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Abstract

Air transportation’s quest for sustainability requires groundbreaking advancements in aircraft design, particu-
larly in the optimization of aircraft configurations, including aerodynamic shape, structural sizing, and propulsive
performance. The latest developments in computational fluid dynamics (CFD)-based design optimization ad-
dress the critical challenges and demonstrate innovative solutions to shape aircraft components for enhanced
efficiency and reduced emissions. We explore the integration of CFD with structural mechanics to optimize
wing aerodynamics, enhancing lift-to-drag ratios and reducing structural weight. The discussion extends to the
aerodynamic optimization of propellers, turbofans, and thermal management systems, highlighting how CFD
facilitates the design of propulsion systems that integrate optimally with the airframe. By employing multidisci-
plinary design optimization (MDO) approaches, we have advanced the design of these key aircraft components,
considering complex interactions and design constraints. We use adjoint methods for efficient gradient com-
putation, which is essential for handling the large number of shape and sizing variables required in aircraft
design. We present case studies demonstrating the successful application of these methods in optimizing
aircraft wings and full configurations, along with innovative designs of propellers and turbofans, demonstrating
the role of CFD in driving the future of sustainable air transportation.

Keywords: Sustainable aviation, multidisciplinary design optimization, aerodynamics, aerostructural, aero-
propulsive

1. Introduction

The interest in sustainable aviation has grown significantly in the last few years, with increased calls
for achieving net-zero carbon emissions [1, 2]. Several new technologies and improvements to cur-
rent technologies have been proposed. Realizing the potential of these technologies requires ad-
vanced design methodologies. Traditional aircraft design methods rely extensively on historical data
and correlations from conventional technologies. This approach was effective for past designs but
falls short when it comes to integrating novel technologies. Thus, we require physics-based models
that accurately simulate the relevant physics for the technology being considered. Furthermore, it is
crucial to consider the interactions with the other aircraft disciplines and components to capture the
system-level effects.

An all-new aircraft design can be divided into two phases: (1) a design exploration phase where var-
ious options for technologies and configurations are considered and (2) a design refinement phase
where the given technology or configuration is fine-tuned for optimal performance. Both of these
phases require repeated evaluations of different design iterations. Manually conducting these itera-
tions is time-consuming. Numerical optimization can automate the design cycle, significantly accel-
erating the design exploration and fine-tuning processes.
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Multidisciplinary design optimization (MDO) is a powerful approach that addresses both the need to
consider system interactions and design automation through numerical optimization [3, 4, Ch. 13].
Considering system interactions ensures that new technologies are integrated into the overall aircraft
design. This is important because technologies that seem advantageous might be undesirable once
the overall aircraft performance is considered. The design automation that MDO provides accelerates
both the design exploration and design refinement phases, enabling designers to consider more
options. Furthermore, MDO finds the optimal design trades for a given technology, enabling a fair
comparison between different technologies.

Aerodynamics is one of the most critical disciplines in aircraft design, dictating the performance and
efficiency of the entire system. To accurately evaluate lift and drag forces, computational fluid dynam-
ics (CFD) is essential, especially at transonic speeds where the flow becomes compressible. CFD
plays an even more significant role when designing aerodynamic shapes because only CFD can
accurately capture the large effect that small changes in shape have on aerodynamic performance.
However, CFD simulations are computationally expensive, and thus, manual design iterations with
CFD are especially time-consuming. CFD-based optimization can alleviate this effort. Aerodynamic
shape optimization with CFD has made great strides towards practical applications in the last decade,
thanks to the integration with gradient-based optimization, efficient gradient computation with adjoint
methods, and effective geometry and mesh manipulation [5]. Aerodynamics alone is not enough;
hence, there is a need to consider other disciplines and their mutual interactions in MDO.

In this paper, we review our use of CFD in MDO in support of sustainable aircraft design. The review
focuses on our own efforts and is not intended to be a broader review of the field, such as those
of Afonso et al. [6] and Bravo-Mosquera et al. [7]. We start with an overview of the methodology
focusing on MPhys, an open-source framework for MDO that integrates CFD with other aircraft de-
sign disciplines. Then, we describe several applications of this framework to sustainable aviation
applications, including high aspect ratio wings, aeropropulsive integration, thermal management, and
unconventional aircraft configurations. We also discuss emerging technologies and methods before
ending with concluding remarks.

2. CFD-Based Methodology

In this section, we describe our approach to integrating CFD in MDO. We first describe the CFD-
based aerodynamic shape optimization approach, then explain how it is coupled to other disciplines.
The overall approach hinges on a coupled-adjoint approach for efficiently computing design sensi-
tivities (derivatives) of the whole system. The combination of this efficient derivative computation
and gradient-based optimization is the only way to enable design optimization involving expensive
simulations and hundreds or thousands of design variables, as illustrated in Fig. 1 [4, Sec. 1.4.1].

At the core of the MDO approach is MACH-Aero, an open-source framework for CFD-based aero-
dynamic shape optimization. MACH-Aero integrates two RANS CFD solvers with adjoint derivative
computation (ADflow [8, 9] or DAFoam [10, 11]), a geometry parametrization package (pyGeo [12]), a
mesh movement algorithm (IDWarp [13]), and an optimization interface (pyOptSparse [14]). MACH-
Aero has been used in the design of aircraft wings [15—21], wind turbines [22—24], and hydrofoils [25—
30]. With another CFD solver and its adjoint (OpenFOAM [11]), MACH-Aero has been used to design
cars [10], ship hulls [31], and cooling passages [32]. More recently, DAFoam has been extended for
coupled design problems such as wing design considering propeller-wing interaction [33], propeller
blade aerostructural optimization [34], and unsteady airfoil optimization considering propeller param-
eters [11].

