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The effects of freestream turbulence intensity on the mean topology and transition characteristics of laminar

separation bubbles forming over the suction side of a NACA0018 airfoil are investigated experimentally for angles of

attack between 0 and 20 deg, chord Reynolds numbers between 100,000 and 200,000, and freestream turbulence

intensities between 0.09 and 2.03%.The results show that increasing freestream turbulence intensity results in earlier

transition and reattachment, contributing to an overall decrease in separation bubble length. At lower angles of

attack, this is accompanied by a minor decrease in lift, whereas at prestall angles of attack and higher turbulence

intensity levels, lift increases and stall is delayed. Spatial amplification rates of disturbances in the separated shear

layer are shown to decrease at elevated levels of turbulence intensity, indicating that the earlier transition is attributed

solely to the larger initial amplitude of perturbations. At elevated turbulence intensity levels, a broader range of

unstable frequencies is detected in the separated shear layer, with the central frequency of the unstable band showing

moderate variations with the level of freestream perturbations. The results indicate a change in the transition process

at higher freestream turbulence intensity levels, indicative of bypass transition in the boundary layer. The degree of

influence of freestream turbulence intensity on the separation bubble is shown to decrease as the chord Reynolds

number is increased.

Nomenclature

Cl = sectional lift coefficient
Cl;max = maximum of Cl

CP = surface pressure coefficient, �P − P0�∕q0
c = airfoil chord length
d = turbulence-generating grid element size
Epp = energy spectrum of p
Euu = energy spectrum of u
f = frequency
f0 = central disturbance frequency
lb = separation bubble length, xR − xS
M = turbulence grid mesh spacing
P = mean surface pressure
P0 = mean freestream static pressure
p = fluctuating surface pressure
p 0 = root mean square of p
p 0
max = maximum of p 0

q0 = freestream dynamic pressure, 0.5ρU2
0

Rec = Reynolds number based on airfoil chord length,
U0c∕ν

Tu = freestream turbulence intensity, u 0∕U0

U = freestream velocity
U0 = mean freestream velocity
u = fluctuating component of U
u 0 = root mean square of u
X = streamwise coordinate relative to the turbulence-

generating grids
x, y, z = chordwise, vertical, and spanwise coordinates

relative to the midspan of airfoil leading edge

xS, xT , xR = chordwise locations of mean separation, transition,
and reattachment

α = airfoil angle of attack
β = turbulence grid porosity, �1 − d∕M�2
Δf = unstable frequency band
Λ = integral length scale
ν = kinematic viscosity of air
ρ = density of air
σ = spatial amplification factor
σmax = maximum of σ

I. Introduction

A IRFOILS operating at low chord Reynolds numbers,
characterized by values typically less than 500,000, generally

have a decreased aerodynamic performance as compared with those
operating at higher chord Reynolds numbers [1,2]. As such, research
efforts over the last several decades have focused on low Reynolds
number airfoil flows, with the aim of identifying performance
improvements for applications such as unmanned aerial vehicles, small
to medium sized wind turbines, and compressor and turbine blades
[1,3–5]. The main impediment to airfoil performance at low Rec is
laminar boundary-layer separation on the suction side of the airfoil.
Following separation, if the flow remains detached the airfoil is stalled
and experiences high drag and low lift [1]. However, if the flow
reattaches downstream of separation, a laminar separation bubble
(LSB) is formed [6,7] and performance improves with respect to the
stalled case. Early experimental studies [6–8] established a description
of the time-averaged topology of LSBs, which is depicted in Fig. 1.
LSBs formed over airfoils [10–13], as well as flat plates with

an imposed adverse pressure gradient [14–17], have been studied
experimentally and numerically. A parametric study of LSBs formed
over aNACA0018 airfoil conducted byBoutilier andYarusevych [9]
summarizes generally accepted trends for Reynolds number and
angle-of-attack effects on the time-averaged bubble characteristics. It
has been established that LSBs form earlier upstream and decrease in
lengthwith increasing angle of attack or chordReynolds number. The
laminar-to-turbulent transition process in separation bubbles has a
significant influence on LSB characteristics and, as such, has been
studied extensively experimentally [11,15,18,19] and numerically
[20–23]. The transition process is initiated by the amplification of small-
amplitude disturbances that originate from the freestream through the
receptivity process [24]. The disturbances within an unstable wave
packet undergo near exponential amplification dominated by the normal
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modes in the separated shear layer [15,25], with the process being
modeled well by linear stability theory [18,21]. As the disturbances
reach significant amplitudes, nonlinear interactions begin to occur [25],
marking the later stages of transition. The formation of coherent
structures has been observed during the later stages of transition, where
the separated shear layer rolls up into vortices that are shed at the
frequency of the most amplified disturbances [11,13,19,26]. These
structures effectively govern the flow development in the aft portion of
the bubble [11,19,26,27].
Transition in the separated shear layer is inherently sensitive to

small-amplitude environmental disturbances and, therefore, signifi-
cant effects of freestream turbulence intensity on the transition process
have been noted in several investigations [11,22,28,29]. At low levels
of Tu, the separated shear layer rolls up into large-scale vortices in the
aft portion of the bubble [11,22,29]. At elevated levels of Tu, weaker
shear layer roll-up is observed [22,23,29]. This may be a consequence
of the reduction in the size of the separation bubble, and thus roll up
occurring closer to thewall, and/or interaction of spanwise rollers with
streamwise structures that have been observed to form in the boundary
layer upstream of separation [22].
Previous investigations have examined the effect of Tu on the

