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Abstract

This paper arises from an ARPA-E-sponsored project seeking design opportunities to retrofit
existing aircraft with hybrid electric propulsion systems. Engineers typically configure
aircraft to fly a given payload over a long range, which is subject to field performance
constraints. In practice, operators fly transport aircraft (civilian and military) in a manner
where dispatch consciously trades payload and/or range to enable safe operations to and
from short runways. This work describes a simple yet novel analytical process suitable for
inclusion in conceptual design or technology portfolio trade study evaluations to assess
the impacts of weight-restricted dispatch upon usable payloads. We find that options
that increase low-speed thrust may maintain or improve the useful payload even if it
substantially increases aircraft fixed weight. Conversely, otherwise desirable technologies
that decrease low-speed thrust may severely impact the useful payload of aircraft operating
to and from short runways.

Keywords: take-off; dispatch; flight mechanics; civil aviation; military aviation

1. Introduction
For many years, industry has used analytical data to inform strategic technology

portfolio investment [1]. Such decision-making information traditionally arises from the ap-
plication of focused empirical adjustments to components within “conceptual design”-level
aircraft performance and sizing tools [2]. In itself, “technology” is an abstract concept that
influences aircraft configuration through its impact on subsystems size, weight, power
(SWAP), and/or efficiencies. Ideally, the customer imposes high-level requirements which
drive the final design; form follows function [3–10]. Alternatively, the customer may accept
or decline the offered product. In either scenario, the integration of complex subsystems is
an important issue in aircraft design. Subsystem SWAP and other attributes may impose or
relax constraints on other subsystems as well as on the overall aircraft system performance.

This paper arises from ARPA-E-sponsored project work to evaluate derivative aircraft
design opportunities to utilize high-powered (>2 MW) flight weight electric motors [11].
AFIT has been commissioned to study the utility of a hybrid electric retrofit to the Lockheed
C-130 [12]. In the process of executing this contract, we at AFIT realized that many existing
hybridization technology portfolio studies [13–15] did not consider the reality that tactical
transport aircraft often operate far below their certified maximum take-off weight in order
to satisfy strict field performance constraints.

This observation motivates a more generalized research question: How does the
intentional operation of an aircraft where the end user trades payload and/or range for
field performance impact broader sizing or technology portfolio trade studies? In this work,

Aerospace 2026, 13, 480 https://doi.org/10.3390/aerospace13050480

https://crossmark.crossref.org/dialog?doi=10.3390/aerospace13050480&domain=pdf&date_stamp=2026-05-22
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://doi.org/10.3390/aerospace13050480


Aerospace 2026, 13, 480 2 of 23

we show how operational constraints affect how technologies should be judged. A related
student thesis evaluated mission effectiveness, environmental and operating-cost impacts
of select hybrid electric propulsion technologies applied to a C-130 [12].

This work exercises a broad semi-empirical field performance model developed by
the author [16] to support the following thesis: under a weight-restricted dispatch, three
engineering variables dominate the design. The critical parameters are: (1) the low-speed,
take-off-power thrust from the propulsion system; (2) the fixed-weight impact of the pro-
posed technology; and (3) the potential fuel savings arising from the proposed technology,
as evaluated over the short-range mission. Based on the nature of the restriction (originat-
ing airport field length, originating airport obstacle clearance, arrival airport field length),
this new method provides insight into the useful payload as a function of thrust, weight
and fuel savings. This conceptual perspective should help inform future studies.

2. Technology Portfolio Trades
In an ideal setting, clean-sheet aircraft design is a process where engineers transform

requirements into physical hardware. Model-Based Systems Engineering (MBSE) advocates
a design process informed and substantiated by coupled numerical models [17]. By its very
nature, aircraft design is highly multi-disciplinary; a successful design must balance aerody-
namics (of external as well as internal flows), acoustics, thermodynamics, materials science,
electrical engineering, machine and mechanism design, and manufacturing engineering.
As such, these studies grew out of a field of study once called Operations Research.

2.1. Connection Between Operations Research and Aircraft Technology Roadmapping

Operations Research made its name during the Second World War when former
U.S. Defense Secretary, Robert McNamara, and his “whiz kids” were tasked to develop
scientific methods to provide “executive departments with a quantitative basis for decisions
regarding the operations under their control” [18,19]. A famous early study selected the
size of transport ship convoys to minimize vulnerability to German U-boats. Operations
Research provided counterintuitive insight, showing that vulnerability was most correlated
with the number of escort vessels present, rather than the size of the convoy [20].

By the late 1950s, Operations Research principles began to broadly influence how
engineers tackled the generalized design process. Professor Lucien Schmit led the transfor-
mation of engineering design from an analytical (calculus- and asymptotic-expansion-based
methods) pursuit to one involving direct numerical solutions of relevant performance pa-
rameters [21].

Beginning around the millennium, Mavris & Kirby at Georgia Tech applied aircraft
multi-disciplinary optimization (MDO) methods to inform the financial allocation of avia-
tion research and development efforts [1,22,23]. Their innovation was to provide a numeri-
cal basis to guide the decision-making process for program initiatives and capital project
investments [1]. Their formulation relied on modeling aerospace “technology” through
empirical changes (either benefitting or degrading) component weights, drag, fuel flow,
thrust, cycle parameters, engine efficiencies, subsystem weights, and economic parameters
(i.e., fuel or labor costs) [1].

Mavris & Kirby introduced the concept of using empirical k-factors to model incre-
mental changes in technical disciplinary metrics, which feed coupled MDO models [1]. A
k-factor of zero represents an established nominal value for scalar (i.e., empty weight) or
vector (CL vs. CD drag polar) engineering data; a negative value is associated with opti-
mism (i.e., a k-factor of −25% on CD0 would revise all drag polars to reflect a 25% reduction
in zero-lift drag). When used in a technology portfolio study, human consensus would
establish a collection of specific k-factors to represent a particular concept. For example, a
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propulsive system technology like exhaust nozzle chevrons would be assigned to a collec-
tion of impact factors for empty weight, non-recurring cost, flyover noise, thrust and TSFC.
Their associated MDO model propagates these effects across other disciplines; its output
can be assessed quantitatively through a “prediction profile” scatter plot; see Figure 1.

Figure 1. System-level sensitivities to design variables for a notional aircraft.

