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Abstract

'The blade geometry of a 40 cm diameter axial fan with a front stator cylindrical duct used in the ventilation of an underground mine
is redesigned. The Computer Aided Design (CAD) geometry of the existing fan was extracted and all parameters were analysed.
Keeping the geometrical characteristics of the real fan constant, a redesign was made according to the system requirements and a new
blade profile was selected to provide the required lifting force. In addition to National Advisory Committee for Aeronautics (NACA)
747A315 and NACA 6412 airfoils, Computational Fluid Dinamics (CFD) analysis of NACA 63-412 airfoil was performed and
airfoil performance ratios (C,/C,)) were determined. The rotor geometry designed using the NACA 63-412 airfoil and the existing
fan geometry were combined in CAD environment. The CFD results of the new fan were compared with those of the existing fan
The CFD results of the new fan were compared with the existing case. Accordingly, in the existing fan, at 3700, 4000, 4700 rpm and a
constant flow rate of 2 kg/s, 25%, 37.5% and 43.5% performance increases were obtained with mass flow rates of 2.5, 2.75, 2.87 kg/s
respectively in the new fan design.

Keywords: Airfoil, axial fan, CFD, fan blades, rotor, ventilation.

Oz

Bir yeralti madeninin havalandirilmasinda kullanilan 40 cm ¢apindaki 6n statorlu silindirik kanalli eksenel fanin kanat geometrisi
yeniden tasarlanmigtir. Meveut fanin Bilgisayar Destekli Tasarim (CAD) geometrisi ¢ikarilmig ve tim parametreler analiz edilmigtir.
Gergek fanin geometrik 6zellikleri sabit tutularak sistem gereksinimlerine gére yeniden bir tasarim yapilmis ve gerekli kaldirma
kuvvetini saglayacak yeni bir kanat profili se¢ilmistir. Ulusal Havacilik Danigma Komitesi (NACA) 747A315 ve 6412 kanat profillerine
ek olarak NACA 63-412 kanat profilinin Hesaplamali Akigkanlar Dinamigi (HAD) analizi yapilmis ve kanat performans oranlar:
(C,/C,) belirlenmistir. NACA 63-412 kanat profili kullanilarak tasarlanan rotor geometrisi ile mevcut fan geometrisi CAD ortaminda
birlestirilmigtir. Yeni fanin CFD sonuglar1 mevcut fanin sonuglari ile kargilagtirilmis ve yeni fanda farkli donis hizlarinda kiitlesel
debide %45% varan bir artig saglanmugtir. Buna gére mevcut fanda 3700, 4000, 4700 devir/dakika ve 2 kg/s sabit debide yeni fan
tasariminda 2.5, 2.75, 2.87 kg/s kiitle debileri ile sirasiyla %25, %37.5 ve %43.5 performans artiglar: elde edilmistir.

Anahtar Kelimeler: Airfoil, eksenel fan, HAD, fan kanatlari, rotor, havalandirma.

1. Introduction mining is only possible by providing favorable conditions

. ) . for safe access and extraction. Safe access to the mine is
Underground mining is undoubtedly very important in o ;

largely dependent on ventilation. The evacuation of tox-
ic gases that threaten the health and safety of workers in

mines, spontaneously or during mining activities, and keep-

terms of the economic and strategic position of states and
their competition with each other. Sustainable underground
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the ventilation system is expected to operate 24 hours a day.
'This results in a very high consumption of electrical energy.
'The rapid development of needs and technology has made
it necessary to use limited energy resources more carefully
and effectively. Less energy consumption increases environ-
mental sustainability by reducing the carbon footprint, as
well as reducing costs, enabling technological progress and
enabling countries and organizations to compete with each
other. Therefore, energy efficiency is a fundamental energy
policy element for all countries. For this reason, considering
that one third of the electricity demand of a typical mining
operation is caused by the ventilation system, it is aimed to
minimize the losses in the system, device and process and to
obtain the same system output with less energy consump-

tion (Panigrahi and Mishra 2014).

'The necessity of high efficiency of the components used in
ventilation increases the importance of studies to improve
the performance of axial fans, one of the most important
components of the system. Axial fans have a wide range of
applications such as aircraft engines, heat exchangers, cooling
of computers, heating-cooling-air conditioning installations
of industrial processes, tunnel and mine ventilation and
their physical properties (blade profile, number of blades,
hub geometry, etc.) vary according to the needs of the
application in which they are used. In underground mine
ventilation, where the need for fresh air is at the forefront,
directing blades that protect the fan from mine dust and
at the same time distribute the air evenly can be preferred
at the fan inlet, as well as at the fan outlet or at both inlet
and outlet of the fan. The air coming axially to the fan gains
kinetic energy during its movement on the rotor blades.
'The directing blades of the fan ensure that the air flow is
directed uniformly towards the rotor. The efficiency of the
fan depends on how much kinetic energy is generated,
how low the rotor losses can be kept and how much of this
kinetic energy is converted into static pressure. Therefore,
the calculation of blade angles, determination of the number
of blades and selection of blade profiles are very important
in fan efficiency (Cakir 2018). Until recently, the effects of
certain parameters such as radial distribution of Euler work,
blade load, blade profile, blade tip clearance, number of
blades, ratio of hub radius to tip radius of the fan on axial
fan performance have been demonstrated and accordingly,
axial fan efficiencies have increased. With the increase in
computer speed and capacities after 1980s, Computational
Fluid Dynamics (CFD) has been widely used in studies to
improve the performance of axial fans. The cheap and fast
CFD method has enabled the determination of the effects
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of new parameters on axial fan performance, which are
difficult and costly to investigate by experimental methods
(Ilikan 2014).

