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ABSTRACT
In the thesis, the performance of an asymmetric, high-lift S1223 airfoil has been
investigated at Reynolds numbers 55,000, 75,000, and 100,000. The airfoil was tested in
a quasi-isotropic turbulent flow generated using orificed perforated plates. The
independent effects of the turbulence intensity were examined at a constant integral
length scale. The stall of the airfoil is delayed by increasing the turbulence intensity. The
wake of the airfoil becomes narrower and the strength of the shedding vortices was
reduced, which indicates a suppression of the boundary layer of the airfoil. The
independent roles of integral length scale were examined at turbulence intensity of 4.1%
and 9.5%. At Tu=4.1% with increasing the integral length scale, the stall of the airfoil is
delayed, and wider wakes have been observed at the stall region. At Tu=9.5%, the effects
of turbulence scale become subtle.
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INTRODUCTION

CHAPTER 1.
Background and Motivation

The behaviour of airfoils operating in turbulence at low Reynolds numbers is
critical in many engineering applications including micro air vehicles and small scale
wind turbines. These devices usually operate in atmospheric turbulence and the
performance of airfoils in turbulence is less stable and harder to predict since many
parameters in the oncoming turbulent free-stream have effects on the flow field and the
boundary layer of airfoils. Two relatively independent parameters are commonly utilized
to offer descriptions of turbulence: turbulence intensity and turbulence integral length
scale. As they can be manipulated semi-independently in a controlled laboratory
condition, it is possible to have a better understanding of their independent effects on the
performance and the wake of the airfoil.
Scope of Study
The study focuses on the independent effects of the turbulence intensity and
integral length scale on the performance and the wake of an asymmetric, high-lift S1223
airfoil at different Reynolds numbers.
In chapter 2, the measurement of lift and drag data was carried out under grid
turbulence with either constant turbulence intensity or constant turbulence integral length
scale. The angle of attack of the airfoil was changed between -5 to 25 degrees, sufficient
to cover the pre-stall and post-stall characteristics of the airfoil.
In chapter 3, the wake of the airfoil was surveyed at different turbulence level
with its structure examined carefully at pre-stall and post-stall region.
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CHAPTER 2.

EFFECTS OF TURBULENCE ON THE PERFORMANCE OF
THE AIRFOIL

Introduction
The behaviour of airfoils operating in a turbulent free-stream at low Reynolds
numbers based on chord (typically less than 200,000) is critical in many engineering
applications including micro air vehicles and small scale wind turbines. These devices
usually operate in atmospheric turbulence, so the performance of airfoils in turbulence is
more difficult to predict since many parameters in the oncoming turbulent free-stream
have effects on the flow field and the boundary layer of airfoils. Two relatively
independent parameters are commonly utilized to offer descriptions of turbulence:
turbulence intensity which represents the level of velocity fluctuation and turbulence
integral length scale which is a measure of the size of energy-containing eddies. As they
can be manipulated semi-independently in a controlled laboratory condition, it is possible
to have a better understanding of their independent effects on the performance of the
airfoil, which may also improve the prediction of the performance of the airfoil in
atmospheric turbulence. Before the discussion on free-stream turbulence effects on the
performance of the airfoil, it is worth describing some of the flow characteristics of the
airfoil at low Reynolds number in hopes of providing insight on the effects of free-stream
turbulence.
The performance of airfoils at low Reynolds number has been extensively studied
and well documented [1-3]. Below a certain critical Reynolds number (approximately
70,000), the laminar boundary layer develops on the suction surface (or lifting surface) of
an airfoil. As the angle of attack α increases, the laminar boundary layer separates to form
a separated shear layer since it does not have enough energy to overcome the adverse
pressure gradient developed on the lifting surface. The separation may occur over the
entire rear of the airfoil, and it is unusual for reattachment to occur below the critical
Reynolds number [1]. The lift-to-drag ratio is typically low at this stage since the airfoil
has low lift and high drag due to the boundary layer separation. As the Reynolds number
increases above 70,000, the laminar shear layer experiences faster transition to become
turbulent. The turbulent boundary layer contains more energy, so it is better equipped to
overcome the adverse pressure gradient. As a consequence, reattachment of the boundary
2

layer occurs, and a short laminar separation bubble forms. With further increase in α, a
larger adverse pressure gradient exerts more pressure on the turbulent boundary layer
until a point that the short bubble “bursts”, and the boundary layer separates from the
suction surface again. The airfoil stalls, and this is characterized by an abrupt loss of lift
and a drastic increase in drag. In order to recover the airfoil from stall, the angle of attack
needs to be reduced so that the reattachment of the boundary layer is possible. However
the boundary layer might not reattach to the airfoil at the same α where the separation
occurred; rather, the reattachment process is delayed to a lower α. This phenomenon is
known as a hysteresis effect.
An increase in turbulence intensity in the free-stream (without considering the
integral length scale effects) has been shown to change the performance of the airfoil
which is equivalent to an increase in Re, and the hysteresis effect diminishes as the freestream becomes more turbulent. Mueller et al. [4] discussed the effects of free-stream
disturbances on a Lissaman 7769 airfoil with turbulence level up to 0.3% at a Reynolds
number around 150,000. They pointed out that an increase in turbulence intensity
advances the boundary layer transition point to the leading edge of the airfoil. The
significant hysteresis region originally presented at a very low turbulence level (0.08%)
was later reduced when turbulence intensity was increased to 0.3% due to the
reattachment of the boundary layer at higher angles of attack. Similar effects were
observed by Hoffmann [5], who also found that the maximum coefficient of lift of the
NACA 0015 airfoil increases 30% as the turbulence intensity goes from 0.25% to 9% at
Re=250,000, and the corresponding α required to reach Cl,max increases from 21 to 29 deg.
The coefficient of drag is increased slightly with turbulence due to an increase in skin
friction. Payne and Nelson [6] indicated that turbulence increases the effective Reynolds
number of the airfoil in the shear flow, thereby reducing the size of the laminar separation
bubble and increasing the lift at a given angle of attack. Devinant et al. [7] also observed
that as the turbulence level of the external flow is increased, a pronounced slowdown of
the upstream advance of separation point occurs with a major increase in Cl,max. The high
turbulence level increases the energy transfer between the external flow and the boundary
layer, which has the effect of increasing its resistance to separation. Overall, free-stream
turbulence improves the Cl of an airfoil by influencing its boundary layer.
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However, turbulence intensity and turbulence integral length scale can be
perceived independent from each other: two different turbulent flows may have the same
turbulence intensity but differ in turbulence integral length scale, or vice versa. The
integral length scale alone has been shown to influence the boundary layer of flat plates
and airfoils. Meier and Kreplin [8] evaluated the drag coefficient on a flat plate subjected
to different free-stream turbulence structures. The turbulence intensity was held constant
at approximately 0.2% with a free-stream velocity of 20 m/s. By varying the turbulence
structure, the maximum friction coefficient is obtained as the integral length scale is on
the order of the boundary layer thickness. They predicted that a drastic increase of the
length scale should no longer affect the boundary layer development at low turbulence
intensity (Tu<0.2%). Howard and Kindelspire [9] stated the importance of the length
scale on the boundary layer of an airfoil: in order to let the free-stream turbulence to
affect the turbulent boundary-layer behaviour, the length scale must be on the order of the
boundary-layer thickness. In a paper describing the integral length scale effect on the heat
transfer of a circular cylinder, Sak et al. [10] indicated that the decrease of the length
scale at constant turbulence intensity results an increase in the heat transfer rate. Among
current literature, little has been addressed on the independent role of these turbulence
parameters on the performance of the airfoil. However, it can be reasonably argued that
the turbulence integral length scale can affect the performance of an airfoil in free-stream
turbulence based on its impact on the boundary layer and possibly on the near wake as
well.
The current study focuses on the independent effects of the turbulence intensity
and integral length scale on the performance, namely Cl and Cd, of an asymmetric, highlift airfoil, at different Re, in hopes of differentiating their independent effects.
Experimental Methods
Wind Tunnel
The experiment was carried out in a closed-loop wind tunnel with a contraction
ratio of 5.76:1. The test section is nominally 4 m long, 0.762 m high by 0.762 m wide.
The height of the test section expands gradually to 0.787 m where the airfoil was located.
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The wind tunnel can provide steady and uniform flow between 3 m/s and 20 m/s with the
test section empty and the turbulence level around 0.5%.
The free-stream speed was checked by a pitot-static tube positioned at the center
of the test section. Once the experiment started, the pitot tube was removed from the
wind tunnel to prevent its interference with the flow.
Airfoil Model
A S1223 [11] high-lift asymmetric airfoil as shown in Fig. 2.1, made of wood,
was used in the experiment. This airfoil could be a very desirable candidate for micro air
vehicles and wind turbine applications for its high-lift, low-drag characteristics at low
Reynolds numbers. The chord length of the airfoil was 0.1524 m (6 in) with a span-tochord ratio of 5.0. The airfoil was painted in white and then covered by layers of clear
acrylic paint. The surface was finally buffered by using NOVUS plastic polish No.2 to
improve its smoothness.

