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A treatment of identifying optimal � ight techniques for transport aircraft with respect to direct operating
cost and pro� t or return on investment is derived for given sector mission criteria and assumed reference time
frame utilization. A series of models used to simulate maintenance and materiel costs accurately and block fuel
expenditure and revenue have been introduced to force the direct operating cost and pro� t or return on investment
expressions as continuous functions, allowing for determination of their respective minima and maxima. The
selection of utilization (hourly or � xed number of sectors) per reference time frame was found to be an important
precursor to what type of � ight technique is to be expected. An hourly based utilization results in faster block
speeds, tending toward the minimum block time threshold of a given vehicle and sector mission, whereas the � xed
departures scenario yields a slower yet congruous � ight technique optima requirement for direct operating cost
and pro� t or return on investment objectives. Details are given to show how the methodology may be integrated
for the purpose of conducting competitor reviews during � eet planning exercises and also how one may facilitate
the optimization of conceptual aircraft designs via inspection of some useful merit parameters.

Nomenclature
asls = sonic speed at internationalstandard

atmosphere sea-level standard conditions
Cacq = aircraft acquisition cost and interest payable per

sector (taking residual value into account becomes
equivalent to depreciation cost)

CCONB = block-time-relatedcontingency cost per sector
CCONF = � ight-time-relatedcontingency cost per sector
Ccrew = crew salary cost per sector
CDOCS = direct operating cost per sector and given � ight

technique
C I

DOCS = explicit time-related direct operating cost
component

C II
DOCS = explicit fuel-related direct operating cost

component
C III

DOCS = � xed direct operating cost component
Cfuel = fuel cost for a given � ight technique and sector
Cins = total insurance payable per sector
Clease = lease cost per sector
Cmain = maintenance cost per sector and given � ight

technique
Cmat = materiel cost per sector and given � ight

technique
Cmisc = miscellaneous indirect operating cost

component per sector
Cpax = passenger-relatedindirect operating cost

component per sector
Csales = sales and reservation related indirect operating cost

component per sector
Cspares = spares inventory cost per sector
Csund = total sundries cost per sector
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CTOCS = total operating cost for given sector
and � ight technique

cacint = aircraft acquisition cost and interest payable per
reference time frame

cacres = aircraft residual value per reference time frame
cconb = block-time-relatedcontingency cost per block hour
cconf = � ight-time-relatedcontingency cost per � ight hour
ccrew = crew salary cost per reference time frame
cgrh = ground handling charges incurred per sector
chins = hull insurance payable per reference time frame
cland = landing fees incurred per sector
clease = lease cost per reference time frame
cmain = � ight-time-dependentmaintenance cost

denoting theoretically most ef� cient work practice
cmain;CYC = total cyclic maintenance cost per sector
cmain;FH = total � ight-time-dependentmaintenance cost
Pcc

main = total maintenance cost derivative with respect
to block time

Pcp
main = total maintenance cost derivative with respect

to number of sectors completed per reference
time frame utilization

cI
main = � ight-time-relatedmaintenance cost component

NcI
main = approximate � ight-time-relatedmaintenance

cost component deemed independent of
segment � ight time

cII
main = � xed maintenance cost component

NcII
main = � xed maintenance cost component assuming

approximate � ight-time-relatedmaintenance cost
cmat = � ight-time-dependentmateriel cost denoting

theoretically most ef� cient work practice
cI

mat = � ight-time-relatedmateriel cost component
NcI

mat = approximate � ight-time-relatedmateriel cost
component deemed independent of segment
� ight time

cII
mat = � xed materiel cost component

NcII
mat = � xed materiel cost component assuming

approximate � ight-time-relatedmateriel cost
cmisc = additional (direct operating) costs and fees incurred

per sector
cnav = navigation fees incurred per sector
cpins = passenger and/or distance-relatedinsurance rate
cspint = spares inventory acquisition cost and interest

payable per reference time frame
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cspres = spares inventory residual value per reference
time frame

k I
IOC = proportion of total yield that accounts for Cpax

indirect operating cost component
k II

IOC = proportion of total direct operating cost that
accounts for Cmisc indirect operating cost
component

k III
IOC = cost coef� cient used for Csales indirect cost

component
k IV

IOC = � xed cost coef� cient that accounts for Cmisc

indirect operating cost component
kmain = constant depicting fraction of maintenance

cyclic to maintenance � ight-time-dependentcost
kmat = constant depicting fraction of materiel cyclic

to materiel � ight-time-dependentcost
k1 = constant depicting the impact of higher speed

technique attributes to assorted combinations of
intermediate speed schedules with respect to block
fuel for a given sector

k2 = constant depicting the impact of higher speed
technique attributes to assorted combinations of
intermediate speed schedules with respect to block
fuel for a given sector

k3 = constant depicting the impact of slower speed
technique attributes to assorted combinations of
intermediate speed schedules with respect to block
fuel for a given sector

k4 = constant depicting the impact of slower speed
technique attributes to assorted combinations of
intermediate speed schedules with respect to block
fuel for a given sector

k5 = constant required for regression between
block time (abscissa) and expended block fuel
(ordinate) for a given sector

M = Mach number
Ns = number of sectors completed per reference

time frame
P = pro� t or return on investment (denoted by

prime) attributable to � ying services for given
sector mission and reference time frame, before
income taxes, nonoperating items such as
retirement of property and equipment, af� liated
companies, and subsidies

Popt = pro� t or return on investment (denoted by
prime) global maximum

PS = preoptimum pro� t or return on investment (denoted
by prime) rise rate

PSEC = pro� t for given sector mission and � ight technique
PSS = postoptimum pro� t or return on investment

(denoted by prime) decay rate
p f = price of fuel per unit weight
s = sector distance for given mission
sbe = break-even sector distance where pro� t or

return on investment is zero
sdec = reference sector distance where the

postoptimum pro� t or return on investment
(denoted by prime) decay rate is measured

si = initial estimate for break-even sector distance
numerical scheme

sn = upper-sector distance threshold of the surveyed
sector distances

so = lower-sector distance threshold of the surveyed
sector distances

sopt = sector distance where pro� t or return on investment
(denoted by prime) global maximum occurs

sref = reference sector distance used for yield
modeling

Tu = total reference time frame utilization
t = block time for given sector and � ight technique
ta = turn-around time
tman = time allowance for startup, taxi-out, and taxi-in

tmaxP-ROI = optimal pro� t or return on investment block
time for a given sector mission

tmincost = cost optimal block time for given sector mission
tminfuel = block time required to complete a sector

mission resulting in the lowest possible block
fuel

tmintime = lowest possible block time required to complete
a sector mission

tn = block time equal to the upper applicable
threshold of a regressed maintenance cost
model

to = block time equal to the lower applicable
threshold of a regressed maintenance cost
model

Wfuel = block fuel required to complete a sector mission
for a given � ight technique

W f ;minfuel = lowest possible block fuel required to complete
a sector mission

W f ;mintime = block fuel required to complete a sector mission in
the lowest possible block time

YSEC = total revenue for a given sector mission
y1 = yield generated at a reference sector distance
y2 = constant depicting yield variation with sector

distance
y3 = constant depicting yield variation

with sector distance
®main = constant coupling maintenance � ight hour cost

to segment � ight time
®mat = constant coupling materiel � ight hour cost

to segment � ight time
¯main = potential regression parameter accounting

for segment � ight time in� uence on
maintenance � ight hour cost

¯mat = potential regression parameter accounting for
segment � ight time in� uence on materiel � ight
hour cost

µ = temperature lapse ratio
¸ = passenger load factor for given sector mission
8® = linear sector distance gradient coef� cient in

pro� t or return on investment (denoted by
prime) response model

8¯ = linear sector distance constant in pro� t
or return on investment (denoted by prime)
response model

8± = exponential sector distance coef� cient in pro� t
or return on investment response model

8" = coef� cient representing the asymptotic behavior
in the pro� t or return on investment (denoted
by prime) response model

8Â = exponential constant in pro� t or return
on investment response model

$ = adjusted cost differential with respect to block
time or pro� t differential with respect to
number of sectors completed per reference time
frame

$ 0 = adjusted ancillary pro� t differential with respect
to number of sectors completed per reference
time frame

Introduction

I T is becoming increasingly important for designers of transport
aircraft to be well versed in how commercial airline operatorses-

tablish the feasibility of introducing new equipment types for � eet
planning. Airline economics now dictate the need for more � exible
commercial transports, thus invalidatingthe traditionalapproach of
focusingon the designpoint speci� cationsand giving little regard to
off-designsensitivities.One well-knownexampleof this philosophy
is the act of oversimplifyingthe procedural aspects of en route per-
formance to one universally applicable Mach number or standard
Mach, commonly designated as the long range cruise speed. Even
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though the basic requirement of operational performance is scru-
tinized, airlines will consider in parallel the corresponding direct
operatingcost (DOC), and more signi� cantly, the pro� t or return on
investment (P-ROI) generated. In the context of this study, the pro� t
generatedis attributableto � ying services,beforeincometaxes,non-
operating items such as retirement of property and equipment, af� l-
iated companies, and subsidies.There are additional considerations
beyond the control of aircraft designers. These are issues related
to product support, � eet commonality and mix that offers the best
� exibility in seating and loading, long-standingand exclusive asso-
ciations with particularairframe manufacturers,and the dynamic of
internal politics. Notwithstanding these other factors, the cost and
pro� t functions mentioned are often used as a rational basis for any
future acquisitionexercises. In view of this, it can be concluded that
operational en route performance should be optimized with respect
to the primary objectives of cost and pro� t, and, more important, it
seems logical that both of these aspects should be coupled in some
manner,whereby it is possibleto weigh the combinedrelativemerits
of different aircraft.

A complete mission � ight pro� le trajectory,as depicted in Fig. 1,
consists of three consecutive segments: climb, cruise, and descent.
Each segment is subject to transversality conditions that are addi-
tionaland thatdependon the endpointconstraintsof state variables1;
thus, the entire � ight must be analyzedas a globalproblem,wherein
the links between all of the phases are considered concurrently.
Unique and constant values of calibrated (or indicated) airspeed
(CAS), or Mach number, for corresponding throttle setting are in-
dicative of each phase with strategic switches in CAS/throttle af-
fected during the � ight in accordance with procedures detailed in a
� ight plan.

