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Flowfield Measurements About an Airfoil
with Leading-Edge Ice Shapes
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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 ×× 106 and 6.0 ×× 106 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
integral 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 slightly larger separation
bubble for the glaze ice case at α= 6 deg. The root-mean-square velocity distributions had peak values in the
separated shear layer, downstream of transition, that compared well with previous work.

Nomenclature
Cl = lift coefficient
Cl,max = maximum lift coefficient, coincident with αstall

Cp = pressure coefficient
c = airfoil chord length
M = freestream Mach number
Re = Reynolds number based on chord
Ue = boundary-layer edge velocity
U∞ = freestream velocity
u = time-averaged (mean) streamwise velocity
urms = root-mean-square velocity fluctuation
x = chordwise distance along airfoil
y = distance normal to airfoil chord
ydiv = y location of dividing streamline
ysurf = y location of airfoil surface
α = airfoil angle of attack
αstall = stalling angle of attack, coincident with Cl,max

δ = boundary-layer edge location (thickness)
δ∗ = boundary-layer displacement thickness
θ = boundary-layer momentum thickness

Introduction

L ARGE, leading-edge ice accretions on airfoils cause signif-
icant performance effects such as reduced lift and increased

drag. The effects are well documented for a number of ice shape
families.1−3 Perhaps less understood, however, are the complex
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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. Knowl-
edge of the iced-airfoil flowfield is also critical in determining what
geometric features of the ice contribute to the performance degra-
dations and how these may differ for other airfoils.

Typically, large glaze ice accretions on airfoils are characterized
by “horns” that protrude some distance off the airfoil surface. These
flowfields have been studied in previous work, and a basic under-
standing of the time-averaged characteristics has been developed.
The ice horn causes the flow to separate, and for low angles of at-
tack, 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 sep-
arate 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 pres-
sure distribution.3 These are referred to as “long bubbles” as orig-
inally described by Tani4 for clean airfoils. Rime ice shapes tend
to differ from glaze ice shapes in that usually there are no horns
oriented at a large angle to the incoming flow. However, flow sepa-
ration does occur because of discontinuities between the ice shape
and airfoil surface.3 Depending on 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 20 years (or so) of icing research. The flow-
field 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 et al.5 performed split-hot-film anemometry measurements
in the separation bubble flowfield about a simulated glaze ice ac-
cretion 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 × 106 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 mea-
sured covered over 30% of the chord at an angle of attack 1 deg
below stall. An important result of this work was that the time-
averaged separation bubble characteristics compared favorably to
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laminar separation bubbles that can form on uncontaminated, or
clean, airfoils. Khodadoust6 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 nonintrusive LDV measurements and
computational fluid dynamics (CFD) calculations. In addition to the
quantitative 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.7,8 These data showed
that the leading-edge separation caused a strong spanwise vortex
on the swept wing. This also confirmed what had been observed in
CFD calculations.9,10

Whereas the time-averaged characteristics of large ice shape-
induced separation bubbles are fairly well known, the unsteady char-
acteristics are less certain. Bragg et al.5 performed time-dependent
measurements as a part of their study and report a low-frequency
oscillation in the separation bubble flowfield. Gurbacki and Bragg11

have considered unsteady characteristics in more detail. A NACA
0012 airfoil model instrumented with high-frequency response pres-
sure transducers (Kulites) was tested with both rime and glaze ice
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
et al.5

Motivation for work in this area is to achieve a better understand-
ing of this complex flow and to provide data for improvement of
computational results. Several studies have noted that the complex-
ity of the flowfield and potential for large-scale unsteadiness may
render some computational methods incapable of correctly model-
ing the flows. For example, Dunn et al.12 and Pan et al.13 both sug-
gest that accurate prediction of stalling angle and maximum lift for
airfoils with large ice shapes requires unsteady, three-dimensional
methods. Chung and Addy14 suggest that flowfield measurements
should be made to better assess the predictive capabilities of current
CFD methods for iced-airfoil calculations. Specifically, they called
for a complete set of flowfield, surface pressure, and performance
data for both large glaze and rime ice shapes obtained in the same
experimental facility.

