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High-Fidelity Simulation of Vortex Generators
for Tiltrotor Aircraft Wings
D.J. Poole ∗, R.L.T. Bevan †, C.B. Allen ‡, T.C.S. Rendall§
Department of Aerospace Engineering, University of Bristol, Bristol, BS8 1TR, U.K.

I.

Introduction

In forward flight the lift of a tiltrotor aircraft is provided by conventional wings. However, due primarily to structural
issues, these wings are of small span, and so low aspect ratio, and also very thick to allow suﬃcient internal volume for
the drive mechanism to the tip-mounted and hinged rotors. This results in a highly loaded wing that is particularly
susceptible to stall and buﬀet , so boundary layer control is critical and, hence, upper surface flow control devices are an
important consideration. A wide variety of flow control devices and systems can be fitted to control separation but by far
the most common methods are passive schemes, with vortex generators (VGs) a conventional approach. These involve
small flat plates normal to the surface, usually rectangular in shape, inclined to the freestream flow.
It is necessary to understand the physics that the VGs are introducing into the flow. The intention of this work is to
quantify the eﬀects of vortex generators on the flow around a representative tiltrotor aerofoil, with particular attention
being paid to the analysis of the shear layer; metrics are developed detailing the association of the VG design with flowfield
variables. This is done within a computational environment initially, and detailed flow analysis tools are developed to
quantify vortex generator eﬀects.

II.

Simulation Approach and Initial Results

The modelling of the vortex generator and resulting flow is not a trivial task; the suitable capture of the physics requires
high fidelity solvers and high density numerical meshes. However, this is merely the first stage of the work. The primary
purpose of the research concerns the simulation of numerous VG configurations, in order to assess the optimal design
considerations. The simulation approach uses structured meshes which are produced using a transfinite interpolation
approach. Flow solutions are been obtained using OpenFOAMa to solve the RANS equations. To demonstrate the
software, initial simulations, involving a VG on an aerofoil, are undertaken at a Reynolds number of 9 million, and a
Mach number of 0.2 on a NACA 6 series aerofoil. The 3D mesh extends to 100 chords farfield and contains 1,522,496
cells. The set-up of the problem and simulation results are shown in figure 1.
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Figure 1: Problem set-up and initial results

III.

Ongoing Work

The quantification of the eﬀects of flow around a tiltrotor-like aerofoil with vortex generators has been considered
using high-fidelity simulations. The work presented at the workshop will expand on the initial simulations presented and
detail approaches developed for the design of the vortex generators. Particular attention if to be paid to the design using
metrics developed to quanitify the eﬀects of the VG on boundary layer properties.
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The Clean Sky CARD project: wind tunnel
measurements of a model helicopter rotor and
fuselage drag
R.B. Green, M. Giuni, University of Glasgow, UK
It is well known that helicopters have high aerodynamic drag compared to fixed wing aircraft.
While the fuselage and rotor blades can be designed to be as aerodynamically eﬃcient as possible, the
complex aerodynamic environment of the rotor system and associated interactions can lead to a higher
overall drag than otherwise expected. High drag compromises the endurance of the helicopter, and
presents an additional operational expense. Furthermore combustion emissions need to be reduced,
and the high drag of a helicopter presents a challenge to this goal. Any attempt to reduce the drag
of the helicopter must address the aerodynamic environment of the rotor hub and the fuselage area
around the rotor hub. Research projects to investigate helicopter drag reduction under the EU Clean
Sky Green RotorCraft Research Programme reflect this need, and this paper presents results from the
CARD project (Contribution to Analysis of Rotor hub Drag reduction) conducted in collaboration
with the ARA (UK), VZLU (Czech Republic) and Airbus Helicopters (France). While analysis of
the helicopter aerodynamics is a significant challenge for computational fluid dynamics, a wind tunnel
experiment to validate designs and provide research data must be able to separate out the various
contributions to the drag due to the rotor components and the fuselage. Thus the goal of the CARD
project was to perform wind tunnel tests of a representative helicopter configuration to obtain rotor
system and fuselage drag data. The presentation will describe the experiment and data analysis, and
present sample results of drag data.

