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AIM AND SCOPE

Energy, Environment and Storage papers consider the prospects of energy technologies,
environment, materials, process control and industrial systems. The Energy, Environment and
Storage will be published 3 times per year.

Contributions describe novel and significant applications to the fields of:

e Hydrogen Fuels

e Hydrogen and Fuel Cell

e Hydrogen Economic

e Biomass

e Solar PV Technology

e Solar Thermal Applications

e Wind Energy

e Materials for Energy

e Drones and Energy Applications

e Nuclear Energy and Applications

e Hydro Power

e Fuel Technologies (CNG, LNG, LPG, Diesel, Gasoline, Ethanol, etc.)
e Numerical Modelling

e Energy Storage and Systems

e Battery Technologies

e Energy Management

e Heat and Mass Transfer

e Aerodynamics

e Aerospace and Energy Applications

e Combustion

e Electric Vehicle Transportation

e Off-grid Energy Systems

e Environment Management

e Air Pollution

e Water and Wastewater Pollution

e Water and Wastewater Management
e \Waste Management

e Global Warming and Climate Change
e Environmental Ecosystem

e Environmental System Modelling and Optimization
e Ecological Applications or Conservation
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ABSTRACT. Solid waste management is among the most popular urban environmental problems in many developing
countries due to increasing urban, economic, and industrial activities. Indonesia is a developing country with many coastal
settlements, such as Makassar City. This study aims to determine Waste Management on the coast of Makassar City,
namely the "Kawasan Pelabuhan", a slum settlement. An investigation was carried out regarding waste generation, storage,
and collection. The population of this study was 119 houses/households consisting of permanent and semi-permanent
houses partially built over the sea on the coast. The method used in this research is quantitative and qualitative. The
analysis results show that the volume of waste generated is around 58% organic and 42% inorganic, with an average of 1.8
kg per household for organic waste and 1.31 kg for inorganic waste. Most houses use individual bins; only houses on the
main road get communal collection and storage services.

Keywords: Solid Waste, Waste Management, Waste Generated, Coastal Settlement
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1. INTRODUCTION [6] with a population of 1.5 million [7] and the densest
population concentration in coastal areas, including along
rivers and canals. The coast of Makassar City has
experienced drastic urbanization, so it has transformed
become a metropolis in the last 15 years [8].

Solid Waste Management (SWM) is a scientific discipline
related to the control of generation, storage, collection,
transfer, transportation of waste, and waste treatment [1].
Currently, SWM is one of the most popular urban

environmental problems in many developing countries due The ever-increasing population will go hand in hand with
to the increasing urban, economic, and industrial activities production waste generation, so this condition must be
[2] [3]. Poor municipal waste management practices can balanced with waste management. Without adequate waste
result in soil, water, and air pollution [4]. management, an estimated 80% of the land will end up in

the sea [9], [10]. Based on observations from slum area
data in Makassar City (Mayor Decree No.
1301/050.13/2021), coastal areas are mostly dominated by
slum areas with mild, moderate, and severe levels [6].
Waste management facilities are only 8% of slum
settlements [6]. The "Kawasan Pelabuhan" slum area is
one of the slum areas on the north coast of Makassar City,
which is the research location.

The problem of waste management is also a problem that
Indonesia faces as a developing country. Countries with
long coastlines are highly prioritized regarding coastal
waste and public participation issues [5]. Indonesia is the
largest archipelagic country; most of its main cities are in
coastal areas, and one is Makassar City. Makassar City is
the gateway to Eastern Indonesia, a dynamic metropolis

*Corresponding author: nanianggraini.jp@gmail.com
81


mailto:nanianggraini.jp@gmail.com
https://doi.org/1052924/XFBP5264

Anggraini et al.

This study aims to determine the Solid Waste
Management activities that occur in the slum area
"Kawasan Pelabuhan", including characteristics of
generation, storage, and collection. This research will
provide insight into SWM that applies in coastal areas of
developing countries and will become the basis for
stakeholders in managing SWM.

2. MATERIALS AND METHODS

2.1 Location of Study
The study is in "Kawasan Pelabuhan", located in the north
part of Makassar. Fig. 1 shows a map of Indonesia, and

the arrow points to the study area's location (5.110958
E,119.4248602 S).

Ermy

Sararty

Fig. 2. The condition of the Kawasan Pelabuhan coastal
area

The slum settlement in the New Port area is in Cambayya
Village in Fig 2, with a population of 6,428 people, a total
of 1,267 families, and a population density of 12,128
people/km?2.

Energy, Environment and Storage, (2023) 03-03 :81-87

2.2 Characteristics of Settlement

The city keeps experiencing rapid economic development,
population, urbanisation, and expansion of residential
areas. Those who choose to live in slum areas are mostly
urbanites who want to be close to workplaces in the city
but cannot buy decent land [7].

The high price of land in the city centre makes some of
them occupy vacant public lands such as road shoulders,
riparian areas, riverbanks, and canal banks. This
settlement is generally semi-permanent housing, which
continues to grow with the inadequate physical condition
of the building and the environment; this is known as the
slum area [3]. This phenomenon occurs in Makassar City,
Indonesia.

The Mayor's Decree on Slums of 2021 has designated 20
urban areas as slums with a total area of 428 hectares,
most of which are in riparian and coasts. The coastal
settlement in Makassar City was originally formed from a
fisherman settlement [6]. The history of Makassar City
was developed from the coastal area by fishermen who
utilised marine resources as the source of life [6].
However, a wvast city development transforms this
settlement into a slum with limited facilities for life. One
of their big problems is waste management. "Kawasan
Pelabuhan" is one of the coastal settlements in North
Makassar, also located at the edge of the big canal. Most
of the people built their wooden houses over the sea. This
settlement included part of its low-income class area. The
areas with poor social services and amenities are shown in
Fig 3.

Fig. 3 Settlement conditions

Buildings Characteristics in the "Kawasan Pelabuhan"
settlement are divided into two types, including permanent
and semi-permanent buildings shown in Fig 3. Most of the
semi-permanent (red colour) buildings were built over the
sea. The building was built over the land boundary.
Moreover, the street in this settlement is a narrow alley
about 50 cm in width or less, making it difficult to do
several activities, including waste management.

2.3 Material

The tools and materials used in the waste generation
survey process as shown in Fig 4 are:

a. The digital scales used are hand digital scales with
accurate, fast, and efficient measurement results to
carry anywhere. Each surveyor is equipped with a
digital scale.

b. The volume measuring tool is a box that has a
volume value description.

Copyright © and Published by Erciyes Energy Association
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c. Plastic bags are given to residents as containers to
facilitate the process of weighing waste.

d. Masks and gloves are additional tools used by
surveyors in carrying out the weighing process
because of the unpleasant odour and the condition of
the organic waste, which is sometimes watery.

e. The camera is used for documentation and recording
all ongoing activities.

f.  As a tool for recording survey results, smartphones
use Google Forms to make data collection more
efficient.

Fig. 4. Materials and tools

2.4 Method

This research uses SNI 19-3964-1994 as a standard issued
by the Indonesian government to take and measure sample
generation and composition of urban waste. This method
aims to get the amount of waste generation used in waste
planning and management.
Sampling locations for waste generation are divided into 2
main groups, namely:
1) Housing consisting of:

(1) permanent high income;

(2) moderate-income semi-permanent;

(3) non-permanent low income
2) non-housing consisting of:

(1) shops;

(2) office;

(3) school;

(4) market;

(5) roads;

(6) hotels;

(7) restaurants, eating houses;

(8) other public facilities.

In this study, we limit ourselves by taking a special sample
of residential areas. Permanent housing represents high-
income settlements, semi-permanent settlements represent
moderate income, and non-permanent settlements
represent low incomes.

The condition of a permanent house is made of concrete or
bricks that stand firmly, and a semi-permanent building is
an independent building, such as a hut or cottage, built
with locally available materials. For example, such as
wooden planks, sun-dried bricks, straw or other vegetable
materials for the purpose of private residence. Non-
permanent buildings are temporary buildings, materials
that last only a short time or can mean buildings that can
be moved, and their useful life is not more than 10 years.

In this research area, there are no non-permanent
buildings, and there are only two types of buildings:
permanent and semi-permanent as shown in Fig.6.

Total population (housing units) = 119 housing units
consisting of 57 units of permanent houses; and 62 units
of semi-permanent houses.

(S1) = proportion of the number of permanent housing/
high-income households = 48%

(S2) = proportion of the number of semi-permanent
housing/ moderate-income households = 52%

This research was conducted through several activities:
2.4.1 The questionnaire survey

This activity was carried out to discover people's lifestyle
in "Kawasan Pelabuhan". Questionnaires were distributed
to 119 respondents living in two types of houses
(permanent and semi-permanent). The questionnaire asks
about the resident's environmental characteristics in waste
management (storage, sorting, collecting, transportation)
and their current behaviour.

Fig. 5. Waste generation survey process

2.4.2 Field observation of waste generation

Each household is given labelled waste plastic. Each
household that became the research sample was asked to
fill a garbage bag and sort organic and inorganic waste.
This process lasts for 8 consecutive days. Every day a
surveyor will come to weigh the waste in each sack,
measure the volume, and keep records shown in Fig.5. In
addition to measuring waste generation, at the same time a
questionnaire survey was conducted regarding the
characteristics of the local community from the aspects of
education, economy, employment, and family structure.
The housewife or the head of the household was selected
as the person who was the respondent to the questionnaire.
The questionnaire was made as an open question on
Google form, and the surveyor read the question and filled
in the answer column according to the answer given by the
respondent.

2.4.3 Direct interview

In-depth interviews with key informants were required in
this study. Key informants are considered capable of
providing information about the object of research. In-
depth interviews are open-ended questions and answers to
obtain data about participants' intentions — how to describe
their world and explain or express their feelings about
important life events [11].

This interview was conducted to explore the waste
generated every day by households. A total of 5
homemakers who are female leaders in the community
were selected to be interview subjects as respondents. In

Copyright © and Published by Erciyes Energy Association
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addition, interviews were also conducted with village
heads as respondents who were considered to know the
activities of their residents.

Examples of questions given in general regarding how the
local community behaves in disposing of garbage, what is
the system for collecting and transporting waste (waste
collection equipment, collection frequency, collection
organisers, transportation routes), and container systems.

In-depth interviews are very important because local
people with secondary and lower education levels need
more knowledge about waste management. It is common
for some residents to be less open in providing
information because they fear various things, so this
approach is considered better for gathering information.

2.4.4 Mapping
A mapping process is carried out to report collection
services and routes.

2.5 Sample

The population in the solid waste survey is housing units
living in the coastal settlement area of "Kawasan
Pelabuhan". The research population was determined,
considering the location in the coastal area and the mouth
of the canal so that it has more urgency than the other
locations.

The research location is the "Kawasan Pelabuhan", one of
the coastal slum settlements in Makassar City with an area
of around 1.97 Ha in 2021. Then 119 houses were selected
as the study population located at the mouth of the canal
with the characteristics of permanent and semi-permanent
buildings.

Determination of waste generation samples follows the
provisions of the Indonesian National Standard (INS) 19-
3964-1994 (Measurement Method of Collection and
Composition of Municipal Solid Waste Samples).

The sample size is determined using the formula from SNI
19-3964-1994 as in Equations (1) and (2):
$=Cd\PS €))

Cd is the domestic coefficient (0.5 for average/small city),
and Ps is the total population. The sample size (S) is

divided by the number of household members (n) to count
the number of household samples.

s
k=3 2
Furthermore, the house chosen as the sample was taken
randomly according to the agreement that the family was
willing to participate in the waste collection process. This
survey has challenges due to the habits of some residents
who sometimes immediately throw the trash into the sea.
Besides, residents are not accustomed to sorting trash and
need help understanding the differences between organic
and inorganic waste.

2.6 Analysis

Waste generation data from recording primary data in the
field are inputted and analysed statistically. Likewise, the
data from the questionnaire results were then analysed

Energy, Environment and Storage, (2023) 03-03 :81-87

using statistical primary data tabulations. A descriptive
analysis was performed for in-depth interviews to check
the answers and incorporate them into the report. Finally,
an overlay map is used to determine the service area for
waste collection and waste storage.

Fig. 6 (a) Distribution of slum settlements in Makassar
City (b) Location of survey (c) Orientation of the building
towards the sea

3. RESULT AND DISCUSSION

3.1 Characteristics of Respondents

Of the total respondents were 119 households, 35% were
male, and the remaining 65% were female. Most of the
respondents were female, as solid waste management
encourages the participation of females. The average age
of the respondents is above 40 years. Five people and 4
people dominate each house, but up to 12 occupied
houses.

Based on the level of education, most of the respondents
(34%) did not receive a formal education, this was quite
related to their livelihood, which was dominated by the
informal sector, and 66% of the respondents had several
levels of formal education such as only graduating from
elementary school (19.1%), (17.2%) graduating from high
school, (11.3%) diploma, and (18.3%) undergraduate.

Regarding the job category, (71%) are self-employed, and
(29%) of respondents are government employees. The
livelihoods of the head of the family are daily labourers

Copyright © and Published by Erciyes Energy Association
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(41%) and fishermen (35%). This condition is supported
by the coastal area near the sea and the port area, allowing
them to work in the informal sector as casual daily
labourers at the port. The average earner (50%) has 66
USD/month earnings, up to 132 USD/month, and only a
small percentage earn above 199 USD/month.

14 -
12

10

(o]

3.2 Waste Generation Result

Fig 7. describes the result of the waste generation survey
of waste weight from 34 research samples of 34 houses.
From this survey, the average waste generation was 1.8 kg
of Organic Waste per day per house and inorganic waste
1.31 per day per house.

o N H (o))
R6 ——
R7 osss—
RS uEEES—
RO ue—
R0 ummmm
R11 e
R12 o
R13 s
R14 um—

O =" N N < 10N O I~N 0 ]
[ I T T o T o T o O o I o I o I
X o @ @ o o o o o oc

Total (kg)

R30 —

m Organic (kg) m Inorganic (kg)

Fig. 7 Waste generation based on the waste weight in kg (R1-R34 as sample code).

