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Abstract: This article aims to highlight the importance of utilizing flow visualization techniques in the
preliminary analysis of streamlined and bluff bodies, especially the potential use of visualization with
ink in a water channel as a tool for a preliminary approach during fluid mechanics analysis. According
to this, the study compares the results obtained using a classical flow visualization technique, ink
injection in water, with those obtained through the employment of a laser-based measurement and
visualization technique, called PIV, in a low-speed wind tunnel. The article briefly presents both
techniques and highlights the importance of flow visualization in the analysis of aerodynamic bodies.
This study focuses on flow over NACA airfoils at extremely low Reynolds numbers, which is of great
interest for application in extraterrestrial atmospheres, such as on Mars. After obtaining images of
the flow streamlines over the NACA 0018 airfoil, the results of both techniques were compared. The
results indicated that there was good agreement between the visualization with the water channel and
the PIV results, suggesting that the results obtained in the water channel represented a scientifically
valid approximation and an essential complement to computational models that require experimental
validation.

Keywords: flow visualization; extremely low Reynolds numbers; towing tank; NACA airfoils; PIV

1. Introduction

This paper introduces the flow visualization of conventional airfoils, in order to an-
alyze the validation of experimental techniques that are typically used to study airfoils,
which is the final aim of this paper. Flow visualization allows, on some occasions, dis-
covering phenomena that would not have been possible to know with point to point
measurement techniques such as hot wire anemometry or laser Doppler anemometry [1].
There are several outstanding papers and books that present a rigorous compendium of
flow visualization techniques [2–4]. Clayton and Massey [3] reviewed all the principal
techniques of flow visualization in water. They took into account the possibility of obtaining
quantitative information from these techniques. Dye visualization is one of the easiest
to carry out, but it is not so easy to conduct properly. The technique requires the correct
selection of the dye class (properties, level of buoyancy, color, etc.) and the proper position
of the holes or needles over the surface model. Water tunnels also offer great advantages
for research of low Reynolds number aerodynamics accompanied by PIV and have already
been used in [5].
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Some important concepts that appear in flow visualization are the fluid particle, the
trajectory, the fluid streamlines, and streaklines. The fluid particle is an elementary fluid
mass that is at a given position at a given time and within which the macroscopic properties
remain unchanged. The trajectory is the law that describes its position as a function of
time and its initial position. The trajectory equations provide the pathway along which the
fluid particle moves. To describe the streaklines of a fluid, it can be imagined that the fluid
particles are coated with dye. From the point at which the dye is applied (P), a curve will
be marked, called the streakline of P. The streamlines are the lines that are tangent to the
local flow velocity at each point. They show how the fluid is moving visually. In steady
state, the three lines described above converge into one. Steady state occurs when the fluid
quantities that characterize it remain constant over time. This is the case in this paper. For
example, in Figure 1 a simplified flow visualization can be observed over a Mars rover
prototype.

Figure 1. Streamlines (in purple) over a Mars rover.

CFD can be applied for low Reynolds numbers, but the critical point is the presence
of laminar regions and the study of the separation point of the transition from laminar
to turbulent flow, which cannot be accurately detected and for some Reynolds numbers
can lead to incorrect results [6–8]. For that reason, this paper only presents the results of
experimental tests.

It is interesting to first understand the flow behavior around a body. Karman vortices
will appear and their shape depends on the Reynolds number that is considered [9]. It can
be seen in Figure 2 that, at very low Reynolds numbers, below 5, the flow is unseparated.
Then, with the increase in the Reynolds number, first a pair of Föppl’s vortices appear,
second a vortex street; afterwards, there is a transition phase to turbulent, and finally the
vortex street reappears in the turbulence region.

Figure 2. Variation of the Von Karman vortex streets as a function of the Reynolds number, adapted
from [9].
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Low Reynolds numbers have gained importance in recent years, due to new research
paths and recent literature, as cited in [10–12]. One of the primary motivations for studying
low Reynolds numbers is their potential use in MAVs (micro air vehicles) in the Martian
atmosphere [12–16]. In addition, other applications have been proposed, such as reconnais-
sance in hostile territories or missions in which human life would be at risk, as mentioned
in [17,18]. Technologies for building these MAVs are achievable, as noted in [11]. The mar-
tian environment is of particular interest, due to its atmospheric density and temperature,
resulting in low Reynolds numbers between 103 and 105 [12], which justify the Reynolds
numbers used in this paper.