Fig. 2.1 High lift asymmetric S1223 airfoil geometry.

5

Fig. 2.2 Wind tunnel setup looking upstream.

Force Measurement
The airfoil was located 0.394 m above the floor of the wind tunnel and 3.33 m
downstream of the inlet of the test section. The setup is shown in Fig. 2.2. A custom
made force/torque measuring platform was built for the study. The airfoil was supported
by two transducer fixture sets at its ends through supporting rods that were inserted into
the airfoil and were secured by set screws. Looking downstream, the supporting rod at
right-side (Fig. 2.3) was connected to a swivel bearing inside of a mounting plate that
was fastened to the transducer. The airfoil can rotate freely while the force transducer
remained stationary. The airfoil was supported by a radial ball bearing at the left-side
fixture (Fig. 2.4). Two set screws were added to fix the desired angle of attack. A
protractor indicated the angle of attack with accuracy estimated to be +/-0.3 deg. The
fixtures were clamped to aluminium angles mounted outside of the wind tunnel.
Two ATI Gamma type six-component strain force/torque transducers were
utilized in this experiment. The maximum force measuring range of one transducer was
6

+/-65N with a resolution of 1/80 N (0.0125 N). It was mounted on the right-side when
looking downstream. The other force/torque transducer, with +/-32N range and a
resolution of 1/160 N (0.00625 N), was mounted at the left-side, and the range of torque
was 2.5 N-m with a resolution of 1/2000 N-m. The transducers were carefully positioned
before the experiment so that the x-axis was parallel to the direction of flow, and the
positive y-axis was pointing up perpendicularly. The tilting angle was less than 0.3 deg.
The lift was calculated by the summation of the force components in y-direction from the
two load cells, and the drag was the summation of the force components in x-direction.
The sampling frequency was 1 kHz, and at least 20,000 samples were recorded at each
angle of attack. The overall uncertainty of the lift and drag coefficient was estimated to
be less than 5%.
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Fig. 2.3 Detail of the right-side fixture looking downstream.

Fig. 2.4 Detail of the left-side fixture looking downstream.
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Turbulence Generation
Specially constructed orificed perforated plates [12, 13] were utilized for
turbulence generation. The plates were fabricated by drilling a matrix of orificed holes on
a 3 mm-thick aluminium sheet (shown in Fig. 2.5). Each hole had a chamfer of 41˚, and
the sharp-edge side faced the incoming flow. The sharp-edged design reduces the
thickness effect of the plate on the turbulence structure. It provides a better quasiisotropic turbulent flow compared to conventional solid-bar turbulence generation grids
[13].

Fig. 2.5 A sample of orificed perforated plate used to generate different levels of turbulence.

Turbulence parameters were calculated from instantaneous velocity data
measured using a Dantec streamline 55C90 constant temperature anemometer with a
Dantec Type 55P01 single-wire gold-plated probe. The analog voltage signal was first
low-passed at 30 kHz using an analog filter to avoid aliasing, and then it was sampled at
80 kHz over 125 s period through a 12 bit PCI-6071E National Instrument data
acquisition card. The free-stream turbulence was quantified in the absence of the airfoil
with the hot-wire wire anemometer placed at the center of the cross plane where the

9

leading edge of the airfoil were to be located. The integral length scale is approximated
by Taylor’s frozen eddy hypothesis, and it is determined as:
Λ = T × U mean

(2-1)

where Umean is the mean airflow velocity, and Τ is the integral time scale found by:

T = ∫ f (τ )dτ

(2-2)

where f is the auto-correlation function of time:

f (τ ) =

1
u (t )u (t − τ )dt
u '2 ∫

(2-3)

The autocorrelation function f(τ) shown in Eq (2-4) can be calculated numerically
as follows:
N −m

1
N −m
f ( mΔt ) =
1
N

∑uu
i =1
N

∑u

i i+m

0 < m < N −1

(2-4)

2
i

i =1

where N is total number of samples. The integral time scale was deduced as:
N −1

T = (∑ f (i ))Δt

(2-5)

i =0

Multiple-tests method [14] was followed to determine the uncertainty of
turbulence parameters. Turbulence intensity and integral length scale were directly
calculated from the velocity fluctuation data for each test, and ten runs were executed.
The mean and the standard deviation of the turbulence parameters of the ten runs were
calculated. Student t-distribution of 9-degrees of freedom was used to find the uncertainty.
Largest value of uncertainties was selected to describe the overall uncertainty level. The
turbulence parameters and their uncertainties are listed in Table 2.1.
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Table 2.1 Turbulence parameter generated by orificed perforated plated

d [m]
Plate

l[m]

l/d

Mean Tu

Uncertainty

Mean Λ

Uncertainty

Tu

[mm]

Λ [mm]

0.0254 0.318

12.5

9.5%

+/-0.2%

12

3.8

0.0254 0.889

35.0

4.1%

+/-0.2%

21

3.8

0.0508 0.629

12.4

9.5%

+/-0.2%

22

3.8

0.0508 1.778

35.0

4.1%

+/-0.2%

35

3.8

25.4
Plate
25.4
Plate
50.8
Plate
50.8
At Tu=4.1%, turbulence intensity decreases over the length of the airfoil cord
(c=152.4 mm) from 4.1% to 3.6% for the Λ/c=0.14 (Λ=21 mm) case, and from 4.1% to
3.9% for the Λ/c=0.23 (Λ=35 mm) case. The decaying of the turbulence intensity over the
length of the chord could be considered negligible. While at high turbulence intensity
Tu=9.5%, the turbulence decays over the length of the airfoil cord from 9.5% to 6.5%
with Λ/c=0.08 (Λ=12 mm), and from 9.5% to 7.5% with Λ/c=0.14 (Λ=22 mm), so these
different rates of decaying could potentially affect the results and will be discussed later.
Results and Discussion

Force data were collected as the angle of attack was increased from -5 to 25 deg
and then decreased back to 0 deg to record any hysteresis effect. Three Reynolds
numbers of Re=55,000, 75,000, and 100,000 were chosen for the testing as the maximum
Reynolds number could not exceed 100,000 for the current wind tunnel condition. The
independent roles of turbulence intensity were examined by maintaining Re and Λ at
relatively the same magnitude. To investigate the independent role of the integral length
scale for each Re, the turbulence intensity was kept at either Tu=4.1% or 9.5%. The
integral length scale was varied from Λ/c=0.14 to 0.23 (Λ=22 to 35 mm) at Tu=4.1%. At
Tu=9.5%, the integral length scale was made to increase from Λ/c=0.08 to 0.14 (Λ=12 to
22 mm) as it was challenging to generate Λ/c>0.23 at this turbulence level in the facility
utilized. Coefficients of lift and drag were plotted as a function of the angle of attack. The
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following discussion of the results highlights some important observations for each case
studied.
Turbulence intensity effect with constant integral length scale

The data on lift and drag were compared with an integral length scale around
Λ/c=0.14 in order to examine the independent effects of turbulence intensity (Fig. 2.6).
Fig. 2.6a shows the lift and drag curve at Re=55,000. As the turbulence intensity
increases from 4.1% to 9.5%, no large changes in Cl, and Cl,max are detected when α<16.
The differences among lift and drag curve are obvious when α is between 16 and 20 deg.
At Tu=4.1% with Λ/c=0.14, the coefficient of lift drops significantly at α=17 deg, and
there exists a sudden rise of Cd indicating an immediate stall of the airfoil. Noticeable
hysteresis is also observed as α decreases from 19 deg. While at turbulence intensity Tu=
9.5% with Λ/c=0.14, the lift and drag curves do not feature a steep stall, and hysteresis
almost diminishes. At all Reynolds number tested, the coefficient of lift and its slope, in
general, are observed to be marginally higher at the lower turbulence intensity (Tu=4.1%),
and this is especially obvious at Re=55,000 and Re=100,000.

a)

12

b)

c)
Fig. 2.6 Comparison of coefficient of lift and drag at around Λ/c= 0.14, with Tu=4.1% and Tu=9.5%.
a) Re=55,000, b) Re=75,000, c) Re=100,000.