As previously mentioned, aerodynamic considerations are not enough in aircraft design. One of
the critical components in aircraft design is the wing. In wing design, the interplay between the
structure and aerodynamics is particularly significant. Martins et al. [35] pioneered the coupled-
adjoint approach for derivative computation for CFD coupled to finite-element structural models and
applied it to aerostructural optimization [35, 36]. Kenway et al. [37] reimplemented the aerostructural
adjoint by coupling ADflow and the open-source structural finite-element solver TACS [38] in the
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Figure 1 — Gradient-based optimization combined with implicit analytic derivative computation, such
as the adjoint method, is a powerful combination enabling MDO with hundreds or thousands of
design variables [4].

MACH framework. An extended design structure matrix (XDSM) [39] of MACH is shown in Fig. 2.
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Figure 2 — Extended design structure matrix for the MACH framework. The diagonal rectangular
boxes represent the different codes that are coupled, the wide gray lines represent data exchanges
(above the diagonal they feed forward, and below the diagonal they feed backward), and the thin
black lines with arrows show the process, which follows the number sequence in the diagram.
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Based on the developed coupled-adjoint theory, Martins and Hwang [40] generalized derivative com-
putation methods in the unified derivatives equation. Hwang and Martins [41] used this equation
to develop the modular analysis and unified derivatives (MAUD) MDO architecture. The MAUD ar-
chitecture was applied to perform the MDO of a satellite with tens of thousands of design variables
considering orbit dynamics, thermal management, solar power, communication, and energy stor-
age [42]. Gray et al. [43] implemented the MAUD architecture in OpenMDAOQ, a general-purpose,
open-source framework for MDO.

Finally, the MPhys open-source multiphysics library was developed with OpenMDAO to handle simulation-
based MDO [44]. MPhys is designed to be modular and extensible, standardizing and facilitating the
development of coupled multiphysics models using OpenMDAO (see Fig. 3). By providing utilities

for building high-fidelity simulation models and defining standard disciplinary interfaces, MPhys ad-
dresses the challenges of model coupling and analytic derivative computation.

3



SHAPING SUSTAINABLE AVIATION WITH CFD-BASED DESIGN OPTIMIZATION

MPhys OpenMDAO

Optimizer Aerodynamics  Structures Propulsion

Figure 3 — The MPhys framework is built using OpenMDAO. It can couple all the disciplines relevant
to aircraft design in a modular way while accommodating the demands of high-fidelity simulations
such as CFD and FEM.

Like the MACH framework, MPhys can be used for aerostructural analysis and design optimiza-
tion using ADflow and TACS. In the applications described in the next section, we used MACH for
aerodynamics-only and aerostructural applications. MPhys was also used for these applications, as
well as aeropropulsive and thermal management applications.

3. Sustainable Aviation Applications

The pursuit of sustainable aviation has driven significant advancements in various technological ar-
eas aimed at reducing aircraft'’s environmental impact. This section explores four key areas where
we applied CFD-based MDO, contributing towards sustainable aircraft design. First, we discuss the
aerostructural optimization of high-aspect-ratio wings, which offer enhanced aerodynamic efficiency
and, thus, fuel burn reduction. Next, we address CFD-based aeropropulsive integration, focusing
on the synergistic design of propulsion and airframe shape to optimize performance and reduce
emissions. We then discuss thermal management applications, such as surface and ducted heat
exchanger design optimization. Finally, we explore the design optimization of unconventional config-
urations.

3.1 High Aspect Ratio Wings

One way to reduce aircraft drag and, hence, fuel burn is to increase the wing span, which reduces the
induced drag. However, wing structural weight increases with span. Because fuel burn decreases
with lower drag and weight, the wing span must be decided based on a design trade-off. By model-
ing the aerodynamics and the structures and simultaneously optimizing the structural sizing (which
directly affects the structural weight) and the wing shape (which directly affects the drag), aerostruc-
tural optimization can find the optimal trade that minimizes the fuel burn. Furthermore, this directly
optimizes the wing jig shape while accounting for the multiple wing shapes under different flight con-
ditions.

In the last two decades, there has been a trend towards increasing the wingspan of commercial
transport aircraft, driven by the need to improve aerodynamic efficiency and reduce fuel consumption.
An increase in aspect ratio directly increases the span for the same wing area (and wing loading). For
example, the outgoing Boeing 777 has an aspect ratio of around 9, reflecting its design optimization
for long-haul efficiency at the time of its development. In contrast, the newer Boeing 787 features a
higher aspect ratio of about 11, highlighting the advancements in materials and aerostructural design
that allow for more slender wings without a proportional increase in weight.

One of the pressing current questions is how much more we can increase the wing aspect ratio in
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the pursuit of more sustainable aircraft. We have used aerostructural optimization to optimize wing
planforms for different airframe technologies to reduce the fuel burn of next-generation sustainable
aircraft. The typical aerostructural optimization in the studies described here involves minimizing fuel
burn at several specified cruise conditions by varying structural element thicknesses and the wing’s
outer mold line. The shape includes planform variables such as span and spanwise chord distribution.
This optimization process is subject to various constraints, including maintaining the required lift for
each flight condition, ensuring structural integrity by adhering to failure constraints during several
maneuver conditions and preserving sufficient wing fuel volume. By carefully balancing these factors,
we design wings with optimal spans for a given aircraft size, mission, and airframe technology.
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Figure 4 — The uCRM-13.5 is a high aspect ratio aerostructural benchmark based on NASA’s
Common Research Model [19].