The Reynolds number is obtained from the Navier–Stokes equations. These are the
general equations that govern the fluid behavior: continuity (Equation (1)), momentum
(Equation (2)), and energy (Equation (3)).

∂ρ

∂t
+∇ · (ρ~v) = 0 (1)

∂(ρ~v)
∂t

+∇ · (ρ~v~v) = ∇ ·
(
−pI + τ′

)
+ ρ~fm (2)

∂

∂t

[
ρ

(
e +

1
2

v2
)]

+∇ ·
[

ρ

(
e +

1
2

v2
)
~v
]

= ∇ ·
(
−p~v + τ′ ·~v + k∇T

)
+ ρ~fm ·~v + Q (3)

where ρ is the density, ~v is the velocity vector, p is the fluid pressure, I the identity tensor, τ′

is the viscous stress tensor, ~fm is the vector of mass forces, e is the intern energy, 1
2 v2 is the

kinetic energy, k is the coefficient of thermal conductivity, T the temperature, and Q the
heat received from outside.

If the non-dimensional forms of these equations are defined, some important non-
dimensional numbers appear, such as St (Strouhal), Eu (Euler), Fr (Froude), M (Mach), and
Re (Reynolds). According to the main conditions of the experiments, Re is the most relevant
number. Then, from the momentum equation the Reynolds number can be obtained by
relating the inertial forces term and the viscous forces term. Finally, this can be written as

Re =
ρUlc

µ
=

Ulc
ν

, (4)

where ρ is the density, U the velocity, lc the characteristic length, and µ the dynamic
viscosity. Sometimes the Reynolds number is expressed using the kinematic viscosity,
ν = µ

ρ . The parameters used for the Reynolds number calculation in each case are shown
in Table 1.

Table 1. Estimated Reynolds number for Mars. The velocity was obtained from [9,14,19].

Environment Velocity (m/s) Typical Length
(m)

Dynamic
Viscosity (Ns/m2) Density (kg/m3)

Reynolds
Number

Mars 10 0.28 9.82 × 10−6 1.9 × 10−2 5500

Ink injection in
water 2.7 × 10−2 0.20 1.00 × 10−3 103 5500

Particle Image
Velocimetry in air 2 0.04 1.78 × 10−5 1.22 5500

Most of the literature, as cited in [10,20,21], indicate that the behavior of an airfoil at
low Reynolds numbers features the apparition of a bubble on the trailing edge of the airfoil,
which increases with the angle of attack, until it explodes and a stall occurs. Kunz [7]
concluded that, for thin airfoils, the stall is more progressive at the beginning, but at a
certain angle of attack, the lift coefficient suddenly falls. However, for thick airfoils, the
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stall is progressive in all cases. This is the main reason why the authors decided to start
this research with thick airfoils.

2. Methods

This section includes an explanation of the experimental methods that were applied to
obtain the separation point at different angles of attack, with a description of the equipment
used, the airfoil selection, and brief details of the procedures.

The experimental techniques used were as follows:

