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A B S T R A C T  
 

 

The purpose of this paper is to explore dimensions of open government in tax affairs organization of Iran 

country as a governmental organization. Three main factors of policy, culture, and technology were 

identified after investigating open government's plan in the United States of America, Austria, Mexico 
countries and the conducted interviews with experts in three fields of information technology, Executive, 

and legal. Four subfactors of internal directive, legal, strategic planning, and performance for policy and 

five subfactors of security, tools, open government program, data, and infrastructure for technology and 
six sub-factors of employees readiness, communicational channels, knowledge management, changes 

management, agency stakeholders, and participatory activities were considered for culture. A structured 

interview was conducted with three experts in legal, information technology and administrative fields 
for initial evaluation and finding new factors. The statistical population in this research was considered 

among Tax Affairs Organization of Iran country's employees. The mentioned pattern was evaluated 

based on partial least squares approach and confirmed at strong level after extracting information from 
the distributed questionnaires. Three factors of policy, technology and culture have effect on open 

government and between them culture has the main priority. 

doi: 10.5829/ije.2022.35.03c.01 
 

 
1. INTRODUCTION1 
 

Open government is a pervasive movement to expand 

citizens' access to government affairs. Open government 

is of the relatively new achievements that have close 

relationship with information technology. Its principles 

have been based on democratic values. Citizens' right of 

access to government documents and measures for public 

supervision is of the open government goals. They can 

also extract their required information from this context. 

This means that citizens are able to receive more data and 

information about their need by using web electronic 

contexts [1]. The doctrine governing open government 

states that citizens should have the right to access 

government documents and inquiry for public 

supervision [2]. Alalwan et al. [3-5] consider the 

emergence of social media as a factor that has provided 

opportunity for people's engagement and interaction in 

open government work.  

                                                           

*Corresponding Author Institutional Email: h_hamidi@kntu.ac.ir  
(H. Hamidi)  

It has changed people's expectations about how 

government works. They also consider achievement of 

transparency, participation, and partnership as one of the 

goals of open government . Emergence of web is one of 

the significant developments in the Internet. Davis [6], 

Alharbi and Drew [7] consider it as the factor of opening 

data and sharing non-sensitive information about 

operations and services by governmental organizations 

and business. Benbasat and Barki [8] consider open data 

as an important source due to its potential to empower 

citizens, business, and conversion of government to 

public services delivery. Al-Shihi et al. [2] believe that 

the government should use the capacity availability of 

open government data with high quality as a main input 

source for industry despite harness of the economic value 

of open data assets and advantage related to business 

opportunities. Users despite data overlapping may 

confuse also overlapping data set and contradictory data 

set. Brasel and Gips [9] consider increase of 
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transparency, stimulation of economic growth, 

improvement of government services and accountability, 

encouraging the reuse of information, improvement of 

public relations and attitude towards the government, and 

improvement of government data and processes as six 

incentives to open the data in the countries. Obstacles of 

participation including lack of incentive, abilities, 

business models and technical knowledge among users. 

Budiono et al. [10], Carlsson et al. [11], Chong [12], 

Chong et al. [13], Daraei and Hamidi [14] concern for 

privacy, confidentiality and responsibility, complexity of 

the activities required for identification, understanding 

and using the data can be mentioned as the obstacles of 

the expansion of open data  

Chong et al. [15] totally consider employees and 

budget constraint, the likelihood of loss of income, and 

the uncertainty of its compliance with the Data Protection 

Act as the most problematic obstacle among 20 unique 

specified obstacles. The concern for coordination 

between security and openness has been stated as an 

important factor in other researches. However, 

competition between the principles of information 

management and balancing due to the required internal 

information has been sometimes reported as the 

important factor. Chong et al. [16] states open 

government project of organization as a public plan that 

its details show how the principles of transparency and 

open government statement are of the main mission of 

organization. This project in senior policy, legal and 

technology management fields in organization with the 

public experts and experts' view reflects open 

government in which specific measures' details should be 

carried out according to the schedule table. Alvanchi et 

al. [17], Lee and Kwak [18] consider "Open Government 

Implementation Model" as a model of public method to 

implement open government projects that includes some 

suggestions for step by step implementation of open 

government and includes some indices to measure the 

success of individual steps. Provision of a specific 

framework can be helpful for the next measures including 

implementation and operation of open government due to 

the development of e-government in Iran country and 

more provision of services electronically and online by 

governmental organizations and institutions in Iran, and 

due to the movement of developed countries toward 

creation and operation of open government in line with 

e-government, and since an specific study has not been 

conducted till now on implementing, designing and 

creating open government in governmental organizations 

which provide e-services, and there is not still an 

appropriate understanding in this regard.  

The aim of conducting this research is to identify 

factors that have an effect on implementation of open 

government in the Tax affairs Organization of Iran 

country as governmental organization. Open government 

projects in different countries are firstly studies for this 

purpose. Then the research methodology is stated and 

afterwards the results of findings are analyzed. Finally 

the results of findings are analyzed, concluded, and 

summarized . 

 
 
2. RESEARCH LITERATURE 
 

Open government model in three countries, the United 

States of America, Austria and Mexico is addressed in 

this part . 

 

2. 1. Open Government Framework of America 
Department of Interior (DOI)        DOI has accepted 

integrated lifecycle management to access for planning 

and implementing business processes, which is of the 

primary goals of open government. Expansion of DOI 

government framework includes a process of 

comprehensive management within the life cycle total 

time of evaluation and planning program of primary 

stages in order to measure performance and processes of 

improvement. In addition, the framework includes the 

methods to identify, understand and address to the 

technology, policy, and cultural issues of DOI related to 

certain projects of open government (Open Government 

project of America):  

Key technologies' areas: Security, infrastructure, tools, 

enterprise architecture, and current open government 

pilots and programs ; 

Key policies' areas: Strategic planning, performance, 

legal, internal directives, acquisition and privacy; 

Key culture areas: Employee readiness, communication 

channels, stakeholders, and existing and emerging public 

collaboration vehicles. 

The framwork for Open Government project of 

America is illustrated in Figure 1. 

 

2. 2. Open Government of Austria Country       Open 

government is the comprehensive redesign of 

administrative policies and activities according to the 

principles of modern management and public 

governance. In terms of the above cases, open 

government focuses on transparency, participation and 

partnership. KDZ Implementation model is significantly 

based on "Lee & Kwak Implementation Model'' [18]. 

Implementation Model, open government data is four 

steps : 

Stage 1 – Increasing Data Transparency: Opens access to 

administrative data . 

Stage 2 – Improving Open Participation: Opens 

government and administration for the ideas and 

knowledge of the public . 

Stage 3 – Enhancing Open Collaboration: Improves 

Open Collaboration between administrative agencies, the 

government, citizens, the public, and the economy. Open 

participation allows the use of social media to connect 
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Figure 1. Open government framework of Department of 

Interior of America country 

 

 
people and their ideas. Open Collaboration allows the 

achievement of specific outputs. 

Stage 4 – Realizing Ubiquitous Engagement: Allows the 

engagement of the public through transparency, 

participation, and collaboration. 

The Open Government Implementation Model of 

Austria is shown in Figure 2. 
 

2. 3. Open Government of Mexico Country          
Mexican government has applied several projects under 

the OGP by applying new technologies and innovation in 

order to increase transparency, empower citizens, fight 

against corruption, and harness new technologies to 

strengthen the government. One of these open 

government projects that called PbR-SED  is seeking to 

strengthen transparency in budget. PbR-SED project is 

known as one of the measures that the Mexican 

government has committed to do it for "open government 

program for Mexico" since twentieth of September 2011. 

In addition to a series of operations in this method, the 

information on government funding, governmental 

investments (governmental bonds), transfers in and 

federal government, performance indices and 

assessments is published and updated.  

The effect of a number of factors has been examined 

in this project, which include: 

• Contextual factors  

• Budget factors 

• Information systems factors . 

• Collaboration factors  

• Knowledge factors 

• Trust factors  

 
2. 4. Identified Factors in Open Government       
Open government of the government of America seems 

more comprehensive than other countries after evaluating 

open government model in the three mentioned countries.  
 

 
Figure 2. Open Government Implementation Model of 

Austria [18] 

 

 

The proposed model includes three basic dimensions of 

policy, culture and technology. Each of these dimensions 

was then compared correspondingly with the factors and 

models of other countries and studies. The following 

table was obtained finally. 

Table 1 summarized the identifying factors in open 

government project. 

 

 

3. RESEARCH METHODOLOGY 
 
The statistical population in this research was considered 

among Tax Affairs Organization of Iran country's 

employees given that open government has been 

composed of different dimensions and required 

comprehensive information and pervasive vision to the 

subject. Among the employees those who have 

comprehensive viewpoint in both policy and Information 

Technology fields were selected by purposive and 

judgmental sampling. 90 questionnaires were distributed 

in the population of 120 employees. 87 questionnaires 

were collected finally. Data collection tool was 

questionnaire and five-point Likert scale has been used. 

Finally, variance-based method with partial squares 

approach was used given that the sample size is limited, 

as well as data was not normal. SmartPLS and SPSS tools 

were used for this purpose. Three countries of United 

States of America, Austria and Mexico were selected for 

further review after reviewing open government project 

in different countries in order to determine an appropriate 

pattern for providing in tax affairs organization of Iran 

country. With regard to research literature, each of these 

three countries was following a different approach in the 

field of open government. Open Government Project of 

United States of America among them had more precise 

expression of the subject. It was selected as the base 

model for this purpose. A structured interview was 
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conducted with three experts in legal, information 

technology and administrative fields in the initial step for 

initial evaluation and the possibility of providing this 

project pattern. Accordingly, there was the possibility to 

provide the pattern. The following model was finally 

proposed based on United States of America Model due 

to the literature review and the conducted interviews .

Figure 3 shows the Model stating the relationships 

between variables. 

As it has been demonstrated in the above figure, three 

main factors of culture, policy and technology have an 

effect on open government based on this framework. 

Policy dimension itself is influenced by internal 

directive, strategic planning, legal and performance. 

Technology factor is also influenced by factors such as 

security, tools, open government program, data, and 

infrastructure. Cases such as employees’ 

readiness,communicational channels, knowledge 

management, changes management, agency 

stakeholders, and participatory have an effect on cultural 

factors.  

 

 
TABLE 1. summarizing the factors identified in open government 

Main dimension Factor Index 

Policy 

Strategic planning [19] Strategic planning, performance, legal, internal guidelines, business, and privacy 

Performance [20] Political factors, including political support by senior officials, lawmakers and policymakers 

Rules [21] 
 Rules and regulations of governmental investment 

 Rules and regulations of civil services 

Implementation Strategy 
[22] 

 The designers intent of the reform and the suggested path of this change from top to 

Power [23] Centralization level of decision-makers in organization 

Leadership [24] 
 Supporting a leader or team mechanisms, as well as guidance-oriented measures through 

policies and other delimitations 

Supervision [25, 26] 

Steps and mechanisms for decision-making and monitoring decisions with regard to 

technology application, such as selection of teams or networks and other mechanisms of 
interaction between participants 

Technology 

Technology [27-36] 
Security, infrastructures, tool, organizational architecture, and current leaders of open 

government and programs 

Information Technology 

[37-44] 

dynamic information and user needs, information quality, usability, security issues, 
incompatibility of technology, complexity of technology, skills and technical experience, and 

newness of technology are of the concepts of information technology and data. 

Technology 
Information and Data [45-

50] 

 Protection of focused policies, procedures and recording data quality 

 Administeration of list of data sources to assess data quality 

Culture 
Employees' readiness 

[51] 
 Employees' readiness, communicational channels, beneficiaries, and the existing public 

relations and public partnerships 

Culture 

Factors related to 
knowledge [42] 

 Experience in the field of previous reform [professional experience] 

 Sharing knowledge with members of other domains [group work] 

 Formal education [education] 

Transparent 
responsibilities [48-50] 

Explaining the tasks and responsibilities to build trust between participants who use the 
intended project. 

Incentives [42] Applying various incentives and become known among the public 

Professional experience 

[51] 

Knowledge and expertise related to specific job to work, including professional history, 

occupational and operational experience, and aducation are considered among the most 

important issues 

Team work experience 
[51] 

Acquired skills of team to work such as sharing previous knowledge and experience of the 
individuals who working in the team 

Social media [33] 
 Development of social media strategy 

 Increase of media ability 

Changes’ management 

[21] 

Efficient projects and change management issues such as transparent responsibilities, good 
comprehensive project and considering the risks, appropriate control and supervision, 

organizing resources properly and well-managed partnership between governmental and 
governmental-private organizations. 
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Figure 3. Model stating the relationships between variables 

 

 

A primary questionnaire was prepared to evaluate the 

provided model. The questionnaire was evaluated by 

content validity ratio (CVR) index after evaluating it by 

the experts on the necessity. As a result, two questions 

were eliminated. Then the simplicity, clarity, and 

relevance of the questionnaire's questions were 

evaluated by content validity index (CVI) test. 

Eventually the modified questionnaire was distributed. 

The collected data was placed in KMO and Bartlett’s  

H1: Policy has an effect on open government. Policy 

itself has been composed of four parts of internal 

directive, strategic planning, and legal and performance.  

H2: Technology has an effect on open government. 

Technology itself has been composed of five factors of 

security, infrastructure, open government program, data, 

and tools.  

H3: Culture has an effect on open government. 

Culture itself includes six factors of employees’ 

readiness, communicational channels, knowledge 

management, changes management, agency 

stakeholders, and participatory. Figure 4 shows the 

hypotheses. 
 
 

4. DATA ANALYSIS  
 

Variance-based methods were used given that the sample 

size is 87 and small, as well as data was not normal. 

Partial squares approach was used for this purpose. 

Findings analysis is conducted at two levels of 

measurement model and structural model. The 

relationship between the items and the variables is 

examined in the measurement model, while the 

relationship between variables is examined in the 

structural model. Since the legal variable has been 

intended of composite type, therefore, it has not been 

examined in tests such as reliability, validity, and 

divergent and convergent validity . 
 

4. 1. Evaluation of Questionnaire Reliability      
Three factors of Cronbach's Alpha, collective reliability, 

and composite reliability are examined to evaluate the 

questionnaire reliability. Acceptability criterion in 

Cronbach's Alpha test for this index, which will show the 

reliability of reflective measurement model is at least 

0.7. Composite reliability index has greater priority 

compared to Cronbach's Alpha. This is because 

Cronbach's alpha assumes that observable variables of 

each measurement model have similar weights. But there 

is not composite reliability index of this assumption. 

Acceptable value for this index is between 0.7 and 0.95. 

In addition, collective reliability represents the 

generalizability level of the questionnaire's questions, 

and the acceptable value for it is higher than 0.5 . 

Table 2 summarized the evaluation and reliability of 

questionaire applied in this work. 

 

4. 2. Coefficient of Determination Index Test (R²)      
This test is the main criterion of evaluating endogenous 

latent variables in the confirmatory path model. It 

indicates how much the independent variables have been 

able to predict the behavior of dependent variable. Faqih, 

and Jaradat [24] described values of 0.67, 0.33, and 0.19 

for endogenous latent variables, significant, moderate, 

and weak, respectively. But if endogenous latent 

variable is under the effect of a small number (one or 

two) of exogenous variables, average values of the 

coefficient of determination are also acceptable. 

Dwivedi et al. [23] have described values of 0.25, 0.5, 

and 0.75 for the endogenous variables in the structural 

path model, weak, moderate, and significant.  

Table 3 list out R2 for the coefficient of determination 

index. 

As can be observed in the above table the value of 

coefficients of determination is higher than 0.67. So they 

are placed in significant (strong) group.  

 

4. 3. Overall Fitting of Model’s Test        This index is 

the square of the multiplication of two values of 

communality values' average and average of coefficients 

of path determination (R square) and is calculated by the 

following formula. Values of 0.01, 0.25 and 0.36 have 

been described weak, moderate and strong respectively.  

Equation (1): Overall fitting of model 

GOF = √communality̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ ∗ R square̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅    (1) 



498                                             H. Hamidi et al. / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   493-501 

 

GOF value in this research is 0.855 and since its value 

is higher than 0.36, it is described strong.  

GOF = √0.7316 ∗ 0.99976 = 0.855  
  

4. 3. Effect Size Index               The index is introduced 

to determine the severity of the relationship between 

latent variables of the model of this criterion. The values 

of 0.35, 0.15and 0.02 have been described significant, 

moderate, and weak, respectively. In other words, this 

criterion can help to measure the amount of effect of an 

exogenous variable for an endogenous variable in 

structural equations modeling. It is calculated based on 

the following formula in which F2 reflects the effect of a 

variable on B.  

