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Abstract

Flying-wing configurations offer the potential for substantial aerodynamic efficiency gains over conventional
tube-and-wing aircraft, but their practical realization is constrained by stringent aerodynamic and stability re-
quirements. This paper presents a systematic longitudinal aerodynamic pre-design methodology for a fuel-cell-
powered flying wing, intended for certification within the CS-23 category, constituting the first step of a broader
multi-fidelity design workflow.
The aerodynamic analysis is performed with the panel method in OpenVSP, automated through a MATLAB-
controlled parametric workflow, after establishing grid convergence by Richardson extrapolation. The wing
twist distribution is varied to approximate Prandtl’s bell-shaped spanload for improved flight behavior during
roll-turns, and for each candidate geometry a coupled study of the center-of-gravity position, angle-of-attack
and elevon deflection identifies the feasible trim points during unaccelerated horizontal flight. A static and
dynamic longitudinal stability analysis is subsequently conducted for all trimmed configurations, assessing the
aircraft’s flight-dynamics by evaluating the static margin, the short-period and phugoid modes and the inherent
recovery of the aircraft following a disturbance.
The wing twist is shown to be a primary design driver. Relative to the untwisted baseline, it expands the
admissible center-of-gravity travel from 0.1 m to 0.4 m while only marginally reducing aerodynamic efficiency.
The modal trends across the center-of-gravity range are quantified, the phugoid remaining stable throughout in
accordance with the CS-23 requirements, and a comparison with RANS CFD confirms the applicability of the
panel method within the stability-relevant angle-of-attack range. The methodology provides a structured and
computationally efficient basis for the subsequent integration of higher-fidelity CFD, lateral-directional stability
and fuel-cell thermal management.
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1. Introduction
Flying wings, which integrate the fuselage into the lifting airfoil, are regarded as aerodynamically
highly efficient in contrast to conventional tube-and-wing aircraft (cf. [1]), being able to significantly
reduce fuel-consumption and resulting greenhouse-gas emissions [2, 3, 4]. The elimination of the
empennage reduces parasitic and interference drag and increases the effective lifting surface by
lowering the wetted-to-wing-area ratio (cf. [5]). These aerodynamic advantages, however, must be
balanced against the inherent stability and flight-dynamic disadvantages of tailless configurations. In
conventional aircraft, longitudinal and directional stability are provided by the horizontal and vertical
stabilizers, respectively. In tailless designs, both functions must be realized by the main lifting surface
alone through a combination of airfoil shape, wing sweep, dihedral, and spanwise twist distribution.
The location of the center-of-gravity (CG) relative to the neutral point (NP) critically determines the
static margin and the resulting handling characteristics, making the coupled assessment of geomet-
ric, aerodynamic, and CG-related parameters essential already in the preliminary design phase.

A target lift distribution particularly suited to tailless aircraft is the bell-shaped spanload proposed
by Prandtl [6], which redistributes the spanwise loading inboard and, through the resulting upwash
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at the wingtip, produces proverse yaw behavior during rolling maneuvers [7]. Beyond these lateral-
directional benefits, the associated washout twist directly affects the longitudinal characteristics by
shifting the center-of-pressure and modifying the pitching moment. Although the aerodynamic poten-
tial of flying-wing and blended-wing-body configurations and their stability characteristics have been
investigated extensively in isolation (cf. [8, 9]), structured preliminary design approaches that explic-
itly couple wing twist, CG location, trim, and longitudinal stability remain limited, particularly for small
piloted aircraft in the CS-23 category.

Against this background, the present paper addresses the longitudinal aerodynamic pre-design of
a fuel-cell-powered flying-wing aircraft intended for CS-23 certification. The wing twist distribution
is varied parametrically to approximate Prandtl’s bell-shaped spanload, and for each candidate ge-
ometry, a comprehensive CG, angle-of-attack, and elevon-deflection study is conducted to identify
feasible trim points. A longitudinal stability analysis is subsequently performed for all trimmed con-
figurations satisfying the defined stability criteria, characterizing the admissible CG travel, required
elevon deflection, and dynamic modal behavior in unaccelerated horizontal flight. The methodology
constitutes the first step of a broader multi-fidelity design workflow. Higher-fidelity CFD analyses,
propulsion integration, lateral-directional stability, and fuel-cell thermal management are addressed
in subsequent stages, as the fuel-cell architecture and associated mass distribution remain uncertain
at this preliminary stage.

1.1 Flying Wing Baseline
A conceptual aircraft model is designed according to the CS-23 specifications and visualized in Fig-
ure 1. The outlined geometry is defined and used as the baseline throughout this work. The configu-
ration follows a pure flying-wing layout without a separate horizontal or vertical tailplane.

Figure 1 – Baseline design for the fuel-cell powered flying wing in the normal CS-23 category.

The key design parameters for the reference flying-wing subject to the aerodynamic/stability analy-
sis are listed in Table 1. The values represent initial configuration parameters, and are expected to
evolve throughout the preliminary design phase of the aircraft. The aircraft exhibits a moderate wing
sweep angle of 30◦ without twist. The thick inboard airfoil profile accommodates the cabin volume
required for passengers and pilots, while sections outboard of the cabin transition to a reflex profile
with a modified thickness across different wing-sections. Performance-wise, the aircraft is expected
to have a maximum take-off mass of 5000 kg, cruising at 210 kts at an altitude of 16400 ft. Propulsion
is provided by a 400 kW hydrogen fuel-cell system with two pusher propellers, coupled with a battery
providing instantaneous power output during increased demands.

