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The aerodynamic optimization of coaxial rotor systems represents a pinnacle of vertical takeoff and landing
(VTOL) engineering, offering a unique set of advantages and complexities compared to traditional single-rotor
configurations. As the demand for Unmanned Aerial Vehicles (UAVSs), tactical copters, and Urban Air Mobility
(UAM) platforms increases, the necessity for highly efficient rotor designs becomes paramount. This article
provides an in-depth technical analysis of the aerodynamic optimization of coaxial rotors in hover and axial flight,
drawing upon the latest research and mathematical methodologies.

The Fundamental Aerodynamics of Coaxial Systems

A coaxial rotor system consists of two rotors mounted on the same axis, rotating in opposite directions. The primary
engineering motivation for this configuration is the cancellation of torque, which eliminates the need for a tail
rotor, thereby increasing the power available for lift and enhancing the vehicle's compactness. However, the
proximity of the two rotors introduces significant aerodynamic interference.

The Interference Factor

In a coaxial setup, the lower rotor operates within the slipstream of the upper rotor. This means the lower rotor
experiences a much higher inflow velocity than it would in isolation. According to classical Momentum Theory, for
a coaxial rotor to produce the same thrust as a single rotor of the same diameter, it requires approximately 1.414
times the power if the rotors are widely separated. However, in practical applications where rotor spacing is
minimized for structural efficiency, optimization becomes a task of managing the non-uniform flow field between the
upper and lower disks.

Hover vs. Axial Flight Dynamics

The optimization goals differ significantly between hover and axial flight (climb and descent):

* Hover: The focus is on maximizing the Figure of Merit (FM), which is the ratio of ideal power required to actual
power consumed. Here, minimizing induced losses is critical.

¢ Axial Flight: The focus shifts to maintaining efficiency as the inflow velocity changes due to the vehicle's
vertical movement. This requires a blade design that can handle a wide range of effective angles of attack.

Theoretical Frameworks for Optimization

To optimize these systems, researchers like O. Rand and P.S. Ramesh have employed various mathematical and
computational strategies. One of the most prominent methods is the use of the Theorem of Calculus of Variations

Calculus of Variations in Rotor Design

The calculus of variations is used to find the functional (such as blade twist or chord distribution) that minimizes or
maximizes a specific value (such as total power or thrust). In coaxial optimization, the goal is often to determine the
optimal induced velocity distributionacross both rotors. By treating the total thrust as a constraint, engineers
can derive equations that describe the ideal blade geometry to achieve a uniform or specifically tailored downwash,



reducing the energy wasted in the wake.

Multiple Frame of Reference (MFR) and CFD

Modern computational approaches, such as those discussed by Jiang et al. (2018/2024), utilize Multiple Frame of
Reference (MFR) and multiblocks grids. Unlike simple analytical models, MFR allows for the simulation of rotating
components within a stationary or moving fluid domain. This is essential for capturing the unsteady interactions
between the upper rotor's trailing vortices and the lower rotor's leading edges.

Comparative Analysis of Rotor Configurations

The following table summarizes the performance differences between standard single-rotor systems, open coaxial
systems, and ducted coaxial systems based on technical study data.



Metric

Torque Balance

Single Rotor

Requires Tail Rotor

Open Coaxial Rotor

Inherent (Counter-rotating)

Ducted Coaxial Rotor

Inherent (Counter-rotating)

Thrust Efficiency (Hover) High (Base) Moderate (Due to Highest (Duct thrust
interference) contribution)

Compactness Low High High

Wake Complexity Standard Complex (Interacting Controlled (Constrained by
slipstreams) duct)

Power Loading Standard Increased due to drag Optimized via pressure

differential

The Role of Ducting in Aerodynamic Optimization

Research by Y. Jiang has highlighted that ducted coaxial rotorsproduce  significantly  higher  aerodynamic

efficiency in hover. The duct serves two primary purposes:

1. Tip Vortex Suppression: The duct walls prevent the formation of large tip vortices, which are a major source
of induced drag.

2. Thrust Augmentation: A well-designed duct creates a low-pressure region over its leading edge (lip),
generating additional "suction" thrust that can contribute up to 30-50% of the total system thrust.

The optimization of a ducted system involves not just the blades, but the expansion ratio and lip radiusof the
duct itself. If the duct is too shallow, the flow separation occurs early; if too deep, the weight penalty outweighs the
aerodynamic gain.

Technical Parameters for Optimization

When engineering a coaxial system, such as the \"Micron\"or mini-UAV platforms, several key parameters must
be fine-tuned:

1. Blade Twist Distribution
The upper rotor typically utilizes a standard linear or hyperbolic twist. However, the lower rotor requires a unique

twist profile to account for the accelerated flow from the upper disk. Engineers often implement a differential twist
where the lower rotor has a higher pitch at the root to maintain lift in the turbulent wake of the upper hub.

