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The paper describes an innovative idea of Thickness Noise Control (TNC)
based on adoption of a flow control strategy (i.e. surface ventilation) for acoustic
attenuation of helicopter rotor periodic noise. The TNC method is relying on in-
corporation of multiple cavities (closed by perforated panels and linked to low- and
high-pressure reservoirs) located in a symmetrical manner at front and rear portions
of the blade tip. The efficiency of the new approach is verified using a two-bladed
model rotor of Purcell (untwisted variant of the blade of Bell UH-1H Iroquois heli-
copter) in low-thrust hover conditions. The results of numerical simulations, obtained
with CFD solver (Spalart–Allmaras turbulence and Bohning–Doerffer transpiration
models), indicate that in the near-field of the blade tip, both the amplitude and
spectral contents of pressure impulses of emitted thickness noise are significantly im-
proved. The TNC method, in the proposed unsteady mode of operation, turns out
to be a suitable means of thickness noise reduction in forward flight. Moreover, it is
demonstrated that by proper azimuthal activation the efficiency is almost unaltered,
while the rotor torque penalty and required transpiration mass-flux are decreased by
a factor of 3–5 compared to a steady arrangement.
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Notation

Acronyms

ANC active noise control,
ART active rotor technology,
AT active twist,
BD Bohning–Doerffer,
BVI blade-vortex interaction,
CFD computational fluid dynamics,
DFFT discrete fast Fourier transform,
HHC higher harmonic control,
HSI high-speed impulsive,
IBC individual blade control,
NASA National Aeronautics and Space Administration,
RANS Reynolds-averaged Navier–Stokes (equations),
SA Spalart–Allmaras,



392 O. Szulc

SLIP symmetric limited positive,
TNC thickness noise control,
TPP tip path plane,
URANS unsteady RANS.

Roman letters

c chord length, m,
c0 reference (ambient) speed of sound, m · s−1,
cm blade pitching moment coefficient,
cq rotor torque coefficient,
ct rotor thrust coefficient,
f frequency of rotation, Hz,
Ft rotor thrust force, N,
k summation index,
Mq rotor shaft torque, N · m,
Mr Mach number towards the observer,
MT tip Mach number,
Mθ blade pitching moment, N · m,
n harmonic number,
N sample count,
OASPL overall sound pressure level (dB),
p static pressure, Pa,
p0 reference (ambient) pressure, Pa,
p0–p4 acoustic pressure p′ extraction points,
paero aerodynamic porosity of the perforated plate,
pc cavity pressure, Pa,
p′ acoustic pressure, Pa,
p′ref threshold of human hearing, Pa,
p′rms root mean square of p′, Pa,
r distance to the observer, m,
R radius, m,
ReT tip Reynolds number,
S surface area, m2,
SPL sound pressure level (dB),
t time, s,
T period of rotation, s,
T0 reference (ambient) temperature, K,
Vn normal velocity, m · s−1,
Vt transpiration velocity, m · s−1,
VT tip velocity, m · s−1,
x, y, z space coordinates, m,
y+ non-dimensional distance to the surface.

Greek letters

∆OASPL overall sound pressure level reduction (dB),
θ collective angle, ◦,
µ0 reference (ambient) viscosity, Pa · s,
ρ0 reference (ambient) density, kg · m−3,
τ retarded time, s,
ψ azimuthal position angle, ◦.
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1. Introduction

Near the Tip Path Plane (TPP) of a helicopter rotor the recorded
acoustic pressure signal has a typical, symmetrical form, with large amplitude
negative impulse that is emitted mostly forward of the flying aircraft, frequently
becoming a dominating source of rotorcraft noise [1]. From the point of view
of civil and military missions noise radiation constitutes a major concern, ris-
ing the community annoyance and extending the detection range of approaching
helicopters. In case of modern rotor designs, usually operating in forward flight
with the advancing tip Mach numbers below 0.8, the shape of the pulse may be
explained by the linear acoustic analogy theory. Moreover, it is only sufficient
to consider the kinematic thickness (monopole) term of the far-field solution
(e.g. Farassat’s formulation 1 [2]) of inhomogeneous linear wave equation orig-
inally proposed by Lighthill for jet-noise predictions. It was later generalised
by Ffowcs Williams and Hawkings [3] to configurations involving arbitrary
movement of acoustic source surfaces (e.g. helicopter rotor or propeller blades).
At the given observer location in space (x, y, z) the acoustic pressure fluctuation
p′ [Pa] = p− p0 (p – static pressure, p0 – reference pressure) at any moment of
time t [s] is evaluated as a rate of change of the integral of elementary acoustic
sources (monopoles) spread over the whole blade surface S [m2]:

(1.1) 4π p′(x, y, z, t) =
∂

∂t

∫
S

[
ρ0Vn

r|1−Mr|

]
ret

dS.

The integrated potential of a single discrete acoustic source panel dS [m2] is
calculated at the emission time τ [s] = t − r/c0 (retarded time formulation,
c0 [m · s−1] – constant speed of sound), and depends on four physical parame-
ters: ρ0 [kg ·m−3] – constant ambient density, Vn [m · s−1] – projection of panel
velocity vector due to rotation on the surface normal direction, r [m] – distance
from the panel centre to the observer location, and Mr – Mach number based
on the projection of panel velocity vector due to rotation on the direction to-
wards the observer. As may be deduced from Eq. (1.1), the monopole radiation
is a consequence of the blade surface shape and movement alone, independent of
the external air-flow (exerted forces). As a result of modelling a nearly symmet-
rical acoustic pulse is predicted, similar to the reference signal of Fig. 3 (marked
as “TNC off”). It is necessary to notice that in the TPP of contemporary heli-
copter rotor designs, operating in subsonic conditions regardless of hover or the
forward flight state, the generated harmonic noise pattern is dominated by the
thickness component, but still a small contribution related to the in-plane force
is present as well.

There are many sources of noise associated with a flying helicopter, e.g.: en-
gine, transmission, airframe, and both rotors [4, 5]. However, the majority of the
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current research in the field is focused on the main and tail rotors operation,
since these two components alone are responsible for most of the acoustic radi-
ation in flight. The tail rotor plays an important role for observers positioned
relatively close to the helicopter, where its higher frequency noise has not yet
been attenuated by the atmosphere. Additionally, it may become particularly
annoying due to its higher frequency (compared to the main rotor), placed di-
rectly in the range in which the human hearing is most sensitive. Nevertheless,
the distinctive acoustic emission of the tail rotor has rather low impact on the
aural detection range of an approaching helicopter, therefore it is not considered
in the paper. On the other hand, during approach the noise from the main rotor
completely dominates the acoustic signature of a helicopter. Due to its large am-
plitude, low-frequency spectral contents, and strong forward directivity pattern,
the main rotor noise is weakly attenuated and propagates for great distances in
the atmosphere.