1.2 Aerodynamic Design Considerations for Stable Aircraft Design
Since a tailless aircraft must realize flight stability through the main lifting surface alone, its spanwise
lift distribution and airfoil shape become the central design parameters. The conventional elliptical
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Table 1 – Key design parameters of the preliminary fuel-cell powered flying wing model.

Parameter Symbol Value

Geometry
Airfoil Cabin – NACA 27025−44
Airfoil Root-Tip – MH62−mod
Wingspan b 19.9 m
Projected Wing area S 77 m2

Mean aerodynamic chord c̄ 5.26 m
Root chord cr 9.30 m
Tip chord ct 1.10 m
Aspect ratio AR 3.78
Taper ratio λ 0.118
Leading-edge sweep ΛLE 30◦

Dihedral angle Γ 0◦

Masses
Maximum take-off mass MTOM 5000 kg

Performance
Cruise speed VC 210 kts
Cruise altitude hC 16400 ft
Maximum range Rmax 1080 NM

Propulsion
Fuel cell power output PFC 400 kW
Number of propellers nP 2
Propeller configuration – Pusher

Certification
Category – CS-23
Number of occupants – 8+2

lift distribution, formulated by Prandtl [10] in 1923, minimizes the induced drag for a fixed wingspan
and is therefore favored for tube-and-wing aircraft [11]. During roll, however, it generates an adverse
yawing moment, where the downward-deflected aileron increases local lift and induced drag, yawing
the aircraft opposite to the intended turn. In conventional aircraft, this movement is counteracted with
the rudder. As tailless aircraft are designed without a distinct vertical tail, different philosophies are
required to yaw the aircraft during roll.

A later formulation by Prandtl [6] in 1933 minimizes the induced drag under the constraint of a fixed
root bending moment, yielding a wing that is 11 % more efficient with a 22 % larger span than a wing
under elliptical loading and equal lift, yielding the bell-shaped spanload. The bell lift-distribution is
formulated by Equation (1) [7] for the normalized lift distribution Γ as a function of the relative span
location x.

Γ(x) =
(
1− x2) 3

2 (1)

The bell-shaped distribution redistributes the loading inboard through a washout twist, with a positive
incidence angle at the root reducing to possibly negative twist at the tip. The reduced tip loading
lowers the local downwash and may even induce a slight upwash, generating an induced-thrust com-
ponent [7]. This induced thrust increases on the downward-moving aileron during roll, producing
proverse yaw, making auxiliary yaw control during roll-turns unnecessary. A comparison of the ellip-
tical and bell-shaped lift distributions across the half-wing is shown in Figure 2.
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Figure 2 – Elliptical lift-load distribution vs. Prandtl’s bell-spanload on the half-wing.

1.3 Static Longitudinal Stability
Static longitudinal stability of an aircraft is defined as the tendency of the aircraft to return to its equi-
librium pitch attitude after being disturbed in the pitch axis, which is a flight-safety prerequisite for
commercial aircraft. Ensuring and demonstrating static longitudinal stability is a certification require-
ment under the CS-23 standards, indicating that “The aeroplane must be longitudinally, directionally
and laterally stable under CS 23.173 to 23.181” [12].

A viable steady flight state requires two distinct conditions to be satisfied about the center-of-gravity.
The trim condition requires that the total pitching moment vanishes at the operating condition in
terms of flight state, where cm|CG = 0. The static stability condition requires that a disturbance from
this equilibrium produces a restoring moment, expressed through the pitching-moment coefficient
gradient about the center-of-gravity being negative,

cmα
=

∂cm

∂α
< 0, (2)

where cm and α denote the pitching moment coefficient and the angle-of-attack, respectively [13, 14].
Thus, the trim condition sets where the equilibrium is located, whereas the stability condition deter-
mines whether the aircraft returns to it after a disturbance.

The pitching moment about the center-of-gravity is generated by the resultant aerodynamic force act-
ing at the center-of-pressure. Its magnitude and sign depend on the position of the center-of-pressure
relative to the center-of-gravity, and its variation with angle-of-attack determines the pitching moment
gradient. The location of the center-of-pressure itself is governed by the airfoil shape through the
pitching moment about the aerodynamic center cm,ac, which is the location at the airfoil where the
pitching moment remains constant across different angles-of-attack. Conventional cambered airfoils
exhibit a negative cm,ac, reflex airfoils with an upward-deflected trailing edge a small positive cm,ac, and
symmetric airfoils cm,ac = 0 [15].

As the angle-of-attack – and thus the lift coefficient – increases, the center-of-pressure of a cam-
bered airfoil moves forward toward the aerodynamic center, whereas that of a reflex airfoil moves
rearward, and that of a symmetric airfoil remains fixed at the aerodynamic center [16]. This move-
ment changes the moment arm between the resultant force and the center-of-gravity, and therefore
the pitching moment My about the center-of-gravity, as illustrated in Figure 3. For a cambered airfoil,
the forward-moving center-of-pressure produces a moment that becomes increasingly nose-up with
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angle-of-attack, corresponding to a positive gradient; for a reflex airfoil, the rearward-moving center-
of-pressure produces an increasingly nose-down moment and thus a negative, stabilizing gradient;
for a symmetric airfoil, the fixed center-of-pressure yields a constant moment.