Brooks et al. [19] developed the uCRM benchmark, an aerostructural version of the Common Re-
search Model [45, 46], to demonstrate the effectiveness of aerostructural optimization and make the
models available to the aircraft design community. The uCRM-9, with an aspect ratio of 9, serves as
a baseline model representative of the Boeing 777 in terms of structural and aerodynamic charac-
teristics. They also created a high-aspect-ratio version, the uCRM-13.5 (shown in Fig. 4) to explore
new airframe technologies and challenge current design practices. This model, with an aspect ratio
of 13.5, is designed using buffet-constrained multipoint aerostructural optimization. Gray and Martins
[47] developed a simpler, wing-only benchmark model and a set of optimization problems that are
currently the focus of an AIAA aeroelastic optimization working group’

Gray et al. [48] explored the optimization of high-aspect-ratio wings using advanced computational
techniques to account for geometrically nonlinear behavior. As aircraft wings increase in aspect ratio
to enhance aerodynamic efficiency, their structural flexibility introduces significant nonlinear aeroelas-
tic effects that cannot be accurately modeled with linear methods. This study used RANS simulations
coupled with geometrically nonlinear finite element analysis to optimize both the aerodynamic shape
and structural sizing of a wing, as shown in Fig.6. The authors implemented these methods in the
TACS finite element library, enabling a robust and efficient nonlinear solver and a constitutive model
for stiffened shells. The research demonstrates the first simultaneous optimization of a wing’s aero-
dynamic and structural properties using high-fidelity geometrically nonlinear models, showing that

'Up-to-date problem statements and model files can be found at https://github.com/mdolab/
AerostructuralOptBenchmark
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such effects significantly influence the trade-off between drag reduction and structural mass. This
work provides critical insights into the design of next-generation transport aircraft, highlighting the
necessity of incorporating geometrically nonlinear analysis to achieve accurate and practical high-
aspect-ratio wing designs.

Linear TACS Variable planform +50% range

Fixed planform
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thickness (mm)
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Figure 5 — Optimized wing designs for fixed planform, variable planform, and extended range
scenarios. Although the planform of the wings optimized with linear and nonlinear structural models
appear similar, their weight differs by up to 11%, suggesting that geometrically nonlinear effects
change the trade-off between induced drag and wing weight [48].

3.1.1 Aerostructural Optimization of Tow-Steered Composite Wings

With the advent of automated fiber placement (AFP) machines, composite material fibers can be
laid down in specified curved paths. This manufacturing technique enables tow-steered composites,
which feature layers with spatially varying fiber orientations, allowing for more effective load distribu-
tion and passive aeroelastic tailoring. In this case, aeroelastic tailoring involves designing the wing
structure and material properties to passively alleviate loads during flight, reducing stress without
active control systems.

Brooks et al. [50] evaluated the potential benefits of tow-steered composites compared to conven-
tional composites with fixed fiber orientations. The optimizations were performed on both a conven-
tional aspect ratio wing (uUCRM-9) and a high aspect ratio wing (UCRM-13.5).

The findings indicated significant improvements in performance metrics for tow-steered composite
wings. For the uCRM-9, the tow-steered design resulted in a 2.4% reduction in fuel burn and a 24%
reduction in wing weight compared to the optimized conventional composite design. The improve-
ments were less pronounced for the uCRM-13.5, which had a 1.5% reduction in fuel burn and a 14%
reduction in wing weight. The less pronounced improvement between tow-steered and conventional
composites for the uCRM-13.5 was attributed to its increased flexibility, which results in stronger
bend-twist coupling and, thus, inherent passive load alleviation. Another benefit of tow-steered com-
posites they demonstrated was the local strength tailoring in high-stress regions, which contributed
significantly to the reported weight reduction.

The tow-steered composite wing design study required specialized manufacturing constraints. To this
end, Brooks and Martins [51] developed two primary constraints: tow-path curvature as well as gaps
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Figure 6 — The uCRM-13.5 simulated in a 3.5g pull-up maneuver at Mach 0.9. Our robust coupled
aerostructural solver is key to converging these extreme cases when using potentially unstable
nonlinear shell elements [49].

and overlaps. The tow path curvature constraint, defined by a minimum turning radius, ensures that
the prepreg tow can be laid down without twisting or puckering. The gaps and overlaps constraint
addresses the geometric limitations of laying down fixed-width tow in varying angles, which can lead
to regions that are either void or overlapping. These constraints were mathematically formulated
using vector field concepts, where tow paths are represented as streamlines of a 2D unit vector field.
This approach allowed for the precise control of tow path curvature and the prediction of gap and
overlap formation, ensuring manufacturability using current AFP machines.

Brooks et al. [21] also conducted a broader investigation consisting of a series of wing design op-
timization studies to explore the trade-offs between fuel burn and structural weight for different ma-
terial technologies, including aluminum alloy, conventional carbon-fiber-reinforced composites, and
tow-steered carbon-fiber-reinforced composites. By performing gradient-based optimization, they
generated Pareto fronts that illustrate the competing objectives of minimizing fuel burn and structural
weight, as shown in Fig. 7.

3.1.2 Adaptive Morphing for Higher Aspect Ratio Wings

Morphing technologies in aircraft design enable shape changes to improve aerodynamic efficiency
and reduce fuel burn. This can involve various mechanisms, including control surfaces and high-lift
systems, that adapt to different flight conditions. Aerodynamic and aerostructural design optimization
plays a crucial role in exploring these technologies by quantifying their impacts, accounting for all
relevant disciplines, and ensuring that new systems provide tangible performance benefits.

Lyu and Martins [52] studied the aerodynamic shape optimization of an adaptive morphing trailing
edge wing. They found that incorporating an adaptive morphing trailing edge can reduce drag by up
to 1% at on-design conditions and up to 5% at off-design conditions. This optimization resulted in a
1% cruise fuel burn reduction for a typical long-haul twin-aisle mission, demonstrating the potential
of adaptive morphing technology to enhance aerodynamic efficiency and significantly reduce fuel
consumption. However, this gain is not probably enough to compensate for the added cost, weight,
and maintenance of the morphing mechanism.

