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abstract

Axial flow fan is one of the most important turbomachinery used in our daily life. It
spreads in various forms and types, and it is identified according to the needs and
characteristics of the application field. To this end, the main purpose of this thesis
is designing and printing a three-dimensional(3D) model of an axial flow fan with
predefined characteristics, which is addressed to be used inside a wind tunnel for
scientific experiments that deal with measuring the aerodynamics properties of airfoils
used in turbomachinery . From a modeling point of view, the CFturbo software is used
for the sake of coming up with the needed model, to emphasize, the isolated airfoil
method as well as the radial equilibrium approach are employed along the process of the
desired model. Concerning the analysis phase, the numerical analysis is carried out by
means of Gambit software and then the grid information are exported to Ansys Fluent
including the different boundary-initial conditions and the turbulence model K-epislon
taking into account the convergence conditions. Having said that, the desired target is
not achieved due to the unavailability of solution. Ultimately, the studied model was
printed using a 3D printer Creality Ender 3 (35X30X20). Then, the designed model is

used as a source of air within the wind tunnel.
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Nomenclature

Inlet

Outlet

Pitch length

mean radius

Hub radius

Tip radius

Number of blades
Lift force

Drag force

Density

Lift coefficient

Drag coefficient
Relative mean velocity
Span length
Volumetric flow rate
Totale pressure difference
Rotational speed
Diameter

Specific speed
Diameter number
Hub-tip ratio

Hub diameter

Tip diameter

Flow coefficient
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Meridional velocity

Tangential velocity

Work coefficient

Specific work

Absolute flow angle

Relative flow angle

Axial velocity component

Absolute velocity

Tangential component of relative velocity
Tangential component of absolute velocity
Stagger angle

Angle of attack

Glid ratio

vii



Contents

Dedication

acknowledgements

abstract

Nomenclature

List of Figures

List of Tables

Introduction

1 Generality on Axial Flow Fans

1.1
1.2

1.3

General Information on Axial Flow Fans . . . . . ... ... ... ...
Classification of Axial Flow Fans . . . . ... ... ... ... ... ...
1.2.1 Propeller Fans . . . . . ... ...
1.2.2 Tube-Axial Fans . . . . . . .. . ... .. ... ... .. ...,
1.2.3 Vane-Axial Fans. . . . . . .. .. ... ... ... ... ...,
1.2.4 Two-Stage Axial Fans . . . . . ... ... ... ... ..., ..

Performance of Axial Flow Fans . . . . . . . . . . . .. ... ... ...

2 Design Theory of the Axial Flow Fan

2.1

2.2
2.3

Introduction . . . . . ...
2.1.1 Axial Flow Fan blade design methods . . . . . . . ... ... ..
Isolated Airfoil Approach . . . . . . . . . .. ... ... ... ... ...
Preliminary Design Procedure . . . . . . . . ... ... ... .. ....
2.3.1 Cordier Diagram . . . . . . ... ... Lo
2.3.2 Hub-Tip Ratio and Specific speed Relationship . . . . ... ..

ii

iii

iv

vi

ix



Contents

2.3.3 Head and flow coefficients . . . . . . .. ... ... ... ... . 17

2.3.4  Free Vortex Design Method and Velocity Diagrams . . . . . . . 18

3 Software Implementation 21
3.1 Introduction . . . . . . . . ... 21
3.2 CFturbo Software Overview . . . . . . . . . .. ... ... ... .... 21
3.3 Axial Flow Fan Design Steps By CFturbo . . . . . . ... .. ... .. 22
3.3.1 Specifying The Design Point Values . . . . . . . ... .. .. .. 22

3.3.2 Impeller Main Dimensions . . . . . . .. .. ... ... ... .. 23

3.4 Impeller Meridional Contour . . . . . . . . . .. ... ... ... .... 28
3.4.1 Primary Flow Path . . . . .. ... ... . ... ... ... 28

3.4.2 Hub/Shroud solids . . . ... ... ... ... ... ... .. 29

3.5 Blade’s Geometry Design . . . . . . .. .. ... oL 31
3.5.1 Blade properties. . . . . . . ... 31

3.5.2 bladeprofile . . . . . ... 36

3.5.3 Bladesweeping . . . . . . . ... o 37

4 CFD Analysis of the Axial Flow Fan 39
4.1 Introduction . . . . . . . ... 39
4.2 Geometry . . . ... 40
4.3 Computation Mesh . . . . . . . ... oo 40
4.4 Boundary Conditions . . . . . . . .. ... Lo 41
4.5 Turbulence Model and Solver Options . . . . . . . . ... ... ... .. 42
General Conclusion 43
Bibliography 44

ix



List of Figures

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

Axial flow fan’s Sketch . . . . . . . ... oL 3
Propeller fan with direct drive . . . . . . . . . ... ... ... ... .. 5
Propeller fan with belt drive . . . . . . . ... .. ... ... ... 5)
Tube-axial fan with direct drive . . . . . . . . ... .. ... .. .... 6
Tube-axial fan with belt drive . . . . . . . . ... ... 6
Vane-axial fan with direct drive . . . . . . . . . .. ... ... 7
Vane-axial fan with belt drive . . . . . ... .. ... 000 7
Two-stage axial fan . . . . . . . .. ... o 8
Typical features of axial flow fans with direct drive . . . . . . . . . .. 9
Performance curves of an axial flow fan . . . . . . . ... ... ... .. 10
The pitch distance between two adjacent fan blades . . . . . . . .. .. 12
Forces acting on isolated airfoil . . . . . . .. ... ... ... ... .. 13
Characteristics curves for NACA airfoil 6512 . . . . . . . .. .. .. .. 14
The Cordier diagram . . . . . . . . . .. .. .. .. 16
The optimum Hub-Tip ratio in terms of specific speed . . . . . . . . .. 17
Chart of ¢ versus ¢ for various fans and pumps . . . . . . .. ... .. 18
Axial flow fan velocity triangles . . . . . . ... ..o 19
Stagger angle versus angle of attack . . . . . . ... ... 000 20
CFturbo main window . . . . . . . . . ... ... ... 22
Design point values and machine type . . . . . . .. .. ... ... 23
Impeller main dimensions (General setup) . . . . ... ... ... ... 24
Impeller main dimensions (Empirical parameters) . . . . ... ... .. 24
Approximation function (Hub-tip ratio) . . . . . . ... ... ... ... 25
Values of hub and tip diameters . . . . . . . . . . . ... .. ... ... 25
Results of mid-span calculation . . . . . ... ... ... ..., .... 26
Velocity triangles . . . . . . . . . ..o 27



