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Fig. 3 Unsteady rms hinge-moment coef� cient for the clean and
simulated-iced airfoil at three ice-shape locations.Corresponding linear
lift-curve regions for each case are denoted by N, !, ¥, whereas 4 , ",
represent the nonlinear regions. The outlined symbols of the simulated-
iced cases denote the locationsof the Ch;rms break. The enlarged symbols
indicate the angle at which the Ch break occurred, and "" represent the
angle at which the upper surface � ow� eld was completely separated.
The denote the location of maximum lift.

Ch;rms values were 30% greater than the clean airfoil values at cor-
responding angles of attack.

The Ch;rms breaks of the simulated-iced airfoil occurred in the
linear lift-curve regions, apparent from the solid symbols in the
� gure.Evidencesuggeststhat the increasingunsteadinessof the ice-
induced separation bubble caused an increase in Ch;rms before the
rapid bubble growth caused a nonlinearity in C`. The rise in the
unsteady parameter served as a precursor to several subsequent
� ow� eld events. In each simulated-iced case, as the angle of at-
tack increased, the Ch;rms broke from the clean airfoil values and
was followed by a break in Ch , complete upper surface � ow sep-
aration, and � nally C` max . Table 1 shows that the break in Ch;rms

occurred approximately 2–4 deg before the Ch break and 3–9 deg
before C` max was reached.

Conclusions
The rms hinge-moment coef� cient provides a clear distinction

betweencleanand simulated-icedairfoilsevenbefore the nonlinear-
lift rangeis reached.Simulated-icedCh;rms valuesdiffersigni� cantly
from thoseof the cleancasebefore theCh break(when � ow reattach-
ment reaches the � ap) and prior to � ow separation over the entire
airfoil surface.

If the pilot were to have access to unsteady hinge-moment data
during � ight, a notable departure from the expected clean values
could provide warning of performance and control degradation.
Rather than relying on the maximum control surface de� ection
or stall angle based on the clean airfoil case, the pilot could be
alerted to possible � ap and angle of attack restrictionsderived from
real-time performancemonitoring based on this rms hinge-moment
parameter.
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Introduction

A HIGH level of � ow unsteadiness in wind tunnels is undesir-
able because it can in� uence certain aerodynamic phenom-

ena, such as the location of boundary-layer transition and subse-
quent growth of the turbulent boundary layer on models. It can also
lead to problems in carrying out or can even impede certain dy-
namic measurements in the tunnel. Although � ow unsteadiness is
a generic term covering velocity � uctuations (turbulence), pressure
� uctuations(acousticnoise), and temperature (entropy) � uctuations
in freestream, acoustic noise is usually dominant in conventional
subsonic/transonic tunnels and � ow unsteadinessin wind tunnels is
normally assessed by noise level measurements.

Noise levels in the NationalAerospaceLaboratories(NAL)1.2-m
blowdown wind tunnel were found to be high, which resulted in
reduced accuracy of certain dynamic measurements and data inter-
pretationproblems.The principalsourcesof the noisewere found to
be the pressure regulatingvalve and the perforated wall test section
in the tunnel (see Fig. 1a). To overcome these problems a major
refurbishment program aimed at reducing the high noise levels in
the tunnelwas undertaken.The goal was to reduce the pressure � uc-
tuation coef� cient Cprms (equal to NP=q, where NP is the rms static
pressure � uctuation in the test section and q is the freestream dy-
namic pressure) to ·1% in the subsonicand transonic speed regime
and ·0.2% at supersonic speeds. This Note presentsbrief details of
the modi� cations incorporated and the results of wind-tunnel tests
conducted to evaluate the � ow quality improvements achieved.

Details of Modi� cation
A relative assessment of different concepts tried elsewhere in-

dicated that installation of acoustic baf� es in the settling chamber
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a) Original tunnel con� guration

b) Modi� ed tunnel con� guration

c) Details of acoustic baf� es

Fig. 1 Original and modi� ed layouts of the NAL 1.2-m tunnel.

