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Abstract: This research presents the design, optimization, and validation of a Variable Pitch Propeller
(VPP)—enabled Vertical Take-Off and Landing (VTOL) Unmanned Aerial Vehicle (UAV) optimized for
high-altitude operations. The proposed platform addresses the fundamental limitations of fixed-pitch
propeller UAVs, including reduced thrust efficiency in low-density environments, [imited
maneuverability during hover—cruise transitions, and constrained endurance.The UAV incorporates a
swashplate-actuated servo mechanism to dynamically vary the blade pitch angle, enabling real-time
optimization of angle of attack (AoA), thrust coefficient (Ct), and lift-to-drag ratio (L/D) across varying
flight regimes. The propeller blades were designed using NACA 4412 and NACA 6412 airfoil sections
for VTOL efficiency, with symmetric profiles evaluated for rotor stability. Aerodynamic performance
was analyzed using a multi-fidelity methodology, beginning with Blade Element Momentum Theory
(BEMT) and advancing to Computational Fluid Dynamics (CFD) simulations with Reynolds-Averaged
Navier—Stokes (RANS) models in ANSYS Fluent. The VPP-based system demonstrated significant
performance improvements, including increased thrust-to-power ratios in thin-air conditions, enhanced
hover stability, and reduced power consumption during climb and transition phases. Comparative
studies against fixed-pitch UAVs confirmed a marked improvement in high-altitude adaptability and
endurance.This research establishes the viability of VPP-enabled VIOL UAVs as a next-generation
aerial platform, with applications in atmospheric data collection, defense reconnaissance, search-and-
rescue operations, and autonomous payload delivery in complex environments.

Keywords: Variable Pitch Propeller (VPP), Vertical Take-Off and Landing (VTOL), Unmanned Aerial
Vehicle (UAV), High-Altitude Flight, Blade Element Momentum Theory (BEMT), Computational Fluid
Dynamics (CFD), Reynolds-Averaged Navier—Stokes (RANS), Thrust-to-Power Ratio, Search-and-
Rescue UAVs, Atmospheric Data Collection, Autonomous Aerial Systems

1. Introduction

This research presents a comprehensive study on the design, optimization, and validation of a Variable Pitch
Propeller (VPP) integrated Unmanned Aerial Vehicle (UAV) system for Vertical Take-Off and Landing (VTOL)
applications, with a particular focus on operations in high-altitude environments. The workflow begins with a
well-defined mission envelope, where the UAV is expected to sustain flight between sea level and 6 km, with
performance emphasis above 3 km where reduced air density significantly impairs conventional rotorcraft thrust
production. Mission requirements include a modular payload capacity of 2—5 kg, enabling integration of imaging
systems, communications payloads, or atmospheric sensors, along with an endurance target of 90—120 minutes—
substantially exceeding typical endurance benchmarks for multi-rotor UAVs, which generally fall below 45
minutes (Zhao et al., 2020). In addition, the platform is required to demonstrate VTOL capability in confined or
obstructed environments such as urban rooftops, disaster-affected regions, and remote terrains lacking runway
infrastructure. Transition stability, environmental adaptability, and crosswind resilience form additional
requirements that collectively establish a rigorous baseline for design.
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A systematic survey of UAV configurations—including multi-rotor, fixed-wing, tailsitter, flying-wing, and hybrid
VTOL systems—Ied to the adoption of a blended wing-body hybrid configuration. This design leverages the
vertical lift and maneuverability of rotary-wing aircraft while retaining the aerodynamic efficiency and long-range
capability of fixed-wing flight. Hybrid UAVs of this type have been studied in recent DARPA programs (e.g.,
VTOL X-Plane project) and NASA demonstrators (Greased Lightning GL-10), where blended architectures
achieved significantly higher endurance than traditional multi-rotors (Sachs, 2017; NASA, 2019). To address
thrust degradation at high altitude, a servo-actuated swashplate-based VPP system was integrated. Unlike fixed-
pitch systems, VPP allows real-time blade pitch adjustment, improving thrust-to-power ratios under low-density
conditions while offering greater aerodynamic efficiency during hover—cruise transitions.

The propulsion design incorporated multiple airfoil profiles to optimize performance across regimes. NACA 4412
was selected for hover due to its high lift coefficient at low Reynolds numbers, NACA 6412 for cruise because of
its superior lift-to-drag ratio, and symmetric sections for stability during transitional phases. Prior studies on
variable-pitch rotor systems (Leishman, 2006; Johnson, 2013) confirm that adaptive pitch control significantly
reduces induced power losses and improves overall propulsive efficiency compared to fixed-pitch alternatives.
By employing variable pitch, the UAV system enhances climb performance, maintains control authority, and
adapts dynamically to changing aerodynamic conditions.

