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I

EFINED as the “nonpropulsive noise of an aircraft in flight” in

[1], noise produced by airframe components becomes signif-
icant during the approach-to-land phase of aircraft operations.
Research efforts on identifying and understanding the noise sources
associated with the individual airframe components, in particular,
high-lift systems, have been undertaken by many researchers [2]. It
has been confirmed experimentally in [3-5], and analytically by
using empirical methods [6], that both leading-edge slats and
trailing-edge flap side edges are the most important noise contri-
butors from the high-lift systems to overall noise levels of an aircraft
in approach.

The high-lift noise, intuitively thinking, is configuration depen-
dent. Any increase in the deflection angle of slat and flap will lead to
an increase in overall noise level. The larger the deflection angles are,
the higher the noise level will be. This is due to the fact that the high-
lift components are more loaded when their deflection angles are
increased, generating what is referred to as the loading noise. Further,
higher deflection angles may induce stronger vortex shedding and
turbulent wake downstream which causes higher noise. Such intui-
tions were supported by experiments conducted at NASA Langley
Research Center in 1998 and 2002 [7], which revealed that slat noise
is generated due to its configuration setting angles. Khorrami et al. [8]
hypothesized with 2-D unsteady computation that the vortex shed-
ding at the slat trailing edge was responsible for the additional high-
frequency spike observed only at higher slat angles. An acoustic
whistling mechanism at the slat gap due to vortex shedding was later
proposed by Tam and Pastouchenko [9] and Agarwal [10]. The
theory supported that the simple vortex shedding and feedback
mechanism resonating with gap tone frequency caused noise ampli-
fication and propagation. Similar observations were made for flap
noise, as reported in [11,12]. Both references reported that the
measured noise level at higher flap deflection angles exceeded the
predicted noise level, which suggests that there might be an
additional source contributor, most likely vortex instabilities, as a
result of its interaction with the nearby flap upper surface. It may be
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noted that such phenomenon was not seen at lower settings of flap
angles. These observations may infer that high-lift device noise level
is directly affected by the configuration setting angles of slats and
flaps. In general, high-lift device noise sources are present at wide
frequency ranges of low-to-mid and mid-to-high. At a fixed observer
location, under a constant flow speed, slat noise is dominant in the
low-to-midfrequency range, and flap side-edge noise is dominant at
the mid-to-high-frequency range as shown by both Guo and Joshi
[13] and Guo et al. [14]. In this study, the proposed technique uses
reduced deployment angles of both high-lift devices simultane-
ously to achieve the most effective noise reduction in different fre-
quency domains. Aerodynamics performance also has to be carefully
monitored to ensure no significant loss is present.

The objective of the current Note is to examine the effectiveness of
amicrotab device in airframe noise reduction. Reducing deployment
setting angles of both slats and flaps, the associated noise can be
alleviated. Loss in aerodynamic lift, as a result of the reduced high-
lift settings, is compensated by use of a microtab device. The micro-
tab device can be viewed as a small spanwise strip located at the
pressure side of flap near the trailing edge, similar to a Gurney flap
(Fig. 1). While deployed normal to local airfoil surface, the microtab
device alters the local flowfield which leads to increased effective
camber, and hence improves lift-to-drag ratio, similar to that of a
Gurney flap introduced by Liebeck [15]. In the present work, a three-
dimensional numerical analysis is presented and compared to sound
pressure level (SPL) of the proposed microtab configuration at a
specified far-field location to that of the baseline, that is, conventional
configuration in approach, to see if any reduction in noise can be
achieved.

II. Computational Study

The computational aeroacoustics simulations of a three-element
high-lift wing derived from a Boeing 737 with and without microtab
are studied. Detailed simulation procedures and models are pre-
sented as follows.

A. Acoustic Analogy

A Ffowcs Williams and Hawkings (FW-H) solver is embedded to
the flow solver to calculate acoustic contents emitted to specified far-
field observer locations. The time-accurate simulation was started
with a nondimensional time step of 0.002 (scaled by freestream
velocity and the stowed chord length) and was continued until
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Fig. 1 Conceptual diagram of microtab device in the current study.
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Table 1 Geometrical setting of the high-lift models

