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Abstract

Vertical takeoff and landing (VTOL) aircraft must balance the conflicting demands of hover
and cruise performance. To address the lack of integrated design methodologies in the
existing literature, a unified design-optimization framework is presented, coupling high-
fidelity CFD simulations with a genetic algorithm to refine a gas-driven thrust fan (GDTF)
VTOL nacelle. Key geometric parameters—fan pressure ratio pressure ratio, fan tilt, nozzle
angle, tail inclination, and tip shape—were varied in a comprehensive parametric study to
maximize lift-to-drag ratio and maintain constant mass flow. The optimization reveals that
a nearly horizontal fan axis maximizes cruise efficiency (% ~ 2.98), anozzle angle of about
22° offers the best lift-vs-drag compromise during transition, and refining the tip geometry
yields a 10-20% performance boost. To validate the numerical predictions, a 1:1.05 scale
VTOL nacelle model (fan diameter D = 0.42 m) was fabricated and tested in a low-speed
wind tunnel at 522 (Re &~ 5 x 10°, turbulence intensity ~ 2%). Total-pressure probes at
the intake exit plane and static taps along the inner cowl wall provided detailed pressure
distributions, from which exit Mach number, velocity and the equivalent flow coefficient
@ (=0.68 under test conditions) were derived. Oil-flow visualization on the external cowl
surface confirmed smooth, attached streamlines with no large separation bubbles. This
dual validation combining surface-flow visualization and pressure-recovery mapping
demonstrates the accuracy and reliability of the proposed simulation methodology. By
successfully bridging detailed CFD with genetic-algorithm-driven design and validating
against comprehensive wind-tunnel measurements, this integrated approach paves the way
for next-generation VTOL configurations with longer range and lower fuel consumption.

Keywords: VTOL optimization; gas-powered fan propulsion; computational fluid
dynamics (CFD); genetic algorithm (GA) optimization; aerodynamic efficiency

1. Introduction

VTOL aircraft have captured the interest of researchers and engineers for decades
because they are able to operate within harsh environments such as ship decks to moun-
tainous regions—without the necessity to use large amounts of runway infrastructure [1,2].
Over the decades, various VIOL concepts have been developed, from helicopters and
tilt-rotor aircraft (e.g., V-22 Osprey) to aircraft equipped with lift fans or downward thrust
devices (e.g., AV-8B, XV-5, F-35B) [3,4]. Although each technique has some irrefutable
advantages, none has managed to address every performance trade-off simultaneously
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whether mechanical complexity, excessive specific fuel consumption during hovering, or
dead weight issues created through the use of the lift fans during forward flight [5,6].
Among the new solutions, the gas-powered fan (also known as the tip-turbine fan) is
particularly noteworthy for having lower specific fuel consumption and the capability to be
efficient both in the hover regime and the cruise regime [7,8]. Rather than letting the exhaust
gases be wasted, a tip turbine positioned near the edge of the fan exploits the kinetic energy
of the exhaust gases to generate a large gain in thrust and lift often 200-400% higher than
that of a turbojet exhaust alone [9,10]. The X353-5 lift fan, developed by General Electric,
was one of the early demonstrations that highlighted the potential of tip-turbine lift-fan
technology. This success has led to a variety of subsequent studies exploring areas such as
aerodynamic design, cost analysis, and experimental testing [11-13]. A major challenge
in using gas-driven fans on fixed-wing aircraft is ensuring that the propulsion system
remains effective and advantageous throughout the entire flight envelope. Traditional
“fan-in-wing” configurations, such as those seen in the XV-5A/B, provide strong lift during
vertical operations. However, once the aircraft transitions to forward flight, these systems
often become dead weight, leading to a decrease in overall efficiency [14,15]. Motivated by
this drawback, several new concepts have been proposed, including VTOL nacelles and
other integrated propulsion-airframe solutions [16,17]. New designs have indicated the
possibility of creating an innovative exhaust and intake system to allow the fan to produce
both during take-off and landing vertically but also during flight forwards increasing
the efficiency aerodynamically and the penalty of drag [18,19]. Indeed, the exhaust and
intake geometry (exhaust nozzle angle, cowl radius, and intake height) has been one of
the chief determinants of performance that affect fan pressure recovery, thrust creation,
and drag characteristics [20,21]. Moreover, sophisticated computational analysis tools
like computational fluid dynamics (CFD) and machine learning algorithms have played a
crucial role in the optimization of eVTOL designs. Early-stage aerodynamic analysis using
CFD makes it possible to test innovative designs like ducted fans, blended-wing bodies,
and unconventional nacelle designs [22,23]. Machine learning, particularly through neural
networks and genetic algorithms (GAs), has significantly enhanced optimization processes,
enabling rapid evaluations of complex aerodynamic interactions [24,25]. Studies on tilt-
wing and contra-rotating propeller configurations have shown that adaptive propulsion
solutions can improve both hover and cruise efficiencies, reducing energy consumption
and structural weight penalties [26,27]. Researchers have made significant strides in VTOL
technology recently, focusing on boosting both aerodynamic performance and propulsion
efficiency. For example, studies reveal that Zero Net Mass Flux (ZNMTF) actuators a type of
Active Flow Control (AFC) can effectively delay flow separation and sharpen aerodynamic
efficiency when aircraft operate near stall conditions [28]. Meanwhile, investigations into
rotor-rotor interactions in eVTOL designs show that spacing rotors vertically or longitudi-
nally directly impacts thrust efficiency and torque demands [29]. Innovative approaches
like CoFlow Jet (CFJ) airfoils are gaining traction, as they enhance lift and power efficiency
during both hover and cruise phases [30,31]. Ducted fans continue to be a key area of study
for VTOL systems, with researchers refining designs to improve stability and efficiency
across diverse flight scenarios [32]. Recent work on ducted coaxial propellers highlights
how vortex restrain rings can curb airflow separation, offering a practical way to enhance
lift and aerodynamic performance [33]. Urban air mobility (UAM) operations are also
evolving. Optimized control strategies for multicopper approaches are making flights
safer and more efficient around vertiports [34]. Assessments of flying-wing VTOL UAVs,
however, underscore unique control challenges tied to their design, pointing to opportu-
nities for future improvements [35]. On the optimization front, Genetic Algorithms (GA)
have uncovered Pareto-optimal solutions for hybrid and electric propulsion systems in
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lift-plus-cruise eVTOLs [36]. Structural upgrades, like composite engine mounts, are cut-
ting weight while boosting reliability [37]. Multi-objective strategies for 3D route planning
are slashing noise, energy use, and flight durations [38], and blade shape optimizations
now balance hover and cruise efficiency in propeller design [10]. Real-world testing of
streamlined flight control systems on subscale UAVs confirms their viability [39], and new
path-planning methods for electric VTOLs prioritize energy savings without compromising
safety in cities [40]. Transition stability in fixed-wing VTOLs has also improved thanks to
evolutionary algorithm-tuned active disturbance rejection control (ADRC) [41]. Experimen-
tal techniques like microjets and vortex generators are proving effective at managing flow
separation [42,43], while advanced turbulence models are refining simulations of these
aerodynamic interventions [44]. Drag optimization for VTOL hulls, guided by stability
needs, is boosting cruise efficiency [45], and hybrid suction/blowing actuators are emerging
as energy-smart tools for flow control [46]. Also, analysis of transient thrust patterns in
compact propulsion systems is helping engineers achieve steadier performance [47]. Lastly,
recent integrated design approaches, such as the composite regenerative cooling system
for scramjets investigated by Liu, et al. [48], similarly employ high-fidelity CFD and para-
metric optimization to harmonize thermal-fluid and structural performance. This aligns
with the core multidisciplinary philosophy of the aerodynamic propulsion co-optimization
framework presented here for gas-powered fan VTOL systems.

