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NOTATION AND UNITS
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MCL -1

net thrust of turbo-jet or turbo-fan engine
acceleration due to gravity

resultant angular momentum

moments of inertia with respect to x-axis; y-axis, z-axis

products of inertiawith respect to x- and y-axes,
y- and z-axes; z- and x-axes

components of angular momentum of rotating parts of
aircraft or engines about x-axis; y-axis, z-axis

rolling moment
resultant moment
pitching moment
mass

yawing moment

angular velocity components about x-axis (rate of roll);

y-axis (rate of pitch); z-axis (rate of yaw)
resultant external force

ground run distance

time

components of Vi in x-direction; y-direction;
z-direction

air-path velocity (true airspeed or resultant velocity
with respect to air)

engine failure speed

flight path velocity (resultant velocity with respect to
Earth)

lift-off speed

maximum brake energy speed
minimum control speed (in the air)
minimum control speed on the ground

minimum control speeds in landing approach
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Vuu minimum unstick speed

VwLo nose-wheel lift-off speed

Vg rotation speed

Vg stall speed

Veereen screen speed for landing

Vip touch-down speed

Vi wind speed

\ take-off decision speed

Vv, take-off safety speed

XE:YZ: zZ components of R* in x-direction; y-direction;
z-direction

X;V;Z body-axes co-ordinates in x-direction; y-direction;
z-direction

At, , At demonstrated time intervals between successive

v activations of deceleration devices, see Sketch 3.1

Aty e demonstrated engine-failure recognition time, see

Sketch 3.1
2. INTRODUCTION

requirements are included.

The Item has the following detailed objectives.
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of ground performance calculations.
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This Item deals with all aspects of aircraft ground performance and gives a guide to topics which are
common to take-off, accelerate-stop and landing. No particular emphasisis given to the class of aircraft,
powerplant, surface or type of operation. A very wide range of technical and operational aspects of
ground-performance is considered and the implications of the various airworthiness and operating

. To give guidance regarding the forces and momentsto be considered for the widest-possible range

. To provide a common background to the ground-performance aspects of Data Items giving

examples of field-performance calculation methods, as follows.

Data Item No. 87018 (Reference 48), “Example of take-off field length

calculations for a civil transport aeroplane”.

Data Item No. 87037 (Reference 49),

vectored-jet-thrust V/STOL aircraft”.

“Take-off performance of

. To provide numerical information for topics not considered el sewhere in the Performance Series.

. Todirect the user to sources of detailed information rel evant to ground performance givenin ESDU

Performance, Aerodynamics and Wind Engineering Series.
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3. PRACTICAL ASPECTS OF AIRCRAFT GROUND PERFORMANCE CALCULATIONS

The primary objectives of ground-performance calculations are to find the distance and time taken to
accelerate to, or decelerate from, a speed, and to rotate to, or de-rotate from, flight attitudes, for specified
aircraft and powerplant configurations and runway surface and atmospheric conditions. The need to
consider the possibility of engine failure, and other emergencies during take-off or landing, requires
calculation of special cases such as the “accelerate-stop” (or “abandoned”, or “aborted”, or “rejected”
take-off) and investigation of the defining manoeuvres for minimum control speeds.

31 Scheduled Perfor mance Data

Most aspects of take-off and landing performance are governed by the various civil and military
airworthiness requirements and operating regul ations, see References 1 to 10. In civil air transport, theterm
“scheduled performance data” denotes the minimum performance standard to which an aircraft may be
operated. These dataare presented in the aircraft’s” flight manual”, must be used in conjunction with the
appropriate operating regulations and are legally enforceable to extents that differ between countries. If an
aircraft type is certificated in severa countries, the manufacturer may have to provide severa sets of
scheduled data to ensure compliance with the different national airworthiness and operational codes. One
effect of the various codes is to introduce different limitations on the range of design features, assumed
operating techniques and calculation methods for which the manufacturer may be alowed to take
“performance credit” when preparing the scheduled data.

To meet the various certification requirements the aircraft manufacturer must demonstrate the ability to
calculate the actual aircraft performance reliably. Typically, for alarge transport or major combat aircraft,
thisrequiresthe verification by “flight” tests of a detailed mathematical model of all phases of take-off and
landing performance. For this purpose the equation(s) of motion are integrated numerically using
“step-by-step” methods while incorporating the relevant forces and moments in such a way as truly to
represent the approved techniques. Once verified, this model is used to generate scheduled data.

