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Executive Summary

Title of the project
The development of a self-driven oxygen mixer device.

Objectives
To design the fan component of an oxygen mixer device, comprising a high-
pressure-oxygen-driven turbine and fan system. This is to be integrated into
a CPAP ventilation solution capable of regulating the oxygen concentration,
pressure, and flow rate of an airstream.
To manufacture the fan using 3D printing and physically test it to assess its
technical feasibility in the aforementioned application.

What is current practice and what are its limitations?
Many current ventilation solutions require an additional compressed air sup-
ply or electrical input to mix the oxygen and air. This restricts the usage
of ventilators to locations with access to these resources.

Which aspects of the project are new/unique?
This project will investigate the development of a fan to produce the re-
quired pressure and flow rate of a ventilation machine. Furthermore, it will
ascertain the feasibility of 3D printing this fan.

What are the findings?
A 3D-printed centrifugal fan capable of producing the pressure and flow rate
required of a ventilator system was successfully developed and tested.

What value do the results have?
The technically feasible fan design can be used to pursue an alternative
ventilation solution that does not require electrical inputs.

What contributions have other students made?
N/A.
Which aspects of the project will carry on after completion and why?
The turbine component of the oxygen mixer device must be developed to
determine whether the complete ventilation concept is feasible.

What are the expected advantages of continuation?
If the complete self-driven oxygen mixer device is found to be technically
feasible, there is potential for the proposed design to be implemented in
ventilator systems in areas where access to electricity is unreliable, limited
or absent.

What arrangements have been made to expedite continuation?
All documentation and results from the project have been stored and will be
transferred to the supervisor to ensure availability for future investigations.
Proposal for enhancement of the concept are included in the document.
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ECSA Exit Level Outcomes

ELO 1. Problem Solving
Chapters 3, 4, and 5 provide the most clear evidence for ELO 1. The biggest
challenge faced at the start of this project was in designing a fan capable
of delivering the required low flow rate. Thereafter, the most persistent
problem that needed to be solved and/or worked around, was to measure this
low flow rate during physical testing. Further problem solving was required
to interpret and analyse the results from the subsequent solution found to
these problems, which proved more challenging than initially expected.

ELO 2. Application of Scientific and Engineering Knowledge
Chapters 3, 4, and 5 provide the most clear evidence for ELO 2. Figures
3.2 and 3.3 are used as the base for thermodynamic analyses, along with
the equations found in Appendix A. Chapter 4 uses the scientific method
to design a test procedure and Mechatronics concepts to design a system
for taking speed, pressure and flow rate measurements. Chapter 5 employs
empirical loss analyses to estimate the system loss characteristics.

ELO 3. Engineering Design
Chapter 3 provides the most clear evidence for ELO 3. Turbomachinery de-
sign and CAD software was utilised, and the methods of utilisation described
in Chapter 3. Procedural thermodynamic analyses were demonstrated as a
secondary design approach in Chapter 3.

ELO 5. Engineering Methods, Skills, Tools, and IT
Chapters 3, 4, and 5 provide the most clear evidence for ELO 5. In par-
ticular, the use of CFturbo® and Autodesk® Inventor® to aid in the fan
design.

ELO 6. Professional and Technical Communication
This document in its entirety provides evidence for ELO 6.

ELO 8. Individual, Team and Multidisciplinary Working
The objectives of this study were strategically adjusted to accommodate
obstacles faced during the course of the project, and subsequently fulfilled
within the required time frame. Although the majority of this project was
orchestrated by the author alone, external parties were approached during
the process. These parties included the licensing company, Qfinsoft (Pty)
Ltd, for CFturbo® and Mr C. Zietsman, for technical advice in the con-
struction of the physical test setup.

ELO 9. Independent Learning Ability
The use of turbomachinery design software (which plays an integral part in
this study), 3D printing, building the physical test setup, and the use of the
instrumentation were all learnt outside of formal teachings.
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Chapter 1

Introduction

1.1 Background

In early 2020, the COVID-19 virus broke out in South Africa, hugely impact-
ing the health care system, especially with regards to and need for respiratory
symptom alleviation. The virus causes lung complications which primarily in-
volve lung tissue becoming inflamed and air sacs filling with fluid. This reduces
breathing ability because there is less healthy tissue capable of performing their
functions. In these instances, there arose a great need for assistive breathing
(in one of its various forms), and with predictions of the rapid spread of the
virus, there became an urgent need for ventilation equipment.

In April 2020, shortly after the outbreak of COVID-19 in South Africa, the
National Ventilator Project (NVP) was launched by the Department of Trade,
Industry and Competition (DTIC). The project was initiated in an attempt
to rapidly develop and produce ventilation solutions for the anticipated in-
crease in demand for such equipment as a result of the pandemic. The DTIC
approached companies with this mandate, specifying the requirement for a
non-invasive, pre-intubation ventilation system, which is expected to be suit-
able for the majority of COVID-19 patients.

Figure 1.1: Non-invasive ventilator (Yartsev, A., 2021)

A non-invasive ventilation system is one that delivers pressurised oxygenated
air to a patient needing respiratory support through a face mask or hood,
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thereby eliminating the need to place a tube into the patient's airway (intu-
bation). Non-invasive ventilation works through the mechanism of positive
airway pressure, which is when the pressure inside the lungs is kept lower than
that of the air outside of the lungs. This allows air to move with the pressure
gradient, forcing it into the lungs to assist with the work of breathing, while
simultaneously expanding the lungs to increase the amount of air available
for gaseous exchange. One such ventilation system is a Continuous Positive
Airways Pressure (CPAP) device. Its mechanism for assisting with breathing
is by consistently supplying a fixed pressure to the patient to force the airways
to remain open and working efficiently, and to deliver a higher level of oxygen
to the patient. It differs from other systems in that the pressure is fixed during
both inhalation and exhalation (Brochard and Maggiore, 2001).

In response to the DTIC's call for proposals, the project manager of the
South African Radio Astronomy Observatory (SARAO) approached Stellen-
bosch University's Department of Mechanical and Mechatronic Engineering
for assistance in designing and testing a non-invasive ventilator concept, mod-
elled on a CPAP device. The team manufactured a successful system which
was based on a design published by engineers at the Mercedes F1 team with
the University College London, and made freely available to contribute to the
COVID-19 fight. The design entailed pressurised oxygen being accelerated
through a hypodermic tube (very small nozzle) while entraining air from the
atmosphere into its stream. Pressurised, oxygenated air is thus delivered to
the patient, where the flow rate, pressure and oxygen concentration can be
varied by means of regulated oxygen supply and an adjustable Positive End
Expiratory Pressure (PEEP) valve. Positive end-expiratory pressure (PEEP)
refers to the pressure that exists in the lungs at the end of exhalation, which
maintains the lung pressure above atmospheric pressure. Extrinsic or applied
PEEP is a commonly used ventilation method to mitigate the collapse of alveoli
(which causes impaired oxygenation) at the end of exhalation. This applica-
tion usually takes the form of a valve, which can be adjusted to regulate the
level of applied PEEP to the patient (Van der Spuy and Koch, 2020).

1.2 Aim and Supporting Objectives

This project aims to develop and determine the technical feasibility of a pro-
posed fan design for use in a mechanical oxygen mixing device in a CPAP
ventilation system.

Therefore, the supporting objectives in achieving this aim are,

1. Design a fan that can produce ambient air of a flow rate and pressure
required in a CPAP ventilator.

2. Build the fan using 3D printing.

2



3. Validate the technical feasibility of such a fan design by testing and
measuring its performance.

It should be noted that the objectives contained herein are adjusted from the
original objectives outlined in March 2021. Initially it was the aim to develop
both the fan and turbine of the oxygen mixer device, however, after commenc-
ing with the fan design it became clear that the fan required a more detailed
design and analysis. Therefore, time constraints on the project restricted the
focus to be solely on developing the fan, and determining its feasibility for
implementation in the complete device.

1.3 Motivation

Since the COVID-19 pandemic is an ongoing event, which is expected to remain
prevalent for some time, the need for quickly producible ventilation solutions,
identified by the NVP, is still relevant. The market for a ventilation solution
with self-driven mixer device is still underdeveloped. If a technically feasible,
compact, and safe device like the one proposed in this project could be de-
veloped, it will become a useful piece of stand-alone equipment, as it would
not require electrical or other inputs. This application may be useful in many
areas, especially in South Africa, where access to certain resources is limited.

The Department of Mechanical and Mechatronic Engineering managed to ob-
tain many of the items needed to construct the CPAP ventilation system in
2020, such as medical oxygen, oxygen sensors and regulators, and ventilator
tubing. Furthermore, the members of the department who initiated the project
in 2020 have expertise in the design of ventilation systems. Finally, the depart-
ment has access to 3D printers, which may be used to manufacture uniquely
designed components such as the turbine and fan for the oxygen-mixing device.

3



Chapter 2

Literature study
This literature study provides background to the mechanism of non-invasive
ventilation and the existing machines that achieve this. After providing context
for the oxygen mixer device, the main components of the proposed design are
discussed, including an introduction to the theoretical concepts used in the
ensuing studies. This chapter concludes with insights on the measurement
methods for assessing the technical feasibility of the proposed design.

2.1 Overview of Non-invasive Ventilation and
CPAP

2.1.1 Background

Non-invasive Ventilation (NIV) encompasses all interfaces and modes of breath-
ing support for patients with compromised lung function. The ‘non-invasive’
aspect of these ventilation systems refers to the use of masks (nasal or face),
hoods (a helmet-type mask) or mouth pieces as the interface between the pa-
tient and the ventilatory support. This differs from ‘invasive’, or mechanical,
ventilation which interfaces with the patient via an instrument acting as an
artificial airway (endotracheal or tracheostomy tube) inserted into the trachea
of the patient, either through the mouth/nose or through a hole made in the
skin on the throat above the trachea, respectively (Shiel, 2020).

The various modes by which NIV can assist with breathing can be classi-
fied into two main types, namely, volume targeted (where the volume or air
delivered to the patient is fixed and peak airway pressure is variable) and pres-
sure targeted (where the pressure delivered is fixed and volume is variable),
also known as Pressure Support Ventilation (PSV). The most used mode of
ventilation support, due to its effectiveness, is the combination of PSV with
Positive End Expiratory Pressure (PEEP). PSV works where, at inhalation
the patient initiates each breath, and the ventilator supports the breath with
constant pressure inflation. PEEP works in conjunction with PSV where at
the end of exhalation, PEEP maintains the patient's airway pressure above
atmospheric pressure by exerting an opposing pressure to the passive pressure
produced when air empties out of the lungs (Brochard and Maggiore, 2001).

