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ABSTRACT

Flowfield measurements were carried out on the
upper surface of a GLC-305 airfoil configured with
glaze and rime ice-shape simulations. The mean and
root-mean-square fluctuation of the streamwise velocity
were measured using a split-hot-film probe at several
chordwise locations. These data were taken at three
different angles of attack preceding stall for each iced-
airfoil configuration at Reynolds numbers of 3.5 10°
and 6.0" 10° with Mach numbers of 0.12 and 0.21. The
velocity measurements confirmed the presence of a
large separation bubble downstream of the ice shapes.
The separation bubbles for the glaze ice configuration
were much larger than those for the rime ice case,
resulting from the differences in the ice horn geometry.
Other than the differences in size, the integra
boundary-layer characteristics were very similar.
Changes in Reynolds number did not significantly
affect the separation bubble characteristics. However, a
larger Mach number did result in a dlightly larger
separation bubble for the glaze ice case at a = 6 deg.
The root-mean-sgquare velocity distributions had peak
values in the separated shear layer, downstream of
transition, that compared well with previous work.

NOMENCLATURE
c Airfail chord length
C Lift coefficient
Cimee  Maximum lift coefficient, coincident with a,,,;
C, Pressure coefficient
M Freestream Mach number
Re Reynolds number based on chord
u Time-averaged (mean) streamwise velocity
Upps Root-mean-square velocity fluctuation

U, Boundary-layer edge velocity
Uy Freestream velocity

X Chordwise distance along airfail
y Distance normal to airfoil chord

Yaiv Normal location of dividing stream line

Vsurf Normal location of airfoil surface

a Airfoil angle of attack

Agrall Stalling angle of attack, coincident with C ..,

d Boundary-layer edge location (thickness)

d* Boundary-layer displacement thickness

q Boundary-layer momentum thickness
INTRODUCTION

Large, leading-edge ice accretions on airfoils cause
significant performance effects such as reduced lift and
increased drag. The effects are well documented for a
number of ice shape families™®  Perhaps less
understood, however, are the complex flowfield details
associated with the ice accretion/airfoil geometry. An
understanding of the flowfield is important for
computational modeling used to predict the important
performance losses. Knowledge of the iced-airfoil
flowfield is also critical in determining what geometric
features of the ice contribute to the performance
degradations and how these may differ for other
airfails.

Typically, large glaze ice accretions on airfoils are
characterized by “horns’ that protrude some distance
off the airfoil surface into the oncoming flow. These
flowfields have been studied in previous work and a
basic understanding of the time-averaged characteristics
has been developed. The ice horn causes the flow to
separate and for low angles of attack, the separated
shear layer reattaches some distance downstream
forming a separation bubble aft of the ice shape. It is
possible that the reattached boundary layer,
downstream of the bubble may separate again upstream
of the airfoil trailing edge. In this case there are two
separated flow regions of importance. For large glaze
ice shapes, the separation bubble has a large, global
effect on the pressure distribution.®>  These are referred
to as “long bubbles’ as originally described by Tani*
for clean airfoils. Rime ice shapes tend to differ from

"Research Scientist, Department of Aerospace Engineering, University of Illinois, Member AIAA.
"Research Engineer, Icing Branch, NASA Glenn Research Center at Lewis Field, Member AIAA.
*Professor and Head, Department of Aerospace Engineering, University of Illinois, Associate Fellow AIAA.

This materia is declared awork of the U.S. Government and is not subject to copyright protection in the United States.

American Institute of Aeronautics and Astronautics



glaze ice shapes in that usually there are no “horns’
protruding into the flow. However, flow separation
does occur because of discontinuities between the ice
shape and airfoil surface.®> Depending upon the size of
the ice shape, these bubbles may have a small, local
effect on the pressure distribution and would thus be
“short” using Tani’s definition.

This understanding of iced-airfoil separation
bubbles has been developed over the last twenty years
(or so) of icing research. The flowfield research
included simple experimental methods such as flow
visualization, detailed experimental methods such as
hot-wire/film anemometry, or laser velocimetry and
computational methods.  Bragg, Khodadoust and
Spring,  performed  split-hot-film  anemometry
measurements in the separation bubble flowfield about
a simulated glaze ice accretion on the leading edge of a
NACA 0012 airfoil. Both upper and lower surface
separation bubble characteristics were measured. The
overall results were consistent with the description
given in the preceding paragraph. These measurements
were performed at a low Reynolds number of 1.5 10°
and a Mach number of 0.12. The results showed how
the bubble grew in size as the airfoil angle of attack
increased up to maximum lift. The largest bubble
measured covered over 30% of the chord at angle of
attack one degree below stall. An important result of
this work was that the time-averaged separation bubble
characteristics compared favorably to laminar
separation bubbles that can form on uncontaminated, or
clean, airfoils. Khodadoust® performed laser-Doppler
velocimeter (LDV) measurements on a straight
rectangular wing with a leading-edge ice accretion
having the same geometry. The earlier split-film data
closely agreed with the non-intrusve LDV
measurements and CFD calculations. In addition to the
guantitative measurements, Khodadoust used a surface-
oil method to visualize separation bubble reattachment
features. This work was extended to an iced-swept-
wing configuration and employed both LDV and
helium bubble flow visualization.”® These data showed
that the leading-edge separation caused a strong
spanwise vortex on the swept wing. This aso
confirmed what had been observed in CFD calculations.

