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Experimental investigation of downstream wake characteristics of
NACA 0015 Airfoil
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In recent times, air transport has emerged as an important force in driving the globalization process, resulting in
an ever increasing passenger growth, which in turn demands reduced in-between timings of preceding flights.
One of the prominent factors which influence this in-between timings is the downstream wake characteristics.
Therefore, in this current study, a series of wind tunnel investigations were performed to assess the downstream
near wake characteristics of the NACA 0015 airfoil at various angles of attack corresponding to Re =1.83×105.
The downstream near wake measurements and turbulence quantities were measured using a Pitot-static probe
and a simultaneous pressure scanner, with a sampling frequency of 700Hz. Experimental results revealed the
complex nature of the downstream near wake characteristics featuring substantial asymmetry arising out of
the incoherent flow separations prevailing over the suction and the pressure side of the airfoil. Aiming at
systematically investigating the downstream near wake characteristics, the following parameters like wake
width, dissipation length, wake width coefficient, downstream velocity ratio and turbulence intensities were
considered in this study. Based on the experimental results, it is found that the wake width and the downstream
velocity ratio decreases with the increase in the angle of attack. However, the dissipation length, wake width
coefficient and turbulence intensity increase with the increase in the angle of attack. Additionally, attempts
were made to understand the physical nature of the near wake characteristics at two and four axial chord
downstream locations.

Keywords: wake velocity; dissipation length; downstream velocity ratio; wake width coefficient

http://dx.doi.org/10.6180/jase.202012_23(4).0004

1. Introduction

Over the years, due to the increased globalization factors,
IATA has estimated that the air passenger numbers might
be go doubled by the year 2037 based on 2017 predictions
[1]. Hence, the frequency of aircraft operations has to be
correspondingly increased to cater the needs of additional
passengers. Considering these facts, the frequency of air-
crafts taking off and landing at the airports has incresed
thereby restruction that has lead to the in-between tim-
ings of taking off and landing. Recent studies suggest that
at Hartsfield-Jackson airport, which is considered as the
world’s busiest airport in Atlanta, Their the frequency of op-
erations is 2 aircrafts per minute [2]. One of the prominent
factors which play a vital role in deciding the in-between
timings of departure and arrival is the downstream wake

characteristics i.e. wake turbulence induced by the preced-
ing flight is depicted in Fig. 1. Hence the study of wake
vortex behavior in the downstream of the aircraft wing be-
comes quintessential. Spalart et al., [3] discussed about the
in-between timings scheduled between the leader and the
follower aircrafts and concluded that the downstream wake
characteristics exhibit a strong effect on the aerodynamic
characteristics of the aircraft wıng due to the motion and
the persistence of the vortices. Further, Spalart introduced
the term, non-dimensional time (τ) which is nothing but the
time taken for the decay of the trailing vortices emerging
from the airfoil to the freestream atmospheric turbulence
level. Following which Kopp et al., [4] and Rudis et al.,
[5] studied the influence of atmospheric stratifications like
time of day, season and latitude etc on the non dimensional
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time (τ). Like wise, Lee et al., [6] express another serious
concern arising from the downstream wake characteristics
of an airfoil about the roof damage on the airport caused
by the trailing edge vortices emerging from the airfoil and
thus extending to the airport like a small tornado. Inorder,
Garodz and Clawson et al., [7] consolidated that to under-
stand and to validate the complete physics, the flight tests
needs to be performed. Even at some earlier researches, ac-
cording to Garodz et al. [8], smoke canisters were mounted
to the tower and various aircraft were flown to mark the
location of the vortices. Moreover, later studies suggest
that wind tunnel test produce flow fields of good quality
and accurate measurements and hence could be possibly
used to overcome the cost factor involved with the flight
tests. This strategy provides us an opportunity to under-
stand better way of the physical nature of the downstream
near wake characteristics using wind tunnel. Likewise,
De Bruin et al., [9] experimentally investigated the down-
stream wake characteristics of the full scale Fokker airliner
model in the Duits-Nederlanse wind tunnel (DNW) for
various downstream locations. They further investigated
the influence of flap positions, engine configurations and
landing gear effects on the downstream wake characteris-
tics.Simmilarly, Hallock et al., [10] claimed that the vortices
generated from the wing can be resolved in to streamwise
and cross-streamwise components. Cross-streamwise com-
ponents are belived to be caused by the actuation of control
surfaces, wing plan form etc [11]. Therefore, if the wing
experiences some changes due to the control surfaces, more
than one vortex pair will be generated. Even though, it is
a general consensus that the vortex motion is dictated by
the ambient atmosphere. Spalart et al., [12] and Gerz and
Ehret et al., [13] explored the mechanism behind the decay
of the downstream wake and found that, the vorticity of
the wake which diffuses slowly into the freestream atmo-
sphere causes “detrainment” which is believed to be the
primary reason behind the decay of the wake or reduction
in the wake with the increase in the downstream distance.
Subsequently, Gerz et al., [14] continued his research and
published papers on procedures of predicting the vortex
strength and downstream wake parameters. With the ad-
vent of highly-sophisticated computers and sensors, the
prediction of the downstream wake appears to be quite
mature now. Hallock et al., [15] reported that RECAT in
the US and the RECAT-EU in the Europe have deployed
pulsed Lidar to monitor the vortex behaviour at various air-
ports along the final approach and the initial take off path
covering an altitude of up to 1500 feet. Even though the
airborne sensors and the meteorological predictive systems
combined predictions of the downstream wake characteris-