PSV can be subdivided into specific modes which includes: Proportional As-
sist Ventilation (PAV), where no specific volume or pressure is set but rather
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the volume and pressure produced by the lung's effort is amplified; negative-
pressure ventilation, where the chest cavity is exposed to a pressure lower
than atmospheric conditions (negative pressure/vacuum) which stimulates the
chest cavity to expand and contract so that air is drawn into the lungs (due to
the pressure gradient from higher to lower air pressure); and positive-pressure
ventilation, where air of higher pressure than atmospheric conditions (positive
pressure) is pushed into the lungs to cause chest expansion. The latter can
be divided further into Bilevel Positive Airway Pressure (BiPAP), where air
is delivered with different pressures each for inhalation and exhalation; Au-
totitrating (adjustable) Positive Airway Pressure (APAP), where the pressure
of the air delivered is varied according to changes in the patient's breathing;
and Continuous Positive Airway Pressure (CPAP), where air of a continuously
high pressure is delivered for both inhalation and exhalation (Brochard and
Maggiore, 2001).

The focus of this literature study is on positive-pressure ventilation, of which
CPAP is the primary mode to be researched further, as this is the mode to
be used for the design and development of the proposed self-driven oxygen
mixer device. A CPAP machine typically contains a compressor which expels
a continuous stream of pressurised, oxygenated air throughout the breathing
cycle. During inhalation, the pressurised airstream opens the patient's airways
(pushing against possible blockages) and forces the lungs to expand, ensuring
the lungs receive sufficient oxygen. The continuous positive pressure in the
airways and lungs keep them from collapsing and assists alveolar recruitment
to improve gaseous exchange. During exhalation, a CPAP machine uses PEEP
to keep the airway pressure above atmospheric pressure. The positive airway
pressure delivered is inversely proportional to the amount of work required by
the patient to breathe.

Typically, a CPAP machine can be set to a specified pressure and fraction
of oxygen in the airstream to be delivered. The molar/volumetric fraction of
oxygen in the inhaled gas is known as the ‘fraction of inspired oxygen’ or FiO2.
Ambient air, the air that a healthy person would breathe, has an atmospheric
FiO2 of 0.21, meaning natural air has a concentration of oxygen of about 21%.
A CPAP machine usually incorporates an oxygen blender which can control
the FiO2 in the airstream delivered to the patient.

2.1.2 NIV and CPAP designs

Characteristics of the ideal ventilator machine

Summarised below are some of the characteristics of the ideal ventilator, the
ideal ventilator should Al-Shaikh and Stacey (2013);

• Be simple, portable, robust, and economical.
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• Have capabilities for the possible addition of PEEP.

• Be able to monitor the delivered airway pressure, the inhaled and exhaled
tidal volumes (volume of air moved into the lungs during inspiration or
out of the lungs during expiration), delivered oxygen concentration, and
respiratory rate (number of breaths taken per minute).

• Be capable of supplying up to 1500 ml (tidal volume) with a respiratory
rate of up to 60 breaths per minute.

• Be able to accommodate the provision of humidification.

• Have facilities to offer various ventilator modes.

• Be easy to clean and sterilise.

• Have alarms for disconnection, high airway pressure, and power failure.

Generalised CPAP machine

Figure 2.1 diagrammatically represents a typical CPAP breathing system. The
O2 analyser is fitted to determine the FiO2 delivered to the patient. The flow
generator output is connected to the inspiratory port of the mask via tubing,
and a CPAP valve is fitted to the expiratory port of the mask. The pressure
and FiO2 levels are set by the flow generator. The typical range of pressures
that can be set, dependent on the patient's requirements, is 4 - 20 cmH2O. The
supplemental oxygen delivered to the patient is typically set within a range of
28 - 100%. The airstream flow rate is inversely proportional to the set pressure.

Figure 2.1: CPAP breathing system (Al-Shaikh and Stacey, 2013)
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Whisperflow® CPAP generator

The Whisperflow® is a CPAP generator that makes use of an oxygen-driven
venturi to control the FiO2 delivered to the patient. The venturi makes use of
Bernoulli's principle (see in Equation 2.1) which entrains ambient air to mix
with the oxygen flowing through the venturi.

P +
1

2
ρv2 = c (2.1)

A schematic of this principle is shown in Figure 2.2, whereby oxygen of high
pressure and low speed enters the venturi constriction, the constriction then
increases the speed which decreases the pressure (Bernoulli's principle) to form
a negative pressure/vacuum, which in turn entrains ambient air into the oxygen
stream. The fluid leaving the constriction will thus be oxygen enriched air. The
concentration of oxygen in the air is directly proportional to the size of the
constriction. The smaller the diameter of the constriction, the greater the
negative pressure that is created, which increases the amount of ambient air
entrained, resulting in a reduced concentration of oxygen in the air (FiO2).
To achieve a known FiO2 for this method of oxygen-air blending, the oxygen
flow rate must be set correctly and calibrated according to the opening size
through which air is entrained (Al-Shaikh and Stacey, 2013).

Figure 2.2: Venturi constriction schematic (Physiopedia, 2021)

The variable Whisperflow® system can generate flow within a range of 0 -
140 litres/min, and an oxygen concentration/FiO2 range of 28% - 100%. The
generated flow rate and FiO2 can be varied using uncalibrated dials. When
paired with an appropriate CPAP mask, CPAP valve, and PEEP valve, the
Whisperflow® CPAP generator system is considered a suitable device for use
in a ventilator system. The Whisperflow® CPAP valves in the circuit are how
a constant positive pressure is set at each varying flow rate within the afore-
mentioned range. This set pressure is also known as the CPAP load (commonly
measured in cm H2O). The fixed Whisperflow system can deliver air with an
oxygen concentration between 28% and 33%. A schematic of both the variable
and fixed system is shown in Figure 2.3 (Respironics, 2006).
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Furthermore, Figure 2.4 depicts the system circuit and set-up to include the
Whisperflow® CPAP generator as well as its accessories.

Figure 2.3: Variable and fixed Whisperflow® CPAP generator (Respironics,
2006)

Figure 2.4: Whisperflow® CPAP generator system circuit) (Respironics, 2006)

The British Journal of Anaesthesia (BJA) published an article about the per-
formance testing of the Whisperflow CPAP generator. Their primary findings,
from the static tests and for an O2-driven device, were as follows:

8



• The flow rate is inversely proportional to the set FiO2 (generated flow
rate decreases with increasing FiO2).

• The flow rate is also inversely proportional to the set pressure (generated
flow rate decreases, almost linearly, as CPAP load/pressure is increased
via the CPAP valve).

Furthermore, the following trends from dynamic tests were observed (Glover
and Fletcher, 2009):

• The mean pressure is inversely proportional to the inspiratory flow rate,
at a given CPAP valve size and FiO2 (as inspiratory flow rate increases,
the mean pressure decreases).

• The inspiratory pressure is inversely proportional to the set FiO2 (as
FiO2 increases, the inspiratory pressures tend to decrease).

• The CPAP valve size is inversely proportional to pressure, with all other
variables held constant (as CPAP valve size increases, there is an absolute
decrease in pressure).

The primary concluding remark in the BJA Whisperflow® report is that the
Whisperflow® does not provide constant positive airway pressure as desired,
especially when the FiO2 and CPAP levels are high. That is, if greater FiO2

and CPAP levels are set, the performance of the Whisperflow® worsens. To
optimise the effectiveness of the Whisperflow® device, the lowest FiO2 and
pressure levels must be set (by using the smallest CPAP valve size), resulting
in a maximum flow rate (by fully opening the flow dial) (Glover and Fletcher,
2009).

National Ventilator Project

The National Ventilator Project (NVP) is a Call for Proposals document sent
out in April 2020, near the start of the COVID-19 pandemic in South Africa, to
companies and experts. The document stipulates a mandate for designing and
developing ventilator solutions to assist the need for such medical equipment in
South Africa, of which there was an anticipated lack. The document specifies
the technical requirements of the proposed solutions, which are to take the form
of a Non-invasive Ventilation System. A reference design for such a system is
provided by the NVP and is shown in Figure 2.5.
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Figure 2.5: NVP ventilator reference design (Esterhuyse, S.W.P. and Marup-
ing, P., 2020)

The overall system inputs and outputs are specified in Figure 2.6, and it can be
subdivided into its main functions, namely control and monitoring, ventilation,
and safety. The focus of this report is on the design of a device to fulfil the
‘ventilation’ function, which encompasses the following functions:

1. Mixing oxygen

2. Filtering inlet air

3. Providing gas pressure

4. Regulating gas pressure

5. Sterilising exhalation

Figure 2.6: Ventilator system inputs and outputs (Esterhuyse, S.W.P. and
Maruping, P., 2020)

10



The design requirements to meet these functions are detailed in the NVP and
are summarised in Section 3.1 according to their relevance to this project
(Esterhuyse, S.W.P. and Maruping, P., 2020).

2.2 Turbomachinery

Turbomachinery includes turbines and compressors which both, broadly speak-
ing, consists of a continuously flowing fluid and rotor. The working principle
of these machines is the transfer of energy between the fluid and rotor.

2.2.1 Centrifugal fan

A fan is within the classification of a compressor-type turbomachine, and is
classified as a machine that transfers energy from the rotor to the fluid. It thus
requires mechanical work as an input and typically produces a gas at a raised
pressure. In layman's terms, a fan moves a gas due to its rotating blades. The
term ‘fan’ is used to describe the machine in this project because the working
fluid is only being raised by a small pressure, which then means the flowing
gas (in this case air) can be considered incompressible (Dixon and Hall, 2010).

Working principle

A fan typically consists of rotating and stationery components. In the case of
a centrifugal fan, the rotating component, which contains the blades, is called
the impeller. The stationery components will typically include the inlet or
‘eye’ (hub and shroud), a scroll/collector/volute, and a diffuser (Sayers, 1990).
A typical configuration of these components is depicted in Figure 2.7. For
low velocity applications and where simplicity is prioritised, the impeller often
interfaces directly with the volute, omitting the diffuser in between (Dixon
and Hall, 2010). The characteristics of a centrifugal fan has flow entering
the stationery eye in the axial direction, moving along the radial direction
(subsequently centrifugal fans are often termed radial fans) in the rotating
impeller and expelling at the outer edge of the impeller into the casing (collec-
tor/volute), which has a spiral shape. The volute collects the flow and moves
it to the outlet pipe (Dixon and Hall, 2010).
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Figure 2.7: Centrifugal fan elements and configuration (Sayers, 1990)

The blades of the impeller may be backward or forward curved, and each will
affect the direction at which the fluid exits the impeller circumference. A
comparison of the blade-direction types is depicted in Figure 2.8.

Figure 2.8: Backward curved and forward curved centrifugal fan types (Fan-
ManDan, 2018)

Backward curved fans are the preferred type for airflow with lower pressure,
and conversely, forward curved fans are most suitable for operations at high
pressure (FanManDan, 2018).
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Partial admission

The principle of partial admission is often used in the design of turbines (both
axial and radial) to control the power output. Most often this is done is
by physically blocking off stator passages or nozzles (Cai et al., 2015). A
representation of this type of blocking is depicted in Figure 2.9.

Figure 2.9: Partial admission design, turbines (Cai et al., 2015)

The partial admission casing shows a solid, circular stator surrounding the ro-
tor, but with four gaps situated every 90◦ on the circumference. In pumps and
compressors, partial admission is often achieved instead by partially blocking
the diffuser.

