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Abstract This paper brings under one cover the subject of aircraft braking performance and a variety of 
related phenomena that lead to aircraft hydroplaning, overruns, and toss of directional control. Complex 
processes involving tire deformation, tire slipping, and fluid pressures in the tire runway contact area 
develop the friction forces for retarding the aircraft; this paper describes the physics of these processes. 
The paper reviews the past and present research efforts and concludes that the most effective way to 
combat the hazards associated with aircraft landings and takeoffs on contaminated runways is by 
measuring and displaying in realtime the braking performance parameters in the aircraft cockpit. 
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I. I N T R O D  U C T I O N  

Aircraft tires are placed under very high performance requirements in providing 
braking and directional control during airplane ground maneuvers such as landing and 
takeoff: the tires must support the aircraft weight, transmit braking and accelerating forces 
to the runway surface, and also supply forces necessary for directional control of the 
aircraft. A proper combination of the characteristics of tire, runway, and aircraft, and the 
pilot technique has made it possible to meet these diverse requirements over ~ large range 
of operational and environmental conditions. However, the control ~on ~he ground~ of 
aircraft has become increasingly difficult with the advent of high-performance jets. 
because of higher landing and takeoff speeds, particularly during operations on runways 
covered with environmental contaminants,  such as water, snow, and ice; in addition, 
heavy crosswinds prevailing during such operations could adversely affect aircraft control. 
Aircraft operations under these environmental constraints is the primary subiect matter of 
this report. 

The degree of aircraft control is influenced by the forces developed in :~ small area 
formed when the tire contacts the runway. The magnitude of the forces depends up~m a 
large number of factors associated with the components of the contact area re'e. braking 
system, runway surface, and contaminants. 

Under extreme operational and environmental conditions these fl~rces may approach 
zero, resulting in severe and hazardous loss of aircraft control. The loss of control is 
reflected in the inability to stop the aircraft within the extent of the runway..sliding of the 
aircraft to the side of the runway, or a combinat ion thereof. 

Traditionally, the braking and directional ability of an aircraft is measured by a single 
parameter, known as the coefficient of friction. This is a measure of the contact-area forces 
as a fraction of the aircraft weight; the higher the coefficient, the better the aircraft control. 
Extensive research and development efforts during the past 30 years have been expended 
in attempts to clarify the interaction of various phenomena of the contact area and their 
influence on the coefficient of friction. Equally important  has been the question of 
predicting an aircraft's controllability on contaminated runways. These efforts have 
resulted in many improvements in the design of aircraft tires and braking systems. 
development of new and improved runway surfaces, and preventive and corrective 
procedures for runway maintenance to continue aircraft operations during adverse 
weather conditions. The efforts are continuing; however, accidents and incidents involving 
aircraft overruns and loss of directional control remain a concern. 

It is the purpose of this paper to review past efforts, discuss current research and 
developments, and outline ways to combat  and assess the loss of aircraft ground controi 
on environmentally contaminated runways. The article is written with a view to provide 
the reader with a physical description of the processes taking place in the tire runway 
contact area. The lack of ample experimental data is intentional; the available data merely 
indicate trends and cannot be used like a handbook. The author has also avoided complex 
mathematical arguments which are readily available in the references quoted. The paper 
provides a basic understanding of the general subject matter of aircraft braking to allov~ 
interested readers to pursue the more advanced studies, both experimental and analytical. 

2. FRICTION AT THE T I R E - R U N W A Y  C O N T A C T  

2. 1. AN OVERVIEW 

When talking about the t i re-runway friction, one is interested in both the maxinmm 
friction coefficient under the best of conditions and the awfilable friction under adverse 
conditions. While the knowledge of the former is necessary for design of tires and aircraft 
landing gear systems, the latter is a quantitative measure of an aircraft's marginal ability 
for executing ground maneuvers. Whereas the coefficient of friction in a dry contact is 
adequate (without implying that further improvement  is unnecessary) there is no argument 
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that increased friction on contaminated runways is highly desirable for improving the 
operational safety of an aircraft. Considerable research has been devoted to identifying 
ways by which the available friction could be increased; the measurement of available 
friction has also been a continuing effort. 

Basically, during rolling contact between a rubber block and a dry, uncontaminated 
runway surface, friction is generated by adhesion and hysteresis--two energy dissipation 
processes [more about these later). A tire can be thought of as an array of rubber blocks 
with the composite frictional behavior of the blocks representing the frictional behavior 
of the tires. However, since the tire tread elements undergo deformations and develop 
complex stress and load cycles on passing through the contact area. local slipping of 
elements occurs and affects the mechanism of friction generation. 

The forces necessary for executing aircraft ground maneuvers--braking, and cornering--  
must be generated in the tire-runway contact area. The mechanics of force transfer from 
the wheel center to the ground involves a 'frictional coupling' provided by adhesion and 
hysteresis and the 'slipping' of tire tread elements in the contact area. Adhesion, hysteresis, 
slipping, tire deformation, and available friction are strongly influenced by the presence of 
water in the contact area; other factors that influence these phenomena include load, 
speed, temperature, and the type of runway surface. 

Aircraft tires are among the most complex structures both geometrically and 
mechanically, with a double curvature and an anisotropic hollow structure made of flexible 
filaments of high modulus material such as textiles, metal, or glass embedded in and 
bonded to a matrix of low modulus material such as rubber or a rubber-like polymer. The 
tire body is subjected to finite deformations when transmitting braking, accelerating, and 
cornering torques; these deformations are rate and temperature dependent, These 
complexities coupled with the fact that a runway surface is mathematically difficult to 
define have made a purely theoretical analysis of the tire-runway interactions more 
difficult than that associated with the majority of engineering structures. The presence of 
water in the tire-runway contact area injects intricate fluid flow phenomena into the 
already complex problem. It is difficult to give a complete definitive description of all 
possible interacting factors, and for the most part it has been necessary to rely on rather 
disjointed experimental evidence which merely indicates trends and magnitudes, as well as 
on some relatively simplistic theoretical models which are, however, helpful in explaining 
the general characteristics of the observed phenomena. Many excellent references ~1 -14~ 
have combined theoretical and experimental information to provide researchers with 
some insight into the phenomena taking place in the tire runway contact area. 
Throughout this article, the author has taken the liberty of tapping these resources. 

2.2. MECHANISM OF RUBBER FRI('TION--ADHESION AND HYSTERESIS 

Generally speaking, a specimen of any material in sliding contact with a clean or 
contaminated surface develops a resisting force, called the friction force, in the plane of 
contact. In the case of a uniformly loaded rubber block or a tire tread element sliding over 
a rough, rigid surface, this force is generated primarily by two mechanisms: 11.21 hysteresis 
and adhesion (Fig. 1). Hysteresis and adhesion are two energy dissipation processes. 
Hysteresis is caused by damping losses within the rubber as the rubber chains are 
periodically deformed or agitated by the microscopic and macroscopic roughness of the 
surface. 

During this deformation an unsymmetrical pressure distribution develops around the 
aggregate as shown in Fig. I. By integrating the pressure over the contact area between the 
rubber and aggregate, and resolving the resultant force along the direction of travel, 
hysteresis losses are computed. Adhesion is the interface phenomenon in which the close 
contact between the surfaces of rubber and aggregate form large molecular junctions. As 
the rubber block or tread element moves on, these bonds are broken and new junctions are 
formed. The breaking and forming of bonds produces periodic stretching and relaxing of 
rubber polymer chains and gives rise to adhesion losses. 
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F~c;. l. Mechanics of friction generation (from Ref. (2l). 

Since the mechanism of friction is different in both cases, influencing facior,~, such as 
load, speed, temperature, and contaminants,  cannot be expected to affect adhesion and 
hysteresis in a like manner. Consequently, it is impossible to describe the behavior of 
adhesion or hysteresis from observation of friction as a function of any one factor. In 
addition, one must also consider how adhesion and hysteresis are affected by the presencc 
of water on the runway surface. The presence of a thin water film affects the adhesion term 
by weakening of junctions or preventing them altogether from forming. Ihc hysteresis 
term is affected in two ways: when the sliding velocity is modest, the water tilm provides 
cooling and thereby reduces the hysteresis losses and hence friction. When the x~aterfitm 
thickness is considerable, the fluid is not readily displaced (from the tire ruw~ay contacU 
and acts as a cushion, decreasing or eliminating rubber deformation with the result that 
hysteresis friction approaches zero; the adhesion term is zero. Obtaining high friction on a 
runway covered with a thin film of water is largely a matter  of removing or penetrating the 
water film. It will be shown later that removal of water from the tire ~runwa> contact is 
also the solution to the problem of aircraft hydroplaning (or aquaplaning, as the British 
call it). 

2.3. MECHANI('S OF TIRtv-RUNWAY FRI('TION 

The mechanism of force transmission is more complex for rolling tires than for ~p single 
rubber block or a single tread element; more variables are involved and ii,e elements 
undergo complex stress and load cycles (l2"s'7's~ on passing through the contact area. 
Adhesion and hysteresis, and particularly adhesion, govern the ability of rotating 
pneumatic tires to resist longitudinal as well as lateral forces of the order of magnitude of 
the normal load without letting bodily sliding occur. The mechanics of tire deformation in 
the contact area also affects the resistance to sliding, because the tire by xivtue of being a 
double curvature structure cannot be developed into a fiat contact without simultaneous 
bending and compressing of its surface. Thus, when a loaded and inflated tire contacts the 
runway surface under free rolling conditions, the tread elements in contact with the 
runway will generally undergo a small deformation in the plane of the carcass in passing 
through the contact area. These deformations can be minimized by making the carcass 
structure of the tire as rigid as possible as in a radial tire. 15~ Friction between dae tread and 
the runway surface prevents the 5ree contraction or expansion of the tread surface, so tha! 
local shear stresses are set up in the tread elements between the essentially rigid runway 
and the deforming or straining tire carcass. The tread elements are also subjected to an 
inhomogenous normal pressure distribution caused by the contact of the ~.ire with the 
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runway surface. The contact area forces are shown in Fig. 2. These forces are modified 
when braking or driving torque is applied to the wheel center. 

When a braking torque is applied to a free rolling wheel, two sets of additional forces 
act: reaction of the wheel axis, and equal and opposite to it the reaction of the runway 
surface in contact with the tire. Also, because of tangential elasticity of the tire, the 
braking torque will stretch the tire tread elements in the zone immediately before contact 
and simultaneously compress the elements in the zone immediately after contact. Thus, an 
element of tread in braking is stretched, unstretched, and compressed as it passes through 
the contact area. The tread straining is prevented by the force with which each element 
grips the runway surface, and tangential stresses are developed in the contact plane. The 
magnitude and direction of the tangential stresses acting in the contact area are 
determined by the sum of the stresses generated in free rolling and additional stresses 
developed by the application of the braking torque. The precise way in which these 
stresses are distributed in the contact area depends upon many variable associated with 
the tire and the runway. 

2.4. CONCEPT OF SLIP 

If the coefficient of friction between a tire and a surface were zero, the tire tread and 
carcass would deform freely without developing tangential stresses; if the tire were 
inelastic, there would be complete sliding of the tread elements as the deformation 
occurred in the contact area. In reality, however, both friction at the contact and elasticity 
of tire work together to develop tangential stresses which can cause local slipping of the 
tread elements on the runway. 

Conditions in the contact area of a slipping wheel are shown in Fig. 3 taken from Ref. 7. 
It shows the contact area of a small, solid wheel through a transparent track. An element 
of the tire circumference is lengthened by application of braking torque, Fig. 31b), or 
compressed during acceleration, Fig. 3(c). All the cases shown in Fig. 3 develop pure 
circumferential slip: the velocity, r), of the wheel center and the circumferential velocity of 
the wheel, V, point in the direction of travel. Pure circumferential slip is distinguished 
from sideways slip when the tire is negotiating a curve while free rolling, braking, or 



1 1 0  

FIG. 3. 

