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This study presents a performance and design assessment of the Blended-Wing-Body (BWB)
aircraft in the twin-aisle class using aerodynamic optimization based on Reynolds-averaged
Navier-Stokes equations employed within a mixed-fidelity multidisciplinary design environment.
The formulation models critical design and performance requirements as constraints across
the flight envelope and makes use of high design freedom to efficiently meet them. A baseline
BWB configuration is first sized to match the specifications of a state-of-the-art reference
tube-and-wing aircraft, the Airbus A350-900, and present-day technology levels are assumed in
order to isolate the effect of the configuration. The investigation considers variations in cabin
geometry and evaluates narrower centerbody concepts previously shown to be favorable for
regional-class BWB aircraft. Results demonstrate that the optimized BWB aircraft, constrained
to a -4% MAC low-speed static margin, achieves an estimated 30% reduction in block fuel burn
over a 7,100 nmi mission relative to the reference aircraft, attaining a cruise lift-to-drag ratio
of 28.4 at Mach 0.85 and 36,000 ft. A passenger cabin with 24 seats per row, separated by 4
aisles, outperforms wider and narrower variants. Optimizing for a higher cruise altitude of
44,000 ft markedly improves fuel efficiency by 3% while an increase in low-speed static margin
to neutral increases fuel burn by 3.6%. The optimized aircraft perform adequately at stall
to achieve the required field performance, and cruise aerodynamic performance is robust to
changes in flight conditions. The results provide an accurate estimate of the BWB aircraft’s
fuel efficiency potential in the twin-aisle class, showing excellent fuel efficiency even with the
inclusion of critical design requirements, encouraging further commercial exploration.

I. Nomenclature

𝐶𝐷 Total drag coefficient of the aircraft
𝐶𝐿 Total lift coefficient of the aircraft
𝐶𝑝 Pressure coefficient
𝑐 Chord at a given span station [ft]
𝐾𝑛 Static margin [% MAC]
MAC Mean aerodynamic chord
MTOW Maximum takeoff weight [lb]
𝑁 Number of grid nodes
NP Neutral point [% MAC]
OEW Operating empty weight [lb]
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SLS Static sea-level
TOFL Takeoff field length [ft]
TSFC Thrust-specific fuel consumption [(lbm/hr)/lbf]
𝑉r Takeoff rotation speed [kts]
𝑉2 Minimum speed after takeoff to maintain a safe climb with one engine inoperative [kts]
𝑥/𝑐 𝑥-position as measured from the aircraft nose, normalized by local chord
𝑦/𝑏 𝑦-position as measured from the aircraft centerline, normalized by span

II. Introduction

As a growing source of greenhouse gas emissions, the aviation industry faces increased pressure to reduce its
environmental footprint, which has led the International Civil Aviation Organization to assert a goal of making the

industry net-zero carbon dioxide by 2050 [1]. Although the adoption of renewable fuels will be critical to achieving
the net-zero goal, efficiency improvements will play a crucial role in offsetting the cost increases associated with their
introduction. While many aspects of commercial aircraft are continually optimized for efficiency improvements, their
overall configuration has remained largely unchanged, with the conventional tube-and-wing (CTW) concept prevailing
for the past seven decades. However, through the adoption of novel configurations, a step change in fuel efficiency may
be possible [2]. An unconventional configuration that has established itself as a front-running alternative to the CTW is
the blended-wing-body (BWB) concept. The BWB aims to perform functions such as lift generation, payload carriage,
and control with greater aerodynamic efficiency, leading to lower fuel burn [3]. The absence of an empennage is a key
performance driver for the concept, but this requires its functionality to be distributed among other aircraft components.
In 2008, NASA kicked off the N+3 Subsonic Transport project with a team from MIT, Aerodyne Research, Aurora
Flight Sciences, and Pratt & Whitney, aiming to carry out the conceptual design of a BWB aircraft sized to match the
Boeing 777-200LR for a 2030 entry into service. The study revealed a fuel burn reduction of 54% in favour of the BWB
concept, with 25% of the benefit being directly attributed to the airframe itself, highlighting the fuel efficiency potential
of the configuration [4]. While the BWB concept has yet to be adopted for commercial use, various developments are
pushing toward that goal. In 2022, Bombardier revealed their EcoJet project to the public, which aims to leverage the
BWB configuration to reduce emissions by 50% in the business-jet class of aircraft [5], and has been flying a scale model
to validate performance predictions. Similarly at commercial scales, JetZero claims a possible fuel burn reduction of
50% for their BWB and hopes to fly a full-scale demonstrator by 2027 as part of a Department of Defense technology
development program [6].

The BWB aircraft configuration has been the subject of aerodynamic shape optimization based on the Reynolds-
averaged Navier-Stokes (RANS) equations since 2004 [7, 8]. RANS-based aerodynamic shape optimization of full
aircraft configurations is now capable of accurately accounting for viscous drag and local flow behaviour through several
hundred design variables [9–12]. Since 2004, the design space for the BWB has expanded with increased geometric
freedom [13], and recent work has incorporated constraints from disciplines beyond aerodynamics. New commercial
airliners must meet stringent design requirements to be viable alternatives to existing aircraft. While CTW aircraft
typically meet these requirements with minimal cost to performance, the BWB design introduces strong interdisciplinary
dependencies between the two [14]. Although modeling all requirements at the preliminary stage is impractical,
including the most critical constraints improves design and performance estimates. Reist et al. [14] combined weight
and balance models with a RANS flow solver to create a multidisciplinary optimization tool, incorporating cruise
stability and low-speed control constraints. Using this framework, they optimized a regional-class BWB, achieving a
lift-to-drag ratio of 20.4, with a 10% efficiency loss to achieve takeoff rotation using pitch control surfaces. The study
concluded that a narrower centerbody improves the lift-to-drag ratio and reduces structural weight, as the increased
relative height of the cabin drives an elongated aftbody in regional-class designs. Gray and Zingg [15] added off-design
constraints for low-speed longitudinal stability, takeoff, and climb, using a pivot-piston variable-length landing gear to
eliminate the takeoff rotation penalty. Their study reports a lift-to-drag ratio of 21.7 at 36,000 ft, efficiently meeting all
stability, control, and performance criteria through high aerodynamic design freedom. They concluded that omitting key
design requirements from optimization formulations can lead to significantly overestimated performance and missing or
incorrect design features.
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Table 1 Design specifications of the Airbus A350-900 [16].