Equation (2): Effect size index  

𝐹2 =
𝑅𝑖𝑛𝑐𝑙𝑢𝑑𝑒𝑑

2 −𝑅𝑒𝑥𝑐𝑙𝑢𝑑𝑒𝑑
2

1−𝑅𝑒𝑥𝑐𝑙𝑢𝑑𝑒𝑑
2   (2) 

Coefficient of determination of endogenous variable=𝑅𝑖𝑛𝑐𝑙𝑢𝑑𝑒𝑑
2  

 

Coefficient of determination of endogenous dimension variable from 

exogenous variable=𝑅𝑒𝑥𝑐𝑙𝑢𝑑𝑒𝑑
2  

 

The effect of culture, policy, and technology variables 

on open government was evaluated separately according 

to the above formula and the following results were 

obtained.  The effect of size index is given in Table 4. 

 

 
TABLE 2. Evaluation of questionnaire reliability 

Variable Cronbach's alpha Composite reliability Collective reliability 

Changes' management 0.9075 0.9312 0.7305 

Communicational channels 0.8051 0.8735 0.6347 

Data 0.9314 0.9480 0.8749 

Employees' readiness 0.8918 0.9204 0.6982 

Performance 0.8319 0.8824 0.6033 

Infrastructure 0.8932 0.9336 0.8234 

Internal directive 0.9058 0.9409 0.8416 

Knowledge management 0.8858 0.9292 0.8139 

Open government program 0.9087 0.9360 0.7854 

Participatory activity 0.8228 0.8942 0.7388 

Security 0.8692 0.9014 0.6050 

Stakeholders 0.8816 0.9274 0.8105 

Strategic planning 0.7366 0.8480 0.6574 

Tools 0.9322 0.9458 0.7142 

 

 
TABLE 3. Coefficient of determination index (R²) 

Latent Variable R2 

Culture 0.999972 

Open government 0.999973 

Policy 0.999970 

Technology 0.999990 

 
 

 
TABLE 4. Effect size index 

Exogenous variable f 

Culture 0.999372881 

Technology 0.999257446 

Policy 0.99785527 

5. CONCLUSION  
 

Accordingly, we evaluate each of these factors in Tax 

affairs organization in this section.  

Policy: The main dimension of policy itself divided 

into four parts of internal directive, strategic planning, 

performance, legal. In this regard, it seems that an 

appropriate context is provided for implementation of 

open government in terms of policy making in tax affairs 

organization of Iran country according to the taxpayers' 

exchange of information guideline, the subject of Article 

(120) of Fifth Development Plan Act, as well as Articles 

169 and 169 frequent direct tax Act, which pave the way 

for exchange of information between governmental 

organizations and institutions, as well as people.  

Technology: Main dimension of technology itself is 

divided into five parts of security, infrastructure, tool, 
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open government program, and data. Internal sectors’ of 

Tax affairs organization in the domain of infrastructure 

are currently communicating with each other via 

Internet, as well as with foreign organizations through 

Internet or offline. Improvement of the quality of current 

infrastructure must be seriously considered, especially in 

the counties.  

Culture: The main dimension of culture itself is 

divided into six parts that include participatory activities, 

Agency’s  Stakeholders, communicational channels, 

employees' readiness, changes' management, and 

knowledge management. In this part, participatory 

activities are done in various sectors, if necessary, such 

as formation of working group meetings or think tank. 

They would be canceled in the case of meeting the 

requirements or changing the works' priority and they 

are not permanently. 
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Persian Abstract 

 چکیده
استفاده  ،یگذارمنظور اشتراکصورت گرفته به هایگذارییاستس ینهمچن یکتوسعه دولت الکترون یدر راستا یرانا یاسلام یامروزه با توجه به تلاش دولت جمهور یتامن

 یرانشور اک یاتیباز در سازمان امورمالابعاد دولت شپژوه ینشده است. در افراهم یرانباز در کشور ادولت یبررس یبرا یبستر مناسب رسدیممجدد و نشر آزاد اطلاعات، به نظر 

ه با خبرگان صورت گرفت یهاو مصاحبه یکمکز یش،اتر یکا،آمر متحدهیالاتا یباز در کشورهاطرح دولت یمنظور پس از بررس ین. بدشودیم یبررس یسازمان دولت یکعنوان به

 زییربرنامه ی،حقوق ی،دستورالعمل داخل یشد که چهار عامل فرع ییشناسا یفرهنگ و تکنولوژ یاست،س لیسه عامل اص یو حقوق ییاطلاعات، اجرا یدر سه حوزه فناور

 یهالکارکنان، کانا یآمادگ یو شش عامل فرع یتکنولوژ یبرا یرساخت، زباز، دادهابزار، برنامه دولت یت،امن یی،اجرا یو پنج عامل فرع یاستس یبرا ییاجرا یک،استراتژ

 یهارسشنامهمذکور پس از استخراج اطلاعات پ یالگو یتفرهنگ در نظر گرفته شد. درنها یبرا یمشارکت هاییتسازمان و فعال ینفعانذ ییرات،تغ یریتدانش، مد مدیریت ی،ارتباط

 قرار گرفت. یدمورد تائ یقرار گرفت و در سطح قو یابیمورد ارز یحداقل مربعات جزئ یکردبر اساس رو شده،یعتوز
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A B S T R A C T  

 

This paper proposes an efficient method to identify the importance of transmission network components 

from the network’s reliability perspective. The proposed method is able to reveal the weak points of the 
network and can be employed as useful tool by power system planners to identify where investments 

should be made to increase the overall system reliability. The proposed approach has two main stages, 
including evaluation of the network contingency states and a sensitivity analysis which shows the link 

between reliability of each component and overall system reliability. Unlike the similar methods in this 

area and with the help of two reasonable simplifications, the proposed method can be employed to real 
transmission networks with acceptable computational burden. The proposed method is implemented on 

two test systems including the IEEE Reliability Test System (IEEE RTS) and the Roy Billinton Test 

System (RBTS). The obtained results demonstrate the efficiency of the proposed approach. 

doi: 10.5829/ije.2022.35.03c.02
 

 

NOMENCLATURE 

T Line flow vector Li Load at bus i 

Tmax Rating vector for lines IEARi Interrupted energy assessment rate at bus i ($/kWh) 

A Matrix relating the line flows to the power injections at buses NL Number of load buses 

PG Generation output NLS Number of load segments of the LDC 

PGmax Upper limit for generation output Tj Time duration of each load segment of the LDC 

PGmin Lower limit for generation output P(ek) Available probability of set ek 

APi Available power at load bus i Q(e̅k) Unavailable probability of set e̅k 

ENS Energy Not Served EENS Expected Energy Not Served 

 
1. INTRODUCTION1 
 
Due to the deregulation of the power systems and 

emergence of the electricity markets, it is desirable to 

further improve reliability and availability of the power 

systems in order to increase the competitiveness of the 

electricity markets. In this regards, reliability and risk 

assessments are of great concern for the utilities and 

considerable researches have been conducted in this area 

in the past decades [1-5]. 

New deregulated environment also forces utilities to 

reduce overall costs. Maintenance costs are considered as 

a large part of the operation costs. However, reducing 
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maintenance activities can lead to higher damages caused 

by an increased number of forced outages due to poor 

maintenance [6, 7]. Therefore, it would be a good 

solution to rank the network components based on their 

needs for maintenance and conduct the maintenance 

budget to those components that are critical for network.  

In maintenance planning, network components can be 

ranked by condition and importance indices [8-10] .The 

condition index reflects the physical health of each 

component and can be determined by condition 

indicators such as type, age and operating history. On the 

other hand, importance index is associated with the risk 

imposed on the system due to the outage of each 
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component. This paper is focused on identifying the 

importance index of the transmission components which 

is related to their position in the network. 

Although the determination of network critical 

component plays a very important role in the asset 

management methods, a limited number of researches 

have addressed this issue in the transmission network. 

Due to the mesh structure, complex configuration and 

great number of components in the transmission network, 

a method is needed capable of prioritizing the equipment 

within an acceptable time frame and with logical 

computations volume. 

For instance, the components of common substations 

have been prioritized in literature [11] without 

considering the effect of transmission lines or generating 

units. Also, Hilber and Bertling [12] and Hilber et al. [13] 

proposed a number of indexes to rank the components of 

power distribution networks according to their outage 

costs. These approaches are suitable for distribution 

networks which have radial configurations and could not 

be applied to transmission networks. 

Implementing the methods proposed by Dehghanian 

et al. [14] and Gharakheili e al. [15] require access to the 

experts with deep information about the system. Given 

that the transmission network is located in a large 

geographical area with a great number of components, it 

is challenging to find specialists who have accurate 

information about all the components and thus limits the 

possibility of using these methods. The effect of 

substations’ components failure on the prioritization 

process of network equipment has been considered in a 

number of studies [10, 16-18] .However, in practice, 

implementing these methods for real networks with a 

large number of substations having different layouts will 

be a very complicated and time consuming task. 

Moreover, by literture review [10, 16-19] , the 

enumeration method has been used to investigate the 

possible network contingencies which in real networks 

can dramatically prolong the computation time and limit 

the application of these methods. For instance, Setreus et 

al. [17] investigated all first- and second-order 

contingencies. However, transmission networks are 

usually reliable to the outage of one or two components 

and major portion of expected energy not served belongs 

to the higher order contingencies. Moreover, using 

enumeration method to evaluate all of the higher order 

contingencies can be very time consuming in large 

transmission networks. 

To cover the above challenges, this paper provides an 

effective way to determine the importance of 

transmission network components over a reasonable 

period of time. To reduce the computational burden, two 

assumptions have been considered in this paper. First of 

all, failure of substation components can be taken into 

account by increasing the unavailability of the lines or 

generating units, connected to the substation. Since, the 

substation components failure can lead to the loss of 

transmission lines or generating units. Hence, in general 

and according to consultation with the network repair and 

maintenance specialists, it can be deduced that those 

substation components located on more important 

transmission lines and generating units of the network, 

are of high prominence in the network. Therefore, only 

by determining the priority of the lines and generating 

units, one can perceive the importance of substation 

components with an acceptable approximation and it is 

not necessary to model all network substations with all 

the corresponding details. In the next step, the Monte-

Carlo simulation method has been employed to 

investigate the probable network contingencies. In this 

method, the probable network contingencies are selected 

based on the failure probability in each network 

component. So, unlike the enumeration method, there is 

no need to check all possible events up to a specific order 

(for example, 3, 4 or more). Based on these two 

simplifications and in order to reveal the weak points of 

the network, the proposed approach could be applied in 

large networks. 

The rest of the paper is organized as follows. The 

Monte-Carlo based method for evaluation of the 

reliability of the composite power system is briefly 

presented in section 2. Section 3 provides a detailed 

description of the proposed approach to determine the 

importance of network components. The numerical 

results obtained from simulations on two test systems 

IEEE RTS and RBTS and the discussions are presented 

in section 4. Finally, a conclusion is drawn in section 5. 

 

 

2. COMPOSITE POWER SYSTEM RELIABILITY 
EVALUATION APPROACH 
 

In the electric power systems, Monte-Carlo simulations 

are employed to estimate the reliability indices by 

simulating the actual process and random behavior of the 

system. The procedure and details of the composite 

system risk evaluation can be found in literture [1]. In this 

paper, in order to evaluate the risk of the composite 

power system, a computer routine has been developed in 

MATLAB based on a Monte Carlo-based approach. The 

developed approach is summarized in three steps, as 

expressed below. 

 

2. 1. State Sampling       In order to determine the state 

(failure or normal) of the network components, random 

numbers, uniformly distributed in [1], are generated and 

assigned to each component. Then, comparing the 

random number to the component’s unavailability, the 

component is considered to be failed if the random 

number is less than the component’s unavailability; 

otherwise it is assumed in normal state. This step is 

repeated for all components of the transmission network. 
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If there is any failed component, step 2 must be 

approached otherwise step 1 must be repeated. 

 
2. 2. Contingency State Analysis        Once system 

state is obtained, as can be seen in Equation (1) a linear 

programming optimal power flow is solved to reschedule 

the generating units, eliminate line overloading and avoid 

load shedding if possible or maximize the total load 

which can be met on each load bus. 

In Equation (1), the priority for supplying loads in 

each contingency state is considered by their IEAR. 

Furthermore, loads are modelled using multi-step annual 

Load Duration Curves (LDC) [1]. 
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The annual energy not served due to the contingency 

state k, can be obtained by Equation (2). 
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where, i and j represent the index of load bus and load 

segment in the corresponding LDC, respectively. 

 
2. 3. Quantification of EENS       Assuming that the 

outages of the transmission components are independent, 

the occurrence probability of the contingency state k can 

be calculated using Equation (3) [20, 21]. 

Probk=P(ek)× Q(e̅k) (3) 

where, ek and e̅k  are sets of elements of contingency 

state k which are in service and on outage, respectively.  
The EENS due to the occurrence of the kth 

contingency state is expressed by  

kkk ENSProbEENS   (4) 

The total EENS for the composite power system can 

be obtained by aggregation of the EENS values of all 

contingency states.  

 
 
 
3. IMPORTANCE INDEX OF NETWORK 
COMPONENTS 
 

The importance of each network component is related to 

its position in the network structure. In order to determine 

the importance of each component, the following two 

stages were considered. Moreover, the flowchart of the 

proposed approach is illustrated in Figure 1. 

3. 1. Contingency States Analysis       In the first stage, 

the Monte-Carlo approach (based on the procedure 

described in section 2) is employed to select and analyze 

the contingency states of the network. The procedure is 

described by the following steps. 

Step 1. Choose a state for the network by determining 

the state (normal or failure) of all components, according 

to the state sampling procedure presented in section 2. 

Step 2. Regarding to the selected state, run the 

optimal power flow presented in Equation (1), and 

calculate the ENS for the selected contingency state using 

Equation (2). 

Step 3. If the ENS for the selected state is not zero, 

save the state and go back step 1. Steps 1-3 are repeated 

for a predefined number of iterations. 

 
3. 2. Sensitivity Analysis for Ranking the Network 
Components       After performing the aforementioned 

three steps in section 3.1, a database is formed that 

contains the contingency states which result in load 

curtailment. In order to determine the importance index 

of the network components, the following basic idea is 

applied:  

A component is of higher important if a specific increase 

in its failure rate results in higher increase in the overall 

expected energy not served, compared to another 

component. Based on this idea, the rank of each network 

component can be obtained based on the following steps. 

Step 1. For each contingency state in the formed 

database, calculate the occurrence probability and EENS 

by Equations (3) and (4), respectively. Then, aggregate 

the EENS of the contingency states to obtain the overall 

EENS of the transmission network (EENSBase). 

Step 2. Increase the failure rate of the ith component 

by a small value, e.g. ξ. Update the occurrence 

probability of the contingency states and recalculate the 

new EENS (EENSNew) of the composite power system 

similar to step 1.  

Step 3. Calculate the importance index for the ith 

component by subtracting the new EENS (EENSNew) of 

the transmission network from the EENSBase and dividing 

the result by ξ. Do steps 2 and 3 for all components of the 

network. 
 
 

4. SIMULATION RESULTS AND DISCUSSION 
 

In order to provide more insight into the presented 

approach and assessment of its performance, two test 

systems, namely RBTS and IEEE RTS were considered 

to perform simulations. 

 
4. 1. Roy Billinton Test System (RBTS)       The single 

line diagram of the RBTS is shown in Figure 2. It 

includes 9 lines and 11 generating units. The system peak 

load is 185 MW and the total capacity of the generating 
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Figure 1. Flowchart of the proposed approach to determine 

the importance index of network components 
 

 
units is 240 MW. The other network data such as failure 

and repair rate of each component as well as the 

generation units and transmission lines data are provided 

by Billinton et al. [22]. 
 

Contingency state analysis: Based on the presented 

approach in section 3, a contingency states analysis is 

performed in the RBTS. In this analysis the Monte-Carlo 

approach is repeated for 4000,000 iterations [23] to select 

and evaluate highly probable contingency states of the 

system and save those resulting in the load shedding. 

It is worth noting that in both test systems, the priority 

order of the load buses for load curtailment was 

determined by the IEAR, which can be found in literature 

[23]. The loads on the load buses were modelled by nine-

step LDC. The steps of the LDC and their time durations 

are presented in Table 1. 

Using the state sampling method presented in section 

2, 1103 distinct states were selected after 4000,000 

iterations, among them there were 617 contingency states 

which led to the load curtailment. The overall EENS of 

the network was 148.8 MWh/year. The program was 

executed on a machine with Core i7 3.5 GHz CPU and 8 

GB of RAM. The computation time was 2.748 mins. 

Table 2 summarizes the contingency states which led 

to the load curtailment based on the number of failed 

components in each state. The contribution of each group 

of contingencies to the EENS of the system is also 

presented in Table 2. As can be seen in Table 2, there is 

a first-order contingency in the RBTS which has resulted 

in load shedding contributed to 70.54 percent of the 

EENS of the RBTS. The first-order contingency 

corresponds to the outage of line 9. Based on the 

presented results in Table 2, higher order contingency 

states have lower contribution to the EENS of the RBTS 

owing to their low occurrence probabilities.  

