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ABSTRACT

An approximate theory has been developed for a study of the hydro-
‘planing tire by considering it as a planing surface of small aspect ratio
in extremely shallow water- The results of t his approximation exhibit
hydrodynamic behavior similar to that of hydroplaning pneumatic tires and
thus indicate that the tire hydroplaning phenomenon can be described from
the standpoint of inviscid hydrodynamics. The analysis furnishes families
of curves which can be considered to represent, qualitatively, the start
of hydroplaning and thus give qualitative guidance for avoiding the un-

desirable hydroplaning condition.
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NOMENCLATURE

aspect ratio of planing surface
hal f-length of wetted surface of plate

longitudinal dimension of footprint from wheel axle
to trailing edge

longitudinal dimension of footprint from wheel axle
to leading edge

coefficient of total 1ift defined in Eq. (37)

clearance of trailing edge of tire wetted surface
from ground

functions defined in Eq. (38)
depth of water on runway or ground

kernel function representing induced velocity on
element j due to unit amplitude load on element i

total 1ift on hydroplaning tire

loading on ground

loading on tire

cumulative loading distribution

half-width of footprint and of wetted surface of tire
index of summation

tire inflation pressure

lifting surface

forward velocity of vehicle

unit step function

downwash velocity distribution normal to ground

downwash velocity distribution normal to tire
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coordinates of control point on ground

coordinates of control point on tire wetted surface

chordwise variable of integration
camber of tire surface

angle of attack of planing surface
angular chordwise location

various integrals

defined in (29) and (30)

coordinates of loading point on ground
coordinates of loading point on tire surface
mass density of fluid

angular chordwise location

function (see Eqs. (15) and (16))

defined in (31)
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INTRODUCTION

Pneumatic tires rolling on a wet runway may reach a speed where the
tire becomes completely detached from the ground and skids along on a
thin film of water. At that stage, directional stability and control,
as well as braking traction, are completely lost. When tire and surface
are no longer in contact, the tire is said to be hydroplaning. 1t no

longer rolls but slides without control across the surface-.

A series of theoretical studies has been made, based on one of the
fundamental assumptions, either that the hydroplaning phenomenon could be

reasonably explained in terms of fluid density alone (hydrodynamic pressure)l’

3

2

or that it is basically one of lubrication.” At the same time experimental

4’5’6

studies have been conducted in an effort to reveal the physical mecha-
nism of the hydroplaning tire as well as the important parameters affect-

ing the phenomenon.

Admittedly the tire-hydroplaning phenomenon is quite complicated.
Perhaps at one stage the hydrodynamic aspects of the phenomenon are
dominated by viscous effects (hence lubrication), at another by inertia
effects and at a later stage by thermodynamic effects (reversion of the
rubber and formation of steam pocket). At each and every stage, of course,
the elastic properties of tires and their texture and geometry, as well

as the relative roughness of the wet pavement, enter into the problem.

For those cases of hydroplaning where velocity is quite high and
the water is relatively deep, it seems rather reasonable to assume that
the viscosity effects become insignificant] for such high Reynolds numbers

as exist at that stage.

The present study has been based on the premise that the fluid inertia
effect is the predominant property. The three-dimensional character of
the phenomenon has been preserved and the effects on tire hydroplaning

will be obtained due to aspect ratio and shape of the planing surface and



to depth of water, together with vehicle speed. The general formulation
of the hydrodynamic aspect of the non-viscous hydroplaning problem leads.
to a pair of surface integral equations with unknown loading distribution
on the tire and on the ground. However, due to the limitations of the
contract for this initial study an approximate solution will be obtained
based on the following assumptions: a) the tire is regarded as a low-
aspect ratio lifting surface, b) the pressure distribution on the pavement
is approximated by a step function of magnitude given by experimental
measurements. The results of this initial investigation indicate that the
approximate solution correctly predicts the trend but not the magnitude

of the hydrodynamic 1ift and confirms qualitatively the important char-
acteristics observed in the tire-hydropianing phenomenon. For future
studies it is recommended to improve the mathematical model so that the
three-dimensional non-viscous contribution may be defined as accurately

as possible and then the elasticity of the tire may be incorporated.



THEORY

At the stage of complete detachment of the hydroplaning tire from
the wet pavement, the contact area of the tire is assumed to have infinite
radius of curvature as shown in Figure 1 and at that stage the total weight
of the vehicle will be sustained by the hydrodynamic pressure distribution
developed in the film of water between the tire and the ground. This
situation is simulated by a mathematical model presented in Figure 2, where
the area of tire in contact with the fluid will be considered as a 1ifting
surface of finite aspect ratio planing at the free surface of extremely
shallow water at high Froude number, since the vehicle speed is considered
very high.

The right-handed cartesian coordinate system is selected with positive
x-axis in the direction of fluid motion (opposite that of vehicle) and
positive z-axis in the downward direction. The present study utilizes
the linearized lifting surface theory which is based on a small pertur-
bation approximation together with the assumption of thin surfaces in

uniform flow of an incompressible inviscid fluid.