For smaller aircraft, or cases where only limited amounts of scheduled data are required, it may be
acceptable either

0] to conduct tests at or near the extreme operating conditions and weights and use relatively smple
theoretical or parametric methods to “reduce” and interpolate the results, (see Reference 43), or

ESDU Copyright material. For current status contact ESDU.

(i) to test over amore limited range of conditionsthan (i) and use simple but conservative methods to
extrapolate the data to other conditions and weights. '

Hight tests are required to demonstrate and validate al critical aspects of aircraft handling and
controllability associated with take-off and landing but such well-established effects as headwinds and
runway gradients may be determined by calculation alone.

3.2 Calculation of Ground Run in Segments

All but the simplest estimation methods (see References 44 to 46) divide the take-off or landing into
segments, within each of which the aircraft configuration is essentially constant. For each segment the
resultant aircraft acceleration(s) are estimated so that the distance travelled, speed reached and time taken
may be obtained by integration. For some segments, especially those of short duration, mean values based
oninitial and final conditions may suffice. However, when thisis done, the calculated distance isin error
if the actual variation of acceleration in the segment is non-linear; if, in addition, the acceleration is near
zero for part of the segment, this error can become large.

This page Amendment A Documents
3 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 85029 A 2006


http://www.avadocuments.com/doc/esdu-85029-a-2006
http://www.avadocuments.com/doc/esdu-85029-a-2006

ESDU 85029

The beginnings and ends of the various segments correspond closely to the magjor control inputs and
associated speedsand/or themanual or automatic activation of retardation devices. Each such “ event” might
be represented in the cal cul ation method by arealistic timefor pilot reaction or equipment actuation coupl ed
with appropriate rates of change of forces. Alternatively, these times might be used in conjunction with
step changes in the forces, provided the overall effect is conservative. An example of the former approach
isthe modelling of the complete take-off rotation as a single segment. In contrast, the landing de-rotation
and ground run might be represented by segmentsdefined only by thetimesfrom touchdown to deployment
of lift spoilers, effective operation of wheel brakes, etc., with step changes in retarding forces assumed to
act at the ends of each interval or at some agreed, mean times. In the calculation of operational data, time
delays are introduced between successive pilot actions to allow for the range of likely pilot reaction times
to an engine failure or other unscheduled event.

3.3 Speeds Affecting Ground Performance

The usual method of scheduling take-off and landing performanceis to identify to the pilot the (indicated)
airspeeds at which particular actions are taken. The corresponding true speeds must be used in calculations
and in many cases these coincide with changes from one segment to another in the cal culation method. The
various speeds are discussed in Sections 3.3.1t0 3.3.3.

3.3.1 Limiting speedsfor aircraft components and equipment

Operating speed limits on components and equipment (usually maxima, but occasionally minima) affect
the retardation forces available and can limit the scheduled speedsfor aircraft operations. These speedsare
essentially under the control of the aircraft manufacturer.

Tyres:. Anupper limit to true ground speed in any ground operation isimposed by the maximum permitted
tyre speed. Thistyre “critical” speed is established from the tyre manufacturers’ dynamometer tests so as
to avoid tread separation and to permit only brief periods of operation during which tread instability
(standing waves) is present. The speed is associated with the onset of a rapid increase of heat generation
within the tread and carcass.

Brake energy limit: Each brake unit is rated according to the energy it may absorb. Separate ratings are
assigned to cover “normal” (landing) and “maximum” or “rejected take-off” cases and it is usual for the
latter to be associated with some acceptable level of damage — see Reference 101. The total “installed”
brake energy capacity imposes upper limits on the combinations of aircraft mass and brake application
speed or “ maximum brake energy speed”, Vg , (defined in termsof true ground speed). On somemilitary
aircraft this occasionally resultsin asignificant interval between touchdown and brake application, while
for civil aircraft it may impose an upper limit on V, .
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Braketorquelimit: The maximum available brake torque imposes an upper limit on the achievable wheel
braking force — regardless of wheel normal load and tyre-ground coefficient of friction. The lower the
available torque, the higher is the forward speed at which the brakes become “torque limited” during any
braked ground run (see Reference 101).

