The mean diameter is about
35 um. Note that temperature is variable (T' = 6°C to
T = 12°C) due to night trials. Particles are more ovoidal
than spherical one.

2.2.3 Reception

Images of fluorescent particles are recorded with a double
frame sCMOS camera whose optical axis is perpendicu-
lar to the lower horizontal face of the PMMA window.
The camera is placed below the prism (Fig. 2).! The cam-
era sensor size in the streamwise and spanwise directions
are respectively 2560 pixels and 2160 pixels.

An optical filter with a band-pass width of 20 nm and
centred at 590 nm is used for filtering all wavelengths out
of interest. The efficiency of this filter is quantified by the
transmission of 93% inside the band-pass window and 3%
outside. The size of the measurement area (AI) is deter-
mined by a magnification factor M equal approximately
to 0.01. The factor M depends on both focal distance,
equal to 100 mm, an aperture fixed to 5.6 and on the work-
ing distance between lens and water film, nearly equal to
1150 mm. The size of the camera field of view is around
245 mm in the streamwise direction and 205 mm in the
spanwise direction. This size is defined in order to capture
the flow over a spanwise length scale which is nearly equal
to the tire width. The time delay between laser pulses
depends on the vehicle speed according to Table 1. With a
75% overlapping factor, the final size of the interrogation
areas used in the iterative process for the cross-correlation
between images is 32 x 32 pixels?. In other terms the
physical size of the final Al is 3.05 x 3.05 mm?.

2.2.4 Laser and camera synchronization

Synchronization between laser pulses and image record-
ing is performed using a commercial software (Davis) and
a programmable timing unit (PTU) synchronising laser
and camera. Optical sensors, located along the track some
meters upstream the water puddle, measure the actual car
velocity before car arrival inside the water puddle zone. A
trigger signal is then generated and sent to the PTU, using
a real-time dedicated processor, with a time delay after the
arrival in front of the last optical sensor. This time delay is
adjusted in order to start and synchronize both laser firing
and camera opening sequences when the tire is located at
a chosen streamwise position above the transparent win-
dow, inside the camera field of view. The frequency of

1 This measurement, method is patented (patent n°® FR1900180).
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Table 2. Number of passes for ensemble averaging.
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Tire type 30 km/h 40 km/h 50 km/h 60 km/h 70 km/h 80 km/h
New tire 20 8 16 20 16 2
Worn tire 28 28 28 28 28 8

Fig. 3. Scheme of the contact patch area of a PCY4 tire. Red
are the Type C grooves, green are the Type B grooves and blue
are the type A grooves.

both pulsed laser and camera are not high enough to per-
form time resolved measurements. Therefore, a single shot
measurement is performed for each run by recording an
image pair. The overall measurement process is repeated
over several runs without changing the operating param-
eters in order to perform some statistical analysis. After
each run, some water is projected outside the water bank,
and the water height has decreased. A time delay is neces-
sary for the hydraulic loop to stabilize the water height at
the initially specified value. The number of independent
statistical samples are summarized in Table 2.

2.2.5 Tire model, coordinate system and operating
parameters

The tire used in this study is a commercial summer tire
with specifications 225/45R17. This tire is composed of
two large longitudinal grooves, two thinner longitudinal
grooves and transverse grooves as depicted in Figure 3.
For all the following measurements and results, the infla-
tion pressure of the tire is set to 2.2 bars. The coordinate
system shown in Figure 3 is defined by an horizontal axis
x parallel to the car motion, a spanwise horizontal axis y
and a vertical axis z. Due to the fluctuating position of
the tire inside the field of view from one trial to the other,
the origin of the coordinate system needs to be defined by
identifying the contact patch position for every measure-
ment in both x and y directions, according to a special
procedure described in Section 3.1. The vertical origin of
the coordinate system is always fixed at the ground level,
i.e. at the PMMA/water interface. The car velocity Vj
is varying in a range between 8.33 m.s~! and 22.2 m.s~!.
The water film (initial water puddle) thickness hg is spec-
ified to a value ranging from 1.5 mm for worn tires up to
8 mm for new tires. The value of hg is regulated thanks
to an ultrasound probe which controls, in real-time, the

flowrate inside a closed-loop water circulation device using
a pump and vanes located below the track.

