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Abstract

These days, improving energy efficient systems is one of the most controversial and significant global focuses. However, this trend
in the field of engineering researches concentrates on the optimization of the existing technologies more than implementing new
ones. Meanwhile, fans are one of the potent devices to be more efficient. Improvement in fan’s efficiency can be achieved by
varying the twist angle of the blade. As the variation of twist angle affects the factor of safety, the present work focuses on the
stress analysis of the axial fan blade with different twist angles, by the use of finite element method. Due to this, an axial fan blade
with NACAS5514 airfoil that is made by Aluminum 6061-T91 will be analyzed to find the correlation between the factor of safety

and the twist angle in various pressure loadings.
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Introduction

A revolution in the 19" century introduced a belt-driven fan in
which wooden or metal blades were attached to the shaft. Fan
isa type of turbo machinery used to move air with a slight
increase in the static pressure'. Surely using fans for ventilation
is important in providing healthy and comfortable places for
human being work and life, from the view point of enhancing
physical and mental efficiency of individuals, reducing diseases
and reducing non-renewing polluting fuel consumption®*. One
of the first mechanical fans was built in 1832 and it was tested
in coal mines. Further, developed fans have been utilized in
diverse fields based on their applications’. These developments
have been applied in various parts of the fan such as blades
within which the twist angle and the shape of the cross section
are of primary importance. In axial flow fans, it is desired to
have an ideal axial flow within which there is no radial velocity
component’.

The shape of airfoil has a very important role in the
performance of its applications. National Advisory Committee
for Aeronautics (NACA) is the most famous one in developing
airfoils since 1930°.

The blade angle is the angle between the plane normal to the
axis of rotation, and the blade’s chord.The blade angle varies
along the length of the blade. It decreases from root to tip of the
blade due to its twist angle. To have a more efficient axial flow
fan, its airflow should be distributedevenly over the working
face of the fan wheel. To be more specific, we should have the
same value for the axial air velocity from hub to tip. On the
hand, the velocity of rotating blade does not have even
distribution. Its value is low near the hub,while it increases
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toward the tip. This gradient should be compensated by a twist
angle of the blade, which results in a larger blade angle near the
hub and smaller blade angle toward the tip. However, some
blades have the same blade angle from hub to tip.It leads to a
loss in fan efficiency since most of the air is flowed by the outer
portion of the blade, even at the low static pressures. At higher
static pressures, the blade twist angle is very effective, as
without it, the inner portion of the blade will stall and permit
reversed airflow that affects the fan efficiency .

Figure-1 shows the Airfoil shape of the cross section with
diverse twist angles. It presents one cross section in various
angles of attack.
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Airfoil shape of cross section with diverse twist angles

Nowadays axial flow fans are mainly utilized for cooling and
ventilation purposes. In order to have more efficient cooling and
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ventilation applications, the fan structure and its performance
under certain conditions are very critical. Due to this, changing
the twist angle to find the best value is recommendable. This
variation may cause a failure in the blade; therefore, it must be
controlled by the factor of safety (FOS). FOS can be achieved
by usage of the maximum of Von Mises stress in the whole
blade. It can be expressed as a proportion of the maximum of
Von Mises stress over the tensile strength of the material. In the
axial fan blades,by changing the twist angle, Von Mises stress
will change, and FOS varies consequently.

Several scholarly research has been done in the area of
designing the axial fan blade. Furthermore, several researches
have been conducted to optimize the twist angle by utilizing
various techniques of optimization. Some works that form this
research’sbackground for are as follows:

In 1957, a static bending of pre-twist blade was examined. The
blade was pre-twisted linearly about the center of its cross
section to a maximum angle of (n/2) radius, and it was fixed at
the root”.

In 1980, the dynamic stress analysis of rotating twisted and
tapered blades were studied. The FEM was utilized to calculate
the deformations and stresses. Three-dimensional, twenty-node
isoparametric elements were utilized for the analysis. Further
analysis was done on different blade twist angles. The numerical
results were verified by experimental results’.

In 1992, the steady state dynamic stress and deformation
analysis of the twisted blade was studiedby the usage of a
triangular shell element with six degrees of freedom per node .

In 2000, an efficient implementation of the Blade Element and
Momentum theory was utilized to optimize the twist angle due
to its reasonable and accurate estimation of performance. As the
BEM theory had presented an acceptable accuracy with regard
to time cost, it can be considered as a suitable theory for blade
geometry optimization'"'?,

In 2006,a method was presented to findthe optimal twist angle
in wind turbine blades. The method used genetic algorithms.
Itdid not considerthe assumptions about optimal attack angle
related to the ratio between the lift to drag coefficients'”.