Power plants: Use of reverse thrust is limited to speeds in excess of that at which exhaust gases and/or
debris are liable to be ingested into the intake — see Section 6.3. Similar considerations apply to the use of
vectored thrust. In addition, for STOL aircraft, any thrust vectoring is likely to be scheduled on a speed
basis to achieve an optimum combination of powerplant and wing lift while minimum-speed restrictions
may be imposed from ground erosion considerations.

This page Amendment A Documents
4 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 85029 A 2006


http://www.avadocuments.com/doc/esdu-85029-a-2006
http://www.avadocuments.com/doc/esdu-85029-a-2006

ESDU 85029

Braking Parachutes. Upper speed limit (equivalent airspeed) is likely from considerations of aircraft
structural damage or controllability or to avoid canopy “squidding” (see Section 7.2). A different
cross-wind limit from that applicable to other operations is likely to apply to landings with a braking
parachute.

3.3.2 Limiting aerodynamic speedsfor take-off and landing

The various airworthiness requirements define speeds which limit the manner in which an aircraft may be
operated in take-off and landing. These speeds are defined in terms of calibrated airspeed and on the basis
of aircraft aerodynamic and control considerations. Tables 13.1 and 13.2 list and define the speeds
appropriate to civil transport aeroplanes (References 1, 2, 5) and describe how they relate to one another —
although many of the terms used have wider applications. The “nose-wheel lift-off speed” isincluded in
Table 13.1 because of its implications for c.g. position. For precise definitions and associated numerical
factors the user should consult References 1 to 9. Some of these speeds are part of the scheduled datain
the aircraft’s flight manual so that values must be presented in a form consistent with the flight-deck
instrumentation, i.e., in the case of a pressure-sensing airspeed indicator, as indicated airspeeds.

333 Optimised speedsfor take-off

Most of the “component and equipment” limiting speeds in Section 3.3.1 are maximum values and |ower
values are used as required. For some of the “limiting aerodynamic” speedsin Table 13.1 thereisaunique
value for a given aircraft configuration, weight and c.g. position. For others a particular value may be the
minimum permissible for the given aircraft configuration, weight and c.g. position and higher values may
be used, particularly in optimising take-off performance — provided that the speed limitsin Section 3.3.1
are not infringed. For example, to maximise aircraft weight for aparticular flap setting and agiven runway
length, it may be advantageous to use an “overspeed” take-off with V,> (VZ)mi ,Soasto satisfy the
take-off climb requirements. Ideally, the optimum is attained with a combination of weight and speeds
(V1 Vg, V,) so that the field length and either obstacle or “WAT" climb limits are just satisfied
concurrently. In practiceit is usual to obtain a close approximation to this.

34 Take-off Ground Run

Thetake-off ground runtraditionally begins at brakes-rel ease or when powerplant thrust exceeds maximum
static braking force. However, for civil-transport operations “rolling starts’ are used extensively —
commencing on the runway or from the adjacent taxi-way. Typically, such take-offs begin at arelatively
low power setting, e.g. afan speed of about 40% of maximum. Devel opment of the expected take-off thrust
must be confirmed subsequently (at between 50 to 80 knots) for the take-off to proceed. Rolling take-offs
offer several benefits— particularly when contrasted with attempts to “ hold maximum thrust on the brakes”
—asfollows,

ESDU Copyright material. For current status contact ESDU.

. avoidance of excessive undercarriage structural loads and airframe flexing (and consequent
passenger discomfort),

. avoidance of engine surge — especially in crosswinds,
. avoidance of engine damage due to ingestion of runway debris,
. avoidance of longitudinal control problems such as nose wheel lift-off at high power settings and

low forward speeds,
. avoidance of directional control problems on wet or contaminated runways, especiadly in

crosswinds.
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Investigations of take-off performance, including effects of thrust build-up, may be required to demonstrate
that the correction for rolling take-offs on achieved take-off performance is small.

The ground run ends when the aircraft lifts off the runway or water surface at V| o, having begun the
take-off rotation afew seconds earlier at the rotation speed, Vi, (see Table 13.1 for speed definitions). For
conventional land planes Vg is chosento satisfy the criterialisted in Table 13.1. Average rotation rates for
large transport aircraft are about 3 deg/s, although higher values are used by some transports, some combat
types and STOL aircraft. Data Item No. 87018 (Reference 48) provides examples of more detailed
pitch-rotation schedules.

