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Analysis of different methods of suppressing 
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Abstract: The noise which occurs during the operation of  the auxiliary power units is a disturbing factor, although its level 
varies depending on the environment. This high level of  noise in occupational areas can cause not only health but also accidents 
risks. While silencers are mostly preferred for active noise control, acoustic foam or textile products are preferred according to 
passive control methods. In this review, the noises produced by the generatorswere examined and the studies in the literature on 
suppressing these noises were evaluated by making comparative analyzes. New recommendations have been developed according 
to the results of  the comparative analysis. In case the sampled natural gas generator is closed with 2 mm thick plywood and a steel 
framed box covered with an acoustic sponge, the sound pressure level is approximately 30 dB in low frequency diesel + electric 
generators using a silencer according to active control methods. In measurements; It was observed that it decreased from 93.2 to 
88.4 dB. While materials such as an acoustic sponge, which are preferred in passive control methods, are open-celled and porous 
structures, it is advantageous to have sound absorption capacity, but it can be a disadvantage due to its synthetic content.

Keywords: Sound, Noise, Acoustic, Generator Noise, Active Control Methods.
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liquid and gas, as a result of the effect of vibrations emit-
ted from an energy source and is perceived by a receiving 
mechanism such as the human ear or microphone, can 
be expressed as noise even though these vibrations are 
disturbing [3,4,5]. Accordingly, noise is also accepted as 
an acoustic phenomenon perceived by a person or group, 
defined as unpleasant or disturbing. When exposed to 
noise, physiological or psychological responses occur [6]. 
If the unwanted sound is louder, an increase in these re-
sponses can be observed. Although sound is known as an 
objective concept that can be measured and whose exis-
tence does not change from person to person, factors such 
as the intensity of the noise, its frequency, the amount of 
background noise, hearing loss and psychological effects 
vary from person to person [4,7]. occurring in the indus-
trial area for production purposes, which remains con-
stant in a certain time interval, and instantaneous noises 
with a high level occurring in less than one second [7]. 
Additionally; in different environments, noise from con-
struction, music from entertainment, noise from traffic 
and airplane noise, etc. noise has been reported [8].

The sound pressure level and exposure times of these 
noises are important. These standards are determined by 
the ILO (International Labor Organization) in terms of 
work, and it is preferred that the sound pressure levels cre-

1. Introduction
While technological developments offer important op-
portunities, they can also bring many negativities. One 
of the undesirable conditions is the disturbance effect 
caused by vibration and noise. The noise continues to be 
one of the important problems of today, as it is disturb-
ing and can threaten human health if exposed for a long 
time. To protect cities and residential areas from noise, 
measures to be taken against noise in industrial areas and 
sensitive areas of the city are increasing and new studies 
are being carried out in this regard. To protect cities and 
residential areas against noise, which is included in the 
“Regulation on the protection of buildings against noise” 
of the Official Gazette published in 2018, measures to be 
taken against noise in industrial areas and sensitivearea-
sof the city are increasing and standardsare being brought 
in this regard [1].

“Regulation on the Protection of Buildings Against 
Noise” was published in the Official Gazette No. 30082 
on May 31, 2017, and entered into force on May 31, 2018 
[2]. In order to better understand these studies and noise, 
its relationship with sound should be examined.

Sound, which occurs as a result of the compression and 
relaxation of molecules through a medium such as solid, 
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ated by the sound are not above certain limits according 
to the determined working times. In ILO standards, the 
operating time at 90 dB is determined as 8 hours [9].

At the same time, NVH (Noise Vibration and Harshness) 
is determined by noise legislation and increasing custom-
er demands. In this sense, acoustic behavior should also 
be known [10]. Gerges et al. According to (2001), noise, 
which can be a common occupational hazard in many 
workplaces, is common in the iron and steel industry, 
foundries, sawmills, textile mills, airports, and aircraft 
maintenance shops, crushing mills, etc. As noise-induced 
hearing loss in environments is known as the most com-
mon occupational disease [11], exposure to high noise 
levels can cause permanent damage to hearing [12]. In 
the study of Valley (2001), it was stated that noise is a 
factor that negatively affects the quality of life of people, 
since it has significant environmental effects, although 
it is temporary [13]. The aforementioned negativities 
enabled the development of solution proposals. For this 
reason, studies on occupational sound levels have been 
made in some sources, and reference values are listed for 
each source [14].

For example, noises originating from mechanical parts 
such as wind turbines, which can be described as me-
chanical noises, can be listed as auxiliary equipment such 
as gearbox, generators, drift drivers, cooling fans, hydrau-
lics [15].

Some devices, tools, or machines, which are described as 
auxiliary equipment, are disturbing factors that can be 
encountered as noise sources. It is inevitable to take neces-
sary measures to minimize such noises [16]. To determine 
the harmful effects of sound pressure on people and to be 
more controlled, evaluations can be made by arranging 
noise maps [17]. Caliskan et al. (2011) stated in their study 
that these maps, in addition to being regional or local, are 
preferred to be prepared at certain times of the day [18]. 
It is stated that a noise map should be made for the stage, 
tent, generators and other structures that are planned to 
be used temporarily on the facility or an area [19]. In this 
study, noise map for generators can be drawn since the 
issue of noise in generators is examined. Thus, areas that 
are significantly affected by environmental noise can be 
distinguished and appropriate measures can be taken in 
these areas [20]. Today, the necessity of using commercial 
and industrial generators, commercial workplaces and in-
dustrial production areas leads to the need to evaluatethe 
noise generated by these generators [21]. The source of the 
sound, the path of the sound and the receiver, which are 
known as the parameters for feeling the presence of the 
sound, should be evaluated separately. In this sense, one of 
the most important factors in taking the noise under con-
trol is to reduce the noise at its source. Therefore, the envi-
ronment can be protected fro m the noise generated at the 
source. Another important point is that the noise can be 
reduced in the area where it spreads. However, it is known 

that reduction at the source is more effective [22]. E.g; 
in the evening i.e. in quieter situations, loud radios, gen-
erators etc. It is important to minimize the disturbance 
problem [23]. In our study, reducing the noise in gener-
ator types with different materials with acoustic prop-
erties will provide an innovation in this regard. Genera-
tor types; Examples of portable (portable or emergency) 
models that work with natural gas and/or propane, which 
cause constant noise, are permanently installed, are fixed, 
work with diesel or gas, which cause intermittent noise, 
and are preferred in residential or commercial areas [24]. 
Noise levels will be within the specified range. The weath-
erproof and sound attenuated enclosure construction will 
limit the noise level to 70 dBA at 7 meters or 80 dBA at 
1 m at full continuous load [25]. These measurements 
can be logarithmic or arithmetic. In a study in which the 
differenceis expressed depending on the measurement of 
these two concepts, when a measurement is taken at a dis-
tance of 7 meters from all four sides of a generator, right, 
left, front and rear; 93 dB measured logarithmically and 
90.5 dB measured arithmetically. It has been determined 
that the logarithmic measurement of the sound pressure 
level gives healthier results. In addition, it was stated that 
the sound pressure level of a generator should be measured 
from four different directions as mentioned [26].

In measuring the common generator noise level, the 
dB(A) value, which is the A-weighted sound pressure  
level, is measuredat a distance of 7 meters in free space. 
The free areashould not be on surfaces that reflect the 
sounds of the generator, such as walls and buildings, close 
to the measurement area [27]. In another study on the im-
portance of distance and noise; It is stated that a genera-
tor at a distance of 15.24 meters produces 107 dB (A) of 
noise. It is also important to regularly test and maintain 
backup generators [28]. The measurement of air emitted 
noise is included in the International Standard ISO 8528 
-10 [29]. This measurement standard is taken into account 
in the studies that can be done about the measures taken 
to reduce noise in generators. In line with the standards, 
sound insulation procedures are carried out to allow the 
operation of tools and devices that should be used in road 
and construction works, paying attention to the time pe-
riod that is sensitive to noise, to eliminate noise distur-
bance and to prevent health problems, especially in set-
tlements [30].

At the same time, applications such as insulation works to 
reduce generator noise, placing sound-absorbing barriers 
on suction louvers and using fan silencers are the methods 
used to reduce generator noise [31].

The contributions of this study to the literature on the 
analysis and evaluation of the noise level arising during 
the operation of generator types according to their nature 
and environment are sum marized as follows:

• i. Studies in the literature for acoustic masking meth-
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ods, which have important contributions in minimiz-
ing the noise produced by generators, were examined 
in detail and the results were compared.

• ii. When the active noise level reduction methods in 
the application were examined, it was seen that the 
most efficient results were obtained by using a silenc-
er.

• iii. When the passivenoiselevel reduction methodsin 
practiceare examined, it has been seen that different 
quality products obtained from the acoustic sponge 
with porous, in other words, open -cell structures, 
or textile materials with sound-absorbing features 
provideadvantages. In this sense, the acoustic contri-
butions of each product are presented.

• iv. The importance of the distance parameter in in-
creasing the efficiency of alternative solutions deter-
mined for reducing noise in generators is also men-
tioned. This situation has brought positivity to the 
studies carried out.

• v. Although many materials with sound absorption 
features are advantageous among the materials used,  
it can also be seen that they cause disadvantages due 
to the synthetic raw materials in their content. To  
overcome these disadvantages, suggestions have been 
made to produce products with natural materials 
that can be preferred as an alternative, recyclable, 
less harmful to human health and environmentally 
friendly.

In addition, these natural materials will be able to pro-
vide significant gains in reducing carbon emissions,  
which is one of the important issues today. In this study, 
to compare the methods used in reducing the generator 
noise, in the second part, the definition of the generato-
rand thesound pressurelevelsof thenoises it produces are 
given and acoustic solutions (passive and active methods) 
are mentioned. In the third part, the results obtained ac-
cording to the literature review are given. In the fourth 
chapter, the sound pressure levels of the generators accord-
ing to their types and the acoustic solutions developed to 
reduce these pressure levels are comparatively examined. 
In the last part, new solutions to be investigated to reduce 
generator noise are presented.

2. Material and Method
Generators are known as machines that can convert me-
chanical energy into electrical energy and work with the 
principle of electromagnetic induction (Faraday’s Law) 
[32]. Vibration and noise during operation occur when 
the sound is above a certain level. Humans can hear  
sounds in the frequency range of 20-20000 Hz under nor-
mal conditions. [33]. In this case, the sound pressure level, 
which may differ according to the frequency ranges, is the 
response of people and objects to the sound in the air and 

is often known as a concept that needs to be controlled, 
but depends on the sound source and measurement lo-
cation. Sounds above 700 Hz begin to damage the ear 
[34]. In terms of these analyses, the analytics of the sound 
source can also be important. If we evaluate generators 
in this sense, it is understood that they produce different 
noise according to their size, capacity and design. Since 
these sounds at different frequencies and pressure levels 
directly affect the subjective concept of “noiselevel”, they 
should be regulated by laws, not standards [27]. A sound 
level meteris used to measurethe noise level [35]. The value 
obtained from this measurement is also expressed in dB 
(A) [36].

Our study aims to compile studies on noise in generators 
and to minimize the negative effects of noise on people. 
Therefore, it is also important to be protected from the 
harmful effects of noise, to create healthy and comfort-
able living spaces and to prevent occupational accidents in 
the workplace [37].

For this reason, insulation processes are also increasing in 
industrial areas and since using today’s preferred technol-
ogies makes sound absorbing and sound-reducing insu-
lation materials increasingly important [38], parameters 
such as which generators are more effective and how much 
sound insulation can be provided are analyzed.

Accordingly, in this study; first of all, the general struc-
tures of the generators and the elements in them are intro-
duced. Then, the noises produced by the generators were 
examined and the studies in the literature for the acoustic 
masking method were given in detail. At the end, the re-
sults of these methods are compared and suggestions for 
new studies to be done are given.

2.1. Generator
Preferred methods are applied within the framework of 
these standards (Military facilities, etc.) in critical places 
in the form of power centers where network infrastruc-
ture costs are very high [39]. In addition, it must be of 
a quality to providereliability, availability, voltage and 
frequency characteristics as well as being known as sec-
ondary electrical power [40]. Although it is classified ac-
cording to fuel types (diesel, gasoline/LPG, natural gas, 
etc.) and working methods, it is widely used in factories, 
motorboats and trains [41, 42]. Generators also differ in 
size, shape and feature. Dimensional values of a diesel gen-
erator are given in Table 1 [43].

Dimensional values etc. of a diesel engine generator in 
Table 1 is seen. According to these data, the dimensions 
vary according to the generator types [43]. At the same 
time, the concept of power is among the issues that need 
to be analyzed. Because generators are mechanical devic-
es, criteria such as maintenance and control are among 
the elements that should be evaluated in terms of efficient 
operation. In power systems, control is usually applied to 
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frequency, voltage, and other electrical parameters [44]. 
The power of the generator is also reflected in the sound 
during operation. This may be different depending on the 
type of fuel. Diesel engines have been found to have higher 
operating pressures and higher noise problems compared 
to gasoline engines [45]. At the same time, it is possible to 
talk about the advantages and disadvantages of generators 
relative to each other. While these provide advantages be-
cause gasoline generators can be supplied in a short time, 
they have a short usage period, and generators with natu-
ral gas are easier to find, as well as being low in cost and 
difficult to transport, etc. can be exemplified as [46].

2.2. Noises Produced by the Generator
During the operation of generators, different noises oc-
cur depending on the source. It is important to deter-
mine critical levels according to noise sources. For these 
critical levels, it is recommended by the World Health 
Organization (WHO) that it should not be above 70 
dBA. View of a generator and sound pressure levels ac-
cording to the noise sources in the generator is given in 
Fig. 1 [47].

In Fig. 1, it was seen that the measurements were usually 
made at a distance of 3 feet/1 meter. The area surrounding 
a machine has been defined as the “near field”. In terms 
of designing the right solutions, the measurements were 
made at a distance of 3 feet / 1 meter and a height of 5 
feet / 1.5 meters (typical ear height range). It is possible to 

reduce these levels at the source. For example, the value of 
120 -130 dB(A) before the silencer is used in the engine 
exhaust can be reduced by only 15 dB by using the silenc-
er. The residence time at a sound level above 90 dB should 
not exceed 8 hours [9]. In older generators, the sound 
pressure level is higher [48]. On this subject, in the study 
of Lee (2007), generators with a power of 5250 Watt (W) 
that worked less than 10 hourson average in 1 year and 
generators of 2250 Watts (W) that worked more than 100 
hours in more than 10 years were compared. It has been 
determined that the older one in W power gives more 
sound due to vibration. In the measurements, accelerom-
eters were placed in the horizontal and vertical directions 
and the study was carried out. In both generator types, 
the vibration peaked around 60 Hz. It has been observed 
that the 5250 W generator haspeaked at 60 Hz (vibration 
during the opening and closing of the generatordue to the 
rotational speed of the motor), while it has peaks varying 
up to 100 Hz in the 2250W generator, while it is in the 
frequency range lower than 20 Hz. While the acceleration 
in the horizontal axis was greater than that measured in 
the vertical axis, it was observed that peaks occurred at 
a frequency of 100 Hz in the 2250 W generator, reach-
ing the highest level at 60 Hz. The 2250W generator ac-
celeration and displacement is more than three times its 
magnitude [49]. This situation arises due to mechanical 
systems. In this sense, it is known that in generators with 
diesel engines, noise occurs with the effect of vibrations 
caused by the crank connecting rod mechanism, mass and 

Table 1. Dimensional Values of  Diesel Generator [43]

Generator Set, 50 Hz, 400 V

Room Size (metre, m)

Radiator Hot
Air Outlet
Window

(meter, m)

Air Inlet
Window
Total
Area

(meter, 
m)

Room
Door
Size

(meter, m)

Exhaust

Engine
Model

Model Standby
Power
(kVA)

Dimensions (meter, m)

Lenght Width Height
A

Lenght
B

Width
C

Height D E K* L      M

Dia-
meter
(inch)

P
(meter, 

m)

S3.8-G6 AC 55 55 1.78 0.95 1.28 3 3 2.5 0.7 0.65 0.6 0.46 1.5 2 3 2

S3.8-G7 AC 66 66 2.15 1.05 1.52 3.5 3 2.5 0.7 0.7 0.7 0.5 1.5 2 3 2

6BTA5.9-G5 AC 110 110 2.2 1.05 1.63 4 3 2.5 1 1.1 0.5 1.1 1.5 2.2 3 2

6BTAA5.9-G6 AC 150 150 2.75 1.3 1.82 4.5 3.5 2.5 0.95 1.25 0.6 1.2 1.8 2.4 3 2.2

6BTAA5.9-G7 AC 170 170 2.75 1.3 1.82 4.5 3.5 2.5 0.95 1.25 0.6 1.2 1.8 2.4 3 2.2

QSL9-G5 AC 350 350 2.9 1.3 1.94 5 3.5 3 1.2 1.3 0.5 1.6 1.8 2.5 4 2.5

NTA 855-G4 AC 400 400 2.96 1.55 2.14 5 3.5 3.3 1.25 1.5 0.55 1.9 2 2.6 6 2.5

QSX15-G6 AC 500 500 3.38 1.55 2.1 5.5 3.5 3.3 1.7 1.6 0.45 2.8 2 2.6 8 2.5

QSX15-8G8 AC 550 550 3.38 1.55 2.1 5.5 3.5 3.3 1.7 1.6 0.45 2.8 2 2.6 8 2.5

VTA28-G5 AC 700 700 3.81 1.55 2.27 6 3.5 3.5 1.5 1.5 0.65 2.25 2 2.6 2*6 2.6

VTA28-G6 AC 825 825 3.81 1.55 2.27 6 3.5 3.5 1.5 1.5 0.65 2.25 2 2.6 2*6 2.6

QSK23-G3 AC 880 880 4 1.71 2.26 6.5 4 3.5 1.9 2 0.25 3.8 2.4 2.7 8 2.7

QST30-G4 AC 1100 1100 4.4 1.78 2.35 7 4.5 4 2.1 2 0.3 4.2 2.5 3 2*6 3.1

KTA38G5 AC 1100K 1100 4.4 1.78 2.37 7 4.5 4 2.1 2 0.3 4.2 2.5 3 2*6 3.1

KTA50-G3 AC 1410 1410 4.94 2.1 2.4 8 4.5 4 2.3 2.1 0.25 4.8 2.7 3 2*6 3.1

KTA50-G8
(GS8)

AC 1675 1675 5.45 1.95 2.45 8 4.5 4 2.25 2.25 0.2 5 2.7 3.5 2*8 3.6

QSK60-G4 AC 2250 2250 5.9 2.3 3 9 5 5 2.8 2.7 0.2 7.5 3.1 4 2*10 4
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gas movements [50]. The fact that the vibration-induced 
noises are at the levels determined in the standards has 
become a situation that is expected to show parallelism in 
terms of the ergonomics of the working environment. Ac-
cordingly, motivation and health parameters are among 
the qualities to be considered. For example, the maximum 
allowable noise level in diesel generators was 75 dB(A) at 
1 m from the closed surface in 2005 [51], in a later study it 
was found to be in the range of 100-110 dB without sound 
insulation [52]. In the study, it was determined to be 80 
dB(A) at 1 mt distance [53]. It has been stated that the 
engine room in a small ship is the loudest place in terms 
of the sound generated in the room where the generator is 
located and varies between 90-115 dB(A) and this level is 
usually caused by the high speed and the propeller during 
maneuvering [54]. The expected sound pressure level may 
differ depending on the type. In the standby generator, it 
is suggested that the sound pressure level by 56 dB LAeq, 
1 hour [55]. There are also studies on generators used in 
different environments. In a study conducted for Nigeria, 
the sound pressure level in generators used in buildings 
was 87.4 dB [56], in another study conducted in houses/
offices in Southern Nigeria, sound pressure levels were 70, 
75 and 90 dB [57], again in the same country.

