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Abstract
This paper will present the status of the research collaboration between Leonardo Company and
Nanyang Technological University (NTU). As a key player in aerospace, defence and security,
Leonardo company is involved in a five years collaboration with NTU through its helicopter division,
AgustaWestland. Three focus areas of collaborative research have been identified, looking into vortex
generators (VGs), exhaust-fuselage interaction and fire suppression. The project includes both
numerical and experimental investigations (PIV and surface flow visualizations), and preliminary
numerical findings from the first year of the collaboration will be reported. In this paper, the focus
will be on drag reduction through VGs where various configurations that are attached to the ramp of
the helicopter are simulated to minimize flow separation. Additionally, it will present on fire
suppression modelling and current progress on exhaust-fuselage interaction to identify heat signatures
to mitigate aeromechanical problems.

1. Introduction
Since it first took flight in the late 1930s, the helicopter has contributed significantly in aerial
transportation, rescue operations, aerial firefighting, etc. Helicopter aerodynamicists have learned to
speak comfortably about the fundamentals of helicopter aerodynamics but it is an axiom that the fluid
physics involved is complex and not fully understood despite its chronological developments. In the
past, the term helicopter aerodynamics is synonymous with fluid flow interaction with the rotor blades.
In the times gone by, the modern definition has been tweaked to include the interaction of other
helicopter components (Conlisk, 1997). This is especially important given the implications of flow
situations on the helicopter’s manoeuvrability. The unsteady forces and moments (even in steady
forward flight) play a huge role in determining the dynamic characteristics of the helicopter and
subsequently the design of it. As with most designs, efficiency is key. The corollary is longer hover
times with little compromise on economy and in a military sense, the accomplishment of missions
(Reichert, 1985). We note in passing that flight safety is also imperative when it comes to the design
of the helicopter. It is worthwhile mentioning that in the period 1983-2009, 178 helicopters crashed in
the Gulf of Mexico (Bake, Shanahan, Haaland, Brady, & Li, 2011). The predominant failure was due
to loss of engine power. In more recent times, most notably in November 2017, the Airbus AS332L
Super Puma helicopter crashed in Japan killing four people (heliPRESS, 2017). According to
European Aviation Safety Agency (EASA), the damage was due to the flapping hinge link on a rotor
blade. Such accidents highlight the importance of continued research into flight safety and control.
Engine fire is one of the possible causes of engine failure and as such, fire protection has often been
expressed in edicts with respect to helicopter design. In the event of an engine fire, the dousing agents
are expected to extinguish the fire in the engine bay within a stipulated time based on the helicopter’s
certification. For example, in the numerical study of Berthe & D'Alscio (2003), the certification of the
BK117 helicopter mandates the presence of volume concetration of 6% for a minimum time of 0.5s
through out the engine bay. Full-scale helicopter experiments are expensive to perform and the
recourse is often to conduct down-sized wind tunnel experiments and computational fluid dynamics
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simulations. Even then, the computational overheads are large and are normally limited to Reynolds
Averaged Navier-Stokes (RANS) calculations vis-à-vis the more computationally expensive Direct
Numerical Simulations (DNS) and Large Eddy Simulations. While simulations lessen percuniary
aspects, proper modelling is essential for accurate computations. This paper discusses Nanyang
Technological University’s (NTU) collaborative research with Leonardo’s helicopter division on
certain aspects of modern helicopter aerodynamics research viz. the impact of vortex generators (VGs),
exhaust-fuselage interaction and fire suppression .

