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Historical Trends and Future Projections of Key
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This study presents a comprehensive analysis of historical trends and future projections
for key performance parameters (KPPs) in commercial turbofan aircraft, focusing on opera-
tional empty weight to maximum takeoff weight ratio (OEW/MTOW), thrust-to-weight ratio
(T/W), thrust-specific fuel consumption (TSFC), and lift-to-drag ratio (/D). Leveraging the
open-source FAST Aerobase, comprising over 400 commercial airframes and 200 engines,
drawn from authoritative sources such as FAA and EASA certifications, along with enhanced
regression modeling, this study systematically examines the evolution of each KPP in response
to technological advancements, market demands, and regulatory constraints. The analysis
reveals that TSFC improvements align closely with technological advances, primarily increases
in bypass ratio enabled by core downsizing. Trends in OEW/MTOW and T/W are dominated
by market-driven range, size, and regulatory factors rather than pure material or propulsion
breakthroughs, which indicates limited room for further improvement without disruptive
configurations. Cruise L/D improvements have been primarily enabled by wingtip devices,
although they are approaching structural and regulatory limits. This work lays a robust
foundation for the open-source Future Aircraft Sizing Tool (FAST), equipping designers with
data-driven insights to support early-stage design decisions and providing a transparent resource

for understanding the historical and technical drivers of commercial aircraft performance.
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k = Growth Rate
iy = Fuel mass flow rate
n = Load Factor
q = Dynamic Pressure
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Np = Propulsive Efficiency

Ttherm = Thermal Efficiency

Ntot = Overall Engine Efficiency

0 = Cruise to sea-level temperature ratio
T = Inflection point

I. Introduction

The aviation industry has witnessed significant advancements in aircraft design, driven by evolving technological
capabilities and market demands. This paper methodically analyzes historical trends in key performance parameters
(KPPs) of aircraft and projects these trends into the future.

Contemporary aircraft design methodologies, as presented in canonical references such as Raymer [1]], Roskam [2],
and Torenbeek [3]], often utilize regressions based on historical data for various aircraft categories. After determining
the requirements of the designed aircraft, top-level metrics such as the initial weight fraction and thrust-to-weight ratio
are predicted from the parameters of similar aircraft. However, the data underpinning these regressions often lack
transparency, accessibility, and clarity in assumptions. For instance, a single aircraft can have multiple weight variations
due to different configurations or modifications, yet how such variations are accounted for in the regressions is often
ambiguous. Furthermore, these regressions may not capture how these parameters are affected by component-level
technological advancements over time.

Several studies have investigated the historical evolution of aircraft performance parameters, though limitations in
data transparency and scope are evident. Martinez et al. [4] conducted an extensive analysis using data from 73 jet
engines and 116 propeller-driven airplanes to trace the evolution of aircraft performance. Despite the large dataset,
this study lacked transparency in data collection and did not clearly address variations in weight. Similarly, Lee [5]]
examined trends in thrust specific fuel consumption (TSFC), lift-to-drag ratio (L/D), and the operational empty weight
to maximum takeoff weight ratio (OEW/MTOW) to assess potential emission reductions in aviation. However, the
analysis was limited to 31 aircraft, which may not fully represent historical evolution. Ballal and Zelina [6] extended
this investigation to include aeroengine specifications from 1938 to 2003 across both military and civil aircraft, yet the
specific engines analyzed were not clearly identified.

A recurring issue in these studies is the lack of direct publication of certain key parameters, such as L/D, by
authorized sources, necessitating their estimation through indirect methods. This often leads to inconsistencies in
historical analyses. For instance, some studies, like Martinez et al. [7], estimate L/D without detailing the underlying
parameters, while others like Lee [S]] provide L/D values but fail to cite clear data sources. As a result, Martinez

and Perez [8]] reported a 50% increase in L/D over time, whereas Lee et al. [5] observed only a 15% improvement,



highlighting the variability in conclusions drawn from different methodologies [9].

The literature also often overlooks the interdependencies between various performance parameters, focusing narrowly
on individual metrics. For example, analyzing changes in OEW/MTOW as an indicator of structural efficiency requires
considering how aircraft size and range capabilities have evolved. Without acknowledging these interactions, studies
may underestimate the impact of advances in materials and composite technologies on structural efficiency.

This study aims to address these limitations by conducting a comprehensive analysis of selected performance
parameters across a wide range of aircraft. By providing future projections, this research offers insights that may support
further studies on cost and emission reduction strategies in the years ahead. It highlights the necessity of a holistic
approach to parameter analysis, demonstrating that a more detailed understanding of the evolution of performance
parameters is an essential piece of accurate forecasting and effective design innovation.

This study stands apart by examining a comprehensive and fully transparent database of over 400 aircraft,
spanning diverse sizes and entry-into-service (EIS) years. The Aircraft and Engine Registry Open-source dataBASE
(Aerobase) [10], constructed from publicly available information from trusted sources such as manufacturer’s technical
specifications sheets, airport planning manuals (APM), and type certificate data sheets (TCDS) published by the Federal
Aviation Administration (FAA) and the European Union Aviation Safety Agency (EASA), offers a wide view of the
evolution of aircraft KPPs. By correlating these parameters with underlying physical phenomena, the study aims to
provide a more profound understanding of the observed trends.

An important outcome of this research is the development of the Future Aircraft Sizing Tool (FAST) [L1], an
open-source software that leverages the Aerobase and the historical trends analyzed in this paper. Developed as part of
NASA’s Electrified Powertrain Flight Demonstrators (EPFD) project, FAST relies on the historical trends and projections
of KPPs to generate initial aircraft designs with minimal input, allowing for rapid exploration and estimation. At the
same time, it is flexible enough to incorporate physics-based models or more detailed data when available. Although
this paper does not detail the construction of FAST, it serves as the foundation for the tool by offering a comprehensive
analysis of the historical data that underpins its predictive capabilities.

The insights from this research are intended for aircraft designers and researchers. While rooted in historical data,
projecting future trends inherently carries uncertainties. However, with a clear understanding of past trends and their
drivers, stakeholders can make informed decisions for future aircraft designs, ensuring alignment with technological
progress and market requirements.

Following this introduction, the selection of KPPs, data collection, and historical trend analysis in the technical
approach are discussed. The subsequent section provides historical trends, identifies underlying drivers, and makes

informed projections for the future.



I1. Technical Approach

A. Selection of Key Performance Parameters (KPPs)

Key performance parameters are critical in the early stages of aircraft design, offering a foundational set of variables
that dictate performance and sizing. Initially, KPPs are defined as abstract yet essential elements that support high-level
aircraft modeling, sizing, and performance assessments. These parameters are selected to provide an appropriate level
of abstraction suitable for the conceptual design stage. For example, the Breguet Range Equation (BRE), given in Eq.[I]
a cornerstone for estimating aircraft performance, utilizes high-level performance parameters integral to aerodynamic
efficiency (through L /D), propulsion system efficiency (through 7SFC, or in short, C), performance (through V), and
the aircraft weight ratio (through W;/Wp).

L .
R:L_ln ﬁ 1))
TSFCxgD  \Wy

Despite its simplicity, the BRE is a powerful tool for early-stage analysis because it provides valuable insights
with minimal data requirements. However, as the aerospace industry explores disruptive technologies, such as those
with electrified propulsion, the traditional BRE faces limitations in accurately estimating performance due to the
distinct characteristics of these new propulsion systems. Expanding upon this conventional approach, Jansen and
Dufty [[12H14] identified and applied new KPPs to extend the BRE to Electrified Aircraft Propulsion (EAP) systems.
They introduced modifications that account for the efficiency and weight of the turboelectric drive, allowing for a more
nuanced assessment of aircraft performance. Their work categorizes KPPs into parameters that directly correlate with
aircraft aerodynamics, structures, propulsion, and power—a distinction not separately made in the BRE—Ilaying a
foundation for a generalized parameter space that encompasses both conventional and electrified aircraft propulsion
concepts. Alternatively, range can be normalized by total energy consumption, so that the energy-specific range of
conventional and hybrid concepts can be directly compared (provided that aerodynamic efficiencies are similar). This
approach offers insights into the total energy usage, simultaneously acknowledging the benefits of decreasing mass and
high propulsive efficiency that conventional and electric concepts take advantage of respectively.

Acknowledging the contributions of several authors who have identified historical trends and future projections in
electric powertrain-specific components, this paper fills in the remaining KPPs. Specifically, Pastra et al. [[15] explore
future projections for the specific power and efficiency of electric machines (EMs) used in aircraft, Hall et al. [[16]]
project the specific power and efficiency of power converters through the year 2050, and Tiede et al. [17] make specific
energy projections for electric aircraft

In this study, the focus is predominantly on conventional KPPs—OEW/MTOW, T/W, L/D, and TSFC—due to their
significance in representing various facets of aircraft performance: structural efficiency, aerodynamic efficiency, and

propulsion efficiency. While the list of KPPs can be expanded, this approach emphasizes the importance of making



informed estimates with a limited set of data, particularly when designing innovative and unconventional aircraft.

B. Data Collection Approach

Historical data serves as a foundational element for forecasting future trends in aircraft and engine KPPs. To ensure
reliable projections, a substantial database was required. However, many existing databases often lack source citations
and seldom offer the level of specificity needed for the intended analysis. For instance, Roux published two books on
turbofan and turboprop engines in 2007 and 2011 respectively [18}19]. These books are comprehensive, however they
only provide information on engines, not aircraft themselves, and do not include contemporary designs. Additionally,
the data books are not formatted for easy digital manipulation. Janes All The World’s Aircraft [20] is a large aircraft
database, although it is not free to use. The FAA [21], Eurocontrol [22], and Jenkinson et al. [23] have publicly available
databases online, however these are not comprehensive, including small sample sets of aircraft data.