S. K. Agrawal 

(,) FREE ROLLING i l  

7J',V 

.,'* _ _  ~ , , ( b )  BRAKING, ~_.V.'~ 

~r v 

(c) ACCELERATING ~ ~ 

 et,ll  ,llmmO " I . -  i • .. ~ - -  0 
v 

<~ I 

DIRECTION OF TRAVEL 
Conditions in the conlact arca of a solid wheel undmgoing slipping (imm R~-'I. (7 t 

accelerating. In general slip can be defined as a quantity,  S. as folloa's: 

D 1 '  
x -  ~Ii 

where: 

/~= velocity of  the runway relative to wheel center 
V= Circumferential  velocity of  the wheel (in the contact  area) measure~d relative to the 

wheel axle. 

For  the cases shown in Fig. 3, slip S can be defined as follows: 

1" 
S=- 1 - and b;= I ) -  Ii i2i 

where V~ is defined as the circumferential  slip velocity, so that 

l; 
S =  • ~3} 

y~ 

An operat ing condi t ion in which ~)= V is defined as a state of  zero circumferential slip. 
However,  a small amoun t  of  slip is present even when the tire of  an aircraft is in the state 
of  free rolling, Fig. 3(a). The slip velocity can be positive, Fig. 3(b), or negative, Fig. 3(ct, 
depending upon whether braking or accelerating torque, respectively, is applied. 

Another  operat ing condi t ion  of  part icular  interest is when V=0. or  E .... ~: it indicates 
that the wheel stops rotat ing but slides with a slip velocity equal to the wheel center 
velocity. Because sliding friction is much lower than that available when the braked wheel 
is rotating, m o d e m  brake control  systems incorpora te  antiskid devices to avoid this. As 
the slip velocity becomes large, the tread elements and the carcass cannot  distort 
sufficiently to mainta in  the tread in non-sl iding contact  with the runway. 

Sliding starts when the ensuing stresses reach the local frictional stress Emit, It may  be 
recalled that the local frictional limit depends upon the adhesion and hysteresis 
components  which in turn depend upon normal  load, sliding velocity, temperature,  and 
contaminat ion.  Thus the slip velocity is also a complex function of  these variables. 

3. SLIP IN B R A K I N G  A N D  C O R N E R I N G  

A tire runs under slip as it t ransmits  braking,  driving, or  cornering forces w the ground. 
Braking and driving slips were discussed in Section 2.3. The cornering slip occurs when 



Braking performance of aircraft tires I l l  

the wheel rolls in a direction at an angle, 0, with its plane, and the cornering slip velocity is 
then 

= l) sin 0, 

and the slip is 

S = sin 0. (4) 

The maximum value of the coefficient of friction is obtained when a maximum number 
of tread elements produce maximum adhesion. The contribution by all the elements of the 
tread is not equal or uniform throughout the contact area; however, the magnitude of slip 
at which maximum friction coefficient occurs is termed critical slip. 

Slip during braking and accelerating is traditionally expressed as a percentage. Thus, if 
a braked tire is rolling at a translational velocity of 100 knots and the circumferential 
velocity of the tire in the contact area is 90 knots, slip velocity will be 10 knots and slip 
S= 10 °//o. The suggested slip velocity of 10 knots does not by any means represent local 
tread velocities in the contact area; each tread element in the contact area distorts 
differently. It has been shown by experiments that the friction coefficient during braking 
increases as the slip increases; the friction coefficient reaches a maximum at the critical 
slip and then starts falling as the slip approaches 100 ~o. The tire is in a state of 'skidding" 
at 100 °4 slip. Figure 4 illustrates a typical variation of coefficient of friction as a function 
of wheel slip during braking. 

Just as in braking, an element of tire tread in cornering also undergoes a deflection, this 
deflection is normal to the wheel. The accompanying surface stress increases until the local 
value of limiting friction is reached and the element begins to slide back toward its 
undeformed position. Here again, sliding starts when the ensuing stresses exceed local 
frictional stresses. The coefficient of cornering friction increases with the slip angle, 0, as 
shown in Fig. 5. 
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3.1. SIGNIFICANCE OF SLIP 

The maximum friction in braked rolling occurs when the tire slip is between 5 to 30 I'~,) 
(Fig. 4) depending upon the conditions in the contact area. Similarly, maximum cornering 
effectiveness occurs when the slip angle is within a particular range, Fig. 5, At a slip angle 
of 90 ° the coefficient of sliding governs entirely, as in the case of 100",~, braking slip. 
Superposition of braking (or driving) and cornering follows the same trend, but the 
resulting friction determines the magnitude of both slip angle and side force. As long as 
the friction does not exceed the critical values obtained under braking, driving, or 
cornering, braking (or driving) forces and side forces can exist together. When a higher 
frictional demand is placed on one of the components, however, the other breaks down 
and bodily sliding of the aircraft would occur in a direction tangent to the path of the tire 
at the instant of break-away. ~t o) 

Exact relationships between side forces due to slip angles and friction forces due to 
braking, when both slips are present, are not available in abundance. Howe~er, it has been 
suggested ~15~ that during combined aircraft braking and cornering, the braking coefficient 
maximum decreases in magnitude and shifts to higher slip percentage values as the slip 
angle increases, Fig. 6(a). It can also be observed that maximum cornering friction 
coefficient at any slip angle occurs when the brake slip is small, Fig. 6(a), The fact that 
maximum coefficients for braking and cornering have conflicting requirements has an 
important implication (15) during aircraft operations on wet runways when heavy 
crosswinds are also present: to maximize aircraft stopping performance, the antiskid 
system must control the wheel motion at increasing brake slips as the aircraft yaws (or 
uses crab approach to offset crosswinds~16~): on the other hand, to maximize aircraft 
directional control, the same antiskid system must control the wheel motion at low slips. 

Tire slip has also been used as a primary input quantity in the design of equipment for 
measuring friction between a tire and a runway covered with water, snow, and ice. By 
maintaining a constant brake slip or by introducing a constant slip angle, highly versatile 
friction equipment is used worldwide to indicate runway slipperiness for developing 
runway maintenance procedures or for predicting the braking performance of an aircrafl 
(see Section 8). 
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The magnitude of the available friction coefficient in the t ire-runway contact area is 
affected by a large number of factors associated with the aircraft, aircraft tire and braking 
system, the runway surface, and the environment. Some factors affect friction in one way 
only, others influence it in many ways. References 3, 10, and 17 19, provide a 
comprehensive list of factors that influence the t ire-runway friction; not all of those 
factors are important.  

4.1. ENVIRONMENTAL CONTAMINANT WATER 

A contaminating film, generally of  water, on the runway is, perhaps, the most important  
factor that adversely affects the braking performance and control of an aircraft. The 
characteristics of the water film that affect the braking performance includes its thickness, 
viscosity, temperature, and density. One can single out thickness of the water film as the 
primary variable that governs the friction level developed in the tire runway contact area. 

In general, as the water depth or thickness increases on a runway surface, the available 
coefficient of friction decreases with increasing speed. Section 2.2 described the mechanics 
of friction degradation due to presence of water film in the contact area. However, the 
variation of friction coefficient with water depth is not well defined because many other 
factors influence it in different ways. Figure 7 illustrates typical relationships between the 
available coefficient of friction and speed for a given runway surface as a function of water 
depth. It may be pointed out that 'water depth' as used here is a measurement convention 
and is dependent upon the type of equipment used to measure it. The vast variation in the 
available friction coefficient values in Fig. 7 reflects the difficulty one would encounter 
when trying to predict the braking performance of an aircraft about to land on a runway 
during rainfall. However, if one could relate the prevailing rainfall to the water depth on 
the runway, it would be possible to substantially narrow down the band representing the 
variation in the available coefficient of friction; this would also improve the prediction of 
the probable braking performance of aircraft. Several attempts have been made recently to 
relate the rainfall rate to accumulated water depth on a runway.  I2°'21"22] An empirical 
method, ¢2°) an experimental technique, ¢2~1 and a mathematical model ¢22> provided general 
relationships between the rainfall intensity and water build up on a runway. The efforts 
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are continuing, and if successful, methods could be developed to provide quantitative 
information to the pilot about the frictional potential of the aircraft- runway combination 
in real time. 

In the meantime, significant progress has been made in understanding the runway 
surface factors that help reduce the build up of water. Among the important factors are 
runway crown, surface texture, and runway grooves. 

4.2. RUNWAY SURFACE FACTORS- CROWN, TEXTURE, AND GROOVES 

Adequate runway crown allows water to drain off rapidly. Generally, runways are 
sloped between 1 and 1.5~'I; in the transverse direction. Excessive slopes are not 
recommended because the aircraft load distribution would be significantly affected. 

Runway surface texture has been a subject of intense investigation (2223 26)in the recent 
years. Two ranges have been identified which conveniently describe total surface texture 
(Fig. 8): micro- and macrotexture. Microtexture consists of the fine, small-scale, surface 
irregularities as found on individual aggregates, whereas macrotexture defines the coarse, 
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FIG. 8, Two components of the runway surface texture microtexture and m~lcrotexture !from Ref. (26)). 
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large-scale, surface irregularities of the whole runway surface. A surface must have both 
macrotexture and microtexture to maintain adequate friction level at the t ire-runway 
contact. The macrotexture provides relief channels for rapid expulsion of water from the 
t ire-runway contact area; this process can be characterized by bulk-water drainage 
effectiveness.(17) The microtexture provides the harshness or grittiness needed to penetrate 
the thin water film formed between the tire and the surface aggregates to permit adhesion 
to develop. 

Grooves are small channels cut into the surface of existing runways. A square cross- 
section is the most widely used shape for the grooves; however, other promising designs 
have been recently investigated. 1271 Figure 9 shows the dimensions of square grooves and 
recently developed reflex-percussive grooves. It has been established 12s'29'3°) that available 
coefficients of friction on grooved runways, covered with water, are higher than on non- 
grooved runways under otherwise identical operational conditions. 

4.3. AIRCRAFT FACTORS--TIRE AND BRAKING SYSTEM 

Among the various tire factors, inflation pressure, tread design, rubber compound, and 
tread depth are important  ~3"31) in relation to the braking performance on water covered 
runways. Other tire properties are equally important for other reasons; for example, heat 
generation on dry runways 132) influences tire wear and other related damage. Chevron 
cutting also reduces tire tread life but is not perceived as a major factor for tire 
performance. Researchers are continuously working on developing new materials for tires 
to combat blow out and other damage during landing rollout. Recently, much emphasis is 
being placed on radial design tires as a cost-effective alternative to bias tires for use on 
civil aircraft; military aircraft frequently use radial tires. 

In general, tires with circumferential ribs will develop significantly higher friction 
coefficients than smooth tires (as with completely worn-off ribs)J 19~ References 4 and 31 
state that differences in rubber compound have little or no effect on braking or cornering 
capabilities of aircraft tires, but inflation pressure does so significantly, particularly when 
the runway surface is flooded. It will be shown in the next section that the hydroplaning 
behaviour of a tire is directly related to inflation pressure. 

Aircraft antiskid brake control systems are designed to prevent tire Now out during 
operations on dry runways and to minimize the stopping distance of an aircraft on wet 
runways. Modern antiskid brake systems are very effective when available friction 
coefficients are high; however, on flooded runway surfaces, such systems may become 
ineffective. Section 6 will describe the current state of the art 133'3'~1 in the design of brake 
control systems. 

5. H Y D R O P L A N I N G  

What is hydroplaning? Someone may say it is an exciting water sport behind a speed 
motorboat.  Others will say that it is a serious hazard to aircraft landing on a water 
covered runway. Still others may relate it to an episode of total loss of control while 
driving an automobile on a rain slicked highway. Each one is correct in their definition of 
the word. 

Hydroplaning is a condition that exists when two contacting surfaces in relative motion 
are separated by a fluid layer. In the case of automobiles and aircraft, the fluid layer 
separates the tire from the pavement. When in a state of hydroplaning, driving, braking, 
or cornering maneuvers are impossible because the fluid-filled interface between the tire 
and the runway cannot support significant shear forces. For a given set of operational and 
environmental conditions as well as tire factors there exists a speed above which a given 
aircraft tire will hydroplane. This 'critical' hydroplaning speed will change if the 
conditions in the contact area are changed. On the other hand, hydroplaning will not 
occur below a certain minimum speed irrespective of  other conditions in the contact area. 
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The surest way to prevent an automobile from hydroplaning is to drive more slowly. On 
the other hand, an aircraft must land at a certain minimum speed, and the only means for 
preventing hydroplaning is to alter those operational and environmental conditions so as 
to push the critical hydroplaning speed above the landing speed of the aircraft. This brings 
up two important  questions: (1) what is the critical hydroplaning speed and how is it 
measured, and (2) what factors will raise the critical hydroplaning speed above the landing 
speed of the aircraft, and is it possible to control or modify those factors? Much research 
conducted to date ~312- a5,1 v 19,27 30,35 56) has provided at least partial answers to these 
questions. 

