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The Layered and Extensible Aircraft Performance System (LEAPS) is a new sizing and
synthesis tool being developed within the Aeronautics Systems Analysis Branch (ASAB)
at NASA Langley Research Center. It is a modular, multidisciplinary, multi-fidelity siz-
ing and synthesis tool for modeling advanced aircraft concepts and architectures such as
electric/hybrid-electric propulsion, unconventional propulsion airframe integration, and
non-traditional mission trajectories. The development of LEAPS is motivated by the lack
of existing tools that meet the needs of ASAB. The Flight Optimization System (FLOPS)
has been the primary sizing and synthesis tool of ASAB for three decades. However,
FLOPS has a number of limitations that make it difficult to use for unconventional aircraft
designs. Three high-level goals have been adopted to guide the LEAPS development pro-
cess. LEAPS is being developed in Python with an architecture built to enable a flexible
and extensible analysis capability using the concept of an aircraft object that combines
data and analysis models. Five challenge problems for LEAPS have been identified to
measure progress: analysis of a conventional tube-and-wing aircraft using legacy methods,
coupled aeroelastic analysis for weight estimation of a conventional tube-and-wing aircraft,
analysis of an advanced hybrid-electric concept, analysis of the X-57 Maxwell distributed
electric propulsion aircraft, and optimization of the trajectory of a supersonic vehicle to
minimize sonic boom. LEAPS will be a publicly available capability of exceptional quality
with modularity and extensibility that makes it a robust tool for design and analysis of
current and future unconventional aircraft concepts.

I. Introduction

IRCRAFT design has always been a strongly coupled problem encompassing multiple disciplines, including
Aaerodynamics, structural and component weights, propulsion, and vehicle performance to name a few.
The goal has always been to optimize an aircraft for a specified mission (or missions) while trying to minimize,
or maximize depending on the design case, a desired objective function.

Traditional analysis methods such as those described in common aircraft design texts!™ work well for
conventional transport aircraft configurations when minimizing a common objective function, such as takeoff
gross weight (TOGW) or fuel consumption. These methods typically rely on mission segment weight fractions
based on historical data to estimate the vehicle TOGW and then use the Breguet range equation to estimate
the system level vehicle performance. The Flight Optimization System (FLOPS)® takes this a step further by
using a bottoms-up approach to estimate the TOGW combined with a more sophisticated mission analysis
capability. FLOPS is an aircraft sizing and synthesis tool continuously developed at NASA Langley Research
Center from the early 1980’s to 2011. It uses empirical/semi-empirical methods to estimate the vehicle empty
weight at the component level, then sums the vehicle empty weight, crew weight, payload weight, and fuel
weight to obtain a vehicle gross weight. The mission analysis goes beyond the Breguet range equation and
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evaluates a complete mission in a series of user-specified mission segments using the energy method first
published by Rutowski in 1954.5 Each segment can be optimized to a given objective or combination of
objectives such as minimum time-to-climb, constant Mach with optimum altitude for specific range, etc.

As demands for improving aircraft environmental performance continue to increase, it will be difficult for
tube-and-wing aircraft to meet the aggressive goals of reduced environmental impacts. This is resulting in
a deviation from the conventional tube-and-wing configuration to a broad range of potential unconventional
concepts for commercial transports of various sizes. Examples of ultra-efficient subsonic transport concepts
NASA is exploring with industry include double-bubble lifting fuselage, blended-wing-body, truss-braced
wing, and hybrid-wing-body with overwing nacelles. The list of unconventional concepts grows dramatically
when electric, hybrid-electric, and turboelectric propulsion architectures are included such as the NASA
X-57 Maxwell X-plane.

These concepts present many challenges to legacy sizing and synthesis tools such as FLOPS, but these
challenges are not unique to NASA. Development of new tools has become increasingly active across the
aircraft conceptual design field as it has been broadly recognized that the current advanced aircraft concepts
have deviated sufficiently far from the empirical databases that they can no longer be relied upon to provide
accurate predictions for aircraft weights, aerodynamics, propulsion, and performance. The advanced concepts
have also become increasingly coupled across multiple disciplines, for example tighter propulsion-airframe
integration (PAT) with technologies such as boundary layer ingestion (BLI).