The design process was executed in a CAD/CAE environment. Conceptual modeling of the airframe was carried
out in SolidWorks, allowing rapid exploration of blended wing-body layouts. CATIA V5 was employed for high-
fidelity parametric modeling of the VPP mechanism, including swashplate actuation and hub assembly with root
chord and twist distributions. Validation was undertaken through a multi-fidelity analysis workflow. At the low-
fidelity stage, Blade Element Momentum Theory (BEMT) and XFLRS5 vortex lattice methods were employed to
predict thrust, torque, induced power, lift distribution, and aerodynamic stability. Structural verification utilized
Finite Element Analysis (FEA) in ANSYS Mechanical, focusing on fatigue analysis, cyclic loading, and stress
concentration around the blade roots and hub assembly. High-fidelity Computational Fluid Dynamics (CFD)
simulations using ANSYS Fluent with Reynolds-Averaged Navier—Stokes (RANS) turbulence models were
performed to analyze flow behavior across hover, transition, and cruise regimes. These CFD simulations provided
thrust-to-power curves, vortex structure resolution, and drag estimation with and without winglets, aligning with
best practices in high-altitude UAV research (Singh & Friedmann, 2018).

Benchmarking against a baseline fixed-pitch UAV revealed that the VPP-enabled UAV achieves a 20-25%
increase in thrust-to-power ratio under thin-air conditions, a ~15% reduction in induced hover power losses, a
30% improvement in climb rate, and an 18% reduction in cruise power consumption. These improvements
establish the viability of VPP as a disruptive technology for high-altitude hybrid UAVs. Beyond efficiency, the
system demonstrated robust control authority during critical transition phases—an area where many hybrid UAV's
suffer performance degradation (Benedict et al., 2021).

The platform’s application readiness spans diverse domains. In disaster management, VTOL capability combined
with long endurance enables rapid deployment for situational awareness. In defense reconnaissance, stealth and
endurance offer tactical advantages in contested environments. In atmospheric science, the UAV provides high-
altitude data collection capabilities comparable to balloon-based methods but with greater flexibility. Finally, in
autonomous logistics, modular payload delivery can be achieved in areas lacking infrastructure. These use cases
highlight the UAV’s transformative potential across civilian and defense aerospace sectors.

In summary, this study demonstrates that integration of a VPP system within a blended wing-body hybrid UAV
configuration provides significant operational advantages over conventional fixed-pitch architectures. By
employing a CAD/CAE-driven design and validation pipeline supported by multi-fidelity aerodynamic, structural,
and CFD simulations, the research establishes a robust methodological framework for the development of high-
altitude UAVs. This work builds upon and extends prior research into hybrid VTOL systems (NASA, DARPA)
and variable-pitch rotorcraft (Johnson, Leishman), offering novel contributions in terms of endurance, efficiency,
and adaptability for real-world deployment.
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Figure 1: Aerodynamic Design and Validation Workflow for VPP-VTOL UAV
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1. Literature Review
A. VTOL UAV Architectures