The use of excessively high rotation rates can in some instances lead to arisk of ground impact by the aft
end of the aircraft or nacelles or of exceeding the target angle of attack at take-off. The latter effect is
accentuated if there is alarge change in pitching moment between “ground” and “free-air” conditions as,
for example, may occur when vectored thrust is used. High rotation ratesimply large tail plane down loads
and these can lead to excessive peaks in the normal loads imposed on the tyres of the main undercarriage
during rotation.

In the case of a continued take-off following an engine failure at speed Vg, both the loss of thrust and
any consequent increases in drag must be allowed for, see Sections 6.4 and 7. A conservative approach is
to assume that all thrust on the failed engine is lost instantaneously at Vi, dthough other methods may
be acceptable.

For civil transport aircraft a take-off run is defined which, in the specific case where a “clearway” is
availableat and beyond the end of the runway, may determinethe maximum take-off weight for theavail able
runway length. That take-off run is made up of the actual ground run plus halfT the airborne distance from
lift-off to the screen and is factored by 1.15 in the all-engines-operating case. No factor is applied in the
engine-failed case (examples are given in Data Item No. 87018 (Reference 48)).

35 Landing Ground Run

The landing ground run commences at touch-down and includes the subsequent “de-rotation” and
deceleration until the aircraft stops or reaches some arbitrary low speed (Reference 5 quotes 3 kn for
landings on water). For performance calculations the landing impact and absorption of kinetic energy
associated with theaircraft’ svertical velocity isassumed to take place without affecting aircraft retardation.
Table 13.1 includes definitions of the various aerodynamic speeds relevant to landing ground run
calculations. Table 13.6 gives values of touch-down speed relative to screen speed from certification tests.

ESDU Copyright material. For current status contact ESDU.

Section 3.6 discusses decel eration techniques in general terms, while descriptions of the various means of
retardation are given in Sections 6, 7 and 9. References 46 and 47 contain information on the deceleration
levels achieved once “ effective” braking has been established — these data correspond to the flight manual
scheduled performance of a wide range of transport aeroplanes. For the period from main wheels
touch-down until “effective” braking is established, Table 13.4 gives typical values of times taken while
Figure 1 gives guidance on the likely levels of deceleration.

T Reference 6 (now superseded by Reference 5 for new designs) uses a different definition of the scheduled take-off run.
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3.6 Deceleration Techniques

Deceleration techniques during a landing or an accelerate-stop depend on the aircraft characteristics, on
the means of deceleration used and on the friction properties of the runway surface — see References 1to 8
for civil requirements (or Reference 46 for a brief summary). For most aeroplanes, wheel braking is the
most effective means of decel eration and the shortest stopping distances are achieved when as much weight
as possible is transferred to the braked wheels and the brakes applied at the earliest possible moment.
Retardation from wheel brakes depends largely on the normal (to runway) loads carried by the braked
wheels, the available tyre-runway coefficient of friction and the efficiency of the anti-skid system. It may
belimited by the maximum brake torque and further reduced as energy is absorbed. However, even for wet
or icy-runway conditions, wheel braking is usually preferable to the use of maximum aerodynamic drag —
see Section 7. Theretardation produced by aerodynamic drag, including airbrakesand parachutes, decreases
asspeed isreduced and somevariation with speed occurswith all forms of powerplant-generated retardation
forces, see Section 6.

For landing, the use of retardation devices during de-rotation is acceptable, provided the nose wheel can
be lowered in a controlled manner. If this option is not taken up, time must be allowed in calculations for
aircraft de-rotation in addition to the timesfor successive activations of lift spoilers, wheel braking, reverse
thrust etc. — see Table 13.3.

3.6.1 Automatic activation of retardation devices

Modern aeroplanes make considerable use of automatic lift spoilers and/or wheel braking and, to a lesser
extent, of automatic deployment of flapsto afinal high-drag, lift-dump setting so that significant retardation
forces can be achieved prior to nose wheel touch-down.

For landing, these systems may be brought into operation at touch-down by wheel (s) spin up, undercarriage
leg compression, bogie tilt or by combinations of these. During an accelerate-stop the selection of reverse
thrust may al so activate spoilers and/or wheel brakes, although afaster responseislikely if throttle closure
is used for this purpose.