At the NASA Langley Research Center, the Aeronautics Systems Analysis Branch (ASAB) is developing
the Layered and Extensible Aircraft Performance System (LEAPS) as the next generation sizing and synthesis
tool to replace FLOPS. Formal software development began in Fall 2016, with background research and
concept exploration beginning in Fall 2014. Written in Python 3.x, LEAPS is being designed as a highly
flexible, modular tool that enables the analysis of not only the current portfolio of advanced aircraft concepts,
but also the next generation of advanced concepts on the horizon with as-of-yet unknown technologies.
A strong focus is being placed on the tool usability while also providing a means to easily extend the
methodology through custom analyses. The user will be able to choose from different levels of fidelity within
an analysis model, utilizing low-order analyses where appropriate and selectively utilizing high-order analyses
where needed. This paper is focused on providing an overview of LEAPS and describing the long term vision
for this new analysis capability.

A detailed discussion of the background and motivation for developing LEAPS, rather than adopting other
available tools, is presented in Section II. The goals and objectives that guide the fundamental development
of LEAPS are discussed in Section III. The envisioned LEAPS architecture and current development is
described in Section IV. Some of the identified challenge problems and required capabilities are discussed
in Section V. The paper concludes with a summary of the LEAPS development and some final thoughts
in Section VI. This paper is written in conjunction with two companion papers that describe some of the
basic low-order methodologies being integrated into LEAPS: weight estimation” and mission analysis,® which
builds upon Ref. 9.

II. Background and Motivation

Since the mid-1980’s the Flight Optimization System (FLOPS) has been the workhorse sizing and synthe-
sis conceptual design tool used for NASA Langley aircraft systems analysis studies. A monolithic FORTRAN
code, the tool was continuously enhanced by the lead developer, Arnie McCullers, through version 8.2, which
was released for government use in 2011. Since this time, the tool has been nearly stagnant with the ex-
ception of minor bug fixes. In 2016, a publicly available version was released and denoted FLOPS 9.0. The
greatest strength of FLOPS has been its extreme versatility; nearly every component of the analysis can be
tuned, giving users the ability to explore the design space, validate a model to known data, and perform
sensitivity and trade studies. This capability has been the greatest contributor to the longevity of FLOPS,
making it a tool used throughout industry, academia, and government organizations. Additionally, the same
tool was capable of analyzing subsonic tube-and-wing transports, blended-wing-body subsonic transports,
supersonic transports, and fighter aircraft.

Unfortunately, FLOPS has reached the end of its operational capability given the previously described
advanced concepts that have risen to prominence in recent years. Advances in electric propulsion, both
as a power source and electrical system architecture, have been increasingly difficult to model using the
FLOPS software. Recent analyses have been successful through the use of integration frameworks, such
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as ModelCenter and OpenMDAOQ, where FLOPS has been manipulated to perform the required analyses.
Examples include setting the engine thrust specific fuel consumption (TSFC) to nearly zero to simulate a
battery-powered aircraft, performing various analyses outside of FLOPS and applying the applicable over-
rides, and using outdated data columns in the FLOPS output in conjunction with a convergence loop in
the integrated analysis framework to achieve a desired analysis. Although these workarounds were sufficient
at the time, it has reached the point where more manipulations than analyses are performed in order for
FLOPS to generate the desired output.

The greatest limitations of FLOPS lie within the fundamental assumptions that are applied to the anal-
yses. The fundamental assumptions include: 1) fuel is consumed during the mission, 2) the aerodynamic
characteristics are only a function of Mach number, altitude, and lift coefficient, 3) the vehicle is a point
mass with a single degree of freedom (energy altitude), and 4) only a single propulsion type (fuel or elec-
tric) can be used during any mission segment. The mission analysis is no longer capable of capturing the
active design constraints and system sensitivities that are shaping the advanced concept design space being
explored today. The FLOPS aerodynamic analysis insufficiently captures the propulsion-airframe coupling
utilized by recent advanced concepts where the vehicle aerodynamic performance is a function of propulsion
system performance (throttle setting). Current state-of-the-art commercial transport aircraft fall outside
the FLOPS empirical weight database causing the weight estimation routine to inaccurately capture trends
and sensitivities. These internal analyses required significant enhancement to improve the modeling of un-
conventional configurations. It is because of these limitations that a requirement for a new mission analysis
and synthesis capability has been identified.