The pressure field generated by a 1ifting surface S has been shown
to be given by distributed doublets with axis parallel to the local normal
and strength proportional to the pressure jump across the surface S. |If
these unknown loadings on the tire and ground are designatd by LT(ET,ﬂT)
and LG(EG,HG) respectively, then the kinematic conditions which exist at
both 1ifting surfaces (tire plane and ground) will be expressed mathe-
matically on the basis of linear approximation (i.e., small perturbation

theory) as follows:

N .
)

T
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S .
wG(xG’yG’h) = lHTpU ‘Jqf LT(gT’T]T) KTG(XG,YG’h’gT’nT’O)dST
S

T
=2
] r :
o )] el Kag(kgrghitg Mg hds, 2)
where (xT, Yoy 0)
and (gT, ﬂT, 0) = coordinates of control and loading point,

respectively, located on the tire surface

(x.>Y~>h) and (E.,M.,h) coordinates of control and loading point,
G’’G G’'G R
respectively, located on the ground plate

WT( ) and wG( ) the known downwash velocity distribution
normal to the tire and ground plate, respectively
Kij( ) kernel function which represents the induced

velocity on an element j due to a unit amplitude
load on element i. Subscripts i and j designate
tire or ground plate.

For the case of rigid plates the known downwash distribution will be

given by

3z
WT(XT,YT,O) ~ - U ax (3)

and
where the first expresses the fact that the flow remains always tangent
to the tire surface which has camber given by z(x,y), and the second

imposes the same requirement at the ground which has been assumed to be

flat.



The two equations (1) and (2) constitute a pair of surface integral
equations with the unknown loading functions LT(ET’nT) and LG(EG,HG) to
be determined in terms of specified velocity distributions. |t should be
noted that this formulation can accommodate any downwash velocity distri-

bution, even that for the elastic tire.

The development of the-various kernel functions is omitted in the

present study since it can be easfly obtained from Reference 7. In fact,
Kor is obtained from Equation (74) in that reference by putting d = h = 0,
KGG from Equation (75) for d = h, and the rest are obtained in a fashion

similar to that given in Reference 7.

Because tire hydroplaning is considered a high-speed phenomenon,
these kernel functions are determined at high Froude number so that the
free surface effect is considered to be equivalent to that of the 'bi-plane'
where the velacity potential acquires zero value at the free surface.

The bottom effect is taken into account as the usual 'wall effect."

Thus the kernel functions are given by

T (1 + . 2 ] (1)
yTT xTT Y17

-~
I

_
e Yag [ el +yGG] +(2h) [H«/EWGG (2h)]

- (2h)2 yGG + (2h)
o P e e 1 ¢
Kep = = {(] - h2 ) TG
Y n” ﬁ * YTG h?
] _L ) I
y?r(; + b2 ( i [x + + h2]3/2) ] .} (6)



K o=mm2 {(,_ 3h% ) XeT
TG 2,2 L 2 w2 ) /2 2. 2

Yot YeT T * Yer *
'_ziT(z’ 2 :gT 23/2)*'} 7)
Yer* D xGT+yGT+h]
where

Xpp = Xp 7 8y Yrr =y~ Ty
*ee ~ % ~ Sg Yee = Ye " Mg
X6 = X1~ &g Y1 = Y7 ™ Tl
XeT = % 57 Yer =Yg ~ Tt

When Equations 3, 4, 5, 6, 7 are substituted in Equations 1 and 2,
the pair of integral equations is brought to its desired working form.
It should be noted that the kernel functions KTT and KGG which represent
the self-induced velocity on a point of the lifting surface by a unit
ampl itude loading located on the same surface, have second order singu-
larity whose ''Hadamard'' finite contribution can be extracted by means of

7

Lagrange's Interpolation method. An analytical solution of the pair of
integral equations seems impossible in the present state-of-the-art,
however, a numerical solution can be sought along the line suggested by
Watkins, et al-8 To apply this procedure, the loading functions are
assumed made up of mode shapes dictated by certain physical considerations
(leading and trailing edge and tip conditions) whose unknown coefficients
will be determined by satisfying the boundary conditions at an equivalent
number of control points on the 1ifting surfaces.- This method is described

as the ''Mode Approach'' in conjunction with the '"Collocation Method.'



But, in the present problem the extension of the ground plate to infinity
excludes the possibility of utilizing the Birnbaum chordwise modes, viz.,

-]
(Aocot g + n§] Ansin n8), as well as the polynomial representation of the

spanwise distribution with infinite slope at the tips. However, from

k,5,6 it is seen that the pressure distribution

experimental observations
on the ground at the time of hydroplaning of the tire is mainly confined
within the footprint of the tire, outside of which the pressure decays
extremely fast. It appears that this fundamental characteristic of the
ground pressure should be incorporated into the problem. This can be
easily achieved by proper combination of unit step functions. Thus the
step function will be considered as the fundamental mode in both chordwise
and spanwise directions, on which sinusoidal modes with proper decay factor
can be superimposed to give the detailed pressure distribution on the

ground plate.

Such mode shapes for the ground pressure are conjectural and hence
a careful and systematic study must be undertaken. However, as a first
attempt the ''step-like'' mode shapes in both chordwise and spanwise

direction are considered advisable and realistic.



SIMPLIFIED MATHEMATICAL MODEL

A) Ground Pressure Distribution

In accordance with the previous discussions and in conformity with
experimental observation, the pressure distribution on the ground plate
will be assumed to be approximated by a step-type function, asymmetrically
extended about the center of the original footprint of the pneumatic tire,

with intensity equal to the tire inflation pressure Po (see Figure 3A).