Keklikoglu (2019), developed an application code for fan
design using some empirical equations in order to examine
the effects of all parameters of axial fan design. The results
obtained by performing experiments in the test setup
prepared according to Air Movement and Control
Association (AMCA) standards with the new prototype
produced by making a sample design were compared with
the results obtained with ANSYS-CFX software. According
to the experimental and numerical results of the study, a new
design code was developed for the designers as the pressure
difference and volumetric flow rate values were quite close
(Keklikoglu 2019). Jung and Joo (2019) examined the effect
of fan inlet core length on the efficiency of the fan in their
study with the axial fan of an outdoor unit air conditioner.
They determined that the vortex occurring at the edge of the
fan hub inlet affects the attack edge of the blade and causes
yield loss. If the input core length is shorter than a certain
value, the loss increases, but the rounded corner shape
improves the situation. The results showed that the efficiency
increases at certain inlet hub length due to the interaction
between the hub vortex and the blade (Jung and Joo 2019).
Ilikan (2014), investigated the effects of airfoil arrangement
patterns on fan performance and three-dimensional flow
structure. When the results of the CFD solutions made with
the frozen rotor approach are compared with the
experimental results, no significant changes are observed in
the performance values, but differences are observed in the
design flow rates. It is observed that shifting the fan blades
backwards reduces the total pressure and efficiency of the
fan at low flow rates, while it has no effect at design flow
rates and high flow rates. The main novelty of this study is
the demonstration that the unstable region in the
performance curve of axial fans is completely eliminated by
the application of positive translation to the fan blades, and
thus the stable operating region is significantly expanded
(Ilikan 2014). Cakir (2018), carried out two-stage CFD
studies with stator axial fan. In the first stage of the study,
the effects of rotor-stator interaction surface models on fan
performance were compared. At a single rotational speed,
the static pressure and flow rate values were closer to each
other in the stationary impeller and mixing surface models,
but remained lower than the experimental results. It was
observed that the time transformation method was closer to
the experimental results. In the second stage of the study,
two different models were created by applying 300 shifts to
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the rotor airfoils forward and backward in the chord
direction. In a study using a mixing surface model, it was
concluded that forward shifting relatively increases fan
efficiency compared to rearward shifting (Cakir 2018). Park
et al. (2019), investigated the effect of reducing tip leakage
flows on the efficiency of an axial flow fan used in an air
conditioning outdoor unit. They aimed to prevent tip leakage
flows and related vortices by coating the casing of the axial
fan. With a CFD study at 154.000 Reynolds number, they
concluded that reducing tip leakage flows increases efficiency
by reducing total pressure loss (Park et al. 2019). Galpin et
al. (2017) compared the total pressure and efficiency results
obtained from time-independent and time-dependent CFD
analyses with experimental results using a single-stage
transonic compressor with 20 rotor and 43 stator blades.
Mixing surface model was used for time independent
solution and time transform model was used for time
dependent solution. In order to understand the uncertainties
of the flow in advance and to establish a solution system,
they first analyzed the flow on the rotor. They found that the
mixing surface model gives results almost as consistent as
the time transformation and that the gain is not so good
compared to the mixing surface when the cost of the time
transformation method is considered (Galpin et al 2017).
Tonello et al. (2017), performed time-independent CFD
analyses on the Franscis-99 turbine using open-source
software. When they compared the results obtained from
the study in which they applied the k- @ (omega) Shear
Stress Transport (SST) turbulence model (partial load, high
load and best efficiency point) with the experimental results,
they found that the mixing surface model has no advantage
over the standing wheel method in predicting the flow
inside the emitter and the general characteristics of the
turbine. When the rotor-stator interactions where the losses
are intense are examined, it is argued that the mixing surface
will be more effective, this is due to the lack of rotor-stator
interaction in the emitter (Tonello et al. 2017). Castegnaro
(2017) worked on the design of low-speed axial fans in
which three important parameters (blade profile, stiffness
ratio and insertion angle) provide the required pressure
difference with the highest efficiency. He stated that there
are methodological differences between traditional blade
design methods of axial fans and that these differences are
caused by these three parameters. Three different rotors with
a diameter of 315 mm were used in the study. In one of the
models, British airfoil C4 and American airfoil NACA 65
series fans were compared by considering the angle of
insertion. The second study was carried out according to the
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stiffness distribution and the third according to the Reynolds
numbers. According to the results of the study, it was stated
that C4 airfoil showed higher performance than NACA 65
airfoils and C4 airfoil is the most ideal airfoil in axial fan
applications (Castegnaro 2017). When designing the airfoils
of turbomachinery and aircraft, it is of great importance to
increase efficiency in the application. Blade efliciency is
highly dependent on the on-wing flows. A high wing
performance ratio, characterized by a high lift coefficient
and low drag coefficient ratio, contributes to increased
efficiency. Coban (2019), conducted a CFD study with new
geometries obtained by changing the geometric properties
of the NACA 0018 airfoil in order to increase the
performance ratio (C,/C)) in wings, and compared the
wing performances with experimental results. Of the 3
geometries used, the first is a 165 mm long standard NACA
0018, the second is a new profile derived from NACA 0018
with a gap cut into the upper surface, and the third is another
NACA 0018 wing variation with 66% of the trailing edge
cut off at the vet length. Reynolds number between 20.000
- 100.000 and angle of attack between 0°-15° values. As a
result, the streamlines and pressure contours of the airfoils
were visually compared at the same Reynolds number at
different angles of attack and at different Reynolds numbers,
at the same angle of attack. The lift coefficient (C) ), resistance
coefficient (C,)) and the ratio of lift coefficient to resistance
coefficient (C,/C) between airfoils and between different
airfoils are given in the study. According to the results of the
study, opening steps and gaps on the airfoil affected the flow,
but this effect was not favorable in the lift coeflicient
compared to the standard airfoil geometry. In addition, the
hollow model performed better than the stepped model, and
it was found that the drag coefficient performance decreased
while the lift coefhicient performance increased in all models
as the Reynolds numbers increased (Coban 2019). Dilmag
(2019), conducted a series of analyses to prove that the
performance of wind turbines can be improved by thickening
the trailing edge of the airfoil geometry symmetrically and
asymmetrically and at certain rates. As a result of the
aerodynamic analyses, the aecrodynamic performance of the
NACA 4415 airfoil at 10° angle of attack was increased by
5% by thickening the airfoil by 2% just below the vet exit
edge. After determining the optimum thickness, 2D analyses
were performed at Re=124.000 at angles of attack between
00-180, and as a result, the C, coefficient of the new
variation was better, while the C, coefficient was close in
both profiles. By applying 3D CFD analysis to 2 geometries