would be the optimum solution to improve the � ow quality in the
NAL 1.2-m tunnel. Because the existing settling chamber did not
have adequate space for installing the proposed acoustic baf� es,
some changes were made in the layout of the upstream region of
the tunnel to facilitate installation of acoustic baf� es (Fig. 1). Two
spacer ducts (shown as spacers A and B in Fig. 1a) were removed
from the tunnel circuit and the resulting space was utilized to ex-
tend the existing settling chamber by � xing a newly fabricated shell
of 4.3 m diameter by 6.3 m length upstream of the existing settling
chamber (Fig. 1b). Six acousticbaf� es, each of 4.2m lengthby0.2m
thickness,were installedverticallyin the shell.The baf� es, designed
using methods and data of Ref. 1, consist of � ber glass wool pads
wrapped in � berglass cloth and covered with two protective facings
formed by a stainless steel wire mesh and an outer perforated steel
plate (Fig. 1c). The estimated overall attenuation level provided by
the baf� es was about 15 dB, which was adequate to achieve the
set goal at test section Mach number M ¸ 0:5. However, the use
of longer length baf� es that could provide an attenuation of 25 dB
needed to meet the goal at M < 0:5 was not possible due to space
constraints.The baf� es are mounted in a support structure featuring
three separate support modules, each of 1.4-m length, for ease of
assembly/disassembly.Semi-cylindricaland wedge-shapedfairings
are provided, respectively, at the leading and trailing edges of each
baf� e to obtain a streamlined shape.

Wind-Tunnel Tests
Wind-tunnel tests were carried out at M D 0:2–2.5, and pressure

� uctuation measurements were made in the settling chamber (us-
ing a total pressure probe), the solid-wall (SW) and perforated-wall
(PW) test sections (using a 10-deg cone), and the plenum chamber
(using a miniature pressure transducer) to assess the � ow quality
improvements. [The SW test section is employed for tests at su-
personic and subsonic speeds, and the PW test section is inserted
downstream of the SW test section for tests at transonic speeds
(Fig. 1a). The PW test section is moved out of the tunnel circuit for
supersonic/subsonic speed operation.] The pressure signals were
processed to obtain constant bandwidth rms amplitude spectra and
broadband rms levels in a frequencyrange of 0–10 kHz. These tests

were conductedjust before and immediately after incorporatingthe
modi� cations to obtain comparative data.

Results and Discussions
Comparison of Pressure Fluctuations Before and After Modi� cation

Pressure � uctuationsdata in the settling chamber and the two test
sections obtained before and after modi� cation are plotted against
test-sectionMach number in Figs. 2–4. The broadbandlevel of total
pressure � uctuations in the settling chamber, NP0, is expressed as
a percentage of mean total pressure P0 and the broadband level
of test-section static pressure � uctuations is presented in terms of
Cprms (de� ned earlier). Installation of acoustic baf� es resulted in
substantial reductions in the broadband levels of pressure � uctua-
tions in both the settling chamber and the SW test section (Figs. 2a
and 2b). The overall attenuationin the settling chamber varied from
13 to 19 dB for test-section Mach numbers between 0.2 and 2.5
(Fig. 2a), which was close to the design estimate of 15 dB. The
test-sectionnoise reduction goal has been met at supersonic speeds
and also at Mach numbers between 0.5 and 0.7, and accurate dy-
namic measurements (an example of which is presented later) are
now possible at supersonic speeds in the SW test section. However,
as predicted, the broadband levels at M < 0:5 did not meet the set
goal.

Typical spectrashowing nondimensionalintensities,1P0=P0 and
1P=q (where 1P0 and 1P are the rms intensities of total pressure
� uctuations and static pressure � uctuations in a bandwidth 1 f at
frequency f , respectively) indicate that signi� cant reductions in
intensities have occurred at all frequenciesbeyond 100 Hz (Fig. 3).
Although a few tones between 150 and 800 Hz that contributed

a) Settling chamber

b) SW test section

c) PW test section

Fig. 2 Comparison of broadband levels of total pressure � uctuations
in settling chamber and static pressure � uctuations in SW and PW test
sections, before and after tunnel modi� cation.



J. AIRCRAFT, VOL. 38, NO. 3: ENGINEERING NOTES 579

a) Settling chamber

b) SW test section

c) PW test section

Fig. 3 Comparisonof spectra ofpressure � uctuationsin settling cham-
ber and SW and PW test sections, before and after tunnel modi� cation.

signi� cantly to the broadband levels in the settling chamber and
the SW test section of the original tunnel have not been completely
suppressed,their amplitudeshave substantiallyattenuated,resulting
in correspondingreductions in their contributionsto the broadband
levels in the modi� ed tunnel.