2.3 lllumination and depth of focus

For image analysis , Particle Tracking Velocimetry (PTV)
is based on the identification of individual particles, and
becomes inefficient if particle density is too high. On the
other hand, PIV analysis is based on the computation of
cross-correlation between particle images in both frames
of an image pair. This cross-correlation is performed
between elementary interrogation windows containing a
set of seeding particles. The main parameter influenc-
ing the measurement of the cross-correlation peak is the
intensity of particle images on the camera sensor I; (as
expressed by R.J Adrian et al. 1991 [14]):

z<n,y<n

Rp= Y Thizy) Le+dey+dy)  (3)

z=0,y=0

where Rp is the displacement component of the cross cor-
relation function,  and y are the streamwise and spanwise
coordinates inside the elementary interrogation window, n
is the size of the interrogation window, (dz,dy) are the
displacement components inside the interrogation window
taken in the first and the second images and I; and I are
the intensities of the images 1 and 2 respectively.

For each interrogation area, the location (dz,dy) in
the correlation plane of the peak value of Rp determines
the particle displacement components related to the most
probable displacement of particles inside the interrogation
window. The velocity components in this area are finally
derived by dividing dx and dy by dt, the time separation
between single shot pulses. The velocity measured with
the PIV technique is then directly related to the intensity
of particle images. This intensity is a combination of two
optical parameters which are:

i) the illumination of the particles and

ii) the position of the fluorescent particles in the depth
of view (due to the depth of focus) of the camera.
Therefore in order to identify particles in the water vol-
ume which contribute more in the signal for velocity
determination, the depth of view and the illumina-
tion function of the particles at different heights in the
puddle have to be determined.

Specific measurement methods are used in-situ when
water is at rest to quantify the depth of field and the
particle illumination profile at different height in the pud-
dle. Firstly, the depth of view is measured using a dotted
matrix, composed of black dots of diameter 0.125 mm
with a 0.250 mm space between them, dots disposed on a
white plate (Fig. 4b). The matrix is parallel to the window
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Fig. 4. a) Scheme of the dotted matrix on the translation stage
in the puddle with the camera below the PMMA block. b) Image
of the dotted matrix.
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Fig. 5. Gray level of dots function of the normalized height
(z* = z/ho) for a working distance of 1150 mm between the
camera and the PMMA block.

(road level) and vertically located using a vertical trans-
lation stage with a precision of 0.01 mm. Some images of
dots are recorded at every location for a distance between
ground and dotted matrix varying in the range 0.2 mm to
4 mm with a step of 0.2 mm (Fig. 4a).

The depth of field is based on the analysis of dot
gray-level images. When dots are out of focus their
apparent diameter increase while their intensity decrease.
Therefore, the inverse of dot intensity (1/Igots) gives an
information on the darkness of the dots and their qual-
ity of focus. This parameter is averaged on approximately
3500 dot images from the matrix and for every altitude of
the matrix that gives a gray-level GL(z*) = mean(1/I4ots)
(z* = z/hg). A normalization of this gray-level is made as
NGL(z*) = GL(z*)/max(GL) Fig. 5).

The depth of focus of the receiving optic is directly
linked to the distance between the lens and the measure-
ment zone [15]. Therefore these specific In-situ measure-
ments are made for the working distance used for trial PIV
measurements. The grey-levels in the height of the puddle
does not vary significantly in the whole water height. This
shows that the focusing of particles is the same in all the
puddle for the camera position and aperture used during
all our trials. Therefore, particle focus does not influence
the cross-correlation calculation.

To determine the light sheet longitudinal intensity pro-
file, an inclined fluorescent plate (Fig. 6) is placed in
the puddle at different longitudinal locations x in the

fluorescent inclined plate

%

Camera

Fig. 6. Scheme of the inclined plane in the puddle.
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Fig. 7. Intensity function of the normalized height in the puddle
(z* = z/ho), line for the location 1 and dashed line for the
location 2.

measurement area. The sheet of light hit the plate at
an height z*. The fluorescent light re-emitted from the
inclined plate is recorded with the camera (disposed as
it is during trials). The average intensity in the spanwise
plate direction y is then plotted to know the light sheet
intensity profile at a given height z* of the puddle.