List of Figures

3.9

3.10
3.11
3.12
3.13
3.14
3.15

3.16
3.17
3.18
3.19
3.20
3.21

4.1
4.2
4.3
4.4

Primary flow path . . . . . . .. .. .. ... 28
Hub solid . . . . . . . . . 29
Meridional contour global information. . . . . . .. ... ... ... .. 30
Hub 3D model . . . . . . . . . . ... 30
Number of blades in accordance to specific speed . . . . . . .. .. .. 31
Number of blades in accordance to specific speed . . . . . . .. .. .. 32
Numerical values of velocity components and flow angles at hub and

shroud . . . . . Lo 33
Number of blades in accordance to specific speed . . . . . . .. .. .. 34
Properties of the blade profile . . . . . . . ... ... ... ... .... 35
Blade stagger angle and chord length at different span . . . . . .. .. 35
2D profiles and thickness distribution at different span . . . . . . . .. 36
3D blade profiles . . . . .. .. 37
3D axial flow fan model . . . . . . ... ..o 38
The Axial fan single 3D blade shape inside the low domain . . . . . . . 40
Computational mesh of the solution domain . . . . . . ... ... ... 41
Fan Boundary Conditions (1) . . . . ... .. ... ... ... ..... 42
Fan Boundary Conditions (2) . . ... .. ... ... ... ....... 42

X1



List of Tables

1.1

3.1
3.2
3.3

Difference between fans, blowers and compressors . . . . . . .. .. .. 4
Design point values and machines type . . . . . . . ... ... ... .. 22
The used formulas for calculating some variables . . . . . . . . ... .. 26
Nomenclture . . . . . . . . .. 33

Xii



Introduction

When airflow is crucially required but does not occur naturally, fans are then utilized to
generate it . As a result, fans are largely employed in both commercial and industrial
applications. From shop ventilation to material handling to boiler applications and
HVAC systems, they are critical for process support and have significant implications
for plants performance, production and also efficiency. This diverse and widespread
usage of fans, imply various models with distinct physical construction, and thus
distinctive physical proprieties of each sort of fan since each form is designed for a
particular purpose. For instance, in specific mining industry operations, providing
adequate fresh air volumes to the operational area is imperative so as to maintain a safe
and productive work environment. Hence, the primary design challenge is procuring the
requisite pressure difference to convey the appropriate amount of air[1]. Furthermore,
the major function of a cooling fan that is used in a cooling system is blowing hot
air away as well as limiting the heating rate, by maintaining the temperature of a
structure or a device from surpassing limitations imposed by demands of safety and
efficiency, thereby fan airflow capacity becomes more critical as the cooling process
is directly related to the flow rate. In that situation, physical features of the fan
should be set up considering the air velocity and large fan diameter, which assist in
producing considerable volumes of air. Interestingly, fans placed inside roadway tunnels
as ventilation systems are purposefully constructed to fit in with the airfoil profile that
enables these fans to blow air bi-directionally in response to the changing needs once
the rotational direction is reversed|2].

The subject of this thesis is the design, performance analysis and realization of a
tube, unvaned axial flow fan used for wind tunnel. From a designing point of view, the
model of the fan is generated based on the commonly employed empirical methodologies
in the literature, using a sophisticated and compatible turbomachinery design software.
In the numerical analysis phase, the model is analyzed through a Commercial Fluid
Dynamics (CFD) software which includes determining the appropriate mesh type,

boundary conditions, and solution approach as well as turbulence model. Ultimately,



in the realization stage, the necessary adjustments to the model are made via CAD
software (due to assembly concerns) and then is printed using a three-dimensional

printer.



Chapter 1

Generality on Axial Flow Fans

1.1 General Information on Axial Flow Fans

In its most basic geometrical construction an axial flow fan stage consists of a rotor
made up of two to fifty blades fitted to the hub, the flow is then established through the
rotor once the fan shaft starts rotating around its axis by means of a particular driving
motor type, which is often an electric motor with three main potential arrangements:
belt drive, direct drive, and gear drive [3]. Additionally, in axial fans, the working
fluid is sucked and discharged axially, namely in the same direction as the axis of the
rotating shaft. The working[? | fluid is typically air that is operated at low speed (M
0.3), and consequently the change in air density considered insignificant and the effect

of Mach number is negligible.

Figure 1.1: Axial flow fan’s Sketch

According to the American Society of Mechanical Engineering (ASME), axial fans
have a maximum pressure ratio on the order of 1.11, they differ from other devices such

as blowers and compressors in the manner they move air as well as the pressure rise
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they can possibly attain. The specific characteristics of an axial fan are heavily affected

Table 1.1: Difference between fans, blowers and compressors

Equipement  Pressure ratio  Pressure rise (bar)

Fans Up to 1.11 0.11
Blowers 1.11 to 1.20 0.11 - 0.20
Compressors More than 1.20 0.20 onwards

by the aerodynamic design and number of impeller blades, and also the angle they
present to the oncoming airstream. Some axial impeller designs allow the blade angle
to be controlled either while stationary or in motion. Ideally, the flow passes axially
over the impeller with no tangential velocity component and the requisite pressure rise
results from an increase in the impeller tangential velocity and subsequent aerodynamic
diffusion.