To address the shortcomings of these legacy aircraft design tools, an internal NASA team was established
to chart a path forward to bridge gaps in analysis required for robust synthesis of unconventional aircraft
configurations, including those with electric/hybrid-electric propulsion system architectures. Instead of im-
mediately embarking on a new tool development, a survey of developed conceptual design and analysis
tools was conducted to understand the established and new state-of-the-art approaches. With the aid of a
NASA-funded study at the Georgia Institute of Technology, twenty-two conceptual design tools and software
suites were identified while acknowledging that there exist even more unidentified. Although the aircraft
conceptual design community is relatively small, every organization appears to have their own preferred
analysis tools and methods. The identified tools included: Environmental Design Space (EDS),'° Aircraft
Performance Program (APP)?, Advanced Aircraft Analysis (AAA)P, Project Interactive ANalysis and Opti-
mization (Piano)¢, Pacelab Aircraft Preliminary Design (PacelabAPD),!! Aircraft Design Software (ADS)4,
FLight OPtimization System (FLOPS),®> AirCraft Synthesis (ACS)¢, Transport Aircraft System OPTimiza-
tion (TASOPT),*? Program for Aircraft Synthesis Studies (PASS),*? Stanford University Aerospace Vehicle
Environment (SUAVE),'4!® Preliminary Aircraft Design and Optimization (PrADO), Airliner COncep-
tual DEsign (ACODE),2° Boeing Mission Analysis Program (BMAP),?! Truss Braced Wing Multidisciplinary
Optimization Design Environment,?? Aircraft Engine Design System Analysis Software (AEDsys)f, RDS®,
Nicolai’s Sizing Program®, VAMPzero,??> MachUp', Propulsion Airframe iNTegration for Hybrid Electric
Research (PANTHER), Aircraft Preliminary Sizing Tool (PreSTo)!, and the Computational Research and
Engineering for Acquisition Tools and Environments — Air Vehicles project (CREATE-AV) DaVinci.24 28
Many of the identified conceptual design tools rely on regression analyses and/or historical correlations to
incrementally improve upon previous designs for similar aircraft configurations and missions. Several tools
consist of proprietary methods and are not easily modified or enhanced. Tools such as BMAP and DaVinci
are not available due to being commercial proprietary or limited government release, neither of which fosters
community collaboration.

SUAVE and TASOPT were explored in detail due to their recent development and broad availability.
SUAVE is a Python-based open-source environment that enables multi-disciplinary and multi-fidelity analysis
of advanced concepts. It is both a framework and a mission and performance analysis tool that is highly

2http://www.darcorp.com/Software/app/
Phttp://wuw.darcorp.com/Software/AAA/

‘http://www.piano.aero/

dhttp://www.oad.aero/
®http://www.avidaerospace.com/software/avid-acs/
fhttps://www.aircraftenginedesign.com/customl.html2.html
8http://wuw.aircraftdesign.com/rdspro.html
bhttp://www.dept.aoe.vt.edu/~mason/Mason_f/MRsoft.html#Nicolai
ihttps://www.blucraft.com/machup/
Jnttp://www.fzt.haw-hamburg.de/pers/Scholz/PreSTo.html
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flexible, designed to analyze a broad range of missions and vehicle architectures. Recently demonstrated in
Ref. (16) was the coupling of OpenVSP, Gmsh, and SU2, an open-source flow solver developed at Stanford
University, for the analysis of a conventional tube-and-wing transport, a blended-wing-body transport, and a
supersonic transport. The framework was used to generate a surrogate aerodynamic model for use in mission
analysis that is informed by high-order aerodynamic analysis.

A complex mission can easily be set up in SUAVE as a series of segments, but segments such as climb
and descent cannot be easily optimized for minimum time or fuel, a common practice in conceptual design
mission modeling. Additionally, the rate-of-climb, velocity, and altitude must be specified. However, it
is often useful to optimize the top-of-climb altitude to maximize the cruise performance, subject to an
excess power constraint on the propulsion system. The SUAVE architecture enables the analysis of both
conventional and unconventional vehicles through its analysis flexibility, and the user is able to modify the
source code as required without having to recompile. However, leveraging this capability requires the user to
have a strong familiarity with the source code and the interactions of the various components and libraries.
Another limitation is the lack of sufficient documentation (at the time of evaluation) and the large number
of variables and classes that must be appropriately connected to obtain meaningful results. Finally, the
computational expense of evaluating a mission that requires an iterative solution, such as determining the
aircraft TOGW for a specific mission, is excessively high. This becomes a limiting factor when performing
a large optimization, trade study, or design of experiments (DoE).

Transport Aircraft System Optimization (TASOPT) is an analysis tool developed at the Massachusetts
Institute of Technology that couples the analysis and optimization of an aircraft with the analysis and
optimization of a turbine engine.'? This provides a closely coupled airframe and engine design and analysis,
leading to both being fully optimized simultaneously rather than two suboptimal designs stitched together.
TASOPT is especially strong in the evaluation of concepts that include boundary layer ingestion, a technology
that relies upon synergistic propulsion-airframe integration to achieve a system level performance benefit.
TASOPT uses fundamental physics-based methodologies for much of the vehicle analysis while trying to
minimize the use of correlation and empirical-based relations.