• Ink injection in water

Due to their simplicity, low cost, and conceptual clarity, ink injection in water were
among the first techniques to be carried out in this field of science. Despite their sim-
plicity, these tests allow the study of several relevant phenomena in fluid mechanics,
and although they are purely qualitative and need to be accompanied by various
numerical results, these processes provide great consistency to a study. They are gener-
ally performed with laminar flow, as turbulence does not allow clear and differentiable
fluid patterns to be created. The dye used must be soluble in water, have a controlled
density, and have a value very similar to that of water, with a clearly distinguishable
color during the test. Another advantage of this procedure compared to those carried
out in a wind tunnel is the great simplicity and low cost of the infrastructure. A wind
tunnel requires tolerances that are far above the requirements required to build a
water channel. Additionally, a water channel can have a laminar flow of water with
two large tanks, where the tests with models are performed statically, or it can be a
simple water channel, where the model moves through a static fluid with the help of
a trolley; that is, a towing tank. The latter prototype was available in the laboratory
where the tests for this article were carried out.
To implement this method, a water channel (water towing tank—WTT) located at
the School of Aeronautics and Space Engineering (ETSIAE-UPM) was used. Figure 3
shows a sketch of this channel, with all its measures. The channel (1 in Figure 3) was
a rectangular prism made of methacrylate, with dimensions of 3000 mm in length,
720 mm in height, and 420 mm in width, and it maintained a velocity of 0.027 m/s
for the experiments (Table 1). The models were connected to the trolley by a mobile
structure (3 in Figure 3) that could obtain a three-axis adjustment, allowing them to be
placed in the correct orientation for each case.

Figure 3. Simplified depiction of the water towing tank, including dimensions in mm and the main
elements. The parts in the Figure are: channel (1), trolley (2), airfoil (3), engine (4), engine control
box (5), belt (6), storage space (7) and ink reservoir (8).
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In order to take pictures during the test, two cameras were used. The lateral images
were taken using a AF-S NIKKOR 18–140 mm VR, using a steady position (with a
static and robust tripod). The tripod was located at the same point for every test,
taking the pictures when the model arrived at that part of the channel.

• Particle Image Velocity in air

Particle image velocimetry (PIV) is a technique dedicated to measuring the flow
velocity field [22]. It was introduced in the 1990s, and it continues to be developed.
It typically combines a double-pulsed laser with a specialized digital camera with a
synchronization system. It is considered an appropriate method for indoor airflow
investigations, since it is a non-intrusive technique, but it has inconveniences [23]. If
the airfoil is not transparent, there is a light-obstruction problem, because the optical
paths are blocked; however, if the airfoil is transparent, there can be distortion of
the particles’ images. The PIV technique is based on measuring the velocity of tracer
particles [24,25] that are transported by the fluid. To achieve this, a pulsed laser is
used to illuminate the plane of the fluid being studied, which is generated using a
light sheet and suitable optics. The particles are illuminated twice with a laser light
sheet. With the correlation of these two pictures, the particle displacement can be
calculated. With the following equation, the velocity can be obtained:

~u(~X, t) =
∆~X(~X, t)

∆t
(5)

Finally, a visual layout of the PIV is shown in the following Figure 4:

Figure 4. PIV light shot on the test section.

The experiments with this method were carried out at the Experimental Aerodynamics
Laboratory of the National Institute for Aerospace Technology (INTA) with a modified
wind tunnel based on a commercial wind tunnel (TSI model 8390) [26]. This is an
open-circuit wind tunnel with a closed test section with a square cross-section of
100 × 100 mm2, whose acrylic walls allow visual access. In its original version, the
tunnel could reach a speed of 45 m/s. However, the tunnel used was a modification
of the original version, aimed at obtaining very low air speeds and low turbulence
conditions.
The modified tunnel (LSWT) was made up of a new wooden DM diffuser, to properly
accommodate the new fan, which offered a lower pressure increase due to its lower
speed, allowing the generation of very low Reynolds numbers.
The following Figure 5 shows the modified wind tunnel in which all the tests were
carried out.
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Figure 5. Main view of the low speed wind tunnel.

The study in the low speed wind tunnel (LSWT) was carried out using a commer-
cial 2D-PIV system from TSI Inc. (Thermo Systems, Incorporated-USA) and the li-
censed processing software INSIGHT 3G. The illumination was based on two Nd:YAG
(Neodymium: Yttrium Alluminium Garnet) pulsed lasers that delivered a maximum
energy of 190 mJoule/pulse and a CCD camera with frame-straddling.

