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Abstract

Landingexcursionaccidents have become a major concern over recerdetecagarding airline and
airport safety.Available runway friction has a significant impact on aircraft landing performance.
This is especially noted when aircraft are landing on wet or otherwise contaminated runways due to
the reduced braking action, whi has been well documented since the dawn of the jet aircraft age.
The objective of this thesis is to develop a tooh#dp make recommendations for airports that are

subjected to diverse weather conditions.

I n order t o mo d e | a rerformancec a ankchabistmpirieah dircraft andi n g
deceleration equationasdevelopedThis equation contains all of the major forces that contribute to
aircraft braking, ands calibrated and validated using digital flight data from dry runway aircraft
landings. Digital flight data from a Boeing 73700, runway pavement condition monitoring data, and

weather datavascollected Finally,a Boeing 737700 case studyasconducted.

As a result, it is able to back calculdéite brakingfriction coefficientfrom the developed equation
and evaluate the impact of waend contaminatedunways on aircraft brakingerformanceA study
of a Boeing 737700 aircraft landingperformanceon runways under different conditionsas
conducted

A mechanistieempiricallanding distance model is establishiemsed on thenechanistieempirical
deceleration equatioim order toaccurately calculate the required landing distaki¢eendeveloping
the landing distance model, the following characteristics are considered: pilogséttiA, spoiler
position, andlap positionconfiguration$, aircraft operational characteristics (touchdown speed and
weight), therunwayfriction condition, and aircrafbraking systencharacteristicsA Boeing 737700
real data case studyasconductd and a comparisowas made with the Boeing 737 Quick Reference
Handbook reference landing distance. The results indicate the model offers an accurate prediction of

aircraft landing distance.

Finally, future applications of this thesis airtroduced The potential ofthe development of a
runway assessment, evaluation, and reporting framewas{roposed. Opportunities of applying
this thesis inon-board landing distance calculatiaqyick exit taxiway design and airport operation
optimization and fuel consumption reductiomnvere presented. Moreoveré development othe

Braking Availability Testervas discussed.
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Chapter 1

l ntroducti on

1.1 Background
On April 12, 2007, a Pinnacle Airlines flight Bombardier/Canadair Regional Jet (CRJ) QBA®0

ran off the runway at Cherry Capital Airpoduring its landing. As a consequence, the forward lower
fuselage, including the nose gear well argas substardily damagedNTSB, 2008) According to

the National Transportation Safety Board (NTSB), the probable contribiatitgr to this accident
was inefficient braking actiordue toa contaminagd runway andthe deteriorating wether (NTSB,
2008) The accidentdemonstrates the significance afnway braking performance analysis and

predictionespecially under severe runway conditions

On December 8, 2005, a Southwest Airline Boeing-784 slid off the runway at the Chicago
Midway Airport during its landing in a snowstorm. The aircraft mto an offairport street after it
rolled through a blast fence and an airport perimeter f@NE&B, 2007) Finally, it stopped after
hitting two carswhich resulted in a child being kille®Dne passenger in the vehicle was sdyere
injured and three passengers in the vehicle along with 103 airplane occupenting 2 pilots
received minor injuries. In addition the airplane received considerable dam@yéSB, 2007)
AccordingtoNTSBd s i nvestigat i on reasons® thi:accidentvas thatbenot r i but i
board performance computer provided little safety margin for theéingndistance. Theccident
reportalso indicatd that the accident couldave beerprevented if the pilothad used maximum
reverse thrust properly after touchdown amehtinuedusingthe maximum reverse setting untte
aircraftreached a full stofNTSB, 2007) The accident anthe investigation indicate that\ariety of
factors that affect aircraft stopping capability should be considered during landing distance prediction

including everse thrust configurations.

fiA runway excursion occurs when an aircraft on the runway surface leaves the end (overrun) or the
side (veetoff) of the runway surface. Runway excursions can occur on takeoff or lafidangsport
Canada, 2012) Rurway excursiorhas remainedhe mostcommonaccident/incident in the pafgw
years.Figure 1.1 shows the percentage of runway excursion accid@ftall accidents according to
International Air Transport Association (IATA). It indicates runway excursions contributearly a
quarterof all the accidents and no trends show an obvious dec(g®EA, 2009; IATA, 2011;
IATA, 2012a; IATA, 2012b)In addition,from 1998 to 2007, over hatif the accidents, a third dfie

1



fatal accidents, and nearly a quarteabthe fatalities happened the aircraft landing phasevhich
takes approximatelgnly 4% of the entire flight timen average(Xiaoyan, 2009) Landing overrun
happens Wwen an aircraftcannot stop before it raches the end of the runway during landing
(Transport Canada, 2012}t should be note that landing overrun dee of the most frequen
accident/inciden{Pasindu, Fwa, & Ong, 2011)he best way to prevent landing overrun ipétter
understand aircraft braking performance aedurately calculate landing distanegjich are very
significance for airport operators and airline pilots.

Runway Excursion Accidents
30% ~

25% - 28 — A

0,
20% - 21% 26% 25% 25%

15% - 18%
10% -

5% -

0%

2012 2011 2010 2009 2008 2007
Year

Runway Excursion Accident Percentage

Figure 1.1 Runway Excursion Accidents

The digital flight data and runway condition monitorit@taprovide the opportunity to analyze the
reaktime performance of an aircraftringlanding. With the helpfessuch data, innovative modeling,
which incorporates a variety of factors, should be conducted to havedaptiminsight into aircraft

landing performance.

1.2 Scopes and Objectives

During aircraft landing, there are three portions: approach, flare, akihpr Approach distance

starts from the runway threshold to the place where the initiation of flare happens; flare distance is the
distance the aircraft travels during its flare segment; and braking distance is the drstaiczaft

travels fromwhenthe braking applications appliedto the place wherthea i r cr aft 6s speed r e

a certain value to ensueesafeturnoff (Warren, Wahi, Amberg, Straub, & Attri, 1974Braking

2



distance is the essential component of the entire landing distance among these three landing segments
(Pasindu et al., 2018nd it also has the largest variance with different runway conditions. Therefore,

this researh will focus on modeling and anaing aircraft braking on runway pavemeninder

different conditions. The applicable airport runways of this research include all classes of civil or
non-military airport runway, including international, regional, andaloairports, with asphalor

concrete runway pavements.

The objectives of this thesis are:

1 Study aircraft landing performance and build a mechanistipirical (M-E) aircraft
deceleratiorequation

1 Analyzerunway pavement brakingerformanceespecialf wet and contaminated runway

pavement braking actignbased on the calibrated aircraft landaegeleration equation

1 Develop alanding distance model which can provide an accurate prediction of aircraft
landing distance under differeninway conditiors to help airlines and airport operators
mitigate the risk of runway overrpyand

1 Proposduture potentialapplicationsof the M-E aircraftdeceleratiorequationsand theM-

E landing distance modéd the aviation industry

1.3 Methodology

The overalimethodology of this thesis is shown Figurel.2. First, aliteraturereviewwasconducted
to identify aircraft landing distance influence factors. Based on airenading distance influence
factors, aM-E aircraft deceleratiorequationwas built. This equation contains all of the essential
contributing forces during aircraft brakirgnd was calibrated using digital flight data from dry
runway aircraft landingsWith the help of thisequation evaluationof the impact ofwet and
contaminatedunways on aircraft brakingegardingbraking actios andlimitations, was conducted.
Based orthe calibrated deceleration equatiand aircraftbraking system characteristias,landing
distance modelwas developed This researchwas conducted bythe University of Waterloo
collaboraing with WestJet Airline, Waterloo International Airport, and TeBagle. Digital flight
data providedby a WestJet Boeing 73700, runway pavementondition monitoring data from
Waterloo International Airport, and weather data frahe University Weather Station and

Environment Canadwere collectedfor this researchFinally, future applicationsgonclusionsand

3



recommendatianregardingrunway condition assessment and reportirege providedbased on all

the research findings.

Identification of
Influence Factors

Digital Flight Data Weather Data

L‘ Deceleration ‘J

Equations

Wet & Contaminated Runway

Braking Performance
Runway Pavement Braking System
Friction Condition Characteristics
\_‘ Landing Distance ‘J
Model
Future Applications

!

Conclusions & Recommendations

Figure 1.2 ResearchMethodology

1.4 Organization of This Thesis
This thesis consists of seven chapters, along wighréis equationand tables demonstrating the data

and supportingheinformation.

Chapterl provides an ouwiew of the entire research including a briefclground, scope and

objectives, the overall methodology, and the organization of the thesis.



Chaper 2 presents the literature review of this reseaactu identifies the room for further

improvement

Chapter3 presents thé-E aircraft deceleratioequationincluding thedevelopmentand a Boeing
737-700 case study.

Chapterd discussesircraft brakingoerformanceinderwet andcontaminatedunwayconditions.

Chapter5 presentghe M-E landing distancenodelincluding theestablishment of the modahd a

Boeing 737700 case study.
Chapter6 discusses the potential applications ofreshods developed in this thesis

Chapter7 concludes current findingsjghlights the major contributions of this reseanoiovides

some recommendations based on the research results, and discusses future work.



Chapter 2

Literature Review

In order toobtain acomprehensiveinderstanding cdirport runwaybraking performance, reviesof
aircraft landing performance influence factorpavement surface parameterset runways,
contaminated runwaysand aircraft landing distance calculations are conducted in ¢hagpter.
Furthermore, this chapter also provides a summacyiwéntfindings and the main gaps.

2.1 Landing Performance Influence Factors

There is avariety of influence factorswhich haveimpacs on aircraft landing performance. In order

to identify theinfluence factors, it is importanio have an understanding of a good landing
According to Van ES2005) a good landing has a stable approach in term of passing runway
threshold at proper speed and heighfter approach, the aircraft starts a flare without aayid
movements and ends by a positive touchdown without any floating. Braking actions including
aerodynamic braking (spoilers, flaps, and reverse thrust if applicabléy apmediately after
touchdavn and remain stabl@/an Es, 2005)During this processhe major landing performance
influence factordrom a civil engineering perspectiwge pavement surfaceharacteristics, aircraft
characteristics(influenced by aircraft tire type, inflation pressureakimg system, operation

characteristigsetc), environmerdl factors, and drivingpehavia of the pilots.
2.2 Pavement Surface Characteristics

2.2.1 Friction and Pavement Textures

Pavemenfriction is one ofthe most important pavement characteristidsich is related to pavement
surface texturd&i Pavement surface texture is defined as the
true planar surfacéHall et al., 2009) 8ased on the wavelength, the surface texture of a pavement

can be categorized into three levels:
1 Micro-texture (Wavelength<0.02 in);
1 Macrotexture (Wavelength=0.02 to 2 in);
1 Megatexture (Wavelength=2 to 20 irgnd

Wavelengths longer than 20 in arfided as roughness or unevenngs! et al., 2009)
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Friction is mainly provided by micreexture and macrtexture, whichcontributeto the adhesion
friction andthe hysteresis frictiorfHall et al., 2009)The microtexture is influenced by the aggregate
mineralogy, the interactiowith traffic and surrounding environmerdand the pavement conditions
(TAC, 2013) If the speed of theassingvehicle is low, the friction between the tires and the
pavement surface is mainly produced by mimxture.However,as the speethcreasesthe macre
texture contributes more to frictias well asvater drainagéHall et al.,2009)

2.2.2 Pavement Friction

Pavementfriction evaluationor skid-resistantevaluationis often thought of primarily asafety
insuranceregardingairport pavemenmanagement and safe operatioltsis necessary to assess a
current e xi sskidresigtanpagpabibtynd operétisg aircrafwith a variety of weight
andaerodynamic performance&his is especially needfor runways with severaeather condions

The friction evaluation of airport pavemenis also a significant part oén airport pavement
management system. With the help fo€tion evaluation for an existing pavement, decisions of
maintenancer rehabilitationcan be made. A laif research has been done by different agencies and
governmentsPavementevaluation methods dfransportCanadafederal Aviation Administration
(FAA), andinternational Civil Aviation Organization (ICAQjyre introduced.

Transport Canada
All airports in Canada serving turbogtcrafts are required to take friction measurembatausef
the hgh speed and weight landin@Bransport Canada, 2004)he Surface Friction Test¢BFT)is
selected as the standard friction measuring device determining the standard runway coefficient of
friction. Friction meauring resuli from continuous friction measuringquipment (CFMEpther than
SFTare required to be correlateddomparableesultsobtainedfrom SFT. The correlation should be
doneby theowners or operatas of the norstandard friction deviee The frequency and timing of
friction measurementshould provide reliable information to take associated action specifieabie
2-1 andshould be determined by the @ort operatorsTable2-1 is made based o4 of TP312 4th
Edition, and all theCoefficient of Friction (COF)s based on the results fromS&T. Transport
Canadaaerodrome safety circulaitso provides the situation when the frequesicouldbe increasd
and the testonditions(Transport Canada, 2004)

The aerodrome safety circulg2004) also demonstratesin example ofriction testingusing an

alternative deviao@ the GripTester. The GripTester is a lightweight trailer device. It can be carried by
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passenger vehicles with a water supply tank, beaafuiserelatively lightweight and small sizéAn
equation is built to correlate the GripTester resultSEd results. The correlation is identified by a

series of parallel testonducted byoth GripTester and SKHTransport Canada, 2004)

Table 2-1 Transport Canada Airfield Pavement Runway Friction Standards(Transport
Canada, 2004)

Corrective ActionTo Restore Coefficient of Friction (COF) Numbess Measured
Runway Surfacé&riction With aSurface Friction Tester

When The "Runway Average COE'Less Than

Shall Be Planned 0.60

Shall Be Taken 0.50
When A "Runway 100 Metre Section Averag®F"
Is Less Than

Shall BePlanned 0.50 (Treaded Tire)

0.40 (Smooth Tire)

