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Graphical abstract Abstract

Inlet is one of the key parameters that plays an important role in a

Vibration Characteristics ; gk((llg‘::’{:)) centrifugal fan. The change of parameters in an inlet can cause static
and dynamic pressures in the fan housing. As a consequence, high
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] km(wga N/m) furbulence can produce vibration. The aim of this research is fo study
p
&l Bg the inlet closure level effects on the vibration characteristics of a

modified cenfrifugal fan. The Inlet closure levels consist of O; 25; 50; 75;
85; 100% that were tested to examine the vibration characteristic value
(&, m, k. Ck, C). The test used a randomized complete design with full
factorial experiment. Data analysis employed variance and regression
analysis. The results show that the inlet closure effect is significant to the
value of the vibration characteristics. The increase of the inlet closure
level can cause the quadratic decrease of the values of the vibration
characteristics. In addition, the increase of the inlet closure level had no
impact on the applied resonance frequency levels. These experimental
results obtained the highest values of the vibration characteristic at the
inlet closure level of 25%.
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1.0 INTRODUCTION

A centrifugal fanis a device that is used to move air from
the inlet to the outlet sides. This movement is rotated by
an impeller. Increasing velocity movement of airflow
can produce kinetic energy on an impeller blade that
increases dynamic pressure in the fan housing [1]. The
kinetic energy can be converted fo a static pressure
that increases an airflow pressure. This conversion can
overcome resistance factors occurring at the ducts,
dampers and other factors [2, 3].

An impeller, in general, connects directly to the shaft
of an electric motor rotates at the higher speed. This

higher speed can generate a centrifugal force effect on
the inside of the impeller that creafes the suction
channel. In addition, the impeller can produce a
vacuum on the inlet suction side when the impeller
rotates because of the centrifugal force. It produces
both positive and negative pressures: a positive pressure
is used to push air or fluid toward an outlet side and a
negative pressure is used to suck fluid at the inlet side. It
is interesting to note that the amount of energy
delivered to fluid has to be parallel to the velocity either
at the edge or the tip of the impeller vane [4].

One of the key parameters to determine a fan
performance can be seen from the change in shapes,
dimensions, profiles, structural components, and
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conditions either in an opened or closed impellers [4].
The design of parameters of the impeller blade can
aoffect the efficiency and performance of centrifugal
fans [5].

One of the factors that plays an important role in the
centrifugal fan is the inlet. Change of parameters in the
inlet, such as shapes, sizes, and dimensions (diameter
and length) can affect the efficiency and losses of
energy in the fan housing. Reducing the diameter of the
inlet caused a static pressure decreased, while axial
velocity increased. This condition increased a turbulent
flow, vortex, and the fransferred energy that was
delivered to the impeller blades [6]. A rotating impeller
allows for imbalance. This is due by an error of a design
or a shaft position of the impeller. So, it can cause a
machine fatigue and a cyclic vibration [7].

The cyclical vibration is the most common vibrations
inrotating engine components that can cause damage
to the engine. Such vibration can occur gradually and
continuously. If the fan runs at a condition of the lower
current, then, it can generate a peak pressure. So, it may
cause instability of the rotation and vibration. The other
factor that causes vibration in the fan is a high
turbulence. Also, if a shedding vortex occurs due to the
air blowing, then it can generate vibrations with large
amplitude [8].

One of the most recognizable vibrations in the fan
operation is an aerodynamic vibration. This is caused by
the increase of the air flow volumetric through the fan,
which can reduce the vibration significantly [8]. The fan
vibration can be reduced by lowering the fan speed [9].
The vibration of the machine rotor requires a precise
technology to identify vibration sources that are based
on the accurate research. It is done for preventing
defects and protecting the machine from technical and
installation error [10]. The main sources of the fan
vibration are an imbalance rotor and an aerodynamic
force. The aerodynamic forces cannot be determined
accurately because it requires aerodynamic studies
about flow characteristic in the centrifugal fan [11].

Aerodynamic forces produced by the rotating
impeller can cause furbulent flow in the centrifugal fan
and blower [12]. One of the causes of the fan vibration
is airflow and turbulence problems. The flow restrictions
cause a high discharge pressure. It generates a
turbulent flow that can increase the vibration amplitude
of the fan. This condition can cause noise [13]. The
centrifugal fan could be an occurrence of a high
turbulence in the area between the inlet and one-third
of the width of the impeller [14].

