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Abstract. Rod vortex generators are known to mitigate flow separation, but their effect on noise emission is not fully understood. This study
examines their impact on both flow structures and acoustic characteristics for an airfoil in a complex flow environment. An experimental campaign
is conducted for the DU96-W-180 airfoil equipped with rod-type vortex generators. The flow characteristics developed over the airfoil (natural
transition) are observed through oil flow visualization and compared for the airfoil with/without flow control. A laminar separation bubble close
to the leading edge, followed by transition and reattachment of the flow to the surface, is observed at all inflow angles. At higher angles, turbulent
separation develops, starting at the trailing edge. The streamwise vortices generated by the rods energize the boundary layer, thus delaying
separation. Among the analyzed inflow angles, a 45% reduction of turbulent separation area is observed at AoA = 13◦. Acoustic measurements
for the airfoil with/without rods are conducted using a microphone array and processed using beamforming techniques for selected inflow angles
(AoA = 0◦, 4◦, 8◦, and 11◦). Results show that the overall sound pressure levels increase with increasing inflow angles. Tonal noise components
are observed at low frequencies for all angles. The rods decrease the total noise emitted by the airfoil at all presented inflow angles with a
maximum reduction of ∼ 8 dB at AoA = 11◦. Notably, the rods also reduce noise at low inflow angles, even without turbulent flow separation.
Thus, in addition to enhancing aerodynamic performance by reducing turbulent separation, the rods do not impose any acoustic penalty and, in
this particular configuration, further decrease noise emissions.

Keywords: vortex generators; acoustic beamforming; oil flow visualization; wind energy; trailing-edge noise.

1. INTRODUCTION
Various applications such as wind turbines, propellers, etc., op-
erate at low-Reynolds numbers. Urban air mobility has also
gained a lot of interest in recent years for various purposes such
as search and rescue, surveillance, transportation, and military
purposes [1–3]. This has motivated a lot of research into ma-
terials, aerodynamics, acoustics, etc., for bodies operating at
low-Reynolds numbers [4]. For most applications, noise regu-
lations have been imposed by governments all over the world,
thus encouraging research into noise mechanisms and mitiga-
tion strategies, tools, and methodologies to assess and predict
sound [5,6]. Many acoustic studies into propellers/wind turbine
blades operating in turbulent flow regimes (forced transition)
are available in the literature [7]. However, flow phenomena
such as laminar separation, flow reattachment, and turbulent
separation may occur at these speeds. This leads to decreased
aerodynamic performance and increased noise emission. Stud-
ies on the acoustic impact of these flow features are limited.
Additionally, research on the influence of a flow control de-
vice (to reduce/eliminate turbulent separation) on the acoustic
characteristics is also limited.

Different flow control devices have been studied for mitigat-
ing flow separation in various industries [8–10]. An example
is the vortex generator, which is an additional device imple-
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mented on blades/airfoils to mitigate flow separation. Different
shapes and types of vortex generators have been implemented,
such as the vane type, co-rotating/counter-rotating, air-jet type,
etc. [11, 12]. Vortex generators create vortical structures that
energize the boundary layer and keep the flow attached to the
surface of the blade/airfoil, thus controlling undesirable flow
separation [13, 14].

Studies showed that the vane-type vortex generators increase
the noise emitted at all frequencies [15]. This research is focused
on the rod-type vortex generator (RVG) [16], specifically on its
acoustic impact. Aerodynamic studies have been conducted on
their performance for applications such as a helicopter [17],
and a wind turbine [18]. A study on their acoustic impact in
turbulent flow regimes showed that they decrease separation
and decrease noise at low frequencies while increasing it at the
mid and high frequencies [19]. The impact of the rods on the
acoustic characteristics due to various flow phenomena, such as
laminar separation, flow reattachment, and turbulent separation,
is unknown. The present study aims to study the impact of the
RVGs in a complex flow condition. An experimental campaign,
comprising oil flow visualization and acoustic measurements
using a microphone array, is conducted for a wind turbine airfoil
DU96-W-180 with/without RVGs to assess their impact on both
the flow and acoustic characteristics of the airfoil.