Thus the pressure distribution on the ground plate will be given by
Le(Egg) = + 26, [u(e + b)) = uig - b)) [ [utm + &) - u(n - 0] (8)

where u( ) is unit step function. By insertion of a factor of 2 it is
stipulated that the pressure jump across the lifting surface (i.e., ground

plate) is in fact, double the pressure on one side of the surface.

It is obvious then that, in effect, the pair of integral equations
is reduced to a single integral equation (Eq. 1) with unknown loading
function on the planing tire. |In fact the integral equation which will

be solved is

I B A :
-UB = LH'TpU JJ LT(ET’T]T) KTT(XY!YT’O’ET’T'T’O)dgT dT]T

St

ow

p
o _,__]ZJF [u(§G+b2) - u(€G-b])] [u(ﬂGM) -u(ﬂG-E)JKGT(xT,yT,O;gG,nG,o]dgednG

* 2mou

where KTT and KGT are given by Eqs. 4 and 6 and -UB is the slope of the

planing surface to the horizontal plane (see Eq- 3)-

The integral equation reduces to:



b
J“ LT(ET’T]T) {I . X (9)

2 ﬁﬁ—} d€y dfip = Wixpyy)
TV VT

-2 b T
where
2 b|
W(x,,y.) = - UB +—--—po IJ {(I “T6
T U 2 .2
-1 <b, yTG+h +h “A‘Tc‘”ym
2 X
h TG
-7 32 (2' 2 2 23/2) *'} d&4 My (10)
Yt h (xTe* Y1e *hY)
TG 167 Y16

is the downwash distribution plus the induced velocity at the planing tire

due to the assumed ground pressure distribution.

Hence the unknown loading distribution LT(ET,BT) on the hydroplaning
tire will be determined in terms of the angle of attack, B, (i.e., camber
distribution B = 3z2/3x and the induced velocity by the pressure patch on

the ground.

B) Low Aspect Ratio Approximation

From the geometry of a typical tire footprint it can be surmised that
the tire in the hydroplaning condition can be approximated by a low aspect
ratio wing. Hence, it will be assumed that in the greatest portion of the
lifting surface the spanwise distancesl Yt © nT‘ have small magnitudes
compared with chordwise distancesl Xp - ETl, i.e., most of the time the

following condition
- < -

prevails.

Thus the kernel of the integral equation (see Eq. 9) is approximated

by



[«/(x-g)2+(yT-'n)2] [HIxT gﬂ] {

Upon substitution of Eq. (11), Eq.- (9) becomes
X L)
TpU ff Ty N a8 = Wxpyy)
- q)
-b -2

2 for Er < Xt
0 for §T > X7 (1)

(12)

This integral equation reflects the approximation that conditions at a

given point on the planing tire are influenced only by what takes place

upstream from that point.

On introducing the function L+(XT’ nT) as the cumulative loading dis-

tribution defined by

I

(13)
-b
the integral equation (12) becomes
£
lf !
", L' (xpoMp) 37 ayT (VT S ) dNy = pW(xp, vo) (14)
whose inversion is given by (see Appendix A)
y/
1 = - 1 1 '
L' (xpsv7) pU »[z Wixpy') ¥(ypy')dy (15)
where
2
c vyt V2D (@R - )
o 1 T Y1
]
L(y' = vq)
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provided that the loading function L'(xT,nT) vanishes at the tips, i.e.,
! - = 1! =
L (x.l., ) =L (xT, £) =0

The total 1ift developed on the hydroplaning tire will then be
given by

-
]
=

L' (b,y )dy

{
=

or

r
]
1
©
c
;Q_‘?b

Jﬂ W(b,y') ¥Y(ypy')dy' dy, - 17)

It should be noted that the above solution of the integral equation
(12) should be considered as the first approximation of the solution of
the more general integral equation (9) which incorporates the full-fledged
finite aspect ratio effect. This can be easily seen by writing Equation 9

in the following form

£ 2 b
L (5 :ﬂ ) n LT(ET’nT) T
1 IJ I S i LA dg dNl = 20UM(xp.yy) - % J r > 2 =— dE; di;
m v2 - _9 y Ty
-1 b T T T

which upon multiplication by the function ¥(y,y') and integration from

-4 to £ (see Appendix B) yields

2 4 b
U
L' (xpoyq) = 2% ]ﬂ Wixpy') ¥ly,y')dy' - — JI" Jr L' (§1:Mp) Kxpry s8N d8dNy
by -4 =b
where
3 ¥(yp.y') dy!
K(XT’YT;E‘T’T]T) = lﬁ 3/2 (]8)

[xmg?+ (v'-np?]
11




Equation (18) is a Fredholm integral equation of the second kind with
unknown L'(ET,nT).

In the present preliminary study, however, the assumption that the
tire at the hydroplaning stage is a low aspect ratio lifting surface
will be utilized and hence the integral equation given by Eq. 12 with its
corresponding solution given by Eq. 15 will be considered the fundamental
relation to be used. The integral equation (18) will be left for possible

future studies.

C) Evaluation of the Ground-Induced Velocity

The downwash distribution at the planing tire is given by Eq. 10

whose first term represents the angle of attack condition and whose second

term the velocity induced by the pressure distribution at the ground.