The airfoils tested at both facilities were NACA symmetrical airfoils [27]. NACA air-
foils have been widely studied, mainly in the atmospheric flight range (105–107). For
extremely low Reynolds numbers, they have been studied for use in drones and for
use in fixed-wing and rotary-wing vehicles on Mars, as we have seen in literature ref-
erences [12–16]. The authors have been developing experimental studies with a water
channel with NACA airfoils such as 0006, 0010, 0012, 0016, 0018, 0024, and 0032, among
others. Three-dimensional printing is a key tool for manufacturing precise and high-quality
aerodynamic models [28]. It allows for rapid manufacturing of prototypes, which acceler-
ates the design and testing process [29].The tested aerodynamic airfoils were manufactured
using PLA (polylactic acid), a biodegradable polymer. The equipment used for manufactur-
ing was an Ultimaker 3S 3D printer, and the prototypes were designed using 3D generation
modeling software (CATIA, Dassault Systèmes). Figure 6b,c show the results of the printing
process.

(a) (b) (c)
Figure 6. Details of the prototypes manufactured using 3D printing. (a) Placing the model on the
printer with CURA software. (b) Prototype tested at LSWT. (c) Prototype tested at WTT, showing the
holes along the leading edge.

To compare the results obtained in the hydrodynamic channel with those obtained in
the low-speed wind channel, only the NACA 0018 airfoil was used. Additionally, there
have already been studies with this airfoil in a water channel, which will be detailed later.
The main characteristics of the airfoils for the wind tunnel and water channel can be seen
in Table 2. It should be noted that, although the NACA 0018 is a symmetric airfoil, it has
been selected for use in some applications in the Martian environment, as cited in [13].
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Table 2. Characteristics of the NACA 0018 airfoil prototypes tested in the water channel (water
towing tank, WTT) and in the low speed wind tunnel (LSWT).

Testing Chord Length (mm) Wingspan (mm) Material

Water channel 200 250 PLA (Polylactic acid)

Wind tunnel 40 100 PLA (Polylactic acid)

To conclude this section, the last comment to be made is about the testing procedure:

• Water Towing Tank (WTT)

To test the airfoil in the water channel, the model was assembled by connecting the
distribution system of tubes to the exit hole of the Mariotte Bottle and to the tubes
attached to the trailing edge of the airfoil. Two methacrylate side walls were screwed
to the sides of the airfoil, to minimize the 3D effects of the flow, and the airfoil was
fastened to the trailing edge support arm (Figure 7). The ink distribution ducts were
vented by injecting water into the circuit, until it came out of all the leading edge holes,
and the main duct was quickly connected to the ink outlet. After the remaining air
was removed, the channel was filled and the airfoil was submerged.

Figure 7. Detail of the prototype with attached side walls, distribution tubes, and trailing edge
support arm.

The camera was placed to capture the flow visualization. The angle of attack of the
airfoil was set using a level, and the profile was brought to the center area of the
channel. The Nikon lens was focused on the leading edge, and the test began after
allowing 5 min for the water to calm down. The main features of the pictures were
a focal distance of 18 mm, f/3.5, exposure time 1/20 s; for all experiments, due to
the extremely low speed of the trolley, it was possible to obtain more than 30 images
in a short period of time; that is, in one minute. Finally, tests were carried out at a
Reynolds number of 5500 (Table 1) for angles of attack from 0◦ to 10◦.

• Low Speed Wind Tunnel (LSWT)

In this case, the model was placed (Figure 8b) using a rod that went from left to right
in 25% of the chord (c/4). The next step was to prepare the tracer particles. With oil,
there was a spray that threw the particles, but with water, the humidifiers were placed
near the entrance of the tunnel (Figure 8a). A camera (PowerView 4M Plus or Iphone
13 Pro Max) was placed on the side of the tunnel to capture the visualization of the
flow. The picture properties were a focal distance of 5.7 mm, f/1.5, and exposure time
1/436 s. The angle of attack was changed before the laser started up, from 0◦ to 12◦,
and the experiments were conducted with a Re = 5500.



Fluids 2023, 8, 207 8 of 16

(a) (b)
Figure 8. Details of the low speed wind tunnel testing (LSWT) procedure. (a) Entrance of the LSWT.
(b) NACA airfoil placed in the center of the test section.