In the research on generators, the noiselevel was obtained 
as 91.2 -100.5 dB(A). It has been determined that these 
levels can be dangerous for human health because they are 
above the permissible limits [58].

Active and passive methods, etc., to be at the forefront of 
health risks, to minimize generator noise, etc. led to the 
development of alternative solutions. In the preference 
of these alternatives, OSHA (Occupational Safety and 
Health Administration), etc. The standards detemined 
by the organizations are taken into account [59]. Pre-
ferred methods are applied within the framework of these 
standards.

2.3. Acoustic Solutions
The vibration occurs during the operation of genera-
tor engines. Therefore, it is recommended to wear ear-

plugs to prevent hearing loss. In addition, since carbon 
monoxide (CO) gas, known as a toxic gas, is colorless 
and odorless and has dangers that may cause the death of 
many people, generators should not be used indoors and 
ventilation should be provided in the environments where 
the generator is located [60]. In this regard, the fan can 
be described as an important device. Air transfer fans are 
preferred because heating occurs during the operation of 
engines and generators [61]. Silencer [62] etc. in pipes and 
ducts to reduce airborne noises. Sustainability is ensured 
through Life Cycle Evaluation Procedures of natural 
materials that can be an alternative to many synthetic 
materials [63].

The existence of materials with many properties in nature 
is an advantage. By taking advantage of the acoustic prop-
erties of these natural materials, the sound energy is re-
duced by transferring the acoustic pressure to the material 
movement [47]. In studies on this subject, it has been stat-
ed that acoustic insulation materials with up to 51 mm (2 
inches) or different thicknesses and properties are used to 
reduce the sound pressure level [64]. In addition to the 
use of natural materials with acoustic properties, different 
studies are also carried out on the mechanical parts of the 
generator that cause vibration and noise. Active/passive 
noise and vibration control technologies are used in the 
design of generator engines [65]. Since the noise levels dif-
fer according to the environment where the generators are 
located, the studies on this subject also vary.

2.4. Passive Methods
Different passive methods are applied depending on 
the shape, size, and functional properties of generators.  
Parvathi and Navaneetha (2003) conducted an experi-
mental study to prevent vibration-induced noise in por-
table generators with a sandwich made of rubber, fiber, 
polyurethane foam, wool felt, sand, cardboard, and two 
materials, which is one of these methods. they have re-
duced the pressure level by 10 dB(A) [66]. 

In another study, the sound pressure level in the generator 
was 76.3 -91.5 dB (reduction amount 15.2 dB) without 
taking any precautions, and these values were obtained 
as maximum 60.4-77.9 dB (17.5 dB decrease amount) in 
case of closing with a textile product [67]. Demirel et al. 
(2018), in the study they carried out in the generator room 
of an international airport, materials such as rock wool, 
polymer, rubber and plaster etc. It has been suggested 
that noise can be effectively reduced by layers that can be 
formed with materials [68].

In another study, where the vibration of the generator 
engine is reduced and quieter operation is ensured, the 
importance of reducing the sound pressure level without 
increasing the cost is mentioned. Not just the 10 dB re-
duction cost but 500 Hz. The cost of reducing the noise 
above and below also varies. Because in general, single ma-
terials 500 Hz. sound absorption capacity is very low. Ma-

Figure 1. The appearance of the generator and the sound pressure 
levels according to the noise sources in the generator [47]
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terial properties are important in this regard. Therefore, 
it is important to reduce the sound pressure level without 
increasing the cost. To achieve this efficiently, some strat-
egies are implemented. Noise reduction strategies vary de-
pending on whether the generator is indoors or outdoors. 
Low-frequency noises are difficult to reduce, and high-fre-
quency noises with rigid barriers are tried to be controlled 
with materials such as acoustic foam. In generators with a 
power up to 2,000 kW, sheet metal, etc. They apply sound 
reduction process by preserving them with materials such 
as However, special sound-insulated enclosures are used 
in generators with a power of more than 2,000 kW. Ac-
cordingly, in noise reduction strategies; acoustic barriers 
(usually steel sheet on the outer surface, a blocky sandy 
surface or cast wall is used on the inner walls), acoustic in-
sulation material (acoustic foam is known to be effective 
in high-frequency noises), vibration isolation (with proper 
design of flexible fuel lines and evenings on the exhaust), 
vibration can be reduced), exhaust mufflers, etc. materials 
can be used [69].

In another study, acoustic materials are preferred because 
the barriers used in sections such as air inlet, exhaust and 
heat output in most power generators can pass noise. To 
obtain the sound pressure level, which is measured as 
73.5 dB(A) on average in this type of generator, below 68 
dB(A), the sound pressure level is obtained as 67.0 dB(A) 
by using an acoustic barrier applied to the polyester sur-
face of the acoustic foam with aluminized. has been done. 
It has been stated that although the noises originating 
from the engine and exhaust have a low frequency in the 
range of 250 -315 Hz according to the noise source, there 
are high-frequency noises in the range of 1250-2000 Hz 
in the airflow, fan and alternator [70]. In terms of acous-
tics, glass wool is one of the most preferred products. Ac-
cordingly, Schnitta (2010), in his study o n the production 
of an acoustic barrier made of 2” (2 inches= 5.08 m) thick 
glass wool to prevent noise in generators, measured 72.3 
dB at 0.9144 meters and approximately 60 dB at 3.66 me-
ters. doubling the distance according to the inverse square 
rule in a “quiet” AC capacitor, approximately 6 dB at this 
value, at a maximum distance of 0.9144 m from a 1.524 m 
tall condenser, the noise level at the barrier window is ap-
proximately 6.6 dB at 125 Hz, at a height of 10 m. found 
that the noise level is reduced by approximately 14.1 dB at 
125 Hz when the barrier is used [71].

It is possible to reduce the noise at the desired level by pro-
ducing the materials with acoustic properties mentioned 
above in different thicknesses. In this sense, the acoustic 
material in the sponge structure used effectively is given 
in Fig. 2. This material can be produced in different thick-
nesses such as 1 cm, 2.5 cm, and 5 cm [72].

The noise can be reduced by 48-85 dB(A) at a distance of 
1 m when high-density stone wall-filled perforated sheet 
metal is used as acoustic material [73].

203.2-micron thick neoprene coated, fiberglass reinforced, 
aluminized polyester white or foil film (1.5 mil/38.1 mi-
cron) coating and 48 kg/m³ density glass fiber in 25 mm 
and 50 mm thicknesses, with 25 mm thick material and 
Noise Reduction Coefficient (NRC) as 0.75, with 50 mm 
thick material, the NRC was obtained as 0.94 [74]. The 
NRC curves here are a report for noise criteria and are 
characterized by a degree of interference measured by SIL. 
The graph showing the NRC curves is given in Fig. 3 [75].

The relative humidity of the air causes frequency-de-
pendent sound absorption. It reaches its highest value  
when the frequency increases and for relative humidity in 
the range of 10 -30%. Below 4kHz, the worst moisture 
reduction corresponds to 0.1dB/m. The reduction coef-
ficient (%) at 20°C relative humidity for frequencies be-
tween 2 kHz-12.5 kHz is given in Fig. 4 [76].

A different material developed is made of galvanized, 
stainless steel mesh and rock wool, providing a 19 dB re-
duction in sound pressure level. The related image is given 
in Fig. 5 [77].

In another study to reduce noise in generators, an ul-
trasonic design was made. In this design, a reduction in 
noise in the range of 12 dB(A)-20 dB(A) is achieved by 
using an acoustic sponge [78]. In another study carried 
out to reduce noise, a casing box in which the generator 

Figure 2. Acoustic material in sponge structure [72]

Figure 3. Graph showing NRC curves [75]
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can be placed has been produced. When the inner sur-
face of this box is also covered with an acoustic sponge, 
the noise is reduced by 75% in the 15-20 dB range [79]. 
It is also possible to place the generator in a closed envi-
ronment. Standard modular acoustic panels, which are 
produced as closed boxes, are produced in various thick-
nesses and materials according to the noise control level 
to be provided. These materials are; It can be in the form 
of glass wool or mineral wool between the inner and 
outer steel material [80]. Ghorbani et al. (2016)’s work 
on reducing noise with generators working with natural 
gas, measurements were made by placing the generator 
in a 20 mm thick, steel-framed plywood material with 
elastomeric foam on its inner surface. Experimental  
operations were carried out with the generator in this box 
when its lid is open, with the simple enclosure

(SE), the semi-closed improved box (SME, the semi-cov-
ered modified enclosure) and the fully closed box (FME, 
fully covered modified enclosure). As a result of the opera-
tions performed by creating an air gap between the gener-
ator and the inner surface of the box, the generator sound 

level was 93.2 dB(A) for SE, 87.2 dB(A) for SME and 87.2 
dB(A) for FME before acoustic measures were taken. It 
was determined to be 86.1 dB(A). Measurements were 
made at frequencies above 800 Hz for SE, and above 250 
Hz for modified ones (SME and FME). Covering the gen-
erator with plywood is given in Fig. 6 [81].

Different processes can also be applied as passive meth-
ods. As can be seen in Fig. 7, the panel system can also be 
used to reduce/prevent noise [82].

Ölmez et al. In the study of (2019), a solid model with a 
thickness of 1.5 mm and outer surfaces of 3 mm was de-
signed for the diesel generator in 3D and using a material 
such as a mesh, at frequencies of 63, 100, 125 and 160 Hz, 
vibration related noise points were generally found in the 
cooling air. It has been determined that it is concentrated 
in the entrances and exits, doors, sound-insulated enclo-
sure upper surfaces, and also chassis upper surfaces. Due 
to this situation, the wall thickness of the outer struc-
ture was increased to minimize these noises [83]. In the 
study of Elancheliyan (2013), for two different generators 
with 360-kilovolt ampere (KVA) power, one of the diesel 
generators used in the construction sector, 360 (genera-
tor named G1) and 500 (generator named G2); at a dis-
tance of 1 m; 103.7 dB(A) for G1 and 104.3 dB(A) for 
G2, when this distance is increased to 10 m, 87.7 dB(A) 
for G1 and 90.1 dB(A) for G2, respectively. If there is an 

Figure 4. Reduction coefficient (%) at 20°C relative humidity for 
frequencies between 2 kHz-12.5 kHz [76] 

Figure 5. Design obtained from galvanized, stainless steel mesh and 
acoustic material [77]

Figure 6. Covering the generator with plywood [81]

Figure 7. Panel system [82]
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acoustic barrier between the generator, which is the sound 
source, and the measuring device, these values are; He de-
termined that 87.6 dB(A) for G1 and 89.3 dB(A) for G2, 
when this distance is increased to 10 m, it is 79.9 dB(A) 
for G1 and 81.8 dB(A) for G2, respectively. This shows 
that the sound pressure level decreases as the distance to 
the generator increases [84].

2.5. Active Methods
Acoustic sensors, etc., are based on micro-electro-
mechanical systems (MEMS) technology. Acoustic  
measurement applications are widely used in fields such as 
industrial, military, scientific and medical. It is also used 
in mass production and widely used in mobile devices 
such as laptops and smartphones, with lower cost and 
higher performance [85]. In addition, different applica-
tions have been developed for reducing the sound pres-
sure level. By halving the number of sources, the sound 
pressure level is reduced by 3 dB(A). Accordingly, the 
change in sound pressure level is given in Fig. 8 [86].

Figure 8. Change in sound pressure level when the number of sound 
sources is halved [86]

According to Figure 8, each generator produces a facto-
ry 70 decibels of sound. If a second generator is turned 
on next to this generator, the sound pressure level increas-
es by 3 dB(A) to 73 dB(A). If the number of generators in-
creases to four, the sound pressure level rises to 76 dB(A) 
[86].

According to Doğru (2016), the logarithmic average of 
daily personal noise exposure in diesel+electric trains 
and generator wagon (electricity) workers is 74.62 dB(A), 
this value is 77.1 dB(A) in generator wagons of mainline 
trains and 73.8 dB(A) on average in the region where 
the generator car workers are located. It has been stat-
ed that the noise can be reduced by about 30 dB at low 
frequency with the active noise method [87]. Another 
application inactive control methods is the use of silenc-
ers in the generator. In a study on this subject, pre- and 
post-design mufflers (old and new) were compared. Ac-

cordingly, although the measurement at a distance of 1 m 
was 120 dB at a distance of 1 m, a measurement of 109 
at a distance of 2 m and 106 dB at a distance of 3 m in 
the old muffler, these values were obtained as 85 dB at a 
distance of 1 m, a measurement of 80 dB at a distance of 
2 m and a measurement of 106 dB at a distance of 3 m.  
distance measurement was obtained as 70 dB. They ob-
tained optimal results in the range of 1000-2000 Hz 
when a silencer was used [88]. In the study of Wei and Luo 
(2019), it was determined that the (A) weighted noise lev-
el in diesel generators was reduced from 92.2 dB to 59.7 
dB with square mufflers [89].

Ishimitsu et al. (2000) stated that active control methods 
were preferred to reduce the vibrations between the wall 
and the ground due to the wave in their study on the ship, 
which is an environment other than the building [90].

The sound pressure level in the engine rooms of the ships 
is 110 -115 dB, which is the highest value compared to 
other sections, and it can cause hearing damage. To pre-
vent this negative situation, the A-weighted sound pres-
sure level of the engine has been reduced by 3 dB by de-
signing mechanisms such as the use of low noise engine 
types (gas) and components, gear hammering, improved 
design of engine covers and engine top casing. With new 
designs, it is aimed to reduce it by 5 dB [91].

Vibration and noise were analyzed in generators that are 
also used in yachts and ships. In the study of Jordan and 
Elliott (2016), loudspeakers and microphones were used 
in the yacht cabin by increasing the control points from 
7 to 19 in the application of the active noise control sys-
tem, since noise and vibration are also disturbing for yacht 
manufacturers. The response to noise between speaker 1 
and microphone 1 is given in Fig. 9 [92].

Figure 9. Response to noise between speaker 1 and microphone 1 
[92]

As can be seen in Fig. 9, it can be seen from these results 
that the acoustic environment is relatively well damped 
with a reverberation time of about 180 ms and is charac-
terized by multiple modes due to the size of the cabinet. 
As a result, it has been observed that the noise level can 
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be reduced up to 23 dB at frequencies of 50 Hz and above 
[92]. Noise sources on a ship; diesel generator engine ex-
haust, ventilation inlet/outlet, pumps, cooling systems 
etc. known as. If the sound power level from the engine 
is 142 dB(A) (permissible value is 135 dB(A), the sound 
from the exhaust is 28 -35 dB, the sound power level of 
the coolers is approximately 90 dB(A), 25-30 dB for ra-
dial fans, for axial fans, this value is 25-35 dB. To reduce 
these sound levels, it has been suggested to reduce the 
noise-causing components and cover them with an insu-
lating material from the outside [93]. Therefore, there are 
studies on this subject in the literature, one of which is the 
study of Bayraktar (2006) who stated that irregularity of 
the fan blades may affect the acoustic properties, there-
fore, the fan design can be effective by analyzing it with 
the Finite Element Method [94].

During the operation of generators, materials known as 
vibration wedges are used to prevent noise caused by vi-
bration, which is one of the problems encountered. These 
materials prevent the formation of low-frequency noise 
caused by vibrations caused by unbalanced forces in the 
diesel engine [95]. In another study on the prevention 
of vibration, the sound level was measured as 108 dB at 
50 Hz frequency in a generator with a maximum output 
power of 8 kVA (kilo volt-ampere). To reduce this noise 
level caused by vibration when an experimental study was 
conducted with insulating materials used in the form of 
three separate wedges at different angles to the engine, it 
was understood that the one placed at an angle of 90 º was 
effective in preventing the noise caused by vibration [96].

In the study of Fuller (2012) on a portable (portable) 
generator with 2kW (kilowatt) power, to minimize the  
globally radiated noise, when working on active and pas-
sive noise control, sound pressure in the frequency range 
of 50-600 Hz It has been seen that a reduction of 10 -13 
dB can be achieved at the level [97]. In another study on 
portable generators, the sound pressure level was reduced 
by up to 3 dB(A) by applying limited layer damping to the 
cooling fan cover to reduce noise. When precautions are 
taken in many parts of the generator, it has been deter-
mined that there is a decrease of 8.5 dB(A) in the sound 
pressure level [98]. To solve the noise problem in genera-
tors, the image of the silencer material used is given in Fig. 
10 [99].