The downwash distribution (Eq. 10) is written as

where

and

1 2

W =+ —0 qur {(1 - 71 h
2 o U 2.2 7 2
- -b, yTG +h “ATG*"TG Yig*h

3

X
TG
(2 eI ) +1} dgan, (20)
6 716

which after straight-forward integrations with respect to ET and ﬂT yields

12



-p yT*ﬂ+v(;T+E)Z+(xT+b2)z4hz Ly -£+w/?;T-l)2+(x -b])2+h2
W, = 3 {2" N/ 2 22 s IV 2 L 2.2
mp _ _ . _
2 4+ (yT 2) +(yT+b2) +h yT+,€,+ (yT+!,) +(x.|. bl) +
2 ' 2 2 .2 2 2 2
. h®/ (xT+L) +)xT+b2) +h i h*/ (yT £) +(x.|.+b2)+h
[ 2 2 2 2 2 .2
o+ +4 xT+E) +(xT+b2) +h Y1 £ (yT 2) +(xT+b2) +h
2/\([y +£,)2+(x -b )2+h2 hz/\(y -z)2+(x -b )2+h2
T T "1 + T T "1

- 2 2 2
yT+L+—v(;T+z) + (XT-bl )} +h

2 2 2
yT-z-wGT—L) + (x.r-bI ) +h

(x.r b2) (YT+,Z)[(yT+£) +(x b ) + 2h2]

{07 (y 200 2 (xprb ) 2] + ()2 (xpeby) 21 (y 2 2) 2y b ) 22

(xp+b,)2 Oy z)[(yT 0%+ (xpb,) 22n’ |
{hz‘- (yT—z) +(x 2) +h2]+(yT-z) (xT+b2)2}v6<T-z)2+(xT+b2) +h

(xg7b )2 (ype )] (o) 2 (x b)) +zh2]

{hz[(y +4) +(x -b ) +b2] + (y z) (x -b )z}fyTH,) +(x b ) +h

(x;=b ) (v L)[(YT 2)? +(x7b ) +2h 1
{hzf(yT-z) +(xgmb)) +h2] + (yT-z) (x;=b )Z}V/ﬁyT-z) + (xpb, )2:;7

)
YTz)z+h2 ]} (21)

- (b b )[ ot

Utilizing the requirements of the small aspect ratio assumption

lyssl< Ixsn, |

13



together with the fact that

| xp b2| = x; + b, and that h is extremely small, i.e., h <<l

v = o h [ | ] ]
2 X-+b yT.+E+x.|.+b2 -Z+xT+b2

U T "2 Y1
o or ] i ] ]
fxT+b1r LyT+!,+] xT-bll (yT-z)+| x;b)|
- 2] xp7b)| - - (by4b,) | = Fp 1} (22)
-4
The above equation holds true only when h << 1. [f h = = (deep water)

then it is easily seen that W, =0 (Eq. 21) and the integral equation (12)

reduces to that of a planing surface in deep water.

D) Spanwise Lift Distribution

The evaluation of spanwise 1ift distribution (Eq. 15) requires the

integration

(xpsv') ¥lypoy')dy! (23)

]
éfh‘—ﬁh
E

which can be considerably facilitated by using the trigonometric trans-

formation

- cos®

~
]

-4 cosH

]

Y

This yields
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1 - cosBecosyw - sinfsing

¥ (y1,y') = 4n
cosB - cosg
® sinng .
=2 X n sin ny (24)
n=1
Thus
I
_24 7 sinne [ . . ,
A== nE] noJ w(x.l_, Lcosw)sin nop sing dp
0
and finally
!\=1\]+A2+/\3 (25)
where
A] = =4UBsin® (26)
Ll'po -]
A2 = - ﬂ_pUD xT-b'l - (xT+b2) - (b'+b2):] nfl sin nd
2 .2 2 .2 2 .2
.{I_n;]*_(n-])](n-i) %----}fornodd 27)
3.2 5.
= 0 for n even
2 h2 © Y n A n A n A n
_ Py sin _nd 1 2 3 L
A3_-1'rU T n +b_  x_+b -]x-b]+lx-b1 (28)
P =l T2 T 2 Tl Tl
where
2 2
. xT+b2+£ - (xT+b2+!,) -4 ) 2
)‘l = provided g T < 1
L T 2

15



x.+b, -4 +\/(x +b -1,)2 - !,2
Ay = r.2 12 provided ' L_ﬁ), s
) X172
| xT-b]| + 4 -«/(l x;7b)| +z)2-zz
)\3 = P provided l-———l’ ’ < 1
2+ | xp7by|
(29)
All the provisions are met for the low aspect ratio lifting surface, i.e.,
4/b < 1. For )\4 either
| x.-b_| -1’,+‘\/(|x-b|-£)2-1,2
N, = T 1 T 1 (30)
L £
provided l £ ‘< 1
1 - xT-b]
or
7\4 = cos ny
where
v | xT-b]] -4
£
. £
provided | ———— > 1 (31)
£ - xT-b][
The first condition for the evaluation of )‘Lt is satisfied
for b b
1 1 P
b <1 and b <1 2 b
or b b
1 1 £
b > 1 and b >1 +2 b

16



whereas the second condition is satisfied for

b b
1 1 _ 28
. <1 and 'y > 1 .
or b b
21 il 24
b > 1 and b <1+ b

Thus the value of Xh has two different expressions depending on the
imposed geometric condition on both the tire and its footprint. The
realizability of the imposed geometric condition can only be decided from
experimental observations. As is seen from Figure 12 of Reference (4) the
pneumatic tire keeps its symmetrical position with respect to the wheel
axle during the entire process from the static condition until the stage
of complete detachment. At the final stage the leading edge of the
footprint of the hydroplaning tire remains approximately at the same
distance from the wheel axle, i.e., b Aabz, whereas the trailing edge of
the lifting surface moves away from its original position towards the
wheel axle, i.e., b] > b.