Together, these innovations are driving progress in VTOL technology, emphasizing
the importance of combining aerodynamic and propulsion system optimizations.

Despite significant advancements in individual VTOL propulsion components, a criti-
cal challenge persists: the lack of a truly integrated design methodology that harmonizes
the propulsion system with the airframe across all flight regimes. Existing research often fo-
cuses on isolated aspects such as fan efficiency, thrust-vector actuation, or nacelle-airframe
integration without fully addressing their interdependent effects on overall system per-
formance. Key unresolved issues include maintaining optimal fan pressure ratio under
varying atmospheric conditions, minimizing weight penalties associated with thrust-vector
mechanisms, and reconciling external aerodynamics with internal flow dynamics dur-
ing transition phases. These limitations inevitably lead to performance compromises in
practical VTOL operations.

This paper bridges this gap by introducing a multidisciplinary design optimization
(MDO) framework that simultaneously co-optimizes the gas-driven fan system, thrust-
vectoring nozzle, and airframe tail surfaces using high-fidelity CFD simulations coupled
with a genetic algorithm. This integrated approach enables us to capture complex inter-
actions including inlet distortion effects, thrust transients, and aerodynamic interference
that are typically overlooked in conventional sequential design processes. The efficacy
of this framework is rigorously validated through wind-tunnel testing of a scaled model,
employing detailed pressure measurements and flow visualization techniques. We argue
that the proposed methodology provides a foundational step towards next-generation
VTOL systems with enhanced aerodynamic efficiency, reduced fuel consumption, and
greater mission flexibility.

2. Geometry and Methodology
2.1. Geometry Description

The isolated nacelle configuration examined in this study was generated in SolidWorks
(v2021), with its propulsion components modeled as a single integrated system. Key
geometric details include the placement of the gas-driven fan within the fuselage (or
nacelle), as well as the inlet and exhaust nozzle features that allow for thrust-vector control
during VTOL operations and forward flight. To ensure accurate capture of aerodynamic
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interactions, particular attention was paid to the fan inlet duct, nozzle geometry, and tail
surfaces, all of which affect both the external flow field. Figure 1a shows an isometric
view of the isolated nacelle assembly, highlighting its outer mold line of the fuselage, the
position of the lift fan, and the transition between the fan duct and the nozzle. Meanwhile,
to reduce computational requirements, only half the model was used in the numerical
analysis by leveraging the geometric symmetry of the nacelle assembly. Also, this figure
illustrates the symmetry plane cut, clarifying how the flow domain and boundaries were
defined in the CFD setup. Furthermore, additional close-up views of the fan tip region, tail
geometry, and exhaust nozzle can be found in this figure. These images highlight critical
design features including the fan’s tip clearance, inlet curvature, and nozzle deflection
angles that substantially influence the flow distribution and thrust performance. This study
focuses exclusively on the aerodynamic analysis and optimization of the isolated Gas-
Driven Thrust Fan (GDTF) nacelle assembly, rather than a complete aircraft configuration.
All reported aerodynamic coefficients, including the maximum lift-to-drag ratio (L/D),
correspond to this nacelle unit under prescribed forward-flight simulation conditions. For
ducted propulsion systems of this type, which inherently exhibit internal flow losses and
external interference drag, the obtained L/D values are consistent with prior studies of
similar systems. The primary contribution of this work is therefore the demonstration of
relative performance improvement and parametric sensitivity for the nacelle geometry.

In summary, the final CAD model of the isolated nacelle incorporates the inlet duct,

gas-driven fan, and vectored-thrust nozzle in a single integrated assembly.

Tip Profile

Tail Angle

Fan Angle

Nozzle Angle

Figure 1. Cont.
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Figure 1. (a) Geometry and optimization parameters of the isolated nacelle model. (b) Computational
domain and mesh details.