The vibration does not occur when a fan frequency
is equal to a shaft frequency. This problem, if it had the
different ranges of airflow, then could produce
dangerous vibrations [15, 16]. The machine vibration is a
frequency component that indicates the condition of
the rotafting element with particular  vibration
characteristic [17]. The vibration characteristic include
natural frequencies, modes, and damping ratios should
be tested in the normal condition. Within this condition,
it was easier to determine the natural frequency
compared to the damping ratio [4]. Therefore, the aim
of this research is to study the effect of inlet closure level

on the vibration characteristics of the modified

centrifugal fan.

2.0 METHODOLOGY
2.1 Materials

This research used several main tools: the modified
centrifugal fan with the serrated blade impeller on the
inside (Table 1) and (Figure 1). The secondary tools were
an analog tachometer, digital vibration meter (model
GM63A), speed control, and level meter. The fluid that
used is air at the initial temperature of 28 °C and the
mass density of 1.225 kg/m3.

Table 1 Specification of the modified centrifugal fan

Components Specifications

Impeller . Radial blade type, diameter of 0.35 m,
and 16 blades (4 serrated blades)

Inlet side : The shape is a cylinder, diameter of 0.27
m, and a cross area of 0.057 m?

Outlet side . The shape is a rectangle with length of
0.22 m, width of 0.21 m and cross area
of 0.042 m2

Fan housing  : Volume of 0.097 m3

Motor driver
Transmission

: The output power of 0.75 HP (1430 RPM)
: The pulley and V-belt

Figure 1 The modified centrifugal fan: (A) the position of the
vibration meter and (B) setting of the inlet closure

The position of the vibration meter is placed on the
bearing point close from the impeller. It allows the effect
of the vibration sources other than aerodynamic can be
minimized or ignored. This was done after the right
settings on the shaft of the impeller, the V-belf, and the
electric motor.

2.1 Input Parameters

The input parameters were used to determine the
element of the vibration characteristic values (£ k, m, C
and Cx) at the inlet closure levels (0; 25; 50; 75; 85; and
100%). The input parameters were (a) mass of exciter (mo
is 0.0048 kg) and radius of exciter (eris 0.01 m), (b) the
rotating speeds from 400 to 1400 RPM (10 levels), (c) the
influence of frequency (an) (d) resonance frequency
(er) in rad/s, (e) an excitation force (F) in N, and (f) an
amplitude of vertical direction (x) in mm.
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2.2 Technical Analysis

The vibration data are depicted in form of a curve of the
amplitudes versus the frequencies for ordinary damped
structure. For evaluation, it can use a half-power
bandwidth method. The bandwidth is a difference
between two frequencies (two points) with the same
amplitude response. The value of the bandwidth is 1/v2
or 0.707 times from the resonance amplitude, while the
half-power is the ratio of the frequency range between
the two points to the natural frequency of the system
[18].

A vibrating system comprises the dynamic variables
such as an excitation force (output) that provide a
response towards times (input) [19]. For analyzation, it
uses a fransfer function method. The fransfer function is
used to analyze the vibration characteristic of an object
or a system experimentally. This method explains the
relationship between the output of G(f) and the input of
F(f) that provides as the transfer function H(f)=G(f)/F(f)
[18]. A vibration equation for one of the vibration
direction is a single-degree-of-freedom system with the
excitation force as follows:

mi + Cx+ kx = Fel®t (1)

The complete solution of the equation is a
homogeneous solution that represents the natural
frequency and the particular solution a forced vibration
of the system. It is caused by the excitation force [20]. It
is based on the principle of D' Alembert’s of the equation
(1) and substituted into the equations (2) as follows:
x=Xel ; x=inXel®'and % = o Xel®t (2)

The explanation is that x as amplitude (m), x as
velocity amplitude (m/s), ¥ as acceleration amplitude
(m/s?), @ as frequency (rad/s), and t as time (s). If it
occurs, the condition of a natural frequency is equal to
aresonance frequency (ar= on) of the system, then, can
be obtained an equation of the transfer function for an
amplitude on the excitation force, as listed in equation
(6).

The bandwidth method and the transfer function
can obtain the values of frequencies, resonance, and
equivalent values (& m, k. Ck, and C) of the vibrating
system [18]. The equations (7), (8), and (?) can be used
to determine the vibration characteristics [8], and the
equations are listed below:

op = = (3)
F=m,e 03 (4)
E=fr=; (5™ (5)
_ 1
k= 23 (©)
m= 7)
Ck = 2+/(km) (8)
C= ECy ()

The symbols means @ as a nafural frequency
(rad/s),mr,az as the influence of frequency (rad/s),aras a
resonance frequency (rad/s), and n as a rotating speed
(RPM).Other symbols are F as the excitation force (N),
mo as a mass of the exciter (kg), eras radius of the exciter
(m), and[x/F] as a fransfer function value of the vertical
direction amplitude(m/N). In addition, symbols are & as
a damping ratio, k as stiffness (N/m), m as a mass of the
system (kg). Ckas a critical damping coefficient (Ns/m),
and C as a damping factor coefficient (Ns/m).