Under those circumstances xh is given either by Equation 30 when

b]/b > 1 + 2 f or by Equation 31 when b]/b <1 4+2 f .

E) Total Lift on the Hydroplaning Tire

The total 1ift can be calculated from Eq. (17) after substitution
of Eqs. (25), (26), (27) and (28), so that
L
L=-pU ‘L [A,(YT)+A2(b,yT)+A3(b,yT)] dy; (32)

where with Yy = T 4 cos® and dyT = £ sin® d6 and Xp = b
£

L Y
J‘ A (yp)dyp = - 5 2°U8

17



2 m
r _ _ .
J A2(b,yT)dyT = X Az(b, £LcosB)sind do
-2

ot
= 2u [l b-bll - (b4b,) - (b|+b2)]
L p h 2
gf Ay b,y )dy = { b + b rﬁifﬁfT_}
-4
Then
2,2
-L=- g UL + 2p 4 D b-b]| - (b+b,) - (b]+b2)]
2 [ _4 - I
* ph { b+b, (y2,) | b-b, | (K3-k4)}

Letting 4/b = A (aspect ratio) then

— (A,7\,) = VAR - -
b+b 1 72
2 I+b2/b I+b2/b 1+ bz/b
and when
____A___|<,
A - | I-b]/bl

2 ~2A T 2A
- ()\ —}\ ) = 2 - + I +
|b-b“ 3 ML !l-bl/bl 1-b, /b| 1-b./b|

or when

18
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(34)

(35)



or when

. A '>I,
A-|1- b, /bl
-4 (x3-xu) -—=2A L )1+ 2B (36)
| b=b,]| | 1-b,/b] | 1-b,/b ]

If the 1ift coefficient is defined as

- L
c, = (37)
L 1o u?(2b) (22)

and use is made of the fact that at the hydroplaning stage the force

exerted on the ground must be balanced by the force exerted on the tire,

i.e.,

_ _L 2b
1o U2 2 bI + b2

where the factor % (of CL) is introduced to account for the depth

correction suggested by Wadlin and Christopher in Reference (9), then
Eqs- (33) to (37) yield

c =

L= M- 2(bt+b2) [Ib'bl‘ = (b+by) - (bl+b2)]

- C (L)Z _—A___ F(A)
L'22 b]/b + b2/b

or

19



I
'4AB

c =
. Hb-b]l - (b+b,) - (by+b )] A
2(b]+b2) F1_+b_2
where
1) for —————ft——-——-' <1
A - | l-b]/M

- _ 2A _ 2A

F(A) = Fy(A) = l+b 7b \//' + \/{ " Teb,7b

WA B— i B

|1 -b /b| [ 1-b /bl 1-b /b|

— A
A -| l-b]/b]

/ 2A / 2A
I+b /b I+b /b l+b /b

2) and for , > 1

F(A) = Fy(A) =

- —2A__ L/ 4 —2A
|I-bl/b[ | 1-b, /b
When bl < b ,
[lb-bll - (b+b,) - (bl+b2)] 1
2(by + b,)

and

20
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o
L AB

c = - 3 . (39)
G b /b+b,/b F(A)
where _
FI(A) when b]/b <1 -2A
F(A) =
F, (A) when b /b > 1 - 2A
When b] >b ,
[l 6-b - (b4b,) - (by+b,) | __ b+b
b, + b
2 (b +b,) ] 2
and
I AB
c = - (40)
b.~b 2
] h Ab
+ (57) F(A)
b|+b2 24 b]+b2
where
F](A) when b]/b > 1 + 2A
F(A) =
F, (A) when b /b < 1 + 2A

The orientation and position of the planing tire relative to the
runway is more conveniently described in terms of leading and trailing
edge clearance (h and d, respectively) and aspect ratio A, rather than
angle of attack B and leading edge clearance h. As is seen from Figure 3B,

the angle B in radians can be expressed as follows:
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B (1 -9) DA (1)

Equation (39) or (40) should be used in conjunction with (41) in

evaluating the 1ift coefficient in the hydroplaning stage.
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NUMERICAL CALCULATIONS AND DISCUSSION OF RESULTS

The purpose of this preliminary investigation is to devolop a
theoretical approach to the. hydroplaning of a pneumatic tire from the
standpoint of inviscid hydrodynamics. The theory furnishes an expression
for the 1ift coefficient in terms of the aspect ratio of the wetted por-
tion of the hydroplaning tire, the geometry of the footprint, the shape
of the deflected tire in contact with the water, its position relative

to the pavement, and the depth of water on the runway.

In this first attempt the wetted portion of the tire is approxi=
mated by a rigid plate of small aspect ratio and the pressure distribution
on the ground footprint is assumed to be represented by a uniform dis-
tribution in step-like fashion in both directions (longitudinal and
transverse) with amplitude equal to that of the internal pressure of the
pneumatic tire in accordance with experimental evidence. Thus the probiem
reduces to that analogous to planing of a small aspect ratio surface on
extremely shallow water, when its effect on the bottom (runway) is approxi-

mated in this way.

