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Chapter 1. Introduction 
 

1.1. Process of olive fruits collection 
The process of collecting olive fruits is considered as a heavy-duty and time-consuming job (Figure 1). 

In a quick overview, the process consists of two main tasks. Initially, a net is placed around the tree 

and the branches of the tree are shacked or smacked for the olive fruits to fall from the branches to 

the ground, where the net is placed. The second task is the collection of the fruits lying on the net in 

bags, or crates, for the olive fruits to be transported from the field. Both tasks need machinery 

assistance, to be less demanding and more time efficient. 

After a quick search in the literature one can find agricultural machinery for assistance in both tasks. 

The first task of harvesting can be aided using electric-powered brushes that smack the fruits off the 

tree. A more highly automated solution involves the use of vibrational machinery, which vigorously 

shakes the entire tree, causing the fruits to dislodge from the branches. As for the second task, the 

collection of the fruits to the transporting units (sacks, crates) there also exists some machinery-aided 

solutions for reducing the labour part. Most of them are ad-hoc solutions due to the specific features 

of the tasks, depending on the field's morphology. A more robust solution for making that process less 

arduous and more efficient is by using an aspirator device. 

 

Figure 1: Aspirator device on the field, during the collection of olive fruits. [Source: Youtube video - Agrioil aspiratore 
idraulico raccolta olive] 

The aspirator uses air suction to pick up the fruits from the net and dispose them in the collecting 

units, rather than collect the fruits of the net by hand. The use of the aspirator in this task, not only 

makes it less demanding for the workers, but it also saves labour time, as this machine can be operated 

even by one person, rather than multiple workers when it is done manually, thus reducing labour cost. 

1.2. Aspirator device 
The aspirator device (Figure 2) is composed of the collecting box, where the olive fruits are gathered, 

the hose that is actually a flexible pipe (hose), enabling the worker to collect the olive fruits, and the 

impeller's assembly, responsible for generating the suction airflow. The last part is the driving force of 

the aspirator. In more detail, an air blower is rotated by the power unit (usually the tractor’s engine), 

and an air flow is induced, due to the under-pressure (suction). Therefore, the hose can collect the 

olive fruits from the net, using the air flow and dispose them into the collecting bin.  
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Figure 2: Aspirator components [Source: www.agriexpo.online] 

The aspirator assembly can offer extra features, such as deleafing device, meaning the extraction of 

olive tree’s leaves from the pile collected on the net, so only the olive fruits are collected. To 

implement the above feature, the collecting bin of the aspirator must be modified, so when the pile 

is forced through the hose and transferred to the bin, there will be a separation of the solid material’s 

flow between the leaves and olive fruits. In this case the collecting bin is a cyclone, to wit a cylindrical 

barrel, which utilizes the lighter weight of the leaves compared to the heavier olive fruits, driving the 

flow of the solid particles of the olive fruits downwards to the bin and the leaves (following the air 

flow) towards the exit of the casing of the impeller (Figure 3). 

 

Figure 3: Cyclone's operation. It can be utilized to separate the olive leaves from the solids (olive fruits). [Source: Pneumatic 
conveying of solids. Ch.10] 

file:///C:/Users/kfyti/Documents/www.agriexpo.online
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Figure 4: Aspirator device with Cyclone. [Source: crfcostruzioni.it] 

Some other features that the aspirator assembly could offer regard the olive fruits storage. The 

collecting bin could have the ability to be risen using hydraulic cylinders, so the payload can be 

unloaded. An alternative solution could be a hydraulic or mechanical gate at the bottom of the bin 

that helps the olive fruits to unload. 

While the concept of the aspirator machine is straightforward, the design and implementation pose 

challenges, due to the intricate airflow generated by the centrifugal impeller. The complexity of the 

airflow stems from the elaborate geometry of the air domain, particularly in the case of the cyclone 

aspirator, and the fact that the flow is not a single-phase flow but rather a complex two-phase mixture 

of air and large solid particles. In addition, the bulk density of the solid phase (not the density of a 

single particle) cannot be predetermined, due to the multiple forces acting on the solid particles and 

the air-solid interactions, as seen in Figure 5. 

 

Figure 5: Forces acting on a solid particle that is transported due to an airstream. [Source: Research article, “Prediction of 
Horizontal Pneumatic Conveying of Large Coal Particles Using Discrete Phase Model”] (1) 

The forces acting on a solid particle carried due to airstream, as shown in the figure above, are the 

drag force 𝐹𝑑, the gravitational force 𝐺 and the boyuoancy force 𝐹𝑠. In addition, a particle interacts 

with other solid particles and the pipe walls due to collisions, as shown in the following Figure 6. 

file:///C:/Users/kfyti/Documents/crfcostruzioni.it
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Figure 6: Change of the velocity components of a spherical solid particle due to wall collision. [Source: "PNEUMATIC 
CONVEYING OF SOLIDS THROUGH STRAIGHT PIPES”] [6] 

The attempt to construct an analytical solution for the two-phase flow, for determining the necessary 

air flow that the impeller must induce for the transportation of the olive fruits, or the olive fruit flow 

that will be generated, is a very complex task. Research on related topics involves the investigation of 

the necessary velocity for pneumatic conveying of finer particles at the range of the micrometers 

(𝜇𝑚). In those diameter regimes, the inertia forces are not as influential as they are for the olive fruits. 

The dominant forces are the viscosity and coherence forces. Furthermore, the olive fruits shape is not 

isotropic, so its orientation relevant to the air flow direction changes the direction of the lift forces, 

which are more dominant compared to the micrometer regime. Also, the orientation of the olive fruit 

due to random collisions with other olive fruits and the wall changes in an unpredicted fashion. In 

conclusion, the most efficient way for making progress with the calculation is with simulations, 

experiments and manipulation experimental data obtained from previous trials. 

1.3. Purpose of this project 
The aspirator machine falls within the domain of commercial agricultural machinery, and being a 

relatively new device, there is a lack of documentation and extensive bibliography, regarding its design 

parameters. In addition, there is no experimental data of olive fruits pneumatic conveying, as the only 

extended bibliographic research of dilute phase pneumatic conveying of large particles (𝑐𝑚 regime) is 

for large coal particles [1]. Therefore, the purpose of this project is to register a bibliographic reference 

for the aspirator device operation and working principles. Moreover, to write down the theoretical 

background for the designing process of the aspirator device.  

 

Figure 7: Aspirator device’s assembly designed in CAD software. 
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As previously mentioned, the approach of obtaining insights for designing the aspirator device 

involves the manipulation of empirical data from prior endeavours. Experimental data can resolve 

empirical equations from interpolation of the experimental data and from similarity laws. The author 

initiated an effort to design an aspirator device with no previous experimental data in his possession. 

The components were initially chosen for the construction of an aspirator device with a cyclone, as 

presented in Figure 7: Aspirator device’s assembly designed in CAD software.Figure 7.  

The choice to include a cyclone was motivated by its ability to achieve two critical goals: firstly, to 

separate the olive fruits solid particles from the air stream, before the flow reaches the impeller's 

inlet, and secondly, to facilitate the separation of olive leaves from the collected olive fruits. The 

parameter’s selection was mainly based on reverse engineering methods, due to the lack of 

experimental data; therefore only a few of the mathematical formulas found in bibliography could be 

applied. Further analysis of the reasons for choosing the initial setup of the aspirator device and its 

parameter’s selection can be found in sections 3.3 and 3.53.5. It's important to note that the outcomes 

of the initial endeavor were reasonably good, in terms of solid particle transport, although there was 

room for improvement. Additionally, the performance in separating leaves from the collected olive 

fruits was not as satisfactory. Some data were also gathered during this process, which is elaborated 

upon in section 3.63.6.  

It will become evident in the following sections that these data alone are insufficient for a 

comprehensive analysis of the operating conditions of the aspirator device. One crucial variable is the 

solid particles velocity 𝑐 and the pressure drop for the solid particles motion, but unfortunately this 

variable can be experimentally calculated only with sophisticated experimental setup, such as high-

speed cameras or Laser-Doppler Velocimetry. 

 

Figure 8: Laser doppler velocimetry setup. [Source: https://velocimetry.net/ldv_principles.htm] 

To enhance the performance of the aspirator device, the author embarked on a second project aimed 
at constructing an aspirator device with a different setup. In this second design iteration, the cyclone 
was substituted with a straightforward, sizable rectangular box, which was employed as both a 
collecting bin and a separator for solid particles. Therefore, the function of expelling olive leaves was 
abandoned, as observations made during the operation of the first aspirator device with a cyclone 
indicated a diminished suction efficiency and an inefficient expulsion of the leaves. The following 
figure (Figure 9: Aspirator device's assembly with rectangular bin designed in CAD software.Figure 9), 
demonstrates the components of the aspirator device and the geometry of the rectangular collecting 
box. 

 

https://velocimetry.net/ldv_principles.htm
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Figure 9: Aspirator device's assembly with rectangular bin designed in CAD software. 

During the operation of the aspirator device with a rectangular box, operational data was collected, 
and insightful observations were made. These observations served as the foundation for some 
necessary modifications. The systematic presentation of the design process for the second design trial 
is detailed in section 3.8. Prior to plunging into the design process and the results of the aspirator 
device, the following chapter will present the theoretical framework related to the aspirator device. 
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Chapter 2. Theory 
 

2.1. Power equation 
The starting point for designing the aspirator device is the determination of the power that is needed 

to feed the air mover component, so the induced air stream can transfer enough momentum to 

achieve the desired solid mass rate flow. The power equation for the air stream is the following:  

𝑃𝑜𝑤𝑒𝑟 = 𝛥𝑝 ∗ 𝑄 = 𝜌𝑔 𝐻 𝑄 (2. 1) 

When the air stream has achieved a steady state, the head 𝐻 that is present in the piping system will 

be the same as the one induced by the air mover.  

The 𝛥𝑝 term corresponds to the pressure drop that the impeller must overcome for the desired air 

flow 𝑄 and the olive fruit mass flow  𝑚̇𝑠𝑜𝑙𝑖𝑑, to be induced. The 𝛥𝑝 term, includes numerous 

phenomena that correspond to pressure drop, which are listed in section 2.4. Taking into 

consideration the solid mass flow, the particle’s size, and the air flow, it will be decoded which of these 

phenomena can be neglected. The formulas in section 2.4 will indicate that evaluating the power of 

the aspirator device based on the piping system is challenging due to the lack of experimental data 

needed to calculate the corresponding pressure drop. 

 Instead, the evaluation begins with the air mover. An important note is that the above equation gives 

the power that the fluid receives from the air mover (meaning the energy gain between suction and 

discharge of the air mover), not the power that is produced from the power unit driving the air mover. 

This power can be determined only if the coefficients of mechanical, hydraulic and volumetric 

efficiency are computed. 

The air mover for the aspirator device will be a centrifugal impeller, since the compression and flow 

needed for the aspirator device function falls in the realm of blowers. A back-curved (two-

dimensional) blade design is chosen for the impeller, due to its higher efficiency across a wider range 

of operating conditions, its smoother performance curve, and its ease of manufacturing. 

The head 𝐻 and the flow 𝑄 can be linked to the speed triangles at the leading and trailing edge of the 

impeller’s blade, along with the impeller design parameters, so this starting point will also help in the 

impeller design. The formulas that link the air velocities are to follow. 

Assuming that the entering air to the impeller has no tangential speed component (𝑐𝑢1  ≈ 0), the 

Euler equation for turbomachines is the following: 

𝐻𝑢 =
1

𝑔
𝑢2𝑐𝑢2 (2. 2) 

where 𝐻𝑢 is the theoretical head pressure, meaning the energy of a unit air volume in terms of meters 

of fluid height, that the fluid receives from the impeller without considering the head loss 𝛥𝐻𝑡 inside 

the impeller. Using the relation between head pressure and power: 

𝑃𝑜𝑤𝑒𝑟𝑢 = 𝜌𝑎𝑖𝑟 𝑔 𝑄𝑢 𝐻𝑢 (2. 3) 

The same applies for the flow rate 𝑄𝑢, as phenomena of recirculation inside the impeller occur due to 

various pressure gradients. Results in the following equation: 

𝑃𝑜𝑤𝑒𝑟𝑢 = 𝜌𝑎𝑖𝑟  𝑄𝑢 𝑢2𝑐𝑢2 (2.4) 
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As mentioned before, this represents the theoretical energy received by the fluid, not the actual 

power transmitted by the impeller. However, it serves as a useful starting point. To use the above 

formulas effectively, another assumption will be made, that the impeller operates at its optimum 

working point, where the air velocity triangle follows the blade angles, and no slip is occurring between 

the air and the impeller blade at the trailing edge. Therefore, the tangential speed at the trailing edge 

will be noted as the ideal tangential speed 𝑐𝑢2∞. 

