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1. Introduction
Today we are at the stage of Industry 4.0 and the third wave digital
transformation based on information and telecommunication technologies
(ICT) and artificial intelligence. Since the 2000s, over 100 countries of
the world (the majority of industrial developed and many developing)
have decided to build their economies based on Industry 4.0 (Internet of
Things - IoT, big data, blockchain, etc.) (Tsigkanos, 2019; Giordani, 2020;
Grande, 2020). National plans for the development of ICT networks were
approved for digitalization projects in many countries.
Ivanova (2021) states that wireless communications are one of the
few sectors that kept a fast-growing tendency with creative features for a
number of decades.
As a telecommunications basis for networks, IoT in the era of Industry
4.0, will use also already in maturity 4G mobile networks, and new booming
5G networks. Phase 2 standardization of 5G networks (Release 16) was
finally completed in June 2020. The standardization of 5G communications
has been completed, and the system is being deployed worldwide (Sadinov,
2020). On Figure 1 is shown the 5G commercial network coverage map
worldwide (5G coverage, 2020).

Figure 1. 5G coverage map worldwide (5G coverage map)

The new 5G network standards are being developed to accomplish
the preferred performance goals and to co-exist with 4G network. The
authors in Asadi (2018) explained that there is very limited spectrum
available below 6 GHz, so mmWave frequencies that can incorporate
wide-bandwidth transmissions are being investigated for next generation
communication systems.
With the development of IoT, 5G includes communications between
people and things (device to device, vehicle to vehicle, etc.). 5G networks
have an extensive variety of services comprising enhanced mobile broadband
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(eMBB), ultra-reliable and low-latency communications (uRLLC), and
massive machine-type communications (mMTC). Nevertheless, wireless
data traffic and the numbers of connected things are expected to leap to a
hundredfold of equipment in a given m3. Thus, the service capability of 5G
is improved to provide services to both people and things. 5G can achieve
a peak data rate of 10 Gbps as explained in Iliev (2017) and perform well
in eMBB scenario with bandwidth 400 MHz and more advanced channel
coding and high-order modulation like Low-Density Parity Coding (LDPC)
and 256QAM.
Furthermore in Baldemair (2016) and Sim (2020) was explained some
applications such as sending HD multimedia, holographic videos need a
spectrum bandwidth that is currently unavailable in the mmWave spectrum.
Such situation offerings demanding challenges on an area or a
spatial spectral efficiency and the needed frequency spectrum bands for
connectivity as explained in Viswanathan (2020). Therefore, a wider radio
frequency bandwidth is needed and can only be found at the sub-terahertz
THz and THz bands (Tikhvinskiy, 2020).
Additionally, the recent progress of various mobile applications,
especially those supported by Artificial Intelligence (AI), is spurring intense
discussions on the future evolution of wireless networks (Balabanova, 2019;
Sheth, 2020). These challenges have motivated not only the scientists, but
the industry to start conceptualizing the sixth generation (6G) of the wireless
communication network. The aim of 6G is to provide communication
services for the future application of 2030 and supporting the sustainability
and competitiveness of wireless communication networks. The authors in
Shafin (2020) and Zhou (2020) proposed that the 6G mobile networks are
expected to offer a huge coverage that allows users to communicate with
one another, at any time and any place, with a high data rate due to the
unconventional technologies, that will be adopted by 6G networks, such as
and tremendously large bandwidth (THz) and AI, including the functional
and environmental aspects along with the services of the networks.
2. 5G mobile networks
The new 5G cellular standards are being developed to achieve the
desired performance goals and to co-exist with 4G technologies. There is
very limited spectrum available below 6 GHz so mmWave frequencies that
can incorporate wide-bandwidth transmissions are being investigated for
next generation cellular systems.
5G provides the ability to upgrade through cognitive radio technology,
which includes various important features, such as the ability of devices
to identify their geographical location, as well as time, temperature, and
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more signals in its work environment. In addition, it timely distinguishes
changes in its environment and responds accordingly to ensure continuous
quality of service (QoS).
2.1. Characteristics of 5G
5G is a truly cohesive system supporting a wide range of mobile voice
and multi-gigabit Internet applications for D2D and V2X communications,
as well as proprietary machine type communications (MTC) and public
safety applications. MIMO will be incorporated into Base Stations (BS)
to further increase data speed and capacity at the macro-cellular level. The
system’s performance in terms of coverage, capacity, and energy efficiency
(Ee) will be further enhanced in “dead” and hot spots through relay stations,
deployment of small cells, or landing on WiFi; mmWave connections
will be used to redirect relay and/or small BS cells. As explained in Iliev
(2017) D2D communications will be supported by macro-BS, providing
the control plane. The smart grid is another interesting application for 5G
that allows the power grid to work more reliably and efficiently. Cloud
computing can potentially be applied to radio access network (RAN)
and mobile users, which can form a virtual set of resources that can be
managed by the network. Bringing cloud apps to the end user reduces
communication latency to support real-time applications.
The standardization of 5G technologies and solutions should be
completed by 2021, so 5G currently means only fragmented solutions,
which in the future will become part of the overall IMT2020 solution. Such
solutions have already been implemented in various countries, but they are
still local and test in nature and don’t provide all the planned functionality
of IMT2020 networks (Ivanova, 2021).
5G networks significantly extend the limited functionality of previous
generations of mobile networks. The main functional characteristics of 5G
networks can be summarized to:
•
Enhanced Mobile Broadband (eMBB) - This use case category
is the natural extension of the classic mobile broadband connectivity
scenario under current mobile telecommunication standards. It addresses
human-centric connectivity, including access to multimedia content,
services, and data. This is done by providing the high data rates that are
required to support future multimedia services and the increasing traffic
volume generated by these services.
•
Ultra-Low Latency Reliable Communication (ULLRC) stringent requirements on both latency and reliability are the distinctive
features of this use case category, which targets mainly machine-type
communications (MTC). Envisaged applications include wireless control
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of industrial manufacturing and production processes, remote medical
surgery, driverless and/or remotely driven vehicles, and distribution
automation in smart grids.
•
Massive IoT/IIoT, mMTC (massive Machine Type
Communication) - the growth of the Internet of Things (IoT) is causing
a proliferation of wirelessly connected devices carrying MTC traffic.
Indeed, the number of such devices is expected to exceed soon the number
of devices carrying human-generated traffic. The focus of the mMTC is
on providing connectivity to a massive number of devices, which are
assumed to transmit sporadically a low amount of traffic, which is not
delayed critical. The mMTC devices are expected to have a very long
battery lifetime to allow for remote deployments. Key requirements for
such services include very low device cost and very low device energy
consumption, allowing for very long device battery life of up to at least
several years. A distinctive feature of this use case is that the MTC devices
will be extremely heterogeneous in terms of capabilities, cost, energy
consumption, and transmission power.
Extreme throughput
Enhanced spectral efficiency
Extended coverage

eMBB

ULLRC

mMTC

Low latency
Ultra reliability
Location precision

Massive device connections
Energy efficiency
Low complexity

Figure 2. 5G uses cases
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2.2. Millimeter wave communications
The primary motivation for using millimeter waves is the promise of
an abundant spectrum above 30 GHz. While mmW spectrum spans the
range from 30 GHz–300 GHz, it is widely believed that the reach of
mass market semiconductor technology extends up to around 100 GHz
and will inevitably surpass that limit with time (ETSI GS mWT 0020).
Microwave bands from 3 GHz–30 GHz are just as relevant to meeting
extreme requirements for 5G. Millimeter wave bands in current use are
predominantly employed for radar, earth exploration, point-to-point
services, and satellite communications, etc. Some of these bands are
assigned in co-primary fashion to mobile services; there are of course no
terrestrial mobile services in operation above 6 GHz. The 60 GHz ISM
band does provide as much as 7 GHz of spectrum for unlicensed use in
most parts of the world; the band has been used by IEEE 802.11 in the
recent “ad” amendment to create a physical and Medium Access Control
(MAC) layer capable of peak rates up to 7 Gbps (Baldemair, 2016).

cmWave bands
λ=1m
f = 300 MHz

λ = 10 cm
f = 3 GHz

mmWave bands

λ = 1 cm
f = 30 GHz

λ = 1 mm
f = 300 GHz

Figure 3. Spectrum band occupied by mmWaves

Millimeter wave bands pose unique challenges for radio communication.
Large-scale losses over line-of-sight paths generally follow free space
loss values, and attenuation relative to isotropic radiators increases
proportionally to the square of operating frequency. Millimeter wave path
losses are affected by a variety of other additional factors, all of which
are generally frequency dependent: (a) atmospheric losses due to gases,
notably water vapor and oxygen, (b) rain attenuation, (c) foliage loss, (d)
diffraction loss. Rappaport et. all (2019) proposed that below 100 GHz,
two atmospheric absorption peaks occur at 24 GHz and 60 GHz, due to
water and oxygen.
Spectrum above 30 GHz is useful for near line-of-sight environments;
these are typically interior or exterior spaces that are connected in a
way that allows propagation of electromagnetic fields. Coverage in such
environments is provided by dense deployment of infrastructure nodes
within and around hot spots that tend to concentrate traffic.
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Millimeter wave bands above 60 GHz are well suited for short range
point-to-point links for backhaul. These bands will typically support
higher bandwidth communication than access links, and can support highreliability performance requirements for the data plane as well as provide
excess bandwidth for link management and radio system monitoring.
Such bands will also find use for short range applications that need very
wide bandwidth capability, such as video transmission, virtual office or
augmented and virtual reality applications (Baldemair, 2016).
2.3. Device-to-Device Communication
Device-to-device communications in cellular spectrum supported by a
cellular infrastructure has the potential of increasing spectrum and energy
efficiency as well as allowing new peer-to-peer services by taking advantage
of the so called proximity and reuse gains. In fact, D2D communications
in the cellular spectrum are currently studied by the 3GPP to facilitate
proximity aware internetworking services (Tsigkanos, 2019), national
security and public safety applications (Guevara, 2020), and machine type
communications (Baldemair, 2016).
Obviously, D2D communications utilizing cellular spectrum poses
new challenges, because relative to cellular communication scenarios,
the system needs to cope with new interference situations. For example,
in an orthogonal frequency division multiplexing (OFDM) system in
which user equipment’s (UE) are allowed to use D2D (LTE direct mode)
communication, D2D communication links may reuse some of the OFDM
time-frequency physical resource blocks (RB). Due to the reuse, intracell
orthogonality is lost and intracell interference can become severe due to
the random positions of the D2D transmitters and receivers as well as of
the cellular UEs communicating with their respective serving base stations
(Iliev, 2017).
2.4. Smart Mobility Management for D2D Communications
Iliev (2017) assumed that the D2D resource usage and coordination
are under the network’s control. This is due to the fact that in-band D2D
operation, as an underlay for cellular communications, requires the
network’s control on D2D radio resources in order to provide optimized
resource utilization, minimized interference among D2D links, and from
D2D links to cellular link, as well as more robust mobility.
Enabling very low latency data communications between end-users
is one of the distinctive advantages expected from Device-to-Device
communications. However, when several base stations (BSs), which are
connected to each other via a non-ideal backhaul, are involved in the
D2D radio resource control, the quality of service requirement in terms of
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latency may not be satisfied due to large backhaul delay. Furthermore, the
additional control overhead is expected due to the exchange of necessary
information between controlling nodes as depicted in Figure 4. Therefore,
Iliev (2017) proposed two smart mobility management solutions that
can be used to minimize the negative impacts (e.g., larger latency and
additional signalling overhead) of multi-site radio resource control on
D2D communications by controlling the D2D control handover and cell
selection during the mobility of D2D UEs (DUEs):
•

D2D-aware handover solution,

•

D2D-triggered handover solution.

Here, it should be noted that D2D control handover and regular cellular
handover could be executed separately, such as in dual connectivity.
BS2

BS1

UE2
UE1

BS2

head
over ge
and
n
y
a
la
h
c
e
x
d
tion e
ional
Addit informa
to
e
du

BS1

UE2
UE1

D2D communications

D2D control

Figure 4. D2D control and communications before and after regular cellular
handover execution

D2D-aware handover solution is introduced to minimize the Endto-End (E2E) latency in D2D communications and reduce the network
signalling overhead in case of DUE mobility.
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BS2

BS1

UE1 and UE2 are
controlled by BS1
UE2
UE1
BS2

UE1 handover to BS2 is
postponed until D2D
control condition is
fulfilled for both UEs

BS1
UE1
UE2

BS2

BS1
UE1
UE2

D2D communications

Handover to BS2 is
executed, when D2D
control condition is
fulfilled for both UEs

D2D control

Figure 5. D2D control and communications during the DUE mobility between
different sites

With D2D-triggered handover solution, Iliev (2017) proposed within a
minimum number of cells or BSs to reduce the network signalling overhead
caused by the inter-BS information exchange, such as related to D2D radio
resource usage. The solution targets the scenarios where D2D groups are
dynamically formed by more than two DUEs (Figure 5). The solution can
be applied when DUEs taking part in a D2D group are varying in time, for
instance, due to mobility.
3. Requirements and Key Trends of the Future 6G Networks
One of the first research projects for 6G was launched by the University
of Oulu, Finland for full future adaptation of 6G network by the end of
2030 (6G White Paper, 2020). In addition to this university, many research
institutes have started to explore numerous issues and tasks in 6G networks,
like Seoul National University, Korea, Korea Advanced Institute of Science
and Technology, Southeast University, China, NTT Docomo, Japan, etc.
At the same time, three industrial groups were created by the European
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Telecommunications Standards Institute (ETSI) to develop specifications
for new-generation mobile networks: millimeter Wave Transmission (ETSI
GS mWT 002), Network Function Virtualization (NFV) (ETSI GS NFVINF 001), and Next Generation Protocols (NGP) (ETSI GS NGP 001).
6G offers some fascinating services beyond broadband applications
explained in Strinati (2019) and Piran (2019), such as extended reality (XR),
virtual reality (VR), mixed reality (MR), augmented reality (AR), super
Hi-vision video streaming (8K), holographic communications, eHealth,
unmanned aerial vehicles (UAV), connected autonomous vehicles, etc.,
currently not available by the 4G and 5G communication networks.
Table 1. 6G Key performance indicators compared to 5G
Parameter
Services

UEs
Bandwidth (max)

5G

Systems

- Smartphones;
- Sensors;
- UAV.

6G
- MBRLLC;
- mURLLC;
- HCS;
- MPS.
- Sensors and DLT devices;
- XR and BCI;
- Smart implants.

1 GHz

100 GHz

- eMBB;
- URLLC;
- mMTC.

Spectral efficiency considering
100 bits/s/Hz/m2/J
energy efficiency

1000 bits/s/Hz/m3/J

E2E latency

~1 ms

<1 ms

Radio latency

0,5 ms

0.1 ms

Reliability

99.9999%

99.99999%

Mobility

350 km/h

>1000 km/h

10 – 100 cm in 2D

1 cm in 3D

10 (20) Gbps

>1Tbps

106 devices/km2

106 devices/km2
100 devices/m3

Positioning precision
Peak data rate
Connection density

Notes:
MBRLLC – Mobile Broadband Reliable Low Latency Communication;
mURLLC – massive URLLC;
HCS – Human-Centric Services;
MPS – Multi-Purpose Services;
DLT – Distributed Ledger Technology;
CRAS - Connected Robotics and Autonomous Systems.
Based on the great capabilities of 5G wireless communications networks,
the mobile industry should be relocated from the traditional approaches to
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some new ones like Iliev (2017), including operation in shared spectrum
bands, inter-operator spectrum sharing, indoor small cell networks, a
large number of local network operators, etc. Tikhvinskiy (2020), Alsharif
(2020), Chowdhury (2020) scientists and researchers have set out research
methods on the formulation, characterization, design, and identification
of significant technologies motivating the initiation toward a beyond 5G
networks or 6G communication system. Therefore, the requirements of 6G
compared to 5G are more limited as shown in Table 1.
In the next paragraphs, we discuss some of the most significant
requirements and tendencies of the future generation of mobile
communication networks.
The future 6G communication systems are expected to be featured by
the following associated services (Tsigkanos, 2019; Tikhvinskiy, 2020;
Khan, 2020):
•

Ubiquitous mobile ultra-broadband (uMUB);

•

Mobile broadband
(MBRLLC);

•

Ultra-high speed with low latency communications (uHSLLC);

•

Massive machine-type communication (mMTC);

•

Ultra-high data density (uHDD);

•

Human-centric services (HCS);

•

Multi-purpose services (MPS).

reliable

low

latency

communication

The future 6G networks are expected to increase the level, currently
set by 5G networks with the donation of improved services from the
perspectives of network data availability, mobile data rate, and seamless
ubiquitous connection. Additionally, 6G communications will utilize a rare
communication method to gain acceptance to numerous mobile data groups
and send them via traditional enhanced radio networks. Such a process will
allow the innovative wireless transmission of feelings with participation
and virtual presence (Alsharif, 2020), including holographic calls (Strinati,
2019) and a tactile Internet (Saad, 2020)24, 27]. Figure 6 present the major
key features of future 6G networks.

Research & Reviews in Engineering . 13

Multi-band
ultrafast speed
transmission

Energy efficient
communication

High security and
privacy

Artificial
Intelligent

Figure 6. 6G key features

The outstanding concepts are the THz wireless communications
system, AI, and programmable intelligent surfaces. It is expected, that the
future 6G system will have 1000 times higher simultaneous connectivity
in comparison with 5G network. New features are expected to have
latency nearby to zero, such as end-to-end delay of less than 1 ms. It
is supposed that by the end of 2030, there will be 50 billion connected
devices to Internet of Everything (IoE), which means an enormous number
of connections per km2. In the future mMTC, as also known massive IoE
(mIoE), machines will play the roles that were done by a human in the
previous network generations. The ultra-high speed with low latency
communications (uHSLLC) in 6G will provide fast connectivity, high
reliability of more than 99.99999%, and a peak data rate of approximately
1 Tbps. The user equipment or devices in 6G network will need much
more energy, in comparison with the 4G/5G wireless networks – they are
invented to operate in higher frequency radio bands. Thus, Alsharif (2020)
proposed that the energy consumption and energy efficiency are some of
the challenges that need to be taken into the consideration. The future 6G
communications will employ satellite communication technologies to
provide global coverage. 6G will integrate telecommunication satellites,
earth imaging satellites, and navigation satellites to provide localization
services, broadcast and Internet connectivity (Rappaport, 2019), as well as
weather information to cellular users.
The 6G networks will employ satellite communications (GPS, Galileo,
Glonass, BeiDou, QZSS) to provide global coverage and super precision
positioning (Filjar, 2021). This will help in the progress of connected
robots and fully autonomous connected vehicles. The 6G network will
offer complete unmanned mobility, safe and self-driving cars, a smart
infotainment system, and enhanced traffic management.
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4. 6G Technologies: Concepts and Services
Based on the growth of mobile networks (primarily 4G and 5G), 6G
networks are mainly based on the architecture and deriving the benefits
achieved in 5G (Sim, 2020; Viswanathan, 2020; Guevara, 2020). Some
of the technologies, implemented in 5G, will be improved in 6G and
several new technologies and applications will be added. Therefore, the
6G communication network will be operated by many technologies. Some
of the expected essential technologies for 6G networks are discussed in the
following sections (shown on Figure 7).
4.1. Artificial Intelligence (AI)
Artificial Intelligence (AI) (Balabanova, 2019) and Machine learning
(ML) (Asadi, 2018), along with deep learning, are widely considered
technologies that can be one of the key parts of the future 6G network.
It can be said, that without a doubt, AI has attracted a lot of attention in
the field of networking as image classification, computer vision, social
networks, and security. AI and ML technologies can be implemented in
the 6G communication networks in different layers: data links and network
infrastructure, SDN, NFV, and cloud/edge/fog computing (Lataief, 2019).
The intelligent radio transmission in the future 6G network can be realized
completely through AI with assistance from ML algorithms. We really
expect to go from AI and ML as a basis for air interface design, selfoptimizing transmitters, and receivers and cognitive spectrum use.
4.2. Mobile Edge Computing
Due to the distributed massive cloud applications, mobile edge
computing (MEC) becomes a significant part of 6G technologies, which
helps the calculations to be performed as close to the IoT devices as
possible (Tsigkanos, 2019; Grande, 2020). Implementation of AI-based
MEC in (Hussain, 2020) will reduce the data volume sent to the central
servers, which will ultimately lead to lower latency, as a result improving
the performance of real-time services and applications. Shafin (2020)
proposed that the AI techniques implemented in MEC (complex networks)
could achieve better results rather than using the traditional algorithms.
MEC can play a significant role to provide high Quality of Experience
(QoE) in smart dynamic services and applications for edge scenarios.
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Figure 7. 6G architecture scenarios

