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Abstract: Ice accretion on aircrafts due to atmospheric conditions is still a relevant research topic,
especially in the case of Unmanned Aerial Vehicles (UAVs), due to their smaller size and the relative
underdevelopment of ice protection systems (anti-icing and de-icing) for these aircraft. For the
research and development of these systems, it is necessary to assess their performance in icing
wind tunnels (IWTs), which are generally high-cost facilities. This article describes the design and
building process of a new IWT for testing fixed-wing UAVs, aimed at cost reduction and restricted
to an existing cold climate chamber of limited size. The designed IWT is an open-circuit type with
two corners, a test section size of 0.40 m × 0.27 m and speed up to 70 m/s. The design process
employs widely used and proven semi-empirical formulas, supported by detailed calculations using
Computational Fluid Dynamics (CFD) tools, to achieve a test section core of useful quality and avoid
flow separation. Theoretical limits with respect to a usable droplet size and Liquid Water Content
(LWC) are calculated, and the test section core is estimated. The design process followed proves to be
a very good approach to the design and aerodynamic optimisation of a low-cost IWT.

Keywords: icing wind tunnel; IWT; unmanned aerial vehicle; UAV; limited space; low cost; icing; design

1. Introduction

Atmospheric icing remains an extremely important topic of study today, as it affects
many sectors such as power generation [1,2], communications [3,4] and transport [5–7].
Martini et al. [1] published a comprehensive review on modelling icing in wind turbines,
where they highlight the importance of paying special attention to the modelling of turbu-
lence (as there is usually evidence of flow separation) and roughness. They also highlight
the need for experimental studies to obtain reliable data to validate the models proposed in
recent years, since these models have only been validated with other numerical results to
date. However, they do note the difficulty in obtaining accurate experimental data and the
need for the development of experimental measurement methods. In the communications
sector, studies found in the literature address the problem of icing on overhead power
transmission lines. These issues, as well as the main de-icing and anti-icing systems used
in this field, can be found in recent reviews by Zhang et al. [3] and Li et al. [4]. Within the
transport sector, although there are a considerable number of studies within the naval field,
of which a summary of the main studies to date can be found in the review work of Zhou
et al. [5], most studies belong to the aeronautics field [1].
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The problem of icing in aeronautics is especially critical because it seriously affects the
flight safety of aircraft [6,7]. According to Gultepe et al. [7], 30% of aviation accidents in the
USA are due to weather conditions, one of those being icing conditions. And according
to Jarosova et al. [8], 8% of accidents in the Czech Republic are due to ice accretion. The
formation of ice on aerodynamic surfaces changes their geometry and behavior, thus
degrading their aerodynamic performances and even potentially causing a stall, thereby
seriously jeopardising their airworthiness. For example, Bromfield et al. [9] studied a recent
in-flight accident relating to a tailplane stall due to icing. The current state of knowledge of
the physics of icing and its mitigation in aviation can be found in the review works of Zhao
et al. [10] and Yamazaki et al. [11]. According to Yamazaki et al. [11], the icing problem is
still an active area of research due to its complexity, with the main focus of recent research
being to understand the underlying physics of the problem, especially the “ice crystal”
problem in engines (where studies in icing wind tunnel-type facilities are fundamental), as
well as the development of ice mitigation methods.

To mitigate the effects of icing, manned aircraft are equipped with effective ice detec-
tion and protection systems, enabling them to fly through areas with icing clouds [12–17].
Recent advances in passive protection systems, using surfaces with different wettability [13]
manufactured with new micro/nano fabrication methods [14] that improve the efficiency
of such systems by up to twelve times, as well as the development of a new ice detection
system based on “phase-transition-induced phosphorescence” recently published by Liu
et al. [15], are noteworthy. New developments in photothermal anti-icing materials [17–19]
are also remarkable. Recent advances in this field can be found in the review work of
Wu et al. [20]. All these systems, in addition to the more traditional systems based on
superhydrophobic coatings, thermoelectrics and piezoelectrics [21–24], are studied and
validated in icing wind tunnel (IWT)-type installations. To this end, Yu et al. [25] have
recently published a wind tunnel scaling method for aviation thermal anti-icing systems.

For Unmanned Aerial Vehicles (UAVs) the installation of new systems that add more
weight or higher energy consumption [26] is more restricted in general, due to their
smaller size and available power [27]. Therefore the technology of de-icing and anti-icing
methods is much less developed. However, these aircrafts are increasingly used, and
their development is undergoing an exponential increase. Increasing the flight autonomy
and range of these aircrafts is therefore required to meet the requirements of the most
demanding operations. In this context, ice detection and protection systems in UAVs will
play a major role and enable them to fly safely in conditions for which they are currently
unprepared, and for which the only mitigation measure available at present is flight
cancellation. There is a need to develop and use detection and protection systems like those
of manned aircraft, but adapted and sized to the capabilities and characteristics common
to UAVs. In this situation, low-cost developments in UAVs are particularly important, as
budget and resource constraints in this type of project are limiting factors when it comes to
these new developments. Examples of low-cost UAV developments can be found in the
work of Jiménez-Jiménez et al. [28] on UAV photogrammetry, Hu et al. [29] on a low-cost
UAV Lidar system, Granados-Bolaños et al. [30] on a low-cost UAV applied to tropical
volcanoes, Famiglietti et al. [31] on a low-cost UAV for positioning, Lussem et al. [32] on a
low-cost UAV for forage mass monitoring, Schafaer et al. [33] on a low-cost UAV for the
study of hurricane damage or Liu et al. [34] on the study of CH4 monitoring.

For the development of de-icing and anti-icing systems applied to UAVs, it is necessary
to experimentally evaluate their behaviour in icing wind tunnels. Also, in the final phase of
flight tests, when the new configurations are tested, it is necessary to demonstrate sufficient
evidence in the wind tunnel tests to obtain the necessary flight authorisations. However,
IWT-type facilities are generally expensive and costly, and are not commonly available at
universities or smaller-scale centres, where such smaller UAV projects are conducted. This
is why the development of a low-cost, small IWT could be vital in the development and
adaptation of de-icing and anti-icing systems for UAVs.
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Icing wind tunnels (IWTs) are complex facilities that allow the recreation of conditions
such as those encountered in the icing that occurs during flight, and they are used both for
more fundamental studies (to understand the underlying physics) and for more applied
studies (the validation of de-icing and anti-icing technologies). An IWT differs from a
general-purpose wind tunnel in that it has the ability to control temperature and misting
conditions to simulate icing conditions, in addition to aerodynamic conditions relative to
flight. It emulates velocity, temperature, water content and droplet or microdroplet size
distribution, allowing it to reflect the specific conditions that are contained in CS-25 [35]
Appendices C and O, on which the STANAG standards for Unmanned Aerial Systems
(UAS) [36–38] are based.

