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PREFACE 

Industrial developments have significant effects on society. Besides to 

economic impact, it correlates with life quality. To contribute industrial 

development, numerous methods are introduced to improve production or 

reduce the cost in this book. The chapters are collected about the studies 

which subject from material durability to locating the production facility. The 

experts of the fields share their investigations. To provide an enjoyable 

reading experience, the book language avoids technical terminology. 

The five chapters cover various problems with the proposed solutions. 

In the first chapter, the durability properties of CuSnSi are investigated by 

experimental methods. Although a specific alloy is given, the applied method 

can be used for different alloys.  The properties are tested for different 

circumstances, and the chapter is titled as “Corrosion Properties of CuSnSi 

Alloy in Different Mediums.” In the second chapter, system engineering 

methods are presented to place a paper recycling plant. The chapter is titled as 

“A Hybrid Fuzzy AHP And VIKOR Method for Facility Location Selection in 

A Paper Recycling Plant.” In the third chapter, researchers are tested engine 

performance by different methods in silico. The chapter concludes that the 

combination of the methods provide better results, and it is titled 

“Implementing Late Exhaust Valve Opening and Internal Exhaust Gas 

Recirculation to Improve Diesel Exhaust System Warm Up in Automotives 

Marine Vehicles.” In chapter four, different approaches are discussed for 

mobile agent discovery, and it is presented with the title “Overview of Service 

Discovery Using Clustering with Mobile Agents.” In chapter five, drinking 

water analysis are provided with local examples. The chapter is titled 

“Hydrogeochemistry of the Drinking Water Sources of the Büyükkizilcik 

Region (Kahramanmaraş, Turkey).” For the chapters, all responsibilities for 

the provided content belong to the authors. 

We are grateful to authors’ contribution to this book and ISPEC 

publishing house. We hope this book provides systematic investigations from 

basic knowledge to deeper understanding. 

Assist. Prof. Serkan Güldal 

March 2023 
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INTRODUCTION 

Companies are forced to reduce costs of globalization and the current 

competitive environment. The location of production and service operations 

has a significant impact on price and operating costs. Deciding where to 

locate a facility is the first step in the struggle to cut costs. For these reasons, 

choosing a facility location that is expensive and extremely difficult to change 

quickly is a crucial decision for companies (Dag & Önder, 2013). Melo, 

Nickel, and Saldanha-Da-Gama (2009) examined the general relationship 

between facility location models and strategic supply chain planning. 

Decision-making on the location of the facility is an essential part of strategic 

planning for many different private and public companies. Decision-makers 

must select locations that will not only function well in the current system 

state but also remain profitable over the facility's lifetime, regardless of 

changes in the environment, population shifts, and market trends (Owen & 

Daskin, 1998). Long-term decisions affect the company's operations and 

require for in-depth understanding of the company and its environment 

(Thanh, Bostel, & Péton, 2008). 

Decisions about the location of the facility and its relocation are 

crucial managerial choices in modern supply chains. Managers encounter 

uncertainties and risks in this environment when making decisions 

(Sundarakani, Pereira, & Ishizaka, 2021). The inputs to traditional facility 

location models, such as costs, demands, travel times, and other factors, may 

be highly uncertain. For many years, researchers have been creating models 

for facility location in an uncertain environment (Snyder, 2006).  

The optimal location generates greater economic benefits due to 

higher productivity and an efficient distribution system. When choosing 

between multiple alternative facility locations, it's important to compare each 

location's performance characteristics in a comprehensive way. Different 

multi-criteria decision-making (MCDM) methods can be successfully 

employed to address this type of problem because the facility location 

selection problem contains multiple conflicting criteria and a limited number 

of probable candidate alternatives (Chakraborty, Ray, & Dan, 2013). In this 

paper, a hybrid MCDM method including Fuzzy Analytical Hierarchy Process 

(FAHP) and Vise Kriterijumska Optimizacija I Kompromisno Resenje 

(VIKOR) is created to determine the suitable location of the paper recycling 

plant. 
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LITERATURE REVIEW 

MCDM methods are effectively and frequently used at several 

planning stages, including supplier selection, investment project evaluation, 

workforce planning, and location selection. Decisions on the facility location 

require significant capital investment and create long-term restrictions on the 

production and distribution of goods (Yeşilkaya, 2018). In literature, various 

studies are available related to MCDM methods in facility location. For 

example, Yeşilkaya (2018) determined the paper factory location using 

Analytical Hierarchy Process (AHP), Technique for Order Preference by 

Similarity to Ideal Solution (TOPSIS), and preference ranking organization 

method for enrichment evaluations. In the study, a decision support model 

was proposed to determine the most suitable place among the five candidate 

cities. Aydemir-Karadağ (2019) applied the AHP and goal programming 

methods based on environmental, economic, social, and geological factors for 

solid waste storage facility site selection. İnağ and Arıkan (2020) determined 

the criteria affecting the location selection for solid waste dropping center and 

used a decision-making trial and evaluation laboratory to define the 

relationships between these criteria. Then, criteria weights and priority values 

of candidate facility locations were defined by the analytic network process 

method. Then, the site selection problem was modeled on the basis of p-

median and p-centre models. The objective functions were combined with the 

determined priority values using the LP-metric approach, so the facility 

locations were determined as multi-objective. Bilgilioğlu and Gezgin (2022) 

used geographic information systems and FAHP. By evaluating all criteria, a 

suitability map for solid waste disposal areas in Nevşehir was produced, and 

candidate areas for the new facility were determined. 

In literature, FAHP and VIKOR are used successfully in solving 

many different problems (Malviya & Kant, 2018; Wang, Nguyen, Dang, & 

Lu, 2021; Otay & Kahraman, 2022; Guo & Wu, 2022). Some of the previous 

studies on AHP, FAHP, and VIKOR are summarized below. Dag and Önder 

(2013) used data from a well-known label manufacturing company in Turkey 

to illustrate the facility location selection process. Using the AHP and VIKOR 

methods, the facility location selection was presented. Şişman (2017) 

presented a risk assessment in the automotive auxiliary industry by using 

FAHP and fuzzy VIKOR methods in the analysis of error types and effects. 

With the FAHP method, the significance of risk factors was firstly assessed in 

the study. The identified failure modes' risk priority was then ranked using the 
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fuzzy VIKOR method. Saraçoğlu and Dağıstanlı (2017) solved the supplier 

selection problem using FAHP and VIKOR methods. To solve the problem, 

the weights of the criteria were firstly determined with FAHP, and by using 

these weights, the order of preference to evaluate alternative suppliers was 

determined with the VIKOR method. 

Parhizgarsharif, Lork, and Telvari (2019) proposed a new hybrid 

method. Firstly, the best worst method was employed to determine the 

weights of the selected criteria. After that, two gray relational analysis and 

VIKOR methodologies were employed to determine the final ranking of the 

locations. Gul (2020) suggested a novel method for risk assessment 

considering pythagorean FAHP and fuzzy VIKOR. Ayyildiz and Taskin 

(2022) utilized spherical fuzzy VIKOR and spherical FAHP. In the study, the 

criteria for selecting the petrol station(s) to serve during the lockdown were 

defined using a hierarchical criteria structure. 

In this paper, FAHP and VIKOR are used to select the most 

appropriate paper recycling plant. The weights of each criterion are computed 

using FAHP, and then VIKOR method is utilized to rank the alternatives in 

order of best to worst.  

PROPOSED METHODS 

In this chapter, the company consists of a treatment plant, a power 

plant, a biogas plant, a pulp preparation plant, and a paper production plant. 

The company supplies products to many sectors from the paper industry to the 

textile industry. Products are sized according to the demands of the customers. 

The plant produces its products with 100% recycling.  

The company wants to open a new recycling plant. This study aims to 

help the decision-makers in choosing the most suitable region by applying the 

methods of FAHP and VIKOR to select a new paper recycling plant location. 

With the help of previous studies (e.g., Güler & Yomralıoğlu, 2017; Şengün, 

Siler, & Engin, 2018; Yeşilkaya, 2018; Aydemir-Karadağ, 2019; and İnağ & 

Arıkan, 2020) and experts in this field, main criteria and sub-criteria to be 

used in this study are firstly determined. The proposed hybrid methodology is 

given in Figure 1. 

In Table 1, six main criteria and 14 sub-criteria are given. The scoring 

was made by the expert working in the company considering four alternative 

recycling plant locations. 
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Table 1. Table of main criteria and sub-criteria. 

Main Criteria Sub-Criteria 

Market Demand 

Proximity of markets 

Sales prices 

Labor Workforce level 

Labor wages 

Transportation Easy access 

Transition density 

Distance to Strategic Locations Proximity to industrial zone 

Windbreakers cost 

Climate Conditions Wind domination 

Fire incidents 

Land Space usage 

Proximity to waste 

Road quality 

 

The act of decision-making involves identifying and selecting 

alternatives from a range of options to determine the optimal action to take 

while taking the decision-maker's expectations into account. The diversity of 

criteria used to evaluate the alternatives is the decision-making process's most 

challenging element. MCDM stands for making decisions while dealing with 

multiple criteria. The advantage of MCDM is that it offers a fair assessment of 

how appropriate each alternative is. Additionally, it prevents one component 

from overpowering others (Chatterjee & Chakraborty, 2016).  

AHP is one of the most widely used MCDM methods that use 

pairwise comparison to structurally calculate the weights of criteria and 

priorities of alternatives. Fuzzy sets can be integrated with AHP because 

comparisons based on subjective assessments may be imprecise. In many 

situations where it is necessary to carry out criteria prioritization and 
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alternative selection, FAHP has grown in significance (Sakhardande & 

Gaonkar, 2022). The FAHP uses a triangular fuzzy numbers scale (Chang, 

1996). 

 

Figure 1. The proposed methodology. 

Two well-known MCDM methods, FAHP and VIKOR, are integrated 

in this study. To support the decision-maker, VIKOR concentrates on 

selecting and ranking from a list of feasible alternatives and identifying a 

compromise solution for a problem with conflicting criteria. Based on the 

specific measure of closeness to the ideal solution, it generates the 

compromise ranking list (Chatterjee & Chakraborty, 2016). The fact that 

VIKOR uses linear normalization gives it an edge over other approaches, 

most notably TOPSIS. Thus, the VIKOR normalized values are independent 

of the criteria measurement unit (Eydi, Farughi, & Abdi, 2016). 
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RESULTS AND DISCUSSION 

In this paper, FAHP is used to determine each criterion's weight, and 

the VIKOR method is suggested to prioritize alternatives from best to worst. 

Firstly, comparisons are made for the determined criteria, and a comparison 

matrix is created to show the importance of the criteria relative to each other. 

Comparison values of main criteria (MC) including market (1), labor (2), 

transportation (3), distance to strategic locations (4), climate conditions (5), 

and land (6) are given in Table 2. The most important criteria were 

determined as market (0.35), distance to strategic locations (0.261), climate 

conditions (0.176), land (0.098), labor (0.073), and transportation (0.042), 

respectively.  

Table 2. Comparison values of main criteria (MC). 
MC 1 2 3 4 5 6 

1 (1,1,1) (1,3,5) (3,5,7) (1,3,5) (3,5,7) (1,3,5) 

2 (1/5,1/3,1/1) (1,1,1) (5,7,9) (1/5,1/3,1/1) (1/7,1/5,1/3) (1/9,1/7,1/5) 

3 (1/7,1/5,1/3) (1/9,1/7,1/5) (1,1,1) (1/7,1/5,1/3) (1/5,1/3,1/1) (1/5,1/3,1/1) 

4 (1/5,1/3,1/1) (1,3,5) (3,5,7) (1,1,1) (1,3,5) (3,5,7) 

5 (1/7,1/5,1/3) (3,5,7) (1,3,5) (1/5,1/3,1/1) (1,1,1) (5,7,9) 

6 (1/5,1/3,1/1) (5,7,9) (1,3,5) (1/7,1/5,1/3) (1/9,1/7,1/5) (1,1,1) 

The following is a description of the procedure used in the FAHP 

method. According to the criteria, the problem is defined. After, a comparison 

matrix is created. The chosen matrix is straightforward, supports the 

consistency framework well, gathers additional data that might be needed for 

all possible comparisons, and can examine the overall priority sensitivity for 

changes under consideration. After that, consistency is checked. Then, a 

triangular fuzzy number is set up, and the weight value of the fuzzy vector is 

calculated. Finally, alternatives are ranked and selected. Details about the 

application steps of FAHP can be found in Putra, Andryana, Fauziah, and 

Gunaryati (2018). 

The procedure above is used to calculate the weight of each criterion 

in this study, and the VIKOR method is employed to determine the priority 

order of the alternatives. The steps of VIKOR can be summarized as follows. 

A comparison matrix is created to assess all alternatives based on a number of 
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criteria. The criteria weight vector can be calculated using various techniques 

depending on the weight and importance of various criteria in the decision-

making process. Here FAHP is utilized to determine the weight of criteria. 

Then, the best and worst alternatives are identified for each criterion. The 

distance between alternatives and the ideal solution is calculated, and the 

VIKOR index is computed. Finally, alternatives are ranked, and the best 

alternative is selected. Details about the application steps of VIKOR can be 

found in Eydi et al. (2016). 

