Eighth USA/Europe Air Traffic Management Research and Development Seminar (ATM2009)

Analysis of Continuous Descent Benefits and Impacts
During Daytime Operations

Sanijiv Shresta, Dejan Neskovic, ané@hen SWilliams

Center for Advanag Aviation SystenbDevebpment
The MITRE Corporation
McLean VA, United States of America

Abstrac® This paper presentsa case study ofmodeled arrival Center for Advanced Aviation System Development
operations which utilize descent trajectories optimized for (CAASD) has been tasked by the United States okedca
reduced fuel burn and pdlutant emissions. Arrival flights  Federal Aviation Administration (FAA) to study tleasibility
desceding along optimized vertical profiles are modeled by 5.4 potential benefit of implementing OPD procedufiée

transforming the descent trajectories of a set of baseline arrival . . . . o
flights, taken from observed radar track data, into descent analysis of this study derives from the-going investigations
on OPD procedures at CAASD.

trajectories at idle throttle. The trajectories of the basline and . . . .
modeled arrival flights are described in depth, along with the In the most ideal form of OPD, a desuling aircraft will
transformation that connects them. Two implementation ~ Not apply any throttle during descent. Instead, the potential
scenarios (uncastrained and constrained) ofoptimized descent ~ and kinetic energy of the descending and decelerating aircraft
procedures during daytime operations are analyzedIn the case  will be managed optimally. The arrivingraiaft will be able

of unconstrained ogimized descent Iloth the potential benefits to glide down from cruise with its engines setidle while

and conflicts that result from such operations are quantified.In transferring its kinetic and patgal energy into the drag on
the case of constrained optimized descent, mitigation strategies the airframe. In that case, the fuel burned and pollutants
are applied which remove thepotential conflicts, but also reduce emitted during arrival will ,be minimized. This is what is

the level of pdential benefit. The constrained optimized descent v Kk . d val (CDA
scenario demonstrates that by carefully choosing which vel-offs generally known as a cantious descent arrival ( ).

are removed, both benefits can be obtained and conflicts avoided HOWever,in actual opegtions, arriving aircraft are not always
simultaneously. The major conclusion that may be drawn from  able to descend along their aircraft specific optimally efficient
this study is that procedures for optimized descent arrival trajectory. In the presence of normal traffic levels, such as
operations can be implemented with fuel and emissions savings during daytime operations, constraints stemming from safety
benefits while avoiding conflicts with other traffic. and efficiewy often require aircraft to use thrust while
execting leveloffs. These levebff segments, known as
arrival shelvescausethe aircraft to burn more fuel than in idle
descent.
This study gantifies the benefitattainablefrom allowing
. INTRODUCTION descending airaft to fly closer to their ptimal descent
trajectory while avoiding conflicts witton-arrival traffic.
Recent volatility in jet fuel prices and growing This is accomplished by mokigg current arrivals as they
emvironmental sensitivity have stimulated investigation intowould be if they had been flown as OPD operati@rsefly,
methods for reducing air transportation fuel consumptionthe vertical profiles of baselirarival flights, taken from radar
pollutant emissions and noise in the next gaimr of air  track data, are transformed into new vertical profiles assuming
traffic management (ATM). Within the deent phase of flight, idle throttle descentsegmentsThe ground tracks and speeds
a concept of operations for reducing these aspects is @ the arriving flights are left unchanged thatthe lateraland
redesign flight arrival routes and procedures such that jéongitudinal separations beteen aircraft are unchanged. This
aircraft can reduce the application of throttle, and itdransformationallows focusedevaluation ofthe potential
as®ciated highrevolution rate of the jet turbines. By allowing benefis from improved vertical profilesseparated from the
their engines to remain at idle duringsdent, descending potential benefg of shortened ground trackOn the
aircraft can minimize the fuel burned, thexhaust gases interactions between traffic, it allows identifizat of the
vented, and the noise generated by thgirees. A general term potential conflicts between OPD arrivals amgn-arrival
for the broad class of demut routes and procedures which aretraffic, but does not addredsow longitudinal separations
designed to reduce the apption of throttle during descent is between arrivals would change if arrivals were implemented
Optimized Profile Decent (OPD)T he MI TRE Co rapoegrORD progatidres
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Threemain questions are investigateuisf, how the praimity modeling ofnoise [15,16]; traffic flow management17,1§.