2.2.2 Losses

In the design of a centrifugal fan that integrates with a piping network there
are losses involved in both the fan components and the piping system. Pressure
losses are associated with the impeller and volute, and both pressure/head and
flow losses are associated with the pipe/tube network. The total pressure/head
losses in the piping system can be categorised as either major or minor head
losses.

Major head losses are friction losses that occur along the pipe walls, corre-
sponding to the geometry and surface roughness of the pipe/duct (White,
1999). Frictional pressure losses are often considered negligible, unless there
are very long pipes/ducts, or relatively long lengths of flexible tubing in the
network (White, 1999).

Minor head losses are those associated with the components and layout of the
pipe/duct network. The inclusion of components (valves, filters, fittings etc.)
and bends in the network all contribute to the minor head losses (White, 1999).
Dynamic pressure losses occur when the flow changes direction (bends and
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turns) or velocity (converges or diverges), and component pressure losses are
known pressure drops that occur at certain pipe-mounted components (White,
1999). The total head loss (both major and minor) through a series-connected
pipe network can be expressed as (White, 1999):

Hloss,total =

n pipes∑
n=1

[(λ1(
L1

Dh1

)+
∑

ξ1)(
v21
2g

)+ ...+(λn(
Ln

Dhn

)+
∑

ξn)(
v2n
2g

)] (2.2)

where,
λ = Darcy-Weisbach friction coefficient
ξ = Minor loss coefficient

The Darcy-Weisbach friction coefficient can be calculated using the Colebrook
equation, as cited in Equation 2.3 (Çengel and Cimbala, 2014).

1/
√
λ = −2 log[

2.51

Re
√
λ
+
ϵ/Dh

3.72
] (2.3)

where,
ϵ = Absolute roughness of pipe/duct/tube surface
and,

Re =
ρvD

µ
(2.4)

The absolute roughness coefficient (ϵ) is determined experimentally and can
be found in the literature for common surfaces. For smooth Polyethylene (PE)
tubing (standard FESTO tubes), ϵ = 0.007 mm (PE100+ Association, 2018).
Data for corrugated PE tubing (used for ventilator tubes), is not as easily
available in literature. But, Manning's roughness coefficient for smooth PE
and corrugated PE is found to be n = 0.009 − 0.015 and n = 0.018 − 0.025,
respectively (White, 1999). From this, a very rough estimation is made for the
absolute roughness coefficient of corrugated PE to be approximately double
that of smooth PE, ϵ = 0.015 mm.

The minor loss coefficient mostly falls within a range of 0 (zero minor loss)
and 1 (minor loss equal to dynamic pressure) (White, 1999). They are also
determined experimentally and listed in the literature for common pipe/tube
system components. Some relevant components are given in Table 2.1.

Table 2.1: Common pipe system components/fittings and their minor loss
coefficients (White, 1999)

Component / fitting Minor loss coefficient, ξ
Tee, threaded, dividing line flow 0.9

Tee, threaded, dividing branch flow 2.0
Union, threaded 0.08

Check valve, forward flow 2.0
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2.2.3 Scaling laws

In turbomachinery, there is a method of dimensional analysis which allows for
the design of new pumps or turbines that are geometrically similar to existing
pumps/turbines (Çengel and Cimbala, 2014). This is useful for changing the
output flow conditions of a machine while maintaining identical size, shape
and other geometrical specifications.

For pumps (or fans), a set of dimensionless parameters are formulated, namely
the head, capacity, and power coefficients, as shown below (Çengel and Cim-
bala, 2014).

CH =
gH

ω2D2

CQ =
Q

ωD3

CP =
bhp

ρω3D5

(2.5)

If these dimensionless parameters are equal for two geometrically similar pumps,
the two machines are termed dynamically similar (Çengel and Cimbala, 2014).
Then, for geometrically and dynamically similar pumps, a set of ratios called
similarity rules can be applied (Çengel and Cimbala, 2014). This means that
the volume flow rate, head and power can be predicted for a machine where
the rotational speed and/or working fluid is changed. The similarity rules are
as follows, for two different states A and B:
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ωA

)3(
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DA
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(2.6)

For the same pump, where only the rotational speed is varied, the similarity
rules can be simplified since DA = DB and ρA = ρB (Çengel and Cimbala,
2014).

2.3 Measurement devices

When assessing the performance of turbomachinery, the power/work and fluid
flow characteristics must be measured. The most relevant fluid flow charac-
teristics usually include the flow rate (volume or mass), pressure drop/rise,
and fluid velocity. Measurement methods of the former two characteristics are
investigated further.
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2.3.1 Flow rate

There are 3 main classifications of flow meters to be discussed, namely:

• Pressure differential meters

• Insertion volume flow meters

• Mass flow meters

Pressure differential meters include obstruction meters and laminar flow el-
ements. The former makes use of Bernoulli's theorem to calculate the flow
rate based on a measured pressure difference. The pressure drop is created by
intentionally obstructing the flow, thereby decreasing the flow area. This can
be done with an orifice meter (circular plate with a central hole), Venturi me-
ter (converging contraction followed by a narrow throat and then a diverging
section), and a flow nozzle (gradual contraction to a narrow throat) (Figiola
and Beasely, 2010).

Insertion flow meters include electromagnetic flow meters, vortex shedding
meters, turbine meters, ultrasonic meters, positive displacement meters and
rotameters (Figiola and Beasely, 2010). The latter flow meter is investigated
further as its applications are suitable for this project.

Rotameters contain a float (that is free to move vertically) situated in a ta-
pered tube, with a scale off which to read the flow rate (Figiola and Beasely,
2010). The flow enters through the bottom of the tube, causing the float
to rise, and exits at the top (wider) end of the tube. The float moves from
a balance of the upward drag force and fluid buoyancy overcoming gravity's
downward pull (Figiola and Beasely, 2010). For this reason, the device must
remain vertical throughout operation to work properly. The height along the
scale to which the float moves and remains (its equilibrium position), indi-
cates the flow rate (Figiola and Beasely, 2010). Figure 2.10 demonstrates the
concept of a rotameter.

Figure 2.10: Rotameter concept (Figiola and Beasely, 2010)
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2.3.2 Pressure

Pressure measurement devices are often comprised of a pressure reference in-
strument and a pressure transducer. Common examples of the former are a
McLeod Gauge, barometer, and manometer. These instruments measure the
pressure but also serve as a reference for the calibration of pressure transducers
(Figiola and Beasely, 2010).

A pressure transducer converts the pressure measured by the aforementioned
devices to a mechanical or electrical signal (Figiola and Beasely, 2010). There
are analogue and digital pressure transmitters which use pressure transducers
to present pressure readings, on a scale or a screen respectively. There four
broad types of pressure transducers include absolute, gauge, vacuum, and dif-
ferential. The gauge and differential types are most relevant to this project,
since the former measures pressures relative to the atmosphere, and the latter
measures the difference between two applied pressures (Figiola and Beasely,
2010).

A variety of primary pressure elements can be used as the pressure sensor
in a pressure transducer. One of the most effective of which, for a differential
pressure transducer, is an elastic-type element called a diaphragm (Figiola and
Beasely, 2010). This is a circular plate, made of thin elastic material, which is
supported about its perimeter. Two pressures, of distinct magnitude, acting
on either side of the plate, deform the elastic material (Figiola and Beasely,
2010). This principle is shown in Figure 2.11. The magnitude of this defor-
mation is proportional to the pressure differential, and is commonly converted
as such through the use of a strain gauge element (Figiola and Beasely, 2010).
A strain gauge can be bonded directly or indirectly to the diaphragm, and
senses the strain corresponding to it's induced deformation. The strain gauge
then has a measurable resistance associated with the sensed strain, which is
converted to an electrical signal, to represent the pressure differential (Figiola
and Beasely, 2010).

Figure 2.11: Diaphragm type pressure sensor (Figiola and Beasely, 2010)

17



Chapter 3

Fan design
This chapter outlines the methods used to design the proposed concept. It
starts with the centrifugal fan performance requirements and fixed parameters,
followed by a description of the software to aid in turbomachinery design,
empirical calculations to verify the software design, and concludes with the
derived design. The method of physically realising the design and the material
properties are also discussed.

3.1 Design requirements

The need is for a fan that integrates into a self-driven oxygen mixing machine
for use in CPAP ventilator machine. The device must comply with regulations
and standards set out by the National Ventilator Project. The requirements
relevant to the fan design in this project are extracted from the NVP and
presented in Table 3.1.

Table 3.1: Design requirements with their associated quantifications

No. Requirement Quantification
1 Oxygen mixer sys-

tem is self-driven
Use of a centrifugal fan driven by a radial
flow turbine via the same shaft.

2 Adjustable pressure
level

System facilitates setting the continuous
positive pressure within a range of 5 - 25
cmH2O above ambient air pressure.

3 No compressed air
input

Air is drawn in from the ambient environ-
ment via an air inlet.

4 Compact system System should be contained within the ap-
proximate volume of a standard oxygen
mixer (no larger than 300 mm3).

3.2 Software design

To aid in the design of a centrifugal fan with specified inlet and outlet pa-
rameters, a turbomachinery design software called CFturbo® was used. The
software permits a user-friendly platform for designing a range of turbomachin-
ery components. The user has the freedom to fix parameters as they desire
or allow the software to calculate parameters based on optimal design. The
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design process is interactive and components can be altered to the designer's
specifications.

3.2.1 Limitations

CFturbo® has two inherent limitations in the fan design pertaining to this
project.

1. The specific speed determined from the required flow rate and rotational
speed is not within the supported range of the software.

2. The fan wall and blade thicknesses as designed by the software is too
thin to accommodate 3D printing (the chosen method of manufacturing
in this project, see Section 3.4.2).

To combat the first limitation, either the flow rate needed to be increased or
the rotational speed decreased. For this project, it was impractical to design
for rotational speeds greater than 5000 rpm due to safety and available motor
capabilities. Thus, a method of increasing the flow rate produced by the im-
peller, while maintaining the required overall flow rate output, was explored.
Initially, the principle of partial admission1 was deemed appropriate for this
function. The fan impeller was designed to produce a flow rate 20 times more
than what was required (i.e. 120 l/min), and a partial admission casing was
designed to allow only 1

20

th of the flow produced by the impeller to enter the
volute. The aim was then for the flow exiting the volute/diffuser to be the
required 6 l/min.

The second limitation was rectified by manually editing the fan dimensions in
a computer-aided design (CAD) application for 3D mechanical design, namely
Autodesk® Inventor®. The design produced in CFturbo® was imported to
Inventor®, where the wall and blade thicknesses were increased to between
1 mm and 3 mm, which was then sufficient for 3D-printing.

3.2.2 Global set-up

In this project, the fan impeller, volute (with diffuser), and stator were gener-
ated using the CFturbo® software. The input parameters used in the global
set-up for the design are listed in Table 3.2.