The inclined plate is thus placed at 2 different x loca-
tions which are located based on the coordinate system
presented in Figure 6 with the origin at the centre of
the contact patch area in the spanwise direction and at
the beginning of the contact patch area in the stream-
wise direction. The chosen measurement locations are one,
before the tire contact patch area, at * = —140 mm and
second (at a distance of approximately d = 300 mm from
the laser sheet emergence in water), at the beginning of
the tire groove, at x = 12.5 mm (at a distance of approx-
imately d = 450 mm from the laser sheet emergence in
water). The measurements show that the intensity pro-
file is almost uniformly constant in the height for every
2 location in the measurement area (Fig. 7). This result
can be qualitatively explained as follows. The laser sheet
emerging from the transparent window just after refrac-
tion is propagated inside the liquid film with an angle
nearly equal to 10°. After some travel distance, the light
sheet has multiple reflections at the free surface and the
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intensity profile spreading is sufficient to produce a nearly
uniform profile. The chosen angle induces a laser sheet
propagation angle of around 10° compare to the horizon-
tal interface (which correspond to the transmitted angle
0; calculated in Sect. 2.1) in the water because of the
strong loss of energy at the interface when the angle is
low. In order to have enough signal, T' (Eq. (2)) have to be
large enough to transmit light in the water, then 6, could
become larger. Therefore, the illumination of particles is
considered as homogeneous in the volume of interest.

With those optical parameters, all particles in the pud-
dle are illuminated with the same intensity and well
focused at every locations. every particle image in the
measurement volume contributes with the same weight
to the cross-correlation algorithm. However, this cross-
correlation function is a summation of all particles’
contribution. Therefore, the particle density per unit
of height is also important in the calculation and is
considered as homogeneous as a first approximation.

We have now to focus on the behaviour of the seeding
particles that is a second key point of the measurement
technique. Contrarily to illumination we use classical seed-
ing particles for large field of view. The previous described
illumination allows for such particles to re-emit enough
light to be recorded on the sCMOS camera.

2.4 Motion of seeding particles

For safety considerations and in order to maximize the
ratio between light intensity from fluorescent particles and
spurious light intensity, measurements are made during
the night. Seeding particles are first introduced in the
puddle and mixed with water in the measurement region.
Then, the car driver starts the car rolling to the puddle.
To control the speed of the car, the speed controller is acti-
vated. The overall time between the seeding of the puddle
and the triggering of the PIV is around 30 s. During this
time a first bias could be due to the sedimentation of
seeding particles falling in the water puddle. To quantify
this effect in the following is considered a simplified equa-
tion of the particle falling in a steady puddle, taking into
account the gravity, the buoyancy and the Stokes forces:

av, py—p. 18u -
TPy TRy (4)
d Pp Ppdp
= Vlt) = ~7 g [1 e (5)
p

d,? . C . . .
where 7, = £ e the characteristic falling time, where

pp is the particle density, d, is the particle diameter and
p is the fluid viscosity.

With the time integration of the falling velocity
(Eq. (5)) (from 1 107® m.s~! to 2.7 1075 m.s™! for the
present particles), the vertical distance travelled by a par-
ticle (zy), between the mixing of seeding particles in the
puddle and the car passing in the AI, can be calculated.
This distance travelled by the smallest (d, = 20 pm) and
the largest (d, = 50 um) fluorescent particles during these
30 s are respectively zy = 0.8 mm and zy = 5.2 mm.

The initial seeding is considered as homogeneous. There-
fore, with this protocol, the falling velocity could induce
an higher density of particles at the lowest altitudes, which
contributes the most to the cross-correlation. Therefore,
the velocity measurements could tend to privilege the
velocity in the lowest part of the film. Nevertheless it
has to be noted that a large part (30%) of the particles
are in the range 30 um to 40 wm and that their shape
is spherical. Thus from such falling velocity we have the
worst trend.

Another bias could be the ability of the seeding parti-
cles to follow the fluid movement during an acceleration
phase. The most important acceleration of the fluid in this
problem occurs inside the front velocity (ii) in Figure 1.
To quantify this capacity to follow the fluid movement,
the Stokes number is calculated comparing the relaxation
Pp~df;

T (given above for the chosen
5

particles) and a characteristic time of the flow 7. = 7"—
(where Upax is the maximum velocity in the water bank
(around 22 m.s~! for the highest car velocities, given a
characteristic time about 3.6 107* s) and § is the water
height (it is around 8 mm). The Stokes number ranges
from :—’) = 0.04 to 0.25 for particles from the smallest to

the larLgest. This can still be considered as a good flow
tracer for the smallest ones but it is at the limit for the
largest (compare to St = 0.1 that could be considered as
the limit of a good tracer behaviour). These estimations
are coarse as shape and four way coupling is not account-
ing here. Nevertheless for the present experiments as we
have a large field of view we have chosen to keep these par-
ticles (from a light re-emission point of view) as it is usual
for large field of view. Nevertheless in the trial situations
even the largest worst seeding particles have a behaviour
good enough for our PIV analysis of our flow. Note that
calculation was done with the highest car speed and that
with the lower car speed behaviour also improved.