Recent research explores multi-rotors, tilt-rotors, tilt-wings, and tail-sitters, each balancing mechanical
complexity against efficiency. Demonstrators such as NASA’s Greased Lightning (GL-10) and DARPA’s VTOL
X-Plane highlighted the trade-off between hover efficiency and forward-flight endurance [1], [2]. Studies
converge on propulsion adaptability as a key enabler of mission success [3].
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Capability Project Configuration/Specification Expected Outcome
Operational | 0—-6 km, optimized performance above 3 km with VPP Sustained flight in thin-air
Altitude Range | thrust modulation. conditions where fixed-pitch
UAVs lose efficiency.
Payload | 2-5 kg modular payload bay (imaging sensors, comms  Flexible mission adaptation:
Capacity | relays, atmospheric instruments). ISR, scientific data collection,
disaster relief.
Endurance | 90-120 minutes (hybrid VTOL + fixed-wing blended =~ Nearly 2—3% longer than
design). conventional multi-rotor UAVs
(<45 min).
VTOL | Multi-rotor assisted VTOL with swashplate-controlled ~ Vertical takeoft/landing from
Capability | VPP. unprepared terrain, confined
spaces, rooftops.
Transition | Smooth hover-to-cruise transitions enabled by servo- Reduced power spikes,
Stability | actuated VPP system. enhanced control authority,
safer hybrid operations.
Propulsion | Variable Pitch Propeller with swashplate-servo Optimized thrust across hover,
System | actuation, contra-rotating configuration. climb, and cruise; torque
balancing.
Air-foil | NACA 4412 for hover, NACA 6412 for cruise, Higher L/D ratio in forward
Selection | symmetric sections for stability. flight, efficient lift generation
in hover.
Airframe Design | Blended wing-body layout, forward-swept wings, Drag reduction, improved lift
optional winglets. distribution, stable aerodynamic
behavior.
CAD/CAE | CAD: SolidWorks (concept), CATIA V5 (detailed Iterative optimization of
Workflow | hub/propeller). CAE: XFLRS (low-fidelity), ANSYS aerodynamics, structural
(FEA + CFD RANS). durability, and power
efficiency.
Performance | Compared with fixed-pitch UAVs under identical 20-25% thrust-to-power
Validation | mission conditions. improvement, 30% better climb
rate, 18% endurance gain.
Application | Designed for disaster management, defense Demonstrates real-world
Readiness | reconnaissance, atmospheric science, and autonomous  mission capability with high

logistics.

flexibility.

Table: Capability—Configuration Table for VPP + VTOL UAV Project

B. Aerodynamics at High Altitude and Low Reynolds Numbers

At reduced density

and low Reynolds numbers, UAV rotors suffer performance degradation due to laminar
separation. Literature shows that low-Re airfoils (e.g., S1223, E423) delay stall and increase lift coefficients [4].

Efficient pitch scheduling compensates for changing inflow conditions [5].

VOLUME 9 ISSUE 8 2025

PAGE NO: 245


https://doi.org/10.71058/jodac.v9i8017
https://doi.org/10.71058/jodac.v9i8017

) JOURNAL OF DOlI: https://doi.org/10.71058/jodac.v9i8017

DYNAMICS AND CONTROL

C. Variable-Pitch Propeller Benefits

Variable-pitch propellers (VPP) adjust blade angle to maintain near-optimal angle of attack across regimes.
Classical analyses [6], [7] and recent UAV-scale studies [8], [9] show that VPP improves thrust-to-power ratio,
extends endurance, and enhances transition controllability by decoupling thrust from RPM. However, mechanical
penalties (weight, power draw, reliability) must be managed [10].

D. Simulation and Numerical Modeling

The multi-fidelity computational workflow for the VPP + VTOL UAV integrates low-fidelity aerodynamic
estimations with high-fidelity CFD case studies, ensuring both computational efficiency and physical accuracy.
In the preliminary stage, XFLRS5’s vortex lattice method (VLM) was employed to evaluate baseline
aerodynamic performance, airfoil suitability, and winglet optimization. Using Reynolds numbers in the range of
5 x 10° and 3.0 x 10° and freestream velocities between 15-35 m/s, XFLRS simulations provided lift, drag, and
moment coefficient predictions for hover, transition, and cruise regimes. These results offered valuable insights
into the sensitivity of the blended wing-body layout to variable pitch adjustments, establishing the foundation for
higher fidelity analysis (Lin & Chen, 2021).

However, XFLRS5’s panel-based methodology is inherently limited in resolving turbulent flow effects, boundary
layer separation, and unsteady vortex dynamics, particularly during hover-to-cruise transition. To overcome
these limitations, the workflow incorporated ANSYS Fluent CFD simulations using Reynolds-Averaged
Navier-Stokes (RANS) and Detached Eddy Simulation (DES) models. Similar to the NASA X-57 Maxwell
program (NASA, 2021), DES-based modeling was selected to accurately capture boundary layer separation,
unsteady wake interactions, and propeller—wing flow coupling critical to hybrid VTOL aircraft.

For the present UAV design, a variable pitch contra-rotating propeller configuration was simulated in ANSYS
Fluent with transient DES. Key metrics included:

e  Velocity contours across the rotor—wing interface, highlighting wake contraction and induced
downwash in hover.

e  Pressure distribution over the blended wing body, confirming stable lift generation during mid-
transition.

e Vortex structures visualized via Q-criterion iso-surfaces, capturing tip vortex roll-up, root separation
zones, and reattachment regions.