Aircraft Performance Propulsion
MTOW [lb] 617,000 Cruise speed Mach 0.85 Power plant Trent XWB-84
OEW [lb] 314,000 Service ceiling [ft] 43,100 SLS thrust [lbf] 84,200
Max payload [lb] 117,000 𝑉ref [kts] 140 TSFC [(lbm/hr)/lbf] 0.478
Cargo volume [ft3] 6,090 Wing loading [lb/ft2] 130 Length [ft] 19.1
Planform area [ft2] 4,770 Maximum payload range [nmi] 6,000 Diameter [ft] 9.8
Span [ft] 212 Maximum fuel range [nmi] 8,500

Ferry range [nmi] 9,500
Takeoff field length [ft] 9,190

Fig. 1 Payload-range diagram of the Airbus A350-900 [16].

The objective of this work is to develop a design and performance estimate for the BWB configuration in the
twin-aisle class based on a mixed-fidelity optimization framework with RANS aerodynamic modelling and a problem
formulation that includes critical design requirements and high design freedom while also assessing performance
sensitivity to cruise altitude and longitudinal static stability. Once a baseline design has been sized to match the payload
of a state-of-the-art twin-aisle CTW aircraft, the optimal passenger cabin width is investigated with significant geometric
freedom to further explore narrower variants that have been shown to be optimal for the regional-class BWB aircraft
[17]. The fuel efficiency benefit of a higher cruise altitude is explored with optimizations at 44,000 ft to potentially
take advantage of the BWB concept’s naturally lower wing loading. As the tailless nature of the BWB lends itself to
longitudinal static instability for maximized efficiency [14], a study is conducted to evaluate the fuel burn penalty of
moving to neutral stability from a modestly negative static margin of -4% mean aerodynamic chord (MAC). Finally, the
performance robustness of the twin-aisle-sized BWB aircraft is assessed with respect to changes in cruise conditions,
and high-lift capabilities are verified for the required field performance.

III. Mission Requirements and Initial Geometry

A. State-of-the-Art Twin-Aisle Benchmark
The optimized BWB aircraft are designed to perform the identical mission as the Airbus A350-900, which has been

selected as a reference state-of-the-art twin-aisle CTW aircraft. Table 1 highlights the design specifications, and Fig. 1
shows the payload-range diagram of the A350-900. For the BWB aircraft, present-day technology levels are assumed
in order to isolate the effect of the configuration; in particular, the aircraft’s power plant is a scaled version of that
of the A350-900. The reader should be aware that a future BWB aircraft will also incorporate other next-generation
technologies, such as more efficient engines, and therefore will have a larger overall fuel burn reduction relative to
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Fig. 2 Isometric view of the baseline BWB aircraft.

Fig. 3 Longitudinal control surface definitions. Fig. 4 Directional control surface definition.

present-day reference aircraft than the results from this study, which include only the effect of the configuration itself.
The design specifications dictate aircraft sizing and case initialization for the studies conducted. A suitable internal
volume layout based on the design payload is presented in Section III.C. Since the aircraft is sized based solely on the
design mission, an average mission is selected (red point) between the maximum fuel and payload missions shown on
the diagram. Side studies conducted show the choice of sizing mission to have minimal design influence so long as it is
along the maximum takeoff weight line (between the blue points).

B. Baseline Geometry and Parametrization
The BWB geometry used as the baseline for this study reflects the latest and most consistent variations observed

in the literature [2, 5, 6, 8]. The planform consists of four distinct sections: a centerbody with a high leading-edge
sweep and straight trailing edge, a highly tapered blending region, a swept-back wing, and a winglet for directional
stability and control. For the baseline geometry, SC(2)-0014 airfoils are used for the centerbody, SC(2)-0012 airfoils
are employed at the wing root, and SC(2)-0010 airfoils are applied at the outer wing tip and winglet [18]. Figure 2
illustrates the baseline BWB geometry. This study works with a half model of the aircraft mirrored across the centerline
plane to reduce computational cost.

As a number of trim conditions are included in the problem formulation, control surfaces are necessarily modeled.
This includes three independent surfaces on the wing, referred to as flap-elevons, each having a chord fraction of 30%,
a centerbody elevator at the trailing edge of the centerbody with a chord fraction of 10%, and a winglet-mounted
rudder with a 30% chord fraction spanning the upper 80% of the winglet. Figures 3 and 4 illustrate the positions of the
longitudinal and lateral control surfaces, respectively. The flap-elevons can deflect 25 degrees in each direction, but are
limited by a 50% saturation limit to leave room for aircraft attitude control. The centerbody elevator and winglet rudder
can deflect up to 25 and 30 degrees, respectively, with a 80% saturation limit for the former.
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Fig. 5 Transformation of conventional cabin to
equivalent 5-bay BWB cabin.

Fig. 6 Visualization of the cabin floor fit within the
planform.