To address these shortcomings, this study initiated the compilation of a specialized database, the “FAST Aerobase,”
encompassing over 400 commercial aircraft and more than 200 turbofan engines, supplemented by a selection of turbojet
engines. This database integrates aircraft and engine data to delineate a complete profile of each vehicle.

The primary sources for data collection were TCDS published online by the FAA, EASA, the United Kingdom’s Civil
Aviation Authority (CAA), and other government aviation authorities. The TCDS data was enriched with information
from aircraft manufacturer brochures and websites, airport planning manuals, and manufacturer CAD models. Similarly,

engine data was gathered from TCDS and various data handbooks.

C. Data Structure and Analytical Application in FAST

The data used in this study is publicly available within the FAST repository [10] and can be accessed as either either
structured MATLAB files or spreadsheets to support reproducibility in various programs such as JMP. For streamlined
organization and analysis in MATLAB, the data are hierarchically structured as a MATLAB “struct’. Each aircraft entry
in the Aerobase contains over 100 parameters detailing various aspects of both the vehicle and its engines. In this
structure, “leaves” at the endpoints represent specific parameter values, while “branches" categorize these parameters
into broader classifications.

This paper sets the foundation for further predictive analysis within the FAST framework by identifying essential
physical relationships in the aircraft data. Building on these foundational insights, Arnson et al. [24] later applied
probabilistic regressions to the same dataset, incorporating as much design information as possible to improve upon
traditional regression models by Raymer, Roskam, and Jenkinson. This paper examines correlations between entry-
into-service (EIS) year and parameters such as OEW and T/W, concluding that EIS alone is an unreliable predictor
of OEW-to-MTOW ratios due to OEW’s dependence on mission-specific design requirements rather than purely

technological advancements. In this context, EIS refers to the first release of a vehicle, whereas if a subsequent



modification is made, the modified version is treated as a new vehicle entirely. By analyzing these trends, the current
study establishes the physical relationships that inform which parameters are most relevant in predicting unknown values
during the conceptual design phase—insights that have since been used to guide the regression models in Arnson et al.’s

work.

D. S-Curve Modeling of Aircraft Performance Evolution

The database was leveraged to analyze the KPPs that represent the structural, aerodynamic, and propulsion efficiency
over the years. These KPPs were examined in relation to both entry-into-service dates of the aircraft and other
performance parameters, with the aircraft categorized by aisle type to yield more pronounced trends.

To investigate the historical evolution of KPPs and their connection with other aircraft specifications, scatter plots
were used for visual analysis. By superimposing regressions (generally linear) over the scatter plots, general trends of
the parameters through time and relationships between parameters can be investigated. Figures include the coefficient
of determination, R?, which is a statistical measure indicating how much of the variation in the dependent variable is
explained by the independent variable. R? values range from O to 1, where values close to 0 suggest that the model does
not explain much of the variability in the outcome, while values close to 1 indicate that a large proportion of the variance
in the dependent variable is explained by the model. As mentioned earlier, regressions in this context are primarily
intended to identify general trends rather than to precisely predict individual outcomes; therefore, relatively low R?
values (e.g., below 0.5) are acceptable and expected. In addition to regression lines, bivariate normal density ellipses
are superimposed over the scatter plots, and correlations between the relevant parameters are observed visually. The
bivariate normal density ellipse is the graphical representation of the bivariate normal density function [25]. Ellipses are
drawn with a 90% confidence level, meaning there is a 90% chance that data from the distribution will fall within the
ellipse. The orientation of this ellipse allows for understanding the strength and direction of the relationship between the
parameters. For example, a circular ellipse indicates that there is no strong correlation between the data, whereas more
elongated ellipses show that there is a strong correlation between the data. Moreover, the correlation coefficient (Eq. 2)),
which indicates the strength and direction of the linear relationship between two variables, is calculated and displayed in
the graph. The coefficient ranges from -1 (a perfect negative relationship) to 1 (a perfect positive relationship). Bivariate

normal density ellipse were obtained from JMP [26].

cov(X,Y)
yr = ——
Ox0Oy
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where:
e cov(X,Y) is the covariance between the two variables X and Y,

e oy is the standard deviation of X,



e oy is the standard deviation of Y.

TSFC has significantly evolved over time due to advancements in engine technology, including high bypass
ratios, improved thermodynamic cycles, and advanced materials [27]. Consequently, TSFC is considered a critical
technological parameter. The remaining KPPs (OEW/MTOW, T/W, L/D) do not evolve directly with technological
development. Instead, they are more related to performance requirements and the type of aircraft. Therefore, even if
direct technological improvements exist, they may not be evident in the historical evaluation.

To model the evolution of technology that demonstrate a direct correlation with technological advancements, the
Boltzmann Sigmoid, or S-curve, methodology was utilized. S-curves are characterized by four key parameters: the
upper asymptote (U), indicative of the maximum achievable performance; the lower asymptote (La), representing
the baseline performance; the inflection point (7), where the rate of advancement transitions; and the growth rate (k),
reflecting the pace of technological improvement. These parameters collectively delineate the progression from gradual
improvements to rapid advancements and ultimately, the deceleration of gains as technologies reach maturity. To
accurately determine the asymptotes of these S-curves, an investigation was conducted into the physical phenomena
that could present barriers to technological advancement. These barriers include both inherent physical limitations
and operational constraints, shaped by design requirements and regulatory standards. This approach ensures that the
S-curves accurately reflect the theoretical and practical ceilings for technology advancement. Subsequently, historical
data was fitted to these S-curves, with the quality of fit assessed using the coefficient of determination (R?). During the
fitting process, the lower and upper asymptotes were determined based on physical considerations which are discussed
for each S-curve further in detail in Sec. [[I.C] The inflection point was selected based on the rapid improvement
observed. Quasi-Newton optimization algorithms were applied to select the growth rate, enhancing the fit (the R? value)
between the S-curve and the historical data on KPPs. The resulting S-curves and the considerations that went into each
curve is discussed in detail in Sec. [Tl

The S-curve equation, as given in Eq. (3)), utilizes the year of each data point (¢) to model the progression of
technological development. S-curves reflect the initial phase of gradual improvement, a rapid advancement toward
the inflection point, and the final phase of slow performance improvements due to technology maturation. These
phases can be seen in Fig.[I] Notably, technology development can undergo significant breakthroughs, necessitating the

development of new S-curves for the metrics of interest.

U-La

S(t) =La+ —1 D)

3

For non-technological projections, estimates were made based on the continuation of historical trends after

understanding the physical drivers behind them.
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Fig.1 Generic S-curve illustrating different phases of technological progression, including initial growth, rapid
advancement, and maturation.

II1. Examining Historical Trends and Future Projection
This section presents a historical evaluation of selected parameters (OEW/MTOW, T/W, TSFC, L/D) and future
projections based on these trends. As described in Sec. data was collected from authorized sources, though certain
aircraft were excluded from the analysis due to incomplete parameter information. Consequently, not all analyses

include the same set of aircraft.

A. Operating-Empty-Weight-to-Maximum-Takeoff-Weight ratio (OEW/MTQOW)

Aircraft design typically begins with weight estimations. For a given set of requirements, designers must estimate
the payload weight (Wp,y10aq), empty weight (W, pry ), fuel weight (Wg,e;), and maximum takeoff weight (MTOW,
or Wp). One common approach in this process involves calculating weight fractions. Equation [] illustrates the
relationship among the operational empty weight fraction (Wg,;,p1 / W, also denoted as OEW/MTOW), payload fraction
(Weayioaa/Wo), and fuel fraction (Wr,e;/Wo) [1].

WEmpty + WPayload + Weuel
Wo Wo Wo

=1 “

The fuel fraction mainly depends on mission requirements and performance characteristics, while payload weight

is typically specified or inferred from design requirements. The operational empty weight relates to the aircraft



configuration and type, and is often regarded as an indicator of structural efficiency, reflecting how effectively an
aircraft’s structure is designed relative to its total weight capacity [S]. However, interpreting trends in OEW/MTOW
requires careful consideration, as this ratio is influenced not only by technological advancements (e.g., improvements in
material science or structural optimization) but also by market-driven factors such as design range, aircraft size, and
payload capacity.

An example of this influence is shown in Fig. Pl which illustrates the relationship between aircraft range and
OEW/MTOW. As range increases, OEW/MTOW tends to decrease because the aircraft must carry more fuel to cover
longer distances. The observation that most aircraft with fewer than 125 passengers exhibit an OEW/MTOW ratio
above 0.55 is consistent with the findings of Torenbeek, who reported a decreasing OEW/MTOW trend with increasing
range [28]]. However, Wolleswinkel and de Vries [29] indicate that achieving a ratio as low as 0.45 may be feasible.

Additionally, not all components contributing to OEW (such as landing gear, control systems, and electronic systems)
scale proportionally with MTOW [30]. Consequently, larger aircraft generally have lower OEW/MTOW ratios, which is
sometimes interpreted as a sign of higher structural efficiency. However, the trends discussed in the following paragraphs

suggest that this decrease in OEW/MTOW cannot be directly attributed to improvements in structural efficiency alone.
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Fig.2 Relationship between aircraft range and OEW/MTOW.
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1. Study Design

The historical evolution of aircraft MTOW, size, range, and engine technology provides crucial insights into the
drivers behind OEW/MTOW trends. To add more granularity, the aircraft in the database were categorized as either
twin-aisle or single-aisle. The general trends shown in Fig. [3| suggest that OEW/MTOW has increased for single-aisle
aircraft, with most data points concentrated between 0.5 and 0.6, while twin-aisle aircraft show a slight decrease over
time.