A drawback of TASOPT is that the tool was designed to always optimize the vehicle for a specified
mission. This creates issues when performing an independent assessment of a concept that has already
been sized. The allowable mission definition lacks flexibility, which proves problematic for electric/hybrid-
electric concepts. TASOPT was written as a monolithic FORTRAN code, which means that the tool has
the benefits of the improved execution time of a compiled code, but it is challenging modify or completely
replace analyses. This reduced flexibility limits the tool’s capability to analyze a broad range of vehicle types
and architectures without significant modification similar to the ASAB tool, FLOPS. The input file requires
detailed information not always available early in the conceptual design process, such as component material
properties and temperature limits. There is an extensive theory manual for TASOPT which helps the user
understand the methodologies implemented in TASOPT, but the lack of a user’s manual makes it extremely
difficult to create an input file from scratch or deviate significantly from an example input file.

Each tool was used to model the Central Reference Aircraft data System (CeRAS),?Y a conventional tube-
and-wing aircraft model based on the A320 used to baseline modeling and analysis tools. After evaluating
both TASOPT and SUAVE, it was determined that the best solution for ASAB was to develop a new,
in-house aircraft conceptual design software. One option considered was to leverage the currently available
software as a starting point, but it was not desired to have multiple versions of TASOPT or SUAVE. There
also existed within ASAB a strong desire to have complete control over the software development as opposed
to contributing to a non-NASA controlled open source development such as SUAVE.

The motivation for developing LEAPS is to first and foremost meet the needs of our primary customer,
NASA. These needs include being able to design and evaluate a broad range of aircraft concepts and propul-
sion system architectures. The high degree of coupling between airframe and propulsion technologies in
future advanced concepts requires new, innovative analysis techniques that are suitable for conceptual de-
sign but can be informed by higher fidelity analyses. Although the focus is the design of advanced aircraft
concepts, the capability to independently evaluate external concepts or as-built aircraft is absolutely required
for ASAB to act as an independent broker for NASA decision makers. FLOPS excelled at performing an
independent analysis, while allowing the user to “tweak” the underlying analyses through the flexible use of
input variables to account for various technology assumptions. Moving forward, it is desired to retain this
capability while adding enhanced flexibility for a modular analysis tool that enables multidisciplinary and
multi-fidelity analysis.
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It is also desired to reach out in a collaborative manner to address some of the challenges of non-NASA
customers such as the Department of Defense or academia. With the ever changing landscape of advanced
concepts and technologies, active development of new analysis methods and techniques will ensure a continued
capability for analyzing the state-of-the-art. Any new analysis methods developed as part of LEAPS should
be shared with the aircraft design community. This collaborative environment is highly desired as part of
the NASA push to release internally developed software to the public domain. To foster this collaboration,
LEAPS will be released as Publicly Available including all source code and user documentation.

Even though LEAPS is being developed as a completely new software, this does not imply that legacy
methods are obsolete or externally developed methods cannot be integrated. The desire is to leverage
analysis techniques and methodologies as much as feasible without compromising the ability to publicly
release. Particular emphasis is being placed on developing an operational tool, not just a research tool,
that provides an exceptional user experience and robust analysis with informed feedback. LEAPS should be
usable by all aircraft designers and not just a limited set of researchers that actively develop the code.

In summary, the motivations for developing LEAPS are 1) a lack of tools that meet internal customer
needs for the analysis of advanced aircraft concepts and propulsion architectures using multidisciplinary and
multi-fidelity analyses, 2) a desire to collaborate on aircraft concepts and analysis methods in the public
domain, 3) the lack of software with robust error checking, informative exception messages, and complete
user and theory documentation, and 4) the inability to easily modify, enhance, or extend analyses as new
technologies and computational capabilities are developed.

ITII. Goals and Objectives

A set of high-level goals were established to provide a unified vision for the LEAPS tool development.
These goals provide the overarching guidelines for establishing development objectives for the software ar-
chitecture, analysis models, and tool execution. The high-level goals are:

1. develop a modular, multidisciplinary, multi-fidelity aircraft design and performance software tool;
2. create an aircraft design and analysis tool of exceptional quality and performance; and
3. enable the ease of distribution to the aeronautical community.