Deterministic origins of the main rotor discrete frequency (tonal) noise may
be subdivided into several categories. The aforementioned thickness noise (of
monopole character) depends on the shape and motion of the blades only, and
is emitted primarily in the rotor plane due to the displacement effect of air by
the rotating body (equivalent to surface mass transfer). In general, the aerody-
namic loading noise (of dipole nature) is affected by steady and unsteady forces
exerted by the rotating object on the surrounding fluid elements (equivalent to
transfer of momentum). It is directed mainly below the rotor disc. The rotor
thickness and non-impulsive loading contributors to acoustic radiation (named
rotational noise) are present in all flight conditions, even in hover. A rapid change
of pressure distribution forced by close proximity or collision of tip vortices with
successive blades is one type of the extreme loading noise called blade-vortex in-
teraction (BVI). In flight it develops either on the advancing or on the retreating
side, with the directivity concentrated down and forward or down and rearward
respectively. Typically this highly impulsive source occurs in low-speed descent or
during maneuvers, but sometimes even in high-speed forward flight. In contrast
to thickness, loading noise spectra may exhibit not only harmonic (i.e. local max-
ima present near the blade passing frequency and its higher multiples), but also
broadband character. The stochastic (non-deterministic) nature is attributed
to turbulence ingestion, blade-wake interaction, or blade self-noise phenomena.
Lastly, in high-speed flyover the advancing blade is subjected to strong compress-
ibility effects (formation of transonic regions and shocks). A periodic formation
and decay of normal shock wave is a major volumetric source (quadrupole type)
of acoustic perturbations called the high-speed impulsive (HSI) noise. It is es-
pecially intense when the shock wave is delocalized off-the tip – a consequence
of exceeding the critical advancing tip Mach number (usually above 0.9). Its
in-plane and forward directivity pattern is similar to thickness noise, but with
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increased amplitude and richer spectral contents, causing much higher annoyance
when it appears.

It is known that lowering the hover tip Mach number is an effective means
of reducing the helicopter main rotor noise emission (e.g. [6]). This way not only
the deterministic (tonal), but also the non-deterministic (broadband) sources
are significantly attenuated. The price is often increased operational weight of
a helicopter (due to necessary enlargement of the blade surface area and the
transmission system). On the other hand, from the safety point of view, the
lower tip velocity requires addition of mass to ensure proper autorotation enve-
lope, which further increases the weight of the aircraft. It is also agreed that
improvements in the rotor aerodynamic performance by application of non-
rectangular blade tip shapes (e.g. thinned, tapered, and swept) are usually ac-
companied by reductions of acoustic radiation in flight, limiting both the rota-
tional (thickness and non-impulsive loading) and the impulsive (HSI and BVI)
contributions (e.g. [7, 8]). Unfortunately, the thinned or tapered tip sections
tend to stall prematurely, at lower angles of attack compared to their thicker
or untapered counterparts. This introduces undesirable dynamic stall charac-
teristics (i.e. a loss of lift due to massive boundary layer separation), affect-
ing unfavourably the retreating side flow pattern in high-speed forward flight
conditions. Moreover, the sweep problem is to avoid significant rearward off-
set of the aerodynamic centre that may cause adverse aeroelastic effects. Apart
from the standard (aerodynamic) sweep, the acoustic sweep concept is devel-
oped (patented by NASA) and considered as a feasible remedy to rotorcraft
noise [9]. Instead of relying on usual source mitigation, as most of other meth-
ods, the proposed non-linear sweep of the rotor blade quarter-chord line pro-
vides a smart mechanism of total or partial cancellation of the generated sound
waves in the acoustic far-field, regardless of their origin (i.e. monopole, dipole or
quadrupole). Another attempt of defocusing the main rotor noise (harmonic) is
to increase the number of blades or to apply unequal (modulated) blade spac-
ing [10]. This way, the acoustic spectra are spread more evenly, but on the
expense of shifting towards the higher frequency range that rises the subjective
annoyance level. However, the higher frequencies are better attenuated by the
atmosphere.

Passive methods (i.e. limitation of rotational speed, advanced 3D blade de-
sign, and increase of the number of blades), as described above, can be very
cost-effective in reduction of various sources of noise attributed to helicopter ro-
tor operations, but still with varying rate of success that is greatly depending on
flight conditions and sound radiation directivity. Recently, significant efforts have
been focused towards the development of active rotor technologies (ARTs) that
have large potential to reduce noise and vibrations, improve performance, and
allow adaptation to current flight conditions [1]. Active, on-blade trailing edge
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flaps (e.g. using smart materials, such as piezoelectric) provide a viable option to
control the acoustic emissions [11]. For example, reduced in-plane, low-frequency
noise levels may be achieved by an unsteady flap actuation that augments the
in-plane component of blade airloads on the advancing side of the rotor. By this
action an additional impulse (of dipole type) is radiated forward that partially
offsets the negative pressure peak associated with thickness effects [12]. How-
ever, other active rotor technologies rely on the blade root control instead of
the on-blade control. The individual blade control (IBC) system is intended to
interchange usually rigid pitch links of the rotor pitch control mechanism with
servo-hydraulic actuators [13]. These actuators are able to set the pitch of each
rotor blade independently of each other. Contrary to IBC, the actuators may
be placed below the rotor swashplate as well, introducing the higher harmonic
control (HHC) of the blade pitch setting [14]. HHC, while being simpler to de-
sign, is also more limited (compared to IBC), because only certain frequencies of
excitation may be transferred to the rotating frame, therefore very often noise
and vibrations cannot be reduced at the same time. Even more advanced ap-
plications of ART are considered that try to integrate actuators into the blade
(spar or skin) itself to generate active twist (AT) distributed along the rotor
blade radius [15]. In principle, all three mentioned ARTs, i.e.: IBC, HHC, and
AT prove to be efficient in BVI noise control, not only by being capable of in-
creasing the blade-tip vortex miss distance, but also unloading the blade in the
azimuthal ranges of strong BVI phenomena. They reveal great potential for ro-
tational noise control, allowing for shaping of the pitch schedule of each blade,
thus creating an unsteady in-plane force that acts similarly to the periodic de-
ployment of the trailing edge flap. Unfortunately, integration of such advanced
active rotor technologies adds a lot of complexity to the rotor system and consid-
erably increases the costs. The active rotors are constantly under research in the
United States, the European Union, and Japan, but are not reliable enough to
be directly integrated in the current rotorcrafts. No serial production helicopter
makes use of quoted active rotor technologies yet.

One possibility to reduce thickness noise emission is to alter physical pa-
rameters determining the monopole acoustic potential of Eq. (1.1). It is usually
accomplished by modifying the outer shape of the blade (S), utilizing optimised
airfoil sections, slanted and thin tips, and decreasing the hover tip Mach number
(limiting at the same time Vn and Mr). Assuming the rotational speed of the
rotor (Mr) and the blade surface S as fixed, the remaining alternative is to coun-
teract the normal velocity Vn. It could be easily realised by introducing surface
mass transfer, i.e. suction and blowing through perforated panels distributed
over the blade tip. In theory, such pneumatic systems may be very efficient in
thickness noise attenuation, but not without a significant performance penalty.
Due to the requested intensity the transpiration affects not only the sound waves
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production by a rotating body, but also influences the whole flow-field, i.e. aero-
dynamic forces and moments exerted on the blade. Fortunately, it offers an op-
tion of deactivation when its operation is not required. However, even though the
transpiration is blocked, the perforated surfaces still exhibit increased roughness
that may slightly affect the boundary layer development.