The study by Burdette and Martins [53] investigated the potential of adaptive morphing trailing edges
to enhance fuel efficiency in commercial transport aircraft using multipoint aerostructural optimiza-
tion. This study used a detailed optimization model that incorporated both aerodynamic and struc-
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Figure 7 — Pareto front showing the trade-off between fuel burn and weight for aluminum,
conventional composite, and tow-steered composite wing designs [21].

tural design variables, allowing for comprehensive multipoint optimizations across five to seven flight
conditions. They optimized two baseline wing planforms (UCRM-9 and uCRM-13.5), finding that mor-
phing was more effective for wings with higher aspect ratios. The research demonstrated that adding
a morphing trailing edge device along the aft 40% of the wing could reduce cruise fuel burn by more
than 5%, primarily through significant reductions in structural weight achieved via adaptive maneuver
load alleviation. Additionally, the study found that a smaller morphing device along the aft 30% of
the wing could achieve nearly the same fuel burn reduction. Burdette and Martins [54] expanded this
previous research by giving morphing the freedom to adapt to different flight conditions throughout
the aircraft mission. Through a series of aerodynamic and aerostructural optimizations, they showed
that morphing trailing edges could yield a 1% reduction in fuel burn with aerodynamic optimization
alone and up to 2.7% when considering structural deformations and weight reductions.

Morphing technologies have significant potential to enhance aerodynamic efficiency and reduce fuel
burn in commercial aircraft, with adaptive trailing-edge camber technologies offering reductions of
3-10%. Although some morphing mechanisms may not currently “buy their way” into aircraft due to
added weight, cost, and maintenance, continuous advancements in materials and design processes
might make these technologies more viable over time [55]. Aerostructural optimization is crucial to
realizing the full potential of morphing technologies. It considers all relevant disciplines and ensures
that morphing can take advantage of aerodynamics, structures, and their coupling. More broadly,
MDO should consider more disciplines, including the overall aircraft design system level.

3.1.3 Flutter and Post-flutter Constraints in Wing Design Optimization

Aerostructural optimization, including span as a design variable, can lead to flutter-critical high aspect
ratio wings. Therefore, the aerostructural optimization formulation should include flutter constraints.
Implementing flutter constraints is challenging due to the need to accurately capture the dynamic and
potentially nonlinear aeroelastic instabilities that flexible wings experience under various flight con-
ditions [56]. The sequence of contributions described here outlines the progress in the methodolo-
gies to address these challenges, from initial flutter constraints using simplified models to advanced
higher-fidelity approaches considering geometrically nonlinear effects.

Jonsson et al. [57, 58] developed a flutter solver specifically designed for gradient-based optimization
using the doublet lattice method. The flutter constraint formulation utilizes an efficient and robust
non-iterative p-k method, an effective bounding curve, and an aggregation technique. This results in
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a single continuous constraint function in the optimization problem that ensures the aircraft is flutter-
free over a range of flight conditions. Accurate and efficient derivatives of the constraint, including
mode shape derivatives, with respect to structural sizing and geometric changes, were implemented
using a combination of analytic and reverse-mode automatic differentiation. This efficient implemen-
tation allowed the flutter constraint to be included in a multipoint aerostructural optimization of the
Airbus XRF1 aircraft configuration with 1200 design variables and 1200 constraints (shown in Fig. 8).
Optimizing the aircraft without the flutter constraint produced an unsafe design while including the
constraint produced a flutter-free design with less than a 1% increase in fuel-burn [58].

J:\; v w/o FC
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Cruise
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Figure 8 — Including a flutter constraint in the optimization of the XFR1 produced a slightly stiffer,
flutter-free design with only a small fuel-burn penalty [58]

One of the approaches for determining flutter and post-flutter behavior is the time-spectral approach
based on CFD. He et al. [59] developed a new coupled Newton—Krylov method for solving time-
spectral problems. They used this solver and the time-spectral implementation in ADflow to solve
the limit cycle oscillations (LCO) and flutter onset of an airfoil undergoing pitching and plunging mo-
tion. The proposed Newton—Krylov method was easier to implement and required less memory than
previous methods. The results were verified against time-accurate CFD solutions and compared to
other time-spectral results reported in the literature. The LCO velocities and frequencies predicted by
the proposed method and the time-accurate solution were within 1% of each other. The method was
shown to be more efficient than the time-accurate method in LCO response simulations. When ex-
tended to three dimensions and coupled to a full finite-element structural model, this method has the
potential to be a viable way to predict LCO in the transonic regime and be integrated into aerostruc-
tural optimization as a flutter constraint.

Jonsson et al. [60] and Gray et al. [61] introduced a high-fidelity aerostructural optimization frame-
work that integrates a geometrically nonlinear flutter constraint, which accounts for large in-flight wing
deflections and their impact on the flutter boundary. The framework centers around a fully differen-
tiated condensation process that translates a detailed built-up wing model to a low-order aeroelastic
model. This allows for aerostructural optimizations where objectives and constraints such as cruise
drag and maneuver stresses are computed using a detailed finite element model (FEM) coupled with
RANS computational fluid dynamics (CFD) in MACH. The geometrically nonlinear flutter constraint is
computed using the low-order model in UM/NAST [62]. The study demonstrated that this advanced
modeling approach could accurately predict flutter onset and its impact on the optimized wing design.
It showed significant differences in the optimal configurations depending on the in-flight deformation
level. The conclusion emphasized the importance of incorporating geometrically nonlinear effects in
flutter analysis to design the next generation of highly flexible wings with high aspect ratios.
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3.2 Aeropropulsive Integration

Aeropropulsive integration in aircraft design optimization involves simultaneously considering aero-
dynamics and propulsion systems to achieve the most efficient overall aircraft performance. This
integration is essential because it ensures that the interactions between the airframe and the propul-
sion system are accounted for in the analysis. When used in MDO, aeropropulsive integration takes
advantage of mutually beneficial interactions. Traditional optimization approaches often treat aero-
dynamics and propulsion separately, leading to suboptimal designs. By considering them together,
MDO can exploit synergies between the two systems, such as improved fuel efficiency and reduced
emissions, making it a critical area of research for next-generation aircraft.

