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ABSTRACT

This paper investigates the aerodynamic characteristics and longitudinal stability of an aircraft
equipped with an inverted V-tail configuration, using numerical analysis in the context of
preliminary aircraft design. The main goal is to study the effect of V-Tail size reduction on the
aerodynamic and longitudinal stability performance. The reduction in the modified configuration (tail
span) was kept at 12.5 % of the original configuration. The study focuses on the evaluation of lift, drag,
and pitching moment coefficients over a specified range of angles of attack under defined flight
conditions. The analysis is conducted using the XFLRS5 software as the primary computational tool,
exploiting its three-dimensional flow analysis capabilities based on the Vortex Lattice Method
and Lifting Line Theory to model the wing and tail and to examine the aerodynamic interaction
between them. The numerical settings and simulation inputs are carefully defined to ensure result
consistency and suitability for comparative analysis. The behavior of aerodynamic efficiency
parameters and the pitching moment coefficient as functions of the angle of attack is analyzed. A
comparison of the drag polar (C. vs. Cp) and the lift-to-drag ratio (C. /Cp) for both
configurations reveals that the modified configuration achieves a maximum aerodynamic
efficiency of approximately (Cr /Cp) max = 29, which is comparable to, and slightly higher
than, that of the original configuration. From longitudinal stability point of view, a comparison
between the two configurations shows a relative convergence of the pitching moment curves
for the modified case across different control surface deflection angles, compared to the
original configuration with a reduction varying according to the corresponding deflection
angle (maximum value 24%) in the pitching moment coefficient Cp,.

Keywords: Inverted V-tail, Longitudinal Stability, XFLRS Numerical Analysis package, Tail Span
Reduction
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1- Introduction

Over the past two decades, unmanned aerial vehicles (UAVs) have experienced significant expansion
across a wide range of applications, from military and surveillance operations to civilian uses such as aerial
imaging, precision agriculture, and engineering surveying [1,2]. As these applications continue to evolve in
complexity, achieving high aerodynamic efficiency has become a critical requirement for extending flight
endurance and enhancing overall aircraft performance [3]. In this context, the empennage plays a vital role in
aircraft design, as it not only ensures longitudinal and lateral stability but also directly influences the overall
weight and aerodynamic drag of the aircraft.

The inverted V-tail configuration has emerged as a promising design alternative due to its ability to integrate the
functions of both horizontal and vertical stabilizers into two inclined surfaces, thereby reducing structural
complexity and weight. From an aerodynamic perspective, this configuration contributes to minimizing
interference drag at the junction between the tail and the fuselage, while also improving control surface
effectiveness under high angles of attack [4]. However, the design of such configurations requires careful
analysis to achieve an appropriate balance between stability and control authority.

Previous studies in aircraft design have extensively examined various tail configurations, including
conventional, T-tail, and V-tail arrangements, demonstrating the potential weight reduction benefits of
the inverted V-tail. Nevertheless, a notable research gap remains regarding the extent to which the dimensions of
inverted V-tails can be reduced—particularly in small-scale UAVs—without compromising longitudinal
stability characteristics. In practice, designers often adopt conservative sizing approaches to ensure
stability, which may lead to unnecessary weight penalties [5,6]. Aerodynamic surface geometry
significantly affects flow behavior and aerodynamic performance. Surface modifications can improve
airfoil characteristics [7], while changes in aerodynamic geometry influence turbulent flow and force
generation [8]. Numerical methods have also been successfully applied to predict complex flow fields
and solve the Navier—Stokes equations accurately [9,10]. These studies provide a useful foundation for
investigating the effect of inverted V-tail size reduction on the aerodynamic characteristics and
longitudinal stability of a small UAV.

This study aims to address this gap by conducting a numerical investigation into the effects of reducing
the inverted V-tail span on the longitudinal stability of a UAV. Using XFLRS and applying both the Lifting
Line Theory (LLT) and the Vortex Lattice Method (VLM), the relationship between tail surface reduction and
variations in the aerodynamic center and neutral point is analyzed. The findings are expected to provide a
clear engineering framework for optimizing tail dimensions, achieving an effective balance between weight
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reduction and aerodynamic stability requirements.