Preliminary CFD results demonstrated that the S1223-E423 airfoil combination yiclded a maximum lift-to-drag
ratio (L/D = 11.8) in cruise while maintaining stable pitching moments across transition regimes. The variable
pitch actuation further mitigated thrust loss under high-altitude conditions, improving climb performance by ~14%
compared to fixed-pitch benchmarks. Pressure contour analysis confirmed delayed flow separation along the
inboard wing, while velocity contours illustrated smoother downwash distribution from the contra-rotating
propellers.

This integrated approach validates the aerodynamic feasibility of the proposed VPP + VTOL UAV design. The
multi-fidelity framework—combining XFLRS5 for rapid parametric evaluation and ANSYS CFD for high-
fidelity flow resolution—ensures both computational efficiency and physical accuracy in predicting UAV
performance under diverse mission profiles.

E. Airfoil, Planform, and Blade Design

Propeller efficiency depends strongly on blade twist, taper, and airfoil selection. Research on wingtip effects
shows that optimized tip geometries can reduce induced drag by up to 15% [11]. UAV studies employ BEMT pre-
design followed by CFD refinement to capture nonlinearities [12].
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F. Multi-Fidelity Design Approaches
Design pipelines typically integrate:

e BEMT for quick sizing and pitch sweeps [13],

o  VLM/XFLRS for stability and induced drag [14],

e RANS CFD (k—o SST) for rotor—wing interaction and separation prediction [15], and
o FEA for hub/blade load validation [16].

G. Actuation and Mechanism Design

Servo-driven swashplates, geared hubs, and micro-pitch links enable VPP at UAV scale. Reliability challenges
include backlash, servo stall currents, and thermal limits [17]. Fail-safe designs often revert to fixed pitch under
actuator failure.

H. Transition Control and Dynamics

Transition is the most demanding phase of hybrid VTOL flight. Control approaches include gain-scheduled PID,
linear parameter-varying (LPV), and model predictive control (MPC) strategies [18]. VPP offers an additional
degree of freedom, reducing torque disturbances during mode-switching [19].

1. Endurance and Mission Economics

Endurance studies demonstrate that VPP-equipped UAVs outperform fixed-pitch configurations when missions
require both hover and cruise phases. Comparative analyses indicate measurable gains in range—payload product
[20].

J. Research Gaps

Open challenges remain in miniaturized robust hubs, transition validation datasets, and prop—wing interference
studies [21]. Integrated optimization across aecrodynamics, mechanisms, and control is needed for next-generation
UAVs.

3.VTOL-VPP Hypothesis Suite
Primary hypothesis:

A hybrid VTOL UAV with a variable-pitch propeller (VPP) system achieves higher thrust-to-power efficiency,
smoother hover—cruise transitions, and better high-altitude stability than an otherwise-identical fixed-pitch VTOL

UAV.
Sub-Hypothesis Key Sensor / Data Test Setup Pass
Metric(s) Source Threshold
HI1 — Thrust-to- | n Thrust stand, ESC BEMT — CFD map — Thrust- > 15%
Power Efficiency | (propulsive), power logging (V, stand tests at sea level & 3 km higher n in
Ct, Cp I), tachometer DA >2 regimes
H2 — Hover | Induced Thrust stand, power  Hover bench at sea level & >12-15%
Induced Power | power Pi, analyzer density-altitude conditions reduction
current (A) in Pi
for equal
thrust
H3 — High-Altitude | Max static Thrust stand with CFD + prop-stand; validate via ~ >20%
Thrust Retention | thrust vs p; density correction field test at >3 km DA higher
thrust margin  or altitude chamber thrust at
(T/W-1) same
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H4 — Climb Rate

H5 — Transition
Smoothness

H6 — Endurance /
Energy Use

H7 — Control
Authority / Yaw

HS8 — Acoustic
Signature

HY9 —
Structural/Actuation
Viability

VOLUME 9 ISSUE 8 2025

Climb rate
W (m/s)

Peak attitude
error (°),
settling time
ts, AQ torque
spikes

Endurance
(min), energy
per mission
(Wh)

Control
margin (%
saturation),
RMS yaw
rate

dBA at 50 m,
100 m; 1/3-
octave
spectra

MTBF
cycles, max
stress, servo
temp

GPS/Baro (high-
rate), IMU

IMU (200 Hz),
motor torque
estimate, flight data
recorder

Battery telemetry
(V,D), GPS time

IMU, actuator
command logs, ESC
telemetry

Calibrated
microphones, sound
level meter

FEA, strain gauges,
servo
current/temperature
logs
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Flight tests identical mass/SOC
at sea level & high DA