There are many types of icing wind tunnels, more or less complex, but in general the
functional parts that make up an IWT are as follows:

• Wind tunnel, responsible for accelerating the air and stabilising the required velocity
in the test section, where the test specimen will be housed;

• Cooling system, responsible for reaching and maintaining the temperature required
for the test, below the freezing temperature of water and normally below ambient
temperature;

• Misting system, which generates and ejects water in the required quantity and droplet-
size distribution.

There is a clearly defined classification according to the geometry of the wind tunnel
and its associated cooling system: open-circuit tunnels inside freezing chambers or closed-
circuit tunnels with a heat exchanger system. Figure 1 shows the two types of wind
tunnels mentioned: the closed-circuit wind tunnel of the Alfonso X University (UAX),
which currently has no cooling system and is therefore not an IWT (but the feasibility of
converting it into an IWT could be studied in the future), and the current open-circuit IWT
of INTA, with a test section of only 15 × 15 cm2 and therefore a limited capacity in terms of
the models to be tested. INTA’s current IWT is limited to studies of anti-icing coatings and
icing sensors on small test specimens or reduced-size models, allowing no aerodynamic
testing to obtain forces.
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In this context, the main objective of this paper is to show and describe the design
process of a new low-cost open-circuit wind tunnel inside a freezing chamber, with a test
section five times larger than the existing one at INTA, adapted for the evaluation of ice
detection and ice protection systems in fixed-wing UAVs. This project will be constrained
by several requirements:

• Adapting to an existing, small freezing chamber;
• Have a low cost;
• Meet the aerodynamic and size requirements for the test objective.

The outline of this paper can be summarised as follows: Section 2 presents the design
process and its phases, Sections 3 and 4 describe the design process in detail and Section 5
shows the construction of the icing wind tunnel and its deviations. Finally, Section 6
summarises the main conclusions drawn.

2. Design Process Outline

The IWT design process has been based on a three-phase methodology (see Figure 2),
similar to other design processes [39]. These phases consist of a preliminary design phase,
verification and optimisation using Computational Fluid Dynamics (CFD) tools and final
experimental validation tests after the IWT has been built. Validation tests could not be
carried out, since the construction of the IWT has not been completed yet.
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2.1. Preliminary Design

The preliminary design consisted of the selection of the IWT typology, its basic charac-
teristics and sizing, together with the required first approximation calculations. For this
preliminary design, recommendations for the design of general-purpose wind tunnels have
been followed [40–47], and the required calculations have been carried out for the use of
wind tunnels in icing tests.

First of all, the existing space requirements and the objectives of the tunnel (the
maximum speed to be reached) were defined, followed by the definition of the most
basic characteristics of the IWT: type of circuit, type of test section, main dimensions of
the test section, etc. Financial criteria have also been taken into account throughout the
whole process.

Secondly, each of its sections has been defined in detail using the formulas obtained
from the various studies on wind tunnel design [40]. These formulas are based on analytical
one-dimensional models, experimentally corrected. These corrections and experimental
adjustments are based on the abundant existing literature, and the model has been widely
used in tunnel design for decades [48].
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Given the existing restrictions on the overall dimensions, the design has consisted of
an iterative process of successive refinements of the dimensions of the different sections
(their areas and their lengths and conicities), so that the general tunnel design criteria are
met, as well as the specific requirements of this case. This iterative process has allowed the
geometry of the IWT to be optimised, while meeting the constraints.

In the case of any wind tunnel, the power required for its operation and its energy
consumption are crucial. But this is especially so in the case of an IWT, due to the need
to keep the air temperature low, for which any energy loss in the form of heat (from the
operation of the fan and from the friction of the air passing through the circuit) will have to
be compensated for by a cooling system.

For this reason, the design has been optimised for maximum efficiency (or minimum
pressure drop to be compensated for by the fan), which means minimum aerodynamic heat
loss. In an IWT, the minimum temperature that can be reached or the maximum test time is
limited by the cooling system, which has to compensate not only for the heat losses of the
refrigerated chamber itself, but also for the heat generated by the fan and air friction.

The pressure drop has been calculated for each of the sections and added together
to give the total pressure drop in the tunnel. The dynamic pressure is determined by the
law of continuity, so energy losses by components reduce the total pressure (and therefore
the static pressure). The total pressure drop must be compensated for by the fan and is
therefore related to the required fan power. In addition, it is needed, together with the flow
rate, to define the fan.

The loss coefficient of each section can be defined as the ratio of the pressure loss in
section ∆H to the dynamic pressure q at the entrance to the section:

K =
∆H

q
=

∆H
1
2 ρV2

↔ ∆H = K · q (1)

The loss coefficient of each section can be calculated using semi-empirical formulas, as
explained above, according to Barlow et al. [40], where the different methods for each type
of section are summarised.

An energy ratio was also calculated, which is the ratio of the jet power (the power in a
flowing jet) in test section Pt to the rate of “flow losses” around the circuit, and is a measure
of the efficiency of the wind tunnel. This ratio is usually reduced by 10% due to leaks and
seals, and in case of a flow separation affecting the diffuser, it can be as low as 60%, so the
power requirement could be doubled.

Pt =
1
2

.
mtV2

t =
1
2

ρt AtV3
t (2)

ER =
Pt

∑ ∆E
=

Pt

(∑ K)Pt
=

1
∑ K

(3)

The energy ratio is used to compare the different design iterations and to compare
the designed IWT with other wind tunnels (for an open-circuit tunnel, its value is usually
between 3 and 7). It should be noted that this ratio is an indicator of the energy efficiency
of the tunnel, not a measure of the value of the tunnel for research and development.

2.2. CFD Verification and Optimisation

CFD calculations have been used to verify the preliminary design, and also to study
in detail the flow separation and boundary layer growth in some areas of the tunnel that
were not sufficiently characterised with the methodology followed during the preliminary
design phase. ANSYS CFX 2023R2 software [49], a general-purpose CFD software suite,
has been used for this purpose.

The results obtained during this phase have feedback from the previous phase, and
several iterations have been necessary to reach the final design, optimised according to
the minimum pressure drop criterion, a value that can be calculated using this software.
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In order to meet this criterion, it is essential that no local detachment of the boundary
layer occurs.

Some of the areas, such as the air inlet of the IWT and the turning vanes in the corners,
have been designed in detail during this phase, but with general empirical recommen-
dations as a starting point [50–56]. These general recommendations do not go into a
sufficient level of detail for design and manufacture, so it is necessary to use CFD tools
or an experimental procedure to compare various solutions, where the CFD option is the
most economical.