A sector mission is the operation of an aircraft from the end of
initial climb to the end of descent, with both nodes correspond-
ing to a height of 1500 ft pressure altitude. Flight time and � ight
fuel include allowancesrequiredfor takeoff, initial climb, approach,
and landing. The block time and block fuel include additional al-
lowances for start-up, taxi-out, and taxi-in. The notion of � ight and
block de� nitions does not include any distance credit. Each sector
mission analysis will have with it an associated reserve fuel that is
carried to destination.Reserve fuel is a contingencyallocation usu-
ally consisting of an alternate or diversion � ight over a designated
distance, operation in a holding pattern for a speci� ed duration and
given altitude, possibly a contingencyfuel proportional to the � ight
fuel expended to complete the sector mission, and, where required,
contingency fuel to cater for an extended � ight of given duration
and � ight technique.

It is common practice to assign at least two distinct climb modes,
or, more speci� cally, two different speed schedules for climb con-
trol, each consistingof a � xed CAS and Mach speed. The advantage
with a faster climb speed schedule occurs for cruise fractions (ra-
tio between cruise distance and sector distance) less than around

Fig. 1 Flight pro� le as de� ned by AEA.2

0.80 (or sector distance ·1000 n mile) where possibilities in con-
ducting further time, cost, or pro� t function optimization can take
place.2 To elaborate, opportunitiesmight arise in generating an un-
constrained optima that was previously constrained using a single
speed schedulepremise because faster climb speed schedules (CLB
mode H) encourage cruise soaking, or the exchange of cruise dis-
tance for climb, which leads to block time reductions. This is es-
pecially the case for regional-type sector missions. A slower climb
speed schedule (CLB mode L) enables closer adherence to fuel op-
timal procedures during climb, thereby enhancing range capability.
In this way, CLB mode L and CLB mode H speed schedule de� ni-
tions are formulated with respect to optimal climb trajectory pro� le
state and time function adherence and designated divergence cri-
teria, respectively. Normally, one would describe speed schedules
for descent much in the same way as was mentioned for climb con-
trol. Three options are usually available: rate of descent (ROD) as a
control variable, a Mach/CAS schedule as the control variable, and
Mach/CAS speed schedule as the control variable with ROD used
as the ancillary constraint.

Block speed (sector distance divided by block time) variation for
a given reference time frame utilization (total operating or block
hours for a given period of time, for example, per annum) results in
markedlydifferentspeedswhen optimal fuel usage (minimum fuel),
optimal time expended (minimum time), minimum DOC, and max-
imum P-ROI are compared for � xed sector distances and mission
criteria.3 Identi� cation of these speeds enables the formulation of
optimal � ight techniques or a formal de� nition of � ight operational
procedures consisting of distinct climb, cruise, and descent modes
at a suitable � ight level(s).

The DOC consists of three major contributors, two of which are
interrelated. The � rst and second are designated as a � ight tech-
nique source consisting of time and fuel costs, in which changes
in block speed induce corresponding changes in cost of time and
fuel relative to the speed increment. Moreover, the time-relatedcost
may also be sensitive to the in� uence of variations in reference time
frame utilization,whichmeasures the productivityor numberof sec-
tors completed for given period of a vehicle. The third, independent
of � ight technique, refers to an operating cost that is not propor-
tional to the economic value of speed or utilization, but is related
to the act of completing a sector mission and, hence, is considered
� xed.

Common practice among aircraft manufacturers is to compare
only DOC between vehicles of varying productivity capabilities,
which can, on occasions, be a questionable basis. There are in-
stances, namely, the way in which aircraft utilization is de� ned,
where the P-ROI objectivemight emphasizethe importanceof block
speed, yielding a condition for economic optimality incongruous
with minimum DOC. Fundamentally, P-ROI should be viewed as
the most comprehensiveof all of the objective function criteria usu-
ally considered for commercial aircraft design proposals and com-
petitor analyses, but has been neglected in the past because of the
added complexity in computing such results. Primary contributors
to P-ROI include a multifaceted tradeoff between revenue and total
operating cost (TOC) constrained by the in� uence of productivity
for a given reference time frame as well as the quantity of available
seat-miles completed therein.

The purpose of this paper is to derive expressions for the DOC,
TOC, and P-ROI of a given aircraft and sector mission criteria and
to propose a method in which it is possible to identify the asso-
ciated economically optimal � ight techniques. The � nal aim is to
extend this knowledge further by offering an array of tangible merit
functions related to operationalperformanceand economics for the
purpose of coupling these subspaces into the traditional concep-
tual aircraft design optimizationprocess. Figure 2 offers a graphical
perspectiveto assist in elucidating the interrelationshipbetween ve-
hicularattributes,operationalperformance,DOC, and P-ROI, and to
serve as an outline for determiningconstituentworking parameters,
assumptionson which the calculationsare based, as well as the � ow
to produce the requisite objective and merit functions. This inter-
dependent yet concurrent process will be described in detail in the
sections to follow.
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Fig. 2 DOC and P-ROI computation procedure � owchart.

Utilization for Given Reference Time Frame
The myriad of cost and revenue expressions to be presented shall

become normalized to a per sector mission basis to afforda measure
of effectivenessagainst a given � ight technique.This is achievedby
� rst allocatingan assumed utilization over a period of, for example,
one year, and then consequentlyexpressingit as an equivalentnum-
ber of sectors. Aircraft utilization is governed by the ratio of � ight
time to the ground time spent loadingand unloadingthe vehicle,any
airport restrictions on night � ying, and the frequency of operations
as dictated by public demand throughout the diurnal and seasonal
cycles. In any traf� c system, the initial planned goal is to � y the
aircraft as much as possible. The number of sectors per reference
time frame for a given sector mission and � ight technique is simply
computed by dividing the total number of operating hours of uti-
lization by the summation of single mission block and turn-around
times, thus,

NS D Tu=.t C ta/ (1)

For instances where utilization is assumed to be in block hours
(BH), the turn-aroundtime ta is taken to be zero. Typically, industry
practice is to assume the utilization or Tu of commercial aircraft to
vary between 2000– 4000 C BH per annum, with the lower bound
of this interval akin to regional aircraft usage and the upper bound
characteristic of long-range equipment. The utilization assumption
is very important because it can in� uence both the productivity and

cost attributes of airline operation. To assist in deciding an appro-
priate Tu , the Association of European Airlines (AEA)2 suggest
using

Tu D [3750=.t C ta/]t (2)

The declaration of Tu as presented in Eq. (2) implies that uti-
lization is proportional to block time and, hence, is a function
of � ight technique. A quick sensitivity analysis shows the varia-
tion between upper and lower bounds would not exceed §10%,
thus leading one to conclude that a philosophy of setting Tu as
� xed to simplify matters is also acceptable. Otherwise, in either
case, the methods of identifying economically optimal � ight tech-
niques to follow are equally applicable regardless of the nature
of assumed utilization; when using Eq. (2), the only stipulation is
that Tu must be computed dynamically before proceeding with the
algorithm.

Another alternative is to assume a � xed number of departures,
which means the parameter NS may be expressed as a quantity
independentof � ight technique, and it shall be shown later that this
assumption produces signi� cantly different optima compared to an
hourly based utilization.

DOC
A number of techniques for the calculation of DOC are reported

in literature.2;4¡7 The � ight-technique-dependent costs for a given
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sector mission are those including lease (if applicable), aircraft ac-
quisition and interest due to the initial cost, aircraft and passenger
insurance (consisting of both � ight-technique-dependent and inde-
pendent components), air crew, spares inventory, aircraft mainte-
nance, aircraft materiel, and fuel consumption. The costs incurred
independent of � ight technique include navigation, landing, and
handlingcharges.The cost componentsoutlinedhere are all with re-
spect to an hourlybased referencetime frame utilizationassumption
(i.e., different � ight techniquesemployed for a given sector mission
result in variations of block time) and, hence, the number of sec-
tors achievable corresponding to cost variations per sector � own.
In contrast, a � xed departures utilization assumption will modify
the basis for account of the time-dependent cost constituents. This
aspect is to be discussed after the hourly based utilization optimal
� ight technique scheme has been derived.

Flight-Technique-Dependent Costs

These are costs related to aircraft speci� c operational perfor-
mance attributes and mission requirements. This section intention-
ally includesaircraftownership-relatedcostsas constituentsthat can
be coupled to � ight technique; however, it is highlighted that many
DOC studies produced by airframe manufacturers7¡9 work off the
premise of cash DOCs or costs not related to aircraft ownership.

Aircraft Lease Cost

A contractualagreementby which the owner of the vehicleallows
another party to use it for a speci� ed time in return for a settled hire
rate. Normalizing this cost from reference time frame to a sector
basis produces

Clease D .clease=Tu/.t C ta/ (3)

where clease is expressed as currency units per reference time frame
(CU/RTF) and Clease as currency units per sector (CU/SECT). Note
that the byproduct of leasing means that concepts like acquisition
and interest payable for a depreciation period are neglected for
ensuing DOC calculations.

Aircraft Acquisition, Interest Cost, and Depreciation

This cost relates to the initial capital outlay and repayment of
the interest invested for aircraft procurement. Depreciation is the
allocation of the aircraft initial cost over the operating life of the
aircraft. The total aircraft acquisitioncost and interest payable (tak-
ing residual value into account becomes equivalent to depreciation
cost) per sector (CU/SECT) is expressed as

Cacq D [.cacint ¡ cacres/=Tu ].t C ta/ (4)

Aircraft and Passenger Insurance Cost

During its operational life, the aircraft is to be insured. This is
commonly known as hull insurance. A supplementary cost asso-
ciated with the insurance of passengers is a function of both the
number of passengers (PAX) and/or the distance covered by the air-
craft. For an assumed passenger load factor and sector distance, this
contribution becomes

Cins D .chins=Tu/.t C ta/ C cpins¸ PAXs (5)

where chins has units of CU/RTF, cpins is in currency units per avail-
able seat-mile (CU/ASM), and Cins is in CU/SECT.

Crew Cost

The crew cost includes salary of the pilots and the cabin crew. If
ccrew is de� ned in CU/RTF

Ccrew D .ccrew=Tu/.t C ta/ (6)

Ccrew is then expressed in CU/SECT.