The first goal is quite simple in its description; design an analysis tool capable of performing the breadth
of analyses required by NASA systems analysts using a range of analysis fidelities. LEAPS is not an effort to
drive high-order analysis tools to all aspects of aircraft conceptual and preliminary design. Instead, the focus
of LEAPS is to enable the right analysis for the right job at the right time. This thinking allows the user to
choose which analysis fidelity to use while understanding the trade between computational time and analysis
order. This goal drives the development to enable a flexible analysis capability for the next generation of
sizing and synthesis of advanced aircraft concepts. The objectives that support the first high-level goal are:

e support analysis of a broad range of aircraft, including: transports to fighters, tube-and-wing to blended
wing body, and jet fuel to all electric propulsion;

e incorporate an energy agnostic framework allowing the analysis of a broad range of traditional and
future power systems, energy storage systems, and energy harvesting systems;

e support multi-order, fully-coupled analysis and simulation built centrally around a mission performance
core; and

e be capable of providing the relevant information to support the latest tools for optimization, sensitivity
analysis, and design of experiments.

The second high-level goal places an emphasis on delivering a high quality software. Often, analysis
tools are developed in direct response to a research question that requires a timely answer. As such, an
analysis tool is hastily developed that answers the research question but is highly restricted in its capability
and usability; usually, only the tool developer is able to glean usable answers from the software. This is
reactionary tool development and is often necessary to meet organizational research demands. LEAPS is
being developed as a proactive tool development. An analysis capability gap has been identified, but no
specific research question is being answered. As a proactive tool development, special emphasis has been
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placed on utilizing standard software development practices, such as enforced version control, code reviews,
unit testing, and simultaneous documentation and development, to deliver a software of exceptional quality.
This approach is enabled by having a team of both exceptional aerospace engineers and software engineers
working closely together.

A positive user experience drives the architecture development to ensure that the software is both capable
and useful. As capability grows, the usability can decrease or be subject to an extreme learning curve for
new users. Through careful user-interface design, the goal is to provide a highly capable software while
decreasing the learning curve for new users. A major aspect of this is informative feedback from the tool,
such as clear exception messages that provide direction to resolution, status updates, detailed feedback upon
request (verbose), and clear output data that is easy to interpret and clearly labeled (with units). When
successfully implemented, LEAPS will be a high-quality tool with significant capability and a positive user
experience.

As was mentioned previously, there is a trade between analysis fidelity and computational cost. The user
ultimately makes this trade in their analysis setup. However, there is also a trade between computational
speed and ease of development when choosing a programming language. A strength of FLOPS is its ability
to perform a complex analysis—including optimizing mission trajectories—in approximately one second. If
the FLOPS methodology was identically implemented in Python, the analysis time would be measurably
longer. No emphasis has been placed on hitting a target analysis time, but instead an emphasis has been
placed on having sufficient computational performance such that the user can obtain usable information in
a timely manner to answer his/her research questions. The objectives that summarize the second high-level
goal are:

e develop LEAPS using standard software engineering development practices;
e be of a modular design with a flexible architecture; and

e provide an exceptional user experience in terms of stability, reliability, and informed exception mes-
sages.

The final high-level goal for LEAPS focuses on the strong desire to foster collaboration within the aircraft
conceptual design community. The NASA open source initiative has placed an emphasis on distributing tools
and capabilities developed through tax-payer dollars to the research community. LEAPS will not be released
as open source. Instead, LEAPS will be released as publicly available, which is only subtly different, to
enable collaboration on methods, analysis techniques, and results. The supporting objective for this final
goal is clear and concise: develop LEAPS with procedures and practices that enable easy distribution of
methods and software to the aeronautics community.

IV. Software Architecture

The LEAPS software architecture was designed to achieve the high-level goals and objectives described
in Section III. In addition to the goals and objectives, experiences solicited from a broad range of FLOPS
users have shaped the LEAPS architecture design.

A. User Stories

In order to maximize the quality of the user experience, multiple FLOPS users were interviewed to
gain their insights and experiences. These user stories directly influenced the LEAPS architecture design
and development. Those interviewed included newer users, users with moderate experience, and experts in
order to obtain a broad range of feedback and experiences, all of which could be captured in the LEAPS
development.

In these user stories certain key features were consistently mentioned. Well-liked FLOPS features were
suggested for LEAPS, one being the short computation time to run a single analysis case. FLOPS can
execute a complete analysis in approximately one second. LEAPS will be designed so that execution time is
sufficiently fast with specific care given to profile the code and eliminate unnecessarily excessive computation
time. Another positive FLOPS feature identified was the assumed default values for input variables. Having
good default values for most user inputs enables a rather complicated FLOPS analysis with a very short
input file. The user can increase the fidelity of the input and the analysis as they gain more information
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about the design, but they do not have to jump from a zero solution state to a full solution state. An
extensive override capability allows users to modify internally computed values with either an absolute value
or scalar multiplier. This is useful when modifying an internal analysis to match data produced by an
external analysis, such as a finite element model.

Also, the highly formatted text output, including the input echo, was viewed very positively by most
users. This enables the easy use of differencing tools, parsing the output for feeding other analysis or
frameworks, and being able to easily use the features of advanced text editors.