It has been experimentally proven lately that a similar in-plane rotor har-
monic noise cancelling effect may be achieved by applying a control source
of mass and momentum (unsteady tip blowing investigated by Sargent and
Schmitz [16]) or a control source of in-plane force (time-dependent trailing
edge flap actuation tested i.a. by Shi et al. [17]). Both active methods consti-
tute a promising means of rotor thickness noise reduction, but no information
regarding the related aerodynamic performance loss is provided. On the other
hand, it has already been presented in [18] that for an exemplary model rotor
in low-thrust hover conditions the analysed numerically (using CFD) Thickness
Noise Control (TNC) method in its steady mode of operation (i.e. constant suc-
tion/blowing) is capable of delivering considerable gains in acoustic pressure
amplitude reduction (peak amplitude of p′ by 46%, overall sound pressure level
(OASPL) by 3.4 dB, and sound pressure level by 3 dB–10 dB for the lowest 20 ro-
tor harmonics) for an in-plane, near-field observer location. Unfortunately, due to
the existence of permanent injection of air the boundary layer is highly disturbed
(but not yet separated), leading to a drag increase of the tip sections and rotor
shaft torque penalty as large as 38%. Moreover, the steady approach to TNC,
being attractive in terms of the directivity pattern (exactly the same efficiency
regardless of the azimuthal position of the observer), requires high transpiration
mass-flow rates that are rather not feasible for full-scale rotor designs.

In forward flight the maximum of acoustic radiation is centred in the region
directly in-front of the helicopter, in a cone approximately of ±15◦ below and
above the TPP, and ±15◦ to the left and to the right in relation to the mis-
sion path. Therefore, in a such case it is sufficient to concentrate the effort of
noise attenuation in the above mentioned zone only, accepting even the even-
tuality of a slight increase of sound emission everywhere else. The main goal
of the paper is to analyse the effect of implementation of the TNC method in
unsteady mode of operation which is designed for forward flight conditions (i.e.
focused on a single observer, as in [16, 17]). The most important question asked
is: is it possible to keep high efficiency of the noise reduction (revealed previ-
ously in [18]) with significant limitation of the rotor torque penalty and required
transpiration mass-flux? The presented article clarifies this issue, indicating the
time-dependant mode as the only one feasible from the point of view of real-world
application of TNC. However, the proposed periodic activation/deactivation of
fluid injection/extraction process may introduce additional sources of noise on
its own. These unsteady side-effects should be resolved by the numerical model
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and included in the analysis. Moreover, it is essential to verify, if the introduced
short-time disturbances impair the performance of the TNC method in terms of
the reduction of the thickness pulse amplitude, or are fairly separated in recep-
tion time, not interfering with the main event.

The proposed variant of TNC by perforated wall ventilation may be consid-
ered as an extension of the methods described above, since the control source
of the anti-noise impulse is not localized, but distributed over a certain portion
of the blade surface. It is worth noting that this way the introduced (artifi-
cial) sources and sinks of mass may be positioned directly in regions responsible
for maximum acoustic radiation in flight, counteracting the main mechanism
of thickness noise radiation (source) at its origin. However, the implementation
of TNC in the proposed form would necessitate a major re-design of the ro-
tor blades, influencing not only aerodynamic and aeroacoustic properties, but
also mass distribution and elastic properties. Such an effort seems to be jus-
tified for new blades only. On the other hand, such an optimized rotor could
provide significant improvements of the efficiency of the TNC system and reduc-
tion of the associated penalties in terms of the aerodynamic performance. The
research described in the article fits current efforts of the helicopter industry to
limit acoustic waves emission of contemporary rotor designs, for which the main
contributor to annoyance and long-range detection is thickness noise.

2. Thickness noise control (TNC) by surface transpiration

The investigated type of the TNC method relies on incorporation of multiple
cavities (each linked to compressed gas or vacuum tanks) closed by perforated
panels and placed directly at the blade tip (Fig. 1). A pair of relatively short cav-

trailing edge
blowing

leading edge
suction

perforated
plates

p
aero

= 30% p
aero

= 5%

Fig. 1. The tip of a helicopter rotor blade with TNC.
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ities, covered by perforated plates of equal (large) porosity paero and connected
to a low pressure supply (resulting in intensive suction of air from the main
stream), is positioned in a symmetrical manner (with respect to the chord) near
the leading edge (green colour in Fig. 1). In contrast, two remaining identical
cavities (built symmetrically into the rear portion of the section) are signifi-
cantly extended, covered by perforated panels of matching (low) porosity, and
connected to a high pressure reservoir (allowing for mild blowing of medium from
the plenum) – red colour in Fig. 1. In case of a sufficiently high pressure difference
between both sides of the perforation orifice the flow becomes choked. Within
the applicable range of porosity values the effective Mach number in each hole is
limited to 0.57 [19]. Hence, the resultant transpiration velocity Vt is uniform over
the ventilated surfaces, and does not depend on the local flow state. The number,
as well as the chordwise/spanwise extent and placement of separate cavities are
adapted to locations of maximum values of normal velocity Vn (Eq. 1.1) during
blade movement, to suppress the main mechanism of thickness noise radiation.
In total the suction and blowing mass-fluxes are not even, but are characterized
by 2.4:1 proportionality factor. The excess air could be used to further control
the rotor acoustics (e.g. spanwise tip blowing [20]) or just expelled at the root.
Until now [18] steady injection and bleed rates have proven to be efficient from
the point of view of acoustic attenuation and almost ideal azimuthal directivity
pattern, simultaneously leading to an unacceptable aerodynamic performance
loss (manifesting itself i.a. as an increase of the rotor shaft torque).

The size and location of the required compressed air/vacuum tanks, the ex-
tent of the supply tubes or the energy required to operate the compressor/pump
are not considered in the presented investigation of the TNC concept. This the-
oretical (numerical) study is focused on the impact of TNC on external aerody-
namics and aeroacoustics of the isolated rotor only, therefore it is not intended to
deliver final details of the actual implementation for a full-scale helicopter. It is
worth to emphasize that implementation of a pneumatic system based on perfo-
rated panels in external aerodynamics is challenging. One may have to take into
account related considerations, such as: the effect of clogging, cleaning require-
ments, and possible erosion or even damage due to impact of particles (solid and
liquid) [21]. These important operational aspects are not covered in the paper
either.