Shall Be Taken 0.30

Federal Aviation Administration

TheFAA has developed an advisory circular, A80-532012c, forairport pavement surface friction
measurement, construction, and maintenalcehe circular, it defines the minimum friction survey
frequency with a tablevhich is developed based éan average mix of turbojet aircraft operating on
any particular runwag (FAA, 1997) According to the number didaly minimum turbojet aircraft
landings per runway efdthe minimum frequency can be as high as once per week, and can be as
low as yearl(FAA, 1997) It should be noted that the frequency should be asjulshecessary due

to the accumulated operat®ito ensure the airport operators have enough information to detect
unsafe friction conditiom and take correcte actions.Furthermore an outline of survey without
CFME is provided bythe FAA. It points out that visual inspetions are important to identify
pavement drainage conditgngroove deteriorati‘d) and structural deficiencieSThe advisory

circular also recommends visual checks and friction surdesiag rainfals (FAA, 1997)



The FAA developed a table of the standard friction values baseNational Aeronautics and
Space AdministratiofNASA)6 s  Wa | | Table 2@ definesRreelirde Istantdayd.friction

values: minimum operation friction coefficient, maintenance planning friction coefficient, and new

ops

designed or constructed friction coefficiemifferent friction values measured bgifferent FAA
qualified CFME at the speed of 40 dr60 mph (65 and 95 km/Hdr the three standard level are
provided inTable2-2 (FAA, 1997)

Table 2-2 Friction Level Classification for Runway Pavement Surface$FAA, 1997)

40 mph 60 mph
Minimum | Maintenance New Minimum | Maintenance New
Planning Design/ Planning Designy/
Construction Construction

Mu Meter A2 52 .72 .26 .38 .66

Dynatest Consulting, Inc. .50 .60 .82 41 .54 T2
Runway Friction Tester

Airport Equipment Co. S0 .60 .82 .34 A7 .74

Skiddometer

Aurport Surface Friction Tester 50 60 82 34 A7 .74

Aurport Technology USA .50 .60 .82 .34 A7 .74
Safegate Friction Tester

Findlay. Irvine. Ltd. Griptester 43 53 74 24 36 64

Friction Meter
Tatra Friction Tester A8 57 76 42 57 .67
Norsemeter RUNAR AS 52 .69 32 42 .63
(operated at fixed 16% slip)

International Civil Aviation Organization

ICAO Airport Services Manual Part 2 stipulates that the friction valuesildhbe measured and
reported(ICAQO, 2002) According to the recommendationsIGRO, existing runway, new designed
runways and overlay runwag/should be tested by CFME, not only for the sake of consistency of all
airportss, but also for faciliy comparison. ICAO recommendsx friction testers: Mumeter Trailer,
Skiddometer Trailer, Surface Friction Tester Vehicle, Runway Friction Tester Vehicle, TATRA
Friction Tester Vehicle, and Griptester Trai(lZAO, 2002) Similarly to FAA, ICAO defined three
friction levels: a design leyea maintenance friction leyehnda minimum friction level. A design

level is the minimum friction a new constructed or resurfaced airport runway should have; a
maintenance friction level is the boundary of whether maintenance should be done, and a minimum

friction level is the minimum operating friction conditiofhe tests are also under the same speeds as
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FAA regulatiors (65km/h and 95km/h)The associated inforation is shown inTable 2-3. The
manual also poistout that the friction condition varies due to the frequency of opesaiwth rubber

deposits, so the entire lengihtherunway should be measurd@AO, 2002)

Table 2-3 Runway Surface Condition LevelgICAO, 2002)

Test tire Design
Test water objective Maintenance Minimum
Pressure  Test speed depth for new planning friction
Test equipment Type (kPa) (km/h) (mm) surface level level
(1) 2) (3) (4) 5) (6) (7)

Mu-meter Trailer A 70 65 1.0 0.72 0.52 042
A 70 95 1.0 0.66 038 0.26

Skiddometer Trailer B 210 65 1.0 0.82 0.60 0.50
B 210 95 1.0 0.74 0.47 034

Surface Friction B 2 65 1.0 0.82 0.60 0.50
Tester Vehicle B 210 95 1.0 0.74 0.47 034
Runway Friction B 2 65 1.0 0.832 0.60 0.50
Tester Vehicle B 210 95 1.0 0.74 0.54 041
TATRA Friction B 210 65 1.0 0.76 0.57 048
Tester Vehicle B 210 95 1.0 0.67 0.52 042
RUNAR B 210 65 1.0 0.69 0.52 045
Trailer B 210 95 1.0 0.63 0.42 0.32
GRIPTESTER (& 140 65 1.0 0.74 0.53 043
Trailer C 140 95 1.0 0.64 0.36 0.24

It should be noted thdahe FAA and ICAO have similar regulations about runway friction levels.
Friction values are all providedith the given speed antype ofthe testingdevice. This is likely
caused by thdact that under different spegdthe friction valuesare differentand he different
CFMEs have different testing resultor the same condition, the higher the speed is, therltve
friction test results are. In additiomhent he speed i ncreases, the wvari a

resultsincreases

2.2.3 Airport Pavement Condition Reporting

In order to provide reliable and consistamfporting of aircraft runway pavemerd, uniform
description of runway conditi@has been developed in terms of estimated braking actions. Three
levels are introduced good, medium, and poor. Iheuld be noted that, if good braking action is

reported with the preseaof snow or ice, the runway is not expected to be the same condition as a
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clean dryrunway; however the runway surface should still provide enough friction for braking and
directiona control (ICAO, 2004)

Transport Canada requires airports in Canadich operateturbojet-powered or turbgropeller
powered aircraftsto report a Canadian Runway Friction Index (CREIRFI will be discussedater

in this chapte(Transport Canada, 2014a)

Runways can be categorized by its surface condition as Tellfollowing definitions are given
by Transportation Canaq@rangort Canada, 1999a)

f Contaminated Runway: AA contaminated runwa
compacted snow, ice or frost covering more than 25% of the required length and width of

its surface. o

T Dry Runway: AA dry runway aite drdeidt her O6wet 6 |
T Wet Runway: iA wet runway is covered with
reflective, but is not O6contaminatedo6. 0

2.3 Wet Runways

Studies orwet runwayhave been conducted sinttee 1960s. Walter B. Hme (1975) studied the
influencethatatmosphes, pavement, tire, aircraft, and pilot paramst@mbination have on aircraft
stopping control under wet runway pavement conditions. He pointed out that the available tire/ground
friction coefficientis the major factor that influences the stopping and directional control albHigy.
available tire/ground friction coefficient &sresult of the combination of the depth of water presant
the runway and the aircraft ground speed. He also pointethaitfor a wet runway, good runway
interfacial drainage ability will result in an available tgeund friction coefficient approaching that
of a dry runway. Howevehigh rainfall rate and/opoorrunway interfacial drainage ability will result
in a drastic drop in available tirground friction coefficient, especially when the aircraft is travelling
at a high ground speed. The study alszussedhydroplaning and its influence factors, which will be
discuss late in this chapt@orne, 1975)

Transport Canada developed a report whicheditn summarize wet runway friction background
information and the assessment of aircraft operations on wet rurf@aysgort, 2001) The report
points out that factors, such as speed, slip ratio, hydroplamiegrrences water film depth,

pavement texture, tire pressurand thepresence of contaminantaffect wet runway friction.
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Comfort (2001) had the same theory &forne (1975) He states that available tiggound friction
coefficient is the key factor that influercaircraft wet runway pavement performance, and the

coefficient is determined by thhanway water depth and tigavement drainage capability.

Since both studies have similar result, it is necessary to discuss all factors t@ethfart, 2001,
Horne, 1975; Yagr, 1983) As a result Figure 2.1 presents a summary &ctors affecting aircraft

wet runway performance

ATMOSPHERIC AIRCRAFT:
fRainfall Rate fAerodynamics
TWind 1 Engine Thrust |
»Velocity fBrake Systm
» Direction flLanding Gear
Runway Water
RUNWAY SURFACE Depth
fSlope
»Transverse
»Longitudinal

fIMacrotexture .
Available Tire / Aircraft Wet
Pavement Friction Runway
AIRCRAFT TIRE Coefficient Performance

fiGround Speed
T Inflation pressure

Tread

»Design

»Wear Tire / Pavement

Drainage —
Capability PILOT:
RUNWAY SURFACE: 1 Technique

fiMacrotexture fControl Inputs ||
Micro-texture »Braking

»Steering

Figure 2.1 Factors Affecting Aircraft Wet Runway Performance (Comfort, 2001)

A study of SFTtest resuli over timewas also conducted by Comf@2001) The long term friction
observation indicates that the friction value decrsaser time. In addition, it is found that the
runway averagefriction coefficient and the low 100m section friction coefficient for large
international airports are lower than that for smaller airports. The possible reason for thishfaict is
the large airports havemore air traffic, which will result in a loss of texture, rubber deposits, and
engine byproducts deposits. Studies on short &irgort runwayfriction coefficient changesvere
conductedas well which pointed out that friction coefficientan be greatly variable in a short time.
Studies found that aainfall can wash up thaccumulateccontaminants and dusin the runway
(Transport Canada, 1989)he washing will result in an increase in frictiealue after the rainfall
and this increase can be up to 0.25. However, it should be noted that during the raifffigliche

coefficient will still decrease because of the wet conditiand the biggest drop in friction might
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happen at the beginning tife rainfall if contaminants are built up on the runway sur{@mnfort,
2001) Due to the variance in friction over time, réiahe runway friction condition should be

provided to the pilots to ensure safecrdt ground operatios

2.3.1 Wet Runway Braking
Theimpacs of pavement texture on wet runway braking baeén conduedin the 196G by NASA

(Leland, Yager, & Joyner, 196&nd antiskid braking system and aircraft titeead wear were also
studied by NASA in 1960s to 197(seland, 1965; Tanner & Stubbs, 1977)

The study byLeland et al.(1968) pointed out that a reliable runway might provide insufficient
friction for a landing when the runway surface is damp or flooded with water even if the runway can
satisfy aircraft landing conditienwhen it is dy. Several influencdactors play important rols in
aircraft braking performance including the ground spdieeltire tread pattern type the inflation
pressurethewater depth, antherunway surface texture. Tests were doneliffierentrunways from
smooth surface to rohgurface usinghreedifferentkinds ofaircraft tires withdifferenttreads. The
resultsindicatedthat four kinds of pavement: smooth concrete, textured concrete,-aggkgate
asphalt, and large aggregated asphalt surfaces pavemensiimiiee brakng friction coefficiens
when the surface is dryrhe damp surfacewere created by wetting the pavement with water and
then removed all the standing water. With the preseh water, braking friction coefficients vary
largely between different runway rfaces. Results shad that for the two asphalt pavemsnt
approximately 25%lrop in friction occurs; texture concrete pavement haleegerdrop up to 50%;
and there is a vast drop for smooth concrete pavement which results in a very poor braking friction
coefficient lower than 0.1.Flooded runways (runways with a water depth of 0.25mm to 0.51mm)
tesk also illustrated that different pavemeinsurface have different results under the same wet
condition For largeaggregate asphafturface,the standing water caused greagst decreasen
friction. All the test speetiwereunder the hydroplaning speesb it is assumed that hydroplaning did
nat occur All results indicate that the braking friction coefficient decreases with the increasieeof

groundspeedLeland et al., 1968)

2.3.2 Hydroplaning

When a water film presesnbn the runway pavement surfaemd a rolling tire passes along the water
film, the tire squeezes the water. Thater film generated hydrodynamiift forcesbecause of the

squeezing. When the speed researches a critical speddditeelynamicforce lifts the aircraft and
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separatethe tire from the ground surfacEhere arewo types of hydroplaningjiscous hydroplaning

anddynamic hydroplaningvan Es, 2001)

NASA Technical Note written by Walter Horne and Robert Dreber in {8#ne & Dreher,
1963) investigated pneumatic tire hydroplaning. It indicates that the minimum hydroplaning speed
(Vpp is mainly affected by t hdistalsevemlrothdr fadioss, suchr e i nf |
aslanding-gear wheel arrangement, vertical load, and pavement surface characteosteger they
all have negligible affectsA hydroplaning speed equatias developed as the result of the study
which is given as Equatiqi2-1) (Horne & Dreher, 1963)

® wn (2-1)
where:w is the hydroplaning speed in knots, gmé the tire inflation pressure ipsi (Horne &
Dreher, 1963)

With the research of hydroplaningent deeper, a study at the National Aerospace Laboratory
(NLR) in the Netherlands, undertaken ¥an Es(2001) pointd out that modern tires have lower
hydroplaning speeds than previously assumed.sTindy focuses on different types of aircraft tires
and compares the predicted hydroplaning speed with the NASA equation, and then provides a
modified hydroplaning speed equation for modararafttire (Van Es, 2001)

® ¢ A (2-2)
where:w is the hydroplaning speed in knots, gmnés the tire inflation pressure ipsi (Van Es,
2001)

2.4 Contaminated Runways

Operathgon contaminated runways iis a <critical saf ety
Munich Disasted in 1958, which is regarded as the first major accident related to runway
contaminats, its safety concenvasrealized. Since themesearch on contaminated runways has been

conducted andhas continuedAlthough a vastamountof researchhas been done and published,

contaminated runway accident/incident is still one of thest frequent air transportation
accident/incidentausegVan Es, Roelen, Kruijsen, & Giesberts, 2001 generalthe presece of

contaminatswill reduce runway friction conditiarFurthermore, ifferent types of contaminants will

have different impact on runway friction, and will be discussed kateording toCRFI in this

chapter.
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2.4.1 Contaminated Runway Braking

Klein-Paste(2012) studied commerciadircraft braking performance during winter operasoon
contaminated runwaysn his study, data from 2428 landings at two airports in Noaw during
winter of 2008 to 201@vascollected for analysis. TH&oeing Airplane Braking Performance Model
is used to calculate trarcraftbraking coefficient. Among abhf the landings, 885 landings are found
with limited stopping capability, which occupies 3.6% of all the observed ddlein-Pastealso
studial the relationship between airplane brakingfficient and a variety of factors includirige
type of contaminantsthe depth of contaminantsthe spatial coverageand the temperature At
TromsgAirport, 67%of all thelandings wereoperated under contaminated rungand a significant
high percenage (21.1%) of friction limited landings occurred The possible reason for this high
percentage is that aggressive brakings used due to the runway length. Findingegarding
commercial airplanes brakingpefficientsof this research are summarized alidws (Klein-Paste et
al., 2012)

1 With the same or similar reported contaminated conditithe aircraft braking coefficient
can bedramati@lly variable. It is likely because the reported contaminatediitions only
reflectthe contaminated type, depth asphtial coverageébut many othefactorsalsoaffect
aircraft braking performance.