The turbulence intensity alone, with fixed integral length scale, can be said to
have great influence on the boundary layer. The boundary layer under the free-stream
13

with high turbulence intensity, carrying more energy, is more resistant to the strong
adverse pressure gradient developed around the aft section of the airfoil, thus preventing
or delaying the boundary layer separation at high angle of attack. The airfoil has better
stall characteristics when the free-stream turbulence intensity is high. No improvement in
Cl,max is observed when turbulence intensity is increased at a relatively high level from
4.1 to 9.5%, which seems to be different from the result from Hoffman [5]. However, it
should be noted that the turbulence intensity ranged from 0.25% to 9% in Hoffman’s
experiment, and the 30% increase of Cl,max for Tu= 9% is due to the much delayed
boundary layer separation at high α. Based on current range of turbulence intensity, we
believe its influence on the Cl,max to be subtle. The increase of the turbulence intensity
also diminishes the hysteresis, which generally agrees what has been observed by
Mueller et al. [4], even though the turbulence intensity is much higher in the current
experiment.
Integral length scale effect for different turbulence intensity

By comparing the coefficients of lift and drag curves shown in Fig. 2.7 and Fig.
2.8, it is clear that the effects of the integral length scale are largely dependent on the
level of turbulence intensity of the free-stream. At low turbulence level Tu=4.1%, the lift
curves for both cases exhibit distinct differences. For Re=55,000 with Λ/c=0.14 (Fig.
2.7a), the maximum coefficient of lift is reached at α=16 deg. As the angle of attack
continues to increase, the coefficient of lift starts to decrease slightly. The sudden drop of
Cl from 1.69 to 1.19 occurs at around α=19 deg with. An abrupt increase of Cd is
observed as well. At the larger integral length scale of Λ/c=0.23, the coefficient of lift
reaches the peak at a lower α of 15 deg and beyond which it starts to drop rapidly. The
coefficients of lift and drag converge to reach the same level at α=19 deg for both cases.
When Re is increased to 75,000 and 100,000 (Fig. 2.7b and Fig. 2.7c), the lift and drag
curves show similar phenomena as observed previously for Re=55,000: the airfoil tends
to stall consistently earlier with a larger free-stream integral length scale, and this is
particularly prominent at larger Reynolds number. Small hysteresis is observed with the
larger integral scale Λ/c=0.23.
The airfoil does not feature a strong stall characteristic when Λ/c= 0.14. But when
Λ/c=0.23, the airfoil stalled immediately after reaching maximum lift. A decrease in Cl
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after reaching Cl,max is a sign of the separation of the boundary layer, and the decreasing
rate of Cl indicates the rate of advancement of the separation point towards the leading
edge. It is believed that the smaller size of the energy-containing eddy increase the
momentum exchange between outer flow and the boundary layer, adding capacity to
overcome the strong adverse pressure gradient and delaying the boundary layer
separation near the rear part of the airfoil for high angles of attack. While large eddies
marginally help Cl to reach higher values, but the boundary layer lacks the energy to
remain attached to the airfoil. Once the separation occurs, the separation point moves
quickly towards the leading edge with increasing α.

a)
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b)

c)
Fig. 2.7 Comparison of coefficient of lift and drag at constant Tu=4.1%, with Λ/c=0.14 and Λ/c=0.23.
a) Re=55,000, b) Re=75,000, c) Re=100,000.

16

a)

b)
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c)
Fig. 2.8 Comparison of coefficient of lift and drag at constant Tu=9.5%, with Λ/c=0.08 and Λ/c=0.14
mm. a) Re=55,000, b) Re=75,000, c) Re=100,000.

At Tu=9.5%, the integral length scale was increased from Λ=12 to 22 mm
(Λ/c=0.08 to 0.14). At all Reynolds numbers tested (shown in Fig. 2.8), there is no
significant difference in Cl and Cd between the two integral length scale cases. At
Re=55,000 with Λ/c=0.08 (Fig. 2.8), the coefficient of lift continues to increase until it
starts to decrease gradually at α=16 deg. The airfoil losses lift at α=17 deg for the case
Λ/c=0.14. The coefficient of lift is generally higher with the larger integral length scale
when α is between 16 and 25 deg. Similar phenomena are also shown at Re=75,000 (Fig.
2.8b) and Re=100,000 (Fig. 2.8c). An increase of Cl,max is also seen with higher Reynolds
numbers. No abrupt drop of lift is observed, and this is consistent with the high
turbulence intensity case shown in Fig. 2.6.
However, It should be noted that with further increase in α after the airfoil
reached Cl,max, the stall was delayed by 1 deg with the increase of the integral length scale,
which contradicts the previous observation at Tu=4%; the airfoil stalled early with the
larger integral length scale. We believe this contradiction may not exclusively be the
result of the change in Λ but rather the result of different decaying rates of turbulence
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intensity over the airfoil chord as previously mentioned. Although the turbulence
intensity was maintained at 9.5% at the leading edge, the turbulence intensity, near the
trailing edge, dropped to 6.5% for Λ/c=0.08 case, and 7.5% for Λ/c=0.14 case. The
relative high turbulence intensity near the trailing edge, for the Λ/c=0.14 case, is believed
to have more impact on the delay of the boundary layer separation as it enabled more
momentum transfer between the outer flow and the boundary layer. It is difficult to
generate Λ/c=0.23 at Tu=9.5%, but the differences are predicted to be small based on the
current trend of airfoil performance with increasing length scale. Nevertheless, it is clear
that the roles of integral length scale are subtle when the turbulence intensity is high.
Conclusions

The independent roles of turbulence intensity and turbulence integral length scale
on the performance of an asymmetric, high-lift airfoil have been experimentally
investigated at different Reynolds numbers. When the integral length scale was held
constant, the stall of the airfoil was notably delayed for high angles of attack when the
turbulence intensity was increased independently from Tu=4.1% to 9.5%. No abrupt loss
of lift was observed at the high turbulence intensity. The lift decreased gradually after
reaching peak value, indicating the separation point of the boundary layer transitioned
from trailing edge towards the leading edge slowly.
The independent roles of the integral length scale were examined at two different
turbulence intensity level Tu=4.1% and 9.5%. For the free-stream with low turbulence
intensity (Tu=4%), the influence of the size of energy-containing eddies was prominent.
The free-stream with small eddies (Λ/c=0.14, Λ=21 mm) delayed the stall of the airfoil at
high angles of attack, indicating that the boundary layer did not separate suddenly from
the airfoil. In contrast, the stall of the airfoil occurred at lower angles of attack with
increasing a larger integral length scale (Λ/c=0.23, Λ=35 mm). It is believed that the
boundary layer, formed under small energy-containing eddies, is less susceptible to the
adverse gradient on the suction side of the airfoil. When turbulence intensity increased to
Tu=9.5%, an increase in the integral length scale from Λ/c=0.08 to 0.14 did not change
the lift and drag curve drastically. In the absence of the sudden drop of Cl beyond Cl,max,
the effect of the integral length scale on the performance of the airfoil is found to be very
small under higher turbulence intensity.
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CHAPTER 3.

WAKE STRUCTURE UNDER THE INFLUENCE OF
DIFFERENT TURBULENCE LEVEL

Introduction

The wake structure of an aerodynamic body has always been a major engineering
research area since many fundamental characteristics of the flow around the subject, for
example the behaviours of the boundary layer, can usually be revealed by investigating
the wake [1]. In many engineering applications, wake survey assists engineers to study
and estimate the aerodynamic performance of airfoils and turbine blades. Moreover, it
also uncovers turbulence characteristics of the wake, which may significantly influence
the performance of aerodynamic bodies operating downstream.
The performance of an airfoil in laminar free-stream is closely related to the
behaviour of the boundary layer, and it has been well documented [2-5]. Lissaman has
conducted an excellent review on the performance of airfoils [2]. The behaviour of the
boundary layer is directly related to performance and the wake structure of airfoils.
Campbell [6] examined turbulence intensity and power spectral density (PSD) behind a
two-dimensional airfoil. Hah and Lakshminarayana [7] unveiled the complex nature of
the near wake of a NACA 0012 airfoil by examining the mean velocity, turbulence
intensity and Reynolds-stress across the wake. Huang and Lin [8] have found four
characteristic modes of vortex shedding, which is closely related to the behaviour of the
boundary layer instability on the suction side of the airfoil. At low angles of attack, the
shear instability waves are stable only in the laminar shedding regime. The shear-layer
instability frequency decreases with the increase in the angle of attack. At high angles of
attack, the bluff-body effect dominates and no unique wave frequency is found.
Yarusevych et al. [9] observed that the coherence and length scale of the wake vortices
decrease significantly when the separation bubble forms on the upper surface of the
airfoil. They conclude that the wake vortex shedding is attributed to the near-wake
instability.
Free-stream turbulence has been known to have impacts on the performance of
airfoils. Many researchers [10-15] conducted experiments with different free-stream
turbulence intensities. In general, high turbulence level improves the lift coefficient and
delays the stall of the airfoil to higher angles of attack due to its influence on the
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boundary layer. For the wake structure, Huang and Lee [16] found that the free-stream
turbulence has effects on the Strouhal number and Roshko number especially at low
Reynolds numbers. Zhang et al, [17] examined the turbulence intensity effects on the
wake structure of a pre-stall airfoil in a compressible, high speed environment. By
increasing the turbulence intensity they found the velocity deficits become more uniform
across the wake. The vortex shedding frequencies and strength are also observed to
decrease with increasing turbulence level.
The turbulence integral length scale is another important parameter to describe
turbulence, and it can usually be manipulated independently to the turbulence intensity.
Some researchers have addressed its independent effects on aerodynamic bodies. For
airfoils, Howard and Kindelspire [18] stated the importance of the length scale on the
boundary layer of an airfoil: in order to affect the turbulent boundary-layer behaviour, the
length scale must be on the order of the boundary-layer thickness. However, little
literature addresses how the turbulence intensity and integral length scale independently
affect the performance and the wake structure of an airfoil.
This study focuses on the independent effects of the turbulence intensity and
integral length scale on the wake of an asymmetric, high-lift S1223 airfoil [19] at
different Reynolds numbers. The wake of the airfoil is surveyed at different turbulence
levels. The mean velocity and turbulence intensity profile together with PSD are
examined systematically at the stall and post-stall region.
Experimental Methods
Wind Tunnel

The experiment was carried out in a closed-loop wind tunnel with the test section
to be nominally 4 m long, 0.762 m high by 0.762 m wide. The velocity of the wind tunnel
can be adjusted between 3 and 20 m/s with the test section empty. The turbulence level of
the incoming flow is around 0.5%.
Airfoil

A S1223 high-lift asymmetric airfoil was used in the experiment. The airfoil was
carved out of a piece of maple wood on a numerically controlled milling machine. A thin
layer of Bondo® glazing and spot putty was applied on the surface to fill the wood pore.
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The model was sanded by grit 1500 sand paper before it was painted in white. Finally,
clear acrylic paint was applied and buffered by using NOVUS plastic polish No.2 to
improve its smoothness. The chord of the airfoil is 0.1524 m (6 in) with span-to-chord
ratio of 5.0.