time of the particle 7, =

3 Measurements and results

The objective of the present section is to estimate char-
acteristic fluid velocities inside different zones of interest
located in front of the tire. The first zone of interest is
located upstream the front edge of the contact patch area,
near the central rib tire. In this part the water is pushed
along the tire rolling direction. The second flow area of
interest is located near the shoulder where large spanwise
velocities are generated. This part of the flow determines
the amount of water that gets around the tire and which
is not drained by the grooves.

We focus here on the evolution of these characteristic
velocities as a function of our operating conditions: the
car speed, the water height or type of tire (new/worn).

3.1 Location of the contact patch area: definition
of a common coordinate system

Examples of the first frame of an image pair recorded for
Vo = 17.5 m.s~! are given in Figure 8 with two inde-
pendent snapshots. These images highlight two major
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Fig. 8. Raw images and spatially averaged grey level along the
central ribs; the location of the front edge of the contact patch
is shown by the points.

necessity of the images to be processed for every run before

PIV analysis:

— the spanwise and (or) the streamwise shifts of the tire
location inside the field of view.

— the spatial variability of the grey-level images, mainly
due to inhomogeneties of the seeding particle dispersion
inside water.

For both images, the spanwise location of the tire
is easily identified by examining the modulation of the
grey-levels along a transverse line passing through the
longitudinal grooves. On the other hand, it is harder to
determine the streamwise location of the tire inside the
field of view as the limits of the longitudinal contact patch
area are less neat. Moreover, even if the spatial jitter of
the streamwise geometric location of the tire is exactly
zero (an exact patch area determination), the flow can
locally present some variability from one snapshot to the
other for, at least two reasons:
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Fig. 9. y-Spatial averaging of Uy (z,y) and U, (z,y) (vectors are
(Uy(z,y),Uz(x,y))) inside the narrow bands limited by lines.

i) the local seeding particle density can undergo some
variability;

ii) the local velocity field near the shoulder can undergo
a variability related to the random transverse grooves
location inside the field of view.

Therefore, we define for each snapshot the origin of
the coordinate system as the location of the front edge
of the contact patch area near the central rib as follows.
The evolution of the grey-level along the horizontal direc-
tion (z) inside the two previous images is given in Figure 8;
this profile is obtained by spatially averaging the local
grey-levels over a narrow band (delimited by blue lines in
both images of the figure). The band width is equal to the
geometric width w of the central rib. It appears that this
averaged profile is nearly uniform along the central rib
and has a sudden increase and a peak in front of the rib.
We arbitrary define the axial position x. of the front edge
of the contact patch area as the point where the grey-level
exceeds, e.g., 5% of the nearly uniform grey-level along the
central rib. The spanwise location y. of the front edge is
defined as half the distance between the central rib lon-
gitudinal edges. The resulting location of the coordinate
system origin is given as shown by red points in Figure 8.
The standard deviation values of x. an y. are respectively
around 5 mm and 15 mm for the worn tire.

3.2 Variability of velocity measurements

The variability of the velocity field localisation has been
previously minimised as shown in the previous section.
Nevertheless, the velocity field can show some dispar-
ity from one measurement to the other as shown in
Figure 9 for an instantaneous velocity map obtained for
Vo = 17.5m.s~!. The variability is visible near the shoul-
der and in front of the longitudinal grooves (shown with
squares in the left part of the figure). Near the shoulder
(down zone) the variability could be explained according
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Fig. 10. Example of ensemble averaged velocity profile (U, (x)) and the associated variability bars deduced from the instantaneous
velocity profiles Uy (x) shown on the upper right corner for new (up) and worn (down) tires. All is non dimentionalised by the tire

velocity V.

to the random position of the transverse grooves near the
edges of the contact patch area. For the front location (up
zone) it is less clear at the present stage due to complex 3D
two phase flow. In order to define characteristic velocities
in front of the central (resp. near the shoulder) zone, we
first perform a spatial averaging along y of velocity profiles
Ub(z,y) (resp. Uj(x,y)) in the two narrow bands limited
by the red lines as shown on the right part of Figure 9. As
an example the resulting profiles U;(z) (no more depen-
dence on y), non dimensionalised by Vj, at the shoulder
are shown in Figure 10 up and down for Vy = 17.5 m.s~*
and respectively for a new and a worn tire.

