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Abstract 

Experimental work to be carried out in the Thermal Engine Laboratory. It implies 

finishing the construction of a wind tunnel for blade cascade tests, running tests with different 

configurations and treat the obtained results to draw tendencies and losses depending on the 

cascade variables and the blade surfaces. 

Resumen  

Trabajo experimental a realizar en el Laboratorio de Motores Térmicos. Implica 

terminar la construcción de un túnel de viento para ensayo de cascadas de álabes, realizar 

ensayos de varias configuraciones y tratar los datos obtenidos para sacar tendencias de 

pérdidas en función de variables de la cascada y de la superficie de los álabes. 
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1. Introduction 

1.1. Previous related work 

The original idea that is the seed of the following projects that will be described 

hereunder was having a test bench in the form of a wind tunnel in the facilities of the Thermal 

Engines Laboratory of the Industrial Engineering School of the Technical University of 

Madrid. This wind tunnel would allow the professors and students to run tests on both turbine 

and turbocompressor cascades and experiment how said cascades behave in simplified 

working conditions. 

The pioneer was Clément Dufourneaud in 2012, in his Final Degree Project [14]. This 

student designed step by step a handmade wind tunnel and run some CFD tests on it to ensure 

that it was working as expected. He left enough blueprints, numerical data and documentation 

for the forthcoming student to carry out construction of the wind tunnel itself. 

In 2015, Alfonso Rojo Lahuerta did so in his Final Degree Project [15]. He built, with 

the help of the laboratory technicians and the blueprints of Dufourneaud, the wind tunnel for 

the laboratory. Rojo was also able to make a cascade of turbocompressor blades and conduct 

some tests in the wind tunnel that he just finished to find airflow velocities after said cascade. 

However, the measuring system and the blades were of unsatisfactory quality. 

Next year, in 2016, Eduardo Bahamonde Bourgain, during the realization of in his 

Final Degree Project [16] designed and made, with the help of a 3D printer, a mechanism 

controlled by Arduino to ease and automatize the data harvesting. Said mechanism carries a 

pitot tube in a turning swivel arm that sweeps along the length after the cascade to measure 

the air velocity in a more stable, regular and accurate way. Because it is controlled by an 

Arduino microprocessor, the read data is sent directly to an Excel spreadsheet in the 

computer, turning the measuring task into a computerized routine. 

Finally, it was not until 2019 that Jorge Lleonart Tous continued working with the test 

bench in his Final Degree Project [17]. This student made some improvements in the wind 

tunnel and a new set of blades for the cascade with the help of a 3D printer. 
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1.2. Objectives 

The aim of this project is to continue with the previous work that was just mentioned. 

The main tasks to perform are basically the following: 

Solving the problems of the wind tunnel of the Thermal Engines Laboratory. This 

includes fixing the fan blower, sealing air leakages, adding wind conditioning elements to 

enhance the flow quality, etc.  

Together with this, a new way of putting the blade cascade into the tunnel will be 

implemented, as well as a new system to orientate this cascade to the air flow with precision. 

The data logger machine needs to be improved as well. The machine will be attached 

to the cascade so that both the cascade and the data logger are aligned properly. Also, the 

machine will be controlled from the computer with a software which makes the data harvest 

simpler and quicker. 

The blades are another element to change. This time, real blades will be machined to 

have the best surface finish achievable. Also, a new way of putting together the blades to 

conform the cascade with accuracy will be used. 

Finally, several tests will be carried out to check that the improvements have taken 

effect in the overall performance of the system. This tests will throw data of velocity profiles 

after the cascade that will be briefly analyzed.  
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2. Principles of Thermal Turbomachinery 

2.1. Definitions, concepts and basic principles. 

 

 Definitions and classification 

Before even going into depth with turbomachines, it is necessary to explain, at least in 

a superficial way, the classification of the fluid machines to know where the turbomachines 

come from and to know their place within this classification. 

A fluid machine is a set of mechanical elements that interexchange mechanical energy 

by means of the variation in the energy of a fluid going through them. In a nutshell, a fluid 

machine is any machine that functions using a fluid [1], [2]. 

Fluid machines can be divided into two different groups: hydraulic machines and 

thermal machines: 

 In hydraulic machines, the fluid going through them is considered uncompressible. 

Thus, specific volume or density variations will not be taken into consideration. 

Most of the hydraulic machines will have a liquid as the powering medium, but not 

all of them. Some examples are: aerogenerators, water pumps or hydraulic 

turbines. 

 In thermal machines, by contrast, the powering fluid will be considered 

compressible, and in consequence, both the specific volume and density will 

change significantly. The examples of this subgroup range from a steam engine, to 

turbocompressors, passing through combustion engines and gas turbines. 

Due to the aim of this project, we will only focus on the thermal machines, setting the 

hydraulic machines aside. 

Thermal machines can in turn be divided into another two big subgroups: powering 

thermal machines, most widely known as engines, and generating thermal machines, normally 

called generators. Likewise, both subgroups will still have smaller subdivisions: 

 Powering thermal machines or engines will take up a fluid with a greater amount 

of thermal energy and will produce mechanical energy, normally in the form of 
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torque, and a fluid with less thermal energy than the incoming one. Powering 

thermal machines can be volumetric or turbomachines. They will be considered 

volumetric if the interchange between thermal and mechanical energy is carried 

out by means of a variation in the volume of a cavity of any kind or shape, so that 

the flow of fluid is intermittent. On the other hand, if the flow through the machine 

is uninterrupted and this interchange is accomplished by the rotation of the 

machine’s mechanical elements with negligible change in the machine’s cavities’ 

volumes, then the machine will be considered turbomachine. 

 Generating thermal machines or generators perform the opposite operation: the 

intake of these machines is a fluid with less thermal energy that the outcoming 

one. However, to achieve this, it will be necessary the application of mechanical 

energy to the machine. Again, generators can be divided into volumetric 

generators or turbomachines. 

 

Figure 1. Energy diagrams of a powering thermal machine, on the left, and a generating thermal machine, on the 

right [2].  

In Figure 1 we can see the energetic sketches of both types of thermal machines 

regarding to their way to manage energy. On the left, the engine takes up a fluid with a 

thermal energy equal to 𝐸1 and yields part of that energy to the machine’s shaft in the form of 

mechanical work, 𝑊𝑒. The exhaust of the machine gives back the fluid with a thermal energy 

𝐸2, which is lower than 𝐸1. The right side of the figure shows the contrary process: the 

generator receives a certain amount of mechanical work 𝑊𝑒 to increase the thermal energy of 

an incoming fluid from 𝐸1 to 𝐸2. 

The volumetric class in both engines and generators can in turn be subdivided again 

into alternative or rotatory depending on whether their mechanical elements use the classic 

piston-rod system, describing linear alternative motion, or on the contrary their mechanical 
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components rotate. The turbomachines class can also be more subdivided into axial-flow and 

radial-flow for engines and generators, depending on the flow direction across the machine, 

but it will better shown in the next section 2.1.2. Figure 2 depicts in a clearer way the whole 

classification of fluid machines and its subgroups, giving examples for each one of them [2]. 

 

Figure 2. Diagram with the exhaustive classification of the fluid machines and its examples. 

The present case for this project, the turbocompressor, will be an axial-flow 

turbomachine of the generator’s group, belonging to the thermal machines, which will be a 

fluid machine ultimately. 

 

 Thermal turbomachines 

As it was superficially explained before, without getting into equations yet, a thermal 

turbomachine is a machine capable to absorb or deliver mechanical energy thanks to the 

variation of the thermal energy circulating in a continuous way along itself. According to S.L. 

Dixon, a thermal turbomachine is essentially a blade annulus, known as rotor, that varies the 

stagnation enthalpy of a fluid circulating in its interior, giving as a result a positive or 

negative work, depending on the machine configuration 

In a thermal turbomachine, the working fluid will vary its pressure by means of fluid 

dynamic processes when this one passes through different blade annulus. Thermal 

turbomachines are always rotatory and with a continuous flow of fluid across them. In these 
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turbomachines, due to the fact that they are thermal, both thermodynamic and fluid dynamic 

processes will be involved. On the other side, if the turbomachine were simply hydraulic then 

only fluid dynamic processes would take part [1], [3].  

From now on and since we are only interested in thermal turbomachines, we will refer 

to them as simply turbomachines for the sake of simplicity. 

Attending to the previous definitions, turbomachines can be classified in two different 

ways: on the one side, according to how they manage energy, we will refer to them as either 

turbines if they produce mechanical energy, or turbocompressor if they take up mechanical 

energy to increase the fluid energy. On the other side, according to the flow direction that 

goes through the machine, if the trajectory of the flow is mainly parallel to the shaft the 

machine will be axial and if the flow direction is perpendicular to the rotating shaft the 

machine will be considered radial [2]. 

 

Figure 3. The four types of both axial and radial flow turbomachines [4]. 

The two main characteristics that stand out in thermal turbomachines and that are 

necessary to highlight for further understanding are: 

 They are practically adiabatic. There are barely any heat losses through the case of 

the machine (�̇� = 0). 

 They are not isentropic. There are losses due to the friction in between the fluid 

and the blades and walls. Ideally and to calculate the efficiency, turbomachines 

will be considered isentropic machines. However, the real behavior is that they are 
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not isentropic and hence a there will be a variation, an increment, in the enthalpy 

of the fluid provoked by friction. 

To sum up and clarify, the turbomachine whose blades will be analyzed in this project 

will be an axial turbocompressor. The working principles, thermodynamic behavior and more 

thorough concepts of this turbomachine will be explained in section 2.4. 

 

 Reynolds number: laminar and turbulent flow. Boundary layer 

The Reynolds number, 𝑅𝑒, is a dimensionless number that indicates whether a flow 

follows a laminar or turbulent model. This number depends on the flow velocity, conduit 

diameter, dynamic viscosity and the density of the fluid flowing through the duct. It is a ratio 

in between the inertial forces and the viscous forces and ultimately helps to predict flow 

patterns in different flow scenarios. 

𝑅𝑒 =  
𝐼𝑛𝑒𝑟𝑡𝑖𝑎 𝐹𝑜𝑟𝑐𝑒

𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝐹𝑜𝑟𝑐𝑒
  

𝑅𝑒 =  
𝜌 ∙ 𝑣 ∙ 𝑑𝑣 𝑑𝑅⁄

𝜇 ∙ 𝑑2𝑣 𝑑𝑅2⁄
=

𝜌 ∙ 𝑣2 𝐷⁄

𝜇 ∙ 𝑣 𝐷2⁄
   

𝑅𝑒 =  
𝜌 ∙ 𝑣 ∙ 𝐷

𝜇
 (1) 

 

Where 𝜌 is the density of the fluid, 𝑣 is the velocity of the fluid, 𝜇 is the dynamic 

viscosity of the fluid and 𝑅 and 𝐷 are the radius and diameter of the pipe where the fluid is 

confined respectively. 

Since the dynamic or bulk viscosity is the product of the kinematic viscosity by the 

density, we can then rewrite 𝑅𝑒 as: 

𝜐 =
𝜇

𝜌
 (2) 

𝑅𝑒 =  
𝑣 ∙ 𝐷

𝜐
 (3) 

Where 𝜐 is the kinematic viscosity, 𝑣 is the velocity of the fluid, 𝜇 is the dynamic 

viscosity and 𝐷 is the diameter of the duct. 
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As we see in Equation (1), it quantifies the relative importance of inertial and viscous 

forces for given flow conditions, and is a guide to know when turbulent flow will occur in a 

particular situation. If the inertial forces are greater than the viscous ones by a certain degree 

of magnitude, then the flow will be turbulent. However, if the inertial forces are simply a bit 

greater that the viscous ones, then laminar flow will develop because the inertia forces will 

not be enough to generate turbulences. Viscous forces within a fluid can be seen as an 

inhibitor of turbulent flow [5], [6], [7]. 

Laminar flow can be described as the movement of a fluid when this one is perfectly 

arranged so that the fluid moves in parallel layers without mixing one another. Each fluid 

particle is flowing in a smooth trajectory called streamline. This flow will occur, as it was 

previously seen, when the inertial forces are not big enough to counteract the viscous ones. 

This situation can be reached when the flow is going at low velocities or when the viscosity of 

the fluid is high. And of course, when both are combined. 

 

Figure 4. Laminar flow in an airfoil. 

Turbulent flow, on the contrary, is much more common in nature. This kind of flow is 

characterized by trajectories similar to whirlpools and swirls and it happens when all the fluid 

particles are moving in chaotic paths, churning up with each other and acquiring rotational 

energy in the process. Then they collide with each other changing their paths again erratically. 

This flow occurs when the fluid moves at high velocities or when it has a low viscosity. 
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Figure 5. Turbulent flow in an airfoil. 

The transition from laminar to turbulent flow happens progressively: first the 

turbulence starts to develop in the central area of the flow where the speed is greater since the 

fluid is not in contact with the pipe’s walls. Due to that, there remains an annulus of laminar 

flow around the central turbulent area. As we increase the average flow velocity, the thickness 

of this annulus will gradually decrease until disappearing. Once we have reached that state, 

the flow is fully turbulent. The thickness of that laminar annulus is what we know as 

boundary layer and will be explained here below. 

From experimental observations, it is proven that laminar flow occurs in a pipe of 

diameter 𝐷 when: 

 𝑅𝑒 < 2300  The flow is laminar. 

 2300 < 𝑅𝑒 < 4000  Transient flow. Transition from laminar to turbulent. 

 𝑅𝑒 > 4000  Turbulent flow with slight dependency on Reynolds number. 

 

Figure 6. Streamlines of a fluid flowing around a sphere. The upper picture shows a turbulent flow while the 

bottom one depicts a laminar flow. 

The boundary layer forms when a fluid is flowing freely over a surface and due to 

friction, the closest layer of this fluid to the wall will be basically stopped. More fluid layers 
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will form on top of this static layer, having each one of them less friction than the previous 

ones, and hence, higher speed. There will come a point in which a layer will be far enough 

from the wall and will have the free velocity of the fluid, 𝑈∞. At that point, we say that the 

fluid is fully developed. This way we define the boundary layer as the set of layers that hoards 

the one with speed equal to zero (in contact with the wall) to the one that has a velocity of 

𝑈𝑥 = 0,99 ∙ 𝑈∞, which basically is the free speed of the fluid. The total thickness of this 

particular stack of layers is represented typically by the letter 𝛿. This thickness normally 

increases as the fluid moves along the wall and it depends on the wall roughness and shape, 

the fluid viscosity and its velocity. 

 

Figure 7. Boundary layer forming when a fluid comes into contact with a solid [5]. 

The flow in the boundary layer begins as laminar. When the fluid, let us say air, comes 

into contact with the leading edge of a blade airfoil, for instance, the air flows in separated, 

well-arranged layers, without interfering one another. However, the thickness of the boundary 

layer will increase as the air advances along the body of the airfoil, and it will increase in a 

greater or lesser way depending on the angle of attack of the blade or the airfoil profile used. 

As the current of air flows along the blade, the thickness of the boundary layer will keep on 

growing too thanks to the pressure increase, which means an obstacle in the advance of the air 

flow. The greater the pressure, the more difficulties the fluid particles will have to move 

forward. There will come a point in which those particles will not be able to keep moving 

forward so they will turn around to look for areas with lower pressure. This reverse flow will 
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generate very small swirls and vortices of air, reaching the point where the flow is 

inconsistent. This will lead to the boundary layer separation [6], [7]. 

 

Figure 8. Illustration that shows how the boundary layer comes off the surface when the pressure gradient is 

negative. The flow reverses and starts forming swirls. 

Boundary layer separation is the detachment of the boundary layer from the surface. It 

causes an increased drag in the airfoil due to the pressure gradient across the airfoil: the 

leading edge is under high pressure because it is receiving all the incoming flow while the 

trailing edge has low pressure or even negative due to the void created after the boundary 

layer separation.  

 

Figure 9. Boundary layer separation. In the picture on the left, it is noticeable how the turbulent transition point is 

reached later in the lower camber than in the upper one. This due to the higher pressure below, that keeps the fluid close to 

the surface. 

Sometimes, if the Reynolds number is high, the streamline comes back into contact 

with the surface of the blade, enclosing air and steam and creating a bubble. This 

phenomenon might lead to cavitation and it is very pernicious for blades due to the implosion 

of the bubbles once they reach an area in the surface where the pressure is higher or also if the 

Reynolds number increases [8]. We can see a schema of the process in Figure 9. 
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Figure 10. Illustration highlighting boundary layer separation at different Reynolds number regimes below 106. The Re 

number corresponding to the three scenarios are: a) 10.000<Re>50.000; b) 50.000<Re<100.000; c) Re>500.000 [8]. 

The phenomenon of boundary layer separation is most commonly known in the fields 

of aeronautics and turbomachinery as stall. 

A separation in the boundary layer translates into a drop in the lift coefficient and a 

sudden increase in the drag coefficient of the blade, that we will see in section 2.3.2.2. In the 

case of a turbocompressor this means a strong decrease in the efficiency. However, if it were 

the case of an airplane, the phenomenon could turn out to be dangerous. For this reason, much 

effort and research has gone into the design of aerodynamic surfaces which delay boundary 

layer separation and keep the flow attached to the airfoil as long as possible. The usual way of 

achieving that purpose in aeronautics is to induce an early transition in the boundary layer 

from laminar to turbulent. Examples of this are the dimples on a golf ball, vortex generators 

on aircrafts or the fur in tennis balls. However, none of these solutions can be implemented in 

turbomachinery, so the solution here will be having the control over the angle of attack α. In 

the following Figure 11 we can see how the bubble of air forms due to the boundary layer 

separation and how this bubbles advances along the blade profile. For higher angles of attacks 

(α ≥ 14º) the phenomenon gets worse and the bubble disappears, giving way to the total 

separation of the fluid at the trailing edge. 



Turbomáquinas 

13 

 

Figure 11. Process of bubble forming and boundary layer separation in a NACA 0012 airfoil at a low Re number of 

3 ∙ 105. The red arrow indicates the position of the separation bubble [8]. 

 

 Mach Number 

In fluid mechanics, Mach number 𝑀 is a dimensionless figure that represents the ratio 

in between the flow velocity of a fluid and the speed of sound [7]. 

𝑀 =
𝑣

𝑐
 (4) 

Where 𝑣 is the velocity of the fluid and 𝑐 is the speed of sound in the medium. 

Mach number is not constant and depends on the speed of sound, that changes in every 

medium with the temperature, nevertheless it will not experience significant changes with 

pressure. For instance, in air, at a temperature of 15℃ the speed of sound 𝑐 will be equal to 

340,3 𝑚 𝑠⁄  and an object moving at the same speed will have a Mach number of 𝑀 = 1. 

Even not being constant, it is still a really useful number in aeronautical calculations for 

different conditions, such as the variation of temperature with the altitude, since a fluid will 

always behave the same way in the vicinity of an object as long as its Mach number is the 

same as other object’s Mach numbers: an object moving at sea level, where 𝑐 = 340𝑚 𝑠⁄ , at 

a speed of 𝑣 = 170 𝑚 𝑠⁄  will have a Mach number of 𝑀 = 0,5 and another object moving at 

11.000 meters high, where 𝑐 = 295 𝑚 𝑠⁄ , moving at 𝑣 = 147,5 𝑚 𝑠⁄  will also have a Mach 

number of 𝑀 = 0,5 and the fluid, in this case air, will show the same behavior in the vicinities 

of both objects.  
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The speed of sound 𝑐 depends on the fluid where the studied object is moving and the 

temperature of this fluid. If the fluid is a gas: 

𝑐 = √
𝛾𝑅𝑇

𝑀
 (5) 

Where: 

 𝛾 is the heat capacity ratio, which is the ratio of heat capacity at constant pressure 

𝐶𝑝 to the heat capacity at constant volume 𝐶𝑉. In other words, 𝛾 = 𝐶𝑝 𝐶𝑉⁄ . For air, 

𝛾 = 1,4 

 𝑅 is the ideal gas constant, 𝑅 = 8.314 𝐽 𝐾 ∙ 𝑚𝑜𝑙⁄  

 𝑀 is the molecular mass of the gas. For dry air, 𝑀 = 0,02895 𝑘𝑔 𝑚𝑜𝑙⁄  

 𝑇 is the absolute temperature of the gas, in 𝐾 

As it was said, we can see in (5) that there is no dependency on the pressure that the 

gas is at, only the temperature of this one will determine the speed of sound in said gas. 

The classification of velocities depending on the Mach number are: 

 Subsonic: 𝑀 < 0,7 

 Transonic: 0,7 < 𝑀 < 1,2 

 Supersonic: 1,2 < 𝑀 < 5 

 Hypersonic: 𝑀 > 5 

From the fluid mechanic’s point of view, the importance of the Mach number dwells 

in its relation with the compressibility of a gas; when this number is lower than 𝑀 = 0,3 the 

fluid can be considered incompressible for the aerodynamical study, simplifying this way in a 

great way the calculations and equations for fluids. In the experiments that will be carried out 

in this project, the Mach number will be fairly lower than that value. 

 

 Bernoulli’s principle 

Before getting into any material, it would be convenient to remember that the total 

pressure 𝑃0, also commonly known as stagnation pressure, that a fluid that is in movement 

exercises is the sum of two pressures (6): the static pressure 𝑝𝑠 and the dynamic pressure 𝑝𝑑. 
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This last one mentioned term will only appear if the fluid is in motion, otherwise, the total 

pressure will be equal to the static pressure. 

𝑝0 = 𝑝𝑠 + 𝑝𝑑 (6) 

The static pressure 𝑝𝑠 is the one that a fluid itself possesses, and it is independent from 

its velocity. This pressure is exercised over the walls of the fluid’s container. It is the same in 

all directions and it always pushes in perpendicular to the walls. For fluids submitted to 

ambient pressure, their static pressure will be this ambient pressure.  

As we said before, if the fluid is at rest the total pressure will equal the static pressure 

(𝑝0 = 𝑝𝑠). However, if the fluid is flowing at a certain speed, the dynamic pressure will 

appear.  

The dynamic pressure 𝑝𝑑 results from the sudden stagnation of a fluid that is moving 

with a velocity different from zero. When a fluid is flowing along a duct and it crashes onto 

something, the inertia of the stop provokes an additional increment in the static pressure. This 

increment is the dynamic pressure and it depends on the velocity and density of the fluid. It is 

written as shown in (7): 

𝑝𝑑 =
1

2
𝜌𝑣2  

𝑝𝑑 =
𝜌𝑣2

2
 (7) 

Where 𝜌 is the density of the fluid, 𝑣 is the velocity of the fluid and 𝑝𝑑 is the dynamic 

pressure of the fluid. 

Combining both Equations (6) and (7), we obtain a more arranged expression for the 

total pressure: 

𝑝0 = 𝑝𝑠 +
𝜌𝑣2

2
 (8) 

In Equation (8) the total pressure of a fluid is expressed, on the one side, in terms of 

the pressure proper that the fluid has for the mere fact of being a fluid and, on the other side, 

in terms of the kinematic energy that the fluid carries in the case this one is flowing. 

2.1.5.1. Bernoulli Equation 

The Bernoulli’s principle states that, in a steady flow, the sum of all different forms of 

energy that exist in a fluid along a streamline is the same in all the points of that streamline. 
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There are different forms of the Bernoulli equation but the simplest one is the one referred to 

incompressible fluids [7]. 

 As it can be inferred in a first approach, this can be derived directly from the law of 

conservation of energy, that says that the total energy in an isolated closed system remains 

constant over time. Before the beginning of this subsection, it was covered that a fluid 

flowing along a conduit carries static pressure, which in energetic terms translates into 

internal energy of the fluid’s particles and also dynamic pressure, whose equivalent in 

energetic terms would be the kinetic energy. However, there is still one more form of energy 

that we are missing out: the potential energy. This is the energy that the fluid will possess for 

the mere fact of being elevated a certain height above the reference plane. Thus, the pressure 

related to that potential energy would be the pressure that the weight of the column of fluid 

above the reference plane is exercising. The Bernoulli equation then requires that the sum of 

internal energy, kinetic energy and potential energy and remains constant along any point of 

the streamline, which in essence is the same as adding up all the pressures mentioned before. 

This sum is nothing but a balance in between the three terms of the equation where these 

terms will increase or decrease, depending on the scenario, at the expense of the other terms, 

but always keeping the result of the addition constant. It can be enounced as:  

𝑝𝑠 +
𝜌𝑣2

2
+ 𝜌𝑔𝑧 = 𝑐𝑡𝑒 (9) 

𝑝𝑠1 +
𝜌𝑣1

2

2
+ 𝜌𝑔𝑧1 = 𝑝𝑠2 +

𝜌𝑣2
2

2
+ 𝜌𝑔𝑧2  

As we can see in Equation (9), the first term is the static pressure, the second term 

would be the dynamic pressure and the last and third term would be the pressure due to the 

column of fluid, which ultimately can be included in the static pressure as well. 
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Figure 12. Bernoulli’s principle depicted in a pipe with two different sections of distinct height and area. 

According to Bernoulli Equation, the fluid flowing along the pipe displayed in Figure 

12 will have a velocity 𝑣1 greater than 𝑣2 but nevertheless, to maintain the balance, the 

pressure 𝑝1 will be lower that 𝑝2 at the expense of the velocity. 

Dividing the Equation (9) by 𝜌𝑔 we get a clearer expression: 

𝑣2

2𝑔
+

𝑝𝑠

𝜌𝑔
+ 𝑧 = 𝑐𝑡𝑒 (10) 

Being: 

 
𝑣2

2𝑔
 : the component that belongs to the kinetic energy. 

 
𝑝𝑠

𝜌𝑔
 : the component that belongs to the static pressure. 

 𝑧 : the component that belongs to the potential energy. 

And where 𝑣 is the velocity of the fluid, 𝜌 is the density of the fluid, 𝑝𝑠 the static 

pressure of the fluid, 𝑔 the gravity acceleration and 𝑧 the height of the point of the fluid 

streamline where we are calculating Bernoulli for. 

The Equation (10) is the Bernoulli equation for incompressible fluids, which saves up 

a lot of mathematical work and simplifies the calculations substantially. Nevertheless, to 

apply this useful and convenient way of the Bernoulli equation, some restrictions must be 

fulfilled: 

 Inviscid: the viscosity of the fluid must be negligible 

 Steady: which means that parameters such as velocity, flow rate or density will 

remain constant along the streamline. 
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 Incompressible: for gases flowing at a low Mach number (𝑀 < 0,3), the density 

can be consider constant, independently of pressure variations in the flow. 

 No heat addition. 

 Negligible change in height. 

In consideration of the last assumption, the Bernoulli equation for incompressible 

fluids can be even more simplified since now the term related with the height can be 

neglected. That term only goes into effect in hydraulics or calculations where the significant 

height can give rise to a difference. For horizontal pipes or turbomachinery where the only 

vertical dimension is the diameter or the height of the blade it can be neglected and so crossed 

out of the equation, remaining as: 

𝑣2

2
+

𝑝𝑠

𝜌
= 𝑐𝑡𝑒 (11) 

2.1.5.2. The Venturi effect. 

The Bernoulli’s principle exhibits itself in a physical by means of the Venturi effect. 

The Venturi effect is the phenomenon by which a fluid decreases its pressure and increments 

its velocity when it flows through a narrower section of a pipe. As set out by the Bernoulli’s 

principle, this happens to keep the energetic balance compensated along a streamline. 

 

Figure 13. Representation of a constricted section where the Venturi effect takes place. 

The direct utility of the Venturi effect is the possibility that it gives you to measure the 

fluid velocity in the inside of the duct. If we look at Figure 13, we can see that the 

difference in the velocity translates into a height difference in the columns of water 

called piezometers, placed at both sides of the pipe constriction. This difference in 

height ℎ is equivalent to the difference in pressure in between the two sections of the 
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pipe, (𝑝1 − 𝑝2). This device is similar to a manometer, which would measure the 

difference in pressure directly instead of the difference in height. 

The volumetric flow rate through a duct is computed by Equation (12) 

𝑄 = 𝑣 ∙ 𝐴 (12) 

Since the volumetric flow rate that goes through the pipe is equal in both the wide and 

narrow sections of the pipe, we can state that:  

𝑄1 = 𝑄2  

𝑣1𝐴1 = 𝑣2𝐴2 (13) 

Where: 𝑄 is the volumetric flow rate, 𝑣 is the fluid velocity and 𝐴 is the cross 

sectional area of the pipe. 

The Equation (13) is widely known as the equation of continuity for fluids, where: 

 𝑣1 is the fluid velocity in point 1. 

 𝑣2 is the fluid velocity at point 2. 

 𝐴1 is the cross sectional area of the pipe at 1. 

 𝐴2 is the cross sectional area of the pipe at 2. 

This way, the flow rate in point 1 of the streamline has to be the same as the flow rate 

in the point 2. 

If we neglect the pressure drop because of friction in between section 1 and 2 and we 

combine Equations (10) and (13), we get: 

𝑣2 = 𝑣1

𝐴1

𝐴2
  

𝑝1

𝜌𝑔
+

𝑣1
2

2𝑔
+ 𝑧1 =

𝑝2

𝜌𝑔
+

𝑣2
2

2𝑔
+ 𝑧2  

𝑝1

𝜌𝑔
+

𝑣1
2

2𝑔
+ 𝑧1 =

𝑝2

𝜌𝑔
+

(𝑣1
𝐴1
𝐴2

)
2

2𝑔
+ 𝑧2 

 

Rearranging for 𝑣1 we obtain: 

𝑣1 = √
[
2𝑔(𝑝1 − 𝑝2)

𝜌𝑔
+ (𝑧1 − 𝑧2)]

(
𝐴1
𝐴2

)
2

− 1

 (14) 
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If the unevenness of the pipe is equal to zero, then the pipe is horizontal and the points 

1 and 2 are at the same height, so we can neglect the effect of height, rewriting and 

simplifying Equation (14)(91) as:  

𝑣1 = √
2(𝑝1 − 𝑝2)

𝜌(𝐴1
2 − 𝐴2

2)
 (15) 

The most correct form of the Equation (15) would have a coefficient 𝐶 called 

discharge coefficient multiplying the square root, which would include the pressure loss due 

to the friction in the constriction. 

If we wanted to know the velocity 𝑣1 in point 1 by using the most rudimentary and 

visual way instead of using a manometer to know the pressure difference across point 1 and 

point 2, then it would be simply necessary to measure the height difference ℎ in between the 

water level of both piezometers and, assuming no pressure losses and a horizontal pipe, apply 

the next equation: 

𝑣1 = √
2𝜌ℎ

𝐴1
2 − 𝐴2

2 (16) 

Again, if we wanted to be precise, a discharge coefficient 𝐶 should be added before 

the square root, multiplying this last one. 

2.1.5.3. Pitot tubes 

A well-known apparatus in the field of fluid mechanics is the Pitot tube. This device 

works following a combination of the theory contained in the Bernoulli’s principle and the 

mechanics shown in Venturi effect. It is in fact considered one of the most direct applications 

of the Bernoulli’s principle. 

This tool allows to measure the velocity of a fluid that is in motion in an indirect way 

through to the measurement of the total pressure.  

These devices are widely used in aircrafts or boats to know their speed as well as in 

pipes and conduits used in the chemical or medical industries to measure the velocity of the 

gas or liquid circulating inside. Also in wind tunnels to run tests and harvest data. They are 

simple, cheap, easy to manufacture in many shapes and sizes and they suppose little 

maintenance.  
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Figure 14. Examples of uses of Pitot tubes. They are extensively used in aircrafts and Formula cars, among others. 

For all these reasons, the Pitot tube was the chosen device to take measurements in the 

wind tunnel, placed downstream the blade cascade which is the object of study. 

The working principle of this tool is similar to the phenomenon explained in the 

Venturi effect. The most basic and simplest Pitot tube consists on a static thin duct put in 

parallel to the streamlines and pointing towards the opposite direction of flow direction. Once 

the duct is submerged and filled with fluid, the current of this last one stops flowing at the 

inlet of the tube as there is no outlet on the other side to allow the flow to escape. Thereby, 

when the fluid gets into the tube a pressure can be measured. The fluid becomes stagnant and 

the pressure resulting from that phenomenon is called as the stagnation pressure, also known 

as the total pressure. This total pressure 𝑝0 is the sum of the static pressure and the dynamic 

pressure of a fluid as it was already explained at the beginning of this section 2.1.5 in 

Equation (6). 

 

Figure 15. Piezometer and simple Pitot tube arrangement to measure the flow velocity 𝑣. 