performance of airfoils [30–32] and, more specifically, on suction-
side LSB characteristics [10,28,33]. At elevated levels of Tu, an
increase in the lift coefficient near stall has been observed [30,32] as
well as a delay in the stall angle [31].Mueller et al. [30] found that the
hysteretic dependence of lift on the direction of approach to the stall
angle is reduced at elevated levels ofTu. Increasing levels of Tu have
also been shown to reduce the length of the LSB [10,28,33,34].
Ol et al. [33] demonstrated that nominally identical experiments
performed in different facilities can produce notably different results.
For example, they found that locations ofmean separation, transition,
and reattachment varied by as much as 0.15c, 0.10c, and 0.05c,
respectively. These discrepancies are attributed to differences in the
freestream characteristics in the three facilities (i.e., turbulence
intensity, length scales, and disturbance spectrum), of which only
turbulence intensities were reported and varied by as much as 0.1%
between the facilities. Through a combination of experiments and
numerical simulations of an LSB formed over the suction side of an
SD7003 airfoil, Olson et al. [28] found that increasing Tu from 0.3 to
0.9% led to a downstream shift of 0.03c in the location of mean
separation and an upstream shift of 0.12c in the location of
mean reattachment. These modifications to mean bubble topology
highlight the challenges in comparing experimental results obtained
at different freestream conditions. The studies summarized here, and
the majority found in literature [10,28,30–34], have focused on the
effects of freestream turbulence intensity on time-averaged LSB
characteristics and/or airfoil performance, whereas the associated
changes in separation bubble dynamics remain to be addressed.
Moreover, the influence of turbulence intensity has been typically
considered for a specific set of experimental conditions (i.e., a fixed
angle of attack and Reynolds number), and thus added insight is
required into the interdependence between Reynolds number, angle
of attack, and freestream turbulence intensity level.
The purpose of the present investigation is to investigate the effects

of freestream turbulence intensity on laminar separation bubbles
formed over the suction side of a NACA 0018 airfoil over a relatively
wide range of angles of attack (0 ≤ α ≤ 20 deg), Reynolds numbers
(100;000 ≤ Rec ≤ 200;000), and levels of freestream turbulence
intensity (0.09 ≤ Tu ≤ 2.03%). Mean surface pressure measure-
ments are used to identify the location of the separated flow region,

quantify its extent, and determine sectional lift. Fluctuating surface
pressure measurements are used to provide insight into the transition
process and gain insight into the observed changes in mean
separation bubble characteristics.

II. Experimental Setup

All experiments were performed in the closed-loop wind tunnel
located in the Fluid Mechanics Research Laboratory at the University
of Waterloo. The test section of the tunnel is 0.61 m wide by 0.61 m
high and2.4m long. The flow is conditionedby aluminumhoneycomb
and a set of five screens upstream of a 9:1 contraction, resulting in a
freestream turbulence intensity of 0.1%over the investigatedReynolds
number range. The freestream velocity was set based on the static
pressure drop measured across the tunnel contraction, which was
calibrated against a Pitot-static tube in the empty test section. The
associated uncertainty in U0 is approximately 2%.
The freestream turbulence intensitywas elevated above the baseline

level by placing turbulence-generating grids just upstream of the test
section inlet, as depicted in Fig. 2. The characteristic dimensions of the
turbulence-generating grids are provided in Table 1. The relationship
between the contraction pressure drop and the test sectionvelocity was
established for each turbulence-generating grid. Square grids of
elements are commonly used as a passive method of generating nearly
homogeneous and isotropic freestream turbulence [35–37]. In this
investigation, the first three grids (i.e., cases 2–4 in Table 1) are woven
wiremesh screens, whereas the final grid is a square array of rectangular
elements. In considering the downstream distance of the airfoil from the
grids X relative to the mesh size M, Batchelor and Townsend [38]
suggest that the region of developing turbulence is located within
X∕M ≤ 20. In their review, Laws and Livesey [37] suggest that this
region extends to X∕M � 40. For the present investigation, the airfoil
leading edge is locatedwithin 38 ≲ X∕M ≲ 820, depending on the grid,
and is thus assumed tobe subjected tonearlyhomogeneous and isotropic
freestream turbulence.
Freestream turbulence intensities were measured by means of

hot-wire anemometry in the empty test section at the location
corresponding to the midspan and leading edge of the airfoil at zero
angle of attack. Measurements were conducted using a normal Dantec
55P11 probe connected to a Dantec Streamline Constant Temperature
Anemometry system. The probe was calibrated in situ against a Pitot-
static probe positioned approximately 3 cm below the hot-wire probe.
A total of 223 samples were recorded at a rate of 100 kHz, with the
signal low-pass filtered at 50 kHzusing an analog filter. The turbulence
intensity Tu � u 0∕U0 was then computed from the low-pass-filtered
signal. Integral length scales were calculated from the integral of an
exponential curve fit to the autocorrelation function of the velocity
fluctuations with the use of Taylor’s hypothesis [39]. The obtained
turbulence intensities and integral length scales are presented in
Table 2. Spectra of the hot-wire signals were computed usingWelch’s

Separation

Laminar boundary layer Laminar separation

bubble

Line of zero wall-parallel velocity
Transition

Reattachment
Fig. 1 Time-averaged laminar separation bubble (after Boutilier and

Yarusevych [9]).
0.55m 0.61m

0.61m

Interchangeable turbulence grid

c

Fig. 2 Experimental arrangement.