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 air-
foil with the simulated ice shapes were carried out in previous ex-
periments and, thus, the additional flowfield information provides
for a comprehensive data set.15 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 and at several Reynolds and Mach numbers.
Split-hot-film anemometry was used to determine the streamwise
velocity profiles at several chordwise locations along the airfoil up-
per surface. The measurements were performed in a pressure tunnel
at Reynolds numbers of 3.5 × 106 and 6.0 × 106 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 principally
used for two-dimensional airfoil testing and is described in detail in
Refs. 16 and 17. It can be operated at stagnation pressures from near
vacuum to 147 psia (1,014 kPa) (except 15–20 psia or 103–138 kPa)
and over a Mach number range of 0.05–0.40. 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 dimen-
sions are 36 in. (914 mm) wide by 90 in. (2286 mm) high by 90 in.
(2286 mm) long. The tunnel was designed for two-dimensional air-
foil testing with model chord lengths up to 36 in. (Ref. 16). The

a) Smoothed 16.7-min rime ice shape 212

b) Smoothed 22.5-min glaze ice shape 944

Fig. 1 Smoothed ice shapes, after Addy et al.15

Fig. 2 Boundary-layer measurement apparatus installed in LTPT test
section.

freestream turbulence intensity levels were about 0.1% or less for
the operating conditions used in this investigation.17

The GLC-305 airfoil model had a 36 in. (914 mm) chord by 36 in.
(914 mm) span and was mounted horizontally across the width of
the test section. The model was machined aluminum and had remov-
able leading-edge sections. The leading-edge sections allowed for
the various ice-shape simulations to be attached to the airfoil model.
Two ice-shape simulations were used in this investigation and are
shown in Fig. 1. The contour of these ice simulations was deter-
mined from smoothed coordinates of an ice tracing as described in
Addy et al.15 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 installation for aerodynamic performance measurements may
be found in Ref. 15.

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.18 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 tra-
verse was cantilevered from the sidewall turntable via a track plate.
The vertical positioning was computer controlled and provided a
positioning accuracy of ±0.0003 in. (0.0076 mm). The track plate
allowed the vertical traverse to be positioned in the chordwise di-
rection. An operator remotely controlled the chordwise positioning
based on feedback from a potentiometer that was routinely cali-
brated during the test. The chordwise position was set to within
±0.003x/c. For the majority of chordwise locations the vertical tra-
verses were performed in a direction normal to the chord line. There
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were some locations, near the leading edge, where the surface cur-
vature required a small tilt angle. The tilt angle was also controlled
remotely and measured by visual 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. or 228.6 mm) 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. This was a
0.006-in. (0.152 mm)-diam platinum 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 in. (0.254 mm). These data
were only valid in nonreverse 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 on this location, the split-film
sensor was positioned between 0.005 (0.127 mm) and 0.015 in.
(0.381 mm) above the surface. This offset distance was regularly
measured and applied to the velocity profile data.

Because the purpose of this investigation was to survey the
flowfields of two iced-airfoil configurations over several Reynolds
and Mach number conditions, time constraints prohibited a high-
resolution study of the separated flowfields. Thus, the number of
chordwise locations where the velocity profiles were acquired was
limited. In general, profiles were acquired every 0.03x/c near the
leading edge (up to x/c = 0.15), and then every 0.05x/c farther
downstream to the expected shear-layer reattachment region, Down-
stream of the expected reattachment region, profiles were acquired
every 0.10–0.25x/c. The spacing of points in the vertical direc-
tion was adjusted based on the thickness of the separation bubble
or boundary layer. The profiles consisted of 25–40 points that had
a nonlinear distribution with closer spacing near the airfoil sur-
face. For the glaze ice-shape configuration 944, these velocity pro-
files were acquired at α = 0, 4, and 6 deg for Re = 3.5 × 106 and
6.0 × 106 at constant M = 0.12. A subset of the velocity profiles
was also acquired at Re = 6.0 × 106 and M = 0.21. For the rime
ice-shape configuration 212, the velocity profiles were acquired at
α = 6, 8, and 10 deg for Re = 3.5 × 106 and 6.0 × 106 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.5

and Spring.19 The calibration of the sensor was performed in a 4-in.-
diam ejector-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 each of these
stagnation pressures. In this way, each calibration was performed
with the appropriate air density and minimal 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.