It can be seen that for a new tire, despite some local
differences, the overall feature of the profiles is identical
from a snapshot to the other: a peak is measured near
the tire, and the velocity is decreasing linearly with = in
front of the shoulder. On the other hand, the situation is
quite different for a worn tire: even if the velocity profiles
can be superimposed around their main peak value, the
remaining part of the profiles fluctuate from a shot to the
other and even presents a secondary peak. The overall
feature of the profile is not linear. The large variability of
these profiles can be explained by the fact that the velocity

measurement for worn tire and small values of the water
film height hg is highly more influenced by the random
location of the transverse grooves. Local perturbations of
the flow in front of and around the shoulder are related
to the flows inside transverse grooves.

3.3 Characteristic velocities in the water bank
and at the shoulder

For the shoulder and every case, we derive, from the set of
velocities profiles as those shown in Figure 10 (left upper
square), global characteristic velocities, denoted (max.U,)

and (max.U?), defined as the ensemble average value per-
formed over the peak value of every profile Uy (z) and
Ul(y) respectively.

Having in mind the physical significance of the flowrate
due to the spanwise motion of water around the shoulder,
we also define a more global characteristic velocity Uj,
integrating the profiles from the tire until the last point
of the shoulder zone: Uj(z) = (%).fOL U;(x,y).dr, with
L the length of the shoulder line. For the new tire L is
100 mm and for the worn tire L is 40 mm. Such quantity
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Fig. 11. On the left, max.U2 characteristic velocity in the water bank for every runs (crosses) for all vehicle speeds for new (up) and
worn (down) tires (blue Vo = 30 km/h, orange Vo = 40 km/h, yellow Vp = 50 km/h, violet V5 = 60 km/h, green V5 = 70 km/h and
red Vo = 80 km/h). The dashed lines represent the mean value deduced from all runs. On the rigth is the ensemble averaged value
(max.U%) obtained from the left values. solid lines are linear regressions for both cases (up and down). Error bars are associated

errors deduced from the used runs (left).

could be considered as a flowrate, the water height being
hypothesised constant.

The evolutions of (max.U?) as a function of Vj is shown
in Figure 11 and the ones of (max.U;) and (Uj) as a
function of Vj are shown in Figure 12 for the new (up) and
the worn (down) tire. For a new tire, both characteristic
velocities vary linearly in the range of variation of the car
speed. For a worn tire, the evolutions are linear in a more
limited range of Vj values, and a small departure from
linearity is observed for the highest car speeds.

3.4 Hypothesis on the linearity

In those studies, it appears that both velocities (stream-
wise in the water bank and spanwise at the shoulder)
evolve linearly as a function of the car speed depending
on the tire wear and the water height.

This linearity regarding the evolution of the speed
and for the velocity in the water bank, U2(V;), can be
explained by the fact that the water which is not drained is
pushed out by the tire in front of it. This linearity depends
on the different parts of the flow. In a first approximation,
in the tire referential, if a 2D flow is considered, the con-
servation of the mass flow rate in front of the tire gives
a linear dependence between V; and every variable U’
and Ugrooves, the average draining velocity in the grooves.

Therefore, a disturbance in the linear evolution in one
of these variables introduces a similar effect on other
variables. The deviation from the linearity progressively
appears with the highest car velocities. The same reason-
ing could be applied to the shoulder zone (Fig. 12). Due
to its definition the equivalent flowrate velocity Uj has
the same linear behaviour but in a lower velocity range.
At the highest car speed the linear behaviour disappears.
Only the new tire at the water bank zone could be con-
sidered to continue a linear trend. From a statistical point
of view there is a maximum of 30 samples to obtain a
given point in the right part of these plots. This is thus
difficult to conclude as dispersion shown by the error bars
are sufficient to invalidate any explanation. It has to be
noticed that a certain number of uncertainties exist con-
cerning few parameter of the present runs. This is out of
the scope of this paper. But it is also acceptable to pro-
pose a rolling process modification in this zone. This will
be interesting to have deeper studies to clarify this point.