The most appropriate alternative plant location was selected from four 

alternative regions. The result of the proposed hybrid FAHP-VIKOR method 

is alternative plant location 2, alternative plant location 1, alternative plant 

location 3, and alternative plant location 4, respectively. Thus, alternative 

plant location 2 is the best when compared with other alternatives. 

CONCLUSION 

FAHP and VIKOR are two of the most comprehensive and practical 

MCDM methods. These methods analyze complex problems, simplify them to 

a manageable size, and then resolve them. In this study, the weights obtained 

as a result of the FAHP are used in the VIKOR method. The selection is made 

from four alternatives. 

Because of the uncertainty, facility location selection is now thought 

to be an extremely challenging topic. It was attempted to reduce this 

uncertainty by applying the FAHP-VIKOR method in the decision-making 

process. FAHP is used to add linguistic variables to the data, ensuring that 

comparison errors are minimized. The hybrid FAHP-VIKOR method will 

make it easier for the decision maker to quantitatively evaluate options in 

accordance with their predetermined criteria. The results of this study showed 

that alternative plant location 2 is the best when compared with other 

alternatives. In future studies, simulation can be applied to convert fuzzy 

numbers to non-fuzzy numbers. Other MCDM methods can be used to 

compare the results of FAHP-VIKOR. 
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INTRODUCTION 

Water is everything for life, and life without water is unthinkable. 

Even though the fact that ¾ of the earth is covered with water gives the 

appearance of abundance of water in the world, the rate of drinkable water is 

only around 0.74%. According to the World Wildlife Fund (WWF) research, 

more than 97% of the water on earth consists of salt water that is not suitable 

for human use. The ratio of potable water to the total amount of water in the 

world is less than 3% and most of this clean water is located in the poles. 

Therefore, the amount of water that can be used by human beings is less than 

1% of the total water in the world. Groundwater ceases to be pure H2O during 

the hydrological cycle and move by adding the substances in the 

environments they pass through. The type and amount of these substances are 

under the influence of many independent factors. Properties of groundwater 

can change depending on climatic conditions and water potentials. Therefore, 

many hydrogeological features such as origin, age, feeding regions, relations 

between rocks can be determined by the results of environmental isotope 

contents of these water sources. 

This study was carried out with the aim of investigating the water 

resources of Büyükkızılcık location in Kahramanmaraş in terms of 

hydrogeochemistry and isotope geochemistry. It was also aimed to examine 

these drinking water resources in terms of water quality parameters and to 

investigate the possible public health effects of these parameters on the people 

living in the region in terms of medical geology. Büyükkızılcık, which is a 

part of Göksun district of Kahramanmaraş province, is 121 km from 

Kahramanmaraş and 33 km from Göksun. The spring waters of Büyükkızılcık 

region are provided from 5 sources called as Esen Village Watery Crack 

Spring (ECS-1), Büyükkızılcık Central Mosque Spring (BMC-2), 

Büyükkızılcık Central Spring (BM-3), Büyükkızılcık Central Healing Water 

spring (AC-4), and Büyükkızılcık Center Village Fountain (BM-5) (Figure 1 

and 2).  
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Figure 1 General view of the research region 

1. MATERIAL AND METHODS  

1.1. Sampling Locations and Geology of the Study Region 

Water samples were collected in different months over a period of 1 

year (dry and rainy seasons) with the aim to evaluate the geological and water 

quality aspects of the drinking water sources of Büyükkızılcık region in 

Kahramanmaraş. Water samples were taken from five different water sources 

called as Esen Village spring (ES-1), Büyükkızılcık central mosque (BMC-2), 

Büyükkızılcık Central Spring (BM-3), Büyükkızılcık Central healing water 

source (AC-4), Büyükkızılcık central village fountain (BM-5) located in 

Büyükkızılcık region (Figure 1). The investigated water resources are located 

on the Elbistan L37–D2 map on the 1/25.000 map, and it is 121 km from 

Kahramanmaraş and 33 km from Göksun district. There are Başüstü and 

Ağcaaçar villages of Afşin district in the east of Büyükkızılcık, which is the 

research region, Turkish Sevin, Ören Stream in the northeast, Kepez, Yazıköy 

in the southeast, Karaömer and Düğünyurdu villages in the south, Yeniyapan, 

Kanlıkavak, Kömür, Esenköy and Kavşut villages in the west. It rests on the 

border of Sarız district of Kayseri province in the north (Figure 3). 

The study region (Büyükkızılcık, Kahramanmaraş) is in the Taurus 

Orogenic Belt (Beyazpirinç 2005). According to its geological features, 

Kahramanmaraş and its surroundings are classified as Orogenic Belt 

(Engizek, Binboğa, Misis-Andırın and Malatya belt), Border Fold Belt, Fold 

Belt and Foreland (Gül 2000). In general, rock assemblages representing the 
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continental crust of the Taurus belt and the oceanic crust of the Neotethys in 

between, which came together due to the closure of the Neotethys ocean 

between the Anatolian plate and the Arabian plate, crop out in the region. 

Büyükkızılcık (Kahramanmaraş) region is located in the Binboğa belt and 

different rock groups are observed together in this region (Figure 4a). 

The basement of the region is represented by these basement 

metamorphic rocks consisting of Yoncayolu (Özgül 1981) and Çayderesi 

formations belonging to the Permian aged Keban-Malatya Unit (Yılmaz et al. 

1993; Yılmaz et al. 1987; Yumun and Kılıç 2002). These Paleozoic aged units 

are also cut by the Paleozoic aged Havcılar Granites (Baydar 1989; Uras and 

Çalışkan 2014). The Yoncayolu formation is mainly composed of alternations 

of gneiss, amphibolite schist and calcschist and contains intercalations of 

marble, recrystallized limestone, phyllite, quartzite and metavolcanite with 

medium thickness foliation in places. The Çayderesi formation, on the other 

hand, mainly includes marble, manganese marble, microcrystalline less 

dolomitic marble and metacarbonate lithologies that can be distinguished as 

lenses between recrystallized limestone and schists. Havcılar granite, on the 

other hand, consists of monzonite, granite and acidic sills and presents a 

folded structure together with metamorphic rocks (Uras and Çalışkan 2014). 

This Paleozoic basement is covered with angular unconformity by the Seske 

formation, which is given an Upper Paleocene-Lower Eocene age by Yılmaz 

et al. (1987). The unit mainly consists of neritic limestone with interbedded 

conglomerate and sandstone. The rocks in this region are side by side with 

dip-slip fault sets in some regions (Figure 1). There are hot water outlets 

associated with these fault zones and carbonation in the country rocks in these 

zones forms the dominant alteration type (Uras and Çalışkan 2014). Uras et al. 

(2018) revealed that hydrothermal alteration types are commonly seen in 

fluorite mineralization associated with fault zones, carbonate-propylitic 

alteration develops, and silicification and sericitization develop in places. 
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Figure 2 View of the Water Resources of Büyükkızılcık Region (ES-1, BMC-2, BM-

3, AC-4, BM-5) 
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Figure 3 Location Map of the Investigated Region 
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Figure 4 a) Tectonic Location of the Study Region According to Gül (2000), b) 

Geological Map of the Region (Ateş et al. modified from 2008) 

1.2.  Hydrogeology of Study Region 

The Mediterranean Eastern Anatolia and Southeastern Anatolia areas 

of Turkey and the Kahramanmaraş Province are the nearest geographical 

neighbors, resulting in three distinct climate conditions in this area. Due to 

their higher elevation, the southern portions of Kahramanmaraş Province are 

thought to have a climate more akin to the "Degenerate Mediterranean 

Climate" than the northern parts of the province, which are thought to have a 

continental climate. Because of this, the research area has hot, dry summers 

while having warm, moist winters. The average amount of precipitation in the 

study region during the months of January through May and October through 

December exceeded 40 millimeters, according to long-term (1970–2012) 

monthly total precipitation records of the Turkish State Meteorological 

Service (TSMS 2017), but it did not exceed 10 millimeters during the months 

of June through September (Figure 5 and 6). However, the research area 

experienced significant precipitation (100 mm) from December through 
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February. As a result, it would seem that the region experiences consistent 

precipitation during the winter, spring, and fall seasons but not during the 

summer. However, according to data from the long-term (1970–2012) 

monthly maximum snow cover depth (TSMS 2017), the study region appears 

to have stayed covered with snow from December through March, with the 

deepest snow cover being attained in the month of February. Due to strong 

tectonic forces, the Yoncayolu formation, which is widely distributed 

throughout the study region and has a rich location in terms of surface waters 

because of the rainy and temperate climate characteristics mentioned above, 

exhibits a strongly jointed and fractured structure. Its structure makes the 

Yoncayolu formation porous in a way that permits surface waters to infiltrate 

deeper into the rock, where they can serve as an appropriate aquifer for 

storing deep infiltrating waters. 

 

 

Figure 5 Change of Monthly Maximum and Total Precipitation Average for Many 

Years in Kahramanmaraş City Center and Its Vicinity, Including Büyükkızılcık 

Location (TSMS 2017)  
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Figure 6 Change of Monthly Total Snow Thickness for Many Years in 

Kahramanmaraş City Center and Its Surroundings, Including Büyükkızılcık Location 

(TSMS 2017)  

1.3. Methods 

Five different water sources—Esen Village Spring (ES-1), 

Büyükkızılcık Central Mosque (BMC-2), Büyükkızılcık Central Spring (BM-

3), Büyükkızılcık Central Healing Water Source (AC-4), and Büyükkızılcık 

Central Village Fountain (BM-5)—were sampled for water in order to assess 

the water quality of the drinking water sources in the study area. During 

sampling, a number of water properties were measured in situ, including 

temperature (Hanna HI 2211 pH/ORP), dissolved oxygen (DO), electrical 

conductivity (EC), and pH. Following that, the samples were transferred to the 

lab and kept there for additional tests in a refrigerator at 4 °C. Over the 

duration of a year, a total of 60 water samples were gathered from these five 

drinking water sources. The ACME Analytical Laboratories (Vancouver, BC, 

Canada) used ion chromatography (IC), inductively coupled plasma mass 

spectrometry (ICP-MS), and ICP-optical emission spectrometry (ICP-OES) 

techniques to analyze the heavy metal and anion-cation content of these 

samples. In the isotope laboratories of the Technical Research and Quality 

Control Department (TAKK) of the General Directorate of State Hydraulic 

Works in Ankara, Turkey, analyses of oxygen-18 (18O), deuterium (2H), and 

tritium (3H) were performed (TRQC-Perkin Elmer QUAN-TULUS 1220). 
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According to established procedures (APHA/AWWA/WEF, 2017), water 

quality analyses were performed in triplicate for each analysis. 

The water samples were initially categorized after the analyses on the 

drinking water sources of the Büyükkızılcık region, and the analytical results 

were compared against each other to establish a correlation between the 

samples and with other factors. The major goals of this chemical 

categorization were to identify the source of the waters, compare the 

concentrations of dominant and total dissolved ions, and establish whether the 

water from the various sources was safe for human consumption. As a result, 

we made an effort to analyze the heavy metal and anion-cation makeup of the 

groundwater samples and explain any anomalies in the measured data. The 

lithological characteristics of the rock units through which these waters flow 

are one of the key elements influencing the quality of water resources in the 

Büyükkızılcık region. As a result, it's crucial to determine the hydro-

geochemical properties of the water sources and to pinpoint the lithological 

units that are in direct contact with them. The association between the 

hydrogeochemical properties of water resources and the hearing loss of the 

local population was also tried to be identified in order to expose the potential 

consequences of drinking water resources on human health.  

2. RESULTS AND DISCUSSIONS 

2.1. Hydrogeochemistry  

In order to assess the quality of the drinking water sources in the 

Büyükkızılcık region, temperature, pH, EC, alkalinity, trace element 

concentrations, anion-cation composition, and metal concentrations 

measurements were made (Table 1). In addition to this, General Quality 

Criteria by Classes of Inland Water Resources were evaluated and shown in 

Table 2. Since the water resources in the Büyükkızılcık region range in 

temperature from 10 to 12°C, they are considered as cold waters. All water 

sources had similar DO% values (2.0-3.0%), however Na+ concentrations 

varied from 2.21 to 14.61 ppm, which is substantially lower than the WHO's 

and WPCR's (Water Pollution Control Regulation) allowed limits of 200 

mg/L and 125 mg/L, respectively. These low Na+ concentrations indicate 

extremely low salt levels in these water sources. The water samples' low EC 

values (150–1300 µs/cm) further corroborate the idea that the water sources 

have extremely low ion concentrations and salinities. The ES-1, BMC-2, BM-

3, and BM-5 spring waters have neutral or slightly basic characteristics, 

whereas the AC-4 source, which is a healing water source, has an acidic 
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character, according to an analysis of the pH values of Büyükkızılcık's water 

sources (pH: 3.23-3.92). Similar to this, Büyükkızılcık's water resources have 

extremely low heavy metal concentrations and are categorized as "very good" 

waters on the Wilcox diagram (Figure 7). According to the US Salinity 

Laboratory diagram, ES-1, BMC-2, BM-3, and AC-4 BM-5 sources are in the 

C2-S1 class, and BM-5 source is in the C3-S1 class (Figure 8). The findings of 

a chemical analysis were used to determine the hydro chemical characteristics 

of the waters in the research region. According to the Piper diagram, ES-1, 

BMC-2, BM-3, and BM-5 are waters containing CaCO3 and MgCO3 with a 

carbonate hardness of more than 50%, or carbonate hardness greater than non-

carbonate hardness, and these waters are located in region 5 of the diagram 

(Piper, 1944) (Figure 9). This means that the non-carbonate hardness of the 

waters is more than 50% with permanent hardness, namely CaSO4 and 

MgSO4 waters. AC-4 is located in region 6. This means that the carbonate 

hardness is more than 50%. These waters are waters containing CaSO4, 

MgSO4, CaCl2, MgCl2. Anion–cation analyzes results of Büyükkızılcık water 

sources are shown in Table 3. The cation ranking of the water sources of ES-

1, BM-3 and BM-5 was found as Ca+2>Mg+2>Na++K+ while, found as Ca+2> 

Na++K+>Mg+2 for the sources of BMC-2 and AC-4. The anion ranking of 

these samples was measured as HCO3
->SO4

-2>Cl-. As a result of the 

examination of water resources according to the Scholler diagram, it was seen 

that they were in the categories of “normal sulfate waters”, “normal chloride 

waters” and “hypo-carbonated waters” on the basis of sulfate, chlorine and 

carbonate-bicarbonate anion concentrations, respectively (Figure 10). 