2. Helicopter Aerodynamic Enhancements via Vortex Generators
Vortex generators (VGs) are passive flow control devices that are used to promote attached flow
along the surface. The general idea is to re-energize the boundary layer via the entrainment of fluid
momentum in the freestream and in doing so, prevent or delay separation. Flow separation results in
higher drag and can make the aircraft uncontrollable during take-offs and landings. The efficacy of
course comes into question due to the increase in skin friction drag but this can be attenuated if the
VGs are comparable in size to (normal to the flow direction) and preferably smaller than the boundary
layer thickness.
In perhaps one of the most comprehensive studies done on micro VGs (the appellation appropriately
named because of their sizes relative to the thin boundary layer), Lin (2002) concluded that counterrotating VGs are more effective in controlling 2D type of flows while co-rotating VGs are more suited
for 3D flows. The author went on to propose that doublet VGs are highly effective for shock-induced
separation. Lin (2002) also suggested that wishbone VGs can alleviate the effects of a laminar
separation bubble which is a common phenomenon for flows over low Reynolds number aerofoils.
The reader is referred to Figure 1b in (J. C Lin, 2002) for the pictorial description of the four VGs.
The effectiveness of VGs is also dependent on their shapes. Triangular VGs are purported to perform
better than rectangular (vane type) ones (Betterton et al., 2000)
Jimenez, et al. (2016) implemented triangular shaped micro VGs, on a simplified AW101 helicopter
model with a 35° ramp angle. The VGs were placed 6.6 mm before the upsweep line. PIV results
showed that VGs reduced separated region for all angles of attack, resulting in lower drag. The
reduction in the flow separation region also prevented the sudden change in pressure distribution
along the ramp. Gibertini et al. (2015) conducted flow experiments and simulations using rectangular
shaped, boundary layer height VGs on the GOAHEAD helicopter model. The optimal location for the
VGs, determined from simulations, was at position 2 (see Figure 1) before the onset of separation. A
drag reduction of 5% was observed and flow separation avoided.

Figure 1: Flow separation under the ramp and investigated VGs positions (Gibertini et al., 2015)

Surprisingly, the flow separated when the VG height was reduced by 50%. (Boniface, 2016)
commented that micro VGs are not suitable for the case of Jimenez et al. (2016) and conclusions
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about the suitability of micro VGs for such applications should not be made without exploring their
optimal sizes and locations.

2.1

Proposed Experimental Setup

2.1.1. Wind Tunnel Facility
The wind tunnel experiments for the vortex generators are to be conducted at NTU’s closed-loop wind
tunnel. The subsonic closed-loop wind tunnel has a test section measuring 0.72 m (H) × 0.78 m (W) ×
2 m (L). A motor drives a fan, which provides the wind flow in the test section. The maximum
operating free-stream velocity is 90 m/s. The speed is determined from the dynamic pressure
measured by a pitot static tube located at the start of the test section. The pressure transducer can
measure up to 103 kPa, with an uncertainty of 1 kPa. The stream-wise turbulence intensity was
measured to be 0.1%.
2.1.2 Design of Ramp
In the test section, a flat plate with a rounded leading-edge is connected to an inclined plate. The
plates are made of transparent acrylic, and are supported by 4 acrylic legs bolted onto the wind tunnel
floor. The front plate is 1 m long, 20 mm thick and 590 mm wide. The inclined plate can be varied at
20° or 30°. Both flat and inclined plates have a rectangular slot of 2 mm depth for placing the VGs on
its surface without exposing the base of the VGs which may interfere with the incoming free stream.
2.1.3 Design of VGs
The VGs are made by bending 1 mm thick stainless-steel plates. The VGs were designed based on
free stream conditions of 70 m/s. The boundary layer thickness was calculated using the Blasius
solution for turbulent boundary layer over a flat plate (Schlichting, 1979), and is given by the
following equation:
(1)

⁄

 ≈ 0.37⁄

where  is boundary layer thickness,  is displacement length in the streamwise direction and  is
the Reynolds number. Based on the (1), the expected turbulent boundary layer height at the onset of
the ramp is 17.2 mm, and this value would be verified with Particle Image Velocimetry (PIV)
techniques. As a preliminary study for use of validation with simulation results, three configurations
have been selected, namely boundary layer height vane type (Gibertini et al., 2015), micro vane type
((John C. Lin, 2002) and micro triangular type (Godard & Stanislas, 2006). The VGs are displayed in
Figure 2. The geometries and parameters used are the same as the optimal values found by the
aforementioned studies and are presented in Table 1.
2.1.4