2.2. Governing Equations

All simulations were performed using the finite-volume solver Ansys Fluent [49],
which numerically solves the Navier-Stokes equations under the assumption of a Reynolds-
averaged formulation for turbulence. The continuity equation for a compressible flow is
given by [49,50]:

%ﬁ + V.(pv) =0 (1)

Conservation of momentum is governed by the RANS momentum equations, typically
written in index notation as:

A(pvi) d(pvivy)  dp L 9%

ot o, oy o P8 @

where p is the static pressure, 7;; represents the viscous and turbulent stresses (modeled
through an eddy viscosity hypothesis in RANS), and g; is the gravitational acceleration
vector (if considered). Finally, the energy equation is solved to account for temperature and
density changes under compressible conditions. The energy equation in its common form
for compressible flow is:

@ + V.[(oE + p)v] = V. (kgffVT) +¢ 3)
where:

1
E=e+ Ev.v 4)

O  Turbulence Modeling: The k — w SST Model

To accurately predict flow separation and capture near-wall effects including those
at the fan inlet, duct surfaces, and nozzle walls this study adopted the k — w Shear Stress
Transport (SST) model. The SST approach blends the robust near-wall behavior of the

k — w framework with the free-stream insensitivity of the k — ¢ model. Its formulation
relies on two transport equations:

1. Turbulent Kinetic Energy (k)
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% + V.(pkv) = P — B*pkw + V.[(p + oyput) VK] ©)

where Py is the turbulence production term, w is the specific dissipation rate, p is molecular
viscosity, y; the turbulent (eddy) viscosity, and oy and f* are empirical constants.
2. Specific Dissipation Rate (w)
I(pw)
ot

where S is the magnitude of the strain rate, and «, B, 0w, 0w> are additional model

1
+ V.(pwv) = aS* — Bow?* + V.[( + dwpt) Vw] +2(1 — Fl)prZaVk.Vw (6)

constants. The blending function F; transitions from a k — w formulation in the boundary
layer to a k — € like formulation in the free stream, ensuring more accurate treatment of
separated flow regions and reducing sensitivity to free-stream w.

It should be noted that the SST k — w turbulence model was selected for this study
based on its established capability for predicting flows with adverse pressure gradients and
moderate separation, which are characteristic of the cruise-dominant conditions central
to our optimization. Given the parametric nature of this study requiring approximately
200 CFD simulations, the model provides an optimal balance between accuracy and com-
putational efficiency, as advanced scale-resolving methods (e.g., DES, LES) would be
prohibitively expensive for such a large-scale exploration. The model’s validity is further
supported by indirect validation against experimental flow patterns and pressure recovery
data presented in Section 3. While acknowledging that scale-resolving approaches could
offer enhanced resolution of complex transitional flow physics in full VTOL operation, such
high-fidelity analysis is beyond the scope of this parametric trend-based optimization and
is noted as a valuable direction for future research.

2.3. Computational Domain and Mesh

An unstructured mesh was constructed around the model to ensure adequate reso-
lution in high-gradient regions particularly near leading edges, fan, and the nozzle exit.
Special refinements were introduced around the fan tip, intake lip, and tail planes to
reduce numerical diffusion. A high-quality mesh is critical for accurately capturing the
flow physics around the fan inlet, nozzle, and fuselage. To ensure mesh independence, a
preliminary mesh refinement study was performed, gradually increasing the cell count in
regions of significant flow gradients particularly near the fan tip, inlet lip, and nozzle exit.
Key steps included:

e  Global Domain and Refinements

O A hybrid structured—unstructured approach was adopted. Coarse tetrahedral
cells were used in the far field, transitioning to finer cells in boundary-layer and
wake regions.

O  The inlet and far-field boundaries were placed sufficiently far from the aircraft
geometry to prevent boundary-condition interference.

¢ Near-Wall Resolution

O A boundary-layer mesh was generated around all solid surfaces, ensuring
yT ~1—5 for capturing the near-wall flow correctly under the k — w SST
turbulence model.

O  The fan tip clearance region was given special attention. A fine mesh captured
potential tip-vortex interactions between rotating and stationary surfaces.

*  Mesh Independence Criteria

O  Several mesh densities (e.g., 2 million, 4 million, 8 million, and 16 million cells)
were tested.
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O Convergence was judged by monitoring differences in ACp and ACj, across
refinements. Once successive refinements altered drag and lift by less than 1%,
the mesh was deemed sufficient.

O The simulation for this validation was conducted at a fixed cruise condi-
tion of Vi, = 70 m/s, with other geometric parameters held constant
(Nozzle Angle = 15°, Fan Angle = 20°, Tail Angle =0°, y; = 80 mm, y, = 150 mm).

O  Consequently, the Fine mesh configuration was selected for all subsequent simu-
lations to achieve an optimal balance between computational accuracy and cost
(see Table 1).

Table 1. Mesh independence study results.

Number of Elements

Mesh Level (Millions) ACp ACt
Coarse 2.0 0.106 (7.1%) 0.228 (5.1%)
Medium 4.0 0.094 (5.0%) 0.221 (1.8%)
Fine (Selected) 8.0 0.099 (0.0%) 0.218 (0.5%)

Very Fine 16.0 0.099 0.217

The final mesh—selected to balance computational expense and accuracy—was then

used for all subsequent optimization steps. The domain extents were chosen based on best

practices for external aerodynamic simulations, ensuring that inlet and far-field boundaries

lie sufficiently far from the aircraft surfaces to minimize boundary-condition interference.

Figure 1b shows the problem domain and mesh.

Boundary conditions were applied as follows: the freestream was defined using a

pressure far-field condition (specifying Mach number and static temperature); the domain

exit was a pressure outlet; all nacelle surfaces were modeled as adiabatic, no-slip walls;

and a symmetry condition was applied on the central longitudinal plane. These conditions

were kept consistent across all simulations to ensure result comparability.

Inlet/Far-Field Boundary Conditions: specified as a velocity inlet or pressure far-field,
depending on the flight condition simulated.

Outlet Boundary: set as a pressure outlet, with zero-gauge pressure unless other-
wise specified.

Walls: aircraft surfaces were modeled as no-slip adiabatic walls, with boundary-layer
mesh refinements resolving y™ alues typically below 5-10 in critical regions.

The propulsion system was modeled by imposing a key performance target rather
than a fixed boundary value. The target was to maintain a constant fan pressure ratio
(PR = % = 1.11) at the simulated cruise condition (e.g., V,ut = 60 m/s). This was
implemented via a User-Defined Function (Appendix A), that dynamically adjusted
the static pressure at the fan inlet boundary at each solver iteration. Simultaneously, to
ensure physical consistency, the UDF enforced global mass conservation by specifying
that the mass flow rate exiting the vectored nozzle (modeled as a mass flow inlet
boundary) must equal the mass flow rate entering the fan. Consequently, the mass
flow rate was not a preset input but a converged output of the simulation, satisfying
both the target PR and the geometric configuration. This approach more accurately
represents the behavior of a real gas-driven fan operating at a set performance point.