Axial fans are widely employed in applications requiring high flow rates and low
pressure. They are employed for ventilation and air conditioning of subterranean
transit networks, mines, and structures, in addition to a wide range of usage in a
variety of industries from power plants to cooling towers and steel factories and many
other industrial activities. Each application entails a particular type of fan to handle
the system necessities, hence certain fans are more suitable than others in terms of

capacity and in this regard, axial fans are grouped into four varieties.

1.2 Classification of Axial Flow Fans

1.2.1 Propeller Fans

Propeller fans, sometimes known as panel fans, are the most basic, least cost, and
extensively used type. These fans have a modest pressure rise but generate high airflow
volumes. They typically consist of a flat frame or housing to be mounted on a wall or
on a partition, and they are used as exhaust fans to remove hot or contaminated air
from facilities. Additionally, there are two different types of drive arrangements for
propeller fans: direct drive and belt drive arrangement.

In the direct drive arrangement, the electric motor is directly attached to the rotor
of the fan. In comparison to the belt drive configuration, production cost is reduced
as the belt and pulleys are not being used and in terms of efficiency, the direct drive

method is more efficient since no additional power is consumed via belt and pulleys.
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Figure 1.3: Propeller fan with belt drive

In the belt drive arrangement, the rotating motion of the electric motor is conveyed
employing a belt and pulleys. Belt drive gives versatility in its performance as any
rotating speeds for the fan wheel can be acquired by selecting the right pulley ratio and
also it is preferred in big sizes because it keeps the fan wheel speed low or moderate
while maintaining the motor speed high, resulting in cheaper costs since high-speed

motors are less expensive than low-speed motors of the same horsepower|[4].
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1.2.2 Tube-Axial Fans

Tube-axial fans are similar to propeller fans. Nevertheless, they possess different
physical characteristics. Their hub-tip ratio ranges from 0.3 to 0.5 whereas propeller
fans’ hub-tip ratio is less than 0.3. Moreover, tube axial fans can generate higher
pressure rise and operate more efficiently.

This type of fan is characterized by an external cylindrical housing in which the
drive motor is positioned on either the inlet or outlet side, whereas in the belt drive

case, the motor is situated outside[4].

Figure 1.4: Tube-axial fan with direct drive

Figure 1.5: Tube-axial fan with belt drive
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1.2.3 Vane-Axial Fans

Vane-axial fans are identical to tube-axial fans, but they are equipped with guide vanes
to enhance efficiency by guiding and straightening the flow. The guide vanes are housed
inside a cylindrical housing that has a length of one diameter long, and they can be
employed either before or/and after the rotor. As upstream guide vanes they adjust
the inlet angle of incoming flow, and as downstream guide vanes they neutralize the air
spin and convert part of the excess velocity pressure into more useful static pressure.

Compared to the earlier fan types, vane-axial fans can deliver higher flow rates and
generate higher static pressure rise at a larger hub-tip ratio ranging from 0.5 to 0.8.
Similarly, they can also be operated with or without belt and pulleys by employing an

electric motor[4].

Figure 1.6: Vane-axial fan with direct drive

Figure 1.7: Vane-axial fan with belt drive
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1.2.4 Two-Stage Axial Fans

Two-stage axial flow fans have the configuration of two fans in series so that the
pressures will add up. This is an easy solution when higher static pressures are needed,
but excessive tip speeds and noise levels are not tolerated.

The tow fan wheels may rotate in the same direction, with guide vanes between
them. Or they may be counter-rotating, without any guide vanes. By either method,
the static pressure will be doubled.

In the first configuration, each of the two fans is operated by two separate motors
or a single double-shaft extension motor placed between the two stages. The stationary
guide vanes are also between the two fan wheels. They pick up the helical airflow
produced by rotating blades of the first stage and reverse the rotational component to
the opposite direction, whereby the air velocity first decelerates and then accelerates
again. Namely, they act as outlet vanes for the first stage and as inlet vanes for the
second stage.

In contrast, in the second configuration, the two fan wheels run in opposite direc-
tions and are driven by two separate motors. The air spin produced by the first stage
is more or less neutralized by the deflection produced by the second stage. As a result,
no guide vanes are needed, which reduces the manufacturing cost somewhat. Another
advantage of this configuration is that if one of the two motors fails, the unit can still

deliver some air while only one stage is operating[4].

Figure 1.8: Two-stage axial fan
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Typical features of axial flow fans with direct-drive arrangement are given in the
following table:

Twao-stage
Propeller Fan Tube-Axial fan Vane-Axial fan | axial-flow fan
Casing Mounting ring | Short cylindrical Cylindrical Long
or panel housing housing cylindrical
housing
Motor Inlet side of Inside Inside housing, | Inside housing,
Support panel preferred | housing outlet outlet side between the
side preffered preffered two stages
Guide Vanes None None Past fan wheel Between the
preferred two stages or
none
Hub-Tip ratio <03 03-05 045-08 0.5-08

Figure 1.9: Typical features of axial flow fans with direct drive

1.3 Performance of Axial Flow Fans

These tests

are accomplished according to a set of guidelines, carried out in laboratory tests

Specific tests are used to assess the performance of axial flow fans.

under specific conditions. These fan guidelines were developed with the help of the
Air Movement and Control Association, Inc. (AMCA) and the American Society
of Heating, Refrigeration, and Air Conditioning Engineers, Inc. (ASHRAE). They
develop standardized techniques for calculating fans’ flow rate, pressure increase, power
consumption, and efficiency, and thereby these parameters are used to form a fan’s
performance curves. An example of axial flow fan performance curves is depicted in
figure 1.9[1].
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Figure 1.10: Performance curves of an axial flow fan

In figure 1.9, it is shown the shape of a typical static pressure versus volumetric
flow rate curve of an axial flow fan. Starting at the free-delivery point (i.e., when the
volumetric flow rate reaches its maximum while the static pressure approaches zero),
the static pressure rises to a peak value from this point to the free-delivery point, this is
the fan’s good operating range within it, is located the operating point that represents
the intersection of the fan characteristic curve with the system curve.