3.2.1 Ducted Fans and Turbofans

Gray et al. [63] developed a fully coupled aeropropulsive design optimization framework to study the
impact of boundary layer ingestion (BLI) on aircraft efficiency. They used a high-fidelity RANS aero-
dynamic analysis (ADflow) combined with a thermodynamic cycle model of an electric fan propulsor
(pyCycle [64]). The optimization aimed to minimize the shaft power required at cruise by varying the
propulsor size, as well as propulsor nacelle and aft fuselage shapes, subject to inlet distortion con-
straints. Enforcing inlet distortion constraints increased the required propulsor shaft power by up to
1.2%, but smaller propulsors experienced lower performance degradation. This work demonstrated
the importance of using fully coupled models to predict BLI performance accurately and demonstrated
the effectiveness of aeropropulsive optimization in designing BLI configurations.

Yildirim et al. [65] used the developed aeropropulsive optimization framework to evaluate the ben-
efits of BLI for NASA’s STARC-ABL concept. They used a high-fidelity aeropropulsive optimization
framework to study the impact of BLI on fuel efficiency and performance. By integrating a detailed
aerodynamic model with a propulsion system model, they optimized the design of the aft-mounted BLI
propulsor. The design variables consisted of shape variables for the propulsor nacelle, including the
nacelle diameter, as well as the propulsor fan pressure ratio (FPR). The results indicated significant
potential fuel savings, with optimized designs showing up to a 10% reduction in shaft power require-
ment. This study highlighted the effectiveness of BLI in improving aircraft efficiency and demonstrated
the necessity of simultaneously considering both aerodynamic and propulsion aspects for accurate
performance predictions and optimal design outcomes.

Lamkin et al. [66] improved upon previous aeropropulsive coupling methods by including a gas turbine
thermodynamic cycle model using pyCycle. This led to the first gradient-based optimization of a
high-bypass turbofan engine, including nacelle shape and thermodynamic cycle parameters. Their
approach involved a hybrid coupling strategy implemented in the MPhys framework. The optimization
successfully met both feasibility and optimality tolerances while satisfying performance, operability,
and consistency constraints (see Fig. 9). The hybrid coupling scheme enables efficient solutions
for complex engine flow paths across different levels of physical and geometric fidelity. Such an
aeropropulsive optimization early in the design cycle enhances confidence in preliminary designs
through higher fidelity analyses. These methods could be applied to new or existing propulsion
architectures to reduce fuel burn, limit emissions, and improve overall performance.

Abdul-Kaiyoom et al. [67] performed a comprehensive study on the aeropropulsive integration of an
over-wing nacelle (OWN) configuration using the developed framework (see Fig. 10). They empha-
sized the potential benefits of the OWN design, such as enabling higher bypass ratios and increasing
noise shielding, which contribute to more efficient and sustainable aircraft designs. They optimized
the OWN for different fan pressure ratios (FPR). When the OWN design was optimized for various
FPRs, the researchers discovered that the differences in wing shape were not significant. The fan
diameter increases when the FPR decreases. As a result, the required shaft power decreases when
FPR decreases. The results also show that optimizing the OWN configuration can yield significant
improvements in performance compared to conventional under-wing nacelle (UWN) configurations.
They optimized the OWN and UWN designs, where the OWN is optimized for a low FPR of 1.40
(OWN-1.4) and the UWN is optimized for a low FPR of 1.40 (UWN-1.4), and for a current typical
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Figure 9 — Normalized pressure (top) and Mach (bottom) contours on the turbofan engine symmetry
plane for the baseline and optimized designs [66].
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symmetry plane (x-z plane) for the OWN and UWN cases. (Generated from results of
Abdul-Kaiyoom et al. [67]).
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turbofan FPR of 1.50 (UWN-1.5). Thanks to the larger fan diameter and favorable aerodynamic in-
terference effects between the wing and the propulsor, the OWN-1.4 achieved lower required shaft
power than the UWN-1.5. For a similar propulsor size, the propulsor in the OWN has a lower drag
than the propulsor in UWN because of the favorable flow interaction between the wing and propulsor
in the OWN. They also did a parametric study for the location of the propulsor in the OWN design.
They found that when the propulsor is close to the wing’s root in the aft of the trailing edge position,
the wing performs better. Nevertheless, total drag reduces when the propulsor is positioned farther
from the wing’s root at the aft of the trailing edge. Again, the study highlights the importance of con-
sidering the coupled effects of aerodynamics and propulsion in aircraft design and provides insights
for future investigations into OWN configurations.

3.2.2 Propellers

Propeller-wing interaction plays a crucial role in the design and optimization of smaller transport
aircraft, especially those using distributed propulsion systems and electric motors. Because the
propeller’s induced flow significantly affects the aerodynamic characteristics of the wing, considering
these interactions in the optimization process is essential for achieving efficient designs.

Chauhan and Martins [68] investigated the aerodynamic shape optimization of a wing considering
the interaction between the propeller and the wing using RANS simulations. The study implemented
an actuator-disk model and coupled it to RANS to simulate the propeller’s effects on the wing’s aero-
dynamic performance. The optimization minimized cruise drag with respect to twist and airfoil shape
design variables. The results demonstrate that while optimizing the wing with the propeller model
provides detailed insights into the interaction effects, the overall benefits in drag reduction are mini-
mal compared to optimizing the wing without considering the propeller slipstream. This indicates that
for certain configurations, a sequential optimization approach may be nearly as effective.