The following relation links the tangential air velocity with the radial velocity and the trailing-edge 

linear speed: 

𝑐𝑢2∞ = 𝑢2 −
𝑐𝑟2
tan𝛽2

  (2.5) 

The radial air velocity is related to the impeller design parameters and the air flow: 

𝑐𝑟2 =
𝑄𝑢

(𝜋𝐷2 − 𝑍𝐵𝑠2)𝑏2
 (2.6) 

Finally, the air flow relates to impeller design parameters and the leading-edge linear velocity. 

𝑄𝑢 = 𝑢1 tan(𝛽1) ∗ (𝜋𝐷1 − 𝑍𝐵𝑠1)𝑏1 (2.7) 

Using the formulas (2.5) − (2.7), 𝑐𝑢2∞ can be obtained only by the impeller design parameters, like 

the inlet and outlet diameter 𝐷1, 𝐷2, the blade width at inlet and outlet 𝑏1, 𝑏2, the blade angle at the 

leading and trailing edges 𝛽1, 𝛽2 and the rotational speed (in 𝑟𝑝𝑚) of the impeller. 

Hence, the ideal Head 𝐻𝑢,𝑖 =
1

𝑔
𝑢2𝑐𝑢2,∞  can be calculated. In addition, the slip velocity can be modeled 

by the following formula: 

𝑤𝑠2 = 𝑥 ∗ 𝑢2 (2.8) 

where the coefficient 𝑥, can be retrieved by the 𝑃𝑓𝑙𝑒𝑖𝑑𝑒𝑟𝑒𝑟 formula: 

𝑥 = 2𝑘
𝑔𝐻𝑢,𝑖
𝑢2

1

𝑍𝐵 [1 − (
𝐷1
𝐷2
)
2

]

      𝑤ℎ𝑒𝑟𝑒  𝑘 = 0.6[1 + sin(𝛽2)] (2.9)
 

The calculation of the slip velocity can be achieved only by the impeller design parameters and the 

impeller’s rotational speed (𝑟𝑝𝑚), so the theoretical head 𝐻𝑢 can be computed: 

𝐻𝑢 =
1

𝑔
𝑢2(𝑐𝑢2,∞ −𝑤𝑠2) (2.10) 

2.2. Pneumatic conveying 
The aspirator device has similarities with a pneumatic conveying system (Figure 10), as both use air 

flow to transport the solid particles. The two devices share the same components, such as the exhaust 

impeller (vacuum conveying), the piping system and the collecting bin (receiver). The only component 

that is not present in the aspirator device is the feeder. The feeder is a component that introduces 

solid material into the conveying system at a constant mass rate and simultaneously keeps the piping 

system sealed from the feeding bin. Hence, for the theoretical examination of the aspirator device, 

the theory of pneumatic conveying offers a relevant and applicable framework.  
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Figure 10: Vacuum pneumatic conveying system. [Source: www.iqsdirectory.com] 

 

2.3. Dilute and dense phase conveying 
The formulas of the pneumatic conveying theoretical framework rely on experimental data, so they 

may not apply in every flow condition, particle size, system geometry conveying phase. Furthermore, 

for a given set of parameters, multiple formulas are available, and their suitability for specific flow 

conditions may not always be evident, leaving uncertainties regarding the extent of deviation from 

real-world results. 

The air flow modeling depends on whether the air flow is characterized as laminar or turbulent. In the 

same manner, the solid particle flow modeling relies on the characterization of the solid flow as dilute 

or dense. Each of the above categories will dictate which of the formulas can be applied. 

The saltation velocity is a helpful quantity for making a distinction between dilute and dense phase. 

When the air stream velocity is above the critical value of the saltation velocity, the solid particles 

become suspended in the airflow, and they are uniformly dispersed in the cross-sectional area of the 

pipe, as shown in the following Figure 11. 

 

Figure 11: Particle motion in a dilute phase conveying regime. [Source: www.powderbulksolids.com] 

As the air stream velocity reaches the saltation velocity, the solid particles start to fall out of the air 

stream and initially they form an aerated bed of particles, which is moving slowly if the material is 

fluidizable. This state of conveying is presented in the following Figure 12. 

file:///C:/Users/kfyti/Documents/www.iqsdirectory.com
http://www.powderbulksolids.com/
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Figure 12: Mixed phase of conveying where the bottom section of the cross-sectional area of the pipe a bed of slowly 
moving particles is formed. [Source: www.powderbulksolids.com] 

Further decrease of the air stream velocity below the saltation velocity results in a dense phase of 

conveying where the solid particles form plugs that move at a slow speed. This is necessary when the 

solid particles are abrasive or friable. Therefore, if the particles were moving at high velocities, the 

abrasive particles would damage the equipment and the friable solid particles would degrade. The 

plug-like form of the particles at dense conveying varies in correlation to the air permutability of the 

solid particles. When the solid particles are non-permutable to the air then the particles move in plugs 

that resemble a piston. The two different states of dense-phase conveying are presented in the 

following Figure 13. 

 

 

The current effort undertaken by the author for the design of the aspirator device is focused on dilute-

phase conveying for solid particles. This choice is based on the consideration that dilute conveying is 

more energy-efficient than dense-phase conveying and offers advantages in terms of modelling and 

predictability due to its extensive research background. Dense-phase conveying is typically reserved 

for situations involving abrasive or friable materials. Therefore, for the purposes of this study, a dilute-

phase conveying assumption will be maintained. 

 

2.4. Pressure loss modelling. 
After clarifying the different states of the particle’s motions inside the piping system and assuming 

dilute-phase conveying, the theoretical framework for pressure loss calculation is to follow. The 

assumption of dilute-phase conveying for the aspirator device is based on empirical observations from 

the author's previous trials. Even though the saltation velocity has not been calculated, which is the 

theoretical threshold between the two regimes, a common practice to distinguish the two regimes is 

by trials and empirical observations. Of course, there are a handful of theoretical approaches for the 

calculation of the saltation velocity [3]. Although, when the alternative of trial is available, it is the best 

Figure 13: Dense phase conveying where the particles are air-permutable (left image) and non-permutable to air forming 
piston-like movement (right image).  [Source:  www.powderbulksolids.com] 

http://www.powderbulksolids.com/
http://www.powderbulksolids.com/
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choice. Therefore, the author will conduct tests with some prototype setup to make some 

observations and then test the output of the saltation velocity formulas. The calculations are displayed 

in detail in section 3.2. 

The pressure losses are the result of the air to wall interactions, the particle-to-particle interactions 

and the particle to wall interactions. In dilute phase conveying it is possible to model those effects 

separately. 

• 𝛥𝑝 due to air friction: 

The pressure drop due to air flow consists of major losses due to air-wall friction and minor losses due 

to bends in the piping system. 

The major losses are modelled from the well-known formula: 

𝛥𝑝𝑙 = 𝑓𝐷
𝐿

𝐷

𝜌𝑎𝑖𝑟𝑣
2

2
  (2.5) 

where the friction factor 𝑓𝐷 is determined through empirical formulas or from Moody chart, when 

the air flow lies in the turbulence regime. The minor losses are due to piping elbows and fittings and 

are modeled as: 

𝛥𝑝𝑙,𝑚𝑖𝑛𝑜𝑟 = 𝜉
𝜌𝑎𝑖𝑟𝑣

2

2
 (2.6) 

• 𝛥𝑝 due to particle friction and collision: 

In dilute phase, the mechanism which enables the transfer of kinetic energy from the air to the solid 

particle is the aerodynamic drag. The energy losses arise from the particle-to-particle and particle-

wall collisions and friction. It is difficult for those phenomena to be modelled separately, so both of 

those energy loss sources, in most cases, are modelled together in the bibliography. The formula for 

the pressure-drop due to solid particles collisions resembles the formula for the pressure drop due 

to airstream flow, as it is proportional to the square of the particle’s velocity 𝑐, and proportional to a 

solid friction factor. The solid friction factor 𝜆𝑧
∗ , is calculated using experimental data. A 

representation of the solid friction pressure drop is given below using the airstream velocity 𝑣 and 

the mass flow ratio 𝜇 [3].  

𝛥𝑝𝑧 = 𝜇𝜆𝑧
𝜌𝑣2

2

𝛥𝐿

𝐷
 (2.7) 

where, 𝜆𝑧 is representing a function of the solid particles’ velocity and friction: 

𝜆𝑧 =
𝑐

𝑣
𝜆𝑧
∗ + 2

𝑣

𝑐

𝛽

𝐹𝑟2
 (2.8) 

In the above equation, 𝛽 is defined as 𝛽 = 𝑤𝑓/𝑣 and 𝐹𝑟 represents the 𝐹𝑟𝑜𝑢𝑑𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 which is a 

dimensionless number that is used to compare the inertia of the flow to the gravitational forces. In 

addition, bends in the piping system also increase the amount of pressure drop induced by the solid 

flow and are modelled separately. 

• 𝛥𝑝 due to vertical conveying: 

The vertical transportation of solid particles to a greater height requires some work. That work is 

modeled via the pressure drop induced on the airstream. The formula for calculating the pressure loss 

due to vertical transportation is comparable to the head pressure drop, multiplied by some 



   

 

18 

 

coefficients that model the presence of the solid material, like the solid mass flow ratio and the ratio 

of solid to air velocity [3]: 

𝛥𝑝ℎ𝑒𝑖𝑔ℎ𝑡 = 𝜇 𝜌 𝑔 𝐻
𝑣

𝑐
 (2.9) 

• 𝛥𝑝 due to bends, for two-phase flow: 

Besides the minor losses, when the air stream navigates through a bend in the piping system, in two-

phase flow the bends contribute further to pressure losses, as their geometry is acting like a phase 

separator. Moreover, it can diminish the solid particles’ momentum. The pressure loss from bending 

is modelled as [3]: 

𝛥𝑝𝑏𝑒𝑛𝑑 =
0.029 + 0.304 [𝑅𝑒 (

𝐷
2𝑅𝑏

)
2

]

−0.25

(
2𝑅𝑏
𝐷 )

1
2

𝐿𝑏𝜌𝑣
2

2𝐷
 (2.10) 

where, 𝑅𝑏 is the curvature of the bend and 𝐿𝑏 is the length of the bend. The Dean number 𝑅𝑒 (
𝐷

2𝑅𝑏
)
2
is 

present in the above formula. The biggest issue with using the above formula in the aspirator device 

design is that most of the bends in the piping system arise from the elastic hose formation, which 

changes constantly through operation and is eventually a stochastic event.  

A useful insight is the fact that if the curvature of the hose results to a Dean number less than, 

𝑅𝑒 (
𝐷

2𝑅𝑏
)
2

< 0.034 (2.11) 

then, the bend is truly sweeping, and the straight pipe section pressure loss can be used instead. 

• 𝛥𝑝 due to particle acceleration: 

All the previous investigations into the pressure losses assume that a steady state has been achieved. 

This is a reasonable assumption, as after an insignificant amount of time the system characteristic and 

the blower characteristic will intersect at the point of operation. Nevertheless, the acceleration of the 

solid particles must be modelled not over time but regarding the pipe’s length, meaning as a function 

of distance. In simpler terms, air and solid flows have acceleration and deceleration regions in the 

piping system’s entrances and exits, respectively.  Given the fact that the aspirator device has a short 

length piping system, in comparison to most of the conveying systems, the development length could 

give a non-negligible contribution to the energy losses. Theoretically, addressing energy losses caused 

by acceleration entails solving a complex differential equation for the changing particle velocity and 

voidage. Given the complexity of this task, an experimental formula for energy losses due to 

acceleration, in which all the variables correspond to a steady-state situation, can be employed [3]:  

𝛥𝑝𝑎𝑐𝑐𝑒𝑙𝑎𝑟𝑎𝑡𝑖𝑜𝑛 = 𝜇𝜌𝑐𝑣 (2.12) 

2.5. Olive fruit data 
To proceed with the calculations for the design of the aspirator device, it is imperative to acquire 

essential information about the conveyed solid particles, including their mass and shape. Olive fruits 

are available in numerous varieties, each exhibiting distinct densities and dimensions. To streamline 

the data collection process and optimize the design of the aspirator device for the specific 

geographical region in which it will operate, the olive fruit variety "Koroneiki" will be selected as the 

basis for data collection. 
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After a bibliographic search for the olive fruit properties [5], the following data were obtained: 

Table 1: Olive fruit data 

Fruit length (mm) Fruit diameter (mm) Fruit weight (gr) 

19.8 11.91 1.53 

 

To calculate the particle’s density, the volume of the olive fruit will be calculated using the dimension 

data from the above table. The shape of the olive fruit will be modelled as a prolate spheroid, as shown 

in the following Figure 14. 