Pitching	Moment	about	the	CG	for	Different	Airfoils
		@My/@,	>	0

		@My/@,	=	0

		@My/@,	<	0

,

My

cambered
symmetric
reflex

Figure 3 – Pitching moment about the center-of-gravity as a function of the angle-of-attack for the
three airfoil types, resulting from the center-of-pressure movement associated with each airfoil.

It should be emphasized that this center-of-pressure description assumes a fixed reference point
and illustrates the trim behavior; the sign of the gradient additionally depends on where the center-of-
gravity is placed relative to the NP, which is the aerodynamic center for the entire aircraft. The stability
condition is expressed most generally in terms of both the neutral point xNP and the center-of-gravity
position xCG [13],

cmα
=−cLα

(
xNP − xCG

c̄

)
=−cLα

·SM, (3)

with the mean aerodynamic chord c̄, the lift-curve slope cLα
and the static margin SM. Under the

assumption cLα
> 0, a positive static margin – the NP aft of the center-of-gravity – yields the required

cmα
< 0, independent of the airfoil shape. The airfoil hence governs the trim condition through its cm,ac,

while static stability is set by the center-of-gravity position relative to the neutral point. Thus, reflex
airfoils are particularly suited to tailless configurations, as their positive cm,ac allows the aircraft to
be trimmed at a positive lift coefficient while the center-of-gravity remains ahead of the neutral point,
upon first assessment satisfying the trim and static stability requirements (cf. [17]). Further, increased
angles-of-attack should yield a restoring pitching moment around the CG back to trim conditions due
to the rearward movement of the center-of-pressure.

1.4 Dynamic Longitudinal Stability
Dynamic longitudinal stability is defined by its two oscillatory modes; the short-period oscillation and
the long-period (phugoid). A short-period oscillation is a heavily damped pitch oscillation where
the angle-of-attack changes at a constant airspeed. The long-period involves slow but significant
changes in altitude and airspeed. Thus, the dynamic stability concerns the time-response after a
perturbation [14]. The frequency of the eigenmode and its damping must satisfy regulatory handling-
qualities, with the short-period only defined in the CS-23 as “Any short period oscillation [...] must be
heavily damped [...]” [12]. Similarly, the phugoid is noted as “Any long-period oscillation of the flight
path (phugoid) must not be so unstable as to cause an unacceptable increase in pilot workload or
otherwise endanger the aeroplane” [12]. Hence, the requirements are of a qualitative nature; how-
ever, they shall still be ensured.

Both stability modes depend on a combination of aerodynamic derivatives and the mass/inertia
of the aircraft. Aerodynamic derivatives can be estimated from various numerical models, includ-
ing time-spectral stability derivative formulations [18], reduced frequency methods [19], and oth-
ers (cf. [20, 21]). In this work, the simulation framework OpenVSP and its underlying panel solver
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are employed to evaluate aerodynamic derivatives, whereas detailed information on mass distribution
and inertia moments is usually defined in a more detailed design phase. For this study, estimated
target values representing aircraft mass are employed.

2. Methods
This section discusses the methods used for analyzing the aerodynamic behavior of the flying wing.
The aerodynamic analysis at the preliminary design stage is performed using the three-dimensional
panel method, that relies on the assumption of inviscid, incompressible, and irrotational flow, gov-
erned by Laplace’s equation for the velocity potential [16, 22]. With the results of the aerodynamic
analysis outlining aerodynamic coefficients and its derivatives, a subsequent static and dynamic sta-
bility analysis can be performed. Within this work, MATLAB R2025b [23] is used to conduct the
longitudinal stability analysis in the first phase. The workflow is outlined and described.

2.1 Mathematical Foundation of the Panel-Method
The aerodynamic analysis is carried out using VSPAERO and its panel solver within OpenVSP [24],
whose implementation follows the low-order constant source-doublet panel formulation introduced
by Maskew [25]. Panel methods solve potential flows around two- and three-dimensional bodies by
replacing the geometry with source and doublet panels that satisfy the boundary conditions on the
body and across the wake [26]. The underlying governing equation is the Prandtl-Glauert equation,
derived from the Navier-Stokes equations under the assumptions of adiabatic, inviscid, irrotational,
and linearized flow [22]: (

1−Ma2
∞

) ∂ 2φ

∂x2 +
∂ 2φ

∂y2 +
∂ 2φ

∂ z2 = 0, (4)

with the perturbation velocity potential φ and freestream Mach number Ma∞. The point source and
the point doublet are fundamental analytical solutions of Equation (4). Owing to the linearity of the
equation, the total potential at an arbitrary field point is constructed by superimposing the freestream
potential φ∞ with the perturbation contributions φS and φD from the surface source and doublet distri-
butions, which model thickness and circulation, respectively [27]:

φ = φ∞ +φS +φD. (5)

For the discrete formulation, the aircraft surface is divided into a network of quadrilateral panels,
each carrying a constant-strength source and doublet distribution and one control point at the panel
centroid [25, 27]. The unknown singularity strengths are determined such that the flow-tangency
condition on the body and the Kutta condition along the trailing edges are simultaneously satisfied.
The perturbation potential is prescribed to be zero on the interior side of each panel, representing a
wall, while its source strength σ is fixed by the local freestream component normal to the surface [25,
28]:

φint = 0, σ =−V⃗∞ · n̂, (6)

with n̂ denoted as the outward surface normal and the freestream velocity vector V⃗∞. By integrating the
source strength across the panel, the source potential is obtained. This formulation reduces the un-
knowns to the doublet strengths alone, yielding a smaller linear system [25, 27]. The Kutta condition
is imposed implicitly by setting the wake-panel doublet strength equal to the difference of the adjacent
upper and lower trailing-edge doublets [25]. Assembling the panel contributions yields a dense linear
system for the doublet strengths as unknown singularity parameters {λ} in Equation (7) [26, 27]:

[AIC]{λ}= {b}, (7)

where each entry of the aerodynamic influence coefficient matrix [AIC] quantifies how strongly the
singularity of one panel affects the boundary condition at the control point of another. The right-hand
side {b} contains the freestream contributions imposed at each control point, and the solution of the
system provides the doublet strengths on all panels. Subsequently, surface velocities are obtained
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from a local spline fit of the resulting potential of Equation (5) [25], from which the local pressure
coefficient is evaluated as [26]

cp = 1− U2
t

U2
∞

, (8)

with Ut the local tangential velocity at the panel surface and U∞ the freestream velocity magnitude.
Integration of the pressure distribution over the body surface yields the aerodynamic forces and mo-
ments, with the induced drag being evaluated separately by a Trefftz-plane in the far-field.

2.2 Mathematical Foundation of the Longitudinal Stability Analysis
The mathematical model for the longitudinal stability analysis is linearized around the trim point for
small perturbations. The aircraft is assumed to be a rigid body with a plane of symmetry, such that the
longitudinal and lateral-directional dynamics can be described by first-order linear state space equa-
tions [29]. The present analysis is restricted to the longitudinal dynamics evaluated at the trimmed
configurations identified in the workflow described in the upcoming section.

The longitudinal motion is described in body-fixed stability axes by the state vector x⃗lon

x⃗lon =
[
u α q θ

]T
, (9)

with the perturbations of the forward velocity u, the angle-of-attack, the pitch rate q and the pitch
attitude θ [13, 29]. Instead of the angle-of-attack, the vertical velocity component w is often written,
which relates to α through the small-perturbation approximation α ≈ w/V0, where V0 denotes the trim
airspeed [13].

Linearization of the longitudinal force and moment equations around the trim condition, assuming
straight and level flight (γ0 = 0, θ0 = α0) and exploiting the aircraft’s symmetry, yields the linear time-
invariant state-space representation in Equation (10):

˙⃗xlon = Alon x⃗lon +Blon u⃗lon, (10)

where u⃗lon contains the longitudinal control inputs, in the present case the elevon and flap deflection
δe and δ f , respectively [29]. The system matrix Alon is assembled from the dimensional aerodynamic
stability derivatives as

Alon =


Xu Xα 0 −gcosθ0

Zu

V0

Zα

V0
1+

Zq

V0
−gsinθ0

V0

Mu Mα Mq 0

0 0 1 0

 , (11)

with the gravitational acceleration g and the trim airspeed V0 [29]. The entries X , Z and M denote
the dimensional longitudinal stability derivatives of the body-axis forces along the x- and z-direction
and of the pitching moment, respectively, normalized by the aircraft mass m for the force terms and
by the pitch moment of inertia Iyy for the moment terms [29]. The subscripts indicate the perturbation
state with respect to which each derivative is taken. The dimensional derivatives are obtained from
the non-dimensional aerodynamic derivatives computed by VSPAERO using the reference area, the
mean aerodynamic chord and the trim dynamic pressure [13, 29].

The input matrix Blon is constructed analogously from the elevon and flap control derivatives [29]
extracted from the VSPAERO stability output.

Blon =


Xδe Xδ f

Zδe

V0

Zδ f

V0

Mδe Mδ f

0 0

 (12)

7



AERODYNAMIC AND STABILITY DRIVEN PRE-DESIGN OF A FLYING WING AIRCRAFT

The previously described static longitudinal stability criterion cmα
< 0, already discussed above, rep-

resents the necessary but not sufficient condition for dynamic stability. Hence, the sufficient condition
requires that all eigenvalues of Alon have strictly negative real parts [13].

Eigenvalue analysis and modal identification. Solving the characteristic Equation (13) yields a
pair of two longitudinal eigenvalues that, for a conventional aircraft, correspond to their short-period
mode and the phugoid mode [13, 29].

det(Alon −λ I) = 0 (13)

Each conjugate complex pair λ1,2 =−ζ ωn ± jωd is characterized by an undamped natural frequency
ωn, and a damping ratio ζ , with the damped natural frequency ωd = ωn

√
1−ζ 2.

Resulting from the eigenvalues, the short-period mode depicts a high eigenfrequency and pitch
damping, resulting in quick angle-of-attack changes at a constant airspeed. The phugoid, in con-
trast, has a low frequency and damping ratio, resulting in a pitch attitude motion of the aircraft.

Root locus and dynamic response to perturbations. The eigenvalues of Alon are plotted in the
complex plane to visualize the migration of the longitudinal modes across the parameter sweep over
CG position and wing twist. The root-locus representation is used to evaluate the impact of a variation
in system parameters on a linear-time-invariant system in terms of stability. In addition, the time
response of the longitudinal system to a perturbation in the forward velocity is computed by integrating
Equation (10) for the trimmed configurations. This provides information on the dynamic behavior of
the aircraft and its inertia.

2.3 Workflow
This work combines multiple software applications to analyze the aerodynamic behavior of the fuel-
cell powered flying-wing. Thus, a predefined workflow must be established to properly assess the
aircraft’s dynamics in unaccelerated horizontal flight.