Table 1 Survey results of the average volume of organic and inorganic waste generation

Sample Average Yolume of o.rganic waste Sample Average Yolume of o.rganic waste
generation/house (liter/house) generation/house (liter/house)
Code - - Code . X

Organic Inorganic Total Organic Inorganic Total
R1 3.83 5.00 9 | R18 4.00 5.33 9
R2 4.50 7.00 12 | R19 1.33 7.83 9
R3 2.83 7.17 10 | R20 3.67 8.83 13
R4 2.17 9.83 12 | R21 4.17 9.00 13
RS 2.67 17.33 20 | R22 7.83 16.00 24
R6 2.00 20.83 23 | R23 3.33 13.33 17
R7 8.33 14.83 23 | R24 3.67 8.50 12
RS8 9.67 2.83 13 | R25 7.83 7.50 15
R9 5.67 12.17 18 | R26 4.50 8.33 13
R10 2.83 4.17 7 | R27 4.67 8.67 13
R11 3.17 3.17 6 | R28 5.50 14.67 20
R12 5.83 2.00 8 | R29 6.50 8.00 15
R13 3.83 4.17 8 | R30 6.17 7.00 13
R14 5.17 4.83 10 | R31 2.17 8.00 10
R15 6.33 5.50 12 | R32 9.33 7.00 16
R16 9.00 5.50 15 | R33 5.17 22.00 27
R17 3.83 8.17 12 | R34 3.67 7.33 11

The volume of waste generated in the “Kawasan
Pelabuhan” coastal area was dominated by 58% organic
waste and 42% inorganic waste as shown in Fig. 8. This
waste was potentially thrown into the water bodies
without proper waste management. Compared to other big

cities in Indonesia, biodegradable organics were 68%

Jakarta and 72.41% in Surabaya [12]. The values for the
cities of Jakarta and Surabaya differ higher because the
data from the two cities is a total of one city and does not
specifically describe coastal areas. There is also another
cause where the people who live in the "Kawasan

Copyright © and Published by Erciyes Energy Association
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Pelabuhan" are middle to lower-class people who are
economically difficult, so they have a limited variety of
food and do not have food waste behavior. Refers to other
developing countries in Asia, shown the same existing
conditions, the solid waste generation was high because of
the population, and the main component of SW is
decomposable [12], Whereas, in Asian developed
countries, such as Japan, Singapore, Taiwan, and South
Korea, these values were generally less than 45% [13].

Inorganc
42%

Organic
58%

Fig. 8. Average percentage of weight of organic and
inorganic (waste/house/kg)

Solid waste generation depends on lifestyle, habits, food,
living standards, season, and commercial activities degree
[14]. The highest fraction of organic waste is in the low-
class area [15]. However, managing waste is a complex
activity that requires appropriate technical solutions,
cooperation between all stakeholders, and sufficient
organization capacity [16]. Furthermore, the urban waste
composition is changing recently with the increasing
single use of packing materials and plastics [3], [17].

3.3 Storage System

The existing container system was used as an individual
and communal system. Each family collected waste from
individual containers and brought it to a communal
container located on the main road in a residential area.
Some families potentially directly throw their waste into
the water bodies, especially those who live over the sea or
in front of the canal.

The survey results show that 80% of the community did
not yet separate their waste because of a lack of materials,
knowledge, and motivation. Citizens need to be educated
to keep bins for waste storage at the source and stop
littering on the water bodies and streets.

Waste disposal has become a serious problem worldwide,
especially in developing countries [18]. Problems such as
ecological imbalances and certain diseases have taken
over the world, causing damage to the natural environment
and its resources [19]. Many biological species are on the
verge of extinction due to a worsening ecological
imbalance. This condition is due to the widespread use of
non-biodegradable waste, such as plastic and the
hazardous chemicals used to synthesise it. It can also
cause soil, water, and air pollution, harming human health
[20] [21]. This condition certainly requires serious and
continuous efforts to overcome it. On the other hand,

Energy, Environment and Storage, (2023) 03-03 :81-87

organic waste can also pollute water bodies by increasing
BOD and COD [22].

3.4 Collection System

Transportation is important to SWM because waste not
collected and transported will cause environmental
problems [1]. The collection in the location of the study is
carried out frequently, almost every day, and a cleaning
fee is charged to the people.

-
<
LS
3,

A

<
s

Fig. 9. Visualization of collection service and route.

However, not all households receive good collection
services. The type of collection vehicle is a three-wheeled
motor. Visualization of the collection service and route is
shown in Fig. 9.

The challenge in the waste collection process in this area
is the narrow roads that are difficult for waste transport
vehicles to pass. In some slum areas, families still lack
access to waste collection sites [6]. Cleaning costs are also
considered to be a burden for the middle to lower-
economic communities who live there.

Based on Fig. 9, a collection route by vehicle was shown
in the dotted red line so that most of the settlements do not
get a collection service (shown in the light-yellow area).

Community participation has a direct bearing on the
efficiency of SWM. Without a basic facility for storing
and collecting waste from sources, communities are prone
to dumping waste on the streets, open spaces, drains, and
water bodies in the vicinity creating unsanitary situations

[177 [3]-

4. CONCLUSION

In general, waste management in the "Kawasan
Pelabuhan" Coastal Settlement has not gone well due to
the characteristics of the settlements, the characteristics of
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the residents, and the lack of MSW facilities. The waste
generated in the "Kawasan Pelabuhan" is dominated by
58% organic and 42% inorganic waste, and most residents
do not have access to waste collection points. Hence,
domestic waste has the potential to enter water bodies.
Serious attention is needed in implementing SWM in
coastal areas by adding facilities that are by the
characteristics of the local area and community
development activities to improve the local community's
lifestyle. Additional research is needed to calculate the
type of waste and the potential amount of waste that enters
the water bodies.
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ABSTRACT. Phase change materials (PCM) are used with different geometries increase thermal performance. The thermal
performance of the geometries on phase change materials have been investigated. For thermal energy storage systems (TES),
porous structures are widely used to increase the thermal performance of the PCM. In addition, geometric parameters affect
heat transfer, flow and melting solidification. In this work, the thermal performance of multilayer structure with different
surface geometries and the control of the melt fraction of the PCM was investigated in terms of energy efficiency. The results
were obtained by modeling the studies in the Computational Fluid Dynamics (CFD) program. The physical model was
obtained by creating a multi-layer porous structure with different surface geometries in each layer, thanks to the additive
system. Modeling was carried out for natural convection depending on time. Paraffin was used as the PCM. The melting
temperature of the paraffin used is 41 °C and the latent heat of fusion is 165 kJ/kg. In the present work, the distribution of
melting isotherms gives more homogeneous results for the selected geometry. The results of PCM multilayer structure and
other geometries were compared under the same conditions and it was seen that the multilayer structure improved the thermal
performance. All melting graphs range from 0-1 (0: solid, 1: liquid). The results obtained for the selected geometry show that
the melting value is between 0.8-0.9. In addition, the proposed physical model is a subject that can be encountered in
engineering applications, thermal design engineering. In this respect, it is thought that the results obtained from the study,
especially in the field of energy storage, will fill an important gap.

Keywords: Energy storage, Phase change material, Numerical analysis, Multi-layer structure.
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1. INTRODUCTION the production of parts in large geometric structures has
become easier [4]. The use of heatsinks in electronic
cooling systems has been studied in the studies of Qureshi
et al. [5]. They found that the structure of triply periodic
minimal surfaces (TPMS) fitted by additive manufacturing
can reduce the temperature under high-temperature
conditions for different pore geometries, heat fluxes, and
PCMs. Fan et al. [6] aimed to enhance the efficiency of the
battery by using paraffin wax combined with a battery
thermal energy system (BTES) with TPMS of different
geometric structures. With the system they used, they
increased the efficiency of the battery by reducing the
temperature increase. Three new porous TPMS heat sinks
with computational fluid mechanics (CFD) have been
modeled by Baobaid et al. [7]. TPMS-based heatsinks
outperform conventional heatsinks in packing density and
random distribution of flow. They found that porous

Energy storage has gained a lot of importance in the
world in recent years. Phase change materials (PCM), on
the other hand, have an important property due to their
thermal energy storage (TES) properties. Metal foams,
porous medium or solid geometry, which are used in TES
systems due to their important properties, are widely
preferred to enhance the thermal performance of the PCM.
The effects of porosity geometry, and porosity on the phase
change material performance of porous domain have been
investigated. Lattice structures or foams are used to create
spaces in cellular structures [1]. During the recent years,
porous domain ordered according to foam models due to its
adjustable property, it creates a new potential heat transfer
media. The additive manufacturing promotes the
customization of these structures [2-3]. With this method,
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heatsinks are more promising. Catchpole-Smith et al. [8]
and Qureshi et al. [9] obtained the same results in their
numerical studies in TPMS, which they modeled, and in
their experimental studies in PCM and embedded TPMS
cages, respectively, and determine that the thermal
conductivity of TPMS cages depends not only porosity but
also on the structure of the TPMS cages. For increasing
thermal performance, Hu et al. [10] designed a porous
material as a heatsink, thermal conductivity enhancer and
produced it with 3D printing. They shortened the operating
time of the PCM by applying power to the systems they
created with different porosity ratios with various heaters
Hu et al. [10]. The development of 3D printing has led to
its development, allowing porous media to be produced
accurately and quickly [11,12]. Hasan and Tbena [13],
studied a micro-channel heat sink (MCHS) with a PCM
inside. They concluded that the cooling performance of
PCMs was improved by using air first and then four
different PCMs for cooling. Arshad et al. [14] carried out
studies by examining the fins on electronic devices for the
safer operation of electronic devices at low temperatures
and prolonging their operating times. In other studies,
Arshad et al. [15] stated that the use of PCM in cooling of
electronic devices would be more efficient since phase
change takes a long time. Gu et al. [16] studied the use of
lattice structures showing that 2D lattice sandwich panels
with continuous cross-section could be optimized for
combined thermo-mechanical performance. The thermal
performance and fabricated topology of PCM-optimized
heat sinks were studied by Iradukunda et al [17]. As a result
of their studies, they expressed that the heat sink they
designed importantly increased PCM performance over a
plate fin heat sink they selected as reference. The effect of
porosity on periodic minimal surfaces (TPMS) with 3D

printable  geometrically complex structures  was
investigated by CFD modeling in the study of Hassan Ali et
al. [18] convection coefficient, temperature and pressure
drop values were estimated by CFD method using natural
and forced convection effects in TPMS. Gopalan and
Eswaran [19] used both PCM and porous structure to
further increase conductivity in heat exchangers. In their
results, they determined that the performance of the heat
exchanger completely depends on the conductivity, and
they found that the use of PCM together with the porous
structure improves the conductivity.

The aim of the study is to increase energy savings and
control the melting time thanks to a new multilayer hole
network structures design using CFD. Then novelty of this
study is that it is important in terms of its effects on the melt
fraction and time of multilayer hole network structures with
different surface geometries including PCM. Also, to show
that this system can achieve some advantages without
requiring additional energy.

2. PHYSICAL MODEL

The PCM was investigated by integrating it into the multi-
layer structure as in Fig.1. Each layer is shown separately
in Fig. 2. The geometric structure consists of three separate
parts. There are cells of different diameter and number in
each unit. The heat transfer performance of these cells of
different diameters and their control over the PCM melt
fraction are observed in terms of energy efficiency. Each
layer has a 9 mm height and the height of the heater is 1
mm. The diameters of the holes and void volume in the
structures are given in Table 1.

Height H: 27mm

Figure 1. Multi-layer structure.

(@) (b)

Figure 2. Parts of the physical model. (a) Heater, (b) Model 1, (c) Model 2, (d) Model 3.
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Model | with a diameter of 5 mm, there are 10 cylindrical
spaces on the horizontal axis, while there is solid geometry
with a total length of 20 mm. In addition, there is solid
geometry with a total length of 28 mm in Model 2 and 36
mm in Model 3. As the hole diameter increases, the void
volume also increases. The void volume of the multilayer
structures is 38311.7 mm’.

Table 1 Cell diameters of physical model parts

Physical model Cell diameter Void volume
(mm) (mm?)
Model 1 5 17671.5
Model 2 3 12469.0
Model 3 1 8171.3

The initial and boundary conditions of this numerical study
are below,

e The upper surface is fixed constant temperature
which is 344 K,

e The side surfaces are fixed constant at isothermal
boundary conditions,

e  Constant heat flux is applied to base of the system
which its value is 100 kW/m?.

e  The initial temperature is accepted 300 K.

Nazir et al. [20] studied the use of PCM, especially paraffin
wax, in TES due to its advantages such as non-toxicity,
latent heat of fusion and the fact that this heat does not
deteriorate over time. The use of paraffin with metal foams
to increase thermal performance which is melting time and
melt fraction. The use of low-conductivity PCM in
combination with a high-conductivity metal foam was
explored by Rehman et al. [21]. The properties of PCM and
metal used in the system were obtained by ref. [22], [23-25]
and are summarized in Table 2. In this study, Organic
paraffin was chosen as PCM. While selecting this organic
paraffin, this choice was decided depending on the
temperature required by the system. This selected PCM is
defined as a new fluid in ANSYS.

Table 2 Thermophysical properties of the PCM and the
material used in the study.

du
Ppcm 57 + ppem (U Vu

Material Paraffin AlSi10Mg
k (W/m?) 0.2 175

p (kg/m?) 880 2670

cp (J/kgK) 2000 900

p (kg/ms) 0.00365 -

B (1/K) 0.001 -

L (J/kg) 165000 -

Tm (K) 314
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3. GOVERNING EQUATIONS

The Boussinesq approach is used to model the melting of
the PCM [26-27]. In addition, the continuity, momentum
and conservation of energy equations for PCM are
expressed as [28-29]:

Continuity equations

Vou=0 (1)

Momentum equations
2

= —VP + ppen V2 + ppem 9B Tpem — Tm)
—Au

where u, Wperprew and Teewm are the velocity, dynamic
viscosity, density and temperature of the PCM. Tn is the
PCM melting temperature, B is the volume expansion
coefficient, g is the gravity acceleration, respectively. 4 is
the source term by Eq. (3)

Cmush(l - fPCM)2 (3)
5+ 13

A=
PCcM

where frcm represent indicates the liquid fraction of PCM
and it ranges from 0 to 1. 0 is the solid phase and 1 is the

liquid phase, Cmush is the mushy zone parameter. It is
defined as 10° based on ANSYS Fluent User's Guide [30].