with a rotor diameter of 1,44 m, which he produced and
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tested in the wind tunnel, he obtained 4,42 Nm torque with
NACA 4415 and 5,12 Nm torque with the second thickened
variation (Dilmag¢ 2019) Korkmaz (2018), suggested that
changing the airfoil shape increases the efficiency by
delaying flow separation at different speeds and angles of
attack. According to the results of CFD analyses of NACA
4412 and NACA 63-215 profiles with 2 new profiles
obtained by changing the x/c ratio (the ratio of the distance
of the maximum blade thickness point from the edge of
attack to the length of the vet), it was seen that the new
airfoils increased the maximum performance ratio. Thus, by
delaying the flow separation between 2-4 degrees, it was
able to postpone the stall due to the sudden decrease in the
lift coefficient (Korkmaz 2018). Bacak (2016), obtained
characteristic and performance curves from CFD analyses
of an axial fan and determined the optimum operating range
of the fan. He compared these results with the results
obtained from Wing Fan’s test bench built according to
AMCA 210 standard. The maximum allowable angle of
attack was verified by analyzing the velocity profile around
the airfoil of an axial fan (Bacak 2016). Fan et al. (2020),
investigated the effects of rotation, displacement and
translation methods applied to the fan blades on the
aerodynamic and structural performance of the fan. The
variation of the wing geometry was performed with a Free
Form Deformation (FFD) approach. According to the
results obtained from CFD analyses, rotation and scrolling
methods are relatively more efficient on the aerodynamic
performance of the fan. At different operating conditions,
the effect of rotation on the efficiency did not always tend to
increase. The excessive rotational effect at low flow rates
caused the total pressure differential of the fan to drop
sharply. According to the optimization results, rotation
caused maximum stress on the wing, while the backward
displacement reduced the stress on the wing surface. Up to
15% improvement in the total pressure difference was
achieved with the blades formed by rotation and sliding
methods (Fan et al. 2020). Bakhtar et al. (2024) has examined
various add-on designs to reduce noise generated by axial
fans. Their research focuses on understanding how different
attachments to axial fans affect aerodynamic noise. Eight
distinct design cases have been evaluated, including the
extension of outlet and inlet ducts, the use of Chevron
nozzles, the placement of spherical balls inside the fan in
staggered and straight patterns, the application of a wavy
inner wall treatment, and combinations of some of these
designs. To analyze the effects of these designs on noise,
CFD and acoustic analyses were conducted using Ansys
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Fluent 2022 R1 software. The results obtained indicate that
all design modifications reduced noise levels and suggest
that these designs could contribute to the development of
quieter fans suitable for various environments (Bakhtar et al.

2024).

and Mudunkotuwa (2021),

biologically-derived modification with the aim of achieving

Fernando designed a
a major reduction in fuel costs and environmental impacts
by reducing frictional resistance. The experimental results
of the NACA 0012 airfoil were used as a reference. They
investigated four different types of modifications which are
lighter than the original wing. By comparing the numerical
results with experimental results, they found two bio-inspired
wing shapes that are more efficient than the original wing
and can be incorporated into the future aerospace industry
(Fernando and Mudunkotuwa 2021). Drwiega et al. (2019)
discussed current research and development projects carried
out within the European project to improve the effectiveness
of auxiliary ventilation in underground mines. These projects
are generally studies to improve the parameters affecting
the fan efficiency by modifying the rotor blades. The rotor
blades and modifications used in the study were obtained
by printing from 3D printing. Both aerodynamic and
structural performance results were obtained by CFD and
Finite Element Method (FEM) analyses on the existing
and modified wings. By comparing the fan characteristic
graphs before and after the modification, it was observed
that the pressure difference, power and efficiency were
increased in the modified fan (Drwiega et al. 2019). Fakhari
and Mrad (2024), conducted an optimization study of an
axial flow fan used in underground mine ventilation using
the parameters of angle of attack, tip clearance, speed,
hub to tip ratio and number of blades. By comparing the
experimental results with the results obtained from CFD
analysis, they stated that by reducing the number of blades
and tip span, a performance increase of 9% was achieved
and confirmed the experimental results with an error rate
of less than 5% (Fakhari and Mrad 2024). NACA airfoils
in order to propose an airfoil for use in underground mine
ventilation fans Panigrahi and Mishra (2014), conducted
CFD analyses with 6 different in 2014. By determining
the lift and drag ratios of the wings at different angles of
attack, the maximum aerodynamic performance ratios
were compared. At 150 angles of attack, they found that
the profile with the highest performance ratio was NACA
747A315. (Panigrahi and Mishra 2014). Kong et al. (2023)
optimized the blade geometry of low-pressure axial flow
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fans to enhance their aerodynamic performance. Traditional
design theories often fall short in addressing the complexity
of 3D internal flows, leading to suboptimal blade profiles
and spanwise distribution. To address this, he developed a
surrogate-assisted multi-objective optimization process,
supported by CFD methods, to determine the optimal
blade shape under two typical operating conditions. Sixteen
parameters were selected, and response functions were
constructed using kriging models, followed by a multi-
objective genetic algorithm to identify the best solutions.
The results indicate that efficiency can be improved by
9%1,26 under low mass flow conditions and by %5,47 under
high mass flow conditions. The optimization also led to a
better distribution of low-pressure zones along the blade
leading edge and a reduction in tip leakage vortex intensity.
'This study presents a successful approach for optimizing fan
blade geometry (Kong et al. 2023).