Fig. 3.1 Wind tunnel configuration of the experimental setup.

Force Measurement

The airfoil model was mounted horizontally 0.394 m above the wind tunnel floor
and 3.33 m downstream of the inlet of the test section (Fig. 3.1). It spans across the
tunnel test section. The gap between the end of the model and the tunnel wall was
maintained nominally at 0.1 in at each side. At a quarter chord length from the leading
edge, a supporting rod was inserted to each end of the airfoil and secured by a set screw.
The other end of the supporting rod was connected to the bearing mounted on the force
transducer fixture so that the airfoil could freely rotate. To restrain the rotation of the
airfoil, two set screw knobs were added to the left-side fixtures to fix the desired angle of
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attack (Fig. 2.4). A protractor was added, and it could rotate with the airfoil to indicate
the angle of attack with accuracy of +/-0.3 deg.
Two ATI Gamma type six-component strain force/torque transducers were
utilized in this experiment. On the right-side looking downstream (Fig. 3.1), a transducer
with maximum force measuring range +/-65N was mounted on an aluminium structure
attached to the wind tunnel. With the similar setup on the other side, the maximum range
of the force transducer was +/-32N. The transducers were carefully positioned and
calibrated using weight before the experiment so that the positive y-axis of the transducer
pointed up perpendicular to the flow for the lift measurement, and the x-axis was aligned
with the direction of flow. The uncertainty of the angle between the y-axis of transducer
and vertical direction was less than 0.3 deg. The summation of the force components in ydirection was lift, and the summation of the force components in x-direction was drag. At
each angle of attack, 20,000 force samples were recorded during a 20 sec period. The
sampling rate was 1 kHz. The overall uncertainty lift and drag coefficient was estimated
to be less than 5%.
Turbulence Generator

Turbulence was generated by orificed perforated plates [20, 21]. The plates were
manufactured by drilling a matrix of chamfered orificed holes on a 3 mm-thick
aluminium sheet. The sharp-edged design not only reduces the thickness effect of the
plate on the turbulence structure but also provides a better quasi-isotropic turbulent flow
compared to conventional solid-bar turbulence generation grids [21]. Without the
presence of the airfoil, the free-stream turbulence was evaluated with a hot-wire
anemometer placed at the center of the cross plane where the leading edge of the airfoil
were to be located. The turbulence parameters and their uncertainties are listed in Table
2.1.
Wake Measurement

Wake survey was conducted using a Dantec streamline 55C90 constant
temperature anemometer with a Dantec Type 55P01 single-wire gold-plated probe. The
probe was placed x/c=2 behind the trailing edge of the airfoil (Fig. 3.1) and traversed in
the vertical mid-span plane. The analog voltage signal was first low-passed at 30 kHz
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using an analog filter to avoid aliasing. Then it was sampled at 80 kHz over 25 s period
through a 12 bit PCI-6071E National Instrument data acquisition card. The distance
between each point across the wake is 6.35 mm (0.25 in). Power spectral density was
estimated in MATLAB using Welch’s method [22]. By using this method, the streamwise velocity fluctuation component was sectioned into a series of segments, each
containing 216 samples with 50% overlap. A 218 length of fast Fourier transform was
performed on each segment, and the final PSD was ensemble-averaged. The resolution of
the spectrum is 0.305 Hz.
Results and Discussion

The wake structures at stall and post-stall angles of attack are discussed in detail
because prominent differences are observed.

Turbulence intensity effects

The turbulence intensity effects on the lift coefficients are first compared in Fig.
3.2 at Re=55,000 and Re=100,000 specifically. Without installing any perforated plate
(Tu<0.5%) at Re=55,000 (Fig. 3.2a), the maximum lift coefficient occurs at α= 4 deg,
and a sharp drop of Cl is at α= 5 deg indicating that the airfoil stalls. After the free-stream
turbulence intensity increases to 4.1% with Λ/c=0.14, the slope of the lift coefficient
shows a slight decrease between α=-5 to 4 deg. However, the maximum lift coefficient is
greatly improved to reach 1.81 at α=16 deg. Although the lift coefficient decreases
slightly with the further increase in the angle of attack, the stall does not occur until α=19
deg. At Tu=9.5% with Λ/c=0.14, the lift coefficient curve behaves the same as the one at
Tu=4.1%. Pronounced differences can be seen beyond α=18 deg, where the lift
coefficient at highest Tu decreases gradually when increasing the angle of attack, and no
sharp drop of Cl is observed comparing to previous cases.
The free-stream turbulence intensity has the same effects at Re=100,000 (Fig.
3.2b). In general, the slope of the lift coefficient decreases with increasing the free-stream
turbulence intensity. When the free-stream turbulence intensity level is raised from
Tu=0.5% to Tu=4.1%, an increase in maximum lift coefficient at α=15 deg and a delayed
stall at α=22 deg is clearly shown. These phenomena generally agree with the
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observation by Hoffman [11], Payne and Nelson [12] for other airfoils. By further
increasing the free-stream turbulence to Tu=9.5%, the lift is slightly lower below α=15
deg. On the other hand, the lift coefficient, for Tu=9.5%, is consistently higher beyond
α=22 deg comparing to the Tu=4.1%. The doubled turbulence intensity at high
turbulence level does not improve Cl before reaching its peak value; however, the
fundamental influence of the turbulence level is to delay or eliminate the sharp loss of lift
by delaying the boundary layer separation near the trailing edge, and this could be
supported by the examination of the wake structure.
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a)

b)
Fig. 3.2 Comparison of lift coefficients under different free-stream turbulence intensities. a)
Re=55,000, b) Re=100,000.
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The normalized mean-velocity deficit profiles and turbulence intensity profiles
are plotted in Fig. 3.3 as the free-stream turbulence intensity was increased independently
from Tu=4.1% to 9.5% with constant integral length scale Λ/c=0.14 (Λ=21 mm). Also the
profiles without any perforated plate (Tu<0.5%) are plotted to assist analysis. The wakes
are investigated in detail at angles of attack α= 20 deg for Re=55,000 and α= 23 deg for
Re=75,000 and 100,000. It was found by preliminary testing that the airfoil stalled at
theses angles of attack. At Re=55,000, the wake generated without any perforated plate is
the widest and have the largest velocity deficits. At Tu=4.1%, a narrower wake was
formed behind the airfoil with the maximum velocity deficit to be 0.37 (Fig. 3.3a). When
the free-stream turbulence intensity increases to 9.5%, the wake becomes even narrower,
and the maximum velocity deficit reduces to 0.28. It has also been observed that drastic
decrease of the velocity deficit occurred at the upper and the middle part of the wake with
increasing the free-stream turbulence intensity (Tu=4.1% to 9.5%). However, the velocity
deficit remains relatively unchanged at the lower part of the wake. As a result, the
velocity profile skews downwards to the negative direction of the y-axis. These general
effects of the turbulence intensity in weakening, narrowing, and skewing of the wake are
consistent at higher Reynolds numbers. At Re =75,000 shown in Fig. 3.3b, the maximum
velocity deficit is 0.43. Increasing the free-stream turbulence intensity reduces it to 0.32.
The position of the maximum velocity moves from y/c= -0.125 to 0.25. At Re =100,000
(Fig. 3.3c), the maximum velocity deficit decreases from 0.43 to 0.32 as well, and its
corresponding position reduces from y/c=-0.125 to 0.25.
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Fig. 3.3 Comparison of velocity deficits at around Λ/c=0.14, with Tu=4.1% and 9.5%. a) Re=55,000,
α=20 deg, b) Re=75,000, α=23 deg, c) Re=100,000, α=23 deg.