In the study, in which both active noise control and 
passive noise control were applied in the diesel genera-
tor, it was reduced between 5-10 dB by the feedback con-
trol method performed on a diesel generator with a power 
of 45 kVA (kilo volt-ampere, 36 kW). According to the 
feedforward control results obtained by using the acous-
tic reference sensor, it was observed that the sound pres-
sure level was obtained on average 1.0 dB(A) and better 
results were obtained with the feedback method [100].

With the rapid advancement of technology in re-

cent years, the variety of applications has increased.  
Regarding this, Gang et al. (2019) preferred to ap-
ply Vortex Generator (VG) Technology to the wind  
turbine blade in their study. In these turbines, it is re-
quested that the sound pressure level should not exceed

44 dB when the sound speed is 8 m/s and 42 dB when the 
sound speed is 6 m/s. The maximum noise before adding 
VG is 107 dB, which corresponds to a frequency of 41 Hz 
(Hertz). After adding VG, the maximum noise is 83 dB, 
corresponding to a frequency of 45 Hz.

The sound pressure level decreases by approximately 20 
dB at the frequency of 2000-4000 Hz [101]. In anoth-
er study, it was stated that Acoustic Emission (with AE 
signals) methods could be effective in measuring vibra-
tions caused by cylinder pressure of diesel engines [102]. 
According to the working principle, the noise factor can 
exhibit different behaviors. In this sense, it can be given as 
an example that electric vehicles differ from conventional 
internal combustion vehicles in terms of noise behavior, 
frequency and sound pressure level [103]. In addition, it is 
known that the noise in electric vehicles is less than that 
in internal combustion vehicles. In addition, in a study 
performed by producing artificial engine sound for the 
modification of acoustic characteristics, mechanical and 
combustion sounds were combined and an engine sound 
of gasoline and diesel vehicles were analyzed to reduce it 
by more than 10 dB after 1 kHz for diesel vehicles. Be-
cause as a result of the comparison, it has been determined 
that the diesel engine sound has a higher amount of noise 
after 1 kHz compared to the gasoline engine [104]. In 
another study by Narayan (2014), it was stated that the 
parameters that determine engine performance such as 
injection process, torque and power in diesel engines are 
controlled. For this, the use of filtering was preferred in 
the examination of injection effects by using air source 
motor acoustic signals and capacitors [105]. In addition to 
filtering, microphones can also be used in active noise and 
vibration control, while creating the second field of equal 
size, opposite to the first field [106]. According to these 
applied methods, there are differences in the amount of 
reduction in the sound pressure level. One of the examples 
that can begiven to this situation is the reduction in sound 

Figure 10. Using a silencer in the generator [99]
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pressure level of at least 25 dB(A) by using a silencer in the 
exhaust [107].

According to the data obtained from the literature re-
view, it has been seen that many methods can be applied 
by the design of the generators in noise control [108].

3. Results
By investigating how sensitive the human ear is to which 
frequencies, a chart called equal loudness contours has 
been developed [109]. The graph of Fletcher-Munson 
Loudness Curves is given in Fig. 11 [110]. It is known that 
an important factor regarding the speech tranmission 
index (STI) relates to the objective parameter of speech 
intelligibility for voice transmission channels. Robust 
ergonomics studies gain importance especially for “Spe-
cial buildings” sensitive to sound characteristics. The pri-
vate building is divided into 4 groups depending on the 
behavior and effectiveness against sound. While [AG1] 
shows “clave buildings” whose main function is directly 
related to sound, [AG2]; its main function is not related 
to sound, it is used as warning and guidance. [AG3]; the 
sound is considered as ambient noise. [AG4]; These areas 
are very sensitive to sound. Sound level control should be 
provided with special techniques.

Frequency analysis is very important for noise control in 
such buildings. In this article, buildings are divided into 5 

groups for vibration [111].

The Fletcher-Munson Loudness Curves plot shown in 
Figure 11a shows the human ear’s perceptual capacities of 
sound pressure levels at different frequencies. For sound 
and vibration transmission from the ground, the acceler-
ation and deceleration period according to the frequency, 
noise and vibration sound pressure level (SPL) difference 
of Ankara Metro Railway is analyzed and given in Fig. 
11b.

The graph about the vibration and noise effects on the side 
buildings of the Ankara Metro Rail System and the AN-
KARAY Light Rail system line and the high noise and 
vibration caused by the subway rails at the entrance to the 
tunnel is given in Fig. 11 b, c, d. In this sense, especially 
the train horn, while the noise and vibration accelerate, 
but the noise and vibration decrease for the deceleration 
period [112].

In experimental studies on audio signals distorted by 
impact noise, efficient results can be obtained, especial-
ly for low noise ratios, when analyzes are made by suggest-
ing algorithms [113].

Figure 11a. Fletcher-Munson Loudness Curves [110]

Figure 11b. SPL differences in terms of acceleration and deceleration 
period noise and vibration [112]

Figure 11 c., d; The subway rails cause high noise and vibration at the 
entrance to the tunnel, and especially the train horn accelerates the 
noise and vibration, but the noise and vibration are also reduced for 
the on period [112]
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Depending on the design and condition of a vehicle’s 
suspension/damping system, the human body has dif-
ferent pain thresholds. Depending on the structure and 
condition of the vehicle’s spring / shock absorber system, 
sometimes painful stress may occur in the human body. 
However, not only the spring/damping system but also 
other appropriate technical protection methods for the 
vehicle are important. The results measured during road 
movement of a truck are measured in Intermediate Bulk 
Container (IBC) vibration tests [114].

Working committees in some countries on noise are con-
cerned with the standardization of test methods in build-
ing acoustics. In addition to national standardization, 
committees actively use their influence at the European 
and international level. In general, much of the low inter-
est in industrial noise and standardization in the near fu-
ture is concerned with the maintenance and updating of 
existing standards [115].

Hydroacoustic performance analysis was performed in 
open water conditions by applying the TVI (Type Vortex 
Index) technique to estimate the noise from tip eddy cav-
itation for a marine propeller. In this sense, the effects of 
blade number, cavitation number and propagation co-
efficient on the propeller tip eddy cavitation noise were 
investigated [116]

3.1. Example of Passive Method
The sound pressure values obtained before and after using 
acoustic barriers in sections such as air inlet, exhaust and 
heat output in most of the power generators are given in 
Fig. 12 [70].

According to Fig. 12, the sound pressure level, which was 
measured as 73.5 dB(A) on average, was obtained as an av-
erage of 67 dB(A) after this barrier was obtained, accord-
ing to the measurements made at 8 different points before 
using an aluminized acoustic barrier on the polyester sur-
face of the acoustic foam.

According to the data in Fig. 12, the sound pressure levels 
obtained at 100 Hz, 1k Hz and 10k Hz frequencies before 
and after using the acoustic barrier were compared, and 
the graph of Fletcher-Munson Loudness Curves is given 
in Fig. 13.

Sound pressure levels at 100, 1k and 10k Hz frequencies 
are shown in Fig. 13. According to Fig. 13; Before using 
the acoustic barrier, values of 48 dB at 100 Hz, 58 dB at 
1k Hz, and 45 dB at 10k Hz were obtained. After using 
the acoustic barrier, it was obtained as 42 dB at 100 Hz 
and 50 dB at 1k Hz. It was observed that there was no 
perceived at 10k Hz. Depending on the barrier usage, the 
values obtained at different frequencies are given in detail 
in Table 2.

Table 2. Sound pressure levels according to frequencies before and 
after using acoustic barrier

Before Acoustic 
Barrier

After Acoustic 
Barrier

Frequency (Hz) 100 1k 10k 100 1k 10k

Sound Pressure 
Level (dB)

48 50 52 42 0 0

30 58 52 52 50 50

10 - 45 0 0 0

According to this; before using the acoustic barrier, 48 dB 
at 100 Hz, 50 dB at 1k Hz, 52 dB at 10k Hz, 40 dB at 1k 
Hz and 30 dB at 10k Hz after acoustic barrier use. has 
been obtained.

3.2. Example of active method
The data in Fig. 14 were obtained when the noise of the 
engine exhaust of the generator with a power of 500 kW 
was measured in the frequency range of 25-2548 Hz, 
without using a muffler [88].

According to Figure 14, sound pressure levels are approx-
imate without the use of a silencer; 113 dB at 30 Hz, 109 
dB at 60 Hz, 119 dB at 90 Hz, 111 dB at180 Hz, and 105 
dB at 270 Hz. The values obtained from the measurement 
results after using the silencer are given in Fig. 15 [88].

According to Fig. 15, the sound pressure levels are approx-
imately; 71 dB at 30 Hz, 61 dB at 60 Hz, 45 dB at 90 Hz, 
62 dB at 180 Hz, 58 dB at 270 Hz.

Figure 12. The sound pressure level obtained before and after using 
the acoustic barrier depending on the frequency [70]

Figure 13. Comparison of the values obtained before and after using 
the acoustic barrier in the graph of Fletcher-Munson Loudness Curves

Hatice Mehtap Buluklu, Filiz Bal Koçyiğit, Ercan Köse

171European Mechanical Science (2022), 6(3): 161-178 https://doi.org/10.26701/ems.1054898



A comparison of the frequency values of the sound pres-
sure values obtained before and after the muffler is in-
stalled in the Fletcher-Munson Loudness Curves graph is 
in Fig. 16.

Sound pressure levels at 100, 1k and 10k Hz frequencies 
are shown in Fig. 16. According to Figure 13; Before using 
the acoustic barrier, values of 48 dB at 100 Hz, 58 dB at 
1k Hz, and 45 dB at 10k Hz were obtained. After using 
the acoustic barrier, it was obtained as 42 dB at 100 Hz 
and 50 dB at 1k Hz. It was observed that there was no 

perceived at 10k Hz. Depending on the barrier usage, the 
values obtained at different frequencies are given in detail 
in Table 3.

Table 3. Sound pressure levels according to frequencies before and 
after using acoustic barrier

Frequ-
ency
(Hz)

SPL (Sound Pressure
Level) Before Acoustic

Barrier, dB

SPL After Acoustic
Barrier, dB

SPL 100 1k 10k SPL 100 1k 10k

30 113 110 110 113 71 71 70 72

60 109 100 100 100 61 60 60 52

90 119 119 120 120 45 45 40 30

180 111 110 110 112 62 60 70 72

270 105 100 100 100 58 30 50 40

According to this; Before using the acoustic barrier, 
48 dB at 100 Hz, 50 dB at 1k Hz, 52 dB at 10k Hz, 40  
dB at 1k Hz and 30 dB at 10k Hz after acoustic barri-
er use. has been obtained. When the literature review  
is examined, silencer, acoustic sponge, glass wool etc. are 
used to prevent generator noise. It has been observed that 
materials with many sound-absorbing properties are used. 
As a result of the studies examined in this study, the mea-
sures taken to minimize the noise in the generator and the 
changes in the sound pressure level are given in Table 4.

When the data in the table are examined, it is seen that 
active and passive control methods are used. Although it 
is common to use a silencer in active methods, there is a 
need for improvement due to the intense fan noise. With 
the rapid progress of technology, felt, rock wool, etc., 
which have sound-absorbing and insulating properties. 
The use of materials is also increasing day by day. With 
the expansion of the product range, the preferability can 
be moved to better levels. As a result, more practical solu-
tions can be developed to minimize noise.

4. Conclusions
In Table 2 given in the Results section, it has been ob-
served that the sound pressure level in the generators is 
above 70 dB on average. This value varies according to the 
fuel type. In diesel generators, it was determined as 100-
110 dB (92.2 dB in some models, 74 dB in diesel-electric 
generators, 93.2 dB in natural gas generators and 91.2-
100.5 dB in electric generators).

The distance can also be effective in analyzing the noise 
factor in generators. Regarding this, noise levels for gener-
ators were determined to be 70 dB(A) at 7 meters and 80 
dB(A) at 1 meter.

The above-mentioned values can be logarithmic or arith-
metic, which is the perceived value of the human ear as a 
result of the measurements. Accordingly, it was obtained 
as 93 dB when measured logarithmically at a distance of 

Figure 14. Frequency-sound pressure level graph obtained from the 
engine exhaust of 500 kW generator without using a silencer [88]

Figure 15. Frequency-sound pressure level graph obtained by using 
a silencer of the engine exhaust of a 500 kW generator [88]

Figure 16. Comparison of the frequency values of the sound pressure 
values obtained before and after the muffler is installed in the Fletch-
er-Munson Loudness Curves graph
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Table 4. Measures taken to minimize the noise in the generator and the amount of  change in sound pressure level [52, 87, 88, 81, 66, 67, 92, 84, 93, 

69, 58, 70, 89, 71, 98, 97, 72, 77, 99, 91, 101, 107]

Sequence  
No

Product
Sound Pressure Level 
Before Action dB (A)

Action taken
Sound Pressure Level After 
Precautions dB (A)

Explanation

1 Diesel generator 100-110 - -
One measurement at 
a distance of  m

2 Diesel+electric

5.8

Application of  active control 
method

Approximately 30 dB 
reduction was 
achieved.

Noise exposure in the 
mainline engine room

74.62
Generator car of  the 
mainline trains

77.1
Generator car of  the 
mainline trains

73.8 Region of  employees

3 Generator
1 m at 120, the second 
metric at 109, 3 mt at 
106.

Using a silencer
1 mt at 85, 2 mt at 80, 3 
mt at 70.

-

4
In the natural gas 
generator

93.2

930 * 670 * 2 mm thickness, 750mm 
3 in size, plywood used for closing 
and acoustic foam box with ste-
el-framed boxes

88.4 -

5 Generator -
Rubber, fiber, polyurethane foam, 
wool felt, sand, cardboard, 32 mm 
thick sand layer

A reduction of  10 dB -

6 Generator
Max.91.5-Min.76.3, decre-
ase 15.2

As a result of  covering the generator 
with a textile material

Max.77.9- Min. 60.4, decre-
ase 17.5

While outdoors

7
The generator used 
on a luxury yacht

- In case of  active control
50 Hz of  over 23 dB ‘e up 
is reduced.

-

8 Diesel generator
1 mt from approximately 
104 dB, 10 mt approxima-
tely from 90 dB.

In the case of  using barrier
1 m from 89.3 to about 10 
metric tons to about 80 
from.

-

9
The generator 
used on board

-

To reduce these noises, it has been 
suggested to reduce the com-
po-nents and to cover them with an 
acoustic material from the outside.

-

The noise level of  the 
coolers is 90 dB (A), 
the Engine power 
level is 135 dB (A).

10 Generator -
When using a quieter and less 
vibrating motor

In the amount of  10 dB 
reduction is achieved.

-

11 Electric generator 91.2-100.5 - - Gas emissions

12 Power generator 73.5dB(A)

In the case of  using the barrier 
obtained by using aluminized on the 
polyester surface of  the acousti-
c-foam.

67dB(A) -

13 Diesel generator 92.2
Design in the structure of  the 
muffler.

59.7 -

14 Generator -
In the case of  an acoustic barrier 
made of  glass wool around the 
generator.

If  the height of  the acoustic 
barrier is 0.9144 m, 72.8 
is obtained, and if  it is 3.66 
m, 60 is obtained. If  it is 10 
meters, 14.1 dB reduction 
is achieved.

-

15 Generator -
In case of  damping operation to the 
cooling fan cover.

3dB(A) reduction is 
achieved.

-

16 Generator -
In the case of  active-passive control 
operation .

10-13dB(A) -

17 Generator -
In the case of  using acoustic sponges 
of  different thicknesses.

Approximately 80%  until 
reduction is provided.

-

18 Generator -
In the case of  using galvanized, 
stainless steel mesh and rock wool 
material.

19 dB (A) reduction is 
achieved.

-

19 Generator -
In the case of  using an acoustic 
reference sensor.

1 according to the forward 
feed method, 5-10 according 
to the feedback method.

-

20 Generator - Different designs of  engine covers.
A reduction of  3 dB was 
achieved.

-

21 Vortex Generator In the 42-107 dB range.
In the case of  different designs on 
wind turbine blades.

A reduction of  up to 20 dB 
was achieved.

-

22 Generator -
In the case of  using a muffler on the 
exhaust.

Provide a minimum of  25 
dB(A) is gone.

-
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7 m, and as 90.5 dB when measured arithmetically. It has 
been determined that the logarithmic measurement of 
the sound pressure level gives healthier results.

In the material method section, the definition of genera-
tors and the noise they produce are given. Acoustic solu-
tions are analyzed under the heading of active and passive 
methods.

When passive methods are examined in Chapter 2, it is 
seen that the values measured as approximately 104 dB 
at a distance of 1 m (meter) and 90 dB at a distance of 10 
m are reduced to 89.3 and 80 dB, respectively, in the case 
of using a barrier. This provides significant advantages. 
In case the natural gas generator is closed with a 2 mm 
thick plywood and steel framed box and acoustic sponge 
is used in this box; the sound pressure level is from 93.2 to 
88.4 dB, (approximately 4.8). Rubber, fiber, polyurethane 
foam, wool felt, sand, cardboard, the barrier obtained as  
a 32 mm thick sand layer is 10 dB when the generator is 
closed with a textile material, the values are 60.4, 76.3-
91.5 (the difference between the minimum-maximum 
values is 15.2 dB). It can be reduced from 73.5 dB (A) to 
67 dB (A) if a barrier is formed on the polyester surface  
of the acoustic foam by using aluminized. It has been 
understood that if a different acoustic sponge is used, it  
can be reduced by 80%.

When the active methods are examined in Chapter 2, it 
is 92.2 to 59.7 dB with the design made in the silencer 
used in the diesel generator, 3 dB (A) with the damping 
process on the cooling fan cover, 10-13 dB (A) in the case 
of active-passive control, acoustic reference 1 according to 
the forward feed method, 5-

10 dB according to the feedback method, 3 dB with dif-
ferent design of engine covers, 20 dB in case of differ-
ent designs in Vortex Generator, wind turbine blades, 
minimum 25 dB(A) in case of using silencer in exhaust 
amounts were decreased.