4.3. Blockchain
The blockchain is a comparatively newer technology and offers a variety
of applications, as explained Alsharif (2020). In the 6G systems, some
numerous services and applications can be supported – smart healthcare,
network decentralization, spectrum sharing, smart transportation,
distributed ledger technologies (DLT). Khan (2020) proposed that the use
of blockchain in 6G networks would considerably improve the security of
authentication and could simplify the network management and enhance
the network performance. On another hand, blockchain technologies
combine a distributed network architecture, compromise mechanism, and
innovative cryptography to highlight the promising features that are not
available in the existing structures (Chowdhury; 2020, Wang, 2020).
One of the primary goals of 6G systems are scalability and reliability
of the networks. Implementing the blockchain will be possible to achieve
key design aspects, such as fault tolerance, security, low latency, and
decentralization.
4.4. Terahertz Technology (THz)
The first specification of 5G NR, developed by 3GPP using mmWave
and sub-6 GHz bands supporting high data transfer. 6G aims to enable even
higher data rates and new applications. The radio frequency band (RF) is
filled by existing wireless communications and cannot be used for future
technologies (Rappaport, 2019). These factors stimulated the development
of 6G networks through the use of terahertz (THz) waves in addition to
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mmWave bands. THz waves operate between 0.1 THz and 10 THz, with
the equivalent wavelengths 0.03 mm÷3 mm range. The ITU-R specified the
0.275÷3 THz band as the main band for terahertz communications in cellular
networks. The THz communication compared to mmWaves will improve
the 6G capabilities by supporting wireless communication, high data rates in
the order of hundreds of Gbps, super Hi-vision video streaming, augmented
reality, and precise positioning (Rappaport, 2019; Wang, 2020).
The THz band offers several advantages, but on the other hand, propagation
loss, molecular absorption, high penetration loss are just some of the issues
that must be resolved to enable the use of terahertz communication in 6G
networks. All these lead to engineering challenges for antenna systems and
effective transceivers with innovative adaptive array technologies.
4.5. Visible Light Communications
Visible light communication (VLC) has been proposed to complement
RF communications by adapting a cheap light-emitting diode (LED). These
devices can indeed switch between different light intensities very quickly
to modulate a signal and to transmit it to a proper receiver (Strinati, 2019).
In comparison with RF which has high latency and interference, the VLC
offers higher bandwidths and resistance to electromagnetic interference.
The progress of LED technology and multiplexing techniques are among
the main prerequisites for the application of VLC in 6G network (Alsharif,
2020). On the other, hand the wavelength division multiplexing and the use
of white light based on different wavelengths will increase the transmission
rates to 100+ Gbps for VLC access points. Communication systems based
on visible light communication can offer very high data rates, low latencies,
and secure communications.
4.6. 3D networks
The current 5G and previous generations networks also have been
designed to provide connectivity for devices collocated on the ground in
bi-dimensional space (2D network). However, as explained in (Giordani,
2020) the 6G heterogeneous networks will integrate the ground and space
networks to provide communications for UE in the three-dimensional
(3D) network and to incorporate satellites, terrestrial networks, UAVs, and
undersea communications. Thus, the 6G communication systems genuinely
accomplished the global coverage and stringent seamless access, even for
river, sea, plane, and mountain areas (Piran, 2019; Hussian, 2020). The
altitude above Earth’s surface of low earth orbit satellites is between 700
to 1500 km, for that reason, it is difficult to achieve the ultra-low delays
of the signals. Long-distance imposes higher power requirements for IoT
equipment to communicate with the satellite.
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Regardless of these opportunities, some challenges need to be
addressed before UAVs can be effectively used in wireless networks, such
as modelling space to ground communication channels, improving the
topology and trajectory, energy efficiency, and resource management.
4.7. eHealth
The eHealth isn’t a new technology, like an example, the medical
specialists used for more than two decades the Wireless Brain-Computer
Interaction (BCI). The future 6G networks in combination with AI will
change the healthcare sector, so the doctors and nurses can provide and
guarantee better patient care. Healthcare will be significantly changed,
with 24/7 monitoring of the human vitals and environmental readings (e.g.
humidity, air pollution, temperature) through a number of both wearable
IoT devices and implants. Remote surgery will also be possible through 6G
communications. The real-time data of the patient will be used as the raw
data, which are then transmitted to edge servers or through the Internet for
analysis (Sheth, 2020; Letaief, 2019; Thuemmler, 2018).
4.8. Autonomous Systems and Intelligent Transport System
The Internet of Things, Smart Cities, and Intelligent Transportation
Systems are three of the main concepts that will be encouraged with the
appearance of 5G and the future 6G technologies.
The future 6G networks can support the deployment of autonomous
vehicles and unmanned aerial vehicles (UAV). In the intelligent transport
system (ITS) the vehicle shares its sensor data and current position with
other vehicles and the roadway. On the other hand, the vehicles can
receive data from the roadway and/or infrastructure, which can reduce
the likelihood of incidents and improve mobility. With the usage of AI
and such type of communications as explained by (Sharif, 2020; Guevara,
2020; Guo, 2019), ITS can succeed in safe intersection crossing, safe
lane changing, optimal traffic signal control, smart parking allocation,
and emergency warning notification. The UAV can simplify the eMBB,
mMTC, and URLLC services in the 6G networks, so, therefore, could help
in various fields including smart video surveillance, aerial photography,
smart farming, and disaster management.
4.9. Smart Cities
The concept of a smart city was proposed in the late 1990 and was
aimed primarily at the development of technologies and infrastructure of
the city. Some scientists defined that the smart city is distinguished by the
use of such components of smart urban systems as smart video surveillance
system and video analytics; intelligent street lightning system; intelligent
transportation system; public Wi-Fi networks; IoT; augmented and virtual
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reality; unmanned and autonomous vehicles, etc. (Tsigkanos, 2019;
Grande, 2020; Guevara, 2020; Wang, 2020). Powerful use of intelligent
systems can be achieved with the combination of artificial intelligence
techniques with edge technologies and devices.
5. Conclusion
We analysed and discussed the opportunities, main technical
challenges, and services that will characterize the future 6G networks. On
another hand, we derived the key performance indicators of 6G network
and compared them to the present 5G communication standard. There is
a tradition of inventing a new mobile generation standard approximately
every decade, for this reason, the appearance of the 6G at the end of 2030 is
quite possible. Future research in the field of 6G wireless networks will be
further developed, upgraded, and complement the recent technologies used
in the 5G networks. In this regard, will be introduced the use of Terahertz
technology in addition to mmWaves, visible light communications, edge
computing, and others. Improving the performance of 6G networks will
be achieved through the use and development of AI/ML technologies.
Finally, we recognized the following key technologies most possible
to be defined for the future 6G network: (i) AI and ML technologies
implemented in network infrastructure, SDN, NFV, and cloud/edge/fog
computing; (ii) wider radio frequency bandwidth terahertz (THz) waves
in addition to mmWave; (iii) blockchain technologies can be supported
– smart healthcare, network decentralization; (iv) three-dimensional (3D)
network incorporated satellites, terrestrial networks, UAVs and undersea
communications; (v) autonomous vehicles and UAVs can simplify
the eMBB, mMTC and URLLC services in the 6G networks. These
technologies are not yet available to users, but they all give researchers
an incentive to work in different areas, such as: the study of spatial
multiplexing algorithms for antennas systems of 6G radio access network;
investigation of the radio frequency bands 92-174.8 GHz range for the
development of 6G generation mobile communication networks; research
into the need and scenarios for the use of AI to improve the efficiency of
the 6G radio interface.
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“A staple-spun yarn is a linear assembly of many fibres in the crosssection and along the length, held together usually by the insertion of twist
to form a continuous strand, small in diameter but of any specified length.”
(McIntyre, 1995). Spun yarns are produced using one of the major spinning
processes presented in Table 1.
Table 1. Classification of major short staple spinning systems (Matsuo, 2008)
Short Staple Spinning
Real Twisting Method
Open-End Twisting Method

Ring Spinning
Rotor Spinning
Friction Spinning
		
Air Jet-Vortex Spinning

The most relevant spinning systems are ring spinning, rotor spinning
and air-jet/vortex spinning with a market share of 65%, 30% and 2-5%,
respectively. Ring-spinning accounts for about two third of long and short
staple yarns produced globally (Anonymous, 2019).
The success of ring spinning can be attributed to the superior quality,
remarkable strength, and evenness of ring yarns over those produced by
other systems. Ring spinning also offers high versatility in terms of yarn
count and fiber type (Zahidul, 2019). On the other hand, the problems
associated with ring spinning are high power consumption, high yarn
tension and, low production speed mainly resulting from the friction
between the ring and the traveller (Lawrence, 2010).
The generated heat due to friction elevates the traveller temperature
which, at extreme conditions, results in the breakage of the yarn or even
the traveller. Traveller speed is limited in order to avoid such failure.
The heat problem can be overcome either by reducing its generation or
dissipating the generated heat out of the traveller rapidly. For doing so,
such approaches as the use of rings and/or travellers with different shapes,
sizes, modified surfaces or use of rotating rings were proposed in various
research and development studies. Some researcher even tried to cool the
ring by refrigeration (Begum, 2011).
On the other hand, hairiness, which occurs unavoidably during spinning,
is one of the important yarn properties that affects the processing and quality
of the yarns. During the past decades, a great deal of attention was paid to
improve ring spun yarns’ quality, and to achieve higher production rates.
Compact (aerodynamic or mechanic), Jetring (Air-Plus Ring Tandem),
Compact-Jet, Siro, Siro-Jet, Compact Siro, Solo, Siro-Solo, Pro-Spin, NuTorque, Offset, Mismatch, Sirofil, Contact, Agent Aided Spinning Systems
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and Pre-Twister Process are among the hybrid and spinning triangle
modified technologies based on ring spinning, that primarily reduced yarn
hairiness, increased abrasion resistance and improved strength (Nergis,
2017; Khan, Begum and Sheikh, 2020).
There is still an ongoing and indispensable effort for improving the
quality parameters of ring spun yarns and increasing the production
speed. In order to serve the improvements aimed, different modification
approaches to ring spinning machines were developed and those proposed,
mostly within the final decade, were gathered in this work. It should
however, be noted that not all the presented techniques have been launched
as commercial machines but the modifications explained would help
researchers develop or improve novel approaches.
1. APPROACHES TO DECREASE THE HAIRINESS OF
RING SPUN YARNS
1.1 Decreasing Hairiness by Contact Surface Installation
A contact surface installation into the yarn formation zone after the
spinning triangle was one of the approaches adopted to reduce yarn hairiness
(Fig.1) Presence of the contact surface introduced a re-wrapping effect on
the protruding fiber ends and reduced the yarn hairiness. However, despite
the improvement achieved for yarn hairiness, unevenness and strength
properties of the yarns deteriorated when a contact surface was used (Xia,
Xu, Zhang, Qiu and Feng, 2012).

Figure 1. Stationary contact surface installed after the spinning triangle (Xia,
Xu, Zhang, Qiu and Feng, 2012)

Aiming to improve the spun yarn properties further, the stationary
contact surface was replaced by a rotary grooved cylinder. The decreased
frictional force and reduced twist blockage provided by the rotary surface
prohibited improper drawing of the drafted strand in the spinning triangle.
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So, the yarns produced had better tenacity values. Although similar
unevenness values were achieved, hairiness reduction ratio of the yarns
spun with the rotary grooved cylinder was significantly lower than that of
the corresponding yarn spun with the static grooved one (Yu et.al, 2018).
In another modified method introduced to overcome the deterioration in
yarn evenness and insufficient hairiness reduction obtained with the static
contact surface, the yarn was passed between a contacting static rod and a
self-adjustable disc. The static rod and disc assembly was placed into the
yarn formation zone in such a way that the rod was below and the disc was
above the yarn. The length of the static rod adopted shortened the contacting
length of the strand in comparison to the contact length of the static surface.
Self-adjustable disc was was able to perform both vertical and rotational
motions. The experimental results proved that the yarns produced using a
combination of a static rod and adjustable disc surfaces had considerably
decreased hairiness values. Despite its good contribution to existing
alternative pneumatic compacting systems, the limitation of the proposed
arrangement was its more or less twist blocking function (Liu et.al, 2018).
The contacting static rod and self-adjustable disc approach was further
improved by varying the manner which the drafted strand contacted the rod and
disc surfaces while its passage between them (Xu et al., 2020). Accordingly,
the strand either followed a straight, convexing-up or concaving-down route.
In case of convexing-up passage form, the strand surrounded the surface of
the static rod while partly contacting the self-adjustable disc. On the other
hand, in the concaving-down route the strand surrounded the surface of the
self-adjustable disc while partly touching the static rod. The results of the
tests conducted showed that yarn hairiness was significantly reduced for all
contacting modes when compared with the hairiness of conventional yarn
and the yarn tenacity was slightly enhanced only for the strands that followed
the convexing-up and concaving-down routes.
In another approach, a rotary wheel with a threaded surface with three
pitch lengths of 0,3, 0,5 and 0,7 mm was designed and attached 10 mm
below the front roller nip line. According to the experimental results, yarn
hairiness and tenacity significantly improved when rotary-threaded wheel
was used and hairiness reduction ratio gradually decreased as the threaded
pitches widened (Xu, et.al, 2021).
1.2 Decreasing Hairiness by Modifying the Yarn Path
In an attempt to produce less hairy ring spun yarns, various approaches
have been reported for maintaining horizontal offset of the spinning
triangle by deflecting the path of the yarn from the drafting arrangement
to the bobbin. There is an asymmetric fibre distribution in the spinning
triangle and the direction of the offset seems to play an important role
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in determining the hairiness of the yarns. Although there are opposing
opinions whether right or left offset of the yarn path is the most effective
one for reducing hairiness, this simple geometric modification of the
spinning triangle offered successful results.
For achieving a left diagonal path, Rajwin, Prakash, and Vimal (2018)
used the mismatching approach and diverted the yarn towards left by
guiding the yarn to the adjacent spindle on the left side (Fig. 2). Right
diagonal path of the yarn was achieved by guiding the yarn to the adjacent
right side spindle. Yarn hairiness, evenness, tenacity, elongation and
breaking force of the conventional and compact ring yarns spun by the left
diagonal path were better than those properties of the yarns that followed
straight and right paths during their production. 30-39% reduction were
observed in the hairiness of the yarns produced with left diagonal path.

Figure 2. Left diagonal path arrangement (Rajwin, Prakash and Vimal, 2018)

Despite the fact that it provided high hairiness reduction, the mismatching
approach also had the potential to cause problems such as excessive offset
or empty spindle. So, a pair of offset device that can change the horizontal
offset of the spinning triangle was adopted on a spinning machine, between
the front roller and the yarn guide. In the arrangement, two round guides,
inserted in two slots, could be moved freely to change the horizontal offset
(Fig. 3). It was reported that the “Z” twisted spun yarn hairiness reduced
by applying appropriate right horizontal offset of spinning triangle, where
“S” twisted yarn hairiness reduced by selecting appropriate left offset (Liu
and Su, 2016).

Research & Reviews in Engineering . 29

Figure 3. Round guides in horizontal slots

Various offset distances were also achieved by shifting a traverse guide,
placed between the delivery roller and the pig tail, on horizontal axis (Fig.
4). The yarn leaving the front roller nip was threaded through the traverse
guide and the diagonal path provided by offsetting the guide affected the
hairiness of the yarns but quite different effects were observed for left and
right diagonal paths. 3-9 mm long hairs of the yarns, which followed right
diagonal path during production, reduced a great amount. For the right
offset arrangement, 12 mm proved to be the optimum value as the offset
distance (Wu, Xie, Su, Liu and Huang, 2011).

Figure 4. Offseting by traverse guide (Wu, Xie, Su, Liu and Huang, 2011)

35° angle offset in the spinning triangle was obtained by moving the
position of the twisting unit relative to the nipping point of the drafting
arrangement exit roller by Singh, Gordan and Wang (2018). According
to the results they obtained using this arrangement, right offset proved
to be effective in reducing hairiness for a Z-twist yarn while left offset
deteriorated hairiness results.
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1.3 Decreasing Hairiness by Pre-Twisting (Low Torque Spinning)
Advantages such as reduced twist liveliness, less hairiness and higher
strength at lower twists, soft handle and lower fabric spirality after washing
and tumble-drying processes are offered by yarns producing low torque
ring spinning approach. For producing such yarns, ring spinning system
is modified by incorporating a false twister/pre-twister into the yarn path
between the front roller and yarn guide. The patented technique proposed by
Tao, Xu and Wong (2004) can be considered as the base for the following
approaches in which ring spinning system is modified by employing a false
twister/pre-twister in the yarn formation zone.
By using an additional twisting element after the drafting arrangement,
the yarn path is divided into two zones after the spinning triangle (Fig.5)
(Yang, Tao, Xu and Lam, 2007).
Zone I, from the yarn formation point to the false twister, is the high-twist
zone, due to the amount of false twist given in Z direction by the false twister.
Zone II, on the other hand, is the low twist zone, from the false twister
to ring, traveler and spindle. In this zone, the same amount of false twist
in reverse direction is immediately introduced as the yarn passes the false
twister. At the same time, true twist propagates from the traveler and
interactes with false twist, forming the final single yarn.

Figure 5. Twist zones after the spinning triangle (Yang, Tao, Xu and Lam, 2007)
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In Table 2, various approaches used for producing the so-called low
torque yarn by employing different false/pre-twisters on the ring spinning
machine are presented.
Table 2. Different approaches for producing yarns using a pre-twister
Type of pretwister used

(Yang, Tao,
Xu and
Lam, 2007)

Figure

Results obtained

Modified low
twist yarn had
relatively high
strength and
low residual
torque.
The use of low
resudial yarn
has the potential
to solve the
spirality
problem of the
single jersey
fabrics.

The
conventional
ring spinning
system was
equiped with a
pin false twister
that was driven
by a couple
rotor.

Figure 6

(Xu and
Tao, 2008).

The pin
false twister
with three
fiber feeding
approaches
were employed: a.
a.A fiber
separation
device, which
splitted the
drafted strand
into many
sub-assemblies
of fibers, was
b.
used.
b. Two strands
of rovings
parallel to
each other at a
certain distance
were fed.
c. Combination
c.
of 1&2.

Each fiber
feeding
approach
offered its own
advantages and,
in general, the
modified yarns
had low twist
with sufficient
strength for
good spinning
and knitting
performance.

Figure 7
Table continued.
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(Ying et.al,
2015).

(Liu and
Xuzhong,
2017).

Two false
twisters rotating
in reverse
directions were
incorporated
in the new
modified
spinning
system.

An air nozzle
having a vortex
guiding channel
was designed
in which the
twist can be
produced by the
high-pressure
air vortex. The
nozzle was
placed after the
front rollers.

A pre-twister,
which was
located very
close to the
front roller
nip, and a
holding roller
(Wang, Xue were added
and Cheng, to the system.
Compressed air
2018).
supplied from
four nozzles of
the pre-twister
maintained
the false twist
effect.

Figure 8

Figure 9

22,5% and
28,7% twist
reductions
were achieved
for single and
plied yarns,
respectively.
Even with the
reduced twist,
the modified
yarns had
better tenacity,
hairiness, wet
snarling and IPI
values that the
conventionally
produced ones.
The results
showed that
different
benefits were
achieved for Z
and S twisted
yarns when the
airflow direction
was switched
from
clockwise to
anticlockwise.

Although
the yarn was
weaker than the
corresponding
conventional
ring-spun one,
potentially
higher
productivity was
reached.
Figure 10
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A dynamic
twist-resistant
device was
placed to
the exit of
the drafting
arrangement.
The device
consisted of a
cylinder and
(Shao,
an oscillating
Cheng, Yu,
container.
Xu and Wu,
The twisting
2019).
torque at the
twist point was
reduced due to
The dynamic
normal force
acting on the
yarn and, the
friction between
the yarn and the
cylinders.
Table continued.

(Liua, Sua
and Song,
2020)

A motor driven
single strap
that served
as a simple
mechanical
false-twisting
device was
introduced.
The yarn that
bypassed the
upper or the
lower part
of the strap
produced a false
twisting effect.

Figure 11

Figure 12

Yarns produced
by the modified
system
had better
performance
in terms of
strength and
hairiness
compared with
the conventional
ones. The effect
of the modified
ring-spinning
system on
evenness was
not significant.

By using the
mechanical
false-twisting
attachment
ring, compact
and siro yarns
were produced.
Hairiness
and strength
of all yarns
produced using
the attachment
improved when
compared with
those properties
of their
conventionally
produced
counterparts.

Other than the arrangements presented in Table 2, Yin, Tao and Xu
(2019) used a single friction-belt, polyurethane or polyester, for achieving
the false twist effect. Studying the impact of the material type, surface
roughness, hardness and diameter of the friction belt on yarn properties
revealed that shortening the interactive path of the false-twisting unit
resulted in a significant reduction of yarn imperfections, especially neps.
The yarns, produced by the modified process, that gave the optimum
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results apparently outweighed the conventional yarns in hairiness with a
11,1% twist reduction.
Gulsevincler, Usal and Yilmaz (2020) suggested the use of an air
humidification system which was connected to the pneumatic distributor
that supplied air to the nozzle placed into the yarn formation zone. According
to the obtained results, supply of humid air to the nozzle displayed a slight
positive effect on yarn hairiness, irregularity, elongation and tenacity.
Liu and Su (2013) employed an airflow false twisting device on a
sirospinning system and by doing so, modifed the geometry of primary and
final spinning triangle parameters (Fig.13). When the spun yarns produced
by the modified system were analyzed, it was shown that increased airflow
pressures distributed the tensile and compressive stresses more uniformly
within the yarn, and thus the yarn torque decreased correspondingly.