tics helped understanding the physics of the downstream
wake vortices and their parametric changes. Under realistic
environments/flow field measurements, a strong enough
cross-wind may under predict or over predict the down-
stream wake characteristics like wake width, dissipation
length and turbulence quantities etc. Therefore, the experi-
mental investigation of downstream wake characteristics is
still an open area for researchers and the amount of knowl-
edge is still lack.

Fig. 1. Wake vortex hazard, Breitsamter et al., [16]

In this context, the present paper deals with a series
of wind tunnel experiments aimed at understanding the
downstream wake characteristics of the NACA 0015 air-
foil subjected to a mean freestream turbulence intensity
of 0.51% at Re=1.83×105. The downstream wake measure-
ments were made using the Pitot-static tube and MPS4264
simultaneous pressure scanner of Scanivalve make. The
variation of downstream wake parameters like wake width,
dissipation length, downstream velocity ratio, wake width
coefficient and turbulence quantities were measured for
various angles of attack ranging from -20o to 20o. Addi-
tionally, attempts were made to understand the physical
nature of the downstream wake characteristics of the test
airfoil at two and four axial chord locations respectively.
Understanding the wake characteristics downstream of the
airfoil will be highly beneficial and could be advantageous
for airlines and airport operators to increase the air traffic
operations worldwide.

2. Experimental setup

An extensive study of aerodynamic characteristics over the
symmetrical airfoil was conducted in a low-speed subsonic
open-circuit wind tunnel having a rectangular test section
of 300 mm 300 mm 1500 mm, as shown in Fig. 2. The test
section has a contraction ratio of 3:1, a stable velocity range
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of 10 m/s to 60 m/s, and turbulence intensity of 0.51%.
The experiments were conducted at Reynolds number (Re)
= 1.83×105 with a mean free stream velocity (V∞) of 28
m/s. The synthesis of the experimental setup is depicted
in Fig. 3. A symmetric airfoil model made out of wood
with a span length of S = 290 mm and chord length C =
100 mm is utilized in this study. The NACA 0015 based
airfoil model was uniformly distributed with 21 pressure
taps over the surface of the airfoil. The diameter of each
pressure tap was 1mm. The first pressure tap measured
the stagnation pressure and the remaining pressure taps
measure the surface pressure over the suction side and the
pressure side of the airfoil. The test airfoil was mounted
horizontally at the centre of the test section using a pitch-
position holder. The blockage ratio of the test model is
calculated as 4.83% To characterize the wake profiles at
each measurement location, the velocity measurement was
performed in a linear translation step size of 10 mm in the y-
direction using Pitot-static tube and simultaneous pressure
scanner of Scanivalve make. The downstream measure-
ment locations normalized in terms of chord length were
represented as (X/C), where X denotes the distance from
the trailing edge of the airfoil to the Pitot-static tube in the
x-direction and C denoted the chord length between the
trailing edge of the airfoil and the Pitot tube. Since the
wake behind the test, airfoil varied with the increase in
the downstream distance and the angle of attack (α). Two-
downstream measurement locations located at two axial
chord lengths (2C) and four axial chord lengths (4C) in the
x-direction were considered in this study. In addition to the
wake measurements, the aerodynamic characteristic of the
test airfoil was also studied simultaneously. To measure
the instantaneous surface pressure acting over the airfoil
the pressure taps from the airfoil were connected to a mul-
tichannel pressure scanner. The experiment is carried out
for various angles of attack ranging from -20° to 20° with
an increment of 5° at a mean free stream velocity of 28 m/s
corresponding to a sampling frequency of 700 Hz and 8,000
data samples. To effectively capture the wake behavior, at
each downstream location, the velocities were measured
from the bottom to the top of the test section extending
between 0 to 300mm with an increment of 10mm in the
y-direction. Based on resultant data, like wake width, dis-
sipation length, effect of downstream velocity ratio, wake
width coefficient and turbulence intensity were calculated
at velocity at V= 28 m/s (Re = 1.83 X 105).