Baseline Proposed setting
(HLD3030) (HLD2020tab95)
Slat angle, deg 30 20
Flap angle, deg 30 20
Slat gap, %c 2.95 2.95
Flap gap, %c 1.27 1.27
Slat overhang, %c -2.5 -2.5
Flap overhang, %c 0.25 0.25
Tab location, %cf _ 95
Tab height, h,, %c; —_— 1.5
Tab thickness, %c e 0.2
Angle of attack, deg 6 8.8

convergence on mean-flow and statistical quantities such as velocity
magnitudes were achieved. Then a smaller nondimensional time step
of 2.9 x 10~ was used as the time step for acoustic predictions. A
separate study on time-step selection showed that the initial time step
of 0.002 was sufficient to obtain comparable results in aerodynamic
properties, independent of temporal resolution. Initial transient effect
due to changing time step was washed out before the acoustic solver
was turned on. Another 10, 000 ~ 12, 500m time steps were then
used as the unsteady pressure perturbation time history was collected
and used as the input to the acoustic solver.

B. High-Lift Model and High-Fidelity Grid Topology

The high-lift airfoil profile used in this study was derived from a
Boeing 737-type midspan airfoil from the University of Illinois,
Urbana—Champaign’s airfoil database. The unswept, untapered wing
has an aspect ratio of 1.66. Detailed geometry settings for the two
configurations simulated can be found in Table 1. A blunt trailing
edge is assumed. The baseline had an angle of attack (AOA) of 6 deg,
whereas AOA for the proposed setting case was chosen such that its
mean lift was trimmed to the same level as that of the baseline to
eliminate the effect of the aerodynamic loadings on the acoustic
spectra.

Unstructured mesh was constructed to simulate the flow past the
high-lift wing. Twenty to 25 points were used in the wall-normal
direction to resolve the boundary-layer thickness properly. The first
point away from the wall was placed at 1e-5¢, where c is the stowed
wing chord length, such that y* is on the order of 1.5 or less. The
computational boundary was placed at 50c¢ in upstream and normal to
the stream directions, 60c in the downstream direction, and 306 in the
spanwise direction (b is the semispan length). The complete mesh
sizes were between 2.5-2.75 million points.

C. Flow Solver and Flow Condition

The Reynolds-averaged Navier—Stokes (RANS) equations
were solved by using a globally second-order upwind spatial
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discretization scheme, FLUENT 6.3. The time-accurate computa-
tions were performed by taking second-order time discretization and
a dual-time-stepping technique. Thirty subiterations were used to
ensure a minimum of four orders of magnitude drop in both the mean
flow and turbulence model residuals during each time step that was
obtained.

The one-equation Spalart—Allmaras (S—A) turbulence model [16]
was chosen in this three-dimensional analysis, as it demonstrated
better flow convergence capability and robust performance in a three-
dimensional flowfield with high-lift geometry compared to the S-A
model that the authors adopted in [17] for the two-dimensional
analysis [17].

Validation of the CFD code has been done by the authors in a
separate study, where noise coming from a 2-D auto cavity [18] was
predicted and well captured compared to wind-tunnel measurement.
In the current study, the freestream Mach number was prescribed at
0.17, which was appropriate with the incompressible flow assump-
tion. The Reynolds number based on the stowed chord was about
13 million, and fully turbulent flow was assumed.

III. Results and Discussion

Acoustic spectra comparison in terms of SPL between the baseline
and the proposed microtab configuration is shown in Fig. 2. To
achieve noise reduction in a wide frequency range, the study
configuration has both slats and flaps deflection angles reduced at the
same time (see Table 1). Therefore, with the knowledge of “smaller
deflection, lower noise” it can imply that slat noise reduction ought to
be observed on the spectrum. An A-weighted SPL plot is also
provided because the simulation Reynolds number is fairly close to
the full-scale flight condition. The far-field observer location is
placed at 270 deg directly below the wing root without any lateral
shift.

Not much discrepancy is seen in the low-frequency domain,
except that a significant rise in noise level is found for the microtab
airfoil case at the low end of the frequency spectrum, less than 50 Hz.
Converting the time history of both unsteady lift and drag into
frequency spectra using Fourier transformation, it is confirmed that
this low-frequency noise increase is due to stronger aerodynamic
loading oscillation, particularly drag, when the microtab is deployed.
This confirms the finding in the previous 2-D analysis [17]. Beyond
100 Hz and higher, the predicted noise level of the wing with
microtab is 2-5 dB lower over the entire spectrum relative to the
baseline configuration.