The first Section of the paper introduces the motivation and
objectives of this research work. Section 2 details the method-
ology and the measurement techniques utilized in the current
investigation. Section 3 presents the influence of the RVGs on
the flow characteristics of the airfoil, while Section 4 presents
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the impact of the rods on the noise emitted by the airfoil. The
last Section summarizes the main results of this work.

2. EXPERIMENTAL SET-UP AND MEASUREMENT
TECHNIQUES

Measurements are conducted for the DU96-W-180 airfoil at low-
Reynolds numbers for varying inflow angles. The experimental
campaign is conducted at the A-tunnel open-jet test section
(Fig. 1) at the Delft University of Technology (TUD). The test
section is rectangular in shape with 0.4 m×0.7 m dimensions
and a 15:1 contraction. The turbulent intensity is set at 0.1%.
The vertical test section consists of two side plates that are at a
distance of 0.5 m from the nozzle exit.

Fig. 1. Open-jet test section in an anechoic chamber
with DU96-A-180 airfoil [19]

Additionally, the airfoil is equipped with an insert (Fig. 2) to
include the particular flow control device – rod-type of vortex
generators [17, 18]. The control devices were implemented to
reduce the turbulent flow separation occurring near the trailing
edge. The DU96-W-180 airfoil with a span of 0.4 m, chord of
0.15 m, is equipped with an interchangeable insert to allow for
implementing RVGs. The rods are designed based on prelimi-
nary numerical investigations and previous studies [18,20]. The
rods of diameter 𝐷 = 0.8 mm, height ℎ = 2 mm, skew angle
𝜙 = 30◦ and pitch angle 𝜃 = 45◦ are implemented at mid-chord

location (𝑥RVG/𝑐 = 0.5). A total of 44 rods are applied with a
distance of 𝑊 = 8 mm between each other.

To analyze the flow characteristics of the reference and the
flow-controlled airfoil that influence their acoustic emission, Oil
flow visualization is conducted. A fluorescent mixture consisting
of 50 mL liquid-paraffin wax and 15-25 drops of fluorescent oil
additive A-680 is applied on the airfoil surface. This mixture
spreads across the surface of the airfoil when the flow develops
fully. An ultraviolet lamp illuminates the surface, and the images
of the surface flow are captured.

The acoustic nature of the flow over an airfoil is assessed by
performing acoustic beamforming of the measured data from
a microphone array. A phased microphone array consisting of
64 G. R. A. S. 40 PH microphones is placed at a distance of 1 m
measured from the center microphone to the trailing edge of the
airfoil at zero inflow angle. The center microphone of the array
is 0.15 m above the trailing edge of the airfoil. The microphones
have a frequency range of 10 Hz–20 kHz and 135 dB maximum
output with a reference pressure of 2× 10−5 Pa. The array of
2 m diameter records signals at 20 s with a sampling frequency
of 51 kHz.

The measured data is processed using the conventional fre-
quency domain beamforming (CBF). This technique is uti-
lized to quantitatively and qualitatively assess the various noise
sources and to predict the overall sound pressure levels for
a range of frequencies by computing the cross-spectral ma-
trix (CSM). The airfoil is defined as a scan plane with limits
−0.35 < 𝑧 < 0.35 and −0.25 < 𝑥 < 0.25, where the 𝑥-coordinate
is the chordwise direction, and the 𝑧-coordinate is the spanwise
direction. It consists of potential sound sources (with a spacing
of 0.01 m), which are evaluated using the beamforming tech-
niques. A specific area on the airfoil called the region of interest
(ROI), characterized by a rectangular area defined by 0.38 <

𝑧/𝑠 < 0.63 and 0.47 < 𝑥/𝑐 < 1.4, is integrated to obtain the sound
pressure levels (Fig. 3). This area includes only the trailing-edge
noise and excludes all the undesired noise sources from instal-
lation, etc. The acoustic source maps and spectra are obtained
in one-third-octave bands for a frequency range of 300 Hz to
4000 Hz with an uncertainty level of 1 dB. Rayleigh’s crite-
rion [21] governs the minimum distance between two sources;
0.05 m for the highest frequency. This ensures that the grid spac-
ing is 5 times smaller than the maximum resolution of the array.