While the time-averaged characteristics of large ice
shape induced separation bubbles are fairly well known,
the unsteady characteristics are less certain. Bragg et
al.® performed some time-dependent measurements as a
part of their study and report a low-frequency
oscillation in the separation bubble flowfield. Gurbacki
and Bragg® have considered unsteady characteristics in
more detail. A NACA 0012 airfoil model instrumented
with high-frequency response pressure transducers
(Kulites) was tested with both rime and glaze ice
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simulations. The time-dependent pressure distributions
indicated large-scale flow fluctuations. Spectral
analysis of the data performed later indicated flow
frequencies similar to that measured by Bragg ez al.”

A motivation for work in this area is to provide
data for improvement of computational results. Severa
studies have noted that the complexity of the flowfield
and potential for large-scale unsteadiness may render
some computational methods incapable of correctly
modeling the flows. For example, Dunn et al.’® and
Pan et al* both suggest that accurate prediction of
stalling angle and maximum lift for airfoils with large
ice shapes requires unsteady, three-dimensional
methods. Chung and Addy™ suggest that more
flowfield measurements should be made in order to
better assess the predictive capabilities of current CFD
methods for iced-airfoil calculations.

The present investigation directly addresses the
latter suggestion. Time-averaged flowfield velocity
measurements were carried out on the upper surface of
a GLC-305 airfoil with both a rime and glaze ice-shape
simulation. Performance measurements for this airfoil
with the simulated ice shapes were carried out in
previous experiments and thus the additional flowfield
information provides for a comprehensive data set.®* A
key conclusion from the previous testing was that large
changes in Reynolds number had very little effect on
the iced-airfoil performance. The objectives of the
present investigation were to measure the time-
averaged flowfield velocities on the iced-airfoil upper
surface at several angles of attack for two different ice
shapes.  Split-hot-film anemometry was used to
determine the streamwise velocity profiles at severa
chordwise locations along the airfoil upper surface.
The measurements were performed in a pressure tunnel
a Reynolds numbers of 3.5 10° and 6.0" 10° at Mach
numbers of 0.12 and 0.21 to investigate these effects.

EXPERIMENTAL METHODS

All aerodynamic testing was carried out at NASA
Langley Research Center, using the Low-Turbulence
Pressure Tunnel (LTPT). The LTPT is a closed-return
wind-tunnel that is principaly used for two-
dimensional airfoil testing and is described in detail in
references 14 and 15. It can be operated at stagnation
pressures from near vacuum to 147 psia (except 15 to
20 psia) and over a Mach number range of 0.05 to 0.40.
A heat exchanger and nine turbulence reduction screens
are located in the inlet settling chamber. The
contraction ratio is 17.6:1 and the test section
dimensions are 36-inches wide by 90-inches high by
90-inches long. The tunnel was designed for two-
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dimensiona airfoil testing with model chord lengths up
to 36-inches.® The freestream turbulence intensity
levels were about 0.1% or less for the operating
conditions used in this investigation.*®

The GLC-305 airfoil model had a 36-inch chord by
36-inch span and was mounted horizontally across the
width of the test section. The model was machined
aluminum and had removable leading-edge sections.
The leading-edge sections alowed for the various ice-
shape simulations to be attached to the airfoil model.
Two iceshape simulations were used in this
investigation and are shown in Fig. 1. The contour of
these ice simulations was determined from smoothed
coordinates of an ice tracing. These simulations were
built from a laser-sintering rapid-prototyping method
and had a constant cross-section in the spanwise
direction. More details about the model, ice shapes and
tunnel ingtallation for aerodynamic performance
measurements can be found in reference 13.

The flowfield mapping experiments required the
addition of a significant amount of equipment both
inside and outside of the test section. The existing
boundary-layer measurement apparatus was adapted
from previous testing.’® The traversing mechanism was
mounted to the east wall of the test-section as shown in
Fig. 2. A motor equipped with optical encoder
feedback was used to control the vertical position of the
measurement probes.  This vertical traverse was
cantilevered from the sidewall turntable via a track
plate. The vertical positioning was computer controlled
and provided a positioning accuracy of +0.0003-inches.
The track plate alowed the vertical traverse to be
positioned in the chordwise direction. An operator
remotely controlled the chordwise positioning based on
feedback from a potentiometer that was routinely
calibrated during the test. The chordwise position was
set to within £0.003 x/c. For the majority of chordwise
locations the vertical traverses were performed in a
direction normal to the chord line. There were some
locations, near the leading edge, where the surface
curvature required a small tilt angle. Thetilt angle was
also controlled remotely and measured by visua
inspection of a vernier scale on the traverse apparatus.
These angles were small (less than 10 deg.) and no
correction to the streamwise velocity component was
performed. The spanwise location of the measurement
plane was fixed at 25% span (9 in.) from the side wall.
The airfoil model had a row of surface static pressure
orifices located at this spanwise station. These taps
allowed for direct measurement of the airfoil pressure
distribution directly below the traversing mechanism.