Figure 2b shows three notable noise spikes from the baseline at
315, 630, and 1260 Hz, respectively. The tone at 315 Hz can also be
seen in the microtab case with approximately the same level of noise
increase relative to the adjacent bands, as the other two tones are
almost not present in the microtab case. In [17], the 2-D analysis
revealed that the baseline configuration consisted of two noise spikes
in the midfrequency range, which resulted from the slat cove region:
one at 1500 Hz and the other at 4000 Hz, with the corresponding
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Fig. 2 Comparison between the baseline configuration and the microtab setting.
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Strouhal number St of 3.90 and 10.38, respectively. According to
Dobrzynski and Pott-Pollenske [19] and Khorrami and Lockard [20],
slat noise spectrum is composed of two components, one low-to-
midfrequency broadband noise with St = 1-3, followed by another
high-frequency tone that could reside anywhere between St=
10-50. It can be inferred from the Strouhal number calculation using
slat chord length and freestream velocity that the acoustic tone at
315 Hz was corresponding to the 1500 Hz tone in the 2-D study, with
its Strouhal number slightly decreased to 2.78, whereas the tone at
1260 Hz corresponded to the 4 kHz tone, with its Strouhal number at
11.12. Itis reasonable to attribute those two spikes to vortex shedding
from slat cove cusp and slat trailing edge.

Meyer et al. [21] suggested an unsteady vortex shedding
phenomenon due to Gurney flap deployment with the characteristic
Strouhal number being in the range of 0.09-0.14. This observation
helps explain the occurrence of the tone at 315 Hz for the airfoil with
microtab case, given the fact that the high-lift settings have been
reduced, but the peak level of the tone is surprisingly as large as that
in the baseline configuration. Using the microtab height as a
reference length and freestream velocity to calculate the microtab
vortex shedding characteristic Strouhal number, it soon can be found
that the tone at 315 Hz may comprise two components: one is slat
cove vortex shedding from the cusp and the other is due to vortex
shedding from the tab. In other words, the slat cove noise frequency
coincides with the vortex shedding frequency from the tab in the
spectrum.

The frequency spike at 630 Hz, based on the Strouhal number
analysis, was not seen in [17], nor was it prominent in the tabbed
airfoil case. Therefore, it is reasonable to indicate that tone comes
from the flap side edge as a result of the three-dimensional effect.
According to Dobrzynski et al. [4] and Choudhari et al. [7], the
characteristic Strouhal number for flap side-edge noise could range
from 5 to 12, as a result of vortex instability that causes interaction
with the upper flap surface. Using flap chord length as a reference
length, the Strouhal number for the 630 Hz tone can be calculated as
11.12. This tone, not seen in the tabbed airfoil case, further supports
the view that the reduced high-lift configuration helps lower the noise
generation and is in agreement with previous research efforts.

With the acoustic spikes identified based on Strouhal number
analysis, the proposed high-lift configuration achieves an overall
noise reduction of 2.3 dB by decreasing the deflection angles of both
leading-edge slat and trailing-edge flap while the microtab device is
deployed to compensate the lift loss. Such benefits obtained through
numerical simulation will be confirmed using a different approach. A
hot-wire measurement on the critical regions (e.g., flap side edge, slat
trailing edge, and downstream of the tab) is desired before imple-
mentation to a practical aircraft.

The unsteady aerodynamics computations also showed a reduc-
tion in drag. With the addition of the 1.5%c, microtab in height in
mind, the unsteady time-averaged drag was found to decrease by 5%.
This is in accordance with the results from the previous 2-D analysis
in [17] and Liebeck’s observation reported in [15].

IV. Conclusions

Time-accurate RANS and FW-H acoustic analogy were used to
study the three-dimensional unsteady flowfield and acoustic sources
for a three-element high-lift wing with a microtab near the flap
trailing edge. Reduced deflection of the high-lift devices is proposed
to lower noise, with the microtab device compensating for the associ-
ated lift loss. This analysis indicates that the microtab configuration
provides an overall airframe noise reduction of 2-5 dB over the entire
frequency range. Noise reduction in the midfrequency range where
human hearing is most sensitive is clearly evident. Deployment of the
microtab shifted the acoustic energy toward the low-frequency
domain and caused strong aerodynamic force oscillations, resulting
in a tone spike at a very low frequency. However, looking at the
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A-weighted scale SPL spectrum, noise sources from the high-lift
devices still dominated and it was the slat noise which seemed to
determine the overall one-third octave band sound pressure level.
Through the reduced high-lift settings with the microtab deployment,
an overall 2.3 dB noise reduction was achieved. To validate the
computational results, in particular, the Strouhal number analysis on
the narrowband tones, a hot-wire measurement is planned as the next
stage of the research direction.
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