In forward flight the acoustic impulses of the largest amplitude are released
periodically from the advancing blade, i.e. in an azimuthal section of the ro-
tor disc, exactly when the oscillating inflow Mach number is at maximum. It
provides an opportunity of the adaptation of TNC to forward in-plane located
observers in order to limit the negative impact of the method on the boundary
layer state, and hence on the aerodynamic loading. The single pulse duration
time (width) is short (equals to approx. 1.6 ms, equivalent to 20◦ of azimuth
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for the case analysed in Section 5), and corresponds to a certain fraction of the
rotation period. Therefore, the TNC system may be activated in a cyclic manner
(frequency of 1/rev), just within a limited range of the blade azimuthal position
angle ψ (centred at ψ ≈ 90◦). Such an unsteady approach offers a substantial
diminution of introduced flow destabilisation and reduction of required intensity
of the transpiration compared to steady conditions.

3. Physical and numerical modelling in SPARC solver

This research has been conducted using the SPARC code (formerly named
KAPPA) – a standard cell-centred, block-structured, parallel CFD solver devel-
oped by Magagnato at the University of Karlsruhe [22]. It solves numerically the
Favre-averaged mass, momentum, and energy conservation equations derived for
compressible turbulent flow simulations. The effect of turbulent fluctuations is
well predicted by a low-Reynolds number eddy-viscosity model of Spalart and
Allmaras (SA) for the reference and flow control configurations [23]. The semi-
discrete algorithm is based on the 2nd order finite volume scheme (central approx-
imation of convective and diffusive fluxes) and implicit dual time-stepping ap-
proach (supplemented with the Runge–Kutta method) for spatial and temporal
discretisations respectively. For stability reasons the SLIP (Symmetric Limited
Positive) artificial dissipation model of Jameson is implemented that ensures
a proper damping of disturbances in the flow-field. Additionally, the implicit
residual smoothing, local time-stepping, and full multigrid strategy improve the
convergence rate to a steady state. The equations of motion are formulated in
the absolute reference frame, thereby the rotor circulation in space is imposed
as a rotation of the entire computational domain. Both, the TNC itself (in the
forward flight adapted mode of operation) and the presence of grid movement
require the unsteady solution of the problem (unsteady RANS – URANS).

The main capabilities of the SPARC code have been extended by an in-house
implementation of the empirical Bohning–Doerffer (BD) transpiration model [19]
in a form of the perforated wall boundary condition [24, 25]. In the past, this
functionality has been validated against experimental data for basic internal
and external flows with surface ventilation [26], and applied in a study of new
methods of thickness noise mitigation [18] and high-speed impulsive noise re-
duction [27]. It is worth noting that the solver has proven its value many times
in predictions of complex rotorcraft flows, including helicopter rotors operating
in transonic hover and forward flight conditions (e.g. [27–30]). For both config-
urations, the reference one and equipped with the TNC system, the acoustic
post-processing of the CFD results is limited to low-frequency rotor harmonics
and near-field observers only. The amplitude damping (dissipation) and shape
deformation (dispersion) of the radiated acoustic pressure pulses with increasing
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distance from the blade tip is a common feature of the adopted variant of the
URANS approach, designed primarily for fast stabilization of rotor loads.

4. Computational model

The efficiency of the TNC method was numerically verified using a 1/7th scale
model of the main rotor of the U.S. Army Bell UH-1H Iroquois (“Huey”) general
utility helicopter, tested experimentally at NASA by Purcell (1988) in low-thrust
hover conditions [31]. Both blades of the rotor (diameter of 2.09 m) were straight
(untwisted) and rectangular in planform, with the classical NACA 0012 section
of the constant chord length c equal to 0.0762 m (the rotor aspect ratio of
13.71). Operating conditions were chosen according to an exploratory experi-
mental study of an equivalent rotor system of Sargent and Schmitz (2012) in the
University of Maryland Acoustic Chamber at a full-scale tip Mach number of
MT = 0.661 (tip Reynolds number of ReT = 1.6 · 106) and low collective angle
of θ = 1.5◦ [16]. This research was focused on the efficiency of a recently devel-
oped active control method of acoustic cancellation (tip jet blowing), intended
for helicopter rotor in-plane harmonic noise reduction. Detailed data regarding
the rotor dimensions and operating conditions is summarized in Table 1.

Table 1. Rotor dimensions and operating conditions.

Parameter 1/7th scale model CFD model
rotor radius, R [m] 1.045 13.71

blade chord length, c [m] 0.0762 1.0

rotor aspect ratio (R/c) 13.71 13.71

blade collective angle, θ [◦] 1.5 1.5

ambient pressure, p0 [Pa] 101325 10293
ambient temperature, T0 [K] 288.15 288.15

ambient density, ρ0 [kg · m−3] 1.225 0.125

ambient viscosity, µ0 [Pa · s] 1.79 · 10−5 1.79 · 10−5

ambient speed of sound, c0 [m · s−1] 340.3 340.3

tip Mach number, MT 0.661 0.661

tip Reynolds number, ReT 1.6 · 106 1.6 · 106

tip velocity, VT [m · s−1] 224.9 224.9

frequency of rotation, f [Hz] 34.26 2.61

period of rotation, T [ms] 29.2 383.0

rotational speed [rpm] 2055 157

The computational set-up applied in the current investigation has been ex-
tensively validated in the past for Caradonna and Tung model helicopter rotor
in transonic hover [27–30], therefore the description of structured grid topology
and density, initial and boundary conditions, convergence criteria, and time-step
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or mesh dependency studies are not presented here in details. Certainly, some
differences are introduced during numerical verification of the TNC method. For
example, the blade aspect ratio is up-scaled to 13.71, the collective angle is re-
duced to 1.5◦, operating Mach and Reynolds numbers are fixed to 0.661 and
1.6 · 106, respectively. The near-wall grid normal spacing is adapted to a lower
tip Reynolds number of 1.6 · 106, to ensure proper resolution of the boundary
layer viscous zone (i.e. y+ = O(1)). Additionally, an automatic local mesh re-
finement procedure (increase of the cell count by a factor of 2 in each direction,
with non-matching inter-block connections) is performed in all spatial regions
taking part in the generation and near-field propagation of the thickness acous-
tic signal, i.e. 10 blocks enclosing the blade tip and the remaining 14 distributed
beyond the tip (radially), near the rotor plane and along the path of the im-
pulse, from the source surface to the chosen observer position (highlighted in
red colour in Fig. 2). As a result the number of control volumes of the grid was
reduced down to 2.9 · 106 per blade (compared to 7.0 · 106, necessary in transonic
flow predictions described in [27, 29]) mainly due to lack of strong compressibil-
ity effects, such as shock waves or shock-induced boundary layer separation, in
selected fully subsonic conditions. The structured C-H-H grid (80-blocks) topol-
ogy designed for a single blade is presented in Fig. 2a. The outer boundaries

(a) (b)

Fig. 2. Purcell rotor multi-block computational grid (80 blocks and 2.9 · 106 control
volumes): (a) Complete computational domain. (b) Rotor blade close-up.
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of the domain are positioned 3R above and below the rotor disc, and 2R off
the tip, equivalent to 3R from the rotation axis (R – rotor radius). The ambient
pressure/temperature inlet/outlet boundary condition is utilized there (with au-
tomatic back-flow control). The second blade is taken into account by applying
the rotational periodicity boundary condition. The rotor blade surface is mod-
elled either with the no-slip (impermeable) wall boundary condition or with the
permeable (perforated) wall boundary condition, depending on the case under
consideration and face location. Additionally, an artificial hub is implemented in
the computational model with the free-slip (impermeable) wall assumption. The
yellow colour in a zoomed view of Fig. 2b depicts two exemplary cross-sections
(chordwise and spanwise) of the grid near the rotor plane and the blade surface,
visualising the basic outline of the volume mesh set-up. Detailed data regarding
the rotor computational model is summarized in Table 2.