Hassen (2021), focused on developing new blade types
for underground mine ventilation fans, arguing that
higher efficiency can be achieved with a more uniform
flow distribution. For this purpose, firstly, performance
comparison studies were carried out with CFD using
NACA747A315 and NACA 6412 profiles. Since it achieved
higher efliciency, the NACA 6412 profile continued its
studies. With the analyses performed at 30°-40° angles of
attack with 4 different designs, namely fixed vane, tapered
vane, skewed vane and tapered skewed vane, the flow
velocity, homogeneity and efficiency of the designs were
investigated. He stated that high homogeneity and efficiency
do not necessarily mean high system efficiency and these
two parameters should be evaluated together with system
efficiency (Hassen 2021). Krasyuk and Kosykh (2023)
address the aerodynamic design of axial fans by utilizing an
impeller and an inlet guide vane to reverse the direction of
airflow. This process involves stopping the rotation of the
impeller while allowing the guide vane to rotate, aiming to
enhance fan efficiency in reverse mode. The authors have
developed a novel blade angle analysis method to identify
airflow parameters under reversal conditions. Furthermore,
they delineate the parametric regions in which the proposed
reversal approach is effective. A design of a fan exhibiting
similar performance curves in both forward and reverse
airflow is undertaken. The swirl ratios of the flow within
the guide vane are correlated with the axial velocity ratios,
based on the geometrical similarity of the blade profiles of
the impeller and guide vane at an average radius (Krasyuk

and Kosykh 2023).
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In the aforementioned literature studies to improve the
performance of axial fans, some researchers have focused on
the optimization of all parameters required for fan design
(Keklikoglu 2019, Bacak 2016, Fakhari and Mrad 2024)
while others have focused on the airfoils, arguing that the
fan efficiency is largely dependent on the flows over the
blade. Axial fan performance has been improved by many
studies such as the application of shifting and translation
methods on airfoils (Cakir 2018, Ilikan 2014, Fan et al.
2020), changing the geometric properties on the existing
airfoil (Coban 2019, Dilmag 2019, Korkmaz 2018), Drwiega
et al. 2019) comparing the performance of different airfoils
(Panigrahi and Mishra 2014, Hassen 2021). However, very
few of them are related to axial fans used in underground
mine ventilation (Panigrahi and Mishra 2014, Fakhari and
Mrad 2024, Hassen 2021) and more studies are needed in
this field.

'The innovative aspect of this study compared to other studies
is that it contributes to energy efficiency by improving the
performance of a fan used in a real mining operation, and
at the same time, an alternative blade profile is presented
to increase the efficiency of axial fans used in underground
mine ventilation. CAD geometry of the existing fan was
extracted, all parameters were analyzed and CFD analysis
was performed. When the ventilation systems used in
underground mining were investigated to be used in the
blade design of the existing fan, NACA 747A315, NACA
6412 blades were used (Panigrahi and Mishra 2014, Hassen
2021) and blade performance comparison studies of NACA
63-412 blades were carried out as an alternative to these
blades. The mass flow rates of the polluted air drawn from the
mine at different speeds and at the same pressure difterence
values of the new fan created with the alternative blade with
the highest blade performance ratio were compared. In this
study, the blade geometry of the pre-stator cylindrical ducted
axial fan used in the ventilation of an underground mining
operation in Zonguldak Mining Basin was redesigned due
to low efficiency.

2. Material and Methods

Axial fans used in underground mine ventilation have stator
blades to distribute the air evenly and these blades can be
preferred in front of the rotor to protect the fan from the
adverse conditions of the mine environment (Cengel and
Cimbala 2018). The air coming to the fan in axial direction
is directed towards the rotor blades by the stator blades and
its pressure is increased by being compressed by the rotor
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blades. Thus, the air is displaced in the desired direction. The
axial fan whose specifications are given in Table 1 is used in
the ventilation of a real mine operation.

Table 1. Technical and geometrical characteristics of the
existing fan with 400 mm used in the mine.

Parameter Property

Weight and Power 60 kg and 9 HP
Air Pipe Diameter 400 mm
Operating Pressure 4-6 bar

Air Output Speed 15 m/s
Volumetric Flow 143 m*/min
Air Consumption at 175 o /min

Normal Pressure

Number of Revolution 3700 - 4700 rpm

20 mmwec (milimeter water

Pressing Height

In order to increase the efficiency of the fan, firstly, all
design parameters of the fan were reviewed by applying the
classical axial fan design method. Considering the design
conditions specified in the fan catalogue, lift coefficients and
drag coefficients were determined according to the stiffness
values calculated for the hub end and middle layers of the
blade (Keklikoglu 2019). The rotor blades of the fan rotate
with the flywheel around it and there is no blade end gap
(Figure 1). Certain parameters such as fan diameter, hub-tip
ratio, number of blades, blade angle, vet length were found
to be suitable for the design and it was decided to redesign
the blade geometry by selecting a new blade profile.

2.1. Analytical Approach

The methods and techniques applied should be given in
an understandable way. It should be supported by previous
references. Statistical models and methods of analysis should

2,

Air out

Stator

Guide Vane Rotor

column) be clearly stated.
Hub Diameter 200 mm Air enters the airfoil at the attack edge and leaves the wing
Number of Rotor Blades 6 pieces at the trailing edge (Figure 2). The hump part of the airfoil
Number of Stator Blades 6 pieces is referred to as the low-pressure zone or suction edge, and
@ ~+Casing  Blade Hub

Figure 1. Side view (A) and isometric view (B) of the fan created by software, real fan image (C) and the flow direction (D) of the fan

used in the underground mine.
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LE: Leading Edge

V : Air velocity

-  »

o: Attact of Angle

Low Pressure
TE: Trailing Edge

High Pressure

Figure 2. Forces acting on the airfoil (Yilmaz et al. 2018).

the hollow part is referred to as the high pressure zone or
compression edge. The angle between the direction of arrival
of the air to the wing and the wing is called the angle of
attack. The lift coefficient increases until the optimum value
of the angle of attack. When the angle of attack reaches
a certain value, the lift coefficient becomes maximum and
starts to decrease rapidly after this value. The fan switches to
unstable operation. This condition can also be expressed as
stopping the fan. In order to prevent unstable operation in
fans, it is necessary to determine at which value of the angle
of attack the lift coefficient reaches its maximum value and
the angle of attack should be kept below this value (Ilikan
2014, Kose 2018).