 

Figure 14: Spheroids - two of the axis have equal length. [Source: ektalks.blogspot.com] 

  

The formula for the volume bounded by an ellipsoid: 

𝑉 =
4𝜋𝑎𝑏𝑐

3
 (2.13) 

The volume of a single olive fruit is: 

𝑉𝑝 =
4𝜋

3
∗ (19.8𝑚𝑚) ∗ (11.91𝑚𝑚)2 

𝑉𝑝 = 1468.12 𝑚𝑚
3 

From the volume of the olive fruit, the equivalent diameter can be calculated, as the diameter of a 

sphere with the same volume as the olive fruit. Therefore: 

𝑑 = (
3

4𝜋
𝑉𝑝)

1
3
 (2.14) 

So, 
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𝑑𝑝 = 2(
3

4𝜋
∗ 1462,12𝑚𝑚3)

1
3
= 14.1 𝑚𝑚 

The density of a single particle is: 

𝜌𝑝 =
𝑚𝑝

𝑉𝑝
=

1.53 𝑔𝑟

1468.12 𝑚𝑚3
= 1042.16 𝑘𝑔𝑟/𝑚3 

Another useful quantity regarding the olive fruit geometry is the sphericity 𝜓, which is a ratio that 

exhibits how much a shape deviates from the spherical shape. It has a maximum value of 1, meaning 

a spherical shape. The definition of sphericity is: 

𝜓 =
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑝𝑒𝑟𝑒 𝑤𝑖𝑡ℎ 𝑠𝑎𝑚𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑠 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
 (2.15) 

The formula for the surface area of a prolate spheroid (𝑎 = 𝑏), is: 

𝑆 = 2𝜋𝑎2 (1 +
𝑐

𝑎𝑒
sin−1(𝑒)) (2.16) 

where 𝑒2 = 1 − (
𝑎

𝑐
)
2

 

Substituting the data in the above equation, the surface area of the olive fruit is: 

𝑆𝑝 = 651.26 𝑚𝑚
2 

The surface area of the sphere with diameter equal to the equivalent diameter of the olive fruit is: 

𝑆𝑒𝑞 = 624.68 𝑚𝑚
2 

So, the sphericity of the olive fruit is: 

𝜓 =
624.68

651.26
= 0.959 
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Chapter 3. Design of the aspirator device 
 

3.1. Aspirator device components selection 
In the author's initial endeavor to design the aspirator device, the selection for the configuration and 

components included a back-curved blade centrifugal fan, a cyclone, and a plastic flexible hose. The 

back curved centrifugal fan was chosen because the back curved blades offer a more reliable and 

efficient operation over a wider range of air flows, as the operating point was not predetermined. The 

cyclone was chosen because it offers a robust solution for collecting the olive fruits at the bottom of 

the hopper. The cyclone can take advantage of the olive fruit’s larger inertia relative to the air and 

separate the olive fruits from the air stream, before the air stream flows into the impeller’s inlet. The 

most important reason for the usage of the cyclone was the feature of deleafing, meaning that the 

cyclone can also take advantage of the olive leaves’ small inertia and their ability to interact strongly 

with the air stream. The olive leaves do not separate from the air flow and follow the stream into the 

impeller’s inlet for the leaves to be expelled from the collecting hopper. 

For each component, several design parameters had to be determined. For the back curved blade 

impeller, the following parameters had to be selected: 

• Inlet diameter 𝐷1, inlet blade width 𝑏1 

• Outlet diameter 𝐷2, outlet blade width 𝑏2 

• Blade’s leading-edge angel 𝛽1 

• Blade’s trailing-edge angle 𝛽2 

• Rotational speed 𝑛 

 

Figure 15: Back curved centrifugal impeller's mechanical drawing with front and side view.  The design parameters are 
inserted in the dimensioning of each feature. 



   

 

22 

 

 

Figure 16: 3D model of the back curved centrifugal impeller. 

For the cyclone, the following parameters had to be selected: 

• Top cone’s length 𝐿𝑢 

• Cylindrical barrel diameter 𝐷𝐵 and length 𝐿𝐵 

• Lower cone length 𝐿𝑑 and diameter 𝐷𝑑 

• Inlet pipe’s length (for the impeller) 𝐿𝑖 

• Inlet hose z-coordinate 𝑧𝐻 

 

Figure 17: Cyclone's mechanical drawing with front and section views. The design parameters are inserted in the 
dimensioning of each feature. 
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Figure 18: 3D model of the cyclone, designed in a CAD software. 

The initial attempt at parameter selection for each component posed a significant challenge, primarily 

because all components collectively interact in numerous complex phenomena. In more detail, the 

impeller imparts flow and pressure to the air in accordance with its characteristic curve and the 

corresponding system curve. Hence, the impeller’s parameters alone cannot determine the desired 

operating point, because the impeller’s parameters influence only the impeller’s characteristic curve. 

Unfortunately, the impellers parameters alone cannot reproduce the impeller’s characteristic curve, 

because when the flow is induced, unpredicted phenomena take place inside the impeller’s fan and 

casing, such as secondary flows and flow separation from the impeller’s blade. These phenomena are 

identified accurately only through experimental measurements.  

Furthermore, there are no available bibliographic evidence regarding the aerodynamic properties of 

olive fruit particles. The optimization of the aspirator device configuration primarily relies on 

experimental data from previous attempts, which can be manipulated using similarity laws. 

Additionally, this experimental data can be used for determining the friction factor and the 

aerodynamic drag of the material being conveyed.  

Due to the absence of experimental data, the only viable solution was to employ reverse engineering 

for the parameter’s selection, especially for the case of the cyclone. Regrettably, the author did not 

have any cyclone component for physical examination, so the reverse engineering process was 

executed by examining images sourced from the internet. The examination entailed analysing images 

that featured the cyclone component alongside objects of known dimensions. By employing similarity 

ratios, the dimensions of the cyclone were extracted through this process. 
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Figure 19: Aspirator device with cyclone. [Source: crfcostruzioni.it] 

Selecting the parameters for the impeller presents a more intricate challenge, as there is no easy way 

to find images for the specific impeller used in an aspirator device. Furthermore, designing an impeller 

from the ground up becomes an insurmountable task when the required flow and pressure are not 

pre-defined. The most practical and feasible solution is to set some upper and lower limits by applying 

a theoretical analysis. The lower limit for the necessary air flow rate can be set by calculating the 

saltation velocity. Then, an upper limit can be set by applying the air-speed triangles in different sets 

of impeller design parameters and calculate the theoretical flow and theoretical pressure gain. Then, 

using the calculated theoretical flow, along with some assumptions for the solid particles flow, an 

initial estimate can be gained for the system’s pressure losses. Unfortunately, the above process 

includes a lot of assumptions, but it can serve as a starting point for the first design, as it has the 

potential of delivering results that might share an order of magnitude for some quantities close to the 

actual case and even indicate infeasible sets of design parameters. 

3.2. Saltation velocity calculation 
As mentioned in chapter 2.3, the saltation velocity is the threshold value that distinguishes the dilute-

phase regime from the dense-phase. Hence, the saltation velocity is a lower bound for the velocity of 

the air stream when the airflow is in the hose. Consequently, an effort was made to estimate the 

saltation velocity. Lots of empirical formulas for the estimation of the saltation velocity can be found 

in the bibliography, some of them are listed in the following table. 

Table 2: Saltation velocity empirical formulas [3] 

Equations for saltation velocity Author 

 𝜇 =
1

10𝛿
(
𝑣𝑠

√𝑔𝐷
)
𝜒

, where 𝛿 = 1.44𝑑 + 1.96 𝑎𝑛𝑑 𝜒 = 1.1𝑑 + 2.5 (3.1) 

 

Rizk 

𝜇 = 𝛼 (
𝜌𝑏
𝜌
)
𝑎

[
𝑤𝑓0

10(𝑔𝐷)0.5
]
𝑏

[
𝑣𝑠

10(𝑔𝐷)0.5
]
𝑐

(3.2) 

where 𝛼 = 1.11 𝑎 = 0.55 𝑏 = −2.3 𝑐 = 3.0 
Matsumoto 

𝑑∗

𝐷
= 1.39 (

𝜌𝑏

𝜌
)
−0,74

, where 𝑑∗ defines the critical diameter for coarse and fine 

particles. 

𝜇 =

{
 
 

 
 5.56 ∗ 103 (

𝑑

𝐷
)
1.43

(
𝐹𝑟𝑠
10
)
4

    𝑖𝑓 𝑑 < 𝑑∗

0.373 (
𝜌𝑝
𝜌
)
1,06

(
𝐹𝑟𝑝
10
)
−3.7

(
𝐹𝑟𝑠
10
)
3.61

    𝑖𝑓 𝑑 > 𝑑∗
(3.3) 

 

Matsumoto
, two-

equation 
method 

 

file:///C:/Users/kfyti/Documents/crfcostruzioni.it
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To apply the above formulas for the calculation of the saltation velocity 𝑣𝑠, some parameters must be 

predetermined. The parameter 𝑑 represents the particles diameter. Since the olive fruit particle is 

non-spherical, the equivalent diameter value will be used. The parameter 𝐷 represents the piping’s 

system diameter and in the case of the aspirator device it corresponds to the inlet hose diameter. 

Fortunately, this is a value that can easily be obtained from the existing commercial machinery of the 

aspirator device, since it is the only characteristic property that the manufactures provide when 

purchasing the product. Typical values for the inlet hose diameter vary within the range of 100𝑚𝑚 to 

140𝑚𝑚. So, the value of the inlet hose diameter is selected to be 𝐷 = 120𝑚𝑚. 

The parameter 𝜇 stands for the mass load ratio, hence: 

μ =
𝑚𝑠̇

𝑚𝑓̇
 (3.4) 

The determination of the mass load ratio parameter is a more intricate task, primarily because the 

aspirator device does not operate in conjunction with a feeding regulating component (feeder). 

Instead, the flow of solid material is interrelated with the airflow. To proceed with the attempt to 

calculate the saltation velocity this parameter must be set. According to bibliography, dilute phase 

conveying is achieved when the mass load ration μ, is below the value of 15. A preferred value 

according to research for dilute phase conveying state that the ratio solid to air is 2 ∶ 1 [4]. The solid 

mass flow of the aspirator device can be set as desired and after the operation it can be revised. For a 

satisfactory operation and for the aspirator device to make an improvement of the process of 

collecting the olive fruits it should operate around 60 𝑘𝑔 of olive fruits per minute, meaning a mass 

flow rate of 𝑚𝑠̇ = 1 𝑘𝑔/𝑠. Having set the mass load ratio, the solid mass flow and the diameter of the 

hose, the value of the air velocity can be determined. 

𝑣 =
𝑚𝑓

𝜌𝛢

̇
=

𝑚𝑠̇
𝜇

𝜌 (
𝜋𝐷2

4 )
=

1
2

1.184(
𝜋 ∗ 0.122

4 )
= 37.34

𝑚

𝑠
 (3.5) 

The values for the air’s physical properties, like density and viscosity will be corresponding to 

temperature of 200𝐶, hence: 

𝜌 = 1.184 𝑘𝑔/𝑚3 and  𝜂 = 1.87 ∗ 10−5 𝑘𝑔 ∗ 𝑠−1 ∗ 𝑚−1 

From the three empirical formulas the last two seem more reliable since they incorporate more data 

regarding the nature of the particles being conveyed, as they include the terminal (free fall) velocity 

𝑤𝑓0 and the particle’s density 𝜌𝑝. Therefore, the particle’s terminal velocity must be determined.  

The bibliography has some empirical formulas for the determination of the terminal velocity and the 

drag coefficient, but the selection of the formula relies on the flow regime of the particle. To 

determine the flow regime, the Reynolds number of the particle 𝑅𝑒𝑝, must be calculated. 