Table 2. Computational model details.

Domain size 3R from the hub in radial and axial directions
grid type block-structured (C-H-H) with local grid refinement

and non-matching inter-block connections
number of blocks 80 (per blade)
number of volumes 2.9 · 106 (per blade)
CFD solver SPARC (finite volume)
flow model URANS (low-Re Spalart-Allmaras)
transpiration model Bohning–Doerffer
time step size 0.25◦ (1440 per period T ), equivalent to 0.27 ms
outer surface b.c. ambient pressure/temperature inlet/outlet
blade surface b.c. no-slip wall (impermeable or permeable)
hub surface b.c. slip wall
periodic plane b.c. rotational periodicity

The theoretical model of the baseline UH-1H helicopter rotor blade was mod-
ified by inclusion of two suction and two blowing systems (according to Fig. 1),
located at the front (between the leading edge and 0.1c) and at the rear (between
0.65c and the trailing edge) parts of the tip (the last 20% of the span, equivalent
to 2.742c), respectively. Two perforated panels of equal, relatively high porosity
of 30% covered both forward cavities. In contrast, two perforated panels of equal,
low porosity of 5% closed the remaining rearward cavities. The adopted porosi-
ties were in line with the range of applicability of the BD model that delivers
not only the transpiration flow intensity but also the maximum mass-flow rate
achievable in choked conditions. The development of this empirical correlation
was based on an experimental study of a set of perforated plates, characterized
by porosity values ranging from 2% to 27% [19]. When a sufficiently high pres-
sure difference was imposed to both sides of the orifices, the air in the holes
accelerated locally to sonic velocity, choking the flow and fixing the achievable
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mass-flow rate of the perforated panel. It has been verified by wind tunnel test-
ing that at such conditions the effective Mach number (corresponding to the
measured mass-flow rate) in a single perforation hole was limited to 0.57 (due to
existence of boundary layers, inlet effects, shock waves and shock induced sepa-
ration, etc.). To keep the perforation holes choked the cavity pressure ratio pc/p0

was fixed to 0.631 (suction system) and 1.425 (blowing system). The resultant
uniform suction (60m · s−1) and blowing (10m · s−1) rates were a consequence of
independence of the transpiration velocity Vt of the local flow conditions present
at the ventilated surface. Although in the current arrangement of TNC the sur-
face area subjected to injection of fluid was 3.1 times larger than the surface area
intended for bleeding of air, the final mass-flux of suction surpassed the blowing
intensity by a factor of 2.4 (i.e. ratio of 2.4 : 1). The TNC system parameters
and set-up (CFD model) are summarized in Table 3.

Table 3. TNC system set-up (CFD model).

Parameter Suction system Blowing system
number of cavities 2 2

number of perforated panels 2 2

chordwise location 0.0c–0.1c 0.65c–1.0c

spanwise location 0.8R–1.0R 0.8R–1.0R

azimuthal range (steady mode) 0◦–360◦ (360◦) 0◦–360◦ (360◦)
azimuthal range (unsteady mode) 37.5◦–112.5◦ (75◦) 37.5◦–112.5◦ (75◦)
plate porosity (%) 30 5

cavity pressure ratio, pc/p0 0.631 1.425

perforation holes choked choked
transpiration direction normal normal
transpiration velocity, Vt [m · s−1] 60 10

transpiration area [m2] 0.318 0.991

transpiration mass flux [kg · s−1] 2.74 1.15

What is worth to notice is that even for the TNC method in an unsteady
mode of operation, the transpiration intensity is fixed (if present). Instead,
during a single rotation period of the rotor blade the holes are intermittently
activated and deactivated (almost instantly), depending on the prescribed az-
imuthal schedule. The activation/deactivation times considered here are equal
to a single time step of the numerical scheme (equivalent to 0.25◦ of azimuth).
Nevertheless, this approach is referred to as “instantaneous”, because the activa-
tion/deactivation is undertaken in the shortest possible time allowed by the sim-
ulation. This means that there is no pulsating mass-flow rate through orifices and
there are practically no increased perforation losses compared to a fully steady
mode of operation. Still, due to the aforementioned nature of TNC, the CFD
simulation has to be carried out with an unsteady numerical scheme, allowing for
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a change in time of the perforated wall properties. Even though the main thick-
ness noise pulse width is short (equivalent to 20◦ of azimuth for investigated
cases), the azimuthal activity range (TNC in unsteady mode) is fixed to 75◦,
covering approx. 1/5th of the rotor revolution. If the azimuthal activity range is
more restricted, not only the width of the anti-noise pulse would be too narrow
to have any substantial impact on the generated noise, but also the introduced
side-disturbances would grow in amplitude and interfere with the main pulse.
Additionally, the in-plane sound radiation directivity pattern would be com-
promised. The specific design and implementation of the azimuthal activation
control system for TNC is not covered in this article. However, regarding the
possible mechanisms of 1/rev cyclic control, it seems more beneficial to control
the porosity of the plates (hence suction/blowing rates) instead of using tradi-
tional pressure valves located at the root of the blade. The main advantage of
such an approach is that regardless of the time-varying open area the flow in the
perforation holes is constantly choked. It ensures proper operation of the TNC
system, because the ventilation intensity is independent of the external flow con-
ditions. Opening and closing of the perforation holes may be achieved by sliding
two perforated panels (stacked on top of each other) by a tiny distance, usually
equal to the hole diameter (0.1mm–0.3mm). This oscillation is able to seal and
unblock the holes in a very short time, introducing the requested 1/rev cyclic
control. Another approach could be to equip the cavity with a special membrane
(diaphragm) that could move vertically, periodically obstructing the perforation
holes when supplied with proper pressure.

5. Results of numerical simulations

The main benefits of the TNC method (in terms of noise attenuation) are de-
picted in Figs. 3 and 4 for steady and unsteady modes of operation, respectively.
The reference in-plane acoustic pressure p′/p0 (p0 – ambient pressure) fluctua-
tion in time t/T (T – period of rotation), recorded at a near-field location of
1.11R (i.e. 1.5c off the tip, R – rotor radius), has a typical thickness impulse
shape, almost symmetrical and of large negative amplitude (highlighted in black
colour in both figures), as described in Section 1. In a steady mode of operation
(permanent suction and blowing streams) the resultant signal (highlighted in red
colour in Fig. 3) is positively affected by TNC, regardless of the azimuthal posi-
tion of the observer (no directivity pattern). The peak amplitude of p′ is reduced
by 45% (the corresponding root mean square of p′ is lowered by 31%), while
the duration time is slightly extended (mitigating the impulsive nature of the
pulse). The effective anti-noise waveform (highlighted in blue colour in Fig. 3),
generated by the action of TNC device, is derived by subtraction of the reference
and the resultant acoustic signals. It is evident that the explored method delivers
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the requested noise cancelling property, characterized by suitable impulse timing,
width, and shape, but with too low amplitude. Unfortunately, the accompanying
cost of the application of TNC in steady mode is high with respect to the aero-
dynamic performance (even without taking into account the additional energy
required to transport fluid to/from the tip). The penalty in rotor shaft torque is
equal to 35%, leaving no feasibility of real-world adoption.