Powered by an underlying aircraft MDO model, off-the-shelf statistical analysis soft-
ware like JMP can enable decision-makers to learn how different technology areas interact
with system performance metrics [24]. If a leader decides that a technology k-factor broadly
improves predicted system performance, that particular technology can be given further
financial support. Indeed, Cavanaugh highlights this process as one that a combined
NASA/NIA/Georgia Tech team embraced [25].

Over the following 25 years, we note that the vast majority of openly published technol-
ogy portfolio studies stem from Professor Mavris’ laboratory. The underlying MDO model
has included, at various times, FLOPS [26,27], Pacelab Suite [2], in-house hybrid/electric
performance codes [28]. Other university groups, such as TU Braunschweig, have retraced
the Georgia Tech basic technology portfolio trades (drag reduction, propulsion efficiency,
and structural weight reduction concepts) using their own modeling codes [29]. Simi-
larly, Lim et al. at Seoul National University applied Kirby & Mavris’ basic framework to
examine small electric air mobility vehicle technologies [30].

In industry, SAAB in Sweden has openly embraced the technology portfolio approach.
Over the past decade, Amadori and his collaborators have regularly published an evolving
understanding of how to better visualize MDO-derived data (beyond JMP) to reveal
how technology impacts complex system performance [31–34]. At the present, none
of their exemplary studies have considered an obviously field-performance-constrained
design challenge.

2.2. Recent Interest in the Application of Hybrid Electric Propulsion Technology to Retrofit
Existing Aircraft

A number of teams have recently published both point-design and technology portfo-
lio trade study results considering retrofit electric propulsion to existing transport aircraft.
We refer to the reader a recent and very comprehensive review article by Abu Salem et al.,
which covers a broad gamut of clean-sheet and derivative aircraft proposals [35]. In this
section, we highlight a few representative studies.

Friedrich & Robertson considered a hybrid electric propulsion retrofit of a Boeing
737–800 airframe [36]. They explored options with a pair of resized core turbofans using
either 1 or 2 MW electric motors to assist the turbofans. They also presume the availability
of 750 (W·h)/kg energy density batteries. Their options required an increase in MTOW
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to offset a substantial increase in fixed weight arising from the hybridization and the
need for large batteries. While they did not detail field performance constraints, they did
upsize the total thrust of their engines approximately 13% in order to maintain a desired
all-engines-operating climb profile.

Wroblewski & Ansell considered a hybrid drivetrain retrofit to a Boeing
737–700 airframe [37]. To close their design, they suggested a 50% electrical-power
drivetrain—where electric power is added to the low-pressure spool of a downsized
gas turbine core—along with 1000 (W·h)/kg energy density batteries as being appro-
priate to perform a wide range of missions. They mention field performance only in
passing; they did not explicitly consider the impact of their proposed retrofit on take-off or
landing performance.

Voskuhi et al. considered a hybrid electric regional turboprop aircraft configura-
tion strongly reminiscent of an ATR-72-600 [38]. They analyzed a point-design with a
34% electrical power ratio drivetrain and 1000 (W·h)/kg energy density batteries. Their
proposed solution had both a 14% increase in MTOW and an 18% increase in Sref compared
to the baseline, primarily due to the battery mass needed to fly the ~1300 NM reference
mission. They did not explicitly consider take-off or landing performance in their study.

Antcliff et al. considered a hybrid electric regional turboprop aircraft configuration
derived from an ATR-42-500 [39]. In order to keep their study manageable, they held
the ATR-inspired fuselage geometry and engine size (2400-ESHP per engine) fixed and
varied the MTOW, wing size, tail size (holding tail volumes constant), and propulsion
hybridization fraction. With 500 (W·h)/kg energy density batteries, their study found that
an aircraft sized for a 7000 ft runway required a substantial increase in the wing area (more
than double) and gross weight (more than double) to perform a 600 NM economic mission.
Battery weight for storing the necessary energy was their major design driver.

Recine et al. utilized a modified version of the NASA/Ames sizing code GASP to
analyze the Boeing 737-MAX8 and the Embraer E190-E2 as possible foundations for future
electric propulsion flight demonstrators [40]. Their formulation follows Kirby & Mavris
with the application of k-factors to aerodynamics, structures, and propulsive system perfor-
mance to assess suitability. However, they did not include scenarios where either aircraft
was operated in a weight-restricted manner.

Pham et al. used GASP to study a different application, a Lockheed C-130H where two
turboprop engines would be exchanged for two battery/electric propulsors [13]. Although
their reference mission did not impose a field performance restriction on weight, their
team’s work specifically demonstrated how motor and battery scaling could improve or
degrade field performance [13].

Listgarten et al. published a related study, reverse-engineering a DeHavilland DHC-8
Q400 [14]. Their group indicated significant possible fuel savings from hybridization (i.e.,
electric assist) but did not otherwise discuss its impact on field performance [14]. Most
recently, Jansen published a follow-up study for a proposed C-130H modification [15]. This
was a point-design study with greater subsystem detail of a “true parallel” concept—with
two fossil fuel turboprops and two battery/electric propulsors [15]. Unlike Pham’s earlier
study, this paper did not discuss impacts on field performance.

As noted in the introduction, ARPA-E’s interest in the near-term application of
state-of-the-art battery/electric technology retrofits of existing aircraft motivates this
paper [11]. Among the commercial airliners speculated for possible conversion, all
three types (737, Q-400 and E190) regularly fly weight-restricted economic missions.
Among the dual-use aircraft contemplating conversion, the Lockheed L-100/C-130 is likely
to be flown in a weight-restricted manner in peacetime as well as in tactical operations.
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3. Aircraft Sizing Considering Weight-Limited Dispatch
Engineers configure aircraft to transport a defined payload over a still-air mission

range from an originating airport to a destination airport. Field performance inserts itself
into the design process, since operational regulations prohibit dispatch of an aircraft with
insufficient performance to achieve safe flight in the event of an engine failure.

Aircraft mission capabilities are typically summarized through a payload–range chart;
see Figure 2 [6]. Conventional aircraft sizing [4–10] emphasizes capabilities to achieve
the desired payload at range for dispatch at maximum take-off weight (MTOW); see the
blue dot in Figure 2. In practice, it is common for aircraft to fly a reduced payload over
a shorter range from a short runway (the red dot on Figure 2). The maximum payload
capability is defined by certification structural limits, which specify the maximum zero-fuel
weight (MZFW) and the maximum landing weight (MLW). Flights where dispatch (rather
than design) consciously restricts the capability to achieve necessary field performance are
known as “weight-restricted” operations.