5.1. THE ONSET OF HYDROPLANING 

Tire hydroplaning was first noticed in 1957 during experiments 135~ on a treadmill where 
a small pneumatic tire undergoing free rolling motion on a water-covered belt experienced 
slow-down of the angular motion. The slow-down (or spin-down) continued until the 
wheel stopped rotating. This reduction in wheel angular speed is different t¥om that 
caused by braking; but whether braked or not, a wheel can be in a state of hydroplaning 
whenever it is moving forward. There are two major differences between a skidding and a 
hydroplaning wheel: (1) t ire-runway contact is maintained in the former, but a water layer 
physically separates the tire and the runway in the latter, and (2) friction is generated by 
adhesion and hysteresis in the former, but these terms are zero in hydroplaning ~J~ because 
the continuous water film obliterates all pavement features. 

Significant gains in the understanding of the phenomena of hydroplaning were made in 
the early 1960's followed by the development of analytical models and experimental 
measurements of the phenomena taking place in the contact area of a hydroplaning tire. 
Hydroplaning is affected by some of the same factors of the tire--runway contact area that 
affect the tire-runway friction (Section 4). The amount of water on the runway is again a 
principal factor and identifies two types of hydroplaning that can occur during aircraft 
landing or takeoff: viscous hydroplaning and dynamic hydroplaning. 

5.2. Viscous AND DYNAMIC HYDROPLANING 

Theoretically, the friction forces at the tire-runway contact during hydroplaning should 
be zero; however, small fluid drags and mechanical drags may be present which may keep 
the wheel rotating at reduced speed. The fluid film that keeps the tire from contacting the 
runways surface does so by two fluid properties --viscosity and density; in either case, the 
forces from the fluid pressures balance the vertical loading on the wheel, in both cases the 
fluid encountered by the moving aircraft tires must be expelled from the contact area in 
order to alleviate hydroplaning. A practical solution in the 1960's was found by providing 
air-jets ahead of each aircraft wheel to clear the excess water from the runway. However, 
under certain conditions a very thin film of water would still remain on the runway which 
prevented intimate contact between the tread rubber and the microtexture of the asperities 
of the runway surface. Since viscosity predominates in developing fluid pressures between 
two contacting surfaces separated by a thin film, this phenomenon is commonly referred 
to as viscous hydroplaning. 

Dynamic hydroplaning denotes those instances on flooded runways where inertial 
forces in the water film are sufficiently large to completely separate the tires from the 
runway. Generally, dynamic hydroplaning occurs when the amount of fluid encountered 
by the aircraft tires exceed the combined drainage capacity of tire tread pattern and the 
runway surface. Although viscosity or inertia of fluid may predominate, both effects are 
present to some degree in all cases of hydroplaning. In the last two decades, though, more 
attention has been focussed in the understanding and analysis of dynamic hydroplaning, if 
only because heavy rainfall more often creates the conditions conductive to hydroplaning 
of the dynamic type. 
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5.3. CRITICAL HYDROPLANING SPEED AND ITS MEASUREMENT 

The minimum speed above which an aircraft tire will hydroplane is conventionally 
called the critical hydroplaning speed. The critical hydroplaning speed is a characteristic 
of the t ire-runway contact area and is affected by the factors related to the contact area. 
Early research 136'3~'3~ has developed mathematical expressions for the critical hydro- 
planing speed in terms of a single parameter of the t ire-runway contact a rea- - t i re  
inflation pressure: 

Vc o£ p1/ 2 

V c = K . P  1/2 (5) or, 

where: 

Vc = critical hydroplaning speed, in knots 
P = tire inflation pressure, in pounds per square inch 
K = constant. 

Equation (5) has taken different forms over the years. 

(1) By assuming ground bearing pressure equal to the tire inflation pressure; by assuming 
the hydrodynamic lift coefficient of tires to be equal to 0.70; and limited to smooth 
tires or on runways covered with large fluid depths (37) it was deduced that: 

Vc=9 (p)1/2. (6) 

12) Under conditions mentioned in (1) above, but for a non-rotating tire to spin up and 
undergo hydroplaning: tl 7) 

Vc= 7.7 [p)1/2. (7) 

(3) Under conditions mentioned in 1 above, but taking into account the ratio of tire 
footprint width to the footprint length (aspect ratio): t56) 

Vc=6.91 (p)1/2 (I/w), (8) 

where: 

w/I = tire footprint aspect ratio 
w = footprint width 
/ = footprint length, 

(footprint is the impression of a tire on ground). 

Another expression that describes the minimum speed at which hydroplaning will start 
was developed in Ref. (41) as follows: 

{ Q ,~1/2 
Vc = 508 \B . i_Cn]  , (9} 

where: 

Vc = Hydroplaning speed (km/hr) 
Q = Wheel load (kp) 
B = Contact area width (mm) 
t = Waterfilm thickness (mm) 

CH = Lift factor. 

Much of the experimental data collected over the years generally support Eq, (5), even 
though test conditions and measurement techniques may have been significantly different 
in each investigation. This brings up the question of the measurement of hydroplaning 
speed, since there is no universally accepted definition of hydroplaning. Experimental 
verification of Eq. (6) was presented in Ref. (37); the results are reproduced in Fig. 10. 

JPAS 23:2-C 
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Figure 10 shows an excellent correlation between Eq. (6) and experimental data, but the 
technique used for measuring hydroplaning speed is not made explicitly clear in Ref. (37). 
However, several manifestations of hydroplaning were discussed, and any one could have 
been used in the measurement of hydroplaning speed. These manifestations are: 
detachment of tire footprint, suppression of tire bow wave, wheel spin-down, peaking of 
fluid drag, loss in directional stability, and loss in tire braking friction. 

When spin-down is used as an indication of the critical hydroplaning speed, ~4¢''5~ a 
question is raised as to what value of spin-down should be used to indicate hydroplaning. 
Reference (3) suggests that total spin-down (wheel stops rotating) occurs between 80 and 
120 ~;; of the hydroplaning speed computed from Eq. (6). The loss in braking friction could 
be used to indicate hydroplaning if the minimum value of awtilable friction can be found. 
However, this may require a large number of tests with good repeatability and accuracy. 

FIG. 11. 
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The method creates a problem, however, when no minimum value of friction coefficient 
can be identified because of a flat friction coefficient-speed curve. Still another method can 
be to linearly extrapolate the friction coefficient speed curve to intersect the speed axis. 
Reference (52) used this last approach. Figure 11 shows the method schematically: 
intersection of a tangent drawn from a predetermined value of friction coefficient on the 
curve to the speed axis is used to compute hydroplaning speed. 

Direct measurement of hydroplaning is difficult, if only because complex instrumen- 
tation is required to identify total t ire-runway separation. For most practical purposes, a 
state of hydroplaning is indicated if the coefficient of friction available in the tire runway 
contact area falls below 0.05. 

5.4. MATHEMATICAL ANALYSIS OF HYDROPLANING 

A purely mathematical analysis of tire runway interaction is difficult, and much of the 
analytical work which has been conducted on hydroplaning has been of an empirical 
nature as already noted in Section 5.3. However, several impressive analyses, ~12 14.36 ~6~ 
carried out between 1963 and 1984, have significantly enhanced the understanding of 
hydroplaning and related phenomena. 

The physical process taking place when a tire moves from a quasi-dry section of a 
runway to a flooded section where dynamic hydroplaning could occur is as follows: 1541 

(a) In the quasi-dry state, a steady-state pressure distribution exists under the tire. This 
pressure distribution may be the bearing pressure associated with dry contact or the 
hydrodynamic pressure associated with a thin water film on the runway. In either 
case, the net upward force in the contact area is not large enough to force t ire-runway 
separation. 

(b) When the tire approaches the flooded section of the runway, the thick water wedge 
ahead imposes forces on the forward section of the tire in contact with the runway. In 
this process, the relative momentum of the fluid is converted partially into dynamic 
fluid pressures. The forces on the tire from this pressure can be sufficiently high to 
cause local distortion of the tire surface. 

(c) During the distortion of the tire, however, a static imbalance exists between the 
downward loading on the tire and the upward hydrodynamic forces developed in the 
fluid film under the tire. This imbalance exists until the tire distortion is stabilized 
and, consistent with the stabilized film thickness distribution in the tire runway 
contact area, a hydrodynamic pressure distribution is developed. 

In developing a mathematical model to represent the above physical problem, difficulty 
is encountered when modelling the tire deformation. One could start with an arbitrarily 
selected water film distribution under the tire and then add to it incremental tire 
deformation as a result of hydrodynamic pressures. The procedure is repeated until the 
film thickness distribution and pressure distribution are stabilized. Many investi- 
gations ~2"38"44'45"4v'5°'54'58~ have used this approach; however, the results are limited due 
to constraints imposed by simplifying assumptions. Still, it is worthwhile to describe some 
of the past efforts to gain insight into the phenomenon of hydroplaning. 

5.4.1. ModelJor Hscous Hydroplaning 

Viscous hydroplaning was investigated in Ref. 42. Tire-runway separation is caused 
primarily by viscous forces during viscous hydroplaning. The frictional coupling of the 
tire runway contact is simulated by a rubber block undergoing slipping on a two- 
dimensional sinusoidal asperity in the presence of a thin film (Fig. 12). The contact area is 
divided into an inlet region, an outlet region, and a central region. The water depth profile 
in the inlet and the outlet region is assumed to be exponentially varying, and the central 
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region has a constant water depth profile. Using Reynold's equation for lubrication, 
pressure distribution between the rubber block and the asperity is computed, The pressure 
build up on individual asperities of the surface provides a net uplift which forces the tire 
tread apart from the surface. The results show that the important factor in minimizing 
viscous hydroplaning is the provision of an adequate microtexture in the surface 
aggregates which contribute toward adhesion; hysteresis and viscous shear were shown to 
be insignificant. The model is limited by the assumptions of idealized surface geometry 
and water depth profiles; the model results were also not verified by experiments. 

5.4.2. Models,/or Dynamic Hydroplaning 

Whereas viscosity is the primary fluid property responsible for devdoping viscous 
hydroplaning, fluid density effects are predominant during dynamic hydroplaning 
(Section 5.2.). Equation (6) (Section 5.3) quantified, for the first time, the phenomenon of 
hydroplaning in terms of minimum speed above which hydroplaning would occur. The 
equation is based on the assumption that dynamic pressure of water will be sufficient to 
support the tire and associated loading on it. The equation has proven useful, and much of 
experimental data and results from mathematical models are compared against it, but the 
validity of Eq. (6) is limited to smooth tires on runways covered with a large quantity of 
water. Another model (Ref. (45)) established that the dynamic pressure of water alone 
would not be sufficient to cause hydroplaning at the known hydroplaning speed computed 
from Eq. (6), but that the tire surface must distort locally in the contact area; the analysis 
modelled the tire as a semi-infinite solid in a condition of plain strain, The analysis 
developed an equation for calculating the thickness of the fluid film under the tire moving 
over a water-covered surface. This equation related water film thickness to the length of 
tire-runway contact, tire curvature, velocity, effective elastic modulus, fluid density, and 
water depth on the surface. The results from this equation were shown to agree with some 
experimental data. 139) 

Yet another analysis (Ref. (14)) describes a theoretical approach for treating the onset of 
hydroplaning. The analytical model divides the flow field into three regions (Fig 13): an 
exterior flow region characterized by free surfaces at ambient atmospheric pressure, an 
inlet region wphere the flow is nearly inviscid, and a footprint region where the flow is 
primarily governed by viscous forces. The footprint  region is further divided into a thick 
film region where only hydrodynamic forces act on the tire and a semidry region where the 
pressure distrubution on the tire surface is largely independent of whether or not 
hydrodynamic forces are present. Each region was considered separately, and a complete 
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FIG. 13. Viscous dynamic hydroplaning model (from Ref. (14)). 

solution was obtained by matching the individual solutions at the flow boundaries. Two 
major assumptions in the development of the model were a planar tire surface in the 
footprint region and the neglect of inertial forces in the analysis. Initial solutions of the 
simplified model failed to represent hydroplaning phenomena realistically and it was 
concluded that the model should be refined by introducing the deformed shape of the tire 
surface in the footprint region. A tire deformation model was developed by considering a 
plate representing the thick film region of the tire-runway contact; the plate being 
clamped at the boundary with the semidry region and extending into the inlet region as a 
semi-infinite solid (Fig. 13). The tire deformations were computed by coupling the equations 
of fluid flow and plate deflection. The solution of the model was carried out by finding the 
increase in the size of the thick-film region and the corresponding decrease in the size of 
the semidry region as the speed increased. Since friction is almost entirely developed in the 
semidry region, a reduction in friction with speed is associated with the reduction in the 
size of the semidry region. Results showed that the growth of the thick film region (or the 
reduction of the semidry region) with increasing speed is strongly dependent upon the 
drainage properties of the pavement. 