Fig. 3. In-plane acoustic pressure p′/p0 fluctuation in time t/T recorded at 1.11R (TNC in
steady mode of operation).

On the contrary, the TNC method in unsteady mode of operation (designed
for forward flight conditions) delivers a comparable acoustic pressure signal to
a steady approach (shape of the main pulse, Fig. 4) with 4.8 times lower required
mass flow rate and 3.1 times lower price (11% in terms of the shaft torque in-
crease). It is accomplished by a proper cyclic limitation (with frequency of 1/rev)
of surface ventilation to a specific range of the azimuthal position of the advanc-
ing blade. For the analysed case this interval is equivalent to 75◦ of rotation.
The peak amplitude of p′ is reduced by 42%, while the corresponding root mean
square of p′ is lowered by 26%. An important negative implication is introduc-
tion of two new acoustic disturbances (of negative and positive signs), radiated
exactly at the moments of periodic activation and deactivation of transpiration.
It is a direct consequence of a sudden change in time of the type of wall boundary
condition (solid vs. permeable surface), not only affecting the resultant thickness
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impulse, but also the anti-noise signal waveform. However, it is estimated (based
on [32]) that steady centrifugal tip blowing of 0.3 kg · s−1 at a comparable tip
Mach number and blade radius could result in approx. 2% additional rotor torque
penalty due to the presence of an internal flow in the duct. Moreover, the ex-
periment proved that the peak mass-flux that can be achieved using sinusoidal
(unsteady) 1/rev control constitutes 60% of the initial value. It is necessary to
emphasize that it is not the blowing, but the suction system of TNC that con-
stitutes a major challenge for application. Not only the expected suction mass
flow rate is 2.4 times higher, but also the centrifugal forces are acting against
the flow direction.

Fig. 4. In-plane acoustic pressure p′/p0 fluctuation in time t/T recorded at 1.11R (TNC in
unsteady mode of operation).

A brief comparison of the aerodynamic characteristics of the reference rotor
(TNC off) and of the configurations with the TNC device activated (TNC on)
permanently (steady mode/360◦) or cyclically (unsteady mode/75◦) is presented
in Table 4. The average rotor thrust ct and torque cq, and blade pitching moment
cm coefficients are defined by:

(5.1) ct =
Ft

1
2ρ0V 2

TπR
2
, cq =

Mq
1
2ρ0V 2

TπR
3
, cm =

Mθ
1
2ρ0V 2

TπR
3

(where Ft [N] – rotor thrust force,Mq [N ·m] – rotor shaft torque, andMθ [N ·m]
– blade pitching moment). It is clearly noticeable that for the reference configu-
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ration (Purcell’s model rotor) and selected conditions (hover with the full-scale
tip Mach number of 0.661) analysed in the paper, the values of ct and cm are low.
It is not only because the collective θ is fixed at 1.5◦, but also the rigid blades
are untwisted and constructed using a symmetrical airfoil (NACA 0012). Indeed,
with the TNC system operating constantly (steady transpiration), the average
ct is reduced from 1.1 · 10−4 to 0.2 · 10−4 – a significant relative difference that
appears mainly due to chosen operating conditions (low-thrust) and simplified
rotor blade geometry (i.e. no twist). For the TNC device in an intermittent mode
(unsteady transpiration) this disparity is much less severe, resulting in a drop
just below 9% (i.e. from 1.1 · 10−4 to 1.0 · 10−4). In parallel, the average cq is aug-
mented by the proposed method of thickness noise control in either state of oper-
ation. It is evident that the rotor torque is increased from 2.6 · 10−5 to 3.5 · 10−5

(by 35%) or to 2.9 · 10−5 (by 11%), for the steady and the unsteady approaches
to TNC respectively. On the contrary, the blade pitching moment coefficients cm

depicted in Table 4 are not time-averages, but instantaneous values calculated
at an exemplary azimuthal position angle ψ = 0◦. It is apparent that the sur-
face ventilation shifts the chordwise distribution of loads. The reference value of
0.1 · 10−7 is increased up to 3.4 · 10−7 (TNC on/steady mode/360◦) or 1.5 · 10−7

(TNC on/unsteady mode/75◦), even though at ψ = 0◦ the transpiration is not
active for the latter configuration (enabled between 37.5◦ and 112.5◦). Consid-
ering the operation of a full-scale helicopter rotor in a forward flight (equipped
with twisted and elastic blades, based on modern non-symmetrical airfoils), it
must be stressed out that any modification of the sectional lift, drag or pitching
moment characteristics (e.g. introduced by TNC) would necessitate an adapta-
tion of the rotor trimming procedure. This important topic is not covered by the
current analysis.

Table 4. Average rotor thrust ct and torque cq, and blade pitching moment cm
coefficients.

Case ct cq cm

reference (TNC off) 1.1 · 10−4 2.6 · 10−5 0.1 · 10−7

TNC on/steady mode (360◦) 0.2 · 10−4 3.5 · 10−5 3.4 · 10−7

TNC on/unsteady mode (75◦) 1.0 · 10−4 2.9 · 10−5 1.5 · 10−7

The overall sound pressure level OASPL (dB) acoustic norm is evaluated
using formulas:

(5.2) OASPL (dB) = 10 log
p′2rms

p′2ref

, p′rms =
1

N2

√√√√ N∑
k=1

p′2k Pa, p′ref = 20µPa,

where: p′rms – root mean square of p′, p′ref – threshold of human hearing, N –
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sample count, and p′k – successive acoustic pressure values in time. A single blade
passage (half the period of rotation T ) is probed and analysed with a temporal
resolution of 1440 time steps of the numerical scheme per period T , i.e. N = 720.
For an in-plane observer positioned at 1.11R the impact of the TNC technique on
the reduction of the overall sound pressure level OASPL is comparable for steady
and unsteady modes of operation, reaching 3.3 dB and 2.7 dB, respectively. It is
worth to remind that a drop of OASPL by 6 dB signifies two times lower p′rms.
Additionally, the acoustic pressure p′ signals of Figs. 3 and 4 are transformed
into the frequency domain by employing the Discrete Fast Fourier Transform
(DFFT). The resulting sound pressure level SPL (dB) spectra of Fig. 5 indicate
that for the first 20 rotor harmonics n (the most important from the point of
view of detection and annoyance) the achievable gains in a steady mode (TNC
on/360◦) are ranging from 3.0 dB to 8.5 dB. In an unsteady operation (TNC
on/75◦) the action of TNC reveals a more complex behaviour. For some rotor
harmonics (i.e. 2nd, 7th, and 16th) the SPL is only slightly damped, while for
others it is more significantly suppressed, in case of the 1st, 5th, 12th, and 20th

even surpassing the efficiency of the permanently present surface transpiration.
Probably, the wavy character of the envelope displayed in Fig. 5 is caused by the
appearance of secondary peaks in the signal, recorded in the time domain due
to sudden activation and deactivation of ventilation (Fig. 4). Unfortunately, this
uneven effectiveness pattern is reflected in an increased OASPL value by 0.6 dB
compared to the steady control case.