2.4. Simulation Setup and Convergence

All simulations were run in transient mode, given the focus on specific operating

points (e.g., hover conditions, moderate forward velocity). The SIMPLE scheme was used

for pressure-velocity coupling. Second-order upwind spatial discretization was employed
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for both momentum and turbulence equations to minimize numerical dissipation. The
residuals for continuity, momentum, turbulent kinetic energy, and specific dissipation rate
were monitored; typical convergence criteria required residual drops to 107 or lower, com-
plemented by stable lift, drag, and fan mass flow readings over several hundred iterations.

O  Post-Processing and Key Quantities

From the converged flow solutions, the primary output quantities included:

Lift (L) and Lift Coefficient (Cy)
Drag (D) and Drag Coefficient (Cp)
Mass Flow Rate through the fan (i)
Lift-to-Drag Ratio (%)

RN =

The drag and lift coefficients were computed using the standard aerodynamic definitions:

S D

=1 =75 )
%poovozoAref %PoovozoAref

where po and Vo are the free-stream density and velocity, respectively, and A, is the
aircraft’s reference area. In sum, the combination of a high-fidelity geometric model
(developed in SolidWorks) and an advanced turbulence model (SST k — w) in Ansys Fluent
provides a robust framework for predicting the aerodynamic performance of the gas-driven
fan VTOL configuration. By systematically varying parameters such as fan pressure ratio,
inlet geometry, and nozzle deflection angle, the present methodology enables an in-depth
exploration of aerodynamic trade-offs central to VTOL aircraft design.

O  Genetic Algorithm Framework

The Genetic Algorithm employed in this study is a population-based stochastic opti-
mization method inspired by natural evolution. The specific parameters used included: a
population size of 50 individuals, a crossover rate of 0.8, and a mutation rate of 0.1. The
stopping criterion was defined as either 100 generations or a change in fitness value of less
than 0.01 for 20 consecutive generations (see Table 2). Each individual (or “chromosome”)
in the population encodes a particular set of design variables:

1.  Horizontal velocity (V};.)

2. Fan pressure ratio (T] %)

3. Tip profile geometry parameters
4. Tail angle (6,1)

5. Fanangle (6¢,,)

6.

Nozzle angle (6,0221¢)

Table 2. Genetic Algorithm Parameters.

Parameter Value/Description
Population Size 50
Selection Method Roulette Wheel Selection
Crossover Method Simulated Binary Crossover (SBX), Probability = 0.8
Mutation Method Polynomial Mutation, Probability = 0.1

(1) 100 generations reached, OR (2) Change in average fitness < 0.01 for

Termination Criteria . -
20 consecutive generations

The optimization process follows the flowchart in Figure 2. When the fitness function
(L/D ratio) is not satisfied, the algorithm proceeds to generate a new population through
selection, crossover, and mutation operations rather than recalculating fitness values.
Additional customization was required for User-Defined Functions (UDFs) that manage:
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e  Mass conservation between fan inlet and nozzle outlet
¢ Dynamic boundary conditions (fan inlet as a pressure outlet and nozzle outlet as a
mass flow inlet)

:

Define Parameters —( Mutation )

(Parameter Ranges)

l (Cross Over)

Run CFD Simulations T
(for Each Design Point)

l ( Selection)

Extract Data No T
(L, D,m) —»[Converged?)

l l Yes
(Initialize GA PopulatiOIy Validation with
l Il CFD

Calculate Fitness Value
(L/D)

Figure 2. Genetic algorithm flowchart.

Each generation, a set of candidate designs is evaluated, yielding performance metrics
(drag, lift, mass flow rate, etc.). A fitness function here % guides the GA’s selection of
superior designs. Randomized crossover and mutation operators then produce new design
variants. This iterative process continues until convergence is reached (i.e., repeated gener-
ations yield negligible performance improvement). The UDF framework provides robust
control of fan operating conditions (mass flow, pressure ratio) for this parametric study.
It is noted that the model does not explicitly impose the tangential velocity component
(swirl) from the fan rotor. This simplification is justified as the optimization focuses on
axial momentum balance and geometric sensitivities, which are the dominant effects for
the investigated parameter ranges. Capturing swirl remains important for higher-fidelity
performance analysis and is recommended for future design stages. The rationality of
the genetic algorithm was verified through multiple independent optimizations runs with
different random seeds. All runs converged to similar optimal regions, confirming the
robustness and consistency of the optimization results against stochastic variations in the
algorithm’s initial population. Figure 2 shows the GA’s flowchart.
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O  Dynamic Adjustment of Fan Pressure Ratio (PR)

A crucial aspect of our approach involved maintaining a target pressure ratio
[1target = 1.11 across the fan. This was achieved via a UDF that executes the follow-
ing logic each iteration:
¢ Measure Current PR: For each CFD iteration, the code measures the gauge pressures

at the fan inlet and outlet, converts them to absolute values, and computes the current

pressure ratio [ current = L.
¢ Adjust Inlet Gauge Pressure: If []current deviates from []target by more than a

tolerance € = 0.02, the code increments or decrements the fan inlet gauge pressure in

steps of 100 Pa to push the system closer to the target ratio.

*  Enforce Mass Conservation: The UDF sets the nozzle outlet boundary as a mass flow
inlet, ensuring 11y, = —iygz,1.- This prevents artificial accumulation or depletion of
flow in the fan duct.

The pseudocode in the Appendix A shows how the UDF adjusts pressure dynamically.
O  Optimization Problem Formulation

The multidisciplinary design optimization is formally defined as follows:

*  Objective: Maximize the lift-to-drag ratio (L/D for cruise-condition aerodynamics.

*  Design Variables: Horizontal velocity, nozzle angle, fan tilt angle, tail inclination angle,
and tip profile coordinates y; and y,. Their bounds are specified in Table 1.

¢  Constraints:

v Mass flow conservation| < 0.01 kg/s.
v Fan pressure ratio maintenance = 1.11 & 0.02.