3. Results

The following subsections include the results obtained after testing the NACA 0018
airfoil in the water channel and in the wind tunnel.

3.1. Water Towing Tank (WTT) Experiments

The NACA 0018 airfoil was tested at different angles of attack (α) (0, 2, 4, 6, 8, and
10◦). For each of these, a lateral view of the experiment is presented. The evolution of the
boundary layer separation point will be commented on below.

For the first case (Figure 9), it can be observed that the flow on the upper surface
separated at x/c = 61% (Figure 9a), despite being at zero angle of attack. In addition, the
boundary layer separated in a laminar regime (Figure 9b), without generating turbulence.

(a) (b)
Figure 9. NACA 0018 WTT visualization at α = 0◦. (a) Streamline over the upper surface of the
airfoil, at α = 0◦. (b) Laminar regime after after the detachment at α = 0◦.

As the angle of attack was increased to 2◦ (Figure 10), an advancement of the point
of flow separation located at x/c = 50% was observed (Figure 10a). Likewise, despite still
separating in a laminar regime, it can be seen how the streamlines began to curve slightly
at the trailing edge (Figure 10b).

(a) (b)
Figure 10. NACA 0018 WTT visualization at α = 2◦. (a) Streamline over the upper surface of the
airfoil, at α = 2◦. (b) Curving detail close to the trailing edge, at α = 2◦.
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Continuing to increase the angle of attack, at α = 4◦ (Figure 11), the point of sepa-
ration approached the leading edge, until it was located at x/c = 44% (Figure 11a). As
in the previous case, the boundary layer began to wave upon reaching the trailing edge
(Figure 11b).

(a) (b)
Figure 11. NACA 0018 WTT visualization at α = 4◦. (a) Streamline over the upper surface of the
airfoil, at α = 4◦. (b) Curving streamline around the trailing edge, at α = 4◦.

In this case, at α = 6◦ (Figure 12), the small variation between the previous image
and this one, in which the flow separated at x/c = 43% (Figure 12a), is striking. However,
the waviness of the separated flow was clearly more pronounced at this angle of attack
(Figure 12b), with turbulence beginning to appear. In addition, it was at this angle of attack
that thickening of the boundary layer could be perceived, denoting the transition to a
turbulent regime.

(a) (b)
Figure 12. NACA 0018 WTT visualization at α = 6◦. (a) Streamline over the upper surface of the
airfoil, at α = 6◦. (b) Relevant details of the flow, at α = 6◦.

Increasing the angle of attack to α = 8◦ (Figure 13), separation occurred at x/c = 40%
(Figure 13a) and it can be appreciated how the separated flow curved due to turbulence
(Figure 13b).

(a) (b)
Figure 13. NACA 0018 WTT visualization at α = 8◦. (a) Streamline over the upper surface of the
airfoil, at α = 8◦. (b) Separation flow condition of the flow, at α = 8◦.
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Finally, at α = 10◦ (Figure 14) the boundary layer separation occurred at x/c = 34%
(Figure 14a) and maintained the tendency for the onset of turbulence (Figure 14b) as in the
previous Figures 13b and 12b.

(a) (b)
Figure 14. NACA 0018 WTT visualization at α = 10◦. (a) Streamline over the upper surface of the
airfoil, at α = 10◦. (b) Separation point and turbulence zones, at α = 10◦.

3.2. Low Speed Wind Tunnel (LSWT) Experiments

In this subsection, the wind tunnel results will be explained. As previously mentioned,
two different tracer particles were used: oil and water. Figures 15a–18a show the visualized
airfoil at angles of attack of 0, 4, 8, and 12◦ with oil tracer particles. Figures 15b–18b show
the same airfoil and angles of attack but with water tracer particles. To obtain the separation
point, both particles techniques are useful, to compare to each other. It should be noted
that, for some angles of attack, the differences were quite significant.

Figure 15 shows that the separation point at α = 0◦ from the leading edge was at
x/c = 76.3% for oil particles, but for water particles it was at x/c = 87.5%. It can be seen
that, in both cases, the flow was disturbed and appeared as vorticity after the trailing edge.