 
Figure 2. Single line diagram of the RBTS 

 

 

TABLE 1. LDC data 

LDC steps Time duration (in hour of year) 

1 19 

0.95 96 

0.9 314 

0.85 656 

0.8 1445 

0.7 2027 

0.6 1883 

0.5 1977 

0.4 319 

 

 

The contingency states, leading to load shedding, 

have been also listed in Table 3 based on the type of the 

failed components. For instance, there are 17 

contingency states which solely include failed 

transmission lines, constituting the major portion 

(72.35%) of the EENS in the RBTS. Hence it can be 

inferred that the major problem of the RBTS is related to 

the transmission lines. 
 

 

TABLE 2. Contingency states grouping based on the number 

of failed components 

No. of failed 

component 

No. of contingency 

states 

Contribution to the 

EENS of the system 

1 1 70.54% 

2 53 21.79% 

3 367 7.14% 

4 184 0.52% 

5 12 0.002% 

Select a probable contingency 

state based on procedure stated 

in section 2.1

Calculate ENS by solving the 

optimal power flow presented in 

Equation (1)

ENS>0?

Save the contingency state

i>max

i=0
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Y
es

No
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TABLE 3. Contingency grouping states based on the failed 

components 

The failed components 
No. of contingency 

states 

Contribution to the 

EENS of the system 

Line 17 72.35% 

Generating unit 244 11.50% 

Generating unit + Line 356 16.14% 

 
 

The effect of each contingency state on the EENS is 

shown in Figure 3. As an example, 70.54 percent of the 

EENS is associated with the outage of line 9. As depicted 

in Figure 2, due to the radial configuration of the 

network, the outage of line 9 directly leads to the 

disconnection of the load bus 6. In the RBTS, outage of 

line 9 is much more important than the other contingency 

states. Therefore, for better illustration Figure 3 has two 

vertical axes. The left one belongs to outage of line 9 and 

the other contingency states is shown on the right vertical 

axis.  

Ranking of the network components: The rank of 

the lines and generating units was determined based on 

the sensitivity analysis approach described in section 3. 

The importance index of the RBTS components is 

illustrated in Figure 4. 

As shown in Figure 4, line 9 is the most important 

component in the RBTS. Similar to Figure 3, for better 

clarification, the importance index of line 9 is shown on 

a separate vertical axis (right one) and the importance 

index of the other components are shown on the left 

vertical axis. Followed by line 9, it can be seen in Figure 

4 that generating units 11, 3 and 4 are more important 

than the other components. It must be noted that these 

units are the largest units in network, having the capacity 

of 40 MW. Generating units 3 and 4 are placed on bus 1 

and generating unit 11 is mounted on bus 2. 
 

4. 2. IEEE Reliability Test System (IEEE RTS)       
The single line diagram of the IEEE RTS is illustrated in 

Figure 5. This test system is composed of 24 buses, 38 

transmission lines and 32 generating units. The peak load 

in the system reaches 2850 MW while the total installed 

generating capacity amounts to 3405 MW. Detailed 

network data including reliability data for each 

component and the generation and transmission data can 

be obtained from literature [24]. 

Contingency state analysis: In this case study, the 

Monte-Carlo approach was repeated for 1,000,000 

iterations [23] and highly probable contingency states of 

the system were selected and evaluated and those 

resulting in load shedding were saved. Utilizing the state 

sampling method described in section 2, after 1,000,000 

iterations 37,697 distinct states were selected and among 

these states there were 16,683 contingency states which 

caused load curtailment. The overall EENS of the IEEE 

RTS was obtained as 2318.22 MWh/year. The 

computation time for this case study was 16.61 min. 

 

 
 

 
Figure 3. Impact of each contingency state on the EENS (in 

percent) 

 

 

 
Figure 4. Importance index of lines and generating units in 

the RBTS 

 
 

Table 4 summarizes the contingency states with the same 

number of failed components. The contribution of each 

group of the contingencies to the EENS of the system is 

also presented in this table. Based on the information 

given by Table 4, there is no first-order contingency 

which results in the load shedding. In other words, the 

RTS is reliable to the outage of one line or one generating 

unit. Moreover, the contribution of the second-order 

contingencies to the EENS is not considerable (6.18 

percent). Therefore, as shown in Table 4, the major part 
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Figure 5. Single line diagram of the RTS 

 

 

TABLE 4. Contingency states grouping based on the number 

of failed components 

No. of failed 

component 

No. of contingency 

states 

Contribution to the 

EENS of the system  

1 0 0% 

2 13 6.18% 

3 836 30.42% 

4 6620 44.29% 

5 6756 18.03% 

6 2037 1.05% 

7 361 0.03% 

8 60 0.00% 

 
 

of the EENS in the IEEE RTS is associated with the third- 

and fourth-order contingencies. 

In order to provide more insight into efficiency of the 

proposed method, it’s worth estimating the simulation 

time if the enumeration method was considered to 

evaluate the contingency states. As mentioned, in 

proposed method, it takes 16.61 min to simulate 37697 

distinct states. While considering enumeration technique 

as alternative method leads to 974120 states (including 

one to four components in failure mode) which must be 

evaluated. Obviously, this will take a very long time. 

Moreover, this problem can be much more acute in real 

transmission networks with hundreds of lines and 

generating units. 

The contingency states which resulted in load 

shedding are summarized in Table 5 based on the type of 

the failed component. For instance, there are 14,916 

contingency states which solely include failed generating 

units, majorly contributing to the EENS of the IEEE RTS 

(99.68%). Furthermore, lines outages have negligible 

impact on the EENS of the network. Therefore, it can be 

concluded that the major problem of the IEEE RTS is 

associated to the generating units and the IEEE RTS is 

very reliable against transmission lines outages. 

The information regarding impact of each 

contingency state on the EENS is depicted in Figure 6. 

For instance, more than seven percent of the EENS has 

been imposed due to simultaneous outages of the 

generating units 22, 23 and 32. Generating units 22, 23 

and 32, located on buses 18, 21 and 23, respectively are 

the largest units in network, having the capacities of 400, 

400 and 350 MW, respectively. 

Ranking of the lines and generating units: The 

sensitivity analysis technique described in section 3 is 

used to rank the transmission lines and generating units. 

Based on the obtained results, importance indices of the 

IEEE RTS components are illustrated in Figure 7. 

In the IEEE RTS, generating units are more important 

than transmission lines. Hence, for better illustration, in 

Figure 7 the importance indices of lines and generating 

units are shown on right and left vertical axis 

respectively. Based on this figure, generating units 22, 23  
 

 

TABLE 5. Contingency states grouping based on the failed 

components 

The failed components 
No. of contingency 

states 

Contribution to the 

EENS of the system 

Line 2 0.00% 

Generating unit 14916 99.68% 

Generating unit + Line 1765 0.32% 

 

 

 
Figure 6. Impact of each contingency state on the EENS  

(in percent) 
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Figure 7. Importance index of lines and generating units in 

the RTS 

 
 
and 32 are of higher importance from network 

perspective, comparing to the other components. As 

mentioned earlier, these units possess largest capacities 

within the network. Moreover, line 11 is the most 

important transmission line in the network. As can be 

seen in Figure 5, outage of line 11 results in isolation of 

bus 7. Hence, all the 300 MW generation capacity of bus 

7 will be lost. 

 
 
5. CONCLUSION 
 

This paper proposed a probabilistic approach for ranking 

network components, based on their importance from the 

network perspective. The proposed approach is 

established based on the Monte-Carlo based techniques 

which are commonly employed for evaluating the 

reliability of the composite power systems. Hence, the 

proposed approach can be easily applied to the real 

transmission networks in a straightforward manner to 

identify the critical components within the system. The 

application of the proposed methodology was 

demonstrated through two case studies on IEEE RTS and 

the RBTS. Based on the findings in both case studies, the 

proposed approach can find the most influential 

components in the context of power system reliability. 

Moreover, the proposed method is able to reveal the weak 

points of the network and serve as a useful tool for the 

power system planners to identify where investments 

should be made to increase the overall system reliability.  
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Persian Abstract 

 چکیده
تواند د و میباشکند. روش پیشنهادی قادر به شناسایی نقاط ضعف شبکه قدرت میاین مقاله یک روش کارآمد برای تعیین اهمیت هریک از تجهیزات شبکه انتقال ارائه می

ی رسیدن ای قادر خواهند بود براهای برق منطقهشرکت ریزی شبکه مورد استفاده قرار گیرد. در واقع به کمک روش پیشنهادی این مقالهبه عنوان ابزاری مفید در بخش برنامه

و بخش ش پیشنهادی از دبه بهترین قابلیت اطمینان ممکن، منابع مالی محدود خود را به سمت تجهیزاتی سوق دهند که از اهمیت بیشتری برای شبکه برخوردار است. رو

است و در بخش دوم از آنالیز حساسیت برای تعیین ارتباط بین قابلیت اطمینان هر تجهیز با قابلیت اصلی تشکیل شده است. بخش اول شامل ارزیابی حوادث احتمالی شبکه 

هادی بر های واقعی است. عملکرد روش پیشنسازی در شبکهسازی صورت گرفته، روش پیشنهادی مقاله قادر به پیادهاطمینان کل شبکه استفاده شده است. بر اساس دو ساده

 کند.مورد بررسی قرار گرفته است. نتایج بدست آمده کارایی روش پیشنهادی را تایید می RBTSو  RTSال نمونه روی دو شبکه انتق
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A B S T R A C T  
 

 

In this research, a new cost-effective carbon source of medium was provided in terms of high-efficiency 
growth from Arthrospira maxima. Sugarcane molasses was used in two different modes (alternative and 

additive) at four different concentrations (0, 0.5, 1.0 and 1.5 gL-1) to determine the effect of new carbon 

source versus its standard carbon source of Zarrouk’s medium (NaHCO3). The experimental results were 
analyzed by Taguchi L8 method as a statistical technique. The highest biomass production obtained 

when sugarcane molasses was added as an alternative source, which was 5.31 times higher than the usual 

Zarrouk's media. Furthermore, final biomass concentration increased with increasing molasses 
concentration from 0 to 1.5 gL-1 in this group. At highest concentration, phycocyanin (at 0.11 and 0.12 

gL-1), allophycocyanin (at 0.13 and 0.12 gL-1), carotenoids (at 2340 and 2535 mgL-1), chlorophyll a (at 

23.83 and 24.83 mgL-1), and chlorophyll b (at 0.343 and 2.99 mgL-1) obtained when molasses were added 
as an additive and alternative sources, respectively. Finally, the replacement of standard carbon sources 

of medium with sugarcane molasses had the potential possibility in order to reduce the production costs 

of Arthrospira maxima growth. 

doi: 10.5829/ije.2022.35.03c.03 
 

 

NOMENCLATURE 

A Absorbance at different wavelength DT Doubling time 
APC Allophycocyanin µmax Maximum specific growth rate 

Cw.d Concentration of Arthrospira maxima by dry-weight P Productivity 

Cw.dt Biomass concentration (gL−1) at time tcd.w (days) PC Phycocyanin 
Cw.d0 The initial biomass concentration (gL−1) at the time t0 R2 Interpret R Squared 

Ca Chlorophyll a t0 Initial time by day 
Cb Chlorophyll b tcw.d Selected time in the day 

Cx+c Carotenoid   

 
1. INTRODUCTION1 
 

Microalgae are a group of eukaryotic algae and 

prokaryotic cyanobacteria which do the photosynthesis 

[1]. Among the commercial species of microalgae, 

Spirulina is one of the most essential microalgae for a 

wide range of applications in various industries [2-5]. as 

a source of vitamins [6]. Recently, there is a massive 

demand of natural pigment extraction from Spirulina due 

                                                           

*Corresponding Author’s Email: r-davarnejad@araku.ac.ir  

(R. Davarnejad) 

to their non-toxic, non-allergic, and antimicrobial effects 

(FDA has banned the use of synthetic colorants) [7-9].  

Furthermore, Spirulina contains the most important 

sources of pigments [10]. The phycocyanin and 

allophycocyanin have considerably been noticed world. 

Biomass growth of microalgae depends on the 

environmental situations such as lighting [11], 

temperature [12] and pH [13]. Furthermore, aeration 

plays a significant role on the production of biomass by 
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increasing the dissolved oxygen content of culture [14]. 

In fact, light intensity can affect the biomass and 

pigments production [15-17]. Nutrient availability is one 

of the major promising strategies to change and control 

the microalgae growth and the production of pigments 

[18]. The essential nutrients are an organic or inorganic 

carbon source as well as nitrogen, and other 

micronutrient during the cultivation [19]. Nowadays, 

feasibility of Spirulina growth in several nutritional 

conditions has been encouraged to enhance biomass and 

pigment production [18]. Therefore, various media can 

be used for the growth of Spirulina like Zarrouk[20], 

modified Zarrouk [21], CFTRI & JPJM [22] and 

Bangladesh one [23]. However, there are different 

applications on algae such as wastewater treatment 

through their produced biomasses [24, 25] but, their 

nutrition should be an important issue. 

Carbon source is one of the most cost-effective 

factors in the production of biomasses and pigments [26]. 

The replacement of basic carbon sources of media 

(NaHCO3) with cost-effective materials such as glucose 

and molasses has previously been reported in the 

cultivation of Spirulina platensis [27-29]. Since, there 

were no published works on the impacts of sugarcane 

molasses on the cultivation of Arthrospira maxima, the 

current research was conduct on this area. Moreover, 

sugarcane molasses as an alternative and additive carbon 

source of Zarrouk’s media was prepared at four different 

concentrations (0, 0.5, 1.0 and 1.5 gL-1) in this research. 

 

 

2. EXPERIMENTS 
 

2. 1. Inoculums Preparation and Cultivation 
Method         Axenic Arthrospira maxima CIB79 strain 

was obtained from National Polytechnic Institute (IPN), 

(Mexico City, Mexico), which was grown in a batch 

culture. The cultivation process using Zarrouk’s media 

was carried out at laboratory temperature ranging from 

28-32 °C under a white fluorescent with an illumination 

of 1350±100 lux light intensity. The treatments 

continuously aerated by adjusting a fixed aeration with 

an air pump [AC-9602 (RESUN, Mexico)] during 7 days 

of cultivation. Furthermore, the measurement of culture 

pH was daily carried out using a pH-meter (HANNA, 

pH21 pH/mV meter, US). Zarrouk’s media with 

NaHCO3 16.8 gL-1, NaNO3 2.5 gL-1, K2HPO4 0.5 gL-1, 

K2SO4 1.0 gL-1, NaCl 1.0 gL-1, MgSO4.7H2O 0.2 gL-1, 

EDTA-Na2.2H2O 0.08 gL-1, CaCl2.2H2O 0.04 gL-1, and 

FeSO4.2H2O 0.01 gL-1, micronutrient elements solution 

(H3BO3 2.86 gL-1, MnCl2.4H2O 1.81 gL-1, ZnSO4.7H2O 

0.222 gL-1, MoO3 0.01 gL-1, CoCl2.6H2O 0.01 gL-1, 

CuSO4.5H2O 0.079 gL-1) 1.00 mLL-1 was used as a 

cultivation media. All chemicals were purchased from 

Merck Company (Darmstadt, Germany). The media 

preparation was carried out according to the literature 

[30]. Treatments were performed in a 125 mL 

Erlenmeyer flask containing 25 mL of Arthrospira 

maxima inoculum with an initial biomass concentration 

of 1.08 gL-1. During the process of growth, double-

distilled water was daily added to keep the media in a 

constant level. The cultivation environment was prepared 

either with (additive) or without (alternative) basic 

carbon source of Zarrouk’s media. Then, sugarcane 

molasses as a cheap by-pass product [at different 

concentrations (0.5, 1 and 1.5 gL-1)] were added into the 

media in the mixotrophic culture to determine the effect 

of new carbon source versus standard carbon source of 

Zarrouk’s media. The biomass growth and pigment 

production were recorded during the cultivation. all 

experiments were repeated three times and the data 

reproducibility were carefully checked. The data 

collections were performed during 2019-2020 in 

September. 

 

2. 2. Analysis and Pigments Measurement           The 

biomass concentration (Cw.d, gL−1) by dry-weight was 

daily recorded for each treatment by measuring optical 

density at wavelength of 674 nm using a 

spectrophotometer (Thermo Scientific, England) based 

on the validation curve. The maximum specific growth 

rate (μmax, day−1) and doubling time (DT, day) at the end 

of each run was calculated based on literature [31]: 

μmax = 
ln(Cw.dt)−ln (Cw.d0)

tCw.d−t0
, DT =  

0.693

μ
  (1) 

Phycobiliproteins concentration was determined using 

repeated freezing-thawing cycles [18]. The 

concentrations of phycocyanin (PC) and allophycocyanin 

(APC) were measured using the following equations at 

wavelengths of 620 and 652 nm, respectively [32]: 

(2) 
PC (gL−1) =

A620−0.474 A652

5.34
, APC (gL−1) =

A652−0.208 A620

5.09
  

The pellet collected from the previous step homogenized 

with 0.4 mL of acetone and chloroform solvent (7:3 v/v) 

and refrigerated for few days until no color could be seen 

in the pellet. Then, it was centrifuged at 13300 rpm for 5 

min and then the green supernatant was collected. Its 

absorption was determined at wavelengths of 470, 645 

and 662 nm by spectrophotometer. The total content of 

chlorophyll (Ca) and carotenoid (C(X+C)) were calculated 

using the following equations [33]: 

(3) 
Ca = 11.24 × A662 − 2.04 × A645, Cb = 20.13 ×
A645 − 4.19 × A662 (mgL

−1)  

(4) 
C(x+C) = (1000 × A470) − (1.09Ca − 63.14Cb) 214⁄   

(mgL−1)  

All pigments extraction processes were carried out under 

the dim light to protect them from degradation. 
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2. 3. Experimental Design           The experiments 

were designed using Taguchi L8 method by Minitab 

software (2019). The parameters and their levels were 

tabulated in Table 1. 