Figure 2. Classical payload–range chart. Engineers design aircraft to transport a payload over a
given range for departure at maximum take-off weight (MTOW) (the blue dot). Aircraft dispatch
may weight-restrict both payload and range to improve field performance (the red dot).

Operationally, weight-restricted dispatch is more common than textbooks otherwise
suggest. Dispatch may limit payload to achieve field performance capabilities for safe
take-off, obstacle clearance, or landing. Such conditions often arise due to weather: (1) high
ambient temperatures or gusty winds that necessitate take-off at reduced flap settings,
(2) hot weather or bleed diversion due to icing conditions that reduce available thrust, and
(3) gusty winds that necessitate landing at reduced flap settings. Alternatively, strong head-
winds aloft can increase the required fuel load. Because complex terrain surrounds many
airports, dispatch may require engine-inoperative climb gradient capability in considerable
excess of the minimum regulatory requirements (2.4% for twin-engine 14 CFR § 25 aircraft
and 2.5% for multi-engine MIL-3013 aircraft) [41,42].

Some airports regularly lead to weight-restricted dispatch while others will limit only
during exceptional weather events. London City Airport (EGLC) is a famous example; al-
though it is located near sea level and has few obstacles, its runway (4948 ft) is considerably
shorter than the advertised standard-day MTOW field length of the Embraer 190 (~7400 ft)
which operator British Airways heavily utilize [43,44]. Toronto Billy Bishop (CYTZ) is
another example, with its 4000 ft long runway (8/26); this is considerably shorter than
the ~4700 ft advertised standard-day MTOW field length of the Bombardier DHC-8 Q400,
which the dominant operator, Porter Airlines, regularly utilizes [45,46].
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Airlines have acquired substantial aircraft fleets, which must be weight-restricted
to fly regularly scheduled routes. For example, Southwest Airlines is a major operator
of the Boeing 737-MAX8 (more than 273 in service), with an advertised ~8300 ft sea-
level standard-day MTOW field length; Southwest routinely uses this aircraft to fly to
and from airports such as John Wayne (KSNA) with a 5700 ft runway, Santa Barbara
(KSBA) with a 6052 ft runway and Chicago/Midway (KMDW), with its longest runway
(13L/31R) at 6522 ft [47–50]. All flights to and from these major airports must be weight-
restricted to depart considerably lighter than MTOW and possibly arrive considerably
lighter than MLW.

Weight-limited dispatch poses an interesting constraint to the concept of a “technology
portfolio trade” because all attributes of the study must be seen through the prism of field
performance. In general, technology portfolio trades try to identify unforeseen synergies
across many different metrics. In the world of field performance, very few things matter:
basically, weight, thrust and thrust-lapse, wing area, CLmax, and sometimes minimum
control speed. Absent a benefit to thrust or stall speed, every additional pound of fixed
weight must be offset with a reduction in fuel burn or payload.

Figure 3 is a schematic of how dispatch determines a need for a weight-limited de-
parture. The originating airport has a defined runway (based on ground winds) which
implies a maximum take-off distance (which is a function of outside air temperature and
pressure altitude). This runway will also define a minimum engine-inoperative take-off
climb gradient to ensure safe obstacle clearance. The destination airport has a known
available runway length based on climatic conditions. The origination and destination
airports are separated by a “still-air-distance” based on planned air-traffic routing and
winds aloft; this implies a take-off-weight-dependent fuel burn. The maximum permissible
dispatch weight is limited by one of the following constraints: (1) it cannot exceed the max-
imum certified take-off weight of the aircraft (MTOW); (2) it cannot exceed the maximum
weight implied by the available take-off-distance (TODA) given the weather at the time of
departure; (3) it cannot exceed the maximum weight implied by the engine-inoperative
climb gradient given the weather at the time of arrival; (4) after it consumes mission fuel, it
cannot exceed the maximum certified landing weight of the aircraft (MLW); and (5) after
it consumes mission fuel, it cannot exceed the maximum weight implied by the available
landing distance (LDA) given the anticipated weather at the time of arrival.

Figure 3. Constraints which drive weight-limited dispatch.
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4. Analytical Modeling Basis
As noted in the Introduction, weight-limited dispatch may impact the operational

and/or economic utility of an aircraft. Because weight limitation due to a field performance
requirement is a multi-faceted constraint, its impact is context-dependent. For example,
some operations have desired payload and fuel loads that fall below any weight limits
for dispatch; they are unconstrained. If constraints are active, they overwhelm any other
contributor to an objective function (for example, a desire to minimize fuel burn per unit
payload). Under weight-limited dispatch constraints, the operator might be required to
limit take-off to only a fraction of the intended payload.

4.1. Runway and Obstacle Clearance Nomenclature

To illustrate real-world constraints, let us consider two runways in Southern California:
(1) Santa Barbara (KSBA), a commercial airport with regularly scheduled B737-MAX8
operations; and (2) Agua Dulce (K70), near the Vasquez Rocks, a rural general-aviation
airport, which is a possible destination for peace-time military (natural disaster/med-
evacuation) C-130 flights.

For the B737-MAX8, FAA operations from Runway 7 imply take-off (TODA) and
landing (LDA) within 6052 ft at sea level. FAA IFR departure guidelines require a minimum
climb capability of 260 ft/NM (i.e., 4.3%) through 1100 ft AGL [49].

For the C-130, a departure from Runway 4 at Agua Dulce requires safe take-off
and landing (TODA and LDA) from a 4205 ft runway at 2633 ft MSL. Agua Dulce is
surrounded by significant terrain (up to 5200 ft MSL); see Figure 4. This implies a minimum
of ~600 ft/NM (i.e., ~10%) climb gradient to safely overfly [51].

 

Figure 4. Excerpt from a topographic map showing the terrain surrounding Agua Dulce (L70) [52].
Image adapted from a public domain map provided by the U.S. Geological Survey.

4.2. Propulsive System Modeling

Propulsive system technology portfolio trades for derivative aircraft operated in a
weight-restricted manner must consider size, weight, and power impacts on the airframe.
The sizing limits (i.e., propeller overlap, nacelle ground strike) may impose physical scaling
constraints for any given technology. The weight involves both the mechanical fitment of
the propulsor plus any supplemental energy storage system (alternative fuel, fuel cells,
batteries) and related subsystems (cryogenics and other thermal management systems,
wiring, etc.). The power involves both static and dynamic thrust (lapse rates with speed
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and altitude) of the propulsor itself, as well as the energy-consumption characteristics of
the technology (whether the technology is used to assist take-off, climb, cruise or is required
for the entire mission).