Fig. 3.4 Comparison of turbulence intensity at around Λ/c=0.14, with Tu=4.1% and 9.5%. a)
Re=55,000, α=20 deg, b) Re=75,000, α=23 deg, c) Re=100,000, α=23 deg.
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The turbulence intensity profiles (Fig. 3.4) also share similar trends as the velocity
deficit profiles. At Re=55,000, the wake turbulence intensity is the highest at the upper
part of the wake (Tu<0.5%). A remarkable decrease in the wake turbulence is observed as
the free-stream turbulence intensity increases from 4.1% to 9.5%. For all Reynolds
numbers examined at high level turbulence intensity, a suppression of the wake
turbulence intensity is clearly seen on the upper and center part of the wake when the
free-stream turbulence level is higher, whereas the change is subtle at the lower part of
the wakes under different free-stream turbulence conditions. A large flat region with little
variation in turbulence intensity is also shown in the middle part of the wake (from y/c=0.3 to y/c=0), and it becomes prominent especially at Re=75,000 (Fig. 3.4b) and 100,000
(Fig. 3.4c). The reduced turbulence intensity level indicates the boundary layer is likely
still attached to the airfoil with little separation. In general, the wake is widest when
Tu<0.5%. With elevated free-stream turbulence intensity, the wake narrows.
The corresponding lift and drag measurements support the observation of the
wake (Table 3.1). The lift and drag coefficients are identical between Tu<0.5% and
Tu=4.1% cases. However, high free-stream turbulence intensity results an increase in Cl
and a decrease in Cd. For Re =55,000 at Tu=4.1%, the lift coefficient and drag coefficient
are calculated to be 1.19 and 0.39, and this corresponds to a high velocity deficit and
wide wake. When the turbulence intensity is increased to 9.5%, the lift coefficient
increases to 1.59 and the drag coefficient reduces to 0.21, and a shallow velocity deficit
profile and a narrower wake are observed. At Re =75,000 and Re =100,000, a 28%
increase of lift and 42% decrease of drag are also prominent when free-stream turbulence
level is higher. It can be understood that high free-stream turbulence intensity helps to
generate more lift and reduce drag by suppressing the boundary layer separation. Without
the separation, the velocity deficit and the turbulence intensity in the wake become small.
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Table 3.1 Turbulence intensity effect

Free-stream condition

Cl

Cd

Re=55000,

Tu<0.5%, no plate

1.14

0.37

α= 20 deg

Tu=4.1%, Λ/c=0.14

1.19

0.39

Tu=9.5%, Λ/c=0.14

1.59

0.21

Re=75000,

Tu<0.5%, no plate

1.18

0.43

α= 23 deg

Tu=4.1%, Λ/c=0.14

1.23

0.49

Tu=9.5%, Λ/c=0.14

1.57

0.28

Re=100,000,

Tu<0.5%, no plate

1.22

0.47

α= 23 deg

Tu=4.1%, Λ/c=0.14

1.24

0.49

Tu=9.5%, Λ/c=0.14

1.55

0.29

The power spectral density of the longitudinal velocity component is plotted at
multiple vertical locations across the wake. Two orders of magnitude offset are used for
the amplitude for clarity, and the vertical scale is arbitrary for all PSD.
When free-stream turbulence intensity Tu<0.5%, vortex-shedding frequency is
seen at f=16 Hz (Fig. 3.5a). Strong peaks centered at this frequency are shown across the
wake, and the amplitude only decreases approach the center of the wake (y/c=0). The
harmonic frequencies are also identified at f=32 Hz and higher frequencies.
Frequency components are detectable at Tu =4.1% centered at f=17 Hz for Re=
55,000 (Fig. 3.5b). Although the amplitude is reduced and contaminated with noise, the
peak is unambiguous at the upper part of the wake. As the location approaches to the
center of the wake, the strength of the peak diminishes. No peak is observable around the
center of the wake located at y/c=-0.25. Approaching to the lower part of the wake, the
same frequency content reappears and is strengthened (e.g. y/c=-0.25 to -1). At higher
Reynolds numbers, peaks centered at f=20 Hz for Re=75,000 and f=25 Hz for
Re=100,000 are observed. The PSD across the wake suggests two separate rows of
vortices were formed at the upper and lower part of the wake as a result of the boundary
layer separation. The airfoil thus behaves like a bluff-body, and the separated upper and
lower shear layers develop independently as they are far spaced apart and failed to
interact with each other. The upper row of the vortices may be formed due to the
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instability of the separated boundary layer on the suction side, and the lower row may
form at the trailing edge of the airfoil.

a)

b)
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c)
Fig. 3.5 Comparison of PSD at different vertical locations across the wake with Re=55000, b)
Tu<0.5%, no plate, b) Tu=4.1%, Λ/c=0.14, c) Tu=9.5% Λ/c=0.14.

When the free-stream turbulence intensity is increased to Tu=9.5%, the magnitude
of the peak is much less observable, detectable peaks only appears at lower part of the
wake. It indicates the strength of the vortices weakened due to the strong interaction
between outer-flow and the boundary layer. Vortex shedding frequency has a marginal
increase to 20 Hz at Re=55,000 (Fig. 3.5c), 25 Hz for Re=75,000, and 32 Hz for
Re=100,000.
Obviously, the strong frequency-centred feature at low turbulence intensity
indicates vortex-shedding as a result of the boundary layer separation. As the separation
initiates, the wake widens, and the velocity gradient in the wake grows accordingly.
Large vortices, containing more momentum, form due to the instability at the boundary
layer separation point on the lifting-surface and at the trailing edge. This causes
prominent peaks in PSD. As the turbulence intensity increases, more momentum is
exchanged between the outer-flow and the boundary layer, which enables the boundary
layer to remain attached to the suction side. And the vortex shedding phenomenon is less
observable.
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In general, the independent effect of the free-stream turbulence intensity is
significant in delaying the stall. Low free-stream turbulence intensity appears to have less
energy infused to the boundary-layer. This leads to the early separation of the boundary
layer and results a large wake. In contrast, high free-stream turbulence intensity, by
carrying more energy with it, helps the momentum exchange between the outer-flow and
the boundary layer. With momentum influx from the free-stream, the high inertia
boundary layer becomes less susceptible to the large adverse pressure gradient on the
upper side of the airfoil at high angles of attack. Consequently, the boundary layer is
much suppressed, and the wake is much narrower when increasing the free-stream
turbulence intensity.
Integral length scale effects

The independent effects of integral length scale are examined at two different
turbulence intensities Tu=4.1% and 9.5%. For Tu=4.1%, the integral length scale is
increased from Λ/c= 0.14 to 0.23 (Λ= 21 to 35 mm). The velocity deficit profiles and
turbulence intensity profiles are compared at stall and post-stall angles of attack α=18
and 20 deg for Re=55,000 (Fig. 3.6a and b), α=20 and 23 deg for Re=75,000 (Fig. 3.6c
and d), and α= 21 and 23 deg for Re= 100,000 (Fig. 3.6e and f). For Re=55,000 at α= 18
deg, large velocity deficits are clearly seen on Fig. 3.6a. With increasing the integral
length scale, the maximum velocity deficit increase from 0.21 to 0.43 and the wake is
widened. At α=20 deg (Fig. 3.6b), the wake becomes wider for both cases with the
maximum velocity deficits increasing from 0.25 to 0.4.
At higher Reynolds numbers and angles of attack, the differences in the velocity
deficit at stall angles of attack become more prominent. The velocity profiles have little
difference at the upper part of the wake for Re=75,000 at α= 20 (Fig. 3.6c) and
Re=100,000 at α= 21 deg (Fig. 3.6e). The effects of the turbulence length scale are seen
at the center and lower part of the wake profile. Increasing the length scale from Λ/c=0.14
to 0.23 makes the profiles reach high velocity deficits. It also widens and skews the
profiles to the negative direction of y-axis. At the incidence angle α= 23 deg, widened
wakes are seen in Fig. 3.6d and f. The differences of the deficit profiles under different
free-stream length scales are small compared to ones at α= 21 deg (Fig. 3.6c and e). It

35

indicates the influence of Λ/c becomes subtle with increasing the angle of attack passing
the stall region.
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Fig. 3.6 Comparison of velocity deficits at constant Tu=4.1%, with Λ/c=0.014 and Λ=0.023: a) α=18
deg and b) α=20 deg for Re=55,000, c) α=20 deg and d) α=23 deg for Re=75,000, e) α=21 deg and f)
α=23 for Re=100,000.