C. Modeling of Passenger Cabin for Internal Shape Constraint
The cabin shape polyhedron has a heavy influence on the aircraft’s outer mold line (OML). A boxed shape is

considered as opposed to an ovoidal or filleted shape to give the optimizer further shaping freedom on the leading and
trailing edges of the cabin. The shape is sized to fit 440 economy class passengers with a height of 7.6 ft based on
twin-aisle aircraft norms [19]. The cabin floor sizing and shape are determined based on the methodology outlined
by Bradley [20]. The methodology first designs a cabin with a prescribed number of seats and aisles per row (i.e. 6
seats separated by a central aisle) and accounts for area taken up by other cabin artifacts, namely lavatories, galleys,
closets, and transverse aisles (specific to the BWB concept). For a given number of passengers in each class of seating, a
single-bay cabin length is calculated, which is then partitioned into bays according to a desired base cabin width and the
centerbody leading-edge sweep angle. The transformation is shown in Fig. 5. Figure 6 illustrates the partitioning of the
conventional cabin into the BWB-compatible cabin featuring 5 bays, which results in a hexagonal floor plan. The front
of the cabin is modelled to interface with a twin-aisle-size aircraft cockpit forward of the passenger cabin. Thus, results
will indicate the optimal floor area and volume that can be used to configure a cockpit. Cargo is housed in the volume
outboard and aft of the passenger cabin since standard cargo units are shorter than the passenger cabin height [21]. Due
to the excess volume in these regions of the aircraft, the cargo hold is not explicitly modelled.

IV. Mixed-Fidelity Multidisciplinary Optimization Framework with High-Fidelity
Aerodynamic Shape Optimization

This study embeds a high-fidelity aerodynamic shape optimization framework within a multidisciplinary optimization
framework. Due to the tightly integrated nature of the BWB configuration, multidisciplinary considerations, especially
those related to stability and control, play a large role in driving the aerodynamic design of the aircraft. The analysis
fidelity level of each discipline is selected for computational efficiency as needed for accurate performance prediction
and identification of key design features.

The aerodynamic shape optimization framework used for aerodynamic analysis and optimization consists of five key
components. The first is a multiblock Newton-Krylov-Schur flow solver [22, 23] coupled with the Spalart-Allmaras
turbulence model [24, 25]. The solver is a parallel implicit method that utilizes summation-by-parts operators for spatial
discretization and simultaneous approximation terms for enforcing boundary and block interface conditions. The system
is solved to a relative tolerance of 10−10. The second component is the free-form and axial deformation geometry-control
method. In this approach, free-form deformation (FFD) volumes provide local shape control, while global shape control
is through axial curves that drive the FFD volume [26]. Figure 7 displays the FFD volume and axial control points
overlaid on the BWB geometry. The BWB aircraft is parametrized using 4 axial curves running through the centerbody,
blending region, outer-wing, and winglet, respectively. To update the computational grid after surface modifications, an
integrated grid parameterization and deformation scheme is incorporated into the framework [27], which makes use of
B-spline volumes for each grid block. Thirdly, a robust linear elasticity model propagates the surface B-spline control
point deformations across the B-spline volumes. This grid parameterization scheme also supports the generation of
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Fig. 7 Baseline BWB aircraft FFD control points (blue) and axial control points (green).

additional grid levels with increasing grid refinement [28]. Following the approach of Gagnon and Zingg [26], the
B-spline control points defining the aerodynamic surface are embedded within the FFD volumes, ensuring the analytical
definition of the surface is preserved. The fourth component is the optimization algorithm, the gradient-based Sparse
Nonlinear OPTimizer (SNOPT) [29]. Global optimization methods are not employed in this study, so the reported
optima may be local rather than global. Finally, gradient evaluation utilizes the discrete adjoint method [[9, 30], which
is well-suited for problems with many more design variables than flow-dependent constraints. The resulting linear
system is solved to a relative tolerance of 10−8 using a flexible version of the Generalized Conjugate Residual with
Orthogonalization and Truncation (GCROT) algorithm [31], which is sufficient to obtain accurate gradients.

Multidisciplinary interactions are modeled using low-, medium-, and mixed-fidelity models. Component weights,
propulsor performance, and excrescence, nacelle, and windmilling drag are computed with low-fidelity models. Medium
fidelity is used for CG and inertia estimates based on the aircraft OML, while flight mechanics quantities are captured
with mixed-fidelity physics-based equations. Maximum takeoff weight (MTOW) is determined iteratively by evaluating
component weights from an initial guess, summing them, and checking for convergence. No fixed MTOW is assumed;
instead, the aircraft is sized to meet design requirements. Component weight estimation draws from Bradley (for the
centerbody) and Roskam [32], Raymer [33], and Torenbeek [34] for other elements. Recent advances in material sciences
suggest a possible reduction in the weight penalty associated with the non-cylindrical pressure vessel that characterizes
BWB aircraft. One such advanced concept is the Pultruded Rod-Stiffened Efficient Unitized Structure (PRSEUS) [35],
which is an advanced composite airframe architecture developed to enable lightweight stiffened centerbody structures.
It can help withstand internal cabin pressurization without the excessive structural weight associated with metallic
solutions. In this study, PRSEUS is implemented as a 10.4% weight saving on the centerbody pressure vessel [15],
which is on the conservative side when compared to similar studies assuming this technology [36]. A rubber engine
model based on the work by Gur et al. [37] is used to allow for scaling of size, weight, and thrust to fit mission needs.
The engine is sized to concurrently meet the following performance requirements: 1) 300-ft/min climb at cruise, 2)
2.4% one-engine-inoperative (OEI) climb gradient after liftoff, and 3) takeoff field length (TOFL) limit under sea-level
conditions. Drag from nacelles, pylons, and excrescences is added empirically to RANS-based clean airframe drag,
which includes trim drag. Mixed-fidelity models estimate the TOFL, decision speed (𝑉2, climb speeds and angles,
and reference stall speed. The TOFL is computed per FAR Part 25 as the longer of the all-engines-operative/OEI
accelerate-stop or accelerate-go distances, via integrated motion equations.

V. Optimization Problem Formulation and Solution Strategy
This section describes the problem formulation applied to the BWB aircraft that aims to include critical design

requirements. The objective function is block fuel burn, representing the total fuel burn for the design mission. This
choice of objective allows for a balanced representation of efficiency in an economic context, incentivizing fuel cost
reduction and in part weight reduction, and in an environmental context, as a reduction in fuel burn leads to a reduction
in carbon dioxide emissions. The following analysis points are modeled in the formulation: 1) start-of-cruise, 2)
low-speed flight, and 3) OEI takeoff ground-roll. A twin-aisle-class aircraft spends the most time in the cruise segment
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Table 2 Design variables and constraints pertaining to aircraft design. Numbers in parentheses indicate counts.