Two measurement probes were used. A TSI, Inc.
model 1288 split-film probe was used for all of the data
acquisition. Thiswasa0.006-inch diameter platinum

Smoothed 16.7-minute Rime | ce Shape 212

Smoothed 22.5-minute Glaze | ce Shape 944

Fig. 1 Smoothed ice shapes, after Addy et al."

Traverse Mechanism

2

\ Ice-shape simulation

Fig. 2 Photograph of boundary-layer measurement
apparatus installed in LTPT test section.
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film mounted on a fiber rod. The plane of the split was
oriented normal to the model chord (when the traverse
axis was not tilted). This orientation of the split-film
provided the magnitude and direction of the streamwise
velocity component. The magnitude (but not direction)
of the normal velocity was also obtained with this
sensor.  In addition, data from a flattened stagnation
pressure probe were also acquired. The flattened tip of
the pressure probe had a width of 0.010 inches. These
data were only valid in non-reverse flow regions and
were included only as an additional method to identify
the boundary-layer edge and compare to the split-film
data in regions where no reverse flow was present. The
pressure probe was also used as part of an electrical
contact circuit. The contact circuit sensed when the
pressure probe contacted the airfoil surface. Based
upon this location, the split-film sensor was positioned
between 0.005 and 0.015-inches above the surface.
This offset distance was regularly measured and applied
to the velocity profile data.

Since the purpose of this investigation was to
survey the flowfields of two iced-airfoil configurations
over severa Reynolds and Mach number conditions,
time constraints prohibited detailed study of the
separated flowfields.  This limited the number of
chordwise locations where the velocity profiles were
acquired. In general, profiles were acquired every 0.03
xlc near the leading edge (up to x/c = 0.15), and then
every 0.05 x/c farther downstream to the expected
shear-layer reattachment region. Downstream of the
expected reattachment region profiles were acquired
every 0.10 to 0.25 x/c. The spacing of points in the
vertical direction was adjusted based on the thickness of
the separation bubble or boundary layer. The profiles
consisted of 25 to 40 points that had a non-linear
distribution with closer spacing near the airfoil surface.
For the glaze ice shape configuration 944, these
velocity profiles were acquired at a = 0, 4 and 6 deg.
for Re = 3.5 10° and 6.0 10° a congtant M = 0.12. A
subset of the velocity profiles was also acquired at Re =
6.0°10° and M = 0.21. For the rime ice shape
configuration 212, the velocity profiles were acquired at
a = 6, 8 and 10 deg. for Re = 3.5 10° and 6.0 10° at
constant M/ = 0.12.

The dual-sensor split-film probe was configured to
measure the magnitude and direction of the streamwise
velocity component. This method and data reduction
procedures are described by Bragg et al.®> and Spring."’
The calibration of the sensor was performed in a 4-inch
diameter gjector-driven flow facility that was located
within the plenum of the LTPT. The Reynolds and
Mach number combinations required two separate
calibrations corresponding to two stagnation pressures.
During each calibration the plenum pressure was set to
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each of these stagnation pressures. In this way, each
calibration was performed with the appropriate air
density and minima correction of the data was
required. The calibration data were fit with
polynomials using a least-squares method. Several
calibrations were performed during the test to ensure
that there was no drift due to sensor contamination or
other effects. The velocity data are estimated to have
uncertainties of a few percent of the freestream
velocity. This estimate is based on the calibration
repeatability and comparison of the split-film velocity
data to that determined from the pressure probe.

Since the purpose of this investigation was to
survey the flowfields of two iced-airfoil configurations
over severa Reynolds and Mach number conditions,
time constraints limited the amount of data the could be
acquired during each velocity profile. For each
measurement point, 3000 split-film voltage samples
were acquired at a rate of 1000 samples per second.
This limited the bandwidth to a low-pass filter cut-off
of 500 Hz. The voltages were temperature corrected (to
account for differences in temperature during the data
runs versus calibration) and the calibration was applied.
The resulting velocities were then corrected for any
minor difference in density between the data run and
calibration. No corrections were applied for potential
probe support interference effects. While it is likely
that some interference effects were present, no suitable
correction methods were found that were applicable to
this experiment. It should also be noted that
K hodadoust® performed non-intrusive LDV
measurements that compared very well with previous
split-film  measurements for the same iced-airfoil
geometry, further indicating that interference effects
were small.

