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wall jet flow exists; and at Re g, =4, /(Re/S,)g? =0.08, the
free jet exists. For the vortex flow the scaling region is approx-
imately the same for both types of forcing, suggesting that the
scaling is not dependent on the type of forcing used in this
study.

Figures 3 and 4 depict the phase-averaged velocity fields for
the actuator operating in the vortex mode. Each figure represents
the average of 10 samples at a particular phase of the actuator
plate oscillation. As seen, a vortex structure is measured above
the piston for each phase suggesting that the structure is station-
ary; note that similar results are observed for the additional six
phases not presented. This trend is consistent with the averaged
flow-visualization pattern and computations.” In addition, an un-
steady angled jet flow is pumped from the wide gap, which is
indicative of mass ejection from the actuator. Each of the phase-
averaged velocity fields were averaged to compute the mean flow-
field. This result (not presented) indicates that a single cell vortex is
generated from the actuator and also verifies the stationarity of the
vortex.

Concluding Remarks

A parameter study of the stand-alone JaVA has been imple-
mented for the vortex flowfield. The actuator plate size and forcing
were varied to change the strength of the actuator-induced vortex.
Measurements indicated that the vortex strength increases with
driverrepetitionrate for a fixed wide slot and plate width. For a fixed
driver repetition rate and wide-slot to plate-width ratio, the vortex
strength increased as the plate width decreased with only a rela-
tively small decreasein core vortex size. Using an asymmetric plate
driver, a stronger vortex is generated for the same actuator geometry
and driver repetitionrate; however, this trend needs to be verified at
higher frequencies. The phase-locked velocity measurements indi-
cated that the vortex structure is stationary and (expectantly) shows
unsteadiness near the wide-slot opening. Both of these results are
consistent with earlier computations. The nondimensional scaling
for the actuator was determined and provided an operating range
for the actuator in different flow regimes. When placed in a tur-
bulent boundary layer, the actuator (operated in the vortex regime)
can potentially be used to generate streamwise vortices to control
flow separation. When operated in the wall regime, the actuator
could potentially be used to locally accelerate a boundary-layer
flow.
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Sensing Aircraft Icing Effects by
Unsteady Flap Hinge-Moment
Measurement
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Introduction

CE-INDUCED flow separation can lead to severe performance

degradation and reduced aircraft control effectiveness. Trunov
and Ingelman-Sundberg demonstrated the effects of ice and rough-
ness on the hinge moment of a tailplane. For the clean, no-ice case
the hinge-moment coefficient C,, increased linearly with negative
angle of attack until rising sharply at stall. The nonlinearity was
the result of flow separationfrom the lower tailplane surface, where
the control surface was abruptly sucked downward as a result of
decreased pressure. With ice or roughness at the leading edge, the
break in the linear curve occurred at a smaller, less negative angle,
and the increasein C;, was less abrupt, eventually leveling out after
tailplane stall. Separated flow over a control surface can also lead
to reduced control effectiveness. This effect was known as far back
as 1940 when Johnson? measured a 40% reductionin roll authority
as a result of the presence of ice.

Problems such as the increased magnitude in hinge moment and
the loss of control effectiveness may have led to a number of ice-
related aircraftaccidents.? Itis suspected that the ATR-72 commuter
aircraft flight 4184 that crashed on 31 October 1994 in Roselawn,
Indiana, is one such example. Bragg* studied the effects of super-
cooled large droplets (SLD) icing conditions on aircraft control and
speculated as to the cause of the ATR incident. An ice ridge located
aft of the upper surface deicing boot can result from the presence
of SLD in the atmosphere and can have a detrimental effect on the
lateral control of the aircraft.

Although the pilot and crew may be conscious of the presence of
ice on the aircraft, they may be completely unaware of the sever-
ity of the icing condition and its effects on aircraft performance
and handling qualities. In an effort to identify an easily measurable
quantity lying at the source of the ice-induced unsteady separated
flowfield, the rms flap hinge-moment coefficient was examined. Ex-
perimental results showed that the time-dependent hinge-moment
coefficient indicated unsteadiness in the flowfield while the air-
foil lift coefficient was still in the linear range. As the angle of
attack was increased, a significant increase in the parameter oc-
curred, clearly distinguishing the simulated-iced airfoil from the
clean airfoil. The initial change in the time-dependent parame-
ter always took place before the nonlinearity in the steady-state
hinge moment, which occurred before the flowfield completely
separated. The unsteady hinge-moment coefficient proved to be
a viable warning of imminent performance and control degrada-
tion. The purpose of this Note is to describe these results in more
detail.