Fig. 3.7 shows the wake turbulence intensity level with increasing free-stream
length scale from Λ/c= 0.14 to 0.23. Fig. 3.7a illustrates the wake turbulence level at
Re=55,000 and α= 18 deg. At Λ/c= 0.14, a bell shaped turbulence level profile is seen
with the maximum value located at y/c=0.0625. At Λ/c= 0.23, the turbulence level
remains constant at 0.04 from y/c=1 to 0.25. Moving downwards, there exists an abrupt
increase of the turbulence level to 0.25. Large fluctuations of turbulence level across the
wake is observed especially between y/c=-0.25 and -0.5. It has been observed the lift
coefficient was not stable during the wake survey at Re=55,000 at the stall angle of attack.
Together with the observation on the unstable turbulence intensity across the wake it
indicates the boundary layer behaviour is very sensitive turbulence at low Re=55,000.
Besides the increased wake turbulence intensity with high Λ/c, the wake profile also
shifts downwards. When the angle of attack increases to α= 20 deg, the wake for both
cases becomes wider with maximum turbulence level at the wake centre (y/c=-0.125).
The shape of the wake profiles is identical. The profiles at Re=75,000 have similar trend
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as observed at Re=55000: at α= 20 (Fig. 3.7c) deg, the wakes profiles show irregularities
for both cases, and the profile skew downwards with higher the Λ/c; at α= 23 (Fig. 3.7d),
the location of the maximum turbulence level shifts upwards to y/c=0, while the
difference of the wake profiles between two cases is nearly undetectable. The irregular
wake profile shape persists when Re=100,000 at α= 21 deg. Increase the angle of attack
to 23 deg, the wake is widened. However, a downward skew of the profile under high
integral length scale Λ/c = 0.23 is observed, and this phenomenon is not shown at Re =
55000 (Fig. 3.7b) and Re = 75,000 (Fig. 3.7d). It is a question whether the higher
Reynolds number plays a role, or it is simply due to the uncertainty of the angle of attack;
that is, α at high Λ/c is lower thus shifts the wake downwards.
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Fig. 3.7 Comparison of turbulence intensity profiles at constant Tu=4.1%, with Λ/c=0.014 and
Λ=0.023: a) α=18 deg and b) α=20 deg for Re=55,000, c) α=20 deg and d) α=23 deg for Re=75,000, e)
α=21 deg and f) α=23 for Re=100,000.
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Generally speaking, the irregularities presented in Fig. 3.7a, c, and e, for all
Reynolds number reveal the wake structure of the airfoil is unstable under the influence
of the turbulence at the stall angle of attack. This is the direct result of the unstable
boundary layer, and it indicates that the wake structure at these angles of attack is
modified constantly by the free-stream turbulence integral length scale. As the angle of
attack increases, the wake structure becomes more stable, and the role of the length scale
becomes subtle.
Table 3.2 lists the lift and drag data at all Reynolds numbers. At the same angle of
attack and Reynolds number, the lift coefficient of the airfoil decreases under the large
free-stream integral length scale (Λ/c=0.23), and the drag coefficient shows an increase.
It supports the observation on the wake survey. A wider wake indicates the initiation of
the boundary layer separation from the upper surface of the airfoil, and it triggers the
degradation of the performance of the airfoil. Differences in Cl and Cd at the post-stall
angles of attack are subtle.
Table 3.2 Independent effect of turbulence integral length scale at Tu=4.1%

Re=55000, α= 18 deg
Re=75000, α= 20 deg
Re=100,000, α= 21 deg

Free-stream condition

Cl

Cd

Λ/c=0.014

1.74

0.14

Λ/c=0.023

1.29

0.34

Λ/c=0.014

1.64

0.21

Λ/c=0.023

1.32

0.38

Λ/c=0.014

1.62

0.24

Λ/c=0.023

1.31

0.42

The PSD is plotted at y/c=-0.5 with different free-stream integral length scale in
Fig. 3.8. At Re= 55,000 and α= 18 deg (Fig. 3.8a), a peak centered at around f=25 Hz can
be spotted. It reveals that frequency-centered activity is presented in the wake. With the
increasing angle of attack to α=20 deg, a relatively broad and strengthened peak is
evident at a frequency around f=16 Hz for both cases (Fig. 3.8b). This is due to large low
frequency vortex structures generated in the wake. And the decrease of vortex-shedding
frequency indicates an increase in the length scale of the vortices. At Re=75,000, a small
peak centered at f=24 Hz is detected only with free-stream Λ/c=0.23 (Fig. 3.8c). Further
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increasing the angle of attack to 23 deg, a sharp peak appears again for both cases at f=20
Hz (Fig. 3.8d). A very subtle peak at f =24 Hz is seen at Λ/c=0.23 for the highest
Reynolds number (Fig. 3.8e). Whereas sharper peaks appear at post-stall region (Fig. 3.8f)
with f=26 Hz respectively for both cases. At post-stall angles of attack, vortex-shedding
frequency increases as the Reynolds number increases. However, the strength of the
frequency-centered activities decreases at Re=100,000 with Λ/c=0.23. It may indicate the
change of the wake structure (or the location of the vortices) and the length scale of the
vortices under the influence of the free-stream integral length scale. Different integral
length scales influence the wake structure and the performance of the airfoil significantly
at stall angles of attack; however, the wake structure at post-stall angles of attack does not
greatly altered by the current level free-stream length scale.
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a)

b)
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c)

d)

43

e)

f)
Fig. 3.8 Comparison of PSD with independent change in integral length scale from Λ=0.14 to 0.23. a)
α=18 deg and b) α=20 deg for Re=55,000, c) α=20 deg and d) α=23 deg for Re=75,000, e) α=21 deg and
f) α=23 for Re=100,000.
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At Tu=9.5% (Fig. 3.9), the velocity profiles are examined at α=20 deg for all
Reynolds numbers with increasing Λ/c=0.08 to 0.14 (Λ=12 to 21 mm). For Re=55,000
and Λ/c=0.08 (Fig. 3.9a), the maximum velocity deficit is 0.32 occurring around y/c=0.125. The upper part of the velocity profile does not have a smooth transition from outer
wake to center wake, whereas the shape of the lower part is smoother. At Λ/c=0.14, the
wake profile is seen to skew downwards, with decreased velocity deficits. The width of
the wake is narrower comparing to the ones formed under large free-stream integral
length scale, and it appears to skew to the negative side of the y-axis. At Re=75,000 (Fig.
3.9b) and Re=100,000 (Fig. 3.9c) the wake profiles also skew downwards and become
narrower with increasing Λ/c. This is contrary to the observation at Tu=4.1%, where the
wakes grow wider when increasing integral length scale. Obviously the wake is
suppressed when Λ/c increases from 0.08 to 0.014. In fact, the general shape is similar to
the independent change of the turbulence intensity featuring a downward shift of the
upper part of the wake and the maximum velocity deficit. Differences in velocity deficit
below y/c=-0.75 are also obvious, where large velocity deficit appears as the integral
length scale increases.
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Fig. 3.9 Comparison of velocity deficits at constant Tu=9.5%, with Λ/c=0.08 and Λ/c=0.14. a)
Re=55,000, b) Re=75,000, c) Re=100,000.

Fig. 3.10 Comparison of integral length scale effects at constant turbulence intensity Tu=9.5% with
Λ/c=0.08 and Λ/c=0.14. a) Re=55,000, b) Re=75,000, c) Re=100,000.
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The differences in the turbulence intensity profiles are obvious at the upper part of
the wake (Fig. 3.10). An increase in integral length scale results a decrease in wake
turbulence level, thus the wakes appear narrower. It appears that the free-stream integral
length scale have less impacts on the lower part of the wake.
Table 3.3 Independent effect of turbulence integral length scale at Tu=9.5%

Re=55000, α= 20 deg
Re=75000, α= 20 deg
Re=100,000, α= 20 deg

Free-stream condition

Cl

Cd

Λ/c=0.08

1.58

0.20

Λ/c=0.14

1.59

0.21

Λ/c=0.08

1.59

0.23

Λ/c=0.14

1.64

0.22

Λ/c=0.08

1.58

0.23

Λ/c=0.14

1.63

0.22

The coefficients of lift are slightly larger with higher (Table 3.3). Reduced drag is
observed at Re=55,000 and 100,000 except at Re=75,000, but the differences are within
uncertainty limits.
By observing the PSD at Re=55,000 (Fig. 3.11a), weak peaks are observed at
f=20 Hz for both Λ/c=0.08 and 0.14 cases. With increasing the Reynolds number to
75,000 (Fig. 3.11b) and 100,000 (Fig. 3.11c), weak peaks are seen at f=26 and 36 Hz for
Λ/c=0.08, and no peaks can be seen for Λ/c=0.14.
In general, with the increase in the integral length from Λ/c=0.08 to 0.14, a
narrower wake, less intense frequency-centred activities and higher lift coefficient all
imply the boundary layer is less separated from the airfoil. Although very subtle, it seems
that the small size of the integral length scale do have effects on the post-stall angles of
attack of the airfoil.
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a)

b)
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c)
Fig. 3.11 Comparison of PSD at constant turbulence intensity Tu=9.5% with Λ/c=0.08 and Λ/c=0.14.
a) Re=55,000, b) Re=75,000, c) Re=100,000.
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Conclusions