In this operating range, when the flow rate decreases owing to increased flow
resistance, the axial air velocity drops as well. As a result, the angle of attack and lift
coefficient both rise, resulting in an increase in static pressure as the flow rate falls.

Consequently, the operating point on the pressure curve shifts to the left, while
static pressure rises to the stalling range. After the stalling range, static pressure

begins to drop and then the fan can no longer operate effectively.
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Chapter 2

Design Theory of the Axial Flow

Fan

2.1 Introduction

The axial flow fan design is still dependent on many empirical and semi-empirical
criteria stated by fan designers, resulting in a variety of approaches to designing fan
components and, more specifically, fan impellers. At the outset of the fan design process,
the design procedure consists in setting up the design point data as inputs. On that
basis, the subsequent parameters and dimensions are determined. These input data
are known as the design parameters, which mainly constitute the design specifications,
mainly the volumetric flow rate, total pressure difference, rotational velocity of the
drive motor, and fluid properties. The methodology, approaches, and empirical graphs
utilized in the axial flow fan design, as well as the parameters employed in the design

processes, are discussed and explained in this chapter.

2.1.1 Axial Flow Fan blade design methods

The fan blades’ interaction has a considerable impact on the fan design since the lift
and drag coefficients derived from a blade on the fan impeller, are dependently differed
based on the distance between the neighboring blades, which is known as the pitch
distance or spacing. This latter represents the distance in the direction of rotation

between corresponding points on adjacent blades and can be seen in figure 2.1.

11
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Direction of rotation CHORD

\/

Figure 2.1: The pitch distance between two adjacent fan blades

The chord ¢ and the pitch s of the blades are related, and this relationship is known
as blade solidity. It is used to indicate whether or not the blades interact with one

another. It can be expressed as:
sol = /4 (2.1)

where S = 2”% Where ry, is the mean radius of the fan, and z; is the number of blades.
In case of an axial flow impeller the mean radius is defined in terms of tip radius, r¢

and hub radius, rj, of the fan as follows:

Tm = M (2.2)

2
There are two main approaches to designing an axial flow fan blade which can be
summed up as: the isolated airfoil approach and the cascade approach. The decision
of which approach is employed in the blade design is based on the blade solidity
calculation. Whereas the isolated airfoil approach is valid for low solidities less than

one, cascade approach is valid for high solidities greater than one[5].

2.2 Isolated Airfoil Approach

In the isolated airfoil method, a control volume is created around a single airfoil. Once
a flow field is established to this control volume, the airfoil will be impacted by several
forces operating in different directions. More precisely, as the flow field moves through
the airfoil it normally it produces positive pressure on the lower surface (pressure side)
of the airfoil and negative pressure on the upper surface (suction side), the combination
of these positive and negative pressures results in a force F, as shown in figure 2.2.

This force F can be resolved into two components, a lift force F, and a drag force Fy .

12
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Figure 2.2: Forces acting on isolated airfoil

The drag force F) is parallel to the direction of the relative mean velocity wqy, while
the lift force F7, is normal to the drag force. In the case of an axial flow fan blade the
lift force considered the useful component since it deflects the air stream and produces
the static pressure of the fan, whereas the drag force is the resistance to the forward
motion of the blade, it’s the undesirable, power-consuming component[4].

Therefore we should use an appropriate airfoil shape that have not only a high lift
coefficient ¢y, but also an appropriate lift-drag ratio % .

As the angle of attack changes, lift, drag, and lift-drag ratio all change considerably,
as it is shown in figure 2.3. The lift and the drag forces can be expressed in terms of

the lift and the drag coefficients c;, and cp respectively, as follows

2
FL = CLbC (qu]m> (23)

2
FD ZCDbC <Pw2m> (24)

Where b is the span length of the fan blade and w,, is the relative mean flow velocity.

13
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Figure 2.3: Characteristics curves for NACA airfoil 6512

2.3 Preliminary Design Procedure

At the beginning of the design process, various input parameters are essential to define
the starting point, which are the volumetric flow rate Q, the total pressure difference
Ap; and last but not least, the rotational speed n of the motor drive. This latter is
directly related to the rotational velocity of the fan impeller, and as the machine is
set to operate in an incompressible range where Mach number is less than 0.3, and
as the attained tangential velocity at the tip of the blade is the highest speed for the
axial flow fan, the rotational speed must be selected reasonably otherwise the fan may
found working in inappropriate conditions.

2.3.1 Cordier Diagram

In order to design an efficient turbomachine, the Cordier diagram is regarded as an
unavoidable tool to consult. The Cordier diagram is an empirical diagram based on
measurements, that depicts the relationship between the design parameters and the
different types of turbomachines, using two dimensionless numbers, the specific speed
(speed number) and the diameter number. Which can be expressed sequentially as
follows:

14
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(2.5)

© oo

knowing that : £ = N/Q and H= (Ap/p) e

Where, N and D are respectively the rotational speed and the diameter of the
required machine. Furthermore, though this diagram does not illustrate the specifics
of the blade form for turbomachines design, it is indisputably valuable in obtaining
fundamental selections regarding the type of the machine being used for a certain
operating point. Usually, once given a specific motor drive and hence a rotational speed,
as well as a specified operating point, the Cordier diagram can be used to determine
the kind of machine (axial, diagonal, or radial) and the diameter of the impeller that
would best fulfill this operating point. If, on the other hand, a specific operating point
must be achieved with an impeller of a specific diameter, the Cordier diagram can
easily be used to determine the rotation speed that will achieve this point with the
greatest efficiency. As a result, whenever layout considerations in turbomachines are
done, the Cordier diagram is often employed[6]. The different classifications of impeller
types According to the speed number and diameter number are shown on the Cordier

diagram in figure 2.4

15
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Figure 2.4: The Cordier diagram