In general, changes in propulsive system technology should not radically impact the
maximum lift coefficient (CLmax) of an airframe. While this study does not consider possi-
ble impacts on CLmax or synergies associated with propulsion trade studies, future work
should consider potential cross-disciplinary effects. The C130-J has a lower CLmax than a
C-130H because it requires a stick-pusher to mitigate degraded bare-airframe stall charac-
teristics associated with its engine/propeller change [53]. Similarly, the nacelle changes
between the B737-NG and the B737-MAX altered flying qualities enough to motivate Boeing
to develop the MCAS system [54].

To highlight general trends, this study will define the impact of a propulsion system
technology change in terms of three “k-factors:” (1) the % change in low-speed, take-off
power thrust, (2) the % change in OEW (including battery weight), and (3) the % change
in mission TSFC. For example, a noise-suppressing inlet treatment might decrease take-
off thrust by 2%, increase OEW by 0.2% MTOW (i.e., 100 lbm) and increase mission fuel
consumption by 0.1%. Alternatively, a candidate hybrid electric propulsion system retrofit
might increase take-off thrust by 10%, increase OEW by 30% MTOW (i.e., 30,000 lbm) and
decrease mission fuel consumption by 25%.

4.3. Weight Nomenclature That Decouples Operational Take-Off and Landing Weights from
Structural Certification Weights

While structural certification compliance specifies a maximum take-off weight
(MTOW) and maximum landing weight (MLW), real-world operations rarely schedule
aircraft to approach these limits. In regular usage, aircraft depart at a given take-off weight
and land at a given landing weight. The operational take-off and landing weights as used
by dispatch may be derived from the following relationships:

TOW = OEW + PAYLOAD + MISSIONFUEL + RESERVEFUEL (1)

and
LW = OEW + PAYLOAD + RESERVEFUEL (2)

where OEW is the aircraft operational empty weight and RESERVEFUEL is the weight of
the fuel needed to fly from the destination airport to the declared alternate safe-harbor and
hold for at least the regulatory specified minimum time period (45 to 60 min, depending
on the operational standard). The payload cannot exceed the maximum value implied by
the difference between the maximum zero-fuel weight and the operational-empty-weight
(MZFW-OEW). Similarly, dispatch will disallow operations where the planned landing
weight (LW) exceeds the certified maximum landing weight (MLW). Field performance
limitations may arise from several sources: (1) take-off from a short TODA may limit the
take-off-weight; (2) take-off requiring a steep climb gradient may limit the take-off-weight;
and (3) limitations arising from a short-arrival LDA may restrict the landing weight.

4.4. Simplified Model to Estimate Mission Fuel Associated with the Desired Mission

For the purposes of this paper, we use a highly simplified analytical model to estimate
fuel savings. In more detailed follow-up trade studies, we can estimate fuel consump-
tion using a time-step integrating simulation that models a complete reference mission,
including take-off, climb, cruise, descent, approach, and landing [10].

For range, we begin with the Breguet equation:
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RANGE =
VKTAS
TSFC

(
L
D

)
loge(

OEW + PAYLOAD + MISSIONFUEL + RESERVEFUEL
OEW + PAYLOAD + RESERVEFUEL

) (3)

Next, algebraically reshuffle the terms to solve for mission fuel in terms of the other parameters:

MISSIONFUEL = (OEW + PAYLOAD + RESERVEFUEL)

exp

RANGE TSFC

VKTAS
(

L
D

)
− 1

 (4)

We can then introduce the k-factors into this formulation as:

MISSIONFUEL = (OEW + MTOW kOEW + PAYLOAD + RESERVEFUEL)

exp

RANGE TSFC (1 + kTSFC)

VKTAS
(

L
D

)
− 1

 (5)

The sign convention in our nomenclature has kTSFC = −0.5 representing the halving of fuel flow and
the doubling of efficiency. Similarly, kOEW = +0.10 represents an increase in OEW commensurate with
10% of MTOW. RANGE is critical to the end-user; the longer the mission, the greater the amount of
required mission fuel. For a derivative aircraft, flight speed and aerodynamic efficiency are unlikely
to change appreciably from the baseline.

Mission specific range (NM/lbm fuel consumed) can be inferred:

SPECIFICRANGE =
RANGE

MISSIONFUEL
(6)

4.5. Empirical Model to Estimate Take-Off Field Performance

We estimate take-off distance using the author Takahashi’s recently published improved method
to predict the Critical Field Length, CFL [16]. For safe operations, the available runway must always
exceed the critical field length, TODA > CFL. These simplified equations have been validated against
a broad collection of numerical simulations and certified flight manual data, including the sorts of
T/W contemplated here. For both military and civilian aircraft, take-off field performance has been
found to be a function of:

TOP =
( W

Sre f )(
T
W

)
CLmax

(7)

where TOP is the square of the take-off weight (W) divided by the wing area (Sref ), static thrust of the
propulsion with all engines operating (T) and the maximum lift coefficient (CLmax). We introduce
our quantity of thrust k-factor as:

T = TAEOSTATIC ( 1 + kTHRUST). (8)

For FAA operations on dry runways:

CFL14CFR25_DRY = max( 750 + 31 TOP, 3300). (9)

For MIL-STD-3013B operations on dry runways:

CFL3013B_DRY = max(250 + 38 TOP, CFLmin3013B_DRY), (10)

where the minimum-control-speed (VMCA) floor on decision speed limits CFL to a distance no
less than:

CFLmin3013B_DRY ≈ 5525 − 58VMCA + 0.44VMCA2 (11)

Through the estimation of CFLmin, this model accurately captures the stability and control
impacts arising from increased OEI thrust. For the scenarios discussed in this paper, our field length
requirements are strenuous enough to limit dispatch weight but not so strenuous as to run into
probable VMCA limitations.
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One design decision intentionally left vague involves the basic topology of any proposed hybrid
electric retrofit: whether to engineer a true-parallel hybrid (where an electric propulsor replaces a
liquid-fuel engine) or a series hybrid (where a redesigned power module would include both liquid
fuel and electric elements). All aircraft are amenable for series hybrid conversions. Alternatively, true-
parallel hybrid architectures are the easiest to implement on a four-engine aircraft like a C-130, where
one could retain a pair of liquid-fuel engines and swap over two fully electric propulsion modules.