1 Although a great variability exists, aircraft braking coefficient siipends orhe type of
contaminats and thespatial coverage In general, runways with dry snow have a greater

braking coefficient than wet snow.

1 No significant correlaton is found betweerthe runway temperature anthe average

aircraft braking coefficient

2.4.2 Canadian Runway Friction Index

In order to have a betteindestanding of runway friction and establigliniversal means afefining
runway friction, alointWinter RunwayFriction Measurement Program (JWRFMF3s conditioned.
Transport Canada and NAStarted JWRFMP in 1995 with tloeopeationof other North American

and European organizations. An International Runway Friction Index (IRFI) was developed with the
help of theAmerican Society for Testing and Materials (AST{lljansport Canada, 1999b)

CRFlis developed undePWWRFMP to expend the application of runway friction index in terms of

aircraft landing distance predictioBefore the development of CRFI, James Brake Index (JBI) was
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used in Canada which is based the James Brake Decelerotee (JBD). In order to address the
problems of the JBI, CRFI was developed and applied in Ca@Rial is an index that refracts a
runwayodés friction condition. A seri gauesantlaret abl es
used by Canadian airgerto calculatethe required landing distanc€Croll, Bastuan, Martin, &

Carson, 2002)

A total of eight aircraftin six different types including BRC Falcon 20NASA B737 and B757,
FAA and First AirB727, deHavillad and Nav Canada Dash &d a Fairchild Dornier DU328
turboprop were used to collecbraking data. Two hundreds seventy fivall braking test are
conducted on runways with more thad contaminated conditions. With the testing data, a study of
aircraftlanding distance prediction has been conductedCiigl Tables of Recommended Landing
Distancewere develope@Croll et al., 2002)

To measure CRFI, a decelerometer is mounted in a test vereelsuing decelerating forcevith
brake applied. The results of the decelerometer are evaluated from Duary testing, the brakes
on the testing vehicle are applied at 300m (1006f6rvals alonghe runway centreline with 10m
(30ft). The reason why testirng carried out at these location is that most of the aircrafts are operating
at ths given location. After the testing, an average number of testingsésuéiported as the CRFI.
When CRFI equals to 1, it means the runway draequivalenttheoreticalmaximum decelerating
capability as a dry runway, and 0 means the runwag &a extremby slippery surface for
decelerating. A CRFI of 0.8 or above is expected for a bare and dry rufiadg2-4 andTable2-5
are CRFI Tables of Recommended Landing Distapoavided by Transport Canadaéable 2-4 is
referred as CRFTable 1, and’able2-5is referred as CRHIable 2(Transport Canada, 2014b)

CRFI recommended landing distandebles for reverse thrust landing and no reverse thrust
landing are developed based on a 95 percent confidence level. It means that for 20 landings, 19
landing will be properly opated by using theecommended landing distandeblesconservatively
(Transport Canada, 2014b)

It should be noted that the recommended landing distance provideably?2-4 andTable2-5 is
the landing distance from approauipwith standard pilot techniqué$ransport Canada, 2014bGhe
recommended | andi n @ stabilized approach atiVisingbaaylgdesikbpe ofr8°tof
50ft or lower, a firm touchdown, minimum delay to nose lowering, minimum delay time to
deploymenm of ground lift dump devices and application of brakeddiscing and/or reverse thryst

and sustained maximum antiskid braking until stopfdednsport Canada, 2014b)
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Table 2-4 CRFI Table 1(Transport Canada, 2014b)

Reported Canadian Runway Friction Index (CRFI)

Landing | Landing

l%las';::‘cge Field | Field
(Feet) | 060 | 055 | 050 | 045 | 040 | 035 [ 030 | 027 | 025 | 022 | 020 | oag [ 'endfh | LEno

Bare and ek get
Bare and| Bare and

Dry Dry Dry

60% | 70%

Unfactored Recommended Landing Distances (no Discing/Reverse Thrust) sl S

1800 |[3120(3200|3300|3410|3540(3700(3900|4040|4150(4330|4470|4620| 3000 | 2571
2000 (3480(3580|3690|3830|3980(4170(4410|4570|4700|4910|5070 (5250 3333 | 2857
2200 |3720)3830(3960|41104280|4500|4750|4940|5080(5310(5490|5700| 3667 | 3143
2400 |4100(4230|4370)|4540(4740)4980|5260|5470|5620(5880(6080|6300| 4000 | 3429
2600 |4450(4590|4750)|4940(5160|5420|5740|5960|6130 (6410 (6630|6870 | 4333 | 3714
2800 |4760(4910|5090|5290(5530|5810|6150| 6390|6570 (6880 (7110|7360| 4667 | 4000
3000 (5070 (5240|5430|5650|5910 (6220 (6590|6860 |7060|7390|7640(7920( 5000 | 4286
3200 (5450(5630|5840|6090|6370(6720|7130|7420|7640(8010(8290|8600| 5333 | 4571
3400 |5740(5940|6170)|6430(6740] 7110|7550 7870|8100 (8500(8800|9130| 5667 | 4857
3600 (6050 (6260|6500|6780|7120(7510(7990|8330|8580|9000|9320(9680( 6000 | 5143
3800 (6340(6570|6830|7130|7480(7900(8410|8770|9040|9490|9840(10220( 6333 | 5429
4000 |6550)|6780 (7050|7370 (7730|8170 |8700|9080|9360(9830(10180/10580| 6667 | 5714

Table 2-5 CRFI Table 2(Transport Canada, 2014b)

Reported Canadian Runway Friction Index (CRFI)

5 Landing | Landing
g Field | Field

Distance
Length | Length
(Feet) | 060 [ 055 | 0.50 | 045 | 040 | 035 | 030 | 027 | 025 | 022 | 020 | P18 | ‘Fesyy | (Feey)

Bare and

Dry Bare and | Bare and

Dry Dry

60% 70%
Factor | Factor

1200 |2000|2040[2080)2120]|2170|2220|2280)|2340|2380(2440]|2490|2540| 2000 1714
1400 |2340)|2390(2440]2500|2580|2660|2750|2820|2870|2950|3010|3080| 2333 2 000
1600 [2670(2730)|2800|2880)|2970(3070|3190|3280)3360|3460)3540(3630| 2667 2 286
1800 3010|3080|3160)3250)3350|3480|3630)3730)3810/3930/4030)|4130]| 3000 2571
2 000 3340|3420]|3520(3620|3740|3880 (4050|4170 |4260|4400(4510|4630| 3333 2 857

2200 |3570(3660(3760(3880|4020|4170|4360|4490|4590|4750|4870|5000( 3667 3143

2 400 3900|4000 4110)|4230(4380|4550|4750|4880|4980|5150[5270|5410| 4000 3429
2 600 4200|4300|4420(4560|4710|4890(5100|5240|5350|5520 (5650|5790 | 4333 3714
2800 |[4460(4570)4700|4840)|5000 (5190|5410 5560|5670 5850|5980 6130 | 4667 4000
3000 474014860|5000(5160|5340| 5550|5790 |5950| 6070|6270 [ 6420 | 6580 | 5000 4 286
3200 5080|5220 5370 |5550| 5740 [ 5970 | 6240 | 6420 | 6560 | 6770 | 6940 7 110 | 5333 4 571
3400 [5350[5500]|5660|5850|6060|6310|6590|6790|6930|7170|7340(7530| 5667 4 857
3 600 5620[5780| 5960|6160 6390 | 6650|6960 (7170 [ 7320|7570 |7 750 (7950 6000 5143
3800 5890 [ 6060|6250 |6460|6700[6980|7310|7540(7700|7970|8 160 (8380 6333 5429
4000 |[6070]6250|6440)|6660 (6910|7210 |7540|7780|7950|8220(8430|8650| 6667 5714

Unfactored Recommended Landing Distances (Discing/Reverse Thrust)
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Headwind andcrosswindare also considered when using the CRHgure 2.2 provides the
information to address crosswind and headwiitth the vertical lines indicatg the reported CRFI
and its corresponding maximum crosswigh example isdemonstratedn Figure 2.2, which
indicates arunwaythat hasa wind headingd0°off the runway with a crosswind component o81
knotsrequires a minimum CRFI of 0.3bherefore runways with a CRFI lowethan 0.35 will lead to
unstable directional contraincontrollable driftingor yawing (Transport Carda, 2014b)

45
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Figure 2.2 Crosswind Limits for CRFI (Transport Canada, 2014b)
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Transport Canadalso provides rangeof CRFI with different surface contaminated types. CRFI

information for loose snow on packed snhow, loose snow on ice, loose snow on pavement, sanded

packed snow, bare paackenow, sanded icand bare ice are provided Figure 2.3. According to

Transport Canada, CREEpends on surface type and have no correlation with surface temperature

however, an exception for melting point temperature exists, which will riesaltwater film and

more severe slippery conditiolt.should be noted that the provided range of CRAfigure2.3 is

temperature independefitransport Canada, 2014b)

The range is the 95 percent confidence interval of a large set:of measured data
: snow depth greater than 3 mm to 25 mm . . : : :
019 : 037 . Dry snow on packed snow
> 1 snow depth 3 mmor less : s :
] : .
8 1042 : 031
g g snow depth greater than 3 mm to 25 mm
S : : :
‘% 7] 2012 £ 025 2 D g
> g . snow depth 3 mmior less : ry snow qn ice
S 008: D027
> - : : :
g s snow depth greater than 3 mm to 25 mm
: : 021 : 039 : - :
: : ; : : © Dry snow on pavement:
3 g snow depth 3 mm or less 2
: 016 - F 076
§ f 023 : : 047 : Sanded pa;cked snow
@ ] ' - : : Bare packed snow
L0412 : 0.31 :
g H © Sanded ice
@ : ; : : : :
o —— . Bareice :
0.07: 022 : :
0 A 2 3 4 5 6 8 9 1
« Minimum braking CRFI Maximum braking »

Figure 2.3 Expected Range of CRFI by Surface Typé€Transport Canada, 2014b)

Figure 2.3 indicatesthat the majority of surface types have a CRFI range of approximately 0.2.

However thelargest range of 0.6 occurs for dry snow on pavement withth d&¢@mm or less. This

is likely related to the fact that a thiayler of snow isxtremelynonuniform. Therefore the CRFI

can be as high as valuesimilar to a dry pavement and as low as packed gfieansportCanada,

2014b)

The results show bare ice has the most severe condition éalloyvdry snow on ice. Thick layers

of dry snow (snow depth greater than 3 mm to 25 mm) on packed snaw padement have similar
CRFIs. This is likely related to the fa¢hat the thick snow layer separates the tire and the support

surfaces. Compared to a bare and dry conditieith a CRFI of 0.8 or above, contaminated runways
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have amuch lower CRFI, which indicates that winter contaminadeterioraterunway braking
performancesignificantly. Transport Canada also provides a minimum CRFI and a maximum CRFI

for each conditionwhich isprovidedin Table2-6 (Transport Canada, 2014b)

Table 2-6 Minimum and Maximum CRFI sfor Various Surfaces(Transport Canada, 2014b)

SURFACE LOWER CFRI LIMIT UPPER CRFI LIMIT
Bare Ice No Limit 0.3

Bare Packed Snow 0.1 0.4

Sanded Ice 0.1 0.4

Sanded Packed Snow 0.1 0.5

Dry Snow on Ice (depth 3 mm or less) No Limit 0.4

Dry Snow on Ice (depth 3 to 25 mm) No Limit 0.4

Dry Snow on Packed Snow (depth 3 mm or less) 0.1 0.4

Dry Snow on Packed Snow (depth 3 to 25 mm) 0.1 0.4

Dry Snow on Pavement (depth 3 mm or less) 0.1 Dry Pavement
Dry Snow on Pavement (depth 3 mm to 25 mm) 0.1 Dry Pavement

2.5 Landing Distance Calculation

Among the three landing distancportions, braking distance is the main component of the entire
landing distancgPasinduet al., 2011)and has the largest variance due to different weather and
runway conditionsLanding distance studies have been done by aircraft manufacturers, government
agencies, and researchers. In tissis,Boeing landing distances charfirbus Runway Overrun

Prevention SystenGRFI, combat traction repgrand several related researches are reviewed.

In order to provide pilots a reference of required landing distance, Boeing provides a landing
distance chart for each type of aircraft. For examgile 737 Flight Crew Operations Man@alick
Reference Handbook (737QRH) provides the Normal Configuration Landing Distances Chart
(NCLDC) and the NotfNormal Configuration Landing Distances Chart. For normal configuration
landing distance calculation, NOC considers landing distance influence factors including braking
methods, weight, airport altitudes, runway slope, temperature, wind speed, vedtaignce, reverse
thrust, flap configurations, and reported braking acti@itsee Boeing Company, 2013However,
reported braking actions are not well defined in the manual and may vary from different airport
operators. In addition, conditions of no reverse thrust;emggne reverse thrust, and twogine
reversethrust are considered but the actual amount of reverse thrust applied is not considered. In
order to calculate a more accurate required landing distance, braking actions need to be quantified and

the actual amount of reverse thrust should be considered.
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Airbus introduced its Runway Overrun Prevention System (ROPS) to reduce runway excursion risk
on its fleet. ROPS calculates raahe aircraft landing distance and remaining landing distance during
landing and compares the(Airbus, 2010; Chapman, 2013However, ROPS is an option only

available for some of Airbus aircrafts, which makes it an incomplete solution for airlines.

Transport Canada introduced the CRFI to evaluate runway pavement frictiticcornwo tables
of reference landing distances are developed based on CRFI, including a series of CRFI values to
estimate the required landing distance. The CRifle 1 is used when reverse thrust is not available
and the CRFITable 2 is used when rage thrust is appliedlhe CRFI method is mainly used for
winter operations; therefore, the table was calibrated using winter aircraft landin@ daiaport
Canada, 2014b) However, the specific applicationquerement also becomes one of the main
limitations of this method. To calculate the required landing distahe€;RFI methodneeds the
required landing distance on dry pavement as a reference, which is not available if landing at an
airport for the firg time. Therefore, it is not applicable if the dry pavement landing distance is not
provided as a reference. In addition, this approach only considers runway condition and reverse thrust
(Transport Canada, 2014k)ther landing distance significant influence factors, such as touchdown

speed, air density, aircraft weight, and aircraft aerodynamic configurations, should be considered.

