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Results obtained in a theoretical study of phenomena encountered when 
an automotive tire rolls or skids on a pavement covered with a water 
film are discussed. The analysis is based on a mathematical model in 
which the flow is divided into a footprint region, an inlet region forward 
of the footprint region where the gap between the tire and the pavement 
is comparatively large, and an exterior flow region. In partial hydro
planing, a thick fluid film penetrates between the tire and pavement over 
a portion of the footprint while "semidry contact" is assumed to exist in 
the remainder of the footprint. The flow through the semidry portion of 
the footprint is analyzed using effective film thicknesses based on pave
ment drainage characteristics. It is found that in some cases three
dimensional flow effects appreciably lower the lift coefficients devel
oped by hydroplaning tires. The computed variations of the thick-film 
penetration distance and total friction coefficient with forward speed 
are given for the case of partial hydroplaning and discussed in relation 
to experimental results. The geometry and tire deformations of the 
thick-film region prove to be important parameters in studying partial 
hydroplaning. 

•TIRE HYDROPLANING is suspected to have been responsible for a number of auto
mobile accidents in the past and to offer a potential danger at the higher operating 
speeds that are being contemplated for future highways. Extensive investigations by a 
number of researchers have disclosed considerable information concerning hydroplan
ing, but most of this work has been primarily of an experimental nature. This paper 
presents the results of a complementary attack on the problem by a more theoretical 
analysis of hydroplaning phenomena. A purely theoretical approach has not been at
tempted, and some experimental inputs have been found essential. 

DESCRIPTION OF AN ANALYTICAL MODEL FOR HYDROPLANING 

The analytical treatment was based on an idealized model that incorporates the prin
cipal physical characteristics of hydroplaning. The main features of this model are 
shown in Figure 1, which depicts a tire in partial hydroplaning. A moving axes system 
is used that translates with the wheel. In this coordinate system, the water-covered 
pavement appears to approach the wheel from the right with a velocity of magnitude \u1 \. 

The solutions obtained with the analytical model involved finding how water flows under 
tire configurations of the type shown rather than studying the equivalent problem of how 
water is forced from beneath a tire as it moves forward. 

The region forward of the footprint region where the water on the pavement first 
comes into contact with the tire surface is designated the inlet region. The flow field 
outside the inlet and footprint regions is referred to as the exterior free-surface re
gion because it is composed of surface water and spray, which have free surfaces. The 
static hydrodynamic pressures can be assumed equal to atmospheric pressure through-
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out the external free-surface region and, 
in particular, at the outside boundaries 
of the inlet and footprint regions. 

As a first approximation, the outside 
boundary shape of the footprint region of 
the tire on a wet pavement is taken to be 
the same as that obtained on a dry pave
ment under corresponding operating con
ditions. The footprint region of the ana
lytical model is divided into two subre
regions: the thick-film region and the 
semidry region. 

Extensive work by Horne and Joyner at 
NASA (1) has shown clearly that, as the 
forward speed increases, the tire casing 
is deflected inward at the forward central 
portion of the footprint, thus permitting a 
relatively thick layer of water to penetrate 
between the tire surface and the pavement. 
This thick-film region enlarges as the 
speed increases, gradually extending fur-
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Figure 1. Schematic diagram of tire in partial 
hydroplaning. 

ther aft and toward the side edges of the footprint. In the analytical model, it is as
sumed that no asperities in the pavement are in contact with the tire surface within the 
thick-film region and, as a result, only hydrodynamic forces act on the tire tread. 

Semidry regions of the footprint are defined as those in which each individual load
carrying asperity is either in dry contact with the tire surface, or the thickness of the 
fluid film between the load-carrying asperity and the tire surface is small compared 
to the depth that the asperity indents the tread surface. The hydrodynamic pressures 
acting in the valleys between load-carrying asperities contribute only small support to 
the total normal load. 