Figures
(a) Model in wind tunnel

(b) Sample results

α

Figure 1: CARD model in the wind tunnel and sample test data. Model shown in frame (a), the rotor
rotates clockwise, and the wind tunnel flow is from right to left. The beanie and rear engine pylon
fairing have not been fitted, and the blade stubs and flexure sleeves can be seen. The platform below
the tunnel is removed prior to testing. Frame(b) shows normalised Cx S data as a function of angle of
attack for cruise at advance ratio 0.383, showing total model Cx S and the individual contributions of
the rotor, beanie and fuselage.
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Multidisciplinary Design and Optimisation of Conceptual Rotorcraft
Power plants: Towards High Fidelity Engine Design Optimisation
F. Ali, K. Tzanidakis, I. Goulos, V. Pachidis
Propulsion Engineering Centre, School of Aerospace, Transport and Manufacturing
Cranfield University, Cranfield, Bedford, MK43 0AL, UK
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The compound helicopter design could potentially satisfy the emerging requirements
placed on the next generation of rotorcraft. The resurgence of interest in the compound
helicopter is partly due to the recent successful flight tests of the Sikorsky X2, with Sikorsky planning future testing of the Sikorsky S-97 aircraft. The Sikorsky S-97 aircraft is
envisioned to be a multi-role vehicle that can satisfy the demands of the US Army’s operational requirements. The main benefit of the compound helicopter is its ability to reach
speeds that significantly surpass the conventional helicopter. However, it is possible that
the compound helicopter design can provide additional benefits in terms of manoeuvrability. This study features a conventional helicopter and a compound helicopter. The
conventional helicopter features a standard helicopter design with a main rotor providing
the propulsive and lifting forces, whereas a tail rotor provides the yaw control. Due to the
interest in the Advancing Blade Concept, the compound helicopter configuration featured
in this study consists of a rigid coaxial rotor with thrust compounding supplied by a propeller. The idea behind the rigid coaxial rotor (or the Advancing Blade Concept) is that
the lift potential on the advancing sides of the rotors discs is realised in high speed flight.
In high speed flight, the two rotors provide significant rolling moments around the rotor
hub as the advancing sides of the disc produce much greater lift than the opposing retreating sides. However, the overall hub rolling moment trim is achieved as the upper and
lower rotors provide rolling moments equal in magnitude but in opposing directions. The
vehicle also includes a propeller, mounted at the rear of the aircraft, to oﬄoad the coaxial
rotor of its propulsive duties. This study investigates the manoeuvrability of these two
helicopter configurations using inverse simulation. The results predict that a compound
helicopter configuration is capable of attaining greater load factors than its conventional
counterpart, when flying a Pullup-Pushover manoeuvre. In terms of the Accel-Decel manoeuvre, the compound helicopter configuration is able of completing the manoeuvre in
a shorter time than the conventional helicopter, but at the expense of greater installed
engine power. The addition of thrust compounding to the compound helicopter design
reduces the pitch attitude required throughout the acceleration stage of the manoeuvre.

Coupled Flight Dynamics and CFD - Demonstration for Helicopters in
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René Steijl 1
Lecturer
rsteijl@liverpool.ac.uk