The designed aircraft is first simplified and modeled within OpenVSP, see Figure 4, with the aircraft’s
paneling, neglecting propellers and other external features. A subsequent grid refinement study pro-
vides insight into desirable grid spacing to minimize computational effort while maximizing the quality
of results and determining the discretization error. The grid convergence study refers to Richardson’s
extrapolation method [30, 31], with the target parameter being the lift coefficient in the first place. The
chosen grid discretization is employed for subsequent simulations to ensure comparability of results.

Figure 4 – Baseline aircraft geometry in OpenVSP with 3D-paneling and trailing edge control
surfaces with inboard flaps and outboard elevons.
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The baseline geometry’s aerodynamic properties, without twist, dihedral, and directional control sur-
faces, are assessed to have a predefined starting point. The complete workflow for the stability
estimation and its impact on the design is provided in the following paragraphs.

1. Twist study for the bell-shaped spanload For the baseline, the spanwise twist distribution is
varied via a parameter study to approximate the bell-spanload [6, 7]. Geometries whose computed
spanwise lift distribution show the closest agreement with Equation (1) are retained as candidate
configurations for the subsequent steps.

2. Center-of-gravity, angle-of-attack and elevon-deflection study For each candidate geometry,
a three-dimensional parameter study is conducted over the center-of-gravity position xCG, the angle-
of-attack, and the elevon deflection. For every (xCG,α) combination, the elevon deflection is varied in
a predefined range.

3. Trim-point evaluation The full simulation database is processed to extract, for each (xCG,α)
combination, the corresponding trim point at which cm = 0 is achieved as a function of the elevon
deflection. In the trim point, aircraft weight must be compensated by aircraft lift, whereas a positive
lift-to-drag ratio is required. The resulting set of trim points defines the theoretically feasible design
space.

4. Static longitudinal stability analysis at trimmed conditions A longitudinal stability analysis
is performed for the trimmed candidate configurations in steady level flight, evaluating the relevant
longitudinal stability derivatives at every trim point identified in Step 3. The stability output is subse-
quently filtered depending on the static margin and lift-generation in trim, reducing the large set of
cm = 0 points to a smaller subset of true trim points that satisfy the defined trim constraints.

5. Dynamic longitudinal stability evaluation of selected trim points. The reduced set of true
trim points is analyzed individually with respect to their pitching moment coefficient and the associated
static margin. The trim points are evaluated according to their time-dependent behavior, analyzing
the system’s response to changed initial conditions.

6. Geometry refinement based on stability derivatives. Based on the results of Step 5, the
geometry is refined with the objective of improving the lateral-directional stability of the aircraft, while
keeping longitudinal stability within the design range. The full workflow is iterated for further geometric
design parameters, considering wing sweep and dihedral. The airfoil shape itself is not modified
within the present study and is retained as a fixed input parameter.

3. Results
The results are split into three segments. The first outlines the grid convergence of the panel-solver.
After agreeing on a grid size, the different twist configurations are evaluated, assessing the twist
distribution that shows the best agreement with the bell-lift distribution. The most promising cases
are subsequently analyzed in terms of their longitudinal stability. The VSPAERO simulation of the
baseline geometry is compared to CFD to verify the applicability of the proposed method for the
given analysis.

3.1 Richardson Extrapolation for Grid Convergence Evaluation
The Richardson extrapolation is used to quantify the uncertainty of the numerical results as a conse-
quence of coarse grid spacing [32]. It allows to examine the discretization error of numerical methods.
Theoretically, with an infinite grid refinement and reduction in time step size, the discretization error
should approach zero [30].
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Three grid sizes of the aircraft shown in Figure 4 were analyzed, using a coarse, medium, and fine
spatial discretization. The coarse grid used 3500 elements distributed across the aircraft skin, with
4270 and 9709 panels defined for the medium and fine mesh, respectively.

The lift coefficient of the baseline aircraft at 0◦ angle-of-attack was defined as the relevant quan-
tity of interest for the Richardson extrapolation and grid convergence index analysis. The influence of
mesh refinement is illustrated in Figure 5.
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Figure 5 – Grid refinement study according to the Richardson extrapolation.

The effective grid refinement ratios were computed as r21 = 1.508 and r32 = 1.105, resulting in an ef-
fective ratio of reff = 1.306. The Richardson-extrapolated zero-grid-spacing value of the lift coefficient
was cL,ext = 0.0947. The fine-grid uncertainty was GCI21 = 0.160%, while the medium-grid uncertainty
was GCI32 = 1.197%. The ratio GCI32/GCI21 = 7.478 was in close agreement with the theoretical
asymptotic ratio r p

eff = 7.541, indicating that the fine solution is approximately within the asymptotic
range of convergence. As the medium grid shows good agreement with the Richardson-extrapolated
solution and provides a significantly reduced computational cost compared to the fine grid, it was
selected for all subsequent simulations.

3.2 Airfoil Twist Variation
The airfoil twist is varied within a predefined range at each spanwise airfoil section. Under the as-
sumption of a washout twist distribution, the root twist is constrained to be greater than the tip twist.
A positive incidence angle is therefore specified at the inboard sections, while a negative twist is
prescribed towards the wingtip. The maximum incidence at the centerline section is limited to 2◦, with
further inboard sections allowed up to 5◦ twist, whereas the outboard tip twist is limited to a minimum
value of −12◦. The local twist gradient between adjacent sections is additionally restricted to a maxi-
mum of ±2 ◦ m−1.