Figure 13. Spinning triangles of Sirospun system (Yin, Tao and Xu, 2019)

As another approach based on low torque ring spinning, a two-step
spinning (twisting-and-untwisting) process was proposed by Xu, Ta, and
Wong (2014). Accordingly, two seperate steps namely, one for producing a
highly twisted yarn on ring spinning machine and another one for untwisting
the spun yarn on a twisting machine, were carried out. In the first step, a
ring yarn at a higher twist (nT, T is a nominal twist) was produced where in
the next step, opposite twist of (n−1)T was inserted on a twisting machine.
The results obtained for yarns produced by the two-step spinning process
showed that they had slightly higher tenacity, lower wet snarling tendency
and much less hairiness than the conventional yarns. However, on the other
hand, yarn properties of the yarns were inferior to those of yarns produced
by a low torque spinning method.
1.4 Decreasing Hairiness by Other Novel Approaches
Embeddable and locatable spinning (ELS) was another novel spinning
method proposed for producing super-fine worsted yarns, improving the
yarn quality and increasing fiber utilization (Xu et.al., 2011).
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The system was designed in such a way that each staple strands could
be reinforced by the filaments, and staple fibers could be well embedded
into the body of the resultant yarn. The three approaches for producing the
ELS yarn structure was as follows:
1. The filaments were fed between the two staple strands at a certain
distance away from the corresponding strand.
2. The staple strands and the corresponding filaments were overlapped.
3. The filaments were located at the outer position and the two staple
fiber strands were fed between them.
Results of the study, in which water-soluble polyvinyl alcohol filaments
were used, showed that the third appapproach was the best alternative for
eliminating yarn hairs.
In another approach, liquid water was employed as the humidification
medium for reducing yarn hairiness during ring spinning. The so-called
agent-aided system (AAS) developed was located into the yarn formation
zone between the front roller nip and the yarn guide (Fig. 14). The system
was composed of two components namely, one container full of pure water
and one self-rotating cylinder connected with a speed motor above the
container. The cylinder has direct contact with the drafted strand in the
yarn formation zone and the lower part of it was submerged in water. The
whole surface of the cylinder was covered with water due to the highspeed rotation of the cylinder and the viscous shear effect of liquids. Upon
contact of the cylinder to the strand and through the relatively small surface
tension of liquid water, the surface of the fibers became wet. The results
revealed that use of the AAS system effectively improved yarn properties
and ring yarns with obviously reduced hairiness could be spun (Li, Guo,
Sun and Gao, 2019).

Figure 14. Container and self-rotating cylinder of agent-aided system (Li, Guo,
Sun and Gao, 2019)
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In an attempt to further improve the ring spun yarn properties by using
the agent-aided system, sodium carboxymethyl cellulose (CMC-Na),
which easily dissolves in pure water under room temperature, was used as
an adhesive. Effect of the the ratio of the linear surface velocity of the selfrotating cylinder to the yarn output speed and the CMC-Na concentration
was observed. It has been found that a slightly faster linear surface velocity
of the cylinder compared with the yarn speed resulted in a reduction in the
yarns hairiness while the higher agent concentration contributed to a higher
breaking strength and lower breaking elongation. Sodium carboxymethyl
cellulose concentration of 0.7% also significantly reduced yarn hairiness
(Li, Guo, Sun and Gao W, 2020).
Another approach called “soft drafting system” SDS was proposed in
which the drafting system of the ring spinning machine was modified. A
flexible lattice apron and two magnetically fixed curved plates replaced the
aprons and formed a curve-shaped channel shown to control the movement
of fibers. Results of the tests conducted showed that the soft drafting system
improved yarn evenness and reduced the number of frequently occurring
yarn faults (Cui, Song, Cheng, Deng W and Ji, 2021).
2. APPROACHES TO INCREASE THE PRODUCTION SPEED
OF RING SPINNING
In an attempt to reduce the friction between the ring and the traveller and
hence, the heat generated, Begum (2011) proposed three set-ups in which
the ring and the traveller were vibrated at various frequency, amplitude and
velocities. In the proposed arrangements, vibration was generated either
by using an unbalanced rotating mass, by to and fro movement of a small
shaft or by using transverse motion of a small shaft in the radial direction
of the ring. The latter arrangement that produced the forced vibration with
transverse direction motion generated the most effective vibration and
provided a reduction of yarn tension as well as co-efficient of friction of
up to 25%. Friction generated temperature, on the other hand, reduced
by 16%. The reduction in the friction between the ring and the traveller
and, the heat generated allowed about 5-10% increase in the speed of the
traveller. The vibration applied had no adverse effects on the total quality
of the yarns produced.
In order to overcome the limitations in the production rate imposed by the
different forces involved in the ring/traveller system, the concept of Magnetic
spinning was proposed by Abdel-hady, Mogahzy, AbuElenin and AbdelKader (2006). The introduced system was based on magnetic suspension,
where a lightweight rotor suspended magnetically and span freely inside a
fixed stator. By this approach, the ring/traveler system was replaced by a
floating ring with an eyelet on its inner surface. The floating ring revolved by
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the action of yarn passing through the eyelet and the ring was kept suspended
in space by the active magnetic levitation system (Fig.15).

Figure 15. Magnetically suspended ring in magnetic spinning - (Abdel-hady,
Mogahzy, AbuElenin and Abdel-Kader, 2006).

A superconductor looses all its electrical resistance to a great extend when
cooled below a certain temperature. In principle, superconductors allow
electrical current to flow without loosing energy. Quantum levitation is, on
the other hand, is a process where the properties of quantum physics is used
to levitate an object, especially, a superconductor over a magnetic source
(Jones, 2019a; 2019b). According to the principles of superconducting
levitation, the permanent magnet ring of the developed system levitates and
rotates above the superconductor ring freely upon cooling the superconductor
below its transition temperature (Jones, 2019a; 2019b).
In order to overcome the complexity and high maintenance requirement
of the magnetically suspended ring, a magnetic bearing system based on
superconducting technology, which consisted of a circular superconductor
and permanent magnet ring, was proposed (Hossain et.al., 2014; 2015;
2018).
The two designs of superconducting magnetic bearing (SMB) installed
on the conventional ring-spinning machine were as follows (Fig. 16):
1. A magnetic ring rotated coaxially over a superconductor ring and the
permanent magnet ring levitated above superconductor coaxially.
2. A magnetic ring rotated coplanarly inside the superconductor ring
and the permanent magnet levitated inside the superconductor
coplanerly.
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(a)
(b)
Figure 16. Superconducting magnetic bearing positioning concepts (a) coaxially
placed, (b) coplanerly placed (Hossain et.al., 2014; 2015; 2018).

Coaxial placement had the advantage concerning dimension of cops in
twisting zone in comparison to that of coplaner placement. The yarns spun
by using coaxial configuration was less hairy, more even and had reduced
irregularity. The dynamic yarn behavior of the system presented great
potential to double the productivity in comparison to existing spinning
machines especially for thermoplastic materials.
3.

CONCLUSIONS

The ongoing attempts for raising the performance of the ring spinning
technology and enhancing the yarn properties result in the development
of various diversified approaches proposed by researchers. The proposed
technologies, which mainly aim at modifying the yarn formation zone and
traveller/ring assembly, seem to be promising in improving the performance
of ring yarns.
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1.

INTRODUCTION

Public authorities and institutions are subject to the Public Procurement
Law No. 4734 in tenders to be made using public funds, however, works
such as flat received by land owner for which public funds are not used, or
demolition works in return for scrap are not covered in this Law (Public
Procurement Law,2002).
Public procurements consist of construction works, goods and services.
Three different procedures are used for these procurements. The open tender
is a procedure by which all tenderers who meet the specified qualification
criteria can submit their tenders. In the restricted tender, only prequalification
tenderers to be invited by the contracting authority can submit their tenders.
The negotiated Procedure can only be used in special cases specified by
Public Procurement Law (Public Procurement Law, 2002).
The Public Procurement Law covers different models for the evaluation
of the qualifications and tenders. The qualification criteria to be required
from candidates or tenderers vary depending on the volume of the work,
the tender procedure and the type of procurement. The economically most
advantageous tender is determined only on the basis of price offers or by
considering the non-price factors (qualitative or quantitative) together with
the price offers. At the same time, in the both methods, a price advantage of
up to 15% can be applied in favor of the domestic tenderers. The contracting
authority calculates the limit value to determine abnormally low prices. The
contracting authority has three options based on the estimated cost of the
procurement; the tender is awarded to the most economically advantageous
tender regardless of the limit value or the tenders below the limit value
are rejected without asking for written explanation, or the tenderers whose
written explanations are found insufficient are rejected (Public Procurement
Law,2002, Public Procurement General Communique, 2019).
Although the qualification and evaluation processes of tenders are similar
according to the procurement procedures, it also includes differences. The
most significant difference is seen in the consultancy service procurements.
In this study, tender evaluation models in public construction works and
consultancy services in compliance with Turkish Public Procurement Law
No. 4734 and relevant regulations will be examined (Public Procurement
Law, 2002).
2.

TENDER EVALUATION PROCEDURES

There are three procedures: The first is known as the open procedure
in which all tenderers meeting the specified qualification criteria can
submit their tenders. The second is known as the restricted procedure
where only prequalified and invited tenderers can submit their tenders. The
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third is known as negotiated procedure in which the contracting authority
negotiates with the tenderers about the technical details, implementation
methods and, in some cases, the price (Public Procurement Law, 2002).
2.1 Open Procedure
All tenderers who meet the specified qualification criteria can submit
their tenders. Tenders will be evaluated after all tenders are submitted. This
procedure can be subdivided into the following steps (Public Procurement
Law, 2002, Public Procurement General Communique, 2019):
• Publishing tender notice.
• Receiving qualification documents and price offers together.
• Evaluating qualification criteria.
• Rejecting not qualified tenderers.
• Evaluating the tenders and deciding the most economically
advantageous tender.
• Awarding a contract.
2.2 Restricted Procedure
Only prequalified tenderers invited by the contracting authority can
submit their tenders. This procedure can be subdivided into the following
steps (Public Procurement Law,2002, Public Procurement General
Communique, 2019):
• Publishing for prequalification notice.
• Receiving potential tenderers’ prequalification documents.
• Evaluating prequalification criteria.
• Rejecting not prequalified tenderers.
• Inviting all prequalified potential tenderers or having a short list of
the potential tenderers.
• Inviting a certain number of the potential tenderers among
prequalified tenderers in the short list.
• Receiving tenders.
• Evaluating the tenders and deciding the most economically
advantageous tender.
• Awarding a contract.
2.3 Negotiated Procedure
This procedure can only be used in special cases specified by Public
Procurement Law. This procedure can be subdivided into the following
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steps (Public Procurement Law,2002, Public Procurement General
Communique, 2019):
First Option:
• Publishing tender notice (not mandatory).
• Inviting at least 3 tenderers.
• Receiving qualification documents and price offers together.
• Evaluating qualification criteria.
• Rejecting not qualified tenderers.
• Evaluating initial tender prices.
• Invitation for final tender prices.
• Evaluating the tenders and deciding the most economically
advantageous tender.
• Awarding a contract.
Second Option:
• Publishing tender notice.
• Receiving qualification documents.
• Evaluating qualification criteria.
• Rejecting not qualified tenderers.
• Receiving tenders, such as technical details and implementation
methods regarding to the contract.
• Negotiation to find the best methods and solutions.
• Receiving initial tender prices based on the clarified specifications.
• Evaluating initial tender prices.
• Invitation for final tender prices.
• Evaluating the tenders and deciding the most economically
advantageous tender.
• Awarding a contract.
3. MODELS IN PUBLIC CONSTRUCTION WORKS
There are two models. The first model is used for the open procedure
and the negotiated procedure in special cases. The second model is used
for the restricted procedure, which consists of two stages. Tenderers are
determined to be invited to tender in the first stage and tenders are evaluated
in the second stage (Public Procurement Law,2002, Public Procurement
General Communique, 2019):
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3.1 First Model
The first step of this model is to determine decision criteria based on the
volume of construction work and to evaluate qualification criteria that must
be satisfied in Table 1 and Table 2. If tenderers fail to meet the minimum
requirements, they will be rejected from the tendering process. The
second step is to evaluate the tenders and to decide the most economically
advantageous tender. If more than one tender is equal, the tender is
finalized by looking at the work experiences (Construction Works Tender
Implementation Regulation, 2019, Type Administrative Specification for
Construction Works in Open Tenders 2019)
Table 1. Documents for the economic and financial capability
Criteria

EC<ThV/10

Volume
ThV/10≤EC<ThV/2

EC≥ThV/2

NR

O

O

Bank statement.

Condition
≥TP*0.10
≥EC(0.05-0.15)1
≥0.75
≥0.15

Current ratio.
NR
O
R
Equity capital ratio.
NR
O
R
The ratio of shortterm bank debt to
NR
O
R
<0.50
shareholder equity.
Tenderer’s overall
turnover showing
NR
O
R
≥TP*0.25
its business volume.
Tenderer’s turnover
concerning
NR
O
R
≥TP*0.15
construction works.
1
The contracting authority decides on the ratio between the indicated ranges;
EC: Estimated cost: ThV: Threshold value; TP: Tender price; NR: Not required; O:
Optional;
R: Required.

Table 2. Documents for the professional and technical ability

Criteria
Operating as a registered
member of the related
chamber.
Legally authorised to
submit tenders.
Experiences in works
contracts and in services
contracts linked to
construction works
(completed or ongoing).
Organizational structure
and adequate number
of staff.

Volume

Condition

EC<ThV*2

EC≥ThV*2

R

R

Mandatory

R

R

Mandatory

R

R

O

O

EC<ThV*2

EC≥ThV*2

≥TP*(0.50-1.00)1

≥TP*(0.500.80)1

≥EC*(0.50-1.00)2

≥EC*(0.500.80)2

The contracting authority specifies
the number, title and qualification.
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Machinery, devices
and other equipment
The contracting authority specifies
O
O
required to perform the
the number, type and capacity.
contract.
Quality management
NR
O
Available/Unavailable
system certification.
Environmental
management system
NR
O
Available/Unavailable
certification.
1,2
The contracting authority decides on the ratio between the indicated ranges;
EC: Estimated cost: ThV: Threshold value; TP: Tender price; NR: Not required; O:
Optional; R: Required.

3.2 Second Model
Firstly, the qualification criteria are determined based on the volume of
construction works, then weights of the economic and financial capability
and the professional and technical ability are selected between 40 and
100, 100 points in total. Requirements and conditions of the evaluation
criteria are shown in Table 3 and Table 4. The determined criteria of each
candidate are measured based on the economic and financial capability
scores (Eq. 1.1 through 1.6), and the professional and technical ability
scores (Eq. 1.7 and 1.8). Calculated scores of each candidate are unified
and then multiplied with relative weights (Eq. 1.9 or 1.10 and Eq. 1.11).
After the results of the multiplication for each candidate are aggregated
into one overall score (Eq. 1.12), the potential tenderers will be ranked
according to their scores. Thus, tenderers who have the maximum financial
capability and technical qualification to perform a specific project will be
elected and only a certain number of qualified candidates will be invited to
submit their tenders. If the number of candidates to be invited to tender is
less than five, the tender is canceled (Type Prequalification Specification
for Construction Works in Restricted Tenders, 2019).
Table 3. Documents for the economic and financial capability of potential
tenderers
Criteria
BS Bank statements
CR Current ratio
ECR Equity capital ratio
The ratio of short-term bank debt to
DR
shareholder equity
Overall turnover showing business
OT
volume
TCW Turnover concerning construction works

Requirement
O
R
R

Condition
≥EC*(0.05-0.15)1
≥0.75
≥0.15

R

<0.50

R

≥EC*(0.25-0.35)1

R

≥EC*(0.15-0.25)1

The contracting authority decides on the ratio between the indicated ranges;
O: Optional; R: Required.

1
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Table 4. Documents for the professional and technical ability of potential
tenderers
Criteria

Volume
EC<ThV*2

Condition

EC≥ThV*2

EC<ThV*2

EC≥ThV*2
Operating as a registered
MC member of the related
R
Mandatory
chamber.
Legally authorised to
LA
R
Mandatory
submit tenders.
Experiences in works
contracts and in services
contracts linked to
EC*(0.50EC*(0.50E
R
construction works
1.00)1
0.80)1
(completed or ongoing)
within the last fifteen years.
Total of three experiences
in works contracts and in
services contracts linked
3*EC*(0.50- 3*EC*(0.50EEE
O
0.80)1
to construction works
1.00)1
(completed or ongoing)
within the last fifteen years.
Organizational structure
The contracting authority
OS and adequate number of
O
specifies the number, title
staff.
and qualification.
Machinery, devices and
The contracting authority
MDE other equipment required to
O
specifies the number, type
perform the contract.
and capacity.
Quality management
QMC
NR
O
Available/Unavailable
system certification.
Environmental
EMC management system
NR
O
Available/Unavailable
certification.
1
The contracting authority decides on the ratio between the indicated ranges;

EC: Estimated cost: ThV: Threshold value; NR: Not required; O: Optional; R:
Required.

3.2.1 Scoring The Economic And Financial Capability (SEFC):

S BS

0



 0.10

* BS  EC * BSR   0.10
 EC * BSR


0.20

BS  EC * BSR
EC * BSR  BS  2 * EC * BSR

(1)

BS  2 * EC * BSR

Where SBS is the bank statement score, BS is bank statements, EC is the
estimated cost and BSR is the bank statement ratio (Type Prequalification
Specification for Construction Works in Restricted Tenders, 2019).
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SCR

0



 0.10

* CR  0.75  0.10
 0.75


0.20

CR  0.75
0.75  CR  1.50

(2)

CR  1.50

Where SCR is the current ratio score and CR is the current ratio (Type
Prequalification Specification for Construction Works in Restricted
Tenders, 2019).

S ECR

0



 0.10

* ECR  0.15  0.10
 0.15


0.20

ECR  0.15
0.15  ECR  0.30

(3)

ECR  0.30

Where SECR is the equity capital ratio score and ECR is the equity
capital ratio (Type Prequalification Specification for Construction Works
in Restricted Tenders, 2019).

S DR

0



 0.10

0.50  DR   0.10
 0.25


0.20

DR  0.50
0.25  DR  0.50

(4)

DR  0.25

Where SDR is the ratio of short-term bank debt to shareholder equity
and DR is the ratio of short-term bank debt to shareholder equity (Type
Prequalification Specification for Construction Works in Restricted
Tenders, 2019).

S OT

0



 0.10

* OT  EC * OTR   0.10
 EC * OTR


0.20

OT  EC * OTR
EC * OTR  OT  2 * EC * OTR

(5)

OTR  2 * EC * OTR

Where SOT is the score of overall turnover showing business volume, OT
is the overall turnover showing business volume, EC is the estimated cost
and OTR is the overall turnover ratio (Type Prequalification Specification
for Construction Works in Restricted Tenders, 2019).
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STCW

0



 0.10

* TCW  EC * TCR   0.10
 EC * TCR


0.20

TCW  EC * TCR
EC * TCR  TCW  2 * EC * TCR

(6)

TCW  2 * EC * TCR

Where STCW is the score of turnover concerning construction works,
TCW is turnover concerning construction works, EC is the estimated cost
and TCR is the turnover ratio (Type Prequalification Specification for
Construction Works in Restricted Tenders, 2019).
3.2.2

Scoring The Professional And Technical Ability (SPTA):

0



 0.25
SE  
* E  EC * ER   0.25
 EC * ER


0.50

E  EC * ER
EC * ER  E  2 * EC * ER

(7)

E  2 * EC * ER

Where SE is the experience (completed or ongoing) score, E is the
experience (completed or ongoing), EC is the estimated cost and ER is
the experience ratio (Type Prequalification Specification for Construction
Works in Restricted Tenders, 2019).

S EEE

0



 0.25

* EEE  3 * EC * ER   0.25
 3 * EC * ER


0.50

EEE  3 * EC * ER
3 * EC * ER  EEE  6 * EC * ER

(8)

EEE  6 * EC * ER

Where SEEE is the score of the total of three experiences, EEE is the total
of three experiences, EC is the estimated cost and ER is the experience
ratio. Note that the document showing EEE of a potential tenderer to submit
is optional. If not submitted, the potential tenderer is not excluded from
tender but will be deprived of the additional score (Type Prequalification
Specification for Construction Works in Restricted Tenders, 2019).
3.2.3 Calculating Overall Scores of Potential Tenderers (OS):
For one potential tenderer:
S EFC _1  WEFC S BS  SCR  S ECR  S DR  SOT 

(9)

S EFC _ 2  WEFC S BS  S CR  S ECR  S DR  STCW 

(10)

S PTA  WPTA S E  S EEE 

(11)

OS  S EFC _1 or S EFC _ 2   S PTA

(12)

Research & Reviews in Engineering . 53

Where OS is the overall score for each potential tenderer, WEFC is the
weight of the economic and financial capability and WPTA is the weight
of the professional and technical ability. Note that candidates are allowed
to submit either OT or TCW (Type Prequalification Specification for
Construction Works in Restricted Tenders, 2019).
Finally, tenders are evaluated and the most economically advantageous
tender is found. If the number of tenders is less than three, the tender is
canceled (Type Administrative Specification for Construction Works in
Restricted Tenders 2019).
4.

MODELS IN CONSULTANCY SERVICES

Consultancy service procurements are frequently applied by contracting
authorities during the preparation of contracts and the performing of contracts
for construction works. At the stage of preparation of a contract such as
surveying, engineering and architectural projects, technical specifications,
estimating quantity of the work and the cost and at the stage of performing
of a contract such as supervision and controlling might be procured from
consultancy service providers. There are two models. In the first model,
contracting authorities have two options to use; the open procedure and
the negotiated procedure. In the second model, the restricted procedure
must be used (Tender Implementation Regulation for Consultancy Service
Procurements, 2019, Type Prequalification Specification for Consultancy
Service Procurements, 2019, Type Administrative Specification for
Consultancy Service Procurements, 2019)
4.1 First model
When the estimated cost is up to four times the upper value established for
services, either the open procedure or the negotiated procedure in special cases
can be used in this model. In the other case, the second model must be used.
The economic and financial capability of tenderers (Table 5) is not evaluated
in this model. However, tenderers who only meet the qualification criteria
determined for measuring the professional and technical abilities (Table 6)
will be evaluated. Then the price offers are evaluated (Tender Implementation
Regulation for Service Procurements, 2019, Type Administrative Specification
for Service Procurements in Open Tenders 2019),
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Table 5. Documents for the evaluation of economic and financial capability
Criteria

EC<UV*4

Bank statement.

NR

Current ratio.

NR

Equity capital ratio.

NR

The ratio of short-term bank debt to shareholder equity.

NR

Tenderer’s overall turnover showing its business volume.