2.3 Statistical Analysis

The independent variable has various levels of the inlet
closure (0; 25; 50; 75; 85; 100%). The dependent variables
are a damping ratio, a stiffness of the system, a mass of
the system, a critical damping coefficient, and a
damping factor coefficient categorized as the vibration
characteristics. In literature, [21] the fest used a
randomized complete design with the full factorial
experiment (five fimes repetition). All of the data were
collected separately from each dependent variable. It
was analyzed by ANOVA and regression. All data were
processed by SPSS.

3.0 RESULTS AND DISCUSSION

The results of the vertical direction amplitude on the
influence of frequency known as the tfransfer function is
illustrated as in Figure 2.
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Figure 2 The transfer function of the amplitude to the influence
frequency at 0% the inlet closure level

Applying bandwidth method and Equation (5) to (9)
can determine the vibration characteristics of each the
level of inlet closure. As an example, the calculation
results at 0% the inlet closure level is presented below.

£ = 5 (“529=4(110.5-98.6)rad/s/100.5 rad/s = 0.0592

k=7 ;[1] = 1/[2 (0.0592)(0.000242 m/N)] = 34898.3 N/m
F
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m = = = (34898.3 N/m)/(100.5 rad/s)? = 3.46 kg

Cr = 2 /(km) = 2V[(34898.3 N/m) (3.46 kg)]=694.49 Ns/m-
C = &, =0.0592 (694.49 Ns/m) = 41.117 Ns/m

By employing similar methods as above, it can also
determine the vibration characteristic values with the
level of the other inlet closures (Table 2).

Table 2 The input parameters of various levels of the inlet closure
of a modified centrifugal fan

Inlet
Closure @1 @2 @r £ [x/F]
Level (%) (rad/s)  (rad/s) (rad/s) (m/N)

0 98.6 110.5 100.5 0.059 0.000242
25 97.9 109.1 100.5 0.055 0.000246

50 98.6 109.2 100.5 0.052 0.000281
75 98.6 108.9 100.5 0.051 0.000308

85 98.9 109.1 100.5 0.050 0.000380

100 98.9 108.9 100.5 0.049  0.000421

In Table 2, it indicates that the inlet closure levels had
no effect toward the resonance frequency (). Its value
remains 100.5 rad/s because the centrifugal fan worked
at same frequency (41.9 to 146.5 rad/s) for all the levels.
In this condition too, the values of the fransfer function
increased while the damping rafio decreased.
Researchers [8, 20] indicated that a resonance
frequency occurs when it collides with a natural
frequency. At resonance frequency, few sources of
vibration energy can cause large ampliftude responses
because that energy was stored and added
concurrently.
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Figure 3 The result of damping ratio of the system

Both Table 2 and Figure 3 indicate that the damping
ratio from 0.049 to 0.059 was claossified as under
damping. The value parameters were vary including
over-damped system (£>1), critical damped system
(€=1), and under-damped system (&<1). The under-
damped system occurs due to some energy in the

system was dissipated, and the oscillations went down
slowly to zero [9, 19].

With this system, the increase of the inlet closure
percentage causes the damping ratio decreased. The
value of the damping ratio in this test wasa slightly
curved. This means that the vibrating system produce
the fewer excitation forces during each of the vibration
cycle. This was due to energy losses during vibration.
Damping ratfio was influenced by volumetric rate and air
density properties that can be used as a vibration
damper [22]. The inlet closure level of 0% was reached
the higher damping ratio is 0.059. This was caused by the
volumetric rate and the air density in the fan housing
increased when compared to the other inlet closure
levels.