In 2008, the dynamic stresses of a twisted blade was calculated.
The blade was designed using the blade element theory. The
dynamic analysis was made using the beam theory and the
modal analysis was made using the finite element modeling and
also using the blade motion equation'.

In 2009, the performance of an axial fan blade with various
angles of attack was predicted. The prediction result was
verified by experimental results. This study improved the
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conventional CFD approaches for the prediction of fan
performance'”.

In 2012, a study has been conducted on estimating the optimal
shape of an axial fan blade, such as chord length and twist
angle. At first, numerical calculations were implemented to
design and analyze the optimal shapes of fan blades with NACA
4-digit series airfoil. The experimental test validated the
accuracy of its estimations'® . In addition, in the same year, the
similar optimization of the chord length on the axial fan blade
and wind turbine blade was done'"'®,

In 2013, the correlation between chord length of fan blades with
NACA 4-digit series airfoil and the factor of safety was

investigated by the usage of Von Mises stress'”.

Fans have several applications in modern life; therefore, saving
energy and material play crucial roles in their design and
manufacturing. Reaching the global goal of saving energy and
material necessitates a close analysis of various variables in
fans. Meanwhile, changing the blade twist angle may lead to
improve the performance of fans. This variation affects the
factor of safety (FOS). However, FOS is a very important
criterion in designing and manufacturing of the fan. The
objective of this study is analyzing the FOS in various twist
angles to find their correlation.

Material and Methods

In this study, an axial fan blade with the following
specifications will be examined. Model Number of the fan is
1250-350-12 (30deg) with the Impeller Diameter of 1245 mm.
Inlet and Outlet Areas of the fan are 1.2272 m” and 1.2272 m’.
The fan blade length is 446.5 mm with the cross section of
NACAS5514. The primary blade chord length is 130 mm.

The blade is made of Aluminum 6061-T91 with the Modulus of
Elasticity of 69.0 GPA, a density of 2.7 g/cc, Poisson’s Ratio of
0.330, and Tensile Strength of 395 MPa. The pressure load is
applied to the lower surface of the blade.

Experimental results: Different pressure load values were
applied to the blades. These values achieved from experimental
tests, which were done by GT-Gulf (M) SdnBhd company under
AMCA standards on January 10, 2011. The data were achieved
from experimental results of Test No. 27353-A2, which was
named as CONTRACT TESTING — MODEL No. TFA 1250-
350-12. The chord length of the blade in this test was 130mm.
The fan was tested in a wind tunnel. Based on the experimental
data, the pressure load values were measured in different
regions; from free delivery to stall. The results show that the
pressure load values on the surface of the blade varied from 0
kPa to 800 kPa. This pressure applies load on the lower surface
of the blade, which can be considered as a surface pressure in
the software simulations.
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Finite element method: Finite element analysis (FEM) has
become commonplace in recent years, and is now the basis of a
multibillion dollar per year industry”’. The FEM are technique
utilized for approximating differential equations to continuous
algebraic equations by a finite number of variables®'. This
method is one of the most practical ways for analyzing
structures with a large number of degrees of freedom. To get a
more accurate result from FEM, it is recommended to use some
software in order to carry out the numerical computation part. In
addition, saving time is another factor which motivates
specialists to use software instead of solving problems
manually”. The general process of FEAis divided into three
main phases, preprocessor, solution, and
postprocessor™.Various FEM based software such as ABAQU
are utilized to solve engineering problems. In this study,
ABAQUS software is used to analyze Von Mises stress in the
axial fan blade.

Mesh convergence study: A mesh convergence study was done
to choose the optimum mesh number from the computational
accuracy point of view. Meanwhile, Von Mises stress was
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computed for different types of meshing. In these types of finite
element analysis, Three-Dimensional with HEX type of element
are more suitable than rectangular or triangular flat elements®*.

In order to get better result in different analysis with ABAQUS
software, a mesh convergence study was done in the sample
simulations. As it is shown in Fig. 3, by increasing the number
of elements, Von Mises stress goes up sharply and then
approximately remains steady. The mesh convergence study
was started with 88 elements that increase until 356005
elements. In the first test, Von Mises stress is 1.157 MPa, which
goes up until 1.657MPa in the last test at 356005 elements. As it
is shown, in 106148 elements, Von Mises stress stops its sharp
increase at 1.637 MPa and keeps its very slight rise until the last
point. As it is shown in the figure-2, the point with 106148
elements is a proper point to be utilized in all simulations.