Design variables
Geometric Aircraft-level

−15◦ ≤ Twist (27) ≤ 15◦ −10 ft ≤ Cabin 𝑥-position (1) ≤ 10 ft
5% ≤ Shape (220) ≤ 200% −5 ft ≤ Cabin 𝑧-position (1) ≤ 5 ft

50% ≤ Chord (28) ≤ 200% −3◦ ≤ Cabin floor angle (1) ≤ 3◦

−100 ft ≤ Change in segment span (4) ≤ 100 ft −5% ≤ OEW CG perturbation (1) ≤ 5%
30◦ ≤ Leading-edge sweep (4) ≤ 60◦ −50% ≤ Engine scaling factor (1) ≤ 150%
0◦ ≤ Wing dihedral (1) ≤ 4◦ −2◦ ≤ Thrust-line angle (1) ≤ 2◦

Design constraints
80% of initial ≤ Wing minimum thickness (22)

Fuel volume (1) ≤ wing volume
Tip strike (1)

Cabin shape (1)

of its mission, which highlights the importance of cruise fuel reduction, low-speed flight performance is critical for both
aerodynamic design and static longitudinal stability concerns, and OEI ground-roll informs the size and position of
vertical surfaces. Analysis of takeoff rotation is not included on the basis of adopting the pivot-piston landing gear
design developed by JetZero [38]. While rotation is known to be very penalizing for smaller sized BWB aircraft, a
future study will look to quantify the penalty in the presence of high design freedom at the twin-aisle size as well.

In terms of design variables, the aircraft geometry has extensive freedom in section shape, twist, chord, segment
spans, and segment leading-edge sweep angles. Wing dihedral is also included to help with tip strike. All bound
constraints are inactive on optimized aircraft except dihedral, which is constrained to a maximum of 4 degrees in all
cases to limit Dutch roll tendencies. The role of the bounds as defined is to prevent the exploration of highly infeasible
designs that could cause mesh deformation difficulties, which hinder optimization convergence. The cabin is allowed to
displace longitudinally and vertically to better fit within the aircraft OML. A limit in the aft direction is necessary to
avoid the prevalence of a long and narrow volume ahead of the cabin, which would make it hard to house a cockpit. The
cabin pitch is also a design variable but a cruise deck angle limit of +/- 3 degrees is imposed for passenger comfort
[15]. The CG of the aircraft components that build up the operating empty weight (OEW) is allowed to perturb by 5%
MAC from the calculated value to account for future favorable systems layout reorganization. The engine scaling factor
allows for reference engine resizing and the thrust line best orients the engine thrust direction. The constraints that
bound the design space include fitting the cabin shape polyhedron, sizing the wing volume to be larger than the required
fuel volume (usable volume assumed to be between front and rear spars excluding 5 feet of span measured from the
wingtip), preventing roll and pitch tip strikes, and ensuring wing profiles to be within 80% of their original thicknesses
to prevent unrealistically thin wings. Design variables and constraints are reported in Table 2. The aircraft wing span
is left unconstrained with respect to fitting into a particular gate to find the optimal span for block fuel burn without
such a constraint. Future work will investigate the design and performance implications of adhering to a Gate E span
requirement, potentially with folding wing tips.

The analysis point at cruise requires the aircraft to satisfy lift and trim constraints without using control surfaces
at the start-of-cruise weight and CG position. Angle of attack is a design variable available to the optimizer but is
implicitly bounded by the cabin floor angle requirement at cruise. A minimum top-of-climb rate of climb of 300 ft/min
is required, which serves as one of the engine sizing cases for the aircraft [39]. The chosen analysis point informs the
assumed aerodynamic performance of the aircraft in range calculations. The aircraft’s range is constrained to equal the
design range.

Since the BWB features a large planform area, an expected advantage of the configuration stems from foregoing
complex and heavy high-lift systems. Low-speed design requirements are enforced at takeoff flight conditions, that is,
takeoff safety speed 𝑉2, maximum takeoff weight, the aftmost CG position, and engines on idle. The combination of
weight, CG, and thrust settings at the chosen flight condition are demanding with respect to static margin and control
surface usage, which in turn drive the planform to an extent that at least partially covers trim and lift on approach at
maximum landing weight. The high-lift performance of the benchmark design at off-design conditions is shown in
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Table 3 Analysis point-specific design freedom and constraints. Numbers in parentheses give counts.

Cruise Low Speed OEI
Variables Y/N Range Y/N Range Y/N Range
AoA (1) ±5◦ ±20◦

CB elevator (1) ±20◦

Flap-Elevons (3) ±12.5◦

Rudder (1) ±30◦

Constraints Y/N Value Y/N Value Y/N Value
Lift 𝐿 + 𝑇𝑥 = MTOW 𝐿 = MTOW
Trim 𝐶𝑚@CG = 0 𝐶𝑚@aft CG = 0 𝐶𝑛 = 0
Static Margin ≥ −4% MAC
Aircraft Range = Design Range
Climb Rate ≥ 300 ft/min
Climb Angle ≥ 2.4%
Takeoff Field Length ≤ 9,186 ft

Section VI.D. Future work will add more analysis points to the formulation to ensure design conformity at the edges of
the envelope (i.e. takeoff and landing stall-speed trim). At the low-speed analysis point, lift and trim constraints are
imposed and a static margin constraint is applied at the aftmost CG position. The static margin is constrained to be
greater than -4% MAC, which is moderately negative to be less penalizing, yet assumed to be addressable through
active stabilization. Neutral point movement to the aft at cruise speeds suggest that low-speed static margin is the most
negative, i.e. most critical. The TOFL model uses the aircraft’s aerodynamic performance at the low-speed analysis
point to compute climb gradient and distance required to reach a screen height of 35 ft.