Fig. 2. Experimental setup in a low subsonic wind tunnel

Fig. 3. Pitot location various place at the test section in
(mm)

3. Result discussions

3.1. Wake velocity measurements

Wake development at downstream was anticipated in
schematic outline. In view of this expectation, the test
results in downstream wake advancement additionally em-
ulate the same pattern as in Fig. 4. The variation of wake
velocity profile with respect to change in angle of attack
(α) measured at two and four axial chord distances down-
stream from the trailing edge of the airfoil which is shown
in Fig. 5a and Fig. 5b respectively. It is inferred from
the Fig. 5a that, broader wakes are formed on the suction
side with an increase in angle of attack. At α = 20º, the
wake width shows its maximum peak which is relatively
higher than the remaining angles. It is based on the fact
that the change in the wake width emerges as a result of
the change in the boundary layer followed by the flow
separation influenced by the flow velocity and the angle
of attack (α). Furthermore, with the increase in angle of
attack the flow is highly accelerated on the suction side
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and decelerated on the pressure side, because of significant
flow separation near the trailing edge resulting in broader
wake formation as discussed by Zhang et al [17]. From Fig.
5a it can be noted that at lower angles, the wake velocity
profile is nearly symmetrical and flow velocity gets sepa-
rated symmetrically. However, with the increase in angle
of attack the trend gradually changes from symmetric to
asymmetric influenced by the separation. To further ascer-
tain this behaviour it can be noticed that at the tip wake
velocity profile an uninterrupted flow can be observed in-
dicating that the free stream velocity is almost equal to
the downstream velocity. Moreover, in the mid-region, the
peak behaviour varies with respect to y/H at every point
because the viscous sublayer on the airfoil dominates the
inertial sublayer due to the wake turbulence effect. There-
fore, it can be concluded that the change in wake velocity is
significantly influenced by the separation characteristics of
the flow as discussed by Hah.C et al [18]. Fig. 5b represents
the variation of wake velocity profile at the fourth axial
chord length distance downstream of the airfoil trailing
edge. The wake width decreases with an increase in down-
stream distance as a result of the wake structure becoming
more asymmetric. Due to above flow phenomena, velocity
defects decreases and so the wake is observed to be wider
at X/C = 2 than at X/C = 4 at the same angle of attack. Fig.
6a and Fig. 6b represent the variation of wake width at
various the angles of attack for two downstream locations
of the airfoil. As it can be seen from the Fig. 6, with an in-
crease in angle of attack the wake width increases. With an
increases in the distance of in X/C downstream locations,
the wake velocity profile becomes almost equal to that of
the free stream velocity profile.

3.2. Effect of downstream velocity ratio [ϑ]:

Downstreamvelocityratio[ϑ] =
Downstreamvelocitywiththemodel[Vϕ]

Downstreamvelocitywithoutthemodel[Vψ
=

Vϕ
Vψ

(1)

The downstream velocity ratio measurements were esti-
mated at second and fourth axial chord length distance for
various angles of attack ranging from -20o to 20o are shown
in Fig. 7. From the Fig. 7, it becomes clear that the veloc-
ity ratio decreases as the X/C increases. For instance, the
downstream velocity ratio at α=0º is 0.95 whereas, with the
increase in the angle of attack (α), the downstream velocity
ratio gradually decreases and reaches a value of 0.70 at
α=20º. Similar trend is also observed in the negative direc-
tion of angles of attack (α). From the aspect of downstream
distance i.e. X/C, it can be observed that for the same an-
gle of attack (α), the downstream velocity ratio increases
with the increase in the x/C. The results obtained from the
second station indicates that the downstream velocity ratio

increases and reaches 1.05 at α = 0º and decreases to 0.85 at
α = 20º.