The experimental design represents eight treatments 

evaluated by Taguchi L8 approach (four two-level 

parameters) as shown in Tables 2. Evaluation of 

experimental data was based on signal-to-noise ratio 

(S/N ratio) and mean ratio. 

All graphic designs and pigment calculations in this 

study were performed using the Graph Pad Prism 8 

software. 
 
 
 

3. RESULTS AND DISCUSSION 
 

3. 1. Calibration Curve for Culture Media                    
The maximum absorption wavelength (674 nm) was 

calculated by measuring the absorption spectra in the 

wavelengths from 300 to 800 nm, which was in good 

agreement with the literature [33]. The relationship 

between concentration of Arthrospira maxima by cell 

dry-weight (Cw.d) and corresponding absorbance results 

at 674 nm were estimated by the straight-line equation as 

follows: 

(5) A674 = 0.5800 × (Cw.d) + 0.02010, (R
2 = 0.9971)  

 
 
 

TABLE 1. Experimental parameters and their level 

Parameters Level No. Value of each Level 

Sugarcane molasses 

concentration 
4 0, 0.5, 1.0, 1.5 

Adding method of 
molasses 

2 

1 (additive carbon 
source), 

2 (alternative carbon 
source) 

 
 

 
TABLE 2. Orthogonal array of Taguchi L8 (4^1 2^1) 

Treatments No. Concentration Adding method 

1a 0 1 

2 0.5 1 

3 1 1 

4 1.5 1 

5 0 2 

6 0.5 2 

7 1 2 

8 1.5 2 

a treatment that was prepared in control culture media (Zarrouk’s 
media). Number 1 represents molasses was added as an additive 
nitrogen source. Number 2 represents molasses was added as an 
alternative nitrogen source. 

3. 2. Effect of Molasses Concentrations on Growth 
Parameters 
 

3. 2. 1. Biomass Dried Weight          Figure. 1 estimates 

healthy cells and illustrates Cw.d affected by changes in 

the molasses concentration. The lag-phase of most 

cultures was 2 days. The highest cell concentration (4.49 

gL-1) was obtained at the maximum concentration of 

molasses (1.5 gL-1) with bicarbonate-free media, which 

was almost 1.5 times higher than molasses-based media 

with bicarbonate (Fig. 1b). Furthermore, molasses 

concentration increment from 0.5 to 1.5 gL-1 led to a 

significant enhancement in the biomass accumulation. 

The result was in agreement with a similar work on 

Spirulina platensis [27]. Other results showed an increase 

of Cw.d between 0.495 gL-1 and 0.609 gL-1 after 7 day of 

cultivation when culture media was supplemented by 

0.1% and 1% v/v of sugarcane vinasse. 

In additive-molasses group, treatment 4 had the 

highest molasses concentration and produced the highest 

Cw.d although it was not high enough to be effective 

compared with the alternative group. In treatment 2 the 

cell growth was higher than that treatment 1 and also 

higher than that encountered by Andrade and Costa [34] 

during mixotrophic growth (Cw.d= 1.14 gL− 1) of 

Spirulina platensis with molasses (0.75 gL-1) at the media 

light intensity (45.5 μmol m−2s−1) although they used 

Spirulina platensis microalgae for cultivation period of 

11 days; while Arthrospira maxima microalgae during 7 

days of cultivation was used in the current research [35]. 

Moreover, the Cw.dof the highest molasses concentration 

in both groups (additive and alternative) was higher than 

that of Spirulina platensis growth stimulated in media 

supplemented with glucose (Cw.d=2.52 gL-1) during 

mixotrophic condition [36]. However, light and organic 

carbon source are the two most important factors on the 

growth rate of Arthrospira maxima in the mixotrophic 

condition; but, the light could not effectively penetrate in 

a high-concentrated media. It causes turbidity after 4 

days. According to the literature, this phenomenon 

inhibited photosynthetic activity of Spirulina 

platensis[37]. On the other hand, the cultivation 

conditions such as light and organic carbon source in 

heterotrophic condition can inhibit growth process [38]. 
 
 

 
Figure 1. Change in biomass concentration during the period 

molasses. of day: additive (panel a) and alternative (panel b) 

)1-,♦: 1.5 gL1-, ■: 1 gL1-, ●: 0.5 gL1-(▼: 0 gL 
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3. 2. 2. Culture Media PH       The pH was gradually 

increased in molasses additive-based media as 

bicarbonate dissolved in the media that releases CO2 and 

OH- (as data shown in Fig. 2). Then, the pH increased 

with respect to time during cultivation according to the 

following equations [39]: 

(6) 
NaHCO3

− → Na+(micronutrientforgrowingalgae) +
HCO3

−  

(7) 

HCO3
−

Carbonic anhydrase enzyme
→                     CO2(carbonsource) +
OH−(alkaline)  

In both molasses-based media, the pH decreased 2 

days after inoculation and then increased due to the 

activity of bacteria in the media. Additional amounts of 

bacteria were contained in the media at high 

concentration of molasses. Based on Oswald principle, 

the organic compounds of wastewater were converted 

into CO2 by oxidation bacteria in the media at the 

beginning of cultivation. Then, carbonate was formed by 

chemical reaction of CO2 and water. Carbonate then was 

used by microalgae throughout photosynthetic process. 

OH¯ ions were released and pH of the solution has 

increased [40]. Therefore, Arthrospira maxima utilized 

organic carbon such as molasses for producing CO2 

through respiration (the heterotrophic growth) while the 

growth should be photoautotrophic when Arthrospira 

maxima utilized light as an energy source and carbon 

dioxide as a carbon source during the photosynthetic 

process (pH media will remain high due to 

photoautotrophic growth). According to this research, the 

Cw.d reached its maximum value when the pH value was 

in minimum (9.10±0.3). This result is properly justified 

by a similar work reported in literature [41]. 
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Figure 2. Changes in pH during the growth phase of 

Arthrospira maxima: additive (panel a) and alternative 

(panel b) molasses. (▼: 0 gL-1, ●: 0.5 gL-1, ■: 1 gL-1,♦: 1.5 

gL-1) 

3. 2. 3. Growth Parameters            Figure. 3 shows the 

effect of various concentration ns of molasses-containing 

media on µmax and DT at the end of each run (7 days). 

Moreover, µmax and the minimum DT (0.3 day-1, 2.3 day) 

occurred at concentration of 1.5 gL-1 in the media when 

molasses was added as an alternative carbon source. 

Furthermore, sum of the µmax values of autotrophic and 

heterotrophic cultures corresponded to µmax of the 

mixotrophic culture [36]. These results revealed that the 

lowest DT (2.55 day) is in fact at the highest µmax (0.27) 

at concentration of 1.5 gL-1 when molasses is added as an 

additional carbon source. Moreover, µmax decreased from 

0.09 to 0.3 day-1 when the initial concentration increased 

from 0.05 to 1.5 gL-1.  

 
3. 3. Effect of Molasses Concentrations on the 
Pigments Production 
 
3. 3. 1. Phycocyanin and Allophycocyanin 
Contents      According to Figures 4(a) and 4(b), the 

value of PC increased with time and concentration of 

molasses increment. The formation of PC pigment in the 

highest concentration remained consistent in a high level 

after 4 days of cultivation. That is probably due to the 

turbidity of media after 4 days (rapid growth of biomass 

during the first few days of cultivation) [37]. 

Furthermore, Arthrospira maxima requires high light 

intensity to cover turbidity problem after 4 days of 

cultivation at high concentrations of carbon source. 

Changes in APC content in molasses-containing media as 

an additive and alternative are shown in Figures 4(c) and 

4(d). 
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Figure 3. Effect of different concentrations of molasses-based 

media on µmax specific growth rate (panel a & b) and doubling 

time (panel c & d) whereas molasses was added as an additive 

(gray box) and alternative (white box) carbon sources 

http://www.scialert.net/asci/result.php?searchin=Keywords&cat=&ascicat=ALL&Submit=Search&keyword=carbon+source
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Figure 4. Changes in phycocyanin (panel a & b) and 

allophycocyanin (panel c & d) content in molasses-

containing media. (▼: 0 gL-1, ●: 0.5 gL-1, ■: 1 gL-1,♦: 1.5 

gL-1) 

 

 

At the highest concentration, the APC and PC contents 

increased from 0.08 to 0.13 mgL-1 and from 0.07 to 0.12 

mgL-1, respectively. In photoautotrophic culture, PC and 

APC did not grow as fast as the mixotrophic culture while 

photoautotrophic culture cannot be satisfied by biomass 

growth in clash with the mixotrophic culture. On the 

other hand, the results showed that the mount of PC and 

APC slightly increased with time in the control treatment. 

Therefore, it was concluded that carbon source and its 

concentration as well as light intensity during the 

cultivation were the significant factors. Moreover, the 

amounts of PC and APC pigment in the carbon-free 

conditions were declining. Therefore, carbon source was 

a vital source for Arthrospira maxima growth. 

 
3. 3. 2. Photosynthetic Content         Table 3 shows the 

amount of photosynthetic pigments (Ca, Cb and C(x+c)) 

for each treatment on the final day of cultivation. It was 

observed that molasses was not able to produce the 

highest content of photosynthesis pigment throughout the 

course of cultivation due to the lack of light penetration 

[42]. The Ca, Cb and C(X+C) of Arthrospira maxima were 

in maximum at maximum pH value [43]. According to 

the control treatment, the highest Ca, Cb and C(X+C) 

growth data were at 29.13, 10.25 and 2672 mgL-1, 

respectively. This amount was similar to treatment 5 

(without any carbon source). In addition, the amount of 

photosynthetic pigments decreased with an increase in 

molasses concentration in the both methods. 

Furthermore, molasses concentration increment 

may disrupt microalgae breath and consequently 

reduce the pigment content. The current study shows a 

good efficiency compared with the control treatment in 

terms of Ca. It almost was 2.5 times higher than that of 

the Spirulina platensis growth in additive molasses-

based Zarrouk’s media [27]. 

TABLE 3. Estimation of photosynthetic pigments in 

Arthrospira maxima 

Treatment 

No 

Molasses 

addition 

method 

Ca(mgL-1) Cb(mgL-1) 
C(X+C) 

(mgL-1) 

1a 

Additive 

29.13 

27.23 

26.58 

23.83 

10.25 

2.89 

1.89 

0.343 

2672 

2542 

2582 

2340 

2 

3 

4 

5 

6 

7 

8 

Alternati

ve 

28.59 

28.05 

24.43 

24.83 

10.34 

3.44 

2.17 

2.99 

2620 

2553 

2540 

2535 

a treatment that was prepared in control culture media (Zarrouk’s 
media) 

 

 

 
Figure 5. Mean graph (vertical diagram on the left side) and 

S/N ratio graph (diagram on the right side) corresponding to 

biomass concentration (gL-1), specific growth rate and 

doubling time. 

 

 

3. 3. 3. Experimental Analysis and Design      Figure. 

5 shows Mean and S/N ratio graph corresponding to the 

growth parameters.  

The maximum value of S/N ratio plot of Cw.d and 

µmax described the optimum level for a particular 

parameter. On the other hand, smaller S/N ratio was the 

best factor for the DT. Furthermore, molasses as an 

alternative carbon source (adding methods 2) at a 

concentration of 1.5 gL-1was chosen as the best 

parameter.  
 
 

4. CONCLUSIONS 
 

Arthrospira maxima cultivation requires the best carbon 

source instead of bicarbonate source of Zarrouk’s media 

as well as sufficient concentration for the enhanced 
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biomass growth. Cw.dand µmax amounts almost increased 

with an increase in the molasses concentration from 0.5 

to 1.5 gL-1 during the cultivation. However, adding 

molasses as an additive and alternative carbon source 

should be useful but, molasses consumption (as an 

additive carbon source) did not show an excellent output 

on Cw.din comparison with the alternative sources. 

Moreover, the availability of organic carbon source in 

media and sufficient light during the first few days of 

cultivation increased the penetration of light and carbon-

fixation route into the media. The formation of PC 

pigment simultaneously decreased or consistently 

remained high throughout most part of the cultivation 

period. Its reason is due to the effect of restricted light 

dispersion (biomass accumulation). Furthermore, the 

intensity of light could increase after the first few 

days of cultivation in order to avoid the growth rate 

inhibition. 
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Persian Abstract 

 چکیده
( و چهار یو افزودن نیگزیدر دو حالت )جا شکریاستفاده شد. از ملاس ن Arthrospira maximaبالا  دیبا راندمان تول یدیاز منبع کربن مقرون به صرفه جد ق،یتحق نیدر ا

ا استفاده از روش ب یتجرب جیزاروک استفاده شد. نتا طیدر برابر منبع کربن استاندارد مح دیمنبع کربن جد ریتأث نییتع ی( براتریگرم در ل 5/1و  1، 5/0، 0غلظت مختلف )

اضافه شد که  نیگزیبه عنوان منبع جا شکریحاصل شد که ملاس ن یزمان توده ستیز دیتول نیشتریقرار گرفت. ب لیو تحل هیمورد تجز یآمار کیتکن کیبه عنوان  L8یتاگوچ

. در افتیشیگروه افزا نیدر ا تریگرم در ل 5/1تا  0غلظت ملاس از  شیبا افزا یینها توده ستیغلظت ز ن،یبر ا وهاستاندارد زاروک بود. علا طیاز مح شتریبرابر ب 11/5 بایتقر

(، تریدر ل گرم یلیم 1515و  1130)در  دهای(، کاروتنوئتریگرم در ل 11/0و  11/0)در  نیانیکوسی(، آلوفتریگرم در ل 11/0و  11/0)در  نیانیکوسیغلظت ملاس، ف نیبالاتر

دست اضافه شد، به نیگزیو جا یملاس بعنوان منبع افزودن یکهزمان بیترت( بهتریدر ل گرمیلیم 99/1و  131/0)در  bلی(، و کلروفتریدر ل یگرملیم 13و  31/11)در  aلیکلروف

 دارد. دیتول های نهیکاهش هز یرا برا ای امکان بالقوه شکریکشت زاروک با ملاس ن طیمنبع کربن استاندارد مح ینیگزیجا ت،ی. در نهادیآیم
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  Keywords:  Asynchronous Generator Dual-Rotor Wind Turbine Neural Third-order Sliding Mode Direct Torque Control Traditional Proportional-integral    A B S T R A C T    In this paper, a neural third-order sliding mode-direct torque control (NTOSM-DTC) for an asynchronous generator (AG) based dual-rotor wind turbine (DRWT) is proposed. The classical DTC strategy with traditional proportional-integral (PI) controllers has been widely applied to induction machines in recent years due to the high characteristics that it provides in comparison with the classical DTC switching technique. Meanwhile, it has a major drawback that are the significant current, rotor flux and torque ripples generated by the traditional PI controllers. To overcome these drawbacks, the improvement of this control technique by removing these controllers is designed in this paper. The proposed intelligenet nonlinear control technique is based on replacing the classical PI controllers with neural TOSM controllers which will have the same inputs as these controllers. The simulation was performed in Matlab software, and the results obtained make it possible to evaluate the characteristics of the proposed intelligenet nonlinear control technique over the traditional one. doi: 10.5829/ije.2022.35.03c.04   1. INTRODUCTION  In recent years, the demand for electric power has been increasing. This is due to an increase in number of engines used in our daily lives, as well as the abandonment of traditional energy sources such as petroleum. The latter has become a threat to human life. Conventional energies (fossil fuels and natural gas) are among the causes of global warming. This made several governments across the world search for other clean and economically inexpensive sources of energy. Among these solutions, we find solar energy, wind energy, the potential energy of water, these energies are inexpensive, and renewable energies. Moreover, it is clean and easily exploitable energies [1]. Wind energy is among the most widely used renewable energies in the field of electric power generation. This is because of the simplicity of use, clean energy, inexpensive and gives a significant value of                                                            *Corresponding Author Institutional Email: habib.benbouenni@nisantasi.edu.tr (H. Benbouhenni) electrical energy [2]. This method is based on placing the turbines on shafts against the wind. The rotation of the turbine leads to the rotation of the generator and thus the generation of electric power. Several generators can be used in wind energy, such as the asynchronous generator [3] and the synchronous generator [4]. However, the asynchronous generator is the most widely used in the field of electric power generation using wind energy, especially in the case of variable wind speed. This is due to the advantages and characteristics of the asynchronous generator such as ease of control, efficiency, durability, and low cost [5]. As is known, there are several ways to control electrical machines (generators), such as direct torque control (DTC) [6], filed-oriented control (FOC) [7], direct power control (DPC) [8], backstepping control [9], synergetic control [10], nonlinear control [11-13], etc. However, the direct torque control strategy is the most prevalent and widely used method for controlling    