The definition of engine-inoperative performance under a true-parallel hybrid architecture is
clear-cut: either a liquid-fuel or an electric power module can fail. The complete thrust loss of that
propulsor must be accounted for when computing field performance (runway and obstacle clearance).
The definition of engine-inoperative performance under a series hybrid architecture is less obvious
with each propulsion module containing both liquid-fuel and electric elements.

For the reference C-130 short-field mission, Eqn. 11 indicates that it is important to retain
VMCA < ~102 knots for safe dispatch from a 4205 ft runway, although scheduled obstacle clearance
speeds at typical flight weights vary from ~120 to ~140 knots. The production C-130J already
incorporates a complex automatic take-off thrust control system (ATTCS) with an airspeed-scheduled
thrust derate, which engages only upon sensed engine failure [55]. When ATTCS senses the failure of
an outboard engine, it may reduce the thrust on an opposing healthy engine to limit unsymmetric
moments. As aerodynamic control power increases with the square of the airspeed, the system
will restore power. Maximum derate occurs at VMCA. At 120 knots, aerodynamic control power is
60% greater than at the official VMCA, which is 95 knots. At 130 knots, aerodynamic control power is
87% greater than that at 95 knots. Since our trade studies consider up to a 60% increase in take-off
thrust over baseline, it seems reasonable that ATTCS scheduling can restore full thrust on all operating
engines once airborne, while keeping VMCA < 102 knots. For moderate increases in T/W, a series
hybrid replacement of the inner C-130 engines to include electrical assistance seems practical. For
more extreme increases in T/W, the replacement of all four C-130 engines to include electric assistance
makes more sense. It is critical that detail design does not ignore VMCA considerations.

4.6. Empirical Model to Estimate Landing Field Performance

Landing performance distances will be estimated using author Takahashi’s further revisions to
Roskam’s empirical equations [56,57]. For safe operations, the available landing distance (LDA) must
always exceed the predicted distance for landing.

For FAA operations on a dry runway under the “167% actual landing distance” rule, we may
correlate the landing reference speed with the available runway as:

LDA > 1586 + 0.184 V2
REF (12)

where VREF = max (1.23 VS, VMCL) in the landing configuration.
When following MIL-3013B rules on a dry runway, we correlate the final, powered approach

speed with the available runway as:

LDA > max(825 + 0.150VPA
2, 1000) (13)

where VPA = max (1.2 VS, 1.05 VMCL) in the landing configuration.
We may estimate sea-level standard-day stall speed in knots:

VS = 660.8

√√√√√ W
Sre f

1481 CLmax
(14)

4.7. Estimation of Engine-Inoperative Climb Gradient

We may estimate the engine-inoperative climb gradient using the classic small-angle approxi-
mation work-energy theorem:

GRAD ≈ 100%
TOEI − D

W
(15)

where TOEI is the dynamic thrust of the remaining engines flown at the scheduled second-
segment climb speed; D is the drag at the second-segment climb speed (D = (CD0 + CL2/(π ARe))
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((V2/660.8)2/1481) Sref ); and W is the dispatch weight. The speeds differ between certification bases:
V2 = max (1.13 Vs, 1.1 VMCA) for 14 CFR § 25 aircraft and VOBS = max (1.2 Vs, 1.05 VMCA) for MIL
3013-B aircraft.

For this study, we share our quantity of the thrust k-factor with the take-off equation:

TOEI = TOEIDYNAMIC (1 + kTHRUST). (16)

Based on previous experience with vendor-supplied engine decks, we may define a relationship
between TAEOSTATIC and TOEIDYNAMIC . This study will presume that the dynamic thrust of an ultra-
high-bypass ratio turbofan is ~80% of its static thrust at typical initial take-off climb speeds, whereas
a turboprop will lapse to ~70% of its static thrust. OEI thrust will be based on ½ the AEO thrust for
the B737 and ¾ the AEO thrust for the C-130 (based on the premise that ATTCS thrust reductions
are not active at realistic climb-out airspeeds). Thus, the OEI climb-out thrust for the B737-inspired
configuration is 40% of the AEO static thrust; for the C-130-inspired configuration, the OEI dynamic
thrust is 52.5% of the AEO static thrust.

5. Simplified Propulsive System Technology Portfolio Trades
In this section, we examine propulsive system technology trades as applied to several aircraft

and operational scenarios: (1) a 737-MAX8-inspired commercial airliner flown over a ~1500 NM stage
from KLAX to KMDW, (2) a weight-restricted 737-MAX8-inspired commercial airliner flown over a
~500 NM stage from KSBA (6052 ft runway) with a 4.3% OEI climb gradient, (3) a C-130-inspired
aircraft flown over a ~1500 NM stage from KLAX, and (4) a C-130-inspired aircraft flown over
a ~500 NM stage from a 4000 ft runway with a 10% OEI climb gradient to another 4000 ft runway.
We will see how interacting constraints may or may not impact the operational and economic utility
of these aircraft.

An examination of the terms in Equations 1 through 16 reveals that, for all weight-restricted
dispatch studies, the only k-factors that are active are those which impact the aircraft empty weight
(kOEW), alter the quality of thrust (kTSFC), and/or alter the quantity of thrust (kTHRUST). Thus, all
generalized technology portfolio trades need to include these three terms at minimum, among the
many other potential k-factors (for cost, noise, environment, maintenance, etc.).

For the study of immediate interest to AFIT, the hybrid electric retrofit of transport aircraft,
we first sought to identify the nature of favorable and unfavorable interactions between the critical
k-factors. Due to energy density limitations of batteries, attempts at aircraft electrification will lead to
a considerable increase in aircraft operational empty weight; the larger the battery packs, the heavier
the bare airframe.

5.1. Two-Engine Commercial Airliner Flown to and from a Long Runway

Consider the following approximation of a Boeing 737-MAX8: Sref = 1344 ft2; CD0 ~ 0.0250;
ARe ~ 9.5; VKTAS = 460 knots (Mach 0.8 @ FL350), TSFC ~ 0.61 lbm/lbf-hr, L/D ~ 15.5. CLmaxT/O ~ 1.95;

CLmaxLD ~ 2.7. OEW = 100,000 lbm; MTOW = 181,000 lbm; MAXFUEL = 46,500 lbm;
MAXPAYLOAD = 45,400 lbm; MLW = 152,700 lbm. These parameters support a Breguet-equation-
based payload–range chart, which roughly matches the advertised performance of a 2600 NM range
capability with a 45,000 lbm payload; see Figure 5.