𝑅𝑒𝑝 =
𝜌𝑣𝑑

𝜂
=
1.184 ∗ 37.34 ∗ 0.014

1.87 ∗ 10−5
= 3.34 ∗ 104 (3.6) 

Since the particle’s Reynolds number lies in the range, 500 < 𝑅𝑒𝑝 < 2 ∗ 10
5, Newton’s regime is 

applicable. So, for the drag coefficient the following convenient formula arises, which is convenient 

because it does not rely on unknown parameters. 
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Table 3:Aerodynamic drag coefficient in correlation with the particles Reynolds number 

Flow regime 𝑹𝒆𝒑 𝑪𝑫 

Newton’s range 500 < 𝑅𝑒𝑝 < 2 ∗ 10
5 0.44 

 

The terminal velocity in the Newton’s range for spherical particles is given from the following 

formula: 

𝑤𝑓0 = (
4

3

𝑑

𝐶𝐷

(𝜌𝑏 − 𝜌)

𝜌
𝑔)

0.5

 (3.7) 

and for a non-spherical particle: 

(𝑤𝑓0)𝜓

(𝑤𝑓0)1

= 0.843 log (
𝜓

0.065
)  (3.8)  

So, 

𝑤𝑓0 = (
4

3

0.014 ∗ (1042.16 − 1.184)

0.44 ∗ 1.184
∗ 9.81)

0.5

= 19.2
𝑚

𝑠
 ,  (𝑤𝑓0)𝜓 = 18.9

𝑚

𝑠
 

All the parameters needed for applying the saltation velocity’s formulas have been calculated or 

estimated, so substituting the values of the parameters and solving for the saltation velocity, gives: 

1. Risk equation: 

𝛿 = 1.44𝑑 + 1.96 = 1.44 ∗ 0.014 + 1.96 = 1.98  

𝜇 =
1

10𝛿
(
𝑣𝑠

√𝑔𝐷
)

𝜒

→ 𝑣𝑠 = (𝜇 ∗ 10
𝛿)
1
𝜒 ∗ √𝑔𝐷 → 𝑣𝑠 = (2 ∗ 10

1.92)
1

2.515√9.81 ∗ 0.12 

𝑣𝑠 = 8.76 𝑚/𝑠 

2. Matsumoto equation: 

𝜇 = 𝛼 (
𝜌𝑏
𝜌
)
𝑎

[
𝑤𝑓0

10(𝑔𝐷)0.5
]
𝑏

[
𝑣𝑠

10(𝑔𝐷)0.5
]
𝑐

 

𝑣𝑠 = (
1

𝑎
𝜇 (

𝜌𝑏
𝜌
)
−𝛼

[
𝑤𝑓0

10(𝑔𝐷)0.5
]
−𝑏

)

1
𝑐

10(𝑔𝐷)0.5 

𝑣𝑠 = (
1

1.11
2 (

1042.16

1.184
)
−0.55

[
19.2

10(9.81 ∗ 0.12)0.5
]
2.3

)

1
3

10(9.81 ∗ 0.12)0.5 

𝑣𝑠 = 5.9 𝑚/𝑠 

3. Matsumoto two-equation: 

 
𝑑∗

𝐷
= 1.39 (

𝜌𝑏

𝜌
)
−0,74

→ 𝑑∗ = 1.39𝐷 (
𝜌𝑏

𝜌
)
−0,74

→ 𝑑∗ = 1.39 ∗ 0.12 (
1042.16

1.842
)
−0,74

→ 𝑑∗ = 0.921 𝑚𝑚 

The olive fruit equivalent diameter is 𝑑 = 14.1 𝑚𝑚. Since 𝑑 > 𝑑∗, the second equation for coarse 

particles will be used. 
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𝜇 = 0.373(
𝜌𝑝
𝜌
)
1,06

(
𝐹𝑟𝑝
10
)
−3.7

(
𝐹𝑟𝑠
10
)
3.61

 

where 𝐹𝑟𝑝 =
𝑤𝑓0

√𝑔𝑑
=

19.2

√9.81∗0.014
= 51.59 

𝐹𝑟𝑠 = 10(
1

0.373
𝜇 (

𝜌𝑝
𝜌
)
−1,06

(
𝐹𝑟𝑝
10
)
3.7

)

1
3.61

 

𝐹𝑟𝑠 = 10(
1

0.373
2 (

1042.16

1.842
)
−1,06

(
51.59

10
)
3.7

)

1
3.61

 

𝐹𝑟𝑠 = 11.69 

where 𝐹𝑟𝑠 =
𝑣𝑠

√𝑔𝐷
 

𝑣𝑠 = 𝐹𝑟𝑠√𝑔𝐷 → 𝑣𝑠 = 11.69√9.81 ∗ 0.12 

𝑣𝑠 = 12.68 𝑚/𝑠 

The results from all the empirical equations for the saltation velocity are listed in the following table 

for the reader to easily see. 

Table 4: Numerical results of the saltation velocity value for each equation of Table 2. 

Saltation velocity 𝒗𝒔 Author 

𝟖. 𝟕𝟔 𝒎/𝒔 Rizk 

𝟓. 𝟗 𝒎/𝒔 Matsumoto 

𝟏𝟐. 𝟔𝟖 𝒎/𝒔 Matsumoto two-equations 

 

As a precautionary measure and considering that the Matsumoto two-equations method incorporates 

a more comprehensive dataset regarding particle properties, the result of the third equation 𝑣𝑠 =

12.68 𝑚/𝑠 will be selected. Also, all those empirical formulas experience deviations close to 60%, 

according to the bibliography, therefore a safety factor of 2 will be considered. 

From the above analysis, the impeller that will be selected has to deliver an air flow velocity of 𝑣 =

25 𝑚/𝑠, when a hose with diameter 𝐷 = 120 𝑚𝑚 is used. Although this value does not correspond 

to the free-air delivery, but rather the air stream velocity when the system is also loaded with solid 

particles. So, the free air flow delivery of the fan should be greater than: 

𝑄 = 𝑣𝐴 = 𝑣𝜋 (
𝐷

2
)
2

= 𝜋 ∗ 25 ∗ (
0,12

2
)
2

= 0.283
𝑚3

𝑠
(3.9) 

 

3.3. Centrifugal fan’s design parameters 
A typical centrifugal fan characteristic curve is flat compared to other types of prime movers, meaning 

that a significant change in the air stream velocity will result in a small change in the pressure drop. 

The insertion of solid particles in the system will induce an additional pressure drop, so the operation 

point will have a smaller air stream velocity compared to the free air delivery system. Hence, when 

measuring the impeller's flow in free delivery with a hose diameter of 𝐷 = 120 𝑚𝑚, a speed greater 

that 𝑣 = 25 𝑚/𝑠, must be achieved (air flow 𝑄 = 0.28 𝑚3/𝑠). 
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The best choice available to the author was to use the formulas presented in chapter 2.1 about the 

relationship between the impeller design parameters with the induced flow and head induced by the 

impeller. It is important to note that those formulas will give a set of (𝐻, 𝑄) values that correspond to 

the optimum working point of the impeller, not the actual operation point of the whole piping system, 

since in a stable steady state, the head 𝐻, will match the system’s needs for pressure drop. 

Furthermore, this type of analysis does not consider the hydraulic and friction losses inside the 

impeller. 

The approach for conducting the impeller’s analysis was to fill out a set of values for the design 

parameters and observe the output values, repeating this process until a set of output values has the 

desired quantity. The desired quantity is defined by a flow greater than 𝑄 = 0.28 𝑚3/𝑠 and a power 

consumption around 4 𝑘𝑊, as this will be roughly the order of magnitude of the power unit. The 

starting point of the input set had values outer diameter around 𝐷2 = 400 𝑚𝑚 and blade width 

around 𝑏 = 50 𝑚𝑚 as those values were observed by the author in some back-curved centrifugal 

impellers. 

The following figure presents the calculation sheet that holds the final iteration and displays the 

selected design parameters with the corresponding theoretical flow 𝑄𝑢 and the theoretical power of 

the impeller. 

 

Figure 20: Calculation of flow Q and Power consumption N using the theoretical air velocity triangles at the optimum 
working point for a given set of design parameters.  

The iterative process stopped, since a theoretical power close to the desired value was achieved and 

theoretical flow 
0.72

0.28
= 2.5 times bigger than the limit that corresponds to the saltation velocity. As 
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seen in the calculation sheet the radial impeller has variance to its width (conical design) as this 

practice was observed by the author in other designs. Furthermore, the 𝑟𝑚𝑝 value was selected 

having in mind the typical values that the tractor will feed the hydraulic motor (this is the typical power 

unit used in the causes of machinery that its power is fed through a tractor). The 𝑃𝑓𝑙𝑒𝑖𝑑𝑒𝑙𝑒𝑟 semi-

empirical formula was used to calculate the slip factor 𝑥, used to convert the ideal speed triangle to 

the theoretical speed triangles. 

An important note is that one of the reasons that the iterative process ended when the resulted flow 

was 2.5 times higher than the flow needed for the saltation threshold is that, besides the fact that a 

operational point near the threshold is not desired, and the fact that the theoretical flow does not 

take into account the hydraulic losses due to recirculation of the flow that happens inside the impeller. 

This is also the case for the theoretical head, as friction losses take place inside the impeller. 

Table 5: Centrifugal fan's parameters 

Parameter’s description Parameter’s value 

Inlet diameter 𝐃𝟏 200 𝑚𝑚 

inlet blade width 𝒃𝟏 70 𝑚𝑚 

Outlet diameter 𝑫𝟐 490 𝑚𝑚 

outlet blade width 𝒃𝟐 40 𝑚𝑚 

Blade's leading-edge angle 𝜷𝟏 300 

Blade's trailing-edge angle 𝜷𝟐 250 

Rotational speed n 2800 𝑟𝑝𝑚 

 

The design of the centrifugal impeller was executed using CAD software, before the actual 

construction, for the purposes of representation and prototyping. Furthermore, this approach 

enabled the assessment of dimensional consistency among components, with the goal of identifying 

and rectifying any errors in component dimensions that might affect their compatibility with the 

impeller. To ensure design flexibility and the adaptability of the design to various setups, the CAD 

design of the impeller adheres to a parametric paradigm. The blade shape of the impeller was selected 

to be a straightforward circular arc. This choice was made due to its prevalence in designs and its ease 

of construction.  

 

Figure 21: Method for implementing a parametric design of the blade of a centrifugal impeller. [Source: "Parametric study 
performance of a centrifugal pump based on simple and double arc design methods"] [7] 
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The parametric design of the impeller’s blade required a further investigation as the blade 2𝐷 profile 

doesn’t have a fixed start and end point due to the inlet and outlet diameter variation, nor a fixed 

angles at the trailing and leading edge. The method that was followed is described in Figure 21, 

according to [7]. 

It is worth mentioning that the author undertook the effort to calculate the 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑙𝑜𝑠𝑠𝑒𝑠 of the 

piping system, given the calculated theoretical flow of the impeller, that was derived from the iterative 

process of the impeller calculation sheet (Figure 20). As described in chapter 2.4, the system pressure 

losses depend on quantities that are not determined before the operation, as well as quantities that 

require experimental measuring; so, the evaluation of the 𝑃𝑜𝑤𝑒𝑟 equation is not feasible from the 

system’s perspective. Nevertheless, the endeavor of calculating some contributions of pressure losses 

could give an initial estimate on whether the induced flow and head from the impeller is even feasible 

at the given conveying system. Before commencing the effort to calculate certain contributions to the 

system's pressure losses, the following paragraph explains in more detail the reasons that the 

calculation of the system pressure losses cannot be carried out in an accurate manner. 

As mentioned in the section 2.4, the pressure drop regarding the solid particles flow requires the 

knowledge of the particle’s velocity 𝑐, for calculation of the solid friction factor 𝜆𝑍, the pressure drop 

due to acceleration of the solid particles and the pressure loss due to vertical elevation. The particle’s 

velocity is a parameter that cannot be estimated, even if the solid mass flow rate is measured, since 

it is a function not only of the mass flow rate but also of the voidage. The relation between the 

particle’s velocity 𝑐, the solid mass flow rate 𝑚𝑠̇  and the voidage 𝜀, is shown below. The definition of 

the voidage 𝜀, is described in the following paragraph with the help of Figure 22. 