518                                           H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530    electrical machines such as induction motor and synchronous motor, and this is because of the advantages and characteristics that it has compared to other methods. The direct torque control strategy is an easy algorithmic method, can be implemented easily, low cost, and gives very satisfactory results compared to other methods. This method relies on the use of hysteresis comparators and a lookup table to control the torque and flux of the electric machine. This method has been used to control several electrical machines such as the asynchronous motor [14], synchronous motor [15], multi-phase induction motor [16], synchronous generator [17], multi-phase synchronous motor [18], and asynchronous generator [19]. In the field of electric power generation from wind, this method is used to control the asynchronous generator, due to the simplicity of the algorithm and the dynamic response. In this case, the torque and flux of the asynchronous generator are controlled. Controlling these two amounts leads to controlling the current and the output active power generated by the generator (AG). Despite the advantages of this method, it has several disadvantages like any other method. Among the disadvantages of the direct torque control method are ripples at the level of current, torque, and rotor flux. Plus, the direct torque control method gives a large total harmonic distortion (THD) ratio [20]. As it is known, these defects affect the yield and life span of the electric generator. The fluctuations in torque affect the quality of the current and the effective power [21]. There are several studies and scientific research conducted on the method of direct torque control in order to reduce the ripples of torque and current resulting from the asynchronous generator using several methods such as nonlinear methods (sliding mode control and super twisting algorithm), artificial intelligence (fuzzy logic, genetic algorithm, neural network, etc) and a combination of artificial intelligence and nonlinear methods (neuro-sliding mode control, fuzzy-super twisting algorithm, etc) in order to obtain a more robust method and thus, obtaining very satisfactory results. Fuzzy DTC control was proposed by Ayrira et al. [22] to control the asynchronous generator-based wind turbine. The proposed DTC strategy is more robust compared to the traditional DTC technique. On the other hand, the fuzzy DTC control reduces more the THD value of stator current and active power ripple compared to the traditional DTC technique. A new method is proposed by Benbouhenni [23], based on the use of both space vector modulation (SVM) and proportional-integral (PI) controller. This is in order to reduce the fluctuations in both current and torque. This method is based on replacing lookup table and hysteresis comparators with SVM technique and PI controllers, respectively. The proposed method is more robust and can be easily accomplished. The simulation results showed the effectiveness of the proposed method in reducing torque ripples and THD value compared to the classical method. PI controller and neural networks are combined to improve the performance and effectiveness of direct torque control [24]. The results showed the effectiveness of the proposed method in improving the quality of the current produced by the asynchronous generator compared to the classical method. Chattering is defined as the disadvantages of the traditional sliding mode approach at very high frequencies which creates noises in the system. A higher-order sliding mode approach is suitable for the elimination of this chattering phenomenon which was explained by Kelkoul  and  Boumediene [25]. Many strategies like super twisting algorithm, terminal synergetic control, second-order continuous sliding mode, third-order sliding mode control, and fast terminal sliding mode approach are available in the works. These strategies are used to improve the characteristics of an asynchronous generator [26-28]. On use, the settling time and chattering are eliminated or minimized which was presented in the traditional sliding mode approach. These nonlinear methods have been relied upon in some works in order to improve the effectiveness of the direct torque control method in order to obtain a high quality in the current produced by the asynchronous generator. A second-order continuous sliding mode approach was used by Boudjema et al. [29] to improve the DTC method for an asynchronous generator-based wind turbine. The results showed the effectiveness of the DTC method with a second-order continuous sliding mode approach in reducing torque and current ripples compared to the classical DTC method with PI controllers. It also shows the effectiveness of the proposed nonlinear DTC method. Boudjema et al. [29] discussed about the value of THD of stator current, as we find out that the proposed nonlinear DTC method gave a much lower value than the classical DTC method. Another nonlinear technique was proposed by Benbouhenni and Bizon [30] to improve the performances of the DTC control technique of the asynchronous generator-based dual-rotor wind turbine (DRWT) system. This new nonlinear technique is based on a third-order sliding mode controller. However, the proposed DTC with third-order sliding mode is simple to control, easy to implement, robust algorithm, and reduces the THD value of stator current and power ripple compared to the DTC strategy with PI controllers. Fractional-order second-order continuous sliding mode approach was proposed to improve the characterisitics of DTC control with a modified SVM technique to control the asynchronous generator-based wind turbine [31]. The proposed nonlinear DTC control is more robust than classical DTC with a modified SVM technique. On the other hand, the DTC strategy with fractional-order second-order sliding mode approach reduces the ripples 



H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530                                         519   in the torque, current, and rotor flux compared to the DTC strategy with the traditional second-order sliding mode approach. A new method for DTC control has been proposed based on the modified super twisting algorithm [32]. This new DTC method is a modification of the DTC-PI method, where PI controllers are replaced by modified super twisting algorithms.  In this work, a new nonlinear method is proposed in order to improve the efficiency and performance of the DTC control method, and thus improve the quality of the current and the active power generated by the asynchronous generator-based dual-rotor wind turbine system. In addition, in this work, a new intelligent high-order sliding mode approach was proposed to improve the performance of the DTC control technique. this proposed high-order sliding mode approach is named the neural third-order sliding mode (NTOSM) strategy. This proposed intelligent nonlinear controller is a more robust, simple algorithm and easy to implement. The objective is to reduce the ripples in the current, rotor flux, and torque of asynchronous generator-based dual-rotor wind turbine systems. The principle of the schematic and the disadvantages or advantages of DTC with neural TSOM controllers are proposed. The parameters used to observe the characteristics of the proposed intelligent nonlinear DTC control strategy are the THD value of stator current, rotor flux ripple, torque ripple, steady-state error, robustness, response time, and current ripple. Summarizing, the novelty and main findings of this work are as follows: - A new neural TOSM strategy based on the DTC technique is proposed to reduce the THD value of stator current; - Neural TOSM controllers minimize the tracking error for torque and rotor flux towards the references of AG-based DRWT systems. - The DTC-NTOSM technique with modified SVM technique minimizes ripples of torque, rotor flux, and stator current of AG-based DRWT systems. Thus, the structure of the work is as follows. In section 2 dual-rotor wind turbine system models are presented. In section 3 the model of the AG is presented using Park transformations. In section 4 the proposed neural TOSM controller is presented. Section 5 includes the DTC control technique with designed neural TOSM controllers. Section 6 presents and discusses the results of the present research.   2. DUAL-ROTOR WIND TURBINE  Dual-rotor wind turbine is a new technology that has emerged in recent years to generate electricity from wind   power. Studies on it have shown how effective this new technology is compared to classic turbines. This new technology is detailed in literature [33, 34]. This new technology offers more pneumatic torque than a single-rotor turbine. The dual-rotor wind turbine is not affected by the wind currents generated by the wind farm like this classic turbine, which in the future will be widely spread. Among the disadvantages of this technology is that it contains a larger number of mechanical components and is difficult to control compared to the classic turbine. But it offers a greater return compared to the rest of the existing technologies to this day. The total aerodynamic torque of DRWT is the auxiliary rotor (AR) torque add to the main rotor (MR) torque as shown by the following equation [35]: ARMRDRWT TTT +=  (1) with: wCRAT ARpARARAR 253 ......2 1
πρ

λ
=  (2) wCRAT MRpARMRMR 253 ......2 1

πρ
λ

=  (3) where, λAR, λMR : the tip speed ration of the main and auxiliary turbines, RMR, RAR : Blade radius of the auxiliary and main rotors, ρ : the air density and wAR, wMR the mechanical speed of the auxiliary and main rotors. The tip speed ratios of the AR is given : V Rw ARARAR 1.
=λ  (4) The tip speed ratios of the MR is given : V Rw MR MRMRMR .
=λ  (5) where, VMR is the speed of the unified wind on main rotor and V1 is the wind speed on an auxiliary rotor. The wind speed on the main turbine is given by Yahdou et al. [36]: )).41 .21(2 )1(11( 21 xCV xV Tx

+
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−=

 (6) with Vx : is the velocity of the disturbed wind between rotors at point x and CT the trust coefficient, which is taken to be 0.9; x: the non-dimensional distance from the auxiliary rotor disk. So, with respect to x=15, the value of the Vx close to the main rotor is computable (rotors are located 15 meters apart from each other) [37]. The power coefficient CP equation is approximated  using a non-linear function according to following expression [10]. )2β)(3λ( 0018.0)2β(3.05.18 )10λ(sin)2β)(167.05.0(PC −−−
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++=

−+=

++=

−+=  (8) (9)  












+=

+=

+=

+= qsqrrqr dsdrrdr qrqssqs drdssds MIIL MIIL MIIL MIIL
ψ

ψ

ψ

ψ  The electrical model of the AG is completed by the following mechanical equation: 
Ω⋅+

Ω
⋅+= fdtdJTT rem  (10) The torque (Tem ) can be written as follows: )(23 qrdsdrqssem IILMpT ψψ −=  (11) 

 
 4. NEURAL THIRD-ORDER SLIDING MODE CONTROLLER  In this part, it is explained how to implement this new method (neural TOSM) and its advantages. This new method is a modification of the TOSM technique published by Benbouhenni and Bizon [30].  4. 1. Design of the TOSM Controller       There are many nonlinear controllers proposed to control the flux/torque of AC machines in the literature. Among all the strategies proposed for the high-order sliding mode approach, the super twisting controller is an exception, which requires only information on the sliding surface [11]. The third-order sliding mode approach is an effective technique for uncertain systems and it overcomes the main disadvantages of the classical sliding mode approach described. TOSM is a non-linear controller and is an alternative to linear and nonlinear techniques. This method was first proposed in order to improve the performance and efficiency of the direct power control (DPC) of asynchronous generator-based DRWT system [40] and then applied to DTC control of an asynchronous generator-based DRWT system. However, this technique is based on the super twisting algorithm. The control input of  the TOSM controller comprises of three inputs as Equation (12). uuutu 321)( ++=   (12) With : )()( 11 SsignStu ×= λ  (13) 

∫ ××= dtSsigntu )()( 22 λ  (14) )()( 33 Ssigntu ×= λ  (15) The control input of the TOSM controller is obtained as Equation (16). )()()(.)( 321 SsigndtSsignSsignStu λλλ +∫+=   (16) where, λ1, λ2 and λ3 are tuning constants of the TOSM controller. Figure 1 shows block diagram representation of TOSM controller. Through this figure, the TOSM controller is a simple algorithm and easy to implement. The stability condition is given by the following relation: 0.
〈SS  (17)  4. 2. Design of the Neural TOSM Controller        Neural TOSM controller is a new nonlinear technique, where this proposed technique is a simple algorithm, easy to implement, and more robust. This proposed new nonlinear technique based on a combined neural algorithm and TOSM controller in order to obtain a robust controller. This new nonlinear method (neural TOSM) is a modification of the TOSM method, where sign(U) of the TOSM controller is compensated by neural networks. Figure 2 shows the proposed neural TOSM controller. Through this figure, the proposed neural TOSM controller is a simple algorithm and easy to implement.   

Figure 1. Structure of the TOSM controller X -*X sign (U) Squrt(u) 1/s ׀U׀  x + + 1λ 2λ Y 3λ + 



H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530                                         521   In the proposed neural TOSM controller, feedforward neural network controllers were used to the replace the sign(U) functions. This proposed controller is used in this paper for reducing a stator current, torque, and rotor flux ripples in an AG-based DRWT system using the DTC technique which the inverter was controlled by the modified SVM strategy.   5. DTC CONTROL WITH NEURAL TOSM CONTROLLERS  5. 1. DTC-TOSM Strategy          The DTC-TOSM principle is to control the torque and the rotor flux of the AG-based DRWT systems. The rotor flux is controlled utilizing the direct axis voltage Vdr, while the torque is controlled utilizing the quadrature axis voltage Vqr [41]. As is known, flux and torque ripples which represent the big problems of the classical DTC control with PI controllers can be very hurtful for the AG-DRWT because of the use of the hysteresis comparators and switching table or PI controllers [30]. The major idea was to replace the PI controllers with TOSM controllers and at the same time to conserve the major characteristics of the whole system.  The DTC-TSOM technique, which is proposed to control the torque and rotor flux of the AG-DRWT system is shown in Figure 3. The magnitude of rotor flux, which can be estimated by the following experssions [23]: 
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ααα  (18) The rotor flux amplitude is given below: QQQ rrr 22
βα +=  (19) with: wVQ rrr =  (20) The rotor flux angle is calculated by Equation (21): )( QQ rrarctgr

α

β
θ =  (21) The electromagnetic torque, which can be estimated by Equation (22): )(23 αββα rrrrem IQIQpT −⋅−=  (22) Figure 2. Structure of the command law of the proposed neural TOSM controller   

Figure 3. Bloc diagram of the AG with DTC-TOSM   The errors of the electromagnetic torque and rotor flux are shown in Equations (23) and (24). TTS ememTem −= *  (23) QQS rrQr −= *  (24) where the surfaces are the flux magnitude error Sφr = φr*-φr and the electromagnetic torque error STem = Tem*- Tem.  The sliding surfaces shown in Equations (23) and (24) are used as input to the TOSM control law. Torque and rotor flux TOSM controllers are used to influence respectively on the two rotor voltage components as in Equations (25) and (26).  )(3)(2)(.1* SQrsigndtSQrsignSQrsignSQrV dr λλλ +∫+=    (25) )(3)(2)(.1* STemsigndtSTemsignSTemsignSTemV qr λλλ +∫+= (26) The controller structure for the TOSM controller for the torque and rotor flux of the DTC control strategy is presented in Figures 4 and 5, respectively. The DTC-TOSM control technique is proposed by Benbouhenni and Bizon [30] to obtain a minimum rotor X -*X Neural algorithm Squrt(u) 1/s ׀U׀  x + + 1λ 2λ Y 3λ + 
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522                                           H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530    flux and torque ripples and to minimize the chattering phenomenon. The DTC-TOSM strategy improves the performances of the asynchronous generator compared to DTC with PI controllers.  5. 2. DTC-NTOSM Control strategy          The DTC control with neural TSOM controllers, which is proposed to control the  torque and rotor flux of the AG-DRWT system is shown in Figure 6. This proposed strategy is more simple, easy to implement. This proposed strategy is robust compared to traditional DTC and DTC-TOSM techniques. The DTC-NTOSM method is a modification of the DTC-TOSM method, where the proposed NTOSM method is used instead of the TOSM controller. The newly proposed method is based on a combination of the TOSM controller and feedforward neural networks in order to improve the characteristics and advantages of the DTC method of the AG-DRWT system. The controller structure for the neural TOSM algorithms for the torque and rotor flux of the DTC control strategy of the AG-DRWT system is presented in Figures 7 and 8, respectively. In order to make the feedforward neural networks, we used the Levenberg-marquardt backpropagation algorithm. This algorithm is a simple algorithm. However, the feedforward neural networks structure consists of three layers: hidden layer, output layer, and input layer. The characteristics of the feedforward neural networks used to improve the TOSM controller are summarized in Table 1. The feedforward neural network training of torque is shown in Figure 9. Figure 10 shows the training plot of    
Figure 4. Structure of the TOSM torque controller   
Figure 5. Structure of the TOSM flux controller Figure 6. Bloc diagram of the AG with DTC-NTOSM    

Figure 7. Proposed neural TOSM torque controller   
Figure 8. Proposed neural TOSM flux controller   the feedforward neural networks for torque and rotor flux. From this figure, the best training performance is 3.6315e-006 at epoch 29 for torque and 3.4867e-008 at epoch 3 for rotor flux. The error plot of feedforward neural networks is shown in Figure 11. Through this figure, we find that the targeting field is [-0.5 0.5] and the training value is R=0.99997, and the output is given by (output = 1*Target+2.6e-005) for torque and for rotor flux the training value is R=0.99912, and the output is given by (output = 1*Target+3.3e-006). On the other hand, Gradiant, Mu, and Validation Checks are shown in Figure 12 and they represent the properties of the feedforward neural networks of torque. From this figure, the best Gradiant, Mu, and validation checks are  7.1107e-006, 0.08, and 0 at epoch 29, respectively. Tem -*Tem  sign (U) Squrt(u) 1/s ׀U׀  x + + 1λ 2λ Vqr* 3λ + Qr -*Qr  sign (U) Squrt(u) 1/s ׀U׀  x + + 1λ 2λ Vdr* 3λ + Rotor Flux and Torque 
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4 Values Performances Mean Squard Error (mse) Training Levenberg-Marquardt algorithm (trainlm) TrainParam.show 50 TrainParam.Lr 0.05 Neurons of output layer 1 TrainParam.goal 0 TrainParam.mu 0.8 Neurons of input layer 1 Coeff of acceleration of convergence(mc) 0.9 Derivative Default (default deriv) Neurons of hidden layer 12 Number of hidden layer 1 Functions of activation Tensing, Purling, trainlm Number of output layer 1 TrainParam.eposh 200 Number of input layer 1    