NR

Tenderer’s turnover concerning services.

NR

EC: Estimated cost; UV: Upper value established for services; NR: Not required.

Table 6. Documents for the evaluation of professional and technical ability
Volume
EC<UV*4
R

Mandatory

R

Mandatory

R

≥EC*(0.25-0.50)1

Organizational structure and adequate number of staff.

NR

Must not

Machinery, devices and other equipment required to
perform the contract.

O

Available/Unavailable

Quality management system certificate.
Environmental management system certificate.
Service qualification certificate.

O
O
O

Available/Unavailable
Available/Unavailable
Available/Unavailable

Quality competence of test-analysis-calibration
laboratories and inspection organizations.

O

Available/Unavailable

Criteria
Legally authorised to submit tenders.
Operating as a registered member of the related
chamber.
Experiences in consultancy service procurements within
last five years or in consultancy service contracts linked
to construction works (completed or ongoing) within the
last fifteen years.

Condition

The contracting authority decides on the ratio between the indicated ranges;
EC: Estimated cost; UV: Upper value established for services; R: Required; NR: Not required;
O:Optional.
1

4.2 Second model
Regardless of the estimated cost, it is mandatory to use the restricted
procedure in this model. This model consists of five stages (Tender
Implementation Regulation for Consultancy Service Procurements 2019, Type
Prequalification Specification for Consultancy Service Procurements 2019):
•

Controlling documents submitted by candidates.

•

General competency.

•

Evaluation of the prequalification criteria.

•

Scoring financial capacity and technical skills.

•

Evaluating the tenders.
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Controlling documents submitted by candidates: If the required
documents submitted by the candidates are missing or do not comply
with the required conditions, candidates are excluded from the evaluation.
Documents to be used in the evaluation of the financial capacities and
technical skills are shown in Table 7 and Table 8.
Table 7. Documents for evaluation of the financial capacity
Volume
EC<ThV EC≥ThV

Prequalification criteria
BS
CR
ECR
DR

Condition

Bank statements.

O

R

EC*(0.05-0.15)1

Current ratio.
Equity capital ratio.
The ratio of short-term bank debt to
shareholder equity

O
O

R
R

≥0.75
≥0.15

O

R

<0.50

OT

Overall turnover showing its business
volume.

R

≥EC*(0.25-0.35)1

TCS

Turnover concerning consultancy
services.

R

≥EC*(0.15-0.25)1

1

The contracting authority decides on the ratio between the indicated ranges;
EC: Estimated cost: ThV: Threshold value; O: Optional; R: Required.
Table 8. Documents for evaluation of technical skills
Prequalification criteria
AL

MC
LA

E

OS

Application letter
Operating as a registered
member of the related
chamber.
Legally authorised to submit
tenders.
Experiences in consultancy
service procurements
within last five years or in
consultancy service contracts
linked to construction works
(completed or ongoing)
within the last fifteen years.
Organizational structure and
adequate number of staff.

Volume
EC<ThV

EC≥ThV

Condition

R

EC<ThV
EC≥ThV
Mandatory

R

Mandatory

R

Mandatory
≥EC*(0.25-0.50)1

R

for the top score:
EC* (0.50-1.00)1
KTP≤2

R

KTP≤4

PE≤10 years
SE≤5 years

Machinery, devices and
The contracting authority
MDE other equipment required to
O
specifies the number, type and
perform the contract.
capacity
Quality management system
QMC
O
Available/Unavailable
certification.
1
The contracting authority decides on the ratio between the indicated ranges;
EC: Estimated cost: ThV: Threshold value; O: Optional; R: Required.
KTP: Key technical personnel; PE: Profesional experience; SE: Similar experience.
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General competency: Required documents to evaluate general eligibilities
of the candidates are; an application letter, a document proving that the
tenderer is operating as a registered member of the related chamber and is
legally authorised to submit tenders, a statement of signature or signatory
circular showing that the candidate is authorized, documents regarding
general service experience, and prequalification documents. If the candidate is
a joint venture, partnership statement is requested. If the number of candidates
meeting the general eligibility requirements is less than three, the tender will
be canceled (Tender Implementation Regulation for Consultancy Service
Procurements 2019, Type Prequalification Specification for Consultancy
Service Procurements 2019)
Evaluation of the prequalification criteria: The candidates who have meet
the general eligibility must satisfy the conditions of prequalification criteria
shown in Table 7 and Table 8. Disqualified candidates are excluded from the
evaluation process. If the number of candidates who meet the prequalification
criteria is equal to or less than the number of candidates to be shown in the
procurement document, the candidates are invited to submit their tenders.
If not so, the candidates are scored based on the financial capacity and
technical skills (Tender Implementation Regulation for Consultancy Service
Procurements 2019, Type Prequalification Specification for Consultancy
Service Procurements 2019)
Scoring financial capacity and technical skills: The contacting authority
determines the top scores of each criterion to be used to evaluate the financial
capacity and technical skills of candidates with a total score of 100 as
shown in Table 9 before the tender (Tender Implementation Regulation for
Consultancy Service Procurements 2019, Type Prequalification Specification
for Consultancy Service Procurements 2019)
Table 9. Scores of criteria for the financial capability and technical ability of
candidates

Top Scores
Evaluation criteria and sub-criteria
10-30
Evaluation criteria of the financial capability1
OT
Overall turnover […..]
TCS
Turnover concerning consultancy services […..]
70-90
Evaluation criteria of the technical ability2
OE
Overall experience […..]
E
Experience in similar fields to the contract […..]
KTP
Key technical personnel […..]
Machinery, devices and other equipment required to perform the
MDE
[…..]
contract
QMC
Quality management system certification […..]
Total
100
1
Candidates are allowed to submit either OT or TCS, so the top scrore of OT or TCS must
be between 10 and 30.
2
Total of the top scores of OE, E, OS, MDE (if required) and QMC (if required) must be
between 70 and 90.
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The procurement commission first scores the technical ability of each
qualified candidate based on evaluation criteria of the technical ability (Eq. 2.1
through Eq. 2.8) and then the financial capability of each qualified candidate
based on evaluation criteria of the financial capability (Eq. 2.9 and Eq. 2.10).
The scores of the technical ability and financial capability of each candidate
are aggregated into one score (Eq. 2.11 through Eq. 2.13). Then the candidates
are ranked according to their scores and a short list including minimum three
and maximum ten candidates selected among prequalified ones is made for
submitting tenders in alphabetic order (Tender Implementation Regulation for
Consultancy Service Procurements 2019, Type Prequalification Specification
for Consultancy Service Procurements 2019)
4.2.1 Scoring The Technical Ability (STA)

S OE

 s _ top
 s_2


 s _1
s _ min

OE  20
10  OE  20
5  OE  10
0  OE  5

(13)

Where SOE is the overall experience score and OE is the overall
experience. Note that all scores of OE (s_top, S_2, S_1 and s_min) are
determined by the contracting authority and shown in the procurement
document (Tender Implementation Regulation for Consultancy Service
Procurements 2019, Type Prequalification Specification for Consultancy
Service Procurements
2019)
s _ top
E  EC * ER


2


 s _ top  s _ min  
* E  ER1   s _ min
EC * ER1  E  EC * ER(14)
SE  
2
ER2  ER1



E theEC
0 the similar experince score, E is
* ER1 experience,

Where SE is
similar
EC is the estimated cost, ER1 is the similar experince ratio1 is determined
by the contracting authority between 0.25 and 0.50, and ER2 is the similar
experince ratio2 is determined by the contracting authority between 0.50
and 1.00 (Tender Implementation Regulation for Consultancy Service
Procurements 2019, Type Prequalification Specification for Consultancy
Service Procurements 2019)
For each key person;
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S1

PE

s _ top



 s _ top  s _ min 
* PE  PEY1   s _ min

 PEY2  PEY1


0


PE  PEY2
PEY1  PE  PEY2

(15)

PE  PEY1

Where PE is the profesional experience, PEY1 is the contracting
authority determines the number of professional experience years for one
key person providing at most 10 years and PEY2 is the contracting authority
determines the number of professional experience years for the top score
for one key person (Tender Implementation Regulation for Consultancy
Service Procurements 2019, Type Prequalification Specification for
Consultancy Service Procurements 2019)
For each key person;

S1

SE

s _ top



 s _ top  s _ min 
* SE  SEY1   s _ min

 SEY2  SEY1


0


SE  SEY2
SEY1  SE  SEY2

(16)

SE  SEY1

Where SE is the similar experience, SEY1 is the contracting authority
determines the number of similar experience years for one key person
providing at most five years and SEY2 is the contracting authority
determines the number of similar experience years for the top score for one
key person (Tender Implementation Regulation for Consultancy Service
Procurements 2019, Type Prequalification Specification for Consultancy
Service Procurements 2019)
k



S OS   S i
i 1

PE

 Si

SE



Where k is the total staff number
For each equipment;

(17)
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S1

MDE

s _ top



 s _ top  s _ min 
* MDE  N1   s _ min

N 2  N1



0


MDE  N 2
N1  MDE  N 2

(18)

MDE  N1

Where MDE is the number of owned or rented machinery, devices and
other equipment, N1 is the contracting authority determines the number of
equipment for minimum score and N2 is the contracting authority determines
the number of equipment for top score (Tender Implementation Regulation
for Consultancy Service Procurements 2019, Type Prequalification
Specification for Consultancy Service Procurements 2019)
q



S MDE   S j
j 1

MDE



(19)

Where q is the total equipment number.

SQMC

s _ top


 0


yes

(20)
no

Where SQMC is the score of the quality management system certification.
4.2.2

S OT

Scoring the financial capacity (SFC)

s _ top



 s _ top  s _ min 
* OT  OTR1   s _ min

 OTR2  OTR1


0


OT  OTR2
OTR1  OT  OTR2

(21)

OT  OTR1

Where OT is the overall turnover, OTR1 is the overall turnover ratio1 is
determined by the contracting authority between 0.25 and 0.35, and OTR2
is the overall turnover ratio2 is determined by the contracting authority
between 0.35 and 0.50 (Tender Implementation Regulation for Consultancy
Service Procurements 2019, Type Prequalification Specification for
Consultancy Service Procurements 2019)
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STCS

s _ top



 s _ top  s _ min 
* TCS  TCSR1   s _ min

 TCSR2  TCSR1


0


TCS  TCSR2

(22)

TCSR1  TCS  TCSR2
TCS  TCSR1

Where TCS is the turnover concerning consultancy services, TCSR1 is
the turnover ratio1 is determined by the contracting authority between 0.15
and 0.25 and TCSR2 is turnover ratio2 is determined by the contracting
authority between 0.25 and 0.40 (Tender Implementation Regulation
for Consultancy Service Procurements 2019, Type Prequalification
Specification for Consultancy Service Procurements 2019)
4.2.3
Evaluation Of The Financial Capacity And Technical
Skills Of Candidates (SFCTA):
For one candidate:

STA  S OE  S E  S OS  S MDE  SQMC

(23)

S FC  SOT or STCS

(24)

S FCTA  STA  S FC

(25)

Note that candidates are allowed to submit either OT or TCS.
Evaluating the tenders and deciding the most economically advantageous
tender: The tenders submitted are evaluated in two stages; technical
evaluation and financial evaluation. First, the criteria in the technical
score Table 10 are scored from 0 through 5 to find the technical evaluation
weight using Eq. 2.14. Then, the financial evaluation weight is calculated
using Eq. 2.15. Note that the technical evaluation weight ranges from 0.70
to 0.80 and the financial evaluation weight ranges from 0.20 to 0.30, a
total of 1.00. The overall score of each tenderer is calculated by taking into
account these weighted coefficients (Type Administrative Specification for
Consultancy Service Procurements,, 2019).
Table 10. The technical score weighting coefficient
Criteria
The impact of the service on the following years.
Losses and damages that may arise after the service procurement.
Pre-contract conditions.
Losses that may occur as a result of not getting the consultancy service.
Service complexity.
Service requires more than one discipline to work together.
Environmental and social impacts.
Total technical score (TTS)
0: insignificant; 1: least significant; 2: less significant;
3: significant; 4: high significant; 5; highest significant

Score ranges
0 1 2 3 4 5

0-35
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WTE

0.78  0.80

 0.74  0.77
0.70  0.73


TTS  29
23  TTS  29
0  TTS  22

(26)

Where WTE is the technical evaluation weight and TTS is the total
technical score.

WFE  1  WTE

(27)

Where WFE is the financial evaluation weight.
In the first stage, each member of the procurement commission
(decision makers) individually scores the technical evaluation scoring
criteria, which is shown in Table 11, to determine the technical scores of
the tenderers Type Administrative Specification for Consultancy Service
Procurements ,2019)
Table 11. Technical evaluation scoring for a tenderer
Scoring criteria

Score range

A. The experience of similar characteristics and scale

10-20

B. The method proposed for the job and the organisational structure

30-50

C.

a. How to do the job
b. Work schedule

…….
…….

c. Compliance of the organizational structure with the work schedule

…….

d. Management and quality control techniques (optional)

…….

e. Equipment

…….

f. Other criteria according to the characteristics of the job

…….

The managerial team and the technical staff

30-50

a. General characteristics

…….

b. Eligibility for the job

…….

c. Local experience and knowledge of Turkish language

…….
Total

100

Then, the technical evaluation scores given by all tender commission
members are brought together and the average technical evaluation
score of the tenderer is calculated (Eq. 2.16). If the tenderer’s score falls
below the specified threshold score (70≤Threshold≤80), that tenderer is
disqualified and excluded from the evaluation. After that the normalized
technical evaluation scores of tenderers are calculated (Eq. 2.17) Type
Administrative Specification for Consultancy Service Procurements, 2019)
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Si

TE

 1 m TE 
   S c   Threshold

 m c 1

(28)

Where STE is the technical score of a tenderer, i is the ith tenderer
(3≤i≤10), m is the number of a procurement commission (decision
makers), which consists of at least five members and in odd numbers and
threshold is the minimum technical score which the contracting authority
decides on the threshold score between 70 and 80 (70≤Threshold≤80) Type
Administrative Specification for Consultancy Service Procurements, 2019)

NS i

TE

TE





Si

, max S iTE  max S1TE , S 2TE ,..., S iTE , 3  i  10
TE
max S i

(29)

Where
is the normalized technical score of the ith tenderer, and
is the maximum of average technical evaluation scores.
In the second stage, financial scores of tenderers are evaluated using Eq.
2.18. If specified in the procurement documents, up to 15% price advantage
to domestic tenderers can be applied Type Administrative Specification for
Consultancy Service Procurements, 2019),
NS i

PO



min S i
PO
Si

PO





*100, min S iPO  min S1PO , S 2PO ,..., S iPO , 3  i  10

(30)

Where
is the normalized financial score of ith tenderer,
is the minimum of the price offers and
is the price offer of the ith
tenderer.
Finally, in the last stage the normalized technical and financial scores of
tenderers are multiplied by the their weighted coefficients and then they are
added to calculate the tenderers’ total scores (Eq. 2.19) [9].
TE

TS i  Wi * NS i

TE

 Wi

FE

PO

* NS i , 3  i  10

(31)

Where is the total score of ith tenderer,
is the weighted coefficient
for the technical evaluation,
is the normalized technical score of ith
tenderer,
is the weighted coefficient for the financial evaluation, and
is the normalized financial score of ith tenderer,
The tenderer with the highest total score is invited to negotiate the job
description, contractual terms, personnel and financial tender. In case
of equality of the total points, the tenderer with a higher financial tender
score is invited to negotiate. If the financial tender scores are also equal,
the tenderer who has more similar work experience for a single contract
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is invited to negotiate. If the conditions are clarified and an agreement is
reached at the end of the negotiation, the contract with the agreed conditions
is awarded to the tenderer who has the highest total score. If an agreement
cannot be reached, the contract is awarded to the tenderer who has the
highest total score with the conditions specified in the tender document (Type
Administrative Specification for Consultancy Service Procurements, 2019).
5.

CONCLUSIONS

It is stated in the Public Procurement Law No. 4734 that the
economically most advantageous tender in public procurements (goods,
services or construction works) can be determined only on the basis of
price offers or by considering the non-price factors together with the price
offers in turnkey lump-sum contracts, lump-sum contracts and unit price
contracts. It is also stated that such as operation and maintenance costs,
cost effectiveness, productivity, quality and technical value can be used
as non-price factors which may be quantitative or qualitative. However,
determining the conditions regarding the scoring and criteria for these
factors are left to the contracting authorities. When the tenders published
in the Electronic Public Procurement Platform (EKAP) were examined, it
was seen that non-price factors were used rarely in public procurements,
and they were never used in construction works with turnkey lump-sum
contracts. This may be because of the concern that awarding a contract at
a higher price when considering non-price factors may result in the loss
of public funds. In addition, in the 2018 Audit Report of Turkish Court of
Accounts, it was seriously criticized that there were practices contrary to
Turkish Public Procurement Law in the use of non-price factors in the tender
evaluation and as a result of this there were public losses (Turkish Court of
Accounts 2018 Audit Report, 2019). However, especially in construction
works, it is thought that the economically most advantageous tender is
determined only on the basis of price offer might disrupt the time-costquality balance, so taking into account the non-price factors in addition to
the price might increase the quality of the work, prevent or reduce the cost
of poor quality that contracting authorities can endure. Therefore, there is a
need to develop models that define the scoring and conditions of non-price
factors and to provide the relevant legislation and legal infrastructure.
Civil engineers in public or private sectors frequently work in construction
works and consultancy services. Therefore, it will be beneficial for civil
engineers to be knowledgeable in the process of tender evaluation models
and to better manage the tender process. In addition, civil engineers work
not only as civil engineers but also as construction or project managers
in various public or private projects. It is believed that knowing all the
public procurement processes of civil engineers will noticeably increase
their own success and the success of their organizations.
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1.

INTRODUCTION

In 1980 K. Halbach showed that the series of magnets with a certain
array created a large magnetic field (MF) on one side and almost no field
at all on the other. One-sided magnetic fluxes were introduced by John C.
Mallinson (Mallinson, 1973) and the Halbach (HB) array was developed
by Kaus HB (Halbach, 1980).
HB arrays can be used in industrial and scientific applications such
as magnetic systems of rotating machines, (Z. Q. Zhu & Howe, 2001),
nuclear magnetic resonance (NMR) (Klein et al., 2021), electrodynamic
suspensions (Kratz & Post, 2002), DC motors (Praveen et al., 2012),
magnetic levitation (HTS Maglev) system for rail transport (Jing et al.,
2007). Linear configurations of NdFeB magnets based on the HB structure
developed for the generation of strong MFs were modeled on a theoretical
basis and in some cases experimentally verified (Žežulka et al., 2013).
Models were examined of adjustable linear HB structures (Hilton &
McMurry, 2012) using the boundary element method through computer
simulations. It was used optimization methods (Sarwar et al., 2012) for
the design of HB structures to maximize the forces acting on magnetic
nanoparticles. HB structures were analyzed (Jae-Seok Choi & Jeonghoon
Yoo, 2008) using the finite element numerical optimization method and
designed systems consisting of two and three layers of linear magnets
suitable for increasing the MF between layers.
The HB array shown in Figure 1 consists of both axially and radially
magnetized permanent magnets (PM). As a result of vectorial sums, the
magnetic flux becomes concentrated in only one region (Winter et al.,
2012), (Jae-Seok Choi & Jeonghoon Yoo, 2008), (Trumper et al., n.d.) and
weakens in the other region.

Figure 1. The superposition principle in the linear HB array.
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The magnetization model of the HB array can generally be defined
by Equations 1a and 1b (Mallinson, 1973) by the superposition of two
trigonometric functions:

M x = M sin(2π x )

(1a)

M y = M cos(2π x )

(1b)

λ

λ

where λ denotes the wavelength and M denotes the magnetization
amplitude. HB arrays can be linear, planar or cylindrical and have one
dominant surface/side. Linear HB arrays are made up of discrete cylindrical
or rectangular PMs with differing magnetic orientations resulting in a
uniform and strong semi-sinusoidal MF.
Figure 2 shows the magnetization model and magnetic flux density
properties for the HB array with 4 magnets.

Figure 2. Magnetization model for 4-magnet HB array

The peak value of magnetic flux density at the active surface is given
by Equation 2;
−2 π hm

=
B Br (1 − e

λ

) sin(

π
nm

)

(2)

The example given in Figure 3 is defined by the magnet height hm and
the number of magnets per wavelength nm = 4. The rectangular shape is
obtained from the wavelength λ = 8 hm. Br now represents the magnetic
flux density. As shown in Figure 3, for the distance between two facing HB
arrays, the flux density in the normal direction (Gieras et al., 2008) is given
by Equation 3;
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Bz ( x, z ) = B sin(

2π x

λ

)

cosh(

2π z

)

(3)

λ
πδ
cosh( )
λ

Figure 3. Double sided HB magnet array arrangement

Ideal linear HB array has sine and cosine magnetization in horizontal
and vertical directions, respectively. This array results in the absence of
a MF on one side and an advanced, purely sinusoidal MF on the other
(Shute et al., 2000). Figure 4 (a) shows an ideal HB array. However, it is
not practical to produce the ideal HB array. Instead, a series of rectangular
or square PMs are used. The practical (non-ideal) four- and eight-part HB
array is shown in Figure 4 (b). The non-ideal HB array cannot produce zero
MF density on the canceled side and purely sinusoidal MF density on the
enhanced side.

a)

b)

Figure 4. (a) Ideal HB array, (b) HB array of four and eight parts in practice.