The data was also color-coded based on range, classified as short (under 1500 nm), medium (1500-4000 nm), and
long (over 4000 nm). Aircraft with missing range data are marked as ‘MS’ (green points). Figure[3]reveals that certain
range groups deviate from the general OEW/MTOW trends. For instance, the trends for long-range twin-aisle aircraft
appear to be insensitive to the aircraft certification date, suggesting the need for a more detailed analysis of the impact of

range and other factors.
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Fig.3 Historical trends of OEW/MTOW for single-aisle and twin-aisle aircraft over time, color-coded by range
classifications.

It should be noted that in Fig. 3] the OEW/MTOW ratios of some single-aisle aircraft produced between 1960 and
1970 were generally below the overall trend. These aircraft typically had four engines and were designed for medium- to
long-range capabilities. Due to the lower efficiency of engines during that period, these aircraft carried more fuel (as

later shown in Fig.[9), resulting in lower OEW/MTOW ratios. For twin-aisle aircraft, models produced between 1970

11



and 1990 were often medium-range, leading to higher OEW/MTOW values. Later, medium-range aircraft began to be

produced as single-aisle models.

2. Impact of Range, Size, and MTOW

Figure [] shows that the range of twin-aisle aircraft has gradually increased, reflecting design choices favoring
long-haul capability. However, there is no clear trend of range growth for single-aisle aircraft, as indicated by the low
R? value. This suggests that designs in this category prioritize cost-efficiency and short-haul performance rather than
extending range.

Similarly, Fig. [5indicates an increase in the size of twin-aisle aircraft over time, with Fig.[6]showing a corresponding
rise in MTOW. In contrast, the size and MTOW of single-aisle aircraft do not exhibit consistent growth, reflecting
their role in short- to medium-range operations where flexibility and economic considerations are prioritized over size

increases.
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Fig.4 Evolution of aircraft range over the years for single-aisle and twin-aisle configurations, demonstrating
differences in range trends.

3. Influence of Engine Weight
Figure[/|reveals that the engine weight fraction for twin-aisle aircraft has decreased over the years, while it has
slightly increased for single-aisle aircraft, despite no consistent rise in MTOW (as seen in Fig.[6). Engine weight is part

of the operating empty weight, and these trends align with the OEW/MTOW patterns observed in Fig. [3| This suggests

12
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that changes in engine weight fraction also likely contribute to the overall OEW/MTOW trends. Thus, the rising trend in
OEW/MTOW for single-aisle aircraft is potentially impacted by the higher engine weight fraction. While the weight of
the integrated propulsion system may trend better with weight, engine manufacturers and certification sheets report the
dry weight of their engines. Nacelle, pylon, and other installation weights are beyond the resolution of reported weight

breakdowns.

4. Other Factors

Trends in aircraft design reflect competing pressures on OEW/MTOW. Improvements in passenger comfort, including
the incorporation of heavier seating and onboard entertainment systems, along with advancements in safety and reliability
technologies, have likely contributed to increases in OEW/MTOW over time [5, 28]]. However, recent initiatives have
sought to mitigate these increases through cabin redesigns and lightweight seating. Although seat masses are difficult to
isolate quantitatively, several sources provide approximate estimates.

The Aerospace Technology Institute’s FlyZero project estimated a total seat mass of approximately 1,600 kg for a
low-cost carrier (LCC, all economy class) configuration of an Airbus A320 [31]]. Assuming 180 seats, this corresponds
to an average seat mass of 8.9 kg. This value is consistent with figures cited by Dubois, who reported a range of 8§—15 kg
per seat [32]. Applying the 8—15 kg range to a 180-seat layout yields a total seat mass between 1,440 kg and 2,700 kg.
Relative to a typical A320neo OEW of approximately 42,600 kg, seat mass would constitute 3.4—6.3% of OEW. LCC
configurations can underestimate seat weight however, since business class seating can weigh up to 80 kg per seat [32].
A study by Fuchte et al. [33]] found that cabin redesigns can reduce OEW by up to 12%, resulting in fuel savings of up to
9%. Given that lighter seats can provide fuel burn benefits and be easily retrofitted into existing aircraft, there is market
demand for a next generation seat. Expliseat, a light-weight seat manufacturer, has certified lightweight seats for ATR
aircraft, Embraer E-Jets, and the Airbus A320 family [34]. The company claims reductions of up to 30% in seat mass
compared to conventional designs, although higher procurement costs remain a barrier to widespread adoption [32].

Another influence on OEW/MTOW, outside of mission and market demands, may be environmental regulations
regarding noise (and to a lesser extent emissions), which play a role in dictating takeoft-field performance, especially
for single-aisle aircraft operating at noise-sensitive, landlocked airports. Aircraft must meet ICAO Chapter 4 (and,
increasingly, Chapter 14) noise limits under FAR Part 36 [35]. Achieving compliance often requires heavier acoustic
treatments such as liners inside engine nacelles and pylons, chevroned nozzles or other hush-kit hardware, more complex
high-lift systems due to treated surfaces, and landing gear fairings [36]]. These noise insulating structures add directly to
OEW. Moreover, many urban or landlocked airports mandate Noise Abatement Departure Procedures (NADP) [37]],
which impose steep climb gradient requirements. To meet these requirements while using reduced-thrust takeoff settings
(to minimize noise near the runway), engines must still be capable of achieving steep climb gradients. This may require

airlines to select slightly up-rated (i.e., heavier) engines, further increasing OEW.

14



0.10° Y=0.4736 - 0.000212*X

0.09 R 0-136

0.08

0.07 . .
0.06 . R

0.05
0.04

urmy,

ight Fraction

0.10° Y =-0.4503 + 0.000259*X *
0.09 R?: 0.237

0.08
0.07
0.06
0.05
0.04

uoneusIsI( dSry

Engine We

J[3uIS

1960 1970 1980 1990 2000 2010 2020
Aircraft Certification Date

Fig.7 Trends in engine weight fraction over time, grouped by single-aisle and twin-aisle aircraft.

5. Material Technology and Structural Efficiency: A Case Study

The analyses thus far show that it is rather challenging to directly attribute changes in this ratio to material
advancements, such as composites and lightweight aluminum, solely based on the historical trends of OEW/MTOW.
Even where these materials have been adopted, their effects may not be immediately evident from broad historical
analyses. However, this does not imply that material improvements have no influence on empty weight fraction. To
accurately assess the impact of lightweight materials on OEW/MTOW, a direct comparison of aircraft with similar
top-level design requirements, such as passenger capacity and range, would be necessary.

To explore this hypothesis, two aircraft with similar design requirements are compared in Tab. [I] The top-level
design parameters of the A330-900, certified in 2018, and the A350-900, certified in 2014, are fairly similar. For
instance, the A330-900 has a passenger capacity of 310 and a range of up to 7,200 nm, while the A350-900 can carry 315
passengers and fly up to 8,300 nm. Their overall dimensions are also similar. The A350-900 is primarily constructed
using composite materials, whereas the A330-900 is mostly made of aluminum [38]]. Comparing the OEW/MTOW
ratios, the A350-900 has a 10% lower operational empty weight fraction. Given the similarity in design and performance
parameters between these two aircraft, in addition to the other factors mentioned above (such as amenities), the lower

OEW/MTOW of the A350-900 may be attributed to the use of composite materials.
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Table 1 Comparison of A330-900 and A350-900 [10].

Aircraft Length, m Wingspan, m Range, nm Passengers (2-Class) OEW/MTOW
A330-900 63.66 64.00 7,200 310 0.559
A350-900 66.80 64.75 8,300 315 0.506

6. Fuel Fraction Trends and Cost Efficiency

When examining the changes in fuel fraction over the years (Fig.[J), it is clear that the fuel fraction for twin-aisle
aircraft has not increased at the same rate as their range (Fig. ), implying improvements in fuel efficiency. However, the
low R? value for twin-aisle aircraft fuel fraction trends indicates a weak correlation, implying that while the general
trend points to efficiency gains, there are other factors (such as engine or aerodynamic improvements) influencing fuel
consumption. Conversely, the range trends for single-aisle aircraft have remained relatively stable (Fig. d), as has their
payload capacity (Fig.[§), yet a significant reduction in fuel fraction is observed. This pattern, coupled with a weak
correlation in R? for range and fuel, indicates that other factors have led to fuel savings even without extending range
capabilities. These improvements align with broader trends towards operational efficiency in the single-aisle segment,
where maintaining low operational costs per passenger per unit of range is a key objective.

Figure[I0]illustrates changes in this cost metric over the years for both twin-aisle and single-aisle aircraft, showing
a consistent decline. The stronger R? values suggest that these reductions have been a significant and reliable trend,
driven by advances in propulsion, aerodynamic refinements, and weight optimization. While fuel efficiency has been a
major factor in reducing costs, improvements in structural efficiency (as seen in OEW/MTOW) are less evident in broad

historical evaluations.

7. Summary and Future Evaluation of OEW/MTOW Trends

In summary, trends in the OEW/MTOW ratio do not directly reflect structural efficiency. Evaluations of aircraft
structural efficiency must take into account high-level design requirements, such as range and aircraft size. Although
historical data for conventional aircraft demonstrate variations in OEW/MTOW ratios over time, no radical changes
have been observed thus far. For future projections of conventional aircraft, assuming relatively stable market demand
and constant factors such as aircraft size, MTOW, and range, the average OEW/MTOW ratio—calculated as the mean of
historical data—is approximately 0.56 for single-aisle aircraft and 0.51 for twin-aisle aircraft in Figure [3] However,
recent discussions and studies in aviation have increasingly focused on unconventional aircraft configurations such
as blended wing body (BWB) and alternative propulsion systems, including hybrid-electric and hydrogen-powered
aircraft. Qian and Alonso [39]] performed structural optimization on the BWB configuration to estimate its structural
weight. They obtained an OEW/MTOW ratio of 0.47, which is similar to that of conventional aircraft designed for the

same mission profile. Scholz concluded in his study [40] that BWB configuration does not significantly improve the

16



Y =-534.3+0.2935*X  ° ..

