Center for Turbulence Research
Annual Research Briefs 2001

343
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1. Motivation and background
When considering the sound emitted by a rotating machine such as an engine cooling
fan, an airplane turbofan, or an air-conditioning unit, one major contributor to the
overall noise is the blade trailing edge noise. It comes from the conversion of local ﬂow
perturbations at this geometric discontinuity into acoustic waves propagating in space.
Depending on the ﬂow Reynolds number (based on the local chord length) and the
trailing edge geometry, this acoustic scattering is associated with most of the broadband
component and some narrower band structures of the far-ﬁeld acoustic spectrum (Brooks
& Hodgson 1981; Blake & Gershfeld 1988). This mechanism also provides the minimum
noise conﬁguration of such machines when all interactions with their environment (inlet
turbulence ingestion and ﬂow distortion, rotor-stator interaction with the downstream
stationary components) are removed (Wright 1976; Caro & Moreau 2000).
The study of trailing-edge noise or airfoil self-noise has received much attention mainly
in the late seventies and early eighties. It involved measurements of wall pressure ﬂuctuation spectra and far-ﬁeld acoustic spectra on various two-dimensional aerodynamic
proﬁles in anechoic wind tunnels (e.g. Blake 1975; Blake & Gershfeld 1988; Fink 1975;
Brooks & Hodgson 1981). The experimental database has been used in the late nineties
to validate numerical prediction methods for trailing edge aeroacoustics (e.g. Wang and
Moin 2000). For typical engine cooling fan applications, which involve transitional and
turbulent ﬂows at Reynolds numbers of O(105 ), numerical simulations require the resolution of the noise-generating eddies over a range of length scales. The traditional unsteady
Reynolds-averaged Navier-Stokes (RANS) approach needs to be substituted by the more
expensive large-eddy simulations (LES) to yield the necessary unsteady surface pressure ﬂuctuations and the near-ﬁeld ﬂuctuating Reynolds stress that provide the acoustic
source functions. The radiated noise can then be computed using aeroacoustic theory
such as an integral solution to the Lighthill equation (Wang 1998; Manoha et al. 2000;
Wang & Moin 2000).
In all previous LES simulations (Manoha et al. 2000; Wang & Moin 2000), the airfoils
were assumed to be in free air. In contrast, most trailing-edge aeroacoustics experiments
(with the exception of Blake (1975) where no acoustic measurement was made) have
been conducted in open-jet wind tunnel facilities, where the airfoil is immersed in a jet
downstream of the nozzle exit. The proximity of the airfoil to the jet nozzle exit and the
limited jet width relative to the airfoil thickness can cause the airfoil pressure loading and
ﬂow characteristics to deviate signiﬁcantly from those measured in free air, and hence
alter the radiated noise ﬁeld. The present work is aimed at quantifying these installation
eﬀects and providing insights into the ﬂow physics in this type of open-jet experiment. A
systematic CFD study, based on RANS models, of ﬂow conditions in a recent experiment
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Figure 1. Sketch of an open-jet aeroacoustic experiment.

at Ecole Centrale de Lyon (ECL) (Roger 2001) is carried out and compared with ﬂows
over an isolated airfoil in a uniform stream. The results shed some light on the ﬁdelity
of the ﬂow conditions in the previous numerical simulations of trailing-edge experiments,
and provide guidance for the appropriate boundary conditions needed in future LES of
such experiments.