HIL + repeated scripted
transitions

Full mission profile
VTOL—loiter—cruise—VTOL
repeated

Wind/gust injection tests + CFD
prop—wing study

Static hover & fly-by at
matched thrust

FEA + endurance pitch-cycling
rig (>10°cycles)

power or
>0.1 higher
thrust
margin

>25-30%
higher w,

>30%
lower peak
error &
>20%
shorter tg

>15-20%
longer
endurance
or >15%
lower
energy

>25%
more
control
margin &
>30%
lower RMS
yaw

>3-5dBA
reduction

>10°
cycles;
actuator
power <5—
8%
mission
energy
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4.Technical Background

Fixed vs. Variable-Pitch Propellers

A fixed-pitch propeller (FPP) has blades set at a constant geometric pitch angle. These systems are mechanically
simple, lightweight, and reliable, but lack adaptability to varying flight regimes (hover, transition, and forward
flight). In a VTOL UAV, a fixed-pitch design may provide sufficient thrust-to-weight ratio at sea-level density,
where air density ensures adequate mass flow through the propeller disk. However, as density altitude increases,
thrust coefficient drops significantly for a given shaft power, leading to decreased propulsive efficiency and
higher disk loading.

A variable-pitch propeller (VPP), by contrast, allows in-flight adjustment of blade pitch angle (0), thereby
modifying the effective angle of attack (aetr) and advance ratio (J). This enables optimization of the propeller
operating point across distinct regimes:

e Hover/Low Altitude: A finer pitch (lower blade angle) increases blade circulation and induced velocity,
generating the high static thrust necessary for VTOL take-off and hover.

e Transition / Forward Flight: Pitch can be increased to reduce induced power losses, aligning blade
sections closer to their optimum lift-to-drag ratio (L/D) for forward flight efficiency.

o High Altitude Cruise: A coarser pitch (greater blade angle) compensates for reduced p\rho by increasing
the volume of air displaced per revolution, maintaining thrust without excessive RPM escalation.

This adaptability allows a VPP-equipped VTOL to maintain higher propulsive efficiency, smoother transition
between hover and cruise, and greater payload capability at density altitudes where fixed-pitch systems suffer
performance degradation.

Aerodynamics at High Altitudes
Operation at elevated altitudes introduces several aerodynamic and propulsive challenges for VTOL UAVs:

e Reduced Lift: Since lift scales directly with p\rho, both fixed wings (for cruise) and rotor/propeller disks
(for VTOL) generate less lift per unit area at higher altitudes. This necessitates higher flight speeds or
increased angle of attack to sustain level flight.

e Lower Thrust Efficiency: For propellers, reduced air density lowers mass flow through the disk,
reducing thrust (TTT). To compensate, either blade pitch must increase or shaft RPM must rise. In fixed-
pitch systems, only RPM can be increased, which drives the motor into less efficient operating regimes.

e Increased Induced Power Demand: Higher RPM elevates profile drag losses and power draw,
stressing motors, ESCs, and batteries, and reducing overall endurance.

e  Propeller—Wing Interaction in VT'OL: During transition, propwash over the wing is weakened at high
altitude, leading to diminished lift augmentation and reduced control authority.

A VPP system mitigates these challenges by continuously adjusting 8\theta to maintain near-optimal thrust-to-
power ratio (T/P) across density variations. Instead of relying solely on higher RPM, the VPP balances rotational
speed and geometric pitch to sustain thrust while keeping motor current draw within efficiency margins. For
VTOL specifically, this provides:

e Higher static thrust margins for take-off and hover at high density altitude.

e Reduced power spikes during transition, improving attitude stability.
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e  Greater endurance by avoiding excessive induced power at cruise altitudes.

Thus, the aerodynamic adaptability of VPP propellers directly addresses the payload—endurance trade-offs that

constrain fixed-pitch VTOL UAVs in high-altitude operations.
Propeller Performance Theory (Momentum & Blade Element)

Momentum (Actuator—Disk) Theory
For a rotor disk of area A’= tR%A in air of density (p/rho), with induced velocity v;:

Thrust: T = 2pAvi2T = 2pAv?
Induced Power: P; = Tv; = 2pAv}
Induced velocity (given T): v; = fZ%A

Ideal power (given T): P; = TW/ 2%4

T3/2

Piny/2pA

Figure of Merit: FM =

9 _
Altitude dependence (ISA atmosphere): p(h) = p, (1 - i—h)RL
0

Blade Element Theory (BET):
At blade radius r, chord c(r)c(r), angular speed Q\Omega:

Local velocity: W (r) = \/ Qr)z + (V, + v;)?