As it can be noticed, deep down the Pitot tube is nothing but a variation of the pair of 

piezometers system used in Venturi and seen on the previous section to figure out the fluid 

velocity, as shown in Figure 13, in pipes without constrictions.  
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There are mainly two different versions of pitot tubes: simple pitot tubes, and pitot-

static tubes. These last ones are also known as Prandtl tubes. In this case, only the first type 

will be taken into consideration for being simpler and more suitable for this project’s purpose 

and therefore it will be the pitot tube used in the wind tunnel.  

A simple pitot tube is the one depicted on the right side in Figure 15. Point 1 is a free 

point placed in the streamline while point 2 is placed at the nozzle of the pitot tube. This point 

is also called stagnation point because the moving fluid is brought to rest or, in other words, it 

stagnates. This means that the pitot tube will measure the total or stagnation pressure 𝑝0 as 

mentioned previously and this pressure will equal the pressure exerted by the weight of the 

column of fluid that will rise with height ℎ2 in the inside of said tube. Besides that, the 

piezometer on the left side of Figure 15 will measure the static pressure of the flowing fluid, 

for instance, at point 1, since that pressure is the same at any given point. As before, this static 

pressure 𝑝𝑠1
 will be in balance with the pressure exerted by the column of water within the 

piezometer of height ℎ1. 

Since 𝑣2 = 0 because the flow stagnates: 

𝑝2 = 𝑝0 = 𝑝𝑠1 + 𝑝𝑑 (17) 

The pressure that a column of a fluid generates is computed by multiplying the height 

of that column times its density times the gravity acceleration, so: 

𝑝2 = 𝑝0 = 𝜌𝑔ℎ2  

𝑝𝑠1 = 𝜌𝑔ℎ1  

Subtracting the greater of both pressures to the lower one we obtain: 

𝑝2 − 𝑝𝑠1 = 𝜌𝑔(ℎ2 − ℎ1) (18) 

Accordingly to Bernoulli, the total pressure in 1 has to be the same as in 2, so if we 

apply the Bernoulli Equation (10) to the points 1 and 2  we get: 
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𝜌𝑣1
2

2
+ 𝑝𝑠1 = 𝑝2 +

𝜌𝑣2
2

2
  

𝜌𝑣1
2

2
+ 𝑝𝑠1 = 𝑝2  

The total pressure equals the static one plus the increment due to stagnate the fluid that 

supposes the dynamic pressure. Now solving for 𝑣1: 

𝑣1 = √
2(𝑝2 − 𝑝𝑠1)

𝜌
 (19) 

Where 𝑣1 is the fluid velocity, 𝑝2 (or 𝑝) is the total pressure, 𝑝𝑠1
is the static pressure 

of the fluid and 𝜌 is the density of the fluid. 

Substituting (18) into (19):  

𝑣1 = √
2𝜌𝑔(ℎ2 − ℎ1)

𝜌
  

𝑣1 = √2𝑔(ℎ2 − ℎ1) (20) 

Where again, 𝑣1 is the fluid velocity, ℎ2 is the height of the water column in the 

simple pitot tube, ℎ1 is the height of the water column in the piezometer and 𝑔 is the 

gravitational acceleration [9], [10]. 

On the other side, the Pitot-Static tube or Prandtl tube is simply the merger of the 

simple Pitot tube and the piezometer into the same device, making it more compact. It might 

as well have been used in the wind tunnel for this project, but since it is a bit more complex to 

handcraft and the measurements results are the same it was ruled out. 

What the Pitot-Static tube involves is basically a tube within a tube and so we have an 

inner tube and then an outer tube wrapped around the inner one. The inner tube is the simple 

Pitot tube, with a hole at the tip to measure dynamic pressure of the incoming fluid and the 

outer one has at least one hole in perpendicular to the streamline direction to measure the 

static pressure. This outer tube will do the function of the piezometer. 
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Figure 16. Pitot-static or Prandtl tube [11]. 

The equations in the Prandtl tube are the same as those in the simple Pitot tube, so the 

velocity 𝑣1 would be computed by Equation (19) or (20), depending on whether we are 

working with a pressure manometer or transducer or with a physical glass tube where we 

measure the height of the proper column of fluid that rises, as in Figure 15, respectively. 

Just like in the calculation of fluid velocity on Equation (15) using Venturi on section 

2.1.5.2, The most correct form for Equations (19) and (20) would have the same discharge 

coefficient 𝐶 multiplying the square root, which would include the pressure loss due to the 

friction at the nozzle. The discharge coefficient will be important to take into account and 

because of that, the mouthpieces of the Pitot tubes will normally be designed and shaped in 

such a way that minimizes the load losses as far as possible. This will maximize the accuracy 

of the velocity readings and the discharge coefficient 𝐶 might be negligible. To achieve this, 

some adaptations will be carried out on the Pitot tube installed on our wind tunnel, as it will 

be explained in further detail in section 4.3.4. 

And for the case that concerns our Pitot tube installed on outlet of the wind tunnel, it is 

a simple pitot tube facing the fluid right downstream the blade cascade and whose end will be 

directly connected to a digital differential pressure transducer. This will measure the dynamic 

pressure of the air after the cascade. Moreover, the measurement of the static pressure is 

carried out by the other input of the transducer, which will remain open to the atmosphere and 

unconnected to the air current running along the wind tunnel. This way and for the sake of 

simplicity, it will be considered that the air blown through the wind tunnel upstream the blade 

cascade conserves the same properties of pressure and temperature as the surrounding air, 

sparing out this way the need of installing a second intake in the wind tunnel, in perpendicular 



Turbomáquinas 

25 

to the air stream, as piezometer for the static pressure readings. The digital sensor will thus be 

reading the difference in pressures ∆𝑝 = 𝑝2 − 𝑝𝑠1thanks to a very sensitive membrane. The 

output data will be sent to an Arduino Mega control board to be manipulated and translated 

into velocity by applying Equation (19). 
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2.2. Principles of turbomachinery 

Before continuing, we did not want to miss the opportunity to explain, in general 

terms, the fluid mechanics and thermodynamic principles that lie behind the functioning of 

turbomachinery. 

 The equation of continuity for fluids 

This physical law is important in turbomachines since the flow of fluid across them is 

always constant. 

Let us consider a stream of flow with a density of 𝜌 passing through an element of 

area 𝑑𝐴 and during the time interval of 𝑑𝑡. The velocity of this stream is 𝑐. This situation is 

represented graphically in Figure 17.  

 

Figure 17. Flow across an element area [3]. 

This way, the mass of the element is 𝑑𝑚 = 𝜌 ∙ 𝑐 ∙ 𝑑𝑡 ∙ 𝑑𝐴 ∙ cos 휃, where 휃 is the angle 

subtended by the normal direction of the area element with respect to the stream velocity 

direction. 

The element of area perpendicular to the stream flow direction is 𝑑𝐴𝑛 = 𝑑𝐴 ∙ cos 휃, 

which after rearranging is 𝑑𝐴 = 𝑑𝐴𝑛 cos 휃⁄ . This way, substituting 𝑑𝐴 in to the previous 

equation for the mass: 𝑑𝑚 = 𝜌 ∙ 𝑐 ∙ 𝑑𝐴𝑛 ∙ 𝑑𝑡. This way the angle dependency has been 

eliminated. 

On the other hand, the mass caudal, most widely known as mass flow rate, is the mass 

of a substance that passes thought a control area per unit of time. It is defined by 𝑄 or �̇�. The 

elementary mass flow rate is then described by: 

𝑑�̇� =
𝑑𝑚

𝑑𝑡
=

𝜌 ∙ 𝑐 ∙ 𝑑𝐴𝑛 ∙ 𝑑𝑡

𝑑𝑡
= 𝜌𝑐𝑑𝐴𝑛 (21) 
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For simplicity, most of the analysis in turbomachinery consider one-dimensional 

steady flows where the speed and the density are considered as constant through each section 

of a duct. If 𝐴𝑛1
and 𝐴𝑛2

 are the areas normal to the flow velocity direction at points 1 and 2 

of a duct, since the flow is constant and it needs to be continuous, then: 

�̇� = 𝜌1𝑐1𝐴𝑛1
= 𝜌2𝑐2𝐴𝑛2

 (22) 

From Equation (22) we can see that there is no accumulation of the fluid in the inside 

of the control volume and hence �̇�1 = �̇�2. 

 

 The first law of thermodynamics. The energy equation 

The first law of thermodynamics states that, if a closed system suffers a change on its 

internal energy ∆𝑈, then it is due to an either contribution or subtraction of heat 𝑄 or because 

of an either intake or consumption of work 𝑊. This can be written as: 

∆𝑈 = 𝑄 + 𝑊 (23) 

A more general and formal way of expressing Equation (23) from the mathematical 

point of view would be: 

∮(𝑑𝑄 − 𝑑𝑊) = 0  

𝐸2 − 𝐸1 = ∮ (𝑑𝑄 − 𝑑𝑊)
2

1

 (24) 

Where ∮𝑑𝑄 represents the heat supplied or subtracted to the system and ∮𝑑𝑊 the 

work done or consumed by the system during a cycle. 𝐸 is the total energy of the system and 

can be expressed as: 

𝐸 = 𝑈 +
1

2
𝑚𝑐2 + 𝑚𝑔𝑧 (25) 

If the system is a fluid, as in the case of turbomachines, then 𝐸 will be the total energy 

of said fluid. As it can be seen, the energy that said fluid has is merely the summation of the 

internal energy, the kinetic energy and the potential energy. 

In terms of power, the total energy 𝐸 translates into the following way: 
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𝑃 = �̇�ℎ +
1

2
�̇�𝑐2 + �̇�𝑔𝑧 (26) 

Where the first term represents the internal power, the second term represents the 

power produced by a flowing jet of fluid and the third and last one the power due to height, 

which in other words is the power due to potential energy. 

The schema of Figure 18 shows a thermal turbomachine exchanging energy. As it can 

be seen, there is a fluid with a mass flow rate �̇� going from the intake, 1, of the machine to 

the outlet of the same, 2. In the process of this example, the fluid transfers energy to the 

blades of the turbomachine and positive work is being done, with a rate �̇�𝑖 which deep down 

is internal power. Generally, there is also a positive heat transfer from the surrounding 

environment to the control volume at a rate �̇�. 

 

Figure 18. Control volume representing a turbomachine [3]. 

In a similar way, Equation (24) can also be expressed in terms of energy rate or power: 

𝑃2 − 𝑃1 = ∮ (𝑑�̇� − 𝑑�̇�𝑖)
2

1

 (27) 

Thus, taking into account the sign convention for the energy rates fluxes of this 

example, substituting Equation (26) into Equation (27) it is obtained: 

�̇� − �̇�𝑖 = �̇� [(ℎ2 − ℎ1) +
1

2
(𝑐2

2 − 𝑐1
2) + 𝑔(𝑧2 − 𝑧1)] (28) 

This is what is called the steady flow energy equation, where ℎ is the specific enthalpy 

or enthalpy per mass, 1 2⁄ 𝑐2 is the kinetic energy per unit mass and 𝑔𝑧 the potential energy 

per unit mass. 

The last term belonging to the potential energy is normally disregarded in thermal 

turbomachinery because of its little contribution to the overall balance. It only matters in 
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hydraulic turbomachines. Hence, the steady flow energy equation, Equation (28), remains as 

follows: 

�̇� − �̇�𝑖 = �̇� [(ℎ2 − ℎ1) +
1

2
(𝑐2

2 − 𝑐1
2)] (29) 

The specific enthalpy ℎ of a fluid is the energy in the form of heat that said fluid 

carries. On the other hand, the stagnation enthalpy ℎ0 is defined as: 

ℎ0 = ℎ +
𝑐2

2
+ 𝑧𝑔 (30) 

Where ℎ is the specific enthalpy, 𝑐2 2⁄  is the term of the kinetic energy and 𝑧𝑔 the 

term that corresponds to the potential energy. Again, if the last term can be neglected because 

of its little contribution. As it can be noticed, the kinetic energy can be added to the enthalpy 

because a flowing fluid that decreases its velocity transforms its kinetic energy into heat. In 

the end, the stagnation enthalpy that will be used in thermal turbomachines is ℎ0 = ℎ + 𝑐2 2⁄ . 

This way, and thanks to the stagnation enthalpy, Equation (29) can be simplified by 

agglutinating terms: 

�̇� − �̇�𝑖 = �̇�(ℎ02 − ℎ01) (31) 

As it has been mentioned previously in section 2.1.2, most of the thermal 

turbomachines are adiabatic or almost adiabatic so a heat flow rate of zero (�̇� = 0) can be 

considered. This way, the internal power is defined: 

 For the work producing turbomachines, turbines, �̇�𝑥 > 0, so that: 

�̇�𝑡 = �̇�𝑖 = �̇�(ℎ01 − ℎ02) (32) 

 For the work consuming turbomachines, turbocompressors, �̇�𝑥 < 0, so that: 

�̇�𝑐 = −�̇�𝑖 = �̇�(ℎ02 − ℎ01) (33) 

In a similar way, the internal specific work 𝑤𝑖 for both a turbine and a compressor is 

defined simply by dividing the expressions (32) and (33) by the mass rate �̇�:  

 For turbines: 

𝑤𝑖 = ℎ01 − ℎ02 (34) 
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 For turbocompressors: 

𝑤𝑖 = ℎ02 − ℎ01 (35) 

The internal work 𝑤𝑖 is a term very commonly used in turbomachinery and represents 

the work done by the fluid per unit mass. It is the difference in specific enthalpy of the fluid 

before and after the turbomachine. 

 

Figure 19. Expansion process. Corresponding to a work 

producing machine or turbine [2]. 

 

Figure 20. Compression process. Corresponding to a work 

absorbing machine or compressor [2]. 

In Figure 19 and Figure 20 the h-s diagrams of both an expansion process of a turbine 

and a compression process of a turbocompressor are depicted respectively. In both graphs, the 

states represented by letters A and B stand for 1 and 2 in our notation. The letter Bs is the 

point that the process would reach if it were isentropic and there were no entropy variations, 

but there is some so this is an ideal point that in practice is not reached. However, when 

designing a turbomachine, this ideal point will be sought since the closer the real B point 

approaches to it, the higher the internal efficiency of the turbomachine will be. The Equations 

(34) and (35) are represented in Figure 19 and Figure 20 and using their notation, said 

equations would be 𝑤𝑖 = ℎ𝐴 − ℎ𝐵 and 𝑤𝑖 = ℎ𝐵 − ℎ𝐴 respectively. 

 

The internal efficiency 휂𝑖 for the processes shown in Figure 19 and Figure 20 are: 

 For the expansion process, turbine: 
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휂𝑖 =
∆ℎ𝑟𝑒𝑎𝑙

∆ℎ𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐
=

ℎ𝐴 − ℎ𝐵

ℎ𝐴 − ℎ𝐵𝑠

 (36) 

 For the compression process, turbocompressor: 

휂𝑖 =
∆ℎ𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐

∆ℎ𝑟𝑒𝑎𝑙
=

ℎ𝐵𝑠
− ℎ𝐴

ℎ𝐵 − ℎ𝐴
 (37) 

The internal power �̇�𝑖 of both processes is then: 

�̇�𝑖 = �̇� ∙ 𝑤𝑖 (38) 

Ultimately, the internal power is not the power obtained or given at the shaft of the 

turbomachine since this one will have mechanical losses.  

 

Figure 21. Schematic representation of a turbine [2]. 

 

Figure 22. Schematic representation of a turbocompressor [2]. 

Figure 21 and Figure 22 display a schematic drawing of a turbine and a compressor 

respectively. The power �̇�𝑒 is the effective power that the machine produces or receives. It is 

the internal power minus or plus the mechanical losses �̇�𝑚:  

 For a turbine, it is necessary to subtract the mechanical losses: 

�̇�𝑒 = �̇�𝑖 − �̇�𝑚 (39) 

 For a compressor, it is necessary to add the mechanical losses: 

�̇�𝑒 = �̇�𝑖 + �̇�𝑚 (40) 

This way, the mechanical efficiency 휂𝑚 for both turbomachines can be defined as: 

 For the case of a turbine: 
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휂𝑚 =
�̇�𝑒

�̇�𝑖

=
�̇�𝑖 − �̇�𝑚

�̇�𝑖

= 1 −
�̇�𝑚

�̇�𝑖

 (41) 

 For the case of a turbocompressor: 

휂𝑚 =
�̇�𝑖

�̇�𝑒

=
�̇�𝑒 − �̇�𝑚

�̇�𝑒

= 1 −
�̇�𝑚

�̇�𝑒

 (42) 

 

 The second law of Newton. The momentum equation 

The Newton’s second law of motion is one of the most important and fundamental 

principles in mechanics. It relates the sum of the external forces acting on an element with 

mass to its acceleration. 

Considering a system with mass 𝑚, the sum of all the forces acting on 𝑚 at the same 

time along a random direction named 𝑥 is going to be equal to the time rate of change of the 

momentum of the system [1]: 

∑𝐹𝑥 = 𝑚
𝑑𝑐𝑥

𝑑𝑡
 (43) 

If now a control volume as the one in Figure 23 is considered where the system with 

mass 𝑚 is a fluid entering at a constant and uniform velocity 𝑐𝑥1 and leaving at a velocity 𝑐𝑥2, 

then, after deriving: 

∑𝐹𝑥 = �̇�(𝑐𝑥2 − 𝑐𝑥1) (44) 

Equation (44) is the one-dimensional form of the steady flow momentum equation. 

 

 

 Angular momentum and torque 

For a system of mass 𝑚, the angular momentum respect to an arbitrary fixed axis is 

the result of the vector product of the momentum of that mass and the radius, which is the 

distance in between the mass and the fixed axis. 

�⃗� = 𝑟 × 𝑝   
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�⃗� = 𝑟 × 𝑚𝑣  (45) 

In a turbomachine such a turbine or a compressor, as in our case, the axis fixed in 

space is the shaft of said turbomachine. 

Figure 23 shows a schematic drawing of a generic turbomachine where two blades can 

be appreciated. The empty gap in between them and the two surfaces 1 and 2 is the duct of 

interest for deducing the equations that will be seen in the rest of this subsection. The fluid 

enters the duct in 1 with a speed of 𝑐1 and it comes out in 2 with a speed of 𝑐2. The two radii 

𝑟1 and 𝑟2 are the distances of the flow mean line to the shaft of the turbomachine. 

 

Figure 23. Control volume enclosed in between two blades of a turbomachine [2]. 

Now that the angular momentum has been defined, the next step is to obtain the 

moment or torque. To do so, it is precise to derive Equation (45) with respect of time: 

𝑑�⃗� 

𝑑𝑡
= �⃗⃗�  (46) 

The classical relation in between angular momentum and torque is the one shown in 

Equation (45). Now, substituting Equation (45) into (46): 

�⃗⃗� =
𝑑(𝑟 × 𝑚𝑐 𝑢)

𝑑𝑡
  

𝑀 = 𝑚
𝑑

𝑑𝑡
(𝑟𝑐𝑢)  
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𝑀 = �̇�(𝑐𝑢2 ∙ 𝑟2 − 𝑐𝑢1 ∙ 𝑟1) (47) 

Where 𝑀 is the torque produced by the fluid, �̇� is the mass rate of fluid going from 

surface 1 to surface 2 across the control volume, 𝑟1 and 𝑟2 the radii of both the inlet and outlet 

of the control volume and 𝑐𝑢1 and 𝑐𝑢2 are the tangential components of the fluid velocity at 

the inlet 𝑐1 and at the outlet 𝑐2, respectively. 

Another way to obtain Equation (47) would be simply using the Equation (43) from 

section 2.2.3, knowing that the torque can also be obtained by means of the vector product of 

the force vector and the position vector, which is the distance in between the fixed axis of 

rotation and the point where the force is applied: �⃗⃗� =  𝑟 × 𝐹 . Substituting the Equation (43) 

into that expression: 

�⃗⃗� =  𝑟 × 𝐹 𝑥  

�⃗⃗� = 𝑟 × 𝑚
𝑑𝑐 𝑥
𝑑𝑡

  

�⃗⃗� = 𝑚
𝑑

𝑑𝑡
(𝑟 × 𝑐 𝑥)  

𝑀 = 𝑚
𝑑

𝑑𝑡
(𝑟𝑐𝑥 sin 𝛼𝑥)  

𝑀 = �̇�(𝑐2 ∙ sen 𝛼2 ∙ 𝑟2 − 𝑐1 ∙ sen 𝛼1 ∙ 𝑟1)  

𝑀 = �̇�(𝑐𝑢2 ∙ 𝑟2 − 𝑐𝑢1 ∙ 𝑟1) (48) 

Equation (47) or (48) are, as it can be noted, the same and they are in essence the 

torque exercised by the fluid flowing along the control volume of Figure 23.   
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2.3. Two-Dimensional Cascades 

 Geometry and nomenclature 

The blade is the turbomachine part object of study. This piece is simply a curved 

paddle that is mounted in the rotor or stator annulus in a cascade configuration and whose 

profile allows to exchange energy in between a fluid and the turbomachine. Said profile 

complies with the lift principle. 

The blades are mounted around the rotor drum or hub and around the stator casing in 

alternating rows, conforming what is known as blade annulus. 

The section profile of the blade is known as airfoil. Later on section 4.4 more detailed 

information about the chosen airfoil for this project will be provided. 

Again, since the project is focused on the study of turbocompressors blades and 

cascades, only cascades with configurations of said turbomachine will be taken into account 

in this section. 

Also, from now on, to simplify the study of turbomachines, what it is normally done is 

considering cascades of blades instead of crowns or blade annuli. A cascade is an annular cut 

at a certain constant height of a blade annulus. In other words, it is as if the blade annulus 

were extended in a straight row of blades. This way, the tridimensional component of the flow 

is neglected and all the calculations simplified. 

 

Figure 24. Blade annulus and its simplification into a blade cascade. 

In the turbomachinery bibliography there is a standardized way of naming the spaces, 

measurements and sizes of the blades and the cascades. This nomenclature standard also 

hoards the angles and directions of the airflow that the cascade receives.  
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Figure 25. Nomenclature of the cascade in turbomachinery. Sizes and spacing [12]. 

Figure 25 displays the nomenclature of the different measures and distances that a 

cascade presents. Also, the different parts of an isolated airfoil profile as well as the 

denomination of the parts when said profile is mounted in the turbomachine. 

In parallel, in Figure 26 the nomenclature for the different angles and airflow 

directions are shown. Particularly, this nomenclature is fairly important for the development 

of the math, and fluid mechanics behind a cascade and also to understand the thermodynamics 

of said cascade since all the equations will use this nomenclature. It is also important to 

mention that not all the authors are consistent with this nomenclature, but most of them are 

and because it is the most used one, this project will also adopt it. 

 

Figure 26. Nomenclature of blades and cascade in turbomachinery. Angles and directions [1]. 
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A glossary has been written with the aim of clarifying the different terms of the 

nomenclature shown in both Figure 25 and especially in Figure 26. 

Table 1. Glossary of nomenclature terms. 

Blade inlet angle, 𝛼1
′  

 

It is the angle between the tangent to the camber line at the 

leading and the turbomachine axial direction. 
 

Blade outlet angle, 𝛼2
′  

 

Blade outlet or exit angle. It is the angle between the tangent 

to the camber line at the trailing and the turbomachine axial 

direction. 
 

Curvature angle, 휃 

 

Also named blade camber angle, it is the external angle 

subtended by the intersection of the tangent lines to the 

camber line at the leading 𝛼1
′  and trailing 𝛼2

′  edges. It gives an 

idea of the curvature of the airfoil.  

휃 = 𝛼1
′ − 𝛼2

′  
 

Stagger angle, 𝛾 

 

Stagger or setting angle, it is the angle between the chord line 

and the turbomachine axial direction.  
 

Pitch or spacing, 𝑠 

 

It is the distance in between two blades in the cascade, 

regarding the rotation direction. 
 

Deflection, 휀 

 

It is the total turning angle of the fluid after it goes across the 

blade. It is equal to the difference between the air inlet angle 

and the air outlet angle. 

휀 = 𝛼1 − 𝛼2 

An interesting and useful relation is: 휀 = 휃 + 𝑖 − 𝛿 
 

Air inlet angle, 𝛼1 

 

Air or flow inlet angle. It is the angle between the fluid flow 

direction at the blade inlet and the machine axial direction. 
 

Air outlet angle, 𝛼2 

 

Air or flow exit angle. It is the angle between the fluid flow 

direction at the blade outlet and the machine axial direction. 
 

Air inlet velocity, 𝑐1 

 

Air or flow inlet velocity. It is the velocity of air at the inlet of 

the cascade. 
 

Air outlet velocity, 𝑐2 

 

Air or flow exit angle. It is the velocity of air at the outlet of 

the cascade. 
 

Incidence angle, 𝑖 

 

It is the air inlet angle minus the blade inlet angle. It gives an 

idea of how tangential the airflow is with respect to the 

leading edge.  

𝑖 = 𝛼1 − 𝛼1
′  

 

Deviation angle, 𝛿 

 

It is the air outlet angle minus the blade outlet angle. It gives 

an idea of how much the flow has changed its direction after 

the blade and with respect to the blade outlet angle. 

𝛿 = 𝛼2 − 𝛼2
′  
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Chord, 𝑐 or 𝑙 

 

In this project the 𝑙 symbol will be employed to refer to the 

chord. It is the length of the perpendicular projection of the 

blade profile onto the chord line. It is equal to the linear 

distance between the leading edge and the trailing edge. 
 

Solidity, 𝜎 

 

The solidity is the ratio of the chord to the spacing of a 

cascade. It gives an idea of how tight or separated are the 

blades with respect to each other within the cascade. 

𝜎 = 𝑙 𝑠⁄  
 

Leading edge 
 

It is the front, or nose, of the blade. 
 

Trailing edge 
 

It is the rear, or tail, of the blade. 
 

Suction surface 

 

It is the convex surface of the blade. Along this surface, 

pressures are lowest. 

Pressure surface 
It is the concave surface of the blade. Along this surface, 

pressures are highest. 
 

Camber line 

 

It is the mean line of the blade profile. It extends from the 

leading edge to the trailing edge, halfway between the 

pressure surface and the suction surface. 
 

Point of max. camber, 𝑎 

 

It is the length of the chord where the maximum camber is 

achieved. 
 

Thickness, 𝑡 

 

It is the thickness of the airfoil profile, it is normally a 

function of 𝑥 in such a form that: 𝑡 = 𝑡(𝑥). 
 

With regard to the reference axes for calculating the thermomechanical equations that 

describe the functioning of the turbomachines themselves, most of the Turbomachinery books 

authors do not agree in using a same single one. The two most commonly used are the axes 

shown in Figure 27, where 𝑥 or 𝑎 represent the axial direction of the turbomachine and 𝑦 or 𝑢 

stand for the tangential one. These letters appear as subscripts, generally associated to the air 

velocity since they link its direction to the machine directions.  

 

Figure 27. Reference axes used in turbomachinery. 

In this project, with the exception of the equations deducted in the past section 2.2.3 

where the 𝑥 means a random direction, the 𝑥-𝑦 reference axis will be used in section 2.3 and 

the 𝑎-𝑢 reference axis will be used in sections 2.2.4 and 2.4. Both axes mean the same but 

without this clarification, some equations and deductions might turn out to be confusing. 
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 Analysis of cascade forces. Lift and drag  

First of all, it is necessary to discern in between two different forces in a cascade: on 

the one side, the forces that the blades exert on the fluid. These ones are called forces on the 

cascade. On the other side, the opposite case is displayed, the forces that the fluid exercises on 

the blades, which are widely known under the name of lift and drag. 

All the following analyses will assume incompressible flow. 

2.3.2.1. Forces on the cascade 

A cascade of isolated blades is shown in Figure 28. The forces 𝑋 and 𝑌 are exerted by 

unit height of the blade on the fluid are exactly equal and opposite to the forces that the fluid 

exerts on the blade. The dotted line is a control surface of width 𝑠, which is the spacing 

distance in between blades. 

 

Figure 28. Forces and velocities on the cascade [1]. 

Taking into account that 𝑐1 cos 𝛼1 = 𝑐2 cos 𝛼2 = 𝑐𝑥 thus, if the momentum equation is 

applied in both the 𝑥 and 𝑦 direction, then the force components are: 

 For the 𝑋 force: 

𝑋 = (𝑝2 − 𝑝1)𝑠 (49) 

 For the 𝑌 force: 

𝑌 = 𝜌𝑠𝑐𝑥(𝑐𝑦1 − 𝑐𝑦2)   

𝑌 = 𝜌𝑠𝑐𝑥(tan𝛼1 − tan𝛼2) (50) 
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Where, as it can be appreciated in Figure 28, 𝑝1 and 𝑝2 are the pressures before and 

after the cascade, respectively. The letter 𝑠 is the pitch or spacing, 𝜌 is the density of the fluid, 

which is normally air, 𝑐𝑥 is the axial component of the air velocity, 𝑐𝑦1 and 𝑐𝑦2 are the 

horizontal components of 𝑐1 and 𝑐2 respectively and 𝛼1and 𝛼2 are the air inlet and outlet 

angles respectively as well. 

2.3.2.2. Lift and drag 

The explanation of the lift 𝐿 and drag 𝐷 forces is going to be more simplistic since all 

this is simply turbomachinery background and it is not relevant for the project itself. 

In Figure 29 a representation of the air velocities and angles is shown. 

 

Figure 29. Lift and drag forces exerted on a fluid by the cascade [1]. 

The mean velocity, 𝑐𝑚, is defined as: 

𝑐𝑚 =
𝑐𝑥

cos𝛼𝑚
 (51) 

Where the mean angle corresponding to that velocity is computed as: 

𝛼𝑚 =
𝛼1 − 𝛼2

2
 (52) 

Hence, with 𝑐𝑚 and 𝛼𝑚, the lift and drag forces are calculated from the cascade forces 

𝑋 and 𝑌 seen in the past subsection in Equations (49) and (50). 

 For the lift force 𝐿: 

𝐿 = 𝑋 sin 𝛼𝑚 + 𝑌 cos 𝛼𝑚 (53) 

 For the drag force 𝐷: 

𝐷 = 𝑌 sin 𝛼𝑚 − 𝑋 cos 𝛼𝑚 (54) 

The lift and drag coefficients are defined as: 
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 For the lift coefficient 𝐶𝐿: 

𝐶𝐿 =
𝐿

1
2∙𝜌∙𝑐𝑚∙

2 𝑐
 (55) 

 For the drag coefficient 𝐶𝐷: 

𝐶𝐷 =
𝐷

1
2∙𝜌∙𝑐𝑚∙

2 𝑐
 (56) 

Where 𝐿 and 𝐷 are the lift and drag forces obtained previously in Equations (53) and 

(54), 𝑐𝑚 is the mean velocity and 𝑐 is the cord of the blade. 

Figure 30 shows all four forces, 𝑋, 𝑌, 𝐿, and 𝐷 and their common resultant 𝑅. 

 

Figure 30. Forces exerted by the cascade on the fluid (𝑋, 𝑌) and by the fluid on the cascade (𝐿, 𝐷) [1]. 

 

 Energy losses across the cascade  

When a fluid goes through a cascade, it suffers a loss in the total pressure ∆𝑝0 due to 

the friction in between the fluid and the surfaces. This loss can be expressed as: 

∆𝑝0

𝜌
=

𝑝1 − 𝑝

𝜌
+

1

2
(𝑐1

2 − 𝑐2
2) (57) 

Where 𝑝0 is the total pressure, 𝑝1 and 𝑝2 are the pressures before and after the 

cascade, 𝜌 is the density of the fluid and 𝑐1 and 𝑐2 are the airflow velocities before and after 

the cascade as well (see Figure 28). 

Considering that 𝑐1
2 − 𝑐2

2 = (𝑐𝑦1
2 − 𝑐𝑥

2) − (𝑐𝑦2
2 − 𝑐𝑥

2) = (𝑐𝑦1 + 𝑐𝑦2)(𝑐𝑦1 − 𝑐𝑦2) and 

substituting Equations (49) and (50) of the 𝑋 and 𝑌 forces into (57): 
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∆𝑝0

𝜌
=

1

𝜌𝑠
(−𝑋 + 𝑌 tan𝛼𝑚) (58) 

Where 𝑠 is the pitch or spacing, 𝑋 and 𝑌 are the forces on the cascade and 𝛼𝑚 is the 

mean angle, computed in Equation (52). 