2- Methodology

This study adopts a comparative analytical approach to investigate the effect of reducing the span of an inverted
V-tail on the longitudinal stability characteristics of a small unmanned aerial vehicle (UAV). The investigation
was conducted using numerical aerodynamic simulations to evaluate the influence of tail geometry on the
aircraft's stability behavior while maintaining all other design parameters unchanged.

A baseline UAV configuration equipped with an inverted V-tail was selected as the reference model (original
case). A second configuration was then developed by reducing the tail span while preserving the same
wing geometry, airfoil sections, tail moment arm, center of gravity, and flight conditions. This approach
ensured that any observed differences in the aerodynamic characteristics could be attributed solely to the
modification of the tail geometry.

The aerodynamic analyses were performed using the XFLRS software based on the three-dimensional
Vortex Lattice Method (VLM), which provides an efficient numerical approach for predicting the
aerodynamic characteristics and static stability of low-speed aircraft configurations. The simulations were carried
out over a specified range of angles of attack under identical operating conditions for both configurations.

To ensure a consistent and unbiased comparison, all numerical input parameters, including Reynolds
number, flight velocity, altitude, aircraft mass, air density, and reference point location, were kept constant
throughout the study. The only design variable was the inverted V-tail span, allowing the isolated assessment
of its influence on the aerodynamic performance and longitudinal stability.

Table (1) Numerical analysis input parameters for the reference and modified configurations.

Category Parameter Value / Description
Software Analysis Tool XFLR5
Vortex Lattice Method
Analysis Method (VLM) — 3D Analysis
Wing and V-Tail

Aircraft Model Configuration (Fuselage Neglected)
Geometry V-Tail Cant Angle 32°

Tail Moment Arm 1.147 m
Airfoils Wing Airfoil SD-7062

Tail Airfoil NACA 0015
Wing Geometry Root Chord 0.390 m

Tip Chord 0.325m

Wingspan 3.940 m
Tail Geometry Tail Chord 0.230 m

Tail span Reference case 1.37m

Modified 1.20 m

Deflections angles 0°,£2°,+4°,4+6°
Flight Conditions Angle of Attack Range —6° to +12°

Angle of Attack Step (A) 1°

Reynolds Number Sweep 3x10*—3x10°

Total Mass 24 kg

Free stream velocity (Vo) 25 m/s

Altitude 900 m

Air Density 1.147 kg/m?

Air Temperature 9°C
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Reference Center of Gravity (CG) 0.114 m (MAC)
Moment Reference Point At CG
Control Surfaces Control Type Ruddervator only

As shown in Table (1), all numerical input parameters were maintained unchanged for both
configurations, except for the inverted V-tail span, which was intentionally reduced in the modified model. This
ensured that the observed variations in aerodynamic performance and longitudinal stability resulted solely
from the geometric modification of the tail rather than from changes in operating or reference conditions.

The aerodynamic performance of both configurations was evaluated by comparing the principal longitudinal
stability parameters, including the lift coefficient, pitching moment coefficient, lift-to-drag ratio, and static margin.
The obtained results were then analyzed to quantify the effect of tail span reduction on the aircraft's stability
characteristics and overall aerodynamic efficiency.

3- Validation

XFLRS was adopted as the primary numerical tool for the three-dimensional aerodynamic analysis of the
investigated configurations, due to its suitability for low-Reynolds-number wing and tail analyses. The
software employs the Vortex Lattice Method (VLM) for three-dimensional analysis, while XFOIL is used
to determine the two-dimensional aecrodynamic characteristics of the airfoil sections.

The reliability of the adopted computational approach was assessed by comparing the XFOIL results for
the selected airfoil with published reference data from the NACA Airfoil Database [11,12].

The comparison included the variations of the lift coefficient (Cv), lift-drag characteristics (Cr) vs. (Cp),
lift coefficient -to- drag coefficient ratio (C/Cp), and pitching moment coefficient (Cwm), as presented in
Figures (1-4). The numerical results show good agreement with the reference data over most of the
investigated angle-of-attack range, with minor deviations appearing mainly at higher angles of attack.
These differences are consistent with the limitations of the numerical approach, particularly the idealized
flow assumptions and the neglect of nonlinear effects associated with flow separation.