Energy equations

0Tpcy
PrcmCppem —5 + PpcmCppemt-VTpey @
O fpcm
= V. (kpemVTpen) — pPCMLT

where L, kpcy , €ppeu are the denotes the latent heat,
thermal conductivity, specific heat capacity of the PCM,
respectively. The fpcy term is expressed in Eq. (5),
depending on the temperature of the PCM:

0 Toem < Tsotia

Toem — Tsotia
feem =7 7 Tsotia < Teem < Tiiquia ()
liquid solid

1 TPCM 2 Tliquid

where Tpcy, Tsoiia and Tiiguia are the PCM, the solid and
liquid temperatures of the PCM, respectively. Heat transfer
in metals (for aluminium) in Eq. (6):

aT, (6)
PsCp,s E = V. (ksVTs)
where Ts, ks, cps, and ps, are thermophysical properties of
solid which is aluminium. These terms represent
temperature, thermal conductivity, specific heat capacity,

and density, respectively.
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Finally, the structure-PCM interface relation are given in
Eq. (7) and Eq. (8)

7
oT, a7,
fon ~ "on (®)
4. NUMERICAL ANALYSIS

Commercial software ANSYS -Fluent was used to solve the
governing equations. The finite volume method was used
for the model’s governing equations. In addition, for the
thermophysical properties of paraffin and the solid are
included in the model by writing a User Defined Function
(UDF). The UDF used was obtained to be valid for the SI
unit system. The SIMPLE algorithm was used for the
solution of the equations. The residuals were set to 10, The
solutions were built using a 6-core processing unit. In
addition, time step sensitivity analysis was taken into
account in the analyses and was defined as 0.05 s for this
analysis. Some assumptions made for PCM phase change
to occur are given below:

* By ignoring the volume expansion of the PCM, the
“Boussinesq” approach, which is embedded in the package
program, is used in the density change of the fluid to
perform the melting analysis.

* Flow; incompressible, laminar and Newtonian.

* The thermophysical properties of the metal and PCM are
considered constant.

* The region where the PCM is neither liquid nor solid is
considered mushy.

* Radiation and magnetic field are neglected.
Grid distribution

In this work, since the geometries obtained to determine the
melting analyses in porous structures are not complex,
network structures can be easily obtained. In Table 3, the
properties of the meshes obtained for the layers of the
physical model are given as nodes elements and average
orthogonal quality values.

Table 3. Mesh parameters.

Physical Average
model layers Nodes | Elements | orthogonal
quality
Model 1 988944 862564 0.94
Model 2 286566 237430 0.92
Model 3 150118 113554 0.96
Multi-layer 506557 414862 0.92
structure

High orthogonal quality meshes were created. The average
orthogonal quality values obtained by the appropriate
meshing method show that those with results between 0.7-
0.95 are in very good condition, and those with results
between 0.95-1.00 are in excellent condition. As indicated
in Table 4, the mesh structure converges after the certain
value of the element size. The mesh sensitivity is applied
for all cases.

Figure 3. Mesh for the Multi-layer structure

The mesh sensitivity study was carried out to examine the
variation of the converged solutions in each mesh with the
solutions obtained using the mesh structures at different
element size values of the same simulations. As it can be
seen from the values in Table 4, the validity of the network
structures formed as a result of the change in the absolute
differences of the results obtained with this mesh sensitivity
study at similar rates is proven. The element size value used
for physical multi-layer structure is 70.

Table 4. Mesh sensitivity study for multi-layer structure.

Physical Element Size | Melt Fraction
model
50 0.843
55 0.847
Multi-layer 60 0.849
structure
65 0.853
70 0.858
5. RESULT and DISCUSSION

In this section, the results obtained from the numerical
simulations are explained and discussed. The results
obtained separately for each layer were compared with the
results of multi-layer structure obtained by combining all
layers. The effects of the obtained results on the melting
time are discussed. Melting curves and graphs for multi-
layer structure are shown in Fig. 4-7. As seen in Fig. 4-5,
the different axis states of the geometries, the transferred
heat has positive effects on the melt fraction and the process
by providing melting at the PCM and hole network
structure interface.
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Figure 4. Liquid fraction of physical model layers at 500 s. (a) Model 1 view, (b) x-y axis view of Model 1, (c) y-z axis view
of Model 1, (d) Model 2 view, (¢) x-y axis view of Model 2, (f) y-z axis view of Model 2, (g) Model 3 view, (h) x-y axis
view of Model 3, (1) y-z axis view of Model 3.
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Figure 5. Liquid fraction of physical multi-layer structure at 500 s. (a) Multi-layer structure view, (b) x-y axis view, (c¢) y-z
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The presence of hole network structure for all cases
improved melting. PCM properties are very important for
melting time as most of the geometry volume is used by
PCM. All melting graphs vary between 0-1. This means that
the value of 0 is completely solid and the value of 1 is
completely liquid.

The melting graphs of each layer at 500 s. are given in Fig.
4. Among the parameters affecting the melt fractions is the
geometry of the structure, depending on the hole diameter.
As shown in Fig. 6., when the layers of the physical model
are examined separately, it is seen that the melt fraction in
the Model 3 is closer to 1 than in the other physical models.
This depends on the nature of the geometry in the Model 3.
Under the same initial and boundary conditions, the melt
fraction decreased as the hole diameter decreased. At the
300. s, the melt fraction of the geometry with the highest
hole diameter is approximately 0.8, while the geometry
with the lowest hole diameter is 0.6.

1.0 +
08 1
o |
206t
s 0]
e 4
L‘[_‘ i
S04 1
s U
] Model 1
02 1 Model 2
Model 3
1§ S —
0 100 200 300 400 500

Time (s)

Figure 6. Melt fraction for different layers.

As can be seen in Fig. 5, the multi-layered hole network
structure provided a proportionally more regular spread of
the distribution of the melting contours over the geometry.
It should be noted here that since each layer is placed on top
of each other, the height is 27 mm and therefore the volume
is equal to the sum of these three geometry volumes. The
void volume is the geometry with the highest value.

Figure 7 shows relation the melt fraction of the multilayer
structure between time. Also, the melt fractions of each
layer are also given for comparison. The melt fraction of
the multilayer structure shows closer to the Model 2 and
between the melting fractions of the Model 3 and Model 2
structure. However, the void volume of the Model 2 is
12469 mm?’, while the void volume of the multi-layer
structure is 38311.7 mm?®. It is determined that the phase
change material with approximately three times higher
volume provides better thermal performance under the
same initial and boundary conditions. As indicated in the
graph in Fig. 7., At 500 s., the melt fractions are between
0.8-0.9 for multi-layer structure, between 0.9-1.0 for the

Model 3, between 0.8-0.9 for the Model 2, and between 0.8-
0.9 for the Model 1.
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Figure 7. Comparison of melt fraction.

It is expected that the multi-layered structure may have a
positive effect on the melting performance. However,
although the analyzes are performed under the same
conditions, the void volumes of each layer and multi-layer
structures are not the same. The multi-layer structures
exhibited better thermal performance despite having five
times the void volume than the Model 1. When multi-layer
structure and the Model 3 structure are compared, it is seen
that the thermal performance of the Model 3 structure is
better. However, the structure on the Model 3 has almost
half the void volume compared to the other. This is the most
important factor affecting the melt fraction and time.
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Qureshi et al.[5]

Figure 8. Validation of the study with literature.
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Qureshi et al. [5, 28] carried out melting analysis using
dimensions and materials with similar properties in their
numerical studies. The validity of this study, Qureshi et al.
[5] was chosen for comparison. The melting data obtained
as indicated as seen in in Fig. 8. Using the same heat flux
in their work, Qureshi et al. [5] determined that the melt
fraction was approximately 0.9 in the Kelvin model at 200
s. Aluminum was used as solid material and docosane
which is an organic PCM was used as phase change
material in their study. In this study, the melting rate in the
200 s. multi-layer model is approximately 0.6. Compared to
this study, the Authors’s [5] work had a melting rate of 0.9
in 100 s., while the melt fraction in the multi-layer is about
0.35 at this time. This difference in comparison also
depends on the mass of the phase change material in the
models. In this numerical study, the melting time is longer
and the melt fraction curve is linear. This may provide an
advantage according to the usage area of these models.

6. CONCLUSION

The effects of PCM melt fraction and melting time on the
hole network structures design obtained by combining
multilayer hole network structures with different diameters
were investigated. Thus, 3D analyses were conducted for
each layer separately and for the geometry obtained by
combining all layers. Initial and boundary conditions are
equal for all cases. The results show that the melting time
of the multilayer structure showed approximately close
results with other layered structures. However, the melting
formed in the multi-layered structure reveals a more regular
distribution compared to other structures, in this case, it
states that the study can provide an advantage for melting.
The melting time and rate of the multi-layer structure are
very similar to the Model 2 structure, but the distribution of
the melting contours is more even and regular in all regions.

In the analyses performed for the PCM selected in the study
and the initial temperature, the melt fractions vary between
0.8-0.9 values. This situation shows that %80 melting
occurred in the analysed geometries. Studies can be
improved to increase the melt fraction. In future studies, the
melting temperature of the selected PCM can be selected
differently or the initial temperature can be changed in
order to obtain analyses where the melt fraction is 1 and
100% melting is achieved. There are two recommendations
for the geometries in this study, either the PCM used should
be replaced with a PCM with a lower melting temperature
or the initial temperature should be increased without
changing the PCM. Thus, the melt fraction will be
improved for the work done.

The void volumes of the analysed geometries are different
from each other as shown in Tablel. The melting
performance is better in the multi-layer structure with the
void volume higher in the Model 1 and Model 2. However,
the melt fraction of the multilayer structure is worse than
the Model 3. The reason for this is that the void volume of
the multi-layer structure is higher, and therefore the phase
change material is more. In order to see the thermal
performance difference between these two geometries more
clearly, the analyses should be repeated when the void
volumes are the same.

Energy, Environment and Storage, (2023),03-03:88-95

As a future study, heat flux power, solid material, PCM
material, geometry dimensions and layer locations can be
modified to better understand the thermal performance and
effects of parameters which is effects of design variables.
In addition, in order to better comparison of results, the
geometric heights of each model can be adjusted so that the
void volume is the same and they can be compared.
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ABSTRACT. This paper presents an experimental study investigating the thermal performance of multiwall carbon
nanotubes in a twin pipe heat exchanger using a water-based fluid. The research followed a two-step method, where a
concentration of 0.01 weight percent of SDS surfactant was utilized to prepare the carbon nanotubes. The heat transfer
coefficient, friction coefficient, and overall heat transfer coefficient of the nanofluid were compared to those of the base fluid.
The results revealed that the addition of a small amount of multiwall carbon nanotubes significantly enhanced the thermal
conductivity and heat transfer coefficient of the water-based fluid. Moreover, the heat transfer coefficient exhibited an
increase with higher Reynolds numbers. When the nanofluid flowed counter currently and was in the outer tube, the highest
values for the overall heat transfer coefficient and the heat transfer coefficient were determined as 2864 and 7655.7 W/m2K,
respectively. The findings indicate notable improvements in the thermophysical and thermal characteristics of the nanofluid.
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1. INTRODUCTION Table 1 lists some works that aim to improve CNT
nanofluids' thermal conductivity at room temperature. As
determining a nanofluid's thermal conductivity during the
preclinical stage is an expensive and time-consuming
process, several academics have proposed that we
anticipate better conductivity in nanofluids for this purpose.

Nanofluids, a novel class of adaptable fluids, are produced
as a result of nanoparticles dispersing in common fluids.
These particles are composed of metal fragments such as
copper, silver, or metal oxides like aluminium and copper
oxide. The dispersion of nanoparticles in common fluids
improves their capacity to conduct heat by increasing their
thermal conductivity. Micrometer-sized particles were
previously added to the fluids to enhance their thermal
conductivity; however, these particles lacked the necessary
stability in suspension and precipitated too quickly, leading
to rapid obstruction of the fluid passageway. In contrast,
nanosized particles pose less of a problem as they form
considerably more stable suspensions and have slower
settling rates. Agglomeration or aggregation is one of the
factors affecting the stability of nanofluids. This
phenomenon is influenced by several variables, including
particle size, particle composition, base fluid properties,
and nanofluid preparation.

Water is commonly used in heat transfer due to its high heat
capacity and availability. However, water has a low thermal
conductivity, and researchers have suggested that
incorporating nanoparticles into water at the nanoscale,
known as water-based nanofluids, can enhance its thermal
properties. Aminian [9] evaluated and tested his neural
network model using a total of 1273 experimental results.

Carbon nanotubes (CNTs) have recently received attention
as nanomaterials with distinctive thermal characteristics.
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Table 1- Enhancement of CNT nanofluids' thermal
conductivity
Ref. Basefluid Nanoparticle Max.Improve
ment
[1] Water MWCNT 38.0%
[2] Water CNT 27.3%
[3] Water Graphene/MXene 65.34%
[4] Oil CNT 138%
Aluminium
o,
[5] Water Oxide 7.8%
[6] CaCO:s Y20; 29.18 %
CuO 6.34%
[7] EG+ Water ALOs 4.87%
TiO2 3.59%
[8] EG SWCNT 14.8%

Table 2- Experimental equations proposed for nanofluid

thermal conductivity

Correlations Nanofluids | Ref.
Kot d, kp
= =1 + 64.7 0.746 (_1~\0.369 _F\0.747 * Pr0.9955
ks TR ALOy/Water |[13]
* Rel2321
“‘%“bf’ = 0.764¢ + 0.0186T — 0.46 ALOs/Water
[14]
(kaf - kbf)
— = 3.761088¢ + 0.017924T — 0.30734 | CuO/Water
bf
Kot .
k—f—A+B(p TiOx/Water |[15]
kkaf = 0.99 + 0.25(100¢) — 0.001T — 0.002d,, —
f
0.18(100¢)? + 0.619 x 1075T2 + 1.31 x 10-5d,% + | 41205/ Water |[16]
0.049(100¢)3 — 7.66  1077T3
Kk
o =1+35¢ +2.5¢? ALOs/Water |[17]
f
Kerr _ i +1.0026 | CNT/Water |[18]
ke  0.17581 — 0.0003692(T — 273)
Ker  (360.69 +T)
Kk (45559 — 11080¢) CNT/Water |[19]
nr = kye(1 + 7.74¢) AlOs / Si02
f bf [20]
k, .
k—f =0.9472 — 0.052¢ + 0.001482T + 0.00663(¢ | TiO2-Ag/
f
7Y Water [21]
k, T Ti02-CuO/C/
1462299 (ﬂ)ossn + (o=0)102685 2
ks 100 333 EG [22]

The key physical characteristics of nanofluids include
temperature, thermal conductivity of the base fluids, solid
particles, and nanoparticle volume fraction. A total of 26
different types of nanofluids were tested, including A1203-
water/EG, CuO-water/TO/EG/MEG/paraffin, Al-
water/EG/EOQ/TO, TiO2-water/EG, ZnO-water/EG, SiO2-
water/EG/oil, MWCNT-water/EG/0il/R113, and Ag-water.
The particle diameter used ranged from 10 to 150 nm.