Since this type of software allows three-dimensional analysis and visual representa-
tions, it was also used to theoretically study the uniformity of the current in the test section
core and to define the ideal conicity, to avoid the horizontal buoyancy phenomenon [40]
(p. 78).

2.3. Building and Validation Tests

In this phase, the most important details of the building of the IWT designed in the
previous phases are presented, and validation tests are carried out.

As one of the requirements is a low cost, it was decided that the construction of the IWT
should be carried out by a company specialised in the production and installation of air-
conditioning and ventilation ducts for buildings. To this end, the design has been adapted
to the specifics and limitations of this type of company. Although some of the modifications
to the original optimised design may involve a slight drop in aerodynamic efficiency, these
concessions have a significant impact on the final cost, substantially reducing the building
costs of the IWT.

When the construction of the IWT is completed, design validation tests will be per-
formed, comparing the maximum value of the speed reached and the power consumed by
the fan with the theoretical results of the design. In addition, the minimum temperature
achievable by the installation during operation at maximum speed shall be measured.
These validation tests are outside the scope of this article.

3. Preliminary Design
3.1. Requirements and Basic Configuration

In the design of this IWT, the dimensions and characteristics of the cold climate
chamber in which it will be installed are the main design requirements. The chamber is
3.02 m wide, 3.78 m long and 4.66 m high. The effective width of the tunnel is limited
to approximately 1 m, as the access door to the chamber is in the centre of one of the
narrow walls.

The refrigerated chamber will determine the choice of the basic geometry of the IWT,
which will be that of an open-circuit (non-return) tunnel with a closed test section. For the
same test section size, the open-circuit configuration reduces the overall tunnel size and
building costs.

Air intake and air discharge take place in the freezing chamber, which improves the
temperature stability but requires the use of a closed test section, with a smaller test section
core than in the case of an open test section. As there is no available space to make a linear
wind tunnel, the diffuser has two corners (see Figure 3), to achieve a sufficient length to
prevent flow separation. The diffuser is curved in a vertical direction instead of horizontally,
leaving free space inside the chamber for operators and instrumentation, and making better
use of the height of the chamber.
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3.2. Objectives and Test Section

The objective of the IWT will be the testing of fixed-wing UAVs in icing conditions.
The first step in the design of any wind tunnel, after defining its purpose and basic

configuration, is to define the dimensions of the test section and the speed to be reached [40]
(p. 61). The test section will determine the dimensions of the remaining sections, the total
size of the installation and, together with the speed, will also determine the required
fan power.

The tunnel will be aimed at testing fixed-wing UAVs, and the 300 kg MTOW SIVA
UAV has been used as a model for the design (see Figure 4). The SIVA is a medium-sized
or Type II UAV according to the NATO classification, being in the 150 to 600 kg range, and
is referred to as a tactical UAV [57]. It has a wingspan of 5.8 m, and its wing has an aerofoil,
with a Reynolds number of 2 × 106, based on a wing chord of 0.9 m and a cruising speed
of 40 m/s. The wing profile is an Eppler E580 airfoil, with a maximum chord thickness
of 16.1%.
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Defining a speed of 70 m/s in the test section, the Reynolds number per unit length is
5.6 × 106 m−1 and the Mach is 0.2, which classifies it as a low-speed wind tunnel, as the
compressibility phenomena are negligible (Mach below 0.3). This speed allows us to use
aerofoils with a minimum of a 14 cm chord, to maintain a Reynolds number (Re) of 8 × 105

and thus ensure similar air behaviour with respect to the ratio between inertia and viscous
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forces, and therefore the same boundary layer detachment and stall performance. Barlow
et al. [40] (p. 64) recommend a minimum Reynolds number of between 5 × 105 and 8 × 105

based on wing chord for low-speed tunnels to be used for aeronautical development testing.
Another important factor to take into account is the blockage due to the tunnel walls,

especially important in a closed test section. The blockage due to the presence of the model
(solid blockage) and the wake blockage causes the effective velocity to increase around the
model. This increases lift and drag, and this effective speed must be taken into account in
the calculation of aerodynamic coefficients when the blockage ratio exceeds 5%. In any
case, the ratio of the model “frontal area” to the test section total area should not exceed
10% [40] (p. 65). Lu et al. [58] also recommend not to exceed this 10% blockage limit.
For tests with bluff bodies or with models that exceed this maximum recommended area,
the blockage will be greater, so it will be necessary to perform prior CFD simulations to
estimate its influence.

Defining a test section height of 0.4 m and a scale of 1:5 for a wing section of the SIVA
UAV (and therefore a chord of 181 mm and a maximum thickness of 29.1 mm), the value
for the blocked area is 7.3%, an acceptable value that represents an increase in effective
speed of 0.42% (from 70.0 m/s to 70.3 m/s), calculated as the sum of the effect due to solid
blockage [59] and the effect due to wake blockage [60]. In addition, a scale of 1:5 means a
very convenient Re of 8.9 × 105. Smaller scales would reduce the Reynolds number and
larger scales would increase the blockage (see Figure 5), so it is a good compromise point.
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Since the ratio between the width and height of the test section should not exceed
a ratio of 2:3 [40] (p. 65), a test section height of 40 cm implies that the width of the test
section will be 27 cm. Therefore, the tunnel will have a test area of 0.1 m2 (40 × 27 cm2)
and will reach a speed of 70 m/s.

An optimum blockage of 5% for an accurate measurement of the aerodynamic co-
efficients will be obtained with profiles with a maximum thickness of 20 mm, which
corresponds, for example, to a NACA 0012 airfoil with a chord of 167 mm. For models that
are not aerofoils or do not occupy the full width, the optimum blockage of 5% corresponds
to a frontal area of 54 cm2.

3.3. IWT Sections

Some important aspects of the design of each of the sections of this open-circuit wind
tunnel are discussed below. In all the calculations, the following environmental conditions
have been assumed: a pressure of 94.15 kPa in a standard atmosphere, corresponding to
the installation altitude of 615 m; a temperature of −20 ◦C, reasonable for the intended
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tests; and a resulting air density of 1.295 kg/m3. See Figure 6 for the nomenclature used for
each section.
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3.3.1. Test Section

The test section is where the tests are carried out, and it is characterised by the highest
tunnel speed and a uniform flow. It has a height of 40 cm and a width of 27 cm, giving an
area of 0.108 m2. It has a length of 0.8 m, more than twice the hydraulic diameter, following
a common recommendation in tunnel designs for this section.

The flow loss in a constant cross-section duct is given by the following formula, where
f is the friction coefficient (Reynolds-dependent [61]) and ∅h is the hydraulic diameter:

KTest Section = f
L
∅h

(4)

3.3.2. Settling Chamber

The settling chamber is the area responsible for uniformising the airflow prior to its
acceleration in the contraction section or nozzle. It consists of an initial current-settling
area, a honeycomb zone, a turbulence mesh screen and a final rear settling area, where the
water-spraying instrumentation is installed. The length of this section is recommended to
be a minimum of half of its hydraulic radius, so it has a total length of 0.30 m.