1See Section 2.2.1 for a description of the principle
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Table 3.2: Global set-up for centrifugal fan design in CFturbo®

Parameter description Symbol Value Unit
Inlet total pressure pt 101.325 kPa
Inlet temperature T 20 °C

Flow rate Q 120 l/min
Total pressure difference ∆pt 490.33 Pa

Revolutions n 1500 rpm

The inlet pressure and temperature were based on a standard called the Nor-
mal Temperature and Pressure (NTP) standard.

The flow rate was derived from the standard breathing rate of an average
sized human. This can be expressed as minute ventilation, which is the total
volume of air entering the lungs in one minute (BBC Bitesize, 2021). It con-
siders the normal respiration rate of an adult at rest (in terms of number of
breaths per minute) and the average resting tidal volume (total amount of air
entering the lungs during one breath) (BBC Bitesize, 2021).

Breathing rate = 12 breaths/min
T idal volume = 0.5 l
Minute volume = (Breathing rate)× (Tidal volume) = 6 l/min

This flow rate is by no means a fixed value. Breathing rates differ from person-
to-person and have variations during a breathing cycle, but at this stage of the
project a reasonable average value (as determined above) was used, for proof
of feasibility.

The pressure difference was selected directly from the guidelines of the NVP,
as the minimum required pressure (above ambient pressure) to be delivered
by the CPAP generator. The rotational speed was conservatively selected to
be within the capable range of the available DC motor. Additionally, due to
the relatively low strength material chosen for building the fan, the rotational
speed was minimised to avoid excessive strain on the centrifugal force.

3.2.3 Component set-up

Throughout each component design in CFturbo®, the user has the option to
make design decisions manually or to allow the software to calculate/generate
design parameters according to standard practices or optimum performance.
For this project, design decisions that influence the fixed requirements were
done manually, while the remainder were allowed to be generated.
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Impeller

The first component to be designed was the impeller. CFturbo® first requires
input of the main dimensions, namely the hub, suction and impeller diameters,
and the inlet and outlet widths. The hub diameter was chosen to interface
with the available shaft to be used for testing, and the impeller diameter was
conservatively chosen to minimise the total oxygen mixer size.

Table 3.3: Impeller main dimensions in CFturbo®

Dimension [mm]
Hub diameter 8

Suction diameter 80
Impeller diameter 150

Inlet width 20
Outlet width 20

Thereafter, the meridional contour can be manually edited to the designer's
shape preference, before inputting the blade properties as shown in Table 3.4.

Table 3.4: Impeller blade properties in CFturbo®

Property Description
Blade shape Free-form 2D (axial)2

Number of blades 11
Blade angle βB1 20°
Blade angle βB2 20°

Blade profile thickness3 0.75 mm
Blade edge shape Ellipsoid

Backward curved blades were designed for the impeller since they are associ-
ated with higher efficiency for when the fluid is being moved at low pressures.

Volute

The volute design uses properties based off the outlet air conditions of the
impeller, as well as manually entered set-up and inlet details. These details
can be found in Appendix B. The volute cross-section and spiral areas may be
manually edited or, as chosen in this case, were generated by CFTurbo based
on optimum performance. Thereafter, the diffuser shape and dimensions were

2Blade is curved in 2D when looking in axial direction
3The thickness was increased from 0.75 mm to accommodate 3D-printing, as discussed

in Section 3.4.2
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specified to have a circular end cross-section of diameter 22 mm, to interface
with the ventilator tubing of the same diameter. The edges were also specified
to be rounded, to facilitate easier 3D-printing.

Stator

The stator design was done automatically by the software, to provide an in-
terface between the impeller and volute, and aid with air collection into the
volute. This component was altered in the CAD software to have a larger
outer diameter, for ease of mounting during test set up.

3.2.4 Derived parameters

The calculated values from CFturbo® that are associated with the fan perfor-
mance are provided in Appendix B and Table 3.5.

Table 3.5: Impeller calculated values and characteristics in CFturbo® (CF-
turbo R1.0, 2021)

Characteristic Inlet value Outlet value
Tip/peripheral speed U1 = 3.5 m/s U2 = 11.8 m/s

Absolute velocity C1 = 0.4 m/s C2 = 34.7 m/s
Relative velocity W 1 = 3.6 m/s W 2 = 22.9 m/s

Meridional velocity Cm1 = 0.4 m/s Cm2 = 0.2 m/s
Absolute flow angle α1 = 90° α2 = 0.4°
Relative flow angle β1 = 6.5° β2 = 179.5°

The velocity components and flow angles are calculated in CFturbo® from the
input blade properties given in Table 3.4, and are provided in Appendix B. The
velocities and angles are specified for both the leading and trailing edges of the
blade, at diameters of 86.6 mm and 150 mm respectively. These values were
compared to values from a thermodynamic analysis using a one-dimensional
approach to obtain approximate solutions in Section 3.3.1.

3.3 Empirical design calculations

3.3.1 Thermodynamic analysis of centrifugal fan

To validate the design characteristics generated by CFturbo®, turbomachin-
ery hand calculations were performed, based on the same design requirements
outlined in Tables 3.1 and 3.2. The approach used was a one-dimensional es-
timation of the fan characteristics.
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The inlet velocity components were calculated using the fixed diameter (each
for the hub, the shroud and the average) and rotational speed parameters, as
well as the following assumptions:

• Uniform axial flow into the eye.

• Shockless inflow to the eye.

• Zero inlet whirl.

• A preliminary slip factor value of 0.9.

Calculation results

The reference velocity diagrams depicted in Figure 3.1 were used with the full
calculations, which can be found in Appendix A, to derive the hand-calculated
velocity components and flow angles. The full set of results can be found in
Tables A.1 and A.2, the most relevant of which are extracted and found in
Table 3.6.

(a) Inlet (b) Outlet

Figure 3.1: Velocity triangles

Validation of software results

The performance results as determined by CFturbo®, and by conducting a
thermodynamic analysis using a one-dimensional approach, are compared in
Table 3.6.
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Table 3.6: Comparison of results from CFturbo® and turbomachinery hand
calculations

Inlet Outlet
CFturbo® Empirical CFturbo® Empirical

U [m/s] 6.8 6.3 11.8 11.8
C [m/s] 0.4 2.3 9.9 8.5
Cm [m/s] 0.4 2.3 0.2 0.4
Cu [m/s] 0 0 9.9 8.5
W [m/s] 6.8 6.7 1.9 3.3
α [°] 90 90 1.3 2.5
β [°] 3.4 20 6.7 6.4
i [°] 16.6 0 - -
δ [°] - - 13.3 13.6

∆pt [Pa] 139.7 150.5 139.7 150.5

For the centrifugal fan inlet it can be seen that many of the results are very
similar, with the exception of the meridional component of absolute velocity
and the relative flow angle. These differences can both be accounted for due
to the CFturbo® software estimating a deviation between the blade leading
edge angle and the inlet flow angle (i.e. it considers there to be a non-zero
incidence angle). Conversely, the approach taken in performing the valida-
tion hand calculations assumed that the blade angle and inlet flow angle were
equal, resulting in an incidence angle of zero. In reality, the estimation of flow
deviation made by CFturbo® is more accurate than assuming no deviation.

The outlet velocity components resemble each other relatively closely, with
small deviations in meridional and circumferential velocity components (which
then affect relative velocity and flow angles) likely being caused by a variation
in the calculated slip factor. CFturbo® offers a variety of models to use in the
slip factor determination, of which the Augnier/Wiesner model was selected.
This is an empirical equation that depends only on blade geometry, as seen in
Equation 3.1.

γ = 1−
√
sin βB2

Z0.7
= 0.89 (3.1)

Since a slip factor was assumed for the hand calculations (γ = 0.9), it is
expected that these results will differ slightly from CFturbo®. Furthermore,
upon calculating the actual slip factor for the hand calculations, using the
expression in Equation 3.2, a large difference between the software and hand
calculations was noted.

γ =
Cx2

Cx2′
= 0.8 (3.2)
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3.3.2 Force and stress calculations

For rotating components such as the rotor in a fan, the most significant stresses
occurring are those caused by centrifugal forces. When designing turbomachin-
ery using materials with low specific weights (such as PLA, see Section 3.4.2),
the centrifugal forces should be considered. The full stress analysis of the fan
made using PLA can be found in Appendix A. The results for the maximum
disc and blade stresses caused by centrifugal forces are summarised in Ta-
ble 3.7. These were compared against the material strength properties of the
chosen manufacturing material in Section 3.4.2.

Table 3.7: Blade and disc stresses caused by centrifugal forces

Property Value
Centrifugal force 161.00 N

Location (radius) of maximum stress 60 mm
Maximum radial blade stress 32.48 kPa
Maximum radial disc stress 32.48 kPa

Maximum tangential stress in disc 28.87 kPa

3.4 Final centrifugal fan design

The theoretical centrifugal fan, as designed in CFturbo® and edited in AutoDesk®

Inventor®, is depicted in Section 3.4.1. Thereafter, the method of manufac-
turing the fan is described in Section 3.4.2.

3.4.1 3D models

The final fan design, as rendered in CAD, is depicted in Figure 3.2 and 3.3. A
depiction of the physically built model can be found in Appendix C.

The four components that make up the centrifugal fan (exit stator/back cover,
impeller, inlet stator/front cover, and volute/diffuser, respectively), as well as
their respective outer dimensions, are depicted in Figure 3.2 as an exploded
view.
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Figure 3.2: Centrifugal fan CAD design, exploded view

The actual assembly of all the components is shown in Figure 3.3. The assem-
bly and impeller diameter are each indicated, as well as the hub and diffuser
outlet diameters (as they interface with the same sized shaft (ϕ8 mm) and
ventilator tubing (ϕ22 mm), respectively). Clearance gaps of 2 mm between
the rotating impeller and the stationary back and front covers, are shown. On
the back cover, a hole of ϕ16 mm is depicted, which represents a clearance
around the impeller shaft of 4 mm.

To ensure successful 3D printing of the fan, each surface was given a thickness
of between 1 mm and 3 mm. To withstand the majority of the centrifugal
force exerted on the body of the fan, the thickness of the blades was increased
to 2.75 mm.
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Figure 3.3: Centrifugal fan CAD design, isometric view

3.4.2 Materials and manufacturing

The fan was realised using 3D printing, and therefore the manufacturing ma-
terial could be selected from a range of thermoplastics. This method of man-
ufacturing was selected for the following reasons:

• Ability to produce complex designs with relatively high accuracy.

• Rapid design and production of parts.

• Low reliance on human input minimises wait times.

• Lightweight parts with relatively high strength.

• Ease of access (several 3D printers are owned by the Department of
Mechanical and Mechatronic Engineering).

• Low cost materials.

In this project, the fan needed to be accurately produced such that it repre-
sented the designed specifications. As multiple iterations of the design had to
be realised, fast and low-cost production was also important.

The limitations of 3D printing include: restrictions in part size that can be
printed, limited material choice, potential for rough surface finishes, possible
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design inaccuracies, and restrictions in part structure (certain orientations are
unable to print). In this project, through careful design, most of the size,
orientation and surface finish restrictions were avoided. An analysis of the
material choice, see Section 3.3.2, was done to ensure its suitability for the fan
operations. This material choice is described below and in Table 3.8.