2. Experimental setup
In order to measure only the airfoil self-noise the aerodynamic proﬁle must be isolated
as much as possible from the inlet duct providing the necessary air ﬂow in a large quiet
environment. Moreover, the inlet duct should have a low background noise and have a
low residual turbulence (≤ 1%), which explains the maximum outlet sections of about 0.5
m in the majority of test facilities. Finally, to avoid contamination of the acoustic signals
by the ﬂow ﬁeld, the air stream should be conﬁned, away from the far-ﬁeld microphones.
All the above criteria tend to show that an open-jet anechoic wind tunnel provides the
best experimental compromise. The smaller anechoic wind tunnel at ECL is shown in
Fig. 1.
Recently, Roger (2001) performed measurements using a NACA0012 airfoil and a blade
proﬁle provided by Valeo Motor and Actuators. The former is used to provide validation
against the earlier experiment of Brooks & Hodgson (1981). The latter is a much thinner
airfoil (about 4% thickness to chord ratio compared to 12% for the NACA0012), with
both blunt leading and trailing edges. It has been designed to achieve low drag by controlling the chordwise diﬀusion (hence called “CD proﬁle”). Moreover, the NACA0012
is symmetric whereas the Valeo airfoil is cambered, with a camber angle of about 12
degrees. The ﬂow conditions for the CD proﬁle are a free stream velocity of 16 m/s and
a Reynolds number Rec of about 1.2 × 105 . The actual experimental setup is comparable
to that used by Brooks & Hodgson (1981). The geometric angle of attack of the airfoil
can be continuously adjusted.
Flush mounted Remote Microphone Probes (RMPs: see Perennes 1999) on the airfoil
allow the measurements of both the mean wall static pressure and the ﬂuctuating pressure
spectra. A movable microphone is placed in the far ﬁeld to collect the acoustic spectra
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simultaneously. Finally, tuft visualizations are used to estimate the ﬂow separation zones
and a hot wire rake is employed to measure the wake velocity proﬁles close to the trailing
edge. Good repeatability has been achieved on this data set. At zero degree angle of
attack (α = 0o ) the ﬂow is fully attached whereas at α = 2o a separation region appears
near the trailing edge. Further increase in the angle of attack shows the presence of a
laminar separation bubble at the leading edge. At much larger incidence (α ≈ 15o ), the
airfoil seems to be completely stalled, which is conﬁrmed by a tuft survey along the
chord.

Airfoil Tested

c

s

d

w

NACA0012 (Brooks & Hodgson 1981) 61.0 46.0 15.0 30.0
NACA0012 (Roger 2001)
10.0 30.0 10.0 13.0
Valeo CD (Roger 2001)
13.0 30.0 10.0 13.0
Table 1. Comparison of some aeroacoustic experimental dimensions (in cm)
c = chord, s = span, d = distance from nozzle exit to airfoil nose, w = jet width.

The various length scales involved in the above experiment are compared in table 1
with data corresponding to the experiment of Brooks & Hodgson (1981). By examining
the chord to span ratio, we can estimate the possible 3D eﬀects induced by the side
plates. Brooks & Hodgson’s (1981) experiment exhibits some 3D inﬂuence as indicated
by the non-uniform surface pressure spectra in Fig. 8 of their paper. In contrast, Roger’s
experiments are expected to be free of these eﬀects at midspan where the RMP sensors
are mounted. By comparing the airfoil thickness and the jet width (or nozzle exit width),
we obtain an estimate of the blockage induced by the airfoil in the jet; it is signiﬁcant in
Brooks & Hodgson’s experiment. Moreover, data from jet boundary corrections for airfoil
tests in open-jet wind tunnels (Knight & Harris 1985) suggest that all the experiments
in Table 1 suﬀered from signiﬁcant variations of the eﬀective angles of attack. The jet
width also provides the extent of its potential core and therefore gives an estimate of the
interaction of the shear layers created at the nozzle lips with the airfoil. If a typical core
length of four to ﬁve jet widths is assumed, by comparison with the airfoil chord length
and thickness, it becomes clear that such interaction is present in Brooks & Hodgson’s
setup. Finally, the distance from the nozzle exit to the airfoil leading edge gives a hint
of the potential interaction between the nozzle and airfoil ﬂows and the consequent local
modiﬁcation of the ﬂow angle of attack. The above-mentioned eﬀects do not appear
important in Blake’s (1975) experiment because the airfoil is fully inside the jet nozzle,
and the nozzle width is 48 times the airfoil thickness.