of arrival traffic tonon-arrival traffic would change if current The analysis of this study adds to the above cited works by

arivals were implemented as OPDgcend, what types of modeling OPD operations in heavy traffic situations. The

compromises in the descent trajectory of the OPD would beesult gives a direct answer as to how OPD operations would

required to avoidpotential conflicts and hird, what net behave if they were done as a part of mair daytime

benefit in fuel savings and emission reductiomsild be operations.

expected assuming thosempromses. In addition to the descent phase of flight, research is also
Threemajor insights have followed from this studsirst ~ onrgoing into reducing emissions and fuel burned in departure

that approximately 85% of the potential fuel burn and[19], cruise P0], and in surface operation®1]. In these

emissions reduction benefit comes from optimizidescent phases of flighthe benefit mechanisnare different, but the

trajecbries at altitudes below 20,000 ft above mean sea levglotential for fuel and emissions reductiazen be as great as

(MSL). Second that arrival shelves in which descending during descent.

aircraft are passed underneath departure traffic are likely to

experience conflicts if the descending traffic is allowed to fly lll.  METHODOLOGY
unrestricted continuous descehhird, that removing a single
level-off at the hanebff from enroute to terminal airspace can The benefits and impacts of OPD implenation during

realize 15% of the full potential fuel and emissions reductiorjaytime operations are evaluated in this study by hgle
benefit, while avoiding many of theotential conflicts  current arrivals as they would be Hely had been flown as

betweerOPD arrivalsandnon-arrival traffic. OPD operations. The flowing secton describes in detail how
the transformation from baseline to modeled OPD fligists
Il.  BACKGROUND achieved.

Two major international partnerships and many A. Description of a Baseline Arrival Trajectory
independent research programs are currently underway to
investigate methods foreducing fuel burn, emissions, and The ground track of a delentified arrival flight into
noise in air transportation. These effessan two oceangnd  Denver International Airport (DEN) in October 2007 is
include collaboration between industry, government, andlustrated in Figure 1. This particular arrival entered the
academia. Spanning the Atlanti©cean, the Atlantic terminal airspace from the south east, flew a downwind
Interoperability Initiative to Reduce Emsions (AIRE) was portion, and landed on runway 16 left (L). The top cdogat
formedwith the goalto hasten development of émnmental  point along the arrival track is indicated by a red dot near the
improvementsfor all phases of flight{1,2]. In the Pacific beginning of the shown segment of track. The runways are
Oceanregion the Asia and South Pacific Initiative to Reducevisible at the center of the 30 nautical mile (NM) range ring.
Emissions (ASPIRE) was formed tgtend that goal to flights
in Asia and the South PaC”IG] 30 NM range “ng

As part of theinitial milestones of theAIRE and r — - N
ASPIRE programsfield trials of arrival flights utilizing e . | T
optimized profile dscents havebeen completed, including ’ \
transoceanic flightsirom Paris to Miami and fromAuckland : |
to San Francisco These trials have demonstrated [ - 1
interoperability and validate the environmental benefits of e,
optimized descents$n addition to the triaflights of the AIRE W\
and ASPIRE partnsehips, severatrial implementationsof '
regularly scheduled flighthave clarified the benefits and N
operational challenges of implementing tiopzed profile ===
descentsThreesuch trial implementations, which are notable
for their scale, ara CDA implementation below 6000 ft MSL
at London Heathrow Airport [4], aarea navigation (RNAV) ®
implementationat Los Angeles International Airpodnd the
United Parcel Service (UPS) implementation Latuisville ~ Figure 1. The ground track of a flight arrival into Denver
Internation&Airport [5]. International Airport.

Complimentary to trial flights,nivestigations ofissues
related toreducingthe fuel burn, emissionsnd noise in the
descent phaseare also conducted through modeling

approaches.Some of the isssebeing studied arecapacity the flight. The fuel burn rate and speed brake usage were

Impacts Bl: separation between aircraft][ 4-dimensional calculated from the flight trajectorpformation using the total
trajectory management 8{10]; controller workload and A

. ) o ener model within Euroev r ol 6 s Base of A
acceptability 11,12]; modeling of fuel and emission$3,14]; (BADgX) aircraft performance atabase 22]. Along the

Baseline
top of descent

[ |

The ground speed, altitude, fuel burn rate and speed brake
usage of the flight are plotted Figure2. The ground speed
and altitude were extracted from the refgm radar track of



horizontal axis is the ground tracksthnce prior to the runway constraintsEach noridle segment during the ggent phase is
threshold innautical miles (NM) All the quantities are shown an instance o& potential area for fuel savings and emissions
on a single graph to illustrate the connection between themeduction. If those shallow descents and leféd could be
Each quantity is plotted ithe following colors and units:

e ground spee is plotted in blue in units of nauticaliles

per hour (knots);

e altitude is plotted in red in units oftihdreds of feet (flight

level);

replaced with descent at idle throttle, the potentiéste for
reducing the overall fuel usage and emissions oulpuing
theaicr aft 6s flight.