Automatic braking systems usually permit selection either of “maximum braking”, limited only by brake
torque and energy and by anti-skid efficiency, or of lower fixed deceleration levels (the latter may result in
reduced wheel braking effort when reversethrust isapplied). Dataltem No. 92021 (Reference 50) provides
examples of analysis of measured data for fixed auto-brake settings.

ESDU Copyright material. For current status contact ESDU.

37 Accelerate-Stops

Consideration of accelerate-stops is a major part of the preparation of scheduled performance data for
transport and many other types of aircraft. The decision to continue or abandon a take-off is made by the
pilot on the basis of whether or not the aircraft is above or below the scheduled decision speed, V, , when
the reason for having to make the choice is recognised. The scheduled decision speed isapplicableto any
emer gency occurring during the take-off run which could seriously hazard a continued take-off. Different
distances for the accelerate-stop result, depending on whether a powerplant failure occurs or al engines
areoperating throughout. Thetwo casesareconsidered separately in Sections 3.7.1 and 3.7.2; thescheduled
accelerate-stop distanceis alwaysthe greater of thesetwo and isunfactored. For all emergencies V,; must
be greater than V¢ , and lessthan or equal to Vg and Vi, (see Section 3.3.1 and Table 13.1 for speed
definitions).

In scheduling accel erate-stop distances, the airworthiness requirements assume that decisions to abandon
take-offs from speeds approaching V; are very rare (and so the distances may be unfactored). In practice,
stopping performance isvery variable, and there are significant increases in accel erate-stop distanceif the
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need for immediate and full retardation is not appreciated by the pilot(s), or if the acceleration up to that
point has been less than normal, or if the available retardation is reduced, for example, by the state of the
runway.

3.7.1 Accelerate-stop with a single enginefailure

For the case of an accelerate-stop following an enginefailure, values of the decision speed, V, , are defined
on the basisthat apowerplant fails at some lower, engine-failure speed, Ve, and since Vee2Vyce this
further limits the range of possible values of V, . For civil certification of transport aircraft, the precise
relationship between vV, and Vee is determined from “flight” tests as follows,

“V, must not belessthan V- plusthe speed gained during the time interval between the instant
at which the critical engineisfailed, and the instant at which the test pilot recognises and reacts to
the engine failure, as indicated by the pilot’'s application of the first retarding means during
accelerate-stop tests’.

This definition of V; is depicted in the upper portion of Sketch 3.1 which shows the sequence of
“pilot-reaction” times demonstrated in a test where an engine is failed and the take-off abandoned. In
Sketch 3.1 the value of At, . defined by “flight” tests depends on the type of aircraft, the type of failure
and the cues available to the pilot; in practice values of At, . <1 second are unlikely to be acceptable for
certification. This part of the Sketch also includes demonstrated time delays, At and Ataz, between
successive activations of three deceleration devices.

Thelower portion of Sketch 3.1includesthreeexamples, “a’, “b”, “c”, to show how thevaueof V, defined
above may be incorporated into the scheduled flight- manual performance. Examples “a’ and “b” each
include a2 second delay, allocated on the basis of 1 second for each of the measured values Ata and At,
This additional delay is to allow for the spread of reaction times between pilots in actua operatlons |f
appropriate, afurther 1 second delay isadded to the measured value of At,, for each succeeding deceleration
device activated, in excess of three pilot actions. To some extent sequenceﬁ “a and “b” are used
interchangably — although small differences inevitably result in the calculated performance. (For
certification of some older aircraft only the values of At, may have been used and no distinction made
between V; and a Vg .) When a greater margin of conservatism is required in the calculated distances,
this might be introduced by increasing the time allowed for pilot reaction — as illustrated by the further 2
seconds delay in Example“c” in Sketch 3.1.

ESDU Copyright material. For current status contact ESDU.

The event labelled, “activation of first decelerating device” in Sketch 3.1 is likely to be either the cutting
of power on the live engine(s) or the selection of wheel braking. In either case the thrust decay of the live
engine(s) must berealistically modelled in cal culations — see Section 6.4.1. Subsequent actions such asthe
selection of spoilers and reverse thrust depend on the aircraft and the certification requirements used; in
any event the forward speed inevitably rises above V; before retardation is achieved.
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At is the demonstrated time interval between activation of
first and second deceleration devices (Atal)

second and third deceleration devices (Ataz) .