The high lift airfoil blades provide an increase in static
pressure, while the low drag force (F) helps to achieve
lower power consumption, thus increasing fan efficiency.
Therefore, in the selection of the airfoil, it is not sufficient
only to have high lift coefficients of the wings. Drag
coefficients should also be low. The ratio of the lift coefficient
of an airfoil to the drag coeflicient (C,/C,) is called the
airfoil performance ratio and when comparing airfoils, the
airfoil with the maximum performance ratio represents the
highest efficiency. C, and C, are given by equation (1) and
(2) (Ilikan 2014, Keklikoglu 2019).

Fy

CL=050174 (1)
__ I
Co= ity @

F, : Buoyancy force (N)
p: Density (kg/m?)
V: Velocity (m/s)

150

A: Wing projection area (m?)
F: Drag force (N)

When designing axial fans, a preliminary design process is
initiated and the design approach is determined by using
the desired results as initial parameters (flow rate (Q, m*s),
total pressure difference (AP, Pa) and speed (n, rpm)) (Ilikan
2014). For this, the solidity value of the blade is needed. The

solidity value (is given by equation (3).

c
o=75 3)
¢: Chord distance (m)

s: Pitch distance (m)

Here “c” is the vet length (m) and refers to the distance
between the LE (air’s leading edge of the wing) end and the
TE (the trailing edge of the wing where the air leaves) end
of the wing. The distance “s”, which is the distance between
the two wings, is called the pitch distance (m).

Solidity value (0) is an important parameter that determines
the design approach in axial fans. When the solidty value
is below 0,7, the isolated blade approach is used, when it
is above 1 (one), the stepped blade approach is used, and
for values in between, the mixed approach, which is a
combination of both isolated and stepped approaches, is
preferred (Castegnaro 2017). In the isolated blade approach,
the interaction of the pressure fields of the blades with each
other is ignored. In the stepped approach, the actual lift
coefficient starts to change as the solidity value increases and
this cannot be ignored because it reduces the fan efficiency

(Keklikoglu 2019).

Axial are designed by the classical method (flikan 2014,
Keklikoglu 2019, Fakhari and Mrad 2024). The number
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of graphs and equations used in the method is quite large.
The axial fan geometry varies according to the needs of the
system in which the fan will be used. In this part of the
study, the methodology of the parts specific to the front
stator axial fan is mainly included. Inlet and outlet vector
analyses and inlet and outlet velocity triangles of front stator
axial fans are given in Figure 3.'The inlet and outlet angles of
the stator are expressed as o, and .

Vo= % (4)
Q: Flow rate (m®%s).

A: Cross-sectional area perpendicular to the flow direction
2
(m?).

Where is the vertical cross-sectional area through which the
flow passes, “V”is the axial velocity (m/s).

In the Figure 3, “U” is the tangential velocity (m/s), “w” is
the angular velocity (rad/s) and “r” is the radius of the fan
(m). The relative speed “W” (m/s) is equal to the difference
between the absolute speed and the tangential speed. “V, ,
is the tangential component of the absolute speed at the
rotor inlet and is an important parameter that determines

the inlet blade angle (B,) given by equation (6) (Kése 2018).

U=wr= 7[6%}1 (5)

U: Tangential velocity (m/s)
w: Anguler velocity (rad/s)
r: Radius (m)

D: Diameter (m)

n: Revolutions per minute (rpm)

tan B, = UtV ;VZ” (6)

V.. The tangential component of the absolute speed at the
rotor inlet (m/s)

V. : Axial velocity (m/s)

If the output blade angle B, (0) at the output edge of the
rotor is B, (0), it is expressed as in equation (7).

tanf. = o (7)

U: Tangential velocity (m/s)
V. : Axial velocity (m/s)

The relative flow velocities (W, and W) at the inlet and
outlet of the rotor are given in equations (8) and (9).

_ Va
-V

V. : Axial velocity (m/s)

'The average blade angles and average relative flow velocities
at the inlet and outlet of the rotor are given by equations

(10) and (11).

_ tanf3, + tan B3,

tan B3, = 5 (10)

B,: Wing entry angle
B,: Wing exit angle

__V
W= cos B, (11)

B, : Avarege wing angle

Stator

: Rotor :

Figure 3. Vector analysis and speed triangles of axial fans with front stator (Cengel and Cimbala 2018).
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W_: Average relative flow velocity (m/s)
V. : Axial velocity (m/s)

The useful power is the product of the flow rate of the
fan and the total pressure difference as given by equation
(12) and its unit is Watt. The delivered power is equal to
the product of torque and angular velocity as expressed by

equation (13).

Wisiauic pover 0., (12)
AP : Total pressure differance (Pa)

Wosatporer =z (13)

T: Torque (Nm)
w: Anguler velocity (rad/s)

In axial fans, the tangential velocities at inlet and outlet are
equal and the shaft power can be calculated directly from
equation (14). Here “/” is the mass flow rate (kg/s).

Wshafl power = r;l.U.VzL‘ (14)
m: Mass flow rate (kg/s)
U: Tangential velocity (m/s)

V. 'The tangential component of the absolute speed at the
rotor inlet (m/s)

The efficiency of axial fans (1) is defined as the ratio of the
useful load to the delivered power as given by equation (15)
(Cengel and Cimbala 2018).

AP,
’7 - ’/;gU.an (15)
Q: Flow rate (m?/s)

APt: Total pressure differance (Pa)
m: Mass flow rate (kg/s)
U: Tangential velocity (m/s)

A% The tangential component of the absolute speed at the
rotor inlet (m/s)

2.2. Numerical Approach

In recent years, numerical methods have been used more
and more compared to experimental methods because they
are more economical and save time. With the computational
fluid dynamics method, it is possible to quickly simulate
complex geometries and systems.