Table 1 Turbulence-generating grid parameters

Case d, mm M, mm β, %

1) No screen —— —— — —

2) Fine screen 0.11 0.67 70
3) Medium screen 0.26 1.48 68
4) Coarse screen 0.48 2.19 61
5) Grid 1.72 14.32 77
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method [40], with a resulting frequency resolution of 0.8 Hz. The
representative spectra in Fig. 3 indicate that all turbulence-generating
grids increased velocity fluctuations over a broad range of frequencies,
resulting in the overall increase in Tu level.
Experiments were performed using an aluminum NACA 0018

airfoil with a chord length and span of 0.2 and 0.61 m, respectively.
The airfoil is equipped with 65 streamwise pressure taps, of 0.4 mm
diameter, distributed in two staggered rows at the midspan (Fig. 4).
The model is also equipped with an array of 22 microphones
embedded under 0.8 mm ports in two staggered rows centered at
z∕c ≈ −0.2 on the suction side. Before the experiments, all
microphones were calibrated in their model arrangement against a
referenceBrüel andKjær 4192microphone over a range of frequencies
from 100 to 5000 Hz. Additional details about the airfoil model and
microphone frequency response are provided by Gerakopulos and
Yarusevych [41]. To minimize end effects, the airfoil model was fitted
with circular end plates, 2.25c in diameter, with a spanwise spacing of
2c as per the recommendation of Boutilier and Yarusevych [42]. For
the investigated angles of attack, the blockage ratio was within the
range of 7.4–12.8%. It has been shown that blockage corrections
perform adequately for angles of attack below the stall angle [42];
however, their performance deteriorates substantially at poststall
angles of attack. Therefore, for consistency, the data are presented

without any blockage corrections applied. A digital protractor affixed
to the airfoil axis of rotationwas used to set the angle of attack towithin
0.1 deg relative to the aerodynamic zero reference.
Mean surface pressure measurements were performed by

mechanically multiplexing the pressure taps through a Scanivalve unit
to two Setra 239 differential pressure transducers. Measurements were
referenced against a freestream static pressure tap located in the floor of
the test section approximately 2c upstream of the airfoil. For each
pressure tap, the pressure in the tubingwas given at least 25 s to equalize
after the multiplexer was indexed. Then, 104 samples were acquired at
1kHzusingaNational InstrumentsUSB-6259data acquisitionunit. The
transducers had full-scale ranges of ±600 and�250 Pa to measure the
suction- and pressure-side pressure distributions, respectively, resulting
in uncertainties of 6 and 5% of the freestream dynamic pressure,
respectively. To measure fluctuating surface pressures, the microphone
signals were sampled simultaneously at 40 kHz using two National
Instruments 9220 data acquisition modules for a total of 220 samples.

III. Results

Measurements were performed for 0 ≤ α ≤ 20 deg, 100;000 ≤
Rec ≤ 200;000, and 0.09 ≤ Tu ≤ 2.03%. Because of the large test
matrix, a select portion of the results is presented to highlight the main
trends and the associated flow characteristics. First, the effects ofTu and
Rec on airfoil lift are examined. Then, the effects on mean separation
bubble topology are evaluated and linked to the observed changes in
airfoil lift. Finally, the associated changes in separated shear layer
disturbance evolution are examined.

A. Airfoil Lift

The effects of freestream turbulence intensity on the flow over the
airfoil are first assessed by means of the sectional lift coefficient,
calculated by numerically integrating the measured mean surface
pressure distributions. The results are presented inFig. 5 for eachof the
three chord Reynolds numbers investigated. For the baseline case, the
data are in good agreement with previous investigations on a NACA
0018 airfoil [9,43,44]. Examining the results for all the cases, the
following distinct regions can be identified in Fig. 5: 1) “low angles of
attack,” α ≲ 6 deg, where Cl increases approximately linearly with
angle of attack; 2) “prestall angles of attack,” from α ≈ 7 deg to stall,
where increases in Cl with α gradually become less significant; and
3) “poststall angles of attack,” where Cl begins to recover after the
sharp drop at stall.
At low angles of attack, there is no significant variation in Cl with

increasing Tu. For a given Tu level, the rate of increase in Cl with
angle of attack increases as the angle of attack increases, similar to the
trend reported byBoutilier andYarusevych [9]. As the angle of attack
approaches the prestall range (α ≈ 6 deg), marginally higher lift is
generated at lower Tu levels. This occurs at higher angles of attack
with increasing Reynolds numbers, as the onset of the prestall range
shifts to higher incidences, namely, to α ≈ 6, 7, and 8 deg, for
Rec � 100;000; 150,000; and 200,000, respectively. At prestall
angles of attack, the lift curves show significant differences based on
Tu level. Here, as the level of Tu is increased, the local lift slope is
increased and, on the average, higher lift is generated at a given angle
of attack. However, this effect decreases as Tu or Rec is increased.
For example, atRec � 100;000 (Fig. 5a), the slope ofCl with respect
to α increases significantly whenTu is increased from 0.10 to 0.24%,
but the subsequent increases in Tu result in progressively smaller
changes in sectional lift. Similarly, as the Reynolds number increases
to Rec � 200;000 (Fig. 5c), the slopes of Cl with respect to α are
approximately equal for all levels of Tu investigated, and the relative
effect of increasing Tu on the lift coefficient diminishes.
The results in Fig. 5 demonstrate that stall tends to be delayed at

higher Tu levels, with the effect saturating at higher levels of Tu and
higherRec. For example, atRec � 100;000 (Fig. 5a) and the baseline
level of Tu, the airfoil stalls at α � 14 deg. The stall is delayed
until α � 16 deg at Tu � 0.24% and α � 17 deg for all further
increases in Tu. At Rec � 150;000 (Fig. 5b), the stall angle is
delayed from α � 16 to 17 deg for all increases in Tu above 0.10%.
At Rec � 200;000 (Fig. 5c), the effect of Tu on the stall angle is