The independent effects of the turbulence intensity and the integral length scale
on the wake structure of an asymmetric airfoil (S1223) have been investigated
experimentally at three different Reynolds numbers Re=55,000, 75,000 and 100,000.
The independent effects of the turbulence intensity were examined in detail at
Tu=4.1% and 9.5% with free-stream turbulence integral length scale fixed at Λ/c=0.14.
The differences in the wake structure and corresponding lift and drag coefficient are
prominent. Over the range of the Reynolds numbers tested, the upper and the middle part
of the wake are greatly affected by the increasing the free-stream turbulence intensity. By
increasing the free-stream turbulence intensity independently, the wake becomes
narrower, and the velocity deficits and wake turbulence intensity decreases. Increased lift
and reduced drag have also been observed. From PSD, the strength of the shedding
vortices becomes less detectable as no frequency-centred peak is seen. Higher level of
free-stream turbulence intensity has better capabilities to suppress the wake turbulence
and vortex-shedding by means of increasing the momentum exchange between the outer
flow and the wake. It reduces wake width and suppression of vortex-shedding show a
sign of a delay trailing edge boundary layer separation. As a result the stall characteristic
is less obvious as the increasing the high free-stream turbulence intensity slows down the
process of the trailing edge separation.
The independent effects of the turbulence integral length scale were examined
first at a constant 4% turbulence intensity. At certain stall angles of attack and increasing
free-stream integral length scale from Λ/c=0.14 to Λ/c=0.23, the wake becomes wider
and skew to the negative direction of y/c. Large increases in velocity deficits and
turbulence integral length scale are evident at the middle and the lower part of the wake.
The lift coefficient decreases, and the drag coefficient increases. Weak vortex-shedding
phenomena are spotted at lower part of the wake (y/c=-0.5). The widened wake indicates
the boundary layer separates earlier under the influence of the large integral length scale.
However, the instability of the separated boundary lay can only initiate very weak vortex
structure for both cases. By further increasing the angle of attack, the wakes for both
cases grow wider, indicating a more separated boundary layer. The impact of the integral
length scale is subtle as the width, velocity deficits, turbulence intensity in the wake are
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nearly the same. The wake structures also behave similarly and strong vortex-shedding is
captured in both cases.
At free-stream turbulence intensity Tu=9.5%. The velocity and turbulence
intensity profiles skew to the negative y/c for all Reynolds numbers when the integral
length increase from Λ/c=0.08 to Λ/c=0.14. However, the velocity deficits and wake
turbulence are shown to decrease. Frequency-centered activities are very weak and can
only be spotted at Λ/c=0.14. Although the lift coefficient is seen to increase at Λ/c=0.14,
the difference in lift and drag coefficient are within uncertainty limits. In general the
effect of current integral length scale under high turbulence is subtle.
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CHAPTER 4.

CONCLUDING REMARKS AND RECOMMENDATIONS

Concluding Remarks

The independent effects of turbulence intensity and turbulence integral length
scale on a S1223 asymmetric airfoil at low Reynolds numbers have been examined in the
thesis. The lift and drag coefficients were examined from α=-5 to 25 deg, and then the
wake structure were investigated at certain post-stall angles of attack specifically.
The independent effects of high level turbulence intensity are prominent on the
airfoil examined with constant integral length scale. By increasing the turbulence
intensity less than 0.5% to 9.5%, the stall is significantly delayed to higher angles of
attack. The velocity deficits and turbulence intensity are reduced. The strength of vortexshedding is also decreased. The wake structure indicates the boundary layer separation is
effectively suppressed by the high free-stream turbulence intensity.
The independent effects of the free-stream turbulence integral length scale were
studied at 4.1% and 9.5% turbulence intensity level. At low turbulence intensity level, the
airfoil shows a slight early-stall when the integral length scale is increased (from
Λ/c=0.14 to 0.23). The lower lift and higher drag are seen at stall angles of attack. The
wake becomes wider with higher velocity deficits and turbulence intensity. There is no
clear sign on the formation of the vortex structure. At post-stall angles of attack, the
integral length scale has very subtle impact on the force coefficient and wake structure.
The high strength vortex-shedding phenomena are captured for both cases.
At higher turbulence intensity, the effects of increasing the integral length scale
from Λ/c=0.08 to 0.14 are subtle. A slight decrease on the lift coefficient is seen at poststall region. The velocity deficits and wake turbulence are shown to decrease. Frequencycentered activities are very weak can only be spotted at certain Reynolds number. In
general the effect of current integral length scale under high turbulence is subtle.
Recommendations

The free-stream turbulence intensity and turbulence integral length can affect the
performance and wake structure of an asymmetric S1223 airfoil at low Reynolds numbers.
However, current study does not investigate the mechanism that makes the airfoil behave
differently in different free-stream turbulence conditions: that is, the boundary layer
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behaviours are still not clear. To further investigated the boundary layer behaviour, two
feasible methods: 1) oil flow visualization and 2) surface pressure taps may be employed.
With these techniques, the boundary layer separation bubble and its location can be
measured, and these can help to explain the different performance of the airfoil under
different turbulence conditions.
Wavelet analysis could be used to complement the Fourier spectral analysis as it
can not only reveal the features in the frequency domain and also in the time domain.
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APPENDICES
APPENDIX A.

Uncertainty analysis of lift and drag coefficient

The uncertainty analysis of the lift and drag coefficients usually consists of two
parts: a) estimation of systematic error B (bias error), b) estimation of random error P
(precision error). The total uncertainty is the calculated determined by:
W = ( B 2 + P 2 )0.5

(A-1)

The lift and drag coefficients can be expressed as:
Cl =

F + Fy 2
L
= y1
2
1/ 2 ρV∞ A
qA

(A-2)

Cd =

F + Fx 2
D
= x1
2
1/ 2 ρV∞ A
qA

(A-3)

where L and D measured lift or drag respectively and q is free-stream dynamic pressure
which was measured directly in the experiment using pitot-static tube. The uncertainty of
the planform area A is negligible as it is too small comparing to other parameters in the
equation, so the systematic error is calculated as:

2
2
2
⎛ ⎡ ∂C
⎤
⎡
⎤
⎡ ∂Cl ⎤ ⎞⎟
∂
C
l
l
⎜
Bcl = ⎢
BF ⎥ + ⎢
BF ⎥ +
Bq ⎥
⎜ ⎣⎢ ∂Fy1 y1 ⎥⎦ ⎣⎢ ∂Fy 2 y 2 ⎦⎥ ⎢⎣ ∂q
⎦ ⎠⎟
⎝

0.5

2
2
2
⎛ ⎡ ∂C
⎤ ⎡ ∂Cl
⎤ ⎡ ∂Cl ⎤ ⎞
l
+
+
Bcd = ⎜ ⎢
B
B
B ⎟
⎜ ⎣ ∂Fx1 Fx1 ⎦⎥ ⎣⎢ ∂Fx 2 Fx 2 ⎦⎥ ⎣⎢ ∂q q ⎦⎥ ⎟
⎝
⎠

0.5

(A-4)

(A-5)

The lift and drag are calculated by adding the time averaged force components
from the load cells at each side of the airfoil. Samples N=20,000 of force data are
collected over 20-sec duration; thus, the precision error of the forces with 95%
confidence level can be expressed as:
PF = 2S F =

2S F
N

(A-6)

Accordingly the precision errors of the lift and drag coefficient can be written as:
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⎠
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+
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(A-7)
0.5

(A-8)

The systematic error is neglected in the uncertainty analysis because the
experiment is a comparative test. The sample calculations of the lift coefficient
uncertainty at α=-5 deg with the free-stream turbulence condition Tu=4.1%, Λ=11 mm,
and Re=55000 are listed below:
Fy1 = 0.442349 N
Fy 2 = 0.497045 N

q = 20 Pa
A = 0.1161 m 2

Cl =

(0.44239 + 0.497045) N
= 0.4044
20 Pa × 0.1161 m 2

S Fy1 = 0.068173 N

PFy1 =

2S Fy1
N

=

2 × 0.068173
= 4.821× 10−4 N
20000

S Fy 2 = 0.116734 N

PFy 2 =

2S Fy 2
N

=

2 × 0.116734
= 8.254 ×10−4 N
20000

Pq = 0.3 Pa
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⎤ ⎡ ∂Cl ⎤ ⎞
l
Pcl = ⎜ ⎢
P
P
p ⎟
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+
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(

0.5

Pcl = ⎡⎣0.21401(4.821×10−4 ) ⎤⎦ + ⎡⎣0.19046(8.254 × 10−4 ) ⎤⎦ + [ −0.020223(0.6) ]
2

2

Pcl = 0.01214

WCl ≈ PCl
WCl
Cl

=

0.01214
≈ 0.03 = 3%
0.4044
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APPENDIX B.