A) Effects of Various Parameters

A series of calculations has been performed for a variety of tire
positions relative to the runway at different depths of water with various
tire aspect ratios and footprint geometry. These systematic calculations
bring out the relative importance of the various parameters which describe
the hydroplaning phenomenon from the standpoint of hydrodynamics. Further-
more, generally favorable qualitative comparison of the results with those
of experiments under similar conditions strengthens the validity of the
mathematical model and substantiates the primary assumption that the
problem is a hydrodynamical one. It should be kept in mind that the
results must be used only for a qualitative description of the hydroplaning

tire, since the problem has been analyzed only approximately.
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Figures 4 and 5 present the computed total 1ift coefficient CL of
a planing tire in terms of depth of water, h, for various aspect ratios,
A, and at various heights, d, of the trailing edge of the tire above the
ground. The tire has been assumed to be a rigid flat surface planing at
a fixed trim angle defined by Equation (41). Figure 4 is for a ratio of
ground footprint area to horizontal projected tire wetted area of 1.17,
while Figure 5 is for an area ratio of 1.25. |In both cases it is assumed
that the leading edges of the footprint and tire lie on the same perpen-
dicular line, i.e., b2 = b whereas the trailing edge of the footprint
is aft of the trailing edge of the hydroplaning tire. In the first case
b]/b = 4/3 and in the second b]/b = 3/2. The curves exhibited in Figures
L and 5 can be considered to represent the boundary between the hydro-
planing and non-hydroplaning regimes. In fact, they represent the lift
coefficient CLi,at incipient hydroplaning. Thus if CL of a given tire
confiquration with known loading and footprint geometry can be estimated,
then the condition CL § CL- (i.e., smaller or greater than 1ift coefficient
of incipient hydroplaning)lat a given depth of water on the runway will
determine whether or not the tire will hydroplane under these conditions.
Several interesting results are evident from an examination of Figures 4

and 5 -- these are described below.

Effect of Aspect Ratio (A): For a given thickness of water layer, h,

and height, d, of tire trailing edge above the runway, there is a rapid
increase in hydropltaning 1ift coefficient as the aspect ratio, A, is in-
creased. This effect is particularly evident as the water layer thickness
is increased. The normal aspect ratio of aircraft tires is of the order
of 0.75. Thus it appears to be of some benefit to reduce the tire aspect
ratio so as to obtain smaller planing 1ift coefficients and hence higher

speeds of planing inception.

Effect of Water Depth (h): For a given aspect ratio and tire height

above the runway, it is seen, in Figures 4 and 5, that the planing 1ift
coefficient increases rapidly with increasing water depth h -- this is
especially true for the larger values of aspect ratio. Hence, all other
conditions being equal, the possibility of hydroplaning increases signi-

ficantly with increasing thickness of water layer. This conclusion is not
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considered to be at variance with the results of the experimental program
described by Dugoff and Ehrlich,]] since there are more constraints imposed
on the theoretical variations than in the experiments. The length of the
footprint for example, which appears to have a great effect, was held con-
stant as h/24 was varied in the calculations while in the experiments this

parameter is necessarily allowed to take on any value.

Effect of Tire Clearance (d): For a given aspect ratio and water

depth, there is a relatively small decrease in 1ift coefficient for rather
large increases in tire clearance -~ especially for high aspect ratios

and large water depths. For example, at water depth h/24 = .30, and aspect
ratio 0.80, the 1ift coefficient decreases only 20% for a 500% increase

in ground clearance (from d/h = 0.05 to d/h = 0.30). Since the hydroplaning
speed varies inversely as the square root of the planing lift coefficient,
the speed of incipient hydroplaning will increase only about 10% for a

500% increase in ground clearance, all other factors being equal. For a
given set of environmental conditions then, these results indicate that

the 1ift coefficient will be nearly constant during hydroplaning.

To illustrate this point further, Figures 6 and 7 have bee prepared
to show the relative importance of tire clearance and water depth on CL'
For a wide range of aspect ratios it is seen that, to maintain a constant
CL of either 0.7 or 0.8, a 500% increase in tire clearance d/h corres-
ponds to only a 10-15% increase in water depth h/24 or a 5-10% decrease
in wetted area of the tire. This indicates that once tire hydroplaning
occurs it is rather insensitive to ground clearance so that a nearly con-
stant CL results for a given h and A. In fact, experimental data (Ref.

L,5) and two-dimensional theory (Ref. 1) do indicate an essentially constant

CL during hydroplaning for a wide range of d/h values.

Effect of Footprint/Tireprint Area Ratio (bj/b): Figure 4 presents
results for b]/b = L/3 while the results in Fiqure 5 are for bI/b = 3/2.

It is interesting to note that as the trailing edge of the footprint moves

farther aft (b]/b increasing) C, decreases or hydroplaning speed increases.