According to Prandtl [62] (p. 11), “a honeycomb is a guiding device through which
the individual air filaments are rendered parallel”. It therefore serves as a flow straightener.
The chosen honeycomb consists of hexagons with a size of 6.35 mm and a wall thickness
of about 60 microns. Thus the honeycomb is composed of a total number of tubes in the
order of 27,000, which is a value similar to that found in other tunnels (around 25,000 is a
typical number [63]). The thickness for the honeycomb is 50 mm (it is recommended that
the length of the tubes be between 6 and 8 times their hydraulic diameter).

The loss coefficient for the honeycomb can be calculated as follows [48], where λ is
a parameter dependent on the material’s roughness, the hydraulic cell diameter and the
Reynolds based on the honeycomb material’s roughness and the incoming flow speed, and
β is the porosity.

KHoneycomb = λ

(
LHoneycomb

∅Honeycomb cell
+ 3

)(
1

βHoneycomb

)2

+

(
1

βHoneycomb
− 1

)2

(5)
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The turbulence mesh screen is located behind the honeycomb. It has a porosity β of
approximately 60% and serves to straighten the flow and improve the velocity distribution
by achieving a spatially uniform steady stream of air in the test section.

The loss coefficient for a screen can be calculated as follows [40], where KRn is a
parameter dependent on the Reynolds based on the wire diameter, Kmesh is the “mesh”
factor (used to differentiate between smooth and rough wire) and β is the porosity.

KRn = 0.785
(

Rewire
241

+ 1
)−4

+ 1.01 (6)

KMesh screen = KmeshKRn(1 − βMesh screen) +
(1 − βMesh screen)

2

βMesh screen
2 (7)

3.3.3. Contraction Section

The contraction section or nozzle is responsible for increasing the flow velocity through
a contraction of the area entering the test section.

The contraction ratio of the IWT is 10 to 1, with the same ratio between height and
width as in the test section, so the entrance is rectangular in shape, with a height of 1.27 m
and a width of 0.85 m, an initial area of 1.08 m2 and a total length of 0.90 m.

The flow loss can be approximated using that of a constant cross-section duct, but
using the average friction coefficient between the inlet and outlet of the nozzle multiplied
by a factor of 0.32, and using the hydraulic diameter at the beginning of the nozzle as the
friction coefficient:

KNozzle = 0.32 · faverage
L
∅h

(8)

3.3.4. Diffuser and Corners

The diffuser is placed after the test section, and slows down the flow velocity with
minimum pressure losses before the flow reaches the fan. By decreasing the velocity, the
flow losses are reduced and the static pressure is restored for proper fan operation. In its
final section, the diffuser also converts the rectangular section of the tunnel to the circular
section of the fan.

The diffuser is very sensitive to design errors that can lead to the detachment of the
current [64], increasing the flow losses of the entire tunnel and even causing vibrations
affecting the fan or the stability of the speed in the test section [65]. Since it is also one of
the sections with the highest pressure loss in the entire circuit, its design is particularly
critical for the performance of the tunnel.

The main limitation is the length of the refrigerated chamber, which prevents the
use of an ideal diffuser, which would be one without corners, with a cone angle of 3◦, a
minimum length of 2.4 m (3 to 4 times the length of the test section is recommended) and
an area ratio of 1 to 2–3 between the start and end [40] (p. 81).

As it is not possible to use a straight diffuser, it is necessary to incorporate corners, and
the diffuser has the following subsections: first diffuser (horizontal), first corner, second
diffuser (vertical ascending), second corner and third diffuser (horizontal, which adapts
the rectangular section to the circular section of the fan).

The first two sections of the diffuser are rectangular in cross-section, so although the
angle of each face to the centre line is 4◦, the angle of the equivalent cone is greater, in this
case around 4.5◦. The equivalent conicity of the third fan adapter diffuser is 6.0◦.

The final full diffuser, after the iterative process described below, has a final to initial
area ratio of 7.15 and an equivalent length of 5.16 m, with an overall conicity of 3.5◦, due to
the equivalent length of the corners, where there is no increase in the section.

Expanding corners are sometime used [66–69], but they add complexity in both
design and manufacture, resulting in higher costs. In addition, they use higher-chord
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turning vanes, which add frictional resistance and ultimately do not represent a substantial
improvement.

3.3.5. Fan

The fan is responsible for moving the air through the tunnel circuit, compensating for
pressure losses in the flow. The performance of the fan is higher the larger the diameter, so
in the case of an open-circuit tunnel, it is usually installed just before the exit or before the
settling chamber, but in the latter case, it is more difficult to achieve a quality flow in the
test section.

In the selection of a motor, the most important parameters are the flow rate (defined
by the test section and the maximum speed) and the pressure drop to be compensated for
(estimated during the design). The selection of the fan is an iterative process, since the
diameter of the fan changes the diffuser and therefore the pressure drop in the tunnel.

The power in a flowing jet is calculated as the dynamic pressure in the test section
multiplied by the flow rate, and for this tunnel, it is 24 kW.

Pt =
1
2

.
mtV2

t =
1
2

ρt AtV3
t (9)

But this formula is for jet flows that release air directly to the outside, without a
diffuser. In the case of a wind tunnel with a diffuser, the power to be delivered by the fan
(excluding motor and fan losses) is lower, and can be estimated by the energy ratio.

ER =
Pt

Pc
↔ Pc =

Pt

ER
(10)

In this case, the energy ratio is 4.74, already decreased by 10% to be conservative. The
efficiency of the selected fan is 0.66 for the flow rate and estimated pressure drop.

Therefore, the electrical power required to move the flow of air through the tunnel is
7.7 kW. It should be noted that in IWTs, it is common for the cooling power to ultimately
determine the maximum speed, as the cost for tunnel cooling is about 10 to 20 times more
expensive than for the tunnel drive [70].

3.3.6. Exit

As an open-circuit tunnel, the air exit also involves a pressure loss, due to the loss of
the kinetic energy of the air as it is expelled into the chamber.

This flow loss is equal to a constant Kexit for the dynamic pressure at the exit. The
constant corresponds to the formula

Kexit =

2
[(

1 + γ−1
2 M2

) γ
γ−1 − 1

]
γM2 (11)

where γ is the specific heat ratio of air and M is the local Mach. For a low Mach, Kexit is
almost equal to 1 (for M = 0.2, Kexit = 1.01). The diameter of the exit will be equal to
the diameter of the fan and is fundamental, as it determines the velocity at the exit and
therefore the dynamic pressure (which will be almost equal to the pressure loss).