For a North American regional flight of 1500 NM to and from long, 10,000 ft runways with no
obstacles, the 737-MAX8 can dispatch at ~165,000 lbm with its maximum 45,000 lbm payload; see the
red circle in Figure 5. Under these circumstances, its field performance is more than adequate for
both take-off (CFL = ~7200 ft) and landing (LDR = ~5000 ft after burning its mission fuel); its weight
is neither limited by the structural certification (i.e., MTOW or MLW) nor the field performance. Since
the predicted dry weather take-off is not a function of VMCA, no penalty arises as a byproduct of a
substantial increase in low-speed thrust.

A statistically relevant collection of performance predictions may be built from a comprehensive
parametric sweep (full factorial + 2000 converged-point Latin hypercube). The study varies relevant
k-factors: kOEW increases from 0% MTOW to 40% MTOW, step 10%; kTSFC ranges from a 0% to
a 90% reduction in fuel burn, step 10%; and kTHRUST varies from a 20% loss in low-speed thrust
through to a 60% increase in low-speed thrust, step 5%. Analysis of the resulting collection reveals
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the following. First, Figure 6a documents how aircraft payload capability is overwhelmingly dictated
by the maximum landing weight certification; since landings are planned with most of the fuel
consumed, the aircraft was designed so that its maximum landing weight (MLW) is considerably
lower than its maximum take-off weight (MTOW). Aircraft are typically designed so that the MLW is
somewhat greater than the sum of the baseline OEW, the maximum payload and the minimal fuel
reserves. For the B737, MLW = ~152,700 lbm. In the trade study, we see how small that margin was.

Figure 5. Breguet-equation-estimated performance of a B737-MAX8-inspired aircraft.

Figure 6a finds the trend where heavier OEW leads to smaller usable payloads. If OEW grows
more than 25% of MTOW, safe dispatch with even zero payload becomes impossible. Common,
repeated payload solutions obscure the grid-like nature of the full-factorial independent parameter
variation (compare the blue dots for the full-factorial with the orange open-circles for the LHC);
absent an OEW increase, the mission is not challenging enough to render changes in T/W or TSFC
sufficient to preclude success when loaded to MZFW limits.

Figure 6b proves the correlation between mission specific range and effective propulsion sys-
tem TSFC. At nominal engine efficiency, where kTSFC = 0, the 737 has a mission specific range of
0.082 NM/lbm; the aircraft consumes ~18,300 lbm of fuel to perform its mission.

Figure 6c,d expose a lack of correlation between independent variations in take-off thrust
(kTHRUST +/− 20%) or cruise TSFC (kTSFC + 0/− 90%) and mission payload capability. This is made
evident by the “random scatter” nature of the presented data: some combinations of parameters
enable safe dispatch at maximum payload; other combinations cannot do so. Over the range of the
k-factors studied, we see how a combination of factors (rather than fuel consumption savings alone)
impacts usable payload. The “secondary effects” captured in this study are the independent variables
not captured in a particular scatter plot. In the case of Figure 6c, the secondary effects are the impacts
of OEW and TSFC. For Figure 6d, the secondary effects are the impacts of OEW and Thrust. Secondary
effects above and beyond the independent variables used in this study are also expected to impact
the results.

Taken together, we see that the OEW impact of a given technology is the critical parameter.
Because an all-seats-occupied B737-8MAX economic mission (189 pax at 200 lbm/pax) implies a
~38,000 lbm payload, we see that this aircraft can tolerate no more than 5% MTOW growth in OEW
(~9000 lbm) before it must offset payload to keep within the maximum landing weight limits.
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(a) 

(b) 

 
(c) 

 
(d) 

Figure 6. Two-engine airliner—long runway. Scatter plots are based on simultaneous k-factor variation
representing %OEW increase, %change in cruise TSFC and %change in reference take-off thrust.
Solid dots represent full-factorial candidate designs; open circles represent LHC sampled candidate
designs. (a) Payload as a function of OEW gain expressed in terms of %MTOW, (b) specific range
as a function of TSFC, (c) payload as a function of take-off thrust, and (d) payload as a function of
cruise TSFC.
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5.2. Two-Engine Commercial Airliner Flown from a Short Runway with a OEI Climb
Gradient Constraint

Let us next consider the 737 operated under a weight-restricted dispatch scenario. If we refer
back to the payload–range chart (Figure 5), we see that, absent any field performance constraints
(take-off and arrival runway lengths and obstacle clearance restrictions), the baseline 737-MAX8
could fly a 500 NM mission with full payload with a planned take-off at ~152,000 lbm.

We next repeat the parameter sweep (full factorial + 2000 converged-point Latin hypercube) of the
relevant k-factors (kOEW increase, kTSFC improvement and kTHRUST increase) for 500 NM operations to
and from a 6052 ft runway with a 4.2% OEI climb gradient; in other words, from Runway 7 at KSBA. If
the aircraft cannot comply with the requirements, the modeling tool will set the usable payload to 0 lbm.

Here, we see a new trend developing among compliant dispatch cases. As before, repeated
payload solutions obscure the grid-like nature of the full-factorial independent parameter variation;
the random variations from the Latin hypercube sampling scheme predominate the graphs. We
also see striations, arising from this sampling strategy, develop in the dependent vs. independent
variable plots.

Figure 7a has more scatter than Figure 6a; this indicates that, while the maximum payload
capability is limited by the maximum landing weight, on a more challenging runway, secondary
factors can limit payload even in the absence of an OEW increase. The scatter is induced by situations
where landing limitations (i.e., MLW = 152,700 lbm) interact with the increase in OEW. Figure 7b
indicates that the mission specific-range continues to correlate directly with the effective propulsion
system TSFC. Figure 7c reveals that, while secondary factors continue to dominate the take-off thrust
trade, if take-off thrust is degraded by 20%, no combination of assessed technology can enable a
45,000 lbm payload dispatch (see the red circled region of the plot) from KSBA and maintain the
necessary OEI gradient. Figure 7d exposes a continued lack of correlation between independent
variations in cruise TSFC (kTSFC + 0/− 90%) and mission payload capability. This is made evident by
the “random scatter” nature of the presented data; secondary factors predominate.