3. Experimental Investigation
3.1. Setup

The experimental data presented in this section were obtained from wind tunnel tests
performed by our research group on a 1:1.05 scale VTOL nacelle model (fan diameter
D = 0.42 m), as shown in Figure 3a. Eight total-pressure probes were mounted circum-
ferentially at the intake exit plane to measure the total-pressure recovery coefficient (o),
defined as the ratio of outlet total pressure to freestream total pressure, and static-pressure
taps were embedded along the inner cowl wall for detailed pressure recovery measure-
ments. All pressure signals were acquired using a multichannel pressure scanner with
a full-scale accuracy of £0.05% and sampled at 10 Hz. This high-accuracy instrumen-
tation, combined with individual probe calibration and standard wind-tunnel blockage
corrections, ensures the reliability of the experimental pressure data used for validation.
Ambient static pressure and temperature were monitored continuously with a manometer
and platinum-wire thermometer, respectively. The wind tunnel test section dimensions
are 2 m X 2 m, and the blockage ratio was calculated to be less than 5%. A single series of
wind-tunnel tests was carried out to examine nacelle performance under cruise-condition
aerodynamics. The model was tested at a free-stream speed of 52 m/s (Re ~ 5 x 10°, tur-
bulence intensity ~ 2%). Pressure data from each probe was corrected using its individual
calibration curve, and a standard wind-tunnel wall blockage correction was applied. All
tests were conducted at zero angle of attack (AoA = 0°), defined as the angle between the
freestream velocity vector and the nacelle centerline. The deflector angle was swept from
—5° to +15° to assess its effect on total-pressure recovery. Total-pressure measurements
were recorded at each angle, and external flow was visualized using the oil-flow technique.
No separate VTOL-mode entrainment tests were performed; all validation data refer to the
cruise-condition wind-tunnel campaign.
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Figure 3. (a) The experimental model of VTOL nacelle. (b) The variation of ¢ with V;,¢, experiment
vs. simulation. (c) The contour plot of intake outlet (V,; = 76.7%).

3.2. Pressure Recovery and Internal Flow Performance

The outlet velocity at the intake (V,,¢) was used to assess the operating conditions of the
gas-driven fan, enabling calculation of the velocity ratio (Ry = Vjut/ Veo). Figure 3b presents
the excellent agreement between the experimentally measured and numerically predicted
total-pressure recovery coefficient (). The experimental data confirm that as the deflector
was swept from —5° to +15°, o remained consistently high, between 0.996 and 0.997. At the
design deflector setting (4-5°), o reached approximately 0.997, which is within 0.1% of the
CFD prediction. These results demonstrate that the 3D VTOL nacelle model with deflector
meets the performance requirements of the gas-driven fan under all tested cruise-condition
angles. The contour plot in Figure 3c, derived from the pressure probe measurements at
the intake exit plane for a representative condition (V,,+ = 76.7 m/s), provides a detailed
map of the flow uniformity, further validating the internal flow performance.

3.3. External Flow Validation via Surface Flow Visualization

Figure 4 shows streamline from both numerical simulations and experiments at differ-
ent R, values and zero angle of attack (AoA =0°). The tested values (R, = 0.670, 0.659, 0.645,
0.631) are compared against the design condition R, = 0.671. At the design deflector setting
(4+5°), external surface streamlines remained smooth with no evidence of flow separation as
clearly evidenced by the experimental oil-flow visualization. When the deflector angle was
set outside the optimal range (e.g., below 0° or above +10°), localized regions of reversed
flow appeared near the cowl lip. The extent of these separation zones grew as the deflector
deviated further from +5°, in agreement with numerical predictions. Hence, the deflector
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is most effective at its design angle. The remarkable similarity between the numerical and
experimental streamline patterns in Figure 4 provides strong qualitative validation of the
CFD model’s ability to accurately capture the complex external flow physics.

A0A=0, R =0.670, R =0.671  AoA=0, R =0.659, R =0.671  AoA=0, R =0.645, R =0.671  AoA=0, R =0.631, R,=0.671

Numerical Results

Experimental Results

Figure 4. Pattern of surface streamline.

These experimental measurements validate the fundamental flow characteristics total-
pressure recovery and surface streamline patterns predicted by the CFD methodology. This
provides confidence in the physical realism of the simulated flow fields upon which the
parametric optimization is based. Consequently, the trends in integrated performance
metrics (lift, drag, L/D) discussed in Section 4, resulting from variations in key geometric
parameters (fan angle, nozzle angle, tail inclination, tip profile), are underpinned by a
validated numerical approach. The optimization employs these trend-based aerodynamic
relationships from the CFD dataset to identify optimal configurations, rather than relying
on absolute force prediction.

4. Results and Discussion

This section presents the outcomes of a multi-faceted optimization study conducted
on the proposed VTOL configuration. As introduced earlier, our objectives involve op-
timizing several geometric and flow-control parameters, each of which can significantly
impact the aircraft’s overall aerodynamic performance. To handle the complexity of these
design variables and associated constraints, we employed a Genetic Algorithm (GA),
which explores the design space systematically by “evolving” candidate solutions based
on objective-function evaluations. All aerodynamic forces, coefficients, and lift-to-drag
ratios presented in this section are for the isolated nacelle assembly under the specified
simulation conditions.

Table 3 shows the parameter values used in each case. In the parametric study, the
target independent variable changes, while other independent variables are kept constant.

4.1. Horizontal Velocity Optimization

Firstly, the effect of varying horizontal inlet velocity (V},,,) was examined to see how
it influences overall drag and lift characteristics. The inlet velocity was swept in increments
of 5m/s from 50 to 70 m/s, with the fan pressure ratio regulated around 1.11 = 0.02 by the
UDE Figure 5 shows the target variables vs. horizontal velocity.
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Table 3. Parameter Values during Optimization.
Horizontal Nozzle .
Velocity [m/s] Angle [deg] Fan Angle [deg] Tail Angle [deg] y; [mm] Y, [mm]
Case 1 50-70 15 20 0 80 150
Case 2 60 15-35 20 0 80 150
Case 3 60 22 0-30 0 80 150
Case 4 60 22 0 0-30 80 150
Case 5 60 22 0 0 70 140-160
Case 6 60 22 0 0 75 140-160
Case 7 60 22 0 0 80 140-160
Case 8 60 22 0 0 85 140-160
Case 9 60 22 0 0 90 140-160
5.00
140 300 F 475 -
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< 450
= 120 = 8
3 Z 250 2 45 4
£ g z
S 100 - & 4.00 1
200 4 4
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Figure 5. Target variables vs. inlet velocity.