Table 2 Summary of investigated flow conditions

Rec � 100;000 150,000 200,000

Case Tu, % Λ, mm Tu, % Λ, mm Tu, % Λ, mm

1 0.10 74.33 0.10 88.31 0.09 95.51
2 0.24 2.88 0.25 2.47 0.26 1.91
3 0.37 3.30 0.37 2.61 0.35 2.21
4 0.51 3.61 0.54 2.96 0.60 2.69
5 1.94 6.03 1.90 5.23 2.03 4.73

Fig. 3 Spectra of freestream velocity fluctuations at Rec � 100;000.

Static pressure taps
Microphone array

Fig. 4 Airfoil model.
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within the resolution of the testmatrix (i.e., 1 deg) and the airfoil stalls
at α ≈ 16 deg for all Tu levels. At poststall angles of attack, Cl

increases at a similar rate for all Tu levels for a given chord Reynolds
number. For Rec � 200;000 and Tu � 2.03%, the stall is more
gradual, with lift decreasing for 16 < α ≤ 18 deg. This result is
similar to the findings of Cao et al. [31], who reported a more gradual
decrease in the lift of an S1223 airfoil at a high Tu level. An analysis
of mean and fluctuating surface pressure distributions indicate that
this can be attributed to bistable oscillations between an attached and
stalled state for these flow conditions.
Asummaryof the effectsofTu andRec onmaximum lift coefficients

is shown in Fig. 6. In general, increases in either Tu or Rec result in an
increase inCl;max. For example, atRec � 100;000, the lift coefficient is
increased by approximately 17% by increasing Tu from the baseline
level to the highest level investigated. Similarly, at the baseline level of
Tu,Cl;max is increased by approximately 10 and13%by increasingRec
from 100,000 to 150,000 and 200,000, respectively. As noted in the
previous discussions, when either Tu orRec are increased, the effect of
the other parameter is reduced. For example, atRec � 200;000,Cl;max

is increased by approximately 1% by increasing Tu from the baseline
level to the highest level investigated as compared with approximately
17%atRec � 100;000.At all elevated levels ofTu (i.e.,Tu > 0.10%),
Cl;max decreases as Rec is increased from 150,000 to 200,000. This is
due to the delay in the stall anglewith increasing Tu atRec � 150;000
(Fig. 5b), whereas Tu has no discernible effect on stall for
Rec � 200;000 (Fig. 5c). The result is higher overall Cl;max values for
Rec � 150;000 as compared with Rec � 200;000 at the elevated Tu
levels. This is noteworthy because it indicates that the generally
understood trendof increasingCl with increasingRec for lowReynolds
number airfoil flows [9] can be altered by Tu effects.

B. Surface Pressure Distributions and Mean Bubble Topology

Surface pressure distributions over the suction and pressure sides
of the airfoil are presented in Fig. 7 for selected angles of attack and

all Reynolds numbers investigated. Such distributions are commonly
used to identify the presence and extent of a laminar separation
bubble, characterized by a region of nearly constant surface pressure
downstream of the suction peak [7,10]. The results show that, below
the stall angle of attack (Figs. 7a–7i), separation bubbles can be
identified over the suction side of the airfoil in the range of
0.1 ≲ x∕c ≲ 0.7, except for the case of low angles of attack at the
largest Tu level investigated, for which separation bubbles cannot be
detected. Beyond the stall angle, the surface pressure distributions
shownearly constant pressure over themajority of the suction surface
(Figs. 7j–7l). Throughout Fig. 7,marginal differences in the pressure-
side CP distributions are seen across the turbulence intensities and
Reynolds numbers investigated, and therefore the focuswill be on the
suction-side results.
For the cases where a separation bubble forms on the suction side,

the beginning of the observed pressure plateau corresponds to the
location of mean flow separation xS, whereas a subsequent region of
rapid pressure recovery indicates the aft portion of the separation
bubble. The onset of the rapid pressure recovery roughly corresponds
to the location of mean flow transition xT , whereas the end of this
region corresponds to mean flow reattachment xR [6,10]. It should be
noted that transition occurs over a region and not a single location in
space; however, a concept of a mean transition “location” is often
used and is defined by the onset of rapid surface pressure recovery
starting approximately at the location of the maximum bubble height
[18]. The mean separation, transition, and reattachment locations
were estimated in the present study using the method discussed by
Boutilier and Yarusevych ([9] Fig. 5). The results are summarized in
Fig. 8, where the separation, transition, and reattachment points are
plotted, whereas the length of the separation bubble is shown
in Fig. 9.
At low angles of attack, the separation location rapidly advances

upstream as the angle of attack is increased (Fig. 8), but the overall
length of the separation bubble does not change substantially for
α ≲ 4 deg (Fig. 9). Increasing Tu leads to an overall decrease in
bubble size (Fig. 9), which is attributed primarily to the earlier onset of
transition and, consequently, earliermean reattachment (Fig. 9). This is
reflected in the upstream advancement of the rapid pressure recovery
region seen in the insets of Figs. 7a–7c. For the highest Tu level
investigated, separation appears to be suppressed on the suction side,
with no evidence of a separation bubble observed in the surface
pressure distributions inFigs. 7b and7c,whereas a separation bubble is
still identifiable in Fig. 7a, but not at lower angles of attack. The
net reduction in bubble length with increasing Tu is particularly
significant at the lower Reynolds numbers. At Rec � 100;000
and α � 4 deg, lb is reduced by approximately 14 and 37% by
increasing Tu from the baseline level to 0.24 and 1.94%, respectively.
The observed reduction in bubble length is similar to that noted by
Olson et al. [28] for an SD7003 airfoil at 20;000 ≤ Rec ≤ 40;000 and

a) Rec = 100,000 b) Rec = 150,000 c) Rec = 200,000

Fig. 5 Sectional lift coefficients.