The sound levels emitted by the airfoil are quantified by the
sound pressure levels (SPL) and overall sound pressure levels

Fig. 2. Airfoil model (DU96-W-180) equipped with RVGs
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Fig. 3. Region of interest (ROI) where the SPL values
are integrated

(OASPL) in one-third octave bands for a range of chord-based

Strouhal numbers. The SPL is defined by SPL = 10log10

(
𝑝2

𝑝2
0

)
[22] with 𝑝0 as reference pressure (2× 10−5 Pa) and 𝑝 is the
root mean square of pressure fluctuations. The Strouhal number
is defined as 𝑆𝑡 = 𝑓 𝑐/𝑈∞ with 𝑓 being frequency, 𝑐 = chord
(0.15 m) and 𝑈∞ = flow velocity (30 m/s).

3. FLOW CHARACTERISTICS

The flow features are captured using oil flow visualization and
presented for AoA = 11◦ in Fig. 4. At this inflow angle, both the
laminar and turbulent separations occurring at the leading and
trailing edges, respectively, are visible. The airfoils are marked –

(a) Reference

(b) RVG

Fig. 4. Oil flow visualization for DU96-W-180 airfoil
at AoA = 11◦ [24]

“A” indicates the flow inlet from the jet nozzle exit, “B” indicates
the corner vortices, “C” indicates the turbulent separation line,
“D” represents the RVGs, and “F” means the laminar separation
line.

The natural transition of the flow develops a laminar separa-
tion bubble that is visible close to the leading edge. This region
is marked by the oil that accumulates. Inside the separation zone,
there is a washout of the oil. Shortly downstream of this bubble,
the flow then reattaches to the surface. Streaks of oil denoting the
flow of strong shear stresses continue to move downstream until
they encounter turbulent flow separation. It starts upstream of
the trailing edge and does not reattach. Oil droplets begin to ac-
cumulate and form clusters in the areas where the shear stresses
have become weaker. This is a region of flow unsteadiness and
low/negative skin friction coefficient [23]. Further downstream,
the flow is completely separated.

For the airfoil with the RVGs implemented, denoted by “D”
(Fig. 4), the streaks of oil that characterize the streamwise vor-
tices generated by the RVGs [20] are visible downstream of the
rods. These vortical structures energize the boundary layer, in-
creasing the shear stress, thus keeping the flow attached to the
airfoil surface for longer. The oil streaks due to the vortices are
visible up to the trailing edge. The turbulent separation zone is
reduced by ∼ 63% reduction (Table 1).

The flow visualization figures at a higher inflow angle of
AoA = 13◦ are presented in Fig. 5. With increasing inflow an-
gle, the turbulent separation zone further develops and moves
towards the leading edge. A much larger separation zone marked
by the separation line “C” extending up to the mid-chord is
observed. The streamwise vortices generated by the rods “D”
reduce this zone by ∼ 45% (see Table 1). The laminar separation
close to the leading edge remains unaffected by the rods, which
are implemented downstream of it. However, this zone is not
visible in this particular figure.

(a) Reference

(b) RVG

Fig. 5. Oil flow visualization for the DU96-W-180 airfoil
at AoA = 13◦ [24]
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Table 1
Normalized turbulent separation zone size comparison

Configuration Reference RVG Reduction (%)

AoA = 11◦ 0.11 0.04 63.6

AoA = 13◦ 0.33 0.18 45.5

The quantification of the reduction of the separation zone
is presented in Table 1. It is calculated from the picture by
using the number of pixels in the flow-separated region of the
picture and the total number of pixels on the suction side (surface
area of the suction side). The numbers presented below are the
ratio of the turbulent separation area normalized with the airfoil
suction side area. At the inflow angle with the largest turbulent
separation zone, the effectiveness of the RVGs is slightly less
than at the lower inflow angle. This is dependent on the strength
of the vortices generated, which are influenced by the geometric
characteristics of the RVGs. The reduction percentages in the
table are large enough to exceed any potential measurement
uncertainty, thereby demonstrating the impact of the rods on
the flow.