Experimental Methodology

For the PIV experiments, two different seeding particles will be tested: the fog particle and the oil
particle. For the fog particle generator, NTU has a Safex® Fog Generator F2010 supplied by Dantec
Dynamics, and can produce a mean droplet size of 1 μm. For the oil particles, NTU has a Laskin
nozzle supplied by TSI Inc., which can atomize the oil supply in its reservoir, typically olive oil, with
a supply of pressurized air, producing a mean droplet diameter of around 0.5 to 1 μm. For the laser, an
Table 1. Normalized height (h) and length (l) of VGs.
Type of VG
boundary layer height vane
micro vane
micro triangular
.
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h/δ
1
0.2
0.37

l/δ
3.6
0.8
0.74

Figure 2: Image of VGs from left: micro triangular, micro vane and boundary layer height vane.
Nd-YAG laser by Litron Lasers, nano L200-15, will be used. It can produce up to 200 mJ per pulse at
532 nm wavelength. Depending on the speed of evolution of the flow field, either a conventional 15
Hz double pulse or a time-resolved PIV system may be used during the experiments.

2.2

Preliminary Results from Numerical Simulations

2.2.1 Numerical Setup
The initial CFD simulations feature a pair of counter-rotating rectangular VGs on a flat plate. The
Reynolds number, based on VG length and freestream velocity is 3.7 × 106. The commercial CFD
code, ANSYS Fluent was used for the RANS calculations. Fluent uses a finite volume approach to
solve the governing equations (not listed here for brevity). The reader is referred to the ANSYS Fluent
documentation (ANSYS, 2016) for a description of the pertinent equations. The computational grid
was generated in ANSYS ICEM and consisted of 24x106 cells of hexahedral proportions. This was
after a series of mesh-independence tests. The computational domain spans a width of 30hVG with a
streamwise length of 100hVG and height 10hVG, where hVG is the height of the VG and equals 17.2 mm.
The VGs are 1mm thick and are placed at an angle β = 15° relative to the streamwise flow. The mesh
was refined in near wall regions to ensure y+ ≈ 1. y+ is a dimensionless wall distance and is a function
of friction velocity, normal distance from the wall and viscosity. Barring the use of wall functions, it
is generally accepted in CFD that y+ is prescribed the value of unity to capture the large velocity
gradients in the boundary layer. Quadratic Upstream Interpolation for Convective Kinematics
(QUICK) was selected as the differencing scheme for spatial discretisation.
RANS equations are time-averaged Navier-Stokes equations following the decomposition of the
velocity field into mean and fluctuating components. A direct consequence of this is a set of unclosed
equations. To “close” these equations, they are supplemented with turbulence models. The k-ω SST
turbulence model (Menter, 1994; Menter, Kuntz, & Langtry, 2003), where k is turbulent kinetic
energy and ω is its specific dissipation rate, is used for the current simulations.
A CFD simulation over a flat plate was done prior to the VG calculations to obtain a velocity profile.
The profile is then used as the inlet condition for the VG computations. The freestream velocity U∞
was 70 m/s and the turbulence intensity was 0.1% based on the baseline case. The VGs and their
adjacent wall surfaces were set to a no-slip wall boundary condition. The top and sides of the
computational domain were specified as symmetry while the outlet was set to an outflow boundary
condition. The convergence criteria was set to 10-6.
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Figure 3: An illustration of streamwise vorticity at diffent downstream positions.
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Figure 4: Normalized Streamwise vorticity magnitude at x/hvg = 5, 10, 15, 20, 25 and 30.
2.2.2 Preliminary CFD Results
Figure 3 and 4 show the planar contours of streamwise vorticity at different downstream positions
from the VGs. As expected, there is strong streamwise vorticity immediately downstream of the VGs
at x/hvg = 5. Vorticity is gradually attenuated with downstream distance. It is worth noting that
vorticity is almost of the same magnitude for all planes on both sides off the centreline. A
consequence of this is an energised boundary layer. The Q-criterion (Jeong & Hussain, 1995) has
been used for the visualization of fluid structures in 3D turbulent fields. It is defined as  


‖Ω‖  ‖‖  where Ω is the rotation tensor and S is the strain-rate tensor. The isosurface value of