In the Combat Traction Report developed by Boeing Commercial Airplane ComN&ASA,
United States Air Force, arfdAA, two tasks are conducted: the identification of stopping distance
significant influence factors and the development of a runway performance prediction method. The
Boeing brake control simulator was used for the analySige parameters were chosen: peak
available ground friction, drag device effectiveness, braking application speed, air density, and engine
idle thrust. By using Bucki nghamdVahi, 1977; N\Wareem e m,
etal., 1974)

o “ ! he (2-3)
Where: “=sg¥; “,=H; s=C./Cp; 4= } *AFed; s=braking stopping distance; g=acceleration
caused by gravitfWarren et al., 1974)
The Combat Traction Report used 7280, 737 advanced, 7400, G141A, and FH4E to calibrate
the model. The aircraft models are not &ijdused in airlines nowadays and may differ from new jet

aircrafts. Also, pilot settings are not considered in the Combat Traction Réyadnt, 1977; Warren
et al., 1974)
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With the developmendf computer technology, finite element analysis has been used to calculate
aircraft braking distance. Pasindu et(@011)did some studies on skid resistance evaluation based
on finite element analysis. In their study, Skid Number is determined by the Finite Element
Simulation Model to calculate the braking distance. However, reverse thrust is not studied, and the
tire is asumed to be locked which is not the real scenario for modern jet aircraft whidmhas
antiskid braking system.

Puvrez(1965) studied statistical information of several parameters including approach gradient,
thredhold height, threshold speed, touchdown speed, coefficient of braking friction, time of initiation
of the controls, and aerodynamic drag to establish a distribution of landing diffaivcez, 1965)
However, the @ablished distribution of landing distance is for Short T@teand Landing (STOL)
aircratft.

Van Es et al.(2010) from the National Aerospace Laboratory Air Transport Safety Institute
developed a report which ggoses several ground distance calculation methods and variants using
actual landing data. However, the braking characteristics during ground roll includirgrakeo
settings, brake pressure, weather, and runway characteristics are not investigatece and a

recommended in future studyan Es, Van der Geest, Cheng, & Hackler, 2010)

2.6 Summary

Landing performance influence factoemd pavementsurface parameteraere reviewed in this
chapter Among all the parametersunway friction is the key characteristic related to aircraft landing
performanceA lot of researclon airport pavement frictiohas been done by differegbvernment
agencies. Pavement evaluation methods of Transport Canada, FAA, and ICAO are idtinodhise

thesis. The key findings are summarized as:
9 Friction is the major factor that influences the stopping and directional control .ability
1 Runway friction measurement results vary from different measuring devices

1 Runway friction is speed depesrtt With the increase othe speed, the available

maximum friction decreases.

Then reviews on wet runwaysere conducted including wet runwayluence factorswet runway

aircraft braking, and hydroplaninghe key findings are summarized as:
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1 Speed, sligatio, hydroplaning, water film depth, pavement texture, tire pressure, and the

presence of contaminants have impact wet runway friction.

9 Friction coefficient can be greatly variable in a short time due to rainfall and peasfen

contaminants.

1 With the presece of water, braking friction coefficients vary largely between different

runway su rfaces.

1 Evenif arunwayis able to providdriction supportfor aircraft landing when it is drythe
runway might provide insufficient frictionwhen the runway stace is damp or flooded

with water

1 Hydroplaning speei a function of tire inflation pressure, aequation for modern airaft

tires has been identified

Relative information on contaminated runwaigs discussed regarding contaminated runway

braking andhe Canadiarstateof-art practice otthe CRFI. The key findings are summarized as:
1 Winter contaminants have a significant influence on runway braking performance.
1 Forthe same or similar reported contaminated conditionCREIs can bein a wide range
9 Friction coefficient vaiesgreatlyif measured withdifferent measuringevices.

Landing distance calculation mettsodhcluding manufacturer recommendations, government
agency reports, and other research from different institutiame ben discussedThe key findings

are summarized as:
9 The current landing distance calculation metamnot universdly applicable

1 The current landing distance calculation methdd not consideran accurate amount of

reverse thrust and pilot settings.

According to thdindings of past studieshe gaps inthe currentaviation industryregarding runway

braking performance are summarized as follows:

1 A tool that ealuaes runway frictionbased on aircraft measuremen®ince runway

friction measurement results vary from o@&ME device to another and differ from
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different speds, a method that can evaluataway friction based on aircraft measurement

is required to provide a uniform evaluation.

An evaluation methoaf aircraft braking performance on wet and contaminated runways
using digital flight dataRunway friction can be very variable for wet and contaminated
runway and most of the analysis is basedGHME results. Thereforean analysis of
aircraft braking perfimance based on flight data is needed.

An aircraft landing distance calculation method which considevariety of influence
factors According to theeviewof currentlanding distance calculations, it should be noted
that a study of landing distanceediction method which integratepilot settings,an
accurate amount of reverse thrust, siitl braking system performance, and progide
wide application of aircrafts and airport runwagsmissing from the body of existing

research.
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Chapter 3

Mechan-Esmpi ci calDeAdealceradtti on Equati

An M-E aircraft deceleration equatias establishedn this chapterwith the overall purposeof
creatng a tool thatmodek aircraft landing performance based on aircraft measuremé&rBBoang
737 casestudy is conducted, anthe associatedalidation result for each flight is provided in
Appendix A.

This chapters based on a papeeerreviewed byTransportation Research Boaddpresented at
the 94th Transportation Research Board Annual Meetingshivgton D.C., U.S.A 12-16 January,
2014(zZhang, Tighe, Jeon, & Kwon, 2014)

3.1 Methodology

The overall methodology used in developing k& deceleration equatios providedin Figure3.1.
First, an aircraft force and momeanalysiswasconducted. The force and moment analgsistains
major factorghat contribute to deceleration during aircraft brakigen, based on thenalysis,the
mechanistic deceleration equation for each kind of force is identified. Finally, an entire aircraft
deceleratiorwasbuilt by combining all the mechanistic deceleration equations. In the entire aircraft
deceleration equation, there is drciaft characteristic adjustment coefficient for edoite They
were calibrated by regression usin@% of the data. After calibration, the equatiowas validated

using the rest of the data.

3.2 Ildentification of Influence Factors

Figure 3.2 depictsthe free body diagram of an aircraft during landing (not to scale) (Zhang et al.,
2014). Aircrafs use a combination of aerodynamic braking and runway surface braking to reduce
their speed Due tothe high touchdown speed and the apption ofspoilers and flaps, aerodynamic
drag force iscritical in modeling aircraft landingReverse thrust isrethersignificant andtypical
method to help aircraflecelerateRunway surface fction is essential foaircraft landings Finally,

the slope of the runway also contribyt@®sitively or negativelyto aircraft deceleratiomlue to

gravity.
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In summary, éur forces are the major deceleration factors: aerodynamic drag force, engine

thrust/reverse thrust, friction force, and the parallel component of gravity generated by the slope of

the runway.

Aerodynamic
Drag Force

Engine Thrust /
Reverse Thrust

Aircraft Forces and
Moments Analysis

Friction Force

Decsell(e)ll?:[ion - Digital Flight Data

__/Acceleration

Dece{fratio:légflation Regression Runway Condition Data

Weather Data

Mechanistic-Empirical
Aircraft Landing Validation
Deceleration Equation

Figure 3.1 Deceleration Equation Methodology

Parallel Component

Runway Surface

L —
L —

Aerodynamic
Drag force

TSlope % Gravity . _ _ 1 Horizontal Line

Figure 3.2 Aircraft Forces and Moments (Zhang et al., 2014)
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According to thedrce balancethe entire aircraft force equation can be described as:
aw O Y O Y (3-1)
where:
m: The weight of the aircraft, kg;
¢X The deceleration/acceleration of the aircraft?m/s
D: Aerodynamic drag force, N;
T: Thrust/reverse thrust, N;
F: Friction force, N; and

S Component of gravity parallel to the runway, N.
3.3 Deceleration Equations

3.3.1 Aerodynamic Drag Force Equation

The generation of the aerodynandi@agforceis caused by the pressure distribution and sheassstre
distribution on the body of the aircraft. According da analysisbased on physic principleshe
aircraft aerodynamic drag force is a function of #iedensity, the aircraft wingrea, the aircraft
velocity in the freestream, and the aerodynamig d@@efficient(Anderson, 2001)The aerodynamic
drag force coefficient varies froonegiven geometric body shape to anotfidre flaps and spoilers
change the geometric body shape of the aircraft, which chathge aerodynamic drag force

coefficient. The aerodynamic drag force equation is given as:

E"
C

(¢ Y b (3-2)
where:

" : Air density, kg/ni;

"Y :The aircrafreferenceaarea, M

V: Aircraft velocity in the freestreanm/s; and

0 : The drag coefficient of the aircrgfAnderson, 2001)
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3.3.2 Engine Thrust/Reverse Thrust Equations

The engine generatethrust and reverse thrust to control the longitudinal veloditsing landing
Furthermorethe engine thrust and reverse thrargicontrolled by the thrudever thats identified as
its indicated angle settingvhichis referredo asthe Thrust Lever AngldTLA). The thrust or reverse
thrust in use (PT) can be reflected by Tlakd the relationship can be simplified as lingzinepler,
2010) The relative equations aidenified asEquation(3-3) and(3-4). The percent thrust in use and
the TLA relationshipis determined by regression using digital flight data.

0"Y QYOO —TYD 6 — (3-3)
Y DY QY06 (3-9)
where:
U Thrust force coefficient;
T: Thrust, kN;

PT: Percent thrust in use, %; and

d ,: Pafcent thrust in use and TLA relationship coeffic{@htang et al., 2014)

3.3.3 Friction Force Equations

The friction force is generated by titeractionbetween a rollingpneumatic tire and the runway
pavement surface when braking is applied. The friction famesistsof two parts:the rolling
resistance force artthe braking slip force(Hall et al., 2009) The friction force is controlled by the
braking pressure applied which is an output of the aircraft braking syistéiis study it is assumed
that he deformation of the pneumatic tire isvays ymmetic. As a resultduring aircraft braking,
landing geas have braking forcerolling resistance forgebraking slip force ground force,and
gravity. Theforces and moments of a landing gear witkeing brakingareshown inFigure3.3.

Theanalysisindicatesthatthetotal friction force (rolling resistance force and braking slip force) is

a linear function of the applied braking presqutieang et al., 2014)
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where:
Mg: Braking moment, N7 m;

BP: Braking pressure, kPa;

r: The radius of the landing gear wheel, m;
i &The radius of the brake caliper, m;

‘ : The friction coefficient of thérake caliper

F: Total friction force
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Fg: Braking slip force, N;
Fr: Rolling resistance force, N; and

Fe: Ground force, NZhang et al., 2014)

3.3.4 Slope Deceleration/Acceleration Equation

According toFigure 3.2, a component of gravity that is parallel to the runway pavement surface

generated by the slope of the runway alse dxa impaction, positively or negatively, on aircraft

decelerating. The force for this component of gravity is given as:

Y 4 QOB (3-8)

where:

* : The slope of the runway, degree.

3.3.5 Deceleration Equations Calibration

According toEquation(3-1) to (3-8), thevariablesare: the TLA for each enginthe braking pressure,
the velocity, and theair density other than thse thevaluesare constant. The value$ the aircraft
wing area the drag coefficient of the aircraft, the radius of the landing gear witleelfriction
coefficient of thebrake caliperand the radius of the brake calighffer from one aircraft to another
For a given flap and spoiler configurations, therodynamic drag force a function of air density,
square of velocity, and aaircraft aerodynamic drag force adjustment coefficiitdp and spoiler

configurationsaffed the body shape of the aircraft, resultinga difference irpressure distribution

and shear stress distributionherefore, theaircraft aerodynamic drag force adjustment coefficient

variesin different configuratioa and should be calibrated accorditw different flap and spoiler

configurations respectivelAccording toEquation(3-4), engine thrust and reverse thrust force for

each engines identified as a function of TLA andircraft engine thrust/reverse thrust adjustment

coefficiens. According toEquation(3-7), the friction forceis described as a function d&fraking
pressure and aarcraft friction force adjustment coefficient. Tlaircraft friction force adjustment

coefficient should be determinéar each landing gear braking caliperspectively

0 ©I o
Y HOQYDS E QY06 (3-9)
0 b B0 E & B
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where:

ng: Engine numbers;

nw: Landing gear wheel numbers;

@ : Aircraft aerodynamic drag force adjustment coefficient;

W : Aircraft engine thrust/reverse thrust adjustment coefficient; and

@ @ :Aircraft friction force adjustment coefficiemfor each landing gear calipger

3.4 Boeing 737-700 Real Data Case Study

After the establishment of the deceleration equation, a Boeing/gBfeal data case study was
conducted.

3.4.1 Data Collection

The sources of the data usedhisstudyareshown inTable3-1.