George N. Barakos 1
Professor
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Shipborne take-off and recovery tasks are common in helicopter missions and require the aircraft to manoeuvre in a
confined and turbulent area. To ensure safe operation, Ship/Helicopter Operational Limits (SHOL) need to be determined
through expensive and time-consuming at-sea trials, repeated for each specific Aircraft/Ship combination and over a range
of wind strengths and directions. Accurate numerical simulation of manoeuvring helicopter would permit to: (1) build
more realistic simulation tools, (2) predict potentaial extreme loads on the airframe, and consequently help design, and
(3) support the trials by simulating the most dangerous manoeuvres ahead of the flight.
In the context of this work, a 6-DOF Helicopter Flight Mechanics (HFM) solver was developed that implements simplified
aerodynamic models along with a trimming method and a pilot model. HFM is capable of simulating a wide range of
manoeuvres for different helicopters. It is a multi-body dynamics solver that implements the Euler’s equations of motion
for rigid bodies to calculate the trajectory of the aircraft from the loads calculated on the rotors and fuselage. HFM is
directly coupled into the CFD framework of HMB2 and the estimated loads are substituted by the loads calculated via
CFD. The HFM/HMB2 solver is used here to carry out high-fidelity simulations of a manoeuvring helicopter. Realistic
models of the Sea King helicopter and the Halifax-class frigate are used to simulate a typical Royal Navy ship/landing
manoeuvre.
Figure shows the position of the helicopter during the manoeuvre performed without the presence of the ship and demonstrates that the pilot model is able to maintain the helicopter attitude while following the prescribed trajectory; a descent
in this case. Figure shows the flowfield around the ship and helicopter at the beginning of the coupled simulation. The
Linear Integral Convolution (LIC) method is used to highlight the flow features.
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Figure 1: Position of the helicopter and global loads
during the isolated descent manoeuvre.
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Figure 2: LIC visualisation of the initial flowfield before the coupled manoeuvre.
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Helicopters, due to their capability of managing hovering flight, are highly exploited in missions
within confined areas. The aerodynamic interaction between the rotor-induced wake and the surrounding
obstacles generates, on the one hand, high compensatory workload for the pilot and degradation of
aircraft performance, on the other hand unsteady forces which can stress the structure of the obstacle.
The GARTEUR Action Group 22 ”Forces on Obstacles in Rotor Wake”, comprising several universities (Politecnico di Milano, University of Glasgow, University of Liverpool, NTUA) and reasearch
institutes (CIRA, DLR, ONERA, NLR), originates from the idea to promote activities which could
contribute to a better understanding of such fluid-dynamics phenomena.
The preliminary activities carried out at Politecnico di Milano were meant to produce an experimental
database for the study case of a helicopter model (rotor and fuselage) in proximity to an obstacle in
not-windy conditions (the wind tunnel campaign beign postponed to the next year). The assembled test
rig (Figure 1a) consists of a helicopter model with fixed blades (D = 0.75 m, θc = 10◦ ), connected to
a horizontal pylon that can be moved by a system of two traversing guides. The helicopter model was
powered by an on-board electric motor, and the loads acting on the rotor were measured by means of a
6-components balance. The obstacle was a 1m x 0.8m x 0.45m cuboid, courteously made available by
DLR. Steady (average values) pressures on the obstacle walls were measured through several pressure
taps on the building. Moreover 2D PIV surveys were carried out in some relevant configurations.
A set of measurements with diﬀerent relative position of the helicopter with respect to the model
building were carried out. The analysis of the measured loads allowed a preliminary investigation of the
interference eﬀects of the building model on the helicopter performance. A physical interpretation of the
flow phenomena occurring was obtained through the analysis of the obstacle pressure measurements and
PIV surveys in some relevant configurations (an example is given in Fig. 1b).
A more comprehensive experimental investigation in absence of external wind is being designed at the
University of Glasgow. A larger rotor (D = 1 m), with adjustable collective and cyclic pitch angle will be
used. The rotor will be mounted on a load cell system so that its trim state can be monitored. The loading
on the obstacle will be measured by means of both averaged and unsteady pressure measurements. PIV
surveys will be carried out in order to support both the pressure measurement and flow visualizations.

(a) The experimental test rig

(b) Example of PIV survey

Figure 1
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Numerical Modeling of the Aerodynamic Interference between Helicopter and Ground Obstacles
Giulia Chirico ∗ , Luigi Vigevano † and George N. Barakos ‡
Helicopters are usually operating in confined areas and the complex flowfield that develops in windy conditions may result
in dangerous situations. Tools to analyse the mutual interaction between rotorcraft aerodynamics and ground obstacles are
therefore essential. The GARTEUR AG22 aims to investigate this problem and this work is aligned with their effort. As an
example, a helicopter operating in the wake of a building comparable in height to its rotor diameter, has been studied using
different aerodynamic models. The final goal is to find the simplest aerodynamic model that captures interactional phenomena so that efficient simulations can be conducted.
Initial simulations have been performed using the Actuator Disk (AD) model, in a uniform or non uniform formulation. This
model doesn’t capture the details of the rotor wake or flow unsteadiness due to individual blade passing. The Actuator Line
technique overcomes these limitations but is computationally more expensive. For this reason, an hybrid technique, the Unsteady Actuator Disk (UAD) has been tested: this method accounts the influence of the rotor blades modelling the global
distribution of the rotor loads using a Gaussian function at each time step of the simulation. Simulations accounting for the
real blade shape have also been performed, using the sliding planes technique available in the HMB2 CFD solver. The differences between UAD, AD and simulations with resolved blades will be presented, allowing the evaluation of the accuracy of
each aerodynamic model.
Moreover, the validity of the superposition principle for combining the building and rotor wakes is also investigated to determine the minimum distance between the helicopter and the building where wake interference is negligible.
The calculations have been carried out using the CFD solver HMB2 of the University of Liverpool. The size of the assembled
grids, generated using ICEM, ranges from about 12 million cells, for the AD simulations grid, and 30 million, for full-blades
simulations grid.
The wind tunnel tests performed at Politecnico di Milano by Gibertini et al. [1] are used for comparisons. Fair agreement has
been obtained confirming the validity of the proposed simulation approach.