Lotfi et al. [10] conducted a study on the enhancement of
heat transfer using multiwall carbon nanotubes in water
within a shell and a metal horizontal heat exchanger.
According to their findings, the addition of multilayer
nanotubes improved heat transmission compared to the
base fluid. Jafargholi et al. [11] examined the flow of
nanofluids, including single-walled carbon nanotubes with
a water-based fluid, in a double-pipe heat exchanger. The
nanofluids circulated as internal cooling and hot water in
the annular heat exchanger zone, with a Reynolds number
of 8000. The results demonstrated a 25% increase in heat
flux compared to pure water when utilizing single-walled
carbon nanotubes. Hosseinian & Meghadadi [12]
investigated the effects of introducing carbon nanoparticles
(5-15 nm) on the heat transfer of a twin-pipe non-metallic
PVDF heat exchanger. The findings showed that the heat
transfer coefficient increased with increasing temperature,
concentration, and flow rate. The most significant
enhancement in heat transfer was observed with an
increased flow rate. As the concentration and temperature
increased, the heat transfer coefficient of the nanofluid
improved compared to that of pure water, with the
concentration having a greater influence than the
temperature. The study also demonstrated that the
utilization of carbon nanotubes could increase the heat
transfer coefficient by up to 75%, which is a significant
improvement compared to other types of nanofluids. Table
2 presents several modified equations developed by various
researchers for calculating the thermal conductivity of
nanofluids.

Table 3 provides an overview of research conducted on the
utilization of nanoparticles in water-based fluids, including
the operating conditions and the rate of improvement
achieved with different nanoparticles

In an experiment, Balaga et al. investigated the thermal
conductivity of F-MWCNT-Fe203 hybrid nanofluids at
different individual component ratios of Fe.Os; and f-
MWCNT as 4:1, 3:2, 1:1, 2:3, and 1:4 for total weight
concentrations of 0.01%, 0.02%, and 0.03% in the range of
temperatures from 30 °C to 60 °C. The experimental results
showed that the thermal conductivity improved up to 2:3
and then decreased for all total concentrations when the
weight ratio of MWCNTs in total weight rose due to the
unfavorable effects of MWCNT aggregations. It follows
the same pattern as the temperature and overall
concentration rise. When comparing 60 °C to 30 °C, the
greatest increase in thermal conductivity remained at
13.53% at 0.02% of total weight concentration. Eventually,
a correlation based on the experimental findings was
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developed to predict the thermal conductivity of f-
MWCNT-Fe20s/deionized water hybrid nanofluids [41].
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Table 3- Thermal conductivity enhancement for water based nanofluid
Ref. pI:r?E:(;e Size (nm) d Temp. Enhag;;ment Method
[23] MWCNT 15-30 0.25-1 294-344 K 20 -
MWCNT 10-50 0.25-1 11.3
[24] SiO, 12 - 3 Two step
Cuo 33 ] 5
[25,26] Ag 60, 63 1-4 323-363 K 125 Two step
[27] MWCNT - 0-1 - 19.6 Two step
[28] MWCNT 100 0-0.6 298 K 38 Two step
[29] MWCNT - 0.01-3 15-75 °C 64 Two step
[30] M\YIA;NT - 0-0.04 28-50 °C 37.3 Two step
[31] ALOs - 0-0.4 20-50 °C 24 Two step
[32] ALOs - 0.5-6.0 15-40 °C 28 Two step
[33] ALOs 8-282 1.86-4 297-300 K 20 Two step
[34] ALOs 36,47 - 5-40°C 31 -
[35] ALOs 43 0.33-5 10 -
[36] Zn0O 20-40 0.05-5.0 | 295-350 K 21 -
0.005,
0.02
Two ste
[38] AlOs- 15112183: -2490 05-2.0]| 23-25°C 90-95 Sonicaﬁfn
CuO i ’ ’ time was 16
nm b
AlLCu 30,70,100 1-2 - 106 -
[39]
AgAl - 1-2 - 150-210 -
[40] MWCNT - 0.01-0.1 25-60 °C 287 2.4 h.
sonication
Huang et al. created EG-water-based MCNT  aggregations was taken into account, the experimental

nanosuspensions using a two-step process. The rheological
characteristics of prepared samples at various volume
fractions and temperatures were examined through either
experimental work or theoretical analysis. The findings
demonstrated that, when the effective volume percentage of

viscosity values might have effectively matched the
modified K-D model. Additionally, this research revealed
an intriguing pattern in the behavior of the viscosity vs.
shear rate curve as temperature decreased. The association
among MCNT aggregate conditions and temperature was
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revealed, as well as the variety of shear behavior of nano-
suspensions, using the particle aggregation transformation
procedure [42].

Dalkilic et al.'s experimental investigation included a
measurement of the thermal conductivity of CNT-SiO2
hybrid nanofluids based on distilled water. Using a two-step
process with three different CNT-SiO2 concentrations and
four different mass ranges, nanofluids were created. SiO2
has a density of 2200 kg/m®, a thermal conductivity of 1.4
W/mK, and an average particle size of 7 nm. CNT has a
density of 2620 kg/m?, a thermal conductivity of 25 W/mK,
and an average particle size of 6-10 nm. Samples spent 3
hours in an ultrasonic homogenizer set at its highest power.
In order to prevent changing the volumetric percentage of
nanofluids, the temperature of the nanofluids was
controlled throughout the sonication process. A thermal
conductivity meter was used for all thermal conductivity
measurements. Di-water was used to calibrate the thermal
conductivity meter. Thermal conductivity was measured at
temperatures ranging from 25 °C to 60 °C for every 5 °C.
Using di-water, measurements have been validated, and the
results were displayed as a thermal conductivity-
temperature graph. Details of the minimum and maximum
thermal conductivity improvements were published. It has
been noted in the literature that thermal conductivity
changes with temperature due to different volumetric
fractions and that this definitely leads to an increase in
thermal conductivity. Figures also showed improvements in
the thermal conductivity of di-water at various temperatures
and volume fractions. The literature provided almost well-
known relationships along with their expected rates.
Additionally, this study provided comparisons with other
studies. For other researchers, a useful association was
suggested [43]. Chandrasekar et al. report on experimental
investigations and theoretical determinations of the
efficient thermal conductivity and viscosity of Al2O3/H20
nanofluid. In order to create the nanofluid, AlO3
nanoparticles were first synthesized using a microwave-
assisted chemical precipitation process, and then they were
dispersed in distilled water using a sonicator. For the
research, a room-temperature Al>Os/water nanofluid with a
nominal diameter of 43 nm was used at various volume
concentrations (0.3—3%). Measurements of the thermal
conductivity and viscosity of nanofluids reveal that the
viscosity increase is significantly greater than the thermal
conductivity increase. With increasing nanoparticle volume
concentrations, nanofluids become more viscous and
thermally conductive. The well-known Maxwell and
Einstein models are not used in the development of
theoretical models to forecast the thermal conductivity and
viscosity of nanofluids [44]. Nanofluids, which are a
combination of conventional fluids with added
nanoparticles of various types and volumes, represent a new
class of fluids currently under investigation. The ability to
manipulate or design the different thermo-physical
properties of these fluids, both collectively and
individually, holds significant potential for improving
overall system performance. Of particular interest is the
potential to enhance the thermal conductivity of these fluids
by incorporating nanoparticles made of highly thermally
conductive materials. Common base fluids include water,
ethylene glycol, oil, and other fluids, while the

nanoparticles can be composed of metals, metal oxides,
carbon nanotubes, or graphene [45-54].

There is little research on the use of carbon nanotubes in
different base fluids, and because carbon nanotubes have a
very high thermal conductivity, they have a high potential
to improve the thermal properties of water, the most
common base fluid in heat transfer applications. Therefore,
in the current research, the role of carbon nanotube
nanoparticles in the water-base fluid has been investigated.

2. NANOFLUID SYNTHESIS TECHNIQUE

In the current work, carbon nanotubes with a carboxyl
group functionalized were employed. These tubes had an
inner diameter of 5-10 nm, a length of 10-30 m, and a
purity of over 98% by weight. Figure 1 displays the
nanoparticles' SEM pictures. The most popular technique
for determining the overall morphology of multi-walled
carbon nanotube samples, quantitative evaluation of sample
purity, and nanotube dimensions is scanning electron
microscopy (SEM). This technique can be used to
determine the morphology and dimensions of MWCNT (in
powder form). The shape of the exterior of multi-walled
carbon nanotubes can also be determined. According to
ASTM D 4541, a scanning electron microscope using a 20
kV electron beam was used to collect data on the features
of the sample's surface. Using measurement software, it
was established that MWCNTs had an inner diameter of
around 5-10 nm, a length of 10—30 micrometers, and an
average distance between layers of 0.34 nm.

Figure 1 -SEM image of MWCNT

The nanofluid was prepared in a two-step method by adding
the specified amount of carbon nanotubes to the aqueous
base fluid, placing it on the magnetic stirrer for one hour,
and then placing it in an ultrasonic bath for 15 minutes. The
2:1 weight ratio of sodium dodecyl sulfate surfactant was
added to the base fluid, placed on a magnetic stirrer at 700
rpm, and finally placed in an ultrasonic bath for one hour,
and the water-based carbon nanotube was obtained. In
Figure 2, the effect of using an ultrasonic bath in the
diffusion and preparation of nanofluids is visible.
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Figure 2- Before using ultrasonic bath (a) & Sample after
the ultrasonic bath (b)

3. RESULTS

Experiments were done on a double-pipe heat exchanger
with an inner tube diameter of 19 mm and an outer tube
diameter of 39 mm and a length of 4.5 meters.
Thermometers were installed at the entrance of each meter
of the outside pipe as well as at the inlet of each pipe to
measure fluid temperature. The results were obtained for
nanofluids at 0.01 % wt, and the test method was that first
pure and hot water were pumped by two pumps with
different flow rates, and to check all cases, once cold water
was pumped into the outer tube and once into the inner tube,
and both counter-current and co-current were examined.
The same experiments were done for nanofluids, and the
results were compared. To prevent heat loss, the heat
exchanger was insulated with glass wool, and the copper
heat exchanger was selected. The average temperatures of
the hot fluid and the cold fluid in the input and outlet
sections were used to calculate the physical parameters of
the nanofluid and base fluid. Figure 3 shows the schematic
of the apparatus that was used in this research.

Figure 3- a) Real aparatus b) Schematic of set-up section

First, the thermophysical properties of nanofluid and base
fluid, including thermal conductivity and viscosity, have
been studied. The density and heat capacity of nanofluid
and base fluid were almost the same, so their diagrams were
not drawn. In Figure 4.a, the graph of the nanofluid thermal
conductivity coefficient versus temperature shows that the
samples were tested at three temperatures of 298, 308, and
318 K. It has been demonstrated that when temperatures
rose, the thermal conductivity coefficient of nanofluids
increased. The increase in both intermolecular collisions
and the Brownian motion of the nanoparticles within the
base fluid may be to blame for this. The viscosity variations
in response to temperature are also depicted in Figure 4.b.
These changes are almost linear, with viscosity decreasing
with increasing temperature.

Experimental measurements of the viscosity, density, and
other physical characteristics of nanofluids have been made

Energy, Environment and Storage, (2023),03-03:96-104

and accounted for in the calculations. Plots of the hot and
cold fluid pump discharges were made for two cases, four
states of the Nusselt number diagram, the overall heat
transfer coefficient, the heat transfer coefficient, and the
friction factor in terms of Reynolds number.

Figures 5.a to 5.d show the Nusselt number in terms of the
Reynolds number. These graphs are plotted for four states,
including once considered hot fluid in the inner tube, once
in the outer tube, and once flow was co- and counter-
current. The mean Nusselt number for nanofluids as well as
water increases with increasing Reynolds numbers. This
behavior is seen for all nanofluid states, and the highest
Nusselt number was 163 that was obtained for the case that
the hot fluid was flowing into the outer tube and the flow
was counter-current. It can be concluded that when the hot
fluid is in the outer tube and the nanofluid is in the inner
fluid and the flow is counter-current, it is best to improve
the Nusselt number.
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Figure 4.a.- Thermal conductivity coefficient of
nanofluids versus temperature
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Figure 4.b.- Viscosity of nanofluids versus temperature

The Nusselt number, which measures the ratio of heat
transferred through conductors to heat transferred through
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displacement at the system's boundary, is a measure of heat
transfer, and a rise in the Nusselt number denotes a rise in
heat transmission. The heat transfer coefficients of the base
fluid and the nanofluid in each of the four states are plotted
in Figures 6.a to 6.d. The convective heat transfer
coefficient reached its highest value of 5226 W/m2.K when
the nanofluid was flowing within the inner tube and the
current was going against it.
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The coefficient of heat transfer measured at 5226 W/m2 K,
with a hot fluid flow rate of 0.32 kg/s and a cold fluid flow
rate of 0.09 kg/s, was maximum whenever the nanofluid
had been circulating in the outlet pipe and the movement
was counter-current. The rate of heat transfer also rises with
growing nanofluid flow and countercurrent, which causes a
rise in the coefficient of heat transfer. The heat transfer
coefficient (h), which depends on the fluid characteristics,
surface roughness, and kind of flow regime, increases as the
fluid velocity rises (laminar or turbulence). The Nusselt
number is not an appropriate criterion for measuring the
increase in heat transfer in nanofluids, so it is recommended
to use the convective heat transfer coefficient.

The convective heat transfer coefficient rises as the fluid
masses' convective rate rises. On the other hand, the heat
transmission will work better if the nanoparticles are evenly
dispersed throughout the base fluid, which is consistent
with the convective heat transfer coefficient. Fewer
nanoparticles are anticipated to boost their transmission
efficiency because the number of nanoparticles rises with
increased pressure impact as a result of rising transmission
costs.

4. CONCLUSION:

In the present study, a nanofluid containing 0.01 wt%
carbon nanotubes in a water-based fluid was used, and the
method of dispersion of nanoparticles was such that carbon
nanotubes were first dispersed in the presence of sodium
dodecyl sulfate surfactant. An ultrasonic bath was also
used, and the results for the four states were investigated by
considering the co-current and counter-current flow for the
hot fluid, which was pure water with an inlet temperature
of 80 °C, and the nanofluid. In general, the results of this
study can be summarized as follows:

. In comparison to pure water, the Reynolds
number, the coefficient of heat transfer, and the overall
coefficient of heat transfer all increased as the amount of
carbon nanotubes increased.