B. Description of a Modeled OPD Arrival Trajectory

o fuel burn rate is plotted in green in units of pounds weight

(Ibs) per minute (min);

e and speed brake usage is plottad orange in units of

Ibs/min.

The trajectory of the baseline arrival described in tlegipus
section can be modeled as if it had been flown as an OPD by
making two changes. First the cruise segmenttisneled such

The speed and #@ide can be read along the left hand scalethat the top of dent point is closer to the runway ¢shold.
while the fuel burn rate and speed brake usage can be re@gcond, the entire descent is executed at idle thrutifle the

along the right hand scale.
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ground track and speed profile unchangBde same fuel burn
model that was used to compute the fuel burn and speed brake
usage in the m@wious section can be applied in reverse to
compute the modeled trajectory of a flight given its fuel burn
and speed brake ttiags. The modeled track that results from
that process will be called a modeled OPD arrival ttajg.

The ground track of the model&PD track is ilustrated
in Figure 3. The new top of descent point along thedeied
OPD arrival track is indicated by a red dot near the beginning
of the shown segment of track. Comparison wigure 1
reveals that the new top of descent point is approximately

Flight Level and Speed (knots)
Fuel Burn and Speed Brake (Ibs/min)

100 ~

-150 -100 -50 0
Distance from Runway Thresheld (NM)

Figure 2: The vertical profile and trajectory of the baseline
arrival flight.

The trajectory of the arriving aircraft iigure 2 follows
from left to right, with a segment of cruise visible to the left
(at -150NM) and the runway threshold visible to the right (at
ONM). As inthe ground track figure, thedation of the top of
descent point is indicated by a red dot on the altitude line.
Inspection of this particular arrivakwreals that it began its
descent 135NM prior to landing. Before beginning its descent,
the aircraft cuised at flight level (FL) 320 and was burning
approximately 75 Ibs/min of fuel. After the top of descent

point the aircraft began a shallow descent of 1.8 degrees atF?gure 3: The ground track of the modeled OPD tajectory

is the sameas for the actual track. The new top of descent
point is indicated by a red dot.

half throttle setting which burned between-3D Ibs/min of
fuel. At apprximately 70NM from touchdown the aircraft
began a s@mer descent of 3.9 degrees at idle thrust and
utilized a small amount of speed brake to avoid accelerating

aircraft leveledoff at 13000 ft MSL. In order to exaite the are plotted irFigure4. As before, the harontal axis is ground
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track than for the baseline arai.
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In parallel withFigure 2, the ground speed, altitude, fuel
while descending. At 50NM from touchdown the idng burn rate and speed brake usage of the modeled OPD arrival

level-off, the aircraft powered back up to approximatelytrack distance in nautical miles prior to the runway threshold,

75lbs/min of fuel burn. For the rest of the arrival the aircraftand all the quantities are shown on a single graph to illustrate
continued to execute a series of powered lefsl and idle  the connection between them. Each quantity is plotted in the
descents. samecolors and units asedcribed in the previous section.
As for the baseline trajectory, the location of the top of

many leveloffs and segments of descent at greater than idléescent point is indicated on the altitude line by a red dot, and
thrust. These levadffs may have been executed due to the trajectory of the modeled flight follows from left to right.

The trajectory of the described flight arrival congain

separation considerations from crossing traffic airspace Inspectim of the modeled OPD arrivabveals a few
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Figure 4. The vertical profile and trajectory of the Figure 5: Comparison of the trajectories of the basline
modeled OPD arrival transformed from the arival flight and modeled OPD flights.