According to the Turkish Water Pollution Control Regulation (WPCR, 2004) 

and the World Health Organization Drinking Water Standards (WHO 2017), 

these water resources examined in the Büyükkızılcık region are generally 

classified as Class I, while in terms of Mn and Cu parameters, they are Class 

II; It is classified as Class III for CI, DO (%), and EC parameters and as Class 

IV for DO (%), HM (excluding Mn, Al and Cu) parameters. 

The Schoeller diagram is the diagram that gives the carbonate and 

sulfate saturations on the semi-logarithmic diagram (Schoeller, 1967) With 

the help of the Schoeller diagram, it is possible to get an idea about the origin 

of the waters and the formations they come into contact with. Schoeller 

classifies waters according to chloride, sulfate, carbonate amounts, ion-base 

exchange and anion-cation concentration relations. Chloride concentration is 

more important than others. This method, in which main anions and cations 
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are used, is a method preferred by geoscientists. The reason is that these 

diagrams provide an approach to determine whether the studied waters are of 

cognate origin and what type of formations they are in contact with. The 

anion-cation sequences determined in the water samples in the examined 

region are given in Table 1. According to the Scholler diagram, the drinking 

water sources in Büyükkızılcık may be divided into three categories based on 

their chloride, sulfate, and carbonate-bicarbonate concentrations: "normal 

chloride waters," "normal sulfate waters," and "hypo carbonated waters" 

(Figure 10). In addition, it was revealed that ES-1, BMC-2, BM-3 and BM-5 

water sources were fed from the same aquifer, while the AC-4 source was fed 

from a different aquifer. 

Table 1 Geochemistry of the drinking water sources of Büyükkızılcık Region  

Geochemical 

Parameters 

 Water Sources 

ES-1 BMC-2 BM-3 AC-4 BM-5 

Temperature (0C) 10.84±0.99 11.15±0.39 10.15±0.12 9.80±0.82 10.38±0.26 

pH 7.34±0.21 7.55±0.26 7.29±0.29 3.58±0.25 7.12±0.07 

EC (µS/cm) 262.6±23.5 200.2±55.69 152.25±33.88 200.2±55.69 1305.75±39.94 

DO (mg/L) 2.83±1.26 3.0±0.95 3.08±0.90 3.0±0.95 2.83±0.83 

Na+ (ppm) 2.70±0.85 13.15±1.87 2.21±0.52 13.15±1.87 14.61±0.71 

K+ (ppm) 0.65±0.17 26.55±5.34 2.28±0.22 26.55±5.34 2.52±0.25 

Ca+2 (ppm) 81.51±8.25 75.11±1.21 64.54±4.62 21.42±3.53 140.50±30.36 

Mg+2 (ppm) 5.33±0.25 8.52±0.20 5.48±0.28 8.52±0.20 35.27±0.90 

Cl- (ppm) 74.36±1.38 400.58±141.48 2.64±0.70 3.32±0.23 126.84±42.39  

HCO3
- (ppm) 285.16±71.29 390,67±87,37 21.91±2.10 390.67±87.37 442.17±72.18 

SO4
-2 (ppm) 8.69±0.32 24.03±0.27 134.47±6.95 24.03±0.27 78.55±4.05 

Fe+2 (ppb) 10±1.01 10±0.95 10±0.70 11±0.75 11±0.75 

NO3
- (ppm) 16.59±2.15 22.34±1.38 4.64±0.50 2.35±0.21 126.91±0.46 

F-1  (ppb) 50.0±22 150.0±20 20.0±30 1790±120 60.0±20 

Al (ppb)  4.00±0.15 3.00±0.12 6.00±0.18 3144±21.5 2.00±0.10 

Au (ppb) <0.05 <0.05 <0.05 <0.05 <0.05 

As (ppb) 7.50±0.03 7.50±0.02 7.10±0.02 102.20±11.02 0.50±0.12 

Ba (ppb) 12.45±1.15 380.25±15.22 340.23±11.8 400.12±20.5 480.56±12.36 

Total Cr (ppb) 11.30±2.86 13.70±1.35 10.10±1.14 10.80±2.21 10.60±092 
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EC Electrical conductivity, DO dissolved oxygen; *NA: This parameter was 

not assigned 

Table 2 the classification of water sources according to “General quality criteria by 

classes of inland water resources” 

Class of Water 

Quality 

ES-1 BMC-2 BM-3 AC-4 BM-5 

I Temp., 

pH, EC, 

Na+ , Cl-

, SO4
-2, 

Al 

Temp., EC, 

Na+, Al, 

SO4
-2 

Temp., EC, 

Na+, Cl-, Al, 

SO4
-2 

Temp., Mn, 

EC, Na+, 

Cl-, SO4
-2 

Temp., Mn, 

Na+, Cl-, 

SO4
-2, Al 

II Mn, Mn Mn Mn Cu 

III - DO DO, Cl- DO EC 

IV DO, HM 

(except 

Mn, Al) 

DO, HM 

(except Mn, 

Al) 

HM (except 

Mn, Al) 

pH, DO, 

HM (except 

Mn) 

DO, HM 

(except Mn, 

Cu, Al) 

 

Cu (ppb) 0.40±0.86 0.90±0.92 0.40±0.51 3.50±0.99 0.10±0.08 

Hg (ppb) <0.10 <0.10 <0.10 <0.10 <0.10 

Mn (ppb) 1.26±0.06 1.24±0.10 1.02±0.16 0.03±0.01 0.45±0.15 

Ni (ppb) 6.60±1.13 6.60±0.86 6.20±1.09 6.20±1.33 6.20±1.41 

Sn (ppb) <0.05 <0.05 <0.05 <0.05 <0.05 

Pb (ppb) <0.3 <0.3 <0.3 75.6±3.50 <0.3 

Pt (ppb) *NA. *NA. *NA. *NA. *NA. 

Ru (ppb) *NA. *NA. *NA. *NA. *NA. 

Zr (ppb) *NA. *NA. *NA. *NA. *NA. 
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Figure 7 The Wilcox diagram of Büyükkızılcık drinking water sources 
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Figure 8 The U.S. Salinity Laboratory diagram of the drinking water sources of 

Büyükkızılcık 
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Figure 9 Piper diagram of the drinking water sources of Büyükkızılcık region. See 

Fig. 1 and footnote to Table 1 for explanations of the sampling sites/waters 

Table 3 The anion–cation ranking of drinking water sources of Büyükkızılcık  

Sample Cation Ranking Anion Ranking 

ES-1 Ca>Mg>Na+K HCO3
->SO4

-2>Cl- 

BMC-2 Ca>Na+K>Mg  HCO3
->SO4

-2>Cl- 

BM-3 Ca>Mg>Na+K HCO3
->SO4

-2>Cl- 

AC-4 Ca>Na+K>Mg  HCO3
->SO4

-2>Cl- 

BM-5 Ca>Mg>Na+K HCO3
->SO4

-2>Cl- 
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Figure 10 Pie diagram of water resources of Büyükkızılcık region 

2.2. The results of isotopes  

The researched subterranean water resources of Büyükkızılcık's 

aquifer characteristics and water-rock contact time were determined using 

environmental isotope measurements. Tritium (3H), δ18O, and deuterium (δ2H) 

were used as radioisotopes and stable isotopes in these investigations, and the 

data were used to compute the recharge elevation values (Table 4). The results 

obtained were compared with the Global Meteoric Waterline (GMWL) and 

the Mediterranean Waterline (MWL) (Craig 1961). According to these values, 

it was determined that the water resources of Büyükkızılcık region are located 

between the global meteoric water line (GMWL) and the Mediterranean water 

line (MWL). Therefore, it has been concluded that the aquifers forming the 

water resources in the region are fed by meteoric precipitation and the 
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precipitation feeds the aquifer without evaporation. As a result of these 

interpretations, it can be said that the underground waters that feed the water 

resources are formed by the accumulation of precipitation under the ground 

by infiltrating along cracks, fractures and faults, and the stored groundwater 

reaches the earth by rising again along the faults and effective cracks. 

Deuterium excesses were calculated by using the formula of d=δ2H – 8xδ18O 

(Dansgaard 1964). 

Table 4 Results of the δ18O, δ2H, and 3H analyzes 

 

The Global Isotope Network (GNIP) is a value used to characterize 

the evolution of water throughout the hydrological cycle, with a global 

average of 10‰. The d-excess (>10‰) downwind of the eastern 

Mediterranean, which has a dry climate, is also generally high (Gat and Carmi 

1970). High deuterium excess values indicate that marine precipitation is 

dominant, while low values indicate that these values are caused by terrestrial 

precipitation (Kehinde 1993). High deuterium excess points were observed in 

regions where marine rather than terrestrial precipitation are common. It was 

determined that the de range in the waters of Büyükkızılcık region was the 

lowest at 19.88 at BM-5 and the highest at 25.88 at AC-4. Table 4 showed 

Drinking 

water 

sources  

Date 

(dry/rainy 

period) 

Oxygen-18 

δ18 O (‰) 

Deuterium 

δ2H (‰) 

Excess 

value (de) 

(‰) 

Tritium 

(3H) 

ES-1 
August/April 

-11.66/-

10.86 

-66.30/-

67.24 
26.30/19.64 3.72/3.51 

BMC-2 
Sept/April 

-10.01/-

11.11 

-68.56/-

65.42 
23.84/23.46 4.53/3.42 

BM-3 
Sept/April 

-11.46/-

11.56 

-70.01/-

69.74 
21.67/22.74 3.47/3.77 

AC-4 Sept/April -11.55/-

11.59 

-69.30/-

67.44 
23.01/25.88 3.55/3.82 

BM-5 Sept/April -10.99/-

11.49 

-68.04/-

65.47 
19.88/26.45 3.33/3.25 
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that de values of all water resources in the studied Büyükkızılcık region were 

above 10‰, and these water resources were under the influence of marine 

precipitation. By measuring the tritium content of water resources, it is aimed 

to determine the relative age and transition periods of these resources. 

According to the δ18O-Tritium graph, the spring waters of the Büyükkızılcık 

region are short-circulated waters of the same age, fed from low elevations 

(Figure 11a). In addition, BMC-2 spring water has a shallower circulation 

compared to other sources. In order to determine the residence time of the 

groundwater in the aquifer, the tritium values of the water resources were 

examined and it was found that the 3H values in the water resources of the 

Büyükkızılcık location varied between 3.23-3.82. Considering that the waters, 

whose origin is meteoric, have low 3H values due to radioactive decay as the 

circulation path extends underground, it can be said that the contact time of 

the spring waters of the Büyükkızılcık location with the aquifer is quite short 

compared to the low electrical conductivity values with high 3H. 

Tritium is one of the most important naturally or artificially 

radioactive tracers. The bleaching of tritium in precipitation is mainly from 

two sources. The first is the result of a natural event and is formed by the 

bombardment of nitrogen in the atmosphere by neutrons as a result of the 

effect of cosmic rays. The second source is artificial tritium, which has been 

released into the atmosphere as a result of thermonuclear experiments since 

1952. Tritium values are generally used to find the age of waters in 

hydrogeology. Tritium-containing waters are generally young waters with 

transition periods of 5-10 years (Clark and Fritz 1997). The high 3H and low 

Cl- content of the water resources of Büyükkızılcık according to the Cl--3H 

graph showed that these water resources have aquifers fed by young 

groundwater (Figure 11b). According to the relationship between 2H and 3H, 

It was determined that the underground circulation time of the KS-2 source 

was longer than the other water sources (Figure 11c). A high 3H value and a 

low EC value mean that the water-rock interaction of the water source is 

short-lived (<50 years’ residence time) (Carreira et al. 2013). However, 

according to the Deuterium-Tritium relationship, it was determined that the 

circulation time of BM-5 source was slightly longer than other water sources 

(Figure 12d). It can be said that the above-mentioned isotope analysis 

interpretations and the general lithological characteristics of the Yoncayolu 

formation, which is located in the water resources of Büyükkızılcık location, 

are in great harmony. The Yoncayolu formation generally consists of 
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alternations of gneiss, amphibolite schist and calcschist. It also includes 

intercalations of medium thickness foliated marble, recrystallized limestone, 

phyllite, quartzite and metavolcanite. Due to the deformations it has 

undergone until today, the dolomite-dolomitic limestone, clayey limestone 

and quartzite levels in the unit, which has a highly fractured and fractured 

structure, have been reinforced with the effect of metamorphism and become 

more resistant to weathering with water. In addition, it can be said that even if 

the precipitations drain a little lower than the quartzite, it has gained a more 

resistant structure against weathering due to metamorphism and therefore 

cannot remain underground for a long time to dissolve the marbled dolomite-

dolomitic limestone and clayey limestone lithology. 