In order to plot certain graphs of the cascade tests carried out, whose results need to be 

clear and easy to read, it comes in handy sometimes to have a dimensionless form of the loss 

equation shown in (58). 

휁 =
∆𝑝0
1
2
𝜌𝑐1

2
 (59) 

This is often referred to as loss coefficient. 

Another way around to obtain the loss coefficient is by means of the thermodynamic 

processes happening in the cascade during a compression: 

 

Figure 31. Mollier diagram for a compression process in a turbocompressor cascade [2]. 

The Figure 31 represents the h-s diagram for a simple compression process across a 

turbocompressor cascade. By taking a look at said Figure 31 and applying the energy equation 

seen in section 2.2.2, the real process and the isentropic process can be expressed as: 

 For the real process: 

ℎ1 +
𝑐1
2

2
= ℎ2 +

𝑐2
2

2
 (60) 

 For the isentropic process: 

ℎ1 +
𝑐1
2

2
= ℎ2𝑠 +

𝑐2𝑠
2

2
 (61) 
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The subtraction of Equations (60) and (61) is: 

ℎ2𝑠 − ℎ2 =
𝑐2𝑠
2

2
−

𝑐2
2

2
 (62) 

Applying Bernoulli equation to both cases, the real and the isentropic: 

 For the real process: 

𝑝1

𝜌
+

𝑐1
2

2
=

𝑝2

𝜌
+

𝑐2
2

2
+

∆𝑝0

𝜌
 (63) 

 For the isentropic process: 

𝑝1

𝜌
+

𝑐1
2

2
=

𝑝2

𝜌
+

𝑐2𝑠
2

2
 (64) 

Subtracting again both expressions for both the real and the isentropic processes: 

∆𝑝0

𝜌
=

𝑐2𝑠
2

2
−

𝑐2
2

2
 (65) 

Thus, equating Equations (62) and (65): 

ℎ2𝑠 − ℎ2 =
∆𝑝0

𝜌
 (66) 

This way, the loss coefficient is defined as: 

휁 =
ℎ2𝑠 − ℎ2

𝑐1
2

2

=
∆𝑝0

𝜌
𝑐1
2

2

 
(67) 

Which is in turn the same result as in Equation (59). 

 

 Efficiency of a turbocompressor cascade 

The efficiency of a compressor cascade 휂𝐷 can be defined as the relation in between 

the real static pressure increase in the cascade and the theoretically maximum pressure 

increment that could be achieved, which is to say, having ∆𝑝0 = 0. Hence: 

 In terms of enthalpy from Figure 31 

휂𝐷 =
ℎ2𝑠 − ℎ1

ℎ2 − ℎ1
= 1 −

ℎ2𝑠 − ℎ2

ℎ2 − ℎ1
 (68) 
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 In terms of pressure and flow velocity: 

휂𝐷 =
𝑝2 − 𝑝1
1
2𝜌(𝑐1

2−𝑐2
2)

 (69) 

Inserting Equation (59) into Equation (69) and carrying out some other 

transformations that involve the drag and lift coefficients computed in 2.3.2.2 and that will 

not be extended here for the sake of simplicity, it is obtained: 

휂𝐷 = 1 −
2𝐶𝐷

𝐶𝐿 sin 2𝛼𝑚
 (70) 

The expression shown in Equation (70) can be derived with respect to 𝛼𝑚 and equate 

it to zero to get the optimum mean angle for achieving a maximum efficiency: 

𝜕휂𝐷

𝜕𝛼𝑚
=

4𝐶𝐷 cos 2𝛼𝑚

𝐶𝐿 sin2 2𝛼𝑚
= 0 (71) 

In such a way, 𝛼𝑚𝑜𝑝𝑡
= 45° and hence: 

휂𝐷 = 1 −
2𝐶𝐷

𝐶𝐿
 (72) 

This easy analysis suggests that the maximum efficiency of a turbocompressor cascade 

is attained when the mean angle of the flow is of 45°. 

 

Figure 32. Variation of the efficiency of a compressor cascade with the flow mean angle [3]. 

In some tests carried out in wind tunnels on turbocompressor cascades, the results can 

be arranged in such a way that the ordinate axis of the graphs represents the pressure loss 

coefficient 휁 and the deflection 휀 while the abscissa axis is the incidence 𝑖 of the flow. 
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Figure 33. Deflection 휀 and loss coefficient 휁 of a turbocompressor cascade with respect to the incidence 𝑖 [2]. 

This scenario is depicted in Figure 33. The red line of the graph corresponds to the 

deflection and the orange one with the loss coefficient. It can be seen how the ideal range for 

a compressor cascade to operate is somewhere in between −5° and +8° since the loss 

coefficient shows a minimum point at around +3° or +4°. As it can be noticed from Figure 

29, this incidence angle 𝑖 matches with the 𝛼𝑚𝑜𝑝𝑡
= 45° obtained before in Equation (72). 

This is the incidence angle range of interest where the tests that will be carried out in 

this project will take place.  
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2.4. Axial-Flow Turbocompressors 

The subject of study of this project is centered on turbocompressor cascades so, from 

now on, all the theory, deductions and turbomachinery concepts that will be explained will be 

referred to only said group of turbomachines, setting aside the other big family, which is the 

turbines. 

Axial compressors consist of rotating and stationary components. A shaft drives a 

central drum which is retained by bearings inside of a stationary tubular casing. Between the 

drum and the casing are rows of airfoils, each row connected to either the drum or the casing 

in an alternating manner. A pair of one row of rotating airfoils and the next row of stationary 

airfoils is called a stage. The rotating airfoils, also known as blades or rotors, accelerate the 

fluid in both the axial and circumferential directions. The stationary airfoils, also known as 

vanes or stators, convert the increased kinetic energy into static pressure through diffusion 

and redirect the flow direction of the fluid to prepare it for the rotor blades of the next stage. 

The cross-sectional area between rotor drum and casing is reduced in the flow direction to 

maintain an optimum Mach number axial velocity as the fluid is compressed. 

Also, as in the previous section, to simplify the study of turbomachines, cascades will 

be considered instead of blade annuli to avoid having to deal with tridimensional flow 

components. 

 

 The Euler equation for turbomachines 

From the previous section 2.2.4 the torque 𝑀 was obtained and it was represented in 

the Equation (48). The power that a torque is producing is simply the product of that torque 

multiplied by the angular velocity of the shaft where said torque is being applied. Thus, the 

internal power produced by such a torque 𝑀 is calculated as: 

𝑃 = 𝑀 ∙ 𝜔 (73) 

Being 𝜔 the angular velocity of rotation of the turbomachine shaft. 

Knowing the relation in between angular and linear velocity and since the shaft has the 

same rotation speed 𝜔 in all its length, then: 

𝜔 = 𝑢1 𝑟1 = 𝑢2 𝑟2⁄⁄  (74) 
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Where 𝑢1 and 𝑢2 are the linear velocities of the blades in 𝑟1 and 𝑟2 respectively. 

If now Equations (48) and (74) are plugged into Equation (73): 

𝑃 = �̇�(𝑐𝑢2 ∙ 𝑟2 − 𝑐𝑢1 ∙ 𝑟1) 𝜔  

𝑃 = �̇�(𝑐𝑢2 ∙ 𝑢2 − 𝑐𝑢1 ∙ 𝑢1) (75) 

Finally the specific work per unit mass 𝑊𝑢 is computed as: 

𝑊𝑢 =
𝑃

�̇�
=

�̇�(𝑐𝑢2 ∙ 𝑢2 − 𝑐𝑢1 ∙ 𝑢1)

�̇�
  

𝑾𝒖 = 𝒄𝒖𝟐 ∙ 𝒖𝟐 − 𝒄𝒖𝟏 ∙ 𝒖𝟏 (76) 

Equation (76) is known as the Euler work equation and it is of high importance in 

turbomachines. Particularizing for the case of work consuming and work producing thermal 

turbomachines: 

 For turbocompressors and pumps (work consuming): 

𝑊𝑢 = 𝑐𝑢2 ∙ 𝑢2 − 𝑐𝑢1 ∙ 𝑢1 < 0  

Same equation as in  Equation (76). 

 For turbines (work producing): 

𝑊𝑢 = 𝑐𝑢1 ∙ 𝑢1 − 𝑐𝑢2 ∙ 𝑢2 > 0  

Another way to go for the Euler work equation is by means of trigonometry. 

 

Figure 34. Velocity triangles of fluid velocity at inlet 1 and outlet 2 [2]. 

Now thanks to Figure 34 it is better to understand where 𝑐𝑢1 and 𝑐𝑢2 come from: 

𝑐𝑢1 = 𝑐1 sen 𝛼1  

𝑐𝑢2 = 𝑐2 sen 𝛼2  
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As it was mentioned before, 𝑐𝑢1 and 𝑐𝑢2 are the tangential components of the fluid 

velocities at the inlet and outlet of the stage respectively. 

By trigonometry from the velocity triangles of Figure 34, applying the law of cosines: 

𝑤1
2 = 𝑐1

2 + 𝑢1
2 − 2𝑐1𝑢1 cos(90° − 𝛼1)  

𝑤2
2 = 𝑐2

2 + 𝑢2
2 − 2𝑐2𝑢2 cos(90° − 𝛼2)  

The second form of the Euler work equation, particularized for each case, is: 

 For turbocompressors: 

𝑊𝑢 =
𝑐2
2 − 𝑐1

2

2
+

𝑢2
2 − 𝑢1

2

2
+

𝑤2
2 − 𝑤1

2

2
  

 For turbines: 

𝑊𝑢 =
𝑐1
2 − 𝑐2

2

2
+

𝑢1
2 − 𝑢2

2

2
+

𝑤1
2 − 𝑤2

2

2
  

Where the first term is the modification of the absolute kinetic energy, the second term 

is the work done by the centrifugal forces and the third and last term is the modification of the 

kinetic energy in the rotor. 

 

 Velocity diagram and Mollier diagram for a turbocompressor stage 

To study the behavior of a turbocompressor stage, the flow is assumed to be 

bidimensional. This is a valid assumption if the height of the blade is small compared to the 

mean radius. The flow will also be considered invariable in the circumferential direction and 

that there are no radial velocities. 

As seen in the introduction of this section, a turbocompressor stage is defined as a 

rotor blade row followed by a stator blade row. The blades belonging to the rotor are fixed to 

the rotor drum and those belonging to the stator are attached to the outer casing of the 

machine. 

A representation of a velocity diagram for a single stage of a turbocompressor is 

shown in Figure 35. 
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Figure 35. Unbundled velocity diagrams for the different parts of an axial turbocompressor stage [1]. 

To understand the velocity triangle for a compressor such as the one shown in Figure 

35 it is necessary first to make two suppositions: 

1. 𝑐1 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

2. 𝑐1 ≈ 𝑐3 and 𝛼1 ≈ 𝛼3 

Let us take into account that: 

𝑐 = �⃗⃗� + �⃗�  (77) 

Where 𝑐 is absolute velocity, 𝑤 is relative velocity of incoming air towards each 

cascade and 𝑢 is the linear velocity of the rotor. 

Hence, the easiest way to read the velocity triangle is by picturing how the air would 

be moving if it were being guided by the blades if these ones were completely static: the air 

enters the stage with a velocity and direction 𝑤1, then it bends due to the curvature of the 

blade from the first row of the rotor and it comes out with a velocity and direction 𝑤2. The 
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trajectory seems to be logic. Nevertheless, the rotor moves and to obtain 𝑐1 and 𝑐2, the only 

thing left to is adding 𝑢 to 𝑤 according to Equation (77) to do the vector sum. 

 

Figure 36. Velocity triangle for an axial turbocompressor stage [2]. 

Overlapping both triangles from the two cascades that compose the stage of a generic 

turbocompressor, as the one shown in Figure 35, gives as a result the generic velocity trapeze 

of Figure 36. 

It is remarkable that 𝑤1 > 𝑤2. This is due to the opening of the duct formed in 

between the two blades of the cascade, which is a divergent conduit.  

휀𝑅 is the deflection in the rotor and 휀𝑆 the defection in the stator. The deflection is a 

parameter that gives an idea of the angle variation of the airflow before and after being 

affected by a blade. 

While it is true that the velocity triangle above is a simplified version of the real one 

used to design turbocompressors, it gives quite accurate results for rough estimations. 

The thermodynamics behind a compressor stage are also easy to understand in a first 

approach. To help us to visualize, the h-s diagram of the compression process that happens in 

a turbocompressor stage is drawn.  
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Figure 37. Mollier diagram for a turbocompressor stage. 

In the graph of Figure 37, the subscripts mean: 

0 Stagnation property 

s Isentropic, stall condition 

ss Stage isentropic. Isentropic in both the rotor and the stator 

R Rotor 

S Stator 

The different enthalpy leaps that can be seen in the diagram mean: 

 12: real enthalpy leap in the rotor.  

 23: real enthalpy leap in the stator. 

 101: 𝑐1
2 2⁄ , it is the enthalpy leap corresponding to the air set in motion by the 

rotor blades, shifting from being in a state of rest to flowing at a certain velocity. 

 202: 𝑐2
2 2⁄ , the stator in a compressor acts as a diffuser for the absolute flow so 

the stagnation enthalpy is constant if no friction losses are assumed. It is known 

that a duct of variable section keeps the stagnation enthalpy constant through it. 

That is why ℎ02 is equal to ℎ03; the stagnation enthalpy is the same thought the 

stator. The stator simply transforms the fluid velocity into pressure. 

 303: 𝑐3
2 2⁄ , enthalpy leap corresponding to the stagnation of the fluid when it 

hits the stator blades. This enthalpy is normally lost in the last stage of the 
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turbocompressor since it is the fluid velocity at the exhaust. During the design of 

these turbomachines, the engineers try to minimize this velocity. 

As seen in the previous section 2.2.2 in Figure 22, in the rotor the fluid receives 

energy from a drive shaft. Thus, the enthalpy increases from a lower state to a higher one. In 

the diagram displayed in Figure 37 this situation is represented in between the state 1 and 2, 

which is the rotor enthalpy leap. In said figure, the orange line is the representation of a real 

compression process. If the compression were ideal, the orange line would be vertical and it 

would go from 1 to 2s, as mentioned previously. 

In the rotor, as it was explained though Equation (29): 

∆ℎ0 = 𝑄 + 𝑤 = 0  

ℎ1 +
𝑐1
2

2
+ 𝑤 = ℎ2 +

𝑐2
2

2
  

ℎ01 + 𝑤 = ℎ02 (78) 

At the same time, in the stator: 

ℎ2 +
𝑐2
2

2
= ℎ3 +

𝑐3
2

2
  

ℎ02 = ℎ03 (79) 

Since there is no motion, there is no work either and so ℎ02 is equal to ℎ03. Getting 

(79) into (78) and rearranging: 

𝑤𝑐 = ℎ03 − ℎ01 (80) 

The real work 𝑤𝑐 that you have to apply to the turbocompressor goes from 01 to 03, 

which is to say, from ℎ01 to ℎ03. It is from the point 01 instead of from 1 because the fluid 

gets into the machine when it is at rest in the atmosphere and it has to be moved up to a 

certain velocity. 

 01R02R: If they appeared in schema, their enthalpy values would be at the same 

height as well, since the rotor in a compressor is also a diffuser for the relative 

flow. 

 12s: The same process as 1-2, but assuming that the process is isentropic. 

 23s: The same process as 2-3, but assuming that the process is isentropic.  
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As it can also be appreciated, in a turbocompressor, less work is needed in the 

isentropic way. However, this one is of course ideal. 

 203s: Compression process if the rotor were not isentropic but the stator were 

isentropic.  

 0103ss: Compression process if the whole stage were isentropic, both rotor and 

stator, and also considering that the fluid velocity after the stator is not lost. 

 013ss: Compression process if the whole stage is considered isentropic, both 

rotor and stator and the velocity of the fluid after the stator is lost. 

In the total-to-total efficiency 휂𝑇𝑇, the real compression process (01-03) is compared 

to the most ideal one going from 01 to 03ss, which considers both the rotor and stator 

isentropic and also that the velocity after the stator is not lost. 

In the total-to-static efficiency 휂𝑇𝑆, as its own name indicates, the situation is the same 

as before however, now the real process is compared to the ideal one but taking into account 

that the fluid velocity after the stator is lost, so that the enthalpy leap is smaller. That lost 

velocity is a loss called terminal velocity and will be seen in the next section 2.4.3.  

As well as the losses, the equations of the total-to-total efficiency and total-to-static 

efficiency will be viewed in the next section. 

 

 Efficiency and losses of a turbocompressor stage 

Considering the turbocompressor as an adiabatic machine, the internal specific work is 

defined as: 

𝑤𝑖 = ℎ02 − ℎ01 = ℎ03 − ℎ01  

Where ℎ02 = ℎ03 because it is adiabatic, as it can be notices in the Mollier diagram 

from Figure 37. Since we are working with compressors, 𝑤𝑖 will also be called 𝑤𝑐 as in 

Equation (80). 

To define the quality of internal efficiency of a compressor, it is necessary to relate the 

real internal specific work 𝑤𝑐 with the hypothetical internal specific work that a 

turbocompressor would supposedly generate by isentropic means, from the stagnation state at 
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the intake 𝑝01 to the stagnation pressure 𝑝03 at the outlet. In the h-s diagram from Figure 37, 

this corresponds to the isentropic line 01 → 03𝑠𝑠. 

The losses represented in the Mollier diagram from Figure 37, 𝑌𝑅 and 𝑌𝑆, are 

commonly known as internal losses and can be classified into the following different groups: 

 Internal losses 

1. Profile losses (𝑌1𝑎): mostly due to the friction in between the airflow and the 

blades in the boundary layer. 

2. Annulus losses (𝑌1𝑏): losses due thermodynamic irreversibilities of the flow at 

the tip and root of the blades. 

3. Secondary losses (𝑌1𝑐): these are important ones, due swirls and secondary 

flows generated in the stream when this is going through the blades. 

4. Terminal velocity losses (𝑌2): these losses are only accounted when the 

velocity of the airflow at the outlet of the compressor is lost so that the kinetic 

energy due to that velocity is lost as well. This loss does not take a toll on the 

real compression process of the machine since it happens outside. However, if 

they exist, which they normally do, they need to be taken into account because 

the last speed of the airflow should be zero to make the most out of it. 

5. Internal interstitial losses (𝑌3𝑖): due to the flow that has been shortcut by the 

locks and plays in between the blades and the rotor or stator of the machine. 

These losses are normally small and can be neglected.  

6. Disc friction losses (𝑌4): they happen in the event of having surfaces that 

generate friction when they move in the internal atmosphere of the machine. 

The losses increase the enthalpy with respect to the isentropic process and they show 

up clearly in the real compression curve of the machine, as seen in Figure 37. From that 

figure, the losses in the rotor and stator can be written as: 

𝑌𝑅 = ℎ2 − ℎ2𝑠 = (𝑌1𝑎 + 𝑌1𝑏 + 𝑌1𝑐 + 𝑌3𝑖 + 𝑌4)𝑅𝑜𝑡𝑜𝑟 (81) 

𝑌𝑆 = ℎ03 − ℎ03𝑠 = (𝑌1𝑎 + 𝑌1𝑏 + 𝑌1𝑐 + 𝑌3𝑖)𝑆𝑡𝑎𝑡𝑜𝑟 (82) 

These internal losses happen in both the rotor and the stator indistinctly with the 

exception of 𝑌4, which do not make any sense in the stator since this one does not move. 
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 External losses 

1. External interstitial losses (𝑌3𝑒): associated to the losses in the locks in 

between the shaft and the casing. Normally negligible. 

2. Mechanical losses (𝑌5): due to friction in bearings and other auxiliary 

elements. 

3. Heat losses (𝑌6): these losses due to heat transfer to the surroundings are 

normally really small and negligible. 

These external losses do not interfere whatsoever with the evolution of the flow within 

the turbomachine. 

Thus, the sum of the internal losses is defined as: 

𝑌 = 𝑌𝑅 + 𝑌𝑆 (83) 

And Equation (80) can be rewritten having regard to these losses: 

 

𝑤𝑐 = ℎ02 − ℎ01 = ℎ03 − ℎ01 = ∆ℎ𝑠𝑇𝑆 + 𝑌1 + 𝑌2 = ∆ℎ𝑠𝑇𝑇 + 𝑌1 (84) 

Where ∆ℎ𝑠𝑇𝑇 is the total-to-total enthalpy leap (from 01 to 03ss) and ∆ℎ𝑠𝑇𝑆 is the total-

to-static enthalpy leap (from 01 to 3ss). The relation between them, as it was seen in Figure 

31 from previous section, is basically the total-to-static enthalpy leap plus the terminal 

velocity that is considered in the total-to-total enthalpy leap. It can be expressed as: 

This way, the total-to-total efficiency 𝜼𝒊𝑻𝑻 is expressed as: 

휂𝑖𝑇𝑇 =
∆ℎ𝑠𝑇𝑇

∆ℎ𝑖
=

ℎ03𝑠𝑠 − ℎ01

ℎ03 − ℎ01
= 1 −

(ℎ2 − ℎ2𝑠) + (ℎ3 − ℎ3𝑠)

ℎ03 − ℎ01
= 1 −

휁𝑅
𝑤1

2

2
+ 휁𝑆

𝑤2
2

2
ℎ03 − ℎ01

 (86) 

And the total-to-static efficiency 𝜼𝒊𝑻𝑺 as: 

휂𝑖𝑇𝑆 =
∆ℎ𝑠𝑇𝐸

∆ℎ𝑖
=

ℎ3𝑠𝑠 − ℎ01

ℎ03 − ℎ01
 (87) 

∆ℎ𝑠𝑇𝑇 = ∆ℎ𝑠𝑇𝑆 +
𝑐3
2

2
 (85) 
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 Other parameters of a turbocompressor stage 

Working with the angles and the modules of the velocity triangle vectors and the h-s 

diagram, the following parameters can be obtained: 

 Flow coefficient, 𝜙 

𝜙 =
𝑐𝑎

𝑢
 (88) 

 Stage loading, 𝜓 

𝜓 =
𝑤𝑖

𝑢2 =
𝑢∆𝑐𝑢

𝑢2 =
∆𝑐𝑢

𝑢
=

ℎ03 − ℎ01

𝑢2  (89) 

 Reaction, 𝑅: the reaction for a compressor is the ratio of the rotor static enthalpy 

leap to the static enthalpy leap. It is how a way of measuring much the enthalpy 

rises in the rotor compared to the whole stage (rotor and stator). 

𝑅 =
ℎ2 − ℎ1

𝑤𝑖
=

ℎ2 − ℎ1

ℎ02 − ℎ01
=

ℎ2 − ℎ1

ℎ03 − ℎ01
 (90) 

These parameters are determinative for the correct design of a turbomachine. 
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3. Wind tunnels 

Setting the turbomachinery concepts aside, the another important part of the project is 

without any doubt the wind tunnel, needed to carry out the pertinent experiments on the 

turbocompressor blades. It is of crucial importance to have a proper wind tunnel in 

concordance with the aerodynamic study of interest so that we can achieve precise enough 

results. That is why we will focus on doing several improvements in the wind tunnel that 

already exists in the laboratory. Said wind tunnel was designed by Clément Dufourneaud [14] 

and later built by Alfonso Rojo [15]. All these improvements will be cover in the section 4.1. 

 

3.1. Definition and fundamentals 

Wind tunnels are a device used in many laboratories and investigations centers. It is a 

necessary testing tool in many engineering fields such as aeronautics, automotive, naval, or 

architecture. They are used to study the velocities, forces, pressures, degrees of turbulence and 

many other varied effects that a fluid in motion exercises on an object. They have also been 

used to obtain some of the empirical mathematical relations that describe some fluids 

behaviors or directly to carry out experiments and take empirical measurements when 

mathematical equations do not exist or are difficult to handle. Their dimensions range from 

small educational wind tunnels to building-sized ones. Also there are several different types 

of wind tunnels that we will cover next, depending on the engineering field and purpose they 

are being used for, but as a general rule they consist on a system to propel the fluid, which is 

generally air, a conduit to direct and settle that air and a test chamber where the object of 

study is placed together with all the necessary sensors. 

 

Figure 38. Wind Tunnel building of NASA Langley Research Center. Hampton, Virginia, USA [10]. 



Thermomechanical simulation of the braking process of a car disc brake 

58 

With the wind tunnels, researchers and designers simulate the real and in-field 

conditions that the object of interest will experience during its service, surrounded by air. 

They produce airflow relative to the body under test with uniform flow conditions. This way 

it is possible to copy, understand and analyze the behavior that said object will have towards 

wind. 

Wind tunnels do not involve too much specialization in their constructive 

requirements and for this reason they are easy to build. They have five main sections or parts 

that we can differentiate: 

 

Figure 39. Wind tunnel with its five most characteristic sections highlighted. 

 A fan or a blower: it is an electrical motor that has a set of blades attached to it. It 

forces the air to flow through the whole system in a controlled way. To have a 

reliable wind tunnel, it is required to have a well-controlled fan so that the wind 

speed can be adjusted properly. Some kinds of wind tunnels like the blowdown 

ones, that will be covered in next section, normally use a centrifugal blower 

instead of a fan. 

 Contraction section: also called collector, compressor or contraction cone, this 

section is placed in between the settling chamber and the test chamber. Its main 

purpose is compressing the air flow. It smoothly accelerates the airflow already 

developed and steady until this one reaches the test chamber. The performance of 

this section will be given by the quality of the incoming air to a very large extent. 

The lack of uniformity at the inlet or the presence of tilted flows might lead to 

early boundary layer separation (see section 2.1.3) and its following turbulences. 

 Test chamber: this is the section where the sample and the sensors are. It contains 

straight airflow for testing.  
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 Settling chamber: or also called flow straightener. It is typically a section with a 

combined set of screens, meshes and normally a honeycomb panel as well. It 

removes turbulences from incoming air so that the flow is homogeneous in 

velocity. Also, it ensures an axial flow, since the mathematical and computer 

models assume that the flow has no tangential components in speed. Meshes and 

screens will make the velocity profiles more uniform and also they will slow down 

high speed winds. On the other side, honeycombs will provide an axial flow, 

getting rid of any other component. 

 Diffuser: this is the section that gently slows down the airflow into the fan. In 

suction wind tunnels, which are the vast majority, they will be placed in between 

the test chamber and the fan, so that the air velocity decreases as it is sucked into 

the fan. In blowdown wind tunnels however, this section needs to be placed in 

between the blower and the settling chamber, to rapidly slow down the airflow 

coming out of the blower before it reaches the settling chamber so that the function 

of this one comes into effect correctly. 
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 Wind tunnel classification 

There are different solutions as long as wind tunnels is referred and also several 

different ways to classify these ones. Each one of these solutions will have both advantages 

and disadvantages. Each type of wind tunnel will be suitable for some purposes but 

inadequate for others. Choosing the correct kind of wind tunnel will determine in many 

occasions a good result in measurements. Here, only the most common classifications and 

wind tunnels will be shown. 

 

 Classification according to flow circulation 

Depending on where the wind tunnel gets the air from we can distinguish in between 

open or close wind tunnels. 

 Open Return Wind Tunnels 

The air that flows along the wind tunnel gets into the device through the inlet 

where the settling chamber and flow straighteners normally are. This air is 

obtained from the surrounding atmosphere where said wind tunnel is submerged. If 

the wind tunnel is of the suction kind, then the airflow describes a straight path 

along the tunnel, passing through the flow straighter first, then through the 

contraction section where it loses pressure at the expense of picking up velocity 

and then it gets to the test chamber. After this, it is expelled back into the 

atmosphere through the fan. Figure 10 shows a schematic representation of this 

cycle. If the tunnel is of the blowdown kind, as we will see next, the path that the 

airflow follows will be different because the arrangement of the device sections 

changes. 

 

Figure 40. Open Return Wind Tunnel schema [10]. 
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This kind of tunnel has advantages such as: 

 Cheaper to build and maintain than closed wind tunnels. 

 It grants you the possibility of using trails of smoke of dyes to visualize the 

streamlines of the flow without any problem since the dyed air goes out of the 

tunnel after going through the test section. In a closed wind tunnel, the air 

would get foggy after a short while, making everything hard to visualize 

inside the test chamber. 

 After each run, the intake gets fresh new air from atmosphere, so the it does 

not heat up the system. 

On the contrary its disadvantages are: 

 The airflow will have to be better settle and conditioned due to the strong 

influence of the atmosphere’s air’s conditions which may sometimes vary 

unpredictable and randomly. 

 It is noisy, which might derive in expensive soundproof conditioning 

expenses. 

 Closed Return Wind Tunnels 

In this type of wind tunnels, the air trapped inside the device loops along a fixed 

path, recirculating time after time during the whole test, with barely any or no 

contact whatsoever with the outside air. 

 

Figure 41. Open Return Wind Tunnel schema [10]. 

The main advantages of this tunnel are: 

 If a precise control on the airflow characteristics is needed, then this is the 

wind tunnel that should be employed. As mentioned before, the air inside the 

tunnel can be completely isolated from the outside atmosphere, which allows 
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to pressurize and heat up the inner air and hence, take control on variables 

such as density, temperature or pressure. 

 The fan uses up less power thanks to the recirculating air. It is not necessary to 

speed it up to the desired velocity more than once; once you reach that speed it 

simply needs to be kept. 

 They are more silent. 

And again, the disadvantages that it has are: 

 They are more expensive to build. 

 They present losses in vorticity and turbulence. 

 If velocity is large, skin friction and losses due to the walls and obstacles will 

be correspondingly large, so in many cases it will be necessary the usage of 

heat exchangers and refrigerators for heavy duty tests. 

 It is complex to use visualization techniques such as dyes or smoke since the 

air does not get renewed. 

 

 Classification according to flow direction 

Depending on the direction of the airflow it can be distinguished in between 

blowdown or suction wind tunnels. 

 Suction Wind Tunnels 

For most open return wind tunnels, fan assemblies are located downstream of the 

test chamber and the air is drawn through the with tunnel by means of suction. The 

air is not shoot towards the sample in the test section but drafted along it. This 

makes a great difference in comparison with the blowdown type that will be 

covered next. 

Its main advantages are: 

 The main advantage of putting the propeller downstream of the test section is 

that fans create turbulence by their nature: a blade passing by produces a pulse 

of air, then the next blade produces another pulse, and so on. These 

turbulences and instabilities will not exist in the test chamber if the fan is 

placed after, so the airflow that is generated in suction wind tunnels is smooth 
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and easy to settle and hence these kind of tunnels are less prone to have 

undesired turbulences [13]. 

 More stable, regular and uniform velocity profile and airflow. 

 They take up less laboratory space since their airflow requires less settling. 

And as a disadvantage:  

 It is more difficult to achieve higher velocities with this configuration. 

 

Figure 42. Suction Wind Tunnel [10]. 

 Blowdown Wind Tunnels 

Blowdown wind tunnels are a special type of open return wind tunnels. In these 

kind of wind tunnels, the air propeller is located upstream the test chamber. This 

involves a different design from the suction wind tunnels and also different 

applications. 

The arrangement of the sections is different because, unlike in suction ones, for 

this wind tunnel configuration it is necessary to adapt and smooth out the airflow 

to a greater extent. Thus, if the fans are upstream of the test chamber, flow quality 

will tend to be lower and so there needs to be a long diffuser and a well-designed 

settling chamber to smooth out and decelerate the airflow before it passes through 

the test area. But if the fan is downstream, like in the previous case of suction 

tunnels, the atmospheric air flows smoothly into the test section, motivated simply 

by its reduced pressure, instead of being pushed by a rotating blade. 

 

Figure 43. Schematic drawing of a Blowdown Wind Tunnel with its sections. 
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In an attempt to attenuate the propeller turbulences explained previously in the 

suction wind tunnels, blowdown tunnels will likely use blowers instead of fans. 

The reason for this lies in the number of blades that the rotor has, which is higher 

than in fans. Also the smaller size of the blower blades has an impact in the 

turbulence airflow reduction. Thanks to these two things, the pulses of air in the 

form of turbulence will be smaller and more continuous and so, easier to filter out. 

 

Figure 44. Blowdown Wind Tunnel, Subsonic with Open Return [13] 

Its main advantages are: 

 Thanks to the blowers, higher wind velocities of up to 𝑀 = 0,3 can be 

achieved. Fans generally operate at much lower speeds. 

 Centrifugal blowers generate less turbulences than fans and produce a more 

constant and uniform airflow. 