Figure 9. Feedforward neural networks training   6. ANALYSIS AND SIMULATION RESULTS  The designed control techniques are simulated and compared regarding stator current harmonics distortion, rotor flux ripple, reference tracking, torque ripples, and robustness against AG parameter variations. The simulations are carried out with a 1.5 MW AG attached to a 398 V/50 Hz grid, by using the simulation numerique. The generator parameters used in this work  (a) Torque  (b) Rotor flux 
Figure 10.Training plot    (a) Torque 0 5 10 15 20 25
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Figure 11. Error plot    

Figure 12. Characteristics of the feedforward neural network for torque   are the same as the generator parameters used in the literature [29-32]. The two nonlinear DTC strategies; DTC-TOSM and DTC-NTOSM are simulated and compared in terms of torque ripple, reference tracking, current ripple, THD value of current, and rotor flux ripple. 
A. First test:This test represents the reference tracking test. This test aims to study the behavior of the proposed strategies of nonlinear DTC control by taking the generated speed as constant and equal to the nominal value. As well as knowing which DTC method provides the best results and minimizes electromagnetic torque and rotor flux ripples together. The results obtained are shown in  Figures 13 to 20. As it’s shown in Figures 15-16, for the two nonlinear DTC strategies, the rotor flux, and torque track almost perfectly their reference values.  Figure 17 shows the stator current of both nonlinear DTC control techniques. It, therefore, confirms that the amplitudes of the currents depend on the state of the drive system and the value of the load rotor flux and torque. Figures 13 and 14 show the THD value of stator current of the AG-based DRWT system for both nonlinear DTC control strategies. It can be clearly observed through these figures that the THD value is reduced for the DTC-NTOSM (THD = 0.32%) when compared to the DTC-TOSM (THD = 0.50%).  The zoom in the torque, rotor flux, and stator current is shown in Figures 18, 19 and 20, respectively. It can be seen that the DTC-NTOSM control strategy reduced the ripples in torque, rotor flux, and stator current compared to the DTC-TOSM control technique. Based on the results above, it can be said that the proposed DTC-NTOSM control strategy has proven its efficiency in reducing ripples and chattering phenomena in addition to keep the same advantages of the DTC-TOSM control strategy.  The results of this test are summarized in Table 2. Through this table, it can be said that the proposed DTC-    
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Figure 16. Rotor flux    

Figure 17. Stator current    
Figure 18. Zoom (torque)    

Figure 19. Zoom (rotor flux)   NTOSM control method is better than the DTC-TOSM control strategy in terms of reducing current, torque and rotor flux ripples. Also, in terms of dynamic response. On the other hand, the proposed DTC-NTOSM control method minimized the ripples of current, torque, and rotor flux by about 75%, 70 and 62.50%, respectively, compared to the DTC-TOSM control strategy.    
Figure 20. Zoom (current) TABLE 2. Compare the results obtained from the proposed method with the classical method 

Criteria Strategies 
DTC-TOSM DTC-NTOSM 

Dynamic response (s) Medium Fast 
Settling time (ms) High Medium 
Overshoot (%) Remarkable ≈ 3% Neglected near ≈ 1% 
Torque and flux 
tracking Good Excellent 
Sensitivity to 
parameter change Medium Low 
Rise Time (s) Medium Low 
THD (%) 0.50 0.32 
Simplicity of converter 
and filter design Simple Simple 
Torque: ripple (N.m) Around 100 Around 30 
Simplicity of 
calculations Simple Simple 
Rotor flux: ripple (wb) Around 0.008 Around 0.003 
Improvement of 
transient performance Good Excellent 
Stator current: ripple 
(A) Around 20 Around 5 
Quality of stator 
current Good Excellent   The proposed DTC-NTOSM control strategy reduced the THD value of current by about 36% compared to the DTC-TOSM control strategy. 

B. Second test:The principal objective of this test is to examine the influence of an asychronous generator parameters variation on the rotor flux, stator current, and torque and behavior for the proposed intelligent nonlinear DTC control strategy. The simulation results are shown in Figures 21 to 28. These figures show that the torque and rotor flux follows the references with high accuracy for all the proposed methods (see Figures 23 and 24). However, the stator current remains sinusoidal (see Figure 25) and is related to the system and the reference value of the torque and rotor flux. On the other hand, we notice by looking at Figures 26 to 28 that the proposed intelligent nonlinear DTC-NTOSM control method significantly reduced the ripples of stator current, torque, and rotor flux compared to the DTC-TOSM control strategy.  Figures 21 to 22 show the THD value of stator current for two proposed DTC control strategies. It can be clearly observed that the THD value is reduced for the proposed intelligent nonlinear DTC-NTOSM control method (0.32%) when compared to the DTC-TOSM control 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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526                                           H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530    strategy (0.55%). This result is attractive for dual-rotor wind turbine applications to guarantee the quality and stability of the generated power when the generator parameters are changing. Thus, it can be said that the proposed intelligent nonlinear DTC-NTOSM control method provided better performance than the DTC-TOSM control strategy, and this is what we observed through two tests, as well as the THD ratio and the value of torque and rotor flux ripples (see Table 3). Table 3 summarizes the results obtained. Through this table, the proposed intelligent nonlinear DTC-     
Figure 21. THD (DTC-TOSM)    

Figure 22. THD (DTC-NTOSM)   
 

Figure 23. Torque   
 

Figure 24. Rotor flux  
Figure 25. Stator current 

 
  

Figure 26. Zoom (torque)    
Figure 27. Zoom (rotor flux)    

Figure 28. Zoom (current)   NTOSM control method minimized the ripples in the stator current, torque, and rotor flux by about 66.66%, 61.11%, and 60%, respectively compared to the DTC-TOSM control strategy. On the other hand, the proposed DTC-NTOSM control strategy reduced the THD value by about 41.81% compared to the DTC-TOSM control strategy. On the other hand, this proposed intelligent nonlinear DTC-NTOSM control strategy minimized the THD value of stator current compared to other strategies (see  Table 4).  0 100 200 300 400 500 600 700 800 900 1000
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TABLE 3. Comparative ripples obtained from the DTC-TOSM with the proposed DTC-NTOSM strategy  DTC-TOSM Proposed DTC-NTSOM technique Ratios 

THD (%) of current 0.55 0.32 41.81 % 
Rotor flux ripple (wb) Around 0.01 Around 0.004 60 % 
Stator current ripple (A) Around 60 Around 20 66.66 % 
Torque ripple (N.m) Around 180 Around 70 61.11 %   

TABLE 4. Compare the THD value obtained from the proposed method with values for several published methods 
Techniques  THD (%) Reference DPC control with STA controller 1.66 Ref. [42] DPC 4.88 Ref. [43] VF-DPC 4.19  Fuzzy SMC control 3.05 Ref. [44]    DPC-IP 0.43 Ref. [45] PI controller 0.77 Ref. [46] STA-SOSMC controller 0.28  DPC control with intelligent metaheuristics 4.05 Ref. [47] Intelligent super twisting sliding mode controller 0.52 Ref. [48] DTC-SOCSMC 0.98 Ref. [29] FOC 3.70 Ref. [7] ISMC MRSMC 9.71 3.14 Ref. [12] Direct FOC with synergetic sliding mode controller 0.50 Ref. [33] DTC method 7.54 Ref. [49] DTC method with genetic algorithm 4.80  Traditional DTC strategy 6.70 Ref. [22] Fuzzy DTC technique 2.04  FOC with Type 2 fuzzy logic controller (FOC-T2FLC) 1.14 Ref. [50] FOC with neuro-fuzzy controller (FOC-NFC) 0.78  Two-level DTC method 9.87 Ref. [51] Three-level DTC method 1.52  Fuzzy 12 sector DTC control 1.74 Ref.[52] DTC-NTOSM 0.32 Designed technique where, DPC is the direct power control, VFDPC is the virtual flux direct power control, FOC is the field-oriented control, MRSMC is the multi-resonant-based sliding mode controller and SOCSM is the second-order continuous sliding mode 



528                                           H. Benbouhenni / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   517-530     7. CONCLUSION   This work presents the simulation results of the rotor flux and electromagnetic torque neural third-order sliding mode control technique of a AG-based dual rotor wind turbine, using the modified SVM technique. With results obtained from the numerical simulation, it is clear that for the same operation condition, the proposed nonlinear DTC control with neural TOSM controllers had high effectiveness and performance than the DTC control using TOSM controllers and that is clear in the THD value of stator current which the use of the neural TOSM controller, it is minimized of harmonics more than the TOSM controller. So, summarizing, the main findings of this research are as follows: 
• Minimizes the rotor flux, current and torque ripples. 
• Simple nonlinear DTC control was proposed. 
• Minimization of the total harmonic distortion of stator current by 36%. 
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  Keywords:  Prequalified Connections End Plate Connection Abaqus Software          A B S T R A C T    The most important structural part of steel structures is the connections of the building frame. Tests conducted by the American Steel Institute have led to the introduction of prequalified connections, which is a good reference for designing connections in steel structures. In this paper, four bolted stiffened and unstiffened extended end-plate connections have been studied by numerical analysis with ABAQUS software. In this study, to examine the effect of bolt pre-tension rarely studied, a coefficient of pre-tension force, introduced based on the Iranian Steel Structures Design Regulations as well as the US Steel Design Regulations, has been considered. These connections have been modeled cyclically and in a displacement control manner. The cyclic behavior of the connections, dissipated energy, the resisting moment as well as the stress and strain distribution in the connection have been investigated. According to the results, by creating a pre-tension force in the bolts, the resisting moment of the connection would increase. The rate of growth of this resistance in the unstiffened connections was greater than that of the stiffened connections. The maximum increase in resistance was about 27% for the unstiffened connection and about 25% for the stiffened connection. The dissipated energy for the connections also increased with the increment of bolt pre-tension. The energy dissipation incremental rate was enhanced to a maximum of about 31% for the unstiffened connection and up to a maximum of about 24% for the stiffened connection. doi: 10.5829/ije.2022.35.03c.05   NOMENCLATURE M  Moment resistance of a joint 1K  i pK K−  Mp  Plastic moment capacity n Shape parameter  iK  Initial stiffness 0M  Reference moment pK  Strain-hardening stiffness ϕ Rotation of a joint C Empirically coefficient from test data θ Rotation of a joint  1. INTRODUCTION1  In recent years, the implementation of high-rise steel structures with special steel moment frame systems using prequalified bolted connections has increased significantly. Among these, the main connections utilized are bolted extended end-plate moment connections with and without stiffeners, as well as bolt flange connections due to the high ductility of these connections; considering the limitations mentioned in Regulation AISC-358 [1], they are accepted as prequalified connections.                                                            *Corresponding Author Institutional Email: mgerami@semnan.ac.ir (M. Gerami) The bolted extended end-plate moment connections are one of the oldest beam-to-column moment connections, which can only be used with cruciform, box, and I-shaped column sections. Many researchers have examined the behavior of the bolted extended end-plate moment connections. In 1990, Murray [2] introduced the process of designing four bolted stiffened and unstiffened extended end-plate, and eight bolted stiffened extended end-plate moment connections. Astaneh-Asl [3] explored two 4-bolted unstiffened and stiffened extended end-plate    



532                               H. Noferesti and M. Gerami / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   531-543   specimens subjected to a cyclic test in 1999. In the first specimen, the ductility of the connection, which eventually led to the buckling of the beam flange, was investigated. In the second specimen, he used I-shaped shim plates between the endplate and the flange of the column. According to his results, the use of a shim plate could improve the performance of the connection. In 1995, Jaspart and Maquoi [4] inspected the effect of bolt pre-tension on bolted connections. In their research, they proposed equations to estimate the stiffness and strength of the connection. Bahaari and Sherbourne [5] presented an analytical formulation to represent the moment-rotation relationship of extended end plate connections in 1997. A multiple–regression analysis procedure has been used to derive the parameters in terms of the connection description. In 1998, Faella et al. [6] evaluated the effect of bolt pre-tension on the behavior of bolted connection with T-joint under axial loading by an experimental study. In 2000, Adey et al. [7] evaluated the parameters of beam dimensions, bolt arrangement, endplate thickness, and endplate stiffeners in the potential of energy dissipation of the bolted end-plate connection through testing on 15 connection specimens under cyclic loading. They found that the energy dissipated capacity diminished with increasing beam dimensions, while end-plate stiffeners led to higher energy dissipation. In 2003, Sumner [8] experimentally investigated the behavior of 4 bolted unstiffened extended end-plate and 8 bolted stiffened extended end-plate connections. They observed that the 4 bolted unstiffened extended end-plate connection and the 8 bolted stiffened extended end-plate connection can be used for seismic resistance in steel moment frames. Diaz et al. [9] presented a review on the modeling of joint behavior in steel frames in 2011. Various methods of modeling the rotational behavior of joints, consist of experimental testing, empirical models, analytical models, mechanical models and numerical models reviewed and compared together. Comparing the various methods, experimental and numerical models are more accurate. In 2011, Gerami et al. [10] indicated that the cyclic behavior of bolted connections, including the bolted extended end-plate moment connections and the T-joint, would depend on the horizontal and vertical arrangement of the connection bolts. They found that by changing the arrangement of the bolts, the probability of rupture in the T-joint would increase compared to the connection with the endplate. Accordingly, they suggested the use of bolted extended end-plate moment connections in situations where the probability of a constructional defect in the execution of structures increases. In 2017, Morrison et al. [11] investigated the effect of end-plate stiffener removal and different bolt arrangement on the 8 bolted stiffened extended end-plate connection. They concluded that removing the end-plate stiffener would be economically viable, despite the need for higher thickness for the endplate. In 2018, Guo et al. [12] used the static loading test, examined the effect of the strength of high-strength bolt materials and different bolt arrangements on the load bearing capacity as well as deformation of the bolted connection with the cover plate. Elsewhere, having studied parameters such as shear force, bolt diameter, endplate thickness, and the use of end-plate stiffener. In 2019, Elsabbgh et al. [13] evaluated the behavior of bolted un-stiffened extended end-plate moment connection under cyclic and monotonic loading. They observed that shear force had a significant effect on the connection stiffness. Lyu et al. [14] experimentally and numerically explored the effect of bolt pre-tension on the load bearing capacity of bolted connections with cover plate in 2021. They indicated that the effect of bolt pre-tension on the final tear-out failure mode was negligible. On the other hand, out-plane confinement would limit the piling-up of plate material in front of the bolt, which would reduce the related bearing resistance. Recently, the construction of high-rise buildings has increased significantly worldwide. Studies also show that the bolted extended end-plate moment connections can be used in high-rise steel structures as a part of the lateral seismic resistance system of the moment frame. On the other hand, the implementation of such structures demands considerable time, due to administrative and financial issues and problems. Thus, due to the relatively long time of construction, it is important to consider the loads during construction and control the stability of the structure for different stages of construction. In a complete structure, all connection bolts are fully pre-tensioned in the prequalified moment connections, and the structure will have acceptable seismic performance. However, during the construction of steel structures, the executive groups of steel structures usually fabricate some story of the structure and tighten the connection bolts, which is called the snug-tightened bolt in this paper. As the construction of the structure is completed, the lower stories, in which the connection bolts are snug-tightened, will be pre-tensioned at least to the level of preloading based on design codes, which in this paper is called the pre-tensioned bolt, so the connections are completed, while some of the upper stories have snug-tightened bolts. This process will continue until the construction of the structure is completed. Accordingly, it is demonstrated that the stiffness of the bolted connections changes during construction and the structural properties vary over time. Hence, to cover the gap between the design regulations, which mainly focus on the design of the structure in a full execution state, it is necessary to examine the seismic behavior of the bolted extended end-plate moment connections in both snug-tightened and pre-tensioned bolt with the effects during the construction of high-rise 



H. Noferesti and M. Gerami / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   531-543                                     533   structures while also considering the looseness and tightness of the connection bolts until the construction is completed. A few studies have dealt with the effect of bolt pre-tension on the behavior of bolted extended end-plate moment connections. Considering the significant construction period of high-rise steel structures and their stability depends on bolt pre-tension effect on the behavior of bolted end plate moment connections, this paper has inspected the effect of different levels of bolt pre-tension on the behavior of bolted extended end-plate moment connections.   2. ANALYTICAL FORMULATION  Analytical models use the basic concepts of structural analysis: equilibrium, compatibility and material constitutive relations, to obtain the mathematical formulation leading to computing the rotational stiffness and moment resistance of a joint due to its geometric and mechanical properties. In 1986, Yee and Melchers [15] proposed a mathematical model that could predict the moment-rotation relationships of bolted extended end plate connections, using the connection dimensions. The model represents a physically based approach to predict the moment-rotation curves, taking into account the possible failure modes and the deformation characteristics of the connection elements. The mathematical formulation to predict the M-θ relationship is given by Equation (1): ( )1 exp i pp ppK K CM M KM θ θ
θ