. The nanofluid pressure drop was also investigated,
with no significant change in the nanofluid pressure drop
relative to the base fluid.
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ABSTRACT. Altinapa Reservoir is a reservoir located on the Meram Stream in the Konya Province in Tiirkiye that supplies
drinking water. The Altinapa Reservoir feeds the Konya Drinking Water Treatment Plant with 37.8 million m* of water
annually and the treated water is delivered by the drinking water network. The aim of this study was to determine the effect
of agricultural activities and settlements on water quality in the Altinapa Reservoir Watershed. In the study, major water
quality parameters (pH, electrical conductivity, total organic carbon, total nitrogen, nitrite, nitrate, phosphorus, phosphate,
and total suspended solids) and pesticides were monitored at four stations (K1, K2, K3, K4) on the sub-streams feeding
reservoir. Major water quality parameters were monitored at monthly intervals for 12 months between June 2020 and May
2021, and pesticides were monitored seasonally at 4 seasons (Fall 2019, Winter 2020, Summer 2020, and Spring 2021). A
correlation matrix was used to assess the connections between nine indicators of water quality. The annual average
conductivity and pH values of the samples taken from four different stations of the Meram Stream were 432 puS/cm and 8.04,
respectively. The highest value for total nitrogen was 10.73 mg/L and it was 0.87 mg/L for nitrate. Annual average total
organic carbon values were determined as 1.35, 1.69, 1.51, and 1.46 mg/L at K1, K2, K3, and K4 stations, respectively.
Specific UV absorbance indicated that organic matters of water are mostly hydrophilic and have low aromatic content. In
seasonal pesticide monitoring, 71 different compounds were detected in water samples. The compounds whose
concentrations exceeded Turkish Environmental Quality Standards were identified as DDD-op, DDE-p.p', diflufenican, and
imidacloprid. Pesticides constitute most of the micropollutants detected in water samples. The highest positive correlation
among water quality parameters was obtained between conductivity and nitrate (0.81) and total nitrogen (0.88).

Keywords: Altinapa Reservoir Watershed, Environmental quality standards, Drinking water, Micropollutants, Water Quality.
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1. INTRODUCTION

Water quality monitoring is essential for developing water
management strategies, identification of pollution sources,
and development of effective and economical treatment
techniques [1-3]. The quality and quantity of water
resources are very important for urban water supply,
particularly in regions where water resources are limited
[4]. Surface water resources, including lakes, reservoirs,
and rivers, constitute a significant portion of drinking water
resources. However, the deterioration of surface water
quality due to the contamination as a result of human
activities causes significant issues worldwide [5]. The
World Health Organization (WHO) estimates that water
contamination is responsible for 80% of human health
problems [6].

Increase in the use of different types of chemicals and toxic
substances in urban life, industry, and agriculture leads to
the presence of micropollutants and industrial chemicals
including  pesticides, heavy metals, medicines,
pharmaceuticals, personal care products, detergents, and
disinfection by-products in water resources, even in treated
water [7-9]. Due to bioaccumulation and transfer in the food
chain, these micropollutants pose a concern to human
health [10], have a negative impact on the aquatic biota, and
reduce the efficiency and increase the cost of drinking water
treatment [11]. By releasing the Water Framework
Directive 2000/60/EC at the beginning of the 2000’s, the
European Union (EU) came up with a plan to identify
priority compounds that pose a high hazard to the aquatic
ecosystem. This plan aims to clean up micropollutants in
water resources. The European Union's 2008/105/EC water
policy directive resulted in the development of a list of 33
priority compounds and substance categories. The efforts
led to an update of the water framework policy by the
European Parliament and, as a result, identification of a 45-
item list of priority items/groups of items [12, 13].

Three substances are recommended for the first watch list
of sub-components in the directive 2013/39/EC, along with
a number of pesticides (aldrin, dichlorodiphenyl
trichloroethane, dicofol, dieldrin, endrin, endosulfan,
isodrine,  heptachlor, lindane,  pentafluorophenol,
chlorpyrifos, chlorfenvinphos, dichlorvos, atrazine,
simazine, terbutrine, diuron, isoproturon, trifluralin,
alacyper), solvents (dichloromethane, dichloroethane,
trichloromethane and carbon tetrachloride),
perfluorooctane sulfonic acid and its derivatives,
polychlorinated biphenyls, polycyclic aromatic
hydrocarbons. In addition to nonylphenol and octylphenol,
three compounds (diclofenac, 17-alpha-ethinylestradiol
(EE2) and 17-beta-estradiol (E2)) were included in the
recommendation for the first watch list for sub-
components. Additionally, this directive defines several
specific pesticides, including acloniphene, bifenox,
sibutrin, quinoxifen, organotin compounds (tributyltin),
dioxins and dioxin-like compounds, brominated
diphenylethers, hexabromocyclododecanes, and di(2-
ethylhexyl) phthalate. The directive of 2013/39/EC specify
that it is critical to monitor novel pollutants that are not
often addressed in monitoring programs but may have
ecotoxicological and toxicological consequences, even if
the majority of micropollutants has no discharge limits.
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In the Surface Water Quality Management Regulation
(Turkiye), 250 micropollutants are listed and the
Environmental Quality Standards are defined for these
micropollutants in rivers, lakes, coastal and transitional
waters [14]. Within the scope of the Regulation on the
Quality and Treatment of Drinking Water Supply in
Tiirkiye, 99 water quality parameters are monitored at the
inlets and outlets of drinking water sources, and water
resources are classified according to Al, A2 and A3
categories with distinct guideline values [15]. In addition to
the criteria for water quality outlined in this rule, guiding
values are also provided for several micropollutants. Selek
[16] collected samples from 287 surface water basins
nationwide in Tiirkiye four times a year to conduct a
comprehensive site-specific monitoring analysis. In this
study, the evaluation of water quality revealed that one
water source in the Eastern Black Sea Basin was in Al
water quality, 93 water sources were in A2 water quality,
and 193 water sources were in A3 water quality categories.
They concluded that despite a pressure regarding micro-
contaminants in Tirkiye’s surface water resources, the
issue is more dominating in terms of microbiological
quality as well heavy metals from geological formations in
certain sites [16]. Canli et al. [17] evaluated water quality
in terms of micropollutants in 600 samples collected from
Alibeykoy Reservoir (Istanbul), Omerli Reservoir
(Istanbul), Sapanca Lake (Sakarya), and the effluent of
wastewater treatment plant (Istanbul). It was determined
that five most often detected substances in the samples were
acetochlor, acetamiprid, thiamethoxam, carbendazim, and
terbutryn [17]. Emadian et al. [18] examined 300 samples
for 222 organic micropollutants taken from 75 different
stations along the Ergene River between August 2017 and
May 2018. A total of 165 micropollutants with
concentrations ranging from 1.90 ng/L to 1824.55 pg/L
were detected.

Yavuz et al. [19] grabbed samples from three major
components of the drinking water system, including the raw
water sources (the Camlidere and Kesikkopru Reservoirs),
the drinking water treatment plant (the Ivedik Water
Treatment Plant), and the water distribution network, to
evaluate the seasonal fluctuations in biocide levels and their
association with general water quality indicators. Triclosan
concentrations found in surface water samples were 0.65—
11.15 ng/L and 0.8-48.96 ng/L, respectively, for the
Camlidere and Kesikkoprii Reservoirs. The range of
chlorhexidine concentrations was 1.33 to 5.31 ng/L. The
results of the treatment plant effluent analysis revealed that
the level of all biocides in the distribution network was
below the quantification limit. During a hydrological year
(February 2017-January 2018), Ustaoglu et al. [20]
conducted research at three chosen monitoring stations in
the Turnasuyu Basin to determine the impacts of residential
pollution and agricultural activities on water quality. The
findings demonstrated that Turnasuyu Stream has
extremely high-water quality and the trace elements found
are not riskily close to the public health threshold.

In recent years, the importance of monitoring and assessing
the water quality has increased due to worries based on
indicators showing that fresh water has become
increasingly scarce. Monitoring of water quality is an
effective method to determine the effects of pollution
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sources, as well as to ensure the effective use and
management of water resources and the maintenance, and
also protection of aquatic life [21].

Altinapa Reservoir, located on the Meram Stream in
Konya, Tiirkiye, was built between 1963-1967 by The State
Hydraulic Works to provide drinking and utility water,
delivers irrigation service to an area of 1,400 hectares and
supplies about 38 million m® water which is about one-third
of Konya's total drinking water demand. Meram Stream,
with an annual average flow of approximately 1 m%/s, is the
mainstream feeding the reservoir. The reservoir has an
average capacity of 15,000 million m* and a surface area of
2.3 km?. Since the reservoir is a resource for drinking water
and other supplies, the reservoir and its basin have been
taken under protection and measures against contamination
have been adopted.

The aim of this study is to monitor water quality based on
major water quality parameters and pesticides and to
evaluate water quality at the Altinapa Reservoir Watershed.
Besides, the relationships between nine water quality
parameters were evaluated by a correlation matrix. In the
scope of monitoring at four stations on the sub-streams
feeding Altinapa Reservoir pH, electrical conductivity
(EC), total organic carbon (TOC), UV absorbance at 254
nm (UV2s4) wavelength, total nitrogen (TN), nitrite (NO2),
nitrate (NOs’), total phosphorus (TP), phosphate, total
suspended solids (TSS), and pesticides were monitored.
Major water quality parameters were monitored monthly
for 12 months between June 2020 and May 2021, and
pesticides were monitored seasonally for 4 seasons (in
months September 2019, January 2020, August 2020, and
April 2021). Pesticide contamination was evaluated based
on Turkish Environmental Quality Standards (EQS). The
associations between water quality parameters were
examined by a correlation matrix.

2. MATERIALS AND METHODS

2.1 Sample Collecting and Analytical Methods

2 L water samples were collected at the Altinapa Reservoir
Watershed at four monitoring stations (K1, K2, K3, K4)
between June 2020 and May 2021 (Figure 1). The water
samples were transported within 24 hr to the laboratory in
a cooler containing ice cubes, kept at +4°C in a fridge for
experimental studies. Table 1 presents the specifics of
analysis techniques for water quality parameters. The
physicochemical analyses of water samples were conducted
according to the Standard Methods [22]. TOC and total
nitrogen were determined according to SM 5310 B [36]
using a TOC analyzer (TOC-L CPH, Shimadzu). The UV
absorbance of water samples at a wavelength of 254 nm
were measured using UV-visible spectrophotometer (Hach
Lange DR 6000) according to the SM 5910 B method [22].
Nitrite, nitrate, TP, and phosphate were analyzed by
Suleyman Demirel University Geothermal Energy
Groundwater and Mineral Resources Research and
Application Center. Figure 1 shows the watershed
boundary and water quality monitoring stations at the
Altinapa Reservoir Watershed. Pesticides were analyzed by
the Scientific and Technological Research Council of
Tiirkiye (TUBITAK), Marmara Research Center
Laboratory. LC-MSMS and GC-MSMS equipment were

used for the pesticides analyses, and the limit of

quantification values were given as 0.001 g/L.

E Watershed Boundry

Subwatershed Boundry

River Network

0o 2 4 8 12
- Altinapa Reservoir - — 1)

Figure 1. Watershed boundary and water quality
monitoring stations at the Altinapa Reservoir Watershed.

Specific UV absorbance (SUVA), which is a normalized
parameter, is used to compare various natural organic
matter (NOM) properties of different water sources. SUVA
values of samples were computed by dividing UV
absorbance at a certain wavelength to TOC content.
Equation 1 explains the SUVA computation.

SUVA,s5, = UV,5,/TOC % 100 (1)

In equation 1, SUVAsss (L/mgTOC.m) represents the
specific UV absorbance, UVass (cm™') represents the
absorbance at 254 nm wavelength and TOC (mg/L)
represents the total organic carbon concentration.

Table 1. Analytical methods and detection limits of water

quality parameters
Parameter Unit Methods Equipment MDL
WTW
pH SMAS00H* | 1u14i340i/Set
WTW
EC uSfem | SM2510B | \py1ti340i/Set
TOC-L CPH
TOC mg/L SM5310B Shimadzu 0.1
High
TN mg/L temperature TOC-L CPH
. Shimadzu
burning
UV-1700
-1
UVas4 cm SM5910 Shimadzu +0.005
NOs-N USEPA .
NO»-N mg/L Metot 300 Dionex ICS-3000, 0.01
L
SUVAs: | 1omE | UVasyTOC
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4. RESULTS AND DISCUSSIONS

4.1. Water Quality Results

The pH levels of samples ranged from 7.68 to 8.39. Figure
2 displayed seasonal variations of pH wvalues at the
monitoring stations and the findings demonstrated that the
pH value variations were rather small. During the sampling
period, the highest pH value was measured at the K4
monitoring station as 8.39 in September, and the lowest pH
value was measured at K1 monitoring stations as 7.68 in
January. The pH range of the waters meets the standards in
the "Regulation on Water Intended for Human
Consumption" established by the Tiirkiye Republic
Ministry of Health [23]. Similar pH ranges were discovered
in earlier investigations in Apa Reservoir in Konya [24-26].

8.40
8.30
8.20
8.10

E,8.00
7.90
7.80

7.70

7.60

Winter

Summer Fall Spring

oK1 =K2 K3 ak4

Figure 2. Seasonal average pH values variations at
monitoring stations.

Conductivity is a numerical expression of the electric
current carrying capacity of an aqueous solution.
Conductivity is an indicator parameter that is also used for
monitoring pollution in general. The conductivity value of
natural rivers and lakes varies between 10-1000 pS/cm.
Values above this level indicate that these surface waters
are polluted. The conductivity measurement values at the
monitoring stations vary between 315 pS/cm and 644
puS/cm (Table 2). The highest conductivity values at the
monitoring stations were measured at 644 uS/cm K2 station
in August, and the lowest at 315 uS/cm K4 station in
August, respectively.

NOM is a heterogeneous mixture containing macro-
molecular humic structures, small molecular weight
hydrophilic acids, proteins, fats, carboxylic acids, amino
acids, carbohydrates, and organic substances such as
hydrocarbons, and TOC is an indicator of NOMs [27].
Annual average TOC values were determined as 1.35, 1.69,
1.51 and 1.46 mg/L at K1, K2, K3 and K4 stations,
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respectively. An increase in the TOC concentration of all
monitoring stations was observed in January and February.
The increase in TOC values might be attributed to the
transport of organic materials to the reservoir by surface
runoff due to seasonal precipitation. The natural
components of organics are humic acid, fulvic acid, amines,
and urea, while synthetic sources include certain detergents,
industrial chemicals, pesticides, fertilizers, herbicides, and
chlorinated organics [28]. High concentrations of organic
matter (TOC>2-3 mg/L) are not desired, especially in
drinking water sources. High TOC concentrations in
drinking water increase the dose of coagulant, lead to the
formation of disinfection by-products, cause microbial
growth in the network, as well as cause competition in the
removal of micropollutants such as pesticides in treatment
processes [29]. Therefore, it is important to monitor TOC
values in drinking water sources and to treat them
especially before the disinfection process in order to
manage water treatment and its distribution in the network
in a safe and economical way [30].