Chauhan and Martins [69] extended their investigation to a configuration where the propeller is placed
in front of the wingtip. This study used the same RANS simulation coupled to an actuator-disk model
to capture the propeller-induced flow effects on the wing. They minimized total drag by varying
wing twist and airfoil shapes, considering the propeller’s slipstream during the optimization process.
Similarly to the previous study, optimizing the wing while accounting for the propeller slipstream yields
negligible additional benefits over optimizing it without the propeller model. The results show that it
is more important to select the propeller location and rotation direction strategically. Changing the
propeller rotation direction from outboard-up to inboard-up resulted in significant drag reduction.

CP 16 -14 12 1.0 09 07 05 03 ‘01 01 03 05 06 08 10 1.2

F,/A(kN/m?) 50 -45 -40 35 30 25 20 -1.5 1.0 05 00 05 1.0 v

Figure 11 — Three-propeller case from the distributed propulsion investigation of Pacini et al. [70].

Pacini et al. [70] used a similar approach to that of Chauhan and Martins [69] to investigate distributed
propulsion. However, instead of ADflow as described in Section 2., they used the OpenFOAM CFD
solver with the DAFoam adjoint implementation [10, 11]. The paper explored configurations ranging
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from zero to five evenly spaced propellers along the wing. Figure 11 shows the three-propeller case.
The results showed that the number of propellers impacts the wing’s aerodynamic performance and
that a single propeller mounted at the wing tip is the most effective way to reduce drag. However,
similarly to Chauhan and Martins [68] and Chauhan and Martins [69], they found that the benefit of
incorporating propeller-wing interaction into the optimization process is negligible compared to opti-
mizing an isolated wing and subsequently adjusting it for the desired flight condition with a propeller.

Pacini et al. [71] performed aerostructural optimization of the NASA tiltwing concept [72] using the
MPhys framework. The structural model was built and solved using TACS as in the aerostructural op-
timizations described in Sec. 3.1. The research achieves more realistic optimizations for vehicles with
wing-mounted propellers by considering propeller deflection due to wing deformation and additional
loads from the propeller. Due to a redistribution of lift across the wing, they achieved a reduction in
wing drag compared to the baseline. The optimized lift distribution closely follows an elliptical one,
although local lift variations due to propeller effects remain. These results highlight the potential for
further enhancing performance with expanded design freedom.

APressure [Pa] F, IN]
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0.1 1 -12.0
-0.3 -14.0
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Figure 12 — Coupled aerodynamic and aeroacoustic models developed by Pacini et al. [73].

Pacini et al. [73] also coupled aerodynamic and aeroacoustic models for gradient-based optimiza-
tion. They coupled a blade element momentum theory model for rotor performance modeling with
a Ffowcs Williams and Hawkings model for tonal aeroacoustic analysis (see Fig.12). The coupling
was implemented using the OpenMDAO framework, and the resulting framework computed coupled
derivatives using the direct approach. Both the aerodynamic and aeroacoustic models were validated
independently, and their derivatives were verified. They then applied the developed framework to the
optimization of the NASA quadrotor concept vehicle. They later expanded the framework to include
broadband noise prediction and optimized the NASA ideally twisted rotor used for aeroacoustic exper-
iments using the adjoint method. The optimization minimized noise by varying blade-shape design
variables, demonstrating the potential for significant noise footprint reduction in propeller-powered
aircraft.

Further advancing this research, another study by Pacini et al. [74] focused on coupling aerody-
namics, structures, and acoustics using a mixed-fidelity approach for the optimization of urban air
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mobility vehicles. For this study, they coupled the existing models and solvers for the aerodynamics,
structures, and aeroacoustics. The application focused on optimizing the NASA tiltwing concept vehi-
cle, demonstrating substantial reductions in wing drag and overall power consumption during cruise
flight subject to aeroacoustic constraints. The study demonstrated the importance of design trades
between power consumption and aeroacoustic constraints.

3.3 Thermal Management

Thermal management is a critical aspect of aircraft design, particularly for hybrid and electric propul-
sion systems [75]. Traditional turbine engines exhaust their waste heat directly into the freestream,
but electric propulsion systems accumulate heat within their components, requiring efficient thermal
management systems (TMS). These systems must keep component temperatures within operational
limits while minimizing additional weight and drag penalties.

The OpenConcept framework is an aircraft design framework developed by Brelje et al. [76]. They
use OpenMDAO to implement physics-based thermal analysis components, such as heat sinks, heat
exchangers, and coolant loops, with analytic derivatives for efficient gradient-based optimization.
OpenConcept was used to optimize a Beech King Air with a series hybrid electric propulsion system,
minimizing fuel burn while enforcing thermal constraints. The results demonstrated that consider-
ing thermal constraints led to a more robust design, effectively managing component temperatures
throughout the mission profile. This highlights the importance of including thermal management in
early-stage aircraft design optimization. Adler et al. [77] built on the initial version of OpenConcept to
investigate using vapor cycle and thermoacoustic refrigeration to cool the battery of a parallel hybrid
single-aisle commercial transport aircraft. The research highlighted the need for heat exchangers
with low-pressure losses to make thermoacoustic systems viable for aircraft applications, emphasiz-
ing the complex trade-offs involved in thermal management system design.