0.001 for Q is shown in Figure 5. The velocity has been superimposed on it. A positive value for Q
indicates that the vortex tube has more a rotational component to it than a stretching one. Vortex
stretching leads to increased turbulence and angular momentum.
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Figure 5: 3D vortex structures visualized by Q scalar and normalized velocity
As shown, after the vortices are formed, they are shed from the VGs and are advected downstream.
As mentioned earlier, the vortices entrain fluid momentum from the freestream velocity and energize
the boundary layer. Note that this is a time-averaged solution so “blops” of vortices, normally seen in
transient simulations appear as an elongated body. At this stage, there is no experimental data for
comparisons.
Future numerical simulations will be for the micro rectangular and triangular VGs. They will be
placed on a flat surface as well as be incorporated with the ramp model (discussed earlier) and
compared with experiments. The optimal placement of the VGs will also be studied.

3
3.1

Engine Exhaust Interactions with Helicopter Fuselage
Experimental Setup

The aim of this study to examine how the impingement of engine exhaust affects the temperature
distribution on the tailboom and the overall heat signature of the helicopter. However, given the
complexity of the flow interaction with the freestream and rotor downwash, several simplifications
are introduced to gain a better understanding and confidence in the simulations. The proposed wind
tunnel experiments for this study are based on a simplified “half-engine” cowling. The fuselage,
tailboom and rotors have been removed in order to maximise the size of the cowling model. The
downwash effect from the rotors would not be included in the setup. The engines and internal works
were also simplified and replaced with a heated blower to provide the hot gas that would simulate the
engine exhaust. Full-scale helicopter experiments are costly and in some sense not practical. The
recourse would be to perform CFD simulations. The experiments here serve as form of a validation
for the CFD simulations albeit only for a section (fuselage) of the helicopter. The validation would
give confidence when it comes to simulating the complete model.
3.1.1 Wind Tunnel Facility
The wind tunnel to be used in for this experiment is the LW-3890, manufactured by Longwin Science
and Technology Corporation. It runs on a 440 V power source, and has 3 phase AC motor rated at
40HP, capable of attaining maximum wind speeds of 30 m/s. The speed can be controlled manually
by adjusting the power and voltage supplied to the motor through a frequency inverter. The subsonic
open-loop wind tunnel has a test section size measuring 1.1 m (H) × 0.9 m (W) × 2 m (L). A streamwise turbulence intensity level of less than 1% is achieved through the use of a honeycomb flow
straightener, three anti-turbulence screens and a 9:1 contraction chamber. The three component sting
force/moment balance can be removed to fit the model of the cowling.
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3.1.2 Design of Cowling
The engine cowling of the helicopter was cut off from the main geometry and scaled to a length of 1.5
m. The external cowling would be entirely manufactured through 3D printing. The material of choice
would be nylon, Polyamide 2200, and is a light and strong material. It also has a smooth surface finish
after printing. Surface finishing is important as it affects the location and extent of flow transitions,
which in turn may impact upon the resulting aerodynamic behaviour. The surface finish can be further
improved with fine grit sandpaper. Figure 6 shows the proposed cowling setup.

(a)

(b)

Figure 6: Image of (a) entire setup with engine cowling in wind tunnel, (b) support structure with
respect to engine cowling.

3.1.3 Design of Internal Piping for Hot Gas
Due to the temperature of the hot gas, stainless steel pipes with outer heat insulation are used. The
wind tunnel "floor" is made out of three 20 mm thick transparent acrylic panels. To provide for the
hot gas flow to simulate the engine exhaust, a centrifugal pump with an electric heater coil would be
used. For accurate representation of actual flight conditions, if the testing velocities cannot be reached,
Shaw and Wilson (1974) and Wilson and Mineck (1974) recommended a range of values between 0.6
to 1.4 for the ratio of the free-stream velocity to the exhaust velocity. In order to achieve these ratios,
the speed of the wind tunnel would be varied between 9 m/s and 21 m/s while keeping the pump
output constant. The internal piping for hot gas setup is shown in Figure 7.