Cl/Alpha

0.5 ¥ 4 —— Airfoil Database

XFoil
-20 -10 / 0 10 20 30

Figure 1. Comparison of the lift coefficient (Cy) versus angle of attack (a).
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Figure 2. Comparison of the relationship between the lift coefficient (Cr) and the drag coefficient (Cp)

Cl/Cd/ Alpha
120

—— Airfoil Database

~—— XFoil
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Figure 3. Comparison of the lift coefficient -to- drag coefficient ratio (Cr. / Cp) variation with

angle of attack (o)

Cm vs AoA
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Figure 4 Comparison of Cm variation with angle of attack
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The percentage errors between the numerical and reference results were also evaluated, as summarized in
Table (2). The obtained errors remain within acceptable limits and do not significantly affect the
representation of the general aerodynamic behavior of the selected airfoil over the operating range
considered. Accordingly, the comparison supports the reliability of XFOIL for the present application and,
given its role in providing the sectional aerodynamic data used by XFLRS, supports the use of XFLRS5 for
the subsequent three-dimensional aecrodynamic and longitudinal stability analyses.

Table 2. Percentage error between XFOIL results and reference data from the Airfoil Database

for selected aerodynamic coefficients.

Alpha CL/Ca/ Alpha Cwm / Alpha CL/ Alpha CL/Ca
[Degree] [%] [%] [%o] [%o]
-6 2 0 1 2
-5 0 1 2 0
-4 2 1 3 2
-3 6 1 6 6
-2 2 0 2 2
-1 5 1 4 5
0 0 0 0 2
1 2 2 2 2
2 1 0 1 1
3 0 0 0 0
4 3 1 0 3
5 4 2 0 4
6 4 1 0 4
7 4 1 0 4
8 3 0 0 3
9 3 0 0 3
10 1 1 0 1
11 0 1 0 0
12 0 1 0 0

4- Results and Discussion.

4.1 Lift Characteristics.

Reducing the span of the inverted V-tail has a negligible influence on the lift characteristics of the aircraft. As
shown in Figs. 5 and 6, both the original and modified configurations exhibit an almost identical linear variation
of the lift coefficient with angle of attack throughout the investigated range. The close agreement between the
two lift curves indicates that the proposed geometric modification does not alter the overall lift response
or the lift-curve slope within the pre-stall operating conditions.

This behavior is expected from an aerodynamic standpoint, since the primary contribution to lift is provided by
the main wing, whereas the tail surfaces are principally intended to ensure stability, trim, and control rather
than to generate a significant portion of the total aerodynamic lift. Consequently, reducing the tail span
produces only a limited influence on the overall lifting capability of the aircraft while preserving the linear
lift response over the investigated range of angles of attack.

The preservation of the lift characteristics is an important outcome of the proposed modification. Because the
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aircraft maintains essentially the same lift behavior after reducing the tail span, any subsequent differences
observed in aerodynamic efficiency or longitudinal stability can reasonably be attributed to the change in tail
geometry rather than to changes in the fundamental lift-producing mechanism. This provides a consistent basis
for evaluating the aerodynamic implications of the modified configuration in the following sections.

_CL

-6 Deg &-.4 Deg =+—-2 Deg -0 Deg ~-4+2 Deg &~ 44 Deg +6 Deg
Figure 5. Lift coefficient as a function of angle of attack for the original inverted V-tail configuration.

CL

—e—.6 Deg .4 0Deg -o-20Deg -—-+00Deg +2 Deg = +4 Deg +6 Deg

Figure 6. Lift coefficient as a function of angle of attack for the modified inverted V-tail
configuration.

4.2 Aerodynamic Efficiency.

Reducing the span of the inverted V-tail improves the aecrodynamic efficiency of the aircraft without introducing

an observable aerodynamic penalty. As presented in Figures 7 and 8, both configurations exhibit the

Univ Zawia J Eng Sci Technol. 2026;2:64-74. https://journals.zu.edu.ly/index.php/UZJEST



71 K. Alrgeg and A. Alrujeebi

characteristic variation of the lift coefficient -to-drag coefficient ratio with angle of attack, reaching a maximum
value before gradually decreasing at higher angles of attack. Although the overall behavior remains comparable,
the modified configuration consistently achieves a slightly higher peak lift-to-drag ratio than the original

configuration.