As the horizontal velocity (Vj,,,) increases from 50 to 70 m/s, a significant rise in drag
is observed, climbing from 73 to 148. This increase is primarily driven by the growing
parasitic drag acting on the airframe and nacelle, as higher speeds intensify skin friction
and pressure drag. The flow interactions around these components become more pro-
nounced, further contributing to the overall resistance. At the same time, lift also increases,
nearly doubling from 161 to 326. This suggests that the wing and fuselage are experiencing
higher dynamic pressure due to the increased velocity. However, the lift coefficient (Cy)
does not exhibit a proportional rise, indicating that while more lift is being generated, the
aerodynamic efficiency in terms of lift production per unit of dynamic pressure does not
improve significantly. The mass flow rate through the propulsion fans (m,,) shows a
more gradual increase, rising from 3.49 to 4.98. This suggests that, while higher forward
velocity slightly enhances inlet capture efficiency, the effect is not particularly dramatic,
possibly due to flow distortions or suboptimal inlet aerodynamics at these speeds. Despite
the changes in lift and drag, the lift-to-drag (%) ratio remains within a narrow range of
2.18 to 2.32. While both forces grow with speed, their relative magnitudes remain largely
unchanged. Interestingly, at around 60 m/s, there is a modest peak in 5 = 2.32, suggesting
a brief window of slightly improved aerodynamic efficiency before drag penalties outweigh
any further benefits. From a design perspective, 60 m/s emerges as an optimal operating
point where the balance between increasing drag and enhanced lift remains favorable.
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Beyond this, any further speed increase would come with a sharp rise in drag, leading to
higher energy consumption and reduced overall efficiency. If the mission profile demands
sustained flight at higher speeds, designers must account for the escalating power require-
ments and potential thermal management challenges associated with increased drag and

propulsion workload. Figure 6 shows the velocity, temperature, and pressure contours and
streamlines around the VTOL in the optimized condition.

Figure 6. Flow field characteristics for the optimized VTOL configuration: velocity contour, tempera-
ture contour, Pressure contour and Streamlines.

4.2. Nozzle Angle Optimization

As the nozzle angle (0,,.1.) varied between 15° and 35°, its impact on aerodynamic
performance became evident through detailed CFD simulations. Figure 7 shows the target
variables vs. nozzle angle.
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Figure 7. Target variables vs. nozzle angle.

Between 15° and 22°, there was a noticeable reduction in drag, dropping from approx-
imately 386 N to 260 N. Interestingly, lift remained relatively stable within the range of
600-800 N, leading to an optimal lift-to-drag ratio (%) of 2.48 at 0,,,,,;, = 22°. This suggests
that, at moderate deflection angles, the nozzle efficiently redirects flow without excessively
penalizing aerodynamic efficiency. As the angle increased beyond 25°, drag continued
to decrease slightly, but lift began to decline more noticeably, reaching just 463 N by the
time the nozzle angle hit 35°. Consequently, the 6,,,,,;, ratio slipped below 2.2, indicating a
trade-off where further reduction in drag no longer compensated for the loss in lift. From a
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Drag (N)

fluid dynamics perspective, this behavior can be attributed to changes in flow separation
and pressure distribution around the nozzle. At lower angles, the flow remains relatively
attached, promoting efficient thrust vectoring while maintaining favorable aerodynamic
characteristics. However, as the deflection increases, stronger flow recirculation zones
likely develop, weakening lift generation and increasing pressure losses. The mass flow
analysis further reinforced the accuracy of the simulation, with intake and outlet mass flows
remaining nearly identical (within 0.01 kg/s), confirming that the dynamic mass-balance
User-Defined Function (UDF) was functioning correctly. The non-monotonic variation in
lift force between nozzle angles of 15° and 22° (Figure 7) can be attributed to the complex,
transitional nature of the exhaust jet interaction with the external flow in this geometric
range. As the nozzle deflects, the jet undergoes a significant reorganization, leading to
localized separation and reattachment phenomena that manifest as fluctuations in the inte-
grated lift force (24-6% of the mean value). This behavior is characteristic of jet-dominated
flows during geometric changes and underscores the physical realism captured by the
simulations. Importantly, this transitional regime does not compromise the identification of
the global optimum. The optimization algorithm, executed across three independent runs
with different random seeds, consistently identified the 22° configuration as optimal (with
variations in less than £2°), confirming the robustness of this result. Beyond 22°, the flow
establishes a stable, attached pattern, yielding the consistent performance improvement
discussed. For transitional flight conditions, where both hover stability and forward-flight
efficiency are critical, setting 6,,,,;, = 22° provides an effective compromise. At this angle,
the balance between thrust redirection and aerodynamic efficiency is optimized, ensuring
controlled maneuverability while minimizing unnecessary drag penalties.

4.3. Fan Angle Optimization

To better understand the aerodynamic impact of fan tilt, 6, was adjusted from 0°
(aligned with the fuselage centerline) to 30° (tilted upward) and analyzed the resulting
forces. Figure 8 shows the target variables vs. fan angle.
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Figure 8. Target variables vs. fan angle.

Tilting the fan even slightly has a pronounced effect on drag. At just 5°, drag increases
by approximately 39%, primarily because a portion of the fan exhaust is redirected down-
ward, disrupting the surrounding flow and generating additional wake structures. As the
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tilt angle increases beyond 15°, drag remains elevated but eventually decreases slightly
at 30°, likely due to a more stabilized wake pattern and reduced interference with the
fuselage. Net lift benefits from moderate fan tilting, rising from 483.87 N at 0° to a peak of
721.43 N at 15°. This suggests that directing some thrust upward enhances the overall lift
force. However, beyond this point, lift declines to 605.87 N at 30°, likely due to degraded
flow distribution and increasing downward flow interference with the airframe. Excessive
tilt can also cause unfavorable interactions between the exhaust and ambient flow, reducing
the effective lift gain. The best aerodynamic efficiency occurs with the fan fully aligned at
0°, where 5 = 2.98. As the tilt angle increases, the lift-to-drag ratio steadily drops, reaching
a minimum in the 1.85-1.92 range. This decline reflects the growing drag penalty associated
with redirecting the fan thrust downward. From an efficiency standpoint, maintaining the
fan axis aligned with the fuselage in forward flight (6¢,, = 0°) offers the best %, making it
ideal for cruising conditions. However, if the mission requires additional vertical thrust
such as during short takeoff and landing (STOL) operations or steep climbs a small tilt
may be justified. The key trade-off is that while tilting improves lift initially, it comes at
the cost of significantly increased drag, which reduces overall aerodynamic efficiency. This
suggests that fan tilt should be dynamically optimized based on the specific flight phase to
balance thrust augmentation with aerodynamic penalties.