An N-S array with the north poles magnetized in the +z and –z directions
respectively and arranged in a dual configuration is shown in Figure 5a.
Figures 5b show a HB array of four magnet components instead of two. In
addition to the + z and –z components, N poles in the + x and –x directions
are included in the array. HB array with the aid of finite element simulation
of the two main differences arise in the N-S array:

.
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1) N-S array upper and lower parts have symmetrical MF pattern. The
MF in the upper part of the HB array is very weak.
2) According to the N-S array, HB array has a much higher flux rate.
HB array is stronger than at the bottom of about √2 times the N-S array
(Kim & Trumper, 1998). This feature can be used in the design of planar
motors that can increase the force density on the strong side to improve the
levitation force.

(a) Flux pattern of N-S array

(b) Flux pattern of HB array
Figure 5. N-S array and HB array representation.

2.

EFFECTS OF PARAMETRIC CHANGES

2.1 Parametric Changes in Rotation Angles
In an idealized case, the linear HB array will generate a one-sided MF.
There are studies on the effect of rotation angles of rods and parametric
changes of the distance between them on the MF pattern (Hilton &
McMurry, 2012). A setup was set up with NdFeB magnets with a value of
Br = 1.2 T. Each bar is 1 cm in diameter, 10 cm in length and separated by
a distance of 2.5 mm. A parametric study with rotation angles is shown in
Figure 6. In Φ = 0 case, rods are rotated to standard HB array angles and
magnetic flux density measurements are taken. Then the same procedure is
repeated for Φ = π / 4 and Φ = π / 2 angle rotations.
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In order to observe parametric changes with rotation angles, the situation
was examined by rotating the rods around their axes with angles Φ = 0, Φ
= π / 4 and Φ = π / 2 radians. Various types of patterns such as strong MF
in the upper region and weak MF in the lower region, symmetrical MF in
the upper and lower region, weak MF in the upper region and strong MF
in the lower region can be provided by angle changes of the rods. The
magnetic flux density plot for each rotation state is shown in Figure 6. For
the asymmetric case, it is seen that the magnetic flux density amplitude is
between 190-10 mT on the strong side and 30 mT on the weak side. In the
symmetrical case, the amplitude is between 70-10 mT for both sides.

a)

b)

c)
Figure 6. Flux density [xx] for a magnetized rod array with
a) Φ = 0, b) Φ = π / 4 and c) Φ = π / 2 radian turns (Hilton & McMurry, 2012).
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As seen in Figure 7, the magnetic flux density in the upper and lower
parts of the array can be controlled with the help of a simple but effective
gear system. Simulations prove that such a system is simple to implement
and that the rods would not be subjected to undue torques during rotation.
However, mechanical stabilization is needed since the device has no global
energy minima. At stable mechanical equilibrium, rods at energy minima
have neighbors at energy maxima at unstable equilibria. However, a very
simple alternative exists that provides both mechanical stabilization and the
potential to alternately rotate rods. This is as simple as using an identical
gearing of each rod to its opposing rod.

Figure 7. Linear HB array with adjustable angle with gear system

A field confined to one side of the plane of the rods is generated by a
series of magnetized rods arranged in the form of Mallinson’s flux layer.
By rotating the rotation of each rod, the field can be transmitted through the
plane. A basic gearing arrangement, as seen schematically in Fig. 7, can be
used to transform such an arrangement into a functional unit. A system like
this may be used for a variety of things, including mechanical magnetic
latching and variable field sources. For free electron laser and synchrotron
applications, two such parallel configurations could be used as a variable
wiggler magnet.
2.2 Spatial Parametric Changes Between Rods
Figure 8 shows the flux density in the arrangement with bar separations
of (a) 25mm, (b) 50mm and (c) 75mm for Φ = 0. It has been observed that
increasing the bar separation does not affect the field homogeneity in the
central region. It has been observed that as the distance between the rods is
increased, the magnetic flux lines just above the rods become fluctuating.
For the asymmetric case, it is seen that the magnetic flux density amplitude
is between 190-10 mT on the strong side and 30 mT on the weak side. Since
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the field has a nonlinear dependence on rod separation, the architecture
can be easily optimized. The optimum spacing for maximal field intensity
at any chosen vertical position above the rods varies with the vertical
position, as can be observed.

a) 25 mm

b) 50 mm

c) 75 mm
Figure 8. Φ =0 magnetic flux pattern generated by increasing the distance
between the rods (Hilton & McMurry, 2012).
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2.3 HB Array in Curved Form
Figure 9 depicts a schematic model of a linear positioned HB array
of cylindrical PMs and configurations ranging from 0 to 90 degrees of
rotation.

Figure 9. Diagram depicting the analysis model as a function of the PM’s
synchronized rotation angle.

Figure 10 depicts two diagrams for each of the round designed HB
sequence. A dominant MF distribution of the HB array is created on the
outer surface of the arc shape in the A-type round layout model and at the
inner surface of the U-type arrangement. The 3D-CAD model of A-type
curved HB arrays using cylindrical PMs is shown in Figure 11 (Suzuki et
al., 2017).

Figure 10. Diagram of curved array HB arrays using permanent cylindrical
magnets (Suzuki et al., 2017).
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Figure 11. 3D-CAD model of A-type curved HB arrays using cylindrical PMs
(Suzuki et al., 2017).

Figure 12 shows the result of the line scan of the magnetic flux
density in the array shown in Figure 10 (a) and Figure 11 with a quasistatic measurement. This result shows that the proposed round HB array
has a magnetic flux density distribution similar to the HB array along the
curved surface of the real prototype model. Figure 13 shows the magnetic
flux density distribution depending on the synchronous rotation of all PMs
with MF simulation. It clearly shows the shear performance of the MF
on the proposed rounded HB array. With this design, the variation in the
magnetic flux density distribution can be observed through the continuous
rotation of the cylindrical PMs.

Figure 13. Simulation of the magnetic flux density distribution on a curved
placed HB array. (Suzuki et al., 2017).

.

76 Serhat KÜÇÜKDERMENCİ

3.

CONCLUSION

There are applications of HB sequences in a wide variety of fields such as
electromagnetic vibration energy harvesters using the HB array magnetic
rotor (Zheng et al., 2021), the “maglev” system or magnetically levitating
trains (Jiang et al., 2021), developed by Nasa, advanced HB arrays (D. Zhu
et al., 2013), concentric HB cylinder magnetic refrigerator design (Tura
& Rowe, 2014), linear HB array and moving magnet synchronous surface
motor design (Hao et al., 2011), HB array linear alternator for thermoacoustic motor (Saha et al., 2012). In addition, applications of HB arrays
are seen in other fields of study such as physics, aerospace engineering
(Shute et al., 2000), medicine (Whitney et al., 2005).
Compared to conventional PM arrays, HB arrays have the advantage
of having a stronger MF locally. With a lower production and operating
cost, HB arrays offer many advantages over electromagnets. Due to these
advantages, static MF sources in many applications can be replaced with
HB arrays.
With the geometric and parametric changes made in HB array designs
different MF patterns can be created such as weak MF, strong MF, variable
MF, MF free zone etc. in certain regions according to the application need.
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1. INTRODUCTION
While the earth moves on its orbit around the Sun, the star of the Milky
Way Galaxy, it is exposed to various effects in an environment called space
air. People and materials in a manned or unmanned spacecraft moving in
its orbit around the Earth adversely affect from this radiation. With the
altitude of the spacecraft, gravity decreases and may cause problems in
the normal functioning of the body. Since the spacemen are far from their
daily lives on Earth, their biological order may change and their immune
systems may weaken. In order to understand space radiation better, first
of all, it is necessary to touch the radiation on its main source of space
radiation.
1.1. Radiation
According to the Oxford Physics Dictionary, radiation is the
propagation of energy in the form of electromagnetic waves, moving
subatomic particles or high-energy particles that cause ionization (Oxford,
2021). Radiation is emitted by gamma rays, x-rays, ultraviolet, visible
light, infrared, microwaves and radio waves at different wavelengths of the
electromagnetic spectrum shown in Figure 1. Some types of radiation are
alpha (α), beta (β), gamma, neutron radiation and gravitational radiation
(Wikipedia1, 2021).

.
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Figure 1. Electromagnetic-Spectrum (Wikipedia1, 2021).

According to the energy of the particles, there are two types of
radiation, ionizing and non-ionizing (Wikipedia1, 2021). In ionizing
radiation, high-energy particles such as gamma rays, x-rays and ultraviolet
radiation separate electrons from the atom or molecule, thus the atom or
molecule are ionized (Wikipedia2, 2021). In non-ionizing radiation, since
the kinetic energy of particles (photons) which have visible light, infrared
and microwave radiation in a longer wavelength than UV is very small, the
particle can not break the bonds while passing through the matter and can
not produce charged ions. With only its low energy, it changes the rotation
and vibration of atoms and molecules.
Neutrons are classified according to their energy. High-speed neutrons
can ionize atoms directly. Alpha radiation interacts strongly with matter
and travels a few centimeters in the space at its normal velocities or
penetrates low-density material a few millimeters (eg thin mica material).
Beta radiation, which is more energetic than alpha radiation, is more
penetrating than alpha, but less penetrating than gamma radiation (See
Figure 2) (Wikipedia1, 2021).
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Figure 2. Particle radiation with respect to the material (Wikipedia1, 2021).

1.2. Space Radiation
Space radiation, which includes x-rays, gamma rays, proton and electron
currents, is caused by cosmic and galactic rays from the sun and deep
space. The main source of cosmic solar rays is the ejection of matter to the
environment of the sun due to explosions on the surface of the sun (Reeves
et all., 2019). Galactic cosmic rays are caused by supernova remnants and
gamma ray bursts (Wikipedia1, 2021).
2. MATERIAL AND METHOD
For a manned or unmanned spacecraft, risks caused by space radiation
or not caused by space radiation and the solution methods for these risks
are examined under these two main headings.
2.1. The Negative Effects of Space Radiation
A spacecraft and space people can be negatively affected from space
radiation as temporary or permanent damage.
2.1.1. Risks for Space People
NASA examined atomic bomb survivors in Japan, those who were
exposed to radiation for their job, and people undergoing radiotherapy
treatment and evaluated degenerative tissue damage such as cataracts,
circulatory diseases and digestive diseases. The long-term occurrence
of degenerative tissue effects for medium and high radiation doses in
individuals exposed to ionizing radiation has been investigated (Mars,
2018). According to this study by NASA, important degenerative disorders
that can potentially create in those exposed to space radiation: cataracts;
cerebrovascular and peripheral artery diseases and cardiomyopathy and
degenerative disorders in the circulatory system; cardiovascular disease
may constitute a stroke (ischemic heart disease (IHD), atherosclerosis),
premature aging and its associated diseases and fibrosis; immune and
endocrine system dysfunction; and central nervous system (CNS) risks,
digestive diseases and respiratory problems (Patel, 2016; Mars, 2018).

.
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High doses of radiation are a major concern for manned spaceflight.
Lower radiation doses are physiologically much milder but cause symptoms
that can be equally serious (Mars, 2018). A representation of the acute and
chronic effects of radiation on humans is available in Figure 3.

Figure 3. Radiation effects on humans (Mars, 2018).

It has been stated that degenerative diseases will develop when exposed
to 0.5 Gy or more ionizing radiation. Some degenerative tissue effects
have been seen in people who have performed long-term spaceflight due to
their exposure ionizing radiation from galactic cosmic rays (GCR) or solar
particle events (SPEs). Cardiovascular pathologies such as atherosclerosis
are seen in those exposed to gamma rays. Evidence of cancer risks is
available in humans exposed to radiation at doses above 100 millisievert
(mSv) (Patel et all., 2016). According to the Radiation Carcinogenesis

Research & Reviews in Engineering . 87

Risk Evidence Report, a significant increase in chromosome damage in
blood lymphocytes was detected after 3 to 6 months of space missions of
the crew working in the ISS and MIR (Huff et all., 2016). The prolonged
tenure in space also increases the likelihood of degenerative risks in tissues
associated with digestive diseases and pulmonary changes (Mars, 2018).
2.1.2. Risks for Material
High kinetic energy particles come to the material and interact with
their electrons so that some of their kinetic energy is transferred to them.
They lose some or all of their energy by slowing down in this process called
“slowing down process (displacement)”. Thus, new bonds are formed; and
abrasion (damage) may occur by deteriorating the physical and chemical
properties of the material (Shen et all., 2019).
2.2. SOLUTIONS
2.2.1. Natural Protection
The magnetosphere is controlled by the magnetic field (shield) of the
Earth and is the space field around the planet. The shape of the Earth’s
magnetosphere is caused by the “supersonic shock wave” propagating from
the Sun in the center through out of the Solar System by the intensity of
solar flares. The solar wind squeezes the material emitted by the supersonic
shock wave on the side of the Earth facing the sun at a distance of 6 to 10
times the Earth’s radius. This shock wave creates a “Bow Shock” between
the Sun and the Earth, as in Figure 4. Most solar wind particles heat up and
slow down as they move out of the galaxy in a detour around the Earth. The
solar wind drags the magnetosphere on Earth’s night side up to about 1000
times the Earth’s radius. This extension of the magnetosphere is known as
“Magnetotail” (Kaase, 2017).

Figure 4. Earth’s Magnetosphere (Kaase, 2017).

.
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For a spacecraft and humans, Earth-centered Low Earth Orbit (LEO)
(See Figure 5) with altitudes between 160-1,000 km (ESA, 2021) (or 99651 miles) could be a natural solution to protection from space radiation.
LEO has an orbital period of 128 minutes or less, usually making 11.25
orbits minimum per day, with less than 0.25 eccentricity. Most artificial
satellites in space are moved in LEO. International Space Station (ISS)
(look at Fig. 5) with an average altitude of 400 kilometers (250 miles)
is in LEO orbit. Chinese Tiangong-1 and Tiangong-2 stations are in the
orbit about 355 kilometers (221 miles) and 370 kilometers (230 miles),
respectively (Wikipedia3, 2021).

Figure 5. Orbits and ISS (Miller, 2019).

The ISS team is preserved from most of the space radiation due to
its LEO orbit (Naitoa et all., 2020). However, due to the narrow field of
view of the satellites on the LEO, it is a disadvantage that they can only
observe a narrow part of the Earth at the same time (Wikipedia3, 2021).
Since there is no natural protection of Earth’s magnetosphere outside of
LEO for mission success or crew health, more protection and protective
mechanisms are required (Carnell et all., 2016).
2.2.2. Solutions for Space People
In order to keep the radiation exposed to the spaceflight at acceptable
risk levels, the radiation generating equipment carried on the spacecraft is
carefully evaluated together with the calculation and computer modeling
of the radiation that the crew are exposed to while working outside and
inside the spacecraft (Reeves et all., 2019). For this purpose, a radiation
dosimeter, an example of which is shown in Figure 6, is used for each
manned flight in accordance with NASA Radiation Health Program.
In addition, blood samples are taken to measure the damage caused by
radiation to the chromosomes in the blood cells of space people returning to
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Earth. NASA makes biological and behavioral researches as well as design
of payloads, space habitats and life-support systems in a spacecraft. For this
purpose, it applies a road map called NASA Bioastronautics (Stodieck et
all., 1998). Degenerative and chronic tissue diseases and radiation damage
to the central nervous system are examined for possible signs of cancer
(Reeves et all., 2019).
Space humans use oral drug supplements that provide prevention and
protection to reduce the damages of ionizing radiation. For prevention
purposes, vitamins A and C, fish oil containing Omega-3, pectin fiber
obtained from fruits and vegetables; in addition, strawberries, blueberries,
cabbage and spinach are preferred for possible neurological damages.
Medicines taken for protection provide faster recovery (Reeves et all., 2019).
In addition, such drugs protect and repair root and progenitor cells that are
capable of repairing the body and regenerating adult tissues (Be., 2006).

Figure 6. Radiation dosimetry model containing more than 300 radiation sensors
used by NASA (Rask et all., 2010).

Vitamin D, which is necessary for the skeletal health of space people, is
complemented as a vitamin D supplement as it can not be taken naturally
due to the harmful ultraviolet radiation shield structure of the spacecraft
(Reeves et all., 2019).

.
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Works outside spacecraft should be performed in times of reduced solar
activity and for shorter periods of time. It is important to continue research
and development studies in order to minimize the radiation that may be
exposed on flights to deep space (Reeves et all., 2019).
2.2.3. Solutions For Material
Improved materials with anti-static and anti-radiation function can
protect from space radiation (Shen et all., 2019).
2.2.3.1. Radiation Shielding
Space people need to be protected from radiation depending on their
location inside or outside the spacecraft, and the materials are selected
accordingly.
Radiation shields are used for protection from radiation in the near and
deep space and its development continues. Blocking and shielding abilities
are looked at in the radiation shield (Wilipedia1, 2021; Wikipedia2, 2021).
For this, stopping power and fragmentation cross section are taken into
consideration (Wikipedia2, 2021). Stopping power is that the charged
particle loses its energy. This depends on the type of charged particle, its
energy and properties of the atoms in the material with which it comes
into contact. Therefore, the stopping power for particles in the material
is related to the velocity and energy of the incident particle according to
the Bethe-Block formula which the heavy electron stopping formula in
Quantum Classical Theory. Stopping power depends on the atomic number
and density of the material being passed through (Shen, 2019).
(Shen et all., 2019)

Where, charged particle energy is E; charged particle incident depth
is X; atomic density is N; electron rest mass is m0 ; atomic number is
Z; β=v/c, the electron velocityis v, the speed of light is c; the average
ionization and excitation potential energy is I. Charged particles slowly
lose their kinetic energy as they pass through the material and stop when
they catch enough electrons. If the protective material is thick enough,
the incoming particulate is blocked in the material or its energy decreases
as the particle passes through the material. However, as the thickness of
the radiation shield material increases, the weight of the spacecraft also
increases. Secondary radiation (neutrons, protons, bremsstrahlung, etc.)
produced by the collision of electrons passing through the material with
the particles of the material also emits (Shen et all., 2019) (See Figure 7).
Because high-energy gamma rays and galactic cosmic rays are ionized,
they can pass through aluminum, which is the thin metal, but can not
through cement (Reeves et all., 2019).
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Figure 7. Damaging secondary particles can be caused by collisions between the
high-energy particle and the material (Reeves et all., 2019).

Heavy elements generate more secondary radiation than lighter elements,
and space puts people’s health more at risk. For this reason, Spacecraft
structure containing high and low atomic number materials together,
especially the outer surface containing low atomic number material will
increase the shielding as it will reduce the secondary radiation (Shen et
all., 2019). Iron (Fe) ions easily stop in materials such as polyethylene
and hydride, unlike materials such as aluminum and complex hydrides
with high atomic number (Z) metals that contain little or no hydrogen
(Wikipedia2, 2021).
Polyethylene plastic consisting of carbon and hydrogen atoms, called
RFX1, is more efficient (50% and 15% respevtively) at shielding from
solar flares and galactic cosmic radiation compared to aluminum. Water,
our main source of life, is a molecule that can absorb radiation. Since
oxygen is the compound of water, it is heavier than polyethylene and is
more expensive to launch into space. Lightweight radiation shields are
easier to launch into space. A lightweight shield can significantly reduce
the negative effects of space radiation particles, but cannot stop them all. If
a radiation shield is 5-7 centimeters thick, it can block only 30-35 % of the
radiation (Reeves et all., 2019).
2.2.3.2. Anti-static Protection Materials
During the spacecraft’s operations in space, its surface may be exposed
to charge and discharge effects.

.
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Static electricity occurs when static charges accumulate beyond a
threshold value and it causes to malfunction of the systems on the spacecraft
(Yadav et all., 2020). Therefore, the outside of the spacecraft must be antistatic. The great space powers continue to work on the structural design of
the spacecraft. NASA is investigating electrostatic and plastic protections
against static electricity in this regard. Electrostatic radiation shields deflect
incoming electrically charged particles with the positive and negative
electric charges they produce (Reeves et all., 2019). The anti-static state on
the outer surface of the spacecraft is achieved by improving the electrical
conductivity of the thermal control coating, therefore the exterior of the
spacecraft is usually covered with a thermo controlled coating such as PI
(polyimide) (Shen et all., 2019).
2.2.3.3. Anti-Radiation Functional Materials
In the NASA study made for radiation protection material, polyethylene
material used in ISS’s sleeping bag was obtained. Also, an observation
window as in Figure 8 is made of quartz glass with good radiation resistance
(Shen et all., 2019). Polyethylene is a protector rich in hydrogen, and with
its use, the exposure of space people to space radiation has been reduced in
areas such as food and kitchen in the space station (Reeves et all., 2019).

Figure 8. ISS observation window (Wikipedia1, 2021).