Non-specific parameters such as UV absorbance at
wavelengths of 254-280 nm are used to characterize NOMs
[27, 31]. A strong correlation was found between the
aromatic carbon content of the water sample and the UV
absorbance. By measuring the UV absorbance of NOM
solutions in the range of 254-280 nm, the amount of
aromatic compounds (unsaturated double bonds and m-n
electron interactions) in water is indirectly determined by
the general absorbance value [31, 32]. The highest and
lowest UVass absorbance were detected at K3 and Kl
stations, and UV2ss absorbance values were measured as
0.050 cm! and 0.019 cm’!, respectively. Annual average
UV2ss absorbance values at stations K1, K2, K3 and K4
feeding the reservoir were 0.028, 0.035, 0.035 and 0.030
cm’!, respectively.

As the NOM is a heterogeneous mixture of different
organic compounds, the measured SUVA is an average
value showing the distribution of chromophores (double
bonds and/or aromatic structures) in the NOM. As well, the
obtained ratios describe the hydrophilic and hydrophobic
properties of NOM in water [31, 33]. In a water sample,
SUVA254>3.5-4 L/mg-m indicates mainly hydrophobic and
especially aromatic material, while water with SUV A254<3
L/mg-m indicates mainly hydrophilic material [33, 34].
Figure 3 presented the seasonal variations of the SUVA
values of monitoring stations. The SUVAass values
calculated in the samples varied on a monthly basis. The
highest SUV Azs4 value was observed at 3.80 L/mg-m at the
K3 station in November, and the lowest at 1.02 L/mg-m at
the K2 station in February. In general, SUV Azs4 is <3 L/mg-
m at monitoring stations and is hydrophilic. Although the
TOC values are higher in the winter months than the TOC
values in the autumn months, the low SUVA values in the
winter indicate that organic fractions with low aromatic
content are transported to the surface waters with
precipitation. On the other hand, low TOC and high SUVA
values in autumn indicate that low molecular weight
relatively hydrophilic organics degrade with temperature in
summer.

Copyright © and. Published by Erciyes Energy Association

108



Energy, Environment and Storage (2023) 03-03:105-114

Table 2. Water quality parameters at monitoring stations on the Meram Stream

Parameters Monitoring Station
K1 K2 K3 K4
o Annual Average 457 476 449 344
C"“dS‘}c“V‘ty Minimum 326 325 328 315
(uS/em) Maximum 544 644 570 380
Annual Average 5.36 4.00 9.27 2.25
(IE: /i) Minimum 1.00 0.00 0.00 1.00
Maximum 28.0 23.0 49.0 3.0
Annual Average 0.03 0.04 0.04 0.03
%ﬁ‘)‘ Minimum 0.02 0.02 0.02 0.02
Maximum 0.04 0.05 0.05 0.04
Annual Average 1.35 1.69 1.51 1.46
(ri(g)/i) Minimum 0.75 1.02 1.09 0.83
Maximum 2.57 2.55 2.43 2.70
Annual Average 0.30 0.18 0.12 ND
?rlr(l)gz/i\; Minimum 0.04 0.06 0.09 ND
Maximum 0.58 0.57 0.14 ND
Annual Average 0.06 0.09 0.06 0.06
(ngl;L) Minimum 0.06 0.09 0.05 0.06
Maximum 0.06 0.09 0.06 0.06
Annual Average ND ND ND ND
PO/“L Minimum ND ND ND ND
(mg/L) Maximum ND ND ND ND

TN is the sum of total Kjehdahl nitrogen (organic nitrogen
and ammonia-N), ammonium-N, nitrate-N, and nitrite-N.
The main pollutant sources of TN in water resources are
domestic wastewater discharge, fertilizers applied in
agricultural activities, and industrial wastewater discharges.
Annual average values of TN concentration at monitoring
stations of Meram Stream varied in the range of 0.01-4.87
mg/L. The highest TN concentration was measured at the
K2 station in August with 10.73 mg/L, and the lowest at K4
station in September with 0.24 mg/L, respectively. Annual
mean TN values at the stations K1, K2, K3 and K4 feeding
the reservoir were determined as 1.98, 4.81, 3.32, and 0.63
mg/L, respectively. According to the results, there is no
serious pollution in the Altinapa Reservoir Watershed in
terms of TN. The reason might be attributed to that Altiapa
Reservoir Watershed is a relatively closed and small basin,
only agricultural activities are carried out in the basin.
There are 5-6 small settlements and there is no serious
wastewater flow from these areas and there is no industrial
activity.
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Figure 3. Seasonal average SUVA variations at the
monitoring stations.
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Figure 4. Seasonal average TN variations at the
monitoring stations.

The annual average nitrate concentration was determined as
1.33, 2.02, 1.82 and 0.43 mg/L in K1, K2, K3 and K4,
respectively (Figure 5). The highest nitrate concentration
was observed at the K2 station with 4.87 mg/L in August
and at the K3 station with 4.75 mg/L in September, while
the lowest was detected at the K4 station with 0.01 mg/L in
April. The nitrate concentration increase at some stations is
thought to be due to agricultural activities or wastewater
discharges close to the sampling stations. On the other
hand, the highest nitrite concentration was measured at the
K1 station in April with 0.58 mg/L. The maximum nitrite
content was recorded at the K1 station in April during the
monitoring period with 0.58 mg/L. However, it was found
to be below the detection limit (<DL) of 0.01 mg/L at all
stations in the annual monitoring in June, July, December,
January, February, March and May.

The highest TSS value at the monitoring stations was 49
mg/L, and the lowest was 1 mg/L in April at the K4 station.
However, TSS could not be found between August 2020
and February 2021 at the K4 station. The TSS values of K1,
K2, and K3 stations also showed an increase in April. The
severe rains and increased surface runoff are believed to be
the reasons for this increase.

Fertilizers, animal and human waste, and garden waste all
contain TP. There is no atmospheric (gaseous) form of TP.
Due to the lack of atmospheric phosphorus cycling and the
scarcity of phosphorus natural sources, phosphorus is
frequently a limiting component in water systems [35].
Algae blooms in lakes and reservoirs are caused by TP,
which comprises both dissolved and particulate forms of
phosphorus. Except for August, the highest TP
concentration of 0.09 mg/L was recorded at K2. However,
since TP remained below the detection limit at all stations
except August and September, the values in Table 2 include
August and September.
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Figure 5. Seasonal average nitrate variations at the
monitoring stations.

Pesticides were monitored for 4 seasons in the months
September 2019, January 2020, August 2020, and April
2021. The results of pesticides analyses were presented in
Table 3. 71 different micropollutants including pesticides
were detected. Pesticides detected in the reservoir effluent
and/or at least at two monitoring stations were selected and
presented in Table 3. The data belonging to the spring
period is not shown in table, because any of compounds
except acetamiprid could not be detected at least at two
stations. Acetamiprid, aldrin, BHC-alpha, bromopropylate,
ethoprophos, permethrin, piperonyl butoxide, and terbutryn
were found in almost every station as well as reservoir
effluents. In addition, acetamiprid, permethrin, piperonyl
butoxide, and terbutryn were detected at least in two
seasons. Moreover, the levels of DDD-op, DDE-p.p',
diflufenican, and imidacloprid were higher than Tiirkiye’s
EQS.

Because they are carcinogenic, mutagenic, and teratogenic,
pesticides have negative effects on both human health and
aquatic life. Furthermore, because of their capacity to
bioaccumulate in organism tissues and spread to higher
species, they are extremely poisonous. To avoid pesticide
infiltration and pesticide pollution in water resources, it is
necessary to regulate agricultural activities and pesticide
applications. Controlling pesticides at the source, handling
them safely, managing waste pesticides and empty
containers, setting up catchments to delay and slow runoff,
building vegetated waterways and buffer strips, planning
irrigation, and applying pesticides on schedule are the
fundamental precautions that can be used to prevent
pesticide pollution.
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Table 3. Pesticides identified at the Altinapa Reservoir Watershed and their concentrations at monitoring stations

N Type of EQS® Autumn 2019 (pg/L) Winter 2020 (ng/L) Summer 2020 (ng/L)
Pesticides .

Pesticides (ng/L) K1 K2 K3 K4 RE® K1 K2 K3 K4 RE® K1 K2 K3 K4 RE®
Acetamiprid Insecticide 42 0.0020 | 0.0058 0.0007 0.0011 0.0005
Aldrin Insecticide 0.01 0.0007 0.0007 0.0054 0.0011
Azoxystrobin Fungicide 0.20 0.0005 0.0007
BHC-alpha Insecticide - 0.0023 0.0014 0.0015 | 0.0003 | 0.0003
Bromopropylate Acaricide 0.12 0.074 | 0.0075 0.0006 0.0208 | 0.0000 | 0.0036
DDD-op Insecticide 0.025 0.017 | 0.065 0.058 | 0.061
DDE-p.p' Insecticide 0.02 0.0098 0.0025 0.0372 | 0.0022
Diflufenican Herbicide 0.010 0.044 0.070
Ethoprophos E‘;ggﬁgf 0.21 0.0311 | 0.0278 0.1410 | 0.0198
Imidacloprid Insecticide 0.14 0.0543 0.3577
Metalaxyl Fungicide 17 0.0169 | 0.0123
Metrafenone Fungicide 12 0.937 0.038
Permethrin Insecticide 0.12 0.011 0.036 0.012 0.039 | 0.084 0.0010 0.0179 0.0021
Piperony! butoxide :;Ete‘féii 33 0.011 | 0.041 0.046 | 0.059 | 0.0254 0.1337
Prometryne Herbicide 0.3 0.0022 0.0027
Tebuconazole Fungicide 23 0.0289 | 0.0463
Terbuthylazine Herbicide 0.2 0.0061 0.0054
Terbutryn Herbicide 0.065 0.0091 0.0183 0.0073 0.0045 0.0071 0.0036 0.0024 0.0282 | 0.0026 | 0.0020
Tolclofos Methyl Fungicide 1.2 0.0005 0.0024

“EQS: Environmental Quality Standards [42]
RE: Reservoir Effluent
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Quality

4.2. Compositional Relations
Parameters

of Water

A correlation matrix of nine parameters, namely, pH,
conductivity, TSS, UV absorbance, TOC, TN, SUVA,
nitrite, nitrate, was constructed and was shown in Table 4.
Nitrate exhibited a significant positive correlation with TN
(0.91) and conductivity (0.88). Similarly, a significant
positive linear correlation with TN and conductivity (0.81)
was detected. There is often a relationship between the
conductivity of water and the total nitrogen and nitrate
concentrations in the water. Conductivity is a measure of
the water’s ability to conduct an electrical current, which is
influenced by the presence of dissolved ions in the water
samples [36]. Nitrate is a common ion found in water that
can contribute to the conductivity of the water [37].
Therefore, as the concentration of nitrate increases, the
conductivity of the water tends to increase. Similarly, TN

Energy, Environment and Storage, (2023)03-03:105-114

includes various forms of nitrogen, including nitrate [37].
As the concentration of TN increases, the concentration of
nitrate in the water may also increase, leading to a
corresponding increase in conductivity [38].

It is worth noting that the relationship between conductivity
and nitrogen/nitrate concentrations can vary depending on
other factors that may be present in the water, such as
dissolved organic matter and other ions. Therefore, while
conductivity can be a useful indicator of nitrogen/nitrate
levels in water, it is important to also measure these
nutrients directly to fully understand water quality. The
UVass. parameter showed moderate positive correlation
with TOC (0.40), TN (0.52), and nitrate (0.34). TSS had
moderate positive correlation with UVas4. (0.39) and TOC
(0.31) and this can be explained by suspended solids in
water that can come from a variety of sources, including
natural and anthropogenic (human-made) sources [39].

Table 4. Correlation matrix of nine parameters of water quality

pH EC SS UVas4
pH 1
EC -0.67 1
TSS -0.23 -0.20 1
U -0.03 0.16 0.39 1
TOC 0.12 -0.49 0.31 0.40
TN -0.51 0.81 0.01 0.52
SUVA -0.15 0.61 -0.02 0.32
Nitrite 0.58 -0.75 0.23 0.21
Nitrate -0.56 0.88 0.03 0.34

Some natural sources of suspended solids include erosion
of soil and rock, organic matter from decaying plants and
animals, and algae blooms [40]. Anthropogenic sources of
suspended solids include urban and agricultural runoff,
wastewater discharge, construction activities, and mining
activities [41]. Suspended solids can have harmful effects
on aquatic ecosystems and human health if they are present
in high concentrations [42]. Therefore, it is important to
properly manage and reduce the sources of suspended
solids in water sources. This can include implementing
erosion control measures, reducing fertilizer and pesticide
use, properly disposing of wastewater, and minimizing soil
disturbance during construction activities.

5. CONCLUSIONS

In the Altinapa Reservoir Watershed, a total of 6018 people
live in six little settlements. Agricultural activities and
animal husbandry practices as well as wastewater
discharges have impacts on the water quality of Altapa
Reservoir and the streams in the basin. In this study, the
water quality of Meram Stream, which feeds the Altinapa
Reservoir, was monitored in terms of major water quality
parameters and pesticides for 1 year in the 2020-2021
period.

TOC TN SUVA Nitrite Nitrate
1

-0.04 1

-0.73 0.38 1

0.59 -0.57 -0.66 1

-0.36 0.91 0.59 -0.62 1

All water samples had pH values between 7.8 and 8.4 and
conductivity values between 315 and 644 uS/cm. The TOC,
nitrogen, and phosphorus species were used to evaluate the
organic load in the basin. The continuous inflow of organic
matter into the reservoir and the degradation of waste
organics accumulated in the sediment over time resulted in
a higher organic load at reservoir effluent than Meram
Stream. The values of UV2ss and SUVA of the water
samples indicated that the organic compounds in the water
source are hydrophilic and aliphatic. In contrast to the TOC
values, the TN concentration was found to be lower at the
reservoir effluent than at the waters from monitoring
stations on Meram Stream. While nitrite was not found in
all water samples, nitrate levels ranged from 0.01 to 4.87
mg/L throughout the year. Except for August and
September 2020, total phosphorus and phosphate were not
detected in the water samples. TSS levels in all samples
were observed to be in the range of 2-98 mg/L.