4.4. Tail Angle Optimization

As the tail angle (0y,;;) was incrementally adjusted from 0° to 30°, its influence on
aerodynamic performance became evident through CFD analysis. Figure 9 shows the target
variables vs. tail angle.
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Figure 9. Target variable vs. tail angle.

A clear trend emerged: as 6,,; increased, drag steadily rose from 225.78 N at 0° to
307.44 N at 30°. This increase can be attributed to multiple aerodynamic factors. A more
deflected tail effectively increases the vehicle’s frontal area, exposing more surface to the
incoming airflow and contributing to form drag. Additionally, the tail’s interaction with
the surrounding flow—particularly the wake of the nozzle—likely introduces unsteady
vortices and pressure distortions, further adding to the overall drag. While drag increased,
lift followed a subtle downward trend, decreasing from 576.91 N at 0° to 514.17 N at
30°. This reduction suggests that more aggressive tail deflections disrupt the natural
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airflow over key lift-generating surfaces. Instead of maintaining smooth flow attachment, a
higher tail angle may promote premature flow separation or deflect streamlines away from
regions where lift production is most efficient. This phenomenon is especially relevant in
transitional flight conditions, where maintaining stable lift is crucial for maneuverability.
From a performance standpoint, the highest lift-to-drag ratio () of 2.56 was achieved at
Bt2i1 = 0°. While small positive tail angles may contribute to airframe stability in specific
flight regimes, the results suggest a trade-off: any upward deflection introduces a penalty
in aerodynamic efficiency. The CFD results highlight the delicate balance between stability
and performance, emphasizing that an optimal tail angle depends on the specific mission
requirements of the aircraft.

4.5. Tip Profile Optimization

The shape of the fan nacelle tip was carefully controlled by adjusting two key parame-
ters, y; and y», which define its outer contour. By systematically varying these control points
across a grid, a range of nacelle tip geometries was explored to assess their aerodynamic
impact. Figure 10 shows the target variables versus 17 and y,, and the (Lift/Drag) contour.
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Figure 10. Target variables (y; and y,) vs. Drag, Lift, Mass flow rate, and Lift/Drag (The red dot
shows the maximum lift to drag ratio).

Among the tested configurations, the highest Lift/Drag (%) of approximately 2.61
was achieved when y; = 70 and y, = 145. Interestingly, small deviations from this
configuration resulted in slightly lower but still comparable efficiency, suggesting that the
aerodynamic performance remains relatively stable in this region. However, pushing y»
beyond 160, while initially refining the nacelle’s upper curvature, introduced additional
drag. This is likely due to excessive contouring, which can create undesirable pressure
gradients and localized flow separation, leading to a gradual drop in % below 2.55 in some
cases. Despite these geometric modifications, the mass flow rate through the fan remained
largely consistent, fluctuating between 9.05 and 9.24 kg /s across most designs. This stability
in mass flow suggests that the primary aerodynamic effects stem from changes in external
flow behavior rather than fundamental variations in airflow ingestion. The alterations
in drag, therefore, can be attributed to subtle shifts in flow separation and interference
patterns around the nacelle tip. These findings highlight the importance of precise nacelle
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tip shaping, where even minor refinements can yield 1-3% improvements in 5. While this
gain may seem modest in isolation, when combined with other aerodynamic optimizations,
it contributes meaningfully to overall VTOL efficiency, enhancing both lift generation and
forward-flight performance.

4.6. Sensitivity Analysis

The influence of key independent variables horizontal velocity, fan angle, nozzle angle,
tail angle, and tip profile coordinates (y; and y») on critical dependent variables, including
drag coefficient, lift coefficient, mass flow rate, and lift-to-drag ratio, was explored through
sensitivity analysis. A strong positive correlation was observed between horizontal velocity
and drag coefficient (r = 0977, p = 0.004), indicating that a significant increase in
drag is produced as velocity rises. A strong negative correlation was found between fan
angle and lift-to-drag ratio (r = —0.822, p = 0.023), suggesting that the lift-to-drag
ratio is reduced as broader angles are adopted. Conversely, a negative correlation was
noted between nozzle angle and mass flow rate (r = —0.902, p = 0.001), implying that
flow is diminished as the angle increases. A strong positive correlation was associated
between tail angle and drag coefficient (r = 0.993, p = 0.000), demonstrating that drag
is significantly increased with larger tail angles. Minimal influence was exhibited by tip
profile coordinates (y1 and y,), with a very weak correlation observed between y; and lift
coefficient (r = 0.213, p = 0.306). Figure 11 shows the sensitivity analysis of different
control parameters on Lift/Drag (%) . These insights, detailed in the plots, highlight the
varying effects of the variables on performance metrics.
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Figure 11. Sensitivity analysis results: correlations between key design variables (horizontal velocity,
fan angle, nozzle angle, tail angle, and tip profile coordinates (y; and ), and critical aerodynamic
performance metrics. (a) Horizontal velocity, (b) Fan angle, (c) Nozzle angle, (d) Tail angle, and
(e) Tip profile.

5. Conclusions

In this paper, we presented an extensive CFD optimization of a gas-powered fan
Vertical Takeoff and Landing (VTOL) aircraft, focusing on both control strategies and
geometry optimizations. We used a User-Defined Function (UDF) to maintain a specified
fan pressure ratio and to enforce mass-flow equivalence between the nozzle exit and fan
inlet, ensuring that each simulation provided stable and real-world propulsor performance
for an array of flight velocities and configurations.

Through our multi-parameter analysis, we confirmed the strong dependence between
key design parameters (horizontal speed, fan angle, nozzle angle, tail angle, and tip shape).
For instance, tilting the fan axis or nozzle to improve vertical lift can generate significant
drag during forward flight, but adjusting the tail angle or optimizing the tip shape can
counter some of these penalties. We specifically discovered the following:

*  Near-zero fan angle (67,, = 0°) gives the maximum possible lift-to-drag ratio (up to
2.98 within our database) for cruise-like conditions.