Fig. 5. Sound pressure level spectrum SPL (dB).



410 O. Szulc

An important aspect of any new rotor noise control system designed for for-
ward flight conditions is its efficiency at off-target positions (directivity). Apart
from probing the acoustic pressure signal at the target location p0 (centre),
four additional points are investigated: p1 (left), p2 (right), p3 (bottom), and p4

(top) – see Table 5 and Fig. 6. The data recorded at the point p0 has already
been analysed in Figs. 3, 4 and 5 for all three configurations (i.e. reference and
with TNC in steady and unsteady modes of operation). The quarter-chord line of
the blade at 90◦ of azimuth (rotating in clock-wise direction) is positioned on the
z-axis. The x-axis is starting at the leading edge and pointing downstream, along
the chord, while the y-axis is starting at the rotor plane and pointing upwards.
In such a reference system the point p0 (centre) is placed at a radial station
of 1.11R and x-, y-, and z-coordinates of (0.25c, 0.0c, 15.22c) – black colour
in Fig. 6. When a line connecting the quarter-chord point at the tip (highlighted

Table 5. Location of acoustic pressure p′ probing points p0 – p4 in space.

Designation x y z Radial position Description
p0 (centre) 0.25c 0.0c 15.22c 1.11R reference (target)
p1 (left) 0.76c 0.0c 16.27c 1.19R 10◦ to the left of p0

p2 (right) −0.26c 0.0c 14.17c 1.03R 10◦ to the right of p0

p3 (bottom) 0.25c −1.16c 15.22c 1.11R 10◦ below p0

p4 (top) 0.25c 1.16c 15.22c 1.11R 10◦ above p0

Fig. 6. Location of acoustic pressure p′ probing points p0–p4 in space.
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in blue colour) with the target observer location is at right angle, a maximum
emission of thickness noise is to be expected. For the baseline point p0 it corre-
sponds to approx. 26◦ earlier azimuthal position of the blade ψ (i.e. to ψ = 64◦).
Points p1 (left) and p2 (right) are placed 10◦ to the left and 10◦ to the right of
the maximum radiation line, at radial stations of 1.19R (0.76c, 0.0c, 16.27c) and
1.03R (−0.26c, 0.0c, 14.17c), respectively – red colour in Fig. 6. The remaining
points p3 (bottom) and p4 (top) are positioned 10◦ below and 10◦ above the
rotor plane, at 1.11R, i.e. at x-, y- and z-coordinates of (0.25c, −1.16c, 15.22c)
and (0.25c, 1.16c, 15.22c) accordingly – green colour in Fig. 6. The choice of the
deviation angle of 10◦ (instead of e.g. 15◦) is dictated by a very close proximity of
the point p0 (centre) to the tip of the blade and a desire to keep the same value
for all investigated off-target locations: p1, p2, p3 and p4. Any higher deviation
angle would shift the point p2 (right) into the rotor disc, therefore making the p′

extraction procedure impossible.
In theory, a constant transpiration mass-flow rate of the steady mode of TNC

ensures generation of a fixed anti-noise signal shape, regardless of the azimuthal
position of the observer (perfect horizontal directivity pattern). For each of the
analysed locations: p0 (centre), p1 (left) and p2 (right) the negative peak am-
plitude of thickness noise reduction is practically the same for both variants of
the method (within 3% margin). It suggests no variability in the left/right di-
rectivity for 10◦ spreading of the acoustic pulse from the source. Such a feature
of the directionality seems to be attractive from the point of view of potential
application in forward flight, but still higher angles than 10◦ should be inves-
tigated to confirm the exact borders of the maximum efficiency zone. On the
other hand, two new acoustic disturbances, introduced by intermittent activa-
tion and deactivation of the surface ventilation (TNC in unsteady mode), play
a significant role depending on the radial placement of the observer. In contrast
to thickness noise (i.e. constant sources and sinks of mass, rotating in space),
this radiation is caused by a sudden increase of suction and blowing mass-fluxes
from 0 to maximum value in a very short time (i.e. unsteady sources and sinks
of mass, rotating in space). The resulting negative and positive impulses are as-
sociated with blade azimuthal positions ψ of 37.5◦ and 112.5◦, therefore released
at earlier or later times compared to the maximum of thickness noise radiation
for points: p0, p1, and p2 – see Fig. 7. The amplitude and the arrival time of
these disturbances only slightly vary, in accordance to the distance (between the
acoustic source and the extraction points at emission time) and the amplifica-
tion by the Doppler effect. Due to large differences in the azimuthal position
of the maximum radiation for points: p0, p1, and p2, the main thickness pulse
amplitude is highly dependent on the radial location (1.5c, 2.6c and 0.4c off the
blade tip respectively). As a consequence, the relative importance of the acous-
tic repercussions of the switching on/off phase is growing, while moving away
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from the rotor. As a result, the efficiency of the TNC method, in terms of the
overall sound pressure level reduction (∆OASPL), is dependent on the distance,
greatly varying for points: p0 (2.7 dB), p1 (0.5 dB), and p2 (5.2 dB). It implies
that the instantaneous cyclic activation and deactivation of surface transpiration
may be further improved by a certain transient period that could smooth out
the introduced disturbances, leaving the total noise attenuation less affected.

Fig. 7. In-plane acoustic pressure p′/p0 fluctuation in time t/T recorded at points p0–p2

(TNC in unsteady mode of operation).

For each of the investigated locations: p0 (centre), p3 (bottom) and p4 (top)
the negative peak amplitude of thickness noise reduction is again nearly the
same for both variants of the TNC method (within 3% margin). It reveals no
variability in the up/down directivity pattern for 10◦ vertical spreading of the
acoustic impulse from the source, but higher angles than 10◦ should be analysed
to verify the precise boundaries of the maximum efficiency range. The acoustic
disturbances introduced by action of the abrupt activation of the transpiration
play a less significant role here, but still the efficiency of the TNC method (in
unsteady mode), in terms of the overall sound pressure level reduction, is no-
ticeably affected for points: p0 (2.7 dB), p3 (1.6 dB), and p4 (2.3 dB). It confirms
that the applied instantaneous cyclic control of ventilation could benefit from
a smoother transition.