In diesel-electric generators, with the application of active 
control methods, approximately 30 dB, in case of using a 
silencer, values that are 120 at 1 m, 109 at 2 m, 106 dB at 3 
m, 85 at 1 m, 80 at 2 m. It has been understood that it can 
be reduced to 70 dB at 3 meters, 3 dB with the different 
design of the engine covers, 10 dB with the use of a quieter 
and less vibrating engine, and 20 dB with the different de-
signs of the wind turbine blades in theVortex Generator.

According to these results, it has been seen that it is re-
duced by approximately 36 dB by using a silencer com-
pared to active control methods, therefore it is a more 
successful method. Because, by using mufflers in sections 
where noise is intense, such as exhaust, a reduction in 
sound pressure level up to 25 dB can be achieved. In addi-
tion, no disadvantages of the silencer in terms of human 
health were encountered.

It has also been concluded that materials such as acous-

tic-sponges, which are preferred in passive control meth-
ods, are not as effective as active methods in terms of 
sound pressure level. In addition, while the use of acoustic 
sponges with a porous structure and sound absorption 
capacity, which are described as open cells, provides an 
advantage, it can be a disadvantage dueto its synthetic 
content. Because in nature, nature-friendly and recyclable 
materials can be preferred to reduce carbon gas emissions 
from artificial materials.
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Abstract: In this study, hydrolysis reaction performances of  raw BFS powder and metal powders (which are ingredients of  
BFS) that are used as a catalyst are compared. Hydrogen generation by hydrolysis reaction of  the Al and Fe
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powders with sodium borohydride (NaBH
4
) addition in water was studied by using different catalysts amounts at reaction vessels. 

The measured values of  reaction temperatures and hydrogen flow rates were measured by using high-precision equipment. As a 
result of  the obtained data, it was determined that Fe
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 and Al catalysts have advantages over hydrogen production rate and fuel 

conversion, also, these experiments show a very high success in different parameters, and create promising effects in the reactions. 
Among the Al catalyst samples, the highest efficiency performances are achieved with Al Nanocatalyst samples at 85.31 °C preheat 
with an instantaneous hydrogen generation rate of  approximately 11.226 L / min for 33 minutes. Among the Fe
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samples, the highest efficiency performances are achieved with Fe
2
O

3
 Nanocatalyst samples at 50 °C preheat with an instantaneous 

hydrogen generation rate of  approximately 29.91 L / min for 12 minutes.
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friendly and more efficient, will come into play for energy 
production in a sustainable future. One of these sources 
is hydrogen, which can be used as an energy raw material 
in today and the future. As one of the renewable energy 
sources, hydrogen is a great hope to reduce the ever-grow-
ing energy need and environmental pollution. Although 
hydrogen gas has many advantages, its biggest disadvan-
tage is storage difficulty. Due to its low density, it must be 
stored in high-pressure tanks to provide sufficient fuel to 
the systems, thus increasing the storage cost [3]. Hydrides 
have been preferred in recent years due to their high hy-
drogen volume and reliability.  Many types of hydrides 
such as metal hydrides and chemical hydrides are used in 
obtaining hydrogen. Examples of the most popular chem-
ical hydrides are NaBH4, NH3, and MgH2. Borohydrides 
such as NaBH4 are preferred due to their environmental 
friendliness, non-flammability, and stability in alkaline 
solutions [4]. A popular way to obtain hydrogen is using 
sodium boron hydride (NaBH4) which is a purposive hy-
drogen carrier. Therefore, among the chemical hydrides, 
NaBH4 is the most studied and researched [5]. 

1. Introduction
Today most of our energy needs are provided by fossil 
fuels. Fossil fuel sources are limited as they are non-re-
newable energy sources, also, are rapidly being depleted 
with the increase in industrialization. Although fossil 
fuels seem useful to meet energy needs, serious damage 
is caused to the environment during the extraction and 
transportation process, thus, creating very harmful en-
vironmental effects of the fossil fuel resources. Since 
the main component of fossil fuels is carbon, they emit 
greenhouse gases (CO2, CH4, N2O) that are harmful to 
the atmosphere when they are combusted. Due to this, 
air pollution problems arise [1]. Due to the decrease in 
the reserves of fossil energy resources and the damage 
they cause to the environment, a search for new energy 
resources has been started. As a result of this search, re-
newable energy resources have increased interest in them. 
These resources are the most ideal energy sources for con-
tinuous energy needs and clean energy [2].

Opportunities of rapid technological change such as re-
newable energy sources, which are more environmentally 
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 Some of the main advantages of NaBH4 can be listed as;

i) High ability to produce hydrogen at room tem-
perature, 

ii) It is a hydrogen reservoir and has a high hydro-
gen density (About 10%), 

iii) It has a high reduction, 

iv) It has easy storage and transportation features. 

As shown in Equation 1, hydrogen gas and Sodium Me-
taborate (NaBO2) are released end of the reaction of 
NaBH4 with water, NaBH4 can be synthesized from 
NaBO2 which is a by-product. As a result of the study 
done by Schlesinger, it was observed that NaBH4 hydroly-
sis was slow at room temperature [6]. Adding catalysts to 
the hydrolysis reaction increases hydrogen production by 
reducing the activation effect [5,7]. Most of the NaBH4 
hydrolysis studies are based on more efficient and faster 
hydrogen gas generation than the hydrolysis reaction. The 
various chemicals used during hydrolysis reactions, it is 
aimed to produce hydrogen gas in a faster and more sus-
tainable manner. 

       (1)
In the literature, the effect of the catalyst used in the hy-
drolysis of NaBH4 depends on the large area of the sur-
face, high conductivity or high degree of graphitization, 
a suitable pore structure to ensure mass transport, and 
the number of metal particles. Metal-containing catalysts 
used as catalysts in hydrogen production reactions from 
NaBH4 have high catalytic activity. Noble metal-based 
catalysts such as Ru, Pd, and Pt are used in the hydrolysis 
reaction of NaBH4 [7–9]. These catalysts have been ob-
served to greatly increase the catalytic activity of the re-
action, but their use is limited due to their rare and costly 
properties in the industrial field. In studies where tran-
sition metals such as Co, Ni, Fe, and  Cu are used, it is 
expected that these metal catalysts will be used as high-ef-
ficiency catalysts, considering the high catalytic activity of 
Ni and Co metal catalysts and because they are less costly 
than noble metals. Efforts to synthesize cheaper catalysts 
are quite popular. Therefore, metal powders are produced 
from industrial wastes such as Al2O3 [10], SiO2 [11], TiO2 
[12], activated carbon [13] or metal-rich clays [14,15], ze-
olite [16,17]scanning electron microscope (SEM and ce-
ramics [18]. New catalysts can be synthesized for use in 
hydrogen production reactions [14]. İskenderoğlu et al. 
examined the catalytic activity of the raw BFS powder in 
hydrolysis reactions. The hydrogen production of raw BFS 
catalyst, which is used with 10% NaBH4 by weight in the 
reaction at 50 °C, is 54.63 L/mingcatalst [19].

Also, Al and water react to hydrogen generation, and the 
hydrogen gas can be released by the reaction shown in 
equation 2 at a high temperature or high pressure [20].

2 2 3 2
3 3 
2 2

Al H O Al O H+ ® +
  (2)

The results of Zhu et al.’s study show that for Al powder 
with 7% NaBH4 addition by weight, the maximum hy-
drogen volume concentration obtained by using steam is 
approximately 21,000 ppm at 650 °C [21].

In this study, the effects of both BFS powder and Al and 
Fe2O3 metal powders in the content of BFS powder on 
the hydrolysis reaction of Nano and Granule forms were 
examined and the results of the experiments were com-
pared. The fact that these metal powders have not been 
used in studies in the literature before, and the effect of 
metal powders used in different amounts in the experi-
ments, the effect of BFS powder or HCl acid addition on 
the test results, makes this study different from its coun-
terparts. As a result, it is aimed to produce efficient hydro-
gen gas by using a cheaper, more environmentally friendly 
catalyst material than other catalysts, like many catalyst 
articles in the literature. In addition to all these, another 
factor that makes this article special is that the catalyst 
used is a product that can be obtained from waste product 
without requiring any processing and by considering the 
use of zero waste. According to the results obtained as a 
result of the experiments, it has been proven that the ad-
dition of HCl acid to Fe2O3 metal powder, which has not 
been used in hydrolysis experiments before, has a notice-
able efficiency effect on hydrogen production.

2. Materials & Experimental Methods
The 98.5% pure NaBH4 that contains 0.05% Si and 
0.005% Fe was supplied from a commercial company. 
Fe2O3 was also obtained from a commercial company. 
Nanosize Fe2O3 has 99.55% purity and contains 0.003% 
Ca, 0.015% Cr, 0.14% Mn, 0.05% Al and 0.091% SiO2. Al 
Nano supplied from ZAG Kimya company is 99% pure 
and 0-150µm in size. Al Granule supplied from Nanokar 
Company is 98.5% pure and 2 mm in size. The Cobalt 
(Co) Micron powder was supplied from the Nanografi 
company. The Cobalt (Co) Micron Powder is 99.99% pure 
and has a size of 1 µm. BFS was supplied from Iskenderun 
Iron and Steel factory. the steel BFS, which produced in 
Turkey, is assumed to consist of SiO2 (39.66 %), Fe2O3 
(1.58 %), Al2O3 (12.94 %), CaO (34.20 %), MgO (6.94 
%), Na2O (0.20 %), K2O (1.44 %), SO3 (0.72 %) [22].

 
Figure 1. Experimental installation
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The schematic view of the experimental setup is shown in 
Figure 1. It consists of a 4-port reactor, heater, moisture 
trap, Alicat Scientific brand flow meter, DS18B20 tem-
perature sensor, MTOPS MS300HS brand heater, and 
Arduino Uno.  The amount of NaBH4 was kept constant 
as 2 g for all experiments. Then, in the hydrolysis reaction 
of NaBH4, BFS powders, and Fe2O3, Al Nano&granule 
powders were weighed one by one in the analytical bal-
ance as 0.2 gr, 0.5 gr, 1 gr, and 2 gr together with distilled 
water.

The effect of the catalytic activity performances of these 
powder samples on the hydrolysis reaction of NaBH4 was 
investigated. These catalytic hydrolysis reactions were 
carried out in a four-necked round bottom flask reactor. 
Solid NaBH4 was weighed on an analytical balance and 
metal powder samples which used as catalysts were trans-
ferred to the reactor. Distilled water was added to the sol-
id powder in the reactor by using a measuring cylinder. 
The reaction temperature was measured by a thermocou-
ple that connected to the Arduino Uno. The hydrogen gas 
produced as a result of the reaction was passed through a 
desiccant to separate it from the water vapor contained in 
it. The volume of hydrogen gas produced was measured 
by a high precision Alicat Scientific brand flowmeter. The 
measured data were simultaneously transferred to the mi-
croprocessor and saved to the computer. 

Hydrogen Production 

Hydrogen production took place in a three-necked round 
bottom flask reactor as shown in Figure 1. The three-
necked were used as water and catalyst inlet, thermocou-
ple outlet, and hydrogen outlet connections. All connec-
tions of the reactor were wrapped with gas Teflon tape 
to prevent possible hydrogen leakage, providing a high 
sealing environment. The catalyst mixture prepared from 
the water and catalyst inlet and 20 ml of distilled water 
measured with the aid of a measuring cylinder were trans-
ferred into the reactor. Then, with the aid of a heater, the 
reactor was heated to 50°C. The hydrogen gas produced 
as a result of the hydrolysis reaction taking place in the 
reactor was passed through the desiccant and conveyed to 
the flow meter. The flow rate of hydrogen and the reaction 
temperature with the thermocouple in the reactor were 
measured by the flow meter. Using Arduino Uno, data 
from both the thermocouple and the flow meter were si-
multaneously recorded in an Excel file.

3. Results and Discussions
3.1. Effect of BFS powder on Hydrolysis 
Reaction
Experiments were carried out using three different 
amounts of 2 g, 3 g, and 4 g for the BFS catalyst, 20 ml 
of distilled water was used for all three experiments and 

the reaction vessel was heated up to 50 °C. The results 
obtained from the experiments are shown in Figures 2a 
and 2b. The experiment using 2 g BFS lasted for 27 min-
utes and the maximum temperature was up to 59.13 ℃. 
In the experiment, the total flow reached 142.44 L and 
the maximum flow amount was measured as 0.23 L/min.
gcatalyst. The instantaneous flow rate of the reaction 
was measured as 5.275 L/min. The experiment using 3 
g BFS lasted 22 minutes and the maximum temperature 
was up to 62.88 ℃. In the experiment, the total flow 
reached 146.25 L and the maximum flow amount was 
measured as 0.28 L/min.gcatalyst. The instantaneous 
flow rate of the reaction was measured as 6.647 L/min. 
The experiment using 4 g BFS lasted for 25 minutes and 
the maximum temperature increased up to 63.81 ℃. In 
the experiment, the total flow reached 216.88 L and the 
maximum flow amount was measured as 0.28 L/min.
gcatalyst. The instantaneous flow rate of the reaction 
was measured as 8.675 L/min. Among the three reac-
tions, the longest-lasting reaction was the one using 2 g 
of BFS, and it lags behind the others in terms of total hy-
drogen produced. The temperatures and maximum flow 
values   reached in the experiments using 3 and 4 gr BFS 
are approximately the same. In terms of instantaneous 
flow rate and the total amount of hydrogen produced, the  
experiment using 4 g of BFS is quite efficient. 

 

Figure 2. a) The Total Hydrogen Production of Different Amounts of 
BFS Powders, b) The Temperature Effect of Different Amounts of BFS 
Powders
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3.2. Effect of Granule and Nanoparticles 
on Hydrolysis Reaction
3.2.1.  Effect of Granule particles on Hydrolysis Reac-
tion
Al Granule powders:

When 0.2 gr and 0.5 gr of Al Granule metal powder 
were used, hydrogen gas output could not be measured 
because of very low levels. Therefore, experiments were 
carried out using two different amounts, 1 g, and 2 g, and 
20 ml of distilled water and 2 g of NaBH4 were used for 
both experiments and the reactor was heated up to 50. 
The results of total hydrogen production and reaction 
temperatures obtained from the experiments are shown 
in Figures 3a and 3b. According to these Figures, the ex-
periment using 1 gr Al Granule lasted 26 minutes and 
the maximum temperature was up to 67.62 ℃. The to-
tal flow amount measured in the experiment is 166.3 L 
and the maximum flow rate was measured as 0.18 L/min.
gcatalyst. The instantaneous flow rate of the reaction was 
measured as 6.396 L/min. The experiment using 2 gr Al 
Granule lasted 26 minutes and the maximum tempera-
ture was up to 67.19 ℃. The total flow amount measured 
in the experiment is 172.92 L and the maximum flow 
rate was measured as 0.28 L/min.gcatalyst. The instan-
taneous flow rate of the reaction was measured as 6.065 
L/min. Test times and maximum temperatures attained 
for both catalyst quantities are approximately the same. 
When the amount of hydrogen produced was compared, 

it was observed that when 2 g of Al granule was used,  
there was 6 L more production.

Fe2O3 Granule powders:

Fe2O3 Granule catalyst was used in 3 different amounts, 
0.2 gr- 0.5 gr-1 gr. In all experiments, hydrolysis reactions 
were carried out using 20 ml of distilled water and 2 g of 
NaBH4, and the reaction vessel was heated up to 50°C 
and closed. The results obtained from the experiments 
are shown in Figures 4a and 4b. In the experiment per-
formed with 0.2 gr Fe2O3 catalyst, the reaction time, the 
maximum temperature reached by the reaction, the maxi-
mum flow rate of the reaction, the instantaneous flow rate 
of the reaction, and the total flow rate were 12 minutes, 
88.25 °C, 1.99 L/min.gcatalyst, 28.47 L/min, and 341.65 L, 
respectively. was measured. In the experiment where 0.5 g 
Fe2O3 catalyst was used, the reaction time, the maximum 
temperature reached by the reaction, the maximum flow 
rate of the reaction, the instantaneous flow rate of the re-
action, and the total flow rate were 12 minutes, 87.06°C, 
2.52 L/min.gcatalyst, 28.26 L/min, and 339.21 L, respec-
tively. The last experiment, which used 1 g Fe2O3 Nano-
powder, ended at 19 minutes, and the highest temperature 
reached by the reaction was measured as 90.25 °C. The 
total flow in the experiment is 304.37 L, the maximum 
flow amount is 4.33 L/min.gcatalyst and the instantaneous 
flow amount in the reaction is 33.81 L/min.

In the experiments of Fe2O3 Granule with 0.2 gr- 0.5 gr 

 

Figure 3. a) The Total Hydrogen Production of Different Amounts of Al 
Granule Powders, b) The Temperature Effect of Different Amounts of 
Al Granule Powders 

 

Figure 4. a) The Total Hydrogen Production of Different Amounts 
of Fe2O3 Granule Powders, b) The Temperature Effect of Different 
Amounts of Fe2O3 Granule Powders Powders

European Mechanical Science (2022), 6(3): 179-188

Comparison of pure-hydrogen production performances of blast furnace slag, and metal powders in sodium borohydride hydrolysis reaction

182 https://doi.org/10.26701/ems.1056917



-1 gr, the reaction temperature, maximum flow amount 
and instantaneous flow amount are approximately close 
to each other. However, the experiment in which the total 
flow was the highest in these experiments according to the 
nanosize was the experiment using 0.2 gr Fe2O3 Granule.