of the previous section. would have burned moréuel in extending its cruise, but

differences from the baseline traggory. First, the cruise would have burned less fuel during its descent. The net fuel
segment at FL320 is extended by approxeigalONM, so  burn diference of these two effects is a savings of 220 Ibs less
that the new top of descent point occurs at 90NM fronfuel burn in the OPDraival.
touchdown. During the extended cruise, the aircraft continues
to burn approximately 75 lbs/min of fuel. After the top of D. Discussion of the Transformation
descent point the airaft begins a descent of 2.8 degrees at
idle throttle setting. As the m@iraft descends the rate of fuel Throughthe transformation to APtrajectory, the vertical
burned at idle throttlencreases due to the increasing densityprofile of the descending flight was changed from one with
of air at lower altudes. At approximately 40NM from multiple powered levebffs, to one with a single leveiff for
touchdown tie aircraftexecutesa short levebff at 16000 ft,  deceleration. If this transformation is applied to aliivals
while remaining at idle throttle. This levelff occurs in order into a given airport, it will give a pictte of how operations
to slow the speed of the aircraft. In a real flight, the pilotwould look if all arrivals were OPD arrivals. Both the
would at this point pull back on the stick to tilt the nose uppotential benefits andonflicts of OPD implemetation could
slightly andcause the aircraft to slow down. For the rest of thene predicted from the method of transforming flights from the
arrival the aicraft continues its continuous idle descentbaseline to modeled OPD asais.
between 2.63.0 degrees dowto landing. A sample of the basele to OPD transformationpplied
to a set of arrivals from the southeast into Denver International

C. Comparison of the Baseline and Modeled OPD Flight Airport on a particular operational day in October 2007 is

Trajectories shown inFigure 6 and Figure 7, respectivelyln each fgure,

the ground trackof the flights are shown in the left frame; the

The trajectories of the baseline flighhd the modeled OPD
flight are shown together ifrigure 5. The baseline flight
trajectory is drawn as a set of thin lines, and the modeled OPD |
trajectory is drawn as a set of bold linéote that since the
ground speeds are theame in the baseline and modeled
trajectories, there is only a single line for ground speed.
Comparison of the two reveals how the fuel burn rates of the
two campare at the same locations along the ground track.

In the extended cruise portion of the meadklOPD
arrival, the modeled OPD burns fuel at a higher rate than the
baseline arrival. The extra fuel is burned to maintain the cruise
altitude longer. After the top of deent point of the modeled
OPD arrival, the modeleddectory burns less fuel thame
baseline arrival. This is because the modeled OPD descend
(by design) with the throttle set to idle. The modeled OPD
trajectory does not have any of the lewés at high throttle . . .
that are seen in the baseline arrival. However, there remaing j9Ure 6: The baseline tracks of an operational day of
short kvekoff for deceleration. Overall, the conclusion is that a/1vals to DEN from the southeast landing on ruways
if the considered baseline arrival had been flown as an OPD, #oL.
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16L, 17R, and 17L; and departures from runways 08, 25, 17R,
and 17L. These runways constitute the majority of arrival and
departure operations in south flow runway courfégion.
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Figure 7: The modeled OPD tracks which are trasformed 25— ‘ ‘
from the baseline tracks. l

altitude pofile is shown in the upper right framand the
speed profile is shown in the lower right fran@®mparison of
the two shows that the ground track and speedilgs are  Figure 8: The runways utilized at DEN in south runway
unchanged between the baseline and modeled OPD flightg9nfiguration are illustrated. This study will focus on
whereas the vertical profiles are different. The modeled OP®ITivals and departures on the indicated runways.

flights have extended cruise phases and steeper descents with arrivals into DEN enter the terminal airspace over eight

few level-offs. _arrival fixes. Each diagonal direction has two fixess
The fact that the ground tracks and speeds of the arriv@|ystrated inFigure, the arrival fix names are: RAMMS and
tracks are not changed has an implication on the interpretatiofppmsN from the northwest: POWDR and LARKS from the

of the transformation. Specifically, theteral and longitudinal = gothwest: QUAIL and DANDD from the southeast; and
separations between all aircraft are unchanged. Howeve§avyGE and LANDR from the noneast.

since the vdical profiles of all the arrival trajectories are
altered, any instances of vertical separation are Baten
these facts, implementing the transfation described here to
all arrival flights into an airport will give a picture of how
opektions wouldlook if the arrival descents were OPD, with ——
no other change#\n important caveat to the interpretation of TOMSN Y —
this transforration is that this analysis does not tell us how the T N SAYGE
implementation of OPD vertical profiles could be done. In oo s 1

paticular implementing OPD operations may require
significant airspace changes, automation changes, and 1 B
increaseccollaboration between enroute, terminal and system W ‘i
operations personngh that sense this transformation gives us ;
a look at the other end of the OPD implenadnoh process
but does not tell us how we could get there.