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 cutoff of 500 Hz. The voltages were
temperature corrected (to account for differences in temperature dur-
ing 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. Although it
is likely that some interference effects were present, no suitable cor-
rection methods were found that were applicable to this experiment.
Note that Khodadoust6 performed nonintrusive 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 u and root-mean-square of the
velocity fluctuation urms were calculated from the time series data.
The mean velocity profiles were used to calculate several boundary-
layer parameters. These calculations were carried out using methods
similar to Bragg et al.5 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, ydiv/c, can be
expressed mathematically for constant density flow as∫ ydiv/c

ysurf/c

u

Ue
d
( y − ysurf

c

)
= 0

where Ue is the boundary-layer edge velocity. The edge velocity
was selected manually for each profile using custom-written data-
reduction software with a graphical user interface. Selection of the
edge velocity also allowed for calculation of the boundary-layer
displacement thickness,
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The momentum thickness was also calculated in the usual way,
but with a simple modification for velocity profiles that may have
reverse flow,
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Results and Discussion

The lift performance of the GLC-305 airfoil was affected dif-
ferently by the two ice shapes considered in this investigation. As
shown 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.15 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

Fig. 3 Lift performance comparison of GLC-305 airfoil with and with-
out leading-edge ice-shape simulations at M = 0.12 and clean data at
Re = 3.0 ×× 106, iced data at Re = 3.5 ×× 106, after Addy et al.15
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Fig. 4 Effect of ice simulations on surface pressure distribution at
M = 0.12 and clean data at Re = 3.0 ×× 106, iced data at Re = 3.5 ×× 106,
after Addy et al.15

flowfield data were acquired. The choice of 6, 8, and 10 deg for the
rime shape revealed 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 geometries in 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 Cp distribution in the region of the rime and glaze ice
shapes was not smooth owing to the roughness of the simulated ice.
This is particularly evident on the lower surface for both ice shapes.
The clean-airfoil pressure distribution was marked by a large suc-
tion peak of nearly −4.0 in Cp , followed by a very large adverse
gradient. In the rime-ice pressure distribution, there was a suction
peak of −2.5 in Cp at x/c ≈ −0.03. This pressure tap was located
near the tip of the ice shape, where a large, local flow velocity 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 separation bub-
ble. The pressure recovery aft of this plateau indicates the onset of
transition in the separated shear layer.4 That is, the start of the shear-
layer transition process 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 Cp intersects
the clean airfoil Cp (Refs. 4 and 5). In this case, the clean and iced
pressure recovery regions overlap. The split-film flowfield data indi-
cated that reattachment occurred at x/c ≈ 0.05, which was slightly
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/c ≈ 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 mea-
surements was the effect of the probe and support strut on the sep-
arated and reattaching flowfield. An analysis of the pressure dis-
tributions 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 chord-
wise row of pressure taps without the traversing mechanism, and the
other three sets were taken from the chordwise row of taps located at
the same spanwise station as the main vertical traverse strut. These
pressures were acquired with the split-film probe located within
0.015 in. of the airfoil surface. As shown in the data, the presence
of the probe and strut caused slightly larger suction pressures in

Fig. 5 Effect of probe and strut on surface pressure distribution
for glaze ice configuration 944 at α = 4 deg with Re = 3.5 ×× 106 and
M = 0.12.

the plateau region of the separation region. The beginning of the
pressure recovery was not affected by the probe and strut. However,
the recovery gradient became larger as the probe was moved far-
ther upstream into the bubble region. This had the effect of slightly
reducing the bubble size with the shear-layer reattachment being
farther forward by a few percent chord. Note that the faired probe
holder was about 8% chord downstream of the probe tip. Because the
probe was angled down toward the airfoil surface, the probe holder
was always 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 local flow acceleration resulting
in the more negative Cp at this location. This effect was not ob-
served as the probe tip was located farther upstream with the probe
holder located in the pressure recovery region. This minor effect of
the probe and strut interference was comparable to that observed
by Bragg et al.5 Khodadoust6 also compared split-film velocity data
to nonintrusive LDV data and found very good agreement, further
indicating that interference effects were small.