3.2.2.  Effect of Nanoparticles on Hydrolysis Reaction
Al Nano Powders:

Experiments were carried out using 4 different amounts 
of metal powder of Al Nano as 0.2 gr, 0.5 gr, 1 gr, and 2 
gr. For all experiments, 20 ml of distilled water, and 2 g of 
NaBH4 were used and the reaction vessel was heated to 50 
°C. The results obtained from the experiments are shown 
in Figures 5a and 5b.  The experiment using 0.2 gr Al Nano 
lasted 26 minutes and the maximum temperature was up 
to 58.44 ℃. The total flow in the experiment was 184.05 
L and the maximum flow amount was measured as 0.28 L/
min.gcatalyst. The instantaneous flow rate of the reaction 
was measured as 7.078 L/min. The experiment using 0.5 
g Al Nano lasted 31 minutes and the maximum tempera-
ture was up to 73 ℃. The total flow in the experiment was 
316.11 L and the maximum flow amount was measured as 
0.42 L/min.gcatalyst. The instantaneous flow rate of the 
reaction was measured as 10.197 L/min. The experiment 
using 1 gr Al Nano lasted 28 minutes and the maximum 
temperature was up to 84.31 ℃. The total flow in the ex-
periment was 366.81 L and the maximum flow amount 
was measured as 0.62 L/min.gcatalyst. The instantaneous 
flow rate of the reaction was measured as 13.100 L/min. 

The experiment using 2 gr Al Nano lasted 33 minutes and 
the maximum temperature was up to 85.31 ℃. The total 
flow in the experiment was 370.46 L and the maximum 
flow amount was measured as 0.52 L/min.gcatalyst. The 
instantaneous flow rate of the reaction was measured as 
11.226 L/min. For Al Nano, the reaction time and tem-
perature increased as the amount of catalyst increased. In 
addition, the total amount of hydrogen produced and the 
instantaneous flow rates have also increased. If we examine  
Figures 5a and 5b, we can say that the most efficient is 2 
gr Al Nano.

Fe2O3 Nano Powders

Fe2O3 Nanocatalyst was used in 3 different amounts, 
0.2 gr- 0.5 gr -1 gr. In all experiments, hydrolysis reac-
tions were carried out using 20 ml of distilled water and 
2 g of NaBH4, and the reaction vessel was heated up to 
50°C and closed. The results obtained from the experi-
ments are shown in Figures 6a and 6b.In the experiment 
performed with 0.2 gr Fe2O3 catalyst, the reaction time, 
the maximum temperature reached by the reaction, the 
maximum flow rate of the reaction, the instantaneous 
flow rate of the reaction, and the total flow rate were 
measured at 26 minutes, 79.19 °C, 0.57 L/min.gcatalyst, 
12.55 L/min, and 339.07 L, respectively.  In the experi-
ment where 0.5 g Fe2O3 catalyst was used, the reaction 
time, the maximum temperature reached by the reaction, 
the maximum flow rate of the reaction, the instantaneous 

 

Figure 5. a) The Total Hydrogen Production of Different Amounts of Al 
Nano Powders, b) The Temperature Effect of Different Amounts of Al 
Nano Powders 

 

 

Figure 6. a) The Total Hydrogen Production of Different Amounts of 
Fe2O3 Nano Powders, b) The Temperature Effect of Different Amounts 
of Fe2O3 Nano Powders
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flow rate of the reaction, and the total flow rate were 16 
minutes, 88.12°C, 1.5 L/min.gcatalyst, 23.28 L/min, and 
372.5 L, respectively.  The last experiment, which used 1 
g Fe2O3 Nano, ended in 12 minutes and the highest tem-
perature reached by the reaction was measured as 89.25 
°C. The total flow in the experiment is 358.97 L, the 
maximum flow amount is 2.53 L/min.gcatalyst and the  
instantaneous flow amount in the reaction is 29.91 L/min.

0.2 gr- 0.5 gr-1 gr Fe2O3 In nano experiments, the high-
est temperature, maximum flow amount, and total flow 
values were seen in the experiment performed with 1 gr 
Fe2O3. The experiment with the highest total flow amount 
is the value made with 0.5 gr Fe2O3 Nano. The longest ex-
periment was the experiment using 0.2 gr Fe2O3 Nano. As 
a result, with the increase in the amount of catalyst used 
in hydrolysis reactions, the total amount of hydrogen gas 
produced increases in direct proportion.

3.2.3. Comparison of Nano and Granule particules
As seen in Figure 7, it is more efficient than Al Granule 
in experiments where Al Nano is used as a catalyst. The 
amount of hydrogen produced is approximately 2 times 
higher. This is because the surface area width of Al Nano 
is more than Al Granule. This is because the solution 
formed in the hydrolysis reaction comes into contact 
with more catalyst surface area. In this case, it causes an 
increase in the reaction time. If two different amounts of 
Al Granule are compared, it can be observed that 1 gr Al 
Nano gives better results in experiments using Al Nano, 
although they are approximately the same efficiency.

Figure 7. Time-Dependent Total Hydrogen Produced in Al Nano and 
Al Granule

In 0.2 gr experiments, Fe2O3 Granule produced more 
hydrogen than Fe2O3 Nano and reached higher tem-
peratures. As seen in Figure 8, Fe2O3 Granule gave bet-
ter results at maximum flow rate and instantaneous flow 
rate. In the 0.5 g experiment, Fe2O3 Nano produced more 
hydrogen and increased to a higher temperature. Fe2O3 
Granule reached a higher value at maximum flow amount 
and instant flow rate. In 1 gr experiments, Fe2O3 Granule 
has the highest temperature value and Fe2O3 Nano has 
the highest amount of hydrogen produced. Fe2O3 Granule 

has higher values at maximum flow amount and instant 
flow rate.

Figure 8. Time-Dependent Total Hydrogen Produced in Fe2O3 Nano 
and Fe2O3 Granule

3.3. Adding BFS To The Hydrolysis 
Experiment
3.3.1.  Effect of Al Nano and BFS on Hydrolysis Reac-
tion
1 g and 2 g of Al nano metal powder, 1 g of BFS, and 2 g 
of NaBH4 were reacted. For both experiments, 20 ml of 
distilled water was used and the reaction vessel was heated 
to 50 °C. The results obtained from the experiments are 
shown in Figures 9a and 9b. The experiment using 1 gr 
Al Nano lasted 28 minutes and the maximum tempera-
ture was up to 71℃. The total flow in the experiment was 
189.18 L and the maximum flow amount was measured as 
0.28 L/min.gcatalyst. The instantaneous flow rate of the 
reaction was measured as 6.756 L/min. The experiment 
using 2 gr Al Nano lasted 25 minutes and the maximum 
temperature was up to 71℃. The results obtained from 
the experiments are shown in Figures 9a and 9b. The total 
flow in the experiment was 216.45 L and the maximum 
flow amount was measured as 0.28 L/min.gcatalyst. The 
instantaneous flow rate of the reaction was measured as 
8.538 L/min.

The addition of BFS to the Al Nano metal powder kept 
the reaction time of 1 g Al Nano the same as in the BFS-
free experiment. However, it reduced the maximum tem-
perature reached by the reaction by 13 ℃. It reduced the 
instantaneous flow rate of the reaction by 7 L/min and 
the total hydrogen flow amount by 177 L. For 2 gr Al 
Nano, it extended the reaction time by 8 minutes. With 
this; It decreased the maximum temperature value by 14 
℃, the total hydrogen flow amount by 154 L, and the in-
stantaneous flow rate by 3 L/min, respectively.

3.3.2. Effect of Fe2O3 Nano&Granule and BFS on Hy-
drolysis Reaction
In this experiment, in addition to 20 ml distilled water, 
2 gr NaBH4 and 0.5 gr Fe2O3 Granule powder, 2 gr BFS 
was used. The reaction was completed in 18 minutes and 
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the maximum temperature was measured as 84.62°C. The 
results obtained from the experiments are shown in Fig-
ures 10a and 10b.In this experiment, a total of 290.08 L of 
hydrogen is produced, the maximum flow is 1.01 L/min.
gcatalyst, and the instantaneous speed of the experiment 
is 16.11 L/min. These reaction results gave lower values  
  than the 0.5 g Fe2O3 Granule test without BFS.

In this experiment, in addition to 20 ml distilled water, 
2 gr NaBH4, and 0.5 gr Fe2O3 Nanopowder, 2 gr BFS was 
used. The experiment lasted 19 minutes and the maximum 
temperature was 82.06°C. In this experiment, a total of 
262.9 L hydrogen was produced, and the maximum flow 
was measured as 0.67 L/min.gcatalyst. The instantaneous 
velocity of the experiment is 13.83 L/min. These values   
gave lower results than the 0.5 gr Fe2O3 Nano experiment 
without BFS.

3.3.3. Comparison of Fe2O3 Granule, Fe2O3 Nano, and 
Al Nano Experiments Using BFS
The BFS, Al Nano, Al Nano + BFS powders used in the 
same amounts were compared according to Figure 11. The 
catalyst that produces the least hydrogen compared to 
other amounts is 2 g of BFS. The experiment in which Al 
Nano and BFS powder are used together is more efficient 
than the experiment in which only BFS powder is used. 
For this reason, although the BFS powder harmed the Al 
Nano experiment, it was observed that the Al Nanopow-

der had a positive effect on the hydrolysis experiments in 
which the BFS was used.

Figure 11. Effect of Al Nano + BFS Powder on Hydrolysis Reaction

The BFS, Fe2O3 Granule, Fe2O3 Nano, Fe2O3 Nano + 
BFS, and Fe2O3 Granule + BFS powders used in the same 
amounts were compared according to Figure 12. The 0.5 
gram Fe2O3 Granule test with BFS gave better results than 
the BFS Fe2O3 Nano test. The BFS Fe2O3 Nano experi-
ment lasted longer than the experiment using granules.

3.4. Adding  HCl Acid to the Hydrolysis 
Reaction
Al Metal Powders

In addition to the experiments above, the effect of HCl 

 

Figure 10. a) The Total Hydrogen Production of Different Amounts 
of Fe2O3 Nano&BFS Powders, b) The Temperature Effect of Different 
Amounts of Fe2O3 Nano&BFS Powders 

 

Figure 9.  a) The Total Hydrogen Production of Different Amounts 
of Al Nano&BFS Powders, b) The Temperature Effect of Different 
Amounts of Al Nano&BFS Powders 
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acid in experiments using Al Metal powders is examined 
in this section. In addition to 2 gr Al Granule or 2 gr Al 
Nanopowders, 1 ml HCl acid was added to the reaction 
using 2 gr NaBH4. For both experiments, 20 ml of dis-
tilled water was used and the reaction vessel was heated 
to 50 °C. The results obtained from the experiments are 
shown in Figure 12. The experiment using 2 gr Al Gran-
ule and 1 ml HCl acid took 4 minutes and the maximum 
temperature was up to 80.87℃. In the experiment, the 
total flow was 332.25 L and the maximum flow amount 
was measured as 11.18 L/min.gcatalyst. The instanta-
neous flow rate of the reaction was measured as 80.562 L/
min. The experiment using 2 gr Al Nano and 1 ml HCl 
acid took 11 minutes and the maximum temperature was 
70.44℃. The total flow in the experiment was 234.52 L 
and the maximum flow amount was measured as 5.75 L/
min.gcatalyst. The instantaneous flow rate of the reaction 
was measured as 23.452 L/min. Adding HCl acid to Al 
Granule metal powders decreased the reaction time by 
22 minutes compared to the experiment without adding 
HCl acid. The maximum temperature reached by the re-
action increased by 13 ℃, the instantaneous flow rate of 
the reaction increased by 74 L/min, and the total hydro-
gen flow rate by 150 L.

The addition of HCl acid to Al Nano metal powders de-

creased the reaction time by 22 minutes compared to the 
experiment without adding HCl acid. However, com-
pared to the Al Granule experiments, it decreased the 
maximum temperature reached by the reaction by 15 ℃ 
and the total hydrogen flow amount by 140 L, respective-
ly. However, it increased the instantaneous flow rate of 
the reaction by 12 L/min. This is due to the hydrogen gas 
released as a result of the reaction of HCl acid with water.

Fe2O3 Metal Powders

In this experiment, in addition to 20 ml distilled water, 
2 gr NaBH4, 0.5 gr Fe2O3 Granule or 0.5 gr Fe2O3 Nano-
powder, 1 ml of HCl acid was added to the reaction. The 
reaction vessel was heated to 50 °C. In the experiment us-
ing 0.5 gr Fe2O3 Granule and 1 ml HCl acid, the reaction 
time, the maximum temperature reached by the reaction, 
the maximum flow rate of the reaction, the instantaneous 
flow rate of the reaction, and the total flow rate were 16 
minutes, 77.62 °C, 3.36 L/min.gcatalyst, 18.11 L, respec-
tively. It is measured as /min and 289.76 L. In the exper-
iment using 0.5 gr Fe2O3 Nano and 1 ml HCl acid, the 
reaction time, the maximum temperature reached by the 
reaction, the maximum flow rate of the reaction, the in-
stantaneous flow rate of the reaction, and the total flow 
rate were measured 7 minutes, 87.62 °C, 4.53 L/min.
gcatalyst, 69.49 L/min, and 416.95 L respectively. The 
addition of HCl acid to Fe2O3 Granule metal powders 
increased the reaction time by 4 minutes compared to 
the experiment without adding HCl acid. The maximum 
temperature reached by the reaction increased by 9.4 ℃, 
also increased the instantaneous flow rate of the reac-
tion by 10.16 L/min, and decreased the total amount of 
hydrogen produced by 49.45 L. Addition of HCl acid to 
Fe2O3 Nano metal powders increased the reaction time by 
10 minutes compared to the experiment without adding 
HCl acid. However, according to the Fe2O3 Granule ex-

Figure 12. Effect of 0.5 gr Fe2O3 Nano, Fe2O3 Nano+BFS, Fe2O3 Granule, 
Fe2O3 Granule+BFS Powder on Hydrogen Production

Figure 13. The effect of adding  HCl Acid to the Hydrolysis Reaction 
with Al Nano and Granule catalysts

Figure 14. Effect of 0.5 gr Fe2O3 Nano, Fe2O3 Nano+HCI Fe2O3 Granule, 
Fe2O3 Granule+HCI Powder on Hydrogen Production
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periments, the maximum temperature reached by the re-
action is approximately the same, respectively, it increased 
the total hydrogen flow amount by 44.45 L and decreased 
the instantaneous flow rate of the reaction by 8.6 L/min.

3.5. Discussion 
In this study, it has been proved by experiments that Al 
and Fe2O3 catalysts can be used as efficient catalysts in 
NaBH4 hydrolysis reaction. In these experiments, the cat-
alyst samples were made suitable for the NaBH4 hydroly-
sis reaction by various experiments in different amounts, 
BFS by-product, and HCl acid effect. In this study, the 
analysis of the hydrogen production reaction carried out 
under 5 different conditions with the Al and Fe2O3 cata-
lysts was made. It has been shown that both types of cat-
alysts can be used efficiently in hydrolysis reactions when 
the experimental results of these metal powder catalysts 
are compared. According to the results of these optimiza-
tion experiments, more effective test results are obtained 
by using different parameters and combinations.

In all experiments, hydrolysis reactions were carried out 
by using 20 ml of distilled water and 2 g of NaBH4, and 
the reaction vessel was preheated to 50 ° C. Al and Fe2O3 
Nano metal powders catalyst were used in 3 different 
amounts as 0.2 g - 0.5 g - 1 g.  During the experiments 
with 0.2 g, 0.5 g, and 1g of Fe2O3 catalyst, the total flow 
rates were 339.07 L, 372.5 L, and 358.97 L, respectively. 
On the other hand, the total flow rate results of Al cata-
lyst for 0.2 g, 0.5 g, and 1g usages were 184.05 L, 316.11 L, 
and 366.81 L, respectively. In the hydrolysis experiment 
in which Fe2O3 metal powder was used together with 
BFS, approximately 45% more hydrogen production was 
observed compared to the experiment using only BFS. In 
the Al Nano experiment with the addition of BFS, ap-
proximately 30% more hydrogen production was observed 
compared to the experiment using only BFS. However, 
the use of BFS does not increase the yield in hydrolysis re-
actions where only Al and Fe2O3 metal powders are used 
as catalysts. In hydrolysis reactions using HCl acid, total 
hydrogen production increased by 13% in the experiment 
where Fe2O3 Nano and HCl acid were used together, 
while the total amount of hydrogen produced increased 
by 20% in the experiment where Al Nano and HCl acid 
were used together. It has been observed that adding HCl 
acid gives efficient results in the reaction. Therefore, it can 
be recommended to use HCl acid solutions with different 
molarities in reactions.