L
Also the family of parametric curves is ''stretched' towards greater depth
of water on the runway and the stretching is more pronounced with smaller

aspect ratio.
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It is interesting to compare the results of the present analysis
with the experimental results of Christopher (Ref. 10} who studies the
effect of shallow water on the hydrodynamic characteristics of a flat
planing surface. Among his experimental configurations those with clear-
ances d/24 = 0.20 to 0.25, for a range of A, are selected for comparison
with the present theory because they represent more closely the conditions
of the mathematical model. The theoretical calculations were performed
for values of b]/b = 2 based on Christopher's experimental observation
that the roach of the wake moves aft of the trailing edge of the flat
plate as the depth of the water is increased. As is seen from Figure 11
of Ref. 10, the roaching of the streamline aft of the test model is accom-
panied by a pronounced trough which, in turn, indicates the extent of the
high pressure region aft of the surface. It is believed that the wake
of a flat planing surface in shallow water will extend much farther aft
than that of a tire with the same aspect ratio and with its characteristic
curvature when hydropianing in extremely shallow water. The comparison
with theoretical results is exhibited in Figure 8. It is seen that theory
and experiment are in satisfactory agreement for small values of A up to
0.4 for the entire range of h/24. As A increases, the region of favorable
agreement moves towards smaller values of h/24. However, it should be
noted that if a higher value of b]/b had been taken for the higher aspect

ratio range, the agreement would have been better.

B) inception of Hydroplaning

The previous results can be used to predict hydroplaning inception
speeds. Equating the integrated pressure load on the runway to the inte-

grated pressure load on the tire

-1 2L .
po(b] + bz)zz =30l 5 2b * 24
results in
2p K
= _pL (42)
inception CL
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where p_ is the tire pressure in lb/ftz, K= (b] + bz)/2b, p/2 ~ 1.

For given values of environmental conditions, i.e., h, A, K, it

has been previously shown experimentally, that C, is essentially constant

L
so that the inception speed of planing is proportional to the square root
of tire pressure. This result is in accordance with the experimental
observations of Reference (4,5). Theoretically, however, the constancy

of CL for all conditions cannot be explained as yet.
i .
To compare the present theoretical results with experimental data,

the planing inception speed has been computed for the test conditions

reported in Figure 4 of Reference (4) and summarized in the Table below-

Table |
- g}ggipgﬁ?arameters of Tires of Reference 1
Tire | D,in. | w,in. | 22%in. | 2bTin. A h,in. | _h Po 5
No. diam. width = .84W = .44p = 4/b water 24 1b/in
I . , depth
la 32 8.8 7.4 14.1 0.52 0.65 0.088 115
1b 32 8.8 7-4 14.1 0-52 1.0 0.135 90
2 Ly 13.0 10.9 19.4 0.56 0.1 0.009 130
3 L9 17.0 14.3 21.6 0.66 0.4 0.028 65
L 39 13.0 10.9 17-2 0.63 0.3 0.027 150
5a 38 12.5 10.5 16.7 0.62 0.3 0.028 25
5b 38 12.5 10.5 16-7 0.62 0.3 0.028 50
5c 38 12.5 10.5 16.7 0.62 0.3 0.028 75
6a 28 6.7 5.6 12.3 0.45 0.3 0.053 25
éb 28 6.7 5.6 12.3 0.45 0.3 0.053 Lo

“Estimated by the method of Reference (6).

Since the experiments were conducted in extremely shallow water (h less
than one inch), the 1ift coefficients were calculated for two additional

values of bl/b’ 1.1 and 1.03. These are shown in Figures 9 and 10.
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The values of estimated hydroplaning inception speed Ui are compared

below with the experimental values reported in Reference (4).

Table 2
Experimental Ui and Ui Estimated by the Present
Theory for b]/b =1.1 and b]/b =1.03

Tire .D .W Ui ft/sec Ul, ft/sec, estimated from
No. in. in. exp b]/b = 1.1 bl/b = }.03
la 32 8.8 160 236 -

b | 32 8.8 132 1 -

2 s [13.0 175 808 L72
3 b9 |17.0 120 304 93
L 39 13.0 200 473 166
5a 38 [12.5 67 193 67
5b 38 [12.5 100 273 95
5¢ 38 |12.5 120 33l 116
6a 28 6.7 86 193 -
6b 28 6.7 100 24k -

7<Cannot be estimated for these combinations of b]/b, A and h/2%.

This comparison indicates that with a proper choice of b]/b
it is possible to obtain the experimental speed of hydroplaning inception.
It is apparent that b]/b is a very decisive parameter for the description
of the mathematical model, and furthermore that b]/b must be a function
of depth h of the water film on the runway, tire clearance, d, speed of ad-
vance, etc. As the depth decreases, bI approaches b; in other words, the
area of ground pressure comes closer to the wetted area of the hydroplaning

tire.

The results presented in Table 2 confirm again the validity of
the basic assumption that the hydroplaning tire phenomenon can be studied

from the standpoint of inviscid hydrodynamics. However, they also point up
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the shortcomings of the present approximate theory in its inability to
specify b]/b- It could be argued that the agreement is fortuitous and
therefore the results should be used only for guidance and qualitative
description of the phenomenon. It is desirable therefore to extend the
present study of the hydroplaning tire so as to evaluate accurately the

three-dimensional hydrodynamic effect in this phenomenon.
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CONCLUS IONS

An approximate theory has been developed for studying the hydro-

planing tire by considering it as a planing surface of small aspect ratio

in extremely shallow water. The results obtained on the basis of this

approximation exhibit hydrodynamic behavior similar to that of a hydro-

planing pneumatic tire and furnish some qualitative guidance for avoiding

this undesired condition.