The major complaint of FLOPS users centers on the lack of exceptions and warnings. FLOPS in many
ways does not exit gracefully and thus provides the user little to no insight as to why the execution failed.
If convergence loops do not complete, there is little or no warning. Also, it was found that there is a lack of
robust and clear error handling. Errors and warnings are intermixed in the output, which is of sizable length,
and they can be easily missed when reviewing the output. Numerous other minor issues were identified, but
for conciseness, only these major themes that were influential in the LEAPS software architecture have been
highlighted.

B. Architecture Design

Leveraging the FLOPS user experiences, the LEAPS architecture was designed to present four general
user interfaces: command line, input file, output stream, and log files. The command line allows the user to
request help, specific modes and/or analyses, or optional data. The command line also provides the capability
to both specify an input file and, for the purpose of capturing the output stream, a output file path. The
input file allows the user to request analyses and specify related data and/or notes for requested analyses. It
allows the user to logically separate data according to configurations, aircraft components, etc., for analysis.
The output stream provides the user with the results of requested analyses as text. By default, LEAPS
generates a log file that provides the user with regular status updates and any requested optional data. This
information allows the user to determine if LEAPS is performing as expected. These user interfaces run
under a simple concept of execution, which is divided into the four phases of startup, setup, update, and
report. The startup and setup phases initialize variables and do preliminary calculations. The update phase
performs the bulk of the calculations. The report phase outputs the results of the calculations.The flow of
the concept of execution is shown in Fig. 1.

Startup

Execute

Analysis
Data

No Analysis Yes
Complete?

Figure 1. LEAPS concept of execution.

LEAPS data exchange is based on the concept of an “aircraft” object and the user-specified analysis
models. An “aircraft” object is composed of modeled physical behaviors and supporting data sets logically
grouped together in components. The model requested by the user dictates the analyses and required input
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and derived data. LEAPS supports at a minimum five model concepts per aircraft:

e The energy model calculates thrust production and power consumption. Thrust and power are included
here to model propulsion systems of all types. Aircraft can use mass exchange, internal combustion,
electrical power, or some combination of one or more propulsion types, to produce thrust. Power for
other systems may be a byproduct of thrust production. Additional energy storage may be available
and /or required for those same systems or propulsion.

e The weights model calculates the dynamic weights of the aircraft and its subsystems as a function of
the mission. It also calculates the static (constant with time) weights of an aircraft and its subsystems.

e The atmosphere model defines density, temperature, and speed of sound as a function of altitude. The
default atmosphere model is for Earth. Simulating flight conditions on Earth using a different fidelity
model or on another planet can be achieved by specifying an alternative atmosphere model that is
provided by the user.

e The aerodynamics model calculates lift and drag properties of an aircraft based on thrust, weight,
an atmosphere model, and the current geometric configuration. Additional aerodynamic properties
such as moments can be calculated as required via higher analysis fidelity when using a more complex
mission model.

e The mission model manages the different mission segments from takeoff through landing. Analyses can
focus on only one segment, or can focus on the following combinations: takeoff and flight, flight and
landing, or takeoff, flight, and landing. Flight is defined as a series of segments (climb, cruise, descent,
turn, loiter, etc.) for lower level analysis and a full flight trajectory simulation for higher level analysis.
Maneuvers may be included as part of the flight phase of a mission.

Each model consists of a set of layers, as shown in
Fig. 2, that represent various analysis levels dependent
upon user input. Higher Levels are associated with in-
creasing analysis order and complexity within a model.
Higher analysis Levels require increased user input and
input fidelity. Each model represents a customization
point. End users are permitted to use and/or write re-
placement models as desired using a Model Package In-
terface. Each model package shall provide its own set
of model specific handlers. Handlers add components
to an “aircraft” object by reading input data streams,
and they write “aircraft” object components to output
data streams. The handlers are instantiated and invoked
as needed through a common package interface, as such
handlers are an internal implementation detail. This
gives each model package maintainer the option to im-
plement appropriate handlers as needed. Figure 2. Various analysis levels of LEAPS

LEAPS’ extensible nature allows the user to run models.
analyses in a multitude of ways. The user can customize
LEAPS by adding new models and/or removing default models for an analysis. When creating new models,
client code will use the LEAPS Model Package Interface, which is a set of required functions implemented
in a client model or package. From this interface, the user has the ability to replace any of the models with
their own implementation.