On the other side, the disadvantages are: 

 Since the blower is located at the beginning of the tunnel upstream the test 

section, it will be necessary to smooth out and condition the airflow due to the 

greater amount of turbulences by the use of long wide-angle diffusers and 

settling chambers with honeycombs and turbulence-reducing screens. 

 

 Classification according to flow velocity 

 Subsonic 

Subsonic wind tunnels are those wind tunnels whose airflow velocities do not 

exceed Mach 0,7 (𝑀 < 0,7). Subsonic wind tunnels will be mainly used in 

comparison to supersonic ones since most of the common daily applications in 
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civil or automotive engineering and also in aeronautics only require the use of 

these tunnels. The subsonic group encompasses the other groups of wind tunnels 

such us open and closed return ones and also blowdown and suction ones. They 

can all belong to subsonic wind tunnels at the same time as they belong to the 

others classifications. In contrast with this, supersonic wind tunnels can only be of 

one other type: blowdown ones. This is because they lack a fan or propeller to 

push the air as it will be seen next. 

 Supersonic 

Supersonic wind tunnels are those wind tunnels whose airflow velocities exceed 

Mach 0,7 (𝑀 > 0,7), sometimes even in several degrees of magnitude. For these 

velocities, the flow gets considerably affected by the shockwaves and its 

aerodynamical study in wind tunnels turns out to be much more complicated. The 

design of supersonic wind tunnels is also affected by said fact and due to that, they 

are subjected to much more complex and expensive facilities. 

 

Figure 45. Supersonic Wind Tunnel schema [10]. 

The use of fans to propel air up to supersonic speeds is ruled out because of the 

huge amount of energy and difficulty that takes to achieve such those high 

velocities by means of fans. Instead, high pressure and, sometimes, low pressure 

tanks are used. This is the reason why these types of wind tunnels can only be 

blowdown wind tunnels. 

In general terms, the working mechanism of these devices is the following: the 

high pressure tank is firstly filled with compressed air. Once this tank reaches the 

desired pressure, which will depend on the Mach number that is intended, a valve 
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opens and all the pressurized air goes out of the tank onto the first section of the 

wind tunnel where it comes across with a throat. This throat is the key in the 

supersonic wind tunnel design. After this, the airflow reaches velocities higher 

than Mach 1 and gets into the test chamber where the model is. The air is finally 

picked up in a low pressure tank located at the other side of the tunnel. All this 

process can be appreciated in the schema of Figure 45, which depicts a regular 

supersonic wind tunnel. 
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3.2. Description of the laboratory wind tunnel 

As Clément Dufournaud said in [14], a suitable wind tunnel for didactic purposes or to 

carry out small tests would not need to be considerably big. Such a tunnel would simply 

require a test section with an area no greater than 0,1 m2 and a fan or blower of a maximum 

power of 10 kW to ensure winds of speeds close to 50 m/s. For bigger samples or more 

ambitious objectives, a bigger wind tunnel would be necessary since the scaling laws for the 

models would ask for a larger one. But our model or sample is a turbocompressor blade 

cascade that fits those frugal requirements.  

For all these arguments, the final design that chosen by Dufournaud and built by 

Alfonso Rojo [15] is an Open Return Blowdown Subsonic Wind Tunnel, being said tunnel 

where the tests on blade cascade of study will be carried out. 

According to Dixon [1] the range of Mach numbers in which axial turbomachines 

normally work is in between 𝑀 = 0,1 to 𝑀 = 2,5. As it was explained in section 2.1.4 in 

depth, the Mach number overcomes 𝑀 > 0,3, and in consequence the flow will have to be 

considered compressible. This determined the geometry, shape and kind of wind tunnel that 

had to be used to carry out tests on a cascade. Generally, and according to the limits of these 

Mach numbers, we can distinguish in between to extents: 

 Low speed, with wind tunnels operating in the range of 20 − 60𝑚 𝑠⁄  or 𝑀 < 0,3. 

 High speed, for higher speeds and Mach numbers, and hence having compressible flow. 

 

Figure 46. Compressor cascade wind tunnels for different airflow speeds: (a) A conventional low speed, blowdown 

cascade wind tunnel and (b) transonic/supersonic cascade tunnel [1]. 
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In Figure 46 the most suitable tunnel configurations, depending on the velocity range 

that the tests are being carried out at, are shown. Figure 46 (a) shows the tunnel configuration 

that adapts the most for our needs, since it is the wind tunnel that operates at low speeds. This 

figure is nothing but a schema of the Braunschweig wind tunnel, which is a wind tunnel used 

for testing cascades located in the German Technical University of Braunschweig. 

In a well-designed wind tunnel for cascades, the most important thing is having a 

bidimensional flow in the vicinity of the central region of the blades, where the measurements 

will be taken. This can be accomplished by making a cascade with very long blades, although 

this would incur in an excessive power to get the wind tunnel working. For smaller wind 

tunnels like ours, the difficulties show up in the boundary layers from the inner walls of the 

wind tunnel, which clearly interfere with the cascade. As it can be noticed both wind tunnel 

configurations in Figure 46 have slotted sections or slots in the test section to apply some kind 

of suction on the sides of the blade cascade. This will be more important in transonic or 

supersonic wind tunnels but it is also used in a greater of lesser way in low-speed cascade 

wind tunnels. The reason behind the need to apply suction on the sides of the cascade is, as 

we were explaining, to get rid of the phenomenon of boundary layer separation or blade stall 

that the walls would induce on the blades situated on the sides of the cascade, closest to the 

wall. Figure 47 depicts how this phenomenon works and the differences in between not 

applying suction (a) and applying suction on the test section of the cascade tunnel (b) can be 

noted. 

 

Figure 47. (a) Flow entering cascade without boundary layer control causes end blade stalling: (b) Application of suction to 

bottom wall boundary layer results in a more uniform flow without blade stall [1].  
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The summary of all this is that the wind tunnel of the laboratory is an Open Return 

Blowdown Subsonic Wind Tunnel, as mentioned before, but with some modifications in the 

test section to turn it into a wind tunnel appropriate for testing cascades. 

In general lines, Clément Dufournaud in his project [14] took the following steps to 

design the wind tunnel: first he did some calculations to achieve an approximate working 

model. Then, said model was drawn in SolidWorks, as can be seen in Figure 48, with the aim 

of running several CFD simulations on the computer to check its perfomance.  

 

Figure 48. Initial design of the wind tunnel. Realized by Clément Dufournaud [14] in SolidWorks. 

One of most representative CFD simulations that Dufournaud carried out is the one of 

Figure 49, were the airflow velocity is obtained. Although if the scale is blurry and unclear, 

the blueish tones represent a speed of 10 − 20𝑚 𝑠⁄ , the greenish ones a range in between 

20 − 30𝑚 𝑠⁄  and the yellowish color that shows up in the wind tunnel outlet or the test 

section hoards a range of 30 − 40𝑚 𝑠⁄ . Other interesting simulations were run to measure 

turbulency, vorticity, density, Mach number or pressure. 

 

Figure 49. CFD simulation run in SolidWorks by Clément Dufournaud [14] showing the airflow velocity. 
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After the simulations, Dufournaud redesigned the wind tunnel parts in view of saving 

material by making the wind tunnel simpler, and retouching the dimensions of those sections 

that might have shown a defective functioning in the CFD simulations. After that, Alfonso 

Rojo [15] built physically the final wind tunnel design of Clément Dufournaud, which is the 

one shown in Figure 50. 

 

Figure 50. Final design in SolidWorks of the wind tunnel, made by Clément Dufournaud [14].This is also the exact 

design that Alfonso Rojo followed to build the tunnel. 

To make sure that this second and final version of the wind tunnel was flawless, 

Dufournaud carried out a second batch of CFD simulations. One of them, measuring the 

velocity again, is shown in Figure 51. 

 

Figure 51. CFD simulation in SolidWorks of the final wind tunnel model showing the airflow velocity [14]. 

It is important to notice that the final design originally had three screens to straighten 

the flow before it reaches the test chamber. The wind tunnel that is currently in use in the 
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laboratory possesses only a single flow straightener that was improved during this project in 

section 4.1.4. Later on in this same section, the effects of having a single flow straightener 

versus having three will be shown. 

The different parts that the wind tunnel of the laboratory has are the same as those that 

can be found in section 3.1. To get an idea, the schema displayed in Figure 43 is quite similar 

to the model shown in Figure 50 and it does not turn out difficult to draw a distinction 

between the different sections of the tunnel which are the following: 

 Radial blower: the blower utilized for generating the airflow of the wind tunnel is one of 

the radial type, with a rotor of multiple straight small paddles. As explained in 3.1.3, a 

radial blower produces a more uniform and smooth airflow in comparison to a fan. The 

radial blower is powered by a three-phase mains voltage of 230V and the electrical motor 

that spins the rotor has a connection in a delta configuration. 

The wind tunnel also counts on an adapting nozzle in between the blower and the diffuser 

inlet to connect both elements. 

This element will be upgraded in this project in section 4.2.2. 

 Diffuser: the main requirement for diffusers in blowdown wind tunnels is being wide to 

adapt effectively the airflow. This was explained in section 3.1.3 as well but, as a 

reminder, this is basically because the blower is at the beginning of the tunnel and hence 

the airflow that this one produces needs to be smoothed out considerably before it reaches 

the test section. The use of long wide-angle diffusers helps in a great way to do so. In 

Table 2 are summarized the main dimensions and data that define the wide-angle diffuser 

of the laboratory wind tunnel. It is worth to mention that the original number of screens in 

the diffuser was of 3, although currently it does not have any.  

Table 2. Characteristics and dimensions of the wind tunnel diffuser [14]. 

Inlet area 𝐴𝑖 = 0,12 𝑚 𝑥 0,168 𝑚 = 0,02016 𝑚2 

Outlet area 𝐴𝑜 = 0,12 𝑚 𝑥 1,344 𝑚 = 0,16128 𝑚2 

Ratio of inlet/outlet areas 𝐴 = 1/8 

Total angle of the diffuser (2휃) 2휃 = 40° 

Number of screens 𝑛 = 0 (before 3) 

Length of diffuser 𝐿 = 1,615 𝑚 

Height of diffuser 𝐻 = 0,12 𝑚 

Modest sealing works were carried out on the laboratory tunnel to improve its 

performance and can be found in section 4.1.1. 
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 Settling chamber: the settling chamber of the laboratory wind tunnel that was designed 

by Dufournaud and built subsequently by Rojo had a glass wool felt acting as a flow 

straightener. Although Dufournaud designed it with the idea of using a honeycomb panel 

in mind, the best approach that was possible to achieve was the use of glass wool instead, 

which is easier to find. Dufournaud claims in [14] that, due to its porous properties, the 

behavior of glass wool felt and honeycomb should be similar. 

Jorge Lleonart in [17] did his bit and improved the flow straightener by exchanging the 

glass wool felt by a bundle of plastic straws stuck together in a block setting to emulate a 

honeycomb panel.   

However, it was not until this project, that the flow straightener was finally substituted by 

a real block of aluminum honeycomb panel. The calculations to get the most suitable 

honeycomb panel and the process to make it, together with pictures, is explain in detail in 

section 4.1.4. 

In Table 3 the dimensions and characteristics of the settling section are listed. 

Table 3. . Characteristics and dimensions of the wind tunnel settling chamber [14]. 

Inlet area 𝐴𝑖 = 0,12 𝑚 𝑥 1,344 𝑚 = 0,16128 𝑚2 

Outlet area 𝐴𝑜 = 0,12 𝑚 𝑥 1,344 𝑚 = 0,16128 𝑚2 

Ratio of inlet/outlet areas 𝐴 = 1 

Number of flow straighteners 𝑛 = 1 

Type of flow straightener Honeycomb panel 

Length of settling chamber 𝐿 = 0,3 𝑚 

Height of settling chamber 𝐻 = 0,12 𝑚 

 

 Contraction: the contraction cone accelerates the flow before it gets to the test chamber. 

The shape of this section is determined by a fifth grade polynomial that Dufournaud 

obtained and can be found in Table 4 along with other dimensions of interest. 

Sealing works, as in the diffusor, where made in this section and can be found in 4.1.1. 

Table 4. Characteristics and dimensions of the wind tunnel contraction [14]. 

Inlet area 𝐴𝑖 = 0,12 𝑚 𝑥 1,344 𝑚 = 0,16128 𝑚2 

Outlet area 𝐴𝑜 = 0,12 𝑚 𝑥 0,17 𝑚 = 0,0204 𝑚2 

Inlet height 𝐻 = 2𝐻1 = 0,12 𝑚 

Outlet height 𝐻 = 2𝐻2 = 0,12 𝑚 

Length of cone 𝐿 = 0,806 𝑚 

Fifth grade polynomial  𝑌(𝑋) = 𝐻1 − [(𝐻1 − 𝐻2) ∙ [6𝑋5 − 15𝑋4 + 10𝑋3]] 
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 Test section: this is the section that makes the difference in between a regular ‘Open 

Return Blowdown Wind Tunnel’ of general purpose, and an ‘Open Return Blowdown 

Wind Tunnel’ for testing turbomachinery cascades. The three main differences are that the 

test section of these last ones need: sliding walls, also called endwalls, bleeders, and also 

the freedom to rotate. 

The necessity of the endwalls is clear: since the test section is basically a rotating 

platform, there needs to be a way of continuing the walls when the mechanism rotates out 

of its straight initial position. This way, undesired airflow loses provoked by gaps when 

the platform is rotating are avoided. The schematic of Figure 52 depicts the functioning of 

the endwalls to redirect the airflow. 

 

Figure 52. Schema of the Braunschweig wind tunnel test section [3]. 

On the other hand, the bleeders are slots or outlets located in the test section and used to 

suck air out of the sides of the cascade with the aim of getting rid of the blade stall 

phenomenon that would appear on the sides of the sample cascade. Our laboratory wind 

tunnel does not have these bleeders and the addition of them might be an improvement to 

take into consideration for further projects with this tunnel as suggested in section 6. 

The dimensions of the test section are the same as the ones of the contraction cone outlet. 

In this project, the test section will be the most modified section of the laboratory wind 

tunnel, setting the focus especially on the sliding endwalls and the rotating disk for the 

cascade with their appropriate support in sections 4.1.2 and 4.1.3 respectively. 
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Figure 53. Model of the laboratory wind tunnel together with the data logger device put into position. Made in 

SolidWorks by Eduardo Bahamonde in [16]. 

In the velocity CFD simulations that Dufournaud run, the initial conditions that he 

established in SolidWorks at the wind tunnel inlet to obtain said velocity data along the body 

of the tunnel were: pressure, air viscosity, air density, temperature and the volumetric caudal 

of air blower delivers. Said caudal was of 𝑄 = 0,81 𝑚3 𝑠⁄ . With that, Dufournaud obtained 

an air velocity in inlet, right after coming out of the pump, of around 35 𝑚 𝑠⁄  and a velocity 

in the test section of around 40 𝑚 𝑠⁄ .  

In order to confirm those values, in this project we also carried out some tests to check 

the airflow velocity and stability with both a digital anemometer and the pitot tube of the data 

logging apparatus. We reached the conclusion that Dufournaud achieved quite accurate 

velocity results in his simulations. The obtained measurements for different scenarios are 

shown in section 5.2.  

Dufournaud also foresaw the presence of a big swirl in the middle of the wind tunnel 

in one of the simulations carried out without any flow-smoothing elements such as screens or 

flow straighteners. The presence of said swirl can be appreciated clearly in Figure 54. 

 

Figure 54. CFD simulation in SolidWorks that shows the presence of a great disruptive swirl in the center of the wind tunnel 

without screens in the diffuser section [14]. 
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Table 5. Quick measurement on the opened wind tunnel and blower. 

 Digital Anemometer Pitot Tube 

Blower 33  𝑚 𝑠⁄  32 𝑚 𝑠⁄  

Test section (no flow straightener) 33 𝑚 𝑠⁄  32 𝑚 𝑠⁄  

Test section (flow straightener) 32 𝑚 𝑠⁄  28 𝑚 𝑠⁄  

Settling chamber (no flow straightener) −10 𝑚 𝑠⁄  to 25 𝑚 𝑠⁄  (∇𝑣) - 

Settling chamber (flow straightener) 29 𝑚 𝑠⁄  29 𝑚 𝑠⁄  

Also, quick airflow velocity tests were carried out, again with both a digital 

anemometer and the pitot tube that the data logger apparatus possesses, to confirm the 

presence of said swirl. Indeed, as it can be noticed in Table 5, the flow speed shows a gradient 

at the center of the wind tunnel, which is to say, at the settling chamber. The velocity in said 

section ranges from a negative value on the right side of the chamber (looking at the wind 

tunnel from the blower or airflow direction point of view) to a positive one on the left side, 

having values of zero in a great stretch of the central region. In fact, what this comes down to 

is the same as what Dufournaud predicted in Figure 54: the swirl exists in the center of the 

wind tunnel when this one has no screens or flow smoothers as the flow straightener mounted 

on it. This defect might very well be dealt with in future projects on this matter and the 

proposed solution is listed in section 6 along with more future improvements. 

All the upgrades and improvements carried out in the laboratory wind tunnel are set 

out in detail in section 4.1. 

All the measurements and blueprints of the current laboratory wind tunnel can be 

found in the projects of Dufournaud [14] and Rojo [15]. 
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4. Facilities Improvements 

The previous work realized has turned out to be not completely satisfactory. It is 

known the complexity of measuring wind velocity, pressure or flux angles, among other 

parameters, using a handcrafted wind tunnel and turbocompressor blades that have been 

printed in a 3D printer. Proper field measurements take really good quality, precision and fine 

devices and measurement tools when it comes to Fluid Mechanics. One of the aims of this 

project is to enhance that quality in both the wind tunnel and the blades’ finish, which are the 

key elements to carry out the study. Additionally, other components of the system were 

upgraded to a greater or lesser extent to help the overall system’s performance. 

 

4.1. Improvements in the wind tunnel 

The wind tunnel that is going to be used to perform the tests on the compressor blades 

was designed in 2011 by Clément Dufourneaud in his Final Degree Project [14] and built by 

Alfonso Rojo in 2015 during the progress of this Final Degree Project [15]. 

The description of said tunnel is to be found in section 3.2. 

 

 Crevice Sealing 

One of the most significant flaws that we noticed in the wind tunnel shortly after 

blowing air through it was the loss of wind conduction due to leaks throughout its length. In 

the beginning we thought these leaks would not have a noticeable impact in the average wind 

speed of the system but after running some quick and simple tests to check the velocity we 

realized that it was indeed having a clear diminishing effect: apparently the jets of air 

escaping the tunnel through the thin crevices are important enough to take a noticeable toll at 

the outlet. 

In order to solve this problem, the first and better idea initially was to go over all the 

edges and apply a cord of silicone. On one side, this would be fast and ideal to seal all the 

crevices in a sure way, however it would require to open the whole wind tunnel structure and 

on the other side it would have the disadvantage of gluing the tunnel completely, making 
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impossible, or at least harder, performing any later modification. Also it would be difficult to 

reach certain edges to apply silicone once the structure is closed. For all these reasons, this 

idea was ruled out. 

 

Figure 55. Profile edges of the wind tunnel body sealed with a double layer of tape. On the right, we can appreciate 

the foam sealing tape in between both halves of the wind tunnel. 

The other safe and quick alternative we came up with was to seal the crevices with two 

layers of duct tape. A first layer of a thinner and more adhesive duct tape and a second layer 

with a thicker and stronger duct tape that would protect the first one, as shown in Figure 55. 

As we saw in section 3.2, the wind tunnel is divided in two halves, connected with 

each other by four bolts and its corresponding wing nuts. Also, the wind tunnel is connected 

to the blower inlet by means of a nuzzle attached to the blower. It was also necessary to seal 

in a better way these two joints to ensure no leakage of air. In order to do that, foam sealing 

tape was applied in these areas in the shape of rings, as shown on the right picture of Figure 

55 and Figure 56. This way once the pieces are brought together and tightened they close 

almost any void that could turn into an air loss. 

 

Figure 56. On the left, foam sealing tape in between the nozzle and the wind tunnel. On right, foam mat in the joint 

between the coupling nozzle and the blower. 
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 Sliding endwalls 

Other elements that had to be improved were the sliding or moveable endwalls of the 

wind tunnel’s outlet. These sliding walls are important to adapt the flow in concordance with 

the angle of the blade cascade. This was mentioned in section 3.2 as well, where the wind 

tunnel of the laboratory was described. The initial moveable endwalls of the wind tunnel 

where made out of two rectangular pieces cut in shape from a black rubber sheet. This rubber 

turned out to be too soft to stay stiff when the wind was blowing and hence they were 

unsteady and wobbly. This wobbly movement in the outlet endwalls might result in pressure 

drops and flow instabilities at the outlet, right where the test cascade is placed. Also the 

rubber pieces were held in position with the help of several metallic corners, making it 

difficult to slide and adjust properly.  

 

Figure 57. Right and left moveable endwalls with their corresponding knobs. 

To fix this problem two plastic U-shaped rails, one for the upper edge and another for 

the bottom one, were affixed to the wind tunnel with the help of the metallic corners that we 

reused from the previous setting. Another two rails were installed on the other side of the 

wind tunnel for the other wall. As moveable endwalls, a different material was chosen. This 

time we used PET (polyethylene terephthalate), which is stiffer than rubber, transparent, 

allowing us to the se inside of the wind tunnel’s outlet and also easier to slide back and forth 

along the setting of rails. Two rectangular pieces of PET were cut from a sheet of this material 

to obtain the two walls for the wind tunnel’s outlet. Also, we screwed two small knobs on 

each wall to slide them back and forth in a comfortable and effortless way. 
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 Blade cascade support bracket clamp 

However, the most important and noticeable modification that was carried out in the 

wind tunnel was the one done in the blade cascade support and positioning system. 

In previous projects, the measurements on the wind tunnel have been taken with a 

blade positioning system that did not work completely well. The reasons were various and 

will be described in the following paragraphs. 

In the previous done projects and before performing any modification on the wind 

tunnel, the blade cascade was placed in the tunnel in a position such that the cascade was 

hanging from above. The wind tunnel had a circular opening in the outlet at the upper wall 

and this opening allowed to pass the set of blades, which were affixed to a lid. Once the lid 

was in its place, it closed the wind tunnel in the upper wall and left the blades hanging midair 

in the outlet nozzle. The lid possessed a handle that was used to set the incidence angle of the 

cascade. One of the problems that this system has is that the lid only pinches the cascade’s 

blades in one point at the tip of each blade, leaving the root of the blades unattached and 

hanging free, so that when the wind is blown through the cascade, it produces undesired 

vibrations that might lead to imprecise results. 

Another problem that we had to face regarding the positioning system of blades was 

that the blade solidity σ of the cascade was not constant; the blades were not evenly spaced 

and this uneven spacing can cause defects in the results when measuring.  

Something similar happened with the stagger angle γ of the blades: it was not perfectly 

constant for each one of the four blades. All four blades were linked together by means of a 

metal rod in a parallelogram configuration and whenever this rod is pulled or pushed 

horizontally, each one of the blades in the cascade rotates around its own vertical axis. This is 

a smart and simple mechanism that allows us to choose the stagger angle, however the 

problem that was found here is that it is difficult to find the vertical axis of the blades since 

the airfoil profile draws an irregular shape and thus each blade was revolving around a 

vertical axis that was not constant for all of them, in other words, each blade was turning 

around a vertical axis that was not necessarily going through the geometrical center of the 

airfoil profile, making the stagger angle differ from one another slightly. 

This set of problems was important enough to call our attention and be solved since 

they might be the origin of imprecise results in later measurements.  
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Apart from the blade cascade support clamp, which will add up to the mitigation of 

these imperfections, the solidity σ and the stagger angle γ issues are also solved thanks to 

what we will call “pattern plates” and will be explained in much more detail in section 4.4.3.  

However, the most determinant of these problems was the requirement of having to 

take measures with the pitot tube in parallel to the blade cascade. Until now, the measures 

were taken by choosing an incidence angle for the cascade first and then a stagger angle. After 

that, the data logging apparatus had to be placed in parallel to the cascade, and finally the 

apparatus sweeps the pitot tube in a straight parallel path along the length of the cascade while 

it is measuring, as described by Eduardo Bahamonde [16]. Since the lid where the blades are 

attached and the data logging apparatus are independent one from another, this last one has to 

be placed in parallel to the cascade manually and visually estimating the parallelism in 

between these two. This does not assure that the pitot tube will sweep in parallel along the 

cascade as it is collecting data and the pitot tube may describe a convergent or divergent 

trajectory in reference to the cascade, obtaining this way incorrect data. 

The solution for these problems is tackled through several modifications: the first one 

of these modifications will be carried out in the wind tunnel itself, more precisely in the 

bracket clamp for the cascade that will go in outlet. Another one will be carried out on the 

data logging apparatus and will be described in depth in section 4.3.1. It will consist on 

making a wheeled frame for the apparatus so that it can be attached and roll in parallel along 

with the cascade bracket clamp. Finally, the last modification will be a series of plates with 

different patterns for different stagger angles. As mentioned before, this will be cover 

thoroughly in section 4.4.3. All modifications combined are thought to solve in a greater or 

lesser way most of the imprecisions that the whole system displays. 

The core of the modification is the blade cascade support bracket clamp, which deep 

down is simply a frame that holds the blades in a fixed static position and stagger angle given 

by the patterned plates. This frame will be screwed to a wood disk which possesses a threaded 

axel that will be joined to the frame of the data logging apparatus (section 4.3.1) with the help 

of bolts. The steps taken to make the mechanism will be explained in the following 

paragraphs. 

The idea is to hold the blades by gripping them in both their tip and root, all four of 

them at once. To do so, two slats of wood will be used. With the help of a milling machine 

both pieces are machined to shape. We can see in Figure 58 a picture of the two wooden 
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pieces that will serve as the jaws of the bracket clamp. The two central holes were drilled to 

attach the structure to a sliding guide. This will be explained in the next paragraphs. 

 

Figure 58. The two wooden pieces, already machined and drilled. The darker surfaces will be covered with strips of foam and 

the two holes were countersunk to keep the screws from protruding and assure a good resting of the blades. 

Also, we drilled another four holes at the corners of each wooden slat and smoothed 

the surfaces to make them plain, so that when we lay the blade’s roots and heads these are 

perfectly vertical. In each one of the holes of only one plank we fix, in vertical position, four 

threaded rods of M3 metric (ISO thread designation) with strong cold welding glue. These 

four rods will fit into the other’s plank’s holes so that they will be a guide. Once we fit one 

plank into the other plank’s rods, both wooden pieces will face each other, one above and the 

other one below, like a bracket clamp. In the middle of this structure we place the 

turbocompressor blades. These four rods will also be the guide of the patterned plates that we 

mention before and will be seen in detail in section 4.4.3. With the help of four butterfly nuts 

that are screwed in the rods we tighten the blades by pushing upper plank downwards on to 

the blade’s heads. To improve the grip in between the surfaces of the blades (made of 

aluminum, see section 4.4.2) and the wood two strips of black foam were added, one for each 

wooden piece. This increases the friction and will keep the blades from slipping out of the 

clamp or moving when they are being tighten (see Figure 63). 

The following thing to do was attaching this clamp to a sliding mechanism that would 

allow us to pull the bracket clamp out of the wind tunnel’s outlet, exchange the blades, and 

push it back inside. This way, we can change in a comfortable, fast and easy way the blades 

and the patterned plates without the hassle of having to take the whole bracket system out of 

the wind tunnel and put it back in every time we need to change the blades’ arrangement. This 
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sliding mechanism can be achieved by repurposing one of the telescopic rails that the regular 

daily use drawers have (see Figure 59). 

 

Figure 59. The drawer telescopic guide used as sliding mechanism for the bracket clamp, after having been modified and cut 

to shape. 

It was necessary to cut to shape one of these drawer guides to make it fit into the 

outlet’s nozzle. After that, we fixed the bracket clamp with bolts and nuts to the drawer guide 

and the extraction mechanism for the blades’ support bracket was finished. 

 

Figure 60. The upper and bottom pieces of the bracket together with the modified drawer guide. Back and front 

faces of all pieces. 

We can notice in both Figure 58 and Figure 60, on the left in both figures, how the 

lower wooden piece has been machined to make a housing for the drawer guide. This was 

necessary because the drawer guide was not perfectly stiff and the only way to assure that the 

wooden slat was going to be stiff and horizontal once attached to the guide was by means of 
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housing the guide into the piece. This way both the surface of the plank and the surface of the 

drawer guide are in a more intimate contact and hence the set is more rigid. 

On the following figures we will display the process of making the blade cascade 

support system that has been described and also the different pieces that it is composed of. It 

can be appreciated how the mechanism is taking shape step by step. 

Figure 61 shows in the upper side a bird’s eye view on the left and a bottom view on 

the right of the of the support for the cascade. The lower images of the figure in both cases 

display the drawer guide mechanism unfurled while in the upper ones it is folded into its 

retracted configuration. The four holes for the threaded rods were not drilled nor the strips of 

foam were added yet when the picture was taken. 

 

Figure 61. The two wooden pieces attached to the drawer guide. Different views of the support mechanism. 

In the next Figure 62, the view of the telescopic function of the guide can be seen. 

 

Figure 62. Side view of the bottom wooden slats with the telescopic mechanism deployed to its full length. 
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Figure 63 shows the support bracket clamp mechanism completely finished yet 

disassembled. The four threaded rods have already been fixed to the bottom wooden slat by 

means of epoxy glue. In addition to that, the inside faces of both pieces have been cover with 

a sheet of foam previously cut to shape. This way, the grip is improved and the blades do not 

slide when they come into contact with the wooden surfaces of the slats.  

 

Figure 63. Exploded view of the finished bracket clamp system. 

The following Figure 64 shows the mechanism fully assembled with the exception of 

the cascade which would be placed inside the clamp. 

 

Figure 64. The blade cascade support bracket clamp completely assembled. 
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Finally, different views of the assembled support bracket clamp are shown in the next 

Figure 65. The lower ones display the telescopic mechanism unfolded. 

 

Figure 65. Different views of the fully assembled blade cascade support mechanism. Notice how in the bottom 

pictures the telescopic functionality of the drawer guide is shown. 

This mechanism, although simple, is the where the blades will go and thus the core of 

all modifications done. Now the only thing left to achieve is to get the support bracket clamp 

into the wind tunnel and what is more: attaching the support to the data logging apparatus in a 

way such that the pitot tube of the data logging apparatus is always sweeping along the blades 

in a parallel path, which in other words is, in parallel to the bracket clamp. Once the support is 

placed into the tunnel, it is required to be free to rotate since it is necessary to change the 

incidence angle of the cascade and of course, the data logging apparatus will have to turn at 

the same time together with the bracket clamp to ensure parallelism in between the pitot tube 

and the cascade as we have explained. 

To solve this, we came up with the following idea. We repurposed a disk of wood that 

the wind tunnel already had previously attached into a hole at the bottom wall of the wind 

tunnel’s nozzle. On the upper face of the disk we will screw the support bracket clamp using 

the holes drilled in the drawer guide. Meanwhile, on the bottom surface, a threaded rod of 

M10 metric will be fixed in perpendicular to the bottom surface of the wooden disk. This rod 

will be the axial axis of the disk. The axis is reinforced with washers and screws to remain 

still and perpendicular to the disk. 
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In order to ease the movement of rotation of the disk around its axial axis, a bearing 

(whose code is 6300 ZZ according to DIN 925-1) is slid into the rod. The outer ring of the 

bearing will be attached to the wind tunnel while the inner ring is secured to the disk’s axis 

with two nuts. This set is now a rotatory platform that is fixed to the wind tunnel and has the 

support bracket of the cascade on it. When the disk is placed in the wind tunnel, the axis of 

this one remains suspended downwards. This was thought in this way because, as we will see 

later in section 4.3.1, the frame made for the data logging apparatus will possess a tab with a 

hole where the disk’s axis will go through and hence both the disk platform for the cascade 

and the data logging apparatus will be linked.   

The only thing that there is left to do is fixing the support bracket clamp to the disk. 

This was done by first centering the support in the disk, so that the blade cascade is in the 

middle of the air current. After doing that, the bracket clamp is secured to the disk with two 

screws and washers. The finished appearance of the whole contraption can be seen in Figure 

66, where we can also read the names of the components previously explained in this section 

and that make up the new support mechanism that will go in the wind tunnel. 

 

Figure 66. Blade cascade support bracket clamp, attached to the disk with bearing and coupling axis. The names of the main 

elements are indicated in the picture. 
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In Figure 67 we can appreciate the complete mechanism showing the functionality of 

the drawer guide: the blades of the cascade, which will be held inside the frame, can be 

exchanged if the structure is slid out of the wind tunnel laterally as depicted in the image. 