Aircraft Spares Inventory

Spares ownership involves initial investment with an added bur-
den of interest payable on the capital for procurement, as well as
allocationof the initialcostover the operatinglife of the vehicle.The
spares allowance is usually assumed as being some percentage of
aircraftpurchaseprice with adjustmentsmade for interestand resid-
ual value. If the total spares inventory acquisition cost and interest
payable (CU/RTF) and the residual value of the spares inventory
(CU/RTF) are considered concurrently, the total spares inventory
cost per sector (CU/SECT) is

Cspares D [.cspint ¡ cspres/=Tu ].t C ta/ (7)

Contingency Costs Related to Flight Technique

Additional cost sources that have a direct coupling to block and
� ight time can be accounted for under the guise of contingency.
For example, the cost of oil consumption may be introduced via
this parameter by adjusting the volumetric cost with the volumetric
requirement per block or � ight hour and, thence, the total cost per
hour.Other instanceswhere costs are gaugedon an hourlybasis may
be employed here. One typical example occurs when crew wages
and penalty rates instead of � xed salaries are applicable.

A BH-dependent cost is simply

CCONB D cconbt (8)

where the contingency cost per block hour (CU/BH) is normalized
into a contingency cost per sector (CU/SECT).

Correspondingly, � ight-hour-dependentcosts become

CCONF D cconf.t ¡ tman/ (9)

where the contingency cost per sector CU/SECT is the product of
contingencycostper � ighthour (CU/FH) and the differencebetween
block time and allowances for startup, taxi-out, and taxi-in.

Aircraft Maintenance Cost

It has been demonstrated that the maintenance cost consists of
time-dependent and cyclic components.2;6;8;9 A survey completed
by Boeing Commercial Airplanes8 provides one with an insight
into the relative sensitivity of constituent aircraft systems cost to
time-dependent and cyclic airframe maintenance cost components.
Maintenancecost for systems that encompassair conditioning,auto-
� ight, communications, electrical power, � ight controls, fuel, hy-
draulic power, instruments, lights, navigation,oxygen, nacelles and
pylons, and windows were found dominated by time dependency.
In contrast, equallysplit time-cyclicdependencyand predominately
cyclic maintenance cost constituents were associated with systems
covering equipment and furnishings, ice and rain protection, land-
ing gear, pneumatics,water and waste, auxiliarypower unit (APU),
doors, fuselage, stabilizers, and wings. One generally accepted ap-
proach involves the correlation of maintenance cost to average seg-
ment � ight time for given sector distance;the � ight hour cost should
then be some function of � ight time for a given mission, whereas
the associated cyclic cost should be considered as some proportion
of the � ight hour cost.8 This deduction is based on the premise that
in� uences of skill level, shop ef� ciency, and learning curve would
impart a signi� cant contribution to both the time-dependent and
cyclic costs.9 Figures 3 and 4 demonstrate this notion with relative
cost for regional, narrow-body, and wide-body aircraft.

An all-purpose model for � ight-hour-related costs in the closed
� ight time interval [to; tn ] is here proposed as

cmain;FH D cmain C ®main

¯
.t ¡ tman/¯main (10)

and associated cyclic costs as

cmain;CYC D kmaincmain;FH (11)

where the total maintenance time-dependent cost component
(CU/FH) in Eq. (10) consists of cmain , the portion of the cost that
is � ight-time-dependentand, theoretically, the most ef� cient work
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Fig. 3 Variation of airframe time-related maintenance cost with aver-
age segment � ight time for various aircraft categories.9

Fig. 4 Variation of propulsion time-related maintenance cost with
average segment � ight time for various aircraft categories.9

practice or learning curve asymptote; ®main , a constant coupling the
in� uence of segment � ight time to the � ight hour cost; and ¯main , a
potential regression� t. The cyclic maintenancecost (CU/FH) given
by Eq. (11) is assumed to be proportional to the maintenance time-
dependent cost via kmain , a constant depicting the fraction of cyclic
to time-dependentcosts.

The parameters within the maintenance cost rate expressions
given must be adjusted for changes in price level against the base
statistical survey. This means the differences between nominal and
current direct labor rates for a supposedburden, as well as the in� u-
ence of in� ation, should already be taken into account. The cyclic
maintenance cost has been assumed to be some proportion of the
total maintenance � ight hour cost, which may not be convenient
in some cases. Instances where the cyclic component is considered
to be a � xed quantity regardless of � ight technique may be classi-
� ed under sundries. The procedure basically requires a de� nition
that kmain D 0 and the subsequent cost be entered as a miscellaneous
source.

It will be necessary to manipulate the combined in� uences of
Eqs. (10) and (11) algebraicallyinto a form more conducivefor ease
of differentiationwith respect to block time. It can be demonstrated3

that the total maintenance once coupling between � ight hour cost
and average segment � ight time are established in conjunctionwith
the cyclic constituent, can be alternatively expressed as

Cmain D cI
maint C cII

main (12)

where

cI
main D

³
cmain C ®main

t .t ¡ tman/.¯main ¡ 1/

´
.1 C kmain/ (13)

cII
main D ¡cmain.1 C kmain/tman (14)

When it is recognized that maintenance consists of individual air-
frame and propulsion contributions, the total cost can be tallied

Cmain D
¡
cI

a main C cI
p main

¢
t C cII

a main C cII
p main (15)

where the subscripts a and p denote airframe and propulsion com-
ponents, respectively, and Cmain is now the total maintenance cost
per sector (CU/SECT).

The propulsion maintenance cost can be manipulated to re� ect
a variation in takeoff thrust policies together with any alterations
made to en route maximum climb and cruise thrust ratings. Gen-
erally, the in� uence of thrust rating would be built into the model
attributes of Eq. (10) from actual cost data simulating the particular
con� guration.In addition,investigationshave demonstratedthat the
in� uence of airplanecruise speed is minimal with respect to propul-
sion maintenance costs.8 In fact, the � ight-time-dependent engine
componentoverhaulis theoreticallylessexpensivewhen the aircraft
is operatedat faster speeds.Concurrently, this cost rationalizationis
offset by virtue of operating at a higher thrust level, hence making
redundant any consideration of throttle on cost. In those occasions
where the effect of thrust rating or throttle must be considered, the
kmain constant can be adjusted accordingly, thereby simulating this
sensitivity from a modeled baseline.

Note that the cost levels used in such analysis should represent
mature (stabilized) airframe and engine maintenance.2;7 The mo-
ment a new aircraft is placed into operation,the airframe and engine
maintenancecosts increaseat asynchronousrates from an initial low
level, reach a common plateau of maturity after � ve to seven years
of operation, and revert back to a steady increase, albeit at a less
pronounced rate, due to effects imparted by age. This is a key as-
sumption because data show the maturity factor between airframe
and engine convergesduring this interval,7 thereby giving scope for
simpli� cation. The total cost estimate given by Eq. (15) requires a
detailedarray of reliablestatisticalcorrelation.One may resort to an
approximate expression10¡15 under the proviso that apt estimates of
ca main;FH D ca main and cp main;FH D cp main are substituted for Eq. (10):

Cmain D
¡

NcI
a main C NcI

p main

¢
t C NcII

a main C NcII
p main (16)

Aircraft Materiel Cost

The expression for total materiel costs can be derived a priori
based on the conclusionsdrawn in the maintenance cost model and
a premise that both maintenance and materiel costs may be com-
bined in the one expression.2;6;8;9 By the use of the rationale given
for Eqs. (10) and (11), and by the rearrangement of the collective
in� uence into a form suitable for differentiation,the general model
for time-related costs in the closed interval [to; tn ] is proposed as

cI
mat D

³
cmat C ®mat

t .t ¡ tman/.¯mat ¡ 1/

´
.1 C kmat/ (17)

and the cyclic contributor also becomes

cII
mat D ¡cmat.1 C kmat/tman (18)
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which is similar to the form of Eqs. (13) and (14). As with Eq. (15),
both combine to produce the total materiel cost per sector

Cmat D
¡
cI

a mat C cI
p mat

¢
t C cII

a mat C cII
p mat (19)

Again, the subscripts a and p denote airframe and propulsion com-
ponents, respectively. This total cost estimate will also require a
detailed array of reliable statistical correlation, however, one may
resort to an approximation10¡15 under the proviso that apt estimates
of ca mat;FH D ca mat and cp mat;FH D cp mat are used:

Cmat D
¡

NcI
a mat C NcI

p mat

¢
t C NcII

a mat C NcII
p mat (20)

This costhas been intentionallyseparatedfrom the total directmain-
tenance so that facility is given for instances where cost between
maintenance and materiel are deemed mutually exclusive. A com-
mon assumption is to consider spares allowances as a � xed propor-
tion of aircraft price2;13¡15; this contingency is offered under the
aircraft spares inventory classi� cation.

Fuel Cost

As was discussed earlier, a complete mission trajectory is sub-
ject to transversality constraints that are additional and that depend
on endpoint constraints. This means that for small enough cruise
fractions, the in� uence of climb and descent may have a signi� cant
impact toward block fuel compared to that of cruise alone. The � rst
step in estimating the total fuel cost for a given sector distance is to
formulatea blocktime–fuelsummary.These curvesare derivedfrom
variouscombinationsof speed schedulesand � ight trajectories,thus
encompassingtechniquesfor minimum time, minimum fuel, and in-
termediate schedules of height–energy–block fuel minima for � xed
block times between these two extremes. Figure 5 shows a generic
interpretation of the typical block time–fuel summary.

Because the block time–fuel summary is made up of a collection
of different� ight techniques,that is, combinationsof distinctclimb,
cruise, and descent modes at speci� c � ight level(s), the curve ge-
ometry is constructed through a combination of quasi-discrete and
discrete points. The quasi-discrete portion of the curve is usually
generated by a sole � ight technique, commonly of highest speed
schedule for climb, cruise and descent, in which � ight level varies
from the optimum altitude [unconstrained speci� c air range max-
imum (SAR)] or service ceiling (constrained SAR maximum) to
lower altitudesuntil the minimum time thresholdis reached.The dis-
crete points usuallyconsistof intermediateto low climb and descent
modes combined with intermediate to long-range cruise (LRC) and
maximum-rangecruise (MRC) speeds at optimal altitude or service
ceiling. In addition, note that, under the assumption that the margin
to buffet is not violated, instances might arise where the en route
speci� c excess power is suf� cient enough to employ step cruise
procedures. This aspect of performance is very dif� cult to predict
with simpli� ed expressionscoupled to a general set of aircraft para-
meters and so, as a consequence,is reliant on batch calculationsand

Fig. 5 Typical block time–fuel summary for a given sector distance
and mission.

comparison until a collection of points describing a distinct lower
boundary is established.