  − − + 
= − +  

    

 (1) To use the expression in Equation (1), the parameters Mp, Ki and Kp must be predicted analytically, where are plastic moment capacity, initial stiffness and strain-hardening stiffness, respectively. The value of C is empirically determined from test data. Bahaari and Sherbourne [5] introduced Equation (2) to account for moment-rotation behavior of bolted extended end plate connections based on the stiffener properties of the connection elements in 1997: 1 (1 )101 pnnKM KKM φ
φ

φ
+

= +
 
 +
 
 

 (2) Where K1=Ki –Kp; Ki and Kp represent the initial and strain hardening stiffness of the connection, respectively; M0 is referred to as reference moment; and n is the shape parameter of the M-φ curve. Since the analytical formulations have limitations to account for the local effects on rotational behavior of joints, numerical modeling and experimental testing are proposed to predict the moment-rotation performance of joints with sufficient accuracy [9].   3. FINITE ELEMENT MODELLING  Since the numerical simulation could be account for the important local effects that are difficult to measure with sufficient accuracy, e.g. prying and contact forces between the bolt and the connection component, is used to assess the rotational behavior of bolted extended plate connections. In this paper, the ABAQUS finite element program was used to numerically model the bolted extended end-plate moment connection. To verify the results of the program, one of the experimental bolted connections, studied by Saberi et al. [16], was numerically modeled. Experimental and numerical results will be compared to investigate the verification of numerical results of bolted connections, modeled using ABAQUS.  3. 1. Verification            The connection test model was used as an experimental study conducted by Saberi et al. [16] called (EP-R) for verification. The specimen represents a corner connection according to the substructure proposed in FEMA350 [17]. Table 1 reports the geometric specifications of the connection. Test setup and boundary conditions are very important for cyclic loading tests of connections extra page charges are settled. The other opportunity is for an author to reduce the size of the manuscript before final submission. Reduction after processing is not possible. The test setup and boundary conditions are displayed in Figure 1. As it can be seen, the column is in the horizontal situation and the beam is in a vertical position in this setup. Two pinned supports are used to connect the column to the rigid floor of the laboratory. According to FEMA350 [17], the standard SAC loading is applied by two one-way 50 ton hydraulic jacks to beam tip until specimen failure. To prevent lateral buckling, out-of-plane displacement of beam is constrained using lateral support installed in the load applying point. Strain gauges are placed on beam flange and web, column web, endplate and bolts. Mechanical material properties of various parts of the connection are mentioned in Table 2.   
TABLE 1. Geometric specifications of connection components [16] 

member Specification beam IPB140 column IPB200 Number of bolts (material category) 8(A490) bolt diameter (mm) M20 Endplate thickness (mm) 25 
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Figure 1. Test setup [16]   In numerical modeling, the dimensions and geometry of the beam, column, and other connection components have been considered similar to the test specimen. As the end plate and beam would be connected through fully penetration groove weld, these two parts were continuously modeled in the finite element model. The connection was subjected to cyclic loading based on SAC loading protocol according to FEMA350 [17] using a two one-way 50 ton hydraulic jack to beam tip until specimen failure, as shown in Figure 2.  3. 2. Comparison of Numerical and Experimental Results            At the end of loading, the formation of the plastic hinge occurred on the flange of the beam at a distance of 7cm from the end plate (Figure 3). On the other hand, as shown in Figure 4, after applying a cyclic load to the numerical model as in the experimental, the    

Figure 2. FEMA/SAC2000 loading protocol in accordance of FEMA350 [17] plastic hinge has been formed at 7cm away from the endplate. Figure 5 also reveals the hysteretic moment at the column centerline versus total rotation obtained from the numerical study. The moment capacity in the bolted extended end-plate moment connection at 0.07 rad is 108.3 KN.m for the test specimen and 113.5 KN.m for the numerical model. Comparison of the results of the numerical and experimental study indicates a difference of 4.8%. Thus, the results of the numerical and experimental study are acceptable.    
Figure 3. Beam flange deformation at the end of the loading [16]   
Figure 4. Formation of plastic hinge in beam flange in numerical modeling at the end of loading   
Figure 5. The hysteretic moment at column centerline versus total rotation -8-6-4-202468 0 5 10 15 20
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H. Noferesti and M. Gerami / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   531-543                                     535   4. NUMERICAL STUDY OF THE EFFECT OF BOLT-PRETENSION ON CONNECTION BEHAVIOR  After verification of the numerical model in the ABAQUS program, this section studies the effect of bolt pre-tension on the prequalified connection behavior of the bolted endplate. To numerically examine the effect of pre-tension on the connection behavior, instead of modeling the entire frame, the connection can be separated from the inflection points, where the moment is zero; by placing pinned supports to resist the shear on these points, the substructure will be modeled and analyzed. The substructure represents a beam-to-column connection on the corner of the structure. Figure 6 shows the substructure schematically. The specimen studied in this research has been modeled accordingly. In the numerical study, the length of the beam and column has been considered 3 m. The geometric characteristics of the connection components have been outlined in Table 3. The cyclic loading based on SAC protocol has been applied to the specimen following FEMA350 [17]. Table 3 lists the steel and bolt material properties, which is the criterion for defining the material properties in numerical modeling.    
Figure 6. Flexural frame under lateral load: a) external connection isolated from inflection points, b) substructure used in numerical studies of specimens [17]   
TABLE 3. Mechanical properties of the used materials [16] 

Stress (Mpa) Strain Part Material 240 240 360 370 370 0.001143 0.02 0.18 0.2 0.35 Beam, column, endplate ST37 794 1035 1035 1048 0.00386 0.0135 0.0309 0.2 bolt A490 Figure 7 illustrates the characteristics of the connection components, including beams, columns, bolts, doubler plate, and connection plates, along with the connection geometric parameters reported in Table 4. Figure 8 presents the connection meshing in the program. To inspect the effect of bolt pre-tension on the cyclic behavior of the bolted extended end-plate moment connections, two types of bolted stiffened and unstiffened extended end-plate moment connections have been studied. Table 5 presents the different levels of pre-tension bolt loads examined. Parameter α in the table indicates the pre-tension coefficient of the bolt relative to the bolt pre-tension following the Iranian national Design Code of Steel Structures [18]. In the model, where α is considered equal to one, the bolt pre-tension of the code is applied to the bolts. In numerical modeling, specimen meshing is done with a 3D stress model and in a structural form. This element uses reduced integration where a node is used at each edge intersection. The use of reduced integration leads to enhanced analysis speed and accuracy. On the other hand, to be able to observe the interaction in the contact surfaces of the connection, the contact element has been used tangentially with a coefficient of friction of 0.3 while the vertical interaction has been used as Hard Contact. This interaction prevents the nodes of the elements from collapsing at the point of contact. Cyclic displacement has been applied as a loading protocol at the end of the beam. This loading is in the form of control displacement. To provide the conditions for lateral restraint of the beam, the connection has been restricted at three points of the beam against lateral displacement. This constraint has been applied by restraining the out-of-plane displacement. Loading has been conducted in two steps. In the first step, pre-tensioning of the bolts has been done and then at the end of the beam, the displacement is applied as a cyclic load. The tie constraint has been utilized to connect the continuous plates, the column flange, and the web to each other. In this way, the nodes of both elements are connected and the relative displacement between them is constrained. This can be represented by welded plates to each other. There are two supports at the top and bottom of the connection. Using the MPC constraint, the top and bottom of the column are connected to a reference point.This point is represented as the restrained plane. The displacement and rotation of these reference points are then constrained. The near areas of connection have meshed finer. Since there is considerable stress concentration in these areas, the elements have been chosen smaller. Larger elements have been selected in the column as there is no expectation of large deformations.   5. DISCUSSION OF RESULTS 
 After applying the cyclic loading to all the specimens in Table 5,    the M-θ hysteresis curves have been presented 
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Figure 7. Geometries of the bolted extended end-plate moment connections    

TABLE 4. Connection Parameters 
End-plate 
stiffener Bolt arrangement Column Beam Connection type hst Lst g c pso pSi pfo pfi twc tfc bcf dc twb tfb bbf d  - - 130 113.5 50 50 50 50 12.5 22.5 300 360 8.6 18.5 180 400 Unstiffened connection 100 175 130 113.5 50 50 50 50 12.5 22.5 300 360 8.6 18.5 180 400 Stiffened connection     

TABLE 5. Specimens with various levels of bolt pre-tension 1	0.55�� is the bolt pretension level based on Iranian Steel Code 2 Bolted Un-Stiffened Extended End-Plate 3 Bolted Stiffened Extended End-Plate (� ∗ 
. ���)1 Type of bolt Specimen name Specimen No. Type of connection 0 A490 EP-00 1 BUEEP2 0.6 A490 EP-06 2 1.0 A490 EP-10 3 1.6 A490 EP-16 4 1.8 A490 EP-18 5 0 A490 SEP-00 6 BSEEP3 0.6 A490 SEP-06 7 1.0 A490 SEP-10 8 1.6 A490 SEP -16 9 1.8 A490 SEP -18 10 
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Figure 8. Connection mesh in finite element program   for all specimens related to the 4 Bolted unstiffened extended end-plate moment connection in Figure 9. Figure 10 also shows the hysteresis curves for the 4 bolted stiffened extended end-plate moment connections.   

 
Figure 9. Hysteresis moment curve for different levels of α in BUEEP connection   

 
Figure 10. Hysteresis moment curve for different levels of α in BSEEP connection 

As displayed in Figures 9 and 10, in the specimens EP-00 and SEP-00, α is 0 and represents the state without pre-tension, called a snug-tightened bolt. The hysteresis moment curve of the snug-tightened specimen has less moment resistance than the specimens with pre-tensioned bolts. The hysteresis curves are stable and have good energy absorption as well as dissipation. An important observation in the hysteresis curves of the snug-tightened specimens is that after the maximum resistance a softening behavior is observed in the specimen. This effect may be due to the local buckling of the beam flange under compression, which will be shown in this research. It can be obtained that the Lack of prying and contact force between bolts, end plate and column flange in snug-tightened specimens leads to more flexibility of the joint. Compared to snug-tightened, in pre-tensioned specimens, the prying and contact force increases due to pre-tensioning which leads to improve maximum moment resistance and more rigidity of the joint. The maximum resistance values of each specimen have been provided in Table 6. It can be seen in both types of connections, increasing the bolt pre-tension would augment the resistance moment of the connection. It seems that in the unstiffened connection, increasing the bolt pre-tension has had a greater effect on enhancing the resistance. The amount of growth in resistance in the pre-tensioned bolt and for the case where the value of α = 1.8 is about 27% for the unstiffened connection and about 25% for the stiffened connection. Also, the increase in resistance in the unstiffened connection in the pre-tensioned bolt specimens, where α = 1.0, is about 19% and for the stiffened connection is about 17%. Figure 11 indicates the values in Table 6 for the unstiffened connection and Figure 12 for the stiffened connection.   
TABLE 6. Maximum moment resistance �������������  

(%) 
Mmax(kN.m) � Specimen Group - 306.75 0 EP-00(Ref)  11.50 342.04 0.6 EP-06  18.87 364.63 1.0 EP-10 BUEEP 24.14 380.80 1.6 EP-16  27.02 389.65 1.8 EP-18       - 356.89 0 SEP-00(Ref)  11.28 397.14 0.6 SEP -P-06  17.41 419.03 1.0 SEP -P-10 BSEEP 22.09 435.72 1.6 SEP -P-16  24.97 445.99 1.8 SEP -P-18  -500-400-300-200-1000100200300400500-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

M
om

en
t a

t C
ol

um
n 

Ce
nt

er
 

lin
e(

kN
.m

)

Total Rotation(rad)

EP-00EP-06EP-10EP-16EP-18-500-400-300-200-1000100200300400500-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08
M

om
en

t a
t C

ol
um

n 
Ce

nt
er

 li
ne

(k
N.

m
)

total Rotation(rad)

SEP-00SEP-06SEP-10SEP-16SEP-18



538                               H. Noferesti and M. Gerami / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   531-543   As outlined in Figures 11 and 12, the ascending trend of flexural strength is almost linear. It can also be seen that the difference between the moment resistance for the specimens with α = 1.8 and α =1.6 in both BUEEP and BSEEP connections is less than for other specimens. Accordingly, increasing the bolt pre-tension beyond the value mentioned in the national code of steel structures will lead to increase in a bit amount of moment resistance.  Figures 13 and 14 reveal the envelope curve resulting from the hysteresis curve. Based on the envelope curves, it is observed that the initial stiffness of the snug-tightened specimens is less than the stiffness of the pre-tensioned specimens. This can be due to the enhanced stiffness of the connection and low rotation of the endplate than the column. Also, the resistance of pre-tensioned specimens is higher than that of the snug-tightened. In the specimens without stiffeners after a maximum resistance, softening occurred, which can be due to the local buckling of the flange and plastic strains distribution in the beam flange.    
Figure 11. Resisting moment values– BUEEP    
Figure 12. Resisting moment values - BSEEP  

Figure 13. Moment versus total rotation hysteresis envelope of the specimens-BUEEP    
Figure 14. Moment versus total rotation hysteresis envelope of the specimens-BSEEP   Figures 15 to 17 demonstrate the yielded area for BUEEP connections. As can be seen, local buckling is evident in the flange at the end of the cyclic loading. The plastic hinge has occurred near the connection and there is no significant stress in the column. The local buckling of the beam flange, as well as the formation of the plastic hinge near the column, indicate that the cyclic behavior of the column is suitable for seismic loads. In both types of connections, the stress distribution is almost the same formation, but different plastic strains and yield areas can be observed. Figures 18 to 20 reveal the yield areas in the stiffened connection. As can be seen, for the snug-tightened connection, the yielding is more severe as compared to pre-tension. Also, in the pre-tensioned specimen with α = 1.0, a significant amount of beam flange and web near the connection has been yielded. In the pre-tensioned connection with α = 1.8, yield distribution in the beam flange and web decreased but was more severe. As a result, it can be expected that the dissipated energy would also be larger in these connections. In the stiffened connections, the plastic hinge has been formed in the near part of the end-plate stiffener.  0.0050.00100.00150.00200.00250.00300.00350.00400.00450.00
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Figure 15. Yielding distribution of material - EP-00    
Figure 16. Yielding distribution of material - EP-10    
Figure 17. Yielding distribution of material - EP-10    
Figure 18. Yielding distribution of material - EP-00    
Figure 19. Yielding distribution of material - EP-10    

Figure 20. Yielding distribution of material - SEP-18 Major local deformations and buckling in the beam flange occurred after the end-plate stiffener. Also, the yielding areas in the specimen with pre-tension are larger than those of snug-tightened specimen. Figure 21 shows the energy dissipation curve for the unstiffened specimens and Figure 22 indicates the energy dissipation curves for the stiffened connections. As can be seen in the connections with pre-tension, the energy dissipation has increased. This may be due to the enhanced connection resisting moment and more plastic distribution of deformation, leading to more ductility. Accordingly, more areas are yielded in these connections. Table 7 reports the maximum energy dissipated in different specimens as well as the increase in energy dissipated compared to the snug-tightened.  In Table 7, the energy dissipation of bolted connections with snug-tightened bolts called reference specimen, has been mentioned as Eref. According to Table 7, it can be seen that the energy dissipation has grown with enhancement of α in both types of connections. This is due to more yielding deformation of materials in the specimens with enhanced alpha, resulting in greater ductility and energy dissipation. On the other hand, it is indicated that energy dissipation of pre-tensioned connections to Eref for the unstiffened connection with α = 0.6 is about 18%, for α = 1.0 about 24%, for α = 1.6 about 29%, and for α = 1.8 about 31%.  It is also about 13% for the stiffened connection with α = 0.6,   about 16% for α = 1.0,   about 21% for α = 1.6,    
Figure 21. Total energy dissipated –BUEEP connections    
Figure 22. Total energy dissipated –BSEEP connections 050100150200 0 5 10 15 20 25 30 35 40 45To
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540                               H. Noferesti and M. Gerami / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   531-543   and about 24% for α = 1.8. it can be found that enhancement of bolt pre-tension beyond that of proposed by the national design code has not significantly affected the  energy dissipation enhancement. This suggests that if the bolt pre-tension is provided in accordance with the design code, the expected energy dissipation is fulfilled. Energy dissipation for different levels of bolt pre-tension (α) at both end-plate connections with and without stiffeners have been exhibited in Figures 23 and 24. Bolt stress variation during cyclic loading is a key parameter to be investigated. Figure 25 indicates the bolt axial stress variations with load steps for the BUEEP connections. It can be found that for snug-tightened specimens, the axial stress bolt is initially zero and then grows with load step enhancement during the loading up to cycle 17, where the stress after unloading reaches zero. However, after this cycle, some residual stress will occur. Regarding α = 1.0, the bolt stress, called pre-tension stress, starts from about 550 MPa and diminishes slightly with an increment of load steps. At the end of the load   
TABLE 7. Total Energy Dissipation ����������  (%) E (kJ) � Specimen Group - 134.62 0 EP-00(Ref) BUEEP 18.18 159.09 0.6 EP-06 24.41 167.47 1.0 EP-10 28.97 173.61 1.6 EP-16 31.26 176.70 1.8 EP-18 - 201.09 0 SEP-P-00(Ref) BSEEP 13.72 228.68 0.6 SEP -P-06 16.40 234.06 1.0 SEP -P-10 21.35 244.03 1.6 SEP -P-16 24.42 250.20 1.8 SEP -P-18    