(a) (b)
Figure 15. NACA 0018 LSWT visualization at α = 0◦. (a) Oil tracer particle technique. (b) Water
tracer particle technique.

The separation point (Figures 16) at α = 4◦ was at x/c = 59.6% for oil particles and
x/c = 45.5% for water particles. The flow was modified near the trailing edge, and the
vortices were more accentuated.

(a) (b)
Figure 16. NACA 0018 LSWT visualization at α = 4◦. (a) Oil tracer particle technique. (b) Water
tracer particle technique.
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Figure 17 shows that for α = 8◦ a recirculation bubble appeared. The separation point
was at x/c = 51.5% for oil particles and at x/c = 22.2% for water particles. In Figure 17a,b
the turbulence increased substantially and the separation points of the different particles
were further apart.

(a) (b)
Figure 17. NACA 0018 LSWT visualization at α = 8◦. (a) Oil tracer particle technique. (b) Water
tracer particle technique.

As can be seen in Figure 18, at 12◦ the turbulence was more intense than with 8◦,
the difference between the separation points was more pronounced and the recirculation
bubble increased. For oil particles, the separation point was at x/c = 42.5% and for water
particles this was x/c = 11.1%. This cannot be compared with the water towing tank results,
but it was interesting to see the flow evolution in a low speed wind tunnel.

(a) (b)
Figure 18. NACA 0018 LSWT visualization at α = 12◦. (a) Oil tracer particle technique.(b) Water
tracer particle technique.

According to these results obtained with different techniques in the low speed wind
tunnel (LSWT), we can confirm, on the one hand, that the oil tracer particle technique is
appropriate for studying the recirculation bubble. Based on Figure 19, it is possible to
characterize the dimensions and streamlines of the recirculation bubble.

Figure 19. Image of the recirculation bubble at α = 8◦ obtained with the oil tracer particle technique
in the LSWT.

On the other hand, with the water tracer particle technique, it is possible to carry out a
proper visualization of the flow region dominated by vortices. In Figure 20, it is possible to
study the structure of the vortex street, the frequency shedding, and the distance between
them.
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Figure 20. Vortices structure after the airfoil at α = 8◦, obtained with the water tracer particle
technique in the LSWT.

Finally, the streamline map and the non-dimensional velocity contours were calculated
for the different angles of attack studied (Figure 21) using the PIV tests. This technique
is appropriate for studying in depth and for determining precise values of the velocity
contours and streamlines, and it is therefore suitable for determining the point of flow
separation. In this case, the separation points were x/c = 72.7%, 41.8%, 36.4%, and 30.2%
for α = 0◦, 4◦, 8◦, 12◦, respectively. We could observe the same pattern of the separation
point as in the previous tests; that is, the displacement forward from the trailing edge to
the leading edge.

Figure 21. Non-dimensional velocity contours and streamlines of the flow over NACA 0018 with the
PIV technique.

Using the results of the different methods, a comparison could be made. The Reynolds
numbers in all the experiments were conserved. According to the values expressed in
Table 1, there were several geometrical differences between the prototypes; for example,

the wing aspect ratio (AR = model span2

area ) was not exactly the same (due to geometrical
constraints). According to the previous explanations and based on dynamic similarity
conditions from Equation (2), the behavior of the flow had the same dynamic conditions in
all experiments, obviously, but not all the techniques had the capability to properly show
the same flow properties.As stated above, the three visualization techniques (WTT, LSWT
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water tracer and LSWT oil tracer particles) and PIV technique were capable of illustrating
different features of the flow, such as the evolution of the separation point, description of
the detached region, vortices structure, recirculation bubble, and the onset of turbulence.
The wind tunnel results also differed depending on the tracer particle used. This happened
because of the size of the water particles. The size of the water particles was approximately
10 µm, which made the inertial effects important. This implies that the trajectory of the
particles did not represent the streamlines, so the separation points cannot be extracted
exactly from the figures. Thus, despite being an appropriate technique for studying the
vortex structure downstream of the airfoil (as shown in Figure 20), it is clear that it is
not suitable for determining the evolution of the separation point at such extremely low
Reynolds numbers.