Here the solution of two equations characterizing the flow
is needed. One of them is the continuity equation expressing
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the conservation of mass (16) and the other is the Navier-
Stokes equation derived from Newton’s law of motion (17).

op

B+ 2 (pu) =0 (16)

D (pu) + 2 (puju) = —g—i + %( uw( g; + o )) + Su,
(17)

P: Pressure (Pa)

w: Dynamic viscosity (Pa.s)

t: Time (s)

u: Velocity vector (m/s)

i: The velocity component of the physical quantity in the x
direction in the Cartesian coordinate system (m/)

j: The velocity component of the physical quantity in the x
direction in the Cartesian coordinate system (m/s)

r: Density (kg/m?)

p: Pressure (Pa)

x: Position vector (m)
S: Discretisation term

In Equation 16, t is the time, u is the velocity vector and
x is the position vector. The lower index i represents the
velocity component of the physical quantity in the Cartesian
coordinate system. In Equation 17, P represents pressure
and p represents dynamic viscosity. A source term is added
to the momentum equation, denoted by the mass forces (e.g.
gravitational force), S.

In this study was carried out with ANSYS Fluent 2022
R1 software, which uses the finite volume method as a
discretization method. With this software, which allows to
determine the fluid dynamic forces and pressure distribution
acting on the airfoil, firstly a validation study was carried out
and then 3D CFD analyses of NACA 747A315, NACA
6412 and NACA 63-412 airfoils were performed and airfoil
performance ratios were determined. The blade with the
highest blade performance ratio was compared with the
flow rate and pressure difference results determined by the
analyses of the existing fan geometry.

2.2.1. Validation Study

For the validation study, a study was selected from the
literature in which the performance ratio comparison was

performed by 3D CFD analysis of airfoils (Fernando and
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Mudunkotuwa 2021). In this study, a validation study
comparing the experimental results of NACA 0012 with the
results of CFD analysis is taken as a reference. The analysis
geometry was obtained by taking the NACA 0012 airfoil
profile coordinates from the Airfoil Tools official website
and using the Design Modular CAD programme in the
ANSYS Fluent interface (Yilmaz et al. 2018). As boundary
condition, velocity inlet is modelled as velocity inlet 30
m/s, total pressure at the outlet is “0” Pa and wing surface
is modelled as wall boundary condition Figure 4(a). The
mesh structure of the analysis geometry was created using
ANSYS Meshing. For the precise solution of the boundary
layer on the wing surface, the thickness of the first cell was

chosen to be y+ <1 and the k- SST turbulence model was
used as the turbulence model (Luo et al. 2017). The number
of elements used was kept around 1 million by adhering to
the study. The network structure is given in Figure 4(b).

'The graph of the C values obtained by CFD analysis and
the C,, values obtained by experimental results are given in
Figure 5.

Table 2 shows the C; and C values obtained experimentally
and numerically at different angle of attack values. As a result
of the verification study, it is seen that similar results are
obtained with the reference study (Figure 6). The reference
study (Fernando and Mudunkotuwa 2021) for validation

ssure =0 Pa

@

Figure 4. Mathematical representation of boundary condition (A), Network structure of the verification analysis geometry at 7° attack

angle (B).
0,045 y
=+ @+ Experimental o
~ 0,040 . R
& =—t— Numerical W
E 0,035
2
@ 0,030
b=
g
o 0,025
&
0,020
a
0,015
0,010 Figure 5. CFD analysis
0° 30 70 10° result comparison graph of
Angle of Attack the validation study with
experimental results.
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Table 2. Validation results of the NACA 0012 3D.

Anele of Experimental Results Numerical Results Error (%)
Att%l ceko Lift Coeff. Drag Coeff. Lift Coeff. Drag Coeff. Lift Coeff. Drag Coeff. Lift Coeff. Drag Coeff.
(C) (Cp) (C) (Cp (C) (Cy (C..) (Chrep)
-0.0039 0.0114 -0.0031 0.0147 20.63 29.23 15.43 61.18
3 0.4619 0.0190 0.3011 0.0167 34.82 12.03 34.38 8.15
7 0.6677 0.0282 0.6751 0.0265 1.12 5.73 5.10 11.60
10° 0.8220 0.0441 0.9350 0.0415 13.75 5.86 17.46 6.43
1 6 0,05
0,9 DEXPCrix.nantal ‘__’n;}':’ OExperimental A
—~ 08 OII\{quJ?lerlcal '.-";' 3 0,04 ONumerical #
%) 07 AReference < AReference - e
. ° =
£ 06 E 0,03
g 05 g
S 04 ;jv 0,02
2 03 E
0,2 0,01
0,1
0 0
@ 0 3Angle of Attazk 10 o 3Kngle of At—tau:,k70 10

Figure 6. CFD analysis result comparison graph of experimental, numerical and reference studies A) Lift coefficient (C,) comparison.

B) Drag coefficient (C,) comparison.

converges to the experimental values with a large error
rate. In our study, convergence was obtained with similar
error rates. However, the authors of reference study reached
acceptable error rates (5%-10%) with 7° angle of attack and
they continued their study with 7° angle of attack. It can
be clearly seen that our error rate at 7°is lower than the
reference study.

2.2.1. CFD Analysis

In this study, in order to propose a new blade profile as
an alternative to the two blade profiles proposed in the
literature for underground mine fans to be used in the blade
design of the axial fan currently used in the underground
mine, 3D CDF analyses of the profiles were performed
and C,/C values were compared. After transferring the
coordinates of the airfoils to the Desing Modular, a 3D
airfoil geometry was obtained by creating a surface and
giving depth. In the validation study, the flow volume was
obtained by giving depth to the flow area formed around the
airfoil in accordance with the flow volume geometry used
as a reference. In over-wing flows, the flow characteristics
change abruptly on and around the wing surface. In order to
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accurately observe the effects of flow separation, especially at
the trailing edge, a more precise solution should be provided
in these areas. For this purpose, a body of influence (boi)
geometry is added around the wing geometry up to a certain
distance. Thus, the flow volume is prepared in a structure
that is denser around the airfoil and becomes sparser as it
moves away from the airfoil.