IV. CASESTUDY: DENVER INTERNATIONAL AIRPORT
Figure 9: Sample tracks of arrivals into DEN in south flow
The example flights of the previous sections were actudnway configuration, showing the arrival fixes.
flight arrivals into Denver International Airport (DEN) in
October 2007. The remainder of this studyl wontinue to A Vertical Separation Zones
focus on operations at DEN as a concrete case study. The

choice of DEN was not made for any reasons relating to its  Fiow tubes which encompass the tracks of arrival and
suitability for OPD operations. Rather, DEN was chosen aéleparture flightsinto and out of DENin south flow are
random as a typical example of an airport with highume  jjysirated in Figure 10. Each flow tbe encompagss
operatios. . _ . approximately 90% of the tracks for its flow. The flow tubes
The case study of hypothetical OPD arrival operations ags arrival tracks are drawn in purple, and those of depa

DEN will focus on operations in south flow runway {racks are drawn in green. The flaubes of depaures tracks
configuration.The field elevation at DEN is 5431 ft MSBs o runways 17R and 17L which fly directly south are

illustrated inFigure8, these includeravals on runwag 16R,  gmitted from the illusttion for clarity.
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Level-offs are observed at:

19,000 ft — entry into terminal airspace
13,000 ft — arrival shelf over departures
11,000 ft — turn onto the base leg

Figure 11: The ground track, vertical profile and speed
profile of the flow tube boundaries for arrivals from the
southeast to runway 16L.

Figure 10: Flow tubes that enclose the arrival and
departure tracks. C. Summary of Baseline Operations

Circled on the diagram of flow tubes are locations where ] ) ) :
arrival flow tubes are above or below departure flow tubes,  1N€ Preveus two subsections have illustrated the vertical
These are zones where the airspace utilizedrhiyats and interaction zones between current arrival and depa_rture
departures are altitude separated. Since OPDatipes are OPerations, as well as the lewalfs that are observed in
expected to change the vedl profile of arrivals, these cur_ren_t arrival op_eratlons._o_n the one hand, fuel savings and
locations are potential conflict zonestiween departures and €Missions reduction benefitdll be obtained byemoving the
OPD arrivals.In addition to theinteractionzones within the |€VeFoffs of current arrival opetions. On the other hand,
terminal airspace as described here, the results of himman Successful implementation of OPLpeyations will require
theloop studies have demonstrated #iddil interactions Mitigation of any conflicts which arise between OPvals
between descending traffic and crossing traffic inraite ~ and other traffic.
airspace 23]. Implementations of OPD arrivals will need to
accommodatéoththeinteractiondbetween OPD arrival flows
and departure flows in the terminal airspace, as welseh ] ]
between descending OPD traffic and crossing traffic in the en  The transformatin from baseline to modeled OPD
route airspacein order toavoid potential conflicts between trajectory can be applied to all the arrivals into DEN on a

V. ANALYSIS

OPD opestionsand other traffic sample set of days to understand how the operations would
change if all arrivals were OPD. In particular, the
B. Observed Levebffs trarsformation will give estimates of the potentiakfisavings

and emssion reduction benefits, as well aghlighting the
A sample flow tube for arrivals from the southeast ovefotential conflicts between OPD arrival operations and current

the DANDD arriva fix to runway 16L is redrawn ifFigure ~ d€parture options. _ . .
11 This alternative view allows closer inspection of the  1he following sections detaihosepotentialbenefits and

ground track, vertical profile, and speed profile of the flowconflicts in three subsections. Firdtet case of unconstrained
tubes. In the, figure, dark Iin,es follow the ldaries of the continuous descent from cruise down to the landing flaps
flow tubes.Inspection of the vertical profile in the upper right configuration is adyzed. The conflicts that would result from
frame reveals three distinct altitudes at which the trackdliS type of arrival operation and the potential dit that

exhibit leveloffs. For each levedff the corresponding could be obtained will be estimated. Second) strategies of

location along the ground track is indicated in the left frameconflict mitigation will be described. The decrease in benefit

Specifically, thearrival flow of Figure 11 exhibits leveloffs ~ Potential from implementing these strategies will be
at: 19,000 ft MSL where flights enter terminal airspace;qua”t'f'_ed' Flnal_ly, a scenario onPD pr_ocedure which avoids
13,000 ft MSL where the arrivals fly over thepdrtures; and the major conflicts of unconstrained ciontous descent by
11,000 ft MSL at the turn onto the base leg. Removal of thdtilizing a combination of the two mitigation strategies will be
leve-offs within terminal airspace illustrated here, as well ag2"@lyzéd and the potential benefit in this case will be
any other levebffs during decent will be the primary means duantified.

for obtaining benefit from OPD operations. The flavbesof

arrivals from other directions into DEN exhibit similar

behavior as obseed in this exaple.