80 R?: 0.066

3 ' : A : .
60 ‘
40 L M e, eoe oo . . .
.o'oottos..'.. )
20
=
g
= Y =-25.81 +0.02182*X
& 80 R2: 0.004
60
40
t ! ¢ (X
20 * l.. * : .': .o ® oo ° [ .:_ ._ c:‘oo.‘.
N R - M
L] .... ... ®
1960 1970 1980 1990 2000 2010 2020

0.5

0.4

0.3

Fuel Fraction
=)
[\)

<
W

<
~

0.3

0.2

Aircraft Certification Date

Fig. 8 Historical payload capacity trends for single-aisle and twin-aisle aircraft.

Y =-3.1+0.001751*X

R: 0.063 .
. ’ R
S . o
: °. *
evtc,

Y =3.117 - 0.001429*X
R?: 0.322

1960 1970 1980 1990 2000 2010 2020
Aircraft Certification Date

Fig. 9 Evolution of fuel fraction over time for single-aisle and twin-aisle aircraft.

17

urmy,

9[3urg

urmy,

J[3ug

uoneudIsa( ISy

uoneugIsa(g ISy



Y =1.229 - 0.000601*X
0.10 R*: 0.345

0.08
0.06

L]
urmy,

0.04

0.02

Y =1.363 - 0.000664*X
0.10 R*: 0.585

uoneugIsa(y ISy

0.08
0.06

9[3uIg

0.04

Fuel Capacity (L) per Range (km) per Passenger

0.02

1960 1970 1980 1990 2000 2010 2020
Aircraft Certification Date
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OEW/MTOW ratio compared to conventional designs.

Hydrogen propulsion and hybrid-electric aircraft introduce significant design changes, particularly in weight
distribution and propulsion system architecture. Consequently, OEW/MTOW for these configurations can differ
markedly from that of conventional aircraft. For instance, Xisto and Lundbladh [41] report that liquid hydrogen-powered
aircraft have an OEW/MTOW ratio of 0.688, a 43% increase over the 0.48 ratio observed in comparable tube and wing
designs. Electrified aircraft concepts, whether partially or fully battery-powered, also tend to exhibit higher OEW values,
primarily due to the substantial mass of batteries imposed by current technology limitations [42,43]]. Such aircraft are
unlikely to follow the conventional development trajectory. Instead, their progress is closely linked to advancements in
gravimetric energy density, power density and related technologies.

These observations imply that aircraft employing alternative propulsion systems follow distinct development
paths, characterized by unique OEW/MTOW trends. Rather than adhering to conventional evolutionary trajectories,
such configurations will likely exhibit their own S-curves in terms of technological maturity and performance

improvements [44]].
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B. Thrust-to-Weight ratio (T/W)

The thrust-to-weight ratio (T/W), defined as the ratio of sea-level static thrust to maximum takeoff weight of the
aircraft, is a crucial parameter influencing aircraft performance and is closely related to the wing loading (W/S), the
ratio of MTOW to the aircraft’s wing area [1,143].

Analyzing the relationship between the four main forces acting on an aircraft, namely thrust, drag, lift, and weight,
yields a functional connection between T/W and W/S. Mattingly represents this relationship in Eq. 3} referred to as the
“constraint master equation” [45]]. This equation establishes constraint boundaries for T/W and W/S, derived from both
aircraft design requirement and regulatory constraints, such as cruise speed, turn rate, climb rate, approach speed and
takeoff field length. Figure[TT]illustrates a sample constraint diagram, with W/S on the horizontal axis and T/W on the
vertical axis. Once all constraints are defined, the objective is to minimize the T/W ratio and select the optimal point in

the solution space. Both T/W and W/S are typically selected early in the design phase [45].
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Fig. 11  Notional constraint diagram illustrating thrust-to-weight (T/W) ratio versus wing loading (W/S), based
on performance constraints. Weight in this instance refers to MTOW.

When investigating T/W over the years in Fig.[I2} values range from 0.21 (corresponding to the DC-8-31) and 0.42
(corresponding to the CRJ 550). T/W ratio increases roughly 1.1% per decade, however is not expected to continue
unbounded. Increases in T/W ratio achieved through larger engines incur weight penalties, while those achieved through
airframe weight reduction can incur significant cost penalties due to the reliance on advanced lightweight materials.

To understand the reasons behind these trends, aircraft were categorized by aisle configuration, as shown in Fig. [T3]
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Observing the thrust-to-weight (T/W) ratio trends for both twin-aisle and single-aisle aircraft, it can be seen that the
T/W ratio is increasing for single-aisle aircraft, while no clear trend is seen for twin-aisle aircraft. Primary influences of

these trends are explored in the following subsections.

1. Influence of Maximum Engine Thrust and MTOW

Figure [14] shows the maximum takeoff thrust of engines from 1956 to 2020, categorized by aisle designation.
Maximum thrust ratings for engines used in twin-aisle aircraft have significantly increased over time, whereas only a
slight increase is observed in the single-aisle category. In single-aisle aircraft, the increase in the T/W ratio, along with
improved fuel efficiency, stems from a reduction in MTOW and an increase in thrust. For twin-aisle aircraft, although
engines with higher thrust were developed, the weight of the aircraft on which these engines are installed has also
increased proportionally with thrust, resulting in no clear trend in T/W change. In the database, the most powerful engine
is recoded as the GE9-115B, producing 513.9 kN of thrust, while the least powerful is the ALFS02R-3A, producing 31
kN—over 16 times less thrust than the GE9-115B. However, this variation in thrust levels does not directly indicate
changes in the T/W ratio, as T/W is highly influenced by design requirements, regulatory constraints, and weight, as

discussed previously. Additionally, T/W is closely related to W/S, and not dependent solely on the engine technology.
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Fig. 12  Historical trends in thrust-to-weight ratio for aircraft.

2. Influence of Aircraft Type, Mission, and Performance Requirements
In the early design phase, Raymer [|1] categorizes T/W based on intended aircraft use, such as military, fighter, or

transport applications. The categorization further divides fighter aircraft into subcategories like trainers and dogfighters,
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emphasizing that T/W directly reflects mission-specific performance parameters.

An example on the impact of performance requirements on T/W is the takeoff field length and its effect on T/W
requirements, as shown in Fig.[T5] Aircraft with lower T/W ratios require longer takeoff distances because T/W directly
affects acceleration, meaning a longer runway is needed to reach takeoff speed—impacting airport compatibility and
operational requirements. Alternatively, this trend can also be viewed from the perspective that aircraft designed to
operate from longer runways can opt for less powerful engines, potentially reducing costs and saving weight. Both
interpretations imply that knowing the required takeoff field length early in the design process enables optimization of

T/W for specific field length constraints.
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Fig. 15 Relationship between thrust-to-weight ratio and takeoff field length, demonstrating performance
trade-offs.

3. Other Factors

Equation [5defines the parameter /3 as the ratio of the instantaneous weight W to the takeoff weight Wrq, represented
as B = Wim [45]]. This parameter depends on fuel efficiency and payload delivery. Fuel efficiency increases over time,
as seen in Fig.[T0] which may play a role in the increase of the T/W ratio. The impact of noise abating regulations,

discussed in detail in Sec. [[II.A.4] may also play a role in the apparent increasing trends in T/W for single aisle aircraft.
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Increases in engine bypass ratio over time may also be responsible for the apparent increase in T/W. Engine data
shown is as the engine manufacturers report it, therefore down-rated (or up-rated) thrusts are not included. If higher
bypass ratio engines require scaling, the larger engine may be overpowered for its application at the benefit of better
fuel economy. Figure [[6]illustrates the relationship between bypass ratio and thrust to weight ratio. The generational
categories are immediately apparent, and representative engines from each era are labeled for readability. While there is
a large spread of T/W values at each bypass ratio group, single aisle aircraft seem to exhibit a generally increasing T/W
with increasing bypass ratio, supporting the hypothesis that higher bypass ratios in recent years have increased T/W

ratios above what may be required by a mission.
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Fig. 16 Bypass Ratio vs Aircraft T/W, differentiated by aisle designation. Well-known engine labels included to
show generational differences.

4. Summary and Future Evaluation of T/W Trends

T/W ratio depends on the aircraft type, fuel efficiency, and performance requirements. In this paper, only conventional
subsonic transport aircraft are considered, and the T/W ratios observed range between 0.21 and 0.42, varying according
to the aircraft’s specific performance parameters. It is anticipated that future performance requirements for conventional
aircraft configurations—such as cruise speed, service ceiling, and turning rate—will not undergo significant changes.

Additionally, engine thrust is not expected to increase as significantly as in previous years. Thrust positively correlates
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with the bypass ratio; thus, higher bypass ratios result in greater thrust and larger engine diameters, as illustrated in
Fig.[I8] However, ongoing improvements in bypass ratio will eventually encounter limitations due to ground clearance
constraints [46]].