The mesh structure was obtained using Fluent Meshing,
which allows to obtain much higher quality mesh structures
with the same or less number of elements. In order to better
analyze the flow variations on the wing surface and near
the surface, a boi geometry was created around the wing
(Figure 7). In order to solve the boundary layer around the
airfoil correctly, the height of the first cell was determined
as 6x10° m to fulfil the condition y+ < 1 and 15 prismatic
layers were built on the boundary layer. For each profile, the
optimum number of meshes was determined by performing
an independence study from the mesh structure as coarse,
medium and fine at a fixed attack angle (Figure 8). The
DELL Precision 7670 mobile workstation with 12th
generation 19 processor and 32 GB RAM was used in the
analysis.
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NACA 747A315
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Figure 7. The airfoil shapes (A) and the mesh structure (B) of the analysis geometry for which the performance ratios are compared.
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Figure 8. Optimum mesh count graph for NACA 63-412 airfoil.

'The analysis is performed in a time-independent manner, as
is commonly done in literature studies (Cakir 2018, Tlikan
2014, Keklikoglu 2019, Galpin et al.2017, Tonello et al 2017).
A k- SST turbulence model is chosen to provide a precise
solution of the flow separation. Air of constant density
(p=1,225 kg/m?, p=1,8853x10-° Pa.s) was used as the fluid.
The fluid velocity is 30 m/s and the analysis is performed

o

parametrically at different angles of attack (1°, 3%, 5%, 7°,
9°, 11°). As boundary conditions, velocity inlet boundary
condition, total pressure outlet boundary condition and
wall boundary condition were applied. After selecting the
blade profile with the highest performance, the new blade
geometry (Figure 9), which was designed by taking into
account the geometric features of the existing fan, was
assembled to the existing fan in CAD environment and

CFD analyses were performed.

'The fan flow volume geometry is composed of 4 parts: inlet,
stator, rotor and outlet. The rotor volume is modelled as

Karaelmas Fen Miih. Derg., 2024; 14(3):144-162

Figure 9. New wing design created with NACA 63-412, isometric
view (left) and side view (right).

rotating and the other volumes are modelled as stationary
volumes. In axial fan analysis, Multiple Reference Frame
(MRF) method is used to model rotating and stationary
volumes (Ilikan 2014, Keklikoglu 2019). The modelling
of the rotor and stator interface in the fan considered as a
reference is done by the frozen rotor method since this study
is a comparison study (Cakir 2018). The analysis conditions
are provided in Table 3.

The mesh structure was created in the Fluent Meshing
interface. For both fans, solutions were made independent
of the network by solving in different network structures
as coarse, medium, fine. In the network structure, poly
hexcore elements are preferred, which allow the creation
of high quality network geometry. Smooth boundary layer
definition was used on the wall surfaces (Figure 10). The
minimum orthogonal quality value of the network structure
using approximately 8 million elements is 0,3, the maximum
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Figure 10. Fluent meshing of the new fan and a close-up view of the boundary layer around the blade.

Table 3. Analysis conditions.

General Pressure Based, Steady

Model k-w SST, Production Limiter
‘O it (= 3 5
Material 20 C air, p=1,204 kg/m?, n=1,825x10
kg/m.s

Cell Zone MRE, Frozen Rotor, Rotating-Domain,
Condition 4000 rpm
Boundary

.. Inlet: Mass Flow 2 kg/s, Outlet: 0 Pa
Condition
Method Coupled, Second Order

aspect ratio value is 56 and the maximum skewness value is

0.7.

When Figure 10 is analyzed, it is seen that the maximum
performance ratios of NACA 6412 and NACA 63-412
airfoils are reached at 3° attack angle. The NACA 747A315
airfoil reaches maximum performance at 5° angle of attack,
but its performance at this angle of attack is lower than the
other two airfoils.

3. Results and Discussion

'This section is presented in two stages. The Stage 1 includes
the results of the performance ratio comparison studies
between the airfoils for the blade design of the existing
fan. Stage 2 includes the results of the comparison of the
CFD analyses of the new fan geometry and the existing fan
geometry obtained by mounting the new blade designed
with the blade profile with the highest performance among
the blade profiles we tested to the existing fan in CAD
environment.
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3.1. Wing Profile Performance Ratio Comparison Study

After determining the lift coefficient required by the system
(Table 4), it is crucial to correctly select the airfoil that
will provide this lift coefficient. All 3 airfoils provide the
lift coefficient required by the system. However, which one
will perform better in the system is determined by the blade
performance ratio.

With 3 different wing geometries NACA 747A315, NACA
6412 and NACA 63-412, C, and C_,values were calculated
at 6 different angles of attack (a=1-11°) and C,/C, ratios
are given in Table 5. As a result of the CFD analyses
performed with these airfoils, it was found that the airfoil
performance ratio of NACA 6412 was higher than the
NACA 747A315 airfoil, and the NACA 63-412 airfoil had

the highest performance ratio.

The performance ratios of the airfoils are given in Figure
11. In the first stages of this study, the performance analysis
of the existing fan airfoil and the NACA 747A315 airfoil
was compared by CFD and found to be very close to each
other. In the second stage of the study, airfoils with higher
performance ratios were investigated, and there was no need
to compare with the existing airfoil due to the information
obtained from the first stage.

'The distribution of the velocity vectors of the airfoils at an
angle of attack of 7°, the velocity profiles around the airfoils
(left) and the velocity contours (right) are shown in Figure
12. A uniformly distributed velocity profile is observed on
the surface of the blades. Looking at the trailing edge of
the profiles, NACA 63-412 is the profile where the flow
separation starts the latest. Looking at the C, graphs of the
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Table 4. The stiffness value of the system and the theoretical lift coefficient calculated according to the velocity triangles.

Absolute Exit Avrg. Entry Fxit Rel Avrg.
Airfoil Solidity Speed Wing Wing Rel. Flow FIXI Ve 1 Rel. Lift Coeff.
rfoi o) (V,) Angle  Angle \CH (“;“:m‘js') FlowVel  (C)
(m/%) ®) 6y W, s Vo) W )
Hub 0.84 26.25 78.03 71.36 75.36 72.06 46.93 59.21 0.99
Mid 0.49 17.50 79.90 77.33 78.72 85.20 68.38 76.40 0.82
Tip 0.34 13.13 81.64 80.43 81.03 102.66 90.20 95.80 0.60

Table 5. Performance ratio results of airfoils.