Polylactic Acid (PLA) is a thermoplastic polyester commonly used for 3D
printing due to its ease of printing and relatively high dimensional accuracy.
It is also an inexpensive and easily-accessibly material, with a low melting
point (thus requiring less energy to mold). The following material properties
are listed for PLA:

Table 3.8: PLA material properties (Anonymous, s.a., 2020)

Property Value
Tensile strength 50 MPa

Melting temperature 160◦C
Density 1.3 g/cm3

Elastic modulus 3.5 GPa
Elongation 6%

The stresses experienced by the blades and disc of the rotor were insignificant
compared to the stress which the material can withstand. The safety factors
for the stresses exerted on the PLA fan are all greater than 1000. This material
was thus deemed acceptable to use in producing the fan.
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Chapter 4

Validation of the fan design
The fan was validated by performing physical tests and measuring the air
output parameters. The testing set up is outlined, followed by a brief analysis
of the instrumentation used and the testing procedures implemented. The
results of testing are described and analysed in Chapter 5.

4.1 Test set-up

The test set-up comprised of the motor and shaft assembly, which connect
to the rotor of the fan, and the stationary components of the fan. The DC
motor is rated at 12 V and 5000 rpm, and was connected to and aligned with
the 8 mm shaft with a flexible coupling. Two deep groove, single row ball
bearings, contained within a housing/support, were positioned on the shaft to
aid in alignment and to reduce friction. These were selected based on their
suitability for high-speed and low-load applications.

The fan impeller was secured in its position at the end of the shaft with two
shaft collars on either side of its hub. A groove in the impeller hub is pushed
over an extruding grub screw in the front shaft collar, which acted as a key to
prevent slipping between the impeller and shaft.

The back cover was glued to the back side of the volute and then bolted
to two aluminum extrusions on either side, situated such that the centre of
the plate aligned with the shaft centre line. A small hole in the plate centre
allowed the shaft to rotate with a small clearance. This half of the stationary
assembly was placed axially such that its centre line aligned with that of the
impeller, and the back plate and volute enclosed the impeller. The front cover
was then glued to the front side of the volute to complete the enclosure. There
was approximately a 2 mm clearance between each plate and the impeller
such that it was free to rotate, while minimising the flow losses. This set-up
is depicted in Figure 4.1. The associated parts list can be found in Appendix C.

It should be noted that the partial admission casing that was initially pre-
scribed for implementation in the physical set-up, was deemed unnecessary to
include after testing commenced.
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Figure 4.1: Set-up of centrifugal fan for testing

The physical measurement system comprised flexible ventilator tubing, various
adaptors, a flow meter and pressure sensor. A length of ventilator tubing
was fitted directly into the tapered end of the diffuser that terminates the
volute. T-piece style PVC adaptors (see Figure C.2b) were custom made to
join the ϕ22 mm ventilator tubing and standard ϕ8 mm FESTO tubing, as the
measurement devices interfaced with the latter tubing. The digital pressure
sensor was located in parallel, while the rotameter (flow meter) was in series
with the ventilator tubing. A one-way flow valve was placed before the flow
meter such that the flow could be varied and the corresponding pressure and
flow rate measured. A depiction of this system is shown in Figure 4.2.
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Figure 4.2: Test system diagram

4.2 Instrumentation

4.2.1 Flow rate measurement

To measure the flow rate of the air stream from the fan, a rotameter (see Sec-
tion 2.3.1) was placed in series with the flow, as shown in Figure 4.2. Due
to limited availability, a rotameter with a range of 0.4 − 5 l/min had to be
used. Since the fan was designed to produce a flow rate greater than 5 l/min,
a one-way flow valve was placed in series before the rotameter, such that the
flow could be reduced to within the allowable range to be measured by this
rotameter. This limitation called for an alteration in testing strategy, since
the maximum flow rate able to be measured was 5 l/min (see Section 4.3).

The choice of using a rotameter in the test set-up is mainly due to it's low
cost, ease-of-use, and suitability for low flow rates. It also has a low and con-
stant pressure drop through the float, which is advantageous for comparing
the measured pressure while varying the flow. Rotameters have great repeata-
bility due to their accuracy of ±2%. The rotameter used for testing has serial
number 933159.

The biggest disadvantage of using a rotameter in this set-up, aside from the
aforementioned measurement range limitations, was it's requirement for small
interfacing pipes. This introduced a head loss due to the insertion of a fitting
to connect the larger-diameter ventilator tubing and smaller-diameter FESTO
tubing (capable of interfacing with the rotameter). There was an additional
head loss associated with this pipe convergence. These losses are discussed
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and quantified in Chapter 5.

4.2.2 Pressure measurement

The pressure produced by the fan was measured using a differential pressure
transmitter connected in parallel with the flow, as depicted in Figure 4.2. This
device uses a metal pressure sensor and coverts the reading to an electrical sig-
nal, which is displayed as a digital reading. The pressure measuring principle
is that of a diaphragm element, as described in Section 2.3.2, whereby the
diaphragm is displaced on either side by two acting pressures. This displace-
ment is transferred to a resistance circuit bridge and the corresponding voltage
produced is processed further to display a digital differential pressure reading.

For this project, the pressure acting on one side of the diaphragm was that
produced by the fan, and the other side was exposed to the atmosphere. There-
fore, the measured pressure differential was the gauge pressure that the fan
produced (i.e. the pressure above atmospheric pressure). The pressure mea-
surement device used for testing was the Endress+HauserTM Deltabar M dif-
ferential pressure transmitter, with serial number K9006C21121. When used
within the range of it's operating conditions (ambient pressure of 0.86 - 1.06
bar), this device has an accuracy of ±0.1%.

The main limitation was that the pressure transducer being used was depen-
dent on gravity. It therefore needed to be placed on a perfectly level surface
to achieve accurate pressure readings. The surface in this project was not
perfectly level, and thus the device showed a non-zero initial pressure reading.
This was overcome by recording the initial pressure reading and subtracting
it from the final pressure reading during testing, to determine the actual mea-
sured gauge pressure.

4.2.3 Rotational speed measurement

The rotational speed was varied by changing the input voltage to the DC
motor. From experimental methods, a ratio to relate the input voltage to the
output speed was determined by taking the average ratio of the readings. This
ratio could be used to estimate the rotational speed given a fixed voltage.

(
n

V
) ≈ 390 (4.1)

An optical tachometer was used to confirm the voltage-controlled rotational
speed. This device works using an LED light source and reflective tape. The
light source from the tachometer creates a focused beam of light which shines
on the rotating element, on which a marker of reflective tape is placed. The
tape reflects the light back to be picked up by the tachometer's optical sensor.
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The rate at which this sensor is triggered is used to determine an approxima-
tion for the rotational speed.

Optical tachometers are useful when contact with the rotating element is dif-
ficult. When used correctly, they have high accuracy, in the range of ±0.05%
(Gilstrap, J., 2020). There is potential for fluctuations in readings, since this
type of tachometer is a hand-held device. It must therefore be aimed steadily
and directly towards the reflective tape, and often at the correct distance away
(Gilstrap, J., 2020). The tachometer used for testing was the AMITTARI AT-
136PC model, with serial number N647306.

4.3 Test procedure

4.3.1 Physical verification

Initially, the fan was validated by comparing the physical fan's flow rate and
pressure outputs against the theoretical operating point predictions. It was
rotated at a constant speed (determined by the voltage supplied to the DC
motor), and the produced flow rate and pressure were measured. This was
repeated for varying speeds until the theoretical operating point was reached.

Due to limitations in flow rate measurement devices, the flow rate correspond-
ing to the designed operating pressure could not be measured. Therefore,
the operating rotational speed determined experimentally was only that cor-
responding to the operating pressure point of the fan. Chapter 5 contains the
experimental data collected, which indicates the rotational speed required to
achieve a pressure rise of 490 Pa. The voltage-controlled speed was verified
using an optical tachometer, to measure the rotational speed as the voltage
was incremented.

4.3.2 Performance tests

The primary tests carried out in this project were fan characteristic tests,
whereby the efficiency and pressure rise were measured at varying flow rates
(controlled by the flow valve) and constant speed. Thereafter, the procedure
was repeated to produce similar curves but at varying speeds. The procedure
was as follows:

1. Set supply voltage [V ].

2. Measure the corresponding rotational speed using an optical tachometer.

3. Adjust the flow valve until the rotameter reads Q = 5 l/min.

4. Measure the corresponding pressure.
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5. Subtract the initial ‘base’ pressure from the pressure reading.

Points 3 to 5 were repeated for flow rates of Q = [5, 4, 3, 2, 1] l/min.
Thereafter, points 1 to 5 were repeated for voltages of V = [6, 7, 8, 9] V .

To assess the efficiency of the fan, the input electrical power to the motor
was compared to the output power produced by the fan. This is shown in
Equation 4.2. The electrical power was determined using a multimeter, to
measure the actual voltage and current delivered to the motor.

The same procedure as outlined above was followed, but with the additional
step to also measure the voltage and current delivered to the motor, at each
rotational speed. When calculating the power input to the system, the motor
efficiency was taken into account. From the datasheet for the Faulhaber DC-
micromotor (70 mNm, series 3257 012 CR) used during testing, this was taken
as ηmotor = 83%.

η =
Q∆P

ηmotorV I
(4.2)

Since the flow rate measurement range was limited to 0.4 - 5 l/min (as discussed
in Section 4.2.1), the design point flow rate could not be determined. Instead,
for this efficiency test, the fan was rotated at a lower speed such that a flow rate
could be measured while the flow valve remained fully open. The corresponding
pressure rise to this point was also measured. This was repeated for a limited
range of rotational speeds in an attempt to produce an efficiency curve for
the fan that may indicate a trend for increased speeds. The voltages and
corresponding rotational speeds incremented for the efficiency test were
V = [5.0, 5.2, 5.4, 5.6, 5.8, 6.0] V and
n = [1930, 2050, 2130, 2220, 2330, 2400] rpm, respectively.
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Chapter 5

Discussion
The analysis of the physical fan commences with an estimation for the losses
occurring in the fan and system during testing. The 3D printed fan concept is
first verified by testing it at it's designed operating rotational speed, measur-
ing the subsequent flow rate and pressure, and comparing it to the expected
outputs as given in Chapter 3. Thereafter, results of the primary testing of the
fan are provided, whereby performance curves (for the fan alone, and the sys-
tem) are generated. These depict the trend in pressure difference when varying
the flow, at different rotational speeds, as well as the fan efficiency at varying
flow rates. This chapter concludes with an analysis of the fan, primarily in it's
ability to meet the objectives outlined in Chapter 1.

5.1 Losses

5.1.1 System pressure losses

The pressure losses occurring in the system, as depicted in Figure 4.2, can
be classified into two major and minor losses. The major pressure losses rep-
resent frictional losses that occurred along both the flexible ventilator and
FESTO tubing pipe walls. The minor pressure losses, are a result of pressure
drops across components and converges/diverges in the network. Minor losses
were experienced at the PVC T-adaptor, flow valve, FESTO push-in fittings
(threaded), and the converge from ventilator tubing to FESTO tubing.