*  Moderate nozzle angles (0,1, = 22°) offer the best compromise between lift genera-
tion and drag increase, especially during transition.

* Angles close to 0° minimize drag buildup, but small positive deflections can aid
stability with a slight efficiency trade-off.

* Tip geometry at (y; = 70, y, = 145) enhances the lift-to-drag ratio to approximately
2.61, highlighting the influence of subtle shaping on nacelle aerodynamics.

A major factor was sustaining a target fan pressure ratio of 1.11 at each operating
point for consistent thrust control and mass flow. This enabled reliable comparisons
between design options, yielding aerodynamic efficiency gains of 10-20% compared to less
optimized baselines. These improvements are particularly significant for VTOL platforms,
where fuel consumption, payload capacity, and range highly depend on propulsion-system
performance in both hover and forward-flight regimes.

We tested a 1:1.05-scale VTOL nacelle (fan diameter 0.42 m) in a low-speed wind
tunnel at 527¢ (Re ~ 5 x 10°, turbulence ~ 2%). Total-pressure probes at the intake exit
plane and static taps along the inner cowl wall provided detailed pressure maps, from
which we extracted exit Mach number, velocity distributions, and an equivalent flow coeffi-
cient ¢ ~ 0.68 under test conditions. Oil-flow visualization on the external cowl surface
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confirmed smooth, fully attached streamlines with no large separation bubbles precisely as
our CFD predicted. By combining quantitative pressure-recovery mapping with qualita-
tive surface-flow images, we validated the accuracy of our simulation methodology and
demonstrated that the optimized geometry performs well in realistic VTOL environments.

In conclusion, this work shows that combined geometric optimization coupled with
advanced flow-control UDFs can significantly enhance overall VTOL performance. Looking
ahead, future research could integrate variable-geometry hardware (e.g., morphing nozzles,
actively adjustable tail surfaces) or structural/manufacturing constraints (e.g., weight and
material limits) into the genetic algorithm’s fitness function, extending our methodology
into a robust multi-objective design optimization framework for next-generation VTOL
aircraft. We also note that our study primarily focused on cruise conditions; thus, further
validation for hover and transition phases would be valuable. Furthermore, while the
wind-tunnel tests provided detailed validation of the internal and external flow fields,
direct experimental measurement of the nacelle’s lift and drag forces remains a valuable
objective for future experimental campaigns.

Author Contributions: Conceptualization, M.].P.R. and G.H.; methodology, M.].P.R. and Y.Z.; soft-
ware, M.J.PR. and Y.Z; validation, Y.Z.; formal analysis, M.].P.R.; investigation, M.].PR.; resources,
G.H.; data curation, M.J.P.R,; writing—original draft preparation, M.].P.R.; writing—review and edit-
ing, G.H. and Y.Z ; visualization, M.].PR; supervision, G.H.; project administration, M.].P.R.; funding
acquisition, G.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China
(No. 52476030, 52206046).

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors sincerely thank Yasin Masoumi for his substantial contributions
during the revision of this manuscript. His expertise in numerical analysis and his critical role in
formulating the responses to the reviewers’ comments were instrumental in improving the quality of
this work and securing its acceptance.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

Nomenclature
Vertical Take-Off and Landing CFD Computational Fluid Dynamics
Genetic Algorithm UDF User-Defined Function
Lift-to-Drag Ratio RANS  Reynolds-Averaged Navier-Stokes
Shear Stress Transport (turbulence model) ZNMF  Zero Net Mass Flux
Active Flow Control CFJ CoFlow Jet
Urban Air Mobility ADRC  Active Disturbance Rejection Control
Computer-Aided Design AAs Reference area [m?]
Lift coefficient Cp Drag coefficient
Total energy per unit mass [J/kg] F1 Blending function in the SST k — w model
Turbulent kinetic energy [m2/s2] L Lift force [N]
Drag force [N] m Mass flow rate [kg/s]
Static pressure [Pa] Pin, Pour Faninlet/outlet pressures [Pa]
Fan pressure ratio Re Reynolds number
Strain rate magnitude [1/s] T Temperature [K]
Time [s] Viorz Horizontal velocity [m/s]
Velocity vector and components [m/s] g Non-dimensional wall distance for

turbulence modeling
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o Fluid density [kg/m?]

U Dynamic viscosity [Pa-s]

Tij Viscous stress tensor [Pa]

Ofan Fan tilt angle [°]

(. Tail inclination angle [°]

O Turbulent Prandtl number for k
Appendix A

//--- Global Parameters ---
DEFINE TARGET_PR=1.11

DEFINE EPSILON =0.02

DEFINE PRESSURE_STEP = 100

DEFINE ITERATION_LIMIT =200

//- Global Variables ---
flow = 0.0
gauge_pressure = —9500
iteration_counter =0

pr_reached = FALSE

//--- Main Adjustment Routine ---

FUNCTION adjust_every_iteration:

iteration_counter += 1

// Get pressure data from surfaces

// Mass flow rate

Poo
Ht
w

gnozzl e

a, B, p*

Uw 7 Uwz

// Iteration tracker

// Convergence flag

Free-stream density [kg/m?]
Turbulent (eddy) viscosity [Pa-s]
Specific dissipation rate [1/s]
Nozzle deflection angle [°]
Empirical constants for turbulence
production/dissipation

Turbulent Prandtl numbers for w

// Target pressure ratio
// Convergence tolerance
// Pressure adjustment step (Pa)

// Adjustment interval

// Initial pressure guess (Pa)

inlet_pressure = average pressure(fan_inlet_surface)

outlet_pressure = average_pressure(fan_outlet_surface)

// Calculate mass flow rate at inlet

total_flow = sum_flux(fan_inlet_surface)

// Synchronize data across parallel nodes

IF parallel_run:

flow = parallel_sum(total_flow)

inlet_p = parallel_sum(inlet_pressure)

outlet_p = parallel_sum(outlet_pressure)

Figure A1l. UDF code for maintaining constant fan pressure ratio and mass balance.
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