The mean streamwise velocity («) and root-mean-
square of the velocity fluctuation (u,,,) were calculated
from the time series data. The mean velocity profiles
were used to calculate severa boundary-layer
parameters. These calculations were carried out using
methods similar to Bragg et al> The stagnation
streamlines were defined by the height above the airfoil
surface in each profile where the streamwise velocity
was zero. The dividing streamlines were defined by the
height above the airfoil surface where the integrated
mass flow (in the streamwise direction) was zero. This
location, y,./c, can be expressed mathematically for
constant density flow as
Yaw!c u -y jO
\ Sur; Y
0 7. :

e

=0
y;ur/ /C ¢ ﬂ
where U, is the boundary-layer edge velocity. The

edge velocity was selected manually for each profile
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using custom-written data-reduction software with a
graphical user interface. Selection of the edge velocity
also alowed for calculation of the boundary-layer

displacement thickness,
d/c
d* e = & " Vsurf 9
Yoyl €
The momentum thickness was also calculated in the
usual way, but with a smple modification for velocity
profiles that may have reverse flow,

§1'_d ¢ 3

d/c y
ql/c= g]_- _: g—s'”f ;
ysw/ /C ce ¢ g
RESULTS AND DISCUSSION

The lift performance of the GLC-305 airfoil was
affectedly differently by the two ice shapes considered
in thisinvestigation. Asshown in Fig. 3, the maximum
lift penalty for the airfoil with rime shape 212 was
much less than for the glaze shape 944. The lift curves
show that maximum lift was attained at about 11 deg.
for the rime shape and at about 7 deg. for the glaze
shape. (The lift performance and pressure data were
taken from Addy et al."® and were acquired without the
traversing mechanism installed in the test section.)
This information was used to select the angles of attack
at which the flowfield data were acquired. The choice
of 6, 8 and 10 deg. for the rime shape reveaded the
flowfield development leading up to stall. The
analogous choices for the glaze shape were 0, 4 and 6
deg.

A comparison of the ice geometriesin Fig. 1 shows
that the glaze shape had a large “horn” that is oriented
at a large angle relative to the airfoil chord line. In
contrast, the rime shape had a geometry that could be
considered as an extension of the airfoil leading edge.
These differences in geometry determined the extent of
separated flow aft of the ice shape. A comparison of
clean and iced pressure distributions at matched angle
of attack is shown in Fig. 4. The measured C,
distribution in the region of the rime and glaze ice
shapes was not smooth owing to the roughness of the
simulated ice. Thisis particularly evident on the lower
surface for both ice shapes. The clean-airfoil pressure
distribution was marked by a large suction peak of
nearly —4.0 in C,, followed by a very large adverse
gradient. In the rime-ice pressure distribution, there
was a suction pesk of —2.5in C, at x/c » -0.03. This
pressure tap was located near the tip of the ice shape,
where a large, local flow acceleration was likely to
occur. The short region of nearly constant pressure
from x/c » -0.02 to x/c » 0.01 was indicative of a small

———~e—— Clean
—=—— Rime shape 212
169|—e—— Glaze shape 944

B0 L o o o e e e e e
-80 -40 00 4.0 80 120 160 20.0

a (deg.)
Fig. 3 Lift performance comparison of the GLC-305
airfoil with and without leading-edge ice-shape
simulations at M = 0.12 and clean data at Re =
3.0" 10°% iced data at Re = 3.5 10°, after Addy et al."

Clean, a = 6.0 deg.
-4.0 ——e—— Rimeshape 212, a = 6.0 deg.
———s—— Glaze shape 944, a = 6.0 deg.

00 01 02 03 04 05 06 07 08 09 10

x/c
Fig. 4 Effect of ice simulations on surface pressure
distribution at M = 0.12 and clean data at Re =
3.0" 10% iced data at Re = 3.5 10°, after Addy et al."
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separation bubble. The pressure recovery aft of this
“plateau” indicates transition in the separated shear
layer.* That is, the start of transition occurred at the
end of the plateau and start of the recovery regions.
The shear-layer reattachment location can be
approximated by the location where the iced-airfoil C,
intersects the clean airfoil C,.*° In this case, the clean
and iced pressure recovery regions overlap. The split-
film flowfield data indicated that reattachment occurred
at x/c » 0.05, which was dlightly downstream of this
overlap region. The pressure distribution for the airfoil
with the glaze ice shape indicates that the separation
bubble was much larger in this case. The region of
nearly constant pressure on the upper surface extended
to x/lc » 0.25. The approximate shear-layer
reattachment location, determined by the intersection of
the clean and iced pressures was located at x/c = 0.60.
This compares favorably to the location determined
from the split-film flowfield measurements, x/c = 0.53.
The divergence of the trailing-edge and lower-surfaces
pressures also indicated that the airfoil was near stall.
An important concern in conducting the intrusive
split-film measurements was the effect of the probe and
support strut on the separated and reattaching flowfield.
An analysis of the pressure distributions shows that this
effect was likely small. Figure 5 shows a comparison
of pressures for various chordwise probe locations.
These are for the airfoil with the glaze ice shape at 4
deg. angle of attack. The data labeled “No Probe” were
taken from the main chordwise row of pressure taps
without the traversing mechanism, and the other three
sets were taken from the chordwise row of taps located
a the same spanwise station as the main vertica
traverse strut. These pressures were acquired with the
split-film probe located within 0.015-inch of the airfail
surface. As shown in the data, the presence of the
probe and strut caused dlightly larger suction pressures
in the “plateau” region of the separation region. The
beginning of the pressure recovery is not effected by
the probe and strut. However, the recovery gradient
became larger as the probe was moved farther upstream
into the bubble region. This had the effect of dightly
reducing the bubble size with the shear-layer
reattachment being farther forward by a few percent
chord. It should be noted that the faired probe holder
was about 8% chord downstream of the probe tip.
Since the probe was angled down toward the airfoil
surface, the probe holder was aways much farther
above the surface. Its presence is observed in the
pressure at x/c = 0.40 with the probe tip at x/c = 0.30.
Its proximity to the surface caused a loca flow
acceleration resulting in the more negative C, at this
location. This effect was not observed as the probe tip
was located farther upstream with the probe holder