It is evident that the block time–fuel summary is rather complex
and can not be easily represented by an analytical expression that
producesa continuousfunction with respect to block time. The fail-
ure of this option implies that another philosophy may be required
to achieve the task. A hyperbolicfunction appears well suited to the
curve de� nition exercise, and a suggested model in the closed block
time interval [tmintime , tminfuel] is presented here as

Wfuel D W f;mintime.1 ¡ k1/ tanh[k2.tmintime ¡ t/]

¡ W f;minfuel.1 ¡ k3/ tanh[k4.tminfuel ¡ t/] C k5 (21)

where W f;mintime is the block fuel for a minimum time � ight tech-
nique, k1 and k2 are constants that allow for the impact of different
higher speed technique attributes to assorted combinationsof inter-
mediate schedules, W f;minfuel is the block fuel for a minimum fuel
� ight technique, k3 and k4 are constants that allow for the impact
of different slower speed technique attributes to assorted combina-
tions of intermediate schedules, and k5 is a constant. Because the k
properties are intended to represent vehicular en route performance
attributes related to aerodynamicand propulsioncharacteristics,ex-
tensive investigations were conducted to ascertain if expressions
could be developed to quantify their respectivemagnitudes.Results
hitherto indicate these coef� cients cannot easily be related to a spe-
cialized set of design parameters or even expressed as consistent
continuous functions of variables such as, for example, sector dis-
tance. This unfortunate circumstance is attributable to the complex
natureassociatedwith block time–fuel curve creation;therefore,the
only recourse is to model the collectivized interdisciplinary result
and weigh the relativesector mission merits of one complete aircraft
against another.

When p f is de� ned as the price of fuel per unit weight

Cfuel D p f fW f;mintime .1 ¡ k1/ tanh[k2.tmintime ¡ t/]

¡ W f;minfuel.1 ¡ k3/ tanh[k4.tminfuel ¡ t/] C k5g (22)

the total fuel cost per sector (CU/SECT) can be calculated.

Sundries

Sundries entail costs not exclusively related to � ight operational
characteristics, that is, those parameters that are not strictly func-
tions of block time. This can consist of landing fees, navigational,
and ground handling charges, which, incidentally,vary from coun-
try to country. These costs are primarily related to aircraft gross
weight, sector distance, and payload complement and, thus, can be
considered constant for � xed sector distances. Other costs having
no direct coupling to time and not addressed here may then be cat-
egorized as miscellaneous costs. The aforementioned contributors
to the total sundries cost collectively are summed as

Csund D cland C cnav C cgrh C cmisc (23)

DOC for a Given Sector Mission

On summation of the aforementionedcost constituentsrelated to
� ight operationalaircraft,as well as sector speci� c aspects, the total
DOC for a given sector mission and � ight technique becomes

CDOCS D [Clease] C Cacq C Cins C Ccrew C Cspares C CCONB

C CCONF C Cmain C Cmat C Cfuel C Csund (24)

By the substitution of the array of itemized cost constituents pre-
sentedearlierinto Eq. (24), the totalDOC, assumingan hourlybased
reference time frame utilization, becomes quite convoluted.To fur-
ther analyze an expanded form of Eq. (24) in a coherent manner, a
more palatable structure should be developed. An option is to par-
tition CDOCS into time-dependent, fuel-dependent (which is also a
function of time), and ancillary parts

CDOCS D C I
DOCS C C II

DOCS C C III
DOCS (25)
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Fig. 6 Variation of yield rate with sector distance for model formula-
tion purposes.

One practice is to evaluate the relative merits of a given aircraft de-
signby assuminga � xednumberof departuresor sectormissionsper
reference time frame. The implication is that utilization-dependent
parameters such as total ownership and crew salary are no longer
coupled to variations in � ight technique or block time. An assumed
reference time frame utilization expressed in hours has the inherent
characteristicof continuallyvarying the number of possible sectors
completed per reference time frame with � ight technique or block
time. An identi� cationof minimum DOC chie� y involvesmaximiz-
ing the number of sectors completed per reference time frame, thus
emphasizing higher-speed � ight techniques. In this instance, the
� xed departures assumption has a weaker criterion for maximizing
the number of sectors; the proportion of time-dependentcost is less
signi� cant compared to the fuel cost and, thus, is expected to result
in slower cost optimal block speeds.

Yield Rate and Revenue
The yield rate is an indicator of the market in which the airline

operates. This quantity is a measure of ticketing prices assumed
as some function of available seat-miles. One salient characteristic
any representationof yield must have is the recognition that there is
a tendency toward an asymptotic value for longer sector distances
(Fig. 6), thus re� ecting the reducing trend for the operator cost per
availableseat-mile,6;7;13¡15 or an appreciationof unit costs for short-
haul operations that are higher than those of longer-range � ights.

The total income generated for a given � ight is de� ned as the
revenue. For an assumed passenger load factor and sector distance,
on formulation of a feasible yield rate model, the total revenue per
� ight becomes

YSEC D y1¸ PAXsf1 C y2 tanh[y3.sref ¡ s/]g (26)

where y1 is the yield at the referencesector distance in CU/ASM, y2

(dimensionless), and y3 (per nautical mile) are constants depicting
the impact of longer sector distances to the yield rate, and sref is
the reference sector distance (nautical miles). As a supplement to
the treatment given, the commercial transportationof scheduledand
nonscheduledfreight adheres to a similar edict; the yield rate would
still be modeled using Eq. (26), but expressed in currency units per
load ton-mile instead of available seat-miles.

Indirect Operating Cost
The indirect operating costs (IOC) are related to the general op-

eration of an airline. These components comprise advertising, tick-
eting, sales, reservations, administration, and passenger services.
Most studies employ a very crude estimate between total indirect
to direct costs of 1:1, which proves to be too simplistic because
this ratio is reliant on the type of market in which the airline oper-
ates. For example, carriers servicing mature markets generallyhave
higher IOC:DOC compared to low-cost airlines because of much
higher passenger services and marketing costs. Thus, it is intended
that a more detailed model for these costs should be employed. The

information to follow proposes more realistic associations of these
additional cost components.

Agent’s Commission and Excess Baggage

This incurred cost is dependent on the volume of paying cus-
tomers; it can be deduced that a cost model in units of CU/SECT
proportional to the total revenue would be applicable,

Cpax D k I
IOCYSEC (27)

where kI
IOC is a constant representingsome factor of YSEC per sector

(CU/SECT).

Sales and Reservation

When a coupling to the total number of revenue passenger-miles,
is assumed, this indirect cost contribution (CU/SECT) due to sales
and reservation becomes

Csales D k III
IOC¸ PAXs (28)

where kIII
IOC is a cost function factor in relation to the quantity of

available seat-miles (CU/ASM).

Miscellaneous Indirect

This entry can be considered a contingency cost (advertising,
passenger handling, administration, etc.) not covered by any other
formal de� nitions. The miscellaneous indirect also can be regarded
as a re� ection of an airliner’s ef� ciency. Because, as elucidated be-
fore, there are occasionswhere it is desirableto considerthe indirect
proportional to the direct cost, the supposition is the effectiveness
of a carrier with respect to this cost constituent can be represented
by a compound function of sector distance (or a direct function of
sector DOC) and a � xed component.When k II

IOC is de� ned as a con-
stant depicting the fraction of miscellaneous indirect to the DOC
for a given sector mission, and k IV

IOC is de� ned as an incremental
contribution independentof all sources,

Cmisc D k II
IOCCDOCS C k IV

IOC (29)

the miscellaneous IOC component has units of CU/SECT.

TOC for a Given Sector Mission
The TOC per sector is the sum of the DOC and IOC. On substi-

tution of all constituents and grouping, the result is

CTOCS D k I
IOCYSEC C

¡
1 C k II

IOC

¢
CDOCS C k III

IOC¸ PAXs C k IV
IOC (30)

P-ROI
The pro� t for a given sector mission and � ight technique is given

by the difference between revenue and TOC,

PSEC D YSEC ¡ CTOCS (31)

When a generalized total utilization of Ns sectors per given ref-
erence time frame is assumed, total pro� t P is

P D Ns

¡
1 ¡ k I

IOC

¢
YSEC

¡Ns

£¡
1 C k II

IOC

¢
CDOCS C k III

IOC¸ PAXs C k IV
IOC

¤
(32)

where Ns is substituted by Eqs. (1) or (2) if an hourly based uti-
lization is assumed. Otherwise, Ns becomes a presupposed � xed
number of sectors for the arbitrary reference time frame considered.
It is expected that the identi� cation of pro� t optimal � ight tech-
niques will not depend on the total ownership and crew salary. This
is evident because the pro� t calculatedapplies for the entirety of the
reference time frame in question; therefore, it is not anticipated to
impart any in� uence because it has become decoupledfrom aircraft
productivity.

It is sound practice for any airline to gauge the relative economic
feasibility of potential equipment types by comparing a ratio calcu-
lated as the differencebetween revenue and TOC normalizedby the
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initial investment cost in vehicle acquisition. The ROI (P 0) can be
algebraically expressed as

P 0 D P=cacint (33)

Because the pro� t result is simply normalized by cacint (here not
equivalent to the depreciationcost) to derive ROI, the pro� t optimal
� ight techniquealgorithm to follow is equally applicablefor identi-
� cation of maximum ROI as well. Note that even though conditions
for P-ROI optimality are identical, divergent conclusions about the
feasibility of an equipment type against another might arise, that is,
by virtue of comparisons using absolute currency units vs a nondi-
mensional result.

Flight Technique Optimization for Given Mission
It is evident that any identi� ed optimal � ight technique will fall

into one of two distinct categories:applicabilityfor an hourly based
referencetime frame, or � xed-departures-basedutilization.It would
be of interest to see if the qualitativeconjecturesdrawn earlier about
the differencesbetweenthese two utilizationpremiseswill eventuate
after analytical scrutiny.