Different treatments are appropriate for determining the hydrodynamic pressures 
in the footprint and inlet regions, but the pressures obtained for the two regions must 
'h.o 'n"'I .,,+11 h.o~ +nn-o.+h.o'I" q+ fh.o-1 'I" 't"Vl'l'I+,,~ 1 hnnn~~ 'l"'l'r -- ·-----.. -- --o----- _ ... ------ ------- - ------.,. 

The depth of water on the pavement approaching the wheel is indicated to be appre
ciably greater than the film thickness between the tire and pavement in the footprint re
gion. Thus, the depth of water must be reduced in passing through the inlet region, 
and, at the same time, the requirement for continuity of flow must be satisfied. If 
smooth flow into the footprint region and around the sides of the tire is not possible, 
continuity is maintained by the generation of spray in the forward and side directions. 
Although some viscous effects are involved in the generation of spray and the produc
tion of turbulent motion in the inlet region, the pressures developed in this region are 
essentially due to inertia effects involved in slowing down the incoming flow. 

Two different approaches were studied for treating the pressures in the inlet region. 
The first approach postulated a laminar inviscid flow through this region in which Ber
noulli's equation could be used to determine the pressure as a function of the flow ve
locity. This approach should be valid for cases of hydroplaning where there is no for
ward spray or reverse flow from the footprint region into the inlet region. Such condi
tions appear to exist at speeds considerably in excess of the critical total hydroplaning 
speed. Solutions using this approach gave maximum hydrodynamic pressures in the 
inlet region of the order of 50 to 80 percent of the stagnation pressure for the incoming 
flow (i.e., the pressure when the fluidis brought to rest). The stagnation pressure, 
½ p U1

2
, as given by the O.md dynamic pressure law for a wheel moving at a speed U i, 

was also used as a reference pressure by Horne and Joyner (1). 
However, partial hydroplaning is usually characterized by -considerable forward 

spray and turbulent motion in the inlet region. Because Bernoulli's equation is not 
valid for these conditions, an empirical approach was used for defining the pressures 
in the inlet region. Experimental evidence from several cases of partial hydroplaning 
indicates that the ratio of the static pressure to the stagnation pressure is close to one 



3 

at the middle of the aft end of the inlet region where it adjoins the footprint region 
(Figs. 12 and 16b, 1; Fig. 8, 2) . Therefore, in treating partial hydroplaning and the 
onset of total hydroplaning, a static-pressure to stagnation-pressure ratio of one was 
assumed to exist at the middle of the boundary between the inlet and the footp~· t re
gions. The pressure at this boundary was assumed to drop off parabolically f om stag
nation pressure at the centerline to atmospheric pressure at the side edges the foot
print. 

This empirical treatment of the inlet region is based on cases of partial hydroplan
ing involving water depths on the pavement of O .04 in. and greater. It is possible that, 
at extremely low water depths, smoother flow may exist in the inlet region, resulting 
in lower pressures as predicted by the treatment using Bernoulli's equation. The vari

·. ation in hydroplaning speed with water depth reported by Gengenbach (3) might be ex
plained by a gradual change from smooth flow to turbulent motion in the inlet region. 

In the footprint region, viscous forces play a more important role than in the inlet 
region and have a predominant influence on the hydrodynamic pressure gradient for the 
case of comparatively smooth pavements. Laminar flow is assumed to exist in the 
footprint region because of the presence of these viscous forces. . 

The treatment of the hydrodynamic forces in the footprint region of the tire (6) was 
based on a perturbation expansion of the incompressible, steady-state Navier-Stokes 
equations of classical hydrodynamic theory in powers of a reduced Reynolds number. 
Combination of the zero-order equations obtained by this expansion resulted in Rey
nolds pressure equations of viscous lubrication theory. The solution of Reynolds equa
tions gives the effect of the viscous forces in the footprint region on the hydrodynamic 
pressures. 

A similar combination of the first-order perturbation equations obtained from the 
expansion gave an equation for first-order corrections to the pressures. This was of 
the same form as the Reynolds equation. Correction pressures that give the effect of 
inertia forces in the footprint region can be obtained by the solution of this equation. 
An alternative treatment of inertia forces is given by Eshel (4). 