Figure 7: Image of proposed routing.
3.1.4 Experimental Methodology
Similar to the VGs, PIV would also be carried out to collect data for the validation of the simulations.
In addition, an 8-channel NI CompactDAQ system can be used in conjunction with the Omega class
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A Pt-100 thin film resistance temperature detectors (RTDs), to collect data on the temperature at
strategic locations with a sampling frequency of 50 Hz. The probable locations for data measurement
is shown in Figure 8. The collected data would be used to validate CFD simulations of only the "half
engine" cowling, before moving on to account for the rotor downwash effects through the virtual
blade model. The full description is given in the ANSYS Fluent manual.

Figure 8: Location of planes for data collection with PIV.
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Fire Suppression Modelling

The threat of fire hazard is ever present, especially in the nacelle, where the engine, combustible
fluids, heated components and electrical devices are located in. If left unchecked, the fire in the
nacelle can spread rapidly towards oxygen-rich areas, causing huge increases in the temperature.
There are ways from which a fire can originate and develop in the nacelle, namely spray fire, pool fire,
hazard of re-ignition due to fuel pipe leakage and/or hot engine parts, electric system failure and
sparks. Typically, in a fire scenario, fluid leakage occurs and the flammable fluid is spewed onto the
hot machinery components, which results in a spray fire. This same flaming fluid can also accumulate
in the lower cavities of the engine nacelle, burning as a pool fire. Holen, Bronstrom, and Magnussen
(1991) and Zhuang, Lu, and Sun (2009) noted that pool fires can be especially difficult to extinguish.
Studies have been conducted, both experimentally on a full scale model and numerically on a scaled
model, on extinguishing fires occurring in the nacelle (Donaghy, Riordan, & Raghunathan, 1999;
Klueg & Demaree, 1969). Typically, there are five methods for fighting fires and explosions on
aircrafts: total-flood fire extinguishment, total-flood fire suppression, streaming fire extinguishment,
explosion suppression, and inertion against explosions and fires (Hurley et al., 2015). In the present
study, the interest mainly lies in the total-flood method. In total-flood applications, as the name
implies, the intention is for the entire affected area to be engulfed with an extinguishing agent.
Whether a fire in the nacelle can be put out successfully is decided by the distribution of fire
extinguishing agent concentration and injection time. In order to achieve this, the fire extinguishing
agent, with either manual or automatic activation upon detecting the fire, must be discharged quickly
from the storage bottles to the affected areas in order to achieve the desired concentrations and
duration before the airflow flushes the agent out.
The most commonly used fire extinguishing agents (hereafter called ‘agents’) are the halons. Halons
contain bromine, of which the most commonly used are Halon 1301, bromotrifluoromethane (CBrF3)
and Halon 1211, bromochlorodifluoromethane (CBrClF2). These agents are suitable for Class A (fires
fuelled by cellulosic materials that leave behind ashes), Class B (liquid fuelled fires) and Class C
(electrical in nature) fires. They cannot be used for Class D (combustible metals) fires. For Halon
1301, the requirements for extinguishing a fire is a volumetric concentration of 6% for a duration of
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0.5 s throughout the protected zone within the nacelle (Ingerson, 1999). Halon 1301 is a clear liquid
with a vapour pressure of 1.4 MPa at room temperature. To speed up expulsion, it is also stored under
nitrogen pressure, typically at 5.2 MPa at 20°C.
For this part of the study, a 1-D pipe flow model for the two-phase mixture of Halon 1301 and
Nitrogen was developed. This is to be used as an inlet condition for the CFD simulations that will
later follow to simulate the spray dispersion (dousing of the engine fire) in the engine bay. The
computational model for the CFD simulations are depicted in Figures 9 and 10. CFD simulations
would include the energy equations to account for simulated heat and the Discrete Phase model. The
choice of turbulence model would be the one selected for the VG simulations.

Figure 9: Computational mesh of the engine bay.