6

located in the pressure recovery region. This minor
effect of the probe and strut interference was
comparable to that observed by Bragg et al’
Khodadoust® also compared split-film velocity data to
non-intrusive LDV data and found very good
agreement, further indicating that interference effects
were small.

No Probe
-2.0 ———o—— Probeat x/c =0.30
18 ———s—— Probeat x/c =0.20

—=—— Probeat x/c =0.10

00 01 02 03 04 05 06 07 08 09 10
x/c

Fig. 5 Effect of probe and strut on surface pressure
distribution for the glaze ice configuration 944 at a
= 4 deg. with Re = 3.5 10° and M = 0.12.

Flowfield Comparisons

Contour plots of the mean streamwise velocity
provide a good overal illustration of the separated flow
past the ice shape. An example of these data is shown
in Fig. 6 for the airfoil with the glaze ice shape at 6 deg.
angle of attack. The plot shows how the boundary-
layer separated near the tip of the glaze ice horn. A
significant reverse flow region formed below the
separated shear layer. Reverse flow velocities as high
as 40% of the freestream velocity were recorded inside
the bubble. Outside of the bubble, streamwise flow
velocities a factor of 1.6 larger than the freestream
value were recorded. A strong shear layer divided these
flow regions. The shear-layer thickness grew
downstream of separation as transition occurred. No
velocity data were acquired upstream of x/c = 0.02
directly aft of the ice horn, as indicated in Fig. 6. Itis
likely that the local flow in this region was very low-
speed in either the upstream or downstream direction.
The zero-velocity contour line shows that the mean
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u/U, = 0.0 contour line

0.4
x/c

'Q0""Q1VVVVQ2' VOBVVV

Fig. 6 Contour plot of mean streamwise velocity for
the glaze ice configuration 944 at a = 6 deg. with Re
=3.510° and M =0.12.

reattachment location was near x/c = 053. The
developing turbulent boundary layer downstream of
reattachment did not show evidence of separation up to
xlc = 0.95, where the last profile was measured. While
the contour plots provide an overal view of the
complex flowfield, quantitative comparisons of the
bubble characteristics are difficult to determine.

The stagnation and dividing streamline
characteristics demonstrate more quantitative aspects of
the separation bubble development. These are plotted
in Fig. 7 for the rime ice shape and Fig. 8 for the glaze
ice shape. Both sets of streamlines indicate the mean
shear-layer reattachment location by the intersection of
the streamline with the airfoil surface. For the airfail
with the rime shape, the increase in bubble size was
nearly linear with increasing angle of attack, based
upon the movement of reattachment locations. For the
airfoil with the glaze shape, the bubble growth was
much more non-linear with increasing angle of attack.
The bubble approximately doubled in size froma =0
to 4 deg. and then nearly doubled in size from a = 4 to
6 deg. The streamlines clearly illustrate the difference
in aerodynamic severity between the two different ice
shapes. The rime ice shape could be thought of as an
extension of the airfoil leading edge. Since it was not
smooth, a small bubble formed at 6 deg. angle of attack.
The glaze shape, in contrast, had a large upper surface
horn that was located downstream of the leading edge
and had a large angle to the oncoming flow. This
resulted in a much larger bubble at 6 deg. angle of
attack and hence the impending stall. The bubble
formed in the rime ice case a a = 10 deg., was even
smaller than for the glaze case at 6 deg. owing to this
difference in geometry. These results reinforce
previous performance results about the size and
location of ice horn features.**®

0.5
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The separation bubble reattachment locations
determined from the streamline plots are summarized in
Table 1. Also shown are the locations determined from
the simple method of comparing the clean and iced
pressure distributions. The data indicate that the
pressure distribution method works well as an
approximate method of determining reattachment even
for these long bubbles. Thus, the data further support
the conclusion of Bragg et al.” in this regard.