When the fluid film under the tire is thin, viscous forces have a greater effect than 
inertia forces on the hydrodynamic pressure gradients in the footprint region and little 
error results from computing the hydrodynamic lift load neglecting the first-order cor
rection pressures. The results presented in this paper are limited to cases where it 
is permissible to neglect inertia forces in the footprint region . 

It should be emphasized that inertia forces in the inlet region due to the slowing down 
of the flow have an important effect on the hydrodynamic pressures in all cases. These 
forces are still included in treating the inlet region even though inertia forces are ne
glected in the footprint region. 

RESULTS OBTAINED IF TIRE SURFACE IS ASSUMED TO BE 
PLANE IN FOOTPRINT REGION 

The simplest analytical model for a tire in total hydroplaning is obtained by assum
ing the tire surface to be plane in the footprint region. Computations were carried out 
for this somewhat unrealistic configuration in order to study the importance of various 
parameters and the effect of three-dimensional flow. The output from the computer in
cluded automatic plotting of the pressure distribution and flow field in the footprint re
gion as well as tabular data for the pressure and total hydrodynamic loads. 

Figure 2 shows the plots obtained with a configuration having a footprint width-to
length ratio of 0. 769 and a leading-edge film thickness twice that at the trailing edge. 
Because the pressures are measured relative to atmospheric pressure, the pressures 
on the side edges and trailing edge are zero. The high pressures at the leading edge 
of the footprint region arise from the slowing down of the fluid in the inlet region as 
discussed previously. It will be noted that the pressure drops off very rapidly with dis
tance from the leading edge. This drop-off is associated with the side flow out the side 
edges of the footprint, which can be seen in the plot of the flow field. The curves on 
this plot show the direction of the average flow between the tire surface and the 
pavement. 
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(a) 

(b) 

A lift coefficient for a hydroplaning 
tire can be defined as the ratio of the 
average hydrodynamic pressure in the 
footprint region to the stagnation pres
sure of the incoming flow. The aver
age ordinate in Figure 2a would be the 
lift coefficient for the case shown. 
Computations for a series of finite
aspect-ratio footprints with planar tire 
surfaces gave low lift coefficients be
cause of three-dimensional flow ef
fects. The computed lift coefficients 
for the planar surface configurations 
were approximately 20 percent of a 
lift coefficient derived from the em
pirical formula for the hydroplaning 
speed developed by Horne and Dreher 
(2). Consequently, it was concluded 
that the planar treatment of the tire 
surface was not adequate and that 
more realistic representations of the 
tire deformation in the footprint re
gion are necessary in determining the 
effective water-film thickness under 
the tire. 

EFFECTIVE FILM THICKNESSES 
UNDER TIRE 

Figure 2. Skidding tire with plane surface in footprint 
region: (a) pressure distribution; (b) flow field in foot

print region. 

The effective thicknesses of the 
water film under a tire will be dis-
cussed for partial hydroplaning, which includes the onset of total hydroplaning as a 
limiting case. Passagewavs exist for fluid flow throue:h the semidrv ree:ion of the foot
print because of the pavement texture and asperities. The resulting pavement drainage 
properties can be investigated experimentally as a function of surface texture and con
tact pressure, as described by Moore (5). The analysis of the flow in the semidry re
gion is performed assuming an equivaient smooth pavement and an effective tire
pavement gap that will represent the measured drainage properties of actual pavements. 
In considering patterned tires, the effective film thicknesses under grooves running 
through the semidry region are primarily determined by the depth of the grooves. 

The lift load is inversely proportional to the square of the minimum clearance in 
many lubrication problems. In analogy, the lift coefficient becomes higher in hydro

planing when the minimum clearance in 
the semidry region is reduced. How
ever, a more complicated dependence 
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Figure 3. Changes in footprint pressure distribution in 
going from a dry to a wet pavement for the same for

ward speed and total wheel load. 

on clearance is found for this case be
cause of the near-stagnation pressures 
on the forward boundary of the footprint 
region. 