 

Figure 11 The Relationship Between Isotopes of Drinking Water Sources of 

Büyükkızılcık (a) δ18O-3H; TU relationship, b) Cl-TU relationship, c) (δ2H)–TU 

relationship, d) (EC; S/cm)–TU) relationship 
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2.3. Evaluation of water quality in terms of health 

For human survival to continue, drinking-quality water is essential. 

Changes in water quality can result from both natural and artificial processes 

that occur in nature, some of which harm the water's quality. The 

hydrogeological properties of these water resources and, indirectly, the 

regional geological structure, have a considerable impact on the drinking 

water quality if the water is derived from groundwater and drunk without any 

treatment. Because of this, all across the world, water used for drinking 

reasons must meet a number of standards, regardless of its source. Since there 

is no wastewater mixing, drinking water sources, particularly in rural 

settlements, do not exhibit signs of industrial or anthropogenic pollution. 

These places also lack dense populations, urbanization, or industry. Because 

of this, groundwater is regarded as clean water and is typically consumed 

untreated. However, these streams will include different pollutants like heavy 

metals or arsenic if they have distinct properties because of the rock structure 

or if they are contaminated by different polluting sources like fertilizers, 

pesticides, or domestic wastewater. Metal ions are one of the most significant 

contaminants in water supplies due to their non-biodegradability, propensity 

for toxicity, and capacity to accumulate in the food chain (Githaiga et al. 

2021). By drinking contaminated water, getting into contact with it on their 

skin, eating fish, or consuming crops that have been irrigated with it, humans 

can be exposed to metals in streams. Chronic health effects may result from 

the buildup of these chemical elements at low doses over time (Yuan et al., 

2020). For instance, although cadmium is present in the environment in small 

levels naturally, it has been connected to cancer, hypertension, and anemia 

due to its increased presence in drinking water and other environmental 

factors (Karimi et al. 2020). 

Pollutants in drinking and utility water can cause significant harm, 

especially to children. One of these pollutants is nitrate. Nitrates are a 

colorless, odorless and tasteless compound that can be found especially in 

well water and some groundwater. Nitrate can be represented chemically as 

NO3
+ and NO3-N (nitrate-nitrogen). According to US EPA criteria, its 

maximum level is 10 mg/l NO3-N or 45 mg/L NO3
+ (USEPA 2017). 

Compared to the standard values, the water source called BM-5 in the 

Büyükkızılcık region is above the normal drinking water standard values, 

especially in terms of nitrate. It was previously accepted that nitrate water 

values above this amount are harmful to babies and cause blue baby disease. 
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However, as a result of studies conducted in recent years, it has been 

concluded that it would be wrong to establish a direct link between nitrate in 

drinking water and the development of methemoglobinemia in infants, and 

that nitrate may be one of many factors that may be effective in the formation 

of this disease. The AC-4 water source, on the other hand, is above the 

drinking water standard values in terms of fluorine and sulfate parameters. 

Due to its significance in promoting the growth and development of human 

bones, fluoride in drinking water has also received a lot of attention (Xiao et 

al. 2022). When used sparingly, fluoride reduces tooth decay and strengthens 

bones. Over time, overly high fluoride intake can change how the body 

utilizes calcium and phosphorus, resulting in skeletal fluorosis and calcium 

insufficiency (Hu et al. 2021). The sources of fluoride in water include both 

natural processes (such as the interaction of water with rocks and fluoride-

containing minerals) and human activities (such as the production of glass and 

ceramics, the use of phosphate fertilizer on agricultural land, and coal 

burning) (Ather et al. 2022). As a result of the rapid serious degradation of 

water resources and the associated risks to human health, there is an 

increasing need for enhanced attention to the quality of drinking water. Water 

quality assessments and risk assessments for human health are crucial for the 

national use and protection of water resources as well as for human health 

(Luvhimbi et al. 2022). 

Sulfate mixes with groundwater from gypsum and anhydrite. Sulfur 

compounds are important pollutants with problems such as taste, odor, 

toxicity and corrosion that they form as a result of various reactions. Since 

sodium sulfate and magnesium sulfate have a laxative effect in humans, they 

are limited to an upper limit of 250 mg/L. It was determined that the 

potassium level was high in the BMC-2 water source. High potassium levels 

cause various health problems and threaten health negatively. Potassium 

elevation manifests itself in the human body in the form of fatigue, heart 

rhythm disturbance and vomiting. Potassium, a mineral necessary for bodily 

functions, is effective in the transport of oxygen to the brain and the 

regulation of heart rhythm. People with potassium deficiency experience heart 

rhythm disorders, loss of appetite, a feeling of fatigue, irritability and skin 

deterioration. 

In a separate study we conducted on the drinking water sources in 

Derebogazi Village, Kahramanmaraş City, we discovered that despite the 

water sources in the region meeting drinking water regulations, they contained 
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very low quantities of calcium and magnesium cations (Uras et al. 2015). We 

learned about the locals through interviews and observations that they were 

shorter than average and that osteoporosis was prevalent in particular among 

their fragile bones. Therefore, even if calcium and magnesium are not heavy 

metal ions or other pollutants, consuming the anions and cations found in 

water sources on a regular basis in excess or incomplete form may eventually 

result in a number of health issues. 

CONCLUSIONS 

In this study, the water quality of five different water sources (ES-1, 

BMC-2, BM-3, AC-4 and BM-5) used by the people living in Büyükkızılcık 

region (Kahramanmaraş) as drinking water sources were investigated. The 

lithology of the region revealed a cracked and permeable structure that 

allowed the circulation of water in and within the Permian aged Yoncayolu 

formation. As a result of the evaluation of the chemical analysis results of the 

water samples taken for one year to determine the chemical properties of the 

water resources in the Büyükkızılcık region, ES-1, BMC-2, BM-3, BM-5 

spring waters have the same aquifer lithology and the same origin according 

to the Schoeller diagram, while AC-4 spring water is of different aquifer 

origin. According to chloride, sulphate and carbonate + bicarbonate 

concentrations, these waters were classified as "normal chlorinated, sulphated 

waters”, and “hypo-carbonated waters", respectively. According to the Piper 

diagram, ES-1, BMC-2, BM-3 and BM-5 water sources were classified as 

carbonate hardness more than 50%, while AC-4 source was in the class of 

waters with CaSO4 and MgSO4. According to the Wilcox diagram, ES-1, 

BMC-2, BM-3 and AC-4 sources were found in the C2-S1 water class, 

according to the US Salinity Laboratory diagram, the BM-5 source was in the 

C3-S1 waters class. The 18O-2H graph showed that the aquifers of the water 

resources in the region are fed by meteoric precipitation. High 3H 

concentration, low EC values show that the groundwater of the region has 

short transit times with shallow circulation, and these water resources are in 

the young waters group with their age of < 50 years. According to the Cl-3H 

graph, these waters are in the young waters group in terms of high 3H and low 

Cl contents. According to the pH-EC values, the water resources of the 

Büyükkızılcık region are current waters with shallow circulation. According 

to the EC-3H graph, the contact time of the water resources of Büyükkızılcık 

location with the aquifer is short. It has been observed that there is a great 

agreement between the isotope analyzes and the general lithological features 
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of the Yoncayolu formation, which is located in the water resources of 

Fatmalı-Önsen locality. It has been determined that the water sources of 

Yoncayolu locality water sources are in the very soft water class of the AC-4 

water source, which offers an average of 20 mg/L CaCO3 hardness value on 

an annual basis, in Kahramanmaraş and its surroundings, which generally 

have chalky and hard (10-50 FH) waters. Other sources are included in the 

general hard water characteristics of Kahramanmaraş city. 

When evaluated in terms of medical geology, the AC-4 water source 

in the region was found to be above the normal drinking water standards, 

especially in terms of nitrate and sulfate parameters. It was seen that the 

waters in all regions were in compliance with the TSI 266, WHO and WPCR 

standards in terms of pH, temperature, electrical conductivity, sulfate, nitrate, 

ammonium and nitrite parameters, but the nitrate level was high in the 

Büyükkızılcık central village fountain (BM-5). There is a need for a study on 

nitrate removal in this source. Büyükkızılcık Central healing water spring 

(AC-4) was above the normal drinking water standards in terms of fluorine 

and sulfate. The high level of potassium in the source of the Büyükkızılcık 

central mosque (BMC-2) may cause various health problems and threaten 

health negatively. 
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INTRODUCTION 

As the complexity of networks in distributed environments rapidly 

increases in terms of the number of nodes, their mobility, wireless 

capabilities, heterogeneity of the nodes and so forth, the need for 

communication between the nodes becomes of paramount importance. Having 

strong connectivity among different entities in a network is an important issue 

to make possible for each entity to find one another and form a 

communication link, which does not always refer to a physical link. Service 

Discovery (SD) is the mechanism used for spontaneous discovery and 

dynamic configuration of entities; the entities may be service providers or 

resource entities. This chapter mainly focuses on giving an over of the service 

discovery in distributed environments where mobile agents are deployed, by 

incorporating the concept of clustering into an existing naming system while 

satisfying certain system parameters such as time-sensitivity and depth of 

search. There has been a lot of research work done in this field. Some of the 

existing works are applicable to generic functionality, whereas some are 

application specific. For this reason, an example application is included which 

reflects the kind of environment the SD can be applied to. 

We provide an overview of clustering as well the motivation behind 

it, along with specific system parameters being accommodated. An overview 

of the concept of pervasive computing is given since most of the applications 

have been adapting the ideologies of this area of research. As communication 

among entities forms an essential part of any application, it will be an impetus 

for research on this area. Later, a sample case is presented to show how this 

can be applicable to some more realistic situations which is followed by a 

brief overview on related applications that service discovery can be utilized 

for. 

Concept of clustering 

The entities, which here are mobile agents in each distributed 

environment, should be able to join and leave the network without registering 

and deregistering. Since characteristics of these networks in terms of the 

number of nodes, mobility of nodes, and heterogeneity of nodes keep 

changing; service discovery in such environments becomes even more 

complex. 

Each entity can make a request to find another entity. This request can 

either specify a particular destination or give a complex search query based on 
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attributes, to find a desired destination if such an entity exists. It is important 

to note that the requester would most likely not have any knowledge of the 

destination node. Also, it does not need to be concerned about the requester 

entity to know whether the destination entity exists or what its location would 

be, at the time of the search. The requester only knows what it is looking for 

and nothing further. The system should be able to handle the updates on each 

entity according to the mobility. 

After the request is made, the SD would try to search for a 

destination(s) that matches the attributes specified in the request, if in fact it 

exists in the system. Rather than searching the entire network, if these entities 

were grouped into clusters [1] according to their attributes then the probability 

of a valid search would be higher, since each cluster would know it‟s one-hop 

neighbor. In this concept, valid search does not necessarily mean returning a 

non-empty result query; rather it refers to returning a valid response to give a 

view of the real situation. For example, the desired node might be in the 

network but for some reason the SD might not find it and return an empty 

query. The goal is to make sure that the SD can find the destination if it is in 

the network somewhere, and to decrease the search time. When a search on a 

particular cluster returns an empty result, then the search would be forwarded 

to the next one-hop neighbor rather than arbitrarily looking around the 

network. Because the entities are put into clusters based on their attributes, 

neighboring clusters would contain other entities with similar (or same) 

attributes. This way, the search would be forwarded along the desired route in 

terms of matching the attributes. As expected, if a destination entity exists, 

then the search using the clusters would take less time than searching the 

entire network without any particular direction specified. 

If the requester does not specify the depth of the search, the entire 

network could be searched proceeding from one cluster to another [1]. 

However, if this parameter is given a value as to limit the number of times the 

forwarding actually occurs, then only a given number of clusters would be 

searched. This is pertinent, because as the search gets forwarded to the next 

and the next cluster, the result query might consequently get away from the 

desired attributes in terms of similarity. If the requester is looking for an exact 

match, then this is not an issue. Moreover, if the entire network is searched 

based on similarity, then some node that is not even close to the desired node 

could be returned as a result, which is not the goal. However, if the requester 
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is willing to negotiate to get to an end-node, which is like the desired node, 

then the depth of the search certainly needs to be specified. 

Distributed Environments using Mobile Agents 

Mobile agents are software entities in a distributed environment that 

carry out some set of operations on behalf of their user(s) or other program(s) 

with some degree of interdependence or autonomy and realize a set of goals 

or tasks for which they are designed. There are notable advantages [2] that are 

associated with deploying mobile agents in a distributed environment. Some 

possible benefits are discussed: 

Applications in distributed systems that deploy mobile agents 

transparently use the network resources and the local resources in an efficient 

manner. One of the most important advantages of using mobile agents in a 

distributed environment is the reduction in network traffic. This can be 

attributed to the fact that code occupies less space than the related data. 