Major pressure losses

The major pressure losses were calculated for the length of ventilator tubing
and each of the three lengths of FESTO tubing. The three lengths of FESTO
tubing were all equal, therefore the same major pressure loss will occur in each
section, with the total being three times this value. Equation 5.1 was used to
calculate the losses, and the full method can be found in Appendix A, where
the losses were calculated for each pipe section at each flow rate variation.

Pmajor,losses

ρg
= Hmajor,losses = λ

L

Dh

v2

2g
(5.1)

The results for all pipe sections are summarised in Table 5.1, for the flow rate
case that represents the designed operating point of
[Q, ∆pt] = ±(6 l/min, 490 Pa).
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Table 5.1: System major pressure losses

Pipe section Quantity Pressure loss [Pa]
Ventilator tubing 1 0.12
FESTO tubing 3 2.05

6.27

Minor pressure losses

The minor pressure losses were calculated for the aforementioned components,
using the minor loss coefficients listed in Table 2.1. Equation 5.2 was used to
determine the losses, and again, the full calculation is found in Appendix A,
with the results summarised in Table 5.2.

Pminor,losses

ρg
= Hminor,losses = ξ

v2

2g
(5.2)

Table 5.2: System minor pressure losses

Component Quantity Pressure loss [Pa]
PVC T-adaptor, dividing line flow 1 1.49

PVC T-adaptor, dividing branch flow 1 3.31
FESTO push-in fitting, threaded union 6 0.13
Flow valve, check valve, forward flow 1 3.31

8.89

5.1.2 Fan losses

There were inevitable losses that occurred within the fan itself, which caused
a decrease in it's efficiency. Inherent losses that were likely occurring in this
fan are categorise and described as follows.

Off-design operation losses

Off-design operation losses occur when a turbomachine is operated at condi-
tions other than those specified in the design point operation (Balje, 1981).
The blades are often designed to minimise losses, specifically by attempting to
match the blade leading edge angle with the angle of the approaching gas flow
(Balje, 1981). I.e., the fan attempts to achieve an incidence angle of zero when
the fan is operating at the designed velocity. When the operating velocity is
differed from this, incidence losses are caused by the misalignment of the blade
angle to the subsequent flow angle (Balje, 1981).

From the centrifugal fan design in CFturbo®, described in Chapter 3, it
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is noted that the intended rotational speed for design point operation was
1500 rpm. In actuality, as seen in Chapter 4, the impeller was rotated at
a variety of much greater speeds, which in all probability caused off-design
operation losses.

Windage losses

Windage losses are as a result of friction between the rotating and station-
ary components (Balje, 1981). The friction coefficient is dependent on both
the Reynolds number (and thus velocity of the rotating component) and the
clearance between the components (Balje, 1981).

Clearance and leakage losses

Clearance or internal leakage losses occur as a result of clearance gaps between
the rotating and stationery components in the fan (Balje, 1981). Clearances
between the impeller's shaft and the casing, as well as the back, front, and
circumferential edges of the impeller and the casing, are necessary to avoid
mechanical interference (Balje, 1981). When air flows through the rotating
impeller some of the flow leaks across the tips of the blades, from the concave
surface (pressure side) to the convex surface (suction side), due to a pressure
drop across the blade (Balje, 1981). The leakage flow moves through the clear-
ance gaps between the impeller and casing.

The clearance gaps between the rotating impeller and the stationary front
and back covers are depicted in Chapter 3 as being 2 mm each. A clearance
between the back cover and impeller shaft is also shown as being a gap of 4mm
in the radial direction. During testing, the latter clearance gap was reduced
by approximately 1 mm by covering the hole with thick cardboard. Although
this alteration did marginally improve the fan's efficiency, there were likely still
significant leakage losses occurring in the 2 mm clearance gaps.

5.2 Results

5.2.1 Theoretical vs. experimental results

To assess how closely the physically built fan resembles the theoretical fan
designed in CFturbo®, the performance predictions generated by the software
are compared to the equivalent performance characteristics measured during
testing. Since the design point flow rate could not be measured for the physical
system, a comparison is only drawn between the rotational speed required to
achieve the design point pressure rise, as described in Section 4.3.1.

CFturbo® estimates the performance of the centrifugal fan by predicting the
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flow rate vs. pressure difference behaviour at varying rotational speeds and/or
diameters. The performance curve was customised to extract the relevant data
by plotting constant horizontal lines to represent varying rotational speeds at
a constant diameter (the design diameter of 150 mm).

The plot shown in Figure 5.1 takes into account potential losses and efficien-
cies, such that to achieve the design point ∆pt = 490 Pa), CFturbo® predicts
that the fan (when the diameter is kept at 150 mm) should rotate at approxi-
mately 2800 rpm. The blue curve represents the system characteristic, and the
red curve the fan characteristic at the designed rotational speed of 1500 rpm.

Figure 5.1: Performance prediction of fan in CFturbo® (CFturbo R1.0, 2021)

Figure 5.2 depicts the trend generated from the measured data of the physical
fan's performance to determine the actual design point rotational speed. The
plot shows that to achieve the design point ∆pt = 490 Pa, the physical fan
should be rotated at approximately 3337 rpm.
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Figure 5.2: Rotational speed vs. pressure rise to determine fan design point

5.2.2 Fan and system characteristic curves

To analyse the fan's performance in more detail, it was rotated at varying
rotational speeds and the flow rate was adjusted to produce trends in pressure
rise, as described in Section 4.3.2. CFturbo® generates a similar characteristic
curve, which is depicted in Figure 5.3. The blue curve represents the system
characteristic, while the red curve represents the characteristic at 1500 rpm.
The additional grey dashed horizontal lines represent (in order from lowest to
highest) operating speeds of 2320 rpm, 2740 rpm, 3160 rpm, and 3550 rpm.

This plot is compared to the measured data trends shown in Figure 5.4. The
system characteristic curves were drawn up directly from the pressure mea-
surements taken by the differential pressure transmitter. To estimate the fan
characteristic curves, the pressure losses calculated in Section 5.1 were sub-
tracted from the system curves.
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Figure 5.3: Characteristic curves in CFturbo® (CFturbo R1.0, 2021)

Figure 5.4: Fan and system characteristic curves
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5.2.3 Efficiency curves

The efficiency of the fan was estimated from the methods described in Sec-
tion 4.3. CFturbo® also estimates the efficiency of the designed fan, and
the efficiency vs. flow rate curves plotted for the full range of flow rates
(0 − 120 l/min) can be found in Appendix B. Since the fan was only physically
tested within a small region (1 − 5 l/min) of this flow range, the equivalent
region from CFturbo® 's was extracted and shown in Figure 5.5. The plot
depicts the design point operating speed in red (1500 rpm), and the speed at
which the physical fan attained pressures close to the design point, in grey
(3550 rpm). At 3550 rpm and 5 l/min, CFturbo® predicts an efficiency of
±8%.

Figure 5.5: Fan efficiency vs. flow rate in CFturbo® (CFturbo R1.0, 2021)

To compare with the efficiency prediction of CFturbo®, the efficiency curves
of the physical fan were plotted at varying speeds in Figure 5.6. The dotted
line represents the efficiency at the comparison point of 3550 rpm and 5 l/min,
which is ±7.2%.
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Comparing Figures 5.5 and 5.6, the efficiency trend is similar, although it
is noted that because only a small portion of the full curve is represented, this
does not provide reliable insight into the behaviour of extrapolated data. At
the comparison point, there is an error of 10% between the software predica-
tion and physical measure of the fan's efficiency.

The efficiency of this fan is lower than what is commonly expected of cen-
trifugal fans, but there are a number of explanations for this result. Some
contributing factors are the impact of the various fan losses described in Sec-
tion 5.1.2 that were not quantified. Moreover, the limited range in which the
efficiency is calculated does not necessarily provide an accurate depiction of
the fan's operating point efficiency. Referring to Figure B.3 in Appendix B,
the full range of efficiencies is predicted for the fan, and it can be seen that
they increase exponentially outside of the range shown in Figures 5.5 and 5.6.
This is discussed further in Section 5.3.2.

Figure 5.6: Fan efficiency vs. flow rate (at varying speeds)
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5.3 Analysis

5.3.1 Scaling

Although the design point flow rate could not be measured, the suitability of
this centrifugal fan for the oxygen mixer device can still be assessed, using
affinity/scaling laws (see Section 2.2.3). The scaling laws are simplified to
those shown in Equation 5.3, since the diameter of the fan remained constant
(the same fan is used, as the rotational speed is the parameter to be scaled)
and the head ratio is proportional to pressure ratio.

QB

QA

=
ωB

ωA

PB

PA

= (
ωB

ωA

)2
(5.3)

To ensure that these laws provide a reasonably accurate extrapolation on the
fan data, the scaling laws were first applied to sets of data with known ex-
perimental results. The predictions for fan performance as derived from the
scaling laws were compared to the measured performance parameters deter-
mined experimentally. The results are summarised in Table 5.3, and the full
calculations can be found in Appendix A.

Table 5.3: Scaling laws verification

Parameter State A State B scaled State B measured
Speed [rpm] 2320 3550 3550

Flow rate [l/min] 2 3 3
Pressure rise [Pa] 240 555 551

The head/pressure and flow rate affinity laws (Equation 5.3) were used with
the known speed and pressure of state A, and known speed of state B, to de-
termine the unknown pressure at state B. The result was a pressure of 555 Pa,
which is reasonably close to the experimentally determined pressure at the
given speed and flow rate, of 551 Pa. The error is determined to be 0.73%,
therefore the scaling laws may be considered to have a high correlation for
predicting parameters outside of the measured dataset.

The scaling law results are compared to the measured data in Figure 5.7,
and were then used with known parameters from the measurable range de-
scribed in Chapter 4, to estimate the rotational speed required of the fan to
produce the design point of 6 l/min and 490 Pa (state C). This design point
is indicated by the red circle in Figure 5.7, along the speed line of 3337 rpm.
The results are also summarised in Table 5.4.
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Figure 5.7: Scaling laws verified and applied

Table 5.4: Scaling laws applied

Parameter State A State C scaled
Speed [rpm] 2320 3337

Flow rate [l/min] 4 5.8
5 7.2

Pressure rise [Pa] 237 490.33
237 490.33

To estimate the efficiency when the fan is operating at this design point, the
plot in Figure 5.6 is extrapolated, and the efficiency is found to be ±8.7%.

5.3.2 Flow regime

During fan operation, the flow may behave differently depending on the ratio
between pressure rise and flow rate. These flow regimes are depicted in Figure
5.8, where point 2 represents the maximum pressure rise, and point 3 the
maximum efficiency (usually design point pressure rise and flow rate) that can
be achieved. Surging (region 1-6) and stalling (region 6-2) occur at very low
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flow rates and high pressure ratio, whereas choking (region 5-4) occurs at high
flow rates and low pressure ratios (Mecholic, 2021).