Table 3-1 Sources of Data

Data Type Sources of Data

Flight Data 1 Digital Flight Data Recorder installed in a WestJet Boe
737-700 aircraft

Runway Data 1 Waterloo International Airport runway monitoring syste

9 Environment Canada

Digital Flight Data

The parameters obtained froanWestJetBoeing 737700 are provided inTable 3-2. The WestJet
Boeing 737700 isequipped with blended wingletehichimprovethe aerodynamic performance and
handling characteristics of tlercraft. The WestJet Boeing 73700 haswo GESnecma CFM56B
turbofan engines with reverse thrust capabilithe aircraft has a maximum takeoff weight of
approximagly 70,080 kg(WestJet, 2014)
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Table 3-2 Digital Flight Data Parameter List

Parameters Definitions Unit
FLIGHT PHASE Flight phase

RALTC Radar altitude feet
IAS Indicated air speed (calibrated) knot
GSC Ground speed knot
SPD_BRK_HDL Speedorake handle deg
AIR_GND Air/ground Yes/No
LDGLR Left landing gear position Yes/No
LDGNOS Nose landing gear position Yes/No
LDGR Right landing gear position Yes/No
BRK PR _MNALT L Left wheel brake pressure, main or alternate psi
BRK_PR_MNALT_R Rightwheel brake pressure, main or alternate psi
HEAD Heading deg
HEAD_MAG Magneticheading deg
LATG G force loading along the lateral axis of the aircraft g
LONG G force loading along the longitudinal axis of the aircraft g
VRTG G force loading along theertical axis of the aircraft g
DRIFT Drift deg
WIN_DIR Wind direction deg
WIN_SPDR Wind speed knot
LATP Latitude deg
LONP Longitude deg
TLAL1C Reverse thrust information for engine 1 Yes/No
TLA2C Reverse thrust information for engine 2 Yes/No
BRK_SEL MN_ALT Brake select, main or alternate Yes/No
SPOIL_POS _NO10 No 10 spoiler position deg
SPOIL_POS_NO3 No 3 spoiler position deg
SPOIL_POS4_R No 4 spoiler position deg
SPOIL_POS9 R No 9 spoiler position deg
AOAL Angle of attack lift deg
AOAR Angle of attack right deg
FLAP1 Flap 1 position deg
FLAP2 Flap 2 position deg
CK_GW Weight of the aircraft t

GW Weight of the aircraft Ib
AUTO_BRK Auto braking Yes/No
ASPD_BRK_EXT Aerodynamicspeed braking Yes/No
TLAL Thrust lever angle for numberehgine deg
TLA2 Thrust lever angle for number 2 engine deg
N11 Thrustin use for engine 1 %
N11C Thrustin use for engine 1 %

N12 Thrustin use for engine 2 %
N12C Thrustin use for engine 2 %
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Runway Data

The Region of Waterloo Internationdirport (YKF) is located in thertangle bordered by the cities
of Cambridge, Kitchenemand Waterlopandis a fully equipped, certified airport facility classified
airport (YKF, 2014) Two runways are operatingt the Region of Waterloo International Airport
Runway 0826 andRunway 1432, which are shown irFigure 3.4. Runway 0&6 is theprimary
runway. The kevationis 1055 feetabove sea leveand the local time is UTG (-4 during daylight
saving time). Runway condition descriptionsre reordered every several houdgepending on the
weather condition§YKF, 2014) Runway condition datéor Runway 0826 is collecteddaily from
theWaterloo International Airport runway monitoring system.

W80 22.72

Apron IV

Figure 3.4 Waterloo International Airport Map (YKF, 2014)

Weather Data
GeoNbor gauge value, relative humidity, air temperature, and barometric pressure information from
the University of Waterloo weather statiorere collected to determine the precipitation &hd air

density.
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Radar maps of Canadian Historical Weather Ré&dater (Environment Canada, 2014yere
collected to help determine thmrecipitationcondition when theravas a gap between the aircraft

landing time and the ruray conditiondescription reported time.

The mrameters of radar altitude, flight phase, left landing gear position, right landing gear position,
and nose landing gear position are used to deterimnposition of the aircraindwhen the aircraft
touches downSpoiler positions and flap positions areedto ensure the aircrafippliedthe same
aerodynamic braking configuration&uto braking and aerodynamic speed braking information are
used to determine the braking configurations of the aircilie G force loading along the
longitudinal axis of the aircraft is used to determine the deceleration of the aircraft. The angle of
attack (AOA) is used to determine the lift coefficient of the airckdftading information is used to
identify landing appmach direction. Wind speed and wind direction are used to calcthate
headwind andhe crosswind.Aircraft velocity in the freestreans a function of the aircraft ground
speed and the headwind. Since the slope of Runwe3608 not uniform, latituderal longitude

informationis used to determine the slopkthe given location
The runway condition is determinég the following mechanisms:

M | f the runway condition descriptions before
and the time slot between these two descriptions is less Zhlaours, the runway is
determined to be ABare and Dryo.

1 If the runway condition descriptions before and after the landing time aréi li®th r eNet@a n d
and the time slot between these two desicmns is less thar? hours, the runway is
determined to bevet.

T I f the closest runway condition MNMeGBcangtila
time slot between the description and the landing time is less ltharurs, the runway
condition is determined to beet

T I'f the runway condition description before

ar

t he

condition description afWear, tthhee Iweemdihreg tdiamea

University of Waterloo weather station and Eomment Canad#s used to determind a
rainfall happened prior tor during landing The runway condition is based on the

descriptions before and after landing, and the rainfall data.
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1 If the runway condition descriptions before and after the landing timth record the
presence of winter contaminaraisd the time slot between these two descriptions is less than
4 hours, the runway is determined todmntaminated.

1 If the closest runway condition description before the landing teunerds the presena#
winter contaminantsind the time slot between the description and the landing time is less
thanl hours, the runway condition is determined tacbertaminated

91 If the runway condition descriptions before and after the landing time are different and the

time slot between these two descriptions is more Bdamours,this data is deleted from the

database.
Example:
Table 3-3 Pavement Condition Determination Example

Report Type Runway Condition Time

Before Landing Bare & Wet 100% 8 minbefore Landing
Case 1

After Landing Bare & Dry 100% 4 hours after landing

Before Landing Bare & Dry 100% 5 hours before landing
Case 2

After Landing Bare & Wet 100% 5 hours after landing

Case 1:Therunway isdetermined to be wet.

Case 2: Wather data from the University of Waterloo weather station and Environment Canada are
required. The GeoNor gaugevalue did not change during the five hours prior to landimgich

indicate no rainfall occurred.nE mdarmapis given agrigure 3.5 andduring the five hours prior to
landingthere was not rainfall recordetihereforet he runway <condition is de
and Dry 100 %0.
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Figure 3.5 Radar Map for Pavement Condition Determination(Environment Canada, 2014)

Finally, data from56 clear dry runway landings, 21 wet runway landings, and 11 contaminated
runway landingswas collect. For all data,flap positionis 30 degrees and spoiler position is 40
degrees Twenty eightdry runway landingd data is used to calibrate and validate theEM
deceleration equation and the remaining data is used tozaraitgraft landing performance in
Chapter 4

3.4.2 Boeing 737-700 Deceleration Equations

Engine power is used to identify the relationship between TLA and percent thrust Figuse. 3.6
illustrates the relationship between TLA and thrust in. iisthe value of percent thrust in use is
negative, it illustrates that reverse thrinat been applied

The point distribution is idcretebecause of the lag of engine fans. When TLA switcha® fone
angle to another, the aircraft system changes the input of the engine, including fuel supply and engine
temperature. The engine fans need a short time to decelerate or accelerate their speed, and the engine
power is influenced by the engine temperes that also have a lag. The lag becomes larger during
the switch from idle to reverse thrust. The lag of decelerate/accelerate and temperature transition

cause the beghape distribution of the data points.
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Figure 3.6 Engine in Usevs TLA

Seventy five percent randoméfecteddata pointsriom 28 flights are used to calibrate the model
and the reaining25% of the data is used to validate the calibrated motiblen PT equals to 1, it
means the engine uses its full powgiter regression, the relationship betweba engine power in
use and TLA can be described as:

Y| DY o YOO mBowu (3-11)

Based orEquation(3-10) using linear regression, td-E deceleratiorequation for Boeing 737
700is:

QYOO QYD O
a a

) 00 00 P s
@ Tlﬁtni?d— V@ Y TBIXQd— Tﬁtxﬁd— QOB

(312
TheM-E equations for each force are given as follows.
O mMingd w

Y uo@yeYOd YOO (3-13)
O MWixPO XD O
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The coefficient of determinatior(R Square) of the model is 0.B6which indicate a good
correlationbetween the statistic model and the observed dataaffddgsis of variancANOVA) is
used to analyze the differences between statistical modelthargiven data. The ANOVA results
indicate that the model ha mean squarerrorof 0.11. TheSignificarce Fequals to Qwhich means
the model is statistically sound and significant. According to the statistic results for each coefficient,
the standard errarareall very small. The pvalues are all infinite smalgndthe largest value of the
four coefficients is9.8x10%% therefore all the factors are statistically significaifihe statisticresults
of the regression agven inTable 3-4.

Figure3.7 is the residual case order plot. A total of 573 data points are usesfession, and 30
data points areshown in red, which indicat¢hat the residual is larger than expected in 95%
confidence The 30 data points are regarded as outliEng residual case order plot indicates the

regression fits the initial data well.

Table 3-4 Statistic Results

Regression Statistics

Multiple R 0.984

R Square 0.967

Adjusted R Square 0.965

Standard Error 0.335

Observations 573
ANOVA
df SS MS F Significance F
Regression 4 1898.686 474.672 4224.978 0
Residual 569 63.927 0.112
Total 573 1962.613

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 0 #N/A #N/A #N/A #N/A #N/A
Drag 0.0020 0.0002 10.5106 9.8E24 0.002 0.002
Thrust -56.3768 3.0362 -18.5682 1.6E60 -62.340 -50.413
Friction -Left 0.0718 0.0060 11.9842 1.15E29 0.060 0.084
Friction -Right 0.0697 0.0065 10.7417 1.24E24 0.057 0.082
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Residual Case Order Plot

Residuals

Figure 3.7 Residual Case Order Plot

Figure 3.8 demonstrates the validation of the mod€he validation results indicate thatet
predicted data hava mean squarerror of 0.11.The statistical analysis is given Trable 3-5. The

modelis shown to match the observed datathis Boeing 737700 aircraft

3.5 -

Observed Data
= = Predicted Data

Deceleration

1 26 51 76 101 126 151 176
Data Points

Figure 3.8 Validation of Calibrated Equation
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Table 3-5 Statistical Analysis of the Validation Results

ANOVA
df SS MS F Significance F
Regression 1 952.200 952.200 8564.822 0
Residual 256 28.461 0.111
Total 257 980.661

Using the Boeing 73700 deceleration model, the entire landing process (from aircraft touchdown

to the aircraft decelerates térh/s) can be simulated.

Figure 3.9 is a time-speed diagram of redlight data and simulated result®mparison;more

resultsare attachedn Appendix A The two curveshow small bias betwedhe observed data and

the predicted values. The simulated results indicate the model istieaind can provide a precise

landingdeceleratiorpredidion.
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Figure 3.9 Time-Speed DiagramValidation
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3.5 Summary

In order tomodel aircraft braking performance apdedict aircraft landing deceleratioan M-E

deceleratiorequationwasdeveloped in this chapter. The key features of this chapter are summarized

as follows

1 M-E deceleratiorequationincorporatesnechanistic force and moment analysis and real data

calibration.

9 Validation of the model indicates that tMeE deceleratiorequation provides an accurate

prediction of the aircraft landing deceleration.

The M-E deceleration equation offers the potential to analyze aircraft braking performance based

ondigital flight data whichis discusgdin Chapter 4

In addition,usingthe deceleratiomquation the entire landing process can be simulated and the

landing distance can be computed, wh#tonducted irChapter 5
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Chapter 4

Wet and Contaminat edARalnwsaiys Br aki

Available runway friction has a significant impact on aircraft landing performance. This is especially
noted when aircrafts are landing on wet or otherwise contaminated runways due to the reduced
braking action, which has been well documented since thea d&whe jet aircraft age. In order to
prevent runway landing excursion accidents and incidents, and enhance airport and airline operation

safety, available runway frictias discussed in details in this chapter

This chapteris based on a papecceptedby the 2014 FAA Worldwide Airport Technology
Transfer Conference: Innovations in Airport Safety and Paven@aitoway (Oceanville), New
Jersey, USAAugust 57, 2014(Zhang & Tighe, 2014)

4.1 Introduction

A certainamount of available runway friction is required for aircraft landing operafiiei-Paste,
Sinha, Leset, & Norheim, 2007With the presence of water film, snow, and ice, the available runway
friction changesapidly, and different measureentdevices provide results with a large varianocea
uniform runway conditiorfKlein-Paste et al., 2007According to the results of a survey of Canadian

airline pilots in the IR F MP APilots indicated that the quald.i

provided by airports varies between airports. Generally the quality is better at large airports, but each
airport differs de BoggskiHamltono2002)Becausemiitre infoasstgnar s 0
of runway friction measuring devices, it is better to analysis available runway fricéised on

aircraftmeasuremest
This chapterfocuses on aircraft landingerformanceand the purposes thischapterare:
1 Providing bacground knowledge regarding wet and contaminated runway aircraft braking;

1 Analyzing aircraft braking performance on wet and contaminated runways using the built

M-E aircraft landing deceleration equation; and

91 Studying rumvay available braking frictionoefficientsunder different conditions.
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4.2 Methodology

In Chapter 3anM-E aircraft landing deceleration equation has been twitto d e | an aircraf

landing performanceThis equation contains all major forces that contribute to aircraft braking,
including aerodynamic drag force, engine thrust/reverse thrust, slope deceleration/acceleration, and
friction force. As a resulthe brakingfriction can be back calculatdtbm the developed equatiolm

this way, braking friction coefficient under differeh runway conditions can be calculately
comparing dry runway, wet runway, and contaminated runway braking performances, aircraft landing

braking actios under differentunwayconditions are analyzed.

The overall methodology of thishapteris shownin Figure 4.1. First, digital flight data, airport
runway condition monitoring data, and weather data are collétheddataareintroduced in Chapter
3.4.1 According tothe airport runway condition monitoring data and weather data, all the data are
classified into three categories: dry runway data, wet runway data, and contaminated runway data.
Dry runway datarom 28 landingds used tocalibrateM-E aircraft deceleratiorquationsand the
remaining dry runway datayet runwaydata,and contaminated runway data is used to andlyee
brakingperformance.

— unway
Digital Flight Monitoring Weather Data
Data Data

Data Source

Dry Runway Wet Runway
Data Dat.

Contaminated
Runway Data

(]

A4

Calibration
Y

mechanistic-empirical
aircraft deceleration
equation

! :

Dry Runway Braking Wet Runway Braking Contaminated Runway
Performance Performance Braking Performance

| J

/
Wet & Contaminated
Runway Braking
Limitations

Figure 4.1 ResearchMethodology
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4.3 Factors Affecting Runway Friction

Friction force is influenced by a combination of aircretfiaracteristicand airport runway pavement
surfacecharacteristic¢Leland et al., 1968)Studies on these aspects have bregiewed inChapter
2.