 

Figure 22: Volume element of the piping system with solids flow inside the pipe. [Source: "Pneumatic conveying of solids"] 
[1] 

As shown in the figure above, the solid’s flow is not extended to the entire cross-sectional area of the 

pipe, but rather to a percentage. The percentage of the solid’s volume relative to the entire volume 

of a volume element of the piping system is represented by the voidage 𝜀, so: 

ε = 1 −
𝑉𝑠
𝑉
 (3.9) 

Hence the solid mass flow ratio is given from the following formula. 

𝑚𝑠̇ = 𝜌𝑝(1 − 𝜀)𝛢𝑐 (3.10) 

Another parameter that remains undetermined is the solid effect friction factor 𝜆𝛧
∗  (as shown in 

Equation 2.8). This parameter has a similar nature as the 𝐷𝑎𝑟𝑐𝑦 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑓𝐷, as it depends 

not only on the properties of the conveyed material but also on the state of the conveying system. For 

example, bibliography includes plots of experimental data that relate 𝜆𝛧
∗  with the mass load ratio 𝜇 

under a given set of material and pipe properties. The reason for the dependance in the mass load 

ratio comes from the fact that the friction and impact forces cannot be modeled separately. 
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Figure 23: Experimental data the correlates the impact and friction factor with the mass load ratio, under a specific set of 
material and piping properties. [3] 

The above figure indicates that the values of the impact and friction factor 𝜆𝑍
∗  cannot be used for the 

conveying system of the olive fruits that is under investigation in the current paper. Nevertheless, an 

insight in the order of magnitude of the factor 𝜆𝑍
∗  can be obtained. 

Furthermore, the presence of a cyclone geometry induces complex flow patterns, as presented in the 

next chapter, that are hard to model in terms of pressure loss. 

 

3.4. Estimation of system pressure loss 
Having cleared out the capabilities and purpose of the endeavor to calculate the system’s pressure 

losses, it is time to use the formulas mentioned in 2.4 in combination with some empirical formulas 

and some assumed values, within an reasonable order of magnitude, to get and estimation of whether 

the system pressure loss is overcoming the available pressure gain of the impeller at the calculated 

flow (from Figure 20).  
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Figure 24: System pressure loss calculation sheet. 

The following formulas and assumptions were made to carry out the estimation of 𝛥𝑝𝑠𝑦𝑠𝑡𝑒𝑚. 

1. Linear air losses were calculated by using (2.5). The 𝑓𝐷 factor was retrieved from a Moody 

diagram and the air flow speed was retrieved from the hose diameter and the flow induced by 

the impeller as calculated in the impeller calculation sheet (Figure 20). 

2. Vertical air losses were calculated by using formula 𝛥𝑝ℎ𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 = 𝜌𝑔ℎ 

3. For the solid impact and friction losses: 

a. An arbitrary value for the 𝜆𝛧
∗  was selected in the order of magnitude that particles with 

approximate diameter and approximate mass load ratio. 

b. For the 𝜆𝛧 calculation the solid particle’s speed 𝑐 must be calculated. Since no 

experimental data was available, the following empirical formula was used [3]: 

                        
𝑐

𝑣
=

1−√
𝜆𝛧
∗

2
 𝐹𝑟𝑝

2 (1−(
𝑤𝑓

𝑣
)
3
)+(

𝑤𝑓

𝑣
)
3

1−
𝜆𝛧
∗

2
 𝐹𝑟𝑝

2
  

The terminal velocity 𝑤𝑓 value has already been calculated for the saltation velocity 

calculations (3.2). 
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c. The pressure losses that the solid particles induce due to the bends in the hose are 

calculated using (2.10) and the bends radius and lengths are derived from the hose 

modeling. This represents an approximation of the actual conditions, as the hose will 

undergo random motions in practice. 

d. The value for the air stream flow is derived from the impeller calculation sheet (Figure 

20), with a slight modification to reflect a more realistic scenario, as this flow rate is 

multiplied by a volumetric-efficiency factor 𝜂𝑄 = 0.9. 

After aggregating all contributions to the pressure losses, the system pressure loss is equal to: 

𝛥𝑝𝑠𝑦𝑠𝑡𝑒𝑚 = 4.53 𝑘𝑃𝑎. After multiplying the pressure loss with the induced flow, the power 

consumption of the system is equal to 𝑁𝑠𝑦𝑠𝑡𝑒𝑚 = 2.42 𝑘𝑊 

The above result is encouraging as it is less than the power calculated in the impeller calculation sheet 

(Figure 20) leaving a relatively high margin between the two values. This margin is particularly 

important, as the cyclone pressure loss was not included in the above calculation. Additionally, the 

results suggest that the impeller's high flow rate contributes significantly to the system's overall 

pressure loss. 

3.5. Cyclone’s design parameters 
The cyclone’s geometry induces a complex pressure drop that is difficult to predict. The cyclone’s 

primary flow regime is centrifugal air flow, which results in high pressures along the outer wall region, 

while the core region remains at low pressures. This pressure differential generates a secondary flow 

along the walls of the lid with an inwards radial direction (1). Eventually, this flow derives a downward 

flow along the outer wall of the vortex finder (2).  Just below the vortex finder, a radial inward flow 

creates a 'lip flow' (3), forming a flow channel that amplifies short-circuit and recirculation flows, as 

illustrated in the following Figure 25. 

Furthermore, the cross section where the air and solids are separated cannot be accurately defined. 

 

Figure 25: Air flow inside a cyclone. Several flow regimes can be found. 1: Inward radial flow. 2: Downward axial flow. 3: Lip 
flow with 1800 turn. Also, a secondary turbulent flow can be seen. [Source: “Secondary Lip Flow in a Cyclone Separator”] [8] 
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As mentioned in section 3.1, and considering the complexity that the cyclone’s geometry induces to 

the system, the parameter selection of the cyclone was made from analyzing images of the cyclone’s 

component used in commercial aspirator devices. The analysis of images was executed by comparing 

the pixels occupied of an object with known dimensions to the pixels occupied by the object that the 

dimensions wished to be acquired. For the cyclone, the dimensions of the inlet hose flange are known 

since the manufacturer is providing them. In the following image, the inlet hose flange has a diameter 

of 120𝑚𝑚. 

 

Figure 26: Pixel ratio of cyclone's parameters relative to the hose's inlet flange. [Source for image: "crfcostruzioni.it", source 
for image measurements:" https://eleif.net/photomeasure”] 

In the above image the red line labeled with the index (1), corresponds to the reference pixel length. 

The rest of the green lines with indexes from (2) to (6), have a length unit that corresponds to a 

multiplier of the reference red line. Multiplying each green line’s factor with the actual length in 

(𝑚𝑚), of the hose’s inlet flange (red line), will result in the actual length of each component’s 

dimension. Since the distance of each object from the camera is not known, the success of this process 

lies in the fact that the measured objects are approximately in the same plane. The results of the 

multiplications give the following table for the cyclone’s design parameters. 

Table 6: Cyclone design parameters. 

Parameter’s description Parameter’s value 

Barrel’s Diameter 𝐃𝑩 400 𝑚𝑚 

Barrel’s Length 𝑳𝑩 420 𝑚𝑚 

Upper cone Length 𝑳𝒖 120 𝑚𝑚 

Down cone Length 𝑳𝑫 300 𝑚𝑚 

Down cone Diameter 𝑫𝑫 180 𝑚𝑚 

Hose inlet flange z-coordinate 210 𝑚𝑚 
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Finally, a formation that is not visible from the images is the inlet pipe of the impeller (vortex finder). 

The purpose of that pipe is to make sure that the flow inside the cyclone is mainly centrifugal. This 

pipe begins at the impeller’s inlet and extends downwards up to a certain height, probably lower than 

the hose’s inlet flange height. Thus, it effectively mitigates the potential for a significant short-circuit 

flow, which might occur when air finds a direct path from the hose's inlet flange to the impeller's inlet. 

To address this issue, the author employed a practical solution by utilizing a single-stage telescopic 

pipe with an adjustable length and minimal reduction in cross-sectional area. 

3.6. Operation of the cyclone aspirator device 
After the operation of the cyclone’s device different values for the length of the impeller’s inlet pipe 

were tested. The findings revealed that positioning the pipe near the end of the barrel significantly 

reduced both the airflow and the solid mass flow rate. The sole positive outcome of extending the 

pipe's length (corresponding to a decrease in height) was an improvement in deleafing results. 

 

Figure 27: Aspirator device with cyclone. The assembly of the device includes the hydraulic system for the impeller’s 
rotation. 
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On the other hand, when the vertical position of the pipe was set to a high position, the free air flow 

increased and so did the solid mass flow, but the ability to expel leaves from the cyclone’s hopper was 

reduced. Also, another downside was that the flow was more unstable, as it was observed that inside 

the cyclone the solid particles were sometimes not settling at the bottom of the hooper but rather 

they were suspended in a centrifugal flow. After conducting several experiments, an optimal hose 

position was identified, striking a balance between achieving satisfactory air and solid mass flow rates, 

effective leaves expulsion, and flow stability. In that setup the air speed was measured (when no solids 

particles were present, as the instrumentation would be damaged). Subsequently, the solid mass flow 

rate was determined by measuring the time required for a given mass of olive fruits to be conveyed. 

Table 7: Air velocity solid mass flow data, obtained from the aspirator device operation. 

Hose diameter 𝑫𝒉𝒐𝒔𝒆 
Impeller rotational 

speed 𝒏 
Free air velocity 𝒗 𝒎̇𝒔𝒐𝒍𝒊𝒅 

120 𝑚𝑚 2800 𝑟𝑝𝑚 40 𝑚/𝑠 20 𝑘𝑔/𝑚𝑖𝑛 
 

3.7. Manufacturing process of cyclone aspirator device components 

3.7.1. Impeller’s casing 
The impeller casing plays a crucial role in fan efficiency, working in tandem with the impeller. 

Essentially, the casing functions as a vaneless diffuser, converting the kinetic energy of the air exiting 

the fan into static pressure. 

 

Figure 28: Impeller's casing. The plate and the flanges are welded, except the top plate that is assembled using bolts, for the 
impeller to be assembled inside the casing. 
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The manufacturing process of the casing commences with the cutting of the plate flange. The profile 

of the plate must follow a logarithmic spiral for the most efficient function of the radial diffuser. As 

the flow traverses the diffuser, due to continuity, the radial component of the air velocity decreases 

proportional to 𝑟. In addition, due to the angular momentum of the flow being conserved, the 

tangential component of the air velocity also decreases proportional to 𝑟. Therefore, the ratio of the 

radial to the tangential velocity is constant. 

𝑐𝑟
𝑐𝑢
= tan(𝑎2) (3.11) 

where 𝑎2 is the angle of the absolute velocity, relative to the tangential direction, of the air at the exit 

of the fan. The above condition determines the streamlines shape inside the casing as a logarithmic 

spiral; thus, the wall of the casing should have a matching profile to avoid disrupting the streamlined 

flow. Therefore, the function that defines the profile [12] is the following: 

𝑟(𝜃) = 𝑅2 𝑒
𝜃 

𝑄
2𝜋𝐵 𝑐𝑢2 𝑅2  (3.12) 

where 𝐵 is the constant volute width and 𝑐𝑢2 is the tangential air velocity at the exit of the impeller. 

The relation (3.12), can be used for reproducing the profile of the logarithmic spiral in CAD software, 

as seen in Figure 299. The representation of the plate’s profile in CAD software gives the possibility of 

exporting the design in . 𝑑𝑤𝑔 format, which can be fed to a CNC plasma cutter for an accurate 

formation of the desired complex shape. 

 

Figure 29: Logarithmic spiral curve (left image) and the surface profile of the plate of the casing (right image) designed in 
CAD software. 

The above process was done to create the formations of both the back plate and the front plate of the 

casing. The front plate incorporates a hole for the impeller's air inlet, while the back plate features a 

large opening to facilitate the mounting of the fan inside the casing. Both plates are depicted in Figure 

3030. The opening in the front plate is slightly larger compared to the fan’s inlet diameter 𝐷1, to allow 

the impeller’s lip to pass through, creating a labyrinth-like effect. The opening at the back plate is 

slightly larger than the fan’s diameter 𝐷2, for the impeller to fit through when it is assembled or 

disassembled. 
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To create the entire casing assembly, a side flange was welded along the contour of the back plate 

flange, and subsequently, the front plate was welded on the opposite side of the side flange. The side 

flange was constructed using rectangular strips of steel plate. Initially, a sizable steel plate was 

gradually welded around the logarithmic spiral shape of the back plate. Following this, straight side 

flanges were welded to close the gaps at the exit formation. Figure 3131 provides an exploded view 

of all the flanges of the impeller's casing. 