Many of the results of this analysis were incorporated in Refs (59) and (55) in developing 
an empirical method for evaluating and rating the fluid drainage characteristics of a 
runway surface. Because of the significance and usage of this method, it is described in 
greater detail in Section 8.3.2. 

Fluid inertial forces and the presence of turbulence in the fluid flow were included in the 
mathematical models described in Refs (47), (13) and (12). The flow analysis in these 
models is basically the same as presented in Ref. (60) for turbulent flow in bearing films. 
The analysis starts with the general momentum equations for fluid flow applied to a 
control volume. The control volume is bounded by the stationary tire surface at top and a 
moving pavement surface at the bottom (Fig. 14). In addition, four surfaces perpendicular 
to the pavement completely enclose the control volume. As the fluid passes through the 
leading edge, the depth of water is reduced to the gap between the tire surface and 
pavement surface. Requirements of continuity of flow indicate that fluid must escape 
around the side edges, and through the leading edge as forward spray. It is assumed that 
no side flow exists at the leading edge, and the fluid flow through the trailing edge and the 
side edges exists with zero acceleration and thus at ambient pressure. In the analysis, 
turbulence is treated by means of turbulent viscosity correction factors, and convective 
inertia is accounted for by convective derivatives of mean fluid velocities averaged over 
the water film. With these assumptions and simplications, the resulting equations are 
solved by numerical techniques. 

In the solution of the above models, the tire pavement gap is a prerequisite. In Ref. (47), 
this gap was estimated from experimental data from Ref. (6l). In Ref. (13), the 



122 S. K. Agrawal 

TRAILING 
EDGE 

TIRE [ 
/ SURFACE { 

SURFACE ~ x WATER 
EDGE 1 DYNAMIC PRESSURE SIDE ,./ I LEADING 

TURBULENT FLUID FLOW / 

SIDE EDGE 

FIG. 14. Dynamic hydroplaning model Ifrom Refs (12, 13.47H 

t ire-pavement gap was measured at selected points of the footprint and supplied to the 
flow model; a tire deformation model was also developed and verified. Thus, Ref. (13) 
coupled the fluid flow analysis with a tire deformation model for dynamic hydroplaning 
allowing for interaction between fluid inertial forces and tire surface deformation. Further 
progress was reported in Ref. (12) where an interactive tire--fluid model is developed; the 
fluid flow model is essentially the same as in Ref. (47); the tire deformation model was 
adapted from Ref. (62). 

5.5. VISUALIZATION OF HYDROPLANING PHENOMENA 

Many of the manifestation of hydroplaning phenomena described and observed in Ref. 
(37) have been verified by unique instrumentation designs and experimental techniques. 
Photographs of the contact area through a transparent glass plate I~''a~ have clearly 
established that central and forward portions of the tire are detached from the surface 
leaving the tire-runway contact area shaped like a horseshoe. A moire fringe method (l 2) 
has been used in measuring tire deformations in the contact area. A moir6 pattern is an 
optical illusion, the kind produced when two sets of closely spaced parallel lines are 
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FIG. 15. Tire deformation measurement system {from Ref. (53)) 
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superimposed at a slight angle to each other. By shining a spot light through a glass plate 
(containing a grid of parallel lines) on a tire surface, a shadow of parallel line grid pattern 
appears on the tire. An observer viewing this shadow pattern through the original grid 
'sees' a moir6 fringe pattern superimposed on the tire surface. The pattern exposes the 
contours of the tire providing a topographical map of the tire. When the tire is deformed, 
the fringe pattern is changed. 

Another unique method for measuring tire deformation was reported in Ref. (49). In this 
method a molten metal is poured inside the tire which is in the state of hydroplaning. The 
metal solidifies quickly, and when the tire is cut away, the metal cast reveals the deformed 
shape of tire. 

In yet other investigations ~53"541 the tire deformation was measured by providing 
complex instrumentation inside the tire body. The instrumentation was limited to a non- 
rotating tire; however, modification can be made to adapt it to a rotating tire. The 
measurement is based on the equation for capacitance change between two parallel plates 
as a result of a change in plate separation. The parallel plates are mounted within the 
toroidal space in the tire (Fig. 15). One plate is mounted on the wheel rim and the other 
one o~a the inside of tire surface. By placing the plates inside the tire, the fluid flow under 
the tire is not disturbed, and experimental conditions can be adequately controlled. When 
tire distorts by dynamic and hydrodynamic pressures, the plate separation changes. 

5.6. MINIMIZING THE POTENTIAL OF HYDROPLANING 

In general, actions which minimize hydroplaning can be classified as passive measures 
and active measures. The passive measures to minimize hydroplaning include provision of 
adequate texture in the runway surface, runway grooving, adequate runway crown, and 
grooves in the tire. Moulding the grooves in the tire circumference is a designer's 
equivalent to pavement macrotexture. 159~ The tread grooves in the tire footprint are vented 
to atmosphere and provide escape channels for water. Runway surfaces with porous 
aggregates (porous friction overlays) also resist hydroplaning; 1°4'6s) however, large 
deposits of rubber (as a result of repeated landings) are difficult to remove from the porous 
friction surfaces. ~591 

Runway crown and grooves help reduce water build up on the runway surface; the role 
of runway grooving in alleviating hydroplaning will be discussed in Section 6. 

Active measures include changes to aircraft parameters, such as, tire inflation pressure 
and landing speeds, and the use of devices such as, antiskid brake control system. A direct 
consequence of Eq. (6) (Section 5.3.) is that the speed at which hydroplaning will occur will 
increase if the tire inflation pressure is increased. Similarly, landing at a speed below the 
computed hydroplaning speed could decrease the potential of hydroplaning. However, 
operational requirements of the aircraft may not permit either of these actions to be used. 
At the present time, no aircraft is equipped with remote tire-pressure control devices, 
although remote tire-pressure monitoring devices are in use. 163) While the manipulation of 
inflation pressure and landing speed can delay the onset of hydroplaning, the use of an 
antiskid brake control system can prevent the wheel from locking when the conditions are 
such that wheel-lock is imminent with minimum braking. It may be recalled that available 
friction levels are higher when a wheel is rolling than when it is locked. 

6. MAXIMIZING THE AVAILABLE FRICTION AT 
WET TIRE-RUNWAY CONTACT 

Available friction at the tire-runway contact under adverse weather conditions can be 
maximized if the aircraft wheel operates at critical slip (see Fig. 4). However, slip is not a 
control variable and its magnitude varies with the changes in operational factors 
associated with the contact area and the environmental conditions prevailing during 
aircraft operations. Still, with the use of modern brake control systems, 133'341 it is possible 
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to operate an aircraft wheel (on lightly wetted runways) under optimum wheel-slip 
conditions. On the other hand, when runways are flooded with water, the antiskid braking 
system may not be efficient; under these conditions, braking performance is enhanced by 
grooving the runways, thereby, keeping the surface from becoming flooded. Operations of 
antiskid braking systems and advances in runway grooving will be described in the 
following sections. 

6.1. ANTISKID BRAKE CONTROL SYSTEM 

The operation of a braking system is shown in Fig. 16.1°6) A braking torque, "E is 
applied to the aircraft wheels by pressing the brake pedal; this torque attempts to 
decelerate the aircraft. The braking force, F, developed at the tire-runway contact 
attempts to restore the wheel velocity to that resulting from free rolling. At a certain brake 
pressure, the wheel operates at critical slip and a corresponding maximum friction 
coefficient is developed at the tire-runway contact. Further increase in brake pressure may 
lead to wheel lock accompanied by a significant drop in the coefficient of friction. An 
antiskid system controls the brake pressure to force the wheel/tire to operate at or near the 
critical slip during ground maneuvers. 

References (15, 34, 66-68) describe in some details the operation of airplane antiskid 
braking systems. Early antiskid or antilock systems consisted of an on off ~;peration that 
simply protected the tire from locking; these systems did little to optimize aircraft braking 
performance. But significant advances in solid-state electronics havc led to the 
development of antilock systems to seek out and operate around the peak of the 
friction-speed curve (see Fig. 4) regardless of the runway surface wetness. The newest 
commercial aircraft, such as, Boeing-767/757, utilize digital control technology ~34~ which 
provides more accurate brake pressure control. 

Basically, an antiskid braking system is a feedback control circuit (Fig. 17~'~}. The 
braking system relies upon either the slip velocity or the slip ratio, and requires an 
instantaneous wheel speed and a reference speed to determine the onset of a wheel skid. 
Clearly, the onset of the wheel skid is determined by the magnitude of slip as defined in 
Eq. (2): 

S = I - -  

where: 

S =s l ipra t io  
V =instantaneous wheel speed 
~ = reference speed. 
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FIG, 16. Basic principle of a braking system operation ffrom Refs, (66:67 )). 
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During braking, the velocity comparitor (Fig. 17) continuously compares the reference 
speed with the instantaneous wheel speed. When the braked wheel slip-ratio exceeds a 
threshold, a signal is generated and sent to the pressure-bias modulator to reduce the 
brake pressure and to allow the wheel to spin up. When the instantaneous wheel speed 
approaches the reference speed, another signal is transmitted to the modulator to increase 
the brake pressure. Generally, the reference speed is established from the actual wheel 
speed at touchdown. At touchdown, the velocity comparitor develops an error signal 
which forces the reference speed to increase until the error signal ceases. 

An important aspect of the efficient operation of an ant{skid brake system is the 
availability of adequate friction levels at the tire runway contact. When available friction 
levels are high, the maximum braking torque applied to the wheel is successfully 
transmitted to the ground and the ant{skid braking system can modulate the braking 
pressures near the maximum. 1681 However, when the available friction coefficients at the 
tire runway contact are low, the braking performance of an aircraft is adversely affected 
in two ways. First, the low friction levels force the brake modulation at very low pressure. 
Since response characteristics of most braking systems are sluggish at low pressure levels, 
the braking performance is degraded. Second, low friction levels generate low wheel spin- 
up accelerations which slow down the recovery from a skid and further degrade the 
braking performance. In addition, the use of wheel speed signal to generate the reference 
speed is not always desired. When brakes are applied during severe hydroplaning or 
before touchdown, there is no reference speed available because the wheels are not spun- 
up; the ant{skid is 'lost' and wheels remain in a locked condition until the pilot releases the 
brake pedals. 134) 

Many of the brake control problems associated with low available friction or early 
brake application are avoided by providing hydroplaning protection feature and 
touchdown protection features. 134,67) The hydroplaning protection feature on the Boeing 
Airplane Company's new 757/767 airplanes is shown in Fig. 18. (34~ A ground speed signal 
from the airplane's inertial reference system (IRS) is sent to the aft wheels. When the 
wheels are in the state of hydroplaning and stop rotating, this 'direct" reference speed is 
available to guide the wheels to spin-up as the wheels come out of hydroplaning. When the 
aft wheels spin-up, their wheel speed provides 'normal" reference speed to the forward 
wheels which then spin-up as well. In providing IRS signals to the aft wheels, advantage is 
taken of the fact that the forward wheels help remove water from the path of the aft 
wheels; this path-clearing action may bring aft wheels out of hydroplaning before the 
forward wheels do. Reference (67) suggests an additional reason that aft inboard wheels 
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Fro. 18. Hydroplaning protection feature of Boeing 757 767 Airplan (from Rcf. (34)), 

are ideal for IRS signal: due to the presence of the runway crown, more of the vertical 
load supported by each gear is carried by the inboard wheels than by the outboard wheels. 
This results in higher friction forces at the contact areas of the inboard wheels and the 
runway. Higher friction forces develop higher spin-up accelerations, and consequently 
require less time to spin-up fully and to provide the "normal' reference speed for the 
forward wheels. 