4. Conclusions
In this study, the yields of Fe2O3 and Al catalysts were 
compared with the experiments conducted for hydrogen 
production from the catalytic hydrolysis of NaBH4 sup-
ported with BFS by-product and HCl acid. As a result of 
the obtained data, it was determined that Fe2O3 and Al 
catalysts have advantages over hydrogen production rate 

and fuel conversion. In line with the results obtained from 
the experiments, the Fe2O3 catalyst and the Fe2O3 catalyst 
& HCl acid experiments show a very high success in dif-
ferent parameters, and also Fe2O3 catalysts create promis-
ing effects in the hydrolysis reactions of NaBH4. Among 
the catalyst samples, the highest efficiency performances 
are achieved with Fe2O3 Nanocatalyst samples at 50 °C 
preheat with an instantaneous hydrogen generation rate 
of approximately 29.91 L / min for 12 minutes. There is 
no study in the literature with Fe2O3 catalysts in NaBH4 
hydrolysis reactions. In addition, other metal catalysts 
used in these reactions are quite expensive and inefficient 
compared to Fe2O3 catalysts. The use of Fe2O3 catalysts 
as cheap and efficient catalysts in hydrolysis reactions has 
made a great contribution to literature studies.
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Abstract: This paper presents a numerical investigation on a heat transfer enhancement by using various twisted tape inserted 
into a heat exchanger tube. The twist ratios of  the twisted tapes are considered as 4, 6 and 8. Besides, the twisted tapes are 
modified with alternate axis for each twist period. The alternate axis is provided by connecting the twisted tapes having one twist 
with 90º connection angle. Water is selected as working fluid and turbulent flow condition corresponding to Reynolds number 
ranging from 5000 to 29,000 are considered in the study. The heat exchanger tube is under constant heat flux of  50 kW/m2. 
Numerical analysis results prove that the use of  twisted tape improves thermal performance compared to the smooth tube. As 
the twist ratio decreases, the heat transfer performance and the friction loss penalty increase. Overall results are determined with 
thermohydraulic performance criteria (THP). The highest THP value is obtained as 1.21 for the tube inserted with the twisted tape 
which has the twist ratio of  4 and the alternate axis at Reynolds number of  5913. 
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centrally hollow narrow twisted tapes on the heat trans-
fer enhancement characteristic. They recommended that 
the use of the cross hollow twisted tape is more effective 
under laminar flow conditions rather than turbulent flow 
conditions. Bhuiya et al. [12] investigated the thermal 
characteristics of triple twisted tape inserted heat ex-
changer tube under turbulent flow conditions. The heat 
transfer performance of their considered cases are found 
between 1.10 and 1.44 which the highest performance is 
obtained by the use of triple twisted tape insert. Skullong 
et al. [13] employed the staggered-winglet perforated tape 
to reduce the pressure drop penalty and to provide stron-
ger fluid mixing. They found that the highest Nu and 
friction factor is obtained by the use of winglet perforat-
ed tape having largest winglet blockage ratio and lowest 
pitch length ratio. Dagdevir et al. [14] compared the per-
formance of perforated twisted tape with dimpled twist-
ed tape. They found that although the perforated twisted 
tapes induce stronger fluid mixing, the dimpled twisted 
tapes disrupt the boundary layer more effectively. In oth-
er research [15], they investigated the effect of the loca-
tion of perorations and dimples on the twisted tape on 
the heat transfer and flow characteristics. They stated that 

1. Intorduction
The effective use of energy has gained importance with 
the need for efficient use of energy, in recent. Since the 
usage of heat exchangers are widely employed in industry, 
it is extremely important to increase the performance of 
the heat exchangers. Heat transfer enhancement tech-
niques are divided in two main categories: active and 
passive techniques. While active techniques require extra 
energy input to the system, the passive techniques do not 
demand any extra energy cost. Therefore, the passive tech-
niques are generally preferred for increasing heat transfer 
due to reasons such as low-cost, ease of use and long-term 
maintenance [1][2]. Twisted tapes [3], helical screw tapes 
[4], wire coil [5], ring [6], etc. are inserted into the heat 
exchanger tube as passive techniques. The twisted tape 
is widely preffered due to induce effective heat transfer 
enhancement [7],[8]. However, using twisted tape in the 
tube increases the pressure drop penalty and thus caus-
es an undesirable increase in the friction factor [9],[10]. 
For this reason, the researchers paid attention to increase 
heat transfer as much as possible but not to increase the 
friction factor too much while designing the twisted tape. 
In this scope, Li et al. [11] investigated the effect of the 
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the perforations/dimples at the edge of the twisted tapes 
show better heat transfer and hydraulic performance rath-
er than at the center of the twisted tapes. Changing the 
axis of twisted tape is another technique to enhance heat 
transfer by promoting the turbulence intensity, increasing 
swirl flow and disrupting the boundary layer. Ponnada 
et al. [16] compared the perforated twisted tapes wheth-
er they have alternate axis or not on the thermal perfor-
mance. They found that the thermal performance factor 
is improved up to 1.433 and 1.396 by the use of perforated 
twisted tape having alternate axis and not having alter-
nate axis, respectively. Wongcharee and Eaimsa-ard [17] 
carried out an experimental study on heat transfer en-
hancement by using twisted tape with alternate axis and 
CuO/water nanofluid. They found the maximum thermal 
performance factor of 5.53 by using the twisted tape with 
alternate axis, nanofluid volume fraction of 0.7% and at 
Reynold number of 1990. Wongcharee and Eiamsa-ard 
[18] investigated the effect of the twisted tape inserts with 
alternate axis on the friction factor and the heat transfer 
characteristic under laminar flow conditions. The twist 
ratio of the twisted tapes is considered as 3.0, 4.0 and 5.0 
in their study. They found that the twist ratio of 3.0 pro-
vides the best heat transfer enhancement performance. 
Abolarin et al. [19] investigated that the effect of the al-
ternating clockwise and counter clockwise twisted tape 
inserts on heat transfer and pressure drop characteristics 
under transitional flow regime. They considered the twist 
ratio of the twisted tapes of 5 and 12, and connection an-
gels of 0°, 30° and 60°. They concluded that the increase in 
connection angle and decrease in twist ratio show better 
thermal performance.

According to the literature review, the twisted tape in-
serts having alternate axis promises good heat transfer 
enhancement performance. However, it is seen from the 
literature review that the effect of the twisted tape insert 
having alternate axis on the heat transfer and hydraulic 
performance have not been investigated with consider-
ation of wide range twist ratios, connection angle of 90° 
and under turbulent flow conditions, yet. With this moti-
vation, the twisted tape inserts which have alternate axis, 
connection angle of 90°, twist ratios of 4.0, 6.0 and 8.0, 
are numerically investigated under turbulent flow condi-
tions.

2. Numerical Methodology
Ansys, Fluent 18.0 which solve the governing equations 
by finite element method is used to perform the numeri-
cal analyses for the present study. The SIMPLE (Semi-Im-
plicit Method for Pressure-Linked Equation) algorithm 
is used to solve the governing equations by coupling the 
pressure and velocity gradients. Convergence criteria of 
the solution are selected as 10-4 for continuity, velocities, k 
and epsilon and 10-6 for energy. 

The governing equations which are conservation of conti-

nuity, momentum and energy are given in Eqs. (1) to Eq. 
(3), respectively.

Mass conservation equation: 

      (1)
Momentum conservation equation: 

    (2)
Energy conservation equation:

     (3)
Differential equations belong to the k-epsilon RNG tur-
bulent model which is selected to simulate the turbulent 
flow through the tube are given in the following [20]:

  

      
(4)

     
(5)

2.1. Solution domain and boundary 
conditions 
Solution domain adopted for the present study is sche-
matically depicted in Fig. 1. Twisted tapes are inserted 
into a test section having length of 1 m. A fluid develop-
ment section is placed before the test section to provide 
fully developed flow conditions. The length of the fluid 
development section is specified as 250 mm, which pro-
vides higher than ten times inner diameter [21]. In order 
to avoid from the revers flow effect, an exit section with 
length of 150 mm is placed after the test section. Inner 
diameters of entire sections are same and dimension of 17 
mm. The boundary conditions of the fluid development 
section and the exit section are determined as no-slip 
and adiabatic, while that of the test section is no slip and 
constant heat flux of 50 kW/m2. The velocity magnitude 
is calculated with considered Reynolds number ranging 
from 5000 to 35,000. Gauge pressure at the outlet is 
selected as 0 Pa, which provides the atmospheric condi-
tions. Thermophysical properties of the working fluid is 
considered as temperature dependent. The thermo-phys-
ical properties of the working fluid are imported to the 
software by correlations with a form of Eq. (6) which their 
coefficients are given in Table 1. Temperature is in K unit 
in the correlations.

    (6)
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2.2. Data Reduction
In order to evaluate the heat transfer and hydraulic per-
formance of the considered tube configurations, Nusselt 
number (Nu) and friction factor ( f ) is used. Data used to 
calculate the Nu and the f are computed from Fluent by 
using surface integrals area-weighted averagely. Reynolds 
number (Re) which defines the characteristic of the flow is 
given in Eq. 7. Density of the fluid, mean velocity magni-
tude of the flow, inner diameter of the tube and dynamic 
viscosity of the fluid are denoted by ρ, U, Di and μ, respec-
tively.

      (7)
The Nu is calculated with Eq. (8). In this equation, h and k 
represent the convective heat transfer coefficient (Eq. (9)) 
and thermal conductivity of the fluid. Constant heat flux 
and wall temperature of wall and bulk temperature of the 
fluid are denoted with q”, Tw and Tb.

      (8)

       (9) 
The f is calculated with Eq. (10). In this equation, ΔP and 
L represent the pressure drop penalty and length of the 
test tube.

      (10)

2.3. Inserts
The twisted tapes are configured with different twist ra-
tios (y/w) of 4.0, 6.0 and 8.0, alternate axis (connection 
angle of 90°), in the present study. The considered twisted 

tape inserts are designed to have three different twist pitch 
lengths (y) of 68mm, 102 mm and 136 mm, thickness (t) 
of 1 mm, width (w) of 17 mm and total length (L) of 1000 
mm, respectively. Table 2 summarizes the dimension of 
the twisted tape configurations. The illustrations of the 
twisted tapes considered in the present study are given in 
Figure 2.

Figure 2. Considered tube configurations

3. Results and Discussions
3.1. Validation of the numerical 
methodology
Before the validation study, a gird independence study is 
performed to check a possible effect of the number of the 
elements on the results. A polyhedral grid structure hav-
ing 2,955,760 (Fig. 3) is selected since the differences on 
the Nu and the f results are not higher than ±2.5%. 

In order to ensure the accuracy of the numerical method-
ology, a validation study is conducted by comparing the 

        Figure 1. Solution domain and boundary types adopted in the present study

Table 1. Coefficients of the correlations belongs to the thermo-physical properties of the working fluid   

Thermo-physical property a b c d

Density, ρ [kg/m3] 719.22 2.29643 -5.15E-03 1.91E-06

Specific heat capacity, Cp [j/kgK] 6217.4 -15.2458 3.52E-02 -2.33E-05

Thermal conductivity, k [W/mK] -1.33612 1.29E-02 -2.67E-05 1.76E-08

Dynamic viscosity, μ [kg/ms] 0.0597994 -4.73471E-04 1.26033E-06 -1.12233E-09
 
Table 2. Definitions of the considered inserts with diameters  

Definition Pitch length (y) [mm] Width (w) [mm] Thickness (t) [mm] Total length (L) [mm]
Connection angle of 

alternate axis

C-CC, y/w=4.0 68

17 1.0 1000 90°C-CC, y/w=6.0 102

C-CC, y/w=8.0 136
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results of the smooth tube with the correlations which 
are widely used in the literature. The used correlations are 
Dittus & Boelter Eq. (11) [22] and Blasius Eq. (12) [23]: 
for the Nu and the f, respectively.

    (11)

     (12)
The numerical results are compared with the literature in 
Fig. 4. As seen from this figure, a good agreement is ob-
tained with the correlations. 

Figure 4. Comparison of the results of the Nu and the f belongs to the 
smooth tube with literature

3.2. Heat transfer performance
Fig. 5 shows the Nu number results versus Reynolds num-
ber for the considered tube configurations in the present 
study. It is concluded that Nu number   increases with in-
creasing Re number for all configurations. A higher Nu 
number was obtained when the tube configurations with 
twisted tape were compared to the smooth tube. In ad-
dition, with the increase in twist ratio of twisted tapes, 
there was a decrease in the thermal performance provid-
ed. The reason for this can be explained as the pipe with 
the twisted tape inserted approaching the smooth tube 
with the decrease in the twist ratio. In addition, with the 
increase of the twist ratio, the turbulence intensified and 

the boundary layer was destroyed more effectively. The 
highest Nu value was obtained as 361.65 at Re 31,585 for 
the twisted tape configuration with a twist ratio of 4.0.

The temperature contours of the considered cases at Reyn-
olds number of 15,000 are shown in Fig. 6a. It is seen from 
the figure that; the inserts effectively disrupt the thermal 
boundary layer and fluid having high temperature near 
the inner wall are mixed with the cold one at the center 
of the tube. It is a prove for the improvement of the heat 
transfer by using the twisted tape. When the effect of the 
twist ratios is examined, as the twist ratio decreases, the 
thermal boundary layer thickness decreases. Thus, de-
creasing the twist ratio has a positive role on heat transfer 
enhancement.

Figure 6. Temperature (a) and velocity (b) contours investigated 
tubes which are A) Smooth tube, B) C-CC_y/w=4, C) C-CC_y/w=6, D) 
C-CC_y/w=8 at Reynolds number of 15000, respectively. 

3.3. Hydraulic Performance
The distributions of the friction factor depending on Re 
for all investigated configurations are given Fig. 7. As ex-

Figure 3. Grid structure used in the present study Figure 5. Variation of the Nu number according to the Reynolds 
number
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pected, friction factor decreases with increasing Re num-
ber in all configurations. In the case of using twisted tape, 
the fluid in the tube encounters obstacle surfaces which 
causes increasing to friction factor. In addition, the in-
crease in the twist ratio caused an increase in the friction 
factor. The highest friction factor value was obtained in 
Re 5913 as 0.2365 in the twisted tape configuration with 
a twist ratio of 4.

Figure 7. Change in friction factor depending on Re

The increase in the friction factor is directly related with 
the increase in pressure drop through the tube. As the 
twist ratio of the twisted tapes decreases, the pressure 
drop increases. Fig. 6b shows the velocity contours of the 
considered cases to observed the velocity distribution at 
the cross-section of the tube. An increase in the velocity 
gradient at the center of the tube attributes to the increase 
pressure drop. In addition to inserts increase the veloci-
ty gradient at the center of the tube, the decrease in the 
twist ratio is another parameter to increase the velocity 
gradient.

The velocity stream line contours obtained from the nu-
merical analyzes are shown in Figure 8. When the stream 
lines of smooth tube and the tube with twisted tape are 

examined. It is seen that the flow in the smooth tube takes 
place axially, while the flow in the tube with twisted tape 
is swirling. The twisted tape placed in the tube ensures 
that the flow takes place by showing a swirl movement 
and ensures better mixing of the flow in the regions near 
the inner wall of the tube. Convection heat transfer oc-
curs better in the regions near the inner wall of the tube, 
and in this case the placed twisted tapes increase heat 
transfer. In addition, when the contours are examined, it 
is seen that there is an increasing frequency of change in 
the flow direction with the decrement of the twist ratio, 
and alternate axis. This situation increases the turbulence 
intensity through the flow which has a positive effect on 
heat transfer enhancement.  

3.4. Thermohydraulic Performance 
Thermohydraulic performance criteria (THP) which 
is given in Eq. (13) is used to evaluate a heat exchanger 
system in terms of both thermal and hydraulic. The case 
where the THP value is 1 refers to the smooth tube. If 
the THP value is greater than 1, the method to be applied 
to the system will have a positive effect on the thermohy-
draulic performance of the system. 

   (13)
The distribution of THP values   based on Re are given in 
Figure 9. It can be resulted that the heat transfer enhance-
ment results are more dominant than the friction loss re-
sults. The highest THP value of 1.21 is obtained by the 
case of y/w=4.0 at Re of 5913.

Figure 9. Thermohydraulic performance versus Reynolds number for 
all tube configurations examined

4. Conclusion
The performance of heat exchanger tube equipped with 
twisted tape inserts having alternate axis and various 
twist ratios are numerically investigated on the heat trans-
fer and flow characteristics. Main conclusions obtained 
from the results are draw in below.

1. Decrease in the twist ratio generates more turbulent in-
Figure 8. Velocity stream line contours investigated tubes which are 
A) Smooth tube, B) C-CC_y/w=4, C) C-CC_y/w=6, D) C-CC_y/w=8 at 
Reynolds number of 15000, respectively
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tensity through the tube which induce the heat transfer 
enhancement.

2. The twisted tape with alternate axis allow to effectively 
mixing fluid through the tube. Thus, heat transfer is pos-
itively effective by this phenomenon. The highest Nusselt 
number of 361.65 is obtained by the case of twisted tape 
having the twist ratio of 4.0 at Re 31,585.

3. Decrease in the twist ratio and the alternate axis cause 
to the fluid encounter with larger obstacle surface which 
increase pressure drop penalty and friction factor. The 
highest friction factor of 0.2365 is observed in the case 
of twisted tape having the twist ratio of 4.0 at Reynolds 
number of 5913.

4. The highest THP value is obtained as 1.21 for the tube 
inserted with the twisted tape which has the twist ratio of 
4 and alternate axis at Reynolds number of 5913.
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Nomenclature
Abbreviations
Cp                      specific heat capacity, (J/kgK)
C-CC         clockwise-counterclockwise alternate axis 
twisted tape
D                        diameter, (mm)
h                         convective heat transfer coefficient, (W/m2K)
f                           friction factor, (-)
k                           thermal conductivity, (W/mK)
L                           total length, (mm)
Nu                        Nusselt number, (-)
Pr                         Prandtl number, (-)
q’’                                      heat flux, (kW/m2)
Re                        Reynolds number, (-)
THP                     Thermohydraulic performance, (-)
t                           thickness, (mm)
U                         average velocity, (m/s)
w                         width of the twisted tape (mm) 
y                          pitch length of the twisted tape (mm)
∆P                       drop pressure, (Pa)

Greek symbols
ρ                     density, (kg/m3)
μ                     dynamic viscosity, (kg/ms)

Subscripts
b                      bulk 

i                       inner
s                      smooth tube
TT                  tube with twisted tape
w                    wall
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Abstract: Sandwich structures are known as ultra-light porous materials. Because the structure has advantages in terms of  
acoustics, fatigue, and impact resistance that conventional stiffened plates cannot match, it has become a popular material in 
aerospace, automotive, marine, windmill, and architectural applications. One promising method for decreasing production waste 
and enhancing flexural stress is to employ additive manufacture (AM) technologies for sandwich structure manufacturing. In this 
study, polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), and polyethylene terephthalate glycol (PETG) sandwich structures 
with reentrant and honeycomb cores were designed and then to compare the stress distributions in these sandwich composites, 
a finite element analysis (FEA) was used. According to the findings, higher flexure stresses and specific energy absorption were 
obtained in the reentrant sandwich structures compared to honeycomb sandwich structures. A minimum equivalent stress value 
was found in the ABS material, while a maximum equivalent stress value was found in the PLA material.
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sulting in high resistance to bending and buckling, as 
well as excellent energy absorption and shear stiffness. 
Transverse shear and compression loads are carried by 
the lightweight cores, whereas in-plane and flexure loads 
are carried by the solid face sheets [2]. A sandwich struc-
ture’s structural and energy absorption capabilities, and 
also the failure mechanism, are all influenced by the geo-
metrical parameters, material, and core design. Among 
all possible core designs, honeycomb and reentrant core 
have been extensively investigated. Castro et al. [4] ex-
amined the mechanical performance of three different 
3D printed sandwich structure core designs. Chang et al. 
[5] studied the reentrant and the honeycomb sandwich 
structure experimentally and numerically. Zaharia et al. 
[6] investigated the mechanical behavior of 3D-printed 
sandwich structures having honeycomb, diamond-celled 
and corrugated core designs. Ingrole et al. [7] worked on 
the energy absorption and mechanical behavior of the 
3D-printed sandwich structures having reentrant cores 
and compared them with the sandwich structures having 
honeycomb cores.