(a) Flowfield in the xz plane visualised via the Linear Integral Convolution (b) Pressure coefficient distribution on the top face of the building and commethod coloured with the vertical velocity component.
parison with the correspondent experimental data [1]

Figure 1: Full-blades simulation for hover with the rotor laying on the building edge at a distance of one diameter
above the ground.
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The wake generated by a helicopter could interfere with passing-by aircraft. A number of serious and fatal accidents
have so far been happened when light aircraft entered into a helicopter wake resulting in control loss. These accidents
often happen near airports where helicopters are in hover-taxi and the encountering aircraft is in a landing or departure
procedure, which means that both the helicopter and the fixed-wing aircraft are at low altitude and relatively low speed.
This type of wake encounter scenario has its own specific features. And the wake vortices have their characteristic
structure, duration and decay.
Different methods of modelling helicopter wakes are presented and compared with available wind tunnel and flight test
data. A free wake model was then used to generate the wake vortices of a helicopter hover-taxing over an airport runway.
A hybrid wake model, with a wake decay law, was also used to generate the far wake of a helicopter in level flight. The
wake induced velocity fields were integrated into an aircraft flight dynamics model and piloted flight simulations were
carried out to study a light aircraft encountering a helicopter wake during landing and level flight. It was found that for the
current landing wake encounter scenario, the existing wake encounter criteria and severity metrics for the determination of
the hazardous distance might not be appropriate if the wake encounter occurs close to the ground. The landing simulation
results suggest that for a helicopter in low-speed hover-taxiing (less than 40 kt airspeed), the wake encounter detectable
horizontal distance is about three times the diameter of the rotor, which coincides with the current safety guidelines of the
Civil Aviation Authority of the UK. The level flight simulations revealed the effects of the vertical separation distance and
of the wake decay on the encounter severity.

(a) Free wake model

(b) Downwash

(c) Flight simulation scene

(d) Dynamics of GA aircraft

Figure 1: Helicopter wake model, downwash velocities, sinmulation scene and dynamic responses of aircraft during
encounter.
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This paper presents a study of the W3-Sokol main rotor with Gurney flaps [1], [2]. The effect of the active Gurney is tested
at low and high forward flight speeds to draw conclusions about the potential enhancement of the rotorcraft performance
for the whole flight envelope. The effect of the flap on the trimming and handling of a full helicopter is also investigated
using a generic model built in FlightLab [3].
During hover, the maximum Figure of Merit of the blade did not improve, but at high thrust settings it was enhanced by
6% over the performance of the clean blade. The effect of the Gurney was to pitch the nose of the flapped section down
as evaluated with aeroelastic calculations, and it was found that the extra lift of the Gurney in combination with the extra
blade twist resulted in an increased Figure of Merit. For further performance improvement a Gurney flap of bigger span
was considered, and among different sizes of Gurney the one of 2% of the chord was the most effective. The loading
capability of the helicopter was improved by 200Kg, while the hover endurance was increased by 28.8 minutes.
Then, the use of a Gurney flap was put forward to improve the forward flight performance of a helicopter rotor by reducing
the stall at the retreating side. The basic idea is that the flap will be actively actuated in forward flight and will be fully
deployed in hover flight. The W3 Sokol MRB was used again due to the availability of flight test data as well as the
blade shape and structural properties. A carefully designed Gurney flap and actuation schedule proved to be essential for
controlling the separation of the flow. Fluid and structure dynamics were coupled in all cases and the rotor was trimmed
at two different thrust coefficients. The Gurney proved to be efficient at medium to high advance ratio flights, where the
power requirements of the rotor were decreased by up to 3.3%. However, the 1/rev actuation of the flap might be an issue
for the trimming and handling of the helicopter.
The current study built on the idea that any active mechanism operating on a rotor could alter the dynamics and the
handling of the helicopter. A closed loop actuation of the Gurney flap was put forward based on pressure divergence
criterion, and it led to further enhancement of the aerodynamic performance of the rotor. Next, a generic light utility
helicopter was built using 2D aerodynamics of the main aerofoil section of the W3 Sokol blade along with a robust
controller [4], and the response of the rotorcraft to control inputs was tested. This analysis proved that the 1/Rev actuation
of the Gurney did not alter the handling qualities of the helicopter and as a result it can be safely implemented as a flow
control mechanism for retreating blade stall alleviation.
A detailed description of the closed loop actuation of the Gurney as well as the analysis of the generic model with and
without the flap is given in the paper.
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Figure 1: (a)Figure of merit versus thrust coefficient for the W3 Sokol MRB in hover (Mtip = 0.618, Retip = 3.74 ·
106 , σ = 0.0714), (b) Power requirement for clean W3-Sokol rotor, and rotor with Gurney flap along the flight envelope.