2.3.2 Hub-Tip Ratio and Specific speed Relationship

The hubtip ratio represents a characteristic geometric dimension of the axial fan blade

and it usually defined as follows:
Dy,

Dy
where Dy, is the hub diameter and Dy, is the diameter tip As stated in the previous
chapter, the axial flow fans may be classified based on their hub-tip ratio, knowing that
tube-axial fans have a hub-tip ratio ranging from 0.3 to 0.5, thus the determination of
the hub-tip ratio value assists recognizing whether a particular fan design is within the
design limit or not. For this objective, the specific speed and the design aspect are

significant elements that determine the best possible choice of hub-tip ratio[7].

v (2.6)

16
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Figure 2.5: The optimum Hub-Tip ratio in terms of specific speed

2.3.3 Head and flow coefficients

To characterize operating behavior and design type in turbomachinery engineering,
numerous characteristic coefficients are utilized. Affinity laws are used to determine
these coefficients, which are calculated from physical quantities. From these dimen-
sionless parameters we distinguish two often used values, the flow coefficient and the
work coefficient[8]. The flow coefficient, also known as the volume coeflicient, is used

to characterize the volume flow rate and is defined as follows:

Cm
= 2.7
o= (2.7)
Where, ¢, is the meridional velocity and u is the local blade rotational speed. The
work coefficient, occasionally named as the energy transfer coefficient, and the head

coefficient, is used to describe the machine’s head.

Y =15 (2.8)

Another formula for the work coefficient is given as:

Y

B 2.9
L2 (2.9)

Y=

Where Y is the specific work, it is written as: Y = % . The chart of work coefficient

versus flow coefficient ¢ for various fans and pumps is shown in figure 2.6.
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Figure 2.6: Chart of ¢ versus ¢ for various fans and pumps

2.3.4 Free Vortex Design Method and Velocity Diagrams

In the airfoil approach, the fluid flow and blades are studied in a two-dimensional
plane. In the radial direction, it is assumed that the flow has no radial velocity (i.e.,
the fluid velocity has no third component). Accordingly, the fluid flow as well as the
blade profile are illustrated and analyzed on a two-dimensional plane.

Furthermore, the most widely used mode for designing axial flow fan blades, free
vortex law is adopted in order to make a realistic blade design, by taking into account
the radial variation in certain parameters, specifically the blade speed and the velocity
flow tangential component. In this approach the product ¢,r is held a constant across
the exit of each blade at different radial height, and the flow axial velocity component
is assumed equal along the radius of the blade. Consequently from the flow axial
velocity and the blade speeds the velocity triangles can be completed at various radial
sections[9)].
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€y = Cax

Figure 2.7: Axial flow fan velocity triangles

The flow angles a and (3, depicted on the velocity diagram in figure 2.7, indicate
the absolute flow angle and the relative flow angle, respectively. While the relative flow
angle has two different values, one at the inlet and one at the outlet, the absolute flow
angle has only one value (i.e. at the outlet) since it is null at the inlet. Interestingly, it
can be noticed that the flow axial velocity component is constant throughout. The

various flow angles can be determined using the following formulas:

By = tan~! (Z) (2.10)
By = tan ™1 (25) (2.11)
az = tan ! <;“j> (2.12)

Where, (1 is the inlet relative flow angle, (o is the outlet relative flow angle and «yg is
the outlet absolute flow angle. U: is the tangential velocity, ¢y : is the absolute inlet

flow velocity. They can be respectively given as:

U=wr (2.13)
c1 = W(D%Q_D%) (2.14)
B h)

The relative inlet flow velocity w; and the relative outlet flow velocity wy are determined

wy =/} + U2 (2.15)
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wy = /2, + w2, (2.16)

Where, w2 is the tangential component of relative outlet flow velocity. The stagger

angle ¢ of an airfoil in an axial flow fan configuration is defined as the angle between
the axial direction and the chorde line, and it depends on both angle of attack as well

as the angle of relative flow f3.

Figure 2.8: Stagger angle versus angle of attack

The stagger angle can be calculated as

E=0—a (2.17)
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Chapter 3

Software Implementation

3.1 Introduction

Based on the key points for designing an axial flow fan impeller that are outlined in
the previous chapter, it can be observed that the designing process is quite delicate
since it incorporates varied designing approaches besides sustained turbomachinery
and aerodynamics calculations. On this account, there is a demand for using such

satisfactory turbomachinery designing software.

3.2 CFturbo Software Overview

Fturbo is a modern, powerful software for interactive design of turbomachinery (pumps,
ventilators, compressors and turbines). It enables the designer to either start from the
outset or redesign existing models. The main advantage of the software is the combi-
nation of fundamental conceptual design equations, proven empirical correlations and
varied geometrical capabilities. Moreover, it includes several interfaces to established
CAD and CFD packages for further processing of the designed geometry. Figure 1.3,
shows the Cfturbo software’s main window, from which the desired turbomachinery

type can be selected.
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Figure 3.1: CFturbo main window

3.3 Axial Flow Fan Design Steps By CFturbo

3.3.1 Specifying The Design Point Values

The starting point is the definition of the design point comprising of volumetric flow
rate, total pressure rise and rotational speed as well as fluid properties. The design

point is defined as shown in the following table:

Table 3.1: Design point values and machines type

Flow Rate Q [m?’ /S] 0.064
Totale Pressure difference Ap; [Pa] 12
rotational speed n [rpm] 1300
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Design point E] General machine type:  Auial

Flow rate vl al  oos4|ms
|T01.a| pressure difference v | Apt 12 Pa
Revolutions nfmin

Fluid

Mame |Air (20°C) v|

Specific speed (EU)
Inlet conditions Specific work 10 m¥/s

Pressure (total) pt Pa Power output PO 0.000768 kW
Temperature T “C Mass flow m 0.0768 kg/s

w Optional

| v OK | % Cancel | ?Help |

Figure 3.2: Design point values and machine type

3.3.2 Impeller Main Dimensions

The main dimensions menu item is used to define the main dimensions of the axial
impeller. These main dimensions are considered as the most important basis for all
the following design steps.