The gap between the tire surface and 
pavement in the thick-film region de
pends on the tire deflections caused by 
hydrodynamic pressures. When ana
lyzing a particular operating condition 
on a wet pavement, it is helpful to con
sider a corresponding dry-pavement 
condition for which the forward speed 
and total wheel load are the same. Fig-



ure 3 shows how the pressure distribu -
tion under the tire in a partial hydro
planing condition would be expected to 
differ from the pressure distribution 
for the corresponding dry-pavement 
condition. The thick-film region on the 
diagram is unshaded; the semidry re
gion is shaded. 

A thick-film region develops if the 
hydrodynamic pressures in the forward 
central portion of the footprint exceed 
the dry pavement pressures, thus giv
ing positive incremental pressures. 
Although the incremental pressures are 
positive in the central portion of the 
thick-film region, they become negative 
near the side edges of the thick-film 
region where the hydrodynamic pres
sures are lower than the high dry
pavement pressures resulting from the 
sidewall stiffness. The combination of 
positive incremental pressures in the 
central portion of the thick-film region 
and negative incremental pressures 
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Figure 4. Assumed form of tire surface in footprint 
region. 

near the side edges of the thick-film region tends to make the tire surface deflect up as 
required for the existence of such a region. 

Positive incremental pressures are indicated in a narrow strip of the semidry re
gion adjacent to the thick-film region. These "reaction" pressures would result in a 
curvature of the tire surface in the thick-film region tending to make it become tangent 
to the pavement at the boundary of the thick-film and semidry regions. For the rest 
of the semidry region, the incremental pressures would be expected to be small. 

The total incremental load on the semidry region is seen to be positive because of 
the positive "reaction" pressures. Consequently, the total incremental load in the 
thick-film region must be negative to keep the total wheel load constant. However, as 
a first approximation, the total hydrodynamic load within the thick-film region of a tire 
in partial hydroplaning can be assumed equal to the load on the same portion of the foot
print in a corresponding dry-surface operating condition, neglecting the effect of the 
incremental reaction loads. This assumption was made in obtaining some of the results 
to be discussed. 

The effect of inward bulging of the tire surface on the lift coefficients in partial and 
total hydroplaning was studied for a series of configurations of the form shown in Fig
ure 4. The tire-surface deformations for these smooth-tread configurations vary para
bolically across the thick-film region, whereas the maximum tire-pavement gap at the 
centerline varies linearly from the leading edge to the maximum penetration distance 
of the thick-film region. The gap between the tire surface and the pavement is assumed 
constant in the semidry region. 

LIFT COEFFICIENTS ASSUMING NONPLANAR TIRE 
SURF ACES IN FOOTPRINT REGION 

Computations for configurations of the type shown in Figure 4 indicated, as would 
be expected, that the flow from the thick-film region out the side edges of the footprint 
is restricted by the low effective gaps in the semidry region. Consequently, the rapid 
drop-off of pressure with distance from the leading edge, which can be seen in Figure 
2, is not obtained in this case. 

A lift coefficient for the thick-film region is used for discussing partial hydroplan
ing, which is defined as the average hydrodynamic pressure over the thick-film region 
divided by the stagnation pressure of the incoming flow. This thick-film region lift co-
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efficient becomes the lift coefficient 
for total hyd1·oplaning when the thick
film region has extended over the en
tire footprint. 

Lift coefficients computed for thick
film regions of the type shown in Fig-
4 are shown in Figure 5 as a function 
of the dimensions of the thick-film re
gion . These results are for configu
rations having an effective tire 
surface-to-pavement gap of 0.005 in. 
in the semidry region and a maximum 
gap at the forward end of the thick
film region of 0.020 in. A forward 
velocity of 54.0 mph was assumed in 
the computations. 