To address this need, Anibal and Martins [79] developed a conjugate heat transfer model in ADflow.
Their first application was to the aerodynamic shape optimization of an electric aircraft motor surface
heat exchanger. The optimization was successful in making optimal trades between heat transfer
capacity and aerodynamic drag, resulting in the shapes shown in Fig. 13. Anibal and Martins [79]
then used the same approach to optimize the shape of plate-fin heat exchangers. The optimization
results revealed that drag-minimizing designs feature channels stretched in the height and width
directions, reducing corners and improving drag-to-heat transfer ratios. In contrast, mass-minimizing
designs are characterized by shorter, wavy channels that enhance mixing. These results underscore
the potential of gradient-based methods to innovate heat exchanger designs for various applications,
including aerospace, automotive, and industrial sectors.

Ducted heat exchangers are much more effective than surface heat exchangers because they can
slow the airflow before passing through the heat exchanger, reduce the pressure drop, and then
recover some of the thermal energy with the nozzle. Ducted heat exchangers have been used in
aircraft since the 1930s, but there has recently been a renewed interest in electrified aircraft. Adler
et al. [80] optimized a ducted heat exchanger for rejecting waste heat from a hydrogen fuel cell aircraft.
They optimized the duct shape, heat exchanger size, heat exchanger channel geometry, and coolant
flow rate to minimize the ducted heat exchanger's power requirements while rejecting a specified
amount of heat. The duct was modeled by solving the RANS equations, which were coupled to an
OpenConcept heat exchanger model using MPhys. The study demonstrated significant performance
improvements, achieving the design shown in Fig. 14, which has five times less cruise drag than
the baseline. This demonstrates the potential of advanced optimization methods in enhancing the
efficiency of thermal management systems in modern aircraft.

3.4 Systems Packaging

Considering systems packaging in aerodynamic shape optimization is essential to achieving practical
designs with the lowest possible drag. Aircraft designers are exploring new propulsion architectures
and other technologies that require substantial internal space for components such as batteries,
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Figure 13 — As the heat transfer requirement increases, the aerodynamic shape optimization adds
streamlined fins with minimum drag [78].
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Figure 14 — Cruise flight condition pressure coefficient contours on the duct and temperature
contours on the symmetry plane for the optimized duct heat exchanger. The optimizer rounds the
corners of the baseline duct design and reduces the airspeed at the heat exchanger’s face to nearly
one-tenth of the freestream speed by manipulating the duct’s shape [80].
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fuel cells, and hydrogen tanks. Ignoring the spatial integration of these systems can lead to signifi-
cant discrepancies between optimized theoretical designs and practical solutions. For instance, the
placement and volume of fuel tanks, batteries, or other critical systems directly influence the aircraft’s
shape, which in turn affects aerodynamic performance and structural integrity. By integrating systems
packaging constraints into the MDO process, designers can ensure that all necessary components
fit within the aircraft while achieving optimal performance.

Traditional aerodynamic optimization tools have been limited by simple geometric constraints, which
do not adequately handle the complex spatial requirements of aircraft systems. Brelje et al. [81]
addressed the challenge of spatial integration in aerodynamic shape optimization by proposing a
general geometric constraint formulation based on triangulated 3D geometry. The approach relies
on metrics that are fast to compute and analytically differentiable, making them suitable for gradient-
based optimization. The paper validates this approach through three RANS-based optimization prob-
lems, demonstrating its robustness and efficiency in handling the spatial integration of objects with
arbitrary shapes. The approach enables aerodynamic shape optimization including systems packag-
ing.

Hydrogen fuel is a promising alternative to conventional fuels, but its lower energy per unit volume
and special tank requirements make it a challenging systems packaging problem. Brelje and Martins
[82] applied their spatial integration approach to the aerostructural optimization of a wing containing
liquid hydrogen tanks. The optimization successfully made trade-offs between weight, drag, and fuel
storage capacity. The results indicate that optimal wing designs for hydrogen fuel storage thickened
the wing root to accommodate the hydrogen tanks efficiently.

lteration: O

CP -1.5 13 -1.1 09 07 -05 -03 0.1 01 03 05 07 09 11

lteration: 96

CP -15 -13 11 -09 -0.7 -05 -03 -0.1 01 03 05 07 09 1.1

Figure 15 — Aerodynamic shape optimization of the NASA tiltwing vehicle considering packaging
constraints, showing the baseline (top) and optimized (bottom) shapes. (Results based on Hajdik
et al. [83])

Hajdik et al. [83] applied the same approach to optimize the aerodynamic shape of the NASA tiltwing
concept vehicle [72] while packaging hybrid propulsion system components. As shown in Fig. 15, the
optimization significantly changed the outer mold line of the fuselage, extending the nose section and
reshaping the tail cone while moving the system components to more favorable positions. The result
was a drastic reduction in drag. The findings highlight the significant design freedom and efficiency
gains made possible by considering both the position of the internal systems and the aircraft’s outer
mold line in an MDO framework.
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3.5 Unconventional Configurations

Since the dawn of the jet age, tube-and-wing aircraft configurations have dominated the air trans-
portation industry. This configuration has been refined over many decades. One of these wing
refinements was wing area reduction, thanks to better high-lift devices to satisfy field length require-
ments. Another significant refinement was a span increase, thanks to advancements in materials and
structural design. The result was the previously mentioned increase in wing aspect ratio. However,
there is a limitation to how much the wingspan can be increased to enhance efficiency. Overall, the
potential improvements to conventional aircraft configurations are reaching a plateau.

To achieve significant advancements in sustainable aviation, unconventional aircraft configurations
such as blended-wing body (BWB), truss-braced wing (TBW), and the D8 should be explored. These
configurations promise to break the barriers of conventional designs by offering potential improve-
ments in aerodynamics, structural efficiency, and, thus, fuel burn. In this section, we review appli-
cations of the developed methods to these unconventional configurations. The papers summarized
below are only a small fraction of all the studies performed on unconventional configurations; Bravo-
Mosquera et al. [7] provide a comprehensive review.