 

Figure 67. Holder mechanism showing the functionality of the sliding guide once this one has been fully deployed. 

 

 Honeycomb flow straightener panel 

Last but not least, a flow straightener was added to the wind tunnel. In almost all wind 

tunnels, flow straighteners, also known as flow conditioners, are a must. 

A flow straightener is a device that is generally placed in the settling chamber of the 

wind tunnel. It is a passage of ducts whose function is straightening the air flow to minimize 

as much as possible the lateral velocity components that the flow might have due to swirls. 

The less turbulence there is, the better the wind tunnel will simulate the actual conditions. 

Also, the cross-sectional shape of the honeycomb’s cells can be squared, hexagonal or 

circular (see section 3.1 and Figure 69) [18], [19], [20]. 

In the previous project done by Jorge Lleonart in 2019 [17] we see how a flow 

straightener was added pursuing this goal. To achieve it, the accessory was made out of 

plastic drinking straws, which were cut to equal size and glued together. With this, a passage 
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made out of circular cells was obtained. This was a great idea since the device has low cost 

and good efficiency. The NASA Glenn Research Center has a tutorial on how to build your 

own wind tunnel, and they also suggest to use straws if it is the only thing you have on hand 

[10]. However, when the tunnel was turned on again after a short period of time we found out 

the main defect of this flow straightener: the glue was not able to keep drinking straws stuck 

together anymore and so they started coming off. The strong flow of air made the flow 

straightener end up torn apart into pieces that were blown off the wind tunnel quickly. Also, 

the cells that this flow straightener displays are not the same; the crevices generated after 

stacking the circular straws have a triangular shape. This might affect the straightening 

process of the airflow unevenly. 

 

Figure 68. Up and bottom left, pictures of the old wind straightener made by Jorge Lleonart, pictures taken from his project 

[17]. The bottom right picture is an example of another design of flow conditioner made with also drinking straws. 

The purpose was to improve the last version of the existing flow conditioner with one 

that has to meet similar aerodynamic characteristics but at the same time, it has to be stronger, 

more robust and long lasting. 

The idea in this case was to use an aluminum panel whose cross-sectional shape cells 

are regular hexagons. This hexagonal patterned honeycomb is widely used in wind tunnels as 

flow straighteners and also in the automotive, composite and aeronautical industries [19]. The 

shape of the honeycomb cells can be varied and of several different geometrical figures. In 

Figure 69 we show the three most commonly used ones in flow straighteners. The cell shape 

will not constitute a problem in a first approach as long as the calculations are made with an 

equivalent diameter called hydraulic diameter, as we will see in the next paragraphs. 
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Figure 69. Schemes of various honeycomb structures: squared, circular and hexagonal [19]. 

To choose and design an appropriate flow straightener two considerations must be 

taken into account: 

 Reynolds number, 𝑅𝑒. 

 𝐿/𝐷 ratio. 

Calculating these two numbers will give us the dimensions of the hexagonal cells of 

the honeycomb as well as the depth of these cells, or in other words, the width of the passage. 

However, since it does not turn out trivial to find these kind of materials and the only 

available aluminum honeycomb panel that we had on hand (see Figure 70) had a determined 

cell size and width, we will calculate both the Reynolds number and the 𝐿/𝐷 ratio to check 

how close or far we are from having the ideal flow straightener for our wind tunnel. 

4.1.4.1. The Reynolds number 𝑅𝑒 

As we explained in section 2.1.3, the Reynolds number 𝑅𝑒 is a non-dimensional 

parameter that indicates if a flow follows a laminar or turbulent model. This number depends 

on the flow velocity, duct shape diameter or equivalent diameter (hydraulic diameter) if the 

duct shape is not circular, the dynamic viscosity and the density of the fluid flowing through 

the pipe. This expression is written as shown in (1) but it is rewritten here again because it 

will come in really handy in this section: 

𝑅𝑒 =  
𝜌 ∙ 𝑣 ∙ 𝐷ℎ

𝜇
 

Where 𝜌 is the density of the fluid, which in our case is air (measured at the 

temperature and pressure of the workshop where the tests are being carried out), 𝑣 is the 

speed of the fluid, 𝜇 is the dynamic viscosity of the fluid (measured at the temperature and 

pressure of the workshop where the tests are being carried out) and 𝐷ℎ is the hydraulic 
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diameter of the cross sectional shape of the cells used in the honeycomb and it is calculated 

as: 

𝐷ℎ = 
4𝐴

𝑃
 (91) 

Where 𝐴 is the cross sectional area of the cell shape used in the honeycomb and 𝑃 is 

the wetted perimeter of the cross section, which in our case it is the full perimeter. Then, at 

the same time, the perimeter and area of a regular hexagon are calculated as shown in the 

Equations (92) and (93). 

𝑃 =  6𝑎 (92) 

𝐴 = 
3√3 ∙ 𝑎2

2
 (93) 

According to [10], the dimensions of the honeycomb array of flow straighteners 

should fall within a certain range of values dictated by the Reynolds number. As seen in 

section 2.1.3, these values, in a circular pipe or in ducts of other shapes but with the same 

equivalent diameters, are: 

 𝑅𝑒 < 2300  The flow is laminar. 

 2300 < 𝑅𝑒 < 4000  Transient flow. Transition from laminar to turbulent. 

 𝑅𝑒 > 4000  Turbulent flow with slight dependency on Reynolds number. 

 

Figure 70. Aluminum honeycomb panel used in the flow straightener. 

After taking measurements over the honeycomb and its cells, we obtained that the side 

of the hexagonal cells, 𝑎 and the thickness of the panel 𝐿 are respectively: 

 𝑎 = 5 𝑚𝑚 

 𝐿 = 10 𝑐𝑚 
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In order to calculate the hydraulic diameter 𝐷ℎ of the hexagonal cells first we need to 

compute the cross-sectional area and the wetted perimeter by using Equations (92) and (93). 

𝑃 =  6 ∙ 5 ∙ 10−3 = 0,03 𝑚  

𝐴 =  
3√3 ∙ (5 ∙ 10−3)2

2
= 6,5 ∙ 10−5𝑚2  

Now, getting those to figures into (91), we get: 

𝐷ℎ =  
4𝐴

𝑃
=

4 ∙ 6,5 ∙ 10−5

0.03
= 8,66 ∙ 10−3𝑚  

The velocity of the flow of air is measured in the settling chamber of the wind tunnel, 

which has a wider section and hence the velocity will be lower than at the inlet or outlet. The 

flow straightener is placed here because it is easier to obtain a Reynolds number that is as 

close as possible to 2300 in those sections where the speed of air is lower and thus, the flow 

will be easier to straighten. 

The density and dynamic viscosity of the air in the workshop conditions, which are 

𝑝 = 101325 𝑃𝑎 and 𝑇 = 23℃, are of 𝜌 = 1,205 𝑘𝑔/𝑚3 and 𝜇 = 1,8205 ∙ 10−5 𝑘𝑔/𝑚 ∙ 𝑠 

respectively [21], [22]. The velocity of air inside the cells was measured to be of 𝑣 = 35 𝑚/𝑠. 

Thus, the resultant Reynolds number inside the cells of the honeycomb panel of the wind 

tunnel is: 

𝑅𝑒 =  
𝜌 ∙ 𝑣 ∙ 𝐷ℎ

𝜇
=

1,205 ∙ 35,7 ∙ 8,66 ∙ 10−3

1,8205 ∙ 10−5 = 20463,62  

4.1.4.2. Honeycomb panel 𝐿/𝐷 ratio 

On the other hand we have the 𝐿/𝐷 ratio. This is the coefficient between the length of 

the duct and the diameter of the cross-section of the honeycomb cell, which in this case is the 

hydraulic diameter for being a hexagon. 

Jorge Lleonart explained in his project how a ratio of 𝐿/𝐷 ≥ 10 is the best for making 

a flow conditioner. The drinking straws he used to build the previous flow straightener had 

dimensions of 𝐷 = 4 𝑚𝑚 and 𝐿 = 60 𝑚𝑚, fulfilling this way the ratio condition with a 

coefficient of 𝐿 𝐷⁄ = 15 [17]. However, using a ratio much greater than 10 would also lead to 

load losses, so the goal is finding the most fitted ratio for our tunnel. 

Other studies, like the one written by professors of the Hunan University in China and 

Adelaide in Australia and published in the Asia-Pacific conference that was celebrated in 
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Taiwan in 2009 [23], also suggest ratios slightly different from 10, although still fairly 

similar. They also explain more dependencies other than just the 𝐿/𝐷 relation in the flow 

straighteners. In their experiments they used a honeycomb made out of square cells for the 

flow straightener. After the first tests that were carried out, they obtained a ratio of 𝐿 𝐷⁄ = 9 

from the drop tendency in the deviation of the mean velocity, as we can see in Figure 71. 

 

Figure 71. Standard deviation of longitudinal mean velocity 

with 𝐿/𝐷 [23]. 

 

Figure 72. The decay curve of lateral turbulence intensity 𝐼𝑤 

against 𝐿/𝐷 ratio [23]. 

However, as it is explained in their study, the performance of the honeycomb is also 

influenced by the thickness of the material used for building the flow straightener probe, 

which in their case is 3 mm plywood, so an even smaller ratio could be achieved if a thinner 

material is used. This is not a problem for us since the aluminum of the honeycomb is many 

times thinner than the 3 mm plywood they are referring to in the paper. 

The effect of the cell size was also analyzed in the study. As shown in Figure 72, when 

keeping the length 𝐿 constant and changing the size of the cells, the effect of 𝐿/𝐷 ratio on 

reducing the lateral turbulence intensity downstream from the fixed position of the 

honeycomb showed slight difference. So fixing the distance between the honeycomb and the 

measuring point where the pitot tube is, it shows that the longer the length of the panel, the 

less effective it is for the same 𝐿/𝐷 ratios. 

Also, in Figure 73 and Figure 74 we can see how for the same 𝐿/𝐷 ratios, the longer 

the cells the more reduction in the mean wind velocity. On the other hand, the shorter the cells 

are with the same 𝐿/𝐷 ratio the more effective they are in attenuating the longitudinal 

turbulence of the wind. 
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Figure 73. The decay curve of mean wind velocity 𝑈 against 

𝐿/𝐷 ratio [23]. 

 

Figure 74. The decay curve of longitudinal turbulence 

intensity 𝐼𝑢 against 𝐿/𝐷 ratio [23]. 

This takes us to the conclusion that the right way of dealing with the 𝐿/𝐷 ratio is 

finding the right coefficient, which is somewhere in between 7 and 9. For the same 𝐿/𝐷 ratio, 

it is advisable to keep 𝐿 as short as possible since making the 𝐿 longer unnecessarily leads to 

losses of load and hence a reduction in the mean velocity while at the same time, an 

unnecessarily long cell will also worsen the turbulence. 

In the case of our honeycomb panel, the measurements taken over the piece give us 

dimensions of 𝐷ℎ = 8,66 𝑚𝑚 and 𝐿 = 100 𝑚𝑚, which gives a 𝑳 𝑫⁄ = 𝟏𝟏, 𝟓𝟒. This figure is 

smaller than the one achieved in the flow straightener made by Lleonart, which is of 15. It is 

not the ideal coefficient but an improvement has been achieved in both the ratio and 

robustness of the passage. 
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Figure 75. The two top pictures show the honeycomb panel and its frame, unmounted. The two bottom pictures display the 

front and side views respectively of the flow straightener already mounted. 

In Figure 75, the two first pictures show the development and the different 

components that made up the new flow straightener. The two bottom pictures show a front 

and side view of it. 

The honeycomb is placed in a metallic structure as a frame. This frame will be later 

placed in the middle and wider section of the wind tunnel, as shown in Figure 76, and secured 

with two wood strips. The honeycomb and the frame are held together by means of duct tape, 

which also serves to cover the interspace in between frame and panel, so that no air leaks 

across the passage through undesired places. 

 

Figure 76. Honeycomb with its frame mounted in the central section of the wind tunnel. The wind tunnel can be 

open in two halves to access the honeycomb.  
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4.2. Auxiliary elements 

 

 Table of support adjustment 

Adjusting the height of the table which supports the data logging apparatus, also 

referred as to “Agapita” by its maker and creator, Eduardo Bahamonde, in his Final Degree 

Project [16] was another task that had to be carried out. This adjustment is of importance 

because it is necessary to have a balanced and level table if we aim to get precise results. In 

this project, gaining as much precision as possible was one of the most important objectives 

because the measurement of parameters in blades put into wind tunnels demands a quite good 

precision, especially if the wind tunnel and all the other elements are mostly handmade, so the 

more imperfections we get rid of the better for the future measurements and results. 

In this case, we first measured the height were the Pitot tube attached to “Agapita” was 

supposed to be. This height corresponds to the middle length of the turbocompressor blades. 

The purpose is acquiring data from the medium height of the blade length is no other than 

making sure that the wind passing through the blades is not affected by neither the upper 

surface of the blades holder bracket nor the bottom one. Also, collecting data from the middle 

of the blades ensures being the furthest from both the upper and the bottom wind tunnel walls 

too. Knowing this, we cut to length the four legs of the table so that the Pitot tube’s height 

matched the desired height after laying the data logging apparatus, with the Pitot tube on it, on 

top of the table. Also, to strengthen the stability of the table, four metal corners were welded 

to each one of the four legs. This reinforced the whole structure and kept it from shaking. 

After these humble, and yet important, modifications the table was painted in black to 

give it a good finish.  

 

 Centrifugal Blower Fan adaptation 

The centrifugal blower, as we explained in section 3.2 is the wind generator for the 

tunnel. This means that if the wind is not generated in a proper smooth uniform way then the 

results might come out affected. Things that might improve the performance of the blower 

will be mentioned in the last section 6. 
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In order to handle the blower fan and move it around in an easier way, four swivel 

caster wheels were attached to the frame of the machine, allowing it to roll. Two of them with 

brakes to keep the blower still once it is in position. This way it is way easier to connect and 

disconnect the blower nozzle to the wind tunnel. 

It was also noticeable that all the wiring of the connections was in a poor condition 

and it could have led to a short-circuit easily, so it was completely replaced with new thick 

wires. We can see the wiring overhauling done within the connection box in Figure 77. 

 

Figure 77. Wiring of the blower motor in a delta configuration. On the left, the poor condition of the connections before 

being cleaned up. On the right, the new wires and connections. 

Finally, the blower was also given two coats of protective blue paint to give it a nice 

finish. 

 

Figure 78. Blower fan used in the wind tunnel after the process of adaptation and improvement.  
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4.3. Improvement in the data logger device 

The Final Project Degree of Eduardo Bahamonde [16] revolved around the 

construction of “Agapita”, the affectionate name for “Automated Gatherer for Aerodynamics 

Pitot Apparatus”. Most of the times in this project, we will refer to it as simply data logger 

apparatus for the sake of simplicity. 

The apparatus consists on a base with guides for two robotized arms that sweep along 

the X and Y directions. The arms that sweeps along the X direction has a pitot tube connected 

to a pressure sensor. All this is controlled by an Arduino Mega, which commands movements 

to the arms and gathers the incoming data from the pressure sensor when desired. Two 

different power supplies feed both the three motors for the arms, the Arduino Mega and the 

pressure sensor. All three motors are connected to the Arduino Mega through a driver. 

In the following sections we will summarize the attempts of improving the data logger 

device, from the power supply of the system to the reconditioning of the wiring, passing by an 

improvement in the pitot tube, a frame to hold the data logger and even a software to control 

the device, receive and save data directly from a clear graphic user interface in the computer. 

 

 Frame for the apparatus 

As we already mentioned on section 4.1.3, it was necessary to take a step forward and 

link the wind tunnel and the data logging apparatus together to ensure that the readings 

carried out by the pitot tube are done in rigorous parallel to the cascade, and that if we change 

the incidence angle of the cascade, the apparatus changes the same degrees too. 

In order to allow the whole data logger to roll and move freely over the top of the table 

of support (seen and adjusted for the purpose in section 4.2.1) a frame with three small caster 

wheels that carries the structure had to be made so that the whole set moves at once. The 

frame’s purposes will be mainly three: give stiffness to the apparatus while it moves, allowing 

the apparatus to slide free as the needs require so and finally, coupling the wind tunnel, more 

concretely the disk that holds the cascade, and the data logger together so that they turn 

synchronously when required. 

To solve this, part of the solution was already introduced in the section 4.1.3 

mentioned above. In such section we explained the half of the joint that relied on the wind 
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tunnel, more precisely on the disk where the support bracket clamp is placed and will link the 

tunnel to the data logger. This joint is a threaded axis attached to the bottom of the disk and 

that will be the coupling axis as can be seen in Figure 66. The coupling axis hangs downwards 

when the disk with the blade cascade support is placed correctly in the wind tunnel outlet. 

 

Figure 79. Complete frame structure with its different elements, as indicated. 

On the other hand, we have the frame for the data logger, which is basically composed 

of four elements, as can be seen in Figure 79: a main rectangle made out of L-shaped steel 

angles welded together, a smaller rectangle, also made out of L-shaped steel angles, welded to 

the big one in one of its corners, three swivel caster wheels to enable motion and finally the 

coupling element, which is a hitch. The main rectangle holds the data logger apparatus while 

the smaller rectangle welded in one of the corners of the main one has the function of holding 

the controller and power supply box. This electronic control box is a new improving element 

that was added in this project and its development will be described and explained in depth 

detail in the following section 4.3.2. The box will move along with the apparatus on top of the 

frame since there are many connections in between both and the wires cannot stretch. Three 

casters wheels were added at the bottom of the entire set to allow free rotation. The wheels are 

attached with bolts and nuts to the frame in such a way so that the center of mass of both the 

apparatus and the box falls in the geometrical center of the main frame keeping it from tipping 
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over. The last and most important part is adding a hitch. This hitch will be in charge of 

coupling the disk with the support bracket and the frame with the measuring instrument. It is 

simply a steel plate glued to the frame with the help of cold welding glue as depicted in 

Figure 80, which is an upside down view of the hitch. 

 

Figure 80. Magnified detail of the hitch glued with cold welding glue to the frame. 

The decision of sticking the plate to the frame with glue instead of welding it is 

because applying heat to weld both pieces together would have deformed the frame and the fit 

of the data logging device into the frame would have not be good anymore. A hole of M10 

size was drilled in at the vertex of the plate. This hole will accommodate the threaded M10 

coupling axis of the disk. Both the coupling axis of the disk and the hitch of the frame will be 

secure with M10 size nuts. Before tightening the nuts to completely linking both, we need to 

make sure that the sweeping arm that carries the pitot tube of the data logger and the blade 

cascade attached to the disk are as parallel as possible. Once this is ready we tighten the nuts 

and the wind tunnel and the measuring apparatus are coupled. 

Finally, in Figure 81 different views of the frame are shown to clarify the 

construction’s explanation and composition of the structure. 
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Figure 81. Upper pictures from left to right show front, side and back views of the frame respectively. On the other hand, 

bottom pictures show the bird’s-eye-view on the left and the upside down view of the structure on the right. 

Having the frame completely finished, the only thing left to do is fitting both the data 

logger and the controller box into the frame as it is shown in Figure 82 and Figure 83. 

 

Figure 82. Frame with the data logger apparatus and controller box. Upper pictures show the bare data logger and control box 

while bottom ones show said elements after being fitted in the frame. Front and birds-eye views. 
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Figure 83. Frame with the data logger apparatus and controller box. Upper pictures show the bare data logger and control box 

while bottom ones show said elements after being fitted in the frame. Front and back views. 

 

 Hardware reconditioning for the apparatus 

The construction of this measuring device had a mechanical part, which is the 

apparatus itself, but also another aspect where it was necessary to implement a control code, 

develop a powering system for the machine and the pressure sensors as well as a wiring for 

several electric components. All the electric circuitry for the data logger was made by 

Eduardo Bahamonde, indeed together with the rest of “Agapita” [16]. 

However, many changes had to be done in order to improve and arrange the different 

elements that the hardware is composed of. 

The main hardware components of data logger control are the following: 

 A differential pressure sensor, the ‘DPS 300’ from BS Sensors. 

 An Arduino Mega, as microprocessor of the device. 

 A shield with the three necessary motor drivers ‘A4988’ and their respective 

electronic connections. 

 Three stepper motors ‘NEMA 17’, which are integrated in the data logger 

mechanism that Bahamonde built. 
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 A plastic duct and a medical needle as pitot tube, which will be substituted by a 

brass tube later on section 4.3.4. 

 Wires for connections. 

 Initially, two different power supplies: one for 12 V and another one for 24 V. 

Some of these components, yet working perfectly well, were mingled and tangled up 

together, making it laborious to use the data logger. 

The idea was to compact them all into one single electronic box to have all the 

electronics tidy and neat. 

The first thing that was made was wrapping up in a protective sheath the wires of the 

three electrical motors that govern the movements of the data logger arms as well as the wires 

that connect the end-switches that warn these arms when they have swept their paths all the 

way and reached the limit. After having done that, JST female connectors of three and four 

pins were added to the ends of the motor wires and end-switches wires respectively. This JST 

connector will ease the connections in between these data logger’s actuators and their 

controller in the Arduino board since the box that will hold the electronics will possess male 

version of the connectors. 

 

Figure 84. Display of all elements that the electronic control box will have. 

Once the wiring is fixed and restructured it is the turn for the electronic box itself. The 

box is simply a general purpose electronic container that will hold the pressure sensor, the 

power supply for both the pressure sensor and the Arduino Mega, and of course, the Arduino 
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Mega with its shield with the motor controllers, the end-switch receiver pins and the pin that 

reads the incoming analogic data from the pressure sensor. We can see all the elements what 

will go into the box in Figure 84 with the exception of the pitot tube, which will also be 

upgraded later in section 4.3.4. Figure 85 shows the final outer appearance of the electronic 

control box. Likewise, the external components of the box and its annexes such as the pitot 

tube and the USB cord are shown and pointed out in Figure 86. 

 

Figure 85. Different views of the outer appearance of the electronic control box. 

In his Final Project Degree [16], Eduardo chose two different power supplies since the 

three electric stepper motors, fed through their corresponding controllers, work with 12 V and 

the pressure sensor works with a voltage somewhere in between 24 and 30 V. It is important 

to note that the Arduino Mega is fed with the 5 V coming from the computer when the USB 

cord is plugged in, so it is independent from this problem. Both power supplies were 

overmuch powerful and oversized: the 12 V power supply used to feed the motors had a 

current of 30 A, which is a total of 360 W of power. The three NEMA 17 stepper motors used 

in the apparatus’s arms are powerful but they do not require such a huge amount of power to 

work, not even the three of them together at their maximum efficiency. Needless to say that 

the peak performance of the stepper motors will not be reach at any moment while fulfilling 

the purpose of the data logging task, which can easily be considered mild. On the other hand, 

the pressure sensor was fed with a different power supply of 24 V and 2,5 A, which is again 
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an unnecessarily high amperage for the sensor since this one will not even use 0,5 A. 

Reducing the power of the power supplies also reduces the space they take but it is possible to 

reduce even more the room they occupy if only a single 12 V power supply is used. This is 

possible thanks to the help of a DC-DC boost converter module, which intakes the 12 V 

coming from the power supply and rises them up to the 24 V necessary for the pressure 

sensor. Thus, we chose a single 12 V and 2,1 A power supply, which is considerably smaller 

than the one of 30 A and the other 24 V power supply would be ruled out and taken over by 

the DC-DC LM2577 converter, which gives us the desired 24 V. Sparing out one power 

supply and reducing the size of the other one in a great way was decisive to make all the 

elements fit into the box. 

The rest of the work was just a mere task of rearranging the Arduino Mega board, with 

its shield connected and the pressure sensor. The result of this process can be appreciated in 

Figure 87. The Arduino is placed in a thin slat of wood and the power supply and pressure 

sensor are both fix with bolts and nuts to the box. Several holes were drilled to fit the several 

JST female connectors for wires of the stepper motors and the end-switches coming from the 

measuring device. These connectors are glued to the box to keep them steady. Another 

squared hole was drilled for the USB connector of the Arduino Mega, which protrudes 

slightly out of the box. Another two more holes: one for the socket to plug the electronic box 

into the mains and the other for a switch that turns the box on or off, by cutting the mains 

supply to the 12 V power supply, which feeds all the rest basically. Finally, a last hole was 

drilled to pass the pitot duct from the outside into the box and plug it in the pressure sensor. 

This was done by using a small tube bushing used in gardening and simple irrigation systems. 

 

Figure 86. External elements of the electronic control box.  
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After this reconditioning, all the wiring, control and power supplying of the data 

logger are clustered in a single compact electronic box. Coupling it with the measuring device 

and using it turns out to be very trivial. All the cords coming from “Agapita” must be 

connected in their respective connectors. To ease this up, both the wires and the connectors in 

the box have labels indicating which one goes in which. Secondly the USB cord is connected 

to the computer and lastly the box needs to be plugged into the mains and turned on through 

the switch. This way now the system is ready to be controlled from the computer and record 

data. And that will be the next step of the upgrading process, which will cover in the next 

section 4.3.3. 

 

Figure 87. Circuitry and internal components of the electronic control box. 

 

 Controller software for the apparatus 

Eduardo Bahamonde [16] designed and programmed the data logger device that will 

be used in this project. To do so, he used the open source development board known as 

Arduino. To be concrete, the version of Arduino board that has been used in the data logging 

apparatus is the Arduino Mega, as it has already been mentioned in previous sections. The 

microprocessor of this board, the ATmega2560, is the brain of the device and Bahamonde 
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programmed it to control the movements of the pitot tube, the measuring intervals and data 

transfer from the data logger to the computer that it is connected to. This communication is 

carried out via COM Ports in between Arduino and said computer and it is bidirectional, 

which means that the user sends commands to the Arduino that controls the data logger and 

the data logger answers back with requested data. The procedure is normally commanding the 

data logger to move the main arm that carried the pitot tube to a certain starting position. 

Once the pitot tube reached that point, the next command is the beginning of the data 

collection. The data that Arduino is gathering is send back to the computer. 

Bahamonde articulated this communication in between data logger and computer by 

means of the Arduino IDE (Interface Development Environment) console. Firstly, it is 

necessary to type in and send the pertinent commands in the form of ‘strings’ through said 

Arduino IDE console, which is opened in the computer, to the Arduino Mega itself, in the 

data logging device. Then, the gathered data would come back to the computer to be stored in 

an Excel spreadsheet thanks to prompts written in said Excel so that the computer knows how 

to handle and store incoming data from an outer device, as it is the case of the Arduino Mega, 

through the COM port. 

This process was found to be tedious and rudimentary and hence, it was decided to 

implement a new way of achieving a simple, quick and reliable communication in between 

Arduino Mega, or in other words, the data logger and the computer. 

To do so, Visual Basic 6.0 was used. Visual Basic, with VB as acronym, is a very used 

and widely known programming language whose last version is the 6.0. The purpose of this 

was programming an GUI (Graphic User Interface) for the data logger that is easier, simpler 

and quicker to use, so that the communication in between the device and the computer would 

not rely on the Arduino IDE console in combination with an Excel spreadsheet anymore; both 

processes, sending commands and receiving data, would be carried out by a single neat 

application. 

To do so, it is necessary to adapt the Arduino code, written originally by Bahamonde 

[16], to make it fit to the new VB software requirements. This is because the Arduino Mega 

that controls the data logger device needs to read commands coming from a different source 

and not the console anymore. The main modification was therefore rewriting the syntax of 

certain lines of the Arduino code to enable it to understand commands coming from the 

computer through the COM port instead of from said Arduino IDE console. Those lines are 
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the ones in charge of controlling the movements of the data logger as well as the routine and 

timing of the tests carried out by the pitot tube that the data logger carries with it whenever 

the data logger gets a command in. Also, the lines corresponding with the return of data in the 

opposite direction needed to be altered: in this case, the gathered data goes to the VB software 

instead of to the Excel spreadsheet. 

Another important modification in the Arduino and VB codes was exchanging the 

‘string’ data type commands by ‘char’ data type commands. Now the VB application will 

send ‘char’ commands which consist on a single letter rather than the ‘strings’ that the 

Arduino IDE console was sending previously. On the other hand, the lines of the Arduino 

Mega code that were previously varied to interpret all these commands were also retouched so 

that they are able to read ‘char’ type incoming data instead of ‘string’ type data. This simple 

yet very important change turns out to make the COM communication several times faster 

because Arduino sometimes gets frozen when reading fast incoming ‘string’ type commands. 

The Arduino code can be found in Annex I. 

In conclusion, the new communication process in between the data logger and the 

master computer is the following: first, the VB software in the computer starts the COM 

communication with the Arduino Mega of the data logger. Once the communication is 

successful, we send commands in the form of ‘char’ type variables from the VB executable 

software in the computer to the Arduino by pressing different buttons in said software, 

depending on our needs. This indeed includes starting a test process, which is its principal 

functionality. Once the test is over, the gathered data can be saved in a ‘.txt’ or a ‘.csv’ file, at 

our option, and said file will be generated in the directory where the executable is running. 

After that, the VB software executable can be closed.  

 

Figure 88. Keyboard keys corresponding to the “chars” variables assigned to different VB commands. 
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Thus, each command that the data logger device has to obey corresponds with an 

assigned character. In Figure 88, the keys of a generic keyboard that are assigned to the 

different commands that VB will send to Arduino are highlighted in bold. 

In a similar way, in Table 6 the same keyboard keys are listed, together with a more 

thorough explanation. This table also details the function that every command fulfils and the 

name of the button of the application that sends said command. 

Table 6. Variables of ‘char’ type assigned to their respective buttons in the VB application. 

Button in the application 
Equivalent 

Keyboard key 
Function 

‘LED’ ‘1’ LED On 

‘LED’ ‘2’ LED Off 

‘Left-pointing arrow’ ‘3’ Rotate pitot counterclockwise 

‘Right-pointing arrow’ ‘4’ Rotate pitot clockwise 

‘Y(+)’ ‘w’ Move Y up 

‘Approach Y’ ‘e’ Approaching pitot in Y direction 

‘Rotate’ ‘r’ Rotate pitot 

‘Option 3’ + ‘START’ ‘t’ Log data (Option 3) 

‘Homing Y’ ‘y’ Homing Y 

‘STOP’ ‘p’ Stop 

‘X(-)’ ‘a’ Move X left 

‘Y(-)’ ‘s’ Move Y down 

‘X(+)’ ‘d’ Move X right 

‘Homing XY’ ‘z’ Homing X and Y 

‘Homing X’ ‘x’ Homing X 

‘Sweep in Y’ ‘c’ Sweeping Y 

‘Option 2’ + ‘START’ ‘v’ Log data (Option 2) 

‘Sweep in X’ ‘b’ Sweeping X 

‘Set Zero’ ‘n’ Set values to zero 

‘Option 1’ + ‘START’ ‘m’ Log data (Option 1) 

This way, if we read in the Arduino code a line with a ‘char’ type waiting to be 

received, we will know what button it will be necessary to press in the VB application so that 

said line comes into play, carrying out a task. For instance, if we press the ‘Sweep in X’ 

button and then, after a short while, the ‘STOP’ button in the VB application, this one will 

send to the Arduino Mega, which is to say, to the data logger, a character ‘b’ and then a 

character ‘p’. These two characters will be read by the Arduino code and translated into 

orders or commands, which in this case correspond to, firstly, sweeping the X carriage and 

then stopping said movement. 
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The choice of the characters assigned to each command is totally arbitrary; simple 

letters from the alphabet and numbers were chosen mostly randomly. 

The appearance of the software developed for controlling the data logger is shown in 

Figure 89. The User Interface is divided into six main action panels, being the main ones the 

Serial Port Connect and the Data Logger. The utility and functionalities of all buttons of each 

ones of the actions panels is summed up in depth in Table 7. 

 

Figure 89. User Interface of the executable created with VB6 for the data logger. 

Table 7. Functionalities of the menus and buttons of the Data Logger Controller software application. 

 
 

The Serial Port Connect menu is the starting menu of the Data Logger Controller user 
interface. To connect the data logger to the computer, first it is required to select the COM 
port of the Arduino Mega of the Data Logger. Then, it is recommended to leave the baud 
rate in 9600 bauds, as it is preset by default. Finally, clicking the button ‘Connect’ will 
establish the connection in between both devices as long as the serial port has been 
selected correctly. 