For each additional deceleration device (above three), atime interval equal to the measured At
plus one second must be alowed for flight-manual calculations.

a

Sketch 3.1 Accelerate-stop delay times after enginefailure
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Examples of accelerate-stops following engine failure are shown as the broken lines in Sketches 3.2
and 3.3 (Data Item No. 87018 (Reference 48) gives further examples, in much greater detail). Sketch 3.2
showsthe broad sequence of eventsas plots of runway distancetravelled against aircraft true vel ocity, while
Sketch 3.3 shows the variation of accelerate-stop distances for a range of values of decision speed
(disregarding Vg and Vg limits). In practice both the absolute and relative magnitudes of these
accelerate-stop distances vary considerably depending on:

) aircraft weight,

(i) availability of, and cut-off speed, for reverse thrust,
(iii) runway surface condition,

(iv) availability of other means of retardation.

3.7.2 Accelerate-stop with all engines operating

Consideration of the accel erate-stop with all engines operatingisincluded intheairworthinessrequirements
to take some account of emergencies other than engine failure in determining the minimum acceptable
runway length. From the decision point and speed (again denoted V, ) the sequence of eventsis similar to
that shown in Sketch 3.1 and described in Section 3.7.1, athough with all engines operating the aircraft
accelerates beyond V; to a considerably greater extent than in the engine-failed case. Examples of
accelerate-stop performance with all engines operating are included as the solid lines in Sketches 3.2 and
3.3. (See Data Item No. 87018 (Reference 48) for further examples, in much greater detail).

Asindicated in Section 3.7 adecision to abandon atake-off from speeds approaching V,; must betheresult
of an emergency which could seriously hazard the continued take-off. For the all-engines-operating case
the identification of such emergencies is left to the pilot. (Depending on particular circumstances these
might include tyre failures, loss of forward vision or failure of the aircraft to maintain the configuration
required for safe flight.)

ESDU Copyright material. For current status contact ESDU.
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Sketch 3.2 Relationships between distance and air craft speed for abandoned take-offs
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/
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Accelerate-stop
distance

0 Decision speed

Sketch 3.3 Relationships between decision speed and distances to abandon take-offs
(dry runway, fixed aircraft weight and ambient conditions)
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3.8 Take-Off and Landing Certification on Wet and Contaminated Runways

3.8.1 Wet-runway accountability

No use is made of actua wet or otherwise contaminated runways in performance tests for take-off and
landing certification of civil-transport aeroplanes although various proposal sfor such tests have been made.
See Reference 5 or 6 for details of anow-disused technique for wet-runway testing and associated methods
of scheduling landing and accelerate-stop performance. See References 126, 128 and 130 for examples of
proposals.

Where “wet-runway accountability” is required for landing of current civil-transport aeroplanes, the
scheduled field lengths are calculated in most cases as factored values of measured dry-runway landing
distances (from 50 ft screen), see References 1 to 8 and see Reference 46 for a summary of factors used.

One approach to the calculation of stopping distances on wet runways is to use an assumed relationship
between the effective coefficient of friction in wet and dry conditions, where the effective coefficient of
frictionis:

_ total retarding force on aircraft attributable to braked wheels
Heft total normal load on braked wheels '

In general, this would require tests to establish values of (ueff)wet/(ueff)dry for an aircraft for a range of
runway friction conditions. However, the approach has received a level of acceptance in the certification
of accelerate-stop performance (Reference 5) with tests carried out on dry runways to validate the
manufacturer’'s mathematical model and wet-runway stopping distances calculated with values of
(“eff)wet/(“eff) dry which are agreed with the certification authority. One very simple method uses
(ueff)wet/(ueﬁ)dry = 0.5 dthough a preferable and less arbitrary approach includes the possibility of
reduced values of (“eff)wet/(“eff) dry at high forward speeds.

Another approach (see References 1 and 13) to the certification of accelerate-stop performance in wet
conditions specifies the use of friction data taken from Data Item No. 71026 (Reference 102) combined
with appropriate values of anti-skid system efficiency.

3.8.2 Contaminated runways

ESDU Copyright material. For current status contact ESDU.

In civil aviation a*“contaminated runway” isone that is covered in arelatively deep layer of water, slush,
loose snow, ice or compacted snow.

The direct effects on aircraft performance of such contaminants are as follows.