LEAPS can also be externally driven by another program. This means that LEAPS, whether it be a
single model such as weights or the entire LEAPS core, can be plugged into another external driver and
executed. The LEAPS core, as represented in Fig. 3, is a combination of the input interface, the output
interface, and the models of LEAPS. These are the core components necessary to run LEAPS. The ability
to be externally driven enables the user to pull the key components, or the entirety, of LEAPS that they
are interested in and perform numerical techniques and operations such as optimization. The separation of
numerical techniques such as optimization from LEAPS is to enable the user to run their desired techniques
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and not limit them to only a LEAPS provided capability. For this to occur, the interface between the external
driver and LEAPS must be created. The combination of customizing and selecting models provides the user
with a capability to use aspects of LEAPS they find useful, while not limiting them to features provided.
The multitude of interfaces, as shown in Fig. 3, create an extensible and flexible tool.

External Driver to LEAPS to External
LEAPS Driver

LEAPS LEAPS Output
Command Interface to File
Line system

File system to LEAPS
Input Interface

LEAPS Core

Input I Output
Interface Interface

Figure 3. LEAPS input/output interfaces.

C. LEAPS Input File Structure

The LEAPS input file uses a configuration file format (.ini). This file format was selected over other
formats such as XML, CSV, and JSON. The Python package library provides support for INT files that
is straightforward and concise, and the file structure and organization is simple and easy to understand.
This file is separated into comments, sections, and properties. The comments are used for denoting non-
initialization information and are ignored by the LEAPS parser. The sections and the properties capture
initialization data. In Fig. 4 a comparison of the FLOPS input file and LEAPS input file is shown. A
few differences indicated are the structure, names, and notes aspects. As shown in Fig. 4, the input file is
organized efficiently according to component structure and verbose terminology. It even allows the notes to
be organized according to the variable with which they are associated. These advantages allow the user to
quickly organize an input file and run an analysis with ease.

Structure

AWTIN [weights]
— struct_ult load factor = 3.75
ULFO - g ;; \ max_mach = 0.82
SPAN = 93.0 Names lwing]
_ span = 93.0
DIH = 6.0 dihedral = 6.0
FLAPR = 0.3157 ! Jane's 309.3515/980 flap_ratio = 0.3157
FCOMP = 0.0 flap_ratio_note = Jane's 309. 3515/980
NETAW = 3 composite_fraction = 0.0
ETAW = 0.0, 0.34284, 1.0 [detailed wing]
- wing_station_count = 3
CHD 0.51266, 0.25309, 0.11400 wing station locations = 0.0, 0.34284, 1.0
ToC = 0.153%, 0.12e1, 0.1082 ! UUIC wing station chord lengths = 0.51266, 0.25309, 0.11400
SWL =0. O, 19.0 ! Airport Plannj_ng Document wing station thickness_to_ chord ratios = 0.1539, 0.1261, 0.1082
ETAR = 0.34239 A t Pl . D t wing_station_thickness to chord ratios note = UUIC
- - Alrpor anning DOCHMENT ;o Station load_path_sweeps = 0.0, 19.0
SHT = 312.0 wing_station_load_path_sweeps_note = Airport Planning Document
Notes

Figure 4. Comparison of the legacy FLOPS input file with a namelist-based organization and
the new LEAPS input file using the initialization file format.
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V. Description of Identified Challenge Problems

Any new tool that replaces a legacy tool must first show that it can perform the analysis of the legacy
tool. In this case, LEAPS is replacing FLOPS which excelled at accurately modeling tube-and-wing aircraft
when compared to published data. LEAPS must be able to replicate this capability since many advanced
concepts are compared to an equal technology conventional tube-and-wing baseline aircraft. The analysis
methods used in the evaluation of conventional aircraft still retain validity, and so these legacy methods are
being utilized as much as possible in LEAPS and expanded as required. A set of challenge problems have
been identified to guide the LEAPS development, where each problem requires enhanced capability to be
solved. When LEAPS is capable of handling the challenge problems, it will have significant capability far
beyond the current ASAB legacy tools.

The first challenge problem is the analysis of a conventional tube-and-wing aircraft that leverages legacy
methods and combines them with the new LEAPS architecture and mission performance analysis (see Ref. 8).
These results will be directly compared to a FLOPS analysis as there is high confidence in the quality of
the FLOPS analysis in this case. The goal is not to replicate the results of FLOPS—there should be minor
disagreements due to changes in methodology—but to instead show that the analysis results are consistent
between the tools and the differences are clearly understood. This first challenge problem is focused on
verification and validation of the LEAPS methods and architecture while obtaining feedback on the user
experience.