 

Figure 31: Exploded view of the impeller's casing. In this view all the individual flanges can be seen before welding together. 

Figure 30: Casing's front plate with opening for the fan's inlet (left image). Casing's back plate with opening for the fan's 
assembly/disassembly (right image). 
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The tangible result of the casing manufacturing process, involving the shaping and welding of the 

flanges as described above, is depicted in the following Figure 32. 

 

Figure 32: Result of manufacturing process of the impeller's casing. 

After the description of the manufacturing process of the impeller’s casing, it is important to note that 

the numerous parameters of the casing significantly impact the flow conditions and the impeller 

efficiency. Due to the complexity of modeling the parameters of the casing, the author adheres to the 

design parameters of casings that hold impellers of similar diameter 𝐷2 and width 𝑏. The design 

parameters of the casing are illustrated in the following Figure 33. 

 

Figure 33: Impeller's casing design parameters. [Source: Effect of Clearance Gap in Spiral Casing Design of Centrifugal Fan 
with Optimized Impellers, Ardit Gjeta, 2019][11] 
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In more detail, the parameters that are shown in the previous figure is the width of the rectangular 

exit 𝐻, the height of the casing 𝐵, the tongue angle 𝜑 which is the angle that the side flange starts to 

form the logarithmic spiral, the radii 𝑟 formed in the edge of the tongue for avoiding sharp edges and 

the clearance 𝑏∗ between the fan’s backplate and the casing bottom flange. All those values were 

selected by copying values of casings with similar impeller’s dimensions and critical thinking.   

 

3.7.2. Impeller’s fan 
The fan construction was done by welding the fan’s blades to the back blade and then welding the 

conical shroud on the top side of the blades. The back plate was shaped by lathe-machining a circular 

steel plate to achieve a precise circular profile with a diameter of 𝐷2. The blades were fabricated by 

cutting steel plates into a trapezoidal shape, with the two bases having dimensions equal to 𝑏1 and 𝑏2 

respectively, while the height of the trapezoid was determined using the CAD representation of the 

impeller's fan. As mentioned in section 3.3, a parametric design of the fan's blade was accomplished, 

allowing for the determination of the blade's trapezoid height based on the parameters outlined in 

Table 5 and using the CAD utility of measuring the arc’s length, as seen in the following Figure 34. 

 

Figure 34: Measurement of the blades arc length in CAD software. This measurement was used for cutting the initial 
trapezoid steel plate from which the blade will be formed. 

After the trapezoid steel plates were cut, using a roll plate bending machine, they were bent to a 

circular arc shape.  

The shroud was formed by cutting a cone's layout from a steel plate and subsequently rolling the plate 

using a plate rolling machine. The two ends of the cone were welded together, and a lip formation 

was added at the top of the shroud. The lip serves a crucial role in guiding the airstream into the 

impeller's fan, eliminating sharp edges, and aiding in sealing the space between the inlet and the 

casing. This labyrinth-like effect increases the flow resistance of the path leading directly from the 

inlet to the casing, bypassing the impeller's fan. The three main components that were welded 

together to create the fan assembly are illustrated in Figure 35, in an exploded view. 
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Figure 35: Exploded view of the centrifugal impeller. The back plate, the blades and the shroud were welded together 
forming the blower assembly. 

To transmit power to the impeller and enable its rotation, the impeller must be connected to a shaft. 

The other end of the shaft is connected to the primary mover, which was selected to be a hydraulic 

motor. For proper function, especially in the stage of starting the impeller’s rotation and for reducing 

torsional vibrations that might be imparted, a mechanical coupler is intervened. There are many 

setups for a mechanical coupler, the author selected a coupler component that resembles two splines 

meshed and between the meshing a flexible-rubber material component is placed. 

 

Figure 36: Jaw-type mechanical coupler. It is used for damping torsional vibrations between the connected shafts. [Source: 
https://www.smlease.com/entries/mechanism/what-is-mechanical-coupling-types-applications] 

The hole in the eye of the blower serves the purpose of mounting the impeller to the shaft. To enhance 

the structural integrity of the blower assembly, especially given the substantial diameter of the 

impeller, a circular plate flange is attached to the back plate of the blower using bolts. This circular 

plate is responsible for securing the shaft. The shaft consists of two parts so the jaw-type mechanical 

coupler can be mounted. The assembly of the blower with the shaft, as described above, can be seen 

in the following Figure 37 in exploded view. 

https://www.smlease.com/entries/mechanism/what-is-mechanical-coupling-types-applications
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Figure 37: Exploded view of the assembly of the impeller with the shaft. At the end of the shaft a jaw-type mechanical 
coupler is connected. 

The actual result of the impeller assembly with the shaft is shown in the following Figure 38. 

 

Figure 38: The blower is mounted to the shaft. Also, the shaft is supported to the bottom flange of the casing. 
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3.7.3. Cyclone 
The cyclone formation consists of two cone shaped sheet metal flanges and one cylindrical. Also, there 

is a cylindrical pipe for the fan’s inlet and one cylindrical pipe for the mounting of the hose. All the 

above components were shaped by cutting a 2 𝑚𝑚 flat steel plate layout of the shape and shaping 

into the corresponding cone or cylinder by using the roll plate machine. The two cones were welded 

in the bottom and top side of the cylindrical barrel to form the basic formation of the cyclone, as seen 

in the following Figure 39.  

 

Figure 39: Metal sheets formed into two cones and one cylinder for the cyclone formation. 

On the top of the cyclone, a rectangular steel plate is welded for the connection and support of the 

impeller’s casing to the top of the cyclone. Also, another rectangular steel plate is welded at the 

bottom of the cyclone for the connection of a rotary valve.  

 

Figure 40: Rotary valve component assembly. It consisted of a shaft with radial vanes and a casing. [Source: 
https://www.thomasnet.com/articles/pumps-valves-accessories/all-about] 

https://www.thomasnet.com/articles/pumps-valves-accessories/all-about
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Finally, inside the cyclone component a cylindrical pipe (vortex finder) is inserted for improving the 

flow conditions inside the cyclone, as described in section 3.5. 

 

Figure 41: Assembly of the aspirator device with cyclone. The components displayed in this figure from bottom to top are 
the following: Cyclone, inlet pipe (vortex finder), casing, impeller’s blower, axis (with coupler) and the casing top flange. 

 

For a better understanding of the way that the above components fit together, how the geometries 

are formed insider the cyclone component, a mechanical drawing is given in Figure 42.  This figure 

includes not only the front view of the cyclone aspirator device but also a section view, illustrating 

how the inlet pipe is attached to the cyclone using the rectangular plate as support. Moreover, the 

same rectangular plate of the cyclone acts as a support for mounting the impeller’s casing. A detailed 

view is provided to showcase the location where the lip of the impeller fits through the casing opening.



   

 

45 

 

 

Figure 42: Mechanical drawing of the assembly of the cyclone aspirator device. The section view aids in illustrating the 
fitting of the inlet pipe inside the cyclone component. A detailed view in the area of the support of the casing to the cyclone 

is also included to help visualize how the fan’s lip is threaded through the casing. 

 

 

 

 

.  
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3.8. Aspirator device design without cyclone component 
In the author's second endeavour to construct the aspirator device, the crucial change was the 

replacement of the cyclone component with a sizable rectangular box, similar to an inlet box of a duct 

system. The much bigger cross-sectional area of the rectangular box results in a very low air velocity, 

so the solid particles are no longer suspended in the air stream and drop in the bottom of the 

rectangular box container. The deleafing feature is not present in this setup as there is no mechanism 

for the separation of the olive leaves from the solid particles. This feature was abandoned by the 

author due to the complications it presented and the significant difficulty in modelling it. 

 

Figure 43: Aspirator device with rectangular collecting bin, designed in CAD software for prototyping. 

This setup provides better terms for modelling and prediction of the operating conditions for the 

following reasons: 

1. The geometrical domain of the rectangular box imposes more straightforward flow conditions 

compared to the cyclone. As seen in Figure 25, the cyclone’s geometry creates multiple types 

of flow. Instead, when the air reaches the rectangular box, due to the large cross-sectional 

area, the air velocity is near zero, in most regions of the container.  

2. The point at which the separation of solid particles from the airstream occurs can be assumed 

to be the junction where the hose meets the rectangular box. 

3.  Less operating parameters are required for the design of the rectangular box, compared to 

the cyclone. In addition, most of the dimensions of the rectangular box do not play such a 

crucial role for the air flow operation. 
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The geometrical design of the rectangular box bin features an inclined plane at its lower section to 

ease the unloading of the collected olive fruits. The floor, made of steel plate, is not permanently fixed 

to the bin, allowing it to be moved. Additionally, a hydraulic cylinder is installed, which can be 

activated to initiate the unloading process. Lastly, the rectangular bin is constructed as two separate 

components: an upper part and a lower part that are securely fastened together. This design choice is 

intentional, as it results in a more robust solution, facilitating simpler assembly and component fitting, 

enhancing structural integrity, and enabling easier disassembly in the event of a malfunction. 

A prototype design of the assembly of the collecting bin, the moving floor, the hydraulic cylinder and 

the impeller assembly can be seen in Figure 43. In addition, Figure 44 shows the moving floor plane. 

 

Figure 44: Bottom view of the aspirator device. The floor plane can be moved by the hydraulic cylinder for the unloading 
process. 

The space within the collecting bin's frame, as depicted in the left part of the figure above, serves as 

the installation area for the oil tank. This tank contains hydraulic fluid necessary for two key functions: 

one is for the operation of the hydraulic cylinder that controls the opening of the collecting bin floor 

gate, and the other is for the operation of the hydraulic motor that powers the impeller. 

Inside the collecting bin, two additional components are housed: the impeller's flange and the inlet 

hose's flange diffuser. These diffusers serve two purposes that enhance the efficiency of the air flow. 

First, in the case of the impeller's diffuser, it aids in directing the air flow uniformly into the impeller. 

This is particularly beneficial as the air flow needs to change direction to enter the impeller, and the 

diffuser ensures a more even distribution of airflow, rather than a concentrated flow at the centreline 

of the inlet. This behaviour can be clearly illustrated in the following Figure 45. 
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Figure 45: Demonstration of the flow field in the absence of the diffuser (left) and with a diffuser (right). The diffuser 
enables a smoother transition of the flow. 

The second feature that both diffusers offer is the ability to achieve a smooth acceleration of the air 

flow in the case of the impeller's diffuser and a smooth deceleration of the air flow in the case of the 

inlet hose's flange diffuser. When acceleration or deceleration of the air flow isn't adequately 

smoothed out, turbulence and secondary flows increase their intensity, resulting in higher energy 

losses and unwanted flow patterns. In the following figures, the geometrical formation of the 

impeller’s diffuser and the inlet hos flange’s diffuser can be seen. 
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Figure 46: Impeller assembly. The blower lies inside the casing and the impeller’s inlet is connected to the diffuser. 

The inlet flange of the hose features a design that gradually increases the cross-sectional area towards 

the end, functioning as a diffuser to gently decelerate the flow. Furthermore, the hose’s inlet flange 

has another purpose that is to connect the hose with the collecting bin. This connection inevitably 

introduces a bend in the piping system. The formation of the bend was chosen to be a 450 degree 

turn rather than a 900 degree turn, as seen in Figure 47. This choice was made in order to reduce the 

collision of the solid olive fruit particles and the minor losses of the airflow due to friction and the 

inertial forces that make the flow non-uniform during a turn. 

 

Figure 47: Hose's inlet flange with a diffuser 
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The impeller’s design has followed the same design as the one used in the aspirator device with a 

cyclone, so the design can be seen in Figure 15. Although, some modifications were made in order to 

increase the air flow that the impeller induces and also its efficiency. The inlet and outer diameters 

and the leading and trailing angles remained the same as the previous design. The change in the 

parameters is about the width of the fan’s blade in the inlet 𝑏1 and the outel 𝑏2.  