The spanwise lift distributions resulting from the parametric twist variation are normalized with re-
spect to the local lift generated at the aircraft centerline and plotted as a function of the relative
spanwise location in Figure 6. The agreement of each simulated distribution with Prandtl’s theoreti-
cal bell-shaped spanload is quantified by the root-mean-square error between simulation and theory.
The coefficient of determination R2 is reported as a normalized measure of the explained variance.
The three twist configurations with the lowest RMSE at an angle-of-attack of 0◦ are highlighted in
Figure 6, alongside the configurations yielding the highest lift-to-drag ratio for reference.
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The three configurations with the closest agreement to the theoretical curve exhibit similar twist dis-
tributions, with only minor variations in the tip region. Configurations yielding the highest lift-to-drag
ratio at the same angle-of-attack approximate a more elliptical load distribution with reduced washout
and higher mid-wing loading in comparison, consistent with theory [7, 10]. The resulting performance
penalty of the bell-spanload configurations with respect to pure aerodynamic efficiency outlines a
trade-off with benefits in lateral-directional dynamics.
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Figure 6 – Normalized spanwise lift distribution for the twist parameter variation at 0◦

angle-of-attack, with the three configurations closest to Prandtl’s bell-shaped spanload and the
highest-L/D reference case highlighted.

The subsequent stability analysis is performed for the untwisted baseline configuration and for the
three twist configurations exhibiting the best agreement with the theoretical bell-shaped spanload to
demonstrate achievable changes in aircraft dynamics by twisting the airfoil.

3.3 Dynamic Longitudinal Stability
The root-locus representation is used to assess the dynamic stability of the aircraft and the modal
characteristics of its longitudinal motion. A configuration is dynamically stable if all eigenvalues of the
longitudinal system matrix Alon have strictly negative real parts, such that any perturbation decays
over time. The dynamic stability analysis is restricted to statically stable trim points.

3.3.1 Longitudinal Eigenvalue Evaluation
The root-locus of all longitudinal eigenvalues for the baseline configuration and the three most promis-
ing twist variants outlined previously is shown in Figure 7, visualizing the short-period and phugoid as
the longitudinal modes. As the lift-to-drag ratio increases towards the highest L/D trim configuration,
the short-period damping ratio increases, while the undamped natural frequency decreases. This is
a result of the counteracting behavior of the aircraft to perturbations in the pitch axis. The increase in
L/D for each case is attributed to decreased control surface deflections to satisfy trim requirements,
thereby reducing the trim drag as the center-of-gravity shifts rearward towards the neutral point. Con-
sequently, a shift in the static margin of the aircraft results in a reduced (damped) natural frequency
as the aircraft exhibits a lower gradient in pitching moment coefficient.

The phugoid’s eigenvalues, shown in the right of Figure 7, lie close to the imaginary axis and are
characterized by small damping ratios and very low natural frequencies, consistent with the slow
exchange between kinetic and potential energy that governs the long-period mode, meeting the qual-
itative stability requirements in the CS-23, without considering controllability and handling properties.
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Figure 7 – Separation of the longitudinal modes into the short-period (left) and the phugoid (right)
eigenvalues for the untwisted baseline and the three most promising bell-spanload twist

configurations.

Beyond the modal characteristics, the twist variation has a strong effect on the feasible trim space
and CG-travel. Only three true trim points satisfying the static stability criterion and the elevon au-
thority limits were identified for the untwisted baseline, whereas approximately 15 feasible trim points
were obtained for each of the twisted candidate geometries. This highlights the importance of wing
twist as a primary design driver for tailless aircraft, not only contributing to proverse yaw but also
increasing the CG travel range from 0.1 m with the baseline to 0.4 m with the twisted airfoils.

The effect on the lift-to-drag ratio is small but notable, with the best-case baseline reaching a glide
ratio of 26.6, and the twist cases up to 27.9, as the inboard lift redistribution comes with a lift reduction
outboard. The calculated values are slightly higher than values reported in literature [33, 34], which
is attributed to the simulation method used herein and the omission of excrescence drag, propellers,
ducting, and venting, or internal aerodynamics in general.

3.4 Free Response of the Phugoid and Short-Period
The temporal evolution of the longitudinal modes is analyzed to illustrate how the aircraft recovers
from a disturbance under stick-fixed conditions. The free response reveals the resulting motion of the
aircraft through its state variables.

An initial forward-velocity perturbation of ∆u0 = 4ms−1 is prescribed, with all remaining states ini-
tialized at their trim values. The free response of the linearized system, Equation (10), is integrated
and separated into a short-period transient and a slow phugoid recovery.

The free response is compared to determine the best lift-to-drag ratio for each configuration’s pre-
ferred twist and trim point in Figure 8, outlining the impact of varied wing twist.

Since the velocity perturbation acts on a state dominated by the phugoid, the short-period mode
is only weakly excited, and the resulting angle-of-attack and pitch-rate transients decay within ap-
proximately one second, with the untwisted baseline initially showing the largest short-period excur-
sion. The forward velocity and coupled pitch attitude are recovered slowly due to the lightly damped
phugoid, whose oscillation decays slowly over several minutes, with case 3 depicting the lowest
damped natural frequency and highest damping.
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Figure 8 – Free response to an initial forward-velocity perturbation of 4 ms−1 for the baseline and
twisted configurations at their best L/D showing the short-period (left) and phugoid (right) recovery.