Figure 5.8: Fixed-speed fan characteristic, pressure vs. flow rate (Sayers, 1990)

Throughout this project, there has been a persistent issue regarding the low
design point flow rate of the fan. The fan was therefore designed to produce
a higher flow rate than the required 6 l/min, with potential for using partial
admission to reduce the actual delivered flow rate. In reality, the fan produced
lower flow rates than what were expected, so much so that the partial admis-
sion casing became redundant.

This leads to a reasonable deduction that the fan was operating in the surge or
stall region. These regimes are placed in the lower limit of the stable operating
range (Mecholic, 2021). Since the fan was operating close to the design point
pressure, it is further inferred that the fan was likely to be in stall. Rotat-
ing stall occurs when the fan is close to stable operating range, i.e., when the
produced pressure rise is nearing the fan's limit, and the flow rate has been
reduced, whereafter the flow may reverse direction (Mecholic, 2021).

When the flow reverses, separation from the blades occurs which can cause
vibration and additional stress on the blades, eventually leading to fatigue
failure (Sayers, 1990). If the flow rate is reduced further, stall can lead to
surging, which is more catastrophic since it presents as violent pulsation in the
flow and the breakdown of steady flow in the fan (Mecholic, 2021).

However, the occurrence of stall has generally been shown not to have a signif-
icant effect on the performance of centrifugal fans. As such, the primary issue
with the possible event of stall in this project is in the long-term operation of
the fan. Consequently, if the project were to be carried further, it would likely
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not be 3D-printed, and investigations into higher strength materials would
need to be conducted.

5.3.3 Implementation in oxygen mixer device

The primary requirements of the fan, as outlined in Section 3.1, are summarised
again:

• Entrain ambient air

• Produce an adjustable pressure rise in the range of 490 Pa and 2450 Pa

• Have a flow rate in the range of standard human breathing rates (±6 l/min)

• Maintain a steady and continuous pressure rise when the flow rate varies

If the fan can meet these requirements, then it may be suitable for use in the
proposed self-driven oxygen mixer device.

From the results in Section 5.2 and the scaling law analysis in Section 5.3.1,
it is deduced that the fan is capable of meeting all of the above requirements.
Figure 5.2 estimates that at a rotational speed of 3337 rpm the fan achieves a
pressure rise of 490 rpm. Figure 5.7 then predicts that at this same speed, the
fan would be capable of producing a flow rate of 6 l/min. Lastly, Figure 5.4
shows that when the flow rate is varied, the pressure rise remains relatively
constant.

To continue the investigation of the feasibility of the fan, its capabilities in
achieving the upper limit of the pressure rise range (2450 Pa) would need to
be tested as well. Furthermore, its suitability in being driven by an oxygen-
driven turbine would also need to be determined. Currently, the fan requires
±0.82 W of electrical power, as shown in Equation 5.4, to rotate at the de-
duced operating point. As such, a proposed turbine to drive the fan would
need to be designed to deliver power (mechanical work) close to this amount.

(η × ηmotor)Ẇ = Q∆pt

Ẇ =
(6 l/min

60000
)(490.33 Pa)

(0.072)(0.83)

Ẇ = 0.82 W

(5.4)
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Chapter 6

Recommendations

There is much potential for this project to be continued and/or improved, and
the proposed methods for pursuing this are given below.

6.1 Centrifugal fan

The current centrifugal fan design has losses associated with the pipe system
as well as the actual fan component. The design can firstly be improved by
investigating alterations to the rotational speed, impeller size, and blade size
and angles in the theoretical concept generation, which can increase the fan's
overall efficiency. Secondly, the production and assembly of the fan can be
further explored to minimise the losses associated with the physical realisation
of the theoretically designed concept.

6.2 Radial turbine

The overarching scope referred to in this project is to develop the entire oxygen
mixer device. This project has initiated the process by developing and testing
a first iteration design of the fan component of the device. To continue with
the project, a turbine must be designed that can deliver the power required
by the fan in this project. Furthermore, the turbine must by driven by high-
pressure oxygen and must induce a low-pressure oxygen stream that can be
mixed with the air stream produced by the fan.

6.3 Pressure adjustment

Another important aspect of the overall project is that the oxygen mixer de-
vice make provision for the pressure and oxygen concentration of the mixture
stream to be adjusted. In this project the pressure was regulated by making
adjustments to the rotational speed. However, without the addition of oxygen
to the system, the usefulness of these results are limited, as the effect of the
presence of oxygen is unknown. There is therefore potential for further inves-
tigation of the pressure adjustment, by means of regulating the oxygen input
to the turbine.
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6.4 Instrumentation

One of the limitations in this project is that of the instrumentation used for
flow rate measurement. A rotameter was used in this project, but a suitable
rotameter to measure the low flow rate produced by the fan was not obtained.
The results in Chapter 5, with reference to determining the design point speed
and efficiency, could be determined more accurately/reliably with alternative
flow rate measurement techniques.
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Chapter 7

Conclusion
The overarching purpose of this project was to determine whether a centrifugal
fan can be used in conjunction with a radial turbine to function as a self-driven
oxygen mixer device in a ventilator. To assess the feasibility of this concept,
primary objectives were defined, commencing with the design of a fan that
could produce the pressure and flow rate required of a ventilator. To de-
termine it's technical feasibility, the theoretical performance of the fan had to
be verified through physical testing, which called for the fan to be constructed.

The literature study provided background to the necessity of this oxygen mixer
concept as well as existing CPAP generator designs and theoretical concepts
relevant to turbomachinery design and testing. The fan design initiated with
the requirements of the fan, followed by the procedure used to generate the
centrifugal fan design, through use of both software and empirical calculations,
and closing off with the method of it's manufacture. The validation of the fan
outlined the testing procedure used to establish the fan's performance, includ-
ing the setup and instrumentation used.

The results of the physical verification indicated that the 3D printed fan was
able to produce the required pressure rise and flow rate of a CPAP-type ven-
tilator machine. The operating conditions to achieve the design point is pre-
dicted using scaling laws, which indicate that if the fan is rotated at a speed
of 3337 rpm, it will produce a flow rate of 6 l/min and pressure rise (above
ambient air) of 490 Pa. Hence, the objectives for developing, building and
verifying the performance of the fan are satisfied.

The fan was further analysed by quantifying its efficiency. These results are
limited in their usefulness for evaluating the performance of the fan, as the effi-
ciencies were only determined for a small portion of the fan's operating range.
Nonetheless, the efficiency estimated at the design point is extrapolated to be
±8.7%.

As this study only partially investigated the oxygen mixer device concept,
recommendations for continuation (development of the full device, including
the turbine component) are provided in Chapter 6.

49



Appendices

50



Appendix A

Calculations

A.1 Centrifugal fan impeller design validation

A.1.1 Methods
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A.1.2 Results

Table A.1: Calculated inlet velocity components

Characteristic Value
Hub circumferential velocity Uh 0.63 m/s

Hub meridional (axial) velocity Cha 0.22 m/s
Shroud circumferential velocity Us 6.3 m/s

Shroud meridional (axial) velocity Csa 2.3 m/s
Average4 inlet circumferential velocity U1 3.5 m/s

Average inlet meridional (axial) velocity Ca
5 1.3 m/s

Absolute velocity6 C1 2.3 m/s
Relative velocity6 W1 6.7 m/s

Table A.2: Calculated outlet velocity components and flow angles

Characteristic Value
Circumferential velocity U2 11.8 m/s

Meridional (radial) velocity Cr2 0.4 m/s
Circumferential component Cx2 8.5 m/s

Hypothetical circumferential component Cx2′ 10.6 m/s
Slip velocity Cxs 2.1 m/s

Absolute velocity C2 8.5 m/s
Hypothetical absolute velocity C2′ 10.6 m/s

Relative velocity W2 3.3 m/s
Relative flow angle β2 6.4◦

Absolute flow angle α2 2.5◦

Incidence angle i 0◦

Deviation angle δ 13.6◦

Pressure difference ∆pt 150.5 Pa

4The average inlet diameter is determined from the hub (8 mm) and shroud (80 mm)
diameters as 44 mm.

5The absolute velocity is equal to the axial velocity component due to the assumption
of zero inlet whirl.

6The absolute and relative velocity components are taken to be at the shroud diameter
for succeeding calculations.
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A.2 Centrifugal forces and stresses
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A.3 Head/pressure losses
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A.4 System efficiencies
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A.5 Scaling
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Appendix B

CFturbo specifications and results

B.1 Fan setup

Table B.1: Volute setup and inlet details in CFturbo®

Property Dimension [mm]
Spiral inlet diameter 190

Spiral inlet width 20
Impeller diameter 150

Inlet width 20
Outlet width 20

B.2 Velocity triangles

Figure B.1: Impeller inlet velocity triangle in CFturbo (CFturbo R1.0, 2021)
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Figure B.2: Impeller outlet velocity triangle in CFturbo (CFturbo R1.0, 2021)

B.3 Fan performance

Table B.2: Fan calculated values and characteristics in CFturbo®

Characteristic Global value
Specific speed nq = 4

Specific diameter Ds = 15.894
Flow coefficient φ = 0.01
Work coefficient ψ = 5.888
Slip coefficient γ = 0.89076
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Table B.3: Blade velocity components and flow angles calculated in CFturbo®

(CFturbo R1.0, 2021)

Characteristic Leading edge Trailing edge
Tip/circumferential velocity U 6.8 m/s 11.8 m/s

Absolute velocity C 0.4 m/s 9.9 m/s
Meridional component Cm 0.4 m/s 0.2 m/s

Circumferential component Cu 0 m/s 9.9 m/s
Relative velocity W 6.8 m/s 1.9 m/s

Circumferential component Wu −6.8 m/s −1.9 m/s
Angle of absolute flow α 90◦ 1.3◦

Angle of relative flow β 3.4◦ 6.7◦

Incidence angle i 16.6◦ -
Deviation angle δ - 13.3◦

Pressure difference ∆pt 139.7 Pa

Figure B.3: Prediction of full range of efficiencies in CFturbo® (CFturbo R1.0,
2021)
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Appendix C

3D model complementary informa-
tion

Figure C.1: Parts list for test setup

(a) 3D printed fan
(b) PVC fitting to connect ventilator
tubing with pressure and flow meter

Figure C.2: Actual physical models
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Appendix D

Techno-economic analysis
A techno-economic analysis is performed to provide an indication of the im-
pacts this project would have if it were completed by a junior engineer at a
research facility. This includes the time management and budgeting aspects,
as well as the technical impact, return on investment and potential for com-
mercialization.

D.1 Planning/time management

The project plan, as proposed in March 2021, is shown in Figure D.1. It con-
tains the tasks to be completed on the left, and depicts a relatively sequential
plan for task completion.

Figure D.1: Proposed project timeline

Figure D.2, on the other hand, represents the adjusted project plan, altered
as a result of the COVID-19 impact in July 2021. When the 3rd COVID-19
wave hit South Africa, the university had to close and, consequently, working
arrangements were disrupted. The major disruption with the university clos-
ing was for examinations to then coincide with the mid-year holiday, during
which a significant amount of time was planned for detailed concept design
and manufacturing. The mid-year holiday time was halved, which resulted
in a shift of all subsequent activities. Furthermore, the reduction in timeline
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called for an adjustment of the project scope, which then changed the tasks to
be completed.