Although a larger-diameter fan means less pressure loss at the exit (and better per-
formance), it also requires a longer length for the diffuser (or a greater cone angle, which
can lead to flow separation). In other words, as the diameter of the fan increases and the
pressure loss at the exit decreases, the pressure loss in the diffuser increases due to its
greater length, so a compromise solution must be found.

In response to this problem, a design with only one corner in the diffuser was tested
during the initial design, so that the air exit was upwards. By reducing the number of
corners, the pressure losses in the diffuser were reduced, but the fan had a smaller diameter,
and the exit losses increased due to the higher speed. In the end, this design increased
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the overall pressure loss by 10%, in addition to requiring a fan that could not be found
commercially with the required power.

Adding the second corner increases the length of the diffuser and allows the use of a
larger-diameter fan, improving the overall result and allowing the use of a commercial fan,
which dramatically reduces costs.

The diameter of minimum pressure loss for the tunnel corresponds to 1.080 m (see
Figure 7), and by using a commercial fan, the diameter closest to this value (that meets the
other characteristics) was chosen.
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3.4. Comparison with Other Tunnels

The energy ratio achieved is quite high, especially for an open-circuit wind tunnel,
which implies an efficient aerodynamic design. The semi-empirical method used was tested
by Eckert et al. [48] and a comparative table of results is given in Table 1.

Table 1. Comparison of energy ratios in different wind tunnels.

Facility Test Section
Speed (m/s)

Current Energy Ratio
(Best Available)

Computed
Energy Ratio 1

Difference
(%)

NASA Ames, 40 × 80 ft 107.3 7.88 7.96 +1.0
NASA Ames, 7 × 10 ft 133.0 7.85 8.07 +2.8

Lockheed Martin low-speed wind tunnel 52.3 1.10 1.12 +1.8
Hawder Siddeley Aviation, 15-ft V/STOL 45.7 2.38 3.97 +66.8

University of Washington, 8 × 12 ft 117.7 8.30 7.20 −13.3
NASA Langley, 30 × 60 ft 52.7 3.71 4.73 +27.4

Indian Institute of Science 2, 14 × 9 ft 96.3 6.85 6.83 −0.3
Wallisch et al. icing wind tunnel (IWT) 2 35.0 — 3.01 —

INTA actual IWT 2 70.0 4.16 4.36 +4.7
Designed IWT with no corners 2 70.0 — 6.16 —
Designed IWT with one corner 2 70.0 — 4.35 —

Designed and built IWT (with two corners) 2 70.0 — 4.74 —
1 In every IWT, a 10% reduction in the energy ratio has been applied. 2 Wind tunnel of the open-circuit type
(non-return).

For the calculation of the energy ratio of the Wallisch et al. IWT [71], the measure-
ments of some sections are not explicitly indicated, so they have been obtained through
measurements in the figures given in the article.

It should be noted that the energy ratio of a tunnel is not as important as the quality
of the flow in the test section or the capabilities of the measuring instruments (force
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measurement system, laser anemometry systems [72], etc.). This ratio is only an indicator
of aerodynamic efficiency, especially important in the case of an IWT due to cooling
power limitations.

In the absence of space constraints, a straight IWT without corners (see Figure 8) and
with similar characteristics would have a total length of 8.8 m, with a diffuser length of 6 m
(for a taper of 3%). The pressure drop would be 464 Pa in that case, which would be 23%
less than the IWT designed with two bends, and a 30% higher energy ratio.
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3.5. Water Droplets and Ice Formation

As an icing wind tunnel, the spraying of water and its freezing are fundamental
aspects to be taken into account in the design phase.

In-flight icing is caused by subcooled water droplets in suspension that freeze on
impact with a surface, usually leading edges in the case of aircraft (the most critical areas
for icing on fixed-wing aircraft are the wings and stabilisers). These droplets are mainly
characterised by two parameters in addition to temperature: their size, characterised by
their Median Volume Diameter (MVD), and their quantity, characterised by their Liquid
Water Content (LWC). For individual droplets, their radius rdrop or their diameter ddrop can
be used, as the MVD applies to sets of droplets with different sizes.

The usual system for spraying water consists of nozzles that spray water droplets of a
controlled size and flow rate [70,71,73]. The water droplets are atomised at a temperature
slightly above freezing to avoid ice blockage in the atomising nozzles, but these droplets
must then be subcooled and accelerated to reach the desired test temperature and the
appropriate velocity (that of the flow) at the moment of impact against the model. This
defines a maximum droplet size to be used, beyond which the droplets will not reach
the flow velocity or will not be at the same temperature as the flow when they reach the
test section.

To calculate the droplet velocity, a time step procedure [71] based on the equation of
movement can be used, disregarding gravity and assuming the droplets to be rigid spheres.

∆udrop =
1
2

ρair
πr2

drop
4
3 πρwaterr3

drop
CD
(
V − udrop

)2∆t (12)

For the calculation of the drag coefficient, a five-parameter empirical correlation can
be used, proposed by Cheng [74] for a range of low Reynolds number values, which will
be found in the contraction section.

CD =
24
Re

(1 + 0.27Re)0.43 + 0.47
[
1 − exp

(
−0.04Re0.38

)]
(13)

This way, the velocity that different droplet sizes will reach when they advance through
the circuit and are accelerated by the contraction section can be calculated. Setting a limiting
velocity deviation of 3 m/s, the droplet size limit will be 65 µm to reach a velocity of 67 m/s
at the centre of the test section (1.6 m from the inlet).

To calculate the temperature [71] reached by the subcooled droplets, a time step
procedure will be performed, similar to that of the velocity but, in this case, based on the
first law of thermodynamics and disregarding evaporation, because a humidity close to
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unity is considered. Heat transfer due to conduction depends on the Nusselt number for
rigid spheres.

∆Tdrop =
3
4

.
Qconduction +

.
Qradiation

πr3
dropρwaterCvwater

∆t (14)

This way, the temperature that different droplet sizes will reach as they advance
through the circuit and are accelerated by the current can be calculated (see Figure 9).
Setting a temperature limit deviation of 0.5 ◦C for an IWT temperature of −3 ◦C, the
droplet size limit will be 70 µm to reach a temperature of −2.5 ◦C at the centre of the test
section (1.6 m from the inlet).
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On the other hand, when using scale models, it is necessary to scale other parameters
in addition to velocity to achieve similarity with respect to ice formation [75], and one of
these parameters to be scaled is the droplet size.