(a)

(b)

Figure 2: (a) Gurney actuation schedule comparison against open loop, (b) Torque requirement for closed loop actuation
of the Gurney flap.

Figure 3: (a) Power coefficient for UH-60 Black Hawk helicopter. FLIGHTLAB model against theory and flight test
data [5]. (b) Limits on pitch (roll) oscillations - hover and low speed. Red dot represents the clean rotor, while cross
represents the rotor with the active Gurney flap.
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Structured, unstructured, or hybrid grids can be used for helicopter CFD. The grids may also use either overset or sliding
interfaces to account for the relative motion between components of the helicopter or for reducing the complexity of
the mesh generation process. In the literature, established helicopter CFD codes have been used with several types
of grids without a clear conclusion as to which mesh type is best for computations. In this paper, the idea of hybrid
grids is put forward as an attempt to compromise between accuracy of solution and ease of mesh generation. The basic
scheme considered, is to keep structured zones where accuracy is required (e.g. around the rotor blades) or in the rotor
wake and use the unstructured parts to alleviate meshing difficulties in regions with complex geometries (e.g. complex
fuselage shapes). Of course, the use of hybrid grids brings forward issues related to the solver (that now has to cope with
different mesh types) and issues related to communication between different mesh types. This paper presents a systematic
comparison of the different meshing techniques and highlights the merits of each one, how they are implemented with a
modern CFD solver, and the lessons leant from their use within the HMB solver.
The coupling between the multi-block structured and unstructured domains depends on whether the interface between
meshes has an overlap or not, and in the case where the interfaces match on both the multi-block and unstructured
domains, then the same surface mesh is used. In general, a Chimera or a sliding mesh interface can also be used.
Figure 1, presents an example for the flow around the ERICA fuselage as obtained using an unstructured mesh. This is
one of the several test cases employed during the development of the unstructured method in HMB. Further details on the
method, is efficiency, stability and accuracy will be presented during the meeting.
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Figure 1: Processor partition (left) and surface pressure (right) for the ERICA fuselage at zero angle of attack and 0.3
Mach number. Solution obtained using the unstructured mesh method in HMB2.
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First, a comparative study of the effect of different tips of the hovering Sikorsky S-76 model main rotor blades is performed
using the multi-block HMB2. Rectangular tips with rounded and flat tip-cap, as well as tips with anhedral and sweep are selected
for computations. Taking as reference the 60% taper-35◦ degrees swept tip (baseline), predictions of the rotor performance for a
large range of collective pitch is presented. Also, a comparison between chimera and matched grids is shown [1]. It is interesting
to note that the results for the anhedral tip broadly follow the swept taper tip trends. The main difference is the higher Figure of
Merit (FoM) that is obtained due to the additional off-loading of the tip provided by the anhedral. This is a known effect [2] and
is captured very well by the present computations.
Numerical simulations of the full-scale S-76 rotor using the HMB2 solver were also computed, to analyse the Reynolds
number on the rotor performance. For this study, a static analysis on the S-76 full-model rotor blade with 60% taper-35◦ degrees
swept tip was performed, at tip Mach number of 0.60.
As a means of comparing the effect of the tip configuration on the S-76 rotor in hover, the hovering endurance in the form of
charts has been estimated using both experimental data of [3] and CFD predictions from HMB2. This parameter evaluates the
performance capabilities of a helicopter in hover configuration, typically for a range of thrust coefficient from empty weight to
maximum takeoff gross weight.
The second part of this work is devoted to numerical simulations of the ERICA (Enhanced Rotorcraft Innovative Concept
Achievement) tilt-rotor 1:5 scale model have been performed using HMB2. For this work, an aircraft mode configuration (AC1)
of the ERICA tilt-rotor is considered, which is characterised by low speed, and relatively high angle of attack of the aircraft with
a large zone of flow separation at the rear part of the fuselage. Visualisation of the flowfield using iso-surfaces of the Q-criterion
is shown in Figure 2 and reveals a strong aerodynamic interaction between components.
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Figure 1: CT /s versus FoM for the S-76 model rotor with
60% taper-35◦ degrees swept tip, Mtip = 0.65, Retip =
1.18 × 106 , Θ75 = 4o , 5o , 6o , 7o , 8o , 9o , 10o and 11o and
SST k − ω turbulence model.

Figure 2: Visualisation of the ERICA tilt-rotor in aircraft
mode using Q-criterion of 0.15 coloured by Mach number.
M∞ = 0.168, Re∞ = 1.7 × 106 , AoA=10.02o degrees.
The κ − ω turbulence model of Wilcox was used.
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