Figure D.2: Actual project timeline

Baseline work
Actual work

It can be seen that many tasks commenced later than planned, and others
took longer to complete. In particular, reviewing the literature continued for
much longer than initially estimated. It was found that continuous research
was required as the project carried out, as objectives changed and obstacles
were encountered. The unexpected issues regarding the design of a fan for
low flow rate production required additional research. On the other hand,
securing a license for CFturbo® allowed for the concept design process to
commence slightly earlier than planned. The procurement of instrumentation
proved challenging as well, specifically sourcing a suitable rotameter, which
then delayed the timeline. This had a knock on effect for all other testing
activities.

D.2 Budget

The budget shown in Figure D.3 was drawn up in March 2021 as an estimation
for the total cost of the project. The engineering time for each task is estimated
and the corresponding cost is determined from the hourly rate of a junior
engineer being R 450.
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Figure D.3: Revised budget proposal

Figure D.4 illustrates the actual costs of the project. The running costs are
predominantly from electricity usage, estimated using Eskom's tariff of R 1.40
per kWh and an average power usage of 240 W. The faculty use included
the depreciation of faculty-owned equipment such as the 3D printer, pressure
transducer, rotameter, tachometer, bench power supply, and multimeter used
in this project, and the capital costs pertain to a purchased rotameter. The
labour and material refers predominantly to 3D printing (with PLA material),
but also manufacturing the PVC fittings in the workshop.

Figure D.4: Actual budget

The actual costs are reasonably close to the proposed budget, but are slightly
higher than what was initially forecast. This is mainly attributed to time
management. There are also relatively large distinctions between the predicted
and actual cost of manufacturing and procuring instrumentation, both of which
came in under budget. The quantified divergence between the planned and
actual cost to company is R 3,979. The individual activity divergences are
illustrated in Table D.1.
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Table D.1: Actual variance to budget

Activity Actual cost Budgeted cost Variance
R R R

Review literature 40,530 18,000 -22,530
Compile design requirements 6,750 6,750 0
Concept development 22,500 31,600 9,100
Concept evaluation 0 6,750 6,750
Detailed concept design 45,034 54,100 9,066
Concept manufacturing 15,705 38,830 23,125
Test set up and calibration 23,127 12,600 -10,527
Concept testing 19,413 18,300 -1,113
Data analysis 13,510 4,600 -8,910
Finalise report 54,040 45,100 -8,940
Total 240,609 236,630 -3,979

D.3 Technical impact

The main impact of this project is in demonstrating that a fan capable of de-
livering the pressure and (low) flow rate requirement of a ventilator machine,
can be designed and physically realised. Since the scale of this project was
relatively small, it being an undergraduate project, the results are not neces-
sarily reliable enough to make definitive remarks about the suitability of this
fan in a CPAP generator. Nevertheless, the results provide reason for further
investigation, as they are a fundamental proof of feasibility of the fan.

The smaller technical impact is in illustrating that a 3D-printed fan can be
successfully built. Moreover, it can operate under the conditions that were
designed for and produce the desired results. The significance of this is in
imparting a method of rapid and reliable fan prototyping.

D.4 Return on investment

The investment of R 240,609 (detailed in Table D.4) represents the cost of
establishing the feasibility of an alternative ventilator solution that requires
no electrical input. A tangible benefit of the investment is the 3D-printed fan,
which is a low-cost method of prototyping and therefore minimises the cost
of continuing the investigation. The intangible benefit of the investment is
the proof that the fan is capable of delivering the pressure and low flow rate
requirement of a ventilator machine. Although the commercial return of this
phase of the project cannot be measured on a stand alone basis, the Return on
Investment (ROI) will be measurable on completion and commercialisation of
the integration of the oxygen mixer device in ventilator systems country-wide.
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It is reasonable to assume that there will be a very high ROI on the completed
device. The high ROI should be driven by high commercial demand for the
device as its principal characteristic is that it does not require electricity (as
conventional ventilators do). Demand for the device should be very high given
the rapidly increasing cost and poor availability of electricity. Furthermore
the production cost of the prototype fan, which is a key component of the
completed device, is likely to be very low, especially when mass produced.
This will further add to the commercial return on this initial investment.

D.5 Potential for commercialisation

The fan has the potential to be implemented in a self-driven oxygen mixer
device, which can be integrated into a ventilator system. The motivation for
this project expressed the usefulness of the proposed oxygen mixer device for
areas with little to no access to electricity, such as many in South Africa.
Commercialising the device will benefit many hospitals and health care facili-
ties, especially those in rural areas. It could ultimately improve the quality of
health care for many patients in need of breathing assistance.
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Appendix E

Safety report

Testing of a 3D printed fan using a DC motor

Date: September 2021
Supervisor: Prof J. Van der Spuy

Student: Miss B.J. Kendall
Laboratory Technician: Mr K. Neaves

Miss B.J. Kendall

Table E.1: Emergency contact details

Contact Room number Work number Cell number
Prof J. Van der Spuy M5006 021 808 4127 083 456 2844
Mr K. Neaves M3001 012 345 6789 012 345 6789
Mr C. Zietsman M2019 021 808 4275 021 808 4275
Campus security - 021 808 2333 082 808 2333
Fire brigade - 021 808 8888 -
Ambulance - 021 883 3444 -

Laboratory Technician:
Mr Kevin Neaves

Supervisor: Prof J Van
der Spuy

Laboratory Manager: Mr
Cobus Zietsman

Pressure Vessels or Pipes: No pressure vessel or pipe with a pressure in
excess of 50 kPa is involved in this project.

E.1 Overview of testing

A 3D-printed centrifugal fan is being tested by rotating it using a DC mo-
tor. The overarching objective is to assess its suitability for being driven by a
turbine in a ventilator design concept. The first purpose of this stage of the
testing is to determine whether the designed fan is capable of being rotated at
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the required speed of 1500 rpm. If it is capable, the second purpose of the test
is to measure the flow rate and pressure of the ambient air produced by the
fan. The expected flow rate and pressure is 6 l/min and 101 815 Pa (absolute)
respectively. A schematic of the test setup is shown in Appendix C, with an
accompanying parts list of the equipment to be used. To determine whether
the 3D-printed fan is capable of being rotated at high speeds, while reducing
the risk of it shattering, the DC motor will initially be rotated at 500 rpm,
and the speed will be increased in increments of 500 rpm until 1500 rpm or
until the fan breaks. If the fan breaks, the design will be altered in an attempt
to strengthen the fan, and reprinted. To measure the flow rate and pressure,
ventilator tubing will be attached to the end of the diffuser/volute and a digital
pressure sensor and rotameter will be connected to the tubing using manufac-
tured PVC adaptors. The testing will be conducted in the old mechatronics lab
at the Department of Mechanical and Mechatronic Engineering of Stellenbosch
University.

E.2 General lab/COVID-19 safety procedures

The following general lab safety instructions are applicable:

• No after hours testing may be performed without the necessary permis-
sions

• An induction is required before testing may be undertaken

• Closed shoes must be worn at all times

• Emergency equipment must be located and easily accessible

• Students may not work alone in the lab

• Emergency exits must be known

• Loose clothing may not be worn

• Good housekeeping practices should be kept during testing

• No food or drink is permitted in the lab

• Safety report must be visible and accessible during testing

• No equipment or test may be left unattended

The following additional safety procedures are required according to the SU
COVID-19 Level 3 arrangements:

• A cloth face mask must be worn at all times on campus
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• Upon entering the building, the completed SU COVID-19 Employee
Screening Questionnaire must be handed in to the staff member present
at the entrance

• Hands must be sanitised at the entrance

• The student's temperature must be recorded

• If any of the answers to the questionnaire are ’Yes‘ then the student is
required to complete the Higher Health questionnaire. This can be done
via WhatsApp

• If a student exhibits symptoms (Any student with a recorded tempera-
ture of 37.5°C or a moderate/high risk from the Higher Health check).
M4000 will be used as a quarantine/waiting room, where Campus Health
will advise how to proceed

• The student may have to stay home until an isolation period has been
completed

• A social distance of 1.5 m must be maintained at all times

• Hands must be personally sanitised regularly, and work surfaces must be
thoroughly cleaned

E.3 Fire safety

This project does not present a direct fire risk. In the unlikely event of a fire
the evacuation procedures and routes can be found in Figure E.2. To ensure
that the fire alarm can be heard, no earphones or ear coverings may be worn
while working in the lab.

Figure E.2: Fire evacuation map and drill
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E.4 Activity based risk assessment

The activity-based risk assessment has been conducted and is summarised in
Table E.2, where the risk types are classified as personal (P) or equipment (E)
based risks.

Table E.2: Activity based risk assessment

Activity Risk Risk Risk Mitigating
Type Severity Steps

Turning
on power
source

Electrical P Possible Inspect all wires and
connections to ensure
no exposed wires

Connecting
electrical
wires

Electrical shock P Possible Ensure power is not
connected when secur-
ing wiring

Fitting
compo-
nents

Crushing fingers P Possible Be careful, work
slowly

Overtightening E Substantial Tighten slowly so as
not to overtighten

Moving
around lab

Tripping P/E Possible Be aware of your sur-
roundings, do not trip
over cables

Using drill Drilling into
hand

P Possible Fasten work piece, be
careful

Drilling skew E High Create pilot holes,
hold the drill straight
and steady

Assembling
structural
elements

Cutting yourself P Possible Cover/file down sharp
edges

Skew screws E High Insert screws straight,
keep screwdriver
straight when turning

Fitting
shaft com-
ponents

Crushing fingers P Possible Clear hands from
system while securing
components

Misalignment E High Use spirit levels, do
not overtighten (for
easy adjustability)
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Connecting
motor

Dropping motor P/E Substantial Keep motor away
from edges, han-
dle carefully when
carrying/holding

Improper con-
nection to
coupling

E Substantial Tighten grub screws
sufficiently and ensure
proper alignment

Improper con-
nection to power
source

P/E Possible Solder split wires to-
gether, attach banana
plugs, cover exposed
wires

Adjusting
motor
speed

Damaging motor E Possible Adjust voltage slowly,
from low to high

Damaging fan E High
Rotating
fan at high
speed

PLA material
shattering

P/E Substantial Increase speed slowly,
starting at low speed,
place protective casing
around rotor, wear
protective googles,
closed shoes, long
pants and sleeves,
maintain a safe
distance from fan

Fan disconnect-
ing from shaft

P/E Substantial

Fan separating
at glued surfaces

P/E Substantial

Connecting
piping

Improper con-
nection between
pipe sections
and measure-
ment devices

P/E Substantial Secure pipes properly,
check connections are
tight, ensure no gaps
where air can escape

Turning off
equipment

Electrical shock P Possible Ensure that cable in-
sulation is intact

Tidying
lab

Tripping P/E Possible Be careful, watch for
cables and wiring

Cutting yourself P Possible Discard sharp items
carefully, pack away
slowly, beware of
sharp edges
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