To isolate the effect of the static margin from the wing geometry, the center-of-gravity position is var-
ied for a single twist configuration. The influence of the center-of-gravity travel on the short-period
and phugoid recovery is shown in Figure 9 for the twist-case number 1.
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Figure 9 – Free response to an initial forward-velocity perturbation of 4 ms−1 for the twisted
configuration number 1 and its stable CG positions showing the short-period (left) and phugoid

(right) recovery.
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As the center-of-gravity shifts rearward, the static margin decreases, and the lift-to-drag ratio in-
creases from 22.5 to 27.9. The natural frequencies of both modes decrease, while their damping
ratios increase. The short-period therefore becomes slower but more strongly damped towards the
aft positions, whereas the most forward position exhibits the least short-period damping. The phugoid
follows the same tendency.

All evaluated trim states for twist case 1 are summarized in Table 2, listing the angle-of-attack and
elevon deflection at trim, the static margin, pitching-moment gradient, and the natural frequencies
and damping ratios of both modes.

Table 2 – Characteristic parameters of case 1 showing the angle-of-attack and elevon deflection
in trim state, pitching moment coefficient gradient, natural frequencies and damping ratios of the
phugoid and short-period modes for all stable CG positions.

xCG αtrim δe,trim SM cmα
L/D Phugoid Short-Period

(m) (◦) (◦) (-) (rad−1) (-) ωn (rads−1) ζ (-) ωn (rads−1) ζ (-)

3.00 1.5 −8.26 0.1165 −0.4780 21.5 0.1206 0.0179 8.4943 0.3797
3.00 2.0 −9.31 0.1129 −0.4601 22.5 0.1291 0.0172 8.3502 0.3847

3.10 1.0 −6.20 0.0863 −0.3535 21.5 0.1096 0.0194 7.4151 0.4074
3.10 1.5 −7.06 0.0878 −0.3603 23.0 0.1202 0.0192 7.4785 0.4053
3.10 2.0 −7.92 0.0999 −0.4185 24.1 0.1320 0.0153 8.0037 0.3906
3.10 2.5 −8.80 0.1188 −0.5080 24.7 0.1439 0.0136 8.7448 0.3725

3.20 1.0 −5.05 0.0565 −0.2294 23.0 0.1052 0.0204 6.1441 0.4572
3.20 1.5 −5.72 0.0641 −0.2636 24.7 0.1189 0.0187 6.5214 0.4393
3.20 2.0 −6.38 0.0797 −0.3356 25.8 0.1334 0.0145 7.2519 0.4109

3.30 1.0 −3.76 0.0312 −0.1252 24.7 0.0915 0.0235 4.8187 0.5461
3.30 1.5 −4.19 0.0270 −0.1058 26.3 0.0955 0.0247 4.5170 0.5722
3.30 2.0 −4.63 0.0407 −0.1695 27.4 0.1221 0.0179 5.4323 0.4998

3.40 1.0 −2.29 0.0154 −0.0625 26.3 0.0603 0.0469 3.8131 0.6658
3.40 1.5 −2.46 0.0227 −0.0939 27.9 0.0964 0.0287 4.3602 0.5962

The data confirm a clear trend across the CG sweep. As the center-of-gravity shifts from 3.0 m to
3.4 m, the static margin reduces from a maximum of approximately 11.9 % to a minimum of 1.5 %
across the simulated operating points, comparable to values reported in the literature [35, 36]. The
required trim elevon deflection decreases from about −9◦ to −2◦, confirming the reduced trim drag of
the aft positions, yielding a higher L/D. For a fixed center-of-gravity position, increasing L/D ratios
at the trim points results in lower phugoid damping, in agreement with the classical phugoid damping
formulation, which scales inversely with the lift-to-drag ratio [14]. The natural frequencies, in turn,
increase with the static margin and cmα

.

From a handling-qualities perspective, the aft positions combine the highest aerodynamic efficiency
and the most strongly damped short-period response with a very low static margin. The forward
positions, in contrast, provide robust static stability with a high pitching moment gradient and static
margin, but require larger elevon deflections, reduce the available control authority, and exhibit a
more lightly damped, higher-frequency short-period and phugoid response. The narrow admissible
center-of-gravity range and the low static margins indicate that an active flight-control augmenta-
tion system may be required to ensure satisfactory handling qualities across the operating envelope,
which remains to be analyzed.
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3.5 Prediction of Aerodynamic Coefficients by the Panel-Method and Computational Fluid
Dynamics

Initial studies have been conducted with OpenVSP and its underlying panel solver within VSPAERO.
These potential-flow methods do not capture viscous effects, and the geometric discretization through
quadrilateral panels is generally coarser than the volumetric meshes used in computational fluid dy-
namics. A discrepancy between the panel-method and Navier-Stokes-based solvers is therefore
expected. To quantify these differences and assess the viability of the panel-method results, both
methods are compared in terms of the lift and drag coefficients of the baseline geometry.

The CFD simulation is conducted in ANSYS CFX [37] using the Reynolds-Averaged Navier-Stokes
(RANS) equations with the k-ω SST turbulence model, varying the angle-of-attack between −14◦ and
24◦. Identical boundary conditions and reference states are applied for both methods. The resulting
lift and drag coefficients are shown in Figure 10, with the CFD result plotted in blue and the VS-
PAERO panel-method result in red. A consistent discrepancy in the lift-curve slope cLα

is observed.
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Figure 10 – Comparison of the panel-method and CFD predictions of the baseline configuration in
terms of lift and drag coefficients over the angle-of-attack range.