The inertia parameter I of Langmuir and Blodgett [76] is a dimensionless parameter
that ensures that the trajectory of the droplets is the same in a real model and in the scale
model, correctly simulating the impact of the droplets. To maintain this similarity, it will
be necessary to adjust the droplet size according to the scale used. The modified inertia
parameter I0 is commonly used, the formula of which is

I0 =
1
8
+

λ

λStokes

(
I − 1

8

)
, for I =

ρwater · d2
drop · V

18 · rLeading Edge · µair
>

1
8

(15)

It should be noted that for I < 1/8, the droplets will follow the streamlines perfectly
as they do not have enough inertia to be deflected, and therefore will not impact the model.
This way, a limit can be obtained for the minimum droplet size that can be used in our scale
model, which follows the formula below:

ddrop ≥ 3
2

√
rLeading Edge · µair

ρwater · V
(16)

For a scale of 1:5 and the SIVA wing profile, at a speed of 70 m/s, droplets with a
diameter of less than 1.0 µm will not impact (see Figure 10). This limit to the droplet size is
especially important when using scale models, as it will usually be necessary to decrease
the droplet size to maintain the similarity conditions, but without reaching this limit.
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3.6. Estimated Cooling Power

The installed cooling power is 11.5 kW, and a temperature range of −25 ◦C to +5 ◦C is
required, with a measurement instrumentation maximum uncertainty of ±0.5 ◦C [77].

The cooling power of the chamber needs to compensate for heat losses through the
walls of the chamber to maintain the temperature difference with the outside, but it must
also compensate for the heat generated by the drive system, as well as the latent heat
(released by the drops when they freeze) and the sensible heat (needed to cool the water
drops to the chamber ambient temperature).

The sensible heat will be equal to the amount of water sprayed by the cp of the water,
times the temperature difference between the sprayed water and the ambient temperature;
therefore .

Qsensible =
.

mwatercp,water∆T (17)

The latent heat will be equal to the amount of water sprayed by the clatent of the
water; therefore .

Qlatent =
.

mwaterclatent,water (18)

The amount of water per unit time (mass flow rate) will be equal to the flow rate in
the tunnel per LWC, by the very definition of LWC (mass of water per volume of air).

.
mwater = Vt AtLWC (19)

The power generated by the fan operation will be constant with the LWC, only de-
pending on the speed to be reached in the test section.

According to these estimates (see Figure 11), a maximum LWC of 1.2 g/m3 can be
used for the maximum tunnel speed (70 m/s) and a chamber temperature of −20 ◦C. The
latent heat is significantly higher than the sensible heat. The maximum LWC can also be
obtained for the installed cooling power, which will vary with the tunnel speed and the
temperature to be reached (see Figure 12).

LWCmax =
Pcooling − Pfan

Vt At

( .
Qsensible +

.
Qlatent

) =
Pcooling −

1
2 ρair(T)AtV3

t
ERµfan

Vt At
(
cp,water∆T + clatent,water

) (20)
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4. CFD Optimisation

The preliminary design of the wind tunnel was modelled according to the dimensions
obtained, followed by several CFD simulations. Some sections have had to be modified
because they showed flow separation, so the results presented here are the final ones,
relating to the last iteration.

The model used takes advantage of the symmetry of the IWT, using 6.6 × 106 elements
and 2.7 × 106 nodes for one of its halves. After performing several meshings according
to general recommendations, it was found that finer meshes did not improve the results,
requiring much more computational time, and that coarser meshes did not converge, so it
was considered a good compromise solution. For the boundary layer, a triangular prism
element inflation was used with a first element thickness of 1 × 10−5 m and a growth rate
of 1.2 and it was 25 elements thick. In the rest of the duct, due to the meshing problems
with cubic or prism elements in the corner sections and the diffuser with adaptation (from
rectangular to circular cross-section), a tetragonal mesh was used with elements of 2 cm
size, which was reduced to 1 cm in areas with higher gradients, such as the test section
and corners.

The solver used was CFX, used by ANSYS, and a pressure-based solver, with an
inlet turbulence of 1% to reflect the low turbulence of the flow after it passes through the
honeycomb and the turbulence mesh screen. An “Outlet” type boundary was applied at
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the exit, with the velocity corresponding to the flow rate of the circuit, thus replacing the
fan. An “Opening” type boundary without relative pressure was applied at the inlet (see
Figure 13). The turbulence was calculated with the high-resolution option.
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Figure 13. CFD simulation of the IWT with boundaries and inflation detail.

4.1. General Verification

In the following table, the pressure drop in the different sections is compared, calcu-
lated analytically and by CFD. This serves to verify the theoretical results obtained by two
different methods. The results can be seen in Table 2 numerically or in Figure 14 graphically.

Table 2. Pressure loss comparison between analytic model and CFD calculations.

Section Analytical Pressure Drop CFD Pressure Drop Difference%Pa % Pa %

Settling chamber 0.1 0.0 0.1 0.0 —
Honeycomb 4.6 0.8 4.6 * 0.8 —
Mesh screen 25.9 4.3 25.9 * 4.3 —
Contraction 0.1 0.0 — 0.0 —
Test section 75.0 12.4 95.0 16.1 +26.6

Diffuser with corners 407.1 67.5 407.5 69.3 +0.1
Adaptation to fan diffuser 21.6 3.6 19.9 3.4 −8.1

Fan and mesh 9.0 1.5 9.1 * 0.1 +1.4
Exit 60.0 10.0 26.3 4.5 −56.2
Total 603.4 100.0 588.3 100.0 −2.5

* This pressure drop was not calculated by CFD, so the value obtained by analytical calculations has been
used instead.

Appl. Sci. 2024, 14, 6928 18 of 27 
 

 
Figure 14. Drop of pressure along the IWT. 

4.2. Inlet Section 
The inlet section is the area responsible for the air intake into the wind tunnel. 
The clearance to the opposite wall (0.3 m) and the distance to the nearest side wall 

(0.3 m) are important to ensure the correct air entrance. These distances have been 
maximised, taking into account the size of the cold climate chamber where the tunnel is 
located and the limitations of the access door. 

Although after the inlet section, the air is stabilised by honeycomb and a turbulence 
mesh screen, it is important that the inlet is as uniform as possible, so a rounding of the 
inlet edge as seen in Figure 15 has been incorporated, to avoid detachment of the 
boundary layer and turbulence at the edge of the inlet that can affect things downstream. 

 
Figure 15. Rounded inlet. 

The possible flow separation at this rounded inlet has been studied for several 
different angles of curvature, maintaining a constant radius of 100 mm. Figure 16 shows 
the velocity distribution for the cases of 0° (i.e., no rounding), 45°, 90°, 135° and 180°, re-
spectively. As the angle increases, the flow in the settling chamber is more uniform as the 
flow separation decreases, especially in the case of 180°; so, it is decided to use this angle. 

Figure 14. Drop of pressure along the IWT.