Cost Optimal Flight Technique Identi� cation

It has been shown that the total DOC is basically a function of
block time. Thus, accomplishing the task of identifying an optimal
cost � ight technique depends primarily on solving for a block time
that yields minimum cost. An optimum condition is de� ned by the
criterion

dCDOCS

dt
D 0 (34)

Hourly Based Reference Time Frame Utilization

For minimum cost, a block time is selectedthat minimizesCDOCS.
When the derivativeof the total DOC per sector mission is set equal
to zero, on manipulation, an interim result becomes

p f W f;mintime.1 ¡ k1/k2 sech2[k2.tmintime ¡ t/] D $ (35)

where $ consists of the remaining variables on the right-hand side
of the differential of Eq. (25), namely,

$ jDOC D cconb C cconf C Pcc
a main C Pcc

p main C Pcc
a mat C Pcc

p mat

C p f W f;minfuel.1 ¡ k3/k4 sech2[k4.tminfuel ¡ t/]

C f[clease] C cacint ¡ cacres C chins C ccrew C cspint ¡ cspresg=Tu

(36)

The total maintenance cost contribution is given by examining the
rate of change of Eq. (15) with respect to block time

Pcc
main D dCmain

dt
D

³
cmain ¡ .¯main ¡ 1/®main

.t ¡ tman/¯main

´
.1 C kmain/ (37)

This expressioncan be consideredgenericand, hence,applicablefor
bothairframe-andpropulsion-relatedcostmodeling.It also includes
a scope to partition the materiel cost in a similar fashion.

Thus, the block time required for a minimum cost � ight operation
is

tmincost D tmintime C 1
k2

cosh¡1

r
p f W f;mintime.1 ¡ k1/k2

$ jDOC

(38)

The optimal cost block time is given by a transcendental equation
and can be solved numerically via simple iteration. Provided that
Eq. (38) passes the Hie latency test (discussed later), the hyper-
bolic function always aids in achieving quick convergence, and the
iterative scheme is inherently stable.

Fixed-Departures-Based Utilization

Because Ns is considered to be a � xed quantity here, it was ob-
served that the total ownership and crew salary would be uncoupled
from � ight technique and, hence, block time. Under the pretext of
Eq. (25), the parameter $ in Eq. (35) becomes

$ jDOC D cconb C cconf C Pcc
a main C Pcc

p main C Pcc
a mat C Pcc

p mat

C p f W f;minfuel.1 ¡ k3/k4 sech2[k4.tminfuel ¡ t/] (39)

with the correspondingoptimal block time found after substitution
into Eq. (38).

Derivation of Cost Index

On inspection, it can be readily seen that Eq. (25) may be
expressed in the form

CDOCS D C I
DOCS C p f Wfuel C C III

DOCS (40)

where each component is the time-related fuel and � xed costs, re-
spectively. Differentiation of CDOCS with respect to block time and
on application of the condition for optimality, namely, Eq. (34),
gives

dCDOCS

dt
D d

dt
C I

DOCS C p f
dWfuel

dt
D 0 (41)

Or, conversely, the condition for a cost optimal � ight technique
occurs when

dWfuel

dt

­­­­
mincost

D ¡
PC I

DOCS

p f

(42)

where, for an hourly based utilization,

PC I
DOCS D cconb C cconf C Pcc

a main C Pcc
p main C Pcc

a mat C Pcc
p mat

C f[clease] C cacint ¡ cacres C chins C ccrew C cspint ¡ cspresg=Tu

(43)

otherwise, for � xed departures, PC I
DOCS becomes

PC I
DOCS D cconb C cconf C Pcc

a main C Pcc
p main C Pcc

a mat C Pcc
p mat (44)

When a cost index (CI) is de� ned as the rate of change of block fuel
per unit block time,

CI D
­­­­¡

PC I
DOCS

p f

­­­­ (45)

It now becomes possible to examine the relative merits of a given
procedural � ight technique to the theoretical optimum. In fact, CI
describesa gradient magnitude (unit block fuel per unit block time)
coinciding with the point where minimum cost occurs on a block
time–fuel summary and, advantageously, is independent of sector
distance, the mission characteristicof payload, and ambient condi-
tions. This parameter shows consistency with the CI de� nition for
� xed departures utilization found elsewhere in literature.8;9

P-ROI Optimal Flight Technique Identi� cation

For maximum P-ROI, a � ight technique is selected that maxi-
mizes pro� t P (or P 0). For a given sector mission, this condition is
governed by the following criterion

³
@ P

@ Ns

´

s

D
³

@ P

@t

´

s

³
@t

@Ns

´

s

(46)

Equation (46) holds true for instances where the reference time
frame total utilizationis expressed in operatingor BH. It can be sur-
mised, becausethe number of sectorsper given referencetime frame
is dependent on � ight technique, that the variable t, or block time,
shall impart a corresponding rate change in P, steadily increasing
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until a maximum stationary point is reached. This represents a par-
tially constrained optimum because the P-ROI expression actually
imposes dual criteria that is not only � ight-techniquedependent for
given sectormission,but, as a consequence,is a functionof the num-
ber of available seat-miles, thus implying the existence of a global
optimum at an appropriate sector distance. It is envisaged that the
condition for optimal P-ROI will produce a lower block time re-
quirement compared to its cost optimal counterpart, or faster � ight
techniques that tend more toward the minimum time threshold.

Alternatively, if a � xed number of departures for the given ref-
erence time frame is considered, the quantity Ns is no longer cou-
pled to � ight technique, hence de� ning maximum P-ROI via the
condition where minimum DOC occurs. This can be substantiated
algebraicallythroughmanipulationof Eq. (46) into the form shown:

dP

dt
D

³
dP

dNs

´³
dNs

dt

´
´ dCDOCS

dt
D 0 (47)

Because a measure of P-ROI becomes dependent on the level of
DOC for given block time, maxima identi� cation results in a condi-
tion where maximum P-ROI is synonymous with minimum DOC.

Hourly Based Reference Time Frame Utilization

When the partially constrained optimum condition given by
Eq. (46) is applied to the de� nition for P-ROI in Eq. (32),

p f W f;mintime.1 ¡ k1/k2 sech2[k2.tmintime ¡ t/] D $ (48)

where $ consists of the remaining variables on the right-hand side
of the differential of Eq. (32).

Further scrutiny of $ allows for one possible simpli� cation to be
in the form of a quotient

$ jP-ROI D $ 0
¯¡

1 C k II
TOC

¢
.t C ta/ (49)

with the variable located in the numerator de� ned as

$ 0 D
¡
1 ¡ k I

IOC

¢
y1¸ PAXsf1 C y2 tanh[y3.sref ¡ s/]g

¡
¡¡¡

1 C k II
IOC

¢©
cpins¸ PAXs ¡ cconf tman ¡ .cconb C cconf/ta

C Pc p
a main C Pc p

p main C Pcp
a mat C Pcp

p mat C p f Wfuel

¡ p f W f;minfuel.1 ¡ k3/k4.t C ta/ sech2[k4.tminfuel ¡ t/]

C cland C cnav C cgrh C cmisc

ª
C k III

IOC¸ PAXs C k IV
IOC

¢¢
(50)

One importantpiece of informationgleaned on perusalof Eq. (50) is
that aircraftownershipand crew salary have now become uncoupled
from the P-ROI optima identi� cation process. A unique nomencla-
ture to represent the rate changeof maintenancecost, with respect to
the number of sectors completed for a given hourly based reference
time frame utilization, was derived to be

Pcp
main D

@Cmain

@Ns
D ¡cmain.tman C ta/

C ®main

.t ¡ tman/¯main
[¯main.t C ta/ ¡ .tman C ta/] (51)

This expression can be considered generic. Hence, it is applicable
for both airframe- and propulsion-related cost modeling and also
includes a scope to partition the materiel cost in a similar fashion.

Now, the block time required for a maximum P-ROI operation is
given by

P-ROI D tmintime C 1
k2

cosh¡1

r
p f W f;mintime.1 ¡ k1/k2

$ jROI

(52)

As for optimal cost, the maximum P-ROI block time is given by a
transcendentalequationof similar form, but additionallyin� uenced
by revenue, an IOC component, and turn-around time contributors
within the $ transient. Once again, this can be solved numerically
via simple iteration. Equation (52) must also adhere to rules gov-
erned by the Hie latency test (discussed later).

Fixed-Departures-Based Reference Time Frame Utilization

As was shown, Eq. (46) gives the partially constrained optimal
block time for hourly based utilization.Based on this premise, it was
shownthereaftervia Eq. (47)that a maximum P-ROI � ight technique
for � xed-departures-based referencetime frame utilizationwouldbe
equivalent to a cost optimal procedure, thus, the solution is given
by Eq. (52), but with a revised de� nition of $ in Eq. (49):

$ jP-ROI ´ $ jDOC D cconb C cconf C Pcc
a main C Pcc

p main C Pcc
a mat C Pcc

p mat

C p f W f;minfuel.1 ¡ k3/k4 sech2[k4.tminfuel ¡ t/] (53)

Hie Latency Index

Because of the form of Eqs. (38) and (52), it can be deduced
that a limitation of the inverse hyperboliccosine function occurs for
cases where the variables within the functions collectively produce
numbers less than unity. This condition is analogous to a situation
where an unconstrainedDOC minimum or P-ROI maximum simply
does not exist, thus implying that only the quickest � ight technique
(minimum time) is applicable.

The concept of a Hie latency test (HLT) is presented here as a
hypothesis-based testing procedure to help identify the aforemen-
tioned circumstance. For DOC and P-ROI optima, regardless of
reference time frames, the Hie latency index (HLI) is de� ned as

HLI D p f W f;min time.1 ¡ k1/k2=$ (54)

where $ conforms to de� nitions based on the type of reference
time frame utilization and cost–pro� t modeling premise. The HLT
is then governed by the following criteria:

1) When HLI > 1, a unique solution other than the minimum time
� ight technique exists (unconstrainedoptima).

2) When HLI · 1, only the minimum time � ight technique is
applicable (constrained optima).
It is emphasised that the HLT must be conducted while assuming
minimum time � ight technique block times.

For HLIs less than or equal to unity, the absence of an uncon-
strained DOC or P-ROI optimal � ight technique is viewed as being
unfavorable.Such a result implies block speeds faster than the low-
est block time threshold physically permissible by the given vehicle
is required to attain a true DOC or P-ROI optimum. Additionally,no
operational � exibility is afforded when air traf� c control (ATC) or
route structureimpose off-optimalrestrictions.Therefore,whenever
scrutiny of en route performance is conducted, the objective of any
operationally balanced design should be avoidance of such a situa-
tion, particularlyfor short-haulmissions where there is a propensity
for faster block speeds.