The planform of the footprint is 
given in the small inset diagram in 
Figure 5. A footprint aspect ratio of 
0.666 is assumed and a rectangular 
thick-film region is considered as 
shown previously in Figure 4. The 
abscissa is the ratio of the thick-film 
region width to the total footprint width 
and the ordinate is the lift coefficient 

Figure 5. Lift coefficient for thick-film region: skidding 
tire. 

for the thick-film region. Plots are shown for three values of the penetration distance 
of the thick-film region expressed in percent of footprint length. 

For penetrations of 60 and 100 percent, the thick-film region lift coefficients peak 
at width ratios between 0.4 and 0.6. As the width ratio approaches 1.0, there ls less 
restriction of the flow out the side edges of the footprint, and three-dimensional effects 
become more important. This explains the lower lift coefficients at a width ratio of 
1.0. A lift coefficient of 0.4 for total hydroplaning is obtained at 100 percent penetra
ti0~ wh':'~ th~ 1:1.ridt:h ~~t!0 e~:!!2.!2 !.!:'. Thie :::~~f:fi:::i::::.t ::;!'.;=.!u~~ ·w·itl;. ttc Q.OIOW.1.I.~ iiUii-

planar configuration is appreciably higher than the lift coefficient obtained assuming a 
plane tire surface in the footprint region. 

The lift coefficient for the thick film also becomes low where the thick-film region 
approaches zero width. Then the fore and aft lift distribution in the thick-film region 
approaches that obtained along the centerline of a configuration with a planar tire sur
face and a constant tire surface-to-pavement gap. 

NASA photographs (1) of tires under partial and total hydroplaning conditions suggest 
the presence of a semidry or very thin film strip along each edge of the footprint of the 
order of 20 or 30 percent of the footprint width, and it is believed that the explanation 
of this phenomenon is associated with the lift curve shapes that have been indicated. 
Possibly, in these cases, sufficiently high lift coefficients would not be obtained to per
mit the development of a thick-film region unless the inward bulging of the tire carcass 
was restricted to the central portion of the footprint. 

VARIATIONS OF PENETRATION DISTANCE AND 
FRICTION COEFFICIENT WITH SPEED 

The variations of thick-film region penetration distance and total friction force with 
forward speed were computed for a 6.50 by 13 smooth-tread passenger-car tire with a 
tire pressure of 27 psi. This configuration was selected in order to be able to com
pare the computed results with experimental friction data given by Horne and Joyner 
(1). The analysis was based on the hypothesis that the total hydrodynamic load on the 
thick-film region in partial hydroplaning can be assumed equal to the load on the same 
portion of the footprint in a corresponding dry-pavement operating condition. 
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The dry-pavement pressure distribution at all speeds was taken to be the same as 
the static bearing pressure distribution for the tire considered. Average dry-surface 
pressures were computed from the static bearing pressures for subregions of various 
widths and percentage penetrations into the footprint. It was found, in particular, that 
the average pressures for narrow subregions were considerably below the tire pres
sure of 27 psi. 

The computational procedure used for finding the penetration distance involved as
suming that the thick-film region occupied a particular subregion of the footprint and 
then looking up the average bearing pressure for this subregion on a dry pavement. The 
hydrodynamic loads on this subregion in partial hydroplaning were then computed for 
an assumed tire surface deformation shape of the form shown in Figure 4. Because the 
computer solution for the hydrodynamic loads was carried out in dimensionless form , 
it was possible to determine at what forward speed the average hydrodynamic pressure 
on the subregion in question would equal the corresponding dry-pavement pressure and 
thus be a possible partial hydroplaning condition. The growth of the thick-film region 
with speed was investigated by carrying out this procedure for a series of subregions. 

Figure 6 shows the penetration distance obtained in this manner for several assumed 
configurations. The aspect ratio of the footprint was taken to be 0.666 on the basis of 
NASA photographs of the 6.50 by 13 tire in hydroplaning. Turbulent motion was as
sumed to exist in the inlet region that would result in full stagnation pressure at the 
center of the leading edge of the footprint region. 