The pesticide screenings revealed a total of 71 pesticides at
various stations and seasons, although their concentrations
were not higher than the EQSs. 8 of these pesticides were
insecticides, 5 of them were fungicides, 4 of them were
herbicides, 1 of them was an acaricide and 1 of them was a
pesticide synergist.
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Significant  positive linear associations between
conductivity and nitrate and TN were observed. Similar to
that, there was a strong positive linear association between
nitrate and TN.
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ABSTRACT. In this study natural convection in air-filled rectangular cavity is studied numerically by two commercial CFD
codes. Numerical simulations are carried out for air and water for different aspect ratios and wall temperatures. Calculations
are compared with experimental correlations in the literature and with each other. Calculation time and mesh number are the
main parameters considered in this study. According to the numerical results SIMCENTER FLOEFD is an effective CFD
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1. INTRODUCTION

Natural convection in a cavity occurs in many living areas
Heating cooling in a room or heat transfer in a double pane
window or heat transfer in an air-filled brick can be
examples of natural convection in daily life. So, researchers
are interested in understanding this phenomenon. Frederick
[1], carried out a numerical study of two-dimensional
natural convection of air in rectangular, differentially
heated cavities. For three Rayleigh numbers the aspect ratio
S was varied. It was found that heat transfer between the
active walls has a maximum at each Rayleigh number,
which is located at values of S between 1 and 2. The aspect
ratio for which the maximum heat transfer occurs is
determined by the process of transition from a shallow
cavity regime to a slender cavity regime.

Manz [2] investigated heat transfer by the natural
convection of air layers within vertical, rectangular cavities
with aspect ratios (A) of 20, 40 and 80 in relation to
applications in building facade elements, such as insulating
glazing units, double-skin facades, doors, etc. using a
computational fluid dynamics (CFD) code. Boundary
conditions were assumed to be isothermal hot and cold wall,
and zero heat flux at bottom and top cavity surfaces.
Rayleigh numbers were between 1000 and 109, i.e., flow
was either laminar or turbulent, and a conduction, transition
or boundary layer regime was applied. His study improved
the starting position for future applications of the code to
more complex cases of facade elements, where less or even

*
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no experimental data are available in literature. Ganguli at all
[3], performed independent CFD simulations in order to
predict the variation in heat transfer coefficient setup by
natural convection for various tall slender vertical geometries
with varying gap widths and temperature differences
covering the ranges reported in the literature. A good
agreement of Nusselt number (£10%) has been found
between the CFD predictions and the literature data.
Bahlaoui at all [4], reported numerical results of mixed
convection and surface radiation within a horizontal
ventilated cavity heated from below and provided with an
adiabatic thin partition on the heated surface. Air, a
radiatively transparent medium, is considered to be the
cooling fluid. Mahdavi at all [5], studied laminar natural
convection in a rectangular cavity with three different heat
transfer fluids: water, ethylene glycol (EG)-water and air
experimentally and numerically. The enclosure has a
uniform aspect ratio (AR). The EG—water mixture is madeup
of 60% EG and 40% water. The main experiments aimedto
reach proper thermal boundary conditions for the two
differentially heated vertical walls of the cavity. Early
experiments revealed that it is hard for the heated and cooled
walls to reach a uniform temperature when the cavity is filled
with water or EG—water, while a uniform distribution of
temperature was achieved when it is simplyfilled with air.
Commercial computational fluid dynamics (CFD) software,
ANSYS-FLUENT 15, simulated the entiresetup to include
two special heat exchangers and the cavitybetween them to
investigate all the transport phenomena. The simulation
results were in good agreement with
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measured data. Cianfrini at all [6], studied natural
convection in air-filled rectangular cavities inclined with
respect to gravity, so that the heated wall is facing upwards,
numerically under the assumption of two-dimensional
laminar flow. A computational code based on the SIMPLE-
C algorithm is used for the solution of the system of the
mass, momentum and energy transfer governing equations.
Simulations are performed for height-to-width aspect ratios
of the enclosure from 0.25 to 8, Rayleigh numbers based on
the length of the heated and cooled walls from 107 to 107,
and tilting angles of the enclosure from 0° to 75°. The
existence of an optimal tilting angle is confirmed for any
investigated configuration, at a location that increases as the
Rayleigh number is decreased, and the height-to-width
aspect ratio of the cavity are increased, unless the value of
the Rayleigh number is that corresponding to the onset of
convection or just higher. Dimensionless correlating
equations are developed to predict the optimal tilting angle
and the heat transfer performance of the enclosure.
Prasopchingchana [7] investigated the effects of cavity
aspect ratios and cavity inclination angles to natural
convection in a rectangular cavity numerically.
Investigation is performed at the Rayleigh number (Ra)
equal to 10% the cavity aspect ratios from 1 to 50 and the
cavity inclination angles from 0 to 180°. Consequently,
Heat transfer enhancement or decreasing due to the effects
is exposed. In addition, streamline contours in the
rectangular cavity are illustrated. Multi-cellular flow
figuring on the appropriate conditions is exhibited. A new
correlation of the average Nusselt number, the cavity aspect
ratio and the cavity inclination angle are formulated at Ra
equal to 10*. Herndndez-Castillo at all [8], studied natural
convection coupled with radiation numerically in a tall
rectangular parallel piped cavity filled with air and constant
differentially heated opposite vertical walls. This type of
tall cavity is found in walls built with hollow blocks.

Threedimensional steady state numerical simulations are
performed. Numerical models for pure natural convection
and natural convection coupled with radiation are validated
with experimental results. For pure natural convection, a
Nuc correlation as a function of Raw is obtained. A

simplified calculation of the total heat transfer, Nu:, is
proposed. Sondur and Mescher [9] explored natural
convection of air in a tall rectangular cavity by solutions of
the fully compressible transient Navier—Stokes equations in
two-dimensional  form, without the Boussinesq
approximation. A temperature difference is imposed on the
two vertical side walls, each isothermal, with the two
horizontal  boundaries  adiabatic. = Thermo-physical
properties of air, including density, viscosity, thermal
conductivity and specific heat, are all variable with
temperature. Contrary to the conclusions in most previous
numerical studies invoking the Boussinesq approximation,
this study finds the instability of the conduction regime to
be a traveling wave drifting downward in the cavity. The
wave-drift speed is a strong function of the dimensionless
wall temperature difference, e, defined as the temperature
difference between the vertical walls divided by twice the
mean wall temperature. Wave-drift speeds and wave
numbers are calculated over a range of e less than 0.5 and
Rayleigh numbers less than 9000. The dimensionless
temperature difference e is also found to have significant
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effects on local heat transfer and transient flow structure
inside the cavity.

Parallel to the literature findings this study performs
numerical analyses with two commercial CFD codes. Also
includes the comparison with experimental data from the
literature.

2. NUMERICAL MODEL

The 3D rectangular cavity filled with air has 100x100x400
mm dimensions as seen in Figure 1. Boundary conditions
were assumed to be isothermal hot and cold wall, and zero
heat flux at bottom and top cavity surfaces. Two opposite
walls are determined as constant temperature boundary
condition at 273 and 283 K. The filling fluid air is assumed
as incompressible ideal gas and its thermophysical
properties are given in Table 1. The simulation is done for
Rayleigh number 10° corresponding to the 273 K and 283
K wall temperatures. Gravity is taking into account with
boussinesq approximation. Simulations are done both with
ANSYS FLUENT [10] and SIMCENTER FLOEFD [11].
For all computations same computer (Intel core i7 4 GPU)
isused. Convergence criterion is 10-6 for all parameters.
It should be noted that this cavity das an aspect ratio (H/L)
equal to 4.

Fig. 1. Rectangular cavity filled with air

<
O \
| S
100 mm
Tcold a—) Thot
273K 283K
I A}
g air
¥ \
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Table 1 Thermophysical properties of air
A B C D E
k 62500 422 2:26 0,096
cp 256000 |425 10:08 0,107
nil 500000 (437 18:57 0,109
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For the calculation of Nusselt number inside the cavity
following correlation is used [12]:

pr 028 -1/,

Nu, =0,22 (m) (L_) (1)

H
2<_<10
L

Pr < 105
103 < Rai < 101°

3. NUMERICAL RESULTS

Both for the mesh independency and comparative study 3
models determined with increasing mesh size (Model-1,
Model-2, Model-3 in Table 2). Calculations are done with
the same computer with same GPU. Temperature contours
inside the cavity at x-y plane at steady state are given in
Figure 2 and Figure 3 for both FLUENT and FLOEFD
respectively.

Fig. 2. Temperature contours at xy plane inside the cavity

(FLUENT)
Static Temperature
[K]
Ansys 2.83e+02
2023R2
STUDENT 2.82e+02
2.81e+02
2.80e+02
2.7%+02
2.78e+02
2.77e+02
- 2.76e+02
2.75e+02
2.74e+02
T 2.73e+02
= | contour-1

Fig. 3. Temperature contours at Xy plane inside the cavity
( FLOEFD)

283.00
281.89
280.78
279.67
278.56
277.44
276.33
275.22
27411
273.00
Temperature (Fluid) [K]

CutPlot 1: contours

Temperature of the fluid rises when flowing up near the hot
wall and declines flowing down the cold wall as expected.
Comparison of the models with different parameters are
summarized in Table 2. Increasing the mesh size increased

the calculation time and iteration number for both codes.
Velocity value differs in a negligible level between the
Model-2- to Model-3 as 0,2%. For Model 1 calculation time

of the two codes is very close. For model 2 calculation
time is nearly same too. However, for more mesh numbers

(Model-3) calculation time differs significantly.

Table 2 Comparison of numerical simulation results

Ra= 10° Ref[12] |ANSYS |SIMCENTER
FLUENT |FLOEFD

Nusselt Number | 7,019 7,541 7,311

Deviation (%) 7,429 4,160

In addition, an important parameter Nusselt number for the
air-filled cavity is calculated by equation 1 for Model-3 for
both numerical codes and experimental study from the
literature [12]. The results are summarized in Table 3. Error
values are also calculated and given in Table 3. According
to the table numerical results from FLUENT deviates by 7
percent from the experimental value. Numerical results
from FLOEFD deviates by 4 percent from the experimental
value. These results are proving the acceptability of CFD
codes in numerical simulations.

Table 3 Comparison of Nusselt Numbers

Ra= 10° Ref[12] ANSYS |SIMCENTER
FLUENT |FLOEFD

Nusselt 7,019 7,541 7,311

Number

Deviation (%) 7,429 4,160

4. CONCLUSIONS

CFD codes are effective ways for the analyses of natural
convection in cavities. Both codes used in this study are
acceptable for accurate results. According to the simulation
results, results from FLUENT deviates by 7 percent from
the experimental value. Numerical results from FLOEFD
deviates by 4 percent from the experimental value. These
results are proving the acceptability of CFD codes in
numerical simulations.
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ABSTRACT. This study investigates a new type of electrolyte based on deep eutectic solvents. Choline chloride based
deep eutectic solvents were prepared and they were used as base ionic solvents for super dielectric theory. Deep eutectic
solvent was mixed with a non-conducting material such as fumed silica, alumina. The mixture shows a super dielectric
behavior which is used as electrolyte for electrochemical double layer capacitors also known as supercapacitor. The
supercapacitor cells were composed of an electrode, a paper-based separator and this super dielectric electrolyte. The
electrode of commercial standard supercapacitor is used first as an electrode. Second an electrode slurry was prepared in
order to make custom electrode. Then the performance of both cells was investigated. The specific capacitances of cells
were measured and the amount of increase at the capacitances was evaluated. The results showed that up to 14-fold
increase of the specific capacitances of the commercial supercapacitor have been achieved. Also, up to 12-fold increase of
the specific capacitances of our custom-made cells have been achieved. The charge discharge characteristics and ESR
values of the cells confirms that the cells show outperforming properties. Deep eutectic solvents based super dielectric
electrolytes are very promising electrolytes for high energy density supercapacitors.
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1. INTRODUCTION material and electrolytes based on quaternary ammonium
salt dissolved in organic solvents (acetonitrile (ACN) or
propylene carbonate (PC)). The cell voltage of these
EDLCs are 2.3 V and 2.7 V. In order to use EDLCs in
today applications, their energy storage capacities need to
be improved. The specific energy of EDLCs is defined by
the equation E=1/ 2CU2, where C and U are the
capacitance and operative voltage of the EDLC,
respectively [4-6].

The needs of energy storage systems are increasing
rapidly nowadays because of developing mobile systems,
electrical vehicles and renewable energy system such as
solar and wind power generation facilities. The major
energy storage systems still use lead acid and lithium-ion
batteries. The problem of existing battery systems such as
highly cost, short life, safety and difficult production
processes increase the needs of promising energy storage
systems. One of the possible alternatives of current battery

system is electrochemical double layer capacitors [1,2]. Traditional “electrolytes for EDLCs can be generally

divided into aqueous, organic, IL and solid- or quasi-solid
types [7,8]. The working voltage of a EDLCs is
determined by the decomposition of an electrolyte on the
electrode surface at high potential. The working voltage
of a EDLCs can be raised from 2,3 V to 2.7 V using
organic electrolytes instead of aqueous electrolytes. The
common working voltage of commercial EDLCs with
organic electrolytes is 2.7 V. Because the energy density
of a EDLCs is directly proportional to the squared
working voltage, the research is focused on developing

Electrochemical double layer capacitors (EDLCs), also
known as supercapacitors or ultracapacitors are the most
promising energy storage technology [3]. In EDLCs the
charge is electrostatically stored at the electrode and
electrolyte interface. These devices can be charged and
discharged within seconds. They can give high power (up
to 10 kW) and a high cycle life (>500,000). Now, the
commercial EDLCs contain activated carbon as active
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electrolytes with high conductivity, good chemical and
thermal stability, and wider electrochemical window. An
organic electrolyte is composed of an organic solvent and
a supporting electrolyte [9]. The organic solvent must
have low volatility, good electrochemical stability and
large dielectric constant.

In recent years, as a new type of green electrolyte, Ionic
Liquids (IL) has been widely used in EDLCs. IL is
featured with wide electrochemical window, relatively
high conductivity and ion mobility. Deep Eutectic
Solvents (DES) are also a new type of green electrolyte
which has wide electrochemical windows as alternative of
ILs. DES can be produced cost effectively and easily.
Super dielectric materials are also newly proposed subject
and getting more interest recently. Their dielectric
constant can be between 106-1012 [10].

In the present study, we synthesized a novel deep eutectic
solvent-based super dielectric electrolytes and used on
both  standard = commercial and  custom-made
supercapacitor electrodes to demonstrate its effect. As an
outstanding result, the synthesized super dielectric
electrolyte exhibited the specific capacitance of up to 14-
fold increase for standard commercial supercapacitor
electrodes and 12-fold increase for custom made
supercapacitor electrodes.