Fig. 6 Maximum sectional lift coefficients.
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a) α = 4 deg deg, Rec = 100,000 b) α = 4 deg, deg, Rec = 150,000 c) α = 4 deg deg, Rec = 200,000

d) α = 8 deg deg, Rec = 100,000 e) α = 8 deg deg, Rec = 150,000 f) α = 8 deg deg, Rec = 200,000

g) α = 13 deg deg, Rec = 100,000 h) α = 13 deg deg, Rec = 150,000 i) α = 13 deg deg, Rec = 200,000

j) α = 18 deg deg, Rec = 100,000 k) α = 18 deg deg, Rec = 150,000 l) α = 18 deg deg, Rec = 200,000

Fig. 7 Mean surface pressure distributions. Error bars are shown in inset plots.

a) Rec = 100,000 b) Rec = 150,000 c) Rec = 200,000

Fig. 8 Summary ofmean bubble topology. Filled circles representmean separation and reattachment locations. Diamondmarkers representmean transition.
Plots at equal angles of attack are offset slightly in the vertical direction for clarity. Uncertainties are approximately equal to the width of the diamondmarkers.
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comparable angles of attack. In their work, an increase in Tu from 0.3
to 0.9% produced a reduction of 35% in the separation bubble length.
Olson et al. [28] also observed a small downstream shift in the location
ofmean separationwith increasingTu using estimates frommolecular
tagging velocimetry measurements. However, such changes in the
mean separation location fall within the experimental uncertainty of
the present investigation and therefore cannot be quantified. The
results in Figs. 8 and 9 show that the effect of Tu on the size and
position of the separation bubble become less pronounced as the
Reynolds number is increased, consistent with the results in Fig. 5. At
low angles of attack, the separation bubble forms over the aft portion of
the airfoil (Fig. 8), substantially downstream of the suction peak
(Figs. 7a–7c). Thus, the decreases in bubble size at higherTu levels do
not have any appreciable effect on the magnitude of the suction peak
(Figs. 7a–7c). However, the reduction in local suction associated with
the pressure plateau produced by the bubble leads to a slight reduction
in lift as seen in Fig. 5 for 3 ≲ α ≲ 7 deg for Rec � 100;000, and
5 ≲ α ≲ 8 deg for Rec � 150;000 and 200,000.
As the angle of attack is increased above α ≈ 4 deg, the separation

bubble on the suction side of the airfoil continues to move upstream
(Fig. 8), but at a reduced rate, consistent with the trend reported by
Boutilier and Yarusevych [9]. At the same time, the length of the
separation bubble decreases rapidly (Fig. 9) due to the rapid upstream
advancement of the mean transition and reattachment locations
(Fig. 8). Because of the upstream motion of the bubble, its effect on
the suction peak becomes more pronounced with increasing angle of
attack. This can be seen from the pressure distributions in Figs. 7d–7f
and Figs. 7g–7i for α � 8 and 13 deg, respectively. Increasing Tu
prompts earlier transition (Fig. 8) and reduces the size of the
separation bubble, thereby enhancing the magnitude of the suction
peak (Figs. 7d–7i). For example, at Rec � 100;000 and α � 8 deg
(Fig. 7d), the magnitude of the suction peak is increased by 6%when
Tu is increased from 0.10 to 1.94%. In contrast, at Rec � 100;000
and α � 13 deg (Fig. 7g), the magnitude of the suction peak is
increased by 22% by increasing Tu from 0.10 to 1.94%, thus
highlighting the increasing effect with increasing angle of attack. As
a consequence, increasing Tu leads to the overall increase in Cl at
prestall angles of attack (Fig. 5a). A similar increase in themagnitude
of the suction peak with increasing Tu is also seen in the results of
O'Meara and Mueller [10] for prestall angles of attack. As Rec
is increased, the relative effect of the Tu level on the suction peak
magnitude gradually becomes less significant due to the smaller
bubble that forms at the baseline level of Tu. As a consequence, the
same increase in Tu level at higher Reynolds numbers leads to a less
significant increase in Cl at a given prestall angle of attack (Fig. 5).
As the angle of attack is increased toward the stall angle, the rate

of upstream shift in the separation bubble location decreases
significantly (Fig. 8) and the rate of decrease in the bubble size
diminishes (Fig. 9). At the lower Reynolds numbers, the size of the
bubble increases just before stall. This effect is more pronounced for
Rec � 100;000 in Fig. 9a for angles of attack above 10 deg, where the
separation bubble begins to lengthen at the baseline level of Tu. For
these conditions, the chordwise distance between the mean separation
and transition points remains roughly constant (Fig. 8a), whereas the

distance between mean transition and reattachment increases with

increasing angle of attack. A similar trend was observed in previous
experiments [10] and is a precursor to bubble bursting and stall [7].
When the freestream turbulence intensity level or Reynolds number is
increased, the bubble size is decreased, but the relative effect of these
parameters diminishes. Beyond stall, the effect of Tu level on the mean
surface pressure distribution becomes largely confined to the first 15%
of the chord length, in the immediate vicinity of the suction peak
(Figs. 7j–7l). However, the associated changes in surface pressure