In Figure 22, it can be seen that the separation point had the same evolution for
all techniques. Excluding the wind tunnel water particle technique (due to the size of
the particles), the other techniques exhibited a similar behavior. Since the objective of
visualization was to obtain a preliminary analysis of flow characteristics, this objective was
met.
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Figure 22. Comparison of the separation point position (x/c) as a function of the angle of attack (α)
for the four visualization techniques analyzed.

To more accurately focus the analysis of the results obtained with all visualization
methods, the error values for each technique are included in Figure 23. For this purpose,
the error (ε) is defined according to Equation (6). The PIV technique was considered as a
reference for the others, as it was used to determine the local fluid velocity, with an accuracy
of around 1%.
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Figure 23. Comparison of the error (ε) in separation point position (x/c) as a function of the angle of
attack (α) for the three visualization techniques analyzed. The error ε was defined according to PIV
(x/c) values as a reference. (a) Error (ε) for the three visualization techniques. (b) Error (ε) for the
WTT visualization technique.
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ε =
(x/c)techniquei

− (x/c)PIV

(x/c)PIV
(6)

Figure 23a shows the separation point results for each technique; these results were
derived from Figure 23 but in terms of the error defined by Equation (6). It can be observed
that the technique with the worst results was the water tracer particle technique, a con-
clusion already explained. Furthermore, Figure 23b focuses solely on displaying the error
results of the ink-in-water visualization technique (WTT), which was the main objective of
this article. It is true that the obtained error fell within the range of [−15%÷ 10%], but it
should be noted that this is a qualitative technique for preliminary analysis. Therefore, it is
considered as meeting the requirements.

4. Conclusions

The aim of this article was to demonstrate the advantages of flow visualization tech-
niques as a preliminary tool for flow analysis. In particular, it aimed to corroborate the
usefulness of water visualization in a towing tank (an economically accessible technique)
compared to other techniques that require large financial investments. These techniques,
based on laser technology, require significant financial investment and a high qualifica-
tion level and training of personnel in the use of the equipment. In this case, this study
focused on determining the flow separation point on a NACA 0018 airfoil at an extremely
low Reynolds number of Re = 5500. Throughout the article, the characteristics of the
equipment used, both the water channel (WTT) and the low-speed wind tunnel (LSWT),
were presented. In addition, the testing procedure with both equipment types was briefly
described. On the one hand, this consisted of injecting ink into water, and on the other
hand, visualizing with water and oil tracers in a wind tunnel. Once the equipment and
testing procedure were described, the obtained images with each technique were analyzed,
commenting on the evolution of the separation point of the flow in each case.

Once the results were obtained, they were all presented together (Figure 22), conclud-
ing that, except for the case of visualization in the wind tunnel with oil tracers, the results
maintained the same tendency. Finally, to give greater validity to the results, they were
compared with a high-quality experimental technique in terms of error (ε), the particle
image velocimetry technique (PIV); although this technique undoubtedly has a very high
cost.The results are included in Figure 23 .

The main conclusions presented were as follows:

• Not all visualization techniques have the ability to visualize and explain in detail
phenomena such as the flow separation point, boundary layer thickness, recirculation
bubbles, vortices downstream of the airfoil, and the onset of turbulence;

• Oil tracer particle visualization in a wind tunnel allows a proper analysis of the
recirculation bubble (Figure 19);

• Water particle visualization in a wind tunnel allows easier visualization of vorticity
(Figure 20), although it does not follow the same trend as the other two techniques,
due to the particle size argument explained;

• The PIV technique is suitable for reliable velocity mapping with a small error (Figure 21);
• The water visualization technique (WTT) shows a very similar trend to PIV (Figure 23b),

ensuring the validity of the results, although it may not achieve the same level of
accuracy. This validates the results obtained in the water channel, which represents
the lowest equipment costs among the techniques.

All of these factors allowed us to validate the final results. Therefore, we can conclude
that the water visualization technique (WTT) met the expected requirements.
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