Due to this, in this study all the meshing will be done by these
numbers of elements. Figure-3demonstrates a meshed blade
with 106148 elements.
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Figure-2
Trend line of mesh convergence study

Figure-3
Meshed blade with 106148 elements
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Result and Discussion

In this section, the axial fan blade with various twist anglesis
analyzed. Von Mises stress value is achieved by the result of the
simulation. Consequently, factor of safety is calculated for all
twist angles to find their correlation. The simulation is done in
various twist angles from 0° to 45° for different pressure loads
that varies from 100 kPa to 800 kPa. Von Mises stress is a very
important value in the result of ABAQUS software.

Figure-4 shows the simulation result of the blade with 20° of
twist angle under 500kPa pressure loads. The maximum of Von
Mises stress is 1.6MPa at the root of the blade that is shown
with red color. The Von Mises stress at the tip of the blade has a
low value.
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Each series of data that were achieved from ABAQUS
simulation can be plotted separately. The graph inFigure-
Sshows that by increasing the twist angle, Von Mises stress has
a quick rise until 0=5°, then it reduces gradually and the trend
line of all graphs has a negative slope. By ascending the
pressure load, the slope increases in the negative direction. The
maximum slope in a negative direction relates to
800kPa.However, the minimum slope refers to 100 kPa loading
value that its graph starts at 0.33MPa and ends at 0.284MPa.
The 0.284MPa is the minimum point of all graphs. In addition,
the maximum point of the graph is 2.637MPa relates to 0=5°
and 800 kPa.

Figure-4
Von Mises stress (MPa) with twist angle of 20°, deformed shape under 500kPa
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Figure-5
Von Mises stress vs.twist angle in various pressure loads
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The graph in figure-6 presents that by increasing the pressure
load, Von Mises stress goes up. The trend lines for all graphs
illustrate that the minimum slope of the trend lines relates to
a=45° and the maximum of them relates to 0=5° .The trend line
of a=45° has the lowest value of Von Mises stress, 0.284MPa,
and the highest value of 2.556Mpa. The graph refers to a=5° has
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the highest value of 2.636MPa within all twist angles with the
pressure load of 800kPa.

Finally, factor of safetyis calculated for all simulations and the
trend of changing this value is shown in the figure-7.
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Factor of safety vs. twist angle for different pressure loads
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As it is shown in Figure-7, by increasing the twist angle, FOS
will rise. Pressure load increment leads to the reduction in FOS.
The highest values of the FOS relate to 100 kPa pressure load
which vary from 1198.61 at a=5° to the highest value, 1234.46,
at a=45° among all values. The lowest values of FOS relate to
800 kPa. The minimum value of FOS among all values is
149.83 at 0=5° and 800 kPa. The maximum value in 800 kPa
series is 137.162 at 0=45°.

Conclusion

As the objective of this paper was finding the correlation of the
twist angle and FOS in the NACAS5514 airfoil fan blade, it
examined the mentioned variables by the use of FEM. The
length of the utilized blade in this study was 446.5 mm. The
material of the blade is Aluminum 6061-T9. In order to
complete this study, the basic concepts related to the axial fan
field were elaborated. Furthermore, a close investigation of the
previous studies was done. Then, ABAQUS software was
adopted to simulate the airfoil blade with different
characteristics. The Pressure loads, which were achieved by the
experimental tests, were applied on the lower surface of the
blade. They varied from 100 kPa to 800 kPa. Finally, Von Mises
stress was achieved from the simulation’s result. This value was
utilized to find the factor of safety. The analysis was performed
on different twist angles that vary from 0° to 45°, in various
pressure loads and constant chord length of the blade. The
simulations’ results indicate that by increasing the pressure load
in a constant twist angle, Von Mises stress goes up, while the
factor of safety falls. In addition, for a constant loading value,
by ascending the twist angle, Von Mises stress declines
gradually after a quick rise. Factor of safety has a counter trend
that goes up gradually right after a short fall. The best factor of
safety related to the maximum of twist angle and the minimum
pressure load. However, selecting the best twist angle confined
with some other factors in the fluid flow field such as CFM,
pressure, BHP.

Recommendation for future work: Selecting a proper twist
angle is confined with some other factors in the fluid flow field
such as CFM, pressure, BHP. According to this, it is
recommended to study these factors in the fluid flow field by
CFD method to analyze the best performance of the fan. In
addition, the material of the blade can be changed. In order to
reduce the weight of the fan blade and increase the mechanical
properties of the fan, composite materials such as FRP can be
utilized. This goal can be obtained by finding the value of these
factors and comparing them with the factor of safety to find the
optimized geometry and the best material.
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