Results and Discussion
Experiments were performed in a conventional 3 x 4 ft (91.44 x

121.92 cm) indraft, open-return, low-turbulence wind tunnel. The
airfoilmodel was an 18-in. (45.72cm) chord modified NACA 23012
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(referred to as 23012m) with a 25% chord simple flap. In comparison
to a conventional 23012 airfoil, the model had a slightly drooped
leading edge and a maximum thickness of 12.2% (see Ref. 5). The
simulatedice accretionused in the experimentwas a forward-facing,
quarter round of 0.25-in. (0.635 c¢m) radius. The simulated ice was
placedon the airfoilmodel atlocationsof x /¢ =0.02,0.10,and 0.20,
and the tests were performed at a Reynolds numberof 1.8 x 10° and
Machnumberof(.18. A more detailed descriptionof the experiment
can be found in Refs. 5-8.

Aerodynamicperformancecoefficients were calculatedfrom both
force-balance data and integrated surface pressure measurements
according to standard definitions. The flap hinge moment was de-
termined from a load cell located within a two-arm linkage attached
to the flap spar, which was used for actuation of the control surface.
The C, was obtained by determining the trailing-edge down mo-
ment about the flap hinge line and nondimensionalized by the flap
chord length and surface area. Unsteady C, measurements were
taken at 3000 Hz for angles of attack « less than zero deg and
2000 Hz for angles of zero deg or greater. A total of 10,000 samples
were taken for each unsteady measurement. The results were ex-
pressed in the form of the rms of the C),, given by the conventional

Ch ms V § (Ch Ch)
N

where N =10,000. All aerodynamic coefficients were corrected for
wall effects using the method described by Barlow et al.” Uncer-
tainties were calculatedbased on the iced case at a 5° angle of attack
and zero flap deflection. The reported lift coefficient is based on the
pressure measurements and has an uncertainty of 0.59% while the
hinge-moment coefficient calculated from load cell measurements
has an uncertainty of 11.8%. This higher percentage is caused by
the small values of the measured hinge moments at « =5 deg.

Becauseof flow separationinducedby the quarter-roundice simu-
lation, the simulated-icedairfoil exhibitedremarkably different per-
formance characteristicsthan the clean case. As illustratedin Fig. 1,
the maximum lift coefficient C, ,,,x and the angle of attack at which
it occurred were significantly reduced. Furthermore, fluorescent-oil
flow visualization provided evidence that the stall type changed
from the characteristic leading-edge stall of the clean NACA
23012m to that of a thin-airfoil-type stall for the simulated-iced
airfoil.

Trends in the hinge-moment coefficient were similar to those
found by Trunov and Ingelman-Sundberg' and are shown in Fig. 2.
For the clean airfoil the significant change (or break) in C), occurred
at an angle of attack more than twice that of the simulated-iced
cases. This angle was determined by calculating second-order, for-

2
—a— Clean, no ice
Simulated ice i |
1.5 located at: i e
+X/C=002
1 | —a—xc=0.10
Iy _o—X(c=0.20
0.5
0
-0.5
-1
-10 -5 0 5 10 15 20

o (degrees)

Fig. 1 Lift coefficient for the clean and simulated-iced airfoil at three
ice-shape locations.
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Table 1 Angle-of-attack locations of significant flowfield
events for the clean and simulated-iced airfoil at three
ice-shape locations

Ice Ch.ms break,  Cj break, Separation, Cy max,
location deg deg deg deg
Clean 16.4 16.4 16.4 15.4
x/c=0.02 5 7 8 8
x/c=0.10 -2 3 5 6
x/c=0.20 -3 1 3 6
0.04
o ; %

0.04 . |

Ch

-0.08 | _5_ clean, noice -

Simulated ice
located at:

012 | 4 we=002 -
—a—Xc=0.10
—o—XIc=0.20

-10 -5 0 5 10 15 20
o (degrees)

Fig. 2 Steady-state hinge-moment coefficient for the clean and simu-
lated-iced airfoil at three ice-shape locations. Corresponding linear lift-
curve regions for each case are denoted by A, ® m, whereas A, O, O
represent the nonlinear regions. Arrows represent the angle at which
the upper surface flowfield was completely separated, and + denote the
location of maximum lift.

ward and backward first derivatives based on a total of five data
points at a given angle. The percentage difference between the two
values was the greatestwhen there existed a significantchangein the
slope, corresponding to the break in the C;, curve. Flow visualiza-
tion revealed that this change in hinge moment correspondedto the
reattachment location of the separation bubble reaching the flap.®
The solid symbols in the figure denote the angles correspondingto
the linear lift range (Fig. 1) associated with each case. Thus, the C,,
break always occurredin the nonlinear region of the lift curve. Also
indicated in the figure were the angles at which C, ,,, and complete
upper surface flow separation occurred. Both took place after the
hinge-moment break.