Initially, the inlet at the outlet width was decided to be equal, meaning: 

𝑏1 = 𝑏2 (3.13) 

According to bibliographic research for fan design [9], the above condition offers some benefits 

compared to the 𝑏1 > 𝑏2 condition, besides the easier manufacturing process. The 𝑏1 > 𝑏2 condition 

is used frequently, as it keeps constant the cross-sectional area of the channel between two 

consecutive blades, in which the air flows. The fact that the cross-sectional area remains constant 

results in better efficiencies due to the fact that no deceleration occurs, thus no pressure gradient is 

created opposing the airflow and generating reversed flow currents. In practice, the above reasoning 

overlooks the fact that after the airflow reaches the blade’s tip, a sudden expansion occurs as it is no 

longer bounded by the blower’s shroud and blades. At that point, only the blower’s casing confines 

the flow, which has much larger width. Therefore, the condition of (3.13) can result in practice in 

higher efficiencies, as the deceleration of the flow is smoother and the sudden expansion at the blade 

tip is less severe.  

The blade angles at the leading and trailing edges also affect the deceleration of the flow inside the 

channel created by two consecutive blades. In order to ensure that the deceleration of the flow is 

occurring gradually and at an even rate, as is desired according to the paragraph above, a simple 

procedure can be employed. At several points along the blade channel, circles are inscribed, meaning 

that they are bitangential to the two consecutive blades. These inscribed circles can be seen in Figure 

48. 

 

Figure 48: Centrifugal fan with back curved blades. Inside the blade channel, inscribed circles are drawn. 
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After drawing the inscribed circles, the next step is to calculate the area of the flow at each point, by 

multiplying the diameter of each circle with the blade width that corresponding to the circle’s center. 

After that, for each area, a diameter of a circle with equal area is calculated (equivalent diameter). 

Then the equivalent diameters are plotted against the centerline of the channel, therefore a cone is 

obtained. Each point should correspond to a cone angle less than 70, if not, the design should be 

revised. 

For the implementation of the above method, the value of the blade width is needed, therefore before 

the numerical calculations of the above method, the blade width 𝑏1 = 𝑏2 = 𝑏, will be determined. As 

mentioned previously, the impeller of the second aspirator device, which features a rectangular 

collecting bin instead of the cyclone, will maintain identical design parameters for the impeller, with 

the exception of the blade width that will be increased. The choice for a larger value of the blade width 

was made in order to increase the airflow. Again, according to the bibliography [9], there is an upper 

limit to the blade width, given in the following relationship. 

𝑏 ≤ 0.46 𝐷1 (3.14) 

The formula above is an empirical relationship derived from experimentation. However, it highlights 

an important aspect of the airflow behaviour as it enters the impeller. Upon entering the impeller’s 

shroud, it makes a 900 turn to follow the blade channel. Due to the airstream inertia, the airstream is 

not evenly distributed across the blade width but rather is concentrated in the impellers back plate, 

leading to undesired flow conditions. Therefore, exceeding the blade width limit, specified by the 

formula above, could potentially reduce the hydraulic efficiency of the impeller, leading to an increase 

in included flow only in theory.  

The author decided to set the blade width equal to 40% of the inlet diameter 𝐷1, hence 𝑏 = 0.4𝐷1. 

Now the procedure of the inscribed circles can take place, in order to validate that the blade channels 

offer a gradual deceleration of the air flow.  

 

Figure 49: Measurements of the inscribed circles radii and distances between circle centers. 
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The above measurements were placed in the following table, where the calculations of the equivalent 

diameter took place. 

Table 8: Inscribed circles procedure 

Inscribed circle Radii 
(𝒎𝒎) 

Center distance 
(𝒎𝒎) 

Area of inscribed circles 

(𝒎𝒎𝟐) 

Cones inclination in 
degrees 

20.168 - 1694.11 - 

21.131 9.525 5576.34 5.77 

22.012 9.507 5808.83 5.29 

22.809 9.491 6019.15 4.80 

23.519 9.477 6206.52 4.28 

24.14 9.465 6370.40 3.75 

24.67 9.455 6510.26 3.21 

25.108 9.447 6625.85 2.65 

25.451 9.441 6716.36 2.08 

25.698 9.436 6781.54 1.50 

25.849 9.433 6821.39 0.92 

  

The procedure validates the blade channel design in terms of decelerating gradually the airflow, so 

there is no need for changing the leading and trailing edge angles for making a narrower blade 

channel. Therefore, the design parameters of the centrifugal fan for this aspirator device are given in 

the following table. 

Table 9: Design parameters of the centrifugal fan of the aspirator device with the rectangular collecting bin. The only 
variations from the cyclone’s aspirator device parameters are underlined, which correspond to the blade width. 

Parameter’s description Parameter’s value 

Inlet diameter 𝐃𝟏 210 𝑚𝑚 

Inlet blade width 𝒃𝟏 80 𝑚𝑚 

Outlet diameter 𝑫𝟐 490 𝑚𝑚 

Outlet blade width 𝒃𝟐 80 𝑚𝑚 

Blade's leading-edge angle 𝜷𝟏 300 

Blade's trailing-edge angle 𝜷𝟐 250 

Rotational speed n 2800 𝑟𝑝𝑚 

 

3.9. Operation of the aspirator device with rectangular box bin 
The design of the rectangular box aspirator was anticipated to have a higher free air velocity compared 

to the cyclone aspirator device. This expectation stemmed from the fact that the impeller in the 

second aspirator device featured a larger blade width. Additionally, the system's pressure drop was 

expected to be lower because the box's geometry offered less resistance to the flow. These factors 

were all projected to contribute to a greater mass flow ratio, which was the desired outcome. The 

following figure (Figure 520) shows the complete setup of the aspirator device with a rectangular bin 

and the hydraulic system for powering the impeller and hydraulic floor gate.  

. 
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Figure 50: Aspirator device with rectangular box. The hydraulic system for the impeller's rotation is also visible. 

Following the impeller's operation, the free air velocity was measured, and it exceeded the required 

level, reaching a significantly higher value, 𝑣 = 60 𝑚/𝑠. This excessive velocity led to a substantial 

pressure drop due to friction losses, which are proportionate to the square of the airstream velocity. 

Moreover, the transportation of olive fruits did not exhibit the expected improvement despite the 

increased velocity. Upon further observation, it became evident that while the olive fruits were initially 

introduced into the hose at a satisfactory rate, they tended to form immovable beds within the hose, 

particularly in sections with excessive curvature. 

The hose’s path is not ideal for modelling as not entire horizontal, vertical, or even inclined. The curves 

within the hose can result in significant flow separation, leading to non-uniform airflow. Additionally, 

these curves provide ample opportunity for extensive and frequent collisions between the olive fruits 

and the hose walls. As a result, the olive fruits lose kinetic energy and become trapped in the curved 

sections, obstructing the airflow and causing the fruits to once again become suspended in the air 

stream. 

 

Figure 51: The piping system bends introduce several collisions between the solid particles and the walls of the pipes. 
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To mitigate the issues previously mentioned, a solution was implemented: increasing the hose 

diameter and shortening its length. These modifications offer several advantages. Firstly, the larger 

diameter reduces the air velocity, resulting in lower friction losses, which are proportional to the 

square of the air velocity. It also provides more space for the olive fruits to travel before impacting the 

hose walls, reducing the number of collisions. Secondly, the shorter hose length creates a more 

favourable hose path by reducing the number of curves that form in a longer hose. It's important to 

note that the pressure drop, caused by friction and solid particle impacts, is also proportional to the 

hose length. The following figure (Figure 52) shows the aspirator device in action, operating in the 

field, after the hose’s modifications. It's evident that the hose features fewer curves, and the reduced 

length doesn't hinder the device's access to the olive fruit pile. 

 

Figure 52: Aspirator device operating on the field. The hose length was shortened to minimize curve formation in the hose’s 
path. 

After those modifications, the free air velocity was reduced as expected and the efficiency of the 

aspirator device was improved, as the solid mass flow rate increased. The data from the operation of 

the aspirator device is presented in the following table. 

Table 10: Aspirator device with rectangular box operational data. 

Hose diameter 𝑫𝒉𝒐𝒔𝒆 
Impeller rotational 

speed 𝒏 
Free air velocity 𝒗 𝒎̇𝒔𝒐𝒍𝒊𝒅 

𝟏𝟑𝟎 𝒎𝒎 2800 𝑟𝑝𝑚 55 𝑚/𝑠 100 𝑘𝑔/𝑚𝑖𝑛 
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As demonstrated in the preceding table, the solid mass flow rate has experienced a significant 

increase. The current solid mass flow rate is highly satisfactory, enabling efficient field operations and 

significantly reducing the labor time and effort required for olive fruit collection. A validation of the 

operational data is the calculation of the mass flow ratio 𝜇. 

μ =
𝑚𝑠̇

𝑚𝑓̇
=

100
60 𝑘𝑔/𝑠

(1.184 𝑘𝑔/𝑚3) [𝜋 (
0,13
2
𝑚)

2

] 55 𝑚/𝑠  

= 1.93 

The mass flow ratio is close to the value of 2 ∶ 1, indicating a solid-to-air mass flow rate, which is a 

preferred ratio for dilute-phase conveying of large particles, as suggested by the bibliography. 

3.10. Manufacturing process of box aspirator device components 
The manufacturing process of the impeller’s casing is identical to the casing of the cyclone aspirator 

device. This also applies to the impeller’s blower, with the only exception of the flat shroud. The 

impeller’s blower of the box aspirator device has an equal width of blades at the inlet and the outlet 

of the fan, so there is no need for a conical-shaped shroud, resulting in a simpler manufacturing 

process. Moreover, the connection of the impeller’s blower to the hydraulic motor was executed in 

the same manner as in the cyclone aspirator device, involving the use of a circular plate flange and a 

mechanical coupler. The assembly of the box aspirator device is given in the following figure. 

 

Figure 53:  Exploded view of the box aspirator device. 
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3.10.1. Impeller’s diffuser 
The mounting of the impeller’s casing in this setup is done with the assistance of a small length 

cylindrical ring, as opposed to the case of the cyclone aspirator device, where an inlet pipe was 

employed. This variation is necessitated by the mandatory use of a diffuser in the inlet of the impeller 

due to the air flow conditions within the box, as detailed in section 3.8. For the same reason, a diffuser 

was inserted at the hose mounting to the box. Due to the impeller's diffuser being a square-to-round 

duct, the manufacturing process required the design of the sheet metal layout first. The method for 

unfolding the square-to-round duct uses the process of the triangulation of the surface of the duct, as 

seen in the figure below, where the top view of the surface of the duct is mapped to the layout design. 

 

Figure 54: Using triangulation, the top with of the square-to-round duct numbered points are mapped to a flat layout. 
[Source: www.sheetmetalworld.com/sheet-metal-news/fabrication-tutorials/22-sheet-metal-tutorials/5962-how-to-

develop-a-square-to-round] 

To streamline the parametrization process, the author employed a shortcut by utilizing a command in 

the CAD software. This approach proved efficient, especially considering the prior effort invested in 

prototyping and parametrizing the square-to-round duct with the CAD software. The command 

𝑢𝑛𝑓𝑜𝑙𝑑 can produce the flat layout of a 3𝐷 connex and manifold surface. So, by extracting the surface 

formed by the square-to-round duct and unfolding that surface the following layout was produced, as 

seen in Figure 55.  

 

Figure 55: Layout of the square-to-round duct produced in CAD software with the unfold command. 

file:///C:/Users/kfyti/Documents/www.sheetmetalworld.com/sheet-metal-news/fabrication-tutorials/22-sheet-metal-tutorials/5962-how-to-develop-a-square-to-round
file:///C:/Users/kfyti/Documents/www.sheetmetalworld.com/sheet-metal-news/fabrication-tutorials/22-sheet-metal-tutorials/5962-how-to-develop-a-square-to-round
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The layout was exported in . 𝑑𝑥𝑓 format and fed to a CNC plasma cutter. With the help of the 

guidelines shown in Figure 55, the bends were made, giving the final desired shape. The last thing was 

to weld the two ends together.  

3.10.2. Hose diffuser 
The manufacturing process of the hose diffuser involved two steps, as the diffuser comprises two 

formations: the pipe bend and the cross-section increasing part that functions as a diffuser. Firstly, for 

the bend part formation, the radius of the bend curvature was measured using the CAD prototype 

design, as shown in the following figure. Subsequently, a straight pipe section with length equal to 

𝑠 = 𝑅 ∗ 𝜃 was rolled into the pipe bending machine. 