2.2.4. Storm Shelters
Storm shelters are used for maximum protection from space radiation.
Storm shelters added to a typical spacecraft can reduce the radiation effect
below 0.1 Sv (Carnell et all., 2016).
2.2.5. Other Risks not Caused by Space Radiation
According to the Evidence Report on Cardiovascular Disease Risk and
Other Degenerative Tissue Effects, it is necessary to mention synergistic
effects for risks not caused by Space radiation together with other flight factors.
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Causes of diseases not caused by space radiation can be microgravity, oxygen
depletion, changes in the immune system, biological rhythms, changes in
eating habits. These reasons also negatively affect the risks of cardiovascular
and degenerative tissue disease indirectly caused by space radiation.
Patel et all. (2016) states that the increased duty time on the spacecraft
can create major degenerative risks in digestive diseases and lung-related
tissues. It has been stated that exposure to reduced gravity, even for a
short time, causes disorder in the immune system. The interaction of the
ionized particle with water and other cells creates reactive oxygen species
(ROS), which causes indirect cell damage. The excess of free radicals
produced causes oxidative damage to DNA, proteins and lipids, and also
causes degenerative changes that cause cardiovascular disease, cell aging
and cataracts. It can also trigger persistent metabolic changes. To protect
the normal vascular system from ionizing radiation, countermeasures
consisting of sulfhydryl or thiol compounds and antioxidants are used.
Sulfhydryl or thiol compounds scavenge free radicals formed by ionizing
radiation interacting with water. It has been reported that vitamins C and E
also protect the lens and vascular system.
3. RESULTS AND CONCLUSIONS
Space radiation poses a threat for spacecraft and their crews in the orbit.
In order to eliminate or reduce this threat, R & D studies of structural,
operational and food measures are continuing.
The radiation shield should be studied carefully for possible primary
and secondary radiation. Composite materials consisting of high and low
atomic numbered elements should be preferred in order to choose the
shield material and to adjust the thickness of the structure well (Shen et all.,
2019). All possible risks should be taken into account in calculations for
the most efficient space shield (Carnell et all., 2016). Since space radiation
will be more effective in traveling to deep space (such as moon, mars), the
selection of materials to be used for spacecraft and spaceflight is important
(Reeves et all., 2019).
The surface of the spacecraft must be anti-static to prevent damage to
both people and all devices. Space people should take drugs to reduce the
effects of radiation. In addition, blood samples and radiation measurements
of the crew should be made regularly. Since solar particle events (SPEs)
include helium with a velocity of several hundred MeV and heavier
elements, works outside spacecraft should be carried out outside these
activity times. Space agencies should create sample models for all kinds of
low, medium and high level radiation and continue their research studies
and conservation strategies in order to prevent possible damage to materials
and people on these models, because all these studies are required for near
space and future deep space missions and travels.
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1. Introduction
Indoor air quality and thermal comfort can be realized with heating,
ventilation and air conditioning (HVAC) technology. Currently, indoor
air conditioning is common in several countries, especially in countries
with hot and humid climates and where the summers are hot. To ensure
energy efficiency, it is important to measure the performance of HVAC
system components. Thus, the air conditioner manufacturers require more
powerful design tools and a better understanding about the performances
of the latest-technology components to remain competitive in the global
market. Several air conditioner test facilities are available and operate based
on the test standards published by American National Standards Institute / The
American Society of Heating Refrigerating and Air Conditioning Engineers
[1]. Thus, the present study aimed to validate the thermodynamic performance
of for a corporate test unit for the manufactured evaporators that employ
exergy and advanced exergy methods. The advantages of exegetic analyses
were reported in several publications in different thermal science fields [2]. In
these studies, advanced exergy methods were proposed and applied in vapor
compression refrigerators and simple gas turbine power plants.
The present paper aimed to provide information on fundamental
exergy terminology and explain the concept of advanced exergy analysis.
In the advanced exergy method, exergy destruction is distributed to
destructive parts that represent different losses. The Unavoidable exergy
destruction, which represents the first group among these destruction
parts, represents the exergy destruction of a component in the unit that
could not be destroyed when the most advanced technologies are applied
to the component during its employment in the unit. The avoidable exergy
destruction represents the improvment potential of the component in the
system. The endogenous exergy destruction component that constitutes the
second group in the destruction parts represents only a part of the exergy
destruction that exhibits the irreversibility of a unit component, while the
exogenous exergy destruction is described as the difference between the
actual exergy destruction and the endogenous exergy destruction [3]. The
exergy destructions could be categorized in two main groups in advanced
exergy methodology: endogenous–exogenous exergy destruction and
avoidable–unavoidable exergy destruction [3]. These exergy destruction
parts could determine the parts where inefficiencies were observed due to
component interactions, and those that could be avoided with technological
improvements in the thermal system. The advanced exergy analysis
method was adopted in a combined cycle power plant to determine which
inefficiencies were caused by component interactions, and which could be
avoided with technological improvements in the plant [4].
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Recently, further studies were conducted on the analysis of the
performance of the vapor compression refrigeration systems with entropy
generation and exergy analysis methods under various operational
conditions such as different time intervals and different refrigerants/
refrigerant blends [5]. They tested the combination of R134a + 15% R290
and R600a for the performance of refrigeration system. In their performance
analysis of the refrigerant system based on refrigerant combinations, they
reported that the entropy generation and exergy destruction were negligible.
It was also reported that R134a refrigerant could have high effects on
global warming (1430 GWP). The employment of an alternative ecofriendly refrigerant such as R600a with zero ozone depletion and the least
global warming potential instead of R134a was recommended in
refrigeration systems. Also, the performance analysis of a vapor
compression refrigeration system with pure hydrocarbon (HC) refrigerants
was theoretically investigated in four pure HCs; propane (R290), butane
(R600), isobutane (R600a), isopentane (R1270) by [6]. Furthermore, R22
and R134a refrigerants were also investigated in the study. The findings
demonstrated that the cooling performance coefficient variations in these
refrigeration systems were quite small. It was reported that the energetic
and exegetic efficiencies of the system were higher with R1270 and R600
when compared to R600a and R290. Detailed exergy analysis of a twostage vapor compression cycle was conducted and exergy destruction and
losses in its components were calculated [7]. A simple model was
developed, and local state equations were used to calculate refrigerant
thermodynamic properties. The exergy analysis findings were determined
for the two-stage refrigeration system operating between a constant
evaporation temperature of -30oC and various condensation temperatures
of 30, 40, 50, and 60oC. The two natural substitutes of HCFC22, namely,
propane (R290) and ammonia (R717) were used as operational fluids. The
authors reported that the most significant exergy destruction was observed
in the compressors, expansion valves and the condenser. An advanced
exergy analysis of an ejector expansion trans-critical CO2 refrigerating
system was reported [8]. They reported exergy destruction for each
component in the compressor ejector, evaporator and gas cooler line,
respectively. Also, it was stated that the total exergy destruction type was
internal. They reported that 43.44% of the total exergy destruction could be
improved by improving the system components. It was demonstrated that
when the component efficiency is increased, the avoidable endogenous
exergy destruction rate could be reduced. In another study, the applications
of the advanced exergy method were reported in the food industry [9]. The
method was adopted in the analyses conducted in a milk processing facility,
a significant energy consumer in the food industry. It was demonstrated
that particularly the avoidable and unavoidable exergy destruction could
contribute to a better understanding of the real processes and how to target
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process optimization. A detailed explanation of the application of the
advanced exergy analysis method in cooling systems was described in
another study [10]. The highest potential cooling system performance was
calculated with the advanced exergy analysis method. The performance
improvement was achieved for the entire cooling system with the
elimination of the irreversibility observed in the evaporator,. Another study
to determine exergy destruction parts was conducted on a gas turbine with
the advanced exergy method [11]. In the study, it was determined that the
combustion chamber should be improved. It was calculated that 93.55%
of the system exhibited unavoidable exergy destruction and the improvement
potential was low for the system. Endogenous exergy destruction was
determined as 81.33% and the interaction between the components was
weak based on this value. To investigate the types of exergy destruction in
the system and system components, the thermodynamic model of a military
turbojet engine was selected to apply the advanced exergy method [12].
Performance improvements were implemented in the low-pressure
compressor, combustion chamber, and reaction nozzle to improve the
whole system performance [13] and exergy was analyzed in a natural gas
liquefaction and production facility and the economic impacts of exergy
destruction was determined in the system. In the study, it was reported that
exergy destructions in the components were endogenous. Based on the
economic analysis, it was estimated that the cost of the endogenous exergy
was the highest. In another study, the advanced exergy method was used to
analyze the performance of a supermarket refrigeration system with R744
[14]. Another study compared the exergetic efficiency of an ejector
cooling system with vapor compression cooling with the advanced exergy
method [15]. A combined power unit was modeled and discussed as a
typical example for the advanced exergy analysis and exergy economy
method practices [16]. Exergy economic efficiency method is the analysis
of exergy destructions in the system based on costs. Studies reported that
the system performance could be improved by 14% and the costs could be
reduced by 15%. In a study, a regular air-conditioning system as the
mainline and two other air-conditioning systems with liquid-vapor
separation heat exchanger were compared with the advanced exergy
method [17]. Another research investigated a trigeneration system with
advanced exergy analysis [18]. They reported that exergy efficiency of the
system was 0.354, while total exergy destruction rate in the system was
16.695 MW. The aim of their study was to determine the improvement
potential of the system. In a study, a furnace in a petrochemical plant
located in Turkey was analyzed with advanced exergy analysis [19].
Potential exergy improvements in system components were calculated. It
was reported that there were major entropy sources in the system. The
exergy destructions were determined in system components and exergy
efficiencies were calculated. The advanced exergy analysis results
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demonstrated that exergy efficiency could be improved up to 52.4% and
85.8%, respectively. In a study, advanced exergy method was employed in a
compressed air energy storage system [20]. They investigated the exergy
destruction in each system element and the thermodynamic efficiency of the
system. They found that the unavoidable exergy destruction in the system
components was higher than the avoidable destruction and the most important
components were combustion chambers, intercoolers, and after coolers
based on avoidable exergy destruction. Exergy destruction could be
significantly reduced with the improvement of the main component
efficiencies. More than half of the avoidable exergy destruction is exogenous,
indicating that the interactions between the components have a significant
impact on system performance. A mathematical model was developed to
calculate endogenous and exogenous exergy destructions in thermal systems.
The model was applied on a simple gas-turbine power system [21]. Another
study on advanced exergy analysis was conducted with an air compression
energy storage system [22]. The system included a compressed air tank,
multi-stage compressors, intercoolers, and a gas-turbine power unit. The
avoidable exergy damage induced by inter-component interaction was
significantly exogenous. A study was conducted on the optimization of the
performance of a parallel compression supermarket refrigerator with
advanced exergy analysis method [23]. The study reported that the condenser,
high-pressure compressor, and low-pressure compressors exhibited the
highest improvement with the advanced exergy method. The abovementioned novel method developed to determine the performance of a
thermal system included advanced exergy analysis; however, it was only
adapted to a few thermal energy systems. The performance analysis was
conducted on a refrigeration system in a cargo vessel with both conventional
and advanced exergy analyses methods [24, 25]. They found that, As the
point temperature differences increase, the difference between the exergetic
efficiency of real and unavoidable systems increases. A typical application of
advanced exergy analysis could be observed in another paper [26]. The
exergy destructions in the system were calculated and presented in graphs
[26]. It was determined that the system performance could be enhanced with
improvements in the ejector, the condenser, and the generator. A cascade
absorption refrigeration system, which utilizes low-grade waste heat, was
studied in another study [27]. They employed advanced exergy analysis and
exergo-economic analysis in the study. The findings were compared with
those obtained with the conventional method. Advanced exergy analysis was
conducted on a ground-source heat pump drying system in dry foods industry
[28]. The performance of whole system and each component was analyzed.
It was reported that the most important system component was the condenser
based on the findings.
The present paper aimed to contribute to the literature by conducting
advanced exergy analysis on an evaporator test unit. The methodology was
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adapted from previous studies [2, 21]. The main aim of the present paper
could be summarized as follows:
 The analysis of the performance of the evaporator test unit.
 Exergetic analyzis of the performance of each component in the test
unit.
 The determination of exergy destruction in the evaporator test unit
components of the as endogenous or exogenous and avoidable or
unavoidable.
 The clarification of the mutual interdependence between each
evaporator test unit component.
 The determination of the best thermodynamical component that was
not affected by irreversibility generated by the other components.
2. System Description
The evaporator test unit was employed in an evaporator manufacturing
company.
2.1 General description of the test unit
The evaporator test unit included a calibrated room calorimeter with
good insulation, a test room, and a refrigeration system. A simplified
diagram of the evaporator test unit and the refrigeration cycle is presented
in Figure 1. Test facilities allowed for refrigerant-side pressure and
temperature measurements at the inlet and outlet of each refrigeration
loop component. Also, air-side temperature, humidity, and atmospheric
pressure were measured. The test facility could provide a variety of indoor
and outdoor rooms. The test chamber was cooled by a vapor refrigeration
system. The compressor, the condenser and the throttling valve were
located outside of the calorimeter calibrated room. The pipelines were well
insulated throughout the cycle. The temperature measurements, control
systems, test room and and calibrated room air pressure measurements
were provided by Friterm Corporation. The temperature and the pressure
sensors were excluded in the figure for simplicity purposes.

Figure 1. The evaporator test unit and calibrated room calorimeter diagram.
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The measured value within the accepted error limits provide significant
accuracy in the determination of refrigerant and air properties, and also
valuable information about the effects of the inclusion of the test evaporator
in the refrigerating loop on performance. All test unit data were collected
with data acquisition and computer systems.
2.2 Assumptions
The energy, the exergy, and the advanced exergy analysis presented in
this study were based on the following assumptions.
 The heat absorbed or released on the outer surface of the refrigeration
piping system is neglected.
 The refrigerant evaporation and condensation temperatures were
constant; however, the pressure drop in the evaporator was 1% of the
evaporation and condension pressures.
 The test system was operated under steady-state conditions.
 Changes in kinetic and potential energy were neglected.
 The air was accepted as a perfect gas.
 The compressor was accepted as non-adiabatic.
 The fan effect was neglected.
 The temperatures of real, unavoidable, theoretical and hybrid cycle
states and also pinch point temperature differences in the condenser and
the evaporator were accepted as constant, while the mass flow rate for the
refrigerant R404a, the cooling water in the condenser and the processed air
in the evaporator were accepted as variable.
2.3 Operation mode
The temperature and humidity could be independently controlled in
the test room; however, they are somewhat correlated with the air in the
calibrated room calorimeter. Due to the system control strategy, the thermal
requirements of the test room and calibrated calorimeter room were met.
The measurements were started after the control unit in the test room and
calibrated calorimeter room were set to reach the desired conditions in
both rooms. The data were collected when the setup stabilized, steady-state
conditions and stable operation were maintained. The cold-water flow rate
was based on full condenser capacity during the tests. Three tests were
conducted at different test room air temperatures. The data measurements
and exergy of the refrigeration loop states are presented in Table 1.
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Test room air temperature
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Table 1. Experimental data provided by the Friterm Company
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3. Methodology
3.1 Exergy analysis
The sources of irreversibility and location in the thermal system and their
magnitude occurred in each component can be calculated using the exergy
analysis method, which is a general method for detecting the source of
irreversibilities, and their magnitudes. The exergy balance equation is
applied to each component separately in the system to determine the location
and magnitude of exergy destruction in each unit. By applying the exergy
equation to the system elements participating in the thermodynamic model
considered, exergy input and exergy out for each element were calculated by
the following relation.
(

)

(1)

The total fluid exergy in the fluid flows considered was calculated by
equation 2, and the exergy destruction occurring in each element was
calculated by equation 3 from the exergy equation.
̇
̇

̇

(2)
) ̇

∑(

̇

∑ ̇

∑ ̇

(3)

Thermal and mechanical exergy definitions of fluid during the throttle of
the expansion valve are determined with the Equations 4 and 5 [29].
Thermal exergy
[

(

[

(

)

(

)

Mechanical exergy
)

(

)

(
(

(

(

)

) )]

(

)

(

) )]

(4)

(5)

The pressure at the inlet and outlet of the thermal expansion valve was
used to calculate the thermal exergy with Equation 4. In the constant
temperature process, for the mechanical exergy value given in Equation 5,
the dead temperature value was taken. The exergy efficiency equation for the
thermal expansion valve was calculated with the Equation 6 based on the
ratio of exergy product to exergy fuel [29].
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The energy and exergy equations applied to the system components in the
real and the theoretical models are summarized in Table 2. Since the
compression in the compressor includes both internal and external
irreversibility, the heat discharged from the compressor was included in the
calculations.
The exergy destruction and exergy efficiency equations in the advanced
exergy method based on the exergy fuel and exergy products are presented
in Table 3.
Table 2. Energy, exergy, and exergetic efficiency equations
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onent

Energy equation

CM
EV

̇
̇

CD

̇ (

TV

Exergy equation

̇ (

(

̇

)
)

̇

)

̇

̇ (

̇
̇

̇

)

̇ (

̇
̇

( ̇
̇

̇

̇

)
̇

),

(

̇

( ̇

̇ )

( ̇
̇

(

̇ )

̇

( ̇

̇ )

̇

( ̇

̇

̇

)

)

̇

)

Table 3. Exergy fuel and exergy product definitions for exergy
destruction and exergy efficiency calculations
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3.2 Advanced exergy analysis
In the definition of the thermodynamic open system, the energy input
from the material and the types of energy that enter the system boundary as
work and heat are generally defined as the exergy fuel. Based on the same
idea, the energy released by the mass flow system in the open system and the
types of the energy that are transferred from the system boundary as work
and heat are generally defined as exergy products [3, 11, 23]. Exergy fuelproduct analysis allows the determination of how the performance of process
components usually affects the system performance, how to improve cycle
performance, and which components or system components were improved
[2, 8, 12, 13, 21]. In the kth system component, the exergy of the input
exergy fuel. Similarly, in the "k" system
energy is defined as ̇
component, the exergy of the output energy is defined as ̇
exergy
product. Generally, the exergy fuel-product analysis describes the
employment of the exergy in the exergy source and the consequent exergy
production. In this process, the exergy wasted in the environment and not
reutilized is defined as exergy loss and it is indicated by ̇ symbol. The
total exergy fuel-product, total exergy product, total exergy destruction
∑
and total exergy loss in the cycle could be written mathematically
as follows based on the balance of exergy.
̇

̇

∑

̇

(7)

In exergy analysis, two indicators are employed to examine the cycle
components and the cycle itself (the whole system). First, the exergy
efficiency of the system components is indicated by “” ve and defined as
the ratio of exergy product to exergy fuel. The second indicator is the ratio
of the exergy destruction in the kth unit in the cycle to the exergy fuel in the
whole system and indicated by the “y”. In the above mentioned definitions,
the two indicators:, the exergetic efficiency , and the exergy destruction
ratio y, could be written for each system element in for the whole system.
̇

for the kth component
̇

̇

̇

̇

for the cycle
̇

̇

for the kth component

̇

for the cycle

(8)
(9)
(10)
(11)
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3.3 Exergy destruction types
Advanced exergy analysis approaches exergy destruction in two sections
to better investigate unit ineffectiveness. Real exergy destruction is
scrutinized in two main classes. The first parts section includes endogenous
exergy destruction ( ̇ ) and exogenous exergy destruction ( ̇ ), the
section includes avoidable exergy destruction ( ̇ ) and unavoidable
exergy destruction ( ̇ ).
̇
̇

̇

̇

(12)

̇
̇

(13)

Descriptions of these exergy destruction parts that are calculated for the
kth system component are explained below.
Endogenous exergy destruction; ̇

Endogenous exergy destruction ̇ indicates the irreversibility of the kth
and the
system component. There is no interaction between ̇
irreversibility of other cycle components. The endogenous exergy
destruction section for the kth component, was calculated with the hybridcycle.
Exogenous exergy destruction; ̇

The exogenous exergy destruction ̇
is the difference between the real
̇
exergy destruction and the endogenous exergy destruction ( ̇
th
̇ ). It is the exergy destruction that occurs in the k component due to the
irreversibility induced by the other components except the kth system
component.
Unavoidable exergy destruction; ̇

The unavoidable exergy destruction ̇ , is an indestructible exergy
destruction in the kth component produced by the latest technology. The
irreversibility of the component is due to technical limitations. The
unavoidable exergy destruction in the kth component, is calculated based on
the unavoidable-cycle.
Avoidable exergy destruction; ̇

The difference between true exergy destruction is defined as ( ̇
̇
̇ ) that the differences between real and unavoidable exergy
destruction can be developed for the kth component in the system.The
development potential of the kth component is judged by avoidable exergy
destruction. Thus, the avoidable exergy destruction should be prioritized. To
obtain more detailed information about the behavior of exergy destruction
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types, they could be combined and reorganized to observe the interactions
between them using logical combinations [15].
Unavoidable-Endogenous exergy destruction( ̇
̇

):

can-not be reduced due to technical limitations in component kth.

Unavoidable-Exogenous exergy destruction ( ̇

):

̇
parts of the exergy destruction shows that, the technical
limitations of the remaining system components can-not be eliminated.
Avoidable-Endogenous exergy destruction ( ̇

Avoidable-endogenous exergy destruction ̇
increasing the efficiency of the kth component.

Avoidable-Exogenous exergy destruction ( ̇

):

can be eliminated by
):

̇
can be educed by a structural improvement of the overall system
or the efficiency of the remaining system components.

Thus, the exergy destruction in the kth component could alternatively be
as follows:
̇

̇

̇

̇

̇

(14)

The expressions in this equation are calculated as follows [12, 15, 23].
̇

̇
̇

̇

̇

̇
̇

̇

(15)
(16)

̇

̇
̇

̇

̇
̇

̇
̇

(17)
(18)

In advanced exergy analysis, it is emphasized that ̇
and ̇
exergy destructions should be prioritized to improve the performance of each
component. In advanced exergy analysis, the combined mexogenous exergy
destruction type is defined as shown below [3, 12, 15, 22, 23]:
Mexogenous exergy destruction ̇
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Mexogenous exergy destruction ̇
is defined as the difference
between the ̇ and the combined effect of the exergy destruction in all the
other system components for the kth component [11, 15].
̇

̇

∑

̇

(19)

3.4 Exergetic performance parameters
Based on the first and second laws of thermodynamics and the advanced
exergy analysis method, the energy and exergy destruction was calculated
qualitatively and quantitatively for each component to estimate the whole
system performance. The refrigeration system thermodynamic cycles in the
evaporator test unit are presented in Figure 2 with a T-s diagram under the
actual operation parameters and thermodynamic data. The real cycle,
unavoidable cycle, and the theoretical cycle are represented by the 1R, 2R,
3Rand 4R points, 1 UN, 2UN, 3UN, and 4UN points and 1T, 2T, 3T, and 4T
point, respectively.