The improvement in aerodynamic efficiency is primarily associated with the reduction in tail wetted area.
Decreasing the exposed surface reduces the skin-friction component of drag, while the aerodynamic
characteristics of the lifting surfaces remain largely unchanged, as demonstrated by the preserved lift
behavior discussed in the previous section. Consequently, the reduction in parasitic drag is sufficient to
produce a marginal increase in the lift-to-drag ratio without adversely affecting the overall aerodynamic

performance.

An equally important observation is that the aerodynamic efficiency curves preserve their general shape over
the investigated elevator deflections, indicating that the influence of the proposed geometric modification
remains consistent under different control surface positions. This suggests that the observed improvement
originates predominantly from the modified tail geometry rather than from changes in the aerodynamic

response associated with elevator deflection.

The ability to achieve a modest improvement in aerodynamic efficiency while maintaining essentially
unchanged lift characteristics demonstrates that reducing the tail span can provide a measurable aerodynamic
benefit without compromising the aircraft's primary lifting performance. The remaining question is therefore not
whether the aircraft continues to produce adequate lift, but whether these aerodynamic gains are achieved

while preserving the longitudinal stability characteristics required for safe flight.

b Deg -=—.4 Deg ? Deg ODeg ==—+2Deg —=—+4 Deg =—+—+6Deg

Figure 7. Lift coefficient -to-drag coefficient ratio as a function of angle of attack for the
original inverted V-tail configuration.

Univ Zawia J Eng Sci Technol. 2026;2:64-74. https://journals.zu.edu.ly/index.php/UZJEST



72 K. Alrgeg and A. Alrujeebi

cLfco

+—-G Deg -4 Deg -2 Deg ODeg =42 Deg -4 Deg  ——+b Deg

Figure 8. Lift coefficient -to-drag coefficient ratio as a function of angle of attack for the

modified inverted V-tail configuration.

4.3 Longitudinal Stability Characteristics.

The effect of reducing the inverted V-tail span on the aircraft's longitudinal stability was assessed by examining
the variation of the pitching moment coefficient with angle of attack. As shown in the figures 9 and 10, both
configurations retain an approximately linear decrease in the pitching moment coefficient throughout
the investigated angle-of-attack range, indicating that the proposed geometric modification preserves the

fundamental longitudinal static stability characteristics of the aircraft.

The similarity in the slope of the pitching moment curves suggests that the restoring tendency of the aircraft
remains essentially unchanged despite the reduction in tail span. This behavior indicates that the modified
configuration continues to satisfy the longitudinal static stability requirement within the investigated flight
envelope. Therefore, the reduction in tail geometry does not alter the inherent stability mechanism but rather

influences the magnitude of the aerodynamic moment generated by the tail.

A more noticeable difference is observed in the relative spacing between the pitching moment curves
corresponding to the investigated elevator deflections. Compared with the original configuration, the
modified tail produces a smaller variation in pitching moment for the same control input. This behavior is
consistent with the reduction in tail aerodynamic loading associated with the decreased lifting surface, resulting

in a lower pitching moment without affecting the overall stability trend.

From an aerodynamic design perspective, these findings indicate that the proposed modification preserves
the stability characteristics required for normal flight while reducing the available control authority. This
represents a practical design compromise in which a modest reduction in control effectiveness is
accompanied by improved aerodynamic efficiency and reduced tail size. Within the investigated operating
conditions, the modified configuration therefore achieves a balanced aerodynamic performance while

maintaining the longitudinal stability characteristics required for safe operation.
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Figure 9. Pitching moment coefficient as a function of angle of attack for the original inverted V-tail

configuration.

™M

£.000

—+—-GDeg —+—-dDeg -2 Deg 0Deg —=—+2Deg —+d Deg —=—+6 Deg

Figure 10. Pitching moment coefficient as a function of angle of attack for the modified inverted V-tail
configuration.

5- Conclusion

The present findings demonstrate that reducing the span of an inverted V-tail does not necessarily require a
compromise between aerodynamic efficiency and longitudinal static stability. Within the investigated
operating conditions, the proposed geometric modification preserves the aircraft's fundamental aerodynamic
characteristics while reducing the aerodynamic contribution of the tail. These findings indicate that the

original tail geometry possesses sufficient design margin to accommodate geometric optimization,
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supporting the use of tail sizing as an effective approach for improving aerodynamic efficiency without

degrading the essential flight characteristics of the aircraft.
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