5.3. Four-Engine Transport Flown to and from a Long Runway

Next, we consider the following approximation of an older Lockheed L-100/C-130H air-
craft: Sref = 1745 ft2; CD0 ~ 0.0300; ARe ~ 10; VKTAS = 250 knots, TSFC ~ 0.5 lbm/lbf-hr,
L/D ~ 14.5. CLmaxT/O ~ 2.15; CLmaxLD ~ 2.45. OEW = 84,000 lbm; MTOW = 175,000 lbm;
MAXPAYLOAD = 45,000 lbm; MLW = 155,000 lbm. Unlike many other transport category aircraft,
which offer a multitude of high-lift options, the C-130 has only three flap settings: clean, take-off and
landing. Functionally, it cannot make subtle trades of CLmax and drag to optimize field performance.

While the L-100/C-130 is a premier tactical transport, it is often flown to and from long runways.
For this trade, we perform a parameter sweep (full factorial + 2000-point valid Latin hypercube) of
the relevant k-factors (kOEW increases from 0% MTOW to 40% MTOW, step 10%; kTSFC ranges from
a 0% to a 90% reduction in fuel burn, step 10%; and kTHRUST varies from a 20% loss in low-speed
thrust through to a 60% increase in low-speed thrust, step 5%) for 1500 NM operations to and from
a 10,000 ft runway, with only the basic MIL-3013B 2.5% OEI climb gradient constraint. Among
compliant dispatch cases, we see the following trends.

As with the B737, repeated payload solutions obscure the grid-like nature of the full-factorial
independent parameter variation; the random variations from the LHC sampling scheme predominate
the graphs. We see that Figure 8a has a similar amount of scatter as the short-field B737 operations.
Most of the evaluated designs cluster on a frontier where the maximum payload capability is
fundamentally limited by both the maximum landing weight and the maximum zero-fuel weight:
recall that the maximum payload arises from the difference between MZFW and OEW. We also
see that secondary field-performance-related factors become increasingly important if a technology
change increases OEW by more than 10% of MTOW (17,500 lbm). Figure 8b indicates that the mission
specific range remains dominated by the effective propulsion system TSFC; the scatter evident in
the correlation is a result of secondary factors (particularly weight growth), which can degrade
fuel efficiency. Finally, the scatter revealed by Figure 8c indicates that moderate changes in take-off
thrust need not degrade payload capability; some combinations of thrust, OEW and TSFC may even
improve payload capability. Figure 8d exposes a continued lack of correlation between independent
variations in cruise TSFC (kTSFC + 0/− 90%) and mission payload capability. A large number of
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study conditions cluster at the 45,000 lbm MZFW limit; over the range of k-factors studied, a drastic
reduction in fuel consumption may not be able to improve payload capability.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7. Two-engine airliner—short runway. Scatter plots are based on simultaneous k-factor
variation representing %OEW increase, %change in cruise TSFC and %change in reference take-off
thrust. Solid dots represent full-factorial candidate designs; open circles represent LHC sampled
candidate designs. (a) Payload as a function of OEW gain expressed in terms of %MTOW, (b) specific
range as a function of TSFC, (c) payload as a function of take-off thrust, and (d) payload as a function
of cruise TSFC.
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Figure 8. Four-engine transport—long runway. Scatter plots are based on simultaneous k-factor
variation representing %OEW increase, %change in cruise TSFC and %change in reference take-off
thrust. Solid dots represent full-factorial candidate designs; open circles represent LHC sampled
candidate designs. (a) Payload as a function of OEW gain expressed in terms of %MTOW, (b) specific
range as a function of TSFC, (c) payload as a function of take-off thrust, and (d) payload as a function
of cruise TSFC.
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5.4. Four-Engine Transport Flown to and from a Short Runway with an OEI Climb
Gradient Constraint

Lastly, consider a L-100/C-130 transport, flown in its element—to and from a short runway
surrounded by challenging obstacles. For this final trade, we perform a parameter sweep (full
factorial + 2000 converged-point Latin hypercube) of the relevant k-factors (OEW increase, TSFC
improvement and take-off thrust variation) for a 500 NM flight to and from a 4000 ft runway with a
stringent 10% OEI climb gradient constraint. The baseline aircraft is weight-restricted to dispatch at
~116,000 lbm, limiting the payload to ~20,000 lbm.

Among compliant dispatch cases, we see newly emerging trends. First, Figure 9a develops
additional scatter. If we contrast Figure 9a with Figure 8a, we can see a fundamentally different
pattern emerge in the data—secondary technology factors no longer cluster near the frontier: TSFC
benefits and take-off thrust now have a substantial impact on operational payload. The scatter in this
plot arises where take-off field performance (i.e., the 4205 ft TODA), rather than MLW, controls the
feasible solution and reduces the payload accordingly.

We can also see that a careful selection of technology can improve upon the reference
~20,000 lbm payload even if it comes with a severe OEW penalty. For example, the magenta circle
found in Figure 9a represents a design which may safely dispatch a ~25,000 lbm payload (5000 lbm
more than the baseline aircraft) at a 15% MTOW increase in OEW (a 26,250 lbm increase in OEW),
provided that technology offers 30% mission fuel savings and a 60% increase in low-speed take-off
thrust (reflected by the position of the magenta circle in Figure 9b–d).

Figure 9b indicates that the mission specific range remains dominated by the effective propulsion
system TSFC, but the further increase in scatter (contrast Figure 9b with Figure 8b) is a byproduct of
secondary factors (particularly weight growth) that degrade fuel efficiency. In particular, the increase
in flight weight increases the dimensional magnitude of the induced drag, leading to a reduction in
the specific range decorrelated from TSFC.

Figure 9c reveals a fundamentally different pattern than that seen above in Figure 8c. Note that
the upper left quadrant of the chart has been depopulated of valid dispatch solutions; if take-off
thrust degrades, no combination of foreseeable fuel consumption or OEW perturbations can safely
depart with significant payload. The chart also reveals that a significant increase in available take-off
thrust can improve the usable payload even in the presence of substantial gains in OEW.

Figure 9d demonstrates the pervasive lack of correlation between independent variations in
cruise TSFC (kTSFC + 0/− 90%) and mission payload capability. Note the increasing number of study
conditions that cluster at 0 lbm payload; these are infeasible solutions to fly the required mission.