4. ACOUSTIC CHARACTERISTICS

To quantitatively assess the influence of the increasing inflow
angle, the SPL curves are plotted for the reference airfoil in
Fig. 6. The SPL values in one-third octave bands are plotted
for a range of nondimensional chord-based Strouhal numbers
from 4 to 20. The pressure levels integrated at the region of
interest for selected inflow angles such as AoA = 0◦, 4◦, 8◦, and
11◦ are presented. Results show peaks at almost all the pre-
sented inflow angles in the low Strouhal number region. These
tonal components indicate the presence of a laminar separation
bubble, which is supported by oil flow visualization (Fig. 4) in
the previous section. At lower angles of attack, the tones occur
at relatively higher Strouhal numbers, while for higher angles,

Fig. 6. SPL for reference DU96-W-180 airfoil at angle
of attack = 0◦, 4◦, 8◦ and 11◦

they move towards much lower Strouhal numbers. The overall
pressure levels increase with increasing inflow angles.

The SPL values for the flow-controlled airfoil are compared
with the reference airfoil for two chosen angles of attack – AoA=

2◦ (no turbulent separation), and AoA = 11◦ (large turbulent
separation) to predict the impact of the rod vortex generators on
the sound emitted. The ΔSPL(SPLRVGs −SPLReference) curves
are also plotted for the airfoils in Figs.7 and 8.

(a) SPL

(b) ΔSPL

Fig. 7. Comparative SPL analysis for DU96-W-180 airfoil at AoA = 2◦

At higher inflow angles, airfoils emit more tonal components
along with higher sound levels. The increase in the tonal com-
ponents is due to the growing laminar separation zone at higher
angles. Additionally, the difference in the sound pressure levels
between the reference and the RVG case also increases. RVGs
decrease the trailing-edge noise for both angles at almost all the
frequencies (Figs. 7 and 8). A maximum reduction of 6 dB is
achieved at a Strouhal number of 10 (Fig. 7). At this low inflow
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(a) SPL

(b) ΔSPL

Fig. 8. Comparative SPL analysis for DU96-W-180 airfoil at AoA = 11◦

angle, there is no turbulent separation; however, the RVGs re-
duce the emitted noise. Additionally, the rods do not influence
the laminar separation (which occurs close to the leading edge),
since they are implemented mid-chord, which is downstream of
the laminar separation region. One of the possible reasons could
be that the boundary layer instabilities present in the reference
airfoil increase pressure fluctuations, thereby increasing noise,
while the streamwise vortices generated by the RVGs interact
with these structures, damping the fluctuations, thus decreasing
noise. Further research is necessary to understand these find-
ings. A decrease in the noise is observed for the airfoil with
RVGs at AoA = 11◦ (Fig. 8), where both laminar separation at
the leading edge and turbulent separation at the trailing edge are
observed (Fig. 4).

The rods influence only the turbulent separation and con-
sequently the turbulent separation noise and the trailing-edge
noise. The overall sound pressure levels are presented in Ta-

ble 2. It shows a small noise reduction by the rods < 1.1 dB at
both angles; however, this reduction may be insignificant given
the array uncertainty of 1 dB. Importantly, the streamwise vor-
tices generated by the rods enhance aerodynamic performance
by reducing turbulent separation (Section 3) without introduc-
ing additional OASPL values. Thus, they do not impose any
significant acoustic penalty.

Table 2
Overall sound pressure level

AoA Reference RVG ΔOASPL

2◦ 57.6 dB 56.5 dB −1.1 dB

11◦ 71.5 dB 71.4 dB −0.1 dB

For further characterization of acoustic emission, the contour
maps of SPL for the reference and flow-controlled airfoil are
compared at certain chosen frequencies for AoA = 11◦. This
inflow angle is selected because both the laminar separation
(close to the leading edge) and turbulent separation (close to
the trailing edge) are observed during the oil flow visualization
(Fig. 4).