distribution do not result in appreciable changes in lift at poststall angles
(Fig. 5), with the exception of the differences in stall behavior at
Rec � 200;000 highlighted earlier for the highestTu level investigated.
The relation between the effects of freestream turbulence intensity on

the mean separation bubble characteristics and the consequent changes
in airfoil lift can be summarized as follows. First, for all cases examined,
increasing the level ofTu leads to a reduction in the lengthof the suction-
side separation bubble (Fig. 9), as a result of an upstream shift in mean
transition and reattachment (Fig. 8). This effect decreases as the chord
Reynolds number is increased. At small angles of attack, longer bubbles
formover the aft portion of the suction surface relatively far downstream

from the suction peak.When Tu is increased, the decrease in separation
bubble length does not affect the suction peak but leads to a decrease in
local suction at the location of the bubble, hence producing a minor
decrease in lift (Fig. 5). At larger angles of attack, the separation bubble
forms closer to the suction peak, causing a notable loss in maximum
suction. As the level of Tu is increased and the bubble shrinks, the
adverse influence on the suction peak is reduced and lift increases.
Hence, for large prestall angles of attackwhere the bubble formsnear the

suction peak, smaller bubbles attained at high levels ofTu lead to higher
lift coefficients, whereas at low angles of attack (3 ≲ α ≲ 7 deg for
Rec � 100;000 and 5 ≲ α ≲ 8 deg for Rec � 150;000 and 200,000),
larger bubbles forming at low levels ofTu lead to higher lift coefficients.
At moderate angles of attack (7 ≲ α ≲ 10 deg for Rec � 100;000 and
8 ≲ α ≲ 11 deg for Rec � 150;000 and 200,000), there is a balance
between these competing effects, with the main determining factors
being the relative size of the separation bubble and its proximity to the

suction peak.

C. Reynolds Number Effects

This section provides a brief characterization of the effect ofReynolds
number on airfoil lift and the underlying changes to themean separation
bubble characteristics at different levels of freestream turbulence
intensity. The results are presented for the baseline case and two elevated
Tu levels (cases 1, 2, and 5 in Table 2). Although freestream turbulence

intensity varies slightly with Rec for a given screen (Table 2), the
averaged levels of Tu across the investigated Reynolds numbers are
used to refer to the data corresponding to a given screen configuration,
namely, Tu ≈ 0.10, 0.25, and 1.96%. Figure 10 highlights the effect of
Reynolds number on lift coefficient. At a given level of Tu, increasing
the Reynolds number causes a small decrease in lift at low angles of
attack. At higher angles of attack at the baseline Tu level, the lift is
increased with increasing Reynolds number, a trend similar to that

reported by Boutilier and Yarusevych [9] in a low-disturbance

a) Rec = 100,000 b) Rec = 150,000 c) Rec = 200,000

Fig. 9 Mean separation bubble length.
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environment. However, this effect diminishes at the higher levels of
freestream turbulence intensity.ComparingFigs. 5 and10, it can be seen
that similar changes in lift are produced by either increasing the
Reynolds number or Tu within the same ranges of angle of attack.
The effect of Reynolds number on airfoil lift is related to the

underlying changes to the separation bubble characteristics on the
suction side. This is illustrated in Figs. 11–13. Figure 11 shows sample

surface pressure distributions for low (α � 4 deg) and prestall
(α � 13 deg) angles of attack, whereas Figs. 12 and 13 illustrate the
effect of Reynolds number on the location and length of the separation
bubbles. At the baseline level of Tu, the bubble moves upstream
(Fig. 12a) and decreases in length (Fig. 13a) as the Reynolds number is

increased. The latter is attributed primarily to the upstreammovement of
transition and, hence, reattachment (Fig. 12a), consistentwith the results
of previous investigations [9,43]. At elevated freestream turbulence
levels, similar trends are observed inFigs. 12b and12c andFigs. 13b and

13c; however, the same increases inRec result in less significant changes
in bubble position and length.

It can be seen from the pressure distributions in Figs. 11a–11c that the
formation of the separation bubble at lower angles of attack has no
significant effect onmaximumsuction. Increasing theReynolds number
reduces the size of the bubble and leads to a small decrease in average
suction, reflected in aminor decrease in lift (Fig. 10). For prestall angles
of attack (Figs. 11d–11f), the magnitude of the suction peak is affected
significantly by the proximity of the separation bubble, and so the
reduction in the size of the separated flow region at higher Reynolds
numbers leads to a notable increase in maximum suction and a net
increase in lift (Fig. 10). From a comparison of Figs. 7 and 11, it is
evident that increasing either Tu orRec produces similar changes in the
mean surface pressure distributions. Moreover, the influence of either
parameter on the mean flow is reduced as the other is increased because
both affect the length of the separation bubble. Comparing the effect of
these parameters on mean surface pressure distributions, O'Meara and
Mueller [10] noted that the effect of increasing Tu is similar to an
“effective” Reynolds number increase. Although the present results
pertaining tomean flowquantities support this assertion, itwill be shown

a) α = 4 deg deg, Tu ≈ 0.10% b)α = 4 deg deg, Tu ≈ 0.25% c) α = 4 deg deg, Tu ≈ 1.96%

d)α = 13 deg deg, Tu ≈ 0.10% e) α = 13 deg deg, Tu ≈ 0.25% f) α = 13 degdeg, Tu ≈ 1.96%

Fig. 11 Effect of Reynolds number on mean surface pressure distributions. Error bars are shown in inset plots.

c) Tu ≈ 1.96%b) Tu ≈ 0.25%a) Tu ≈ 0.10%
Fig. 10 Effect of Reynolds number on sectional lift coefficients.
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in the next section that turbulence intensity andReynolds number effects
on transition characteristics differ quite significantly.