Flowfield Comparisons
Contour plots of the mean streamwise velocity provide a good

overall 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. Figure 6 shows how the
boundary layer separated near the tip of the glaze ice horn. A sig-
nificant 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, stream-
wise 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. It is likely that
the local flow velocities in this region were very low magnitude,
owing to the secondary separation of the reverse flow. This is in-
dicated by the zero-velocity contour line near the surface between
x/c = 0.02 and 0.05. The zero-velocity contour line also shows that
the mean reattachment location was near x/c = 0.53. The develop-
ing turbulent boundary layer downstream of reattachment did not
show evidence of separation up to x/c = 0.95, where the last profile
was measured. Whereas the contour plots provide an overall view
of the complex flowfield, quantitative comparisons of the bubble
characteristics are difficult to determine.

The stagnation and dividing streamline characteristics demon-
strate more quantitative aspects of the separation bubble develop-
ment. These are 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 airfoil with the rime shape, the increase
in bubble size was nearly linear with increasing angle of attack,
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Fig. 6 Contours of mean streamwise velocity for glaze ice configuration 944 at α = 6 deg with Re = 3.5 ×× 106 and M = 0.12.

Fig. 7 Stagnation and dividing streamlines for rime ice configuration
212 at Re = 3.5 ×× 106 and M = 0.12.

Fig. 8 Stagnation and dividing streamlines for glaze ice configuration
944 at Re = 3.5 ×× 106 and M = 0.12.

based on the movement of reattachment locations. For the airfoil
with the glaze shape, the bubble growth was much more nonlinear
with increasing angle of attack. The bubble approximately doubled
in size from α = 0 to 4 deg and then nearly doubled again in size
from α = 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. Because 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 at α = 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.2,20

The separation bubble reattachment locations determined from
the streamline plots are summarized in Table 1. Also shown are

Fig. 9 Comparison of integral boundary-layer parameters for glaze
ice configuration 944 at Re = 3.5 ×× 106 and M = 0.12.

Table 1 Comparison of shear-layer reattachment locations
at Re = 3.5 ×× 106 and M = 0.12

Reattachment locations x/c

Ice shape Angle of attack α, deg From C p From streamlines

Rime 6 0.04 0.05
Rime 8 0.20 0.18
Rime 10 0.45 0.40
Glaze 0 0.14 0.15
Glaze 4 0.31 0.30
Glaze 6 0.60 0.53

the locations determined from the simple method of comparing the
clean and iced pressure distributions. The data indicate that the pres-
sure 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.5 in this regard.

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 to 0.02. This trend
was also observed by Bragg et al.5 for a simulated glaze ice shape
on a NACA 0012 airfoil, and their data are plotted in Fig. 9 for
comparison. The separation bubble length for α = 4 deg of Bragg
et al.5 was similar to α = 0 deg in the present data. Likewise, the
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Fig. 10 Comparison of integral boundary-layer parameters for rime
ice configuration 212 at Re = 3.5 ×× 106 and M = 0.12.

bubble length for α = 6 deg of Bragg et al.5 was similar to α = 4 deg
in the present data. The agreement in these data for the α = 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. A comparison of
the pressure distributions shows larger differences downstream of
this location, thus leading to differences in the turbulent boundary-
layer development. For the α = 4/6 deg comparison, the agreement
is also good up to x/c = 0.15. Downstream of this location, the trend
in the present data is consistent with the trend for the α = 0 deg.
case, whereas δ∗/c tends to level off for the Bragg et al.5 data. The
reason for this is not clear, but may be related to changes in the
flowfield close to stall. Maximum lift in both the present data and as
described by Bragg et al.5 occurred at 7 deg. Therefore, bubbles of
similar sizes occurred at 1 deg below maximum lift for Bragg et al.,5

but 3 deg below maximum lift for the present data. Unfortunately,
no data downstream of x/c = 0.35 were available in the present
case 1 degree below maximum lift, that is, at α = 6 deg, to aid in
this interpretation. The data comparison in the α = 0/4 deg case do
suggest that these large separation bubbles may have certain integral
characteristics that are universally similar.