Figure 10: Cross-sectional view of the computational mesh. Inflation layers are added to account for
high velocity gradients in the boundary layer.
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A 1-D approach was adopted for simplicity, which is to say effects like the forming of a boundary
layer (in 2-D flows) and turbulence (3-D flows) are not considered. This is to prevent added
complications in an already complex two-phase Halon and Nitrogen flow. A 1-D approach is
reasonable due to the physics of the problem and architecture of the system which is a very long pipe
of small diameter. Besides, this portability also allows for some wiggle room to include alternatives
to the halon agent given the fact that Halon 1301 will soon be dismissed in the industry.
The code was written in Python 3.6. The code essentially has two parts - namely a bottle section,
where the mixing agents are first stored and charged, and a pipe section. The bottle section of the code
is depicted in Figure 11. There are basically three states throughout the entire process, which consist
of the liquid phase (Halon 1301 liquid and dissolved Nitrogen), the bubble phase (mixture) and gas
venting phase (Halon 1301 vapour and Nitrogen gas). The pertinent equations are described in
(DiNenno et al., 1993; Elliott et al., 1984).

Figure 11: Flow chart of the bottle main section

4.1.1 Results from the 1-D code
The code was tested and compared to experiments obtained from Elliott et al. (1984) and showed
reasonably good agreement with measured data (see Figure 12) The test case selected was based on a
3.8 m pipe with cross-sectional area of 670 mm2 sans a converging nozzle. It should be mentioned
that the code was created based on the U.S Army standard storage pressure of 5.2 MPa at 20 °C. It has
yet to be tested for other cases as there are limited experiments. The plot in Figure 12 shows changes
in pressure gradients at different intervals. The first change on the bottle pressure profile at circa 0.03s
indicates the advent of nitrogen release pressure (the formation of bubbles). The next change in slope
can be seen at around 0.26s, suggesting that the bottle has run out of liquid. The kinks can also be
noticed along the pipe exit pressure profile. At approximately 0.38s, the pipe has run of fluid and gas
venting begins.
During execution, the code prompts the user for inputs pertaining to bottle volume, initial halon fill,
initial pressure, initial bottle temperature, pipe area and length, friction factor as well as nozzle area. It
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then runs the program, plotting the instantaneous bottle and pipe exit pressures. Once the simulation
ends, the user is prompted to supply a name for the results file. The results can be viewed in an Excel
spreadsheet. The outputs include mass flowrate, pipe exit temperature and pressure. These outputs
will be used as nozzle inlet conditions for the CFD simulations.

Figure 12: Pressure vs Time plot depicting the comparison between measured and calculated data.

Note that the 3D CFD simulations for the engine bay will be incorporated with the full helicopter
model as described in Section 3 to see the flow interaction between the external aerodynamics with
engine bay ventilation at chosen flight condition, engine regime, etc. The full CAD model that is to be
simulated (mesh is removed for clarity) is shown in Figure 13.

Figure 13: full CAD model that is to be simulated (mesh is removed for clarity).
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5

Concluding Remarks and Future Works

The work described in this paper is currently ongoing and heading in the right direction. Three main
aspects of the Leonardo-NTU collaboration with respect to modern helicopter aerodynamics have
been discussed.
PIV experiments carried out for the VGs will provide measured data for comparisons with the
simulations. Further work on turbulence modelling can then be carried out and optimization will be
performed for the optimal placement and geometry of the VGs. Variation of other parameters, such as
the angle of the ramp and speed of the helicopter will also be explored.
On engine exhaust impingement, the simplified “half-engine” cowling that is currently being
developed provides the necessary validation for subsequent numerical analysis. The simulations will
investigate details of impinging flow on the tail boom with respect to turbulence levels and heat
transfer. Other parameters that might vary and to be considered include main and tail rotor
interactions, the exhaust outlet as well as engine inlet directions. The intention is to identify
weaknesses in the heat signature and to explore possible remedies.
With the completion of the 1D pipe modelling, the unsteady boundary conditions at the injection
nozzles of the fire extinguisher system is established. This allows for the simulation of agent
dispersion inside the engine bay by coupling the 1D and the spray models. Further validations will be
carried out on available experimental data.
The project has great relevance to industry for cost savings and safety enhancement. For the VGs, in
their optimised configuration and if implemented, would lead to drag reduction that translates directly
to fuel savings. Likewise, information on heat signature from exhaust impingement along the tail
boom affects key design parameters for the improvement of aerodynamic efficiency. Most
importantly, whether a fire in the nacelle (where critical components are housed) can be put out
successfully is decided upon the distribution of fire extinguishing agent, concentration and injection
time, which is key to aviation safety and to meeting regulatory requirements.
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