D. Separated Shear Layer Transition

The results presented in the previous sections indicate that the effect
of elevated freestream turbulence intensity on airfoil performance and
the underlying changes in the location and length of the separation
bubble are related to the movement of the mean transition location
(e.g., Fig. 8). Thus, the associated changes in transition characteristics
are asserted in this section using time-resolved surface pressure
measurements. It has been demonstrated in a number of previous
investigations that characteristics of separated shear layer disturbances
such as dominant frequencies and growth rates can be estimated from
measured surface pressure fluctuations [41,42,45–47]. The relevant
methodology for laminar separation bubbles is introduced and
validated in [41,42], and the sameapproach is used in the present study.
Streamwise distributions of the rms of fluctuating surface pressures

for increasing levels ofTu are presented inFig. 14 forα � 4 and8 deg,
being representative of low and prestall angles, respectively.
Downstream of separation, rapid amplification of surface pressure
fluctuations is observed, reflective of the amplification of perturbations
in the separated shear layer [41]. As seen in Fig. 14, the pressure
fluctuations attain maximum amplitudes just downstream of the mean
transition location, and increasing Tu leads to an upstream shift in the
streamwise location of the maxima, which follows the upstream
movement of themean transition location (Fig. 8). On the average, this
is also accompanied by a decrease in the magnitude of maximum
surface pressure fluctuations. This decrease is ascribed primarily to
the reduction in the magnitude of vertical velocity fluctuations in the
separated shear layer due to the increased influence of the wall for
smaller separation bubbles [48].
Surface pressure fluctuation data can be used to estimate

spatial amplification factors of shear layer disturbances as
σ � ln �Δp 0∕q0�∕�Δx∕c� [9,41]. The maxima of these spatial
amplification factors are presented in Fig. 15. For a given Tu level,

the amplification rates increase with increasing angle of attack, which
explains the associated decrease in the separation bubble length
(Fig. 9). In contrast, amplification rates decreasewith increasingTu for
all angles of attack and Reynolds numbers investigated, thus implying
that the bubble becomes more stable with increasing Tu. This is
attributed to the decrease in the size of the separation bubble at higher
Tu levels. A similar observation is reported by Dovgal et al. [49], who
used analytic velocity profiles to show that stability in separated

shear layers increases with decreasing distance to the wall. Decreased
disturbance growth rates have also been observed in separation bubble
studies with imposed mean flow deformations, both experimentally
[48] and numerically [50]. The implication here is that the upstream
shift in the location of mean transition at higher levels of Tu (Fig. 8) is

solely the result of the increase in initial disturbance amplitude.
The effect of Rec on maximum disturbance amplification rates is

depicted in Fig. 16 for three levels of Tu. Here, σmax increases with

increasing Rec, a trend that has been previously reported in a low-
disturbance environment [9]. This result highlights a key difference
between the effects of Rec and Tu on separation bubble development.
Although increasing eitherRec orTu at a given angle of attack leads to
a reduction in bubble size through the upstream advancement of mean

transition, the former achieves this by decreasing flow stability (i.e.,
increasing amplification rates), whereas the latter has the opposite
effect on stability, and the advancement of transition is the result of the
increase in the initial amplitude of perturbations. Therefore, although
there is an “effective” analogybetween the twoparameterswith respect

to their influenceonmeanbubble size andposition [10], the underlying
separated shear layer transition characteristics differ significantly.
Similar observations have recently been made for separation bubbles
formed over a flat plate [51].
It is instructive to consider the effect of elevated Tu levels on the

frequency content of the shear layer disturbances. Spectra of the
fluctuating surfacepressures are computed usingWelch’smethod [40],
with a resulting frequency resolution of 2.4 Hz. The results are

illustrated in Fig. 17 for α � 4 and 8 deg at Rec � 100;000.

c) Tu ≈ 1.96%b) Tu ≈ 0.25%a) Tu ≈ 0.10%

Fig. 13 Effect of Reynolds number on mean bubble length.

c) Tu ≈ 1.96%b) Tu ≈ 0.25%a) Tu ≈ 0.10%
Fig. 12 Effect of Reynolds number on mean bubble topology. Filled circles represent mean separation and reattachment locations. Diamond markers

representmean transition. Plots at equal angles of attack are offset slightly in the vertical direction for clarity. Uncertainties are approximately equal to the
width of the diamond markers.
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The spectra show that downstream of mean separation, disturbances are
amplified within a band of frequencies Δf, centered on some central
frequency f0. Downstream of mean transition, the energy content is
redistributed to a broader range of frequencies, whereas beyond mean
reattachment, the spectra resemble those of a typical turbulent flow. As

the level ofTu is increased, the detectable band of amplified frequencies
broadens. This broadening is a result of the more significant energy
content present across the relevant frequencies in the freestream (Fig. 3),
which leads to earlier detectable amplitudes of fluctuations in the
separated shear layer over a broader range of frequencies.

a) Rec = 100,000 b) Rec = 150,000 c) Rec = 200,000

Fig. 15 Maximum spatial amplification factors.

c) Tu ≈ 1.96%b) Tu ≈ 0.25%a) Tu ≈ 0.10%

Fig. 16 Effect of Reynolds number on maximum spatial amplification rates.