T T T T T T T T — T 15 ’S=0.(1J
@0 CG. Ak
OO N.P. | [Study 3 4 05
[ ||C,=0.00972 C,=0.00955 | {o'or
| ||C_=0.206 C, =0.206 7 ost
' ||c,, =0.000 C,,=0.000 || | 1}
K,=1.0% | o0z o4 05 o8
45— : —
<=04
Al
05
oor
Shock surface 05k
. . : ‘ : _ . s 15— 0z 04 06 08 1
T T T T T oo T T T S — . e
15 panwise lift . " 0_9‘
7 //1 1 Ar
3 +05 .
05F
——10 ) eol
i T T T T T 7k5deg T T T T TWISI\ | (&) 0
05
L /—h__/\-o_/\%\ i
1k i
- +5 : S—
| | | I | 15— L L . . |

Figure 16 — Comparison of optimized BWB shapes with different center of gravity positions [84].

Lyu and Martins [84] investigated RANS-based aerodynamic shape optimization of a BWB aircraft
considering trim and longitudinal static stability. In a sequence of increasingly complex optimization
studies, they minimized drag with respect to different sets of design variables subject to various
constraints. They started by just enforcing a lift constraint and varying spanwise twist distribution and
then added airfoil shape design variables, In addition to the lift constraint, they performed optimization
studies with trim moment and static margin constraints, as shown in Fig. 16. In one of the studies, they
also varied sweep and chord distribution. This paper contributed to the understanding of the trade-
offs between aerodynamic performance and constraints on trim and stability. It also demonstrated
how RANS-based aerodynamic shape optimization can be used to explore and refine new aircraft
configurations more quickly.

Mader et al. [85] performed the aerostructural optimization of the D8 aircraft, also known as the
“double-bubble” configuration. This unconventional design features a wider fuselage that provides
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Figure 17 — Overset RANS mesh and flow solution for the D8 configuration [85].

additional lift and reduces the overall drag, as shown in Fig. 17. The authors minimized the average
fuel burn considering multiple flight conditions by varying wing twist and chord distributions, span,
sweep, and airfoil shapes, as well as detailed structural sizing. They performed optimizations for three
different transonic Mach numbers, and the optimal sweep increased with Mach number as expected.
The results were compared with a conceptual design tool (TASOPT). While the gross performance
numbers compared favorably, the CFD-based aerostructural optimization was able to determine the
optimal sweep and design transonic airfoil shapes more accurately. Overall, the results showed that
the D8 configuration is promising and can benefit from such aerostructural optimization.
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Figure 18 — Baseline and optimized shape for the TBW [86].

Secco and Martins [86] developed RANS-based aerodynamic shape optimization for a TBW con-
figuration, which employs trusses to support high aspect ratio wings, allowing for greater wingspan
with lower weight penalties than a cantilevered wing. This design aims to reduce induced drag, but
keeping the additional drag due to the truss is challenging. The paper developed a methodology to
optimize the shape of the wing and truss simultaneously, which drastically reduced the interference
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drag at and near the truss-wing junction, as shown in Fig. 18. This result demonstrated the need for
CFD-based shape optimization to quantify the advantages of a new aircraft configuration accurately
and to address potential challenges during the conceptual design phase. The designed optimiza-
tion results indicated that the TBW configuration could achieve significant fuel savings and enhanced
performance.

4. Conclusions

This paper reviewed the advancements made by the MDO Lab over the past decade in CFD-based
MDO and its applications to sustainable aviation. CFD aerodynamic models and their coupling to
other disciplines, such as structures and propulsion, are essential for accurately capturing the com-
plex multidisciplinary physics involved in aircraft design. To enable the design optimization that cap-
tures these physics, we developed the coupled adjoint approach. This approach was later modu-
larized with MPhys (which is based on OpenMDAOQ), enabling efficient optimization with respect to
hundreds or thousands of design variables considering multiple disciplines.

In our applications, high aspect ratio wings proved to be an ideal use case for aerostructural optimiza-
tion. This is because the optimal span depends on an accurate trade-off between aerodynamic drag
and structural weight. Aerostructural optimization was particularly effective for exploring new tech-
nologies like tow-steered composites. We developed the uCRM-13.5 benchmark to explore these
new technologies, providing the community with a valuable tool to test and validate new designs.
Morphing technologies were also explored, demonstrating potential for improving aerodynamic effi-
ciency and reducing fuel burn. Because high aspect ratio wings are more flexible, they are prone to
flutter. To address this issue, we developed flutter constraints within our optimization framework to
ensure structural integrity.

We pioneered aeropropulsive design optimization by coupling thermal cycle models to CFD, creating
a more integrated approach to engine design. This method is particularly crucial for the rapid redesign
cycles needed for turbofans using alternative fuels such as hydrogen. The method was also used to
study the aeropropulsive integration of propellers and distributed propulsion.

As electrification becomes more prevalent in aviation, effective thermal management will be increas-
ingly critical. We have prepared for this by coupling heat transfer to CFD in MPhys and designing
both surface and ducted heat exchangers. Electrification also adds a systems packaging challenge,
which we addressed by developing the capability to enforce packaging constraints for components of
arbitrary shapes in aerodynamic and aerostructural optimization.

Due to the lack of historical data, MDO should play a crucial role in the design unconventional con-
figurations, such as the BWB, TBW, and D8. MDO allows for a comprehensive analysis of trade-offs
between aerodynamics, structures, propulsion, stability, and mission performance.

In conclusion, while investing in advanced airframe technologies is vital for sustainable aviation, in-
vesting in design methodologies is equally important. Advanced design approaches like MDO reduce
design cycles and enable the exploration and refinement of new concepts, driving the future of sus-
tainable aircraft design.
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