0) Tyre-generated sprays from water- or slush-covered runways may be ingested by the engines —
with consequent thrust loss or engine failure. Dataltem No. 83042 (Reference 104) gives methods
for predicting such sprays.

(i) Drag forces on tyres due to displacement and/or compression of water, slush or snow, see
Section 9.6.1.

(iii) Drag forces on the airframe due to impingement of water or slush sprays generated by the tyres,
see Section 9.6.2

(>iv) Severely-reduced tyre-runway friction which affects both stopping performance and ground
handling (the latter, especialy, in crosswinds) see sections 9.3 and 9.5.

This page Amendment A Documents
12 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 85029 A 2006


http://www.avadocuments.com/doc/esdu-85029-a-2006
http://www.avadocuments.com/doc/esdu-85029-a-2006

ESDU 85029

While the extent to which the “performance” effects of surface contaminants are considered depends on
the particular certification authority, al aircraft expected to operate in such conditions must undergo tests
to demonstrate the effect, if any, of tyre spray on the powerplants and other critical areas (i.e. item (i)).

To obtain certificationto operate on contaminated runways, Reference 5 requiresthe schedul ed performance
data to take account of the effects of items (i) to (iv) above. If the drag forces identified as items (ii) and
(iii) are not defined by suitable ground-run tests, estimated values may be used but are liable to substantial
factoring. Reference 5 also imposes upper limits on

. contaminant depths for which take-off performance may be scheduled on the basis of estimated
dataonly,
. the extent to which results from tests on water-covered surfaces may be extrapolated to greater

depths of lower-density slush contaminant.

Besides considering the effects of contaminated surfaces on take-off distances, it may be necessary to
provide information on the latest point for a decision to abandon a take-off and the earliest point for a
decision to continue the take-off with one engineinoperative. For example, while Reference 5 allows credit
to be taken for fluid-drag forces during the deceleration in an accel erate-stop, no such credit is allowed in
calculating the scheduled landing performance.

Braking performance on contaminated runways is characterised by relatively low levels of runway
coefficient of friction. In the past an effective coefficient of friction (for an aircraft) of 0.05 was often
assumed. Other default values are given in Reference 5 while the methods of Data Item No. 05011
(Reference 114) are available for more precise systematic estimates.

3.9 Operational Aspects of Aircraft Performance on Wet and Contaminated Runways
Thereiswide recognition of aneed to take more detailed account of adverse runway conditionsin aircraft
ground operations than is implied by the use of the scheduled performance data described in Section 3.8.
However, to take account of “ day-to-day” variationsin conditionsrequiresreasonably reliable methodsfor:

0] determination of actual runway conditions,

(i) transmission of information on runway conditions to the pilot — preferably using a standardised
reporting system,

ESDU Copyright material. For current status contact ESDU.

(iii) interpretation of theinformation on runway conditionsintermsof aircraft performance and/or pilot
actions.

Asin Section 3.8, the discussion is separated into methods applicable to wet runways (water lessthan 3mm
deep) and methods applicable to contaminated runways.
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391 Wetrunways

To accomplish item (i) in Section 3.9, anumber of runway friction measuring devices have been designed
and built; many are described in Reference 11. Unfortunately, for the purposes of item (ii), each device
operateswith its own (usually small, low pressure) tyre and measures runway “friction” in adifferent way
from all the others. Examples of friction parametersJr measured by different machines are

. |locked-whee!l coefficient of friction,

. coefficient of friction at prescribed tyre “dlip” conditions,

. maximum coefficient of friction at optimum tyre “dlip” conditions,

. side force coefficient of friction for free rolling at prescribed tyre yaw angle.

Regarding item (iii) in Section 3.9, numerous tests of the various machines capabilities in predicting
stopping performance of individual aircraft have been reported, see for example the References in
Section 12.7, and further tests are likely. For any one combination of aeroplane, friction measuring device .
and runway, tests frequently show areasonable and direct correlation between aeroplane stopping distance
and the “reading” of the friction device. Difficulties invariably arise, however, when a “universal” and -
direct correlation is sought for a given combination of aeroplane and friction measuring device which is
applicableto al runways.

Operational examples of the use of runway friction measurements as a direct guide to stopping distances
do exist, athough most relate to combat aircraft. For civil-transport operations there is international
agreement only on the use of friction measuring devices to identify the properties of icy runways, see
Reference 11. For wet runway conditions, the operational interpretation of readings of friction measuring
devicesis|eft to the operator together with such advisory information as each manufacturer is prepared to

supply.