0.2+ Stagnation Streamlines — a=6deg.
S R a =8 deg.
=] e a =10 deg.
0.1

,di,, 'd4"b5"b6

x/c

————
0.3 0.4 0.5 0.6
x/c

Fig. 7 Stagnation and dividing streamlines for the
rime ice configuration 212 at Re = 3.5" 10° and M =
0.12.
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0.2+ Stagnation Streamlines a =0deg
s 1 e a=4deg
B R — a =6deg
0.1

L

0.24 Dividing Streamlines

01 e

S

Fig. 8 Stagnation and dividing streamlines for the
glaze ice configuration 944 at Re =3.5" 10° and M =
0.12.

Table 1 Comparison of shear-layer reattachment
locations at Re =3.5" 10° and M = 0.12.

Ice Shape and Reattachment L ocations, x/c
Angle of Attack From Cp's  From Streamlines
Rime, a = 6 deg. 0.04 0.05

Rime, a = 8 deg. 0.20 0.18

Rime, a = 10 deg. 0.45 0.40
Glaze, a = 0 deg. 0.14 0.15
Glaze, a = 4 deg. 0.31 0.30
Glaze, a = 6 deg. 0.60 0.53

The integral boundary-layer parameters offer
further comparison of these separation bubble
characteristics. The displacement and momentum
thicknesses are plotted for both shapes in Figs. 9 and
10. For the glaze ice shape case (Fig. 9), there was a
large increase in displacement thickness from x/c =
-0.02 t0 0.02. Thistrend was also observed by Bragg et
al.” for a simulated glaze ice shape on a NACA 0012
airfoil and their data are plotted in Fig. 9 for
comparison. The plot symbols were matched based on
bubble size. The separation bubble length for a = 4
deg. of Bragg et al.° was similar to a = 0 deg. in the
present data. Likewise, the bubble length for a = 6 deg.
of Bragg et al.° was similar to a = 4 deg. in the present
data. The agreement in these data for the a = 0/4 deg.
case is remarkably good, considering the differences in
ice shape and airfoil geometry. These differences in

geometry likely caused the divergence in the two data
sets downstream of x/c = 0.15, which coincides with the
bubble reattachment location. It is likely that the
pressure distributions were different downstream of this
location, thus leading to differences in the turbulent
boundary-layer development. For the a = 4/6 deg.
comparison, the agreement is aso good up to x/c =
0.15. Downstream of this location the trend in the
present data is consistent with the trend for the a = 0
deg. case, whereas d*/c tends to level off for the Bragg
et al.® data. The reason for thisis not clear, but may be
related to changes in the flowfield close to stall.
Maximum lift in both the present data and Bragg et al.”
occurred at 7 deg. Therefore, bubbles of similar sizes
occurred at one degree below maximum lift for Bragg
et al.” but three degrees below maximum lift for the
present data. Unfortunately, no data downstream of x/c
= 0.35 were available in the present case one degree
below maximum lift (i.e, at a = 6deg.) to aid in this

Displacement Thickness|——e—— a =0 deg.

°©
o
3

0.06

0.05

d'/e
o
B

o
Q
e

0.02

x/c

Fig. 9 Comparison of integral boundary-layer
parameters for the glaze ice configuration 944 at Re
=3.510°and M = 0.12.
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interpretation. The data comparison in the a = 0/4 deg.
case do suggest that these large separation bubbles may
have certain integral characteristics that are universally
similar.

Analogous comparisons were aso performed
between the two data sets for the boundary-layer
momentum thickness as shown in Fig. 9. As with the
displacement thickness, the agreement is good for
matched bubble sizes at a = 0/4 deg. upstream of x/c =
0.20. Downstream of this location there was some
divergence likely owing to the differences in geometry.
Agreement is also good in the a = 4/6 deg. case
upstream of x/c = 0.30, except for the present data
points at x/c = 0.15 and x/c = 0.25. The location x/c =
0.30 approximately corresponds to bubble reattachment
for both data sets. Bragg ez al.® noted that for their a =
4 deg. data, the first local maximum in momentum
thickness corresponded to the shear-layer transition
location as determined from the surface pressure
distribution. In the present data (at a = 0 deg.), the
local maximum was located at x/c = 0.10. Thisis very
close the transition location estimated from the surface
pressure distribution. The local maxima at x/c » 0.15
and x/c » 0.25 for a = 4 and 6 deg. in the present data
also corresponded to the transition location determined
from the surface pressure distribution. Bragg et al.®
also suggested that the shear-layer reattachment
location could be determined by the second local
maxima in the g/c data, if present. This only occurred
at x/c = 0.20 for a = 0 deg. in the present data and this
was downstream of reattachment which occurred at x/c
=0.15.