The OEI analysis point sizes the winglet and rudders such that directional trim is maintained at the on-ground
minimum control speed; the half-model analysis introduces some error but provides acceptable accuracy, so doubling
the computational cost is not warranted at this stage of investigation. For the OEI takeoff ground roll, the yawing
moment is required to be zero.

Table 3 summarizes the design variables and constraints at each of the three analysis points. While cruise is
assumed at an altitude of 36,000 ft, all other cases are at sea-level. Cruise speed is specified to be Mach 0.85, low-speed
performance is assessed at 152 kts (𝑉2), and the OEI ground-roll speed is assumed to be 100 kts. Based on an initial
mean aerodynamic chord of 75.5 ft, the three analysis points have Reynolds numbers of 148, 125, and 79 million.

The process of obtaining an optimized solution for each study conducted involves 1) performing optimization
iterations until convergence criteria are met (described in Section VII), and 2) resubmitting the optimization case with
updated fixed parameters until the change in the fixed parameters lies below the specified threshold. The process is
illustrated in Fig. 8. For each optimization iteration in step one, the weight and balance of the aircraft is first determined,
which then inform the lift and CG at each analysis point. The flow and gradient evaluation and subsequent performance
calculations are then performed. Once convergence criteria are met (see Appendix A) , fixed parameters are updated and
the case is resubmitted, enacting step two. The fixed parameters are the zero-lift drag coefficient, span efficiency factor,
and maximum lift coefficient, which inform the TOFL model but to a degree that does not warrant adding analysis
points, so they are updated at the end of each optimization case. The resubmission also gives the chance to update
correction factors on drag and lift to approximate the grid-converged values of the functionals based on Richardson
extrapolation. The grid refinement process and Richardson extrapolation results are discussed in Appendix B.

VI. Results and Discussion

A. Passenger Cabin Width Study
A set of three aircraft with cabin width denominations of 5 bays, 4 bays, and 3 bays across at their respective aft

ends, which will be referred to as BWB-Wide, BWB-Medium, and BWB-Narrow are optimized. The fit of the three
cabin variations in the initial model is shown in Fig. 9. The 5-bay cabin is the version most commonly seen in the
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● Calculate weights and CGs
● Set lift constraint and trim point
● Obtain flow solution and gradients
● Calculate aircraft performance

Optimization
Iteration

Optimization 
Case

Optimization 
Strategy

Converged?

Perturb design 
variables

No

Yes

Update TOFL fixed parameters
(CL max, CD0, span efficiency factor)

Converged?

Yes

Optimized Design

No

Initial geometry and design variables

Fig. 8 Process of obtaining an optimized solution.

Fig. 9 Cabin variations overlaid on initial planform.

Table 4 Cabin design summary.

Name Wide Medium Narrow
Number of bays 5 4 3
Transverse aisle area [ft2] 480 360 240
Total floor area [ft2] 3105 2875 2756
Length [ft] 76.2 80.2 94.0
Width [ft] 53.3 42.7 32.0

literature for long-haul BWB aircraft [40]. The narrower layouts are specifically the point of interest as they perform
better in regional-class BWB aircraft [17]. Table 4 provides the dimensions of the cabin. The amount of area required
for transverse aisles in each configuration is an important design driver as it creates an inherent weight and size penalty
to move toward a wider arrangement.

Table 5 presents the optimization results for the three passenger cabin widths, showing BWB-Medium to be the
superior aircraft in terms of fuel efficiency, having a 2.2% and 1% lower block fuel burn for the chosen mission compared
to BWB-Wide and BWB-Narrow, respectively. For weights, BWB-Medium shows a 2% and 4% reduction in operating
empty weight (OEW) compared to BWB-Wide and BWB-Narrow, respectively. Engine size follows the same trend as
the OEW, as thrust is a primary way for the BWB aircraft to meet the TOFL requirement, which is active in all three
cases. The narrowest aircraft is the most aerodynamically efficient of the three widths considered. However, it also has
the highest structural weight to support its large, high aspect ratio wings, which penalizes its fuel efficiency. The widest
cabin variant, BWB-Wide, would likely be the lightest aircraft if not for the extra cabin area associated with transverse
aisles. Performance sensitivity to passenger cabin width is smaller in the twin-aisle class compared to trends for the
regional-class BWB aircraft, which experiences a drag reduction and increase in L/D of 14% and 7%, respectively,
when switching from a 3-3-3-3 cabin layout to 2-3-2 [14]. Differences in drag among the three variants explored in
the twin-aisle class do not exceed 2%. The furthest right column of Table 5 reports the characteristics of the Airbus
A350-900 as found in the aircraft flight manual [16] and Cumpsty et al. [41] while its fuel burn is estimated using
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Table 5 Performance of BWB aircraft with varying passenger cabin widths.

Aircraft BWB-Wide BWB-Medium BWB-Narrow A350-900
Mission range [nmi] 7,100 7,100 7,100
Cruise Altitude [ft] 36,000 36,000 36,000
MTOW [lb] 600,000 589,000 605,000 617,000
OEW [lb] 357,000 350,000 365,000 314,000
Block Fuel Burn [lb] 142,000 139,000 141,000 200,000
Engine Static Thrust [lbf] 87,000 84,000 87,600 84,200
TOFL [ft] 9,190 9,190 9,190 9,190

Bending Span [ft] 205 219 240 193
Wing LE Sweep [deg] 36.5 35.9 34.3 31.9
Wing-Only Aspect Ratio 9.9 11.2 12.8 9.5
Planform Area [ft2] 9,400 9,390 9,560 4,770
Span [ft] 270 284 297 212
Wetted Aspect Ratio [-] 3.48 3.9 4.15

Cruise 𝐶𝐿 [-] 0.258 0.254 0.256 0.510
Cruise 𝐶𝐷 [-] 0.00919 0.00896 0.00886 0.0248
Cruise Drag [lbf] 20,900 20,300 20,500 29,400
Cruise L/D [-] 28.1 28.4 28.9 20.5

fuel fractions and the Breguet range equation. BWB-Medium is estimated to have a 30% lower block fuel burn for a
7,100 nmi mission despite a 9% higher OEW as a result of its high aerodynamic efficiency. An estimated start-of-cruise
drag reduction of 31% drives a large portion of BWB Medium’s fuel efficiency improvements while a 5% lower MTOW
and 11% higher OEW mostly have offsetting fuel burn effects. Future work will optimize a CTW aircraft representing
the A350-900 with the same objective to improve the consistency of the comparison.