2. Rotor-to-Rotor Spacing

The vertical distance between the two rotors (denoted as h/R where h is height and R is radius) is a critical
variable. While larger spacing reduces interference, it increases the weight of the mast and the drag in forward
flight. Optimization studies suggest that an h/R ratio of 0.1 to 0.2 provides a balance between aerodynamic
decoupling and structural integrity.

3. RPM and Torque Matching

For perfect yaw control, the torque of the upper rotor must exactly match the torque of the lower rotor. However,
because the lower rotor operates in a different flow field, it may require a different RPM or a larger blade area to
produce the same torque as the upper rotor. Optimization algorithms must solve for simultaneous thrust and



torque equilibrium.
Advanced Computational Methods: A Step-by-Step Optimization Workflow

To achieve the level of optimization seen in modern aeronautical congress papers (e.g., ICAS), the following
workflow is typically employed:

Step 1: Initial Sizing using BEMT

The Blade Element Momentum Theory (BEMT) is used for rapid initial sizing. This analytical method calculates
the lift and drag on individual blade sections while accounting for the axial and tangential induction factors. For
coaxial systems, a coupled-BEMTapproach is used where the wake of the upper rotor is used as the inflow for the
lower rotor.

Step 2: Geometry Parameterization

The blade's chord, twist, and airfoil sections are parameterized using mathematical functions (like Bezier curves).
This allows an optimization algorithm (like a Genetic Algorithm or Particle Swarm Optimization) to iterate
through thousands of potential designs.

Step 3: CFD Validation and Refinement

High-fidelity Computational Fluid Dynamics (CFD) simulations are conducted on the top-performing candidates.
These simulations use Navier-Stokes solvers to model the viscous effects and turbulence (often using the k-
omega SST model). This stage identifies secondary flow features, such as hub vortices and blade-vortex
interactions (BVI), that BEMT might miss.

Step 4: Experimental Testing (Wind Tunnel)

Small-scale models are tested in hover stands or wind tunnels to validate the CFD results. Data from Particle
Image Velocimetry (PIV) is used to visualize the wake contraction and ensure it matches the theoretical models.

Case Study: Hover Performance of Mini Unmanned Systems

In the study of coaxial mini UAVs by P.S. Ramesh (2022), it was found that at small scales (Reynolds numbers
below 100,000), the aerodynamic optimization is heavily influenced by laminar flow separation. Traditional airfoils
optimized for full-scale helicopters perform poorly at this scale. The optimization focused on thin, highly cambered
airfoilswhich are more effective at low Reynolds numbers. By optimizing the pitch ratio between the upper and
lower rotors, a 15% increase in hovering endurance was achieved.

Failures and Troubleshooting in Coaxial Optimization

Even with advanced optimization, several operational challenges can arise:

 Vibrational Resonance: The interaction between the upper and lower rotor blades can cause periodic
pressure pulses. If these frequencies align with the structural natural frequency of the mast, it can lead to
catastrophic failure. Solution: Use non-integer gear ratios or vary the number of blades between the top and bottom
rotors.

¢ Yaw Control Reversal: In certain axial descent conditions (Vortex Ring State), yaw control via differential
torque can become sluggish or reverse. Solution: Implementation of specialized flight control laws that use
collective-to-yaw mixing.

¢ Recirculation in Ducts: In hover near the ground, ducted systems can experience "recirculation” where the
exhaust air is sucked back into the intake. Solution: Optimizing the duct lip shape to maximize the ground effect



benefit while minimizing ingestion of turbulent air.

Summary and Broader Implications

The pursuit of aerodynamic optimization in coaxial rotor systems is moving toward a more holistic approach that
integrates multi-disciplinary design optimization (MDO). This includes considering structural weight, acoustic
signatures, and aerodynamic performance simultaneously. The papers presented by the International Council of
the Aeronautical Sciences (ICAS) highlight that the future of these systems lies in active flow control and
variable-pitch mechanisms that can adapt to changing flight regimes in real-time.

As computational power grows, the ability to model the complex, swirling wake of a coaxial system with Large

Eddy Simulation (LES)will provide even deeper insights into efficiency gains. For engineers and strategists, the
takeaway is clear: the coaxial configuration is not merely a torque-balancing solution but a highly tunable
aerodynamic platform capable of exceeding the performance limits of traditional rotorcraft when optimized through
rigorous mathematical and computational frameworks.

By leveraging tools such as the calculus of variations and advanced CFD grids, the next generation of coaxial
UAVs and tactical copters will achieve unprecedented levels of efficiency in hover and axial flight, paving the way
for more sustainable and capable vertical lift technology.
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