 
 

The Main Control menu governs the two arms of the data logger device. The X arm is 
mounted on top of the Y arm so that moving the X arm also moves the Y arm with it. The Y 
arm carries the pitot tube which, in turn, is attached to a motor so that it can rotate. The 
direction buttons move the arms one step of the steppers motors at a time, which is 0,2 
mm/step. The button ‘Stop’ cancels any processes happening in the application. 
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The Angle Control menu is in charge of the last degree of freedom of the pitot tube: the 
orientation. Similar to the preceding menu, the Angle Control menu will turn the stepper 
motor that rotates the pitot tube one step at a time, which in angle terms translates into 
1,8º each time that any of the arrow buttons is pressed. 

 
 

The Homing menu has buttons that carry out a homing operation in each one or both of the 
arms simultaneously when pressed. This means that the arm will return to its default 
starting position from wherever it is at that moment. The ‘Set Zero’ button performs a very 
important task and will be always used right before running a test. It resets all values to 
zero. 

 
 

The Axis Test menu only serves to check if the three main stepper motors work correctly. 
The two first buttons make the X and Y arms sweep back and forth while the third one 
rotates the pitot tube support indefinitely. Press ‘stop’ button in Main Control menu to 
cancel any operation. 

 
 

The Data Logger menu is indeed the principal and most relevant menu of the control 
application. After having presses the ‘Set Zero’ button, one of the test option is chosen 
below. Then, the ‘Start’ button runs the test and the ‘Stop’ one quits it. It will not be until 
having stopping the test, that the ‘Save’ button is enabled to save the displayed data in the 
box as a file in the chosen format. The ‘Clear All’ button erases the data of the box to start 
anew. ‘Approach Y’ moves the Y arms up to its limit stop and the ‘help’ icon pops up a help 
guide to learn more about each one of the test options. 

 
 

The LED button is merely a button that turns on and off a yellow LED light soldered in the 
circuit board of the device. No further function whatsoever. 

 
 

The Information button displays a message box with information about the creator and 
author of this project. 

 

The Exit button closes the application. 

Right after initializing the application, the only menu that can be used is the Serial Port 

Connect. Once the connection in between the data logger and the computer has been 

established, the rest of the action panels will be enabled and ready to be used as can be 

observed in Figure 90 in comparison to Figure 89. 
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Figure 90. User Interface of the computer application after establishing the connection with the data logger. 

Especial attention will be paid to the indicator lights that the panels display; these 

lights will warn about whether a process has been completed, uncompleted or still in process. 

 

Figure 91. User Interface of the data logger during the conduct of a test. 

In Figure 91, the application is performing a measuring test on the wind tunnel. As it 

can be seen, the ‘Set Zero’ indicator is in green, which means that said button was pressed 

before starting the test to reset all values. Also the ‘Option 3’ is checked which means that 

said test routine is the one ongoing. The screen of the ‘Data Logger’ panel displays in real 

time the analogic values that the pressure sensor is harvesting. 
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The steps to use the software together with many other indications to carry out a test 

successfully are thoroughly listed in section 5.1.  

 

 Upgrading in the pitot tube 

The pitot tube is the flow measurement device used in this project. It works following 

the Bernoulli’s Principle and its purpose is to measure the fluid velocity, as it was explained 

in detail in section 2.1.5.3. 

The previous pitot tube installed downstream the blade cascade was made out of a 

hypodermic needle, since it is a straight thin conduit. The needle was attached to a rubber duct 

and connected to the differential pressure sensor. The inner diameter of the needle was of 0,5 

mm. This size turns out to be pernicious regarding the quality of the measurements. Too small 

and narrow inlets lead to load losses in the fluid flow, which means that a lower pressure 

would be measure in the sensor. To prevent this from happening, a new thicker and wider 

pitot tube was made. The new tube is a brass cannula with an inner diameter of 1 mm, enough 

to avoid load losses. Also an aluminum support was machined with the help of a lathe to give 

stability to the tube. The tube goes through the support and the support has a threaded hole to 

be screwed in the measuring device in such a way that the duct faces the flow coming out of 

the wind tunnel outlet. The different views can be appreciated in Figure 92. 

 

Figure 92. New pitot tube with the different parts explained. 
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In the next Figure 93 we can see the different parts that make up the new pitot tube. 

The base of the support has been flattened out so that the piece can rest in parallel with the 

flow. Also, the outlet side of the support has been machined to make an accommodation that 

matches the diameter of the rubber duct that goes to the pressure sensor.  

 

Figure 93. Parts of the new pitot tube seen from different angles.  
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4.4. Blade and cascade 

The model of study, in other words, the turbocompressor blade cascade was also 

completely changed. This radical upgrading in the blades went hand in hand with the 

upgrading of the blade cascade support, as it noted in section 4.1.3. 

The need of having to fix the blades in the support in a different way also motivated 

deeper changes like the size of the blade and even the previously selected airfoil profile. 

Also, it was sought to gain more precision and therefore both a different material and 

manufacturing way of making the blades was used. 

 

 Previous blades 

Alfonso Rojo, in his Final Degree Project [15], made, together with the wind tunnel, 

the first cascade out of a set of four turbocompressor blades. To manufacture these four 

blades, the chosen airfoil profile was the NACA 6510. The NACA 65 series is one of the 

most widely used airfoil families in the fabrication of turbocompressors. Another commonly 

used airfoil families for turbocompressors are the British C-series, like the C-4 or C-7 or the 

DCA (Double Circular Arc) blades [24].  

The acronym NACA stands for “National Advisory Committee for Aeronautics”, 

which was a U.S. federal agency founded on March 3, 1915, to undertake, promote, and 

institutionalize aeronautical research. After its dissolution on October 1, 1958, all its assets 

and personnel were transferred to a new organization, the “National Aeronautics and Space 

Administration”, NASA. Many of the airfoils profiles still in use today in aircrafts, turbines or 

turbocompressors, among others, were developed in the 30, 40 and 50’s decades by NACA. 

Avionics still under development and world conflicts ongoing made these decades the golden 

age of fluid mechanics. In fact, many modern avionics have their origins in World War II 

wartime developments. 

NACA classifies its airfoils series with an alphanumerical codification. The most 

extensively used series are the NACA 4-series, NACA 5-series and NACA 6-series whose 

classification codes consist of 4, 5 or 6 digits respectively, although there are other more 

complex series like the NACA 7-series or NACA 8-series, whose classification codes possess 

seven and eight digits respectively. The first NACA airfoil series, the 4-digit, 5-digit, and also 
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the modified 4-/5-digit, were generated using analytical mathematical equations that describe 

the camber (curvature) of the meanline (geometric centerline) of the airfoil section and the 

section's thickness distribution along the length of the airfoil. Later families, including the 6-

Series, are more complicated shapes and are obtained by using theoretical rather than 

geometrical methods [25]. 

It is important not to mistake the NACA 65 series with the NACA 4, 5 or 6-series; the 

NACA 65 series is a family of a higher rank, and any of the other NACA series can be part of 

it, like the series-4 or series-6, depending on how the coordinates for the profile airfoil are 

obtained. The NACA 4, 5 or 6 series is merely a classification code that indicates the number 

of digits of said code. In particular, the NACA 6510 airfoil that Alfonso Rojo chose in his 

project [15] belongs to the NACA 4-series family, and also to the greater NACA 65 series. 

The same NACA 6510 airfoil profile was also used in the two following Final Degree 

Projects of both Eduardo Bahamonde [16] and Jorge Lleonart [17]. It is this last one student 

who explained thoroughly and step by step the procedure to achieve any airfoil profile of the 

NACA 4-series, particularizing later for the NACA 6510. 

After computing the coordinates for the upper and lower surfaces of the profile, it is 

possible to pass those data to a CAD software such as CATIA V5 and create a tridimensional 

model of the blade. Due to this, it turns out relatively easy to use a 3D printer to obtain the 

model blades for the blade. Alfonso Rojo employed this technology to make for NACA 6510 

blades in plastic. 

 

Figure 94. Model of the cascade of NACA 6510 airfoil blades 

obtained with CATIA V5 [15]. 

 

Figure 95.A single NACA 6510 airfoil blade produced by 

the 3D printing technique [15]. 
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The result of the 3D printing can be seen in Figure 95. If we take a closer look two 

critical defects can be appreciated: 

 Buckling, straightness and stiffness: due to the extrusion temperature and the 

heated surface that the 3D printer needs to grow the pieces, it was of high 

difficulty to achieve straight thin blade models of plastic due to the softness of this 

one at printing temperatures. Making the models thicker is not an option since that 

would be modifying the NACA profile, and lowering the printing temperature 

might clog the 3D printer nozzle because of premature solidification. Shortening 

the height of the blades would help the printing process but would affect the 

measurements; it is desired to have long enough blades so that the measurements 

are taken at their medium height with the Pitot tube without having turbulences 

and swirls due to tip and hub or annulus losses.  

 Rough finish of the surface: the 3D printing process leaves, to a greater or lesser 

extent, ridges and grooves in the surfaces of the models. This is because this 

technique grows the pieces by piling up layers of material. Having such a rough 

finish will affect the boundary layer, which will likely turn into turbulent regime 

sooner than in those surfaces with a smooth finish. This would affect the quality of 

the measurements taken with the Pitot tube downstream considerably.  

The second batch of blades went hand in hand with Jorge Lleonart [17], who firstly 

tried to print a single blade with the help of a 3D printer, improving the printing techniques to 

avoid buckling and get a better finish, and then replicate that model in casts with epoxy resin. 

After a few tries, that alternative was discarded due to the complexity to replicate blade 

shapes in said casts with resin. The final solution that Lleonart carried out was to print all four 

of the blades with the 3D printer, being careful with the extrusion temperature to prevent the 

pieces from bending and afterwards, and in order to smooth out the superficial trails that the 

3D printing process leaves, a coating was applied to the models. This second batch of blades 

is shown in Figure 96. 
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Figure 96 Second batch of blades, made by Jorge Lleonart [17]. These blades present an almost inexistent buckling 

and a better surface finish thanks to the white coating. 

Having mitigated the defects of buckling and surface finish, another problem aroused: 

the solidity 𝜎 and the stagger angle γ of the cascade that Lleonart utilized are not constant. 

These two issues were already outlined superficially back in section 4.1.3, when it was 

justified the need of making a new bracket clamp support for the cascade that assures constant 

these two parameters. 

 

Figure 97. Cascade of four NACA 6510 blades obtained by Lleonart [17] mounted in the primitive rotating setup. 

The blades were evenly spaced manually so the solidity varies slightly along the 

cascade. At the same time, each one of the blades in the cascade rotates around its own 

vertical axis by means of a parallelogram of rods, changing this way their stagger angle. This 

mechanism was as well made by hand, which means that the axis of rotation of each blade 

was found by rough visual estimation and so, it does not necessarily go through the real 

geometrical center of the airfoil profile: This deviation makes the stagger angle differ slightly 

from one another. The correction of this two problems will be implemented in section 4.4.3 

with a series of plates designed with CATIA V5 which maintain an exact solidity and stagger 

angle in each test. 
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All these imprecisions drove us to improve both the airfoil profiles and the way these 

blades were put together to make the cascade up. 

 

 Upgraded blades: NACA 65-206 

The main motivation to upgrade the blades was to improve the straightness of said 

blades, prevent buckling and achieve a smooth polished finish in the surfaces, as well as 

maintaining a constant solidity and stagger angle in the cascade. All these turned out to be not 

completely satisfactory in the previous two models made by Rojo in [15] and Lleonart in [17].  

4.4.2.1. Manufacturing method 

There were three alternatives to evaluate: 

 3D printing 

 Wood carving 

 CNC, milling machine 

Obtaining the new blades with the help of the 3D printer of the laboratory was quickly 

discarded because of the concern of repeating faulty models again. On the other hand, the 

choice of getting the pieces by means of wood carving was interesting. It would only require 

to take the blueprints with the dimensions of the NACA 65-206 to a woodwork where they 

might be able to machine a long wood strip with the airfoil profile. This option would be 

presumably fast, economical and since the manufacturing would by means of an automatized 

machine, it would also be precise and accurate. However, since the airfoil section is a 

particular intricate shape, this option might be impossible to carry out successfully. 

After exploring those two options, a third one came up to be the definitive one. The 

School of Industrial Engineering of the Polytechnic University of Madrid provides a 

Mechanical Engineering facility with a laboratory and a workshop on it. The workshop is 

equipped with, among other machinery, a 5-axis milling machine. This way, it was almost 

immediate to think that the best option to manufacture four blades would be using said 

facilities. 

Now that it has been cleared up that the final manufacturing method for the 

turbocompressor airfoil profiles will be by means of a 5-axis CNC milling machine, it is 

precise to decide whether to use the same airfoil or a different one. 
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4.4.2.2. Airfoil profile choice 

As mentioned in section 4.4.1, the most widely used geometric airfoil families are the 

NACA 65 series, the British C series and the DCA, which stands for Double Circular Arc. 

The first task then seemed to be deciding the best airfoil family to start with. Dixon [1] and 

Aungier [26] mention in that the NACA 65 series has its maximum thickness at 40% of the 

chord while the C series is at 30% and the DCA is at 50%. These differences in the maximum 

thickness position with respect to the chord of the blade have a distinguishable effect on the 

velocity distributions measured around the blades surfaces: those airfoils with the maximum 

thickness near the leading edge, and in consequence, with a well-rounded leading edge will 

have a wide operating range but a poorer high speed performance than blades with a sharp 

leading edge as a consequence of having the maximum thickness point further back. For this 

reason, the chosen family will still be the NACA 65 series, since it is the middle ground in 

between the C series and the DCA. 

Several options were considered within the NACA 65 series: 

Table 8. List of the considered NACA profiles 

NACA 65-010 NACA 65-209 
NACA 65-(21)10 NACA 65-(15)10 
NACA 65-410 NACA 65-210 
NACA 65-(24)10 NACA65-(18)10 
NACA 65-810  
NACA 65-(12)10  
  

All the airfoil NACA codes listed in Table 8 are from the NACA 6-series and have a 

subscript 1 before the dash, but it has been omitted for clarity. The 6-series was derived using 

an improved theoretical method that, like the 1-series, relied on specifying the desired 

pressure distribution and employed advanced mathematics to derive the required geometrical 

shape. The goal of this approach was to design airfoils that maximized the region over which 

the airflow remains laminar. In so doing, the drag over a small range of lift coefficients can be 

substantially reduced [25]. 

The reason behind using the 6-series, setting aside that it is one of the most widely 

used airfoils for compressors, is that the obtainment of this profile does not require plugging 

values into mathematical equations. The coordinates that make up the shape of the airfoils of 

this series are already computed by algorithms that maximize the streamlined design of blades 

for their specific purpose, and hence we do not run the risk of losing precision in the 

mathematical calculations. Getting rid of equations might be improving the profile generation 
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to a greater or lesser extent. All these coordinates for a very large quantity of different airfoil 

profiles are tabulated and stored in airfoil databases that can be found on the Internet and that 

will be used later such as [27] or [28]. 

According to the NACA airfoil nomenclature, the naming convention of the 6-series 

airfoils means the following: in the example of NACA 651-410, 6 denotes the series. The 

second digit, 5, is the location of the maximum thickness point (𝑡) in reference to the chord (𝑙) 

of the blade. In this case, the maximum thickness point is located at the 50% of the chord’s 

length, right in the middle of the blade. The subscript 1 indicates that low drag is maintained 

at lift coefficients 0.1 above and below the design lift coefficient (0.4) specified by the first 

digit after the dash in tenths. The final two digits specify the thickness in percentage of chord, 

or in other words,  the 𝑡 𝑙⁄  ratio, which for the case of our example is of 10% [25]. 

After knowing this and in order to decide the best blade option for testing in the wind 

tunnel, we resorted to Dixon once more. According to Dixon [1], the 𝑡 𝑙⁄  ratio gives an idea of 

the suitability of the airfoil for being used in as a turbocompressor blade. In this ratio, 𝑡 is 

maximum thickness and 𝑙 is the length or chord of the blade. The smaller the ratio, the thinner 

the blade will be in comparison to its length. The maximum 𝑡 𝑙⁄  ratios of compressor blade 

sections are nowadays normally less than 10%, being 5 or 6% the most often ratio used 

because of the superior high Mach number that can be achieve with thinner blades. After 

going over its features and physically measuring, to be certain, the NACA 6510 blade that 

Lleonart utilized in his project, the following parameters were obtained [17]: 

Table 9. Specifications of the NACA 6510 [17]. 

NAME NACA 6510 
CHORD (mm) 60 
MAX. THICKNESS (mm) 6 
BLADE HEIGHT (mm) 110 
  

Following the NACA airfoil nomenclature for the 4-series airfoils ratifies what is 

summed up in Table 9. For the 4-series, the first digit specifies the maximum camber (𝑚) in 

percentage of the chord (airfoil length, 𝑙), the second indicates the position of the maximum 

camber (𝑝) in tenths of chord, and the last two numbers provide the maximum thickness (𝑡) of 

the airfoil in percentage of chord [25]. In the NACA 6510 case, it means that said airfoil has 

maximum thickness of 10% located at the 50% of the chord 𝑙, which for Lleonard’s particular 

case translates into having the maximum thickness of 𝑡 = 10 𝑚𝑚 at 𝑙 = 30 𝑚𝑚. 

If we apply what Dixon says to the NACA 6510 airfoil: 
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𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝐶ℎ𝑜𝑟𝑑
=

𝑡

𝑙
=

6 𝑚𝑚

60 𝑚𝑚
= 0,1 → 10% (94) 

As it can be appreciated, the percentage of 10% falls within the range that Dixon 

considers necessary for turbocompressor blades. However, it is not the optimum percentage 

for these designing purposes, which mentioned to be of 5-6%.  

Looking at Table 8 displayed previously, and knowing now what the NACA airfoil 

nomenclature for the 6-sereis means, it is possible now to pick out the NACA profile that 

suits the 𝑡 𝑙⁄  ratio of 5% or 6%. Out of the list, the closest airfoil to the 5 or 6% that Dixon is 

taking about is the NACA 65-206. If we read out the final two digits of its code, we get that 

the thickness in percentage of chord, the 𝑡 𝑙⁄  ratio, is of 6%. 

For all this reasons, the NACA 65-206 will be the chosen airfoil to obtain our 

turbocompressor blades. 

4.4.2.3. Blade dimensions and final design 

Since the dimensions of the wind tunnel outlet have not changed, neither in height nor 

in width, it is preferable to maintain similar overall dimensions both as to the blades is 

referred and to the cascade.  

Additionally, the best curvature angle, 휃, for turbocompressor blade cascades ranges 

from 30º to 40º. As seen in section 2.3.1, the curvature angle of an airfoil is defined as the 

angle formed by the line tangent to the camber line at the leading edge with the line tangent to 

the chord line at the trail edge. 

With these two premises it is possible to obtain the airfoil profile. There are a 

multitude of airfoil databases at our disposal on the Internet. The two of them that were used 

for analyzing and weighting out the different profiles are [27] and [28], being the first one 

notably more used. The database referenced in [27] has a total of 1636 airfoils available that 

can be found through filtering by name, thickness and cambers. It also has a plotter that 

allows you to view a sketch of the airfoil as well as diagrams and other important data related 

with said airfoil. The plotter tool is the key feature of this site since it allows to perform 

transformations on the airfoil. The most important ones from the design point of view are the 

chord length and radius of curvature. After having done all the pertinent modifications to the 

default airfoil, the webpage permits to download a “dat.” file with the coordinates of each one 

of the points that conforms the profile. 
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Figure 98. NACA 65-206 airfoil sketch before applying the curvature transformation. Plotted in [27]. 

Figure 98 shows a sketch of the NACA 65-206 airfoil still unmodified. The chord 

length has been set to be of 𝑙 = 45 𝑚𝑚. The previous blades that Lleonart made had a chord 

of 𝑙 = 60 𝑚𝑚, however we decided to shorten the chord, making the blades a bit smaller, to 

simplify the machining process in the CNC milling machine. 

The next step to take is giving the airfoil an approximate curvature angle that fulfills 

the condition mentioned before: 30° < 휃 < 40°. This was achieved by trial and error, thanks 

to the possibility that the plotter of [27] granted us. It allows to plug in the value of the 

curvature radius that the designer wants. This will result in a certain value of the curvature 

angle that will be dependent on the chord length. Also, the curvature radius will be difficult to 

predict with mathematics since the camber line is not a perfect circular arc and hence said 

angle cannot be calculated with trigonometry. After choosing a value for the radius curvature 

and being plugged into the plotter, the file with the curved profile can be downloaded and sent 

to CATIA V5, where tangents lines can be drawn to know the exact curvature angle obtained. 

This process was repeated several times until a curvature angle of 휃 = 34,77° ≈ 35° was 

achieved. This value falls right in the middle of the range mentioned before of 30º~40º. 

 

Figure 99. NACA 65-206 airfoil sketch after applying a curvature radius of 120 mm (≈ 35°). Plotted in [27]. 

Figure 99 depicts the sketch of the NACA 65-206 airfoil. The red line represents the 

upper and lower surfaces of the profile while the brown one is the camber line and the blue 

one is the circular arc. 

The coordinates of the “dat.” file are gathered up and listed in Annex III. Said file 

comes with the information of the coordinates for both the upper and lower airfoil profile 
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surfaces as well as the coordinates of the camber and circular arc lines, which is purely the 

same information sketched in Figure 99 by the plotter of [27]. 

Once the package of data is passed to CATIA V5 and drawn, the profile is clearer to 

see and work with. 

 

Figure 100. Sketch of the NACA 65-206 airfoil in CATIA V5, drawn thanks to the coordinates obtained in [27] and 

listed in Annex III. 

If we take a look at the file with the coordinates, we can easily obtain the exact 

dimensions of our blade and hence, apply Equation (94) to check if the 𝑡 𝑙⁄  ratio seen in 

section 4.4.2.2 is indeed the expected 6% in the NACA 65-206 airfoil: 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝐶ℎ𝑜𝑟𝑑
=

𝑡

𝑙
=

2,61 𝑚𝑚

44,737 𝑚𝑚
= 0,058 ≈ 6%  

The height of the blade will be determined by the empty space that the support bracket 

leaves in the inside of the wind tunnel outlet. From in-field measurements and [15], we get 

that the height of the outlet is of 122 mm ≈ 120 mm. For such a reason, the height of the 

blade cascade clamp was designed to be of 110 mm, leaving only 1 cm of leeway for the 

clamp system to rotate, optimizing this way the space of the wind tunnel outlet. With all these 

dimensions into account the blades were machined with a height of 75,5 mm. Also, to 

improve the stability and help the blades to stay vertical when it comes to be being fixed to 

the support bracket, it was thought to machine the blades with a small pedestal of 10 mm 

high. This way, the whole blade, which is the blade proper and its pedestal, are 76,5 mm in 

total height. 
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Figure 101. NACA 65-206 blade in CATIA V5 with its most representative final dimensions. 

The blades used by Alfonso Rojo were bigger in both section and height; in these 

ones, since they did not used a clamp support, it was possible to machine them up to 110 mm 

in height. 

As mentioned previously along this section, it was decided to make the same number 

of blades as in anterior projects. Thus, the cascade will be made up of four NACA 65-206 

blades. 

 

Figure 102. View of the upper (up) and lower (below) surfaces of the mechanized NACA 65-206. 
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Figure 103. The four samples for testing of the NACA 65-206 blades. 

The material used to machine the four blades of the cascade is an aluminum alloy of 

the 7000 series, more concretely the 7075 aluminum alloy. This alloy has the zinc as the 

primary alloying element. The exact composition is: 5.6%-6,1% zinc, 2,1-2,5% magnesium, 

1,2-1,6% copper and finally traces of less than a half percent of silicon, iron, manganese, 

titanium and chromium. The 7075 aluminum alloy is produces in different tempers and has a 

density of 𝜌 = 2,81 𝑔 𝑐𝑚3⁄ . It is one of the most widely used aluminum alloy for 

applications subjected to high levels of stress and for that reason has traditionally been used in 

aircraft structural parts. This alloy is known as one of the strongest aluminum alloys and has 

an excellent ability to be highly polished, leaving a smooth and shiny surface [29]. 

 

 Cascade: stagger angle pattern plates. 

In the previous section 4.1.3 we explained a really important upgrade for the wind 

tunnel, which is substituting the old cascade support by a new improved one that assured, 

among other things, the main improvements of endowing the blades conforming the cascade 

with more stability and maintaining a constant stagger angle in between said blades as well as 

a constant value of solidity along the cascade. The last missing piece to get the bracket clamp 

completely ready is including the patter plates in said bracket clamp. 

As it was seen in section 4.1.3, the cascade support clamp has a frame made up of four 

threaded rods, a base and an upper lid. The pattern plates will match the dimensions of the 
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wooden slat that is the base and will have four holes, one on each corner, so that they slide 

through the rods of the frame down to the base. This way, the pattern plates will remain 

completely fixed and well oriented once they are mounted in the clamp. 

The principal function of this plates will be keeping two of the most crucial cascade 

parameters absolutely constant throughout the tests in the wind tunnel by locking the blades in 

a certain position given by the own plate. This two parameters are the stagger angle γ and the 

solidity 𝜎: 

 The stagger angle γ: also called settling angle, is the angle between the chord line 

and the turbomachine axial direction. For the conduct of the tests, it was decided to 

use five of the most representative stagger angles in turbocompressors. Thus, it 

will be necessary to make five different pattern plates, one for each stagger angle. 

The chosen stagger angles are outlined in Table 10. 

Table 10. The five stagger angles chosen for different cascade configurations. 

𝛄 = 𝟎° 𝛄 = 𝟑𝟎° 
𝛄 = 𝟑𝟓° 𝛄 = 𝟒𝟎° 

𝛄 = 𝟒𝟓° 

From now on, we will refer to the different cascades as ‘SET’. ‘SET 0º’ if the 

stagger angle of that cascade is 0º, ‘SET 30º’ if the stagger angle is 30º, ‘SET 35º’ 

if the stagger angle is 35º and so on. This will spare having to write ‘γ’ or ‘stagger 

angle’ when we are referring to a particular cascade configuration. 

In Figure 104, the five different cascades that will be tested in the wind tunnel are 

displayed. Each one of the sets has its blades oriented as each one of the stagger 

angles of Table 10 dictates. 

 

Figure 104. The five cascade configurations, each one with a different stagger angle. Drawn in CATIA V5. 
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 The solidity σ: the solidity of a cascade is the ratio in between the chord of the 

blades that the cascade is made of and the spacing in between those blades. This 

parameter will be immutable and will not change in any of the five pattern plates. 

According to Dixon [1], a high-solidity blading (𝜎 = 2) results in the production 

of a wall stall in the cascade, while a low-solidity (𝜎 = 1) blading generates a 

blade stall instead. Just to clarify, it is worth mentioning that the wall stall is 

simply a boundary layer separation, or a stall, as the ones generated in blades and 

explained in section 2.1.3, with the difference that this one happens in the outer 

casing of the turbomachine (turbocompressor in this case). The stall phenomenon 

varies from the wall to the blade, so to establish a middle ground in between both 

values, a solidity of 𝜎 = 1,5 will be sought. Also, greater values of solidity will 

give a better control over the flow direction, however it will be at the expense of 

increasing the losses due to friction severely. For the wind velocities that our wind 

tunnel handles, this occurrence can be totally neglected since it only begins to 

come into effect at transonic speeds. 

In view of the available space in the inside of the bracket clamp and the desired 

solidity of 𝜎 = 1,5, the best spacing in between the cascade blades, as shown in 

Figure 105, was chosen to be of 30 mm.  

 

Figure 105. Sketch of the cascade in CATIA V5 with a stagger angle of γ = 0°. The dimensions are given in mm. 

Hence, according to said spacing in between blades and taking into account the 

chord length of said blades, the solidity of our cascade can be calculated through 

Equation (95) [2] as: 
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𝜎 =
𝐶ℎ𝑜𝑟𝑑

𝑆𝑝𝑎𝑐𝑖𝑛𝑔
=

𝑙

𝑠
=

44,737 𝑚𝑚

30 𝑚𝑚
= 1,49 ≈ 1,5 (95) 

As it can be seen, the solidity meets the requirement fixed before of 𝜎 = 1,5. 

The pattern plates consist basically of thin rectangular pieces of methacrylate where, 

by means of an industrial laser, the cross-sectional areas of the blades have been cut through 

the thickness of the material, leaving behind an empty slot with the exact shape of the airfoils. 

The design of the plates has been done in CATIA V5.  

 

Figure 106.Design in CATIA V5 of the five pattern plates with the stagger angles of Table 10. 

Thanks to this computerized machining process performed in the plastic plates, a 

constant stagger angle and a constant solidity are achieved in each one of the five plates. In 

Figure 107 the five pattern plates that will be used in this project are shown. 

 

Figure 107. Real manufactured pattern plates. 
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Together with the slots, four notches were also engraved in the upper surface, near the 

corners, of the plates as shown in Figure 106. In each plate, the two notches closer to the 

leading edge of the airfoil-shaped slot are oriented with the blade inlet angle 𝛼1
′  of the blade 

(see section 2.3.1) whilst the two other notches, closer to the trailing edge, are oriented with 

the blade outlet angle 𝛼2
′ . Both angles considered with respect to the vertical direction, which 

is to say, the direction of short side of the plate. 

Table 11. Chart with the 𝛼1
′  and 𝛼2

′  angles for the different stagger angles γ of the sets.  

 Blade inlet angle 𝜶𝟏
′  Blade outlet angle 𝜶𝟐

′  

Set 𝛄 = 𝟎° 19,584° −15,185° 

Set 𝛄 = 𝟑𝟎° 49,584° 14,815° 

Set 𝛄 = 𝟑𝟓° 54,584° 19,815° 

Set 𝛄 = 𝟒𝟎° 59,584° 24,815° 

Set 𝛄 = 𝟒𝟓° 64,584° 29,815° 

All angles of both 𝛼1
′  and 𝛼2

′  shown in Table 11 are taken with respect to the vertical 

direction as shown in the blade cascade nomenclature of Figure 26 in section 2.3.1. 

These notches, together with the angle positioning system that will be described in the 

next section 4.4.4, will help to orientate the cascade in the wind tunnel before taking any 

measurements. The values of both 𝛼1
′  and 𝛼2

′  angles vary depending on the stagger angle of 

the cascade as it will be seen in next section 4.4.4 as well. 

Those notches with the angle 𝛼2
′  engraved in the back of the pattern plates will help us 

in the testing process, during the obtaining of the outlet flow velocity 𝑐2 in the wind tunnel. 

To do so, the pitot tube will be aligned with those 𝛼2
′  notches to measure the requested 𝑐2 

velocity. In reality, the pitot tube should be aligned with 𝛼2 instead of 𝛼2
′  since that first one is 

the real direction of the outlet airflow velocity. The direction of the velocity 𝛼2 and the blade 

outlet angle 𝛼2
′  do not coincide because the velocity always presents a deviation 𝛿. Said 

deviation of the outlet airflow is nothing but the difference in between the air outlet angle and 

the blade outlet angle (𝛿 = 𝛼2 − 𝛼2
′ ) and it is also depicted in Figure 26 of section 2.3.1. The 

flow deviation happens because the airflow at the outlet of the blade, 𝑐2, tries to turn slightly 

towards the upper surface of the blade, which has lower pressure and thus drifting away from 

𝛼2
′ , which is the natural direction that the flow would acquire at the blade exit if it were not 

for this phenomenon. Hence, what the pitot tube will be really measuring is a great 

component of the outlet flow velocity, most of it, but not the complete one since the deviation 
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is unknown beforehand. This will have to be taken into account in the results. To align the 

pitot tube with 𝛼2
′ , a ruler or any other straight and flat object can be used. 

 

Figure 108. Complete assembly of the support bracket clamp. Different views. The pictures show the progressive 

process of mounting the cascade into the support clamp with the pattern plate. 

The blueprints with the dimensions and details of each one of the pattern plates for the 

five chosen stagger angles can be found in Annexes IV to VIII.  
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Figure 109. Final appearance of the support bracket clamp with the cascade, ready to be tested. 

 Angle positioning system 

Once the cascade has been set to a certain stagger angle by means of the 

corresponding pattern plate and put in place into the wind tunnel outlet, it will be necessary, 

before carrying out any tests, to aim the cascade properly towards the incoming wind. In order 

to achieve this, it is necessary to know the incidence angle 𝑖. 