The present approximate theory indicates that the phenomenon of

hydroplaning of a tire can be described from the standpoint of inviscid

hydrodynamics. The analysis furnishes families of curves which determine

the boundary between the hydroplaning and non-hydroplaning condition,

depending on the geometry of the planing surface, its position relative

to the runway, the geometry of the footprint pressure distribution and

the depth of water on the runway. These curves which can be considered

to represent ''incipient hydroplaning'' establish criteria for avoiding

the undesired hydroplaning condition. Theory indicates specifically that:

a) Avoidance of hydroplaning is extended to higher depth of

b)

c)

d)

water for smaller aspect ratios, whereas for high aspect

ratio hydroplaning can be avoided only for smaller depths.

Constancy of the lift coefficient can be obtained with a
large number of combinations of aspect ratios, depth of
water on the runway and clearance (gap) of the trailing

edge of the lifting surface from the ground.

Increasing values of clearance (gap) yield decreasing values

of CL-

Even when there is a drastic increase in values of clearances
the 1ift coefficient remains constant with unnoticeable
changes of the wetted portion of the pneumatic tire or depth

of water on the runway.
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e) As the horizontal distance of the trailing edge of the
hydroplaning tire moves closer to the perpendicular
through the axle, the possibility of avoiding the hydro-

planing condition is extended to higher depth of water.

Interpreting these results from the viewpoint of speed at which

hydroplaning starts yields the following fundamental conclusions:

a) The incipient hydroplaning speed Ui decreases with increasing
aspect ratio or increasing depth of water. A given large
value of Ui is attained either by smaller aspect ratio at
larger depth of water or larger aspect ratio at smaller depth

of water-

b) Increasing values of clearance (gap) yield increasing values

of speed of incipient hydroplaning.

c) Hydroplaning of a tire can be delayed or avoided by increasing
Ui which can be achieved by decreasing the aspect ratio of the

we tted surface.

Finally, it should be emphasized that the results must be used
merely as a qualitative description of the hydroplaning tire, since the
problem has been analyzed only approximately on the basis of two assump-
tions: a) the wetted surface of the tire is a low aspect ratio planing
surface and b) the pressure distribution on the ground can be approxi-

mated by a uniform step-function.

For future studies it is recommended to undertake the task of
evaluating accurately the three-dimensional hydrodynamic effect in the
hydroplaning of the tire before attempting to incorporate the elasticity
of the tire in the mathematical model. It would also be advisable, as a
check on the theory, to conduct a set of experiments with rigid flat
plates to simulate the flat-plate planing conditions treated theoreti-
cally. This can be done at Davidson Laboratory on the existing simulator

for testing tires in the hydroplaning stage.
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APPENDIX A

The solution of the integral equation

. r@ 5
f(z) = J o(¢) 32 (ﬁ)dg (A-1)
-4
is known in the literature. For the sake of completeness of this
study, however, a derivation of the solution is presented here which

was independently arrived at by the authors.

The form of the kernel function in Eq. (A-1) suggests integra-
tion by parts. This yields

A
1 d ]
f(z) = -o(c) -,_—5‘ + | @
-4 -4
With the assumption that
o(2) = o(-24) =0 (A-2)

which, in fact, corresponds to the desired tip conditions, the result

f(2) = f%‘—"-‘—dg (A-3)
£

The auxiliary condition
y/
dﬁ = —
T dg @] o
-4 -2

resulting from the assumed tip condition (A-2) secures a unique solution
of the integral equation (A-3) with Cauchy-type singular kernel. The

solution is given by

or



Z

<4>(Z)—-—_jz = j

Since interchanging the order of integration is permissible for a

f(g)‘\’zz S (A-4)

Cauchy kernel, the z-integration is performed first:

) 2 - 2g M (12-22) (42-c?)

- —— log

dz
_gﬁ?(z-w /= #e-2)

Hence, Eq. (A-14) reduces to

o(2) = L [#(0) 109 £258 “&[’2232’@2'52):1; (A-5)
-3



APPENDIX B

When the low aspect ratio assumption is abandoned, the integral
equation (9) will be shown to reduce to the Fredholm integral equation

of the second kind.

The integral equation can be written as

£ X
! fL'(b,n)d IJ“ il J" x- €
— | 222 gy - 2puw - = | <L i(e,m) dg
T y-m2 Ty (y-m)E N (x-g)2+ (y-1)?
(B-1)
If the inner integral is integrated by parts by identifying
X - 5 and  dv = L(g,M)dg
\/(x €)%+ (y-1)?
so that
du = - (y-m)= de and v = ng(E',ﬂ)dE' = L'(g,T) (B-2)

[ (x-8)2 + (y-m)2 P/2 .
then it becomes
x F

X5 L'(a,n)[ + o L(Em) p (y-TP
S 2t (y-1)2 o e e PP

: (y-1n)*
= L (E:ﬂ)
J | (x-8)2+ (v- n)213/2

The integral equation can then be written as

2
[ Le,m) dn = 2rpUW - f L5, 0) dedn (8-3)
5 e f [(x-2)2+ (y-1)2 P72

Multiplying both sides of Eq. B-3 by the {-function (see Eq. 16) and

integrating with respect to y' over the range -4 to ¢ vyields

g 4 X
L'(b,M) = 2pnU f W(b,y')¥(y,y')dy"' - j‘ IL'(E,ﬂ)R(x,y;E,ﬂ)dEdﬂ
.y -4 -b



which is the Fredholm integral of the second kind where

K . - 1 ' 1
K(x,y;€,M) _f \ (x-g)2+ (y'_’ﬂ)éj\?/g v(y,y')dy

and L'(E,N) is the unknown function to be determined.
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