In summary, the performance of antiskid braking systems operating under adverse 
weather condition is highly dependent upon wheel spin-up accelerations. Efficient 
operation of the antiskid braking systems requires an accurate ground reference speed. 
Modern antiskid braking systems use a redundant ground speed signal derived from the 
airplane's inertial navigation or reference system to provide protection against prolonged 
locked-wheel operation. 

6.2. RUNWAY GROOVING 

High-speed aircraft operations on wet runways by the British Royal Air Eorce and the 
United States Air Force, during the middle 1950's had clearly indicated the need for 
lengthening the runway or to provide rapid surface drainage characteristics on the runway 
to prevent aircraft skidding and what was undoubtedly 'aquaplaning" althought it was not 
recognized as such at that time. Between 1955 and 1963, the British researchers 
experimented with mechanical roughening of the runway surface to produce sharp texture 
or to produce grooves. In 1960, saws were developed to install transverse grooves in 
runway surface, and in 1961, the main asphalt runway at Farnborough was grooved with 
saws.  

As mentioned in Section 5.6, runway grooving is a passive measure which is very 
significant in minimizing the occurrence of hydroplaning. In the United States, the 
effectiveness of runway grooving was demonstrated by extensive research and testing by 
the National Aeronautics and Space Administration (NASA) ~28) in the middle 1960's and 
by the Federal Aviation Administration ( F A A )  (2v'29'3°'64) in the late 70's and early 1980's. 
Together, the FAA and NASA have shown that runway grooves can delay hydroplaning 
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beyond the landing speeds of many jet aircraft, and maximize available friction levels 
under conditions which would not necessarily be conducive to aircraft hydroplaning. 

6.2.1. Rectangular Grooves for Runways 

An important aspect of grooving the runway is to determine the most effective groove 
pattern for a given runway exposed to weather conditions unique to the region where the 
airport is located. In its search to determine an optimum groove pattern for runway 
applications, NASA, in middle 1960's, conducted a test program which included groove 
dimensions as the major variable. Since preliminary work in Great Britain ~69~ was 
conducted by placing the grooves 1 in apart, NASA researchers ~2s) selected rectangular 
grooves with spacings between 1 and 2 in, and groove width and depth varying between 
1/8 in and 3/8 in. In total these dimensions produced 18 different groove patterns. Tests 
were conducted at the Aircraft Landing Dynamics Facility, Langley, to determine the 
braking and cornering capability of an aircraft tire on these grooves in the presence of 
water; the tests covered aircraft speeds up to 100 knots; additional tests were conducted to 
investigate the effect of alternating freezing and thawing on grooved runway surfaces. 
Some of the test results are shown in Fig. 19. On the basis of these tests and subsequent 
tests with a F-4D Jet Fighter plane and 990 4-engine jet transport airplane, NASA 
concluded that rectangular grooves 1/4 in wide × 1/4 in deep and spaced 1 in apart were 
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more effective than other groove patterns in enhancing braking and cornering capability 
of an aircraft on wet runways. In general, the research results ~28) showed that transverse 
grooves (1) substantially increased braking capability and directional control, (2) 
improved runway surface water drainage, and (3) provided rapid wheel spin-up 
accelerations. The grooves were also shown to minimize the effect of tire tread design or 
tire wear (2m and the susceptibility to dynamic tire hydroplaning. (2s'7°) Further tests also 
showed (7~) that aircraft strut vibrations during travel over grooved runways were no 
different from those over non-grooved runways. 

In order to promote widespread use of runway grooves as an important safety 
improvement, the FAA continued the investigation to establish the effectiveness of 
grooves beyond aircraft speeds of 100 knots, and to find ways to reduce the overall cost of 
grooving a runway. A comprehensive test program was conducted at the high speed tracks 
of the Naval Air Engineering Center, Lakehurst. Groove spacing was a major variable 
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affecting the cost of grooving. (29'64) Results of maximum braking tests to speed of 150 
knots (Figs 20-22) revealed that the spacing of the square grooves (1/4 in deep × 1/4 in 
wide) could be increased to 3 in without encountering a state of hydroplaning; available 
coefficients of friction were insensitive to groove spacing when water depth on the surfaces 
was either less than 0.01 in (defined as 'wet' in Fig. 20) or in excess of 0.25 in (defined as 
'flooded' in Fig. 22). However, when water depth on the runway was of the order of 0.10 in 
(defined as 'puddled' in Fig. 21) the available coefficients of friction were higher for closer 
spacings. Clearly, there is a performance trade off when selecting a groove pattern with 
3 in spacing over a pattern with 1 in spacing. But, it was also found that the cost of 
grooving at 3 in spacing was significantly lower than grooving at 1 1/4 in spacing (Fig. 
23). (29) It could be argued, then, that if performance were the only criterion for the 
selection of a groove pattern, it is only at those airports where seasonal and topographical 
conditions produce 'puddled' runway conditions that the choice of close groove spacing 
will be beneficial. But, if performance were not the only criterion, any groove spacing 
could be selected based on cost; all groove patterns develop sufficient braking to allow 
gradual reduction in speed of the aircraft. 
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6.2.2. Grooving, Drainage, and Hydroplaning 

The improved braking performance of an aircraft tire and a near elimination of 
hydroplaning on a grooved runway is believed to be a dual process of water removal from 
the t ire-runway contact area. First, the grooves influence the surface ,,~ater drainage 
(runoff) by providing channels through which water can flow freely. Second, the grooves 
provide forced water escape from the t ire-runway contact when the aircraft travels on a 
water-covered runway. Since the maximum amount  of water that can be removed from the 
contact area is limited, both the free flow and the forced water escape are important.  

Groove  roughness plays an important  role in determining the flow of water out of the 
contact area. Being laminar in nature, the free flow is enhanced if the groove channels are 
smooth, while the forced water escape is essentially turbulent and would require a rough 
groove channel to provide a shallow velocity profile for increased flow, The free flo~, 
however, may also be turbulent during rain because of the mixing of the pelting rain. Thus, 
neither a smooth nor a rough groove alone will provide opt imum out-flow of water from 
the contact area. 

The effectiveness of grooving in providing a forced water escape is influenced by the 
amount  of water on the runway and the speed of aircraft. When runways are flooded. 
grooves will be very effective in providing relief to the predominantly hydrodynamic 
pressures developed on flooded runways. However, when only a thin film of water is 
present on the runways, pressure relief is accomplished by sharp textured aggregates in the 
runway surface: the sharp aggregates break through the thin film of water and bring about 
the adhesion between the tire and the runway surface. In the intermediate wetness between 
thin film and flooding, defined as 'puddled', both the grooves and the sharp-textured 
aggregates are desirable for removal of water and developing adhesion in the contact area. 

Although the use of grooves in the runway surface will shift the onset of hydroplaning 
to a higher speed, they cannot, in all cases, completely eliminate the probabili ty of the 
occurrence of hydroplaning. As the operating speeds of the aircraft increase, the time 
available for fluid particles to escape from the t i re  runway contact decreases: any 
acceptable increase in the number of escape paths, either by providing patterns in the tire 
tread or by increasing the number of grooves per unit length of the runway would not 
totally compensate for the reduction in this available time. Closer groove spacings 
increase the number  of discharge channels, but will also increase the total flow resistance 
encountered by water during escape. The question, therefore, arises as to whether the mass 
of water entrapped in the contact area will respond rapidly enough to show significant 
changes in the available friction as a function of groove spacings. Figure 22 seems to 
indicate that under flooded conditions it matters little whether the runway grooves are 
spaced 3 inches apart  or 1 1/4 inches apart. However, under puddled conditions, Fig. 21 
indicates that groove spacing, drainage characteristics, and amount of water affect the 
available friction. 

6.2.3. Reflex-percussive Groot:es 

A new groove pattern has been recently developed that uses a reflex-percussive cutting 
process. In 1972, the reflex-percussive method of concrete removal was recognized by the 
Concrete Society of Great  Britain. This method was first developed to obtain very rough 
finish on the pavement. When the cutting head strikes the surface of the concrete, it causes 
the material directly under the area of impact to deflect downward, thus creating a 
momentary  and localized compression. The compressive strata is mainly elastic, and a 
rebound occurs causing the concrete to a t tempt  to pass through its relaxed state into one 
of tension nearly equal to the initial compression. However. being very weak in tension. 
the concrete fractures and elastic energy is given up as kinetic energy of the flying 
fragments. The great advantage of this method of cutting is its ability of not loosening the 
aggregate particles within lhe matrix or creating micro fractures in the undamaged 
surrounding concrete. The use of the percussive method for removal of rubber deposits 
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was successfully demonstrated in Canada in 1976,(" 2) and for repairs or for recesses for
insertion of shallow equipment, e.g. airfield lighting was accepted by the British Airport
Authority in 1973. In the United States, the method was used to provide coarse texture on
the highway surfaces.(73)

The reflex-percussive cutting process was adapted to produce the non-symmetrical V­
shaped grooves shown in Fig. 9. These grooves are still in an experimental state;(27.30,74)
however full scale installation on sections of a runway in the United States is underway. In
sharp contrast to the square grooves which are usually cut by means of diamond-tipped
rotary saws, the reflex-percussive grooves are installed in the surface by cylindrical heads
as shown in Fig. 24. The cylindrical head rotates about its axis in a random manner as it
strikes the surface and moves forward. High speed braking tests showed (Fig. 25) the
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FIG. 24. Cutting heads for installing reflex-percussive grooves (from Ref. (27)),
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coefficient of friction developed at tire-runway contact were similar in magnitudes for 
square saw-cut grooves and reflex-percussive grooves. However, since the overall cost of 
the reflex-percussive grooves could be as low as half the cost of saw-cut grooves spaced 
1 1/4 in apart, the former is a viable cost-effective alternative to saw-cut grooves. 

7. EQUIPMENT AND FACILITIES FOR TIRE-RUNWAY RESEARCH 

An accurate measurement of friction coefficient developed at the tire-runway contact is 
essential for assessing the braking, accelerating, and cornering capability of an aircraft. In 
addition, measurement of other pertinent parameters associated with the contact area 
would be helpful for a rational explanation of the various phenomena taking place in the 
overall system consisting of the aircraft landing gear. the tire and brake assembly, the 
runway surface, and the environmental contaminants. Clearly, an array of aircraft 
operating over a range of wetnesses on the runway surfaces and instrumented to accuratel~ 
measure and isolate the effects of individual parameters of the contact area would be the 
ideal as research equipment; none exists, however, at the present time. 

Basically, there are four classes of research equipment in use: aircrafff o~J tire--wheel 
assemblies rolling on concrete tracks. '1829~ tire wheel assemblies spinning on rotating 
drums, ~75-~91 and automobiles eqmpped with tire-runway friction measuring de- 
vices. ~8°'slj In addition, the use of aircraft simulators ~81-83~ has been proven valuable in 
conducting parametric studies of the tire runway contact area phenomena Each of these 
facilities has certain merits. 

Use of an instrumented aircraft to measure contact area parameters is most realistic. 
particularly, if controlled water depth on the runway can be provided: water depth is the 
primary variable significantly affecting the ground maneuvers when runways are wet. 
Aircraft can be operated on runways in normal use to collect data in an operational 
environment. However, high speed tests may not be feasible, particularly when aircraft 
must operate on flooded runways; high speed testing on runways covered with snow and 
ice is also difficult. 