Figure 10 highlights further complexity relating to weight-limited dispatch. When holding
baseline TSFC and OEW but varying take-off thrust, we see three distinct slopes present in the
payload-vs-%increase in take-off thrust plot; Figure 10a. For this example, if take-off thrust degrades
more than 10%, the aircraft becomes OEI-climb-gradient-limited. With a 20% reduction in take-off
thrust, the usable payload drops to near-zero; any further reduction in thrust will ground the aircraft.
Between −10% (degradation) and +50% (enhancement) take-off thrust increments, the aircraft is
field-length-limited. When field length is limited, additional thrust enables safe dispatch at higher
weights, thus increasing potential payload capability; the OEI climb gradient constraint is now
inactive (see Figure 10b). Finally, above the +50% enhanced take-off thrust, the aircraft runs into its
MZFW-imposed weight limit; both the take-off field length and OEI climb gradient constraints are
inactive; see Figure 10b. Together, this figure demonstrates how the available payload response to
thrust loading is not only non-linear, but has distinct piecewise breaks due to the engagement of
changing constraints.
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(a) 

(b) 

(c) 

(d) 

Figure 9. Four-engine transport—4000 ft runway with a 10% OEI gradient. Scatter plots are based on
simultaneous k-factor variation representing %OEW increase, %change in cruise TSFC and %change in
reference take-off thrust. Solid dots represent full-factorial candidate designs; open circles represent
LHC sampled candidate designs. (a) Payload as a function of OEW gain expressed in terms of
%MTOW, (b) specific range as a function of TSFC, (c) payload as a function of take-off thrust, and
(d) payload as a function of cruise TSFC.
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(a) 

(b) 

Figure 10. Four-engine transport—4000 ft runway with a 10% OEI gradient. (a) Sensitivity of payload
capability to take-off thrust (baseline OEW and TSFC). (b) Sensitivity of the OEI climb gradient to
take-off thrust (baseline OEW and TSFC).

6. Summary and Conclusions
Although it is essential to modern aircraft operations, the intentional dispatch of an aircraft

where the end user trades the payload and/or range for field performance has not been prominently
featured in classic design books. This paper provides the framework and foundation to apply this
constraint at a conceptual design/technology portfolio screening level.

Weight-restricted operations occur whenever the planned payload and fuel load exceed the
maximum allowable take-off weight for dispatch (runway and weather). The limitation on the
payload ensures that the aircraft can safely perform its take-off and climb. On a commercial flight,
a reduced payload means that passengers and/or baggage may be denied boarding. On a military
flight, payload reductions will require a scale-back of operational objectives.

From our analysis of two parametrically varied derivative aircraft, operated under commercial
or military rules, we see how stringent field performance constraints impact feasible dispatch. During
weight-restricted operations, three parameters dominate trade studies: changes to low-speed thrust,
changes to OEW, and changes in mission fuel burn. They control the basic success of the mission:
if dispatch does not allow a flight to depart due to inadequate field performance, any theoretical
changes of “technology” in economics, emissions, or noise become moot.

Our review of prior studies focusing on the application of retrofit hybrid electric propulsion
systems to current production airframes notes a general lack of field performance constraints. Antcliff
et al. is an exception that proves the rule: On the surface, it is a paper that considers a hybrid electric
retrofit of an ATR-42-500. After the imposition of only modest field performance constraints, they
necessitated a substantial increase in the wing area and an increase in MTOW to accompany the
propulsion retrofit [39]. We suspect that the inclusion of field performance constraints following the
dispatch weight-restriction approach found in this paper would lead other authors to fundamentally
different conclusions.

In the four example cases we present, we show how changes in low-speed thrust, OEW and
mission fuel consumption impact the usable payload of the aircraft. At present, we restrict our-
selves to showing a series of individual independent/dependent variable scatter plots, as we have
not discerned a format to visualize the design coupling in a single, more complex plot. In some
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situations, a technology change that increases take-off thrust may allow the derivative aircraft to
retain or even improve its usable payload over a defined mission, even if the technology imposes a
substantial OEW increase. In other situations, we find that aircraft become extremely sensitive to
OEW; technologies that do not directly result in weight savings will reduce usable payload. We also
see that field-performance-imposed weight restrictions may arise from either take-off, climb-out or
landing constraints; the activity of a constraint is extremely context-dependent on both the aircraft
configuration and the reference mission used for the study.

In the future, the AFIT team plans to identify combinations of k-factors, using the dispatch
weight limitation method shown here, that reflect specific tangible hybridization technology options.
When we view the utility of candidate technologies through the prism of challenging commercial or
military field performance constraints, we will develop new insights. As shown in the exemplary
studies, it is important to carefully scale candidate propulsion technologies. If a system increases
the low-speed thrust above the baseline value, it may provide a substantial improvement in payload
capability (along with other side benefits), even if that technology is quite heavy. Yet, a substantial
increase in T/W to compensate for OEW growth must not impact the minimum control airspeed
(VMCA). If VMCA is too fast, an aircraft cannot dispatch to or from a runway no matter what its
thrust or stall speed are. The studies shown here presume that engineers can implement a take-off
thrust compensation system to mitigate VMCA issues without degrading usable thrust at typical
take-off climb speeds. Conversely, a proposed system that decreases low-speed thrust may preclude
permissible dispatch—an aircraft may be unsuitable for a mission no matter how impressive a
technology appears when operated to and from long runways.
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Abbreviations
The following abbreviations are used in this manuscript:

Nomenclature
AEO All-Engines-Operating
AGL Height Above Ground Level (ft)
CFR Code of Federal Regulations (the U.S. Government regulatory library)
FAA Federal Aviation Administration (a U.S. Government agency)
GRAD Climb Gradient (%)
MLW Maximum Landing Weight (lbm)
MTOW Maximum Take-Off Weight (lbm)
MZFW Maximum Zero-Fuel Weight (lbm)

OEI
One-Engine-Inoperative (the most critical engine for controllability)
and performance

OEW Operational Empty Weight (lbm)
SPECIFICRANGE Distance Traveled per Pound Fuel Consumed (NM/lbm)
kOEW k-factor scaling Operational Empty Weight
kTSFC k-factor scaling Mission Fuel Consumption
kTHRUST k-factor scaling Low-Speed Take-Off Thrust
Distances
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CFL Critical Field Length (ft)
LDA Landing Distance Available (ft)
TODA Take-Off Distance Available (ft)
Speeds

V2, Vobs
Obstacle Clearance Speed—the target airspeed during an OEI continued
take-off (knots)

VMCA Minimum-control speed in the Air—T/O Configuration (knots)
VMCL Minimum-control speed in the Air—Landing Configuration (knots)
Vs Stall Airspeed—where CL = CLmax (knots)
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