These integral boundary-layer parameters are
plotted for the rime ice shape in Fig. 10. The smaller
bubble sizes for this ice shape are clearly indicated by
the much lower values of displacement thickness
compared to the glaze ice case. Despite the differences
in the magnitude of the values, the trends are very
similar. There is a steep increase in d*/c from x/c =
-0.017 to x/c = 0.0, this is followed by a reduced slope
reaching a maximum value. Given the differences in
the geometry of the ice shapes, the agreement in these
trends further indicates universal similarities of the
separation bubble characteristics. Analogous trends
were also observed in the momentum thickness
characteristics. For example, there are local maxima at
xle = 0.02 and x/c = 0.08, for a = 6 and 8 deg.,
respectively. These locations approximately
correspond to the start of the pressure recovery region
of the surface pressure distribution, thus indicative of
shear-layer transition. It is not clear from these data
why a similar local maximum does not occur at a = 10

deg.
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Fig. 10 Comparison of integral boundary-layer
parameters for the rime ice configuration 212 at Re
=3.510°and M = 0.12.

Reynolds and Mach Number Effects

The independent effects of Reynolds and Mach
number on the separated flowfield development was
also investigated. This was motivated by previous
measurements that showed little change in the
integrated performance coefficients and pressure
distributions of the iced airfoil for large changes in
Reynolds number.”®* In fact, it was found that changes
in Mach number had more of an effect on maximum lift
than did changes in Reynolds number.** An example of
this effect isillustrated in Fig. 11. The plot shows how
the maximum lift coefficient decreased dlightly as the
Mach number was increased. This drop in C;,,., Was
about 8% between M = 0.12 and M = 0.28. A
comparison with the lift datain Fig. 3 show virtually no
differencein Cj,,.. from Re = 3.5" 10°t0 10.5" 10° at M
=0.12. Similar trends were observed in the flowfields
of the present study. For example, Fig. 12 shows a
comparison of stagnation streamlines for three
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Reynolds and Mach number combinations for the
airfoil with glaze ice shape 944. For the a = 4 deg.
case, the bubble size is virtually identical across the
three free-stream conditions. The apparent discrepancy
between x/c = 0.12 and 0.24 for the M = 0.21 case
occurred because no boundary-layer profiles were taken
on this interval for this condition. For a = 6 deg., the
stagnation streamline for the M = 0.21 case indicates
that the separation bubble was dlightly larger than for
the other conditions. This is consistent with the
interpretation of the pressure distributions in Addy et
al.® and the present study that indicate larger bubble
sizes at higher Mach numbers. It is reasonable that the
larger bubble results in airfoil stall at a dlightly lower
angle of attack and lower lift coefficients. It is unclear
what phenomenon causes the larger bubble sizes for
higher Mach numbers.

The integral boundary-layer parameters also show
very little influence of Reynolds and Mach numbers.
These are plotted in Fig. 13 for the glaze ice shape case
at a = 6 deg. Thelarger bubble size observed in Fig. 12
for M = 0.21, is partidly represented in the d*/c data at
xle = 0.35. Unfortunately, no displacement thicknesses
could be calculated downstream of this location
because the edge of the boundary layer was not
measured. This was simply a limitation of the
traversing mechanism. This effect is not observed in
the momentum thickness data, however, it suffers from
the same limitations downstream of x/c = 0.35. The
discrepancy in g/c values between x/c = 0.12 and 0.24
for the M = 0.21 case, is likely due to the lack of data
for these locations.

A comparison of the velocity profiles is shown in
Fig. 14. The profile a x/c = 0.12 shows the strong
reverse flow velocities in the separation bubble region.
There was good agreement in the velocity data across
the three conditions up to the edge of the shear layer at
(-vsauplc = 0.07, where the M = 0.21 velocities were
dightly slower than the M = 0.12 data. The profiles
downstream of this location show how the strength and
size of the reverse flow region decreased up to x/c =
0.55 which was close to the mean reattachment |ocation
for this case. The vertical location above the surface
where the M = 0.21 velocity data began to depart from
the M = 0.12 data moved closer to the surface for
profiles located farther downstream. Although it is
difficult to seein Fig. 14, the profiles at x/c = 0.55 show
that this location was downstream of mean
reattachment for the M = 0.12 cases, but upstream of
mean reattachment for M = 0.21. The velocity profiles
a xlc 045 and 055 dso illustrate that the
displacement thickness at M = 0.21 was likely larger
than for the M = 0.12 cases, since the mean velocities
were sower. Therefore, it is likely that the

10

displacement thicknesses downstream of x/c = 0.35
would continue to be larger at M = 0.21 than at M =
0.12.

— e Re=10510°,M=0.12
——s—— Re=10.510°M=0.21
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Fig. 11  Effect of Mach number on the lift

performance of the GLC-305 airfoil with glaze ice
configuration 944, after Addy et al."
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Fig. 12 Effect of Reynolds and Mach number on

stagnation streamline locations for the glaze ice
configuration 944.

American Institute of Aeronautics and Astronautics



Displacement Thickness a = 6 deg.