The incidence angle 𝑖 is the difference in between the flow inlet angle 𝛼1 and blade 

inlet angle 𝛼1
′  as seen in 2.3.1. According to what it was mentioned right before in section 

4.4.3, the angle 𝛼1
′  will be constant for each stagger angle; once a pattern plate has been 

mounted together with the blades in the bracket clamp, 𝛼1
′  will not vary. On the other hand, 

the flow inlet angle 𝛼1 will vary depending on the direction of the incoming air with respect 

to the vertical direction. It is advisable at this point to turn to Figure 26 in section 2.3.1 to 

visualize the nomenclature and angles since it might be confusing.  

Because the incoming air direction is prefixed by the wind tunnel geometry and it is 

impossible to change, it is why the circular platform turns with the bracket clamp and the 

cascade on top of it. This way, it is possible to simulate a change in the airflow direction by 

turning the cascade instead of actually making the flow change its direction, which as we said, 

would not be possible. Hence, to know the incoming airflow direction that the cascade sees 

from its point of view, which is to say the incidence angle 𝑖, it will be necessary to know the 

angle in degrees that the disk with the cascade turns with respect to its blade inlet angle 𝛼1
′ . 

One of the helps that were designed for this purpose are the notches representing the 

angle 𝛼1
′  of each cascade, mentioned in the past section 4.4.3 and engraved in the own pattern 
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plates. However, this is just a reference that in practice, while running a test, turns out to be 

difficult to use. Consequently, other solutions were implemented.  

The most immediate workaround was the creation of two angle gauges: one of this 

gauges would simply consist on translating the angle 𝛼1
′  of the notches of each pattern plate to 

a vinyl sticker that would be stuck on the rotating wooden disk that supports the whole 

bracket clamp mechanism.  

 

Figure 110. Sketch from CATIA V5 of the disk platform sticker with the 𝛼1
′  angles for every stagger angle of the five pattern 

plates. On the right, a detailed view of the 𝛼1
′  angles, in concordance with those shown in Table 11. 

In Figure 110 we see the sketch drawn in CATIA V5 for the sticker that goes in the 

circular rotating platform. The horizontal lines are merely a help to dovetail the bracket clamp 

with the disk and position it perfectly in perpendicular with respect to the wind tunnel airflow 

direction. 

Likewise, a second gauge was printed on another sticker, that would be adhered to the 

wind tunnel outlet nozzle, with a graduated angle scale for each set of stagger angles. These 

scales are basically arcs of protractors, whose angle 0° is the 𝛼1
′  of each one of the cascade 

configurations or settings. It was necessary to draw each scale on top of another one to avoid 

overlapping and too many lines intercrossed which would make nearly impossible any kind of 

readings.  
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Figure 111. Sketch from CATIA V5 of the wind tunnel outlet sticker with the different graduated arcs, one for each stagger 

angle of the five pattern plates. The 𝛼1
′  direction of each stagger angle or set is represented with the line marked as 0° in each 

one of the scales.  

The development of the second gauge for the wind tunnel in CATIA V5 was, to say 

the least, arduous and complex. Now if we take a closer look at Figure 111, we will notice a 

small bold line at the very bottom of the drawing, labeled with a 0° on top of it. Said line 

represents the vertical direction or the direction of the incoming airflow from the wind tunnel. 

That line was also used to dovetail and center the sticker in the wind tunnel outlet. It should 

be noted as well that each one of the graduated arcs ranges from -20° to 20° in steps of 1°. 

If now the mechanism is completely assembled, both gauges would look like Figure 

112 shows in the wind tunnel:  
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Figure 112. Model of both gauges in CATIA V5, placed in its starting working position. 

Or like in Figure 113, where a more realistic assembly is obtained in CATIA V5 as 

well. We can see the appearance of the wind tunnel outlet, indeed without the upper lid and 

both sliding endwalls on the sides to get a clearer view. 

 

Figure 113. Rendered view in CATIA V5 with the material appearances of the wind tunnel outlet and the complete assembly 

with exception of the bracket clamp which is not represented for the sake of simplicity. 

As explained in the caption of Figure 111, each one of the scales possesses a line 

labeled with a 0º. That line marked with 0º on each scale of each set is placed at the angle 𝛼1
′  

of said set with respect to the vertical direction. For instance, the line of 0º of the SET 35º is 

drawn at an angle of 54,584º to the left of the vertical direction. This is equivalent to say that 

𝛼1
′ = −54,584° according to Table 11, with a negative sign because the line is, as we are 

saying, on the left of the vertical direction. It is important to notice how the lines of the disk 

gauge represent the angle 𝛼1
′  on the right of the vertical direction while the lines marked with 

0º in each one of the five scales that the wind tunnel gauge has represent the angle 𝛼1
′  on the 

left of the vertical direction. Hence, this means that if, for instance, we align the lines of both 

gauges for a cascade configuration of a stagger angle 𝛾 = 30° (SET 30º), then what we are 

getting by reading the numbers of the wind tunnel gauge in the corresponding SET 30º scale 

is nothing but the subtract of 𝛼1 − 𝛼1
′ , which is the incidence angle 𝑖 that was pursued. For 

this given case of both lines being aligned, 𝑖 would be equal to zero. 

To clarify all the explained above we can take a look at Figure 114, where it can be 

seen a bird’s-eye view of how a cascade would be placed in the wind tunnel outlet during a 
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test scenario. The cascade chosen has been the one whose blades are position at a stagger 

angle of 𝛾 = 30°, which we have been naming ‘SET 30º’ for simplicity. The central image of 

Figure 114 has the cascade aiming at the airflow with an incidence angle of 𝑖 = 0°: both lines 

of the gauges are aligned as the red needle that has been added as a visual aid proves. On the 

contrary, the picture displayed on the left side of Figure 114 shows the cascade aiming 

towards the airflow with an negative incidence angle of  𝑖 = −10°. The picture on the right 

shows the opposite: a positive incidence angle of  𝑖 = +10°. 

 

Figure 114. Operating example of the cascade ‘SET 30º’ in the wind tunnel outlet model in CATIA V5. The three different 

images show a different incidence angle 𝑖. A red line has been added as a needle to help the reading of the angle 𝑖. 

It is a good time to remember that, when 𝛼1 > 𝛼1
′  the incidence angle 𝑖 will be 

positive and when 𝛼1 > 𝛼1
′  the incidence angle 𝑖 will be negative, as seen in section 352.3.1. 

Finally, we can see in Figure 115 a real image of the mechanism completely mounted 

and ready to carry out a test. The image on the right shows the whole assembly from above 

and the left one is a close-up view of the gauges. In the case shown in this particular example, 

the cascade has an incidence angle of 𝑖 = 0°, according to what it can be read in Figure 115. 
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Figure 115. Image of both gauge stickers working in the wind tunnel. The cascade used as example in this case has a stagger 

angle of 𝛾 = 35° (SET 35º). The piece of wood is used as needle or pointer to read the incidence angle 𝑖. 

It is important to notice that, in the example of Figure 115, we are taking 

measurements on a ‘SET 35º’ cascade and hence only the line and scale corresponding and 

labeled with ‘SET 35º’ in both gauges will be regarded to do the readings. All the lines left 

will be neglected. Also, it is useful sometimes to help ourselves with a small ruler or any 

straight piece that might serve as a needle. 

The blueprints of both gauges can be found in Annexes IX and X. 
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5. Measurements and Results 

The present Project was a very transversal one. It was necessary to have wide 

knowledge in Fluid Mechanics, Turbomachinery, CATIA V5, Arduino, electronics and 

programming abilities in both Visual Basic 6 and Matlab. 

 

5.1. Test methodology 

Before getting to the substance, it is important to go over certain aspects that will help 

to the overall understanding of the results. 

The NEMA 17 stepper motors are a special type of motor whose rotor is excited by 

several independent coils. This one in concrete has four. Thanks to this fact, these motors are 

able to rotate step by step instead of quickly spinning. This allows to control the degrees that 

the motor shaft sweeps with a large degree of accuracy. The three NEMA 17 stepper motors 

that the data logger device mounts take 200 steps/turn. This is the same as saying that they 

sweep 360º in 200 steps and consequently, they sweep 1,8º every step. That will be the 

maximum accuracy possible to achieve when rotating the pitot tube to orientate it. Said pitot 

tube will rotate in steps of 1,8º each.   

200 𝑠𝑡𝑒𝑝𝑠

1 𝑡𝑢𝑟𝑛
→

360°

200 𝑠𝑡𝑒𝑝𝑠
= 1,8°/𝑠𝑡𝑒𝑝 (96) 

For the movement of the X and Y arms of the mechanism, the other two NEMA 17 

stepper motors will each have pinions with 20 teeth attached to their shafts. This will pull a 

teethed belt, similar to a rack and pinion mechanism. To calculate the millimeters that the belt 

advances in every step of the motor, we take the degrees that the shaft advances every step of 

the motor and divide it by the number of teeth that the pinion has:  

1,8°

20 𝑡𝑒𝑒𝑡ℎ
= 0,09

𝑡𝑒𝑒𝑡ℎ

𝑠𝑡𝑒𝑝
≈ 0,1 𝑡𝑒𝑒𝑡ℎ/𝑠𝑡𝑒𝑝  

1 𝑡𝑜𝑜𝑡ℎ → 2 𝑚𝑚 𝑜𝑓 𝑎𝑑𝑣𝑎𝑛𝑐𝑒

0,1 𝑡𝑒𝑒𝑡ℎ → 𝑋 𝑚𝑚 𝑜𝑓 𝑎𝑑𝑣𝑎𝑛𝑐𝑒
} → 𝑋 =

2 ∙ 0,1

1
= 0,2 𝑚𝑚/𝑠𝑡𝑒𝑝 (97) 

This gives the number of teeth that the pinion attached to the shaft advances in every 

step of the shaft. From the belt datasheet we know that tooth pitch is 0,2 mm/step. So by a 
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simple rule of three, the millimeters that the belt advances in every step of the stepper motor 

can be achieved, as shown in Equation (97). 

The pressure transducer that the wind tunnel possesses is the DPS 300 from BD 

Sensors. This model in particular is a differential pressure sensor that needs a power supply of 

around 24 volts to function. It has two inlets and the difference in pressure in between these 

two connections is sent to the Arduino Mega in the form of a voltage level in between 0 V 

and 10 V. The range of differential pressure that the transducer is able to read is of 50 mbar 

(5000 Pa). If the difference in said pressure is of 0 mbar (0 Pa), then the returned voltage will 

be 0 V and, likewise, if the difference is of 50 mbar (5000 Pa), then the sensor will output a 

10 V signal. This generates a hardware problem in Arduino that Bahamonde solved in his 

project [16]: Arduino is only able to read voltage ranging from 0 V to 5 V, applying a higher 

voltage to one of its pins would result in burnout of said pin. Bahamonde used a zener diode 

before the Arduino pin to cut the voltage when this reaches a value of 5 V, blocking this way 

all the readings whose values are higher than those 5 V. This translates into receiving only 

half of the reading span that the transducer has. Thus, a value of 5 V coming from the sensor 

represents a differential pressure of 25 mbar (2500 Pa).  

25 𝑚𝑏𝑎𝑟 → 5 𝑉 → 1023

𝑋 𝑚𝑏𝑎𝑟 → 𝑌 𝑉 → 𝑁
} → 𝑋(𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒) =

25 ∙ 𝑁

1023
𝑚𝑏𝑎𝑟 (98) 

Hence, a difference in pressure of 25 mbar or 2500 Pa is the limit that the data logger 

device is able to read with the DPS 300 transducer. However, this will not affect any of the 

measurements since the pressure drops across the cascade will not read such pressures. 

Thanks to the built-in Analog to Digital Converter (ADC) with 10 bits of resolution 

that the Arduino processor of the data logger has, this level of voltage is translated into a 

numerical value in between 0, for 0 V, to 1023, for 5 V. This way and as it can be seen in 

Equation (98), the highest differential pressure achievable with the data logger will show up 

in the data logger controller application as a value of 1023 while the lowest will indeed be 0. 

After the test, a Matlab code is in charge of reading the ‘txt.’ file generated by the 

computer application that controls the data logger. Said Matlab code applies Equation (98) to 

obtain a vector of pressure values, in pascals, that will be next converted into a vector of 

airflow velocities by means of Equation (19) seen in 2.1.5.3. This will give a wind velocity 

profile after the cascade. A generic version of said code can be found in Annex II. 
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As mentioned before, since the transducer is a differential sensor and one out of the 

two inlets that it has is left unconnected and open to the atmosphere, then the differential 

pressure read by the data logger is the pressure above the reference pressure of the place 

where the test is being carried out at that moment, which is to say, the atmospheric pressure. 

Finally, it is important to mention that, because of the configuration of the diaphragm 

mechanism for measuring pressure that the DPS 300 has inside, it is of crucial importance to 

always use this transducer in vertical position; laying the controller box down or placing it 

upside down might lead to measuring errors. 

In the following lines the main steps to carry out a wind tunnel test will be described 

in detail: 

STEPS: 

1. Getting the cascade support ready  

First of all, the support bracket clamp is taken out of the wind tunnel.  

2. Assembling the cascade with the pattern plates 

Having the bracket clamp outside of the wind tunnel, we proceed to assemble the 

blades in said bracket clamp with the help of the pattern plates as shown in Figure 

108 and Figure 109. The pattern plate with a determined stagger angle will have 

been decided beforehand. The support bracket clamp is then closed by the upper 

lid and tighten softly with wingnuts. This way, the cascade configuration of 

interest for testing will be ready. 

3. Mounting the support clamp into the wind tunnel 

The support bracket clamp is mounted back into the wind tunnel outlet with the 

help of two screws. It is important to mount it facing towards the proper direction, 

always with the edge of attach of the blades that conform the cascade facing the 

inside of the wind tunnel or, which is the same, the incoming airflow. 

4. Aligning the data logger and the cascade 

Now it is turn for the data logging device. Once the bracket clamp is fixed to the 

rotating disk of the wind tunnel, it is necessary to orientate the Y arm of the data 

logger device itself in perpendicular to the plane containing the edges of attack of 

the blades that conform the cascade. It is also correct if we rephrase and say that 

the X or sweeping arm, the one with the pitot tube, is aligned in parallel with the 

same cascade plane. To do so, we can help ourselves with a ruler so that the 
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sweeping arm of the device is rigorously in parallel with the pattern plate of the 

cascade. Once this has been achieved, the nut that is underneath the wind tunnel, in 

the axial axis of the support disk, is tighten to keep together both the data logger 

frame and the rotating disk linked under the same axis of rotation. 

5. Connecting the data logger to the computer 

The following step is plugging in the control box of the data logger device to the 

computer with an USB cord type A to B, suitable for Arduino. After this, we start 

the software application of the computer and connect the data logger by opening 

the correct COM port in the application. This way, we have initiated the 

communication in between the data logger and the computer. 

6. Positioning of the pitot tube 

The pitot tube needs to be in position before starting the test. This will be done in 

three substeps.  

a. Distance from the edge of attack plane of the blades: it needs to be moved away 

from the cascade the distance that we desire. 

b. Starting position: the data logger apparatus is programmed so that the sweeps are 

done from left to right. The pitot tube should be placed at the left side of the 

cascade (from the device point of view) before the beginning of the test. 

c. Pitot tube aligned with the blade outlet angle 𝛼2
′ : as it was explained in section 

4.4.3, the notched engraved at the back side of the pattern plates represent the 

direction of 𝛼2
′  for each stagger angle of the different plates. It will be intended to 

align the pitot tube, as much as possible, with the help of a ruler or a slat as long as 

this latter one is straight and plain. 

7. Defining the flow inlet angle 𝜶𝟏 

By means of the angle positioning system seen in 4.4.4, the cascade has to be 

oriented at a certain incidence angle 𝑖. In reality and as it is known, both the device 

and the cascade, since they move simultaneously around the same common axis or 

rotation. To ease up the orienting process, a ruler can be helpful as shown in 

Figure 115. 

8. Starting of the blower fan 

Before starting up the blower, it is advisable to put any kind of blockade to the 

wheeled data logger device frame, so the outcoming airflow does not make it roll 

away from its position. A wedge or a heavy weight would be enough. 
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9. Reset of parameters in the data logger application 

In the software opened in the computer, press the ‘Set Zero’ button, located in the 

‘Homing’ panel, to reset all parameters of distance and pitot position before 

starting to run the test. If a test was carried out before, it is also important to clear 

up the data window of the ‘Data Logger’ panel by pressing the button ‘Clear All’. 

This will wipe out the data collected previously. The buttons and menus of the 

application are listed on Table 7 in section 4.3.3. 

10. Running the test 

A test option should be selected beforehand. Currently there are three of them 

whose descriptions are summarized in the ‘Help’ icon that can be found next to 

them. Once this an option has been picked out, the ‘Start’ button is pressed to run 

the test. If the test has to be interrupted at any moment, it can be done by hitting 

any of the two ‘Stop’ buttons available. 

11. Saving the collected data in a file 

When the test has finished and the data logger is not collecting more data anymore, 

we press the ‘Stop’ button. At that moment the saving options will enable. First a 

file format has to be chosen and then the document will be saved after pressing the 

‘Save’ button. The ‘.txt’ format is recommended for commodity, especially if the 

intention is replicating the purpose of this project, which is measuring velocities, 

since the next and last step involves using a Matlab code to transform the read data 

into airflow velocity. 

12. Obtaining airflow velocity and graphs with Matlab 

The final step is reading the saved ‘.txt’ file in a Matlab code (Annex II) and 

obtaining the velocity profile along the cascade, if that was the chosen test option. 

To do so, two previous modifications have to be done in the ‘.txt’ file: 

a. Erasing the two commas at the header of the data columns. 

b. Opening the file with Excel and getting rid of the second column, which contains 

the values for the pitot position in millimeters, leaving only the column with 

analogic data. This modification will be saved as ‘.txt’ again. 

Now that the data file has only the column of analogic values, the Matlab code can 

be open. In order for Matlab to read the file, only the line corresponding to the file 

name should be changed.  

Run the Matlab code to obtain the velocity profile across the cascade.  
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5.2. Wind tunnel and blower measurements 

Before going ahead and carry out tests with the cascade in the wind tunnel, it was 

required to perform a check-up of the behavior of the facilities, both the wind tunnel and the 

data logger device, after the upgradings that they have been subjected to. 

All the tests carried on both the wind tunnel and its blower share the same measuring 

pattern: two sweeps from left to right in the horizontal direction. The first sweep having the 

pitot tube 0 mm away from the section of interest and the second one at a distance of 150 mm 

approximately. 

Firstly, the intention is knowing the wind velocity at the outlet nozzle of the wind 

tunnel and to do so, the pitot tube is placed in parallel to the outlet. As it can be appreciated in 

Figure 116, the average velocity in the test section of the wind tunnel is of 28 m/s. 

 

Figure 116. Velocity profile in the horizontal direction of the wind tunnel. 

After that, a second measurement was taken on the same outlet section of the wind 

tunnel. This time, the pitot tube has been positioned in an angle of 45º with respect to the 

axial direction of the wind tunnel. 

The wind speed profile of Figure 117 shows a decrease in the average velocity, which 

is reasonable due to the angled position of the pitot tube. Also, an anomaly can be seen on the 

right side of the wind tunnel test section. This disturbance shows up only when the pitot tube 

is angled beyond a certain angle, normally 35º or greater, and it is placed away from the 

nozzle a certain distance, which in this case is 150 mm. The reason behind this might be the 

formation of a swirl in a different direction from the axial one and that grows as the wind 
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flows away from the nozzle until it becomes big enough to be measurable. However, this is 

just a supposition. 

 

Figure 117. Velocity profile in the horizontal direction of the wind tunnel. Pitot tube angled at 45º. 

Finally, another test was run on the blower fan to verify if the wind flow is consistent 

and uniform across its transversal section. The result is shown in Figure 118. With a mean 

wind velocity of around 33 m/s, the blower fan presents a wind quality that is not completely 

uniform. Improvements might be suggested in section 6. 

 

 

Figure 118. Velocity profile in the horizontal direction of the blower fan.  
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5.3. Blade cascade measurements 

The basic data of the performance of a cascade are extracted from the pressure, flow 

angle and velocity measurements taken along the cascade, upstream at the intake and also 

downstream in the outlet of the cascade, in different tabs or measuring points. 

 

Figure 119. Representation of the stagnation pressure and the air outlet angle of a turbine cascade [2], [3]. 

Figure 119 represents the typical cascade test. In that particular test, the cascade 

belongs to a turbine configuration and the Mach number under which the test was carried out 

is of 𝑀 = 0,6. It is easily noticeable that there is a pressure drop along the different blades of 

the cascade. The deflection 휀 is not uniform and it has its peaks at the trailing edge of each 

blade at the pressure surface thereof. From those results the mean values of total pressure loss 

and air outlet angle 𝛼2 can be obtained.  

Similar tests carried out for a range of different air inlet angles 𝛼1 and with the same 

values of Mach 𝑀 and Reynolds 𝑅𝑒 numbers at the inlet will allow to determine the complete 

performance of the cascade for said Mach and Reynolds numbers. Normally, the tests are 

carried out under low flow velocity, with 𝑀 < 0,3 to neglect the effects of the Mach number 

an compressibility on the fluid but with a Reynolds number that is slightly higher than the 

critical one, 𝑅𝑒 > 2 × 105. When this condition is met, the total pressure losses and the fluid 

deflections are only moderately dependent on 𝑅𝑒. 

This way, the behavioral characteristics for the flow, the stagnation pressure loss 

coefficient 휁 and the air outlet angle 𝛼2 depend on the air inlet angle 𝛼1. 
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As covered in section 2.3.4 and can be seen in Figure 33, there is a strong upturn in the 

total pressure loss coefficient 휁 when the incidence increases towards positive angles and 

becomes greater than a certain threshold angle. In this region, the cascade starts to suffer from 

boundary layer separation. The exact threshold angle at which this happens is difficult to 

determine. For negative incidence angles, the pressure loss coefficient begins to increase 

again. Thus, a suitable working range can be defined; it can be found in between the two 

positive and negatives incidence angles for which the losses start growing. 

The measurement of the air output angles 𝛼2 is the main target of this project. 

 

 Gaussian curve smoothing 

Before presenting the graphs with the results it will be necessary to filter all the noise 

coming from different irregularities such a non-uniform airflow in the wind tunnel, vibrations 

in the pitot tube and especially electronic noise. To do so, the Matlab code used to draw the 

graphs from the obtained results includes a curve smoothing algorithm. This algorithm is 

called Gaussian Smoothing. Smoothing is a process by which data points are averaged with 

their neighbors in a series. This usually has the effect of blurring the sharp peaks from the raw 

data. Smoothing is sometimes called filtering. There are many different methods to smooth 

out date, but the Gaussian one was chosen for being simple. Mathematically, a Gaussian filter 

modifies the input data by convolution with a Gaussian function.  

The graph of Figure 120 shows the raw airflow velocity of the cross sectional length 

of the wind tunnel outlet (in blue) and its equivalent after being smoothed by the Gaussian 

filter (in orange). It is easily seen that the data becomes much more readable. There is 

however a defect in the filter that shows up at the beginning of the graphs that we have not 

been able to get rid of. 

 

Figure 120. Example of the effect of the Gaussian filter in the wind tunnel airflow speed along the outlet. 
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 Wind tunnel tests results 

The aim of the project is to achieve results similar to the ones shown below in Figure 

121. However, let us take a moment to notice how the measurements will not show the actual 

outlet flow velocity vector 𝑐2 in the 𝛼2 direction, but in the blade outlet direction 𝛼2
′ . This 

velocity vector would technically represent the velocity component of 𝑐2 in the 𝛼2
′ . This is to 

say that the pitot tube will be oriented in the 𝛼2
′  angle of the blade since 𝛼2 is, in principle, 

unknown. This way, the flow deviation is not being taken into account and although the 

difference will be minimal it is a detail important to highlight since a future aim for a 

continuation of this project might be finding 𝛼2. 

 

Figure 121. Velocity profiles in the wake of a compressor cascade at different distances [1]. 

The different test batches will be organized in the following way: 

Table 12. Summary of the different test batches performed. 

Stagger angle Incidence angle Distance 

𝜸 = 𝟎° 
𝑖 = +10° 
𝑖 = +5° 
𝑖 = 0° 

𝑖 = −5° 
𝑖 = −10° 

𝑌 = 1 𝑚𝑚 
𝜸 = 𝟑𝟎° 

𝜸 = 𝟑𝟓° 𝑌 = 10 𝑚𝑚 

𝜸 = 𝟒𝟎° 
𝑌 = 20 𝑚𝑚 

𝜸 = 𝟒𝟓° 

Each stagger angle will be positioned in the five incidences angles shown in Table 12. 

Then, the pitot tube will sweep along the cascade in each one of the three distances, in the 

appropriate angle 𝛼2 for each cascade. All the tests add up to a total of 90 tests. 

A schema with the six different incidence angles and the three distances that will be 

used in the tests is shown in Figure 122. 
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Figure 122. Schema of the flow incidence angles and pitot measuring distances that will be used in the test. 

Together with those test batches, it was also of interest to obtain the drift and widening 

in the wake that can be seen in Figure 121 or in the generic test shown in Figure 123. To do 

so, an incidence angle of typical use in turbocompressors was chosen. This incidence angle 

was set in 𝑖 = +5° because of the reasons explained in detail in section 2.3.4. 

 

Figure 123. Drift and widening of a wake after the cascade. Incidence 𝑖 = +5°. 

All the measurements were taken with the pitot tube at half of the blade’s maximum 

height and only the two central blades of the cascade were taken into account to draw the 

graphs. That way, pernicious effects on the boundary layer due to the wind tunnel walls were 

avoid as far as possible. 
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5.3.2.1. Set γ=0º results and graphs 

 

Figure 124. Stagger angle 0º, positive incidences, all distances. 
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Figure 125. Stagger angle 0º, negative incidences, all distances. 
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5.3.2.2. Set γ=30º results and graphs 

 

Figure 126. Stagger angle 30º, positive incidences, all distances. 
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Figure 127. Stagger angle 30º, negative incidences, all distances. 
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Figure 128. Wake profile of the cascade. Stagger Angle 30º, 𝑖 = +5°, distances of 1, 10 and 20 mm. 
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5.3.2.3. Set γ=35º results and graphs 

 

Figure 129. Stagger angle 35º, positive incidences, all distances. 
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Figure 130. Stagger angle 35º, negative incidences, all distances. 
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Figure 131. Wake profile of the cascade. Stagger Angle 35º, 𝑖 = +5°, distances of 1, 10 and 20 mm. 
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5.3.2.4. Set γ=40º results and graphs 

 

Figure 132. Stagger angle 40º, positive incidences, all distances. 
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For the case of the stagger angle 𝛾 = 40°, only the positives incidences gave a good 

result. For the negative incidence angles, the blades generated a wider wake. In certain cases, 

for incidences smaller than 𝑖 = −5°, the wake of a blade was so wide that it overlapped with 

the wake from the blade next to it, giving downstream velocity readings of zero since the pitot 

tube was shielded by the blade’s wake. 

 

Figure 133. Wake profile of the cascade. Stagger Angle 40º, 𝑖 = +5°, distances of 1, 10 and 20 mm. 
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5.3.2.5. Set γ=45º results and graphs 

The case of the 𝛾 = 45° configuration was even more pronounced than the previous 

one. The higher the stagger angle, the less the cascade is able to work with high incidence 

angles. In this case, neither the positive incidence angles nor the negative ones gave 

worthwhile results: only the first blade of the cascade seemed to behave correctly for low 

positive incidence angles (𝑖 = +5°). The other three blades were shielded by the first blade’s 

wake and remained in the inside thereof, throwing erratic results of velocity close to zero. 

After many tries and a little bit of luck, it was possible to obtain the wakes of the two 

first blades of the cascade, as shown in Figure 134. However, as it can be noticed on the right 

side of the image, the wake of the second blade starts to fade into a swirl soon after the pitot 

tube advances a little bit towards the third blade. 

 

Figure 134. Wake profile of the cascade. Stagger Angle 45º, 𝑖 = +5°, distances of 1 and 10 mm. 
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The efficient behavior of the blades of a turbocompressor cascade is limited by the 

thickening and separation of the boundary layers from the blades surfaces. When designing a 

compressor, it is important to quantify the profile losses and the separation limits of the 

blades. This is not an easy task due to the great amount of factors that come into play in the 

thickening of the boundary layer: superficial velocity distribution, Reynolds number, 

turbulences, roughness of the blade, etc. 

Lieblein found correlations that allow to predict with high accuracy the profile losses 

of the blade and the fluid deflection. After researching, Lieblein stated that the velocity 

distribution in the suction surface is the main factor to determine the total pressure loss. 

The local diffusion factor DF in the suction surface can be written as the relation in 

between the maximum outlet velocity 𝑐2𝑠, which is the isentropic velocity, and the averaged 

outlet flow velocity 𝑐2, as shown in Equation (99). 

𝐷𝐹 =
𝑐2𝑠

𝑐2
 (99) 

With the results obtained in the tests, different diffusion factors for different 

configurations have been calculated. In this case, all the five stagger angles where selected but 

only with incidence angles of +5° and +10°. The results are shown in Table 13. 

Table 13. DF coefficients for different configurations 

  Incidence angle 𝜶 

  +5o +10o 

St
ag

ge
r 

A
n

gl
e 

SET 0o 1.0374 1.0457 

SET 30o 1.0429 1.0481 

SET 35o 1.0482 1.0558 

SET 40o 1.0886 1.1603 

SET 45o 1.0589 1.0748 

Also, the results were plotted in Figure 135 to see the relation in between the stagger 

angle, the incidence angle and the DF coefficient at once. 
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Figure 135. Relation in between DF and the Stagger angle. The blue line is for incidence angle of +5° while the 

yellow line is for and incidence angle of +10°. 

Except for the stagger angle of 45°, where the tests in the wind tunnel start to be 

erratic in general terms, the tendency of the DF factor is growing as the stagger angle 

increases, being this growth more pronounced for stagger angles greater than 40°. 

Furthermore, the DF coefficient also increases with the incidence angle in the positive range 

going from +5° to +10°. 

Another design parameter that is worth to highlight for being simpler is the De Haller 

number. This number is nothing but another way to measure the overall amount of diffusion 

through a compressor cascade. It is used to limit the maximum pressure rise across the 

compressor cascade. De Haller’s rule says that: 

𝑐2 𝑐1⁄ ≥ 0,72 (100) 

Knowing from section 3.2 that 𝑐1 = 28 𝑚/𝑠, the De Haller number for all 

configurations used to calculate DF is around 𝑐2 𝑐1⁄ ≈ 1,1, which fulfills the rule. 
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6. Future work 

 Improvements in the tunnel: probably the most important change to carry out in future 

projects to obtain better results. It would be convenient to review wind tunnel designs for 

testing turbocompressor blades. Rebuild a new one from scratch might be easier than 

remodeling the current one. 

 Improvements in the turning system of the blades: installing a small stepper motor 

would allow to control the incidence angle via computer in a more precise and 

automatized way. 

 Improvements in the blower fan: The current blower might be overly powerful. A quick 

solution for this could be installing a regulator that allows to control the current and this 

way the velocity of the fan. Also, the wind generated by the blower is not uniform. To 

solve this, a deposit could be placed in between the blower and the wind tunnel inlet. A 

barrel might do the trick. 

 Pressure sensor for Arduino: such as the MS5540C, which are sensors whose measuring 

range goes from 0V to 5V, and hence getting rid of the need of using a zener diode as the 

one installed in the board currently to cut off the voltage excess beyond 5V. This would 

eliminate noise signal in a great way. These sensors normally have an analogic-to-digital 

converter with 16 bits giving more than sufficient precision occupying much less space. 

 Measure temperature and pressure of the air outside the tunnel in real time: with an 

extra pressure transducer for Arduino and with a NTC resistance to read the temperature. 

The Arduino Mega has many pins unused and this way a feedback correction of the 

readings could be achieved in real time. This way it would not be necessary to measure 

atmospheric conditions of pressure and temperature outside the tunnel before running a 

test. 

 Degree of soiling: an interesting study on the cascade would be how this one performs 

when its blades are soiled with particles or dust in the surface. It would be interesting to 

find a correlation to quantify the degree of soling and relate it to the loss of efficiency. 
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Annexes 

Annex I: Arduino code for the Data Logger Device 

// Programa de control de AGAPITA 

// Se incluye la librería Accelstepper para el control de los motores paso 

a paso 

 

//SUSTITUIMOS String incoming por Char incoming para mayor fluidez de 

comunicación 

 

#include <AccelStepper.h> 

 

// Declaración de variables globales 

int checkX1; // Señal Endstop X1. 

int checkX2; // Señal Endstop X2. 

int checkY1; // Señal Endstop Y1. 

int checkY2; // Señal Endstop Y2. 