Ground test tracks can provide extreme environmental conditions for high speed 
tests with a tire wheel assembly. Water depth control is accomplished by installing a 
water delivery system (on the tire-wheel assembly) that wets the track ahead of the tire. 
The tire-wheel assembly can provide variable cornering capability in addition to 
accommodating different tire sizes and braking systems including antiskid devices. Test 
surface interchangeability is an inherent advantage, but, obtaining an even test surface is 

expensive. 
Another class of research equipment consists of a tire spinning on a drum: test surfaces 

could be provided on the outside of a large steel drum or by installing concrete strips on 
the inside of a drum. Most operating conditions which the tire encounters in service can 
be duplicated; however, the contact area is curved instead of flat. This effect can be 
minimized by making the drum diameter large. I~sl When the outside of the drum is used it 
is difficult to provide a realistic runway surface; although thin layers of metallic spray on 
the drum surface can produce low microtexture. This l~mitation is overcome with the use 
of an internal drum ~1"78) where a concrete pavement can be installed on the inside surface 
of the drum. The internal drum permits precise control of the surface evenness and water 
depth; snow, ice, and slush conditions can also be created on internal drum 
equipment) s4~ 

A steel belt looped around two metal drums provides a flat surface for testing with a 
tire wheel assembly/85'86~ Many operational conditions can be created on a steel-belt 
surface; however, like an external drum equipment, real pavement surfaces cannot be 
accommodated. 

Tire runway friction measuring devices installed on or attached to automobiles present 
yet another class of ground equipment used worldwide for different purposes. In these 
devices, basically, a small tire is forced to roll under circumferential slip or slip angle; the 
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path of the tire is wetted either by an auxiliary source or from a water-delivery system 
installed on the automobile. In either case, the automobile moves at speed between 20 
m.p.h, and 100 m.p.h, on the runway sections. Runway slipperiness is measured in terms of 
the coefficient of friction developed at the contact area. The devices do not reproduce the 
dynamic phenomena of the aircraft tire-runway interaction; however, efforts have been 
underway for the past 20 years 165's1,sT) to correlate runway slipperiness measured by the 
ground devices to the braking performance of an aircraft; to date, universally acceptable 
correlation criteria have not been developed, tls'8°~ 

In summary, the equipment and facilities in use around the world for the measurement 
of braking performance of an aircraft are compared in Table 1. It will be necessary for 
some of the facilities to undergo major modifications if they are to provide a reasonable 
reproduction of the phenomena taking place in the aircraft tire runway contact area. A 
brief description of the specific capabilities of major facilities will be given in the next few 
paragraphs. 

TABIA 1. Q |  ALITATIVI COMI'AI/JSON OF I ~ l i  CAI'ABILITII!S OF THk VARIOUS TISr  EQtrlPMIiNT 

TEST E Q U I P M E N T  F A C I L I T Y  

Ground  tracks Drums  
Ground  

Requirement Aircraft Water-jet Jet-engine Internal External Belts devices 

Flat test surface Y ~  Yes Yes No No Yes Yes 

Real pavement Y ~  Yes Yes Yes No  No Yes 

Control of water depth Mod.* Mod. Mod. Yes Only damp Yes Yes 

Conll,,',] of surface No Yes Yes Yes No  Yes No 
evenness 

Repeatability of With mod. With mod. With rood. Yes Yes Ycs Yes 
lest condit ions 

Intcrchangeabil i ty of Y~.s+ With mod. With mod. Yes No No Ycs 
lest :.,u rfaces 

Snow and ice testing Ym { No Yes Yes No No Yes 

R ange of ai rcraft Y ~.'s Y es Y es Yes.{ Yes Yes.{ N o 
speed loading 

Reasonable reproduction Y~.'~ Yes Yes Yes No No No 
of aircraft tire 1tLn~a 3 
contact dynamics  

*Modification: installation of on-board water delivery system. 
+Different runways. 
~.Limited to Iov, tes~ speeds. 
§Redesign. 

7.1. EQUIPMENT/FACILITIES AT NASA 

7.1.1. landing Dynamics Facility at Langley, Hrginia 

The Landing Dynamics Facility (Fig. 26) at the Langley Research Center, Langley, 
Virginia, is capable of testing full-size aircraft landing gear systems under many 
conditions which simulate landing and takeoff operations of an airplane. A tire-wheel 
assembly, loaded vertically to 50,000 lb and attached to a massive carriage, is accelerated 
to test speeds of up to 220 knots by a hydraulic jet catapult. The catapult develops a 
maximum thrust of 1,530,000 lb and accelerates the carriage to a maximum of 18 g's. 
Following acceleration, the carriage coasts freely into the 1800 ft of test surface before 
engaging the arresting gears; the carriage is stopped thereafter by arresting cables. Surface 
wetness is achieved by a water sprinkler system installed on the track. 
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FIG. 26. Ground Track Facility at NASA Langley. 

Exceptionally suitable for a vast range of conditions that could be encountered during 
aircraft and space shuttle operations on dry runways, the Langley facility does not provide 
accurate control of water depth on the entire test surfitce, particularly below 0.10 in of 
water depth. In addition, high acceleration forces encountered by the carriage preclude 
installation of an on-board water delivery system: testing in natural snow and ice 
conditions is also not feasible. 

7.1.2. Boeinq-737 Aircrqft 

For testing in natural snow and ice, NASA employs a Boeing-737 aircraft. The aircraft 
is instrumented to measure longitudinal, lateral, and normal accelerations at the aircraft 
center-of-gravity; other aerodynamic parameters are measured by suitable sensors 
installed on the aircraft. The aircraft is also used for testing on a wet runway: wetness is 
provided by water-carrying trucks equipped with sprinkler bars which deposil known 
amounts of water as the trucks move on the runway. The acceleration data obtained on- 
board the aircraft during tests is reduced by the use of a high-speed digital computer  to 
provide time histories of braking distance, friction coefficient, and ground speed. The 
coefficient of friction is computed by incorporatmg aerodynamic constants, either 
measured or known from aircraft characteristics provided by the manufacturer. 

NASA's Wallops Flight Center has available various test surfaces (Fig, 27~ on runway 
4/22 for testing with an aircraft or with ground friction measuring devices. Other  
equipment available for evaluation of aircraft braking/cornering performance include a 
Motion Base Simulator, ~81) a Diagonal Braked Vehicle, ~15~ and an instrumented tire test 
vehicle in which the test tire can be subjected to circumferential slip of any magnitude and 
side slip to a desired angle. 
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7.2. TEST TRACK AT NAVAL AIR ENGINEERING CENTER, LAKEHURST, NEW JERSEY 

Jet engines push and accelerate a carriage (Fig. 28) on guided steel rails, extending over 
a mile in length, to achieve speeds in excess of 150 knots. The tire-wheel assembly, loaded 
vertically to 35,000 lb, can simulate virtually any operational condition expected during 
landing and takeoff of an airplane. Four jet engines of the pusher vehicle develop a total 
thrust of 24,000 lb and speeds of up to 160 knots in approximately 1/2 mile length down 

FIG. 28. Ground Track Facility at Naval Air Engineering Center Lakehurst. 
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the track before the vehicle is disconnected from the carriage; the carriage then coasts 
freely into the test surfaces laid down between the guide rails. The carriage is stopped 
beyond the test surfaces by means of a series of arresting cables. Surface wetness is 
achieved by a water sprinkler system installed on the test track. 

Suitable for providing natural snow and ice environment, the facility can also provide 
close control of water depth on the test surfaces by installing an on-board water delivery 
system. 

7.3. BOEING-727 TES1 AIRCRAFT AT FAA 

The FAA Boeing-727 aircraft is instrumented very much like the Boeing-737 aircraft at 
NASA. These two aircraft together provide a variety of operational conditions 
experienced by airplanes with tail-mounted engines and wing-mounted engines~ 

The FAA Technical Center located near Atlantic City, New Jersey, also offers two 
runways with unique grooving configurations. Runway 13/31 (Fig. 29) has an asphaltic 
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concrete surface with two groove patterns and two non-grooved sections. Runway 4/22 
(Fig. 30) has a Portland cement concrete surface with sections of reflex-percussive grooves 
(Fig. 9) and saw-cut grooves, and two non-grooved sections. In addition, runway 4/22 is 
also equipped with an underground cable network connected to 68 metallic cans flush with 
the runway surface and 15 feet on either side of the runway centerline. Sensors capable of 
measuring runway surface contaminants (ice, snow, water, and slush) can be readily 
installed. 

7.4. INTERNAL DRUM MACHINE AT BUNDESANTALT FOR 

STRASSENWESEN (BAST), COLOGNE, GERMANY 

The internal drum machine of BAST in Cologne, Germany, was designed and built for 
testing automobile tires; however, it is also suitable for testing a nose-gear tire of a large 
jet aircraft or a main-landing gear of a small high-performance aircraft. The BAST 
machine (Fig. 31) consists of a 15 ft diameter steel drum with the inner surface capable of 
accommodating concrete runway surfaces of many textures and groove patterns. The test 
facility provides accurate control of surface evenness and water depth; the environ- 
mentally controlled chamber can create extreme conditions ranging from damp surfaces to 
ice covered surfaces. Repeatability of test conditions and ease of testing, and capability of 
real-time display of test results make the drum facility very attractive; however, the BAST 
machine is not capable, in its present form, to provide a vertical load in excess of 3,000 lb. 
An 18 ft diameter steel drum facility is under construction at BAST, and when completed 
in 1988, will have higher operational capabilities. 

7.5. OTHER FACILITIES 

There are many other equipment/facilities available around the world which are 
suitable for tests to determine the braking performance of an aircraft. The author did not 
have available detailed description or photographs to be included in this section; however, 
a few are listed below: 

External drum equipment at Goodyear  Aerospace, Akron, Ohio, U.S.A. 
L-1011 test Tristar at Lockheed-California Company, Burbank, California, U.S.A. 

l DRUM DRIVE D-C MOTOR 4 EXCHANGEABLE PAVF2dENT SURFACE 

2 DRUM 5 WHEEL MOUNTING SUPPORT 

3 ENVIRONMENTAL HOOD 6 WHEEL DRIVE D-C MOTOR 

FIG. 31. Internal drum machine at Bundesantalt fiir Strassenwesen. 
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Landing Gear  test facility at Wright-Patterson Airforce Base, Ohio, U.S.A. 
Aircraft brake simulation capabilities at Boeing Airplane Company,  

Washington, U.S.A. 
High-speed external drum facility at Dunlop Limited, Fort  Dunlop, U .K  

Seattle, 

8. PREDICTION OF AIRCRAFT BRAKING PERFORMANCE 

The subject of predicting the braking performance of an aircraft on runways covered 
with water or other contaminants  has received much attention. The need for a prediction 
method is clear bearing in mind the reduced braking action and ground directional 
control available during landing on a water covered runway. The subject is complex 
considering the many parameters of the contact area that must be accounted for in the 
development of  the prediction method, with ample allowances for varying pilot 
techniques. 

Much of the research in the past 25 years has been directed in designing a "ground 
vehicle' which could measure the friction at the vehicle t i re-runway contact, in the hope 
that this would lead to a prediction of the corresponding friction coefficient available at 
the aircraft t i re-runway contact; the governing equations could then be solved for the 
stopping distances. A recurring question has been 'how closely' does the performance of a 
ground vehicle 'correlate'  with that of an aircraft. Research to date ~ 8 , ~ 5 , 5 9 . 6 ~  .~7 9s~ has 
been impressive; however, these efforts have not succeeded in presenting an accepted 
approach to predicting the stopping capability of an aircraft with any certainty. 

8.1. GROUND VEHICl ES 

Working independently and jointly, research organizations around the world have 
developed various ground vehicles for measuring the coefficient of friction developed 
between a tire and the runway. These vehicles are equipped with devices in which a tire is 
forced to operate with a longitudinal slip or at a slip angle; some of the devices have two 
tires operating identically. Table 2 compares the commonly used ground vehicles. A brief 
description of these vehicles follows: 

(a) The Saab friction testor incorporates a fifth wheel mounted behind the rear axle of the 
vehicle. This wheel is driven by a chain transmission connected to the rear axle: the 
drive ratio provides a constant slip of between 10 and 12 %. Equipped with an on- 
board water delivery system, the tester can be operated at speed of up to 100 m.p.h. The 
torque required to drive the wheel is a measure of the coefficient of fricti{,n, 

{b) The Skiddometer (BV-11) consists of  a three-wheel trailer towed behind a vehicle: the 
wheels are connected by means of roller chains and sprockets with differing number of 
teeth. The gear ratio provides a slip of  about 17 {',0 to the central wheel. Equipped with 
an onboard water delivery system, the tester can be operated at speed of up to 
100 m.p.h. The torque required to drive the wheels is a measure of the coefficient of 
friction. 