The following listed factors are the main factors affecting runway fri¢t@mmfort, 2001)
Tire texture andhflation pressure;
Pavement texture;

Slip Ratio;

= = =2 =4

Ground Speedind
I Water or contaminations.

In this researchthe aircraft friction force adjustment coefficient for each landing gear is calibrated.
The tire texture andinflation pressureare landing gear chaicteristics, and their adjustments are
included in the aircraft friction force adjustment coefficient. Since all the collected data isrfrom
asphalt runway pavemeatWaterloo International Airport, the pavement texture is not studidds
researchSlip ratio is not measured inghNestJet Boeing 73300 model; insteadyraking pressure
that controls slip ratio is analyzelh this analysis, aircraft braking performance is studied regarding
the relationship betwednraking pressurand braking friction coefficienas well as the relationship

betweenaircraftgroundspeed and braking friction coefficient

4.4 Braking Performance

When the tire is free rolling, a rolling resistance force is applied on the wheel. As braking is applied, a
slip occurs between the tire and the pavement surface. As shdviguiie4.2, the tire proceeds from

free rolling tofully locked,andthe coefficientof friction varies with the change of the tire s{igall

et al., 2009) The coefficient of friction increases rapidly from a certain valear zerp which is
referred adreerolling resistance coefficient, to a pefakction value and then it decreases to another
certain value, which is referre as full sliding resistance coefficienfHall et al., 2009; Henry,

2000) The peak friction usuallpccurswith a 10%to 20%tire slip, which is known aghe critical

slip. When the slip proceeds to 100% slip, which means the wheel is fully locked, the coefficient

decreases to fall sliding resistance friction coefficienhe full sliding resistance friction is lower
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than the peak friction, and is much lowfer wet and contaminated pavements than dry pavements
(Hall et al., 2009)

Coefficient
of Friction eak friction

Intermittent
sliding Full

sliding

|
|
I
|
|
I
Critical slip :
|

/

100
(fully-locked)

0

(e pollinig) Increased Braking

Tire Slip, %
Figure 4.2 Pavement Friction vs Tire Slip(Hall et al., 2009)

Originally, antiskid braking systems are desidrio prevent aircraft wheel from locking during
braking. However, with the development of the antiskid braking system, current sgfterhae the
function of achieving a maximum braking performanceni different runway conditiongHorne,
McCarty, & Tanner, 1976)A sensor is installed in each braking wheel of an aircraft to determine
ground speed and wheel anguelocity, andhydraulic pressure is controlled by a servo control
valve. The system measures the slip ratios and determines if an excessive skid lbtcar&\BS
system applied braking pressure exceeds the maximum available friction, the wheel @scelerat
rapidly to a locked wheel. In this case, the system will release braking pressure to ensure the wheels
spin up(Horne et al., 1976)The relationship between coefficient of friction and tire slip is the basic
mechanism of an amtkid brakng system. The argkid braking system aims to take the most
advantage of the tirpavement friction, which means it takéhee advantage of théeft side ofthe
curve shown inFigure 4.2 (Hall et al., 2009) An antskid brakng system controls the braking
pressure to control the slip of the tiredchieve a peak frictioWhen peak fricon is achieved, the
antiskid brake systems will not increase braking pressure, or release the brake for a short time. More

braking pressure will be applied when peak friction is not rea@takti et al.,2009; Henry, 2000)
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The relationship between braking friction coefficient and braking pressure can be described as
Figure4.3. It is assumed thabf a certain landing gear, the achieved braking friction coefficient is a
linear function of braking pressuregfore peak friction is reachded dashed line ifrigure 4.3),
and the coefficient is a unique value fospecific landing geain addition,the relationships under

theassumptionthat when the tire is free rolling, thelling resistancés negligible

For different runway pavemergonditiors, the peak friction is differentin general, lte peak
friction of awet or contaminated runwag smaller thara dryrunway. Under wet or contaminated

conditiors, a lower braking pressure will result in a locked wheel.

. A
Fricion |  re&g------ ~?Peak Friction
Coefficient

Dry Runway

Wminated Runwa .-
Vg

- Critical Slip

- Full Sliding

.+ Locked Wheel

Free Rolling

\
AY

Braking Pressure

Figure 4.3 Braking Friction Coefficient vs Braking Pressure

Equation (4-1) is derived from theM-E aircraft friction equation with the input of aircraft
characteristic adjustment coefficient and the braking pressure, whigseaps the red dashed line in

Figure4.3. Equation(4-1) is referred to as thd-E aircraft friction equation

The M-E aircraft deceleration equation assumed a linear relation between applied braking pressure,
a known value, and friction, unknown, to model the frictional forces (before it researches the peak
friction). As a result, it is able to back calculate frictibguation(4-2) and(4-3) are derived from the
M-E aircraft deceleration equation. Equati@n2) and (4-3) are used to back calculate the friction

and braking friction coefficienby digital flight data. According to Equation4-3), the braking
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friction coefficientis a function of the entire deceleration, air density, velocity, TLA setting, weight

of the aircraft, and the slope of the runway pavement.

73

PRI (4-1)
ao
0 Hd BT ¢ OIS 0d Qi (4-2)
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(4-3)

4.5 Braking Limitations

4.5.1 Dry Runway Analysis

In Figure 4.4, the Y-axis is the braking friction coefficient, and tKeaxis is the braking pressure.
Figure4.4 is the plot ofthe results ofll 28 dry runway landing Each blue point represents a back
calculated braking friction coefficienf a data point. The rezkntreline is the calibrated ME aircraft
friction equation, which also represents the red dashedr Figure4.3. It can be seen thahe blue
points locate along the remkntreline. The location and distributioof the points are influenced by
the pavement conditian

0.5 T T

045- &

Braking Friction Coefficient

Breaking Pressure (psi)

Figure 4.4 Braking Friction Coefficient vs Braking Pressure, Dry Runway
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Due to the nowmniform pavement surface texture amaperty the poing could deviate fromthe
red cente line. Although the pavement surface texture and its prgpagy causedeviatiors, the

deviatiors should remain in a certain range of value.

Figure 4.5 is the histogam of the deviatiors between the bae&alculated braking friction
coefficient and calibrated NE aircraft friction equation for the dry runway dagsdFigure4.6 is the
normal probability plot. Both of the figures indicate tieviatiors follow normal distribution. The
mean value of the distribution & and the standard error is 0.0herefore,the 90% confidere
interval is-0.057 to 0.057Theupper and lower 90% confidence interval boundaaresalso depicted
in Figure4.4.
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Figure 4.5 Histogram Plot
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Normal Probability Plot
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Figure 4.6 Normal Probability Plot

Figure 4.7 (a) and (b)show the results of two dry runway landngach red point represents a
backcalculated braking friction coefficient using a data point duargjvenlanding. The cenéred
line is the calibrated NE aircraft friction equation and the top and bottom red lines are the 90%
confidence boundarieMore results are attached Appendix B Figure4.7 (a) indicates that fothe
givenflight, the runway conditiomasgood and ould provide sufficient friction for brakingrigure
4.7 (b) indicates that fothe secondgiven flight, at some locationthe runwaycould not provide
expectedfriction for braking. The possibleeasons for these occurrences are standing dust on the

runway surface or rubber depaesimong 28 dry runway landingBjgure4.7 (b) is the worst cse.
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4.5.2 Wet Runway Analysis

The water on the pavement will reduce the frictional property of the runway. In additieeten
layer, which lies between the aircraft tire and the landing pavement suwadlcgenerate a lift force.
When the lift force equals to the weight of the aircraft, hydroplaning will happen. If hydroplaning
happens, the aircraft is lifted and there is littletfoic between the aircraft tire and the runway
surface. In this case, the landing gear is éackue to inefficient frictionFigure 4.8 is a free body
diagram of a lading gear wheel on wet runway pavement when hydroplaning hag@ansEs,
2001)

Radius of théVheel, r

"
Radi us of t he

Direction of Motion

_— T —m

~ Standing Wﬁer\ N

Rolling Resistance Water Drag Force, F

Force, Ik ]
Lift Force, L

Figure 4.8 Landing Gear Wheel on Wet Runway Pavement
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Figure4.9 (a) and (b) provid¢he results of two wet runway landmd he cente red line inFigure
4.9 is the calibrated ME aircraft friction equation and the top and bottom red lines are the 90%
confidence boundarieMore results are attachedAppendix C The red points below the bottom red
line represent thaat those locatiors the tire does not achieve the expected friction frddie

possible reasafor thisarelistedas bllows:

1 Hydroplaning. When hydroplaning happens, the aircraft is lifted Gardot touch the
pavement, so the &king friction is almost zeroHydroplaning can happemly for a very
short time slot, because of the aircraft gkit brakingsystem.

9 Poor frictional prosperity area. Some poor frictional prosperity area may exist for the
reasos including poor pavement surface texture, dust on the pavement surfhber

depositsand standing water.
9 Error data pointsError datamight be recorded due tostgm accuracy and lags.

Figure4.10 shows the results @il of the21 wet runway landings. Most of the points locate within
the 90% confidence interval, which indtes that during these 21 flights, wet runway remains a good
runway friction condition similar to a dry runway pavemdirttis is most likely related to the fact that

the Waterloo International Airport ensured the runway is maintained to a high levelioéser
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Figure 4.10 Braking Friction Coefficient vs Braking Pressure, Wet Runway
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4.5.3 Contaminated Runway Analysis

A contaminated runway i s a runway with fAstanding
covering more than 25% of the required length and width of its suffaaasport Canada, 199%a)

The presence ofontaminations on the runway reduces the friction between ttseatick runway

surface. The reduction is a function of several factors including th@airement interaction, the

antiskid system performanceand typeof runway pavement. The contaminantnccontribute to

aircraft deceleration by applying a drag force against the motion of moment. However, the drag is

very small compared to the reduction of friction between the tire and runway surface. Also, the

contaminants may cause damage to the largkiag wheel.

Figure4.11 (a) isthe back al cul ated data from a | andibng on a

PERCENT BARE AND DRY, 5 PERCENT COMPACTEDSNOWO  aFigure4.11 (b) is from a

runway PBRCENH BARE AND DRY, 60PERCENT DRY SNOW TRACE. RMK: SNOW
REMOVAL I N PROGRESSO. Figired.1lgh) regrdsentdthe situationtthat thie n

aircraft achievd a friction that is below the average friction vallithe comparison betwedfigure

4.11 (a) and (b)indicates that the contaminants have a signifigailuence on aircraft braking and

themore contaminates on the runway, the greater reduction in fristiblowever, it should be noted

that a small amount of contaminant on the runway can still result in a good frictional Figlue

4.11 (b) is the worst case in the catted dataThe possible reason for the occurrence of the circled

points inFigure4.11 (b) is the fact thathe snow on the pavement redddde frictional property D

the pavement or separdtie tire and pavement surface.

Figure4.12 shows the results dfl contaminatedunway landings. Most of the points locate within
the 90%confidence intervalThis is most likely related to the fact that the Waterloo International
Airport ensured the runway is maintained to a high level of service. The runway condition is good, so

insufficient friction brakingandingdid not occur in theollected data.
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0.5 T T T T T

0.45 .
0.4 pl
ﬂ”‘j
035 R -
- 7
'g r”" ¢’jl
£ 03F L o 7
-
e, //z . /// !
80250 P °.-% e
8 o "o e ~d
T pC 4 .. P e
o ® - o~ s
£ 02f ]l ® ® & > -
§ o® .:/‘ (] ° " .3‘,/» 5 ° I/,,
m ® “o o ¢ o - °
0151 2§ P e f
LX) o
01f o~ J
0.05[ 4
w 1 1 |
0 600 800 1000 1200

Breaking Pressure (psi)

Figure 4.12 Braking Friction Coefficient vs Braking Pressure Contaminated Runway

4.6 Speed vs Braking Friction Coefficient

The relationship between braking friction coefficient and aircraft ground speed is shduguiia

4.13. Since all data is from a commercial aircraft, maximum braking is not used for all the collected
flights. It is assured the highest bazkiculated braking friction coefficient value for eageed is the
maximum available braking friction coefficienhderthat speed. Due to the variances, some of the
data points are consideraderror pointsor outliers The blue points in Figure 11 (a) are the back
calculated braking friction coefficientheen the runway i§i Bar e an d ; thered poibtDi® %0
Figure 11 (b) are the badalculated braking friction coefficient when the runwaywist, the pink

points in Figure 11 (b) are the backlculated braking friction coefficient when the runwayister
contaminated The speed of analyzed data is in the range of 30 knots to 135 knots. The results
indicate that when the speed is low, the wet runkaga maximum available braking friction that is
nearly the same as the dry runwayhé&tithe speed increas, the maximum available braking friction
decreases for both wet runways and dry runways. However, a bigger drop in maximum available
braking friction occurs when the runway is wehe results for contaminated runway landings are of
big variance. Theavailable braking friction coefficient can be as high as a clean dry runway;

however, thalistribution of themajority of the collected data indicates there is a big drop in braking
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friction coefficient. The reason for this variance is likely related to uhdorm contaminant

distribution on the runway.
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Figure 4.13 Braking Friction Coefficient vs Speed

4.7 Summary

In this chapter a method to analyze aircraft braking on wet and contaminated runways using the
developedM-E aircraft landing deceleration equatiemsintroduced.A study of a Boeing 73700
aircraft landing on dry and wet runwsayvas conducted. The key findings of ghthapterare

summarizeds follows:
1 If well maintainedawet runway does not reduce braking performance significantly.

91 Available braking friction coefficient is ground speed demeid/Vhenthe speed increase
the available braking friction coefficient decreasé&t runway available braking friction

coefficient is more dependeon speed and decreagdaster than dry runway

1 Contaminated runways hawelarger impact on braking performance than wet rursyay
however, a reliable runway with a small amount of winter contaminants can still satisfy

landing requirements approaching a dry runway
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Chapter 5

Landing Distance Model

The M-E aircraft deceleration equatigmmovidesthe opportunity to simulate the landing performanc
by estimating deceleration for each short time sloh M-E landing distance model, which
incorporate avariety of influence factos, parameters of pilot settings (TLA, spoiler position, and
flap position, settings), runway condition, aircraft operatiacharacteristics (touchdown speed and
weight), and aircrafbraking system characteristics, is introduced in this chapter.