Operational Flexibility Index
The HLT is a useful tool in qualitatively assessing any penchant

an aircraft has for � ying faster in achieving economically optimal
results. However, this parameter does not provide the analyst or
designer with a true perspective of a given vehicle’s operational
� exibility and, as is the case with CI, a computed value of the HLI
parameter is not universallycomparablebetween aircraft of varying
scale and propulsion philosophy. One suggestion is to inspect the
nondimensional ratio of optimal block time against the minimum
fuel and minimum time � ight technique block time bandwidth. Be-
cause Eqs. (38) and (52) are algorithms solving for optimal block
time referenced to minimum time, a possibility now arises in the
formulation of an operational � exibility index (OFI)

OFI D cosh¡1
p

HLI
k2.tminfuel ¡ tmintime/

(55)

It is evident that a limitation arises for HLI values less than unity in
Eq. (55) becauseof the trigonometricpropertiesdisplayedby hyper-
bolic cosine functions; cosh x varies from ¡1 to C1 to C1, and
cosh 0 D 1. Notwithstanding, such an occurrence signi� es that the
optimal � ight technique corresponds to minimum time � ight and
can, thus, be considered equivalent to OFI D 0. To appreciate the
extent of operational � exibility contemporary vehicles offer, typi-
cal values of OFI for various aircraft, economic objective function,
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and utilization assumptions are itemized as follows: 1) DOC and
P-ROI optimal hourly based utilization,OFI · 0.15 for regionalair-
craft and OFI »D 0.75 for narrow and wide bodies and 2) DOC and
P-ROI optimal � xed departuresutilization,OFI »D 0.20 for regional
aircraft, and OFI »D 0.90 for narrow and wide bodies.

A design condition OFI value approaching zero denotes little or
no scope for � exibility because it is congruous with minimum time
� ight techniques. Not only does this condition usually deny the
possibility of achieving unconstrained optima, but also implicitly
dictates that all shorter-range operations will follow suit. Addition-
ally, this circumstanceis seen to be detrimentalbecausethe criterion
of a higherengine rating � ight techniquemay reduce the service life
of the powerplant. It does, however, allow for longer-rangemission
capabilitywithout tradingpayload for fuel, but at an ever-increasing
penalty of off-optimality as distance becomes longer.

A maximum value of OFI D 1.00 at the design condition, akin to
a minimum fuel technique, affords a limited range of operational
� exibility on the other end of the spectrum. Even though a scope is
given for the generation of unconstrained optima � ight techniques
for shorter sector distances, useful load limitations may not per-
mit the opportunity of longer-range missions for a given payload.
This would necessitate an exchange of payload for increased range,
thereby limiting the potential for revenue.

A salientobjectivewould be a designOFI D 0.50 for any prospec-
tive aircraft evaluation exercise. This will ensure avoidance of
premature useful load limitations for longer sector distances and,
importantly, increase the likelihood of unconstrained optima for
shorter distances. Finally, the penalties associated with off-optimal
� ight techniques commonly experienced in actual operation can be
minimized.

Economical LRC
Traditionally, LRC has been understood to be 99% (sometimes

even98%) of MRC SAR toward the fasterendof the curve.16¡19 This
practice is employed to trade increased speed capability for what is
considered to be a relativelysmall penalty in fuel consumptionrate.
Indeed, after the inception of this rule-of-thumb procedure for en
route performanceanalysis, it has now become a mainstaytechnique
in industry circles. It would be of interest to see how this popular
assumption measures up against speed technique formulation using
economic criteria alone.

Initially, an objective function for what constitutes economical
cruise must be formulated. One candidate is to use a � xed depar-
tures utilization assumption. Not only is this a consistent basis of
emulating actual operator scheduling, but also, as outlined before,
thispremisetheoreticallygeneratesoptimal� ight techniquesthat are
slower than an hourly based utilization. Even though CI represents
a necessary magnitude of dWfuel=dt that ensures cost optimality for
any sector mission criteria, an approximateexpressionexplicitly re-
lated to cruise speed and SAR can also be derived. Assuming cruise
fraction is suf� ciently large, thus neglecting the in� uence of climb
and descent, it can be demonstrated16 that

CI D
­­­­

dWfuel

dt

­­­­¼
­­­­aslsµ

1
2

³
M

SAR

´2
d SAR

dM

­­­­ (56)

Figure 7 shows the degradation of SAR compared to the MRC da-
tum for regional, narrow-body and wide-body twins using com-
puted CIs of 10, 25, and 40 [such speed techniques are henceforth
dubbed economical long-rangecruise (ELRC)], respectively.These
values were based on a projected fuel price and known operator
time-dependent maintenance cost data. Note that a standard repre-
sentation of CI assumes a value normalized by 100 lb/h (Refs. 8
and 9). On comparison to a 1% reference line denoting the con-
temporary LRC assumption, it is observable that a large disparity
between LRC and ELRC takes place. It is immediately evident that
the SAR curve is quite � at for lower � ight levels, promoting even
larger deviations from the conventional 1% degradation. However,
for narrow and wide bodies at typical cruise altitudes in excess of
29,000 ft, where optimal cruise begins and, subsequently,resides in
the drag rise region, ELRC dictates speed schedules around 99.5%

Fig. 7 Degradation in SAR assuming traditional LRC (1% reference
line) and ELRC compared to datum of MRC (� xed all-up weight, ISA,
and still air).

maximum SAR. Inspection of Eq. (56) lends support to this phe-
nomenon. If one appreciates that d SAR=dM measurably increases
in magnitude for � ight within the drag rise at � xed CI and altitude,
the resulting speed schedule candidate must be reconciled toward
MRC. Regional aircraft appear to reach a constant value of 97%
maximum SAR at higher altitudes, and this is attributable to drag
rise effects generally not being prevalent.

On perusal of Fig. 7, for both twin narrow-body and wide-body
equipment types, adopting the slower ELRC scheduleas opposedto
LRC amounts to an almost 1% integrated mission � ight fuel reduc-
tion because the technique is closer to an optimal SAR condition.
Correspondingly, the difference between LRC and ELRC equates
to a speed reduction of approximately 5 kn true air speed at typical
� ight plan altitudes. Today, there exists a capacity for operators to
soak the slight increase in � ight time due to a slower speed, espe-
ciallynow that scheduledblock times havebeen widened to improve
on-time dependability and now that fuel prices are on the rise. For
occasions where block times must be reduced for the sake of de-
pendability, the ELRC method is congruous with a � ight planning
system (FPS) increased block speed iteration scheme because the
starting point is slightly slower than traditionalLRC in any case. In
spite of the speed margin to MRC being rationalizedon application
of an ELRC schedule for narrow and wide bodies, the buffer is still
greater than 5 kn CAS. This is a margin commonly assumed for
contemporary � ight management computer (FMC) en route opera-
tional software, and, from an operationalperspective, the margin is
not deemed prohibitive in terms of speed stability (excursions due
to wind shift, turbulence, etc.) in maintaining the target level.

Merit Functions to Measure Relative P-ROI
An interesting feature of the derivation for optimal P-ROI block

times assuming hourly based reference time frame utilizationis that
these solutions are partial optima due to a codependence on block
time and quantity of available seat-miles completed by the vehicle.
Figure 8 shows typical variation of P-ROI against block time for a
variety of sector distances. Important facets of this representation
include a distinct P-ROI global optimum and the existence of a
break-even sector distance corresponding to an associative block
time.

Even though the hourly based reference time frame utilization
can be considered idealistic compared to the more pragmatic as-
sumption of a � xed number of sectors, it can provide valuable in-
sight. One important conclusion is that the comparison of different
equipment types for only one � xed sector is not a sound enough
basis to rationalize the superiority of an aircraft over another. A
practical application would be use of this approach as a work tool
that aids in maximizing utilization of a given vehicle for existing
markets.Another is the possibilityof showing the relativemerits as-
sociated with the introduction of new projected markets involving
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Fig. 8 Typical P-ROI vs block time summary for a variety of sector
distances assuming an hourly based reference time frame utilization.
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Fig. 9 Typical sector distance response of P-ROI model assuming an
hourly based reference time frame utilization.

either variations in sector distance, or mission criteria, or both. A
further review potential includes the possibility of conducting de-
tailed competitorstudieswhere economic� exibility can be weighed
between the vehicles taken into consideration.The section to follow
suggests such guidelinesvia the introductionof a P-ROI model that
can enable associationbetween aircraft performancequalities to the
model’s geometric attributes and, thus, enable procedural methods
of suboptimizing for more desirable P-ROI characteristics.

Method for Comparison of Contemporary Vehicles
and Review of Aircraft Designs

A comprehensivemethod in identifyingoptimal � ight techniques
with respect to DOC and P-ROI enables the analyst to quantify the
earning potential for given vehicles and mission criteria. Because
it has been shown that sector distance can be regarded as an in-
dependent variable, it would be of interest to evaluate the various
merits of an output P-ROI response with respect to distance. An
adequate model for representing the P-ROI coverage in the closed
sector distance interval [so , sn ] is presented here as

P D .8®s ¡ 8¯ / exp[¡.8Â C 8±s/] C 8" (57)

whereboth P and P 0 are applicablefor the basicstructureof Eq. (57).
The equationcoef� cients representquantities that enable a possi-

bility of evaluatingthe propertiesof a vehicle’s � exibility in earning
potential through a geometric interpretation. If the model given is
actually taken into consideration as an open interval, for example,
[sbe, 1), or, from a break-even sector distance and upward, one
can identify uncanny similarities to a typical step responseof stable
linear control systems ( Fig. 9), in this particular instance, the refer-
ence input being sector distance and P-ROI the output. It contains a
transientresponsedue to sector distance that also includes tendency

to an asymptote as sector distance becomes large and exceeds dis-
tances constrained by useful load limitations (akin to steady state)
and a lower threshold where break-even occurs, or zero P-ROI at
some sector distance value.

Typical performance criteria can be formulated that characterize
the transientresponse.These are proposedhere as break-evensector
distance and correspondingpreoptimum P-ROI rise rate, the P-ROI
global optimum and correspondingsector distance, measure of the
postoptimum P-ROI decay rate, and the magnitude of the model
asymptote value. This can be achieved mostly through inspection
of the � rst and second derivatives of Eq. (57).

Break-Even Sector Distance

The break-even sector distance is de� ned as the sector distance
that creates a condition where the P-ROI is zero. Equation (57)
is in a form where an exact formula for solving P.s/ D 0 is not
available.The Newton–Raphsonmethod would be a suitableway of
approximating such solutions, and this iterative numerical method
is projected to give an answer very close to the actual result in a
single step with an apt initial estimate such as the lower threshold
of the surveyed sector distances, that is, si D so. Using Eq. (57) and
the corresponding� rst derivative in consort with Newton–Raphson
produces

sbe D si ¡
8® si ¡ 8¯ C 8" exp.8Â C 8±si /

8® ¡ 8±.8®si ¡ 8¯ /
(58)

The break-even sector distance sbe should ideally be minimized.