Vat+v;

Inflow angle: tan ¢ (r) = o

Angle of attack: a(r) = 6(r) — ¢(r)

Differential thrust and torque: dT = %szc(r) [C.(a) cosp — Cp(a)]B dr

dQ = %pwzc(r)r[CL(a) sin¢g + Cp(a)]B dr

Total thrust and power: T = f:: dT, Q= fri dQ, P=QQ

. . . . _ T _ P ) — CrJ
Non-dimensional coefficients: C; = ozt P = aps ] w12
. _ pwW(r)c(r) . _ OR
Reynolds number & Mach: Re(r) = M =205

These equations show how variable pitch scheduling 6(r)\theta(r) can maintain optimal angle of attack across

altitudes.

Induced-Power with Loss Factor Accounting for non-idealities: P ~ kT /Z%A (k>1)
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5. Design And Implementation

In a Variable Pitch Propeller (VPP) system adapted for VTOL UAVs, the mechanical design integrates multiple
subsystems to ensure dynamic thrust vectoring, efficient hovering, and smooth transition to forward fligh

e Swashplate or High-Torque Servo Actuation Mechanism:

Each rotor incorporates a high-precision digital servo actuator (or a miniature swashplate assembly) that
varies the blade collective pitch angle (0) in real time. Control signals from the Electronic Speed Controller
(ESC) and flight control unit (FCU) adjust the blade incidence angle based on sensor feedback (altitude,
angular velocity, thrust demand). For yaw stability in hover, differential collective pitch can be commanded
across counter-rotating rotors.

VTOL Variable-Pitch Rotor Hub + Servo Integration (schematic)

Rotor Hub
(spindie + bearings)

\ Swashplate
qollective + cyclic)
7 Pitch Links

Flight Controller
(IMU+GPS+ESC)

e Rotor Hub Assembly:

The hub and spindle mechanism integrates with the motor shaft via a splined coupling. The hub
incorporates blade root bearings that allow feathering motion (rotation about the pitch axis) while
transmitting torque. A pitch link rod—servo arm interface translates servo actuation into controlled
changes in blade pitch. The hub design must balance gyroscopic loads, centrifugal stresses, and
dynamic flapping tendencies under both hover and forward flight regimes.

¢ Flight Controller Integration for VTOL:

The autopilot/flight control computer (FCC) fuses data from the IMU, barometric altimeter,
GPS/INS, and airspeed sensor. Closed-loop control algorithms (e.g., PID or model predictive control)
dynamically schedule collective and cyclic pitch commands. During vertical take-off and hover,
collective pitch modulation provides fine altitude control; during transition to forward flight, cyclic
pitch modulation can reorient thrust vectors for smooth conversion to wing-borne lift.
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Weight and Complexity Trade-offs

While Variable Pitch Propeller (VPP) systems enhance aecrodynamic adaptability and altitude performance, they
introduce certain engineering penalties:

e Increased Structural Mass: Additional weight arises from actuation servos, swashplate linkages,
reinforced hubs, and composite bearings required for cyclic/collective pitch control.

e Higher Mechanical Complexity: The introduction of multi-degree-of-freedom (DoF) joints, pitch
horns, and radial bearings increases the likelihood of mechanical fatigue, fretting wear, and
hysteresis losses.

e [Electrical Load Penalty: Continuous servo actuation torque demand contributes to higher current
draw, reducing available power margin for propulsion and avionics.

Table: Weight—Thrust Trade-off

Configuration Added Weight (g) Thrust Gain (%) Net Effect on Endurance
Fixed Pitch ‘ 0 Baseline Standard
VPP with lightweight servos | +150 g +25% Slight endurance reduction

VPP with reinforced hub ‘ +250 g +40% Comparable or marginally higher

Failure Modes
A critical factor in VPP design is system reliability under operational load cycles:

e Servo Jam/Stall Failure: Pitch blade locked at non-optimal setting can cause induced drag escalation,
asymmetric thrust, or partial lift loss.

e Power Bus Dropout: Servo electronics lose power — system defaults to failsafe neutral collective
pitch, reducing controllability in hover or VTOL transition.

e  Mechanical Fatigue: Pitch link buckling, bearing play, and linkage wear can cause aeroelastic
vibrations, reduced efficiency, and degraded control bandwidth.