3.3.2.1 General setup

e The desired impeller is unshrouded. Thus, there is no need to set up the tip

clearance value.

e The material density of the impeller is an informational value that is not relevant

for the hydraulic design.

e The blade design mode is selected based on the blade average solidity value.

Since the average blade solidity is less than 0.68, the airfoil approach is adopted
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+ @ sewp | © Pacameters | © Dimensions
 General

* [Manual dimensioning (i)

[JUnshrouded  Tip clearance

o 1240 kgl

Figure 3.3: Impeller main dimensions (General setup)

3.3.2.2 Empirical parameters

This section illustrates the empirical parameters (flow coefficient and hub-tip ratio)

resulting from approximation functions in reliance on the specific speed.

+ @ Setup er © Dimensi Values Meridian Cordier Velocity
1 500 1000 2000 5000 10000 20000
A i - Set default n, 10 20 50 100 200 L
Parameters 20 o
Used for impeller diameter d52 Radial

Mixed-flow

Flow coefficient ~ @t

Used for hub diameter dH2

= .
Diameter ratio dH/dS v 2 % G @
=
Meridional expansion/ contraction — Coasial v &'
= 7
[=]
Used for inlet diameters dH1, d51 =
n
Meridional velocity ratio | cm/cml 1 o 5
g
E)
] Efficiencies =
e ~
Design relevant ‘ Information only ‘ @
g
Mechanical efficiency nm % E
@
=1
o
Motor efficien ot % g 2
o "
=%
w

T
0.04 0.08 0.2 0.4 0.8 2 25

Specific speed o = :p“z ! \ym

N
(=
-

Figure 3.4: Impeller main dimensions (Empirical parameters)
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Figure 3.5: Approximation function (Hub-tip ratio)

After determining the hub-tip ratio, the hub diameter can be calculated as follows:
D, = 9D; where Dy = Dyq, = 127 mm the hub diameter as well as tip (shroud)
diameter are illustrated in figure 6.3.

Main dimensions

=

Inlet

Hub diameter inlet

Wersion 1.

dH1
Shroud diameterinlet  dS1
Outlet

Hub diameter outlet  dH2

Shroud diameter outlet  dS2

Bzt =b-

+ @ Setwp | © Paameters €@ Dimensions
Clavtomatc

—r
—

-
o

Values Meridian Cordier Velocity
Schematic sketch for illustration only Automatic fit view
80 radial coordinate
r [mm]
70
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50
40 e e e e ]
304
201
104
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04 axial coordinate|
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4 Wamning £ =

Figure 3.6: Values of hub and tip diameters
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The computed variables resulting from calculated and determined main dimensions
in accordance with the actual state of design are displayed in figure 7.3. Additionally,

some adopted formulas for calculating these variables are given in table 2.3.

Table 3.2: the used formulas for calculating some variables

Work coefficient Y= UQY_
25 /2
Flow coefficient Y= ] 4d§ U
25%2S
Moeridional flow coefficient Om = 7,42022_ = fm2
F(d3g—d3; )u2 u21
. . 1/)1/4 y \ /4
Diamter coefficient o=+ =1.05dys <§r>
/2 ts
Pt
Average inlet velocity Crm1= m
Average outlet velocity Cma = ; @
p /4(‘%5“1%12)
outlet circ. Velocity component Cuo = u% (Y —uicyr)

et ey Ohactestcs

Peripheral speed ul 54 mfs Peripheral speed uz 54 mfs .

Meridional velocity cml 6 mfs Meridional velocity om2 6 m/s sﬂmﬂtw[w} n b
Abs. circumferential velocity cul 0 ms Abs. circumferential velacity au? 23 mis Merdionalflow coeficient gm 0738
Absolute velocity e b mis Absolute velocity 2 63 mfs Flow coefficient ot 05
Rel. circurnferential velocity wul 34 mfs Rel. cireumnferential velocity wul -3 mfs .

Relative velocity wl 81 ms Relative velocity W Gl mis Work coeficint U
Absolute flow angle al [ Absolute flow angle o2 an- Diameter coefficient [
Relative flow angle Bl 4170 Relative flow angle B2 -26.7 * Global values

Mid diameter dMi 789 mm Mid diameter dhi2 789 mm

Diameter ratio vl 0.30 Diameter ratio v 030 (o a i
Peripheral tip speed uls 83 mfs Peripheral tip speed u2s 83 m/s Mendicnal velooty ratio 1->2 mfeml 0
Static pressure pl 165 Pa Static pressure p2 1E5 Pa Relative velocity ratio 1->2 wiwl 0
Total pressure ptl 1E5 Pa Total pressure pt2 1E5 Pa

- g T/" s D v I S I - | > hap | - ‘Warning £y =

Figure 3.7: Results of mid-span calculation

The velocity triangles are the result of a mid-span calculation and they are based
on the design point and the main dimensions. The velocity triangles at inlet and outlet

are represented in figure 8.3.
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Values Meridian Cordier Velocity
@ absolute (c)  relative (w)  velocity @ mid-span

=]
|

u [m/s]

Figure 3.8: Velocity triangles
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3.4 Impeller Meridional Contour

The meridional contour design is the second crucial phase in the impeller design process,

it is divided into two main parts:

e Primary flow path

« Hub/Shroud solids

3.4.1 Primary Flow Path

This section contains the design of the primary flow path and it involves the definition

of hub and shroud contours, as well as leading and trailing edge contour.

Primary flow path | Huby/ Shroud solids | Secondary flow p.lth
Tradial coordinate
?Cl-- r [mm]

604
-]
a0
104
2]
m—.

0 z [mm]

axial coordinate

o -20 -10 0 10 20 30 a0 50

Figure 3.9: Primary flow path
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3.4.2 Hub/Shroud solids

This phase contains the design of hub and/or shroud solids, it is an optional part that

concerns stress analysis.