A resolution of the difficulties described above is accomplished by the methods of Data Item No. 99015
(Reference 110).

Data Item No. 99015 provides a method for representing — and, if necessary, relating — the braking
performance of aircraft and ground-test machines in wet conditions. The method is essentially statistical
and implies that there is a clearly-defined level of probability that can be deduced from test runs of an
aircraft (or ground-test machine) in a given set of wetness conditions on a particular runway. If the runway
macro-texture depth is known, then the parameter that defines the variation of effective coefficient of
braking frictioninthe given conditions can bereadily calculated from apre-determined Friction Data Base.

ESDU Copyright material. For current status contact ESDU.

If themethod of Dataltem No. 99015 isto be used to rel atethe braking performances of agiven combination
of aircraft and ground-test machine, the procedure is comprised of two distinct phases. The first is the
establishment of separate Friction Data Basesfor the aircraft and for the ground-test machine. The second
is to predict operational braking performance of the aircraft from day-to-day measurements from the
ground-test machine.

Procedures are also given in Reference 110 for interpreting existing Friction Data Bases (summarised in
the Item) for use in predicting performance of aircraft or machines for which no wet-runway test data are
available.

T See Reference 114 for definitions of these terms.
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Examples of the construction of Friction Data Bases are given in a sequence of three further Data Items,
N0s 99016, 99017, 00018 (References 111, 112, 113). Thefirst example, for aBoeing 727-100QC aircraft,
givenin Dataltem No. 99016, considers a case where an extensive set of test datais available. The second
example, in Dataltem No. 99017, isfor an aircraft where only alimited set of dataisavailable. Inthethird
example (Dataltem No. 00018) very extensive sets of datafor aground-test machine are analysed. Because
of theavailability of so much data, including caseswhere the machine was operated in “ sel f-wetting mode”,
it is possible to show the effects on the derived Friction Data Bases of tests conducted in more and less
extensive ranges of runway wetness conditions.

3.9.2 Contaminated runways

For contaminated runways the use of ground-test machines has been restricted to identifying the friction
properties of runways covered in ice or compacted snow. More extensive use of ground-test machines on
such surfaces implies the need to identify separately the effects of:

. tyre-runway friction,
. contaminant drag.

Data Item No. 05011 (Reference 114) provides a, “ Comprehensive method for modelling performance of
aircraft type tyresrolling or braking on runways contaminated with water, slush, snow, ice”.

The simplest application of the model isto provide values of tyre braking and drag forces for inclusionin
aircraft performance calculations. (It has been established already that the model performsin amanner that
is consistent with currently-accepted methods used by manufacturers.)

However, the reliable use of such performance data (for take-off, accelerate-stop and landing distances)
depends on aircraft and airport operators having up-to-date information on runway conditions (i.e. runway
texture and contaminant type, depth and relative density). In many cases these data are not available and it
becomes necessary to make conservative assessments of the runway state so as to ensure safe operations.
If ground-test machines become available which can identify the separate effects of tyre-runway-friction
and contaminant drag, then adifferent situation arises. The model of Item No. 05011 can then be combined
with ground-test machine measurements made on the operational runway to permit reliable calculations
of aircraft performance for those runway conditions.

3.10 Other Operational Factors Affecting Ground Performance

ESDU Copyright material. For current status contact ESDU.

Other factors directly affecting ground performance, which are taken into account in the scheduled data,
are head and tail winds and runway gradient. Simple methods of adjusting distancesfor both of these effects
aregivenin ltem Nos EG 5/1 and RG 2/1 (References 41 and 43). For winds, credit is allowed for only 50
per cent of the reported head wind, whereas 150 per cent of any reported tail-wind component must be
assumed.

When the runway length for landing is clearly not critical, the amount of tyre and brake wear may be an
economic factor to be considered. Delayed brake action, reduced brake effort, or the use of reverse thrust
instead of wheel brakes might be considered in such cases. Although unlikely to be acceptabl e practice for
civil-transport operations, a prolonged “flare” before touchdown and/or high angle of attack during the
ground run might be used to reduce the |oads on and wear of tyres and brakes while providing arelatively
high level of aerodynamic drag. See Section 7.1 regarding the levels of deceleration and possible control
difficulties associated with such techniques.
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