0.074
0.06
0.05
0.04E
e
© 0037
0.02] : :
] —e—— Re=3.510°, M=0.12
0.01 —=—— Re=6.0"10°, M=0.12
] —4—— Re=6.0'10°, M=0.21
OOO T TTT T T T T T T T I T T T T ITT T T[T T T[T T T T[T TTTI[TTTITTITT]
00 01 02 03 04 05 06 07 08 09 10
x/c
Momentum Thickness a =6 deg.
0.0204 : : :
0.0185
0.016
0.0144
0.0125
Q l
5-0.010
0.0085
0.0065
0.0045
0.0025
0.%07\'7'\\HHHH\H\\\\H\\HHH\H\\HHHH\HH\HH\
0 01 02 03 04 05 06 07 0.8 09 10
x/c
Fig. 13 Effect of Reynolds and Mach number on

integral boundary-layer parameters for the glaze ice
configuration 944 at a = 6 deg.
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Fig. 14 Effect of Reynolds and Mach number on
selected velocity profiles for the glaze ice
configuration 944 at a = 6 deg.
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Turbulence Intensity Results

The turbulence intensity contours for the separated
shear-layer regions were found to be in agreement with
results from other separated flows. In this case the
turbulence intensity was calculated as the root-mean-
square of the fluctuating streamwise velocity and
normalized by the freestream velocity. An example of
these data is shown in Fig. 15 for the airfoil with the
glaze ice shape at a = 6 deg. This turbulence intensity
contour corresponds to the velocity contour already
discussed in Fig. 6. The maximum values, in the range
of 0.32 to 0.36, occurred in the middle of the separated
shear layer a x/c » 0.30. This region of peak
turbulence intensity began just downstream of x/c =
0.25, which has aready been identified as the shear-
layer transition location from the pressure data. While
difficult to see in the black and white contour plot, the
/Uy levels in the range of 0.28 to 0.32 persist
downstream to x/c = 0.55, the vicinity of reattachment.
Downstream of reattachment the turbulence intensity
levels decreased gradually, having peak values in the
range of 0.20 to 0.24 at x/c = 0.95.

The trends and values of the turbulence intensity
compare favorably with LDV measurements of the
separation bubble flowfield past a NACA 0012 airfail
with simulated glaze ice accretion.  Khodadoust®
reported peak values of u,,,/Uy = 0.34 in the vicinity of
the separated shear-layer transition location. The
general distribution of the turbulence intensity
throughout the bubble flowfield was also very similar.
Khodadoust noted that these values are in the range of
those reported for separated flows downstream of a
backward-facing step.  For example, Eaton and
Johnston state that local turbulence intensity values
(tt,ms/ Uy) near the center of the reattaching shear layer
exceed 0.30. These large values have been attributed to
large-scale and low-frequency perturbations of the

separated shear layer sometimes referred to as
“flapping.”?*** In the case of the backward-facing step,
this vertical motion of the shear layer results in
movement of the reattachment location. It is possible
that similar unsteady characteristics may be present in
the iced-airfoil case. Bragg et al.’ reported a low-
frequency component in the spectra of the fluctuating
shear-layer streamwise velocity. Likewise, Gurbacki
and Bragg? identified low-frequency components in
the fluctuating pressure spectra in the separation bubble
flowfield on an iced airfoil. The combined results of
these studies suggest that a completely time-averaged
representation of the flow may mask important details.
This has implications for numerical modeling as well.

SUMMARY AND CONCLUSIONS

Flowfield measurements were performed on the
upper surface of a GLC-305 airfoil configured with
large glaze and rime ice-shape simulations. The mean
and root-mean-square fluctuation of the streamwise
velocity were acquired using a split-hot-film probe at
several chordwise locations. These data were taken at
three different angles of attack preceding stall for each
iced-airfoil configuration. The freestream conditions
were Re = 3.5 10° and 6.0° 10° at M = 0.12 and 0.21.
Integral boundary-layer parameters for these cases were
calculated from the mean velocity profiles.

The velocity measurements confirmed the presence
of large separation bubbles downstream of the ice
shapes. For al cases measured, the separated shear
layer reattached to the airfoil some distance
downstream. No evidence of turbulent boundary-layer
separation as far aft as x/c = 0.95 was found. The
separation bubbles for the glaze ice configuration were
much larger than those for the rime ice case, resulting
from the differencesin the horn geometry. Other than
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Fig. 15 Contour plot of turbulence intensity for the
glaze ice configuration 944 at a = 6 deg. with Re =
3.5 10° and M = 0.12.
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the differences in size, the integral boundary-layer
characteristics were very similar. Analogous trends in
the displacement thickness and momentum thickness
were also observed and these were consistent with data
from other experiments. Following the work performed
by others, it was noted that local maxima in the
momentum thickness distributions correlated well with
the shear-layer transition location. These observations
suggests that these large separation bubbles may have
characteristics that are universally similar. Changes in
Reynolds number did not significantly affect the
separation bubble characteristics. However, a larger
Mach number did result in a dightly larger separation
bubble for the glaze ice case at a = 6 deg. This result
was consistent with previous observations of the airfoil
surface pressure and performance data. The rms
velocity distributions had peak values in the separated
shear layer, downstream of transition, that compared
well with previous work. These large values (on the
order of 0.30 to 0.35 times the mean freestream
velocity), indicate that potentially large-scale
unsteadiness was present in the flowfield.
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