Mobile agents process data at the data source, rather than fetching it remotely. 

Since mobile agents are transferred to the sources of data, this leads to less 

traffic generated as compared to the case if the entire data itself were 

transferred [2]. 

Mobile agents also facilitate asynchronous communication between 

the nodes in an autonomous fashion. Tasks can be delegated to the mobile 

agents and be performed even if the delegating node becomes inactive at a 

later stage. In cases of failures in the functioning of the distributed system, the 

mobile agents can also help in providing mechanisms for fault tolerance [2]. 

This is accomplished by making the mobile agents increase the availability of 

certain agent-based services that can cater to the detection and correction of 

the faults that may occur in the system. 

Mobile agents, when used in a distributed system, need to reside on 

limited number of nodes (one usually) at a given instant of time. This is a 

better approach than the traditional static server based approach where 

duplication of functionality was a necessity. Since mobile agents include the 

functionality within them, the need for duplication is greatly reduced. 

Moreover, the CPU consumption is also lowered. This leads to more efficient 

resource consumption [2] of the distributed system. 

Mobile agents provide good support for the mobile clients, since the 

mobile client can make an agent-request, possibly when disconnected, launch 
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the agent during a brief intermittent connection session, and then get 

disconnected again. The responses may be collected in an analogous manner 

[3]. 

Another benefit of employing mobile agents is the secure frameworks 

they provide for communication. Mobile agents usually carry the user 

credentials along while they travel in a distributed system, and these 

credentials can be authenticated on execution at every node of the system [4]. 

There exist several effective encryption schemes that have been particularly 

devised for agent-based communication. 

Observably, the restricted network resources in a distributed system 

like limited bandwidth, error-prone communication channels, portable 

devices, mobile clients, and so forth, are economically utilized by making use 

of mobile agents. 

What is Pervasive Computing 

The idea of pervasive computing was put forth by Mark Weiser in 

1991, who described it as ubiquitous computing [5]—an environment which 

contains computing and communication capabilities and is integrated with the 

users, to the point of being ever-present. Some important issues related to the 

idea of pervasive computing environments, which have been described in 

greater detail in [6], are discussed in this section. 

The notion of omnipresence merged with invisibility of the 

computing power is the key idea behind this area of research. It is believed 

that the user should be unaware of the computing environment that itself 

should be capable enough to sense the demands of the user and respond to 

them in an appropriate fashion. This leads to the idea of using smart spaces 

[6], which can be embedded with computing infrastructure. 

Another key idea is the ability of the pervasive computing 

environment to hide the effects of transition from one sub-environment to the 

other, from the mobile user. The diverse sub-environments can be built on top 

of different underlying models. The idea is to mask [6] these variations that 

may otherwise seriously affect the seamless functioning of the infrastructure. 

Two important ideas are proactivity and transparency—which are 

interdependent and enhance the capacity of the environment to actively 

interact with the user. Proactivity refers to automatically regulating the 

behavior of the environment based on needs or intentions or tolerance of the 
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user. But proactive nature of an environment can be overbearing to the user in 

either of the two cases: when the user does not actually need the fine-tuning of 

the resources in specific circumstances and when the user needs the resources 

to be fine-tuned but the frequency of the proactive responses of the 

environment is too high. The solutions to the problems encountered in each of 

the two cases mentioned above are tracking the intentions, needs, and 

tolerance of the user and incorporating transparency in the environment. The 

key is to make the pervasive environment context-aware [6]. This means that 

it must have knowledge of the user‟s past behavior, and the proactive 

responses must be made based on this context of the user. This context can be 

made of attributes like the location, state, history, and behavioral patterns of 

the user. 

There are, however, complicated security and privacy issues that may 

arise owing to the environments‟ knowledge about the users‟ contexts. The 

trust between the user and the environment must be mutual and both need to 

be mutually dependent to get the desired optimum results. 

The hardware resources in such an environment have higher demands 

for processing power, portability, and battery capacity. The ideas of energy-

aware adaptation [6] and the various QoS schemes need to be augmented 

further. New distributed software paradigms need to be devised and the 

existing ones need to be improved further to incorporate the idea of 

pervasiveness. 

Pervasive computing, per se, is increasingly becoming an important 

area of research that will revolutionize the ways in which computing has been 

used. Human-computer interaction, distributed components-based software 

design, artificial intelligence, wearable computing, portable mobile wireless 

devices, embedded computing systems-these are some of the other areas of 

research that are playing a pivotal role in the development of pervasive 

environments. This concept is also becoming widely used in distributed 

system such as the ones mentioned in the previous section. 

Sample Applications 

There exist a multitude of applications that service discovery could be 

applied to, ranging from systems used in academia, business, e-commerce, 

health, military and so forth. Especially with the rapid demand of Internet-

based applications such as real-time multimedia portable device usage, cell 

phones, PDAs, tablets, and laptops; the areas related to wireless and mobile 
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networks have received much research interest. The complexity of the 

problems also has increased. As the intricacies involved in wireless networks: 

mobility, heterogeneity, and complexity of queries used - keep on extending, 

it becomes harder to handle service discovery in such environments where 

spontaneous and dynamic service providing is the goal. Finding the services 

(or entities) in each system used to be just based on IP address, however more 

complex queries are being implemented to find specific entities in more 

complex environments. 

Sample Case 

There are many applications that SD can be applied to, one of which 

is cited here as an example to show how a specific real-life situation can be 

used in an application system that utilizes service discovery. We consider a 

Crisis Management System (CMS) which can be any generic system used for 

managing contingencies ranging from natural disasters to vehicle accidents. It 

is important to note that the applications, or cases can be different depending 

on many factors such as time, place, severity, scope, and so on; however, 

given the environment and the CMS system, SD should be able to be applied 

despite the specific requirements. Thus, the case discussed next can be 

considered a demo to show how the system should be able to function in a 

particular case. 

There are various contingency situations that can occur frequently all 

over the world, each requiring some kind of crisis management. Since some of 

them are more costly both emotionally and financially, this highlights the 

importance of development of a system that would handle majority of these 

cases. There should be a consideration on giving weightage to a set of given 

parameters such as having less user interaction, more timely response, higher 

rate of success which could translate into certain parameters such as time-

sensitivity for SD. 

There are on an average forty-two thousand deaths per year, twenty 

thousand of them being on site of the incident and rest in hospitals due to the 

auto accidents. It is reported that two hundred and sixty thousands of these are 

critical, five hundred thousand are hospital cases and two million are 

disability cases [7]. Financial costs incurred are also huge as the numbers 

follow: hundred billion dollars economically and three hundred and twenty-

five billion dollars on comprehensive costs [7]. The statistics show very 

clearly that auto accidents hold a large portion of the crisis cases. Any vehicle 
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accident would be quite damaging as it is seen from the numbers as well. For 

this reason, an example of a train accident is given as an example in this 

context. 

When CMS monitors trains to detect a crash happening, the 

identification and locating of the crash victims in a timely fashion would be 

the main goal as it could be seen in any other crisis situation such as natural 

disasters. The time factor is very important in any kind of crisis because it 

would make a difference on how successful the recovery can be. This puts a 

constraint on SD as well, since finding an entity in a timely fashion becomes 

essential. Next step would be to pass along the specific information regarding 

the passengers. To do this, the entity would need to find another entity which 

most likely could be an ambulance considering the situation. 

A device is assumed to have been installed inside the train, perhaps in 

certain parts such as the beginning of the train, few points in the middle and 

towards the end of it. The device is assumed to contain a cell phone, crash 

sensor, GPS receiver, cell phone modem, and digital signal processor [7]. 

Since a cell phone would create an agent to place a call to an emergency 

operator and this agent would give service advertisement specifying what it is 

and what provides to become an active member in the distributed 

environment. If this does not go through, then the agent will try to form a 

communication with any other external entity. At this point, the agent would 

make a request to send a message to some entity that it does not know the 

location of, or even the knowledge of existence of such external entity may be 

unknown. Since the time taken for a successful search is very important, if SD 

does not return a result for the given query in a specific maximum threshold 

value, then the request would be made to a different server. 

Even after the ambulance arrives, there can be a further need for SD. 

For instance, the ambulance might be looking for the nearest hospital that has 

a certain emergency unit to handle a specific injury. If the result returned 

contains multiple entries, then the requester might make a choice based on 

more specific query such as finding a facility with vacancy. This might be 

more important than finding one that is nearby but cannot handle the number 

of victims being transported. This is exactly why SD is used to look for a 

specific entity given an increasing number of complex queries depending on 

the situation. The entity being sought might also be mobile, in which case the 

process of locating it may become more complex. 
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Incorporating the idea of adding more sensors in the train to detect 

certain details as to how many passengers are on board could be part of 

extensions to provide SD for more specific queries. It becomes imperative to 

find possible solutions to improve the success probability of finding the right 

service using the SD. 

There are various research projects being currently done for similar 

applications, in both academia and industry. Some of these are more 

application specific then others however in the essence of the base models are 

along the same lines. Some previous works related to different research 

projects include “Oxygen” at MIT, [8] “Portolano” at University of 

Washington, [9] “PIMA” at IBM T.J. Watson, [10] “Ninja” at UC Berkeley, 

[11] and “Aura” [12] at Carnegie Mellon University. 

CONCLUSION 

Service discovery will be a very important and critical feature of the 

future ubiquitous and distributed computing [6] scenarios. Discovery is used 

to refer to the mechanism of entities (and not simply the discovery services) 

discovering other entities and being discovered by the other entities over a 

network. A discovery service may be employed for lookup purposes - on the 

contrary, most of the lookup services do not support discovery. At base, 

clients must find relevant services, including sufficient information to 

establish contact and obtain service. There have been attempts to build 

architectures for service discovery, to be employed in the ubiquitous or 

pervasive environments. Performing service discovery using clustering with 

mobile agents is estimated to become an important part of distributed 

environments where time-sensitivity of processing is an integral part of the 

requirements.  
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INTRODUCTION 

At present, most of the on-road vehicles and sea vessels are driven 

via use of diesel engines thanks to high efficiency and reliable operation. 

Many analysts predict that diesel engines will still be widely utilized in 

highway and maritime transportation in the coming future [Santos et al. 

(2021)]. There is an undeniable rising trend in electric on-road 

vehicles, however, internal combustion engines are expected to achieve 

50% brake thermal efficiency target in the near future and thus, will have a 

sound place for highway and sea transport [Conway et al. (2021)]. Despite 

that high efficiency goal, diesel engines are currently faced with some 

strict regulations on exhaust-out pollutant rates that engine producers 

try to overcome [Dieselnet, China standards (2023)]. Automotive vehicles 

in the US are forced to perform with almost zero tailpipe NOx and PM 

rates due to stringent EPA standards [Dieselnet, US standards (2023)]. It 

is vividly shown in Figure 1 that there is a certain tightening demand for 

heavy-duty (HD) vehicles to minimize NOx and PM rates for the past thirty 

years in the United States [Gerald Liu & Munnannur (2020)]. 

Figure 1: Progress of emission norms for HD diesel vehicles in the United States 

[Gerald Liu & Munnannur (2020)] 

Considering those tightening emission norms in Figure 1, engine 

manufacturers are in an ongoing search to limit particularly NOx and PM rates 

[Fayyazbakhsh et al. (2022)]. One reliable and proven method applied by 

engine manufacturers is exhaust gas recirculation (EGR) [Wei et al. (2012)]. 
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All exhaust gas is not discharged into the environment; some adjusted part of 

the flow is channeled back to engine cylinders to achieve low temperature, low 

oxygen medium and thus, low NOx rates in that strategy [Agarwal et al. 

(2011)]. In addition to EGR, some alternative fuels are widely used to reduce 

harmful pollutants in internal combustion engines [Noor et al. (2018)]. Diesel 

engines in ships are expected to decrease emission rates in the future via use of 

either liquefied natural gas (LNG), biodiesel, hydrogen or blended ratios of 

those with marine diesel fuel [Dos Santos et al. (2022)]. Those alternative fuels 

are also examined by researchers in modern on-road vehicles to meet stringent 

environmental regulations [Jeyaseelan et al. (2022), Zhang et al. (2022), Truong 

et al. (2021)]. Some recent innovative combustion techniques are considerably 

helpful to curb diesel emission rates as well [Krishnamoorthi et al. (2019), 

Singh et al. (2020), Pachiannan et al. (2019)]. Removing combustion-based 

engines and producing the driving power through high capacity batteries in 

vehicles is another rising trend to cut down on the emission rates [Hoekstra 

(2019), Andre et al. (2020)]. It is undeniable that electric or hybrid vehicles 

reduce harmful pollutants, however, they are also faced with some of the 

significant challenges such as high cost, incomplete infrastructure, heavy 

propulsion systems, long charging time and limited range, which need to be 

considered [Scrosati et al. (2015)]. Those disadvantages are not valid for current 

diesel or gasoline-fueled vehicles. Therefore, electric vehicles are not seen as a 

certain alternative for those vehicles at least in the near future. 

The emission reduction potential of upper-techniques cannot be 

underestimated. In fact, EGR is one of the must-have methods for modern 

diesel engine systems to lower the NOx rates [Thangaraja & Kannan (2016)]. 