3.3. Effect of Wake width co-efficient

The wake width coefficient is defined as the ratio between
dissipation length (Φ) and wake width (δ). Fig. 8a repre-
sents the schematic diagram of wake width (δ) and dissipa-
tion length for various downstream locations. It is based on
the fact that, with the increase in the downstream distance
X/C, the wake width gradually decreases and becomes
almost equal to that of the freestream velocity [19]. Further,
it can also be seen that with the increase in the downstream
distance and decrease in the wake width the dissipation
length expands gradually towards the farthest point. Based
on the experimental results, it is observed that the wake
width coefficient increases with the increase in the angle
of attack for both the positive and negative direction of
angles of attack. For instance, at X/C = 2, the wake width
coefficient exhibits a value of 0.15 at α = 0º. However, at α

= 20º, the wake width coefficient reaches a maximum value
of 0.6. The increasing trend of the wake width coefficient
with the increase in the angle of attack could be possibly
attributed to the reduction in the wake width experienced
by the airfoils at higher angles of attack. A similar trend
can also be seen for the downstream location X/C=4, where
the wake width coefficient increases from 0.1 at α = 0º to
0.5 at α = 20º.

3.4. Turbulent intensity of wake

Since the airfoils subjected to various angles of attack un-
dergo different flow characteristics, the downstream wake
of the airfoil over the pressure and the suction side is rela-
tively different featuring substantial asymmetry. To further
identify the influence of downstream wake characteristics
on the turbulence quantities of the flow field, turbulence
intensity distribution across various angles of attack at X/C
= 2 and 4 is plotted in fig. 9a and 9b respectively. Figure
9a and 9b shows that the level of turbulence intensity is
higher on the suction side relative to the pressure side at
both the downstream locations. However, it can be further
inferred that with the increase in the angle of attack the
wake characteristics of an airfoil exhibits a significant effect
on the turbulence quantities of the flow field. For instance,
it could be easily seen from the figure that, for α < 10o a
noticeable change in the level of turbulence intensity is
observed.

4. Conclusions

The downstream characteristics of NACA 0015 airfoil has
been studied at various locations with the parameters like
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(a) Wake velocity development in positive AOA (b) Wake velocity development in negative AOA

Fig. 4. Schematic diagram of the velocity profile represents the wake development in various downstream locations
along the x-direction.

Fig. 5. (a) Wake velocity profile at X/C = 2. (b) Wake velocity profile at X/C = 4.

wake width, dissipation length, wake width ratio and
downstream velocity ratio. Based on the experimental data
the following conclusions were made.

I. The wake width increases with an increase in angle of
attack and decreases with an increase in downstream dis-
tance for the same angle of attack. The dissipation length
increases with an increase in angle of attack and also in-
crease with increasing in downstream distance.

II. with the increase in positive angle of attack, asym-

metric nature of wake increases and moves towards the
negative y-direction. The opposite behavior is observed for
the negative angle of attack.

III. Downstream velocity ratio increases with an increase
in downstream distance for the same angle of attack and
far from the trailing edge of airfoil it will be equal to free
stream velocity.

IV. Wake width coefficient decreases with an increase in
angle of attack and it increases with increasing downstream
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(a)

(b)

Fig. 6. (a) Mean velocity profile at station X/C = 2 for
angle α = 5°, 10° and 15°. (b) Mean velocity profile at
station X/C = 4 for angle α = 5°,10° and 15°

Fig. 7. Downstream velocity ratio [ϑ] for the various an-
gles of attack.

(a)

(b)

Fig. 8. (a) Wake velocity development in positive AOA.
(b) Wake velocity development in negative AOA.

distance. The investigation was performed in such a way
that measurements were limited to a downstream length
of 4C.
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Fig. 9. (a) Turbulence intensity at X/C = 2. (b) Turbulence intensity at X/C = 4.
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