Analogous comparisons were also 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 α = 0/4 deg upstream of x/c = 0.20.
Downstream of this location, there was some divergence likely ow-
ing to the differences in ice shape and airfoil geometry. Agreement
is also good in the α = 4

6 deg case upstream of x/c = 0.30, except
for the data points near 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 et al.5 noted that for their α = 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 α = 0 deg), the local maximum
was located at x/c = 0.10. This is very close to the transition lo-
cation estimated from the surface pressure distribution. The local
maxima at x/c ≈ 0.15 and x/c ≈ 0.25 for α = 4 and 6 deg in the
present data also corresponded to the transition location determined

from the surface pressure distribution. Bragg et al.5 also suggested
that the shear-layer reattachment location could be determined by
the second local maxima in the θ/c data, if present. This only oc-
curred at x/c = 0.20 for α = 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 thick-
ness 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 δ∗/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 fur-
ther indicates universal similarities of the separation bubble char-
acteristics. Analogous trends were also observed in the momentum
thickness characteristics. For example, there are local maxima at
x/c = 0.02 and x/c = 0.08, for α = 6 and 8 deg, respectively. These
locations approximately correspond to the start of the pressure re-
covery 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 α = 10 deg.

Reynolds and Mach Number Effects
The independent effects of Reynolds and Mach number on the

separated flowfield development were also investigated for the glaze
ice configuration. 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.15 In fact, it was found that changes in Mach
number had more of an effect on maximum lift than changes in
Reynolds number.15 An example of this effect is shown in Fig. 11.
Figure 11 shows how the maximum lift coefficient decreased slightly
as the Mach number was increased. This drop in Cl,max was about
8% between M = 0.12 and M = 0.28. A comparison of the data be-
tween Figs. 3 and 11 shows less than 1% difference in Cl,max from
Re = 3.5 × 106 to 10.5 × 106 at M = 0.12. Similar trends were ob-
served in the flowfields of the present study. For example, Fig. 12
shows a comparison of stagnation streamlines for three Reynolds
and Mach number combinations for the airfoil with glaze ice shape
944. For the α = 4 deg case, the bubble size is virtually identical
across the three freestream conditions. The apparent discrepancy
between x/c = 0.12 and 0.24 for the M = 0.21 case occurred be-
cause no boundary-layer profiles were taken on this interval for this
condition. For α = 6 deg, the stagnation streamline for the M = 0.21
case indicates that the separation bubble was slightly larger than for
the other conditions. This is consistent with the interpretation of the
pressure distributions by Addy et al.15 and the present study that in-
dicate larger bubble sizes at higher Mach numbers. It is reasonable
that the larger bubble results in airfoil stall at a slightly lower angle
of attack and lower lift coefficients.

Fig. 11 Effect of Mach number on lift performance of GLC-305 airfoil
with glaze ice configuration 944, after Addy et al.15
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Fig. 12 Effect of Reynolds and Mach number on stagnation streamline
locations for glaze ice configuration 944.

a) Displacement thickness

b) Momentum thickness

Fig. 13 Effect of Reynolds and Mach number on integral boundary-
layer parameters for glaze ice configuration 944 at α = 6 deg.

It is unclear what phenomenon causes the larger bubble sizes
for higher Mach numbers. A thorough literature search yielded no
relevant information on Mach number effects in this range on sep-
aration bubbles of this nature. There have been numerous studies
of Mach number and compressibility effects on plane shear lay-
ers. For example, Papamoschou and Roshko21 show that increases
in Mach number reduce the spreading rates of turbulent shear lay-
ers, even at subsonic Mach numbers. However, application of their
analysis shows that the present separation bubble flowfield was well
within the incompressible regime of a turbulent shear layer where
the growth rate is unaffected by increases in Mach number.

The integral boundary-layer parameters show very little influ-
ence of Reynolds and Mach numbers. These are shown in Fig. 13
for the glaze ice shape case at α = 6 deg. The larger bubble size
observed in Fig. 12 for M = 0.21 is partially represented in the
δ∗/c data at x/c = 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 limita-
tion of the traversing mechanism. This effect is not observed in the

Fig. 14 Effect of Reynolds and Mach number on selected velocity pro-
files for glaze ice configuration 944 at α = 6 deg.

momentum thickness data, however, it suffers from the same lim-
itations downstream of x/c = 0.35. The discrepancy in θ/c values
between x/c = 0.12 and 0.24 for the M = 0.21 case is also due to
the lack of data for these locations.