Preoptimum P-ROI Rise Rate

P-ROI increases with greater sector distance for sector distances
larger than break-even. The reciprocal of the rate P-ROI increase
with respect to sector distance would give a measure of what incre-
ment in sector distanceachievesa target increasein P-ROI before the
global maximum threshold is crossed. An adequate representation
of the preoptimumP-ROI rise ratemay be given by the instantaneous
slope at the break-even sector distance via the de� nition found in
Eq. (58)

PS D
µ

dP

ds

­­­­
sbe

¶¡1

D
exp.8Â C 8±sbe/

8® ¡ 8±.8®sbe ¡ 8¯ /
(59)

PS (or P 0
S ) is a quantityexpressedas distancecoveredper unitP-ROI

and should be minimized.

Global P-ROI Optimum Sector Distance

Yet another fundamental observation that can be extracted from
Eq. (57) is the identi� cation of sector distances that yield global
P-ROI maxima (Popt or P 0

opt). The distance where a P-ROI global
optimum occurs is given by the � rst derivative of Eq. (57); hence,

sopt D 8¯ =8® C 1=8± (60)

Having sopt as low as possible while simultaneously maximizing
Popt (or P 0

opt) would be the primary goal of any prospective vehicle
or design proposal.

Postoptimum P-ROI Decay Rate

Note that P-ROI decreases with increasing sector distance once
the P-ROI global optimum sector distance has been surpassed. The
rate reduction in P-ROI with respect to sector distance conductedat
the in� ection point between the postoptimum transient and steady-
state responses is proposed here as a useful merit parameter. When
the second derivative of Eq. (57) is utilized and sector distance
solved for at this in� ection point,

sdec D 8¯ =8® C 2=8± (61)
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Table 1 Block time–fuel summaries derived for three regional equipment types completing
200–800 n mile sector distances (JAR OPS-1 rules)

Sector, W f;mintime , k2, tmintime , W f;minfuel , k4 , tminfuel , k5 ,
n mile kg k1 min¡1 min kg k3 min¡1 min kg

Turbofan 1
200 863 0.912 0.723 40.4 736 1.483 0.0203 47.5 812
350 1360 0.881 1.164 59.4 1057 2.050 0.0128 69.1 1215
500 1866 0.849 0.817 78.2 1376 1.659 0.0160 91.5 1657
800 2727 0.841 0.377 115.9 2033 1.876 0.00680 137.5 2467

Turbofan 2
200 772 0.928 1.468 43.0 679 1.480 0.0192 49.2 734
350 1244 0.821 0.932 63.4 966 1.472 0.0161 70.8 1188
500 1727 0.788 1.130 83.8 1268 1.835 0.00810 94.7 1633
800 2203 0.874 0.514 125.0 1887 0.825 ¡0.00740 141.9 2165

Turboprop
200 705 0.974 1.726 46.8 600 1.909 0.0183 55.5 618
350 1116 0.851 0.397 70.9 874 1.361 0.0165 85.8 1041
500 1531 0.835 0.328 95.1 1155 1.371 0.0136 116.7 1408
800 2362 0.827 0.248 143.5 1724 1.405 0.00981 178.0 2132

Table 2 Cost and yield modeling

Parameter Yield

Ownership period 10 years
Aircraft and spares inventory interest 10%
Aircraft and spares inventory residual value 40%
Spares ownership 15%
Hull insurance 1%
Total ownership per year

Turbofan 1 U.S. $2.87 million
Turbofan 2 U.S. $2.63 million
Turboprop U.S. $2.23 million

Fuel cost U.S. $0.60/U.S. gal.
Flight crew (pilots and � ight attendants) $250 per BH
Annual utilization Fixed at 2500

operational hours
Turn-around time 30 min

Hence, the postoptimum decay rate .PSS/ is given by the slope of
the sector distance response

PSS D dP

ds

­­­­
sdec

D ¡8® exp

³
¡8Â ¡ 8¯8±

8®

¡ 2

´
(62)

PSS (or P 0
SS/ is a quantity that is always negative; therefore, it

should be maximized to reduce the potential P-ROI loss rate per
unit distance � own.

Worked Example for Regional Equipment
An illustration of the presented methods will be given for two

turbofans and a high-speed turboprop of equal maximum accom-
modation. The analysis to follow is based on aircraftcoveringsector
distancesbetween 200 and 800 n miles, within the European opera-
tional environment,employing a Joint AirworthinessRequirements
(JAR) OPS-1 (operational procedures for commercial traf� c with
� xed wings) reserves fuel policy (30 min hold at 1500 ft pressure
altitude, 100 n mile diversion, and 5% trip fuel) and a complement
of 60% load factor (maximum accommodationhas intentionallynot
been divulged) at 99 kg each per PAX.

En Route Performance

This survey consists of basic block time–fuel summaries derived
from batch calculations subsequently stripped of those � ight tech-
niques not describing the lower bound of height–energy–block fuel
minima for � xed block times. The following parameters derived via
nonlinear regression techniques are presented in Table 1.

Various Economic Assumptions

The primary assumptions for cost and yield modeling can be
found in Table 2. Sundry expenses that include navigation, landing

Table 3 Synopsis of various sundry expenses incurred for three
regional equipment completing 200–800 n mile sector distances

Sundry cost, U.S. dollars
Sector
distance, n mile Turbofan 1 Turbofan 2 Turboprop

200 672 640 671
350 781 743 779
500 890 846 888
800 1108 1052 1104

and handling charges that are � xed for each sector mission have
been assumed as shown in Table 3.

Maintenance Model

A maintenance model conforming to the time-dependent and
cyclic constructs given by Eqs. (10) and (11) in U.S. dollars per
� ight hour for the Turboprop is approximated as

cmain D 90:3 C 168:1
¯

.t ¡ tman/0:827

where an allowance of tman D 10 min is common to all aircraft in
this survey. In accordancewith vehicularcon� guration and size, the
turboprop maintenance cost model was factored using kmain D 0:02
and 0.055 to formulate the Turbofan 2 and 1 constituents costs,
respectively.

Yield and Revenue Model

With the basicform given in Eq. (26), the yield and revenuemodel
for this study is

YSEC D 0:5180¸ PAXsf1 C 0:5283 tanh[0:001489.86:88 ¡ s/]g

where¸ is the passengerloadfactorin this analysis(60%), PAX is the
maximum vehicular passenger capacity, and s, the sector distance,
varied between 200 and 800 n mile.

IOC Models

To complete the basis for ensuing P-ROI calculations,the follow-
ing ancillary cost models were used to simulate the total operating
cost, that is, DOC C IOC: agent’s commission and excess baggage,
11% of yield; sales and reservationsof� ce, U.S. $0.004169/revenue
passenger n mile; other indirect costs, 14% of DOC.

Synopsis of the Flight Technique Optima

Tables 4–6 give an overview of the cost and pro� t optimal � ight
techniques associated with the vehicles investigated in this survey.

A perspective on the operational � exibility of Turbofan 1, 2, and
the Turboprop is given in Figs. 10, 11, and 12, respectively. Except
for shorter sector distances, that is, less than 350–500 n mile, the
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Table 4 Flight technique breakdown for P-ROI global optima assuming an hourly based
reference time frame utilization

Vehicle Sector CLBb mode CRZc mode DESd mode Initial CRZ FLe Technique

Turbofan 1 200 n mile Hf MCRg H 250 Min. timea

Turbofan 2 200 n mile CLB MCR DES 230 Min. time
Turboprop 200 n mile H MCR H 230 Min. time
Turbofan 1 350 n mile H MCR H 330 Intermediate
Turbofan 2 350 n mile CLB MCR DES 330 Intermediate
Turboprop 350 n mile H MCR H 240 Min. time
Turbofan 1 500 n mile H MCR H 350 Intermediate
Turbofan 2 500 n mile CLB MCR DES 350 Intermediate
Turboprop 500 n mile H MCR H 240 Min. time
Turbofan 1 800 n mile H MCR H 350 Intermediate
Turbofan 2 800 n mile CLB MCR DES 360 Intermediate
Turboprop 800 n mile H MCR H 260 Intermediate

aConstrained partial optima. bClimb (from two modes). c Cruise.
dDescent (only one mode). eFlight lexel (100 s ft). fHigh. gMaximum cruise.

Table 5 Flight technique breakdown for DOC optima assuming an hourly based reference
time frame utilization

Vehicle Sector CLBb mode CRZc mode DESd mode Initial CRZ FLe Technique

Turbofan 1 200 n mile Hf MCRg H 250 Min. timea

Turbofan 2 200 n mile CLB MCR DES 250 Intermediate
Turboprop 200 n mile H MCR H 230 Min. time
Turbofan 1 350 n mile H MCR H 330 Intermediate
Turbofan 2 350 n mile CLB MCR DES 330 Intermediate
Turboprop 350 n mile H MCR H 240 Min. time
Turbofan 1 500 n mile H MCR H 350 Intermediate
Turbofan 2 500 n mile CLB MCR DES 350 Intermediate
Turboprop 500 n mile H MCR H 270 Intermediate
Turbofan 1 800 n mile H MCR H 370 Intermediate
Turbofan 2 800 n mile CLB MCR DES 370 Intermediate
Turboprop 800 n mile H MCR H 260 Intermediate

aConstrained partial optima. bClimb (from two modes). c Cruise.
dDescent (only one mode). eFlight level (100 s ft). fHigh. gMaximum cruise.