For a given point on the plots, the abscissa gives the skidding velocity, while the 
ordinate gives the thick-film penetration obtained at that velocity. The effective film 

thickness in the semidry region of the 
footprint was assumed to be 0.005 in. 
for all cases shown. The solid curves 

SECTION A-A 
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were obtained assuming a leading-edge 
gap of four times the effective gap in 
the semidry region, whereas the dashed 
curves were obtained with a gap ratio 
of two. Higher hydrodynamic pressures 
were computed for the larger gap ratio, 
which resulted in the more rapid pene
tration of the thick-film region with 
forward speed for this case. 

Curves are shown for thick-film-to
footprint-width ratios of 0.6, 0.8, and 
1.0. In general, a more rapid thick
film penetration is obtained at the lower 
width ratios because of the lower dry
pavement pressure in the central part 
of the footprint and the higher thick
film region lift coefficients for these 
cases, as shown previously in Figure 
5. However, the curves indicate that 
more than one combination of penetra
tion ratio and width ratio are possible 
solutions at a given forward speed. It 
can be seen from these results that the 
actual tire deformation in the footprint 
region must be computed before a 
unique prediction can be made of the 

100 growth of the thick-film region. 

Figure 6. Effect of gap ratio (h1/h2) and width ratio (L1/L) 
on thick-film penetration: skidding tire on textured 

concrete. 

The speed variation of the friction 
coefficient for a tire in partial hydro
planing was computed by making use 
of penetration ratio curves of the type 
shown in Figure 6. The viscous shear 
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forces acting in the thick-film region 
were an output from the computer so
lution for the flow under the tire. 
However, most of the friction force in 
partial hydroplaning arises from the 
contact of pavement asperity tips with 
the tire surface in the semidry re
gion. An empirical approach was used 
for estimating the friction coefficient 
in the semidry region; this amounted 
to multiplying the portion of the wheel 
load carried by the semidry region by 
a friction coefficient for the semidry 
region. The friction force on the 
thick-film region plus the friction force 
on the semidry region was then divided 
by the total wheel load to give the 
average friction coefficient for the 
tire. 

Figure 7 shows plots of the vari
ation of average friction coefficient 
with forward speed. The curve 
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Figure 7. 
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Friction coefficient versus forward speed: 
skidding tire. 
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through the circled points is the NASA data (Fig. 22b, 1) for a 6.50 by 13 smooth-tread 
tire at a tire pressure of 27 psi. It was obtained in a skidding condition on a textured 
concrete surface. 
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The friction coefficient for rubber on a wet pavement varies with sliding velocity and 
this influences the speed variation of the 
total friction coefficient as well as the 

ASSUMED TIRE GROOVE CONFIGURATION 
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development of a thick-film region. It 
was concluded from the magnitudes of 
the bearing pressures on a dry pave
ment that a forward speed of 30 mph 
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film region would start to develop. Thus 
it was assumed that the total footprint 
was in semidry contact up to 30 mph, 
and the average friction coefficient at 
this speed was the same as the friction 
coefficient for the semidry region. The 
friction coefficient curve for the semi
dry region was extrapolated to speeds 
above 30 mph by assuming it propor 
tional to the semidry friction curve ob
tained on a similar textured concrete 
surface with a different tire configura
tion. This extrapolated curve, drawn 
as a dotted line in Figure 7, was used 
in computing the average friction coef
ficient for the entire footprint of the 
6.50 by 13 tire. 

Figure 8 . Effect of tire grooves on penetration distance 
of thick film: skidding tire. , 

The computed friction coefficient 
curves in Figure 7 were based on an ef
fective film thickness of 0.005 in. in the 
semidry region and a maximum gap at 
the leading edge of the footprint of 2 
times this magnitude. Friction coef
ficients computed assuming a tire-to
pavement gap ratio of 4 were found to 
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agree somewhat less favorably with the experimental data. Curves are shown for thick
film-to-footprint-width ratios of 0.6 and 0.8. Each of these covers a speed range in 
which the thick film penetrates from 20 to 100 percent of the footprint length. Again 
there is some overlapping of the speed ranges obtained with different assumed width 
ratios. 