// Variables INPUT_PULLUP para la detección de los finales de carrera. 

// Configuran los puertos digitales asociados de la Arduino con una 

impedancia más baja 

// con el fin de evitar falsos positivos debidos a interferencias. 

int triggerX1; // vars del input_pullup (negadas) 

int triggerX2; 

int triggerY1; 

int triggerY2; 

// Declaración de velocidades de los motores en pasos/s 

int speedX = 50; // velocidad para la función setSpeed() de eje X. 

int speedY = 50; // velocidad para la función setSpeed() de eje Y. 

int speedGiro = 10; // velocidad para la función setSpeed() de giro. 

float posX = 0; // variable para conocer la posición del Carro X. 

float posY = 0; // variable para conocer la posición del Carro Y. 

float angulo = 0; 

float anguloRad = 0; 

// Variables para el cálculo de posición 

float pitX0 = 0; 

float pitY0 = 0; 

float pitX1 = 0; 

float pitY1 = 0; 

float deltaX = 0; 

float deltaY = 0; 

float errorX = 0; 

float errorY = 0; 

float pitangulo = 0; 

// Variables para cálculos trigonométricos 

const float pi = 3.141592; 

double cosGiro = 0; 

double sinGiro = 0; 

float pitot = 32; // consideramos que la aguja del tubo de pitot mide 32 mm 

long targetX = 0; 

long targetY = 0; 

int value = 0; // Para la toma de medidas 

int zenValue = 0; 

float voltaje = 0.00; 

// Variables enable para gestionar la ejecución del programa 

boolean primerX; // condicion para el primer movimiento de X 
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boolean primerY; // condicion para el primer movimiento de Y 

boolean enableMovX; // enable para comprobar movimiento del eje X 

boolean enableMovY; // enable para comprobar movimiento del eje X 

boolean enableMovGiro; // enable para comprobar el giro 

boolean enableMedida; // enable para realizar la medida 

boolean enableMedida1; 

boolean enableMedida2; 

boolean enableDato; // enable para picar datos 

boolean movDer; //mov medida derecha 

boolean movIzq; //mov medida izquierda 

boolean homingX = HIGH; // Variable "enable" para que se realice el homing 

de X. 

boolean homingY = HIGH; // Variable "enable" para que se realice el homing 

de X. 

// Declaración de los puertos asociados a las variables de Accelstepper 

AccelStepper giro(1, 11, 12); // definición stepper1 -> Giro 

AccelStepper xAxis(1, 5, 6); // definición stepper2 -> Eje X 

AccelStepper yAxis(1, 16, 15); // definición stepper3 -> Eje Y 

 

char incoming = '0'; //Se crea una variable de tipo string para recibir 

datos del software del ordenador. Se incicializa esa variable en '0' 

 

// Función setup 

// Se inicia la comunicación por puerto serial 

// Se establecen los puertos de la arduino (INPUT-OUTPUT) 

// Se inicializan algunas variables 

// Se ejecuta la función menu, definida posteriormente 

void setup() { 

  Serial.begin(9600); //Encendemos puerto serie para comunicarnos con el 

software del ordenador 

  // Pines de los motores: 

  // se debe declarar explícitamente que funcionan como OUTPUT 

  // los pines de arduino que por defecto sirven de comunicación. 

  // Stepper 1 - Giro 

  pinMode(8, OUTPUT); // MS1 

  pinMode(9, OUTPUT); // MS2 

  pinMode(10, OUTPUT); // MS3 

  pinMode(11, OUTPUT); // STEP 

  pinMode(12, OUTPUT); // DIR 

  //digitalWrite(8,HIGH); 

  //digitalWrite(9,HIGH); 

  //digitalWrite(10,HIGH); 

  // Stepper 2 - Eje X 

  pinMode(2, OUTPUT); // MS1 

  pinMode(3, OUTPUT); // MS2 

  pinMode(4, OUTPUT); // MS3 

  pinMode(5, OUTPUT); // STEP 

  pinMode(6, OUTPUT); // DIR 

  //digitalWrite(2,HIGH); 

  //digitalWrite(3,HIGH); 

  //digitalWrite(4,HIGH); 

  // Stepper 3 - Eje Y 

  pinMode(21, OUTPUT); // MS1 

  pinMode(20, OUTPUT); // MS2 

  pinMode(19, OUTPUT); // MS3 

  pinMode(16, OUTPUT); // STEP 

  pinMode(15, OUTPUT); // DIR 

  // Pin analógico para la medida: 

  pinMode(A1, INPUT); 

  pinMode(A5, INPUT); 
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  // velocidades y aceleraciones de los motores 

  giro.setMaxSpeed(100); 

  giro.setSpeed(speedGiro); // misma velocidad que el eje X para pruebas 

  //giro.setAcceleration(100); 

  xAxis.setMaxSpeed(300); 

  xAxis.setSpeed(speedX); 

  //xAxis.setAcceleration(100); 

  yAxis.setMaxSpeed(300); 

  yAxis.setSpeed(speedY); 

  //yAxis.setAcceleration(100); 

  // Endstops 

  pinMode(29, INPUT_PULLUP); // Endstop X1 

  pinMode(33, INPUT_PULLUP); // Endstop X2 

  pinMode(37, INPUT_PULLUP); // Endstop Y1 

  pinMode(41, INPUT_PULLUP); // Endstop Y2 

  // LED 

  pinMode(13, OUTPUT); //LED 

  // Inicializar Enables 

  primerX = HIGH; 

  primerY = HIGH; 

  enableMovX = LOW; 

  enableMovY = LOW; 

  enableMovGiro = LOW; 

  enableMedida = LOW; 

  enableMedida1 = LOW; 

  enableMedida2 = LOW; 

  enableDato = HIGH; 

  movDer = HIGH; 

  movIzq = LOW; 

  //  homeAxis('x'); //BORRAR DESPUES DE ARREGLAR SOFTWARE 

} 

// Declaración de funciones 

 

void SoftwareController() { 

  if (incoming == '1') { 

    //led test on 

    digitalWrite(13, HIGH); 

  } 

  else if (incoming == '2') { 

    //led test off 

    digitalWrite(13, LOW); 

  } 

  else if (incoming == 'x') { 

    //home xAxis; 

    homeAxis('x'); 

    incoming = '0'; 

  } // reset de incoming 

  else if (incoming == 'y') { 

    //home yAxis; 

    homeAxis('y'); 

    incoming = '0'; 

  } // reset de incoming 

  else if (incoming == 'z') { 

    //home xAxis and yAxis; 

    homeAxis('x'); 

    homeAxis('y'); 

    incoming = '0'; 

  } //reset de incoming 

  else if (incoming == 'e') { 

    acercamiento(); 
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    incoming = '0'; 

  } // reset de incoming 

  else if (incoming == 'b') { 

    //Serial.println("Comprobando movimiento en X"); 

    enableMovX = HIGH; 

    incoming = '0'; 

  } //reset de incoming 

  else if (incoming == 'c') { 

    //Serial.println("Comprobando movimiento en Y"); 

    enableMovY = HIGH; 

    incoming = '0'; 

  } //reset de incoming 

  else if (incoming == 'r') { 

    //Serial.println("Comprobando giro"); 

    enableMovGiro = HIGH; 

    incoming = '0'; 

  } //reset de incoming 

  else if (incoming == 'w') { 

    yAxis.moveTo(posY + 3000); 

    yAxis.setSpeed(speedY); 

    yAxis.runSpeedToPosition(); 

    //Serial.println(yAxis.currentPosition()); 

    incoming = '0'; 

  } //reset de incoming 

  else if (incoming == 's') { 

    yAxis.moveTo(posY - 3000); 

    yAxis.setSpeed(speedY); 

    yAxis.runSpeedToPosition(); 

    //Serial.println(yAxis.currentPosition()); 

    incoming = '0'; 

  } //reset de incoming 

  else if (incoming == 'd') { 

    xAxis.moveTo(posX + 3000); 

    xAxis.setSpeed(speedX); 

    xAxis.runSpeedToPosition(); 

    //Serial.println(xAxis.currentPosition()); 

    incoming = '0'; 

  } //reset de incoming 

  else if (incoming == 'a') { 

    xAxis.moveTo(posX - 3000); 

    xAxis.setSpeed(speedX); 

    xAxis.runSpeedToPosition(); 

    //Serial.println(xAxis.currentPosition()); 

    incoming = '0'; 

  } //reset de incoming 

  else if (incoming == '3') { 

    giro.moveTo(angulo - 3000); 

    giro.setSpeed(speedGiro); 

    giro.runSpeedToPosition(); 

    Serial.println(giro.currentPosition()); 

    incoming = '0'; 

  } //reset de incominga 

  else if (incoming == '4') { 

    giro.moveTo(angulo + 3000); 

    giro.setSpeed(speedGiro); 

    giro.runSpeedToPosition(); 

    Serial.print(giro.currentPosition()); 

    incoming = '0'; 

  } //reset de incoming 

  else if (incoming == 'n') { 
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    xAxis.setCurrentPosition(0); 

    yAxis.setCurrentPosition(0); 

    giro.setCurrentPosition(0); 

    //Serial.println(" x=0 | y=0 | giro=0 "); 

    incoming = '0'; 

  } //reset de incoming 

  else if (incoming == 'p') { 

    enableMovX = LOW; 

    enableMovY = LOW; 

    enableMovGiro = LOW; 

    enableMedida = LOW; 

    enableMedida1 = LOW; 

    enableMedida2 = LOW; 

    incoming = '0'; 

  } //reset de incoming 

  else if (incoming == 'm') { 

    enableMedida = HIGH; 

    movDer = HIGH; 

    incoming = '0'; 

  } //reset de incoming 

  else if (incoming == 'v' ){ 

    enableMedida1 = HIGH; 

    incoming = '0'; 

  } 

  else if (incoming == 't'){ 

    enableMedida2 = HIGH; 

    incoming = '0'; 

  } 

} 

void homeAxis(char Axis) { 

  if (Axis == 'x') { 

    while (!checkX1) { 

      xAxis.moveTo(posX - 3000); 

      xAxis.setSpeed(speedX); 

      xAxis.runSpeedToPosition(); 

      triggerX1 = digitalRead(29); 

      checkX1 = !triggerX1; 

    } 

    Serial.println("HomingXDone"); 

 

    xAxis.setCurrentPosition(0); 

    xAxis.stop(); 

    endstopX1(); 

    xAxis.moveTo(posX + 3000); 

    xAxis.setSpeed(speedX); 

  } 

  if (Axis == 'y') { 

    while (!checkY1) { 

      yAxis.moveTo(posY - 3000); 

      yAxis.setSpeed(speedY); 

      yAxis.runSpeedToPosition(); 

      triggerY1 = digitalRead(37); 

      checkY1 = !triggerY1; 

    } 

    Serial.println("HomingYDone"); 

    yAxis.stop(); 

    endstopY1(); 

    yAxis.moveTo(posY + 3000); 

    yAxis.setSpeed(speedY); 

  } 
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} 

void acercamiento() { 

  //Serial.println("Acercando Eje Y "); 

  while (!checkY2) { 

    yAxis.moveTo(posY + 3000); 

    yAxis.setSpeed(speedY); 

    yAxis.runSpeedToPosition(); 

    triggerY2 = digitalRead(41); 

    checkY2 = !triggerY2; 

  } 

  yAxis.stop(); 

  endstopY2(); 

  yAxis.moveTo(posY - 3000); 

  yAxis.setSpeed(speedY); 

} 

void endstopX1() { 

  //Serial.print("Position at arrival X1: "); 

  //Serial.println(xAxis.currentPosition()); 

  posX = xAxis.currentPosition(); 

  xAxis.moveTo(posX + 10); 

  xAxis.setSpeed(speedX); 

  while (xAxis.distanceToGo() != 0) { 

    // Serial.print(xAxis.currentPosition()); 

    // Serial.print(" | "); 

    xAxis.moveTo(posX + 10); 

    xAxis.setSpeed(speedX); 

    xAxis.runSpeedToPosition(); 

  } 

  xAxis.moveTo(posX + 3000); 

  xAxis.setSpeed(speedX); 

  triggerX1 = digitalRead(29); 

  checkX1 = !triggerX1; 

} 

void endstopX2() { 

  //Serial.print("Position at arrival X2: "); 

  //Serial.println(xAxis.currentPosition()); 

  posX = xAxis.currentPosition(); 

  xAxis.moveTo(posX - 10); 

  xAxis.setSpeed(speedX); 

  while (xAxis.distanceToGo() != 0) { 

    // Serial.print(xAxis.currentPosition()); 

    // Serial.print(" | "); 

    xAxis.moveTo(posX - 10); 

    xAxis.setSpeed(speedX); 

    xAxis.runSpeedToPosition(); 

  } 

  xAxis.moveTo(posX - 3000); 

  xAxis.setSpeed(speedX); 

  triggerX2 = digitalRead(33); 

  checkX2 = !triggerX2; 

} 

void endstopY1() { 

  //Serial.print("Position at arrival Y1: "); 

  //Serial.println(yAxis.currentPosition()); 

  yAxis.setCurrentPosition(0); 

  posY = yAxis.currentPosition(); 

  yAxis.moveTo(posY + 10); 

  yAxis.setSpeed(speedY); 

  while (yAxis.distanceToGo() != 0) { 

    // Serial.print(yAxis.currentPosition()); 
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    // Serial.print(" | "); 

    yAxis.moveTo(posY + 10); 

    yAxis.setSpeed(speedY); 

    yAxis.runSpeedToPosition(); 

  } 

  yAxis.moveTo(posY + 3000); 

  yAxis.setSpeed(speedY); 

  triggerY1 = digitalRead(37); 

  checkY1 = !triggerY1; 

} 

void endstopY2() { 

  //Serial.print("Position at arrival Y2: "); 

  //Serial.println(yAxis.currentPosition()); 

  posY = yAxis.currentPosition(); 

  yAxis.moveTo(posY - 10); 

  yAxis.setSpeed(speedY); 

  while (yAxis.distanceToGo() != 0) { 

    // Serial.print(yAxis.currentPosition()); 

    // Serial.print(" | "); 

    yAxis.moveTo(posY - 10); 

    yAxis.setSpeed(speedY); 

    yAxis.runSpeedToPosition(); 

  } 

  yAxis.moveTo(posY - 3000); 

  yAxis.setSpeed(speedY); 

  triggerY2 = digitalRead(41); 

  checkY2 = !triggerY2; 

} 

void endstops() { 

  if (checkX1) { 

    endstopX1(); 

  } 

  if (checkX2) { 

    endstopX2(); 

  } 

  if (checkY1) { 

    endstopY1(); 

  } 

  if (checkY2) { 

    endstopY2(); 

  } 

  triggerX1 = digitalRead(29); 

  triggerX2 = digitalRead(33); 

  triggerY1 = digitalRead(37); 

  triggerY2 = digitalRead(41); 

  checkX1 = !triggerX1; // endstopX1 

  checkX2 = !triggerX2; // endstopX2 

  checkY1 = !triggerY1; // endstopY1 

  checkY2 = !triggerY2; // endstopY2 

} 

void medida() { 

  //medidas 

  zenValue = analogRead(A5); // zener y condensador 

  //Posición del CarroX 

 

  //DESCOMENTAR TODO LO DE ABAJO UNA VEZ HAGA UNA FUNCION DE MEDIDA 

ESPECIFICA PARA MEDIR SIN QUE SE MUEVA EL CARRO 

//  posX = 0.2 * xAxis.currentPosition() + errorX; 

//  posY = 0.2 * yAxis.currentPosition() - errorY;   

//  Serial.print(posX); 
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//  Serial.print(", "); 

//  Serial.print(posY); 

//  Serial.print(", "); 

  Serial.println(zenValue); 

   

 

//  // Barrido a derecha para la toma de datos 

//  if (movDer) { 

//    xAxis.moveTo(posX + 3000); 

//    xAxis.setSpeed(speedX); 

//    xAxis.runSpeedToPosition(); 

//  } 

//  if (checkX2){ 

//    enableMedida = LOW; 

//    } 

} 

void medida1() { 

  //medidas 

 

  zenValue = analogRead(A5); // zener y condensador 

  Serial.print(zenValue); 

  Serial.print(", "); 

  Serial.println(1.8 * giro.currentPosition()); 

  for (int i = 0; i <= 8; i++) { 

    giro.moveTo(angulo + 3000); 

    giro.setSpeed(speedGiro); 

    giro.runSpeedToPosition(); 

    delay(100); 

  } 

  delay(1000); 

  if (1.8 * giro.currentPosition() >= 60) { 

    enableMedida1 = LOW; 

  } 

} 

void medida2() { 

  zenValue = analogRead(A5); // zener y condensador 

  Serial.print(zenValue); 

  Serial.print(", "); 

  Serial.println (posX = 0.2 * xAxis.currentPosition()); 

 

  xAxis.moveTo(posX + 3000); 

  xAxis.setSpeed(speedX); 

  xAxis.runSpeedToPosition(); 

  

  delay(250); 

 

  if (posX = 0.2 * xAxis.currentPosition() >= 110) { 

    enableMedida2 = LOW; 

  } 

 

} 

void movX() { 

  triggerX1 = digitalRead(29); 

  triggerX2 = digitalRead(33); 

  triggerY1 = digitalRead(37); 

  triggerY2 = digitalRead(41); 

  checkX1 = !triggerX1; // endstopX1 

  checkX2 = !triggerX2; // endstopX2 

  checkY1 = !triggerY1; // endstopY1 

  checkY2 = !triggerY2; // endstopY2 
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  endstops(); 

  if (primerX) { 

    triggerX1 = digitalRead(29); 

    checkX1 = !triggerX1; // endstopX1 

    primerX = LOW; 

  } 

  if ((!checkX1) && (!checkX2)) { 

    triggerX1 = digitalRead(29); 

    triggerX2 = digitalRead(33); 

    checkX1 = !triggerX1; // endstopX1 

    checkX2 = !triggerX2; // endstopX2 

    xAxis.runSpeedToPosition(); 

  } 

} 

void movY() { 

  triggerX1 = digitalRead(29); 

  triggerX2 = digitalRead(33); 

  triggerY1 = digitalRead(37); 

  triggerY2 = digitalRead(41); 

  checkX1 = !triggerX1; // endstopX1 

  checkX2 = !triggerX2; // endstopX2 

  checkY1 = !triggerY1; // endstopY1 

  checkY2 = !triggerY2; // endstopY2 

  if (primerY) { 

    primerY = LOW; 

  } 

  endstops(); 

  if ((!checkY1) && (!checkY2)) { 

 

    triggerY1 = digitalRead(37); 

    triggerY2 = digitalRead(41); 

    checkY1 = !triggerY1; // endstopY1 

    checkY2 = !triggerY2; // endstopY2 

    yAxis.runSpeedToPosition(); 

  } 

} 

void movGiro() { 

  giro.moveTo(angulo + 3000); //Aqui ponía "PosX + 3000" pero lo cambié a 

angulo porque creo que estaba mal. Lo cambié haciendo el medidas1() 

  giro.setSpeed(speedGiro); 

  giro.runSpeedToPosition(); 

} 

void loop() { 

  // Selección en el menu del software del ordenador 

  if (Serial.available() > 0) { 

    incoming = Serial.read(); 

    SoftwareController(); 

  } 

  //Check de todos los finales de carrera 

  triggerX1 = digitalRead(29); 

  triggerX2 = digitalRead(33); 

  triggerY1 = digitalRead(37); 

  triggerY2 = digitalRead(41); 

  checkX1 = !triggerX1; // endstopX1 

  checkX2 = !triggerX2; // endstopX2 

  checkY1 = !triggerY1; // endstopY1 

  checkY2 = !triggerY2; // endstopY2 

  // Si alguno está activado, parar giro. 

  if ((checkX1) || (checkX2) || (checkY1) || (checkY2)) { 

    //incoming='s'; 
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    //selectorMenu(incoming); 

    enableMovGiro = LOW; 

    //enableMedida=LOW; 

    if ((enableMedida) && (checkY2)) { 

      enableMedida = LOW; 

      movIzq = LOW; 

      movDer = LOW; 

      homeAxis('y'); 

    } 

    if ((enableMedida) && (checkX1)) { 

      movIzq = LOW; 

      movDer = HIGH; 

      if (angulo < 60) { 

        //Coordenadas viejas pitot 

        angulo = 1.8 * giro.currentPosition(); // currentPosition() en 

pasos. 200 pasos/vuelta 

        anguloRad = angulo * 2 * pi / 360; // en Radianes 

        pitX0 = sin(anguloRad) * pitot; 

        pitY0 = cos(anguloRad) * pitot; 

        giro.moveTo(giro.currentPosition() + 3); 

        giro.setSpeed(speedGiro); 

        while (giro.distanceToGo() != 0) { 

          giro.runSpeedToPosition(); 

        } 

        //Coordenadas nuevas pitot 

        angulo = 1.8 * giro.currentPosition(); // currentPosition() en 

pasos. 200 pasos/vuelta 

        anguloRad = angulo * 2 * pi / 360; // en Radianes 

        pitX1 = sin(anguloRad) * pitot; 

        pitY1 = cos(anguloRad) * pitot; 

        // Corrección de la posición de X 

        deltaX = pitX1 - pitX0; // en mm, valor absoluto 

        errorX = errorX + deltaX; // en mm, error acumulado 

        // xAxis.moveTo(xAxis.currentPosition()-(pitX1-pitX0)/0.2); 

        // xAxis.setSpeed(speedX); 

        // while (xAxis.distanceToGo()!=0){ 

        // xAxis.runSpeedToPosition(); 

        // } 

        // Corrección de la posición de Y 

        deltaY = pitY0 - pitY1; // en mm, valor absoluto 

        errorY = errorY + deltaY; // en mm, error acumulado 

        yAxis.moveTo(yAxis.currentPosition() + (deltaY) / 0.2); 

        yAxis.setSpeed(speedY); 

        while (yAxis.distanceToGo() != 0) { 

          yAxis.runSpeedToPosition(); 

        } 

      } 

      else { 

        enableMedida = LOW; 

        movIzq = LOW; 

        movDer = LOW; 

        homeAxis('x'); 

      } 

    } 

    if ((enableMedida) && (checkX2)) { 

      movDer = LOW; 

      movIzq = HIGH; 

      if (angulo < 60) { 

        //Coordenadas viejas pitot 
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        angulo = 1.8 * giro.currentPosition(); // currentPosition() en 

pasos. 200 pasos/vuelta 

        anguloRad = angulo * 2 * pi / 360; // en Radianes 

        pitX0 = sin(anguloRad) * pitot; 

        pitY0 = cos(anguloRad) * pitot; 

        giro.moveTo(giro.currentPosition() + 3); 

        giro.setSpeed(speedGiro); 

        while (giro.distanceToGo() != 0) { 

          giro.runSpeedToPosition(); 

        } 

        //Coordenadas nuevas pitot 

        angulo = 1.8 * giro.currentPosition(); // currentPosition() en 

pasos. 200 pasos/vuelta 

        anguloRad = angulo * 2 * pi / 360; // en Radianes 

        pitX1 = sin(anguloRad) * pitot; 

        pitY1 = cos(anguloRad) * pitot; 

        // Corrección de la posición de X 

        deltaX = pitX1 - pitX0; // en mm, valor absoluto 

        errorX = errorX + deltaX; // en mm, error acumulado 

        Serial.println(deltaX); 

        Serial.println(errorX); 

        // xAxis.moveTo(xAxis.currentPosition()-(pitX1-pitX0)/0.2); 

        // xAxis.setSpeed(speedX); 

        // while (xAxis.distanceToGo()!=0){ 

        // xAxis.runSpeedToPosition(); 

        // } 

        // Corrección de la posición de Y 

        deltaY = pitY0 - pitY1; // en mm, valor absoluto 

        errorY = errorY + deltaY; // en mm, error acumulado 

        Serial.println(deltaY); 

        Serial.println(errorY); 

        yAxis.moveTo(yAxis.currentPosition() + (deltaY) / 0.2); 

        yAxis.setSpeed(speedY); 

        while (yAxis.distanceToGo() != 0) { 

          yAxis.runSpeedToPosition(); 

        } 

      } 

      else { 

        enableMedida = LOW; 

        movIzq = LOW; 

        movDer = LOW; 

        homeAxis('x'); 

      } 

    } 

    endstops(); 

  } 

  // Serial.println(incoming); 

  if (enableMovX) { 

    movX(); 

  } 

  if (enableMovY) { 

    movY(); 

  } 

  if (enableMovGiro) { 

    movGiro(); 

  } 

  if (enableMedida) { 

    medida(); 

  } 

  if (enableMedida1) { 
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    medida1(); 

  } 

  if (enableMedida2) { 

    medida2(); 

  } 

} 
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Annex II: Matlab code for results and curves obtaining 

clear all 
clc 
close all 

  
rho = 1.205; %Density of air (in Kg/m3) at the Tº and pressure of the room 

where the wind tunnel is. 
             %In this case, Tº = 25ºC and p = 101325 Pa 

              
fileID = fopen('NAME_OF_TEST_FILE.txt','r'); 
formatSpec = '%f'; 
measurement = fscanf (fileID,formatSpec); 
fclose(fileID); 

  
sweep = 0:0.2:109.8; 
sweep = sweep'; 

  
[n m] = size(measurement); 

  
for i=1:1:n 
    pressure = (25*measurement(i))/1023; 
    pressure = pressure*100; %From mbar to Pa, multiply by 100 
    velocity(i) = sqrt((2*pressure)/rho); %velocity in m/s 
    velocity = velocity'; 

     
    %Gaussian Smoothing 
    g = gausswin(3); 
    g = g/sum(g); 
    velocity = conv(velocity, g,'same'); 
end 

  
hold on 
grid minor 
set(gca,'FontSize',22) 
title('Title of the graph') 
ylabel ('Wind Speed (m/s)') 
xlabel ('Swept path along the cascade (mm)') 

xlim([20 80]); %Range from 20mm to 80mm, for example 
plot(sweep, velocity, 'linewidth', 2) 
legend('Airflow velocity') 
hold off 
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Annex III: NACA 65-206 data and characteristics 

NAME NACA 65-206 
CHORD (mm) 45 
RADIUS (mm) 120 
ANGLE OF CURVATURE (deg) 34,77 ≈ 35 
THICKNESS (%) 100 
BLADE LENGTH (mm) 120 
ORIGIN (%) 0 
PITCH (deg) 0 

 

Airfoil Surface 

Upper Surface Lower Surface Camber Line Chord Line 

X (mm) Y (mm) X (mm) Y (mm) X (mm) Y (mm) X (mm) Y (mm) 

0 0 0 0 0 0 0 0 

0.207407 0.235621 0.242613 -0.191046 0.207203 0.0117721 2.249868 -0.021093 

0.318464 0.288478 0.356627 -0.226431 0.317799 0.03716 4.498945 -0.084365 

0.541663 0.368681 0.583664 -0.275023 0.540236 0.051648 6.746441 -0.189794 

1.104486 0.507939 1.14687 -0.351096 1.100581 0.081867 8.991565 -0.337342 

2.235966 0.710543 2.268833 -0.46838 2.225102 0.124059 11.233528 -0.526958 

3.371463 0.858384 3.38804 -0.571848 3.351591 0.145999 13.471541 -0.758574 

4.509391 0.96898 4.50555 -0.67273 4.478893 0.150834 15.704819 -1.032111 

6.791323 1.100771 6.73516 -0.875597 6.736058 0.115311 17.932576 -1.347471 

9.077076 1.135037 8.959274 -1.095306 8.99371 0.022509 20.154028 -1.704543 

11.363502 1.084349 11.178532 -1.336265 11.250149 -0.123498 22.368396 -2.103202 

13.647488 0.953294 13.393439 -1.601134 13.503621 -0.321748 24.574899 -2.543309 

15.9262 0.74611 15.604471 -1.891268 15.752506 -0.570775 26.772763 -3.024707 

18.197622 0.464316 17.811383 -2.206152 17.996111 -0.869641 28.961216 -3.547229 

20.45773 0.105258 20.015742 -2.542825 20.232326 -1.218068 31.139487 -4.110689 

22.704173 -0.333424 22.217661 -2.897679 22.460917 -1.615552 33.30681 -4.714891 

24.93243 -0.854536 24.419271 -3.267486 24.679823 -2.061677 35.462425 -5.359621 

27.140204 -1.451994 26.620507 -3.657847 26.887411 -2.556194 37.605573 -6.044654 

29.326729 -2.119025 28.819589 -4.075875 29.082844 -3.099342 39.7355 -6.769748 

31.490368 -2.850421 31.015775 -4.52617 31.264491 -3.690723 41.851458 -7.534648 

33.629905 -3.642379 33.207431 -5.013595 33.430925 -4.330841 43.952703 -8.339085 

35.743945 -4.49097 35.392722 -5.543904 35.580098 -5.020453 

37.832778 -5.390821 37.568248 -6.12332 37.710896 -5.760045 

39.896204 -6.336362 39.7289 -6.764093 39.820256 -6.552736 

41.935459 -7.320551 41.866651 -7.482204 41.904818 -7.402882 

43.952703 -8.339085 43.952703 -8.339085 43.952703 -8.339085 
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Annex IV: Base for NACA 65-206, stagger angle 𝛄 = 𝟎º 
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Annex V: Base for NACA 65-206, stagger angle 𝛄 = 𝟑𝟎º 
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Annex VI: Base for NACA 65-206, stagger angle 𝛄 = 𝟑𝟓º 
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Annex VII: Base for NACA 65-206, stagger angle 𝛄 = 𝟒𝟎º 



Turbomáquinas 

183 

Annex VIII: Base for NACA 65-206, stagger angle 𝛄 = 𝟒𝟓º 
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Annex IX: Angle Positioning System, inner gauge 
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Annex X: Angle Positioning System, outer gauge 
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Annex XI: Expenses 

COMMERCE PRODUCT AMOUNT PRICE PARTIAL TOTAL TOTAL 

ALMAPROIN Bearing 6300 ZZ GPZ 1 2.08 
  

  Bearing 6300 2RS GPZ 3 7.18 
  

  Bearing 51104 GPZ 1 3.00 
  

        14.83 
 

LEROY MERLIN Swivel caster wheel D=100mm w/o brake 2 15.5 
  

  Swivel caster wheel D=100mm w/ brake 2 19.5 
  

  Bottle satin blue paint 750ml 1 13.2 
  

  Plastic wheel 25mm  3 2.70 
  

  Threaded rod 3mm 1m 2 0.68 
  

  Corner brace 40x40mm 10 10.50 
  

  Strong tie 40mm  10 4.00 
  

  100 Screw box 3,5x20mm 1 4.50 
  

  PVC channel 15mm 2m 2 5.10 
  

  Drawer ball guide 17x180mm 1 1.99 
  

        77.67 
 

BRICOR L shaped steel angle 25x25x1000mm 3 18.45 
  

  Drawer aluminum knob 1 6.00 
  

        24.45 
 

CEPLASA Glaspack oddments 2 3.00 
  

  Methacrylate laser cut 5 53.72 
  

  Methacrylate disk 1 35.01 
  

  

Vynil sticker outer angle gauge 1 10 
  

Vynil sticker inner angle gauge 1 15 
  

        116.73 
 

CONECTROL DC-DC Adjustable LM2577 Module 1 5 
  

        5.00 
 

DIOTRONIC Power Supply 12V 2,1A 79x51x28mm 1 9.37 
  

  Connector 2.54 CI-Male 4 CTS 5 0.75 
  

  CO340 Female 4 CTS 2.54 5 0.45 
  

  JST Connector 3 CTS Female 2.54 6 1.8 
  

  JST Base CI 3 CTS 2.54 Serie XH 6 0.9 
  

  JST Connector 2 CTS Female 2.54 2 0.3 
  

  JST Connector PCB 2 CTS Male 2.54 2 0.3 
  

  JST Terminal Serie BTWF 30 0.9 
  

  JST Terminal for XHP 60 3 
  

  Cable coating black 10m 0.6cm 1 1.22 
  

  Electronic box S.70 black 220x145x80mm 1 12.01 
  

  JST Connector PCB 4 CTS Male 2.54 5 0.75 
  

  JST Connector 2 CTS Female 2.54 5 0.75 
  

  
   

36.49 
 

  
    

275.17 
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