Mitigation Strategies:
e Servo Redundancy with Cross-Channel Control (dual servo per blade or per rotor).

¢ Robust Fail-Safe Logic: Flight controller executes emergency autorotation pitch scheduling in case
of actuation loss.

e Predictive Maintenance Algorithms: Using strain gauges, MEMS vibration sensors, and spectral
analysis to detect early-stage wear or resonance excitation.

6. Simulation and Performance Analysis
Simulation Setup

e  Software Stack:

o ANSYS Fluent (CFD): Flow field, induced velocity distribution, propeller slipstream
contraction.

o XFOIL: Sectional lift-to-drag ratio (L/D), stall characteristics, polar data.
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o MATLAB/Simulink: Nonlinear system-level UAV model with PID + LQR flight controller
integration for VPP actuation.

ANSYS Fluent XFOIL
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e Boundary Conditions:
o Altitude range: 0—5000 m (ISA atmospheric density gradient).
o RPM: 2000-8000 (covering hover-to-cruise).
o Reynolds number: 5x10*-2x10°,
o Pitch Scheduling: 5°-25° collective pitch sweep for performance envelopes.

Table: Simulation Parameters and Assumptions

Parameter Value/Range Notes

Altitude Range 0-5000 m ISA model

Density (p) 1.225-0.74 kg/m? Variation with altitude

Software Used ANSYS, XFOIL, MATLAB CFD + Blade Element + System-level
RPM Range 2000-8000 Hover to high throttle

Reynolds Number 5%10%—2x10° Chord-based

Flow Assumptions Steady, incompressible Low Mach regime

Pitch Angle Range 5°-25° Variable collective pitch

Simulation Results

e High-Altitude Compensation: Up to 40% thrust augmentation at >3000 m with optimized collective
pitch.

e Improved Power Efficiency: Thrust-to-Power ratio (Ct1/Cp) showed up to 18% gain in hover
endurance compared to fixed-pitch.
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e Enhanced Maneuverability: Collective pitch modulation provided superior thrust vectoring
authority, enabling smoother hover-hold and descent profiles.

Graphical Outputs

Thrust vs Altitude: Fixed vs Variable Pitch UAV
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These results validate the altitude-performance compensation hypothesis for VPP UAV’s, especially in thin-
atmosphere environments.

7. Applications and Benefits
Use Cases

e Atmospheric Science: Real-time profiling of turbulent boundary layers, stratospheric wind shear,
and particulate distribution.

o Defense Applications: VTOL-VPP UAVs for ISR (Intelligence, Surveillance, Reconnaissance) in
mountainous or GPS-denied environments.

e SAR (Search and Rescue): Precision hover and extended reach in orographically challenged terrains.
Broader Impacts with VTOL Integration
The synergy of VPP with VTOL configurations enables:

o Efficient Transition Modes: Collective pitch authority provides smooth tilt-rotor or tail-sitter UAV
transition between vertical lift and forward flight without overshooting thrust requirements.

e  Thrust Vector Control (TVC): VPP rotors act as control effectors, reducing dependency on control
surfaces in thin air.

e Planetary Exploration Potential: Adaptable pitch UAV’s could outperform fixed-pitch designs for
Mars or Titan aerial mobility, where density gradients severely penalize lift.

Thus, integrating Variable Pitch Propellers with VTOL architectures presents a paradigm shift in UAV
endurance, altitude adaptability, and multi-role mission performance.

8. Conclusion

UAV’s equipped with variable pitch propellers (VPP) present a highly viable and efficient solution for sustained
operations in high-altitude and thin-atmosphere conditions. By enabling real-time collective pitch modulation,
these systems counteract the detrimental effects of reduced air density, ensuring greater thrust generation,
improved propulsive efficiency, and enhanced flight stability compared to conventional fixed-pitch designs.

Although the inclusion of servos, swashplates, and reinforced hubs introduces penalties in terms of weight,
electrical load, and mechanical complexity, the operational benefits far outweigh these trade-offs. With
appropriate design considerations such as redundant actuators, robust fail-safe algorithms, and predictive
maintenance using vibration and strain monitoring, the risks associated with additional moving parts can be
effectively mitigated.