Large reductions occurred in the noise levels in the PW test sec-
tion at Mach numbers up to 0.4, but the reduction was quite small at
higherMach numbers (Fig. 2c), primarilybecausethe presentmodi-
� cation (which was limited to the upstreamregion of the tunnel) did
not attenuate a strong tone (and its harmonic) generated in the PW
test section at a frequency between 45 and 65 Hz, which accounts
for nearly90% of the broadbandlevel at M D 0.5–0.7 (Fig. 3c). Pre-
cise reasons for the generationof this tone,which was found in both
the test section and the plenum chamber with approximately the
same amplitude, are not clear. Although the overall noise reduction
goal has not been met, attenuation of pressure � uctuation inten-
sity at frequencies >100 Hz (see Fig. 3c) has improved the buffet
onset measurement capability in the PW test section, as discussed
later.

Flow Quality Comparisons with Other Tunnels

A widely accepted criterion for judging � ow quality (with re-
gard to � ow unsteadiness) in wind tunnels is the broadband level of
the test-section centerline static pressure � uctuations on a 10-deg
cone. A comparison of these data from the present measurements
in the originaland modi� ed NAL 1.2-m tunnel with data from some
other well-known wind tunnels2¡9 is shown in Fig. 4. It is seen

a) Subsonic/transonic speeds

b) Supersonic speeds

Fig. 4 Test section centerline noise levels in the NAL 1.2-m tunnel
compared with other tunnels.

that the noise levels at supersonic speeds and also at M D 0:5–0.7
in the SW test section of the NAL 1.2-m tunnel are among the
lowest. However, the noise level in the PW test section is still rela-
tively high, primarily because a strong, low-frequency tone gen-
erated in the PW test section has not been attenuated, as noted
earlier.

Impact of Flow Quality Improvements

Two examples of bene� cial effectsof the reductionin test-section
� ow unsteadiness achieved by the present modi� cation are noted
hereafter.

The reduced level of test-section � ow unsteadiness has consid-
erably improved the suitability of the tunnel to make buffet on-
set measurements. Figure 5a shows a plot of the test-section � ow
unsteadiness parameter,

p
[nF.n/] (equal to 1P=q

p
.1 f= f / at

selected frequencies covering the range of wing-bending natural
frequencies fwb of typical aircraft models in this tunnel against
Mach number for the original and the modi� ed tunnel. This pa-
rameter is assessed in relation to the well-known Mabey’s crite-
ria for light buffet onset measurements.10 Because of the present
modi� cation, the � ow unsteadiness parameter has improved from
the marginal region in the original tunnel to adequate region in
most cases. Consequently, the measurement of light buffet onset
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a) Criteria for light buffet onset measurements

b) Comparison of pulsation measurements in air intake models

Fig. 5 Impact of improved � ow quality on dynamic measurements in
tunnel.

should yield more consistent and accurate data in the modi� ed
tunnel.

Figure 5(b) shows a comparison of pulsation level data (which
are derived from unsteady total pressure distributionmeasurements
across the engine face location) obtainedon an aircraft intakemodel
in the modi� ed tunnel with data obtained on a similar model in the
original tunnel, as well as a closed-circuit continuous tunnel. The
pulsation levels measured in the original tunnel were 4–5 times
higher than those measured in the continuous tunnel, primarily
because the data were vitiatedby the high levels of test-section� ow
unsteadiness,and the data were thereforeconsiderederroneous.The
pulsationlevelsmeasured in the modi� ed tunnel,which are substan-
tially lowerandalsoclose to thoseobtainedin the continuoustunnel,
are considered to re� ect reality.

Conclusions
Acoustic baf� es installed in the extended settling chamber of the

NAL 1.2-m tunnel have substantially reduced the noise levels in its
settling chamber and the SW test section. The quieter test-section
� ow has led to 1) a substantial improvement in the measurement
accuracy of pulsation level data in air-intake models at supersonic
speeds and 2) an improvement in light buffet onset measurement
capability at subsonic/transonic speeds in the tunnel. However, the
noise level in the PW test section is still high. Acoustic treatment
of the plenum chamber aimed at mitigating the low-frequency tone
observed in the PW test section is planned as a follow-on action.
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Introduction

T HE combinationof optimizationalgorithmsand computational
� uid dynamicsofferspromise for thedevelopmentof improved

aerodynamic designs. Optimization strategies have a common re-
quirement for representation of geometry by a number of design
parameters. For wing design the parameterization is generally sep-
arable into a representation of the planform and the representation
of airfoil sections at a number of spanwise positions.The represen-
tation of airfoil sections is consideredhere with particularemphasis
on the requirements of conceptual wing design.

The choice of representationdepends on the type of optimization
study. For two-dimensional airfoil design, representations are usu-
ally required that allow novel airfoil designs to be found. However,
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