Increases in bypass ratio improve propulsive efficiency by moving a larger volume of air and exhausting it at
velocities closer to that of the freestream (as opposed to that of the core). Thrust production is proportional (equal if the
exhaust is ideally expanded) to ri2(V, — V), and as seen in Eq. [f] propulsive efficiency is maximized when the exhaust
velocity is equal to the freestream velocity. This implies that in order to maximize engine efficiency while producing the
same amount of thrust, the difference between exhaust and freestream velocities should be reduced while moving as
large of a volume of air as possible, consistent with trends in increasing bypass ratio.

However, propulsive efficiency alone does not define the efficiency of the propulsion system. Thermal efficiency is
as important as propulsive. As seen in Eq.[/} the thermal efficiency of a heat engine is maximized when the difference
between the heats of the fluid before and after addition of energy is maximized. Real gas effects, material temperature
limits, and environmental concerns limit the temperature at which air in the engine can be raised to in practice, although

improvements in thermal efficiency are an active area of research, and are discussed in the following section.

2
Mp . (6)
1+ Ve
Mtherm = 1- g_jz (7)

Propulsive efficiency is improved through changes in engine design, however the absence of strong correlations
between time and engine thrust, as shown in Fig.[T4] suggests that engine efficiency gains are realized at marginally
different thrust levels. Figure[T6|quantifies the correlation between bypass ratio and T/W, which does not show a clear
trend. While changes in engine design may have an effect on the thrust an engine produces, the choice of engine and
T/W ratio is likely driven primarily by an aircraft’s mission requirements.

Thermal efficiency improvements, effected through higher combustion temperatures, do not necessarily correlate
with T/W either. Figure|l7|shows that T/W does not show a clear trend with turbine exit (core exhaust) temperature.
While exit temperature is affected by temperature drops in the turbine, Fig. |17 also shows that turbine entry temperature
and turbine exit temperature are weakly correlated. If the outlier, the CF6-80CAS, is removed, the R? value improves to
0.901, which can be called a strong correlation. This illustrates how, similar to bypass ratio and propulsive efficiency,
combustion temperatures and thermal efficiency are not primary drivers of T/W.

However, unconventional configurations, such as the BWB, fundamentally differ from conventional aircraft in terms
of wing loading and aerodynamic efficiency, significantly affecting the T/W ratio. Studies predict that BWB aircraft will

likely exhibit a lower T/W ratio compared to conventional configurations [47]. Additionally, hydrogen-powered aircraft
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are anticipated to exhibit higher T/W ratios due to their larger liquid hydrogen storage tanks and modified fuselage
designs, which result in increased wetted surface areas. One study by Xisto and Lundbladh [41] compared a Jet-A and
liquid hydrogen powered aircraft. Both of these aircraft assumed some notional increases in technology levels by the
year 2050, as well as both being installed into a tube and wing architecture. The liquid hydrogen aircraft required a T/W
16% higher than its Jet-A counterpart, despite its 3% lower MTOW. The study attributes this to an increase in wing and
wetted surface areas. Furthermore, changes in performance parameters and operational requirements, such as cruise
speed and takeoff field length, may also contribute to variations in the T/W ratio.

In summary, although conventional aircraft are unlikely to significantly deviate from historical trends in T/W ratios,
unconventional aircraft configurations could experience substantial changes compared to existing standards, as they

follow their own distinct evolutionary paths.

C. Thrust Specific Fuel Consumption (TSFC)

In aircraft design, fuel efficiency is a critical performance metric, with Thrust Specific Fuel Consumption (TSFC)
serving as a measure of the fuel efficiency for turbofan engines [45]]. TSFC is defined as the fuel consumption per unit
time normalized by thrust [48]. Lower cruise TSFC values reflect more efficient propulsion systems, and advancements
in propulsion technology have led to notable TSFC reductions over time, as seen in Fig.[I9] The cubic fits shown in

ig.[19|may (or may not) trend well wi e data, however it is important to note that the fits are purely statistical, an
Fig y y not) trend well with the data, h t portant to note that the fits are purely statistical, and

cannot be used to project trends into the future.
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1. Factors Influencing TSFC Trends

While TSFC trends show a general decline with newer engine designs, several performance factors influence gas
turbine efficiency. Studies from the National Academies of Sciences, Engineering, and Medicine (NASEM) in 2016
identified key engineering drivers in engine design: overall efficiency, weight, drag, and reliability [49]. Overall
efficiency encompasses the efficiency with which the engine converts the chemical energy stored in fuel to propulsive
power. Current trends indicate that increases in propulsive efficiency demand larger engines, costing additional weight
and drag. As such, committees in NASEM note that engines for long-range or twin-aisle applications are optimized
for higher efficiency levels due to the weight and cost studies for engine weight and fuel burn. Smaller or single-aisle
aircraft favor smaller engines with cheaper cost of ownership and are not as efficient as ones used on twin-aisle aircraft.

Figure 20| illustrates that TSFC decreases as both engine diameter and bypass ratio increase, while Fig. [I9]shows
bypass ratio increase over time. These trends reflect efficiency gains from engine designs with high bypass ratios.
Interestingly, the fan diameters of the engines increase much less dramatically as time passes, suggesting that increases
in bypass ratios are primarily achieved through core miniaturization. This is corroborated by the previously discussed
relationship between bypass ratio and T/W, illustrated in Fig. Achieving larger bypass ratios through increasing the
absolute size of engines at similar power outputs is ultimately undesirable as the additional fan drag requires a larger
T/W, and consequently a larger OEW/MTOW, both of which oppose this avenue towards TSFC improvements through
increasing bypass ratio without downsizing the engine core. Figure[21]directly compares bypass ratio and fan diameter,
which shows slight positive correlation. This indicates a potential secondary influence of engine scaling on bypass ratio.
Since the area of a circle or annulus scales with its radius squared, the ratio of bypass area to core area (bypass ratio)
grows nonlinearly as engines increase in absolute size.

Torenbeek’s high-level TSFC expression in Eq. () [28] accounts for factors such as cruise Mach number M,,
cruise ambient to sea level temperature ratio 6, and overall engine efficiency 7;,,, which combines propulsive and
thermal efficiencies. This equation highlights the physical determinants of TSFC, including maximum cruise altitude,

air temperatures at cruise and sea level, and engine component efficiencies.

M, = Vo
Ntot

SFC =0.2788 * ®)

The present scope of the study encompasses only conventional subsonic transport aircraft, which limits the
consideration of cruise Mach number to less than unity. Based on the historical maximum operating cruise Mach
number data shown in Fig. turbofans typically cruise between Mach 0.7 and 0.95.

It was noted in data collection that TCDSs often record only the maximum operating cruise Mach number instead
of the typical cruise Mach number, as the latter can vary depending on the flight mission profile. However, a limited

number of aircraft manufacturer’s Airport Planning Manuals (APM) payload-range diagrams, which document actual
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cruise Mach numbers. Analysis of these diagrams reveals that aircraft generally cruise at a lower Mach number than

the maximum operating limit. For example, while Boeing 757 and 767 both have a maximum operating cruise Mach

number of 0.86, they typically cruise at Mach 0.8. This cruise Mach number of 0.8 was in fact found to be the mean of
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the recorded values and was used for verification and lower asymptotic value projection in this study.

The cruise ambient to sea level temperature ratio € is driven by the maximum cruise altitude, which is generally
optimized for efficiency under FAA altitude certification limits and the structural pressurization load limits of the
fuselage. As shown in Fig.[22] the historical data indicates that aircraft in the database operate at cruise altitudes ranging
between 30,000 to 51,000 feet.

At these typical cruise altitudes, air temperature stabilizes around 392 °R. When normalized against sea-level
temperature of 518 °R, this yields a temperature ratio of § = 0.758. Lastly, TSFC is also driven by the overall engine
efficiency, which includes factors such as propulsive, combustion, and thermal efficiencies.

Achieving high levels of propulsive efficiency, such as those exceeding 0.8, is technically challenging and demands
ongoing research into materials science, manufacturing, turbomachinery, heat exchangers, low-emission combustion
systems, controls, and simulation capabilities. According to Singh et al. [50]], a propulsive efficiency of higher than 0.8
can be reached with advanced turbofan engines and future technologies such as open-rotor (also called open fan or
propfan) engines, as well as operating at lower cruise Mach numbers and using engines with higher bypass ratio.

As of 2012, the overall engine efficiency 7r;,; was estimated to be around 0.35, which remains well below the

theoretical upper limit identified by Singh et al. [S0]. The limitation on 7;,, is primarily driven by the turbine entry
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temperature (TET), overall pressure ratio (OPR), and combustion that ensures low nitrogen oxide (NOx) emission.
Assuming the combustion is with hydrocarbon fuel, the TET for low NOx emission is limited between 2000 and 2100
Kelvin. Under these conditions, the practical upper limit for 7;,, is 0.55. As seen in Eq.[§] increasing engine efficiency
decreases fuel consumption. With a cruising Mach number of 0.8, cruise altitude of 35,000 ft, and 7., of 0.55, the
practical limit for cruise TSFC is 0.353 1b/Ibf/hr.

If environmental impact and material limits are ignored, the theoretical limit of 7;,; could reach as high as 0.65.
This would assume stoichiometric combustion (2600 K), ideal component efficiencies, and overall pressure ratio higher
than 80. With these conditions applied, the theoretical limit for TSFC at a cruise Mach of 0.8 and altitude of 35,000 feet
is 0.299 Ib/Ibf/hr.