Honeycomb core is a popular choice for secondary struc-
ture applications due to its high mechanical properties. 

1. Introduction
A sandwich structure is a porous ultra-lightweight ma-
terial with a large specific surface area and high specific 
stiffness. Acoustics, fatigue, and impact resistance are all 
advantages of the sandwich structure that conventional 
stiffened plates cannot match. Therefore, sandwich struc-
tures have become a popular material in aerospace, au-
tomotive, marine, windmill, and architectural practices 
[1-2]. The application of additive manufacturing (AM) 
techniques for sandwich structure manufacturing is one 
promising technique for decreasing production waste and 
improving lateral stiffness. Additive manufacturing has 
been employed in industries that require a small number 
of complicated parts because AM can create net-shaped 
parts that would be impossible to build using traditional 
manufacturing methods. Moreover, AM has the ability 
to build interior geometries that would otherwise be im-
possible to achieve using a typical milling technique [3].

Sandwich structures contain a lightweight core between 
two thin solid face-sheets having strong flexural rigid-
ity on top and bottom surfaces. The lightweight core 
connects the face-sheets with minimal weight gain, re-
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They are rigid and lightweight, and they can absorb a 
lot of energy when subjected to shockwaves and impact 
loads, which makes them ideal for sports equipment (e.g. 
helmets) and vehicles (e.g. bumpers). Several analytical, 
computational, and experimental studies showed that 
sandwich structures having honeycomb cores are rigid, 
lightweight, and when they are crushed, they absorb a lot 
of energy, especially in the out-of-plane direction [2,3,8]. 
Auxetic structures have lately gained a lot of interest since 
they have the uncommon property of thickening when 
stretched; that is, they have negative Poisson’s ratios. One 
of these sorts of the core is reentrant core since it has a 
negative Poisson’s ratio [8,9]. A negative Poisson’s ratio 
coefficient for a material could result in increased in-
dentation resistance, improved bending stiffness, shear 
resistance, and improved dielectric characteristics for mi-
crowave absorbers. Reentrant cores have a wide range of 
possible applications including engineering fields such as 
vibroacoustic, packaging, biomedicine, sensors, and auto-
motive engineering [10-11]

In the literature, polylactic acid (PLA) is mostly used to 
make 3D printed sandwich structures. The choice of core 
material, on the other hand, has an impact on a sandwich 
structure’s high stiffness, strong impact resistance, and 
great strength-to-weight ratio [3,12]. In the present study, 
polylactic acid (PLA), acrylonitrile-butadiene-styrene 
(ABS), and polyethylene-terephthalate-glycol (PETG) 
sandwich structures with reentrant and honeycomb cores 
are designed using CAD software. The stress distributions 
in these sandwich structures are then compared using a 
finite element analysis (FEA). In addition, the influence 
of the different core materials is examined and their po-
tential in structural applications is indicated.

2. Materials and Method
The geometric features of the designed (by the CATIA 
V5 software) honeycomb and reentrant sandwich struc-
tures are given in Figure 1.

The finite element analysis (FEA) was performed using 
commercial software ANSYS to simulate the behavior 
of sandwich structures during three-point bending tests. 
The properties of materials used in the analysis are given 
in Table 1.

Table 1. Properties of PLA, ABS, and PETG 

Properties\Material PLA ABS PETG

Young’s Modulus (Pa) 3,45E+09 2,39E+09 2,95E+09

Poisson’s Ratio 0,39 0,399 0,33

Yield Strength (Pa) 5,41E+07 4,14E+07 5,3E+07

Tangent Modulus (Pa) 0,1 0,1 0,1

Shear Modulus (Pa) 1,241E+09 8,5418E+08 1,109E+09

Bulk Modulus (Pa) 5,2273E+09 3,9439E+09 2,89223E+09

Density (kg/m3) 1250 1040 1375
 

Sandwich structures under a quasi-static three-point 
bending load were simulated in accordance with ASTM 
C393/393M-20 as shown in Figure 2. The load was ap-
plied by a center 10 mm diameter roller, the supports were 
two exterior 10-mm diameter cylindrical rollers, and the 
span length was 125 mm. In the FEA analysis, the bot-
tom support rollers were fixed, and the central roller was 
given a displacement of 60 mm in the z-direction. Struc-
tural steel was chosen as the material of the rollers. The 
material properties of the sandwich structures in the ge-
ometry were assigned as PLA, ABS and PETG for each 
analysis and mesh structure were determined. The mesh-
ing was performed with quad/tri elements using an auto-
matic methodology. Mesh model was given in Figure 2. 
The average element quality, aspect ratio and skewness for 
the reentrant model were 0.90324, 1.3409, 0.19042, re-
spectively. The honeycomb model’s average element qual-
ity, aspect ratio and skewness were, respectively, 0.93323, 
1.3254, and 0.14108. For the reentrant model, the nodes 
and elements were 46073 and 37560, while for the hon-
eycomb model, they were 62181 and 34560. The analysis 
was carried out in ANSYS 2021 R2 workbench and the 
results were received.

Figure 2. Three-point bending test simulation and meshing of sand-
wich structures a) honeycomb, b) reentrant

 

Figure 1. Dimensions of designed sandwich structures by using CAT-
IA V5 for FEA bending test a) honeycomb, b) reentrant
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The highest stress experienced by the specimen under a 
given load is known as flexural stress. The maximum stress 
experienced in correspondence to the outer surface (at the 
midway) using the geometry, boundary conditions, and 
load configuration was estimated as:

    (1)
In Eq.(1), F is the load at the considered point and it is 
expressed in [N]. w is the width, L is the length and d is 
the height of the sandwich structure.

3. Results and Discussions
The force, flexure stress, equivalent von mises stress, and 
internal energy values after FEA analysis of the sandwich 
samples are given in Table 2. Specific energy absorption 
(SEA) is a significant measure for assessing the energy 
absorption of sandwich structures. It is defined as the 
sandwich structures’ unit energy absorption efficiency, 
expressed as [13]:

SEA=   (2)

Table 2. FEA analysis of the sandwich structures
 

Force 
Reacti-
on (N)

Mass
(g)

Flexure 
stress
(MPa)

Equiva-
lent

(Von-mi-
ses)(MPa)

Specific 
energy 

absorpti-
on (J/g)

PLA-reentrant 2152,6 41,448 41,329 53,650 2,845

ABS-reentrant 3106,6 31,349 59,646 41,046 2,846

PETG-reentrant 2956,0 37,680 56,755 51,951 3,066

PLA-honeycomb 1234,6 38,120 23,704 54,053 2,197

ABS-honeycomb 1945,9 28,833 37,361 41,353 2,358

PETG-honeycomb 2591,6 34,655 49,758 52,938 2,604
 

The overall trend in Table 2 showed that higher specific en-
ergy absorption were obtained in the reentrant sandwich 
structures compared to honeycomb sandwich structures. 
By comparing the sandwich structures with reentrant and 
honeycomb core designs, it should be highlighted that the 
reentrant core absorbed more energy than the honeycomb 
core. One of the main reasons is that the inner density of 
the core in the reentrant was higher than in the honey-
comb core design [13]. Moreover, SEA was increased from 
PLA to PETG. The reason for this is that PETG is a dens-
er material that requires more effort to flexure and, as a 
result, absorbs more energy. 

According to the three-point bending test results, the re-
entrant design showed increased flexure stresses, as shown 
in Figure 3. It can be observed that the reentrant core took 
the maximum amount of load under flexure. At reentrant 
sandwich structure, each layer of the cores fails one at a 
time under compression loading, leading up to a higher 
strain of failure of the samples. After the failure of each 
layer, the structures come to an equilibrium and can take 

further loading until the failure of the next layer. This 
phenomenon is often referred to as snap-through insta-
bility. Due to this type of failure, this structure tends to 
have a higher flexure strength compared to honeycomb 
[8, 14]. The flexure stress of the PETG sandwich structure 
with reentrant core (~56 MPa) was the highest followed 
by the PETG sandwich structure with honeycomb core 
(~49 MPa). 

Figure 3. Flexure stress of a) reentrant b) honeycomb structures

Figure 4 shows the equivalent (Von-Mises) stress values 
after the three-point bending test, which show that the 
highest Von-Mises stress occurred in the PLA sandwich 
structure, which was prone to failure. On the top and bot-
tom layers of the core, the largest equivalent Von-Mises 
stresses were concentrated. In the light of these results, for 
reentrant core design, a minimum equivalent stress value 
of 41.046 MPa was found in the ABS material, while a 
maximum equivalent stress value of 53.65 MPa was found 
in the PLA material for reentrant core design. Similarly, 
for the honeycomb core design, the ABS material had a 
minimum equivalent stress value of 41.353 MPa, whereas 
the PLA material had a maximum equivalent stress value 
of 54.053 MPa. This can be because PLA is brittle mate-
rial than ABS.

The filament type that is selected has a significant impact 
on the environment as well. PETG material is the most 
environmentally friendly, whereas ABS material is the 
least environmentally friendly. PLA have received wide-
spread praise as a renewable, plant-based, and biodegrad-
able replacement for plastics made from petroleum [15]. 
Furthermore, it is evident from the comparison (Figure 4) 
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that the PETG is appropriate for sandwich structures that 
need high flexure strength. PETG has a strong shock re-
sistance and load carrying capacity because the resultant 
monomers are larger than the parent monomer ethylene 
glycol following the crystallization process [16]. 

Figure 4. The equivalent (Von-Mises) stress a) reentrant b) honey-
comb structures

As shown in Figure 5 and Figure 6, the reentrant core of 
the sandwich structure was attracted to the center of the 
panel due to the auxetic effect. The core material flew in 
a lateral direction towards the center, providing greater 
support for the flexure and resulting in a higher load lev-
el. The honeycomb core, on the other hand, showed no 
material concentration effect. The core in the central zone 
was compressed while those on the sides tended to expand 
away from the flexure center, indicating that the honey-
comb core has a lower bending stiffness than the reentrant 
core. In addition, the auxetic reentrant core deformed 
consistently, distributing stress evenly [5-8].

Moreover, in the reentrant core design, the cores were 
more in a vertical position thus, the structure was stiffer. 
Many structural components in the three-point bending 
test are parallel to the z-axis direction of build orienta-
tion, and thus failure happens with loads orientated par-
allel to the z-axis. The honeycomb core had corners that 
are 120 degrees, whereas the reentrant core had corners 
that are 70 degrees. The reentrant core had fewer angle 
components in the z-axis direction. Thus, it may be con-
cluded that it had a larger reinforcing effect in the loading 
direction and was, therefore, stiffer than the honeycomb 
core [8,17].

Figure 5. Equivalent stress distribution of sandwich structures with 
reentrant core a) PLA, b) ABS, c) PETG

Figure 6. Equivalent stress distribution of  sandwich structures with 
Honeycomb core a) PLA, b) ABS, c) PETG

Meltem Eryildiz
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4. Conclusions
PLA, ABS, and PETG sandwich structures with reen-
trant and honeycomb cores were designed using CATIA 
V5 software in this study, and then ANSYS finite element 
analysis software was used to compare the stress distri-
butions in these sandwich composites. According to the 
results: 

• Higher flexure stresses and specific energy absorption 
were obtained in the reentrant sandwich structures 
compared to honeycomb sandwich structures. 

• The equivalent (Von-Mises) stress values after the 
three-point bending test showed that the highest 
Von-Mises stress occurred in the PLA sandwich 
structure, which was prone to failure. 

• Minimum equivalent stress value of 41.046 MPa was 
found in the ABS material, while a maximum equiv-
alent stress value of 53.65 MPa was found in the PLA 
material for reentrant core design.

• For the honeycomb core design, the ABS material had 
a minimum equivalent stress value of 41.353 MPa, 
whereas the PLA material had a maximum equivalent 
stress value of 54.053 MPa.
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Abstract: Axle shafts are one of  the most important components used in power transmission. These components, which are used 
in many different places, can cause great costs in case of  failure or fracture. Among the main reasons for these undesirable situations 
are wrong axle shaft selections and inappropriate metallurgical properties. In order to prevent such unfavourable situations and to 
investigate the causes of  damages, numerical analyses offer cost-effective solutions.  In this study, the mechanical damage analysis 
of  the axle shaft and the characteristic changes in steel materials as a result of  static loading were investigated numerically. In order 
to observe the mechanical behaviour of  the axle shaft under various loading conditions, mechanical tests should be supported by 
numerical analysis. Because the physical causes of  damage development can be understood through numerical analysis. The aim 
of  our study is to reach the most suitable values   in the design of  the axle shaft made of  AISI 1035 steel. Values   were obtained by 
performing numerical analyses of  the axle shaft designed with Solidworks program. As a result of  the analysis, it was observed that 
deformation occurred at the ends of  the axle.
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Mercan focused on the causes of damage by examining 
the damage mechanisms of welded metal materials and 
aimed to create a systematic approach to use in damage 
analysis [6]. In this study, Dursun and Özbay performed 
damage analysis using a graded failure model to deter-
mine the tensile strength of bolted composite materials. 
The damage model was prepared with Ansys APDL soft-
ware. Finite element analyses were performed using the 
Hashin damage criterion. Comparing the results with 
experimental studies, they reached similar results [7]. In 
this study, Turan and Kaman experimentally and nu-
merically investigated the damage analysis of single-lap 
adhesive bonds obtained with adhesive in order to join 
composite boards. They performed the numerical work in 
the ANSYS program, which coordinates with the Finite 
Element Method. While the damage analysis, they used 
Hashin damage theory for composites and maximum 
principal stress damage theory for adhesive material. As 
a result, they observed that the changes in the adhesion 
surface areas were effective in the damage loads [8].

Yalçın et al. aimed to determine the causes of damage 
in 1.2367 hot work tool steel injection runner bushings, 
which cracked due to repeated mechanical and thermal 
loads, by using finite element analysis and optical research 
methods. They have made changes in the design of the 
runner bush in order to prevent crack damage. As a re-

1. Introduction
Today, while transportation is constantly moving for-
ward, costs are increasing. The aim is to obtain light struc-
tures that are suitable in terms of weight, sufficient in 
strength, and to save materials and energy. Axles are not 
only used in transport vehicles but also in buses, automo-
biles, and forklifts. Axles must be of a reliable structure 
due to their place of use. The external effects that the ax-
les are generally exposed to are the applied loads. Damage 
is the inability of a structure, machine, or its parts to per-
form their functions [1]. Damages usually occur as a re-
sult of forcing parts by mechanical or chemical effects [2]. 
Damages in structural elements or machine parts occur 
due to mistakes made in any of the stages such as design, 
production, and assembly [3]. Axles are very important in 
vehicles. Axles are steel shafts that transmit the rotational 
movement from the differential to the wheels in motor 
vehicles. It is the part that transfers the power and torque 
from the engine to the wheels. It carries the entire load in 
vehicles, including passengers [4]. Öndürücü and Kanbir 
emphasized that the material used in damaged machine 
parts is very important in their studies. As a result, they 
tried to determine the cause and mode of damage by eval-
uating the data obtained by mechanical experiments and 
metallographic examinations. They found that the part 
was damaged due to excessive stress [5]. In this study, 
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sult, by making improvements in the design phase, they 
observed a reduction in the stresses formed in the injec-
tion runner bushings and achieved improvements in the 
face of mechanical loads [9]. In this study, Parnas et al. 
applied crack propagation tests to determine the mechan-
ical properties of composite materials. A Finite Element 
model was created to investigate hollow composite ma-
terials. They developed a progressive damage analysis to 
perform a realistic simulation. They discussed the results 
obtained from the simulations in detail by choosing the 
most accurate model [10]. In this study, Şen and Pakdil 
experimentally investigated the damage analysis of lam-
inated composite materials connected with a single bolt 
under moment loads. As a result, they observed that the 
lowest damage loads occurred in composite specimens 
without preloading torque [11].

In our study, numerical damage analysis of the axle shaft 
was performed. The investigated axle shaft is made of 
AISI 1035 steel. These shafts, which are used as machine 
elements in various places, are frequently preferred in 
load-carrying. As stated in the above-mentioned studies 
on various machine elements, each damage has its unique 
situation. The damage analysis study carried out here will 
bring along solutions for the prevention of damage to the 
axle shafts.

2. Material and Method
Axle shafts are one of the important parts of powertrains. 
In order to be able to move a vehicle, transmission organs 
are needed to increase the torque produced in the engine 
by the required amount and transmit it to the wheels and 
to give the vehicle traction as much as its structure allows 
[12]. Axle shaft damage constitutes 26% of the damages 
that occur in a vehicle [13]. Although the axles produced 
from composite materials are extremely light, the most 
used material in axle manufacturing is steel [14]. Tem-
pered steels are unalloyed and alloyed machine-building 
steels that are suitable for hardening, especially in terms 
of carbon content, and show high toughness at a certain 
tensile strength at the end of the curing process [15].

Mechanical damage analysis has become an important 
engineering field with scientific methods [5].

Damage is the failure of a structure or structural element 
to perform its expected functions under service condi-
tions. The causes of industrial faults that because damage 
are shown in Figure 1 [16]. 

After the damage occurs, necessary inspection activities 
are carried out at the location of the damaged system. 
The main stages to be followed in the damage analysis are 
shown in Figure 2 [16]. The damage analysis report is pre-
pared as a result of the investigations. All data obtained 
should be recorded in the damage analysis report.

The distribution of the damages that are frequently en-

countered in the industry in terms of percentiles accord-
ing to their causes is given in Figure 3 [16]. As seen in 
Figure 3, it has been determined that the highest factor 
that creates damage is “wrong material selection”. Wrong 
material selection is followed by manufacturing and heat 
treatment errors.