3. Numerical study
Two-dimensional RANS simulations have been carried out to investigate the eﬀect of
the experimental setup on the airfoil aerodynamic loading and on the ﬂow ﬁeld development. Conﬁgurations ranging from the complete setup reported in Fig. 1 to an isolated
(free air) airfoil are considered.
The RANS calculations are performed using unstructured grids (Fig. 2) generated
by a quadrilateral advancing-front algorithm (Blacker et al. 1991). The mesh around
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Figure 2. Unstructured grids for the Valeo CD airfoil (a); close-ups of the leading edge (b) and
trailing edge (c). A particularly reﬁned and smooth grid is required in the leading edge area
where a laminar separation is expected at large angles of attack.

the airfoil has been reﬁned so that accurate representation of the leading-edge laminar
bubble and trailing-edge turbulent separation can be achieved. The outer grid is then
generated according to the domain considered (Fig. 3).
Simulations presented here at Rec = 120, 000 were performed using the v 2 − f turbulence model (Durbin 1995; Iaccarino 2001). Additional calculations using diﬀerent
turbulence models have been carried out by Henner et al. (2001) at Valeo, and show
comparable results when the k-ω and SST models are employed. This observation is
consistent with the ﬁndings of Kalitzin (1999).
3.1. Grid sensitivity study
Grid-sensitivity studies are conducted in the simplest case of an isolated airfoil. The simulations are performed using the computational domain shown in Fig. 3a; a rectangular
box with about four chord lengths above and below the airfoil and six chord lengths
upstream and downstream of the airfoil. The incoming ﬂow is assumed uniform, corresponding to the mean velocity at the nozzle exit; inlet boundary conditions are applied on
the left and bottom boundaries. On the upper and right boundaries a constant pressure
condition is used. Two unstructured grids have been used; the coarse one has only about
30,000 cells whilst the ﬁner mesh has 55,000 cells. In addition, calculations performed
on a multiblock grid generated by Valeo (Henner et al. 2001) with 66,000 elements are
presented. The simulations were carried out at an angle of attack α = 8o . The pressure
and skin-friction distributions are shown in Fig. 4. At this angle of attack a laminar
separation bubble near the leading edge and a trailing-edge recirculation are present
(cf. Fig. 4b). The calculations on diﬀerent grids show remarkably good agreement.
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Figure 3. Computational domains used for (a) the isolated airfoil and (b) the full wind-tunnel
setup (the dashed line represents a simpliﬁed wind tunnel setup).
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Figure 4. Grid sensitivity study; (a) pressure and (b) skin friction distribution on the airfoil
surface.
: unstructured ﬁne grid,
line: unstructured coarse grid; : Valeo multiblock
grid.

3.2. Wind tunnel simulations
The simulation of the complete wind tunnel setup has been carried out in the domain
shown in Fig. 3b. The width of the jet nozzle exit is 13 cm. Pressure distributions are
shown in Fig. 5, together with the measurements and the isolated-airfoil calculations for
angle of attack α = 12o .
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Figure 5. Pressure loading on the airfoil surface at α = 12o .
: full wind tunnel
: isolated airfoil; ◦ : experiments.
simulation;