Appl. Sci. 2024, 14, 6928 18 of 26

4.2. Inlet Section

The inlet section is the area responsible for the air intake into the wind tunnel.
The clearance to the opposite wall (0.3 m) and the distance to the nearest side wall

(0.3 m) are important to ensure the correct air entrance. These distances have been max-
imised, taking into account the size of the cold climate chamber where the tunnel is located
and the limitations of the access door.

Although after the inlet section, the air is stabilised by honeycomb and a turbulence
mesh screen, it is important that the inlet is as uniform as possible, so a rounding of the
inlet edge as seen in Figure 15 has been incorporated, to avoid detachment of the boundary
layer and turbulence at the edge of the inlet that can affect things downstream.
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Figure 15. Rounded inlet.

The possible flow separation at this rounded inlet has been studied for several different
angles of curvature, maintaining a constant radius of 100 mm. Figure 16 shows the velocity
distribution for the cases of 0◦ (i.e., no rounding), 45◦, 90◦, 135◦ and 180◦, respectively. As
the angle increases, the flow in the settling chamber is more uniform as the flow separation
decreases, especially in the case of 180◦; so, it is decided to use this angle.
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Figure 16. Air intake in the inlet section for different angles of a rounded inlet.

Next, the minimum radius that allows a uniform flow has been studied. The smallest
possible radius that does not produce current detachment is desirable, in order to allow
more free space on the side of the tunnel closest to the wall and a better air intake. The
following radii have been studied for the entrance: 20, 40, 50, 60, 80 and 100 mm. Figure 17
shows the velocity distribution for the cases mentioned. It was decided to use 60 mm as the
rounded inlet radius, as it has a minimum detachment that will eliminate the honeycomb
and the mesh screen later.

Therefore an angle of 180◦ and a radius of 60 mm will be used for the inlet section.
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4.3. Contraction Section

It is essential that no flow separations occur in this section, so it has been modelled
in more detail, and they have been found not to occur. The regions of adverse pressure
gradient were checked to ensure that they were not too sharp, especially the curve at the
exit of the contraction, just before the test section [78]. It can be verified that there are no
detachments in the Section 4.4. Test Section, where the test section has been studied and it
is observed that there are no flow separations due to the contraction section.

Although it was initially decided to use an AVA profile as in the Wallish et al. IWT [71],
a profile consisting of constant curvature adaptations, which is comparatively much cheaper
and simpler to manufacture, was finally used for production reasons, as seen in Figure 18.
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higher or lower than 0.2 m/s of the average velocity at the centre of the section, which is 

Figure 18. Contraction section or nozzle.

4.4. Test Section

In the case of using parallel faces in the test section, the phenomenon of horizontal
buoyancy will appear. As the thickness of the boundary layer increases along the length of
a duct, the velocity in the rest of the section is accelerated to conserve the flow rate. This
mainly affects the accuracy of the measurement of aerodynamic drag in the test section.

To avoid this effect that occurs in parallel-sided test sections, the area can be progres-
sively increased, allowing the velocity in the centre of the duct to be kept constant. Different
cone angles have been simulated using CFD, and a suitable cone angle of 0.25◦ on the top
and bottom faces has been found that keeps the velocity constant. Both the top and bottom
faces then form an angle of 0.5◦ to each other, keeping the side faces parallel. This means
that the test section will have an initial height of 400 mm and a final height of 407 mm,
while maintaining a constant width of 270 mm.

Figure 19 compares the velocities for the same test section, in one case with parallel
faces and in the other with the described conicity (each colour represents a velocity range
of 0.1 m/s to magnify the velocity changes). It is observed that with the appropriate
conicity, the longitudinal component of the velocity remains stable throughout most of the
test section.



Appl. Sci. 2024, 14, 6928 20 of 26

Appl. Sci. 2024, 14, 6928 20 of 27 
 

 
Figure 18. Contraction section or nozzle. 

4.4. Test Section 
In the case of using parallel faces in the test section, the phenomenon of horizontal 

buoyancy will appear. As the thickness of the boundary layer increases along the length 
of a duct, the velocity in the rest of the section is accelerated to conserve the flow rate. 
This mainly affects the accuracy of the measurement of aerodynamic drag in the test sec-
tion. 

To avoid this effect that occurs in parallel-sided test sections, the area can be pro-
gressively increased, allowing the velocity in the centre of the duct to be kept constant. 
Different cone angles have been simulated using CFD, and a suitable cone angle of 0.25° 
on the top and bottom faces has been found that keeps the velocity constant. Both the top 
and bottom faces then form an angle of 0.5° to each other, keeping the side faces parallel. 
This means that the test section will have an initial height of 400 mm and a final height of 
407 mm, while maintaining a constant width of 270 mm. 

Figure 19 compares the velocities for the same test section, in one case with parallel 
faces and in the other with the described conicity (each colour represents a velocity range 
of 0.1 m/s to magnify the velocity changes). It is observed that with the appropriate 
conicity, the longitudinal component of the velocity remains stable throughout most of 
the test section. 

 
Figure 19. Horizontal buoyancy in the test section. 

The quality of the current in the test section has also been studied, estimating the 
dimensions of the useful part of the flow, the test section core, which is the zone free from 
the effects of the boundary layer. The criterion used was that the velocity should not be 
higher or lower than 0.2 m/s of the average velocity at the centre of the section, which is 

Figure 19. Horizontal buoyancy in the test section.

The quality of the current in the test section has also been studied, estimating the
dimensions of the useful part of the flow, the test section core, which is the zone free from
the effects of the boundary layer. The criterion used was that the velocity should not be
higher or lower than 0.2 m/s of the average velocity at the centre of the section, which
is 72.0 m/s. A deviation of 0.20–0.30% from the average velocity is a standard criterion
in general-purpose wind tunnels [40]. It has been decided to use a more demanding
criterion than the minimum for the IWT [77], which assumes a spatial uniformity of at least
2% for velocity (1.5 m/s) and angularity and 1% for static air temperature, obtained by
experimental tests.

In addition to velocity uniformity, upflow (a critical flow angle for most aeronautical
tests), cross-flow and unsteady flow are also important. The latter usually comes from the
first diffuser, from the first corner or from air leaks, which generate flow separation, and
which must be studied in the future by means of experimental tests.

The dimensions of the test section core are 400 mm (length) × 380 mm (height) × 248 mm
(width). A settling length after the contraction of 200 mm is required to allow the velocity
to become uniform. Remark that the boundary layer has a thickness of 11 mm at the central
point of the test section, which means that the area of the test section core is about 87% of
the total area. The velocity distribution of the test section can be seen in Figure 20.
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5. Construction Details
5.1. Material and Structure

The material of choice was 2 mm thick galvanised steel sheet, so that it can withstand
the corrosion due to the humid conditions of an IWT. The sheet metal has been formed and
welded according to the specifications indicated, using the applicable standards [79,80] for
the verification measurement. The thickness is sufficient to withstand the pressures that
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appear in the different sections, and it is a very common thickness in this type of duct. The
highest pressure appears in the test section, as it has a higher velocity. The air velocity of
70 m/s is equivalent to a dynamic pressure of 3174 Pa, i.e., 0.031 atm.