This chapteris based on a paper presentectres 94th Transportation Research Board Annual
Meeting, Washington D.C., U.S.A., 1B January, 2014Zhang et al., 2014)

5.1 Landing Distance Model

5.1.1 Aircraft Landing Distance Equations

Aircraft landing has three segments: apprdaagflaring, and braking (ground rollingYhis research
focuseeson aircraft beking and isconductedunder the assumption that the aircraft applies braking
actions, both aerodynamic braking and landing gear braking, immediately after touchdown. The entire
landing distance is regarded as a sum of the braking distancthardistance from the runway
threshold to aircraft touchdown locatiofihe equations related to aircraft landing distance and

braking distance are given as follaws

YUY YY D OQoO Y Do BO (5-1)
0o 0O GOQO b o “o O (5-2)
Lo Lo “o O (5-3)

where:
S Landing distance, m;
Si: Braking distance, m;

S: Distance from the runway threshold to aircraft touchdown location, m;
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L: The entire runway length, m;

Liouchdown the distance from the runway threshold to aircraft touchdown location
to: Aircraft touchdown time, s;

t.: Time when the aircraft decelerate to a lower safieoff speed (10 m/s), s;

ti: Time when the aircraft decelerates, s;

w 0Time slot between twbme points, s;

v: The aircraft ground speed, m/s; and

¢ The deceleration/acceleration of the aircraftrffeang et al., 2014)

5.1.2 Aircraft Braking System Characteristics
Aircraft braking system is a deceleration rate controlled sy$hdair & Seabridge, 2008)During

landing, a deceleration rate is selected by setting an automatiadtekel. The automatic brake

system applies brakingressure to achieve the programmed rate. If aerodynamic braking applications
(flap, spoilers, and reverse thrust) are used, the automatic brake system reduces braking pressure to
achieve the programed deceleration raténti-skid brake systemprevent tle wheel from locking

by releasng brakingfor a short time when peak friction is achieved, apglyingbraking when peak

friction is not reacheHall et al., 2009; Henry, 2000)

As discussedn Chaper 4.4, a maximum friction coefficient exists, ant varies from one
pavement to another. Even for the same pavement, the peak friction value differs from @ne cert
condition to anothefHall et al., 2009) According toChgter 4 a maximumavailable braking

pressure exists and can lzatilated using the given equations:

O ODO (5-4)
‘ "O O DO 55
O w 0
o 2 ws (5-6)
C
v ‘ Jw 0
o0 S (5-7)
w
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where:

F: Friction force, N;

BP: Braking pressure, psi;

L: Aerodynamic lift force, N;

W: Gravity of the aircraft, N;

" . Air density, kg/m3;

S The aircraft reference aream

V: Aircraft velocity in the freestream, m/s

@ : Aircraft friction force adjustment coefficiestor each landing gear caliper
‘ : Maximum braking coefficient; and

C.: Aircraft lift coefficient(Zhang et al., 2014)

5.1.3 Landing Distance Model

The aircraft landing distance model is showrFigure5.1. Runway condition, pilotonfigurations,
and aircraft operational characteristics arestaikto consideration and are the three inputs in the
model. The equations for D, T, and F in Equati(39) are referred as the {8 aerodynamic drag
force deceleration equation, theBengine thrust/reverse thrust deceleraggoation and the ME

friction deceleration equation.

First, according tothe runway slope information, the slepdeceleration oracceleration is
identified. In addition, runway friction data is used to determine the maximum available braking

pressure based dquation(5-7).

Then, pilot confjurations are takeimto consideration. First, auto braking level selection is used to
determine the deceleration rate to achieve. This deceleration iidenidgied based on the aircraft
characteristics. For instance, for a Boeing 737, if auto brakiveg I is selected, the deceleration rate
to achieve is 1.22nsif auto braking level MAX is selected, the deceleration rate to achieve is
4.27m/é when the speed is greater than 41.2m/s and 3.866rhé&n the speed is lower than 41.2m/s
(Christ, 2013) As discused before, spoiler and flap positions have a significant impact on

aerodynamic drag force, so spoiler and flap positions are used to determine the amount of drag force
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applied to the aircraft body. The raahe aerodynamic drag deceleration is identified by th& M
aerodynamic drag forcgeceleratiorequation using the spoiler and flap configurations. In addition,
according to the TLA configuration and the-®engine thrust/reverse thrust deceleration eguoati
the realtime thrust/reverse deceleration rate is determined. The aerodynamic deceleratishicate

is a part of the entire deceleratia®,a sum of both the reéime aerodynamic drag deceleration rate
and the reatime thrust/reverse deceleratioste. The friction deceleration to achieve is determined
by the deceleration rate to achieve and the aerodynamic deceleration rate. For example, i the real
time aerodynamic deceleration is H#nd the deceleration rate to achieve is 1.22(alsto braking
level 1) the friction deceleration to achiefm the runway pavement is 0.22f/&ccordingto the
friction deceleration to achieve we can calculate the braking pressure n&ieciedts have limits for
braking pressure for each autolorg level, and the limits vary from one aircraft type to another. For
instance, themaximumaircraft systenmbraking pressuréor a Boeing 737700, when auto braking
level 2 is selected, i40335kPa.The final applied braking pressure is determined basedhe
braking pressure needetiowever, final applied braking pressureannot exceed the maximum
available braking pressurand themaximum aircraft systembraking pressureOnce the applied
braking pressure is selected, the final pavement friction detielerate can be calculated using the

M-E friction deceleratiorequation.

The final achieved deceleration rate of the aircraft is a sum of the slope deceleration/acceleration,
pavement friction deceleration rate, and the aerodynamic decelerationT hateentire landing
distance model is a dynamic model. The aircraft speed and vwmsbignificant parameters in the
process. The initial speed of the aircraft is determined by the aircraft touchdown speed. Finally, the
aircraft deceleration rate for dat¢ime point can be calculated. The entir@king process can be
simulated, which will provide speed and deceleration information to calculatgakimg distance.

The entire landing distance is a combination of braking distance and the distance fromatag
threshold to the touchdown point.
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5.2 Boeing 737-700 Real Data Case Study

5.2.1 Boeing 737-700 Landing Distance Prediction Study

This case study usehe same datas Chapter3.4.1 The Boeing 737700 aircraft programmed
deceleration ratassociateavith each auto brakinkgvelis providedin Table5-1 (Christ, 2013) Four
auto braking levels are available for landing: 1, 2, 3, and MAX. Each level has a programmed

decelerationate as well as a maximum aircraft braking pressure.

Table 5-1 737 NG Airplanes Deeleration Rate(Christ, 2013)

AUTO BRAKE Selection Deceleration Rate (m/9 Pressure (kPa)
1 1.22 8853
2 1.52 10335
3 2.19 13780
Max 4.27(>41.2m/s) 3.66(<41.2m/s) 20670

The Angle of Attack (AOA) is an important factor in aircraft aerodynamic forces. AOA is the angle
between the chord line of the airfoil and the relativaion vector between the aircraft and the fluid
(Dole & Lewis, 2000) The lift coefficient increases with the increase of the AOA untilathies a
peak value. The relationship between the lift coefficient ineeamnd AOA is linear before the

maximum lift coefficient is achieve(®ole & Lewis, 2000)

According to the collected datfap position 30 degree was selected, and ground spoiler position
40 degree was selectddnder this flap and spoiler configuration, the average AOA of the aircraft
during braking, between aircraft touchdown and aircraft reducing to a lower safe spe&:dl.s
According to theBoeing 737 airfoilgeometric bape, the relationship between AOA and lift
coefficientis presentedn Figure 5.2 (AirfoilTools.com, 2014; UIUC Applied Aerodynamics Group,
2014) The lift coefficient is negative and close zero when the AOA is2.21. The negative value
means instead of generatirgglift force, the aircraft airfoil generate a down force. Since the

coefficient is relative small and close to zero, the force is assumedégligiblein this research.
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Figure 5.2 Boeing 737Lift Coefficient vs AOA (AirfoilTools.com, 2014)

A comparison between the establisieE landing distance modeind the 737 Quick Reference
Handbook (737 QRH) reference landing distance is made to validate the mbdeimaximum
braking coefficiers of 0.05, 0.1, 0.2, and 0.3 are selected. Simulations are made with the input

parameterslisplayedn Table5-2.
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Table 5-2 Simulation Parametersinformation

No Reverse Thrust Aircraft Information
TLA IDLE-Engine 1 35 deg
TLA IDLE-Engine 2 35 deg
Touchdown Speed 60 m/s
Air Density 1.3 kg/m3
Weight 60,000 kg
Flap Position 30 deg
Spoiler Position 40 deg
Angle of Attack -3.2 deg
Reverse Thrust Aircraft Information
Reverse Thrust Start Speed 60 m/s
Reverse Thrust End Speed 20 m/s
TLA IDLE-Engine 1 35 deg
TLA Reverse ThrusEngine 1 10 deg
TLA IDLE-Engine 2 35 deg
TLA Reverse ThrusEngine 2 10 deg
Touchdown Speed 70 m/s
Weight 60,000 kg
Flap Position 30 deg
Spoiler Position 40 deg
Angle of Attack -3.2 deg
Airport Information
Airport Altitude 321.6 m above sea level
Runway Length 3000m
Runway Slope 0%
Weather Information
Air Density 1.3 kg/m3

5.2.2 Results and Findings

Figure 5.3 and Figure 5.4 are the results of no reverse thrust landing distance and reverse thrust
landing distane prediction, respectively, using the method in thésis Figure5.5 and Figure 5.6

are the required landing distance provided by 737QRH Normal Configuration Landing Distance
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Chart NCLDC) with reverse thrust and without reverse thrust, respectively, with altitude adjustment

conducted.
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Figure 5.6 ReferencelLanding Distance,737 QRH, No Reverse(The Boeing Company, 2013)

The two methods have similar results in landing distance. For reverse landing, the maximum
difference between the two methods is 13%; and for no reverse landing, the maximum difference is
9%. The results indicate that the-Blanding distance model can pite an accurate prediction of
landing distance.
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When the runway pavement condition is poor, either the reported braking action is poor or the
braking friction coefficient is 0.05, the landing distancapgroximate3500m when reverse thrust is
not useand 2250m when reverse is used. Braking level 1, 2, 3, and MAX landing have similar
landing distance. This fact indicates that when the runway condition is poor, changes in auto braking
level will not influence much on landing distance. The redasahat the combination of runway
surface braking and aerodynamic braking cannot generate enough deceleration to meet any auto
braking level programmed deceleration rate for beterse thrust landing and no reverse thrust
landing. No reverse thrust landing tak# longer for the aircraft to stop, which demonstrates the

importance of reverse thrust under severe runway conditions.

As the runway pavement friction increases, the landing distance decreases. A big drop in landing
distance occurs when runway brakirgian turns from poor to medium and runway braking friction
increases from 0.05 to 0.1 for no reverse landing, but for reverse landing, the decrease in landing
distance is much smaller under the same condition. It indicates when the runway frictioroosditi

very poor, reverse thrust is the main aircraft decelerating contributor.

For all the resultghe difference of the landing distansebetweendifferentlevels become greater
with the friction condition improvesAs the runway pavement friction irgasesthe difference
between no reverse landing and reverse lanftingach level becomesnaller The figures indicate
that when the runway is dry or reported braking action is good, braking level 2, 3 have the same
landing distance. The reason is tithe runway friction is enough to achieve the programmed
deceleration rate. But for braking level MAX landing, the landing distance is still decreasing with the
runway friction increases. The reason is because the programmed decelerationleatd MAX is

excessivehhigh and needavery good runway surface friction condition to meet the requirement.

The timespeed diagrams of the results are giverrigure 5.7 and Figure 5.8. The findings are

summarized as follows.

The slopes of the curves represent the deceleradiumhthe larger the slope is, the greater the
deceleration is. The timgpeed curves are not sghi lines or straight gylines. The slope of the
curves becomes smaller with the decreasbexdpeed. The reason is that the aerodynamic drag force
is a function of speed squarAs time goeson, the speed decreasessultingin a decrease in

aerodynant drag force.

69



In Figure5.7 (a), (c), (e), and (g)big changes in slope occur when the speed is 65m/s and 30 m/s.
The reason is that during speed decreasing from/6%0 30m/s reverse thrust is used. The changes
for therunway braking friction coefficient of 0.05 and 0.1 amere obviousthan the changes foine
runway braking friction coefficient of 0.2 and 0.3. This factvesothat when the runway cannot
provide enough friction force, reverse thrust has a significant influence on aircraft landing
deceleration as well as landing distance. As the runway frictional quality increases, the influence
becomes smaller.

In Figure5.7 (b), all the timespeed curvesoincide because during poor runway friction condition
landing, the combination of aerodynamic dregce and friction force cannot provide enough
deceleration for anjpraking level. In this case, aircraft braking systémies the most advantage of
the available frictiorfor all brakng levels, thereforethey have the same deceleration.

ComparisorbetweenFigure5.7 (b), (d), (f), and (h) indicates that the difference between different
braking levels become greatass the runway available braking friction coefficient increa$éss is

because the runway surface can provide macédn to try to fulfill the programmed deceleration
rate.
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Figure 5.8 indicates that Wwen reverse thrust is used, the difference between different runway
pavement braking friction coefficients for the same mgkevel is smaller than when reverse thrust
is na used. Wienthe brakingfriction coefficient increass lower bralng levels start to distinguish

from each otherand then the higher levels.
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5.3 Advantages of This Method

In this chaptey a landing distance prediction method is established which incorporates a mechanistic
based analysis and an empirical real flight data calibration. The method establifiechaper has
several advantagesver the current landing distance prediction meth@itsmpared to the NCLDC
provided by the Boeing Compa(®013) the method established in this paper uses quantified runway
condition information and an accurate amount of reverse thrust applied. Compared to the ROPS
provided by Airbus CompanfAirbus, 2010; Chapman, 2018)n d P u v r @%65) she methadd y

can be applied to a wide application of aircrafts. Compared to the Transport Canada method

(Transport Canada, 2014k4j can be used for both winter operation and summer oper@iath
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contaminated runway and wet runway) and does not need dry runway landing distance reference.
Compared to Combat Traction Rep@iahi, 1977; Warren et al., 197d)nd Van Es et al . 6
(2010) pilot settings are taken into consideration and more factors are studied to calculate the landing
di stance. Compar ed (2011) Peaesse hrustuand eabnskid diake Gystensis u d y

incorporated.