The agreement between the full wind-tunnel simulation and the experiment is satisfactory, whereas a very diﬀerent loading is obtained in the case of an isolated airfoil. This
is also shown in Fig. 6, where the velocity contours are plotted for both simulations. The
isolated-airfoil computation shows a large laminar separation bubble near the leading
edge and a separation near the trailing edge. In contrast, in the computation for the
wind-tunnel domain, the shear layers emanating from the lips of the nozzle exit have a
strong inﬂuence on the ﬂow around the airfoil, and the boundary layers remain attached
to the airfoil. Additional simulations performed at Valeo (Henner et al. 2001) show that
a similar pressure distribution (and ﬂow ﬁeld) is obtained when the same airfoil is placed
in a cascade setup. It was argued that the shear layers coming from the nozzle lips conﬁne
the ﬂow in a manner similar to that of a blade row in a cascade.
It is evident that a simple correction for angle of attack, which is commonly employed
to account for the eﬀect of the open jet (e.g. Brooks et al. 1986), cannot be successful
in this situation. Interestingly, most of the aeroacoustic experiments cited above have
similar geometrical conﬁgurations, and are therefore aﬀected by the ﬁnite jet width and
interference from the nozzle exit.
3.3. Eﬀect of jet width
Having established and explained the large diﬀerences between the isolated airfoil case
and the same airfoil in an open-jet acoustic tunnel, we then studied the inﬂuence of
the jet width on the velocity and pressure distributions. The motivation for this study
is to provide guidance for the design of future experiments with minimal interference
eﬀects, and for setting up the appropriate LES boundary conditions if such interference
is present.
A somewhat simpliﬁed computational domain has been considered. It starts at the jet
exit and encloses the airfoil at the correct relative location, as denoted by the dashed-line
box in Fig. 3b. Computations have been done for Several jets, with exit width ranging
from 13 cm to 50 cm. The airfoil angle of attack is α = 8o in all cases. The velocity
distribution near the nose shows no laminar separation for jet sizes of up to 40 cm
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Figure 6. Contours of velocity magnitude. (a)(c) isolated airfoil, (b)(d) full wind tunnel
simulation. Dark areas correspond to high velocity.

(e.g. Figs. 7a and 7b). Although separation is present when the jet width is increased to
50 cm (cf. Fig. 7c), it is very weak compared to the isolated airfoil case shown in Fig. 7d.
The jet-width eﬀect is also conﬁrmed by the corresponding pressure distribution curves
shown in Fig. 8.
Except in the immediate vicinity of the trailing-edge, the pressure loading on the rear
part of the airfoil approaches that of an isolated airfoil as the jet width is increased. On
the other hand, the leading-edge pressure distribution remains substantially diﬀerent,
indicating that the proximity of the airfoil to the jet exit must be accounted for.

4. Conclusions
A detailed RANS simulation of a full open-jet wind tunnel experiment has shown strong
eﬀects of the jet nozzle and the ﬁnite jet width on the aerodynamic loading and ﬂow characteristics. When the jet width is not suﬃciently large compared to the frontal “wetted”
area of the airfoil, the airfoil behaves in a manner closer to a cascade than to an isolated
proﬁle. The signiﬁcant modiﬁcation of the lift distribution and ﬂow ﬁeld can in turn affect the nature of the sound radiation. These eﬀects have implications for the appropriate
boundary conditions needed to conduct LES of open-jet aeroacoustic experiments, and
could be responsible for the discrepancies among some earlier experimental and computational studies (e.g. the diﬀerent boundary layer thicknesses observed by Manoha et al.
(2001)). To reproduce the experimental ﬂow conditions accurately, free-stream boundary
conditions are not adequate (unless the jet is very wide). More realistic conditions based
on experimental velocity proﬁles or RANS calculations should be imposed.
A simpler computational model of the open-jet acoustic tunnel with an inlet velocity
proﬁle of variable width has also been devised. This conﬁguration captures most of the
experimental setup eﬀects in open-jet facilities, particularly in the aft section of the
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Figure 7. Contours of velocity magnitude. Jet width: (a) 13cm, (b) 30cm, (c) 50cm, (d) ∞
(isolated airfoil). Dark areas correspond to high velocity.
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Figure 8. Pressure loading on the airfoil surface at α = 8o .
: isolated airfoil;
: w = 30cm;
: w = 40cm;
: w = 50cm; ◦ : experiments.
= 13cm;
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airfoil which is critical to trailing-edge noise. The simpliﬁed conﬁguration allows for
quick parametric studies of the dependence of ﬂow conditions on the airfoil proﬁles and
the angle of attack, which is particularly useful for the design of experiments as well as
for RANS and LES simulations.
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