Figure 2. T-s diagram for real cycle (1R-2R-3R-4R), unavoidable cycle
(UN-2UN-3UN-4UN) and Theoretic cycle (1T- 2T-3T-4T).
In the study, system performance calculation with the advanced exergy
analysis method, the minimum temperature difference of the fluid flow in
the condenser and the evaporator was sccepted as typical operating
parameters for the thermodynamic model. Data obtained with actual
measurements and the thermodynamic simulation model are presented in
Table 4.
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Table 4. Operating parameters for the real cycle and theoretical cycles
Table 4. Operating parameters for the real cycle and theoretical cycles
assumptions.
assumptions.

Test room air temperature

Test room air temperature
o
[10
o C]

[10 C]

Test room air temperature

Test room air temperature
[0oC]
[0oC]

Parameters
Parameters

Conditions
Conditions

Conditions
Conditions

Un.
Un.
Cycle
Cycle

Theo
Theo

0.50.5

0 0

1 1

0.5 0.5

0

13

0.5

0

RealReal Un. Un. TheoTheo Real Real Un. Un.
Theo Theo
Cycle Cycle
Cycle CycleCycleCycleCycleCycle Cycle
Cycle Cycle
Cycle Cycle
Cycle

Pressure
Pressuredrop
drop
percentage
percentage
P[%]
P[%]

11

Pinch
Pinch
temperature
temperature
difference in
difference in
the
the
condenser,
[o]o

12.12

0.5

0

Pinch
Pinch
temperature
difference
in
temperature
the
difference in
evaporator.
the
o
[evaporator.
]

5.37

0.5

0

Compressor
CM
effiency,
Compressor
%

85

95

100

Condensation
temperature
Condensation
for
R404a
o
[temperature
C]

37.13

Evaporation
temparature
for
R404a
Evaporation
o
[temparature
C]

-0.71

12.12

0.5

[-18oC]

[-18oC]

Conditions
Conditions
Real
Real
Cycle
Cycle

Test room air

Test room
air
temperature
temperature

0

13

0.5

0

0

1

7.93

1 0.5

7.93

0.5

0.5 0

0

0.5

0

0

condenser, [ ]

5.37

0.5

0

4

4

0.5

0.5

0

0

5.88

5.88

0.5

0

0.5

0

[o]

effiency, CM
%

for R404a
[oC]

for R404a
[oC]
Throttling

processes 3-4

Throttling
processes 3-4

85

37.13

-0.71
IR

IR

95
25.5

25

25.5

4.16

4.16
IR

IR

85

100

95

39

25

4.66

4.66
R

39

-8.18

100
26

-4.68

26

-4.18

-4.68
IR

25.9

-4.18

18.5

-25.8

18

-20

-20.5

IR

IR

100
18

-20.5

IR

R

100

95
18.5

-25.8

R

IR

95

85
25.9

26.5

-8.18

IR

85

95
26.5

IR

R

100

85

-20

R

IR

To calculate endogenous exergy destruction in the kth component, a
hybrid-cycle was constructed. This is a thermodynamically hypothetical
cycle,
oneendogenous
component’sexergy
operation
is irreversible
all other
To where
calculate
destruction
in the and
kth component,
a
components
operations
are
reversible.
The
number
of
hybrid
cycles
should
hybrid-cycle was constructed. This is a thermodynamically hypothetical
be equalwhere
to the number
of the components
in theisinvestigated
system.
cycle,
one component’s
operation
irreversible
and Thus,
all other
four
hybrid
cycles
presented
in
Figure
3
were
developed
in
the
present
study.
components operations are reversible. The number of hybrid cycles
should

be equal to the number of the components in the investigated system. Thus,
four hybrid cycles presented in Figure 3 were developed in the present study.

R
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Figure 3. Thermodynamic cycles employed to estimate the endogenous
exergy destruction for each refrigeration unit component [11].
4. Results and discussions
Experimental refrigeration system data employed in the exergy and
advanced exergy analysis are presented in Table 5. As seen in Table 5, the
total exergy efficiency of the system increased with the decrease in test room
air temperature. It was found that the system performance was low. The
variation in the exergy destruction for each component was associated with
the exergy fuel. When the evaporator temperature increased exergetic
efficiency decreased. Also, overall system exergetic efficiency increased
with a decreased in the condense pinch point temperature difference such as,
exergy efficiency; , 5.06 %, 11.41 %, and 42.09 %, see in Table 5.
The thermodynamics model cycles and the real cycle findings are
presented in Table 6. The table includes exergy destruction, exergy
destruction sections in each component at different test unit evaporation and
condensation pressures. As seen in Table 6. ̇
each component and the
̇
̇
̇ ,
total system were low in all experimental conditions. ( ̇
̇
0.392). Thus,
0.207, 0.131, 0.031, 0.021 respectively were smaller than
it was evidenced that the test unit met the standard test requirements, since
the unavoidable exergy destruction in each component were low. The ̇ in
the evaporator was very small when compared to each component’s, ̇
value. This same trend was observed in all the test results. Thus, exergy
destruction in the evaporator was entirely induced by the evaporator. This
indicated that the test unit met the conventional refrigeration test standards.
̇
, ̇
, ̇
, ̇
exergy destruction values for each
component and the overall system were calculated, as presented in Table 7.
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The highest ̇
was observed in the condenser. Thus the improvement
of the condenser efficiency could reduce the exergy destruction in the overall
system. The ̇
was calculated positive for all components in all the
tests except the evaporator for operation temperature of -4.18 oC. This
finding demonsrated that the improvement of the system iwas unnecessary
and the system worked well.
̇
mexogenous exergy destruction was defined to understand the
intractions between the system components. As seen in Table 8.
̇
mexogenous exergy destruction was caused by the impact of the other
components when a component was removed from the unit. It was
determined that the exergy destruction the condenser was significantly
affected by the other components in all test room temperatures
( ̇
1.280, 1.550, 0.559).
42.09
1.262

17.99

0.622

0.126

0.496

20.33

0.736

0.375

66.21

1.668

1.400

0.268

83.93

3

2.408
0.342

1.262

0.139

90.03

0.342

2.408

11.41
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45.92

0.375
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Table 5. Exergy destruction and exergy efficiency for the real cycle.

Test room air temperature 1

̇

Test room air temperature -1

̇
mexogenous exergy destruction was defined to understand the
intractions between the system components. As seen in Table 8.
̇
mexogenous exergy destruction was caused by the impact of the other
components when a component was removed from the unit. It was
determined that the exergy destruction the condenser was significantly
affected by the other components in all test room temperatures
( ̇
1.280, 1.550, 0.559).
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Table 5. Exergy destruction and exergy efficiency for the real cycle.
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̇
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0
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̇
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̇
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0.265
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[kW]

̇
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0.394
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[kW]

̇
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Table 6. Advanced exergy analysis and two-part splitting approach.

41.53

0.999

0.008

0.096

0.544

0.350

[kW]

̇

6.91

0.109

0.014

0.082

0.013

0
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̇
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0.118
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̇
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̇
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Table 7. The combined approach in advanced exergy analysis.
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Table 8
Table 8

̇

̇

for each component.

for each component.
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CM

Affected component

Affected component
CD
CD
CM
EV

EV

TV

Mex

TV

Mex

̇

EV

0.777

̇

̇
1.069

0.645

0.777
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To explain the distribution of exergy destruction between the
components Figure 4, Figure 5 and Figure 6 are presented as below.

Figure 4.

Ratio of ̇

and ̇
for each unit to total exergy
destruction.

̇
and ̇
in each component and the
The magnitude of
overall system exergy destructions are presented in Figure 4.
Comparison of the ̇ in Figure 4 revealed that ̇
was very low in
part change
each operating condition. It was determined that the ̇
in the evaporator depended on the mass air flow rate and inlet
processed air temperature in the evaporator.

Figure 5. Comparison of ̇

and ̇

parts for each component.

A comparison of ̇
and ̇
based on the real cycle and
unavoidable cycle parameters is presented in Figure 5. It was
̇
values determined for each
observed that the actual and
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component remained approximately the same with the change in the
test room temperature.
and ̇ to total exergy destruction is presented
The ratio of ̇
in Figure 6 for each unit and all test data. The ratio of ̇ and ̇ to
total exergy and destruction in each component in different test
conditions, exhibited approximately similar trends. The discrepancies
were due to the difference between the refrigerant (R404a) pressure
and the mass flow rates of and condenser operating conditions.

Figure 6. Ratio of ̇ and ̇ parts generated in each unit to
total exergy destruction

5. Conclusion

The total avoidable exergy destruction caused by the condenser
was higher than those induced by the remaining components. The
operation condition of condenser should be revised or improved.
- It was demonstrated that the test unit it met standard test
requirements.
- Exergy destruction in the evaporator was generated by itself.
- The main finding of this study is that the irreversibility generated in
each evaporator component was negligible.
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Nomenclature
E

: Exergy

[W]

e

: Specific exergy

[J/kg]

h

: Enthalpy,

[J/kg]

s

: Entropy

[J/kgK]

:Mass flow rate

[kg/s]

T

:Temperature

[K]

P

:Pressure

[kPa]

:Exergetic efficiency

[%]

̇



y :Ratio of exergy destruction for “k”th component to the total
exergy destruction [%]
Abbreviations
AV Avoidable
CD Condenser
CM Compressor
D

Destruction

EN Endogenous
EV Evaporator
EX Exogenous
UN Unavoidable
Tot Total
TV Throttling valve
P

Exergy product, Pressure

M

Mechanical exergy

T

Thermal exergy, Temperature
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Subscript
air Air
o

Dead state

c

Constant

F

Exergy fuel

P

Exergy product

in

Inlet

k

Component

L

Loss

mex Mexogenous
out Outlet
R

Real

Theo Theoretical
Tot Total
w

Water

C

Cycle

IR Irreversible
R

Reversible

.
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1. INTRODUCTION
In this study, the change of thermal conductivity coefficient with
temperature and concentration of the hybrid nanofluids obtained by using
iron (III) oxide and copper (II) oxide as nanoparticles was investigated. The
nano-Fe2O3/CuO powders were used to increase the thermal conductivity
coefficient of the water used in the residential heating system. Thermal
conductivity coefficients were measured by increasing the temperature
of the water at room temperature up to 70 °C. It has been observed that
the thermal conductivity coefficient tends to go up with the increase in
temperature. In the experiments, it was seen that when pure water is
used instead of heating water, the thermal conductivity efficiency goes
down. Besides, the change in the thermal conductivity coefficient was
investigated by studying the nano-Fe2O3/CuO powders concentrations
at 0.1wt%, 0.2wt%, 0.3wt%, 0.4wt%, and 0.5wt%. It was observed that
as the concentration ratio increased, the thermal conductivity coefficient
increased, but after the water reached a certain saturation (0.3wt%), this
coefficient reached equilibrium.
Hybrid mixtures were prepared with 0.3wt% nanopowder ratio water
at the concentration where the nanopowder reached maximum saturation.
Fe2O3/CuO mixing ratios have been studied at 4/1, 3/1, 2/1, 1/1, 1/2, 1/3,
and 1/4 by mass ratios. Also, it has been determined that the viscosity of
the heating water decreases with the increase in temperature, while the
viscosity increases with the nanopowder concentration. According to the
results, it has been evaluated that the thermal conductivity coefficient of
the water used in residential heating increased approximately 1.22 times to
hybrid nanopowders. The results obtained from the experimental data were
determined with the help of statistical analysis, giving results compatible
with the developed theoretical models. To meet the increasing energy need,
such studies with efficient and economical methods will gain importance
in the future.
It is known that the use of nanofluids is widespread in different
applications today. Generally, nanopowder can be used to change the
properties of liquids such as thermal conductivity coefficient, viscosity,
surface tension, and electromagnetic structure. In this study, the hybrid
uses of two nanoparticles (Fe2O3 and CuO) with different properties will be
investigated. When the sources in the literature are searched, it is seen that
nanofluids have been developed for many purposes.
In an article using Fe3O4 nanopowder, while the thermal conductivity
coefficient of aqueous nanofluids increased with the increase of temperature,
its viscosity decreased [1]. In research using iron oxide (Fe2O3) and zinc
oxide (ZnO) nanofluids, electromagnetic waves were provided for oil
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recovery in open seas. Electromagnetic waves are produced with the help
of an antenna developed and nanofluids can be directed to the desired
areas. In the results obtained, recovery of petroleum and its derivatives
was achieved by injecting 0.1wt.% iron oxide nanofluid. [2]. In a study
where iron oxide nanoparticles were obtained by laser pyrolysis technique,
nanoparticle mixtures with an average particle diameter of 4-5 nm were
prepared using an ultrasonic homogenizer. The heat transfer properties of
Fe2O3-nanofluids have been investigated depending on the temperature
and concentration using a two-phase closed thermosiphon. It has been
determined that nanoparticle concentration and temperature are effective
in increasing the heat transfer coefficient [3].
In another study comparing the effect of particle size on Fe2O3/kerosene
nanofluid in a closed-loop vibrating heat pipe system under a magnetic
field, it was studied between 10 nm and 30 nm. The heat transfer rate and
temperature distribution were investigated by exposure to the magnetic
field. Both the heat transfer coefficient and thermal performance of the
vibrating heat pipe increased with the addition of Fe2O3 nanoparticles
in the magnetic field. According to the obtained evaluations, optimum
nanoparticle size was found in 20 nm particle size of iron oxide for the
best heat transfer performance [4]. An experimental study, obtained iron
oxide nanoparticles by laser pyrolysis technique, has been investigated in
different thermal performance (0%, 2%, and 5.3%) of thermosiphon heat
pipe. The results show that adding 5.3% by volume iron oxide nanoparticles
has a much better thermal performance than deionized water [5].
By using iron oxide nanofluid, the stability and thermal efficiency of
the flat plate solar collector have been analyzed over time. In the research,
the stability of the nanofluid with iron oxide/ethylene glycol and distilled
water has been evaluated depending on the time. Thermal efficiency
experiments in solar collectors have been investigated for Fe3O4 at 30-150
L/h flow rates and 0.2-1% by volume. Optimum results were found with
1% Fe3O4 by volume and high efficiency at 30 L/h flow rate. Also, when
its thermal efficiency was compared with time (15 days), it was seen that
the performance of nanofluids did not decrease much [6]. Another article
compares the thermal efficiency of nanofluids in a single-basin solar system.
Thermal performances of aluminum oxide (Al2O3), zinc oxide (ZnO), iron
oxide (Fe2O3), and tin oxide (SnO2) nanofluids have been evaluated. The
thermal efficiency of aluminum oxide (Al2O3) is 29.95%, zinc oxide (ZnO)
is 12.67%, and tin oxide (SnO2) is 18.63 more than the water [7].
In the study investigating the effect of aggregation of nanofluids
in stable and unstable conditions, thermal conductivity, viscosity, and
size distribution of Fe3O4 and CuO nanoparticles have been evaluated.
Agglomeration has been verified to have an important role and functionality
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in the thermal properties of nanofluids. It has increased the thermal
performance by increasing the thermal conductivity and viscosity of the
agglomeration of microscopic nanofluids [8].
Parameters such as thermal conductivity, type of nanoparticle, fluid,
particle size, volume fraction, and suspension temperature in oxide and
metallic nanofluids were investigated. Experimental dataset and temperature
fluctuation tracking were performed for thermal conductivity measurement
of liquids. It has been found that metallic nanofluids show higher thermal
performance than oxide nanofluids. Thermal conductivity increased
inversely as nanopowder particle size decreased. It has been observed that
the increase in temperature significantly increases the thermal conductivity
of the nanofluids. When nanoparticle suspensions were compared, it was
determined that the volume fraction was in a nonlinear relationship with
thermal conductivity [9]. In an article where Al2O3, CuO, TiO2, and Fe3O4
nanofluids were compared in the same volume fraction, the highest thermal
conductivity was found in Fe3O4-powders. The high thermal conductivity
values of Fe3O4 nanofluid in experimental observations can be attributed
to nanoparticle aggregation and alignment. It has been determined that the
nonlinear thermal conductivity of nanofluids is mainly due to nanoparticle
alignment and aggregation [10].
In this research, the thermal efficiency of hybrid-nanofluids formed
by iron (III) oxide with strong magnetic properties and copper (II) oxide
nanoparticles with high thermal conductivity have been investigated. The
thermal conductivity efficiency of the hybrid mixture has reached higher
values than the nanoparticles used alone. These nanoparticles, which are
compatible with each other, have provided advantages in terms of both
viscosity and thermal conductivity even at high temperatures.
2. MATERIALS AND METHODS
2.1. Materials
Iron (III) oxide, copper (II) oxide, triglyceride, and acetic acid have
been supported by Nanografi and Sigma Aldrich. Using distilled water,
nanofluids of various concentrations were formed. The total mass of the
mixture was 1 kg, with concentrations of 0.1 percent, 0.2 percent, 0.3
percent, 0.4 percent, and 0.5 percent. Fe2O3 (0.3wt%) and CuO (0.3wt%)
components were combined in proportions of 4/1, 3/1, 2/1, 1/1, 1/2, 1/3, and
1/4 by mass for the hybrid mixtures. Thermal conductivity and viscosity
were used to determine the proper mixing ratios.
2.2. Methods
The maximum amount of nanoparticles that water can hold was
calculated as 0.3 percent by mixing iron (III) oxide and copper (II) oxide
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in different amounts by mass. Even at 1000 rpm fluid rotation speed,
precipitation increased in the bottom of the water when higher ratios of
nanoparticles were used in experiments. Acetic acid (5 mL), triglyceride
(95 mL), distilled water, and nanoparticles were added to a total of 1L of the
mixture. These additives provide a homogeneous suspension of the hybrid
and nanofluids as colloidal. According to the experimental study plan in
Table 1, the maximum efficiency was obtained in the 6th experiment.
Table 1. The mixing ratio of nanoparticles by mass
Experiments

1
2
3
4
5
6
7
8
9

Fe2O3 (wt.%)
4: (80%)
3: (75%)
2: (67%)
1: (50%)
1: (33%)
1: (25%)
1: (20%)
0: (0%)
1: (100%)

CuO (wt.%)
1: (20%)
1: (25%)
1: (33%)
1: (50%)
2: (67%)
3: (75%)
4: (80%)
1: (100%)
0: (0%)

3. RESULTS AND DISCUSSIONS
In this study, the variation of both viscosity and thermal conductivity
with the temperature of the hybrid-nanofluid formed by the determined
iron (III) oxide and copper (II) oxide was investigated.
In Fig. 1, the relative thermal conductivity coefficients of the
experimental measurements concerning water are compared. In the 6th and
7th experiments, the thermal conductivity efficiency of hybrid mixtures
was found to be maximum, and in the 1st and 9th experiments, it was
found to be minimum. Also, for the hybrid with the highest efficiency
(6th experiment), it was determined in Fig. 2 that the relative thermal
conductivity coefficient increased in direct proportion to the temperature.
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Fig. 1. Comparison of relative thermal conductivity coefficient concerning water
in experimental studies at 60 ℃
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Fig. 2. The change of relative thermal conductivity coefficient of hybridnanofluid (6th experiment) with temperature

Fig. 3 shows the variation of the viscosity of the hybrid-nanofluid with
temperature. It has been determined that viscosity is more stable than
water.
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Fig. 3. The change of viscosity of hybrid-nanofluid (6th experiment) with
temperature

Theoretical modeling has been developed by evaluating the experimental
data according to the Response Surface Methodology (RSM). The thermal
conductivity coefficient of hybrid-nanofluids has been modeled depending
on the concentration and density. As can be seen in Fig. 4, as the density
and nanoparticle concentration of hybrid-nanofluids increased, the thermal
conductivity coefficient went up.

Fig. 4. The change of concentration of hybrid-nanofluid with density
according to RSM
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Fig. 5. The compatibility of experimental data with the theoretical model
according to RSM

Fig. 5 shows the distribution of model data evaluated by statistical
analysis. High R2 (0.9985) and low error values (SST=0.0054) indicate that
the model and experimental data are compatible. The high significance of
RSM results (p-value=0.0001) strengthens the compatibility of the model
equation in Eq. (1) with experimental data. Eq. 1 shows the equation of
thermal conductivity coefficient (k) depending on density (ρ) and hybrid
concentration (C) by mass.

k = +3.47339 + 0.430861× C − 0.006454 × ρ − 0.000159 × C × ρ +
0.000889 × C 2 + ρ 2 × 3.5 ×10−6

(1)
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Fig. 6 shows the SEM image of CuO nanoparticles (50 nm and below)
distribution and geometric structure of copper (II) oxide.

Fig. 6. SEM image of CuO oxide nanoparticles (experiment 8)

In the FTIR spectrum in Fig. 7, Cu-O bonds in the 400-600 cm wavelength
range and O-H bonds at a wavelength of 3150-3450 cm are seen [11].

Fig. 7. FTIR spectrum of CuO oxide nanofluids (experiment 8)

CONCLUSIONS
The use of nanoparticles in a hybrid form has been shown to improve
thermal conductivity efficiency over the use of nanoparticles alone.
Temperature reduced the viscosity of both nanofluids and hybrid-nanofluids.
The thermal conductivity coefficient of nanoparticle reinforced nanofluids
increased as the temperature increased. CuO had a better thermal conductivity
effect on the nanofluid than Fe2O3. Nanofluids’ viscosity and thermal
conductivity have often outperformed water. The density of the nanofluid
increased as the concentration of nanoparticles in the water increased.
The model equality obtained in the RSM results and the experimental
results were found to be compatible with statistical analysis.

Research & Reviews in Engineering . 135

REFERENCES
[1]

Shima, P. D., Philip, J., & Raj, B. (2010). Dependence on Thermal
Conductivity and Viscosity. J. Phys. Chem. C, 114, 18825–18833.

[2]

Yahya, N., Kashif, M., Shafie, A., Solemani, H., Zaid, H. M., & Latiff,
N. R. A. (2014). Improved oil recovery by high magnetic flux density
subjected to iron oxide nanofluids. Journal of Nano Research, 26, 89–99.