An increase in the displacement and momentum thicknesses for
M = 0.21 near the vicinity of reattachment may be inferred from
an examination of the velocity profiles at x/c = 0.45 and 0.55
shown in Fig. 14. Both sets of velocity profiles indicate lower
mean velocities and potentially increased boundary-layer thickness
at Re = 6.0 × 106 and M = 0.21. Therefore, it is likely that the dis-
placement thicknesses downstream of x/c = 0.35 would continue
to be larger at M = 0.21 than at M = 0.12. Although it is difficult
to see in 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
further support the observation that the mean size of the separation
bubble was slightly larger at the higher Mach number. The differ-
ences in the profiles should not be due to any calibration discrep-
ancies because velocity data deduced from the stagnation pressure
probe (outside of the reverse-flow region) showed similar trends.

Turbulence Intensity and Reverse Flow Intermittency
The turbulence intensity contours for the separated shear-layer

regions were found to be in agreement with results from other sep-
arated 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 α = 6 deg.
This turbulence intensity contour corresponds to the velocity con-
tour already discussed in Fig. 6. The maximum values, in the range
of 0.32–0.36, occurred in the middle of the separated shear layer
at x/c ≈ 0.30. This region of peak turbulence intensity began just
downstream of x/c = 0.25, which has already been identified as the
shear-layer transition location from the pressure data. Although dif-
ficult to see in the black and white contour plot, the urms/U∞ levels
in the range of 0.28–0.32 persist downstream to x/c = 0.55, the
vicinity of reattachment. Downstream of reattachment, the turbu-
lence intensity levels decreased gradually, having maximum values
in the range of 0.20–0.24 at x/c = 0.95.

The trends and values of the turbulence intensity compare fa-
vorably with LDV measurements of the separation bubble flow-
field past a NACA 0012 airfoil with simulated glaze ice accretion.
Khodadoust6 reported peak values of urms/U∞ = 0.34 in the vicinity
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Fig. 15 Contour of turbulence intensity for glaze ice configuration 944 at α = 6 deg with Re = 3.5 ×× 106 and M = 0.12.

Fig. 16 Contour of reverse flow intermittency for glaze ice configuration 944 at α = 6 deg with Re = 3.5 ×× 106 and M = 0.12.

of the separated shear-layer transition location. The general distri-
bution 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 Johnston22 state that
local turbulence intensity values (urms/U∞) 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 sep-
arated shear layer sometimes referred to as “flapping.”23,24 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.5 reported a low-frequency com-
ponent in the spectra of the fluctuating shear-layer streamwise ve-
locity. Likewise, Gurbacki and Bragg25 identified low-frequency
components in the fluctuating pressure spectra in the separation
bubble flowfield on an iced airfoil. The magnitude of the large-scale
unsteadiness can be inferred from Fig. 16. The reverse-flow inter-
mittency is defined as the fraction of time that the flow was in the
upstream direction. A value of 0 means that the local streamwise
velocity was always downstream. Likewise, a value of 1.0 indicates
that the local streamwise velocity was always reversed. Figure 16
shows that the reverse-flow intermittency in the vicinity of reattach-
ment (x/c = 0.53) is about 0.5. This means that the amount of time
that the local velocity is in the upstream direction equals the amount
of time that the local velocity is in the downstream direction, thus in-
dicating a large degree of unsteady flow. Gurbacki’s26 instantaneous
flowfield images of a similar iced-airfoil geometry document the
large-scale structures that are shed from the separation bubble. The
result is a quasi-periodic expansion and contraction of the bubble
and, hence, movement of the reattachment location. These effects
contribute to the large area in the vicinity of mean reattachment hav-
ing reverse flow intermittency values in the range of 0.4–0.6. 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
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 × 106 and 6.0 × 106 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 sepa-
ration bubbles downstream of the ice shapes. For all 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 differences in the horn geometry. Other
than the differences in size, the integral boundary-layer characteris-
tics were very similar. Analogous trends in the displacement thick-
ness 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 mo-
mentum thickness distributions correlated well with the shear-layer
transition location. These observations suggest that these large sep-
aration bubbles may have characteristics that are universally similar.
Changes in Reynolds number did not significantly affect the sepa-
ration bubble characteristics. However, a larger Mach number did
result in a slightly larger separation bubble for the glaze ice case at
α = 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, down-
stream of transition, that compared well with previous work. These
large values (on the order of 0.30–0.35 times the mean freestream
velocity), along with the reverse-flow intermittency, indicate that
potentially large-scale unsteadiness was present in the flowfield.
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