2. Future Projections of TSFC Trends

Practical and theoretical TSFC limits were derived using the aforementioned cruise conditions and overall efficiencies
of 0.55 and 0.65 respectively. A NASA ARMD projection from 2019 reflects a conservative mid-term technology target,
estimating a 50% improvement relative to the 2005 best-in-class engine. This engine is identified as the CFM56-7B
used in the Boeing 737-800 with a cruise TSFC of 0.667 1b/Ibf/hr. The result is a cruise TSFC of 0.334 1b/Ibf/hr [S1].
Figures [23a]to show S-curve projections of TSFC using these limits as lower asymptotes. Specifications for these
S-curve models, including asymptotic values, inflection points, growth rates, and associated R? values, are detailed in
Tab.

Table 2 Specifications of S-curve models for turbofan cruise-specific fuel consumption given in Fig.

Parameter Practical Limit Theoretical Limit NASA 2019 [51]]
Lower asymptote (1b/1bf/hr) 0.353 0.299 0.334
Upper asymptote (1b/1bf/hr) 1.000 1.000 1.000
Inflection point (year) 1981 1981 1981
Growth rate -0.0632 -0.0556 -0.0595

R? 0.5367 0.5264 0.5391

The inflection point year of 1981 was selected based on the interval of the most rapid TSFC improvement. Data
on 83 unique engines was sourced from available TCDS cruise TSFC information. This inflection point maximized
the R? values for the fitted S-curves, which is a goodness of fit metric, showing how much of the variation in TSFC
is explained by the model. Due to the highly aggressive lower TSFC asymptote given by the theoretical limit, the
associated R? = 0.5264 is the lowest of the methods. The practical limit S-curve yields an improved R? value of 0.5367,
whereas the NASA limit shows the highest R? = 0.5391, using an intermediate lower asymptote. The differences in
these R? values are very small, indicating that inflection year and growth rate dominate the S-curve model’s ability to fit

the data rather than the choice of asymptote. While the lower asymptote provided by the NASA projection creates a
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Fig. 23 Comparison of thrust-specific fuel consumption projections based on practical limits, theoretical limits,
and NASA ARMD estimates.

curve with a marginally better fit, they are all comparable in explaining trends in TSFC improvements.

As mentioned previously, the cubic fit shown in Fig.[T9 may initially appear to fit the TSFC data better than the
methods presented here, showing an R = 0.668. However the cubic fit is based entirely in statistics, ignoring the
physical limitations which make the Sigmoid curve models robust. Although, the higher goodness of fit suggests that
there may exist a model which better captures the trends explainable by the S-curves while preserving their robustness.
Public TSFC data for modern engines—such as Pratt and Whitney’s geared turbofan series and the CFM LEAP
family—are not available, as these engines remain under active development and their performance data are proprietary.
However, both manufacturers claim 15-20% improvement in fuel consumption over previous generations [52, 53]]. If
these claims are accurate, the inclusion of TSFC data from these engines may be better captured by a revised two-phase

model, in which a second period of rapid TSFC reduction begins around 2015, coinciding with the entry into service of
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these advanced architectures.

While modern engines may suggest a renewed period of TSFC improvement, as noted above, emerging trends in
the available data also indicate that high-bypass turbofans may be entering a maturity phase, where advancements
yield progressively smaller TSFC improvements. One cause of this maturity could be the physical limitation on an
engine’s diameter. Underwing mounted engines are common in the commercial transport category, and an increase
in their diameter presents a larger risk of nacelle ground-strikes in an emergency. If limited by mounting, future
engines may not be able to increase fan size to realize gains in bypass ratio, a major factor in improving fuel economy.
Research into further engine core minimization is ongoing, with NASA’s Hybrid Thermally Efficient Core (HyTEC) and
CFM’s Revolutionary Innovation for Sustainable Engines (RISE) programs working to prove this [54,55)]. The HyTEC
program, alongside its advancement of component level technology such as “advanced high pressure” turbomachinery
and “combustion technologies,” intends to demonstrate electrical power extraction from the gas turbine.

Electrified powertrain architectures could increase effective bypass ratios through propulsors which are mechanically
disconnected from the gas turbine. NASA’s SUbsonic Single Aft eNgine (SUSAN) concept uses a turboelectric
distributed propulsor architecture, which achieves an effective bypass ratio of over 20 [56]]. Through distributed
propulsion, ultra-high bypass ratios may be achieved without pushing the limit of underwing diameter limits.

The RISE program is also developing an open rotor engine, intended to increase the bypass ratio of turbofan-class
engines to levels similar to turboprop engines. This work builds upon decades of open rotor research since the concept’s
inception in the 1980’s [57]], but differentiates itself by the removal of a second counter-rotating fan. Instead, it
uses variable pitch stator blades which are quieter and lighter than previous designs, making the design more market
competitive. Of course these engines are still limited by fan diameter, though without the need for a respectively large
nacelle, may face a relaxed upper bound if mounted elsewhere than under the wing.

Achieving further TSFC improvement in conventional turbofans will result from core downsizing, however step
changes in propulsive technology will likely result from further development of advanced engine architectures. Open-
rotor and electrified configurations can alter the theoretical limit and shift TSFC projections to a new S-curve, establishing

a new efficiency baseline for future engines.

D. Lift-to-Drag Ratio (L/D)

Lift-to-drag ratio (L/D) during cruise is a primary indicator of an aircraft’s aerodynamic efficiency. The ability
of an aircraft to produce the same amount of lift while incurring less drag, and therefore requiring less thrust—and
consequently less energy, distinguishes it in a competitive market. As a result, L/D has generally increased over time, as
manufacturers strive to design more efficient and commercially desirable aircraft for airlines. To conduct a meaningful
analysis of L/D trends, access to direct L/D data is essential. However, reliable L/D data from primary sources like

manufacturers or regulatory bodies, when publicly available, are extremely limited. Companies may maintain proprietary
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databases containing such information, but public records from the FAA, EASA, or manufacturer data sheets rarely

disclose these values, necessitating estimation methods based on other available parameters. Section [lLII.D.I|below

outlines the methods considered for estimating L/D using the data that were available from this study’s collection.

Section discusses factors that influence historical trends in L/D, and Sec. [III.D.3| projects potential future

developments in L/D.

1. Challenges in L/D Data Collection and Estimation Methods

A significant challenge in analyzing L/D trends is the limited availability of publicly accessible, reliable cruise L/D

data from primary sources, such as manufacturers or regulatory bodies. While companies may maintain proprietary

databases with such information, neither public records from FAA, EASA, nor manufacturers’ data sheets typically

disclose these values, necessitating estimation methods based on other available parameters.

This study applied three primary estimation methods:

Breguet Range Equation (BRE) Method: Rearranged to solve for L/D using range, TSFC, cruise speed, and

weight ratio:

L R«TSFC
5 Cruise - VCruise * 10g — (9)
1- Wrel
Wmtow

Weight-to-Thrust Ratio Method: Assumes a balance of lift with weight and drag with thrust during cruise (i.e.,
steady state cruise). Cruise weight is approximated from MTOW, adjusted using takeoff and climb fuel fractions,

following Raymer’s formulation for transport aircraft [1]:

L
D

_ Weruise _ Wnmrow * 0.995 * 0.985

- = (10)
Cruise TCruise TCruise

Mean Aerodynamic Chord (MAC) Method: uses a regression model developed by Sforza [58]], which relates

L/D to the aspect ratio (AR) and Reynolds number at the mean aerodynamic chord (Reqc):

L

3/16

= 0.321 % (AR’ Repmae) (1 +3.6AR™/4) ™"/ (11)

Cruise

where

Remac ~ 7.093 x 10%¢,nae M[1 - 0.5(2/23,500)%7] (12)

Equation is applicable to Reynolds Numbers in the range 3 x 10° to 200 x 10° and altitudes between 0 and
50,000 feet mean sea level. This regression is obtained from basic configuration data for 14 airplanes as listed in

Sforza [58]].

Each method was applied using Aerobase data [[10]. While individual sources in this database often included a
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maximum operating Mach number for various aircraft, they generally lacked information on a typical cruise Mach
number, which is essential for the MAC method. To address this, a median cruise Mach number was estimated and

applied for aircraft missing this data.
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Fig. 24 Sensitivity of average database lift-to-drag ratio as a function of assumed cruise speed.

To ensure this assumption did not unduly influence the L/D estimates, a sensitivity analysis was conducted to
examine how variations in the assumed cruise Mach number affected the average L/D. Cruise Mach was varied from
0.75 to 0.855, representing the observed range in the dataset. The results are shown in Fig.[24] This sensitivity analysis
shows that the mean L/D increases with assumed Mach Number, which is consistent with the direct relationship between
the two in the MAC method presented in Eq.[T2] Although the effect of assuming a Mach number for unknown values
does result in changes to the MAC method L/D trends, the effect is on the order of 0.4, as seen in Fig.[24] In Fig.[23] it
can be seen that a shift of this magnitude in the MAC L/D curves is inconsequential when compared to the absolute scale
(L/D ~ 16-20) of the data. Historically, cruise Mach numbers did increase as designers optimized transonic performance,
particularly to manage drag divergence effects. However, subsonic cruise speeds have since reached a near-constant
level due to physical constraints around the speed of sound and fuel efficiency considerations. Thus, for this analysis, a
median cruise Mach number of 0.8 was selected to ensure consistent comparisons without introducing significant bias.

With this assumption in place, sufficient data was available to apply the MAC method meaningfully across the
dataset to predict the cruise L/D trends. Fig.[23]presents L/D estimates derived using three methods across the historical
database, showing distinct trends and variability for both single-aisle and twin-aisle aircraft, with 90% confidence

ellipses to indicate variability in each category.
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Fig. 25 Historical trends in lift-to-drag ratio as calculated using multiple methods, grouped by aisle, with 90%
confidence ellipses to illustrate variability.The legend differentiates between lift-to-drag (L/D) calculations based
on whether the aspect ratio was adjusted (+ 20%) for the presence of wingtip devices, indicated as ‘AR+’ for the
adjusted calculation and ‘AR’ for the unadjusted version. This distinction is only relevant to the MAC method.