The second challenge problem builds upon the first challenge problem by incorporating a coupled aeroe-
lastic analysis on a tube-and-wing configuration. Technology improvements in both aerodynamics and struc-
tures are enabling aircraft to improve vehicle level performance by increasing wing span and aspect ratio. For
span constrained aircraft, such as single-aisle aircraft complying with Class C airport operations, the span is
fixed, but the aspect ratio continues to incrementally increase. The higher wing aspect ratios and spans have
sufficiently deviated from the legacy database such that empirical wing weight estimates are not capturing
the appropriate trends. Cantilevered wings are transitioning from being stress constrained to aeroelastic
constrained (tip deflection and flutter). This challenge problem will leverage an extension of LEAPS for a
coupled aero-structural analysis to improve the structural weight estimates of the primary structure. The
challenge lies in sufficiently capturing the static and dynamic aeroelastic constraints without compromising
the ability to perform an entire analysis in a timely manner.

The third challenge problem is the design and
analysis of the advanced aircraft concept PEGA-
SUS (Parallel Electric-Gas Architecture with Syn-
ergistic Utilization Scheme).3° The PEGASUS con-
cept, shown in Fig. 5, is a regional aircraft designed
specifically to revitalize the short-haul market by
leveraging hybrid-electric technologies and synergis-
tic PAI to minimize the vehicle operating cost. Mul-
tiple propulsors are used on this concept including
inboard electric propulsors, turbine-electric wingtip
propulsors, and an unducted tailcone BLI propul-
sor. This concept utilizes multiple unique propul-
Figure 5. Artistic rendering of the PEGASUS sors, an .ele.ctric/ hybrid-electric archite.:cture that for
concept.3° sho?t.rplssllons can (?perate on.batterles alone, and

flexibility in the split of electric energy versus fuel
energy. Analysis of this concept requires significant
capability enhancement beyond legacy tools to account for multiple propulsor models with individual throt-
tling control throughout the mission, tracking of energy instead of fuel to converge on total energy usage,
and robust PAI modeling. LEAPS must also be driven by an external driver to optimize the electric split of
the aircraft architecture.

The fourth identified challenge problem is the analysis of the X-57 Maxwell aircraft. The X-57 is an all-
electric manned demonstrator with distributed propulsors along the wing leading edge and cruise propellers
on the wingtips, as is shown in Fig. 6(a). Analyzing this aircraft will exercise the new energy agnostic
architecture for calculating the all-electric mission performance, but a greater challenge lies in capturing
the highly throttle dependent aerodynamic effects. The success of the X-57 concept lies in its ability to
capitalize on the distributed propeller aero-propulsive coupling, that in the simplest description, acts like a
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(a) X-57 Maxwell electric aircraft with leading edge distributed (b) Rendering of the Quiet Supersonic Transport (QueSST).X
propulsion.31:32

Figure 6. NASA X-plane concepts identified as LEAPS challenge problems.

high-lift system. Additional complexity is added to the architecture by also leveraging synergistic PAI with
the wingtip propellers. The expectation is that flight test data from the demonstrator will be available to
aid in performing this analysis.

The final identified challenge problem is to perform a mission analysis for a supersonic vehicle in which
the trajectory has been optimized to minimize a boom propagation signal. To perform this analysis a
series of CFD solutions will need to be generated such that a surrogate model can be used for the off-
body pressure profiles. This is assuming that it is infeasible to compute off-body pressure profiles during
analysis execution due to prohibitively long execution time, but in reality that could be done with enough
computational resources and patience. LEAPS will have to be extended to include the surrogate model,
a sonic boom propagation tool such as sSBOOM,?? and a user custom objective function for the mission
segment or segments being optimized with respect to the boom signature. An example configuration to use
for this challenge problem is the Quiet Supersonic Transport (QueSST) shown in Fig. 6(b).

VI. Summary

The Layered and Extensible Aircraft Performance Systems (LEAPS) is being developed as the next
generation aircraft sizing and synthesis tool for the Aeronautics Systems Analysis Branch (ASAB) at NASA
Langley Research Center, replacing the legacy Flight Optimization System (FLOPS) software. This tool is
being proactively developed to address the current and future challenges in the modeling of advanced aircraft
concepts and technologies. The development is being accomplished through a modular, multidisciplinary,
multi-fidelity analysis capability with an architecture intentionally designed to be flexible and extensible. The
motivation for developing this new tool was to meet the needs of ASAB, close the current analysis capability
gaps, foster collaboration in methods development and the analysis of advanced concepts, and develop a
software that provides a positive user experience and is capable of being enhanced for years to come. These
motivations for developing LEAPS were mapped directly into the high-level software development goals and
objectives. The software architecture design was described in detail in Section IV and has been developed
to achieve the high-level goals. Finally, some long term challenge problems have been identified to provide
development direction for continued capability enhancement.
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