Primary flow path Huby/ Shroud solids | Secondary ﬂi e

QEe D-m-w- DEY FH

:Iradial coordinate
r [mm]
m i E B sy o ey ey iy 'ﬂ
m -
m -
30 -
zu =
10
n -
1 z [mm]
axial coordinate
Erh' -20 -10 0 10 20 ] ]

Figure 3.10: Hub solid

The global information values of the meridional contour design, and also the 3D
hub model, are represented in table 4.3 and figure 11.3, respectively, after designing
the primary flow path and specifying the hub and shroud contours, in addition to the
hub solid.
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Informational values X
Hub 8 Shroud
Hub Shroud

Angle on startpoint tl 0 0"
Angle on endpoint e 0 [
Acxial extent Az 33 33 mm
Radial extent Ar 0 0 mm
Axial extent blade AzBl 33 33 mm
Radial extent blade ArBl 0 0 mm
Inlet & Qutlet

Inlet angle yln 90 °

Outlet angle yOut 90 °
Extents

Axial extent max, AzMax 33 mm

Radial extent max. ArMax 42.84 mm

Diameter ratio di/d2  1.000
Airfoil blade extent AzMaxBl - 29.94 mm

Figure 3.11: Meridional contour global information

Figure 3.12: Hub 3D model
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3.5 Blade’s Geometry Design

The airfoil design approach is used to design the geometry of the blade based on
the average solidity value, while the number of blades is determined by means of an
approximation function based on the specific speed. It can be noted from the below

graph that the number of blades corresponding to the specified speed is seven.

Number of blades |

22

s e e L T T s e L bt g ]
: : : : : : : : : ; : : Specific spee
T T T T T T T T T T T T T T

80 100 120 140 160 18D 200 220 240 260 280 300 320 340 360 380 400

13:18.483 Source: CFturbo

Figure 3.13: Number of blades in accordance to specific speed

According to the airfoil design mode, the geometry of the blade is generated in
three steps:

« Blade properties
« Blade profiles

» Blade sweeping

3.5.1 Blade properties
There are three steps involved in defining blade properties:

e ¢y , Cy specification
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« Blade profile selection

o Stagger angle,chord length

3.5.1.1 specification

In this step, the radial equilibrium is used to define the ¢, and ¢,, velocity distributions
at each span. The free free vortex method is applied to determine the radial equilibrium
from hub to shroud.

The velocity ¢, and ¢,, distributions along the blade’s radius, as well as the velocity
triangles for the hub and shroud at the leading and trailing edges, are both shown in
figure 13.3.Additionally, numerical values of velocity components and flow angles (at
hub and shroud) are demonstrated in table 5.3.

Elades Welocity Values Meridian ~ Current B Criteria
Mumber of blades = @ Hub  Shroud
Mumber of spans 155 2.15 radial coordinate
s [m/s]
0 cucm specification & Frofile selection | B Frofile properties |
14
Radial equilibriurn § trsiling edge | \
124
Mede Free veres » Slope Cu/Cufy
Cu Em Cotfrr egrafar| 5]
g Hub to Shroud
8
| r [mm]
|— G | 6
|
IS O S—— | 49
& | 2
L -
i 0T Cading wgt
2] ! -3
!
| 4]
R |
- ~a
[my/s]
104y v v : : : jo-velodily 87 em [m/s]
oY o 1 2 3 4 5 [] T & axial coordinate

Figure 3.14: Number of blades in accordance to specific speed
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@ Span = 1 (Hub) Span = 15 (Shroud)
Leading edge  Trailing edge || Leadingedge  Trailing edge
z 0 33 0 33
d 36.02 36.02 121.7 121.7
af 0 364 0 12.3
BF -19.3 212 -49.8 -44
u 2.5 2.5 83 8.3
om 7 7 7 7
cu 0 5.2 0 1.5
cr 0 1] 0 0
cax 7 7 7 7
- 7 87 7 7.2
wu -2.5 27 -8.3 -6.8
w 74 7.5 10.8 97
w2fwi 1M 0.9
c2/cl 1.24 1.02
DAeu-r) 0.0931 0.0931
T 0.00012 0.00039
15.21 15.21

Figure 3.15: Numerical values of velocity components and flow angles at hub and

shroud

Table 3.3: Nomenclture

A(cu.r)

Apy

Axial co ordinate

diameter

angle of absolute flow to circumferential direction
ange of relative flow to circumferential direction
circumferential velociy

Meridional veclocity

Circumferential compenent of absolute velocity
Radial component of absolute velocity

axial component of absolute velocity

absolute velocity

circumferential component of relative velocity
relative velocity

deceleration ration of relative velocity

Swirl difference

torque

Pressure difference
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3.5.1.2 Blade profile selection

Cfturbo software provides a NACA profile catalog in the blade profile manager, from
which the blade profile is specified. The blade profile selected for the present design is
NACAG6513.

NACA 4 Digit Point-based |

Name Parameters Profile polars EEDON

m:ﬁ Comber i Bl Lift coefficient Glide number
NACA 6508 " - : afl cH all =l
NACA B508 Camber position /] 50 % - 2 05135 2 0.0047
MACA 6513 M thickness & 13l% 3 1.034 3 0.0129
; 4 1143 4 ooz
Reynalds Number Re 2E5 4 5 1248 5 0.0006
5 ] 1325 6 0.0103
; 7 1367 7 00113
7 ] 1322 ] o7
L 8 ] 1324 9 0.0228
+ + - ct g 1] 1349 10 0.0277

Add Bydigits Delete Convert | Comesp. NACA code 6513

ATl

=
Lift coeff. cL
\

0.03

| Glide numb. «
g E

Figure 3.16: Number of blades in accordance to specific speed

The characteristics of the specified profile are depicted in table 6.3, where is the
glide ratio is the angle of attack and the lift coefficient.
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Figure 3.17: Properties of the blade profile

3.5.1.3 Stagger angle, chord length

The blade at each span is described by the stagger angle, chord length, and the specified

profile. On the other hand, several diagrams with aerodynamic values and criteria are

available to assess the blade profile, and if required profile parameters such as stagger

angle and chord length can be adjusted.