a) α = 4 deg deg, Rec = 100,000 b) α = 4 deg, deg, Rec = 150,000 c) α = 4 deg deg, Rec = 200,000

d) α = 8 deg deg, Rec = 100,000 e) α = 8 deg deg, Rec = 150,000 f) α = 8 deg deg, Rec = 200,000

Fig. 14 Distributions of the rms of fluctuating surface pressure. Thick lines, colored according to the legend, indicate mean transition points.
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The central frequencies of amplified disturbances are estimated for
all the cases examined, with the results summarized in Fig. 18. For a
given level of Tu, the central frequency increases with increases in
either angle of attack or Reynolds number, agreeing with the findings
of Boutilier and Yarusevych [9]. At low angles of attack (α ≤ 4 deg),
the central disturbance frequency does not change significantly for
Tu ≲ 0.60% despite the large changes in mean bubble topology
(Fig. 9) and notable decreases in σmax (Fig. 15). This trend is consistent
with the decreased influence of mean flow deformation on the
frequency of the most amplified perturbations as compared with the
effect on growth rates as reported in [48,50]. At prestall angles of
attack, f0 initially decreases when the turbulence intensity is increased
above the baseline level, followed by an increase in f0 with further
increases toTu. Thesevariations in the frequencyof themost amplified
perturbations becomemore significant with increasing angle of attack.
The initial decrease in the frequency of the most amplified

perturbations with increasing Tu level is in line with the expected
moderate decrease due to the reduction in the size of the bubble
[48,50]. However, the following increase in the most amplified
frequency at high freestream turbulence levels (Tu ≥ 0.5%) does not
conform to the trend expected from linear stability considerations
[48,50], thus revealing a change in transition characteristics at high
levels of Tu and hinting at a possible change in the nature of the
transition process. In a simulation of a separation bubble induced on
a flat plate at similarly high Tu levels, McAuliffe and Yaras [22]
observed the formation of streamwise oriented streaks in the separated
shear layer, which significantly altered the shear layer transition
process. Similar changes have also been observed in flat plate
boundary-layer transition under high levels of Tu [52–54], and it is
speculated that similar streaks form in the present investigation at high
levels of Tu (Tu ≥ 0.5%) and lead to the observed changes in central
disturbance frequency. Thus, at sufficiently high levels of Tu,

a) α = 4 deg

b) α = 8 deg
Fig. 17 Spectra of fluctuating surface pressures forRec � 100;000. All spectra are normalized by the total energy and stepped by an order ofmagnitude
proportional to their chordwise position. Red and blue spectra indicate the approximate locations of mean separation and reattachment, respectively.
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transition is expected to occur before separation, eliminating the
laminar separation bubble altogether. Although the associated critical
values of Tu are expected to depend significantly on a given airfoil
profile, its orientation, and Reynolds number, Mayle [55] provides an
estimate for critical Tu levels at Tu ≈ 5%.

IV. Conclusions

The effects of freestream turbulence intensity on laminar
separation bubbles forming over the suction side of an airfoil were
investigated experimentally for angles of attack between 0 and
20 deg, chord Reynolds numbers between 100,000 and 200,000,
and freestream turbulence intensities between 0.09 and 2.03%.
Experiments were performed in a wind-tunnel facility, with mean
and fluctuating surface pressure measurements used to characterize
the mean bubble topology and the development of shear layer
disturbances, respectively.
The results show that increasing the level of freestream turbulence

intensity leads to a reduction in separation bubble length, which is
caused primarily by an upstream shift in the locations of mean
transition and, as a result, mean reattachment. At low angles of attack,
the reduction in bubble length slightly reduces lift, whereas at larger
angles of attack, this leads to increased lift and delayed stall. The
main factors in determining the associated changes in airfoil lift are
shown to be the size of the separation bubble and its proximity to the
suction peak. Specifically, the reduction in bubble size due to
elevated turbulence intensity is shown to alleviate the loss of suction
when a separation bubble forms near the suction peak. At higher
chordReynolds numbers, the effect of increasing turbulence intensity
is reduced, because increasing the Reynolds number also leads to
similar changes in the size of a separation bubble. The effects of
freestream turbulence intensity and Reynolds number on mean flow
development are shown to be similar; however, the underlying
changes in separated shear layer transition differ substantially.
Through the analysis of fluctuating surface pressures, it is

demonstrated that the shear layer disturbances reach maximum
values earlier upstream at higher levels of turbulence intensity,
leading to the upstream shift in mean transition. The results
demonstrate that spatial amplification rates of disturbances in the
separated shear layer are reduced at higher turbulence intensity
levels, which is attributed to the reduction in bubble size. In spite of
the increased stability of the shear layer, the upstream shift in mean
transition is achieved through the increase in initial disturbance
amplitude with increasing freestream turbulence level. In contrast,
the decrease in the size of the separation bubble achieved through
increasing Reynolds number is due to the increase in spatial
amplification rates in the shear layer.
Frequency spectra of the pressure fluctuations show that, as the

turbulence intensity is increased, the frequency range associated with
significant perturbations in the shear layer broadens as a result of the
broader band of spectral energy present in the freestream. An initial
increase in freestream turbulence intensities to moderate values
(Tu ≤ 0.5%) leads to a decrease in the central disturbance frequency,
expected from flow stability considerations reported in recent studies
on laminar separation bubbles. In contrast, notable increases in

central disturbance frequency are observed at higher levels of
freestream turbulence intensity, which also suppress separation
bubbles at lower angles of attack. It is speculated that this is attributed
to the onset of bypass transition in the boundary layer upstream of
separation.
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