Figure 10 illustrates the geometries of all three BWB variants. From the front view, the step change in width of
the three aircraft is evident. Bending span and total span are seen to be inversely proportional to the cabin width,
as the optimizer opts to reduce block fuel through improved aerodynamics rather than weight reduction as the cabin
width narrows. All optimized aircraft have high-mounted wings to satisfy tip strike requirements. The top view shows
the optimizer electing to move the wing root aft on BWB-Narrow instead of increasing sweep to achieve the same
balancing effect as the two aircraft with wider cabins. BWB-Medium strikes the best balance between mass efficiency
and wetted aspect ratio, having a centerbody length that is comparable to BWB-Wide while housing a longer cabin. As
some weak shocks are seen across the mid-region of the centerbody for BWB-Wide and BWB-Medium, the maximum
thickness-to-chord ratio of the centerbody likely cannot increase above current value of 13% without a significant
increase in wave drag, which prevents the optimizer from shrinking the BWB-Wide centerbody aft region chord. Despite
a similar blending region planform, the front view shows BWB-Medium to have a smaller blending region volume,
which directly leads to lower drag and reduced weight. All aircraft have a distinct wave across the trailing edge of the
centerbody due to the high geometric freedom available to the optimizer to manage centerbody thickness-to-chord ratios.
This feature may have to be reconsidered for a more feasible centerbody elevator implementation. Figures 11 and 12
show surface and section pressure coefficient distributions, respectively. A common theme is the elimination of strong
shocks across the three aircraft variants.

To supplement the conclusions of the passenger cabin width optimizations, a geometric study is presented in
Appendix C to examine the design space that is sampled by the three cabin widths to be investigated. The geometric
study shows how the wetted area benefit of the BWB aircraft varies with changes in its passenger cabin proportions,
with the rest of the aircraft being sized and shaped in reaction to the cabin. The investigation corroborates the optimal
passenger cabin width of 4 bays obtained from high-fidelity optimization within the twin-aisle-class design space.
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Fig. 10 Geometry of BWB aircraft with varying passenger cabin width.

Fig. 11 Surface pressure distributions of BWB aircraft with varying passenger cabin width.

Fig. 12 Sectional shapes and pressure distributions of BWB aircraft with varying passenger cabin width.
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Table 6 Performance of BWB aircraft optimized at 44,000 ft.

Metric BWB-Medium BWB-FL440-Medium % Diff
MTOW [lb] 589,000 595,000 +1.0%
OEW [lb] 350,000 361,000 +3.1%
Climb Fuel [lb] 12,100 14,300 +18.2%
Cruise Fuel [lb] 127,000 120,000 -5.5%
Block Fuel Burn [lb] 139,000 135,000 -2.9%
Engine Static Thrust [lbf] 84,000 82,100 -2.3%
TOFL [ft] 9,190 9,050 -1.5%

Bending Span [ft] 219 227 +3.7%
Outer-Wing LE Sweep [deg] 35.9 38.5 +7.2%
Wing-Only Aspect Ratio 11.2 10.3 -8.0%
Planform Area [ft2] 9,400 10,400 +10.6%
Span [ft] 284 292 +2.8%
Wetted Aspect Ratio [-] 3.90 3.72 -4.6%

Cruise L/D [-] 28.4 30.3 +6.7%
Cruise 𝐶𝐿 [-] 0.254 0.338 +33.1%
Cruise 𝐶𝐷 [-] 0.00895 0.01110 +24.0%
Cruise Drag [lbf] 20,300 19,100 -5.9%

B. Optimizing for a Higher Cruise Altitude
The BWB configuration lends itself to a low wing loading, which can enable field performance without dedicated

high-lift devices. This leads to a high optimal cruise altitude for maximum aerodynamic efficiency [42], which can
significantly exceed conventional altitudes. While a cruise altitude of 36,000 ft is initially assumed as the nominal
start-of-cruise altitude, an optimization case with a start-of-cruise altitude of 44,000 ft is explored in this study. In
particular, the relationship between climb fuel, top-of-climb climb rate engine sizing, and block fuel burn reduction
from lift-to-drag ratio improvement is assessed for higher cruise altitudes. While optimizations are conducted for
all three passenger cabin variants, comparisons are only shown for the medium cabin, as trends are consistent for
all variants and it continues to outperform the others. The optimized aircraft with a 4-bay passenger cabin designed
to a higher start-of-cruise altitude is referred to as BWB-FL440-Medium. Table 6 compares BWB-Medium and
BWB-FL440-Medium across key metrics. Fuel burn decreases by 3% going from 36,000 ft to 44,000 ft for the
BWB-Medium aircraft, marked by a 5.5% reduction in cruise fuel burn and an 18.2% increase in climb fuel. A 2,000 lb
increase in climb fuel is compensated by a 7,000 lb reduction in cruise fuel, which is driven by a 6.7% increase in
lift-to-drag ratio at the higher altitude. However, BWB-FL440-Medium is a heavier aircraft, with a 3.1% higher OEW
compared to BWB-Medium, which can be attributed to the 2.8% and 10.6% increase in wing span and planform area,
respectively. The addition of a span constraint will likely affect the optimal start-of-cruise altitude. The larger planform
leads to an inactive TOFL constraint, falling 1.5% lower than the required value of 9,190 ft. This implies that the
planform area is now being driven by cruise aerodynamic efficiency rather than low-speed lift as the optimizer gives
priority to managing sectional lift coefficients to prevent the onset of strong shocks. The optimal cruise planform area
at this altitude is larger than the planform area demanded by the low-speed lift and takeoff condition. Engine size
decreases for the high-altitude design, as the larger planform handles an increased portion of the takeoff burden, making
top-of-climb climb rate the limiting requirement.