The circuit and the fan are attached to a structure firmly bolted to the floor and walls,
with rubber pads on the supports to dampen possible vibrations, made of welded structural
tube with a square cross-section of 70 mm. Stiffness is important to avoid vibrations. It
includes the necessary accessories to compensate for the cyclical changes due to different
temperatures and suffered by the structure, the tunnel itself and the fan.

The structure keeps the test section at a height of 1.2 m, which results in a comfortable
working height for adjusting the models and instrumentation. The structure also serves
as a support for the attachment of cameras for visualisation or for the installation of test
instrumentation (see Figure 21).
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Both the supporting structure and the wind tunnel sections are painted blue for
increased corrosion protection. To avoid reflections when using laser anemometry sys-
tems, the test section has been painted matte black. This is also advantageous for flow
visualisation tests.

5.2. Sections of the Wind Tunnel

All the sections are removable from each other and have stiffened ends by means
of L-formed folds, which also allow them to be joined to each other by means of stan-
dard stainless steel screws. The joints between sections have a Teflon seal that ensures
airtightness up to an ATC-5 level [81] and reduces pressure leaks (the maximum level of
airtightness in ducts is ATC-6). The inside area has been taped, to ensure that there are no
grooves or gaps that could cause flow separation, and there are no internal welds.

The test section is also removable, with a metal structure forming the edges and
supporting the lateral, lower and upper flat faces. These faces are independently remov-
able, and various types of walls can be mounted depending on the test to be performed:
transparent methacrylate walls for flow visualisations, black or with painted patterns to
improve the contrast of the background in visualisations, with supports for instrumentation
or models, or with registers for quick access to the interior. Different types of walls can be
combined on each side face, top or bottom, depending on the needs of the specific test.

As the air inlet is in a closed chamber and not outside, it is not necessary to install
an anti-objects grille in the inlet. The settling chamber allows the extraction of two filter
holder units using a register, where the aluminium honeycomb and the turbulence mesh
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screen are mounted in the first one and the nozzles for spraying water in the second one. It
is not possible to place the nozzles before the honeycomb or the mesh screen, as ice would
accumulate on them. These removable filter holder units allow for quick changes in case
of damage, for maintenance or for mounting different configurations of spraying devices
depending on the needs of each test. The mesh screen often accumulates dust, so easy
removal for cleaning is operationally important. The nozzles and heated pressurised water
pipes are mounted on crossbars, fused with aerofoil-shaped 3D-printed parts to minimise
the turbulence that can reach the test section. Distilled water from a pre-filled tank is used,
and the measure of heating the tubes is a simple and effective way to prevent freezing in
the nozzles, without using chemicals that could change the icing behaviour of the water.

At the lowest point of the tunnel, in the diffuser, a register has been incorporated to
remove the liquid water generated after the thawing of the ice formed during the tests,
and there are also cleanouts before and after each corner for the quick manual de-icing of
the turning vanes, in case it is necessary to avoid long tunnel downtimes during the test
campaigns. These cleanouts can be clearly seen in Figure 22.
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Figure 22. Final IWT in the cold climate chamber.

Turning vanes are bent sheets with a constant curvature and a straight exit area,
welded on the inside and following general tunnel design recommendations [50–56]. This
design minimises the cost of construction, as it is not fused.

5.3. Fan Selection

The section housing the fan supports the largest structural loads and must be able
to support the motor in its critical case (loss of half of the blades on one side). The drive
system weighs around 240 kg and is mounted on dampers to avoid transmitting vibrations
to the rest of the tunnel.

For the wind tunnel size, axial fans are used, thanks to their higher efficiency. A
commercial fan has been selected, rather than one designed and built specifically for this
IWT, resulting in a significant cost reduction at the expense of a slight loss in efficiency.

The fan selected is a tubular helical fan with a diameter of 1000 mm, with galvanised
corrosion protection on the casing and 9 aluminium aerofoil blades with steel drive bush-
ings. The motor uses a three-phase power supply at 400 V and 50 Hz, consists of four poles
and has IP55 protection (protected against dust ingress and resistant to water jets from any
direction) [82]. It has an operating point fan efficiency of 66% and a maximum shaft power
of 11 kW.
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The fan is fitted with a safety mesh screen to prevent damage to the blades due to
possible impacts from flying ice. However, the blade tips could be damaged if small pieces
of ice were to pass through the mesh screen and interfere with the clearance between the
blade tips and the walls. For this reason, the blades can be easily replaced in case of damage.

6. Conclusions

An iterative design process based on well-proven semi-empirical formulas and sup-
ported by CFD calculations has been shown to be a very good approach for the design and
aerodynamic optimisation of a low-cost IWT.

The IWT designed is an open-circuit type (non-return), with two corners, overall
dimensions of 3.3 m (length) × 1 m (width) × 3.6 m (height) and a test section size
of 0.40 m × 0.27 m, and it allows a velocity up to 70 m/s. The maximum Reynolds is
5.6 × 106 m−1. It requires a fan power of 7.7 kW and achieves an energy ratio of 4.74. With
the installed cooling capacity of 11.5 kW, a maximum LWC of 1.2 g/m3 (for maximum
tunnel speed) can be achieved. It allows the use of droplets with a maximum diameter of
65 µm and a minimum diameter that depends on the scale of the model to be tested, but
will be in the range of 1–2 µm.

The restriction of an existing cold climate chamber (without a longitudinal dimen-
sion larger than the other dimensions) makes it necessary to introduce corners, despite
the use of an open-circuit wind tunnel, but this has not resulted in an excessive loss of
aerodynamic efficiency.

Being manufactured by a company specialising in air conditioning duct manufacturing
and building ventilation installation, as well as a modular design aimed at easy fabrication,
together with the selection of materials common in the industry and the adaptation to a
commercial fan, greatly reduce the manufacturing costs of the IWT.

Once the construction of the IWT has been completed, validation tests will be carried
out, comparing the results with the theoretical values of the design. These validation tests,
as well as subsequent improvements to the IWT, will be the subject of a future article.

Therefore, this paper demonstrates that it is feasible to design and build a cost-effective
IWT for testing small to medium-sized fixed-wing UAVs, enabling the research and devel-
opment of ice protection systems needed to expand the use and capabilities of this type
of aircraft, describing in detail the design process and highlighting the main features that
need to be considered, not only for a general-purpose wind tunnel but specifically for an
IWT for UAV testing.
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