[3]

Huminic, G., & Huminic, A. (2011). Heat transfer characteristics of a twophase closed thermosyphons using nanofluids. Experimental Thermal and
Fluid Science, 35(3), 550–557.

[4]

Goshayeshi, H. R., Safaei, M. R., Goodarzi, M., & Dahari, M. (2016).
Particle size and type effects on heat transfer enhancement of Ferronanofluids in a pulsating heat pipe. Powder Technology, 301, 1218–1226.

[5]

Huminic, G., Huminic, A., Morjan, I., & Dumitrache, F. (2011).
Experimental study of the thermal performance of thermosyphon heat
pipe using iron oxide nanoparticles. International Journal of Heat and
Mass Transfer, 54(1–3), 656–661.

[6]

Choudhary, S., Sachdeva, A., & Kumar, P. (2021). Time-based analysis of
stability and thermal efficiency of flat plate solar collector using iron oxide
nanofluid. Applied Thermal Engineering, 183(April 2020), 115931.

[7]

Elango, T., Kannan, A., & Kalidasa Murugavel, K. (2015). Performance
study on single basin single slope solar still with different water nanofluids.
Desalination, 360, 45–51.

[8]

Shima, P. D., Philip, J., & Raj, B. (2010). Influence of aggregation on
thermal conductivity in stable and unstable nanofluids. Applied Physics
Letters, 97(15), 1–4.

[9]

Patel, H. E., Sundararajan, T., & Das, S. K. (2010). An experimental
investigation into the thermal conductivity enhancement in oxide and
metallic nanofluids. Journal of Nanoparticle Research, 12(3), 1015-1031.

[10]

Zhu, H., Zhang, C., Liu, S., Tang, Y., & Yin, Y. (2006). Effects of
nanoparticle clustering and alignment on thermal conductivities of Fe 3 O
4 aqueous nanofluids. Applied Physics Letters, 89(2), 023123.

[11]

Karthick Kumar, S., Murugesan, S., & Suresh, S. (2014). Preparation and
characterization of CuO nanostructures on copper substrate as selective
solar absorbers. Materials Chemistry and Physics, 143(3), 1209–1214.

Chapter 16
INNOVATIVE EXPLORATION ON MODULAR
BELT CONVEYOR TRANSPORTATION
MECHANISIM BY DEFORMATION,
VON-MISES STRESS MECHANICAL
AND CFD ANALYSIS IN
MATERIAL HANDLING

Özdoğan KARAÇALI1

1 Özdoğan Karaçalı, Associate Prof. Dr.
Department of Mechanical Engineering, Faculty of Engineering, Istanbul UniversityCerrahpaşa, Avcılar, Istanbul, (34320) Turkey

INNOVATIVE EXPLORATION ON MODULAR BELT CONVEYOR TRANSPORTATION
MECHANISIM BY DEFORMATION, VON-MISES
STRESS&MECHANICAL
AND CFD 139
Research
Reviews in Engineering
ANALYSIS IN MATERIAL HANDLING

.

Özdoğan Karaçalõ1, Ph.D.
ozdogank@istanbul.edu.tr

Conveyor systems, which are generally used in material handling in many sectors of the global
industry, especially in the food, mining, and agricultural industries provide high performance and ease
of work in machines. The objective of this research is to analyze analytically a belt conveyor to
maintain material transfer by mechanic modeling. The conveyor forced by the pulling power while the
material being transported. Result of the stresses during the operation caused by the pulling force, wear
on the drive drum or chain gears and fractures, deformation, fails in the shaft are observed. Modeling
method of the conveyor according to design criteria of material strength that will reduce the stresses of
the drive drum and shaft was also considered. In order to achieve the purpose of the study, Finite
element method (FEA) was used for structural analysis by ANSYS v20. In this research, the conveyor
belt under study is divided into a finite number of elements by calculating the mass of each element.
Computational Fluid Dynamics (CFD) was accomplished for realization of realist airflow velocity and
pressure analysis to model belt conveyor. The effect of FEA and CFD in ANSYS software, analysis of
optimum design results, to achieve the purpose of optimum design has a certain proving importance to
optimize the actual conveyor structure. The results of mechanical information analysis obtained in the
computational environment were examined and an evaluation was presented for the improvement of
conveyor system for designers and manufacture engineers.
Keywords: Belt conveyor, finite element analysis, ANSYS
Introduction
Conveyor system is a mechanical framework that enables easier, safer, faster and more efficient to
transport materials with high degree of automation (Bajda M., 2019). In the simplest sense, belt
conveyors are machines that function to carry the material laid on a power transmission belt between
the loading point and the unloading point (Carretero L., 2019). Its main components consist of a
tensioned belt between two drums, much larger than its width and height. Elements that change the
direction of the belt, clean the belt and support the belt between the two drums can also be included in
the conveyor, depending on the complexity of the needs and the transport problem (DIN 22101, 2016).
Depending on the power requirement of the conveyor, power is transferred to the belt over the drum by
driving one or two drums by the motor-reducer group. In most bulk material conveyors, the belt has a
corrugated profile rather than a flat profile to increase carrying capacity (Dunlop F., 2009).
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Belt conveyors operate in a horizontal or vertical plane depending on the friction characteristic of the
transported load (Dunlop F., 2009). The classification of belt conveyor was given in (Figure 1). There
are many types of conveyors known and known as the belt system used by people to transport raw
materials waiting to be processed in places such as factories, slaughterhouses and assembly shops. The
classification of belt conveyor was shown in (Figure 2).

Figure 1. Belt conveyer system and elements
Since the conveyor belt systems operating with a motor power inside are not possible to be used in
narrow areas, preferred to be used in larger and spacious areas. Before carrying out the conveying
process related to conveyor belts, it is extremely important to consider the material to be transported in
the selection of these belts and to choose according to the engine power and the structure of the
material to be transported.
The areas of use of conveyor belts are also extremely wide. Since it does not require manpower, it has
much more affordable costs compared to many transportation systems. The system, which works with
the help of a motor, can easily carry many materials on high and low floors. In this sense, the shape of
the floor is important here and when the assembly and material selection is done correctly, it provides
the transportation process without causing any problems.
The belt types selected vary according to the shape of the material conveyed and the sectorial structure.
The most commonly used belts are general use belts as shown in (Figure 2).

Figure 2. The classification of belt conveyor
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The Worldwide Literature Survey
In the current state of the art, different studies can be found for solutions to specific belt conveyor
problems at the industrial level (Gerdemeli I., 2014). Conveyor systems are durable and dependable in
materials transportation and warehousing. In view of various standards of operation, there are diverse
transport frameworks to be specific: gravity, belt, screw, pail, vibrating, chain, spiral, grain conveyor
systems etc. The decision however relies on upon the volume to be transported, stature or separation of
transportation, nature of material, strategy for generation utilized (Wu Z., 2013), (ISO, 2015). Material
taking care of hardware reaches from those that are worked physically to self-loader frameworks and
to the ones with high level of robotization. The level of computerization however depends on handling
requirements (Lu Y., 2019). A belt comprises of an interminable and adaptable belt of high quality
with two end pulleys (driver and driven) at settled positions upheld by rollers. Pulleys are used for
providing the drive to the rubber belt through a drive unit gearbox fueled by an electric engine. It
likewise helps in keeping up the correct pressure to the belt.
Conveyor equipment selection is a complex, and sometimes, tedious task since there are literally
hundreds of equipment types and manufacturers to choose from (Mathaba T., 2017). The expert system
approach to conveyor selection provides advantages of unbiased decision-making, greater availability,
faster response, and reduced cost as compared to human experts. Expert system and artificial
intelligence has become important for industrial conveyor selection.
A simplified approach to modeling rolling contact events on the surface top of a wheel driven elastic
belt rubber was reported in (Munzenberger P.J, 2019). In this engineering approach, the basic aim is to
control the rolling rubbing friction due to the relationship and hysteresis between grip and slip of a
wheel driven belt conveyor. The model is an extension of an existing linear viscoel model from a
Maxwell model with three parameters combined with a Winkler basis used to determine the rolling
drag due to hysteresis in a conventional flat belt conveyor (Nuttall A., 2017).
The design of a multi-conveyor system in supporting machine loading and unloading has become
crucial to management. However, through the mathematical model proposed in this paper, this issue
becomes realistically and concretely solvable. Over the years a lot of work has done and is still
continuing with great effort to save weight and cost of applications (Rao A. M., 2012). The current
trend is to provide weight/cost effective products which meet the stringent requirements. New design
of rollers focused on the measurement of static and dynamic resistance of rotating rollers and the
impact of new construction on the power consumption of the belt conveyor (Rick G., 2019).
Conveyor equipment selection is a complex, and sometimes, tedious task since there are literally
hundreds of equipment types and manufacturers to choose from. The expert system approach to
conveyor selection provides advantages of unbiased decision-making, greater availability, faster
response, and reduced cost as compared to human experts. Conveyor types are selected on the basis of
a suitability score, which is a measure of the fulfillment of the material handling requirements by the
characteristics of the conveyor (Shen, J, 2018).
The design of an efficient material handling system which will increase productivity and minimize cost
entails the followings; designing the system for continuous flow of material (idle time should be zero);
going in for standard equipment which ensures low investment and flexibility; incorporating gravity
stream in material stream framework; and ensuring that the proportion of the dead weight to the
payload of material taking care of gear is least (Suhas M., 2012). The transportation course influences
the general expense of material taking care of. An effective material taking care of gear will decrease
cost per volume of material transported and guarantee that materials are conveyed to the creation line
securely (Yuan X., 2014). The outline of belt transport framework includes determination of the right
measurement of the belt transport parts and other basic parameter values in order to guarantee ideal
effectiveness amid stacking and emptying conditions (Wang F.S., 2018).
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Materials and Methods for Belt Conveyor Analysis
Methods used in different applications to reduce product costs sometimes cause fails during operation
and fatal accidents with equipment. Before application, simulation modeling and mathematical
analysis has become important for designers and manufacturers (Yuan X., 2014). These are
methodologies such as design change, drum failure, belt design and failure, deformation, energy and
efficiency, friction, thinning, operation and maintenance.
The method developed in this study to discover the possible problems and causes of a mechanical
strength breakdown and the system of the failure. Fir this reason, potential risks and corrective actions
are modeled by computational simulations and identified the most serious concerns. Conveyor belt
evaluation considered as an engineering analysis conducted comprehensively analyzes designs or
production processes for development. The simulations provide experiments to find and correct the
product weaknesses before they fall into manufacturing environment and the customer's hands.
The von Mises stress is accepted as equivalent stress in this research. Here σx, σy, σz are the
corresponding stresses in the X, Y and Z directions as given in equation (1) and (2). τx, τy, τz are
corresponding shear stresses in equation (2). The maximum distortion, the von mises theory known as
the octahedral shear stress theory or the von Mises theory, is used to predict the yield of ductile
materials. Von Mises states that the fault is transmitted when the distortion energy in the uniaxial
voltage reaches the same energy for stress yield. Von Mises stress is also called equivalent tensile
stress. It’s a special measure of stress that serves as an approach to combine all stress components into
one value. Thanks to that it can be compared with material’s strength when multi-axial loading occurs.
The formula used to calculate von Mises stress equation (1) and (2) is as follows:

(1)
(2)
Stress theory is more moderate than von Mises criterion for placing within the von Misses ellipse. As
much as limiting the fundamental stresses to prevent ductile fracture, von Misses gives a fatigue value
within acceptable limits, especially in cases of repeated stress and strain loads.
Another issue is to compare modern numerical methods within themselves. In this study, the belt
conveyor is examined separately by the finite element method-FEM. FEM can calculate the stress
concentrations and deformations that may occur due to the geometry of the problem precisely and in
less time, since it discriminates and examines only the boundaries of the area of interest. Then, a
sample belt conveyor to be analyzed was dimensioned. After the sizing phase, stress analysis was done
analytically and then modern numerical methods were used.
The stress criteria considered in this study consist of static and fatigue strength analysis for the
conveyor. The stress criteria that occur in the conveyor consist of simulations for setting the limits in
both the maximum stresses and the stress range that can occur in drum and shaft and boundary
conditions are taken into account. Displacement, deformation and von Mises analysis for three
dimensional stress zones uncover radial, tangential and axial stresses analyzed in the pulley. When
evaluating ductile material, usually the yield strength of the material is used as fracture. Distortion
energy theory is used for static strength evaluation for this research. This theory predicts that yield
begins for ductile materials as expected.
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Belt Conveyor Static Analysis by FEM
The FEM is one of the important methods of continuum mechanics and widely used in engineering
applications. Theoretical studies of this computational approach according to experimental results and
literature review in the field of conveyor, which has many applications in industry, have been
examined. Stress analysis of a belt conveyor is implemented using FEM.
FEA based on the application domain and methods are systematically established on the
decomposition of sub-domains where the approximate solution is created (Wu, 2013). In fact, FEA
divides the field into elements and reduces the number of unknown domains to parts that have the
problem with the expression in the functions that precede it. This type of interpolation defines the
boundaries of field variables at certain points as nodes. The FEM, which is a mathematical method, is
used in ANSYS to obtain results for presentation and stress analysis and fluid flow to a wide range of
engineering problems.
ANSYS is a design engineering general-purpose Finite Element Analysis (FEA) software package.
ANSYS computer program used for analysis in engineering is a multi-purpose finite element program.
Static and dynamic network analysis, which are seen in ANSYS's analysis capabilities as application
areas, attract a lot of attention with its ability to solve mode frequency and buckling eigenvalue
problems, static or time-varying analyzes. FEA is a numerical method used to break down a
multifaceted system into very small parts called elements. The Workbench focuses on attaching
existing geometry, setting up the finite element model, solving, and reviewing results. After geometric
modeling of the conveyor belt system with given specifications it is subjected to analysis. The Analysis
involves the following discretization called meshing, boundary conditions and loading.
A mesh dependency study for model was prepared in order to determine the optimum mesh size and
material properties as shown in (Figure 3). The study shows that using 0.5 mm mesh size at the contact
area satisfies the design criteria, where the results converge at that size as shown in (Figure 3). The
mesh was built in a way that can reduce computation time while getting accurate results by refining the
mesh at the contact zone and having a moderate size out of that specific zone as. Statics tetrahedrons
type of mesh models developed with nodes 215156 and number of elements 58948. Belt conveyor
essential components’ material properties are presented in (Figure 3).

Figure 3. Meshed belt conveyor system and material properties
Force 2098 N was applied on the top of the belt surface with a box shape. The load applied to belt is
uniformly distributed load in conveyor. The maximum deformation induced in belt conveyor system is
0.26 mm at near the tail pulley side belt surface. The maximum equivalent stress induced is 13.817
MPa and minimum equivalent stress induced is 1.733 x 10 -7 MPa. The maximum shear stress induced
is 6.875 MPa and minimum shear stress induced is 2.151 x 10-7 MPa. FE results show that the belt was
indented due to its contact with both idler rolls as reported in the literature (Yuan X., 2019), where belt
conveyor due to center roll has higher values than that for wing roll. It is also noted that idler rolls
rotate due to the applied belt motion, which simulate the actual operation case. The exemplary
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outcomes of the FEA results for static analysis are presented in (Figure 4). FEA results show that
displacement analysis.

Figure 4. Static analyses of belt conveyor system
The number of nodes created was 206832 and elements were 60778. (Figure 5) shows the von mises
analysis for the drum highlighted in red green blue. (Figure 5) shows the axial force relation to the
weight of the conveyor and the belt. It was performed for finite element-FE analysis and shear stresses
with the failure criteria. FE analysis was applied in ANSYS and analysis results were obtained.

Figure 5. Conveyor drum static and displacement analysis
The conveyor repeat communication continued during the simulations and maintained the shear
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stresses. The stress obtained in the analyzes was found to be 5.85 MPa and the shear stress at 2.73
MPa. These stresses are within the allowable limit of the rubber material and are found to be safe.
The activity that maintains the conveyor movement and shear stresses during the simulations were
given in (Figure 5).
Several types of problems resolved by FEM in engineering area covering elastic, elastoplastic and
viscoelastic analysis of Lattice beams, frames, plates, shells and solids. The displacements, stresses,
stresses, velocities, pressure and load analyses all depend on time in dynamic problems as shown in
(Figure 6). The belt conveyor under research is distributed into finite number of mesh elements. The
movements of the belt were obtained by modeling mass, rigidity. Initial conditions are determined and
the forces affecting are computed. The conveyor belt is split into an assembling of elements. Beam
properties are defined for every element. In this research, considering the behavior of longer beam
elements representing the long conveyors and belts are determined compared to transverse dynamic
study. In order to achieve the equations of motion, mass, hardness and damping matrices are arranged.
The power vector is generated when a single exterior force is affected to the drive the belt conveyor.

Figure 6. Conveyor displacement analysis
Analytical design is verified with the help of ANSYS software. Exactly similar forces and constraints
simulated in ANSYS to get accurate results. Finite element analysis is carried out to find von Mises
stresses, safety factor, total deflection on pulley and its components because of belt tensions as
presented in (Figure 7) and (Figure 8).

Figure 7. Safety factor and the von Mises analysis
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For finite element analysis all standard material properties are assigned. Dead weight of the pulley is
considered. Resultant tension is calculated and applied as a uniform radial pressure over the pulley
surface in the region of angle of wrap, and throughout the belt width. Torques given for driven pulleys
is applied at the drive end of the shaft. Initially 3D model SLIDWORKS of pulley assembly created
using ANSYS software.

Figure 8. Strain analysis on drum shaft and belt system
Load and constraints applied to all two types of pulley. Maximum tight side tension is 232271N and
maximum slack side tension is 64396N calculated by above analytical method. Horizontal and vertical
forces are 345478N and 9090N respectively. Therefore resultant force calculated is 345598N. By
considering equivalent weight of belt and rubber, contact length it gives total contact area affecting von
Mises criteria and strain value under stress as shown in (Figure 9). Using this area find out pressure
acting on pulley is 0.1MPa. Boundary conditions applied on pulley are torque 90952 Nm, pressure on
belt 0.10Mpa, gravity force acting 9.806 m/s2.
Meshing of pulley is carried out with quad and tetra element type. Total slippage is considered
between the shaft and the disc hub close to the drive side to simulate the worst possible loading
condition. Limit stress in design was considered as the endurance stress for each material.
As the maximum stresses developed in worst possible conditions are clearly less than the allowable
limits in all the cases, hence design is safe in all case of pulley mark. Forces applied to edge of the
drum were computed as given in (Figure 10).

Figure 9. The von Mises stress and strain analysis
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Figure 10. Forces applied to edge of the drum
Experimental Results
After completing design and analysis of conveyor system it’s also important to allow adequate time for
testing prior to getting the new system up and running. There could be hidden mechanical issues of belt
conveyor that would delay production, or any number of other problems that may need to be adjusted
so the conveyor system can perform at peak efficiency.
Basic initial testing step is visual safety inspection. Check all the guards in place, emergency pull-stops
accessible at any point along the line. It’s also important to ensure the mechanical and junction boxes
are closed. Function testing is effective at identifying any major system flaws, but it’s also important to
completely load the system to realize how it achieves at full capacity. These load tests are also called
simulated load tests. Conveyor load test carried out on basis of three load conditions. First is no load,
second is actual load and full load condition. Testing speed is variable of conveyor on the basis of load
variation. The linear speed of conveyor belt was measured by using contact tachometer with wheel
attachment. The wheel against the conveyor calculated linear speed on the display based on the
rotational rate and fixed diameter of the wheel. CFD analysis was made by ANSYS–CFX in v20. For
CFD analysis of belt conveyor, a mesh model was build as presented in (Figure 11). Airflow velocity
of belt conveyor was modeled in (Figure 12). CFD Pressure analysis on the z- axis along was shown in
(Figure 13). Acoustic Analysis of conveyor was also modeled to find the working noise conditions. As
shown in (Figure 13), The noise level dB was obtained as safe or more below than maximum limits.

Figure 11. CFD analysis of belt conveyor
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Figure 12. Airflow velocity of belt conveyor

Figure 13. CFD Pressure analysis on the z- axis along

Figure 14. Acoustic Analysis of conveyor
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Conclusions
A belt conveyor system with two rollers can be developed for handling the weight. The belt conveyor
system was designed with high degree of automation, loading, movement and unloading efficiency.
These are very flexible, safe, with low initial, and maintenance cost. From the results of the FE
analysis, stresses for both the mechanical and CFD were understood within the allowable limit of the
rubber material in conveyor. With an optimized belt, it can be reflected in the power requirement. 3D
model of the belt conveyor system is generated in SOLIDWORKS parametric model and this model is
imported to ANSYS for processing work. An amount of force 10.791 KN is applied along the upper
belt surface and base structure is fixed. Above finite element analysis results gave Maximum stresses
developed at extreme high load conditions on conveyor pulleys are less than the allowable limits,
hence design of conveyor system is safe.
Design of belt conveyor for given design capacity is found safe as stress and deflection calculations
from finite element analysis on critical parts of conveyor pulley are less than allowable limits.
Approximately constant conveyor speed achieved at various materials loading conditions therefore
conveyor are safe and efficient to use for heavy-duty applications with time circumstances. The
maximum deformation induced in belt conveyor system was 0.6403mm near the tail pulley side belt
surface. From the FEA output the maximum design strength found as 12.817 MPa from the material
property. The ultimate tensile strength of the material obtained 300 MPa, then the factor of safety
becomes within that safety limit. The value of equivalent von-Misses stress that comes out from the
analysis was far less than material yield stress so the design constructed was safe. Maximum power
required at full load condition whereas in case of actual load condition power was comparatively
lower. This ensures design and motor safety under extreme heavy load conditions.
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