2. EXPERIMENTAL

The chemicals choline chloride (ChCl), urea,
monoethylene glycol, glycerin, malonic acid, boron nitride
and alumina were purchased from Sigma Aldrich,
Germany. Fumed silica, xylitol and carboxymethyl
cellulose (CMC) were purchased from Introgen, Tiirkiye
and the activated carbon and Styrene-butadiene rubber
(SBR) were obtained from Nanografi, Tiirkiye. The
commercial supercapacitors were purchased from
Greencap, South Korea. All chemicals were used without
further purification.

2.1 Preparation of Deep Eutectic Solvents (DES)

Deep eutectic solvents (DESs) are new class of ionic
liquid (IL) because they share a lot of characteristics and
properties with ILs [11-15]. DESs contain large,
nonsymmetrical ions. They have low lattice energy and
low melting points. They are usually obtained by the
complexation of a quaternary ammonium salt with a metal
salt or hydrogen bond donor. Different type of DESs can
be made by using suitable chemicals [16].

The following DESs were prepared by mixing at magnetic
stirrer at 80 C about 1 hour. Then they were slowly cooled
to room temperature. The molar ratios were used in order
to make deep eutectic solvents as ChCl + Urea (1:2);
ChCl + Glycerin(1:2); Chcl + MEG (1:2); ChCl +
Malonic acid (1:2); ChCl + Xylitol (1:2). These are
well known DESs and their characterization is available at
scientific literature [12-14]. Our interest is to see the super
dielectric properties of DESs when they mixed with non-
conducting powders.

The electro chemical voltage window of these DESs is
given Table 1. The supercapacitor cells are charged
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according to this table. This EPWs were accepted as a cell
voltage but, the real stable cell voltages were below these
voltages because of water content in the DESs. DESs
contain water since the chemicals that we use are not
anhydrous. If the chemicals are anhydrous and the
electrolyte is injected in controlled atmosphere, EPWs will
be at Table 1. We did not use a controlled atmosphere to
see the performance of DESs at open atmosphere.

Table 1: The EAL, ECL and EPWs of ChCl Based DESs
[17-19].

DESs EaL (V) EcL (V) EPWs
(\2)
ChCl + glycerol -2.21 1.38 3.59
ChCl + urea -2.75 1.54 4.29
ChCl + MEG -2.35 1.26 3.61
ChCl+malonic acid -2.55 1.70 425
ChCl+xylitol -2.67 1.66 4.33

2.2 Preparation of Super Dielectric Electrolyte

Super Dielectric Materials subject is a new theory that can
be verified by experimental studies [20-22]. The super
dielectric theory was first discovered by Prof. Jonathan
Phillips and his friends.

According to theory, any porous, non-conducting material
with a liquid containing a high concentration of ionic
species will potentially be a Super Dielectric Material
(SDM). The dielectric constant of SDM can be measured
by making a parallel plate capacitor. The dielectric
constant can be obtained from the time constant and this
standard equation:

C=¢&ycpA/d

where go is the permittivity of free space (8.85 x 10—12
F/m) and er is the dielectric constant. The area of the plate
surface is A and the distance between the two electrode
surfaces is d. The measured dielectric constant is between
5% 109 —1.2 x 1011 [23].

Different type electrostatic capacitors (EC) were made by
super dielectric materials that have energy density greater
than 200 J. cm3 [24,25].

According to Super Dielectric Materials theory, the
electrolyte is needed to mix with any non-conducting nano
powder. Our deep eutectic solvents were mixed with
fumed silica for one sample, mixed with boron nitride for
second sample. The produced electrolyte has gel like
properties. This electrolyte is our new electrolyte for
EDLCs. Five different types of DESs and three different
types of non-conducting powders were used in order to
make 15 different types of super dielectric electrolyte.
Table 2. shows these super dielectric electrolytes (Fig. 1).
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Table 2. Our new super dielectric electrolytes

DESs Non conducting powder
ChCl+glycerol Fumed Silica
ChCl+urea Fumed Silica
ChCI+MEG Fumed Silica
ChCl+malonic acid Fumed Silica
ChCl+xylitol Fumed Silica
ChCl+glycerol Boron Nitride
ChCl+urea Boron Nitride
ChCIH+MEG Boron Nitride
ChCl+malonic acid Boron Nitride
ChCl+xylitol Boron Nitride
ChCl+glycerol Alumina
ChCl+urea Alumina
ChCI+MEG Alumina
ChCl+malonic acid Alumina
ChCl+xylitol Alumina

g
4
=
=

Fig. 1 - Some samples of prepared DESs
2.3. Fabrication of EDLC cells

EDLC cells were prepared 2 different methods. First a
commercial supercapacitor cell used. Second an electrode
was made by electrode slurry.

2.3.1. Using Commercial Cell Electrode
A commercial 2,7V, 500 F supercapacitor as shown in

Fig. 2 was disassembled, and its electrode and paper type
separator in Fig. 3 were used to fabricate of supercapacitor

Fig. 2 - Disassembled standard commercial supercapacitor

Fig. 3 - The eclectrode and separator taken from
disassembled standard commercial supercapacitor.

First, before disassembling process, its real capacity was
measured by ZTE electronic load via PC. Its real capacity
was between 380-430 F. The size of the electrode of the
cell were measured. It is 4.5 cm x 77 cm. Then the specific
capacity was calculated, and it was found 0,32 F/cm2 as
expected. In order to compare our results with the
commercial cell easily, the electrode was cut 1 cm x 2 cm
sizes and a new cell was constructed by using this
electrode by using 1 cm x 1 cm of the electrode as shown
in Fig. 4.

Fig.4 - The finished cell

Then, our deep eutectic solvent based super dielectric
electrolyte was injected on two electrode and the paper
separator were used and the cell were constructed. Then
the cell insulated by Kapton tape. Fig. 5 shows our cell
structure used in our measurements.

+

— A'

~=AC Electrode
—~=Electrolyte (SDM with DES)
Seperalor

- Electrolyte (SDM with DES)
- AC Electrode

- Al

Fig. 5 - Cell structure of the supercapacitor
3. MAKING CUSTOM ELECTRODE:
3.1. Preparation Electrode Slurry

Three items are necessary for making a conductive ink.
These are a solvent (water, ethanol, DMF etc.), a binder
(water-based adhesive, etc.) and an active ingredient
(activated carbon, graphene, a conductive material (carbon
black, Super-P etc.) We used the same and common
formula that is used at commercial supercapacitors. It is
80% Activated Carbon +10% Conducting Material + %10
Binder. We used activated carbon as active ingredient,
graphite powders as conductive material and CMC+SBR
mixture as binder. First, 0.25g of CMC added to 50 ml DI
water and stirred at magnetic stirrer at 70 C about 1 hour
then 0.25g of SBR added slowly into this solution and
stirred about 1 hour at 70 C. 8,5g of activated carbon was
mixed with 1 g of graphite powder. Then this mixture
added to binder (CMC-SBR). The mixture was stirred at
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vacuum mixer about 4 hours. Then the electrode slurry
was obtained (Fig. 6). The viscosity of the slurry was
measured with a digital viscosity meter. The viscosity was
adjusted between 4000-5000 cpt by adding more DI water
and vacuum mixing.

i
Fig 6- Electrode slurry and its visual testing on paper.
3.2. Coating Slurry

Copper or aluminium strips were cut to the desired scale.
The surface of strip was cleaned with ethanol. The
prepared electrode slurry was coated by Dr. Blade on a
special Al foil (Fig 7). The coating thickness is 100 [Im.
Then allowed to dry in an oven at 50 °C about 5 hours.

Fig. 7 - Film coating machine with drying oven (TOB-
VFC-150) and coated electrode.

3.3. Calendaring Electrode

The coated electrode was processed at hot roll press (Fig.

8). The thickness of active material was reduced to 65 Lim.
After this process the surface of the electrode became
smooth and perfect. Then the electrode was vacuum dried
at 60 C about 2 hours in order to remove the water
content. Then the electrode was cut by a mechanical blade
under hydraulic press.

Fig. 8 - Hot roll press machine (TOB-JS100L) and
prepared electrode.
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3.4. Making Cells

To make a supercapacitor, the cut electrodes were stacked
with a NKK 4030 type separator then our electrolyte was
added. The cell was insulated by a Captone tape. One of
made supercapacitors is shown in Fig. 9. In order to
understand the standard cell capacity of our electrode, 3M
KOH solution was used as electrolyte first. Then, its
specific capacitance was measured. It is 0.4 F/cm?

Fig. 9 - Finished Cell

3.5. Instrumentation

The ESR of the cell were measured by MESR-100 model
digital ESR meter, 100 kHz in circuit test. The capacity of
the cell was measured by charging and discharging the
cell. The cell was charged by a DC power supply up to
cell voltage of our electrolyte and the cell were discharged
by ZTE electronic load via PC under constant current.
According to C=Dt*I/DV equation, the cell capacity was
calculated. This process was repeated several times. It
showed that, the cells are EDLCs but its discharge voltage
characteristic is a little bit different. According to SDM
theory, the discharge voltage is effective below 1V. Fig.
10 shows a discharge graph of ChCl + MEG + Boron
Nitride Sample.
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Fig. 10 - ChCIl + MEG + Fumed Silica Cell.

The calculated Cell capacity is about 8,77 F for 2 cm? cell.
The specific capacitance is 4,39 F/cm?
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Fig. 11 - ChCl + MEG + Boron Nitride Cell.

The calculated cell capacity is 7,07 F for 2 cm2 cell. The
specific capacitance is 3,54 F/cm2 for commercial
supercapacitor electrode cell (Table 3). The best one is
ChCI-MEG- Fumed Silica cell, it has about 14-fold
increased capacity over KOH electrolyte. Table 4 shows
specific capacity of custom-made supercapacitor cells.
The best one is ChCI-MEG cell, it has about 12-fold
increased capacity over KOH electrolyte. ChCI-MEG
shows the best performance because of low viscosity and
high conductivity of MEG.

Table 3. Specific capacity of commercial supercapacitor
electrode made cells.

Table 4. Specific capacity of Custom-made supercapacitor
cells

Electrolyte Type Specific Capacitance
(F/em2)

ChCl+glycerol - Fumed | 3,64

Silica

ChCl+urea -Fumed Silica 3,21

ChCI+MEG- Fumed Silica 4,27

ChCl+glycerol -Boron | 3.73

Nitride

ChCl+urea -Boron Nitride 3,69

ChCI+MEG -Boron Nitride | 4,77

4. RESULTS AND DISCUSSION

ESR values of the cell were measured with a digital ESR
meter. CV measurements were taken with a cyclic
voltmeter device.

4.1. Electrochemical properties of EDLCs cells

ESR Values of Some Capacitors

470 uF 16 V standard capacitor 11 mQ

10F 2.7 V supercapacitor 30 mQ

ESR value of commercial supercapacitor cell is 30 mQ

Table 5. ESR values of same samples (commercial cell
electrode)

DESs - Non conducting powder ESR(Ohm)
ChCl+glycerol - Fumed Silica 44,6
ChCl+urea - Fumed Silica 34,2
ChCI+MEG - Fumed Silica 18,6
ChCl+malonic acid - Fumed Silica 36,4
ChCl+xylitol - Fumed Silica 46,1
ChCl+glycerol - Boron Nitride 43,2
ChCl+urea - Boron Nitride 33,7
ChCI+MEG - Boron Nitride 16,4
ChCl+malonic acid - Boron Nitride 34,5
ChCl+xylitol - Boron Nitride 48,7
ChCl+glycerol - Alumina 45,0
ChCl+urea - Alumina 37,4
ChCI+MEG - Alumina 222
ChCl+malonic acid - Alumina 33,9
ChCl+xylitol - Alumina 45,1

Electrolyte Type Specific Capacitance
(F/em2)

ChCl+glycerol - Fumed 2,90

Silica

ChCl+urea - Fumed Silica 3,11

ChCI+MEG - Fumed Silica | 3,54

ChCl+malonic acid - Fumed | 2,59

Silica

ChCl+xylitol - Fumed Silica | 2.33

ChCl+glycerol - Boron 2.03

Nitride

ChCl+urea - Boron Nitride 2,09

ChCI+MEG - Boron Nitride | 3,25

ChCl+malonic acid - Boron | 2.17

Nitride

ChCl+xylitol - Boron 1,78

Nitride

ChCl+glycerol - Alumina 2.07

ChCl+urea - Alumina 1.98

ChCI+MEG - Alumina 2,60

ChCl+malonic acid - 1.55

Alumina

ChCl+xylitol - Alumina 1.67

As seen Table 5, ChCl + MEG samples have lower ESR
because of the viscosity. Therefore, ChCl + MEG based
electrolytes were studied. In order to understand our cell
shows a real EDLC characteristics, a CV measurement
weas made. Fig. 12 shows that our cell shows a EDLC
characteristics.
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Fig. 12 - A sample from CV measurement of our cells (on
commercial supercapacitor electrode) (8 Black: ChCl +
MEG with Fumed Silica, Red: ChCl + glycerol with
Fumed Silica, Green: ChCl + urea with Fumed Silica).

Nyquist plots of ChCI-MEG type DES electrolyte - fumed
silica cell is shown in Fig.13. It shows the behaviour of an
ideal capacitor at straight line parallel to the imaginary
axis.
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Fig. 13 - Nyquist plots of ChCI-MEG -Fumed silica
electrolyte cell (on commercial supercapacitor electrode).

5. CONCLUSIONS

The commercial supercapacitor cells have 0,32 F/cm2
specific capacitance and it gives 4,7 Wh/kg energy
density.

Our ChCl + MEG + Fumed Silica cell (on
commercial supercapacitor electrode) showed 4,54 F/cm2
specific capacitance and it is about 14 fold increase and
ChCl +MEG +Boron Nitride cell (on custom made
supercapacitor electrode) showed 3,54 F/cm2 and it is
about 12 fold increase. The capacity increase comes from
high dielectric constant of ChClI-MEG and non-conducting
powder mixture.

Energy, Environment and Storage, (2023),03-03:119-125

The energy densities will be less than 12-14-fold since the
electrolyte volume is bigger than the standard electrolytes.
The electrolyte contains fumed silica and boron nitride.
They increase the volume of the cells.

Deep eutectic solvent based super dielectric electrolyte
works both commercial supercapacitor cells electrode and
custom made cells electrode. But ESR values are very big
because of high viscosity and content of nonconducting
powders in electrolyte.

ChCl + Glycerol and ChCl + Urea showed worse ESR
because of viscosity. By adding other chemicals to DESs,
ESR can be lowered.

CV plot and Nyquist plot confirm the capacitive behaviour
of the cells.

Specific capacitance increases with lower viscosity. ChCI-
MEG gives the highest specific capacitance because of
low viscosity and high ionic conductivity.

Deep ecutectic solvent based super dielectric electrolytes
are very promising for making high energy density
supercapacitors at their usage in hydrogen energy systems.
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