The BRE method does not have sufficient data to draw conclusions in the single-aisle category. This is due to the
lack of reliable cruise TSFC data in literature, which are required by this method. Predictions using BRE consistently
fall below practical L/D values. This discrepancy likely arises from methodological assumptions regarding fuel weight
and range. Since Wy values from the database may represent maximum fuel capacity—including reserve fuel for
diversion and holding—this could yield an overestimate of fuel weight relative to the actual mission fuel, resulting
in lower L/D values. Additionally, typical commercial mission ranges reported in the data sources exclude reserve
missions, causing a further imbalance.

The weight-to-thrust method has broader data coverage since it relies on more commonly available parameters in
TCDS and APMs. However, these predictions also suffer from being unrealistic, showing a wide L/D range (12 to
24). This variability likely results from fuel fraction estimations used to approximate cruise weight. Unlike real flight
conditions, where weight decreases continuously due to fuel burn, this method applies fixed weight fractions that cannot
account for the dynamic nature of weight reduction during cruise. Therefore, while this method might be useful for
capturing broader trends, its limitations in accuracy make it unsuitable for accurate historical L/D trend analysis.

Finally, the MAC method predicts L/D estimates within an intuitive range and with greater consistency across aircraft
types. Its reliance on aspect ratio allows for a more accurate assessment of the effect of wing configuration changes over

time, including the adoption of wingtip devices. Applying an effective aspect ratio increase of approximately 20% to
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account for wingtip devices (following Raymer’s model [1]]) aligns well with observed improvements in aerodynamic
efficiency for single-aisle aircraft, where wingspan limitations have necessitated design optimizations. The resulting
effect of the improved L/D for aircraft with wingtip devices, using this method, is reflected in the trends shown in
Fig.[23] with color coding to distinguish configurations.

In summary, the MAC method emerges as the most reliable estimator for historical L/D trends, providing consistency
and sensitivity to aerodynamic configurations over time. For future analysis, the W/T method could potentially be
refined through more detailed fuel burn modeling. Meanwhile, the BRE method’s limitations emphasize the importance
of accurate mission-specific data inputs for estimating L/D, as general fuel and range assumptions can substantially

skew results.

2. Factors Influencing L/D Trends

While L/D has shown improvement over time, examining the trends of other aerodynamic parameters provides more
information on the reasoning behind this phenomenon, contextualizing the evolution of L/D. Figure [26]illustrates the
historical trends of key aerodynamic parameters, grouped by aisle count, with 90% confidence ellipses. MTOW and
wing loading (W/S) are shown to remain largely constant over time, along with wing area trends. This suggests that
improvements in L/D arise primarily from optimizing the shape and configuration of the wing within a fixed area. In
both aisle aircraft categories, L/D gains appear more modest without the consideration of wingtip devices, reinforcing
that these devices are a primary driver of L/D improvement after the 1980s. However, twin-aisle aircraft do show a
general increase in wingspan, which may account for the greater increase in aspect ratio compared to single aisle aircraft,
as well as the more dramatic increase in L/D when wingtip device effects are neglected.

With primary aerodynamic benefits resulting from the inclusion of wingtip devices, further analysis is performed.
Figure [27] charts the different devices employed by aircraft across decades. Marker color distinguishes major
manufacturers (with Douglas and McDonnell Douglas treated as a single entity), and the spacing between markers
in the same wingtip category in the same year has been added solely for visual clarity and does not represent any
statistical trends. Wingtip devices are recorded for the original model as built by the manufacturer (i.e., retrofits and
aftermarket upgrades are excluded). Wingtip devices were first introduced in the early to mid 1980s and subsequently
saw widespread adoption by major manufacturers, and after 2000 it became standard practice to include wingtip devices
on aircraft. Early applications in the 1980s and 1990s typically employed basic wingtip fences or canted tips. In the
2000s and 2010s, designs evolved to include blended wingtips (referred to as “Sharklets" by Airbus) or raked wingtips
by Boeing. Most recently, a newer scimitar design, which resembles a large blended wingtip fence, has been introduced
by Boeing. The Boeing 777X (still being certified at the time of this article’s publication), employs folding wingtips.
This new technology allows the wingspan of the aircraft to fit within wingspan limitations when on the ground, while

offering the aerodynamic benefits of a larger aspect ratio in flight.
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Fig. 26 Evolution of key aerodynamic parameters, grouped by aisle count, with 90% confidence ellipses showing
trends over time. The legend differentiates between lift-to-drag (/D) calculations based on whether the aspect
ratio was adjusted (+ 20%) for the presence of wingtip devices, indicated as ‘AR+’ for the adjusted calculation
and ‘AR’ for the unadjusted version. The MAC method was used to calculate L/D in this figure.
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Fig. 27 Wingtip devices used on aircraft over time, where marker color and shape determine the manufacturer
of the aircraft. The spacing between markers in the same wingtip category in the same year has been added
solely for visual clarity and does not represent any statistical trends. Douglas and McDonnell Douglas are treated
as a single entity. Annotation added for the Boeing 777X, expected certification in 2026.

As previously mentioned, it is more efficient to design an aircraft with a larger aspect ratio rather achieve similar
aerodynamic benefits with wingtip devices [[I]. Despite this, wingtip devices are continuously implemented and
improved. Several factors may explain this apparent trade-off. Foremost among them is the fact that aircraft are rarely
designed from a clean sheet, most designs evolve from previous generations. Incremental design evolution often limits
the feasibility of major geometric changes, and adding wingtip devices is an inexpensive and quick avenue for improving
aerodynamics relative to overhauling the entire aircraft. It is for this same reason that wingtip devices have been used to
retrofit older generation aircraft. Wingtips have also been used to make up for shortcomings of other subsystems. For
example, during the development of the A340, IAE failed to deliver the ultra-high-bypass “SuperFan,” leading Airbus to
adopt a newer blended wingtip (over their previous fence design) along with extending the wingspan to make up for the
fuel benefits that would have been gained with the new engine [S9] [60].

Wingtip devices may also be used to accommodate regulatory restrictions. While advancements in structural
technology may enable the inclusion of a wider wingspan on a newer generation aircraft, a larger wingspan may push
an aircraft into a larger Airplane Design Group (ADG), defined by limits on wingspan and tail height. The term
“ADG” was established by the FAA in 1989 [[61], where airport infrastructure constraints, such as taxiway widths and
wingtip clearances, are defined for each ADG. There have been several amendments to the document since its release,

however the wingspan and tail height limits have remained unchanged [62,[63]. An analogous regulation exists outside
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of the United States. The ICAO uses Aerodrome Reference Code (ARC), which has wingspan limits in its groups
identical to those defined by ADG [64]]. The first edition of this document, published in 1951, includes a more basic
classification, but does not categorize aircraft into groups according to wingspan or tail height [65]. A second edition
was not published until 1995, after the original FAA advisory circular in 1989. This temporal gap suggests that the FAA
was the first to codify wingspan-based grouping, later incorporated into ICAO standards. Wingspan limitations for each

design group, along with representative aircraft, are provided in Tab. 3]

ADG ARC Wingspan Limit [63,164] Tail Height Limit [63] Aircraft

I C 36m (118ft) 13.7m (45ft) A320, 737

IV D 52m (171ft) 18.3m (60ft) A300, A310, 707, 767

Y% E 65m (214ft) 20.1m (66ft) A330, A340, A350, 777, early 747s
VI F 80m (262ft) 24.4m (80ft) A380, 747-800

Table 3 Geometric limits for airplane design group/aerodrome reference codes with prototypical aircraft in
each group. Note that ICAO does not have explicit limits for tail height set.

An aircraft in a larger design group may be less competitive from an airline’s perspective as some airports’
infrastructure may not be able to accommodate larger design group aircraft. Airports also typically charge higher fees
for larger aircraft. While these fees usually scale with gross weight and not design group, the two are closely related.
Additionally, existing infrastructure may prevent aircraft in larger groups from operating out of certain airports.

Figure [28] shows the evolution over time of the ADG limiter for different aircraft. The limit percentage on the
y-axis is calculated from max(b/biimit, 1/ hiimit), Where b is wingspan and £ is tail height, while the limit varies for
each group, as shown in Tab.[3] Color distinguishes whether the limiting factor is tail height or wingspan, while shape
denotes whether the aircraft employs wingtip devices. Three clear patterns emerge. First, wingspan is typically the
primary limiting factor in determining an aircraft’s design group.. This is intuitive as vertical tails are sized to meet
engine-inoperative yaw control requirements, and increasing tail height alone does not necessarily improve aerodynamic
performance. Second, in recent decades, more aircraft than before are near the limit of their ADG. This trend supports
the hypothesis that designs progressively increase their aspect ratio higher (also supported by Fig. [26) until constrained
by external limits. The collection of aircraft near the 100% limit line suggests that this restriction is regulatory as
opposed to structural, for example. Third, after the year 2000, all aircraft above 90% of their ADG limit on wingspan
employ wingtip devices, suggesting that wingtip devices are used to increase aerodynamic efficiency when further
increases in wingspan are not possible.

Interestingly, as seen in Fig. [26] wingspan for twin-aisle aircraft increases generally over time, which appears to
contradict the hypothesis presented above. However, ADG trends show a large halt in the production of group IV

aircraft around 1990, where group V aircraft start to become more common. This paradigm shift from group IV to

*Most group IV (D) aircraft were certified prior to the formalization of the grouping system.