Figure 13 shows the planform and surface pressure distributions for BWB-Medium and its high-altitude counterpart,
BWB-FL440-Medium to better understand the design features that are incurred from high-altitude cruise. The increase
in planform area is global, with chord extension on both the centerbody and wing. The wavy trailing edge feature seen at
36,000 ft is absent at the higher altitude. The pressure coefficient contours show larger regions of low pressure over the
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Fig. 13 Surface pressure distribution for BWB-Medium and BWB-FL440-Medium.

wing and centerbody, suggesting that the increased lift coefficient of the aircraft is not local to a region on the planform.
The expansion of planform at the higher altitude does indicate that the low-altitude design would likely be under-sized at
44,000 ft. The increase in chord lengths helps the aircraft avoid shock formation.

C. Neutral Stability Optimization Results
Given the tailless nature of the BWB configuration, longitudinal static stability is a key driver of the aircraft’s design

and performance. The aft-CG low-speed operating condition is found to be critical for static stability. A negative static
margin at low speed can lead to a more efficient aircraft at cruise since trim drag is reduced. This section examines
the magnitude of this benefit by conducting an optimization with neutral stability (𝐾𝑛 = 0) at the critical low-speed
operating condition. Similar to the high-altitude cases, results are presented only for the medium cabin, as the trends
stay consistent among all three cabin widths. The optimized aircraft with neutral stability is referred to as BWB-Kn
0%-Medium. Table 7 compares BWB-Kn 0%-Medium with BWB-Medium, showing a fuel burn benefit of 3.6%
from the relaxed stability constraint. The 2.8% increase in L/D is more pronounced than the 0.6% decrease in OEW,
indicating that the block fuel reduction can be largely attributed to an improvement in cruise aerodynamic performance
as opposed to a decrease in weight.

The two planforms are compared in Fig. 14. There is a significant change in geometry when optimizing for neutral
stability, resulting in a 7.9% drop in wetted aspect ratio. The reduction in wetted aspect ratio comes from a shorter span
and an increase in planform area to move the aircraft’s neutral point aft, especially as wing sweep angle and chord lengths
increase substantially. While a negative static margin at low speeds leads to a lift benefit from downward control surface
deflections, this benefit is largely reduced for BWB-Kn 0%-Medium, which instead relies on increased wing area to
generate sufficient lift. To better explain the balance differences between the two aircraft, Fig. 15 plots the CG envelope
for BWB-Medium and BWB-Kn 0%-Medium. The larger the static margin at cruise, the more efficiency is surrendered
to trimming. BWB-Kn 0%-Medium has a static margin of 11% MAC compared to 8% MAC for BWB-Medium at the
start-of-cruise condition.
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Table 7 Performance of BWB aircraft with neutral low-speed stability.

Metric BWB-Medium BWB-Kn 0%-Medium % Diff
MTOW [lb] 589,000 596,000 +1.2%
OEW [lb] 350,000 352,000 +0.6%
Block Fuel Burn [lb] 139,000 144,000 +3.6%
Engine Static Thrust [lbf] 84,000 83,600 -0.5%
TOFL [ft] 9,190 9,190 0.0%

Bending Span [ft] 219 212 -3.2%
Outer-Wing LE Sweep [deg] 35.9 38.6 +7.5%
Wing-Only Aspect Ratio 11.2 9.5 -15.2%
Planform Area [ft2] 9,390 9,680 +3.1%
Span [ft] 284 277 -2.5%
Wetted Aspect Ratio [-] 3.90 3.59 -7.9%

Cruise L/D [-] 28.4 27.6 -2.8%
Cruise 𝐶𝐿 [-] 0.254 0.249 -2.0%
Cruise 𝐶𝐷 [-] 0.00896 0.00905 +1.0%
Cruise Drag [lbf] 20,300 21,200 +4.4%

Fig. 14 Change in optimal geometry when designing for neutral low-speed stability. The planforms are made
translucent to better visualize differences on overlapping portions.

D. Maximum Lift Performance
This section discusses high-lift performance of the BWB-Medium aircraft. The analysis is conducted at both the

foremost and aftmost CG positions within the envelope at fixed Mach and Reynolds numbers of 0.21 and 112 million,
respectively, based on the takeoff stall speed. Engines are on at the foremost and off at the aftmost CG position to make
each condition more critical. Results are shown in Fig. 16. Since the BWB-Medium design is unstable, trim at aft
CG allows the control surfaces to add lift to the aircraft, which results in a 𝐶𝐿 max of 1.13. The opposite is true for
forward CG, where despite a higher maximum trimmed angle of attack, a lower 𝐶𝐿 max of 0.95 is obtained. Even at the
forward CG position the aircraft is nevertheless able to generate sufficient lift at the prescribed takeoff stall speed of
𝑉2/1.13 =140 kts at MTOW within the takeoff field length model.
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Fig. 15 CG envelope plots for BWB-Medium and BWB-Kn 0%-Medium.
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Fig. 16 Trimmed performance at takeoff stall speed (𝑉2/1.13) of BWB-Medium aircraft.

E. Cruise Performance Robustness
This section discusses the off-design performance robustness at cruise for the BWB-Medium aircraft. The off-design

analysis performed at cruise aims to trim the aircraft with the available control surfaces over a large range of lift
coefficients. Figure 17 shows the trimmed drag polar of BWB-Medium as well as a plot of trimmed L/D against lift
coefficient at cruise. The aircraft operates at a lift coefficient that is very close to maximizing L/D at its design point and
L/D stays constant at lift coefficients up to 10% higher. Overall, the aircraft’s cruise aerodynamic performance is seen to
be robust to variations in lift coefficient. Although multiple cruise conditions could be included in the optimization
problem formulation, these results indicate that the reduction in performance at the design condition will be small.
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Fig. 17 Trimmed aerodynamic performance at cruise for BWB-Medium at M 0.85. Red symbols represent
optimization analysis point.