It is necessary to emphasize that for numerical reasons mentioned in Sec-
tion 3, the quoted acoustic pressure pulses have been inspected at locations
p0–p4, positioned in very close proximity of the blades. In principle, the far-field
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noise characteristics and the radiation directivity pattern are difficult to assess
based on such limited near-field information. The introduced signals are analysed
at a distance shorter than the extent of the source and the expected wavelengths
of low-frequency contents of the associated spectra. Moreover, the probes are
placed in regions where a substantial tip flow influence is still present that may
not propagate to the far-field. On the other hand, so near-field acoustic data is
rarely published for helicopter rotors operating in hover conditions. Therefore,
both the rotor geometry and the reference observer location (p0) chosen for quan-
tification of the impact of the TNC method have been established according to
the sole available experimental study of Purcell who compared sounds recorded
at 1.11R and 3.0R [31]. For the tip Mach number of 0.9 (thickness, loading and
high-speed impulsive noise emission), the basic shapes of the in-plane pulses
investigated in the near- and far-field were similar. With the exception of the
obvious amplitude difference due to the increased distance, the long range signal
seemed to be only slightly more symmetric. Hence, the close-range data may be
valuable at the initial stage of the research, keeping in mind that this informa-
tion is inherently included in the CFD simulation results and merely requires
additional acoustic post-processing. Furthermore, because the main mechanism
of TNC is almost identical to pure thickness noise generation (as described in
Section 2), the near-field data may be useful in the preliminary assessment of the
proposed method. The presented comparative evaluation of two rotor systems
(reference and equipped with TNC), expressed in terms of the overall sound pres-
sure level OASPL (dB) reduction, should be less affected by near-field placement
of the microphones, since it contains the same near-field background, regardless
of the configuration. However, such statements remain to be verified by a proper
acoustic analogy study of the TNC by surface ventilation.

6. Conclusions

The paper describes in detail the development of the TNC (Thickness Noise
Control) method, designed for in-plane helicopter rotor harmonic noise reduc-
tion in forward flight. It is based on incorporation of multiple cavities at the
blade tip (covered by perforated panels) and connected to low and high pressure
supplies. Intensive suction and blowing of air, distributed symmetrically at the
front and rear portions of the chord, allow for generation of the anti-noise impulse
which, if added to the reference signal, results in significant attenuation of the
sound radiation. The results of numerical simulations (SPARC solver with SA
turbulence and BD transpiration models), obtained for the UH-1H model rotor
of Purcell operating in low-thrust hover conditions, suggest that the near-field
acoustic pressure p′ fluctuations may be effectively lessened by action of TNC.
The peak amplitude of p′ is reduced by 45% (in steady mode) or 42% (in un-
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steady mode), while the overall sound pressure level OASPL is limited by 3.3 dB
or 2.7 dB respectively. Moreover, the most important low-frequency bands (i.e.
first 20 rotor harmonics) are characterized by substantial damping of sound pres-
sure level SPL, in the range of 3.0 dB–8.5 dB (steady mode) or 0.5 dB–15.5 dB
(unsteady mode). The periodic activation of TNC in a cyclic manner, intended
for forward flight state, efficiently brings down the shaft torque penalty to 11%,
compared to the initially very high value of 35%. It is a direct consequence of the
restriction of blade surface transpiration to approx. 1/5th of the rotor revolution,
reducing not only the introduced flow losses (3.1 times), but also the required
ventilation mass flux (4.8 times). The investigated TNC method in the proposed
new (time-dependent) schedule of operation provides a desired noise cancelling
property and appears to constitute a practicable remedy to helicopter rotor har-
monic noise emission of future designs. However, it is important to emphasize
that the activation/deactivation of the transpiration streams of TNC introduces
undesirable acoustic side-effects. Two pressure disturbances of opposite ampli-
tudes are emitted and added to the noise signature. Fortunately, due to their
different arrival times, the efficiency of the attenuation of the main pressure
pulse amplitude is not affected. Still, a more gradual operation is recommended
for future studies. In practice, air supply and exhaust valves are not able to
operate instantly, therefore the introduced disturbances should be smoothed out
significantly. To avoid confusion, it is important to underline that the presented
TNC method is active in terms of flow control strategy used (surface suction and
blowing), but passive in nature from the point of view of acoustic attenuation.
It does not rely on any sort of sensors or feedback mechanisms whatsoever, so the
presented method should not be considered as an Active Noise Control (ANC)
strategy. The thickness noise source is purely kinematic and dependent on the
blade shape and movement only which are known a priori.

The presented numerical results are very promising in terms of potential ap-
plication of the TNC system to the reduction of acoustic radiation, but are also
far from being complete. The remaining key questions are: what is the impact
of the investigated method on the detailed directivity pattern of sound emission
from the advancing blade, and moreover, what is the effect of TNC regarding
the out-of-plane locations, and how other sources of the aerodynamic noise, such
as the dipole (loading) and the quadrupole components, are affected? Some im-
provements in a peak amplitude of the anti-noise impulse (hence, the achievable
levels of attenuation), and in associated drag penalty, are still feasible. As the
next step two options will be explored first. So far, only a uniform transpiration
velocity Vt (and mass flux) has been applied for each of the perforated plates. It is
possible to easily adapt the local intensity of Vt to the normal velocity values Vn

(known a priori) present at the ventilated surface – a major contributor to the
acoustic potential of the thickness term of Eq. (1.1). In principle it is permissible
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to vary the number of perforated panels used, their dimensions and chordwise or
spanwise arrangement at the blade tip. Additionally, the hole number and size
(i.e. diameter and length), as well as the distribution over the permeable surface
(uniform or space varying) have to be chosen. The implemented perforated wall
boundary condition (based on the empirical BD transpiration model) allows to
set the aerodynamic (effective) porosity factor (constant or variable) and the
outflow angle (straight hole axis inclination) only. Therefore, the local (continu-
ous) distribution of the transpiration mass-flux is imposed, instead of the discrete
perforation holes properties. Until now only uniform porosity panels have been
tested, but the non-uniform approach could lead to improved cancellation of the
main source of thickness noise (i.e. wall normal velocity). Such spatial adaptation
of paero to the magnitude of Vn (due to blade motion) would necessitate the aero-
dynamic porosity to have maxima near the leading (forward cavity) and trailing
(rearward cavity) edges of the rotor blade tip, not only increasing the efficiency
of TNC, but also limiting the required mass flow rate of suction and blowing
streams. It is worth noting that it is the time derivative of the monopole integral
of Eq. (1.1) that is responsible for sound radiation, not the value itself. This pro-
vides another opportunity to accommodate unsteady suction and blowing rates
in order to reach better efficiency of TNC. Fortunately, the built-in fast-switching
air supply and exhaust valves would not only allow for time-varying opening and
closing, but also for a convenient deactivation of the system in flight conditions
when its operation is not required, lowering the related performance penalty.
The study will be continued using the CFD methodology (i.e. SPARC solver),
applicable mainly to aerodynamic loading predictions, and supplemented by a re-
cently developed rotor acoustic code [33], based on Ffowcs Williams–Hawkings
analogy (Farassat’s formulation 1A) [2, 3] and capable of modelling noise genera-
tion mechanisms (sources) and propagation appropriately. Further investigations
are necessary to confirm whether the near-field noise reductions obtained with
TNC really extend to the far-field.
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