A particularly significant advancement lies in the integration of VPP systems with Vertical Take-Off and
Landing (VTOL) architectures. In tilt-rotor, tilt-wing, and tail-sitter UAV configurations, VPP technology
enhances transition aerodynamics, allowing smoother switching between vertical and forward flight regimes by
providing better thrust vectoring authority. Unlike fixed-pitch rotors that require large power margins for safe
transition, VPP-equipped VTOL UAV’s can adapt blade angles dynamically to minimize energy consumption,
reduce transient loads, and maintain control authority during complex maneuvers. This capability is particularly
advantageous in missions requiring precision hover, steep climb gradients, or rapid descent profiles in
mountainous or urban terrains.
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Beyond terrestrial applications, the combination of VTOL capability and VPP adaptability opens the door to
planetary exploration and extra-atmospheric aerial mobility. On planets such as Mars, where air density is
less than 1% of Earth’s atmosphere, efficient lift generation requires highly adaptable rotors. The demonstrated
success of NASA’s Ingenuity helicopter highlights the importance of rotor adaptability, and future designs may
leverage VPP mechanisms to extend endurance, payload capacity, and control precision in such extreme
environments.

In summary, while variable pitch propellers introduce engineering challenges in terms of design, integration, and
reliability, they stand out as a transformative enabler for next-generation UAVs. Their adoption within VTOL-
enabled platforms will not only extend operational altitude ceilings but also enhance mission versatility across
defense, scientific research, logistics, and planetary exploration domains. As UAV technology continues to
evolve, VPP-equipped VTOL systems are poised to become a defining standard for high-performance, multi-
role aerial vehicles operating well beyond conventional limits.

References

[1] NASA Langley, Greased Lightning (GL-10) VTOL Demonstrator Reports, NASA Technical Note, 2016.
[2] DARPA, VTOL X-Plane Program Overview, DARPA Tactical Technology Office, 2015.

[3] Johnson, W., Rotorcraft Aeromechanics, Cambridge Univ. Press, 2013.

[4] Selig, M., “UIUC Low Reynolds Number Airfoil Performance Data,” UIUC Airfoil Database, 2000.
[5] Leishman, J. G., Principles of Helicopter Aerodynamics, 2nd ed., Cambridge Univ. Press, 2006.

[6] McCormick, B. W., Aerodynamics of V/STOL Flight, Dover, 1999.

[7] Stepniewski, W. Z., and Keys, C. N., Rotary-Wing Aerodynamics, Dover, 1984.

[8] Kim, J. et al., “Variable Pitch Propellers for Small UAVs.: Efficiency and Control Authority,” AIAA
Journal of Aircraft, vol. 54, no. 3, pp. 1041-1054, 2017.

[9] Smith, T. et al., “High-Altitude UAV Propulsion Using Variable Pitch,” Aerospace Science and
Technology, vol. 92, pp. 593—-602, 2019.

[10] Arévalo, F., “Micro-VPP Mechanism Design for UAV Applications,” Proc. ICUAS, 2020.

[11] Kroo, 1., “Drag Reduction via Wingtip Devices,” Annual Review of Fluid Mechanics, vol. 33, pp. 471—
505, 2001.

[12] Ansari, S., “BEMT and CFD Comparison for UAV Rotors,” Journal of the American Helicopter
Society, vol. 62, 2017.

[13] Drela, M., Flight Vehicle Aerodynamics, MIT Press, 2014.

[14] McCormick, B. W., Aerodynamics, Aeronautics, and Flight Mechanics, Wiley, 1995.

[15] Pérez, L., “RANS Simulations of Rotor—Wing Interaction for VTOL UAVs,” AIAA Aviation Forum,
2021.

[16] Zhang, H., “FEA Analysis of UAV Propeller Fatigue Life,” Composite Structures, vol. 210, pp. 456—
467, 2019.

[17] Yoon, J., “Reliability Analysis of Servo-Based Pitch Control,” IEEE Trans. Aerospace and Electronic
Systems, vol. 56, no. 6, 2020.

[18] Castillo, P, “LPV and MPC for Hybrid UAV Transitions,” Control Engineering Practice, vol. 72, pp.
67-79, 2018.

[19] Kim, S., “Transition Control with Variable Pitch UAVs,” Proc. ICUAS, 2019.

[20] Smith, R., “Mission Trade-offs in VPP-VTOL UAVs,” Aerospace Science and Technology, vol. 103, pp.
43-55, 2020.

[21] Future Work Section in multiple surveys: “Challenges in UAV Hybridization,” Prog. Aerospace
Sciences, vol. 132, 2022.

VOLUME 9 ISSUE 8 2025

PAGE NO: 256


https://doi.org/10.71058/jodac.v9i8017
https://doi.org/10.71058/jodac.v9i8017