Figure 1. Industrial faults causing damage [16]

Figure 2. The main stages to be followed in the damage analysis [16]

Figure 3. Causes of damage frequently encountered in industry [16].

Major damage mechanisms in axle shafts can be listed as 
bearing deterioration, overload, seal deformation, impact, 
and deterioration.

Axles are used in vehicles to transmit the movement from 
the differential to the wheels. Axle shafts are parts that 
work during vehicle movement. Axle shafts, which are 

European Mechanical Science (2022), 6(3): 201-206

Computer aided numerical damage analysis of the axle shaft

202 https://doi.org/10.26701/ems.1109917



one of the powertrains of vehicles, are exposed to differ-
ent loads and therefore, some damage and malfunctions 
may occur in the axle shafts. Axles are subjected to both 
torsional and bending stresses. Materials used to manu-
facture axle shafts must be tough to lean the pressure and 
loads caused by heavy weights [17]. A tough material must 
be produced to resist the varied stresses, resist spline wear 
and provide great strength to fatigue. Medium carbon al-
loy steel having such elements as molybdenum, chromi-
um, and nickel is a common selection [18].  Since axles 
conduct the force that rotates the wheels, each vehicle re-
quires axle shafts in order to operate properly [19]. Axles 
are principally responsible to transfer the rotational force 
and power to move the vehicle [20].  

In this study, the axle shaft manufactured by utilizing 
AISI 1035 steel was investigated. Static analysis investiga-
tions were started after the fracture occurred in the shafts 
after a certain working period. The mechanical damage 
analysis of the axle shaft and the characteristic changes 
in steel materials as a result of static loading were investi-
gated numerically. In order to observe the mechanical be-
haviour of the axle shaft under various loading conditions, 
mechanical tests were supported by numerical analysis. 
AISI 1035 sheets of steel are utilized in the construction 
of machine parts such as bolts, bearer mechanisms, axle 
shafts, and gear wheels. AISI 1035 sheets of steel can be 
hardened by induction or flame [21]. Chemical composi-
tions, hardness values obtained from the material surface, 
and the hardening depth of the steel material have major 
importance in the selection of steel materials to be heat 
treated [22]. 

The chemical composition of AISI 1035 steel is given in 
Table 1. 

Table 1. Chemical composition of AISI 1035 steel  

Chemical composition of  AISI 1035 steel

Material Elements

AISI 1035 C Si Mn Fe

Min. (wt.%) 0.32 0.15 0.50 99.03

Max. (wt.%) 0.39 0.35 0.80 89.46
   

In addition to its superior hardening properties, high load 
bearing capacity and toughness are sought in tempered 
steels. In order to obtain high hardening values for tem-
pered steels, carbon is added at a higher rate than other 
steel types. While the machine elements perform the 
functions expected from them, the surfaces of the parts 
are exposed to higher stress and higher abrasive forces 
compared to their inner parts. When these stresses and 
forces exceed the surface strength limit of the material, 
cracks begin on the material surface. However, the in-
crease in the load of the vehicle and the pressures it will 
be exposed to in potholes and bumps should also be con-
sidered [23]. Mechanical properties of AISI 1035 steel are 
given in Table 2.

Table 2. Mechanical properties of AISI 1035 steel 

Mechanical properties of  AISI 1035 steel

AISI 1035 Diameter (mm)
Yield Strength(N/

mm2)
Tensile Strength 

(N/mm2)

Min. 100 275 490

Max. 160 - 635
    

The damaged axle shaft manufactured by utilizing AISI 
1035 steel is given in Figure 4. It was observed that the 
damages occurred at the tip of the shaft. 

 
Figure 4. Damaged axle shaft

The model and applied loads of the axle shaft which are 
given in Figure 5 were determined by using the Solid-
works program. 

Figure 5. Axle shaft modelled in Solidworks

The volumetric and mass properties of the axle shaft are 
given in Table 3.

Table 3. Volumetric and mass properties of the axle shaft 

Volumetric and mass properties of  the axle shaft

Mass Volume Density 

20,0878 kg 0,00255896 m3 7.850 kg/m3

  

After the geometric model of the axis was created, stat-
ic analyses were made using the determined mechanical 
properties of the material.
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3. Results and Discussion 
Static analyses are analyses to examine mechanical prop-
erties such as compression, tensile, and torque. In our 
study, the results of static analysis using various loads and 
various support points were examined. Solidworks pro-
gram was used in the analysis. The head of the axle shaft is 
fixed and subjected to bending with a force of 250 N from 
its middle part. After the forces were determined, the part 
was meshed to be divided into finite elements.

Figure 6. Mesh structure of axle shaft

The mesh structure of the axle shaft is given in Figure 6. 
There are 92.767 mesh elements and 60.928 nodes in the 
mesh structure of the axle shaft.

The mechanical properties of the axle shaft are given in 
Table 4.

Table 4. Mechanical properties of the axle shaft 

Mechanical properties of  the axle shaft

Material AISI 1035 

Yield Strength 2.82685e+08 N/m2

Tensile Strength 5.85e+08 N/m2

Poisson Ratio 0.29

Mass Density 7.850 kg/m3

Shear Module 8e+10 N/m2

Thermal Expansion Coefficient 1,1e-05 /Kelvin
   

The forces applied to the axle shaft and the reaction forces 
applied in the direction of the x, y, and z axes are given in 
Table 5.

Stress analyses of the axle shaft made of AISI 1035 steel 
were carried out by the Finite Element Method. Von-Mis-
es stress criterion was used as the equivalent stress criteri-
on in the finite element analysis of the axis. Von-Mises cri-
terion for damage analysis is among the widely used and 
advanced criteria for damage analysis of steel materials. 
The Finite Element model of the axle shaft is a three-di-
mensional, tetrahedral SOLID 92 element type with 10 
nodes and 30 degrees of freedom in the mesh structure.

Table 5. Axle shaft reaction forces 

Axle shaft reaction forces

X Y Z Result

Reaction Force (N) -189,65 -1.641,96 0,678664 1.652,87

Reaction Moment (Nm) 0 0 0 0
   

The maximum and minimum Von-Mises values   obtained 
at the end of the mesh process are shown in Figure 7, the 
maximum and minimum displacement values   are shown 
in Figure 8, and the maximum and minimum equivalent 
strain values   are shown in Figure 9.

Figure 7. Maximum-minimum Von-Mises strength values 

As shown in Figure 7, the maximum stress on the axle 
shaft was obtained as 3.014x102 N/mm2. The minimum 
stress on the axle shaft was found to be 2.415x103 N/mm2. 
The maximum stresses that occur as a result of the con-
stant load applied from the middle part of the axle shaft 
were observed at the ends of the axle shaft. No damage is 
expected in the middle parts of the axle shaft and takes 
place in the safe zone.

Figure 8. Maximum-minimum equivalent stresses

As shown in Figure 8, the maximum equivalent stress on 
the axle shaft was measured as 7.267x102 N/mm2. The 
minimum equivalent stress on the axle shaft was mea-
sured as 1.754x103 N/mm2. The maximum equivalent 
stress values formed as a result of the constant load applied 
from the middle part of the axle shaft were observed at 
the ends of the axle shaft. The shaft is considered to be in 
the safe zone since no damage has occurred in the middle 
parts of the axle shaft.
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In this study, numerical analyses of axles used in heavy-du-
ty vehicles were carried out in Solidworks environment 
under load, and the following results were obtained.

According to the analysis results, it was observed that the 
axles were deformed at the ends. It was determined that 
stress concentration occurred in the damaged parts of the 
axle. It has been determined that there is no deformation 
that may pose a danger at the midpoints of the axle shaft.

According to the numerical analysis results, the cause of 
the damage in the axles; is thought to be caused by the 
usage error of the vehicle. Sudden loads should be avoided 
while driving, attention should be paid to the unfavour-
able road conditions, and attention should be paid to the 
driver having adequate driving training.

Figure 9. Maximum-minimum displacement values

As shown in Figure 9, the maximum displacement of the 
axle shaft was measured as 5,868 mm. The minimum dis-
placement on the axle shaft was measured as 1x10-3 mm. 
It has been observed that the maximum displacements 
that occur as a result of the constant load applied from 
the middle part of the axle shaft are at the end of the axle 
shaft. It has been determined that the deformations that 
may occur in the middle parts of the axle shaft will not 
reach dangerous dimensions. In addition, deformations 
that occur in the middle parts of the axle shaft do not pose 
a danger, since the material does not show rigidity.

4. Conclusions
In this study, numerical analyses of axles used in heavy-du-
ty vehicles were carried out in Solidworks environment 
under load, and the following results were obtained.

According to the analysis results, it was observed that the 
axles were deformed at the ends. It was determined that 
stress concentration occurred in the damaged parts of the 
axle. It has been determined that there is no deformation 
that may pose a danger at the midpoints of the axle shaft.

According to the numerical analysis results, the cause of 
the damage in the axles; It is thought to be caused by the 
usage error of the vehicle. Sudden loads should be avoided 
while driving, attention should be paid to the unfavour-
able road conditions, and attention should be paid to the 

driver having adequate driving training.
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Abstract: In this study, A356-T6 wheel bending fatigue test limits were determined using the finite element methods and compared 
to experimental test results. Short and long bending fatigue tests (200.000 cycles and 1.800.000 cycles respectively) were done. 
Simulation models was created in Ansys by defining A356-T6  S-N curve. Simulation has been performed with test parameters. 
Fatigue cracks started around 210.000 and 2.000.000 cycles in accordance with simulation results. In experimental test, zinc-glycerin 
was applied front surfaces of  wheels to obtain fatigue detects. Experimental tests were done in MAKRA BUP760 – 750 machines. 
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According to the results, it has been revealed that the experimental, and analysis datas were parallel to each other.
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with the optimized parameters in the current conditions 
in the simulation program to minimize these differences. 
For this reason, the S-N curve was obtained by perform-
ing fatigue tests at different stresses, starting from yield 
strength at 10 Hz and 20 Hz frequency, with samples 
extracted in accordance with ASTM E466 standard on 
wheels cast with optimized parameters at Döktaş. Ob-
tained S-N curve data was added to Ansys software and 
executed on the design and verified by rotating bending 
fatigue tests. In this way, it is ensured that the data of the 
material with the same casting errors and heat treatment 
conditions are used.

2. Material and Methods
Tests were carried out on A356-T6 alloy wheels produced 
with LPDC method by Döktaş Dökümcülük Trade. and 
San. Inc. Chemical analysis tests were carried out with 
ARL 8820 model Optical Emission Spectrometer for 
the wheels to be used in this study, the chemical compo-
sition is given in Table 1. For mechanical property con-
trols, hardness measurements were carried out in Brinell 
5mm/250kg method in accordance with ISO 6506[2] 
standard, tensile tests were carried out in Shimadzu 
AGS-X 100kN device in accordance with ISO 6892[3] 
standard. In addition, metallographic controls were car-
ried out with Nikon Epiphot 200 model optical metal 
microscope.

Mechanical properties and SDAS measurement results 

1. Introduction 
Wheels are very important equipment for vehicles in 
terms of safety, aesthetics and fuel consumption. A356-T6 
material is one of the most preferred aluminum alloys in 
automotive wheel production due to its weight advantage 
and high strength properties. 

Among the structural castings for automotive and aero-
nautical applications, A356 alloy is one of the most 
used cast alloys due to its good balance between casting 
properties and mechanical behaviour after the precipita-
tion hardening, usually obtained by T6 heat treatment. 
Therefore, it represents a good candidate for fatigue crit-
ical structural applications, such as automotive wheels, 
engine blocks, cylinder heads, chassis, and suspension 
components. In particular, considering wheels, it must be 
pointed out that they represent an engineering compo-
nent playing an important role for the safety and comfort 
of the vehicle.[1]

In literature, there were many studies about A356 alloys 
with different percentages of titanium , silisium and other 
alloys. However, it has been clearly seen that the fatigue 
strength of A356-T6 alloy were higher than other alloys.

It is known that the properties of the material change 
according to the variability of Casting, Heat Treatment, 
Machining, Painting parameters. It will be more accu-
rate that  the assumptions to be obtained as a result of 
using the mechanical properties of the parts obtained 
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are shared in Table 2.

Table 1. Chemical composition (wt.%) of the tested Sr‐modified A356 
alloy  

Alloy Si Mg Sr Ti Fe
Cu,Z-
n,Mn

Al

A356 6.944 0.25 0,025 0,11 0,079 <0,01 Bal.
 

 

Table 2. Tensile properties, SDAS, and hardness measurements of the 
tested alloy 

Sample 
area of  
wheel

UTS, 
Mpa

YS, 
Mpa

Elongati-
on, 
%

SDAS,
µm

Brinell 
Hardness,

HB

Rim 285±5 220±5 8±2 35±5 85±10

Spoke 240±5 200±5 3±1 45±5 75±10
 

2.1. Defining A356-T6 S-N Curve
Fatigue test specimens were extracted from A356-T6 alloy 
wheels casted in Döktaş. Fatigue samples were prepared 
in accordance with ASTM E466[4] standard as shown in 
Figure 1. The tests were carried out on a Shimadzu EHF-
EV200k2-040-0A model fatigue test device, the image of 
which is shown in Figure 3.

Figure 1. Dimensions of Döktaş Fatigue specimens acc.to ASTM E466

 
Figure 2. Fatigue specimen of Döktaş

As a result of the fatigue tests, the S-N curve in Figure 4 
was obtained.

2.2. Rotating Bending Fatigue Test of 
Wheel;
Rotating bending fatigue test is done in MAKRA 
BUP machines. (Figure 5) In this dynamic test, wheel 
is fastened to adjustable test-bench within bolts from 
inner-rim flanges. Wheel is rigidly fixed from hub to test- 
bench using screws or fixing nuts according to standart 
manufacturer torque values. Rotating bending moment is 

applied to the wheel by creating eccentric mass which is at 
certain distance from wheel offset. 

Figure 3. Testing configuration and fatigue specimen in testing

Figure 4. S-N curve of A356-T6 wheels

       

 

Figure 5. a)Scheme of the rotating bending fatigue test[5], b) testing 
machine
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Formula for the bending moment calculation; 
Abbreviations appear in Figure 6.

Mbmax = S*[Fr(µ*rdyn + d)] 

Mbmax  = Maximum reference bending moment [Nm]

Fr = Maximum load capacity of wheel [N]

rdyn = Dynamic radius of largest tyre recommended for 
wheel [m]

d = Inset [m]

µ = Coefficient of friction

S = Factor of safety

Figure 6. Bending fatigue representational image

The test is carried out with two percentage values (50 
percent and 75 percent) of the max moment and on the 
basis of the following standards.[6] Tests performed with 
75% load are considered as short tests and tests with 50% 
load are considered as long tests. 

Short Test Cycle : 200.000

Moment of short test 0.75xMbmax

Long Test Cycle: 1.800.000 

Moment of long test 0.5xMbmax

3. Simulation Design
The bending fatigue test consists of test bench and wheel. 
Wheel is fastened to the bench from inner-flange corners. 
S-N curve and mechanical properties of A356-T6 materi-
al were defined the ANSYS Workbench. 3D wheel model 
has created CATIA and transferred to simulation envi-
ronment. Model mesh size were 5mm.Wheel dimension 
was 7Jx17H2 and offset was 50mm. Maximum wheel load 
was 700kg. Short bending test moment was 3716 N.m, 
long bending test moment was  2508 N.m. Maximum 
equivalent stresses found that 134.47 and 106.64 MPa 
respectively. Fully reversed model was used for fatigue life.  
According to fatigue life, the short and long tests were 
positive which means there was no any fatigue detected in 
test cycles.  First cracks started around bolt-holes 215.000 
cycles propagated to spoke regions 2.000.000 cycles in 
short test. In long test results, crack initiation was deter-
mined around 2.000.000 cycles and didn’t propagate to 

spoke or other regions. 

Figure 7. Maximum equivalent stress,short test

           

    Figure 8. Maximum equivalent stress, long test

  Figure 9. Fatigue life in short test  
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Figure 10. Fatigue life in long test

Figure 11. Fatigue life detail in short test   

Figure 12. Fatigue life detail in long test

4. Experimental Test
A356-T6 wheel bending fatigue tests were done in 
MAKRA BUP 760 and BUP 750 machines in Döktaş 
Test Center. Zinc-gliserin was sprayed all front surfaces. 
Test moments and cycles were entered the test machines. 
In short bending fatigue test, any fatigue cracks weren’t 
seen. Approximately 225.000 cycles cracks started around 
bolt-holes. After 2.100.000 cycles, cracks propagated to 
spoke sections. Failure occurred nearly 2.500.000 cy-
cles. In long bending fatigue test, any crack occurred to 
1.800.000 cycles. After 2.000.000 cycles, first cracks were 
seen around bolt-holes then spread out other bolt-holes 
nearly 4.000.000 and 6.000.000 cycles. Long test was 
performed to 10.000.000 cycles. There was no failed as 
occurred in short test. 
 

Figure 13. 200.000 cycles in short test

Figure 14. 225.000 cycles in short test
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    Figure 15.  2.100.000 cycles in short test 

Figure 16.  2.500.000 cycles in short test [fail]

 Figure 17. 1.800.000 cycles in long test 

 Figure 18. 2.00.000 cycles in long test

 Figure 19. 4.000.000 cycles in long test 

Figure 20.  6.000.000 cycles in long test
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    Figure 21 10.000.000 cycles in long test          

      

        Figure 22 10.000.000 cycles in long test

5. Conclusion
A356-T6 wheel rotating bending fatigue tests were per-
formed in simulation environment and experimentally.  
S-N curve of A356-T6 was defined in accordance with 
standard tests. Short and long rotating bending fatigue 
tests were considered. Simulation and experimental crack 
initiation cycles were calculated and recorded. The critical 
crack test cycles were found that 210.000 and 225.000 cy-
cles for short test. The crack initiation of test wheels were 
observed around 2.000.000 cycles in simulation and ex-
perimental tests. Therefore, fatigue strength of A356-T6 
automobile wheel has been validated using the finite ele-
ments method.
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