However, those strategies alone are unable to keep tailpipe emission rates 

below a certain level at all vehicle operation cases. Therefore, engine producers 

generally require exhaust after-treatment (EAT) systems in highway vehicles 

and ships to ensure sufficiently reduced emission rates [Xu et al. (2023)]. EAT 

systems are generally located very close to the turbocharger in an engine 

system. Those systems are built to filter the harmful pollutants at turbo-exit and 

then allow cleaned exhaust flow into the atmosphere. The whole EAT unit is 

normally made up of three basic sub-units as indicated in Figure 2: Diesel 

Oxidation Catalyst (DOC), Diesel Particulate Filter (DPF) and finally, 

Selective Catalytic Reduction (SCR), placed in sequence from the turbo-outlet 

to the atmosphere-outlet [Soleimani et al. (2018)].  
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Figure 2: The layout of a modern automotive EAT system [Soleimani et al. (2018)] 

Each subunit in Figure 2 has a distinctive aim to lower engine-out 

emission rates. DOC is mainly put in the system to control the unburned 

hydrocarbons (UHCs) and also carbon monoxide (CO) [Martinovic et al. 

(2021)]. DOC alone cannot deal with the PM rates. Therefore, DPF is used 

generally between DOC and SCR in EAT systems. DPF subunit is able to 

accumulate the soot particles via its particularly designed filter and then oxidize 

those particles through regeneration processes mostly before the PM overflows 

inside the unit [Zhang et al. (2023)]. Until the outlet of DPF, NOx is not 

thoroughly reduced in the EAT system. At this point, at DPF-exit, SCR is the 

paramount element to minimize the NOx rates. As demonstrated in Figure 2, 

there is a noticeable difference in NOx rates between the entrance and exit of 

SCR subunit. This is achieved through some complex chemical processes 

inside the system which requires the injection of some amount of ammonia 

(NH3) on to the exhaust flow right before the inlet of the SCR subunit 

[Gabrielsson (2004)]. Ammonia slip catalyst (ASC) shown at the exit of SCR 

in Figure 2 is responsible to convert the leftover NH3 into non-hazardous 

nitrogen and water [Jablonska & Palkovits (2016)]. 

Catalytic converters are highly effective to reduce undesirable emission 

rates of NOx, UHCs and PM. However, those devices cannot perform with their 

full potential at all highway or marine cruise conditions. For an effective 

filtering of harmful pollutants, their inner catalysts should mostly be maintained 

above 250oC. As indicated on Figure 3 below, there is a sudden decline in NOx 

conversion efficiency of catalysts, particularly under 250oC, in different SCR 

systems [Castagnola et al. (2011)]. Therefore, EAT systems at those low 

temperature conditions are unavailable to minimize emission rates satisfactorily 

[Vignesh & Ashok (2020), Feng et al. (2022), Wardana & Lim (2022)]. 
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Figure 3: Change of NOx conversion efficiency of Cu and Fe SCR along inlet gas 

temperature [Castagnola et al. 2011] 

EAT inlet temperature is normally determined in diesel vehicles via the 

hotness of exhaust temperatures. When the engine-out temperature is not 

sustained above 250oC, there is an unavoidable impairment in effectiveness of 

SCR systems, as shown explicitly in Figure 3. The problem with diesel vehicles 

is that they do not always work at high speeds which does not allow fuel-to-air 

ratio (FAR) to be kept at high levels. Therefore, at low-to-moderate speeds and 

loads, particularly during urban transport, FAR reduces to low levels and thus, 

causes cold exhaust temperature (below 250oC) and EAT systems with low 

conversion capacity. If the automotive vehicles are not equipped with a special 

warm-up device – a burner, a reformer, an electrical heater or a heat storage 

device – close to the engine system [Zavala et al. (2023), Jean & Goncalves 

(2023), Hamedi et al. (2019), Lee et al. (2014)], management of the exhaust 

thermal energy remains as the single measure to improve the diesel EAT units 

[Shuzhan et al. (2017), Basaran (2019), Wu et al. (2021)]. Control of engine 

valve timings is one of the recent and proven techniques to enhance thermal 

energy at EAT inlet [Joshi et al. (2022), Basaran & Ozsoysal (2017), Basaran 

(2020), Basaran (2021), Munnannur et al. (2022)]. Passivation of some of the 

cylinders is another reliable method for the same purpose [Hushion et al. 

(2022), Basaran (2018)]. In addition to cylinder deactivation, post-fuel injection 

is found to be rather useful to acquire high temperature at engine outlet in some 

recent works [Wang et al. (2022), Nie et al. (2022)]. There is also an attempt to 

apply multiple inner-engine methods to improve catalytic converter 

effectiveness [Guan et al. (2020), Basaran (2022)]. Those aforementioned 

efforts provide significant gains for after-treatment thermal management. 
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However, they mostly necessitate high fuel inefficiency [Honardar et al. 

(2011)]. Thus, the search for increased engine-out temperature via either inner-

engine strategies or engine-independent methods such as electrical heating, 

after-burners or phase-change materials continues [Hu et al. (2023)]. The 

improvements achieved via those advanced methods can enable high-

performance EAT and minimized NOx and PM rates in automotive and marine 

vessels. 

This study intends to enhance diesel EAT unit heat up through 

simultaneous implementation of late exhaust valve opening (LEVO) and early 

exhaust valve closure (EEVC). Actuating valve timing is significant to control 

engine efficiency, undesirable losses, in-cylinder airflow and exhaust 

temperature at the entrance of the EAT unit. LEVO and EEVC are two reliable 

applications of that actuation which succeed to sustain exhaust temperature 

above 250oC and thus, prevent the possible impairment of EAT operation. 

However, it is technically highly difficult to maintain multiple variable valve 

timing (VVT) operation in a real engine system which certainly needs to be 

considered by engine producers. 

1. METHODOLOGY

In this study, an engine-dependent method is applied on a diesel engine 

model to increase the EAT-inlet temperature. VVT is generally technically 

difficult to apply on an automotive engine system. However, it is found to be 

noticeably useful to control exhaust temperatures in compression-ignition 

engines [Arnau et al. (2021)]. This analysis concentrates on the combination of 

two effective VVT cases: LEVO and EEVC. The implementation of those 

strategies is demonstrated in various Figures on the following subsections.  

1.1. Engine Specifications and Model

Engine model specifications for diesel exhaust heat management are 

given in Table 1. Those kinds of engines are widely used in urban buses, shuttle 

vehicles or in relatively small sea vessels which have routes close to the shore. 

As mentioned earlier, those inner-city transport vehicles mostly face with low-

speed, low-load navigations during urban traffic. The performance point in 

Table 1 can be considered as a low-loaded case for a heavy-duty vehicle. At 

1200 RPM, with a relatively low load, 2.5 bar BMEP, temperature at EAT inlet 

remains at a cold level (Texhaust < 250oC). That low-temperature medium mostly 

does not enable an effective filtering of the pollutants in the EAT system. 
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Table 1: Engine Specifications. 

Model Four-stroke heavy-duty diesel 

engine 

Air intake Turbocharged 

Bore (mm) 107 

Stroke (mm) 124 

Compression ratio 17.3:0 

Exhaust valve opening 20oCA BBDC 

Exhaust valve closure 20oCA ATDC 

Intake valve opening 20oCA BTDC 

Intake valve closure 25oCA ABDC 

Cylinder firing order 1-5-3-6-2-4 

Calorific value of the fuel 

(kJ/kg) 

42700 

Operating speed and load 1200 RPM and 2.5 bar BMEP 

The model of the engine system with properties used in the upper Table 

is indicated in Figure 4 [Lotus engine simulation (2020)]. The detailed layout 

of the model is presented in this plot. This analysis is achieved through using 

the model developed in former studies [Basaran & Ozsoysal (2017), Basaran 

(2020)]. Therefore, detailed mathematical analysis are given in those 

aforementioned references. In Ref. [Basaran (2020)], it is found that LEVO is 

a reasonable technique to boost EAT inlet temperature. However, the fuel 

penalty is so high (over 20%) that there is almost no room for practical 

application of LEVO. Therefore, in this follow-up work, the focus is to limit 

fuel penalty through combining LEVO with EEVC and achieve a practical 

method. Overall, proper exhaust valve lift modulation is addressed to reduce 

fuel consumption penalty.  
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Figure 4: Detailed model of the diesel engine system 

1.2. IEGR via EEVC Method 

One reliable approach to elevate the gas temperature before the inlet of 

a catalytic converter system is to enable internal EGR (IEGR) in an engine 

system. Although there are some different methods such as negative valve 

overlap, exhaust valve reopening during intake stroke or exhaust valve phase 

shift to achieve this process, the easiest way is to modulate exhaust valve 

closure timing as shown in Figure 5. EEVC is maintained through advancing 

the exhaust closure alone in the system. Figure 5 points out explicitly that no 

other valve timing is actuated, all remain constant as EVC is swept through top 

dead center (TDC) and even beyond that. EEVC stops the exhaust discharge 

earlier than the nominal timing, 20oCA after top dead center (ATDC), stated in 

Table 1 since it shortens the total opening duration of exhaust port in the system. 

Thus, some hot in-cylinder flow is not allowed to leave the system and mixed 

with the fresh flow of the next cycle. The analysis considers 8 consecutive steps 

seen in Table 2. EVC is moved backward until it is kept at 20oCA before top 

dead center (BTDC). 
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Figure 5: The application of EEVC method in the system 

1.3. Combined LEVO+EEVC Method 

In this section, LEVO and EEVC are coupled with the aim of boosting 

the EAT unit performance. While EEVC is the process of contracting the valve 

lift area from right to left, LEVO is the opposite. As vividly shown in Figure 6, 

LEVO tends to contract the opening duration from left to right. In other words, 

in LEVO mode, exhaust opening approaches TDC.  

Unlike nominal mode, 20oCA before bottom dead center (BBDC) in 

Table 1, EVO in LEVO mode is far from the BDC and much closer to the end 

of the cycle. In LEVO+EEVC combined mode in Figure 6, intake valve lift 

form keeps its base condition. Similar to EEVC, LEVO has eight steps in Table 

2 as this mode needs high EVO delay to attain exhaust temperature above 

250oC. Unlike LEVO, LEVO+EEVC combined mode needs seven steps in 

Table 2 since this new mode requires lower EVO delay to achieve 250oC at 

EAT inlet. 
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Figure 6: The application of Combined LEVO+EEVC in the system 

Table 2: Main steps of different VVT methods. 

Inner-

engine 

Method 

MAIN STEPS 

1st 2nd 3rd 4th 5th 6th 7th 8th 

EEVC (oCA 

ATDC) 

15 10 5 0 -5 -10 -15 -20

LEVO (oCA 

ABDC) 

7.5 -5 -17.5 -30 -42.5 -55 -65 -72.5

EEVC (oCA 

ATDC) 

+ 

LEVO (oCA 

ABDC) 

15 

+ 

10 

10 

+ 

0 

5 

+ 

-10

0 

+ 

-20

-5

+ 

-30

-10

+

-40

-15

+

-45

2. RESULTS AND DISCUSSION

The impact of LEVO, EEVC and LEVO+EEVC combined method on 

diesel performance is explicitly examined in this part of the work. The 

numerical analysis attempts to obtain the heat rise potential of the 

aforementioned modes on exhaust unit. 
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2.1. Effect of LEVO Timing on the System 

LEVO is primarily investigated in this section with the goal of rising 

temperature around the inlet of the EAT unit. Figure 7 below shows the effect 

of LEVO on exhaust temperature and air-to-fuel ratio (AFR).  

 

Figure 7: The impact of LEVO on exhaust temperature and AFR 

As EVO is maintained further from the starting position, exhaust 

temperature is elevated consistently until its extreme mode of 72.5oCA ABDC. 

At low-retarded LEVO points, there is not a dramatic rise in temperature. 

However, at moderate and aggressive-retarded cases, the rise certainly speeds 

up. The LEVO mode succeeds to keep temperature over 250oC, however, it 

needs a noticeable delay of exhaust opening which is hard to control. As the 

temperature change is compared with AFR in Figure 7, it is seen that AFR has 

a definite role in detecting and controlling the engine-out temperature. It is 

demonstrated in several former studies that high exhaust temperatures require 

low AFR in diesel engine systems [Shuzhan et al. (2017), Hushion et al. (2022), 

Basaran & Ozsoysal (2017)]. Similar to those works, LEVO also results in a 

decline in AFR in Figure 7. Air-to-fuel ratio decreases from 58 at nominal mode 

to almost down to 51 at the highest delayed LEVO mode. AFR is normally 

altered via modulating either the airflow or fuel flow in a compression-ignition 

engine system. Change in airflow is mostly subject to actuation of intake valves 

which are fixed in LEVO mode. Thus, it is not considered as the primary reason 

why AFR goes down in Figure 7. Unlike airflow, fuel flow is closely related to 

exhaust valve design modifications. As illustrated in Figure 8, brake specific 

fuel consumption (BSFC) rises rapidly as exhaust valve continues to open in 
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later timings. Therefore, the main reason for low AFR in Figure 7 is due to the 

fuel penalty the system suffers in Figure 8. 