(c} The Mu-Meter  consists of a three-wheel trailer towed behind a vehicle: the two outer 
wheels are held at a fixed toe-out angle of 7 1/2 degrees from the direction of travel. 
The side force generated between the wheels, as the vehicle moves, is a measure of the 
coefficient of friction. Equipped with an on-board water delivery system, the tester can 
be operated at speed of up to 100 m.p.h. 

(d) The Tapley Meter and the James Brake decelerometer are basically air-damped 
accelerometers which can be mounted on a vehicle floor. Vehicles equipped with these 
devices are decelerated fron 20 or 30 m.p.h: on a runway wetted by an auxiliary water 
delivery system. 

(e) The Diagonal Braked Vehicle (DBV) is an automobile modified to permit braking of 
one front wheel and the diagonally opposite rear wheel, allowing the other diagonally 
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TABLE 2. VARIOUS GROUND VEHICLES 

139 

Ground Tire pressure/ Operational Worldwide Measurement Wetness 
vehicle load mode/speed use capability control 

SAAB friction tester, 30 psi*/310 Ib 
Sweden 

Skiddometcr BVI1, 17 psi/225 Ib 
Sweden 

Mu-meter. 10 psi 250 lb 
Great Britain 

Tapley meter, Mounted inside 
Great Britain a vehicle 

James brake Mounted inside 
decelerometer, N/A a vehicle 

Diagonal braked 24 psi/1300 lb 
vehicle, NASA + . 
USA 

107o slip/up to 
100 m.p.h.t 

17~i~ slip/up to 
100 m.p.h. 

7~-degree slip angle 
up to 100 m.p.h. 

Senses deceleration, 
30 m.p.h, to stop 

Senses deceleration 
30 m,p.h, to stop 

100 <',, slip on 
diagonally opposed 
wheels/80 m.p.h. 
to full stop 

70 Measures coefficient On-board water 
of friction delivery system 

300 Measures coefficient On-board water 
of friction delivery system 

300 Measures coefficient On-board water 
of friction delivery system 

N/A Measures braking Auxiliary source 
efficiency 

N/A Measures braking Auxiliary source 
efficiency 

N/A Measures stopping Auxiliary source 
distance 

N/A: not available. 
* psi: pounds per square inch. 
+m.p.h.: miles per hour, 
++ NASA developed the vehicle, but does not manufacture it. 

opposite pair of wheels to roll freely. The tests are conducted with the braked wheels at 
100 ~o slip (locked wheels). The DBV measures stopping distance by decelerating the 
vehicle from 60 or 80 m.p.h, to a complete stop on a runway wetted by an auxiliary 
water delivery system. 

8.2. EXPERIMENTAL EFFORTS TO CORRELATE A I R C R A F T  AND G R O U N D  VEHICLE PERFORMANCE 

1968 (Refs (87) and (92)) Joint Pro qram between NASA and British Ministry of Technology 

Test Vehicles: 21 ground vehicles, 2 aircraft. 
Test Site: NASA Wallops Flight Center, 
Wetness: on-board water delivery system and auxiliary water supply. 
Purpose: correlation between aircraft braking performance and measure- 

ments by ground vehicles. 
Conclusion: 'Good' to 'Fair' correlation. 

Ground vehicles in general cannot be used for estimating aircraft 
stopping capability. However, limited testing with DBV indicates the 
possibility of estimating aircraft stopping distances; further research 
recommended. 

1970 (Ref (65)) Joint Proyram between NASA and United States Air Force 

Test Vehicles: 4 ground vehicles, 1 aircraft--C-141A. 
Test Sites: 50 runways in U.S.A. and Europe. 
Purpose: correlation between aircraft stopping performance 

vehicle performance. 
and ground 

Wetness: wet, flooded, slush, snow, ice, and also dry surfaces. Natural rain,on- 
board water delivery system, and auxiliary water supply. 

Conclusion: a DBV can be used to predict aircraft stopping distance on 
contaminated runways. 

1971 72 (Ref (94)) Joint Program Between FAA, United States Air Force, and NASA 

Test Vehicles: 2 ground vehicles, 2 aircraft--Boeing 72%100, McDonnell Douglas 
DC-9. 

Test Sites: smooth and grooved runways. 
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Wetness: 
Purpose: 

Conclusion: 

1973 (Ref (88)) 

Test Vehicles: 

Test Sites: 
Wetness: 
Purpose: 
Conclusion: 

S. K. Agrawal 

wet and dry runways. 
correlation between aircraft stopping performance and ground 
vehicle performance. 
no consensus. 

5 ground vehicles, 2 aircraft--Lockheed L-1011. Boeing 737 
Advanced. 
one runway. 
auxiliary water supply and on-board water delivery system. 
evaluation of special landing requirements of Concorde SST aircraft. 
no consistent or precise correlation between various ground vehicles. 
The DBV provides a reasonable relationship for the two aircraft 
tested. 

1978 (Ref (81)) Joint Program between FAA and NASA 

Test Vehicles: various ground vehicles; one aircraft -Sabreliner-80. 
Test Sites: NASA Wallops Flight Center. 
Wetness: auxiliary water supply and on-board water delivery system. 
Purpose: to establish an aircraft test technique for evaluating runway friction: 

to determine degree of correlation between measurements from 
various ground vehicles and aircraft. 

Conclusion: 'Good" agreement between actual aircraft braking performance and 
performance from ground vehicles; additional research recom- 
mended. 

1983-Present (Final Report Forthcoming) Joint Program between FAA and NASA 

Test Vehicles: 5 ground vehicles, two aircraft -Boeing-737, Boeing-727 
Test Sites: NASA Wallops Flight Center Runway 4/22. 

FAA Technical Center Runway 13/31, Brunswick Naval Air Station. 
Wetness: wet, freezing rain, snow, and slush. Natural rain, auxiliary water 

supply, and on-board water delivery system. 
Purpose: degree of correlation between aircraft braking data and ground 

vehicle friction data. Evaluation of the validity of ~t correlation 
prediction theory (see Sections 5.4.2 and 8.3). 

Conclusion: Final Report forthcoming. 

In many of these efforts, the degree of 'correlation" was qualified as good; however, a 
quantification criterion was not generally established. Therefore, the answer to the 
question as to "how closely" does a ground vehicle correlate with the aircraft remains 
unanswered. The reason for a less-than-perfect correlation between the performance ~f ~t 
ground vehicle and an aircraft is not clear. Information available to date seem to indicate 
that when ground vehicles are operated on a runway in accordance with the procedures 
established by the developers, they all show a generally accepted relationship between 
speed and available friction coefficient, with a drop in friction coefficient as the speed is 
increased. Tests with an aircraft on a runway, and with a tire wheel assembly on ground 
tracks or drum surfaces, also show these trends between the available friction coefficient 
and speed. However, there is no acceptable method that could employ a ground vehicle Io 
predict the performance of an aircraft with reasonable accuracy. One explanation could be 
that, perhaps, the ground vehicles do not reproduce the dynamics associated with an 
aircraft tire on the runway surface; vastly different loading and aerodynamic conditions 
are encountered during operation of aircraft and ground vehicles. Lack of accurate control 
of the operational parameters could also affect a close correlation between the 
performaces of various equipment, It is important to note that the magnitude of the 
available friction coefficient is small on contaminated runways, and in many cases the 
cumulative effect of experimental error and fluctuations in operational w~riables could 
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lead to wide variations in the measured quantity. It should be recalled (Section 4.1) that 
since water depth is the primary variable that governs the friction level at the contact area, 
any fluctuation in water depth during a test could have a significant effect on the 
measurement. Many test facilities have on-board water delivery systems (see Tables 1 and 
2) which deliver uniform water flow in front of the tire and minimize variations in water 
depth; however, runway surface irregularities could still affect the water depth 
distribution. 

8.3. PREDICTION OF AIRCRAFT BRAKING PERFORMANCE THROUGH EMPIRICAL METHODS 

8.3.1. Prediction Equation Through Dynamic Similitude 

A study was conducted in 1974 jointly by the United State Department of Defense, the 
FAA, NASA, and the Boeing Airplane Company (~s) to develop an equation to compute 
the stopping performance of an aircraft on wet runways, and to further investigate if a 
ground vehicle could be developed that would provide information about the stopping 
capability of an aircraft. An aircraft simulator 1821 was used to identify major parameters 
that influence the stopping distance of an aircraft. Aircraft dynamics was simulated by 
analog computer, and wherever possible, actual aircraft components were used; 
simulation of tire-runway contact area was accomplished by providing friction-speed 
curves based on experimental data. The study included five airplanes--Boeing-727, 
Boeing-737, Boeing-747, Lockheed C-141A, and McDonnell Douglas F-4. Using the 
principles of dynamic similitude, an equation was developed (Fig. 32) relating the 
stopping distance of an aircraft to three non-dimensional groups: the available friction 
coefficient, the ratio of airplan lift and drag, and a term containing airplane speed, air 
density, gravity, and engine thrust. 

JPAS 23:2-D ~ 

AIRPLANE STOPPING DISTANCE, S[ 

CHARACTERISTICS: ENVIRONMENT SYSTEM 

Aerodyn~ics Runway Brake Syste~n 
Geometry Atmosphere Antiskld System 
Operational Tire 

SENSITIVITY STUDY 
Changes in Stopping Distance as a Function of Test Para- 

meters. Runwa~ Friction Assumed Constant at 0.20,0.40,0.60 

SIGNIFICANT PARAMETERS [ 

Available Speed Friction Coefficient 

Alr Density 
Engine Idle Thrust ~- 
Airplane Lift/Drag eL/co 

I , I 

FIG. 32. Prediction equation through dynamic similitude. 
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$9 
V2 -- C(ll) ~. (CL/CD) O. (pV6/F¢ 92) 6 (10) 

The exponents :¢,/3, and 6, and the coefficient C result from the sensitivity study and the 
dynamic similitude; these exponents and coefficient have unique values for each aircraft 
included in the study, Equation (10) permits calculation of stopping distance of an aircraft 
if an 'accurate' measurement of friction coefficient,/~, is available. The study concluded 
that the most desirable approach to design a ground vehicle that could predict the 
stopping distance of an airplane would be to involve a vehicle that demonstrates dynamic 
similarity in the braking process. Still, the ground vehicle tire characteristics would have 
to be transformed to or correlated with aircraft tire characteristics. In addition, scaling 
factors must be applied to accommodate various aircraft tires in use, and correction 
factors must be developed to account for changes in weather conditions. The study further 
concluded that DBV and Mu-Meter did not meet the required criteria for assessing 
aircraft stopping performance. 

8.3.2. Prediction Method Usin9 Runway Surface Texture and Drainage Characteristics 

Based on the fact that runway surface texture plays an important role in developing 
friction at the tire-runway contact area, an empirical method was developed (Refs (55) and 
(59)) that characterizes the runway surface by two coefficients: the microtexture drainage 
coefficient, Cmc, and macrotexture drainage coefficient, Cu^c. For the method it is assumed 
that these two coefficients quantify the capacity to develop viscous and dynamic pressures, 
respectively, (see Section 5.4.2.) in the tire-runway contact area; for example, Cm c=0  
means viscous forces are absent and Cu^c = 1 means maximum dynamic pressures are 
present. The method is based on the premise that once these coefficients are established for 
a wet runway surface, the prediction of available friction coefficients for ~my tire is a 
matter of simple computations involving empirical relationships between the fluid 
pressures, both viscous and dynamic, and the speed. 

The method is based on realistic parameters associated with the tire runway contact 
area, and comparison with experimental data shows that the method gives reasonable 
estimates t55) of friction coefficients for both aircraft and automobile tires used in the 
study. However, the use of simplifying assumptions, and lack of experimental data to 
compute essential elements of the method raises questions as to its universal applicability. 
The division of the contact area into three zones (Fig. 33L and the assumption that 

v,, ~> 
f l | [  

SUNFACE / 

flUlWlT 
SURFACE 

CONTACT 
AREA 

I : ZONE I, AREA Aw MACROTEXTIJRE CeJ¢ 
~' : ZONE 2. AREA Az MICROTEXTURE Cm,c 
3 : ZONE 3, AREA Aa. ORY CONTACT 
A - TOTAL AREA = At + Az + Aa 

FIG. 33. Division of the contact area to predict braking performance through runway drainage characterist~c.~ 
(from Ref. 55)). 
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gives a linear relationship between wet and dry friction coefficients. It is implied in this 
assumption that should the dry area, A3, be half the total contact area, A, wet friction will 
be equal to half the friction under dry conditions. This assumption is not justified because 
it can only be rationally satisfied when A3 = A; this argument also suggests that division of 
the contact area is irrelevant. 