Determination of Taylor microscale

To determine the Taylor microscale, the methodology used is similar to what has
been described by Belmabrouk and Michard [1]. The Taylor microscale is usually
obtained by fitting the first few auto correlation coefficient points with a parabola. It can
be expressed as:

ρ (r ) = ρ 0 −

r2

λ2

(B-1)

where r is the stream-wise distant between two points. Theoretically R0 is 1, but it is less
than one in practice.
Temporal auto-correlation function is first calculated. It is then transformed to
spatial auto-correlation function based on the Taylor’s frozen eddy hypothesis. The
transformation provides a good match if urms/Umean<<1 and the turbulence is close to
isotropic. The general approach is described below:
1. Plot spatial auto-correlation coefficient ρ(r) versus r2 so the parabolic relationship
becomes linear.
2. Set an interval [rmin, rmax ]
3. Linear equations can be obtained and expressed as ρ(r) as a function of r2 using least
square fit. Taylor microscale is square-root of the value approximated at where ρ(r)
=0
4. Increasing rmax and repeat step 3, a new Taylor scale is obtained. The repeated
procedures terminate if the relative error of the Taylor microscale is higher 5%.
(table)
5. The final Taylor microscale is determined by averaging the possible different values.
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Table D.1 Effects of rmax on the Taylor microsclae, Plate 50.8 with Tu=9.5%, Λ=21 mm and
V∞=5.7m/s

rmin (mm)

rmax (mm)

λ(mm)

|λ - λave|/λave

R0

(%)
0.065

0.13

4.46

0

0.998

0.065

0.20

4.61

1.7

0.998

0.065

0.26

4.58

0.7

0.998

0.065

0.33

4.61

0.9

0.998

0.065

0.39

4.65

1.4

0.998
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Fig.B. 1 Parabola determinded from the auto-correlation coefficient

Fig.B. 2 Determination for Taylor microscale
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APPENDIX C.

On the assumption of Taylor’s hypothesis

The integral length scale is calculated by integrating the spatial correlation
function (two-point correlation function). For hot-wire measurement, it is easier to find
temporal correlation function (auto-correlation function) than to find the spatial
correlation function. The approximation of spatial correlations by temporal correlations is
known as Taylor’s Hypothesis [1]. And it is based on Eq (C-1). In grid turbulence with

u’/Umean<<1, it is quite accurate [2]. Hinze [3] also points out that the Taylor’s hypothesis
is based on the assumption of homogeneity of the flow field. For shear flow, validity of
Taylor’s hypothesis is less clear.

∂
∂
= ui
∂t
∂xi

(C-1)
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APPENDIX D.

Comparison of the results to literature

Fig.D. 1 shows the comparison of the lift coefficients obtained based on the
current setup and published data [1] at Re=50,000 (Fig.D. 1a) with clean installation (i.e.
no perforated plate was installed). The lift coefficient of current study is larger comparing
to the published data before the airfoil stalls at α=4 deg. It can also be observed that the
lift coefficient of the current study is lower starting from α<13 deg. At Re=100,000
(Fig.D. 1b), the current study agrees the Selig data at pre-stall region. However, it has
earlier stall at α=6 deg and a lower maximum lift coefficient. The lift in post-stall region
is also lower than what has been recorded by Selig. At Re=150,000 (Fig.D. 1c), good
agreement is observed at pre-stall region (α<15 deg). The current airfoil is still features
an earlier stall and a lower lift coefficient at post-stall angles of attack (α>20 deg).
Fig.D. 2 illustrates the drag coefficient at Re=100,000 (Fig.D. 2a) and

Re=150,000 (Fig.D. 2b). It should be noted that the drag data by Selig is estimated
through wake survey, whereas the drag of the current study is measured directly using
force transducer, so direct comparison is less meaningful.
The turbulence intensity of the clean wind tunnel around 0.5% is considered a
little high. However the largest contribution to the difference in the data is believed to be
the uncertainty of the airfoil. The profile the wooden airfoil has discrepancy to the
original profile which may change the airfoil performance.
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a)

b)
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c)
Fig.D. 1 Comparison of current lift data with published literature. a) Re=50,000, b) Re=100,000, c)
Re=150,000.

a)
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b)
Fig.D. 2 Comparison of current drag data with published literature. a) Re=50,000, b) Re=100,000, c)
Re=150,000.
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APPENDIX E.

Comments on straining rate effects

The mean turbulence straining rate (rate of strain) is also a useful parameter in
turbulence study. It comes to a question whether the straining rate of the turbulence is a
more effective measuring parameter other than turbulence intensity and turbulence
integral length scale, as it takes into account both the fluctuation and the scale of the
turbulence simultaneously. The turbulence straining rate is defined as u’/λ, where u’ is
the root mean square turbulent fluctuation intensity and λ is the Taylor microscale. It is
easily seen that large straining rate means the turbulence fluctuation plays a dominant
role, and the small straining rate means the turbulence scale has more effects.

Fig.E. 1 Straining rate effects on the lift coefficient of S1223 at Re=55,000.
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APPENDIX F.

Uncertainty analysis of Reynolds number

The Reynolds number is defined as:

ρU mean c
μ

Re =

(F-1)

Base on ideal gas law, the density is expressed in:

ρ=

Patm
RT

(F-2)

If we can express the mean free-stream velocity in terms of the free-stream
dynamic pressure, then Equation (F-1) becomes:
Re = a(

qPatm 0.5
)
T

(F-3)

where a is a constant if the uncertainty of chord and viscosity is negligible:

a=

2c
μ R

(F-4)

Where R is Universal gas constant of 287.058 J/Kg·K, and μ is the kinematic viscosity of
1.827(10)-5 Pa·s.
As a result, the Reynolds number is simplified to be a function of the free-stream
dynamic pressure q, atmospheric pressure Patm, and the temperature T inside the wind
tunnel.
The free-stream dynamic pressure was monitored by a Dwyer 475 with 1.5%
accuracy in full scale (0.249 Pa). It was also noticed that the fluctuation of the flow
during the experiment is ±3 Pa. The atmospheric pressure was measured using a Kestrel
Meters with an accuracy of 170 Pa (0.05 inHg). The fluctuation of the atmospheric
pressure was estimated to be ±200 Pa. The temperature was measured by Barnant
Thermometer with an accuracy of 0.7 K. The temperature fluctuation was ±3 K. The
estimated errors above are all based on 95% confidence level.
The uncertainty of the Reynolds number consists of bias and precision error:
WRe = ( BRe 2 + PRe 2 )0.5
2
2
⎡⎛ ∂ Re ⎞ 2 ⎛ ∂ Re
⎞ ⎛ ∂ Re ⎞ ⎤
BRe = ⎢⎜
Bq ⎟ + ⎜
BPatm ⎟ + ⎜
BT ⎟ ⎥
⎠ ⎥⎦
⎢⎣⎝ ∂q
⎠ ⎝ ∂Patm
⎠ ⎝ ∂T
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(F-5)
0.5

(F-6)

2
2
⎡⎛ ∂ Re ⎞ 2 ⎛ ∂ Re
⎞ ⎛ ∂ Re ⎞ ⎤
PRe = ⎢⎜
Pq ⎟ + ⎜
PPatm ⎟ + ⎜
BT ⎟ ⎥
⎠ ⎥⎦
⎢⎣⎝ ∂q
⎠ ⎝ ∂Patm
⎠ ⎝ ∂T

0.5

(F-7)

where:
∂ Re
⎛ qP ⎞
= 0.5a ⎜ atm ⎟
∂Patm
⎝ T ⎠

∂ Re
⎛ qP ⎞
= 0.5a ⎜ atm ⎟
∂q
⎝ T ⎠
∂ Re
⎛ qP ⎞
= 0.5a ⎜ atm ⎟
∂T
⎝ T ⎠

−0.5

−0.5

q
T

(F-8)

Patm
T

(F-9)

⎛ −qPatm ⎞
⎜
⎟
2
⎝ T ⎠

(F-10)

−0.5

The sample of calculations is listed below at Pdyn=64 Pa, Patm=98990 Pa, and
T=300 K.
2
2
⎡⎛ ∂ Re ⎞ 2 ⎛ ∂ Re
⎞ ⎛ ∂ Re ⎞ ⎤
BRe = ⎢⎜
Bq ⎟ + ⎜
BPatm ⎟ + ⎜
BT ⎟ ⎥
⎠ ⎦⎥
⎢⎣⎝ ∂q
⎠ ⎝ ∂Patm
⎠ ⎝ ∂T

0.5

2
2
2
= 0.5(695) ⎡( 2.271(3.735) ) + ( 0.001468(170) ) + ( −0.4844(0.7) ) ⎤
⎣
⎦
≈ 2950

2
2
⎡⎛ ∂ Re ⎞ 2 ⎛ ∂ Re
⎞ ⎛ ∂ Re ⎞ ⎤
PRe = ⎢⎜
Pq ⎟ + ⎜
PPatm ⎟ + ⎜
PT ⎟ ⎥
⎠ ⎥⎦
⎢⎣⎝ ∂q
⎠ ⎝ ∂Patm
⎠ ⎝ ∂T

0.5

0.5

2
2
2
= 0.5(695) ⎡( 2.271(3) ) + ( 0.001468(200) ) + ( −0.4844(3) ) ⎤
⎣
⎦
≈ 2420

0.5

WRe = ( BRe 2 + PRe 2 )0.5
= (29502 + 24202 )0.5
≈ 3800
At Re=100,000, the uncertainty is ±3800 (±3.8%) with 95 % confidence level
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