Figure 8 shows the effect of tire grooves on the penetration distance of the thick
film region. The hypothetical configuration indicated in the diagram is obtained by add
ing grooves to the 6. 50 by 13 smooth-tread tire discussed previously. It was assumed 
that there was sufficient depth of water on the pavement to completely fill the tire 
grooves. Groove depths of 0.125 and 0.25 in. were assumed in computations for smooth 
and textured concrete pavements respectively. 

The ratio of the widths of the thick-film region and the total footprint was assumed 
to be equal to 0.8, which gives a thick-film region extending between the outer edges 
of the two outer grooves. The tire deformations were assumed to be of the form shown 
in Figure 4 with a ratio of 4 for the leading-edge clearance over the clearance of the 
semidry region, exclusive of the tread depth. 

Results computed for a textured concrete pavement with an effective clearance of 
0.005 in. in the semidry region are shown as solid lines in Figure 8. The dotted curves 
were computed for a smooth concrete surface with an effective clearance of 0.0025 in. 
in the semidry region. For the textured concrete surface, the velocity for full pene
tration is increased from 59.0 mph for a tire without grooves to 71.5 mph for a tire 
with grooves. For the smooth concrete surface, the corresponding velocity increase 
is from 52.0 to 70.5 mph. 

It is interesting to note that, when grooves are present, the curves for the textured 
and smooth concrete surfaces are very close together. Each of the grooves acts, es
sentially, as a channel that is not greatly influenced by leakage at its side edges. Thus, 
a nearly linear variation in pressure is found in each groove from a high value at the 
leading edge of the footprint to zero at the aft end. The hydrodynamic pressures over 
the entire thick-film region must fair through the pressures in the grooves, and the 
general form of the pressure distribution is established when the pressures in the 
grooves are given. Therefore, the pressure distribution in the thick-film region would 
be expected to be approximately the same for the smooth and textured surfaces. 

The hydrodynamic pressures at the aft end of the footprint tend to be lower for a tire 
with grooves than with a smooth tire because of the linear variation of pressure in the 
grooves. .Although these lower pressures in the aft portion of the thick-film region can 
delay the full penetration of the thick-film region to a somewhat higher speed, they can
not be expected to eliminate total hydroplaning except possibly at surface water depths 
where the grooves are not completely filled with water. 

CONCLUSIONS 

It is believed that the theoretical approach discussed has considerable promise for 
explaining and predicting hydroplaning phenomena. A simplified analytical model has 
been used because of the complexity of the problem and, consequently, some experi
mental inputs in the solution are both necessary and desirable. 

The results presented have indicated the sensitivity of the theoretical predictions to 
the method of analysis and the physical parameters used in the model. Three
dimensional flow effects are found to be important, and, in some cases, gross errors 
result if hydrodynamic forces are determined by two-dimensional flow theory. 

The computed hydrodynamic pressures and flow field under the tire are sensitive to 
the effective film thickness between the tire and pavement. Effective clearances for the 
semidry region of the footprint can be found from experimentally determined pavement 
texture and drainage properties. 

In the present study, the clearances in the thick-film region were based on assumed 
forms of tire deformation. Because the results were found to depend on the deforma
tions assumed, a unique determination could not be made for the growth of the thick
film region with forward speed. However, such a solution could be obtained by coupling 
together the computation of the hydrodynamic pressures acting on a tire with the re
sulting tire deformation as determined experimentally or analytically. 
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Finally, it should be emphasized that even when the growth of the thick-film region 
with forward Velocity is known, a good prt:uiction of the speed variation oi the total 
friction coefficient is dependent on having good empirical data for the friction coeffi
cient between the tire and pavement in the semidry region. 
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