VII. Conclusions
Twin-aisle-size BWB aircraft have been investigated with RANS-based aerodynamic shape optimization within a

mixed-fidelity multidisciplinary optimization framework with high design freedom. A problem formulation, including
three analysis points for start-of-cruise, minimum control airspeed on the ground, and low-speed flight, models critical
design requirements to obtain an accurate design and performance estimate for the BWB configuration. A passenger
cabin width study reveals that an intermediate cabin width is optimal in terms of block fuel burn. A passenger cabin
with 24 seats and 6 aisles per row leads to the lowest block fuel burn and MTOW as it reduces wetted area in the
blending and aft centerbody regions of the aircraft. Compared to a reference state-of-the-art CTW aircraft, the BWB
aircraft is estimated to reduce block fuel burn by 30% over the chosen design mission. The optimized BWB aircraft
attains a lift-to-drag ratio of 28.4 at the start-of-cruise analysis point traveling at a Mach number of 0.85 at an altitude of
36,000 ft with a low-speed static margin of -4% MAC. Increasing cruise altitude and optimizing for 44,000 ft reduces
fuel burn by 3%, while increasing low-speed static margin to neutral results in a 3.6% increase in block fuel burn.
Stall performance is seen to be adequate for conforming field performance, and aerodynamic performance is robust to
off-design flight conditions. Overall, the BWB configuration is very efficient in the twin-aisle class even when critical
non-cruise requirements are included, further solidifying its case for commercial exploration. Next steps will include
modelling of limiting stall cases within the optimization loop, designing to the maximum span possible for gate E limits
with folding wingtips, and assessing the penalty associated with rotation when using conventional landing gear.
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(a) Drag coefficient at cruise. (b) Lift coefficient at low-speed analysis point.

Fig. 18 Grid convergence results for BWB-Medium.

Fig. 19 Optimization history for the BWB-Medium aircraft optimization case.

Appendix A. Optimization Convergence
Optimizations are terminated when three criteria are satisfied. The objective is measured by the merit function,

which is an augmented objective function including penalty terms for nonlinear constraint violations. Optimality,
which is the gradient of the merit function, is required to drop by three orders of magnitude for a case to be converged.
Feasibility, which represents the extent of constraint violations, must drop by six orders of magnitudes for constraints
to be considered satisfied. Finally, a plateau, defined as a change of less than 0.1% from one iteration to the next, is
sought on the merit function, which is effectively the objective once constraints are satisfied. Figure 19 shows a sample
optimization history.

Appendix B. Grid Convergence
As a result of the high computational cost of the current problem formulation, the BWB aircraft are optimized using

coarse grids of 1.2 × 106 nodes, which leads to significant numerical error. To address this, the force and moment
coefficients reported in Section VI are estimated grid-converged values determined through Richardson extrapolation.
For each design, three grid levels with 2, 4, and 8 times the node count of the optimization grid are used to obtain flow
solutions at each analysis point in the formulation. Figures 18a and 18b show the drag convergence at cruise and lift
convergence at the low-speed analysis point, respectively. The slope of a fitted trend line is approximately two, which
agrees with the second-order spatial discretization used. The red points represent the Richardson extrapolation estimate
of the grid-converged values. During optimization, a correction is applied to the drag coefficient in order to avoid
overestimating block fuel burn and thus weight. This correction is updated periodically during optimization along with
the rest of the fixed parameters.
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Fig. 20 Description of key parameters for geometric analysis.
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Fig. 21 Geometric analysis of cabin dimension variations.

Appendix C. Geometric Analysis of Planform Design Space
This section presents a geometric analysis of planform variations to further explore the design space in the passenger

cabin width variation study conducted using RANS-based optimization with a comprehensive formulation. The analysis
assesses changes in wetted aspect ratio (ARwet), wetted area to floor area ratio (Swet/A), and centerbody elevator control
effectiveness as the length and width of the passenger cabin are varied. Centerbody elevator control effectiveness is
defined as the distance between the centerbody centroid and the centroid of the centerbody elevator multiplied by the
centerbody elevator’s area. Cabin length is varied from 50 to 110 feet while the width range explored goes from 20
to 80 ft, covering shape variations ranging from 3 to 7 bays. The segment of the centerbody aft of the cabin is kept
constant across the geometric variations explored. The blending region of the aircraft reacts to the outboard chord of the
centerbody and the root of the wing, while its span varies inversely to the width of the cabin based on high-fidelity
results. To size the outer-wing, a scaling law is used to enforce the wing area to vary inversely with the centerbody area
to keep total aircraft loading consistent among geometries. Wing aspect ratio and taper variations are inferred from
high-fidelity optimization results and assumed to vary with number of cabin bays.

Figure 20 illustrates the cabin dimensions that are varied as well as the centerbody elevator moment arm that is used
to calculate control effectiveness. Figure 21 shows the full study results. In short, the plot suggests the 4-bay cabin
variant has the best all-around performance. Wetted aspect ratio increases with narrower cabin arrangements; however,
the rate of increase diminishes substantially moving from 4-bay to 3-bay due to an increase in wetted area incurred
for fitting the required cabin floor area at the 3-bay width. The increase in wetted area primarily comes from a large
blending region. This agrees with the high-fidelity study that shows better aerodynamic efficiency for BWB-Narrow,
which does not get translated into a block fuel burn benefit relative to BWB-Medium due to the heavier OEW. In the
direction of width increase, while wetted area efficiency and centerbody elevator control effectiveness both increase, the
improvement is less than the magnitude of loss in wetted aspect ratio, which also agrees with the higher block fuel burn
seen for BWB-Wide compared to BWB-Medium.
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