 

Figure 56: Measuring the curvature of the pipe bend using CAD software. 

Due to the bend radius being more than two times the pipe radius, the utilization of the pipe bending 

machine was appropriate. The second step involved forming the diffuser part, which commenced with 

creating a cone from a metal sheet. Subsequently, using a hydraulic press, the cone-shaped pipe was 

gradually flattened in one direction, resulting in an ellipse-like profile. Finally, the two parts were 

welded together. 

3.10.3. Collecting Box 
In this aspirator device setup, the rectangular box bin is the substitute for the cyclone component and 

one of the advantages, as mentioned in section 3.8, is the simpler manufacturing process. To facilitate 

assembly and maintenance, the component was fabricated as two parts joined together with bolts: 

an upper part and a lower part. The manufacturing of the lower part started with the construction of 

the frame made from steel beams welded together. Afterwards the bin was formed by steel plates 

welded along the beam frame. The frame is extended from the one side of the bin for supporting the 

hydraulic cylinder that is responsible for opening the floor gate. Also, the space formed can serve for 

the support of the hydraulic system’s tank. The assembly of the lower part of the rectangular box bin 

is shown in the following Figure 57. 
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Figure 57: Lower part of the collecting bin box. The frame made of steel beams also supports the hydraulic cylinder for 
opening the floor gate, and the floor gate. 

The upper part of the collecting bin box was constructed by first welding the steel beams for making 

the frame and then the steel plates for forming the upper part of the bin. In addition, the top of the 

upper part is where the casing will be supported and the Hose diffuser, hence opening where made 

for the fitting of the casing and the hose diffuser. 

 

Figure 58: Upper part of the collecting bin box. The left opening is for the impeller's casing fitting and the right opening for 
the hose diffuser mounting. 

 

 

 

 



   

 

59 

 

 

Figure 59: Box aspirator device completed assembly. 

 

3.11. Comparison between the two aspirator devices setup  
After a thorough description of the operational conditions and a comprehensive examination of the 

performance of both aspirator device configurations, it becomes evident that the aspirator device 

without the cyclone component outperforms its counterpart in various aspects. 

In higher detail, it is noteworthy that the rectangular box aspirator device achieves a solid mass flow 

rate approximately five times higher than that of the cyclone aspirator device, despite both devices 

employing nearly equal free air stream velocities and identical impeller rotational speeds. The solid 

mass flow rate stands out as the paramount performance metric, as it exerts the most substantial 

influence on the productivity efficiency of the aspirator device. Productivity efficiency, in turn, serves 

as the pivotal criterion that potential customers rely on to determine whether the investment in the 

aspirator device is worthwhile, as it directly impacts the device's ability to carry out the task of olive 

fruit collection in a time-saving manner. 



   

 

60 

 

The reasons behind the superior performance of the rectangular box aspirator device in comparison 

to the cyclone aspirator device are manifold, and some of these have been previously discussed in the 

text. The most significant factor, as extensively analysed in section 3.5, is the complex geometry of the 

cyclone, which results in a higher pressure drop within the system. Furthermore, the cyclone 

component introduces various undesirable flow patterns that do not contribute to the conveying 

process. 

An additional, previously unmentioned factor, stemming from practical considerations, relates to the 

unloading process of the olive fruits from the aspirator device, which is facilitated by the rotary valve 

component. The cyclone component has no significant capacity storage, so the unloading of the 

collected olive fruits takes place almost in a continuous manner. This unloading process happens 

thanks to the rotary valve component which is mounted at the bottom of the cyclone bin, as shown 

in Figure 60Error! Reference source not found.. The rotating vanes inside the rotary valve casing, 

extract the olive fruits in a constant rate without interrupting the aspirator device operation. In 

addition, they provide sealing from the outside environment preventing unwanted airflow entering 

from the bottom of the cyclone bin due to the lower pressure inside the cyclone component. 

 

 

Figure 60: Rotary valve component, mounted at the bottom of the cyclone. The continuously rotating vanes inside the 
rotary valve casing unload the olive fruits at a constant rate. [Source for image: "crfcostruzioni.it”] 

On the other hand, the rectangular box aspirator device has enough storage capacity, so that the 

unloading process can take place once the bin is filled, giving an interruption in the operation of the 

aspirator device. The unloading process happens thank to the floor gate at the bottom of the 

rectangular box, as has been demonstrated in Figure 44. Despite the presence of a brief interruption 

in its operation for the unloading process, the dead time of the rectangular box aspirator is a negligible 

fraction of the total operating time. 

After clarifying the principles of the unloading process, it can be shown that even the rotary valve’s 

unloading process has a small advantage in terms of time-efficiency, it creates a major problem in the 

operating conditions, as it can tamper the flow conditions inside the system, as it cannot provide the 

sealing standards that the floor gate does. 

file:///C:/Users/kfyti/Documents/crfcostruzioni.it
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Figure 61: Rotary valve. The figure shows the rotating vanes inside the component. Due to their rotation, the vanes have 
some axial and radial clearance from the casing. [Source: “A NOVEL APPROACH TO ROTARY VALVE VENTING”] 

As shown in Figure 61, due to the rotating operation of the rotary valve, the rotating vanes must have 

some axial and radial clearance from the casing. That means that the manufacture of the rotary valve 

component requires high precision tools for a decent result in sealing performance. However, even if 

a precise execution of the tolerance dimension is achieved, the nature of the operation of the rotary 

valve component cannot eliminate the clearance leakage.  

Conversely, in the case of the rectangular box, clearance leakage can be entirely eliminated, as the 

floor gate movement is a simple low-speed slide, so the clearance that is needed for the movement 

can be effectively sealed with a suitable material, such as a solid rubber gasket, shown in the following 

Figure 62.  

 

Figure 62: Solid rubber tape, for a sealing gasket. [Source: www.gteek.com/Rectangular-rubber-profiles] 

To conclude, the prevention of the leakage flow gives another advantage to the rectangular box bin, 

over the cyclone bin, as the counter flow of the leakage reduces the hydraulic efficiency of the system, 

generating energy losses and destabilizes the flow conditions inside the bin, giving rise to undesired 

https://www.gteek.com/Rectangular-rubber-profiles
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flow patterns where solid particles can remain suspended instead of settling at the bottom of the 

collection bin. 

The final reason that favours the rectangular box over the cyclone bin pertains to the design 

parameters. The cyclone component has a significantly larger number of parameters (as shown in 

Table 6), and their influence on the operation and flow conditions is more sensitive and unpredictable. 

Consequently, fine-tuning the parameters of the cyclone component to enhance performance is a 

more challenging task compared to the rectangular box. 
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Chapter 4. Conclusions 
 

The two main configurations of an aspirator device were designed and manufactured for the purpose 

of this project: to investigate the working principles of the aspirator device. The process of parameter 

selection predominantly involved the examination of images of commercially available aspirator 

devices and experimentation with the dimensions of the components. This method yielded two 

aspirator devices capable of conveying olive fruits from the ground to the collecting bin, signifying a 

measure of success. However, it is evident that the optimal solution has not been reached, since the 

extensive utilization of the theoretical formulas in numerical calculations was limited. The formulas' 

role in this project was primarily confined to understanding how alterations in parameter quantities 

might influence the aspirator device's performance. 

Through the operation of the aspirator device, it became obvious that a significant contributor to the 

pressure drop, caused by the transportation of solid olive fruits, is the multitude of collisions occurring 

between the solids and the inner wall of the hose. As seen in equation (2.7), the pressure drop 

modelling due to the solid particles’ interaction is relying on the solid friction factor 𝜆𝛧. This factor can 

only be determined experimentally by measuring a set of solid particle velocities 𝑐 and the 

corresponding pressure drop. Those measurements require a sophisticated instrumentation and 

setup; however, they hold the potential for advancements in modelling the aspirator device and will 

pave the way for further optimization. 

The theoretical framework of pneumatic conveying was applied to model the aspirator device, which 

shares some similarities with the pneumatic conveying system. However, two points of the aspirator 

device somehow deviate from the pneumatic conveying modelling. Initially, the hose curves were 

modelled by considering a specific hose shape. In reality the hose shape changes stochastically and 

besides from the fact that the curvature radius and curve length values are not always equal to the 

ones that were used in the modelling process, the fact that the hose’s shape changes during run-time, 

disrupts the steady state of the airstream, introducing transition states that might lead to extra terms 

of pressure loss.  The second point of deviation in the modelling is the solid mass load ratio. Although, 

this ratio is not predetermined in pneumatic conveying, there is a distinguishing feature of the solid 

feeder that can control the presence and feed ratio of solids in the piping. 

4.1. Improvements  
 

The following points highlight the most crucial steps that fulfil the objectives of this project: 

1. The theoretical framework for the aspirator device, including formulas that can be applied 

during the initial stage of iterative design, even in the absence of prior experimental data. 

2. The mechanical components required for the effective design and operation of the aspiration 

device, along with their manufacturing process, offering comprehensive documentation on 

the construction of the device. 

3. Observations on the operation of the aspiration device after the first iteration. 

After those objectives were carried out the following conclusions arise, regarding the room for 

improvements for a second iteration. 

1. The selection of a back-curved centrifugal blower with design parameters that emerged from 

the theoretical air-speed triangles proved to be successful, as this approach provided an initial 

design iteration capable of achieving the transportation of solid particles. However, further 
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improvement involves conducting measurements of the impeller’s Head under a set of flow 

rates to extract the real characteristic curve of the impeller, along with the efficiency of the 

impeller. 

 

Furthermore, the optimization process should include a more thorough study of the effects of 

volute design parameters, such as the width and exit cross-section, which were excluded from 

the theoretical analysis. These parameters were instead chosen based on mere observation 

to match the dimension of casings that hold relatively similar in size impellers. The only 

parameter design that was involved in the theoretical analysis was the logarithmic spiral of 

the casing. However, the parameters for design of the spiral involve the values of the air-speed 

triangles. In the analysis, the theoretical air-speed triangle values were used for the first 

iteration, leaving room for improvement by incorporating actual values obtained after the 

initial iteration. 

 

2. The mechanical components’ formation that was described in the manufacturing process 

chapters had as primary criteria the optimization of the flow. In particular the formation of 

the hose diffuser with the elliptical-end shape and 450 bend, as well as the impeller’s shroud 

formation along with the inlet diffuser guiding smoothly the 900 turn of the airstream (as seen 

on the following figure) are critical in the mitigation of pressure losses and sustaining a 

uniform flow profile. In practice, these components did not achieve the desired formation due 

to challenges in the manufacturing process arising from the lack of specialized tools required 

to implement the theoretical designs. Consequently, there is significant room for 

improvement in the construction of these components to better align with the documented 

geometry. 

 

Figure 63: The importance of the curvature at the inlet cone is highlighted at the right sketch, as it provides guidance to the 
air flow for a smooth and efficient transition. 
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Lastly, the fact that all the components are modelled and assembled in CAD software facilitates the 

first step for an air flow simulation that may provide further insights into regions of the air channels 

that might require further improvement. 

3. Although some useful parameters were collected after the operation of the actual device, like 

the solid mass flow and the air speed at the hose end when no solid particles pass through, 

they do not yet complete the puzzle. The key parameter is the solid particles velocity 𝑐, which 

will enable the calculation of the voidage 𝜀. This, in turn, will allow for the determination of 

the actual air velocity and the crucial friction and impact factor 𝜆𝑍
∗ . Once these parameters are 

obtained, the system's pressure loss can be accurately modelled by combining the parameters 

currently available from operation. 

The three points outlined above provide clear pathways for optimizing the aspiration device. Some of 

these points have straightforward solutions, such as integrating specialized tooling for more precise 

manufacturing, while others require the development of appropriate and feasible experimental 

methods for calculating the desired quantities. 

The comparison between the aspirator device with a cyclone and with a rectangular box respectively, 

in regards of performance, the designing and manufacturing process, showed that the rectangular box 

aspirator device is a better solution. It has better performance, as it achieves higher solid mass flow 

rate, therefore greater productivity with relatively same free air velocity. In addition, it has less 

demanding process of designing parameter selection and less complexity in the manufacture process, 

as the geometry is simpler. Also, it has a less demanding modelling process.  Therefore, this setup will 

go to the next design iteration process. 

Finally, in the conclusions of this project are also incorporated the designing parameters of the 

impeller of the aspirator device with a rectangular box found in Table 9, as well as the operational 

data from this aspirator device, which can be found in Table 10. 
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