NACA 6412 NACA 747A315 NACA 63-412
Attack Angle
Performance Ratio (C,/C,) Performance Ratio (C,/C)) Performance Ratio (C,/C,)
1° 30.30 15.00 24.95
3° 30.93 22.94 31.61
5° 28.93 26.36 31.51
7° 23.92 24.15 27.45
9° 21.03 18.99 23.42
11° 14.75 12.98 14.86
no g . * NACA 6412
30 L P - e NACA 63-412
28 _ e * NACA 747A315
Qﬂ 26 S ......-.':'_-_,.__ -
o1 o T,
- o o T e
= - . - .
g n .
Q 20 -
w »
£ 18 :
E 16 ._.' -';‘
5 14
- .
12
1° 3° 5° 7° 9° 11° Figure 11. Performance ratio comparisons of
Angle of Attack o
airfoils.

airfoils at different angles of attack (Figure 13), it is seen
that the C, values reach their maximum value at 11°. In this
study, the maximum angle of attack required in the system
does not exceed 10°. Although the C, value of the NACA
63-412 airfoil is lower than NACA 6412, its performance is
higher because of its lower C value.

3.2. Comparison of Existing Fan and New Fan

Considering the catalogue values (Table 1), the axial fan
currently used in a real underground mining operation is

Karaelmas Fen Miih. Derg., 2024; 14(3):144-162

expected to provide a flow rate of 2.87 kg/s between 3700-
4700 rpm. According to CFD analyses (Table 6), the
existing fan reaches a flow rate of 2.87 kg/s at a speed of
4700 rpm between these speeds. When the CFD analysis
results of the new fan created with the fan blade designed
using the NACA 63-412 airfoil, which shows the highest
performance (Table 6), it is seen that it can provide a flow
rate of 2.87 kg/s with a speed of 3700 rpm. Figure 14 and
Figure 15 show that the desired flow rate and pressure
differential can be achieved at lower speeds with the new
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Figure 12. Velocity vectors and velocity contours of the wing blades.
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Figure 13. Comparison of values
of airfoils at different angles of
attack.
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Table 6. CFD analysis results of the existing and new fan in the range of 3700-4700 rpm.

Current Fan New Fan
Number of
i 0 [ o e | B
(n) (rev/min) () (kg/s) (AP) (Pa) (1) (kg/s) (AP) (Pa)
3700 1 347 1 503
3700 1.5 328 2.3 333
3700 2% 176 2.5% 221
4000 2% 275 2 685
4000 2.2 189 2.5 383
4000 2.4 81 2.75* 233
4700 2% 511 2.5 834
4700 2.5 312 2.75 649
4700 2.75 163 2.87* 580

*The results obtained in the new design at constant mass flow rate and different rotational speeds of the existing fan shows the mass flow rate
values.

900

200 OCurrent Fan ONew Design Fan

700 o
~ 600
=
&
3 500 5. . ©
s | Tt
I R m
g 400 | LoM0reumin | e
a G - - <
£ 300 B ~
. ¢

-

£ 200 S 6%

100

Figure 14. Flow-
0 pressure graph of the
0.75 1.25 1.75 225 2.75 3.25 existing fan and the
Flow rate (kg/s) new fan at 3700-4700
rpm.

fan, which can pump a flow rate of 2.87 kg/s at 4700 rpm 4. Conclusion and Suggestions
with .a Pressure dlffere'nc.e of 580 Pa, and its performance In this study, in order to increase the efficiency of the fan used
superiority over the existing fan. . L D .

in the ventilation of a real underground mining operation,
At 4000 rpm-2 kg/s operating conditions, the flow rate of  a new blade profile that can be an alternative to the blades
the new fan increased between 25%-435% compared to the ~ recommended to be used in underground mine fan blades in

existing fan (Table 7). the literature is pro-posed A new rotor blade was designed
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Referance Fan

Figure 15. Comparison of

the pressure contours of the
existing fan and the new fan at
4000 rpm and 2 kg/s flow rate.

Table 7. Improvement in the constant flow rate value in the range of 3700-4700 rpm for the existing fan.

Current Fan New Fan Increase (%)

Number of
oo Mty TP i T

/ . . .
(n) (rev/min) (m) (kg/s) (AP) (Pa) (m) (kg/s) (AP) (Pa)
3700 2 176 2.5 221 25.00%
4000 2 275 2.75 233 37.50%
4700 2 511 2.87 489 43.50%

with the profile with the highest performance and the
results of CFD analyses of the reference fan and the new
fan were compared with each other. According to the results
of CFD analyses performed with NACA 747A315, NACA
6412 and NACA 63-412, NACA 63-412 has the highest
wing performance ratio. NACA 6412 performed better than
NACA 747A315, confirming the work of Hassen (2021).

In order to see the change in flow rate and pressure difterence
of NACA 63-412 in the existing fan, CFD analyses of the
new fan, which was designed by adhering to the geo-metrical
characteristics of the fan, showed that the new fan reached
higher flow rates at the same pressure difference at 3700-
4700 rpm. Under 4000 rpm-2 kg/s operating conditions,
the flow rate of the new fan increased between 25% and
43.5% compared to the existing fan.

In this study, the improved fan was designed to provide the
flow rate (2.87 kg/s) specified in the technical catalogue of
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the product at the desired pressure difference (330 Pa) and
at the lowest possible speed (3700 rpm), but it was observed
that the new fan was slightly below these requirements. It
is thought that the reason for this is related to the stator
geometry and blade angles and that studies on this fan
should continue with the stator part of the fan.

Author contribution: Conceptualization, Giineyhan Tagkaya
(G.T.) and Beytullah Erdogan (B.E.); methodology, G.T.
and B.E.; software, G.T.; validation, G.T.; formal analysis,
G.T; investigation, G.T. and B.E.; resources, G.T. and
B.E.; data curation, G.T. and B.E.; writing-original draft
preparation, G.T., B.E. and G.T.; writing-review and
editing, G.T., B.E.; visualization, G.T’; supervision, B.E. All
authors have read and agreed to the published version of the
manuscript.
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Buoyancy Force (N)

Drag Force (N)
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