4 Summary and conclusions

In this study we show that using a measurement method
based on the refraction illumination and PIV, it is possible
to quantify the velocity field in the puddle water flow
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Fig. 12. On the left, max.U,, characteristic velocity in the shoulder for every runs (crosses) for all vehicle speeds for new (up) and
worn (down) tires (blue Vo = 30 km/h, orange Vo = 40 km/h, yellow Vo = 50 km/h, violet Vo = 60 km/h, green V5 = 70 km/h
and red Vo = 80 km/h). The dashed lines represent the mean value deduced from all runs. On the right solid line is the ensemble
averaged value (max.U,) obtained from the left values. Dashed line is the quantity Uj. Solid lines are linear regressions for both

cases (up and down). Error bars are associated errors deduced from the used runs (left).

Table 3. Table of the standard deviation in max.U? in percentage of the vehicle speed.

Case 30km/h  40km/h 50 km/h 60 km/h 70km/h 80 km/h
PCY4 New  5.6% 2.7% 41% 1.8% 2.4% 0.5%
PCY4 worn  5.5% 5.9% 5.1% 5.7% 5.4% 4.4%

Table 4. Table of the standard deviation in max.U; in percentage of the vehicle speed.

Case 30 km/h 40 km/h 50 km/h 60 km/h 70 km/h 80 km/h
PCY4 New 13.8%  103%  9.0% 8.5% 7.7% 10.5%
PCY4 worn  7.2% 7.1% 6.1% 5.4% 5.0% 2.5%

when a car is rolling through. The number of trials
and the obtained results allow to conclude on a statis-
tical behaviour. The low error bar levels, obtained from
the associated standard deviation (presented in Tabs. 3
and 4), is satisfying and various trails exist to decrease it.

In this work, two areas of interest (AI) have been anal-
ysed in order to draw the main scheme of this 3D complex
flow that even could involve in some parts two phase flow
processes. In these Al, a main trend is described, the evo-
lution of characteristic velocity is directly related to the
vehicle speed. This evolution can be considered as lin-
ear depending on the tire wear and the water height.
The streamwise characteristic velocity evolution in the
water bank and the spanwise characteristic velocity at

the shoulder are deduced from linear regressions until
an inflection at a critical speed level. This critical speed
indicates a change of regime and is approximately equal
to 60 km/h for the worn tire with a water film depth
ho = 1.5 mm and seems beyond 80 km/h for the new tire
with hg = 8 mm (Fig. 12). To determine clearly if the
inflection point exists (and if it is not an artefact) for the
new tire and what is more precisely its value, new mea-
surements have to be done for obtaining a greater number
of points at the V) = 80 km/h case and to acquire points
at Vo = 90km/h.

To improve the flow analysis, parametric studies can be
carried out in order to determine the linear relationship
coefficients and the critical velocities as a function of the
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water film height, the wear of the tire and the tire pattern
dimensions and drawings (if they are not artefact).

The present used measurement method allows the clas-
sification of tires as a function of their hydroplaning

sensitivity. U, ,Sb) quantify the amount of water that is
pushed out streamwise, the part that is not evacuated and
by-passes the tire at the shoulder or that which is drained
into the grooves. We can think that for the same vehicle

speed Vy, a tire with higher U,Eb) stocks more water in
the water bank and is more sensitive to the hydroplaning
mechanisms.

However, the draining effect through the grooves was
not investigated in the present paper. The resolution used
here is too low to allow the velocity field calculation in the
tire grooves. Therefore, velocity measurements inside the
grooves remain the most important challenge in order to
characterize the flow either in grooves of A, B or C types.
The potential presence of multiphase flow or eventually
turbulence can be a key factor to understand the draining
capacity of a tire as a function of the geometry of its
grooves.

Nomenclature

dp Seeding particle diameter (m)

g Gravity acceleration (m.s~2)

ho Water height of the puddle at rest (m)

Nw Refractive index of water

Ny Refractive index of PMMA

PIV Particle image velocimetry

PMMA Polymethyl methacrylate

U Velocity of the fluid (m.s™!)

U, and U, Streamwise and spanwise fluid veloci-

ties (m.s1)

Uéb) Spatial averaged streamwise velocity in the
water bank (m.s™!)

Uys) Spatial averaged spanwise velocity at the shoul-
der (m.s™1)

Vo Vehicle speed (m.s™1)

Vp Falling velocity of seeding particles (m.s™1)

Zf Falling distance of seeding particles (m)

z* Normalised (/hg) height of solid particles in the
puddle

< .> Ensemble average for any quantity or profile

max.  Maximum of profile

0y Angle of the inclined face of the transparent
window (°)

ot Time step between laser pulses (s)

v Water dynamic viscosity (Kg.m.s?)

P Water density (Kg.m™®)

Pp Seeding particle density (m)
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