Contour maps for the reference and airfoil with RVGs at a fre-
quency of 1600 Hz are presented in Fig. 9. The reference airfoil

(a) Clean

(b) RVG

Fig. 9. Contour maps of SPL for reference and flow-controlled airfoils
with AoA = 11◦ at 1600 Hz frequency
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generates a higher sound level than the flow-controlled airfoil at
this frequency. Maps of ΔSPL (difference in SPL between the
reference and RVGs airfoils) are plotted in Fig. 10.

(a) 𝑓 = 500 Hz

(b) 𝑓 = 3150 Hz

Fig. 10. Contour maps of ΔSPL for AoA = 11◦ at different frequencies

With the implementation of the rods, the turbulent separation
zone is reduced, and consequently, a reduction in the separation
noise is expected. The RVGs generate vortices, increasing pres-
sure fluctuations and increasing trailing-edge noise at certain
frequencies. At this angle and frequency, the decrease in the
noise due to reduced turbulent separation is predominant over
an increase in noise due to increased loading, thereby reducing
the overall noise emission.

5. CONCLUSIONS

The aerodynamic and acoustic investigation on a DU96-W-180
airfoil at low-Reynolds number is conducted through measure-
ments. The airfoil is equipped with a specific type of vortex
generator – the rod-type vortex generator to mitigate the tur-
bulent flow separation. The acoustic field observed through the
microphone array measurements complements the flow charac-
teristics observed through oil flow visualization. The develop-
ment of the unstable natural flow leads to a laminar separation
bubble close to the leading edge, followed by transition and
reattachment of the flow to the airfoil surface, all occurring up-
stream of the rods, which are well captured by the visualization
technique. The streamwise vortical structures generated by the

RVGs energize the boundary layer and mitigate the turbulent
separation at the trailing edge. There is a reduction of ∼ 45%
turbulent flow separation region at AoA = 13◦ (largest turbulent
separation zone). Secondary flow features occurring are also
observable in the plots.

The influence of a range of inflow angles on the acoustic
emission is investigated through acoustic measurements using
a phased microphone array. Far-field spectral analysis shows
that at all chosen angles, tonal noise components are noted at
low frequencies (𝑆𝑡𝑐 < 10). At higher inflow angles, these peaks
move towards lower frequencies. The overall sound pressure
levels also increase with increasing angles. This is anticipated
since the trailing-edge noise is dependent on the boundary layer
thickness, which increases with increasing angle. Comparative
SPL curves for the flow-controlled airfoil show that the RVGs
decrease the trailing-edge noise emitted at all presented angles.
At a low inflow angle (2◦) where there is no turbulent sepa-
ration, there is a reduction of ∼ 6 dB. When both laminar and
turbulent separation occur at higher inflow angles (11◦), there
is a reduction of ∼ 8 dB (array uncertainty ±1 dB). There is a
reduction of noise at all frequencies. The streamwise vortices
generated by the rods interact with the vortices in the boundary
layer, leading to less correlated vortices at the trailing edge, thus
reducing the turbulent boundary layer trailing-edge noise at all
frequencies.

Noise source localization analysis shows contour maps of
sound levels for both reference and airfoil equipped with RVGs
at selected frequencies. Reduction of the trailing-edge noise
sources is observed in the flow-controlled airfoil compared to
the reference airfoil. Previous study [19] shows that the RVGs
implemented on the airfoil with a turbulent flow regime reduce
noise at low frequencies while slightly increasing (∼ 2 dB) at
higher frequencies. The present study shows that the rods de-
crease turbulent flow separation and broadband noise emission
at all frequencies in natural transition cases. Hence, the rod-type
vortex generators can be used in natural or forced transition
flow regimes since they reduce separation without a significant
noise penalty. These findings demonstrate the benefits of the
implementation of rod-type vortex generators in different flow
regimes. Further investigation will be carried out to understand
the impact of the rods on noise emission at low inflow angles.
Since the rods are placed downstream of the laminar separa-
tion, they do not influence the flow characteristics in this region.
Thus, these flow characteristics are not expected to influence
the acoustic emission. Additionally, at these angles, no turbu-
lent separation is observed. Therefore, the noted differences in
the acoustic emission remain unexplained, which will be the
focus of future research to clarify this behavior.
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