Blades
Mumber of blades

Murnber of spans

@ cucm specification

Hub — Shroud

A — B Caleulate tirfeil

Span
Hub 1
2

3 -

Middie

Shroud 15 —

f w0 @ o

Velocity | Vahses

Solidity Ut

© Profile selection © Profile properties

1 fmm]
30.0
203
286
219
211
264
257
250
243
238
229
221
214
07
200

[] Automatic calculation [ig

Sweep comection (]

o8

L)

04

02

Mesidian | Cumrent B

w

Criteria

Figure 3.18: Blade stagger angle and chord length at different span
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3.5.2 Dblade profile

In this phase 2D, also 3D blade profiles are created in accordance with the determined

values from blade properties, where:

e The profile shape is based on the selected profile.

e The chord length and stagger angle of each profile at the respective span position

are based on profile properties.

For NACA 4 digit, NACA 65 series profiles, the trailing edge thickness can be adapted

for manufacturing reasons. The additional thickness is added linearly over the length

of the profile.

qTangential coordinate
8T [mm]

8 z [mim]
g Axial coordinate
T T T T T T
12 -2 - o 12 16
=
T.8:31 100 %

Jthickness

1[%]
profile length

X0 100 110

Figure 3.19: 2D profiles and thickness distribution at different span
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The 3D blade profiles are shown in figure 17.3.

\
N .
[ 0 1 241 mm

Figure 3.20: 3D blade profiles

3.5.3 Blade sweeping

In this design stage, the blade sweep can be optionally specified. Blade sweep is
normally useful for acoustic reasons and comes at the cost of slightly reduced efficiency.
This design step was not included in the present design, it is only referred to.

At the end of this step, the 3D fan geometry is finally generated and after making

the necessary revisions it can be exported for CFD simulation.
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@ 3o model | repert -

Figure 3.21: 3D axial flow fan model
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Chapter 4

CFD Analysis of the Axial Flow Fan

4.1 Introduction

The information about the fluid flow characteristics and flow parameters such as
pressure, velocity, and temperature, as well as the aerodynamic properties in the
designed model, can be investigated using Computational Fluid Dynamics (CFD)
techniques, which require the resolution of the basic fluid dynamics equations, such as
mass and momentum conservation equations for pressure and velocity, and the energy
equation for the temperature. The solution of these undefined variables demands
the use of a specific procedure, which is where CFD comes in.Computational fluid
dynamics (CFD) is a technique for numerically solving a set of differential equations
that characterize fluid flow and related phenomena to obtain specific information about
the flow field. Despite the fact that this efficient technique is constantly evolving
and new approaches are being developed, satisfactory results for engineering issues
are being achieved. Interestingly, when experimental testing is not practicable, The
computational fluid dynamics (CFD) technique is often employed. Furthermore, it is
considered as a refinement tool for the proposed model, allowing the prevention or
minimization of design mistakes before passing to the manufacturing process [10] .
In this work, The CFD analyses of the axial flow fan are carried out using a
commercial CFD software, Ansys-Fluent. Where the 3D designed geometry is exported
from CFturbo to Gambit 2.0 software, which generates the mesh model. The study is

then launched after the boundary conditions and turbulence model have been set up.
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4.2 Geometry

Since the phenomenon of flow passing across the fan from inlet to outlet occurs in
a periodic way, the analytic study is only carried out in a single fan blade then the
obtained information is generalized to the rest of the blades. Figure 4.1 illustrates a
single 3D blade shape of the axial flow fan inside the flow domain, it can be seen that

the blade has a twisted shape due to increasing stagger angle from the hub to the tip.

e

o

\et

et

Figure 4.1: The Axial fan single 3D blade shape inside the flow domain

4.3 Computation Mesh

The meshing section of the analysis is critical to obtaining correct fluid flow at the
end of the numerical calculations. As a result, the type, size, number of elements and
nodes, and other geometric aspects of the mesh should be defined in accordance to the
geometric properties of the axial flow fan.

The computational mesh of the solution domain consists of both tetrahedral quadri-
lateral and elements. As it mentioned earlier, since the flow domain is repeated in

every blade, so that the entire domain is not modeled for the required solution, only
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the volume around one blade is meshed. The number of cell elements in the domain is
approximately 82830 and number of nodes is 17669. Figure 2.4 shows the computational

mesh of the solution. In the figure, the shroud elements are not shown to make the
blade visible.

Figure 4.2: Computational mesh of the solution domain

4.4 Boundary Conditions

The operating conditions are processed by the analytical software via boundary con-
ditions. The mesh’s inlet and outlet faces are flow inlet and outlet type boundaries,
respectively, whereas the mesh’s side faces are periodic boundaries. Besides, the velocity
inlet boundary and the pressure outlet boundary are specified on the inlet and outlet
faces, respectively. The periodic boundary conditions are set rotationally periodic. The

boundary conditions of the solution domain are illustrated in figure 3.4 and figure 4.4.
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Inlet
(Velocity Inlet)

Figure 4.3: Fan Boundary Conditions (1)

Figure 4.4: Fan Boundary Conditions (2)

4.5 Turbulence Model and Solver Options
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General Conclusion

This work has enabled us to design a 3D model of an axial flow fan using modern,
sophisticated software as well as realize the fan model by means of a 3D printer, thus
enhancing and enriching our knowledge in the field of turbomachinery and, more
specifically, in the axial flow fans domain.It is noted during this work that the design
process of an axial flow fan is complicated and lasts long and also requires a thorough
understanding of a variety of areas such as fluid mechanics, turbomachinery and last
but not least aerodynamics.Additionally, the design procedure is remarkably based on

empirical graphs and functions and also includes different design approaches.
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