5.4 Summary

A landing distance moddlas beemstablishedbase on the ME deceleration equatioin this chapter.
Parameters of pilot settings, aircraft operational characteristics, weather condition, and runway

friction condition are considered in building the model.

Since the model incorporates mechanistic analysis and empirical calibrations and integrates a

variety of influence factors, it has several advantages over the previous research methods:
Incorporatingpilot settings
Consideringaccurate amount of reverse thrust

Providingawide application of aircrafts and airport runwagad

=A = =4 =4

Consideringantiskid braking system.

A Boeing 737700 landing distance real data case stwdy conducted using the landing distance
prediction method established in thiesis Simulation results indicatethe model has similar results
as therequiredlanding distance provideby Boeing 737 QRH and offers an accurate prediction of

aircraft landing distance.
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Chapter 6

Potential Applications

Following the development of the-K aircraft deceleration equation and landing distance model, a
summary of their potential applicationgpieesented in this chapter.

6.1 Introduction

Since he M-E aircraft deceleration equation ameking analysigrebased on aircraft measurenmgnt

a uniformrunway assessment, evaluation, and reporting frameeanke built based on this study.
Aircraft runwayoverrun is a major airline and airport safety concern, especially for airports located in
Canadawith diverse weather conditiongherefore,the landing distance modehn be applied to
calculate required landing distasd®efore landing to mitigate the risk of runway overrBacause of

the accurate prediction of landing distameedel it can potentially be applied to optimize quick exit
taxiway design and airport operation. Considering pilot settings and accurate am@werse thrust

are incorporated, thanding distance modellso has the potential to help airlines control and reduce
fuel consumption. Finally, a braking availability tester and a@ssociatedstudy of wet and
contaminated runway aircraft landing penfmance will be discussed.

6.2 Runway Assessment, Evaluation, and Reporting Framework

It should be noted that differemirports use different runway friction measurement devices. The
devices may be produced by different manufemtsand provide testing ressltinconsistently The
aviation industry and aviation authorities have realized this inconsjsté&i#A and ICAO developed
friction level classification for runway pavement surfaces based on different friction measurement
devices.In addition, the pilots lave realized that the runway friction information varies between
different airportdBiggs & Hamilton, 2002)The reported friction assessment should be converted to
a standard braking friction valué&igure 6.1 is a runway assessment, evaluation, and reporting
framework which is based on the developedBvaircraft deceleration equatiaime braking friction

coefficient, and the ME landing distance model

In this framework, airports can use their own local friction measurement device and convert the
testing result to a braking frictiorpefficientvalue that can bdirectly related to an aircraft braking

performance through the ME aircraft deceleration equation.
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One friction measure device should be selected as the standard friction measuremerDalevice.
from the standard friction device and different friction measurement devices are collected and
retrieved nto a ground devicelatabasesAs a result,lte resuks from different friction devices can be
converted to the standard device resulihich are reported as braking friction coefficient values
Digital flight data from different typeof aircrafs arecollected and retrieved intoaircraftdatabase.
Based on the digital flight data,-E deceleration equation for each type aircraft can be developed. A
relationship between the aircraft braking performance and the standard friction measurement device
ted results can be built. In this way, airpocan develop the relationship between their local devices
and the landing aircraft. The & deceleration equation and the calibrated aircraft braking friction
coefficient should be reported to the authority praided to the pilots. With the help of the landing
distance model, the pilot can calculate the required landing digtanceo landing
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Figure 6.1 Runway Assessment, Evaluation, and Reporting Framewk
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6.2.1 Improvement over Current Framework

One of thedistinguishing feature of this frameworkis that he frameworkcan provide uniform
information with small variance because all the local testing results are converted to dbeaiiary
friction coefficient values which can be related directly to an aircraft braking performance. The
current reported friction coefficient represents the friction condition of the runway surface but cannot
reflect the aircraft braking performanaecuratelyIn addition, theother distinguishing feature is that

in this framework, different devices and aircrafts are calibrated respectively, which contributes a good

correlation between the braking friction coefficient and a given aiicsaft | andi ng per f or ma

6.3 On-Board Landing Distance Calculation

The M-E landing distance mode&lan be applied in airlines for routine safety management. The
airlines can collect flight data from the Quick Access Recorder or the Flight Data Recorder on their
aircraft and reserve them into a databaBleen deceleration equations for each aircraft can be
calibrated based on the flight data. Then the airline can use the landing distance prediction model to
calculate the landing distance for a specific airport runway under different runway frictiotiaandi

In this way, the airline can have an accurate prediction of the required landing distance. Therefore,
aircraft overrun accidents can be prevented and airline operation safety can be imjononagtam

has been developed based on theE Mircraft landing distance prediction metho#&igure 6.2

demonstrates the user interfadaghe program
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6.4 Quick Exit Taxiway Design and Airport Operation Optimization

When designing the airport, aircraft demands are predicted. With the prediction of different type of
aircrafts, associated landing proassan be simulated. As a resutfuick exit taxiwaycan be

designed at the location wie most aircrafts stop to a lower safe tofinspeed.

The airport and air traffic control can use the landing distance modslculate the landing
distance and landing time needed. In this way, better decision of taxiway selection can be made and

runway accupationtime can be determined more accurately.

6.5 Fuel Consumption Reduction

The M-E aircraft landing distance model consilanaccurate amount of reverse thrust, and reverse
thrust is one of the main fuel consumpsaiuring landing Therefore,the M-E aircraft landing

distance model has the potential to help airlines reduce fuel consundptiexamplds givenbelow.

Example: a Boeing 73700 aircraft is going to land on a runway at sea |evitlwith a runway
length of 300m. The air densitis 1.3kg/ni, and the wind is heading 30 degree off the runway with
a headwind component of 8.5 knots and a crosswind component of 5 knots. The runway condition is
100 percent bare and dry with good frictional prosperity. aWalablebrakingfriction codficient of
the givenrunway is0.45.The aircraft is approaahg using standard technique which includes a stable
approach and flar@nda firm touch down. Thaveight of the aircraft i$0t andthe touchdown speed
of the aircraft isl25 knotq65 m/9.

With the given information, ME aircraft landing distance model is used to calculate the required
landing distanceFour options are given iMable 6-1. For a 300m rwnway, the safety factoris
determined to bd.5. With the given éur landing thrust configurationsll landngs can provide
enough safety margin3he first three options have similar landing distance with the same braking
level, but the reverse thrudime is significantly differentCompared to Option 1, Option 3 da
approximately the same landing distaruewever saves fuel of 23 seconds reverse thrust
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Table 6-1 Landing Setting Options

Option 1 Option 2 Option 3 Option 4
Reverse Thrust Use Yes Yes No No
Flap Position (Degree) 30 30 30 30
Spoiler Use Yes Yes Yes Yes
Braking Level 2 2 2 1
Reverse Thrust Start Speed (m/s) | 65 65 N/A N/A
Reverse End Start Speed (m/s) 30 45 N/A N/A
Reverse ThrustTime (s) 23 13 0 0
Predicted Landing Distance (m) 1732 1748 1843 2217
Runway Required Length (m) 2598 2662 2764 3325
Runway Length Adequate (m) Yes Yes Yes Yes

6.6 Braking Availability Tester

6.6.1 Introduction

The Braking Availability Tester (BAT) was developed in partnerstith the University of Waterloo
andTeam Eagle Ltd. The objective of the BAT project is to design a runway pavement measurement
device that can provide pilots with real time runway braldmgilability, especially for landing at
airports with wet or contaminated runways. The provided braking availability information can help

pilots make better landing decisions.

The feature of t hakingPefdrmance. t hat
This is done by installing an aircraft landing gear wheel and brake with an Antiskid Braking System
(ABS) algorithm controlling them in the bank of a F3%igUre6.3). The BAT can provide loddg

of nearly 10% of a Boeing 737 aircraft, which provides a relative accurate simulation of a real aircraft

di stinguishing

braking performanc@&loshi, Jeon, Kwon, & Tigh®013) Several sensors are embedded and measure
torque load, speed, braking pressure, wheel speed, drag force, temperature, etc. This allows the BAT
to monitor all aspects of braking performance of the landing gear wheshg testing, the pickup

truck accelerates to a certain speed with embedded landing gear wheel raised. After the certain speed
is reached, the hydraulic system power down the landing gear wheel, this process can simulate the
touchdown process of an aircraft. As soon as the landiagtguches the pavement surface, braking
pressure can be applied to the wheel. During the testiagjrag force from the pavement surface is

measured by the horizontal loeell; braking torque is measured by the torque loslt
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(a) BAT Braking Land ing Gear Wheel(MME, UW)

(b) Overall View of BAT (MME, UW)

Figure 6.3 BAT

6.6.2 Anticipated Significance and Future Works

The BAT has the potential to be the standard friction measurement deviceumilay assessment,
evaluation, and reporting frameworkdditionally, by combining theM-E aircraft landing distance
prediction method and the BAT, this project is ableptovide the aviation industry a better

understanding of the effects of contaminated runwagardingaircraft braking performance as well

80



as an accurate prediction of aircraft braking performance and its required landing diBtance.
example, since the BAT simulates the landing performance of an aircraft, it has the potential to
measure the Bking friction coefficient of the pavement. With the help of the-tiea¢ braking
friction coefficient measured by BATthe aircraft braking performance can be analyzed and its

required landing distance can be calculated by tHe lghding distance model.
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Chapter 7

Concl usaain@®essommendati ons

7.1 Conclusions

The purpose of this resear@hto produe a comparativanew method ofinalyzing airport runwa
pavement braking performance through innovative modelihg. objectives stated in Chapter 1 of

this thesidhave been successfully achieved in this research.

First, the establishment dhe M-E deceleration equatiowas conductedThe equationwas
developed based onreraft force and momendnalysis and is calibrated by digital flight data and
weather dataA WestJet Boeing 73700 case study is conductektcording to the equations, digital
flight data, weather data, and pavement datse collected and used taalibrate theaircraft
characteristic adjustment coefficienfshe validation results indicated thiie equatiorprovides an
accurate prediction of the aircraft landing deceleration

Then thebraking analysis is done based on the develdpdtideceleration equatiod study of a
Boeing 737#700 aircraft landing on dry, wet, and contaminated runways nglumted.The final

conclusions from the study can be summarized as follows:

1 A wet runway can have a similar runway frictional conditsra dry runwayf the runway

pavements well maintained

1 Compared to wet runways, contaminated runways hdamger mpact on aircraft braking
performance. However, a small amount of contamiranta reliable runwaywill not
decrease runway braking frictimonsiderablyjnstead, the runway will perform similéo

a clean dry runway.

9 Available braking friction coefficient decreases with the increase ajrtvendspeed. The
available braking friction coefficient of a wet runway is more depeinde speed and

decreass faster than that of a dry runway

An M-E landing distance modas developed based on the-Eldeceleration equatioraircraft
braking system characteristics, and pilot configurations. In addiveather conditionand aircraft
operational characteristicsare incorporated in this modellherefore, the model has several
distinguishing featureincluding: incorporating a variety of influence factors, considaeamaccurate

amount of reverse thrust, providing wide application of aircrafts and airport runways, and
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incorporating ansikid braking system. A Boeing 7370 case teidy is conductedusing the

developed model artie Boeing 737 QRHThe result can be concluded as:

T

The M-E landing distance model can offer an accurate prediction of the required landing

distance.

Reverse thrust is a significant landing distance intteefactor when the runway is in
severecondition; however, with the runway fictional condition increases,dbetribution

of reverse thrust decreases.

Finally, potential application of this reseaiisldiscussed and summarized as follows:

= =4 =4 =4 =4

Development o& Runway Assessment, Evaluation, and Reporting Framework
On-Boad Landing Distance Calculation,

Quick Exit Taxiway Design and Airport Operation Optimization

Fuel Consumption Reduction

Development othe Braking Availability Tester

7.2 Major Contributions

The major contributions of this thesiselisted as the following points:

1

T

1

This thesis developed movel M-E deceleration equation to model aircraft braking
performance during landin@ he equatioris calibrated using flight datavhich provides a

moreprecise prediction of aircraft deceleration

This thesis presents a new method of analyzigraft braking performancwith the
developedM-E deceleratiorequationwhich addresses the issue of friction measurement
devices @nconsistence Braking friction coefficient is stuéd in detail which provides a

deep understanding of aircraft braking performaracged on aircraft measurements

This thesis introduces an-M aircraft landing distancenodel. The ME aircraft landing
distancemodel integrated a wvaety of influence factors such as pilot settings, accurate
amount of reverse thrust, askid braking system performance, and provided a wide

application of aircrafts and airport runway$here characteristicdave not been
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incorporated together in a cant existing method. In addition, the-Baircraft landing

distancemodel is proed to offer an accurate prediction of the required landing distance.

7.3 Recommendations and Future Work

All of the collectediatain this researchsifrom a commercial aircraft that did not use full braking for
all the flights In addition,Waterloo International Airport maintaéd its runwayin a good condition
with high level of services. Thereforeydroplaning and insufficient friction braking dteewet and
contamirated runwayslid not occur in the collected datéhe following pointsare recommeret for

future research

1 Tesing of arcraft landing on runways witmore severe wet and contaminated conditions

are recommended.

1 Full braking or max brking landing teshg is recommended to analyze the available

braking friction.

1 Runway roughness influence on runway braking should be conducted in the future study.
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Dry Runway Braking Analysis
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Breaking Friction Coefficient

Breaking Friction Coefficient
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Breaking Friction Coefficient
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