39



group V, both of which contain primarily twin-aisle aircraft, may explain why twin-aisle aircraft are seen to grow in
wingspan over time while single aisle are not. The absence of formal ADG classifications prior to 1989 may explain the
transitional shift observed. The replacement of legacy twin-aisle aircraft, which would have been in group IV, with
the next generation, which would be in group V, may have been set in motion before this practice was codified. If
legacy single aisle aircraft in group III were being replaced with more advanced aircraft that still fell within group III,

manufacturers would have had continued incentive to remain within this group to preserve fleet compatibility.
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Fig. 28 Airplane design group limiting factor as a percentage of the maximum allowable value for a given ADG.
Color distinguishes whether the limiting factor was the aircraft’s tail height or wingspan, while shape designates
which aircraft employ wingtip devices and which do not.

3. Future Projection of L/D Trends

Optimizing L/D involves a complex multidisciplinary design process, balancing aerodynamic shaping with structural
and operational constraints. Efforts to overcome the aerodynamic efficiency limitations of traditional tube-wing designs
have led to the exploration of unconventional aircraft configurations, predominately the truss-braced wing (TBW) and
hybrid (sometimes called blended) wing body (HWB, BWB) geometries.

The TBW has historical roots, dating back to the H.D. 31, a high-aspect ratio prototype that first flew in 1953. It was
later developed into the H.D. 321, which flew in 1955 with an aspect ratio of 20.2 [6667]. The H.D. aircraft cruised
at approximately Mach 0.22, considerably slower than modern requirements. Modern transonic truss-braced wing

(TTBW) studies began in 2007 when NASA announced research opportunities under the subsonic fixed wing (SFW)
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project [68]. Boeing’s subsonic ultra green aircraft research (SUGAR) team was awarded the contract in 2008 [69] and
in 2011 published a Phase I report [[70], detailing analyses conducted on five aircraft concepts, one of which was the
“SUGAR High,” a TTBW concept that showed promise in increasing cruise L/D to approximately 26, compared to
contemporary values in the 18-22 range. While this represents a significant improvement in L/D, the calculation was
performed under the assumption that the concept would include technologies such as low interference nacelles and
struts/braces, as well as riblets applied to the fuselage and aft wing surfaces. Although the SUGAR High concept has
an aspect ratio of approximately 23, some of the improvement in L/D may be due to the inclusion of these assumed
surface enhancements. SFW studies continued through the 2010s into the 2020s. The work done on the Sugar High
concept was foundational to Boeing’s award of a funded Space Act Agreement to construct a TTBW aircraft under the
sustainable flight demonstrator project 69} [71]. The full-scale flight demonstrator, eventually designated the X-66A [72],
represented a significant step toward widespread adoption of higher L/D technology. As of May 2025, the project has
been put “on ice” by Boeing [[73]], which could delay the implementation timeline of TBW technology.

Primitive HWB concepts were introduced as early as the 1920s, involving airfoil-shaped fuselages and lifting-body
geometries [74]. Flying wing concepts were not uncommon in throughout the 20th century [75], and eventually, in
1989, the Spirit B-2 bomber saw its first flight. Interest in commercial HWB applications increased in the 1990s,
and preliminary studies were performed throughout the decade [76]. The first major industry involvement came in
2007 when the X-48B first flew [77]]. Boeing designed the X-48 series, scale model HWB aircraft with wingspans of
approximately 20 feet, under NASA’s environmentally responsible aviation (ERA) program. While L/D data for the
X-48 aircraft are not publicly reported, the ERA project final report on the conceptual design of subscale test vehicles
shows cruise L/D in the approximate range of 22 to 24 for several HWB configurations. These values are contextualized
by a comparison to advanced tube and wing configurations, which saw cruise L/D in the 20 to 23 range. Both the
HWB and advanced tube and wing concepts assumed the use of riblets, a hybrid laminar flow control system, and
included raked wingtips [78]. Around the same time, Boeing’s SUGAR team also developed the SUGAR Ray HWB
concept in parallel with the SUGAR High. The SUGAR concepts showed similar promise in L/D, with the SUGAR Ray
reported to have an L/D of approximately 26.5 in cruise [70], also calculated assuming surface enhancements. Recently,
the HWB concept has moved beyond conceptual and subscale validation. JetZero, a startup focused on the design of
HWRB aircraft, was contracted by the United States Air Force to fly a full scale HWB demonstrator, called the “Z4,”
by 2027 [[79,180]]. JetZero has since certified a 12.5% scale prototype for flight testing, in addition to announcing a
partnership with Delta Airlines to focus on solutions to operational challenges with HWB aircraft.

While early-stage conceptual development is common in all sectors of the aerospace industry, the scale and diversity
of recent partnerships suggest a consensus on the next stage of commercial aircraft evolution. The data in this study have
shown that a principal driver of improving aerodynamic efficiency has come from the implementation of wingtip devices,

a relatively mild change in geometry compared to the TTBW and HWB. The data showing new aircraft approaching
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the regulatory limits on their wingspans suggests that further refinement of the tube and wing architecture may offer
diminishing returns. Supporting technological advancements are being developed in parallel and are expected to mature
alongside new aircraft configurations, however the SUGAR and ERA studies have shown the aerodynamic benefits of
architectural changes under the same subsystem assumptions. Technologies such as riblets, laminar flow control, and
folding wingtips improve the aerodynamics of any aircraft, however a step change in L/D will come from the widespread

implementation of aircraft architectures with higher potential than that of the tube and wing.

IV. Conclusions and Future Work

This work provides a comprehensive examination of historical trends and future projections of key performance
parameters (KPPs) in commercial turbofan aircraft design. Drawing on an extensive database of over 400 commercial
aircraft and 200 engines from authoritative sources such as FAA and EASA Type Certificate Data Sheets and
manufacturers’ specifications, this research offers a transparent and reliable foundation for KPP analysis. The study
examined four critical KPPs: operational empty weight to maximum takeoff weight ratio (OEW/MTOW), thrust-to-weight
ratio (T/W), thrust specific fuel consumption (TSFC), and lift-to-drag ratio (L/D).

The analysis of OEW/MTOW underscores the complexity of its relationship with structural efficiency. Historical
data reveals that this ratio is significantly influenced by market-driven demands such as range and aircraft size rather
than exclusively by technological improvements in structural materials. Although materials like composites have
demonstrably contributed to weight savings in specific cases, such as the A350 compared to the A330, their broad
impact on OEW/MTOW trends remains nuanced and mission-dependent. As alternatives like hydrogen and electrified
propulsion systems emerge, their unique weight characteristics result in OEW/MTOW values that deviate significantly
from those of conventional aircraft, potentially representing a jump to new S-curves in technological development.

Examination of the T/W ratio highlights its primary dependence on operational performance requirements rather
than purely on propulsion technology advancements. Incremental increases observed historically, particularly in
single-aisle aircraft, reflect evolving regulatory and operational demands, such as noise abatement and shorter takeoff
distances. Future T/W developments are expected to stabilize barring significant shifts in design philosophy or mission
specifications. However, unconventional designs—such as blended-wing bodies and hydrogen-powered aircraft—may
exhibit distinctly different T/W characteristics due to their unique structural and aerodynamic attributes.

The analysis of TSFC revealed a clear downward trend over the past decades, strongly correlating with technological
progress in engine efficiency. Bypass ratio was shown to have a large impact on TSFC, historically increased through a
combination of core downsizing and engine up-sizing. Applying S-curve modeling, the study projected that TSFC
is approaching its practical lower limits with current turbofan technology, based on physical considerations such as
overall engine efficiency and environmental constraints. Substantial further reductions in TSFC may require adopting

disruptive propulsion technologies such as ultra-high bypass ratio engines, open rotors, or electrified systems.
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The analysis of L/D identified the mean aerodynamic chord-based approach as the most reliable for capturing
aerodynamic trends. L/D has improved modestly over time, primarily due to aerodynamic refinements within the
constraints of conventional tube-and-wing configurations. A large contributor to aerodynamic refinement was the
usage of wingtip devices, which have continued to evolve since their adoption in the 1980s. However, gains are
increasingly challenging as designs approach practical (regulatory and structural) aerodynamic efficiency limits. Future
improvements in L/D may require unconventional configurations, such as hybrid wing bodies or truss-braced wings,
which offer potential for substantial aerodynamic advancements. Coupled interactions between step changes in airframe
and engine technology may accelerate the improvement in overall aircraft efficiency.

A major contribution of this research is the public release of the data used in the various KPP analyses. The FAST
Aerobase is available for researchers and students to draw additional conclusions and expand upon this work [10]]. The
Aerobase laid the foundation for the development of the Future Aircraft Sizing Tool (FAST), which integrates historical
KPP trends to streamline initial aircraft design. As an open-source tool, FAST facilitates rapid exploration of design
spaces with minimal inputs, leveraging a combination of physics-based and data-driven models. By embedding these
historical KPP insights, this work provides aircraft designers and researchers with a robust, transparent resource for
informed decision-making in early design stages. In addition to their practical applications, the data-driven insights
presented here offer educational value. While many discussions of aircraft performance trends address historical
data in general terms, this study delineates the underlying physical drivers that shape these trends, allowing a clearer
understanding of the nuanced interactions among KPPs, mission requirements, and technology advances.

Collectively, these findings supply credible baselines against which emerging propulsion and airframe concepts
can be judged, and they offer educators a concrete exposition of the physical mechanisms shaping KPP trends. Future
work should (i) incorporate data for geared-fan and open-rotor engines as they enter service, (ii) extend the database to
regional turboprop and business-jet sectors, and (iii) couple airframe and engine S-curves to assess fully integrated

aero-propulsive benefits.
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