Figure 8: The impact of LEVO on pumping loss and fuel consumption 

It is typically for diesel engines to have fuel penalty when especially 

the aim is to accelerate the exhaust heat [Honardar et al. (2011)]. In fact, exhaust 

heat is considered as the waste heat since it is one of the main terms of losses 

in both diesel and gasoline engines. Far from increasing the waste heat, it is 

often desirable to reduce it or at least reuse it to produce more work in highway 

vehicles [Hu et al. (2023)]. Similar to those previous works, LEVO leads to fuel 

inefficiency in Figure 8. That extra fuel requirement can be partially attributed 

to the increased pumping loss in the system. As EVO is delayed particularly 

further from the BDC, the piston starts to compress the in-cylinder gas, creating 

high in-cylinder pressure and thus, high IMEPpumping in the cycle. Overall, it can 

be derived that the stricter the LEVO is applied, the more substantial the 

pumping loss is and the greater the fuel energy required by the system to 

overcome the loss and keep engine load constant at 2.5 bar BMEP. 

The unavoidable inefficiency incurred due to LEVO in the engine 

model can also be shown in Figure 9. Similar to Figure 8, thermal efficiency of 

the system goes through a serious reduction along the LEVO application. At 

baseline, the efficiency is maintained above 28%, whereas at the latest EVO 

timing it can barely pass 24%. Needless to say, that is a notable degradation 

and a serious drawback for LEVO. 
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Figure 9: The impact of LEVO on IMEPpower and brake thermal efficiency 

Thermal efficiency worsens in Figure 9 since despite more fuel is 

utilized, engine load remains fixed. At constant speed, load can be regarded as 

the power capacity of the engine at hand. There is generally an anticipation to 

produce more power via higher fuel injection. However, as stated earlier, that 

excess fuel is used to offset the high pumping loss in Figure 8. Therefore, 

although the indicated power potential of the diesel engine – IMEPpower – 

elevates in Figure 9, engine load does not rise. That additional energy partially 

compensates the extra loss due to IMEPpumping and also partially improves the 

exhaust temperature and heat as indicated in Figure 7. 

Effect of LEVO on BSFC is critical. However, its effect on engine inlet 

& outlet flow rates is also crucial when an engine designer concentrates on the 

EAT heat-up process. Figure 10 displays the behavior of volumetric efficiency 

(ηvol) and exhaust flow rate as EVO is actuated in the model. LEVO seems to 

affect not only the temperature, as in Figure 7, but also flow rate of exhaust, as 

in Figure 10. 
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Figure 10: The impact of LEVO on volumetric efficiency and exhaust flow rate 

The first impression from the plot above is that those two engine 

parameters go hand in hand. Whenever ηvol decreases, exhaust flow rate is 

reduced as well. As ηvol boosts, higher exhaust rate is observed in the model. 

The reason for low exhaust rates at slightly retarded EVO timings is that in-

cylinder gas has shorter time to leave the cylinder and low engine-out flow 

causes lower expansion work in the turbocharger and thus, lower ηvol in Figure 

10. On the other hand, as EVO is moderately or extremely delayed, exhaust rate

climbs up due to the piston compressing the gas towards the TDC in the system.

High exhaust rate leads to high turbocharger work and thus, high ηvol in Figure

10. Those increased ηvol and improved exhaust rates are favorable for rapid EAT

warm up as the heat transfer from the outlet gas to DOC, DPF or SCR unit is

conditional not only to temperature but also mass flow rate.

LEVO has a certain potential to yield optimum exhaust temperature 

and thus, high performance EAT units. However, it also owns a serious 

shortcoming – unacceptable inflation in fuel demand – as demonstrated in 

Figure 8 and Figure 9. As such, it is combined with EEVC in the following 

section to limit that high demand into acceptable levels.  

2.2. Effect of Combined LEVO+EEVC on the System 

LEVO-alone is found to be impractical in section 2.1. Thus, the co-

application of LEVO and EEVC with the methodology mentioned in Figure 6 

& Table 2 is proposed as a strategy with a low fuel penalty in this section. The 

impact of LEVO, EEVC and LEVO+EEVC combined techniques on BSFC and 

exhaust temperature is compared in Figure 11. 



Systematic Investigations for Industrial Development | 70 

Figure 11: The potential of LEVO, EEVC and LEVO+EEVC combined methods on 

exhaust temperature rise considering the engine fuel penalty 

The negative effect due to LEVO stands out among all methods in 

Figure 11. The fuel penalty the engine faces in LEVO-alone mode is much 

greater than that in EEVC-alone and LEVO+EEVC combined modes. 

Moderate use of LEVO in LEVO-alone mode is helpful to keep fuel penalty at 

a low level. However, in that case, the temperature rise is highly inadequate 

(much below 250oC) to sustain effective after-treatment in diesel exhaust 

system. In contrast, EEVC-alone method requires the lowest fuel inefficiency 

in Figure 11. That stems from the fact that EEVC causes IEGR and decreases 

the engine ηvol, which denotes that there is lower mass to be heated inside the 

cylinders. That decreased in-cylinder mass is the advantage of EEVC mode for 

the fast temperature rise in Figure 11. As indicated earlier in Figure 10, LEVO 

is prone to raise the exhaust rate in the system. Unlike EEVC, that positive 

effect on mass flow rate is actually the reason why LEVO forces the engine 

system to consume the greatest amount of fuel to achieve 250oC in Figure 11. 

The LEVO+EEVC combined mode is different from both EEVC-alone 

and LEVO-alone modes in Figure 11. It is definitely advantageous compared 

to LEVO-alone method as it improves BSFC from as high as 350 g/kWh to 

almost 320 g/kWh. The reduced fuel penalty is obtained due to the use of IEGR 

in this mode. As shown in Figure 12, this moderate use of EEVC in combined 
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mode incurs relatively low exhaust rates which are not as evident as the ones 

calculated in EEVC-alone mode. This relatively diminished in-cylinder mass 

and also lower delay of EVO compared to LEVO-alone mode in Table 2 enable 

this new combined mode to realize the similar temperature boost in Figure 11. 

Figure 12: Change of exhaust flow rate in LEVO, EEVC and LEVO+EEVC 

combined methods considering the fuel penalty 

LEVO-alone is seen to be the most beneficial for after-treatment warm 

up in Figure 12 as it enhances exhaust rates which none of other techniques is 

able to carry out in the analysis. However, high fuel penalty does not allow it 

as a viable option to implement steadily in diesel engine systems. EEVC-alone 

is so effective to enhance EAT inlet temperature. Nevertheless, it also brings 

about a substantial mass flow reduction which is likely to impair EAT heat up. 

The LEVO+EEVC combined method remains between those two extreme 

cases. It is capable of limiting the fuel penalty at an acceptable level, elevating 

the turbo-exit temperature above 250oC and also it can avoid a possible 

deceleration in EAT heat up through maintaining the exhaust rates close to 

nominal mode which EEVC-alone mode fails to achieve. 

2.3. Effect of Combined LEVO+EEVC on the EAT Unit

How single and multiple VVT methods influence engine-exit 

temperature and flow rates is discussed in the previous section. Now, using 
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those earlier calculations, it is possible to evaluate how each of those strategies 

actually is competent to speed up the EAT heat up operation. To determine the 

success of any method on EAT warm up, heat transfer rates to the catalytic 

converter need to be assessed. This assessment is achieved in the model 

utilizing the formula below [Incropera et al. (2007)]: 

�̇� = 𝐶[�̇�4/5][𝑇𝑒𝑥ℎ𝑎𝑢𝑠𝑡 − 𝑇𝑐𝑎𝑡𝑎𝑦𝑙𝑠𝑡 𝑏𝑒𝑑]                                            (1) 

The equation above is related to flow rate and temperature of exhaust, 

temperature of catalyst and a constant (C) specific to EAT unit used. The EAT 

warm up capacity of LEVO, EEVC and LEVO+EEVC combined methods is 

presented in Figure 13. 

 

Figure 13: EAT heat up potential of LEVO, EEVC and LEVO+EEVC combined 

modes in comparison to the nominal mode 

As fuel penalty is an important factor to be considered, the methods are 

applied in Figure 13 with the least fuel penalty each one causes while Texhaust 

surpasses 250oC. EEVC-alone and LEVO+EEVC combined techniques can 

achieve 250oC with 7.2% and 9.6% fuel penalties, respectively. LEVO-alone is 

limited to 9.6% fuel penalty and thus, it can only attain 220oC in Figure 13. As 

the transfer rate in nominal mode at 0oC is assumed as 1.0 (dividing by itself), 

all other transfer rates obtained via equation (1) is organized in accordance with 

this assumption (dividing each rate by the one calculated in nominal mode). 
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It is derived from Figure 13 that nominal mode is not consistent with 

effective thermal management. Texhaust is far below 250oC and thus, is unable to 

hold catalyst bed over 250oC. In contrast, EEVC-alone has the capacity to 

improve EAT above 250oC. However, it is only active after Tcatalyst bed exceeds 

100oC since it distinctly lessens the exhaust rates, as in Figure 12. LEVO-alone 

is favorable at low catalyst temperatures (notably below 100oC) as it brings in 

extra exhaust rates, which none of other modes can carry out in Figure 12. 

Nonetheless, in this mode, EAT runs below 220oC although the system suffers 

up to 9.6% fuel penalty. Unlike LEVO-alone, LEVO + EEVC combined mode 

seems to be beneficial almost for all catalyst bed temperatures in Figure 13. 

This is attributed to improved transfer rates (up to 93%) due to accelerated 

temperature and controlled exhaust rates in Figure 11 and Figure 12, 

respectively. For the similar fuel penalty, LEVO + EEVC is superior to LEVO-

alone not only during EAT warm up, but also during EAT cool off. Since this 

new mode has enhanced negative heat transfer rates (below zero transfer line) 

and thus, is able to delay a possible catalyst cool off much longer than other 

modes. 

CONCLUSION 

Current analysis attempts to investigate the impact of various VVT 

techniques on thermal maintenance of diesel after-treatment devices. Motivated 

from a previous work based on LEVO technique [Basaran (2020)], LEVO + 

EEVC combined method is performed in a diesel engine model to realize EAT 

warm up (TEAT > 250oC) with improved engine fuel penalty. It is found that 

IEGR obtained through EEVC in LEVO + EEVC combined mode helps 

achieve EAT heat up in a fast, reliable and relatively decreased fuel penalty 

(from 20% to 9.6%) compared to both EEVC-alone and LEVO-alone modes. 

The proposed method is more effective not only at get-warm period (up to 93% 

more heat transfer rates), but also at stay-warm period of diesel EAT unit due 

to superior negative heat transfer rates. 
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1.INTRODUCTION 

Due to its excellent resistance to corrosion, high electrical 

conductivity, tensile strength, resistance to wear, and appealing aesthetic 

appearance (which may be varied through the use of a number of alloying 

elements), copper has found broad employment in industrial settings 

(Alfantazi et al., 2009). 

There are many different uses for copper and the alloys it may create, 

from electrical wire and electronic equipment to parts used in the 

transportation system.  

  Even though quite a bit of research on the subject of corrosion of 

copper alloys has been published ( Mansfeld et all., 1994 ; Kear et all., 2004; 

Antonijevic and Petrovic 2008; Brusic et all., 1991; Wallinder et all., 2014), 

the focus of this research was solely on how different parameters affect 

corrosion. It has not been determined whether the corrosion process itself has 

any effect on the material's other qualities, such as its mechanical properties. 

Indeed, this knowledge is quite important fort he progree of copper  alloys as 

well as the applications for which they are used.  

The primary objective of this study is to get information of the 

resistance characteristics of copper alloy in various corrosive conditions. The 

changes that corrosive environments will cause in the microstructure of the 

alloy will be examined. 

2. MATERIALS AND METHODS 

2.1 Apparatus 

Glass Beaker, pH meter, fish (polymer) net, %3.5 NaCI solution, 

Acidic&Alkaline solutions 
 

Acidic Solution: 1 M , 50 ml HCI( weight p % 35 , d : 1.19 g/ml M.a : 

36.46 g/mol) 

             Alkaline Solution: 1M , 50 ml NaOH ( weight p % 98 , d : 

2.13 g/ml M.a : 40.0 g/mol) 

 

  In the experimental procedure, copper alloys were sliced at a 

dimension of around 7.8 x 3.2 mm for diameter and thickness, respectively. 

The specimens was then mechanically polished by silicon carbide papers 

(sizes of 800 and 1200) and diamond paste (from 6 to 1 um) to make the 

smooth surface and remove physically attached impurities in the specimen. 
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After that, the polished specimens was washed with ethanol, rinsed with 

distilled water, wiped by a clean paper, and then dried at ambient temperature.  
 

  The corrosion test was done by putting and dipping the cleaned 

specimen in glass beakers containing different solutions. 3 different medium 

was picked for corrosion test and these are HCI, NaOH and NaCI. 1M 

solution of acid and alkaline was prepared with distilled water whereas %3.5 

NaCI solution was picked since it is most common ratio for NaCI medium in 

the literature. The volumes of solution used for the immersion test was 50 ml 

(Figure 1). The corrosion test was done at a specific time from 1 to 3 weeks, 

which were performed at ambient temperature. Glass beakers was sealed 

hence there was no interaction between air (except the one already inside 

beaker). After the corrosion testing, the specimen was washed with distilled 

water, wiped by a clean paper, and stored in dessicator. 
 