Researchers that investigated [23] the performance
testing results of the modified centrifugal fan as an
example at 800 RPM impeller speed (83.7 rad/s) showed
that the decrease of the inlet closure level cause
increasing air volumetric rate from 0 m3/s (100% inlet
closure level), 0.127 m3/s (85%), 0.19 m3/s (75%), 0.267
m3/s (50%), 0.27 m3/s (25%) fill it reached the higher of
0.309 m3/s (0% inlet closure level). The reduction of the
inlet closure level also causes energy of airflow
increased.
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Figure 4 The result of mass of the system

The increase of the percentage of the inlet closure
causes the mass of the system decreased linearly. At the
inlet closure level of 25 %, it produced the higher mass of
the systemis 3.61 kg. This happens because the increase
of the volumetric rate and airflow energy in the fan. The
mass of the system is presented in Figure 4. Researcher
[24] applied different pressures can cause fluctuation
pressure in the inlet. This can stimulate the vibration of
the inlet channel system. On the other hand, the
decrease of the inlet closure percentage can cause a
low static pressure and a high dynamic pressure in the
fan housing. This can affect the stability of the rotating
impeller and increasing stiffness of mass system.

The higher sfiffness of 25% the inlet closure level was
36506.2 N/m (see Figure 5). The increase of the damping
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rafio and the mass system were concurrent with the
improvement of the stiffness. Scholar [11] indicates that
the machine rotafion causes changes in stiffness and
damping of the system.
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Figure 5 The result of sfiffness of the system

The surge of the inlet closure percentage had little
impact on the damping coefficient marked by a curve
of 17.472 Ns/m. The increase of the inlet closure level
causes volumetric rate and air density in the fan housing
decreased. Therefore, it reduces the value of damping
factor coefficient (see Figure 6). In literature, [25]
properties of air such as volumetric, density, and
temperature can inhibit the system. Theoretically, the
un-damped system can reach an infinite value.
However, this condition cannot occur experimentally
because each vibrating system had a damping factor
that can decrease the amplitude value.
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Figure 6 The result of damping factor coefficient of the system

A critical damping coefficient is the minimum
quantity of a damping value. It occurs between the
over and under-damped systems. A system returns to
equilibrium when the amount of time is minimized. In
Figure 7, it shows that the addition of the inlet closure
percentage can decrease the critical damping

coefficient of 151.4 Ns/m. It is influenced by the stiffness,
mass system, and the natural frequency of the vibrating
system. A damped system reduces the movement and
fluctuation [8]. The increase of the airflow reached by
opening dampers, cleaning filters and coils, testing, and
by removing a section of a fan channel. These actions
can reduce pressure and increase airflow of the system
[7]. The incidence of vibrations can also be caused by
unnecessary thing such as the unopened of the inlet
control of the fan blade [26]. The cross flow of the inlet
generated negative aerodynamic especially increasing
load of the impeller blade and vibration [27].
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Figure 7 The result of critical damping coefficient of the system

Table 3 The results of variance and regression analysis of the
vibration characteristic for the modified centrifugal fan

Vibration
Charac- Fratio (Sig.) R2 Regression Equations
teristic
& 658.88(0.000) 0.998 &= 0.059 + 6.5E-07 X2
k 28.212 (0.011) 0.950 k=35079.1 +88.8 X -2.06 X2
m 13.415(0.022) 0.770 m=3.728-0.012X
C 54.278 (0.004) 0.973 C=41.351-0.22 X -0.002 X2
Ck 28.231 (0.011) 0.950 Cx=698.08+1.77X-0.041 X2

Note: R? Value is determination index, X value is a percentage of the
inlet closure, and sig is significant.

The analysis of variance and regression is illustrated in
Table 3. The result of regression analysis indicates that
there was a quadratic decrease of the vibration
characteristic values in the surge of the inlet closure
percentage. It is obtained the coefficient values of X or
the gradient is negative. The analysis of determination
coefficient (R?) indicated that the damping ratio had
higher R2 value of 99.8%. It means the effect was only
0.2% and the significant value of higher is 0.000 when it
is compared with the third other factors. The result of the
variance analysis indicates that the effect of the inlet
closure percentage was significant to vibration
characteristic system (see Table 3).



42 Zaimar et al. / Jurnal Teknologi (Sciences & Engineering) 80:6 (2018) 37-42

4.0 CONCLUSION

The result of the variance analysis indicates that the
effect of the inlet closure level is significant fo value of
the vibration characteristic of the system. The increase
of the inlet closure levels caused quadratic decrease of
the value of the vibration characteristic. In addition, the
addition of the inlet closure level had no impact on the
applied level of resonance frequency.

The experimental results, with the inlet closure level of
25%, obtained the highest values of the damping ratio
(&) is 0.0592, the stiffness (k) is 36506.2 N/m, the mass of
the system (m) is 3.61 kg, the damping factor coefficient
(C) is 40.481 Ns/m, and the critical damping coefficient
(Ck) is 726.49 Ns/m.
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