Another assumption in the methodology characterizes the fluid pressures as single- 
valued functions of the speed throughout the contact area, which when multiplied by 
drainage coefficients equal areas of zones 1 and 2. Experimental and analytical 
studies ~312-14'42'4v) have clearly shown that fluid pressures in the contact area depend 
upon the distribution of fluid film thickness and vary throughout the contact. Many other 
factors, °5~ such as, tire loading, size, tread compound, tread depth, tread construction, 
temperature, water depth, and braking techniques are also not explicitly accounted for in 
the methodology. The method is, in general, based on assumptions which are neither 
justified nor verified. 

8.4. AIRCRAFT OPERATIONS ON RUNWAYS COVERED WITH SLUSH, ICE, AND SNOW 

When an aircraft is operating on a flooded runway or on a runway covered with 
slush, ice, or snow, the friction forces developed at the t i re-runway contact can be very 
small. Hydroplaning can occur on a flooded or a slush-covered runway, and in addition, 
the presence of slush has a very severe effect on aircraft takeoff performance 165'9~'~ as it 
leads to deterioration in the accelerating capability of an aircraft by developing slush 
drag. This arises directly from the slush density and also from the rearward momentum 
imparted in the aircraft by the slush impinging on it. Since slush drag increases much 
faster than the aircraft speed (approximately parabolically197)), it prolongs the takeoff 
distance and can therefore be a major hazard. 

The airplane ground performance on ice-covered runways is also poor. The presence of 
dry ice alone is not responsible for this degradation, rather, a very thin film of water (of 
the order of 0.004 in 1981) is formed between the tire and ice by frictional melting when the 
tire slides over icy surfaces. While friction on dry ice is generated by adhesion and 
hysteresis (see Section 2.2), the mechanics of friction generation is by fluid friction or 
viscosity when a thin film of water is present. If it is assumed that heat is generated at the 
tire-ice contact, the relative amounts of heat conducted into the two bodies will be 
proportional to the ratio of their thermal conductivities. As ice has a thermal conductivity 
two orders of magnitude higher than rubber, 1991 most of the heat will flow into ice, and the 
surface temperature rise will depend on heat dissipation per unit area for ice. 
Experimental evidence ~1°°~ indicates that the temperature rise at the surface occurs quickly 
enough for water to be formed before the tire elements pass through the contact area. 
Since tire surface temperature is continuously rising due to heat conduction, there is a 
greater likelihood of large local melting of ice in the contact area as the airplane is 
decelerated. This would mean that the additional lubricating effect may produce lower 
friction coefficients at lower speeds a trend opposite to what is generally seen on water 
covered surfaces. 

The presence of snow on a runway is a common sight in North America and Europe; it 
degrades aircraft maneuverability by developing low friction coefficients and by 
significantly reducing visibility. Accumulation of snow and ice on aircraft surfaces may 
cause deterioration of their lifting ability and create aerodynamic problems; uneven 
cleaning of one wing can be sufficient to cause roll-disturbance at lift off. II°x~ 

While winter driving aids, such as snow tires and chains, can be utilized to combat snow 
and ice conditions on highways, a solution for aircraft is to keep the runways clean. Use of 
mechanical means, chemical solvents, and thermal devices ~1°2~ have generally been 
satisfactory in alleviating the snow and ice buildup problem on runways. In severe ice and 
snow conditions, however, the only alternative is to close the runway. In the mean time, 
another major effort is underway jointly by the FAA and NASA for developing 
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relationships between the performance of ground vehicles (Section 8,1) and aircraft 
(Sections 7.1.2. and 7.3) on runways covered with snow and ice; (~°3) the results of this 
effort were not available at the time this paper was being written. The results may provide 
rational guidance for snow and ice removal from runways. In addition, the development 
and use of reliable sensors which can be installed on runways to predict the onset and 
accretion of snow and ice conditions can help the airport management in improving 
procedures necessary for snow control. 

8.5. RUNWAY MAINTENAN( F 

If a runway could be kept clean of snow. ice. slush, water, rubber deposits, and any other 
contaminant, aircraft would safely execute most ground maneuvers. This is not always 
possible, if only because of economic constraint. In addition to keeping the runways clean, 
it is also important to maintain the runway surface friction characteristics at a desirable 

level. In the U.S.A. the FAA provides guidance through an advisory circular (l o~) for the 
design, construction, and maintenance of skid resistanl runway surfaces: in many 
countries around the world the use of ground vehicles is widespread (s°) (Table 2~ to 
evaluate the braking action under diverse weather conditions. As described m Section 8.1, 
the ground vehicles are equipped with devices whereby a tire is tested under a longitudinal 
slip or at a slip angle. The output of each device is a measure of the coefficient of friction 
developed at the tire-runway contact. Effectiveness of the friction devices and possible 
correlation in the outputs from various devices has been the subject of many 
studies.~S9.s8.93.1o4-lo5) In general these devices are reliable and when specific operational 
conditions are identified, a reasonable correlation exists on the outputs from many of the 
devices.(105) One advantage of  an acceptable correlation between various ground vehicle 
performance data is the uniform reporting of the surface conditions in terms of the 
developed coefficient of friction at the tire runway contact: the information can be 
utilized to develop runway maintenance criteria. At the present nine. the FAA advisory 
circular (1°4) recommends a frequency of runway surface friction measurements based on 
annual aircraft operauons. When the average of measured friction values drops below 
a minimum, the circular recommends corrective measures to restore the surface 
characteristics to a desirable level. These measures could range from the removal of rubber 
deposits to resurfacing of the entire runway depending upon the degradation of  the surface 
characteristics. Efforts are continuing to refine the operational parameters of the various 
ground vehicles to achieve better 'correlation" among them and to promote their use for 
establishing adequate runway surface maintenance procedures. 

9. SUMMARY AND R E C O M M E N D A T I O N S  

9.1. SUMMARY 

When an aircraft is braked on a wet runway, a complex process involving tire 
deformation, tire slipping, and fluid pressures in the tire runway contact area enables the 
development of friction forces necessary for stopping the aircraft. For most effective 
braking, the tire slip must be optimum and the force due to fluid pressures inust be a 
minimum; the latter implies that water must be drained off the runway. Modern brake 
systems incorporate highly effective antiskid and antilock devices to control the brake 
pressure to force the tire to operate at or near the critical slip. Runway grooves help reduce 
the water build up during heavy rain storms and provide forced water escape from the 
tire-runway contact area when the tire is braked on  wet runways; circumferential grooves 
on the tire surface also help water escape through the channels, Continued efforts to 
visualize the interactions in the tire-runway contact will provide information to help 
improve safety during aircraft maneuvers on contaminated runways. In addition, proper 
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monitoring and documentation of the runway surface characteristics will provide 
information for adequate maintenance of the runway. 

Efforts to date have succeeded in providing good runway surfaces that combine the 
ability of the sharp-textured aggregates to combat viscous hydroplaning and the force 
water escape capability of grooves to alleviate dynamic hydroplaning. Advances in 
electronics have led to new braking systems that can utilize the maximum available 
friction coefficients developed at the contact area as a result of improvement in both the 
surface characteristics and the tire designs. However, only limited success has been 
achieved in predicting the aircraft braking performance (on water covered runways) by 
auxiliary means: ground vehicle methods attempt to model an aircraft tire by an 
automobile tire through testing; empirical methods state the need for scaling factors or 
runway drainage factors for transforming the characteristics of an automobile tire to that 
of an aircraft tire; purely analytical efforts have failed to model the phenomena of 
hydroplaning; and classical mechanics cannot analyze a tire structure without major 
simplifying assumptions. Efforts are continuing, however, to refine existing relationships 
and to develop measurement techniques which could provide more meaningful 
information about the runway surface characteristics. Despite all this, landings and 
takeoffs of the aircraft on runways covered with water, ice and snow could still result in 
loss of directional control and overrun. 

9.2. RECOMMENDATIONS FOR FURTHER WORK 

Significant progress has been made in the past few years in understanding the braking 
process of an aircraft tire on water covered runways. However, there is room for further 
progress in two specific areas: (1) prediction of the braking potential of an aircraft, and (2) 
procedures for runway surface maintenance. 

9.2.1. Prediction of the Braking Potential of an Aircraft 

One way to determine the braking potential of an aircraft on water or ice/snow covered 
runways is to measure the friction at the aircraft t ire-runway contact and display it and 
derived data in the cockpit; the information so generated would be based on the realistic 
parameters of the contact area. A cockpit display unit has several advantages: it can 
provide the pilot with the instantaneous deceleration, available runway length to stop the 
aircraft, takeoff performance speed and drag data, and actual coefficient of friction 
developed at the contact area. 

The first step in the development of a reliable cockpit display unit is to establish 
definitive relationships between the aircraft deceleration and contact area friction 
coefficient. This would necessitate instrumenting the landing gear or the tire wheel 
assembly of a test aircraft to measure accurately the friction coefficient. It is essential that 
the aircraft be self contained in terms of providing uniform water depths on the runway: 
an on-board water delivery system could fulfill this need. The friction coefficients or 
corresponding deceleration values can be coupled to Eq. (10) (Section 8.3.1.) or other 
similar equation to compute the stopping distance of the aircraft; a small computer can be 
used to generate all the pertinent performance parameters. Should there be definitive 
relationships between deceleration and friction coefficient, an aircraft can be equipped 
with bi-axial or tri-axial accelerometers at an appropriate location in the aircraft, and 
tire wheel instrumentation will no longer be necessary. 

It should be pointed out that the cockpit display unit cannot avoid future overruns or 
hydroplaning accidents; however, it will provide realtime information regarding the 
aircraft performance on contaminated runways; it may guide the pilot in taking corrective 
measures to control the aircraft or to warn following aircraft; it would remove to some 
extent the subjectivity involved in current procedures for reporting runway slipperiness. 
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9.2.2. Runway Maintenance Procedure 

Runway surfaces are constantly deteriorated by repeated landings and takeoffs by 
aircraft. This deterioration can be measured in terms of the gradual reduction of the 
friction coefficients developed at the tire-runway contact. The primary action at the 
contact area leading to this deterioration is the continuous polishing of the surface 
aggregates as a result of aircraft operations; large rubber deposits on the runway surface 
can also lead to performance deterioration. In order to properly assess this deterioration, 
it is necessary to monitor and document the runway friction characteristics as a function 
of speed and time. 

The proposed method to accomplish proper runway surface maintenance is shown in 
Fig. 34, and is summarized below. 

(1) Using a suitable ground vehicle, measure the runway surface friction at three speeds. 
(2) Compute the friction-speed gradient at 40 m.p.h, speed, 
(3) Repeat steps l and 2 at a fixed interval, for example, after every six months. 
(4) Plot the friction-speed gradient and the friction coefficient at 40 m.p.h, as a function of 

time. 
(5) Monitor the changes in friction-speed gradient: if the gradient-changes are abnormal, 

decrease the time interval between measurements. 
(6) Continued abnormal gradients will indicate a need for corrective measures to raise the 

friction levels available at the tire-runway contact. 

The corrective measures could include the removal of rubber deposits, resurfacing part 
of the runway, resurfacing the whole runway, reconstruction of the runway, or any 
combination thereof depending upon the severity of the deterioration. In each case, the 
new surface aggregates reflect higher overall texture than before the corrective measures 
were taken. It should be remembered, however, that any of these measures are of little 
consequence in combating hydroplaning or providing the aircraft with any significant 
improvement in braking action on snow and ice covered runways; grooving is still the 
most effective means to help alleviate hydroplaning, and runways must be cleaned of ice 
and snow deposits. Still, the runway surface characteristics must be maintained at 
desirable levels to reduce aircraft overruns or skidding in moderate rainfall conditions. 
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