Table 6 Flight technique breakdown for DOC and ROI optima assuming � xed departures
based reference time frame utilization

Vehicle Sector CLBa mode CRZb mode DESc mode Initial CRZ FLd Technique

Turbofan 1 200 n mile Le INTERf Hg 280 Intermediate
Turbofan 2 200 n mile CLB INTER DES 250 Intermediate
Turboprop 200 n mile Mh MCR H 250 Intermediate
Turbofan 1 350 n mile H MCR H 350 Intermediate
Turbofan 2 350 n mile CLB MCR DES 360 Intermediate
Turboprop 350 n mile M INTER H 310 Intermediate
Turbofan 1 500 n mile H MCR H 370 Intermediate
Turbofan 2 500 n mile CLB MCR DES 360 Intermediate
Turboprop 500 n mile M INTER H 310 Intermediate
Turbofan 1 800 n mile L INTER H 370 Intermediate
Turbofan 2 800 n mile CLB INTER DES 370 Intermediate
Turboprop 800 n mile M INTER H 310 Intermediate

aClimb (from two modes). bCruise. c Descent (only one mode).
dFlight level (100 s ft). e Low. fIntermediate cruise speed. gHigh. hMedium

OFI of each vehicle resides between 0.05 and 0.10 for minimum
DOC and maximum P-ROI, assuming an hourly based utilization;
the � xed-based departures premise elevates OFI values to around
0.20. With respect to an ideal of OFI D 0.50, both of these sets of
values are considered to possess unfavorable tendencies toward the
faster block speed procedure, limiting opportunities of minimizing
the penalty incurred when operating at slower off-optimal � ight
techniques.

As an exemplar of the � ight technique results, Fig. 13 supplies
a graphical interpretation using computed optimal block times for
given objective on each of Turbofan 1, 2, and Turboprop charac-
teristic block time–fuel curves assuming a 500-n mile sector mis-
sion. Within Fig. 13, the minimum fuel point is characterized by
a constrained maximum SAR � ight technique, that is, the slow-

est forward speed climb mode, LRC (instead of MRC) en route
speed, optimum altitude pro� le, and the slowest forward speed for
descent mode. Correspondingly, the minimum time node is con-
gruous with the fastest block speed achievable for given sector
distance, that is, where no fuel limitation is imposed, the � ight
technique consists of the fastest forward speed climb mode, MCR
en route speed, an altitude pro� le generating the fastest ground
speed, and the fastest forward speed for descent mode. The ap-
peal of turbofan aircraft is quite apparent when comparing block
times for minimum time and minimum fuel between Turbofan 1,
2, and the Turboprop. As an indication of the speed difference, it
is discernable in Fig. 13 that a minimum time � ight technique for
the Turboprop is equivalent in time to the Turbofan 2 minimum fuel
technique.



542 ISIKVEREN

Fig. 10 OFI values corresponding to optimal � ight techniques assum-
ing an hourly based, as well as � xed-departures-based, utilization for
Turbofan 1 vehicle.

Fig. 11 OFI values corresponding to optimal � ight techniques assum-
ing an hourly based, as well as � xed-departures-based, utilization for
Turbofan 2 vehicle.

Fig. 12 OFI values corresponding to optimal � ight techniques assum-
ing an hourly based, as well as � xed-departures-based, utilization for
Turboprop vehicle.

Competitive Analysis Between Regional Equipment

Figure 14 shows the relative DOC variation with block time and
minimum DOC for Turbofan 1, 2, and Turboprop vehiclesassuming
a sector distance of 500 n mile and an hourly based reference time
frame utilization. It is evident that most of the cost optimal � ight
techniquesare indicativeof the unconstrainedoptimaconditionwith
the exception of the Turboprop, wherein a constrained optimum
applies, that is, HLI · 1, or minimum-time � ight technique. The
turbopropexhibitssuperiorityin terms ofminimumDOC achievable

Fig. 13 Block time–fuel summary for three regional equipment types
completing 500-n mile sector distances.

Fig. 14 DOC variation with � ight technique for three regional equip-
ment types completing 500-n mile sector distances.

Fig. 15 Minimum DOC against sector distance for three regional
equipment types.

compared to Turbofan 2, which can be regarded as the next closest
rival, as well as over Turbofan 1.

To gauge how well the Turboprop performs against Turbofan 1
and 2 in terms of DOC for a variety of sector missions, Fig. 15
presents computed minimum DOCs per seat-nautical mile for all
three forms of regionalequipment.The Turboprop maintainsa cost-
effectivepostureup to a sector distanceof approximately650 n mile,
at which point Turbofan 2 exhibits a marginal advantage.

Given an hourly based reference time frame utilization, Fig. 16
shows the variation of annual pro� t with block time and identi� es
the partialpro� t optima for a sectordistanceof 500 n mile. The pro� t
optimal � ight techniques are indicative of somewhat slightly lower
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Table 7 Tabulation of P-ROI regression coef� cients and merit parameters for three
regional equipment types

Objective Parameter Turbofan 1 Turbofan 2 Turboprop

P 8® U.S. $ million/n mile 0.01012 0.01013 0.01061
P 8¯ U.S. $ million 2.854 2.825 2.889
P 8Â —— ¡0.7061 ¡0.6520 ¡0.9862
P 8± per n mile 0.003896 0.003899 0.005019
P 8" U.S. $ million ¡0.2068 0.2349 0.1104
P-ROI sbe n mile 317 275 258
P Ps n mile/U.S. $ million 194 148 120
P-ROI sopt n mile 539 535 472
P Popt U.S. $ million 0.439 0.642 0.641
P Pss U.S. $/n mile ¡925 ¡888 ¡981
ROI 80

® per n mile 0.003522 0.003858 0.004788
ROI 80

¯
—— 0.9932 1.076 1.304

ROI 80
" —— ¡0.07197 0.008942 0.04982

ROI P 0
s n mile 556 390 266

ROI P 0
opt —— 0.153 0.245 0.290

ROI P 0
ss per 100 n mile ¡0.0322 ¡0.0338 ¡0.0443

Fig. 16 Pro� t per annum variation with � ight technique for three re-
gional equipment types completing 500-n mile sector distances.

Fig. 17 Maximum pro� t per annum against sector distance for three
regional equipment types.

block times (faster block speeds) compared to their cost optimal
counterparts.Turbofan 1 and 2 are characterisedby partially uncon-
strained optima, unlike the turboprop, where a partially constrained
optimal � ight technique is dictated.

Figure 17 gives the annual potential for pro� t between the Turbo-
fan 1, 2, andTurbopropvehiclesfor sectordistancesup to 800 n mile.
Visual inspectionof this diagramqualitativelyshows the Turbofan 2
slender margin of superiorityover the Turboprop with respect to the
global maximum pro� t value.

Fig. 18 ROI against sector distance for three regional equipment
types.

Alternatively, by employing the analytical model given in
Eq. (57), the parameters listed in Table 7 were derived for the vehi-
cles investigated.

On review of the primary merit quantities shown in Table 7, note
thatTurbofan2 has the highestand best value of PSS or postoptimum
P-ROI degradationcharacteristics,even though the Turboprop gen-
erates higher pro� t for sector distances less than around 500 n mile.
Advantages of the Turboprop vehicle over its counterparts are a Ps

or pro� t rise rate of 120 n mile per U.S. $ million and sbe, or a
break-evensector distance value of 258 n mile. Also, the Turboprop
appearsto have the most desirableP-ROI globaloptimumsectordis-
tance, as exempli� ed by comparisonof sopt values for Turbofan 1, 2,
and Turboprop of 539, 535, and 472 n mile, respectively. Notwith-
standing the positive attributes of the Turboprop vehicle’s optimal
P-ROI stage length, the Turbofan 2 value of Popt being the largest,
and 8" at least twice as large the closest competitor, combined with
aforementioned qualities, signi� es this vehicle’s superior nature in
terms of potential for generating pro� t and concludes the review as
being the better acquisition.

Note that if one ignores the absolute value of pro� t, but instead
examines ROI in isolation (Table 7 and Fig. 18), it is evident that
the Turboprop demonstrates superior attributes. This circumstance
can be explained by the relatively inexpensive acquisition price of
turboprop vehicles in the contemporary market, thus generating a
proportionatelyhigherreturnon investment.Even thoughthisaspect
might be construed as a lucrative outcome, the analyst or designer
must recognize the signi� cant tradeoff in block speed for sector
distances greater than 350 n mile. This fundamental characteristic,
therefore, rati� es the widely held notion that turboprops are well
suited for shorter sector distance missions only.
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Conclusions
This paper outlines a systematic methodology to identify given

sector distance mission � ight techniques,or an operationalprotocol
consisting of a speci� c climb speed schedule, initial cruise altitude,
cruise speed schedule, step-cruise pro� le, and descent speed sched-
ule that produce minimum DOC and maximum P-ROI. All cost and
yield relationships can be manipulated to suit most contemporary
calculation procedures, providing the scope of incorporating a spe-
cialized routine into conceptual design mission analysis software.

Some pertinentconclusionsdrawn from this study concernthe re-
lationshipof cost and pro� t optimal � ight techniquesto one another.
An hourly based reference time frame utilization results in distinct
� ight technique optima for minimum DOC and maximum P-ROI.
The P-ROI optima are characterised by faster block speeds than
cost optimal ones because of a codependenceon � ight time and the
quantity of available seat-miles completed by the vehicle. Also, the
hourlybasedutilizationresultedin partialP-ROI optimafor different
sector distances, which implied the existence of a global optimum
at some speci� c sector distance and block time. This illustrates that
a comparison of distinct equipment types for only one � xed sec-
tor is not a sound enough basis to rationalize the superiority of one
aircraftover another.A � xed number of sectors’utilizationassump-
tion reduces the sensitivity of time-related costs to � ight technique
and, thus, reduces the signi� cance of this component compared to
the fuel expended. This situation produces block speed optima ap-
preciably slower than those assuming an hourly based utilization.
Furthermore, the � xed departures assumption creates a condition
where both cost optimal and pro� t optimal � ight techniques coin-
cide with one another.

A new speed schedule de� nition called ELRC was created to
replace the traditional 99% maximum SAR LRC speed. The moti-
vation was that not only is the 99% maximum SAR premise incon-
sistent with cost and pro� t optimality, but an alternative of simply
assuming some other � xed degradation in SAR does not suf� ce ei-
ther. It was found that CI is the most suitable method in de� ning
ELRC for the entire gamut of transport aircraft categories available
today. To complement this, a merit function called OFI was derived
to enable transparencyof what en route operationalqualitiesa given
aircraft exhibits.

Merit parameters that give rise to the ability of suboptimizingfor
more desirable P-ROI characteristicswere also formulated. Break-
even sector distance sbe and correspondingpreoptimum P-ROI rise
rate PS , the P-ROI global optimum Popt and corresponding sector
distance sopt, the postoptimum P-ROI decay rate PSS, together with
the magnitudeof the asymptotevalue8" were suggestedas a logical
set of guidelines when exploringnew conceptualaircraft designs or
conducting detailed competitor reviews.
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