There are two samples used for each solution on this test. Samples are 

same, but one of each cleaned with H2SO4 to compare whether the cleaning 

product effect the weight loss. Samples 4,5 and 6 cleaned with H2SO4 on this 

experiment. Cleaning product is picked from the table for copper alloys on 

ISO/ DIS 8407 and ASTM G1-90 standarts.  

 

               

                              Figure 1:  Illustration of immersion test. 
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 3. RESULTS AND DISCUSSION 
  

The specimens were withdrawn after period of exposure, the 

corrosion product removed, cleaned and the corrosion rate was determined. 

Results of weight loss after immersion test are given in table below. Results 

revealed that samples mostly damaged in the HCI medium in comparison to 

alkaline and neutral environment. In the NaOH and NaCI mediums specimens 

were not lost much weight.  In addition, weight loss that comes from cleaning 

product is % 0.005 and it is also taken into account for samples 4, 5 and 6 

(Table 1).  

Table 1: Results of weight loss. 
 

Samples No: 1 4 

(H2SO4) 

2 6 

(H2SO4) 

3 5 

(H2SO4) 

Corrosion 

Environment 

HCI NaCI NaOH 

Diameter (mm) 7.84 7.82 7.85 7.80 7.83 7.80 

Thickness(mm) 3.11 2.50 3.24 3.30 3.26 3.14 

Initial 

weight(g)  

before 

corrosion 

1.23591 1.00859 1.32151 1.38682 1.32260 1.29005 

1 hour 1.23597 1.00852 1.32157 1.38694 1.32314 1.29030 

6 hour 1.23583 1.00837 1.32142 1.38678 1.32236 1.28970 

24 hour 1.23511 1.00802 1.32126 1.38671 1.32235 1.28956 

48 hour 1.23455 1.00758 1.32126 1.38656 1.32228 1.28940 
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72 hour 1.23382 1.00702 1.32118 1.38641 1.32207 1.28928 

96 hour 1.23281 1.00631 1.32110 1.38613 1.32183 1.28850 

10 day 1.21708 0.99168 1.32044 1.38532 1.32104 1.28748 

15 day 1.12214 0.89995 1.31954 1.38482 1.32091 1.28652 

21 day 1.02804 0.81368 1.31881 1.38377 1.31964 1.28515 

 

pH of corrosive mediums was also measured regularly each time  

weight losses was measured. XS 7 model portable pH meter used at this 

experiment. pH of the media is 7.5-8 for NaCl; It was around 13.3 for NaOH 

and finally about 0.3 for 1M HCl. Here, 1 M HCl was a high-grade acid, 

while 1M NaOH was again a highly alkaline medium. The 3.5% NaCl 

mixture, on the other hand, showed a near neutral basicity ratio. 

The difference of samples can be seen from Figure 2. Initial samples 

had pale yellow-brownish color. After having exposed to corrosive mediums, 

there were color changes took place. The light colored samples are those that 

have been cleaned by the cleaning product. Also, it is observed that ultrasonic 

cleaning is much easier and faster after chemical cleaning. In this way, it is 

easy to get rid of the dirty layer on the surfaces. Surface tarneshing occurred 

in other samples in NaOH and NaCl solutions. In case of samples in HCI no 

tarnish was observed (Figure 2-3). 
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Figure 2:  Images of surfaces before and after corrosion. 

 

 

Figure 3:  Images of corrosive mediums. 
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On 15th day, precipitation observed in NaCI solution and color of HCI 

solution began to turn blue. Pure copper is a very unreactive metal, and it does 

not react with pure hydrochloric acid. It is above copper in a metal reactivity 

series, so copper cannot replace the hydrogen. However, it reacts with dilute 

HCl to form copper chloride (CuCl2) along with water (H2O). The copper 

chloride formed is bluish-green in color, and being soluble in water, forms a 

light bluish-green solution. It is thought that’s the reason behind color change 

in HCI medium. In another study, a similar color change observed (Elzey et 

all., 2011) . These changes did not significantly affect on pH of mediums. 

      Weight loss analysis is the most basic and well-established 

technique for calculating corrosion losses in machinery and other structures. 

A weighted sample (coupon) of the metal or alloy under examination is 

introduced to the process and later removed after a reasonable time interval. 

The voucher is then thoroughly cleansed of any corrosion-related substances 

and reweighed. The weight loss is transformed to a corrosion rate (CR) which 

can be calculated by the following equation; 

 

 

 

K= 8.76 x 104 mm per year 

W= mass loss in g  

A= area in cm2 to the nearest 0.01 cm2 

T= time of exposure in hours 

D= density in g/cm3 
 

 

A reference sample was used to determine the mass loss from cleaning 

and was subjected to the same cleaning procedure as the other samples. Result 

is % 0.005, and this value has been taken into account in the calculations. 

Results are given in Table 2 below. 
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Table 2: Corrosion rate per year. 
 

Sample No 
K 

(constant)                      

W                                

(mass 

loss) g 

A 

(area) 

cm2 

T 

(exposure 

time) 

hour 

D 

(density) 

g/cm3 

Corrosion 

Rate          

mm per 

year 

1 87600 0.20787 1.731 504 8.23198 2.5348 

2 87600 0.0027 1.767 504 8.42745 0.0315 

3 87600 0.00296 1.765 504 8.42554 0.0346 

4 87600 0.19491 1.575 504 8.39984 2.5611 

5 87600 0.0049 1.725 504 8.59801 0.0574 

6 87600 0.00305 1.764 504 8.79482 0.0342 

 

Acidic solution shows the highest corrosion rate (2.5611 mpy), while 

alkaline and salt solutions were almost similar (average 0.3 mpy). 
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Figure 4: Changes in weight of samples in time. 
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Figure 5: Percentage of weight loss versus time. 

 

In the Figure 4, the mass losses experienced by the samples are given. 

As can be seen from the figure, the mass loss due to corrosion of samples in 

the NaOH and NaCl solutions rather low. On the other hand, significant mass 

losses occurred in the samples in HCl medium. 

In order to see the difference better, mass losses were examined in 

percent and HCl was separated from other corrosive media. When we 

examine Figure 5, it is seen that the samples in the NaOH solutions 

experienced a mass loss between % 0.25-0.5. The samples in NaCl solution 

experienced mass losses of % 0.27-0.3. In case of samples in HCI medium, it 

is seen that there is a mass loss of around 20%. Also, Hydrochloric acid was 

triggered to increases in corrosion rates exponentially especially after 10 th 

days. As it will be remembered, samples 4, 5 and 6 were cleaned with H2SO4 

chemical cleaning product. It is not possible to say anything definite about the 

effect of this cleaning procedure on the corrosion rate.  

Looking at the graphs, while the corrosion rate is higher in samples 5 

and 6, this rate is lower in sample 4 than the sample that is not cleaned with 

chemicals (Figure 5). 
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3.1. Microstructures 

Microstructural examinations were made with both an optical 

microscope and SEM & EDS (Şahin 2023; Sahin et all., 2022; Topcu 2021). 

A reference sample was also examined prior to testing. SEM & EDS analyses 

were carried out with (Sahin 2022; Topcu 2020; Topcu et all., 2020) JEOL  

JSM-7600F model  device.      

  

 

  

Figure 6:  SEM images of samples. 
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Figure 6 reveals that corrosion forming for each sample by comparison 

with original sample. When the samples in NaOH medium are examined, it is 

stand out that the structure turns into a spongy state. In addition to a general 

deterioration in the structure, it was noticed that it contains large and small 

voids. 

In case of samples in NaCI medium, corrosion generally appears to be 

distributed over the entire surface area. In addition to general attack corrosion, 

some cavities have also been observed. 

In case samples in HCI, it is thought to be more like pitting corrosion than 

general corrosion. The cavities distributed throughout the microstructure were 

noticed. Optical microscope images are given alongside with the EDS results 

to see the general microstructures of the samples (figure 7). 

HCI:1       

 

Figure 7: Optic and SEM images. 

Table 3:  Element content of selected locations. 

Spectrum In stats. O Si Cu Sn Total 

Spectrum 1 Yes  3.61 94.84 1.55 100.00 

Spectrum 2 Yes 1.76 3.67 93.03 1.54 100.00 

Spectrum 3 Yes 1.79 3.62 93.07 1.52 100.00 

Max.  1.79 3.67 94.84 1.55  

Min.  1.76 3.61 93.03 1.52  
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NaCI:2 

 

 

Figure 8:  Optic and SEM images. 

Table 4:  Element content of selected locations. 

 

 

Spectrum In 

stat. 

C O Na Si Cl Cu Sn Total 

Spectrum1 Yes 71.23 18.78 1.32  3.52 5.15  100.00 

Spectrum 2 Yes  1.11  2.79  94.36 1.74 100.00 

Max.  71.23 18.78 1.32 2.79 3.52 94.36 1.74  

Min.  71.23 1.11 1.32 2.79 3.52 5.15 1.74  
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NaCI:6  

 

Figure 9: Optic and SEM images. 

Table 5:  Element content of selected locations. 

Spectrum In stats. C O Si Cu Sn Total 

Spectrum 1 Yes 17.13 2.34 1.33 78.13 1.08 100.00 

Spectrum 2 Yes 32.73 4.09 0.89 62.29  100.00 

Spectrum 3 Yes  0.59 1.51 96.71 1.19 100.00 

Spectrum 4 Yes 6.60 0.76 1.73 89.63 1.28 100.00 

Max.  32.73 4.09 1.73 96.71 1.28  

Min.  6.60 0.59 0.89 62.29 1.08  
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NaOH: 3 

 

Figure 10: Optic and SEM images. 

Table 6:  Element content of selected locations. 

Spectrum In stats. O Si Cu Sn Total 

Spectrum 1 Yes 2.25 2.01 94.27 1.48 100.00 

Spectrum 2 Yes 1.18 2.16 95.30 1.37 100.00 

Spectrum 3 Yes 1.14 2.05 95.24 1.57 100.00 

Mean  1.52 2.07 94.94 1.47 100.00 

Std. deviation  0.63 0.08 0.58 0.10  

Max.  2.25 2.16 95.30 1.57  

Min.  1.14 2.01 94.27 1.37  
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NaOH: 5 

 

 

Figure 11: Optic and SEM images. 

 

Table 7: Element content of selected locations. 
 

Spectrum In stats. O Cu Total 

Spectrum 1 Yes 12.58 87.42 100.00 

Spectrum 2 Yes 12.71 87.29 100.00 

Spectrum 3 Yes 12.43 87.57 100.00 

Mean  12.57 87.43 100.00 

Std. deviation  0.14 0.14  

Max.  12.71 87.57  

Min.  12.43 87.29  
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In general, results exhibits SEM images of copper alloy samples after 

corrosion testing, with particular focus on voids in the structure, to confirm 

the visual observations in the optical microscope results. Figure 7-11 is the 

optical and SEM images of the samples under HCl, NaCl2, NaCl6 and NaOH3 

and NaOH5, respectively.  

As seen in the SEM analysis images, there is general deteriorations in 

some microstructures, as well as voids (as black areas). To confirm the 

elemental composition of the corroded samples, EDS analysis was performed 

in the black pitting areas. The results confirmed that there was oxygen 

formation in the black pitting areas in all samples. This indicates that those 

areas are corroded. In addition, oxygen formation is observed in areas where 

there are no pits. This can be interpreted as general corrosion formation. In the 

NaCl2 sample, apart from oxygen, Na and Cl elements were also detected on 

the surface area.  

4. CONCLUSION 

The corrosion characteristics of copper alloys were successfully 

examined after immersion for 21 days in different solutions (NaOH, HCl and 

NaCl) with various concentrations (1M, 1M and 3.5 %). The pH values for 

corrosive mediums (NaOH, HCI and NaCI) were 13.3, 0.3 and 7.5 

respectively. There was no significant change on pH values at the end of 

experiment. During experiments 2 samples used for same corrosive mediums. 

One of each was cleaned with dilute H2SO4 solution according to ASTM G1-

90 standard. Also a reference sample is cleaned with cleaning product to 

calculate the mass loss from this procedure and result was added in to total 

mass loss for samples 4, 5 and 6. Samples that cleaned with H2SO4 had more 

light color surface and it was easier to cleaned after experiment. 

Corrosion rates were calculated in terms of mm per year. According 

to result, samples in which in NaCI and NaOH mediums had shown around % 

0.3-0.5 mass loss. On the other hand, samples that immersed in HCI medium 

had experienced around % 20 mass loss. This indicate that samples lost 

almost 40 times more mass in HCI. The mass loss that comes from cleaning 

product had not shown any pattern. Therefore, effect is not clear. 

SEM and surface analysis showed that corrosion is appears to be 

general in all samples, also in HCI samples, corrosion seems more like pitting 

alongside with general deterioration. EDS results confirm that oxygen formed 

on the pitting areas pointing the main rust is CuO.  Cavities are darker and 
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larger in HCI in comparison to the ones in NaOH and NaCI. This might verify 

that corrosion is much more in HCI.          

All the Results exhibit that CuSiSn alloy highly resistant to salt and 

NaOH corrosive mediums. However, this alloy had shown major mass loss in 

HCI medium. Hence, it can be state that HCI corrosive medium is 

considerably hazardous for this alloy. 
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