The panel-method predicts a steeper slope than the CFD reference, which is expected for the poten-
tial flow formulation with its underlying inviscid flow assumption. The boundary-layer displacement
thickness resolved by the CFD model is assumed to effectively modify the aerodynamic camber of
the wing sections, which is expected to lower lift predictions, as reported by Lian and Shyy [38] in
their work analyzing the effective airfoil shape under different turbulence levels.

The drag prediction in VSPAERO combines the induced drag cDi obtained directly from the potential-
flow solution and an empirical parasite-drag estimate cD0 that accounts for form-drag effects through
wetted-area methods, based on the skin-friction formulation of Schlichting [39]. Viscous effects thus
enter the drag prediction only through an analytical correction, without affecting the lift or moment
distributions. The CFD result resolves the viscous boundary layer directly and couples skin-friction,
pressure-drag, and lift contributions through its governing equations, which leads to a higher pre-
dicted total drag across the operating range. However, especially drag estimates obtained from
RANS solvers must be interpreted with care, as the predicted values can vary between turbulence
models and time-schemes, particularly in regions of incipient flow separation [40].

For the static and dynamic stability analysis presented in this work, the relevant operating range
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lies within α ∈ [0◦,4◦], where both methods predict linear aerodynamic behavior. Within this range,
the panel-solver is considered applicable and is selected as the preferred method for the prelimi-
nary design analysis due to its substantially lower computational effort compared with CFD and its
integration into the MATLAB-controlled parametric workflow within OpenVSP.

3.6 Current Design Stage
Based on the results of the wing-twist study and further evaluations not detailed herein, the aircraft
design was iterated in the first step. The latest model, shown in Figure 11, considers the integration
of the hydrogen tanks and propulsion units according to approximate size estimates based on current
technological trends.

Figure 11 – Current design iteration of the fuel-cell powered flying wing.

Their integration required considerable changes to the configuration at the aircraft’s cabin-root inter-
face, while the wing-twist distribution identified in the previous study was retained. To address the
lateral-directional dynamics, the aircraft employs drag fins to counteract yawing moments; their effec-
tiveness remains to be studied.

Since the admissible center-of-gravity travel remains limited at this stage, an increased leading-edge
sweep is being investigated to shift the neutral point further rearward while additionally extending the
moment arm of the elevons. A larger moment arm reduces the elevon deflection required for trim
and thereby lowers the trim drag, widening the range of attainable trim states. However, at constant
wing area, an increased sweep reduces the effective wingspan and therefore the aspect ratio, which
strengthens the wingtip vortices and increases the induced drag. The resulting trade-off between
extended CG travel and aerodynamic efficiency will be assessed in future design iterations.

4. Conclusion and Outlook
This paper presents a systematic longitudinal aerodynamic pre-design methodology for a fuel-cell-
powered flying wing targeting CS-23 certification as the first step in a broader multi-fidelity design
workflow. Wing twist, center-of-gravity location, elevon trim deflection at a given angle-of-attack, and
longitudinal dynamic stability were coupled within a parametric study conducted with the OpenVSP
panel-method, controlled through MATLAB. Grid convergence of the panel-model was established
via Richardson extrapolation.

A comprehensive wing-twist study showed that a spanload distribution, compared to the theoreti-
cally ideal bell lift distribution, can improve roll-turn behavior, thereby enhancing the aircraft’s flying
properties. The untwisted baseline produced only three feasible trim points throughout a CG analy-
sis, whereas the twisted candidates yielded approximately fifteen, expanding CG travel from 0.1 m to
0.4 m. Wing twist is therefore a primary design driver, with a modest efficiency penalty relative to an
elliptical lift distribution. Across the CG sweep from xCG = 3.0m to 3.4m, the static margin decreased
from a maximum of 11.9% to a minimum of 1.5%, while the short-period natural frequency decreased
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from 8.5 rads−1 to 3.8 rads−1, considering all feasible trim points. The short-period damping ratio in-
creased from 0.38 to 0.70 for a twisted wing. The phugoid remained dynamically stable throughout
and showed no modal instability in the analyzed linear model; however, formal compliance with the
qualitative CS-23 handling-quality requirements necessitates further assessment. The comparison
with a higher-fidelity CFD simulation supports the use of the panel method as an appropriate tool
within the stability-relevant angle-of-attack range α ∈ [0◦, 4◦], although the moment coefficients and
stability derivatives have not yet been validated.

The current design iteration incorporates hydrogen-tank and propulsion dummy volumes, requir-
ing reassessment of the aerodynamic characteristics at the updated cabin-root interface. Lateral-
directional stability analysis, including evaluation of the drag-fin effectiveness and characterization
of the Dutch roll and spiral modes, represents the next step, with the bell-spanload twist distribution
providing a favorable starting point. Thermal management of the fuel-cell and environmental control
system will require additional internal aerodynamic analyzes of the ducting and venting architecture
needed to optimize cooling performance against cooling drag penalties. The next step includes the
assessment of increased leading-edge sweep for extended CG travel and static margin, propulsion-
airframe interaction, and the finalization of mass and CG locations across the CG/weight envelope
since the current model does not assume weight distribution in detail.
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