These results show that because of the leading-edge stall of the
cleanairfoil, C, ,,x and the abruptflowfield separationoverthe entire
upper surface of the model occurred almost simultaneously, caus-
ing significant reduction in hinge moment. In contrast, separation
on the iced airfoil was a gradual process. The flow separated from
the simulated ice and reattached further aft on the upper surface.
With increasing angle of attack, reattachment moved progressively
downstream. It reached the flap (initiating the declinein C,), even-
tually moved to the trailingedge (causing complete flow separation)
and was followed by, or corresponded to maximum lift. The spe-
cific angles of attack at which these events occurred are listed in
Table 1.

The comparison of clean and simulated-iced results of the un-
steady hinge moment is shown in Fig. 3. For the clean airfoil C,
remained fairly constant throughout the entire angle of attack range
until stall. The abrupt increase in C), ;s coincided with the upper
surfaceflowfield separation, C; . and the hinge-momentreduction.
With the quarter-round ice simulation present, the break in Cj, ;s
(or departure from the clean case) was more gradual and occurred
at decreased angles of attack. Table 1 lists the exact angles of the
breaks, which were determined to occur when the simulated-iced
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Fig. 3 Unsteady rms hinge-moment coefficient for the clean and
simulated-iced airfoil at three ice-shape locations. Corresponding linear
lift-curve regions for each case are denoted by A, ® m, whereas A, O, ]
represent the nonlinear regions. The outlined symbols of the simulated-
iced cases denote the locations of the Cj, ;s break. The enlarged symbols
indicate the angle at which the C, break occurred, and | represent the
angle at which the upper surface flowfield was completely separated.
The + denote the location of maximum lift.

C).mms values were 30% greater than the clean airfoil values at cor-
responding angles of attack.

The Cj, ., breaks of the simulated-iced airfoil occurred in the
linear lift-curve regions, apparent from the solid symbols in the
figure. Evidence suggeststhat the increasingunsteadinessof the ice-
induced separation bubble caused an increase in Cj, ;s before the
rapid bubble growth caused a nonlinearity in C,. The rise in the
unsteady parameter served as a precursor to several subsequent
flowfield events. In each simulated-iced case, as the angle of at-
tack increased, the C, »s broke from the clean airfoil values and
was followed by a break in C;, complete upper surface flow sep-
aration, and finally Cy .. Table 1 shows that the break in Cj, s
occurred approximately 2-4 deg before the C;, break and 3-9 deg
before C ,,.x Was reached.

Conclusions

The rms hinge-moment coefficient provides a clear distinction
between clean and simulated-icedairfoils even before the nonlinear-
liftrangeis reached.Simulated-iced C), ;s valuesdiffersignificantly
from those of the clean case before the C), break (when flow reattach-
ment reaches the flap) and prior to flow separation over the entire
airfoil surface.

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

HIGH level of flow unsteadiness in wind tunnels is undesir-

able because it can influence 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 flow unsteadiness is
a generic term covering velocity fluctuations (turbulence), pressure
fluctuations(acousticnoise), and temperature (entropy) fluctuations
in freestream, acoustic noise is usually dominant in conventional
subsonicAransonic tunnels and flow unsteadinessin wind tunnels is
normally assessed by noise level measurements.

Noise levelsin the National Aerospace Laboratories (NAL) 1.2-m
blowdown wind tunnel were found to be high, which resulted in
reduced accuracy of certain dynamic measurements and data inter-
pretation problems. The principal sources of the noise were found to
be the pressure regulating valve 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 tunnel was undertaken. The goal was to reduce the pressure fluc-
tuation coefficient Cp,,, (equal to P/q, where P is the rms static
pressure fluctuation in the test section and ¢ is the freestream dy-
namic pressure) to <1% in the subsonic and transonic speed regime
and <0.2% at supersonic speeds. This Note presents brief details of
the modifications incorporated and the results of wind-tunnel tests
conducted to evaluate the flow quality improvements achieved.

Details of Modification

A relative assessment of different concepts tried elsewhere in-
dicated that installation of acoustic baffles in the settling chamber
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