Figure 23. Maximum energy dissipation - BUEEP  
Figure 24. Maximum energy dissipation - BSEEP    

Figure 25. The stress created inside the bolts due to cyclic loading   cycle, the stress dropped to about 175 MPa. Concerning α = 1.8, the bolt pre-tension stress is about 925 MPa and fall with increase of the load cycle. For the last state, the bolt stress would decrease to 411 MPa. It seems that reduction of bolt stress is due to reciprocating of cyclic loading, especially in the higher cycles, as well as the bolts loosening. The end-plate gap and deformation, which indicates the distance of the endplate and side of the column in which will be provided during cyclic loading, is also studied. Figure 26 illustrates the path of the endplate where the gap was studied along. Figure 27 shows the gap and deformation along the endplate of BUEEP connections and Figure 28 reveals it for BSEEP connections. In the BUEEP connection, when the upper bolts are subjected to tension, the end-plate gap profile is almost similar for all cases including snug-tightened and pre-tensioned bolted connections, though the amount of end-plate gap will change along. The end-plate deformation will result in the maximum amount of gap for snug-tightened (EP-00) specimen by about 6 mm, while the minimum amount is about 4.5 mm for in EP-18. The end-plate gap distribution is slightly different when the bottom bolts are subjected to tension. In this case, more length of the endplate will be affected and deformed. This 0.0020.0040.0060.0080.00100.00120.00140.00160.00180.00200.00 EP-00 EP-06 EP-10 EP-16 EP-18To
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H. Noferesti and M. Gerami / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   531-543                                     541   may be due to the local buckling of the beam flange under compression, which affects the deformation of the endplate. As displayed in Figure 28, the end-plate gap profile in the BSEEP connection is almost linear along with the plate. This indicates that there is not much deformation in the endplate. This can be due to the end-plate stiffener causing more rigid endplate in BSEEP connections as compared to BUEEP connections. As shown in Figure 28, the amount of end-plate gap in the snug-tightened specimen is significantly greater than that in pre-tension specimens. Comparing Figures 27 and 28, it can be found that in BUEEP connections and for the EP-10 and EP-18 specimens, the end-plate gap is about 9% and 20% less than that for EP-00 specimens,    
Figure 26. The path along the endplate, the gap studied    Upper bolts under maximum tension at the end of cyclic load Bottom bolts under maximum tension at the end of cyclic load 

Figure 27. End-plate deformation of BUEEP    Upper bolts under maximum tension at the end of cyclic load Bottom bolts under maximum tension at the end of cyclic load 
Figure 28. End-plate deformation of BSEEP En
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542                               H. Noferesti and M. Gerami / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   531-543     respectively. However, in BSEEP connections and for the SEP-10 and SEP-18 specimens, the end-plate gap has been reduced by 10 and 15%, respectively, compared with the SEP-00 specimen. Generally, the end-plate deformation and gap study in BUEEP and BSEEP connections suggest that in the snug-tightened specimen, the prying action has had a greater effect, leading to a larger amount of end-plate gap than in the pre-tensioned specimens.   6. CONCLUSION  This study dealt with sensitivity analysis of bolt pre-tension effect on bolted extended end-plate moment connection under cyclic loading for BUEEP and BSEEP connections. α was considered as a coefficient of bolt pre-tension to the bolt pre-tension mentioned in the national Design Code of Steel Structures. The hysteresis, total dissipated energy, maximum moment resistance and stress as well as strain distribution at the connections were studied. The results could be summarized as follows: 
a. In BUEEP and BSEEP connections, as the bolt pre-tension increased, so did the connection moment resistance. Increased moment resistance in BUEEP connections including EP-18 and EP-10 specimens, compared with EP-00 specimen, was about 27% and 19%, respectively. However, in BSEEP connection including SEP-18 and SEP-10 specimens, the increase of moment resistance compared with SEP-00 specimen was about 25% and 17%, respectively. Thus, it can be deduced that by increasing the bolt pre-tension by 80% beyond the national Design Code of Steel Structures, the moment resistance of the BUEEP and BSEEP connections would only be increased by about 8%. This suggests that if the bolt pre-tension is provided according to the design codes, the cyclic performance of the connection would be sufficiently improved. 
b. The increase in dissipated energy for unstiffened connections, including EP-06, EP-10, EP-16, and EP-18 was about 18%, 24%, 29% and 31% respectively. For stiffened connections including SEP-06, SEP-10, SEP-16, and SEP-18, the increased dissipated energy was also about 13%, 16%, 21%, and 24%, respectively. Thus, the bolt pre-tension following the design code, which is equivalent to α = 1.0, was associated with an increase in dissipated energy by about 24% compared with the specimens, with α more than 1, which will not significantly increase the dissipated energy. 
c. The strain and yielding distribution of connections indicated that inter-story drift was about 6% under cyclic loading and plastic deformations occurred on the beam flange. On the other hand, the column and panel zone would be elastic. d. In hysteresis moment of specimens with snug-tightened bolt, softening occurred after the maximum resistance, which is due to inelastic deformation and buckling of the beam flange. However, this effect was less pronounced in pre-tensioned bolt connections. 

e. In pre-tensioned bolted connections, the bolt pre-tension diminished with increasing load cycles, while the bolt load increased in snug-tightened bolted connections. This may be due to the effect of heightening the cyclic load on the loosening of the bolts.  
f. The end-plate deformation and gap were studied. It was observed that in the BSEEP connections, the end-plate stiffener led to linear growth of the gap along with the plate, where the amount of deformation would be insignificant. However, due to the lower stiffness of the endplate in BUEEP connections, a significant amount of gap and deformation would occur along with the plate compared with BSEEP connections. On the other hand, in pre-tensioned bolted connections, an increase of bolt pre-tension would lead to reduced end-plate gap compared with the snug-tightened bolted connections and performance of connection was improved. 
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IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   544-551    Please cite this article as: K. Bouaraour, N. Hebbir, Numerical Study of Twin Jets Interactions using Realizable Model, International Journal of Engineering, Transactions C: Aspects  Vol. 35, No. 03, (2022)   544-551   International Journal of Engineering  J o u r n a l  H o m e p a g e :  w w w . i j e . i r    Numerical Study of Twin Jets Interactions using Realizable Model  K. Bouaraour*a, N. Hebbirb  a Laboratory of Materials, Energetic Systems Technology and Environment, University of Ghardaia, Ghardaia, Algeria b University of Larbi ben M’hidi, Oum Elbouaghi, Algeria   P A P E R  I N F O    Paper history: Received 11 August 2021 Received in revised form 27 November 2021 Accepted 13 December 2021   Keywords:  Nozzles Turbulent Flow  Merging Point Combined Point    A B S T R A C T    In the present study, we numerically investigated the twin turbulent jets characteristics and turbulent quantities when a solid object is placed between the two nozzles. The two jets are assumed to be isothermal, incompressible and fully developed. Turbulence is modeled by the k-ε Realizable model. The set of Reynolds averaged Navier Stokes equations are solved iteratively by the Fluent software. The numerical model is validated with the experimental results available in the literature. For many Reynolds numbers, it was found that velocities and its gradients decay along the longitudinal direction. The placement of a solid object between the twin jet affects the flow structure behind nozzles due to the curvature effect of the solid object. The converging region is disappeared and the combined points axial position increases with Reynolds number. The evolution is almost linearly with an increase in Reynolds number. The effect of  turbulence intensity at the exit of the nozzle is also examined. For a fixed Reynolds number, the axial combined position increases almost linearly with turbulence intensity. doi: 10.5829/ije.2022.35.03c.06   NOMENCLATURE S Distance betweeen nozzles centrline (m) U, V Mean velocity in the horizontal and vertical directions respectively (m/s) K Turbulent kinetic energy (m²/s²) Ui Mean velocity in the xi direction (m/s) x, y Horizontal and vertical coordinates (m) Greek Symbols  ℓ Turbulent length (m) ρ Density (kg/m3) g Gravity( m/s2) µ Dynamic viscosity (kg/m.s) d Distance between nozzles (m) ε Dissipation rate of K (m2/s3) P Pressure (Pa) ν Kinematic viscosity (m2/s) Re Reynolds number Subscripts  PK Turbulent generating source in K equation (kg/m.s3) 0 Related to the outlet of nozzles ui Turbulent fluctuation in xi the direction (m/s) t turbulent  1. INTRODUCTION1  Two jets interactions have many practical engineering applications as in the injection systems, burners, mixing and drying processes. Behind the nozzles, interaction between the two jets passes throw many steps until it merge to a single flow. Tanaka [1, 2] has found that flow field of twin jets interaction is characterized by three distinct zones: The converging zone, the merging zone and the combined zone. The converging zone is located between nozzle exit and the point where the inner shear                                                            *Corresponding Author Institutional Email: bouaraourk@yahoo.fr  (B Kamel) layers of the jets merge.  The location where the velocity at the symmetry plane reaches its maximum is called the combined point and denotes that the merging region ends and the combined region begins [3, 4]. The combined zone is downstream of the combined point where the two jets begin to resemble a self-similar single jet. The schematic of the flow field is given by Figure 1 [5]. When Reynolds number is greater than 2000, jets become turbulent as experimentally indicated by Kwon and Seo [6]. Inorder to increase the mixing and combustion efficiencies, Ali et al. [7] have investigated numerically   



K. Bouaraour and N. Hebbir / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   544-551                                  545  the flame holding capability of a supersonic combustor by varying the distance of injector position. Results show that for moderate distance of injector position, large and elongated upstream recirculation can evolve which might be activated as a good flame holder. Three different numerical models were used to investigate the interaction of twin plane parallel jets [5]. Results showed that position of merging and combined points are strongly affected by the velocity ratio and nozzles spacing. Correlations between the merge and combined points position are also made. Many experimental and numerical studies focused on the interference region between the twin jets, by varying velocity ratio of the two jets [8], or by varying some geometrical parameters, such as nozzles spacing (S/d) [9-11]. Also, effect of different parameters on the flow structure is studied by Abdel-rahman [12], particularly initial and boundary conditions. Pandey and Kumar [13] studied the effects of pressure ratio and Mach numbers on the flow field along with the flow and lateral directions were examined. The main finding results was that the width of the twin jets spreads linearly downstream and grows with nozzles spacing and the merging length of the two jets can be increased either by reducing nozzles spacing or increasing Mach number. More recently, a numerical study focused on the characteristics of self-oscillating twin jets using the Reynolds Stress Turbulence Model [14]. Many nozzles spacing are used with a fixed Reynolds number (Re = 27000). Numerical results show that for nozzle spacings of up to four, the two jets merge downstream and oscillate as an equivalent single jet, but for higher nozzle spacing, the two jets do not merge but oscillate separately. Nozzle shape is also examined, but it does not significantly affect the jet decay. In addition, twin oscillating jets produce higher spread and turbulence intensity over a wider area,     Figure 1. Schematic diagram of dual jet  which may be beneficial for cooling of hot devices in industrial applications. In order to investigate the spatial evolution of a dual-plane jet flow and to contribute to a better understanding of the dual-plane jet flow, DNS was performed by Hao et al. [15]. For a fixed nozzle spacing, the combination of transport, convection, production, pressure, and viscous dissipation is well explained in the different flow regions. It is demonstrated that even in the highly intermittent region, the characteristics of small-scale motions are already close to the fully developed flow. CFD software was used to solve a three-dimensional flow situation [16].The studied configuration is formed by nine impinging jets in a square array used to cool a plate maintained at constant heat flux. Numerical code has been executed using three k-ε models and the SST k-ω model. Numerical results show that this last has been noticed to be in maximum agreement with the experimental results, and the local heat transfer coefficient has been declining with the rise in separation distance. In spite of numerous experimental and numerical investigations of turbulent jet flows, few studies focused on the investigation of flow characteristics when an obstacle is placed between the two jets, because of the difficulty of accurately predicting the interaction of the flow structures.  The aim of this study is to investigate numerically the effect of surface curvature when placing different solids bodies between the two parallel jets. The Fluent software was used to solve the governing dynamic equations, due to its efficiency to provide reasonable solutions in many earlier studies [17-20]. Turbulent velocities and turbulent fields were examined and compared with the configuration without obstacle.   2. GEOMETRICAL CONFIGURATION  The studied geometrical configurations are shown in Figure 2. We consider two parallel turbulent jets where the distance between nozzles centerline is S and nozzles width is d, where S/d=6. Dimensions adopted in the transverse and longitudinal directions are respectively 100d and 200d. Configurations are respectively denoted by A and B. The Configuration B is characterized by the placement of a a half-circle object between nozzles compared to the configuration A. The working fluid is air, which is assumed to be incompressible and with constant thermo-physical properties. Reynolds numbers based on the inlet velocity and the nozzle width varied from 2000 to 8000.   Turbulence intensity distribution at the nozzles exit section is uniform and takes different values (1, 3 and 6%). 



546                                 K. Bouaraour and N. Hebbir / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   544-551     Figure 2. Geometrical configurations   3. GOVERNING EQUATIONS AND BOUNDARY CONDITIONS   The governing equations for turbulent flow are described mathematically by the Reynolds averaged Navier-Stokes equations (RANS). The flow is assumed to be steady, two dimensional, and fully developed at the exit of the nozzles. Turbulence intensity at the exit of the nozzles varies from 1 to 6%. The RANS equations can be written as follows: ������ � 0 (1) ��	
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!  (3) The Kronecker delta is given by δij =1 if (i=j) and δij =0 if (i ≠ j), and the turbulence viscosity is defined as: �� � "# $%&   (4) Turbulence is modeled with the Realizable model [21] based on the k-ε model derived from the stationary Reynolds average Navier-Stokes equations. The Realizable model is an eddy-viscosity model similar to the standard k-ε model, which perform better results than the standard k-ε model when flow separation and recirculation occur. The concept of realizability introduced by Lumley signifies that the model must respect asymptotic situations. For exemple K and ε must never be negative. This model seems well adapted to circular jets, boundary layers with strong adverse pressure gradients, flows with strong curvature and vortex flows. ���	
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, � "&� &$ -$ � ."&� &%$1√3&	  (6) The analytical derivation results in a model with constants that are different from those employed in the standard k- ε model, where Pk is the sheer production of turbulence kinetic energy.  "# � �56157	∗+0  (7) 9: � √6<=>∅  (8) with: ∅ � �� <=>@��√6A�  (9) A � B��B�CBC�/BE  (10) And the strain tensor is defined as: B�� � �� ��	
�� � �	��
�  (11) BE � FB��B��  (12) �∗ � GB��B�C � ΩI��ΩI��   (13) ΩI�� � Ω�� � 2K��LC  (14) Ω�� � Ω������ � K��LC  (15) Where ωk is the angular velocity and ijΩ is the rotation coefficient tensor. The constants of this model are presented in Table 1.    TABLE 1. Constants of the Realizable k-ε model A0 C1 C2 σk σε 4.04 1.42 1.68 1 1.2 



K. Bouaraour and N. Hebbir / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   544-551                                  547  The boundary conditions for the considered problem can be expressed as: 
� The velocity at the exit of the nozzles is:  U=U0 and V0=0.  
� Turbulent kinetic energy and its dissipation rate at the exit of the nozzles are respectively: K0=1.5(U0I0)2 and ε0=K01.5/ℓ. ℓ: is a turbulent length scale (ℓ=d/10 m) and I0 is the inlet turbulent intensity. 
� At the gap of the outlet, gradients of all variables in the y- direction are set to zero. 
� The velocity boundary conditions were fixed to zero over the solid walls.  
� Symmetry condition is applied on the horizontal axis between nozzles.    4. NUMERICAL METHODS  The governing equations are discretized using finite volumes schemes and the solver is the commercial CFD code FLUENT 6.3.26. The velocity components are calculated at a staggered grid while the scalar variables are calculated at the main grid (not staggered). For coupling of mass and momentum equations, SIMPLEC algorithm is used [22]. The discretization of pressure is based on the PRESTO! scheme. The Green-Gauss cell based scheme is used for gradient discretization. Second-order upwind central differencing is used for flow terms, while first order upwind central differencing is used for turbulent kinetic energy and turbulent dissipation rate. The convergence criterion was taken 10-4 for the normalized residual of each equation. We have used relaxation factors of 0.7 for velocities, 0.8 for turbulent quantities and 0.3 for the pressure.   5. VALIDATION AND GRID INDEPENDENCE  To validate the mathematical model and numerical methods, it has been tested with the experimental results reported by  Anderson and Spall [23]. The configuration of Anderson and Spall is like the configuration A with a nozzles spacing (S/d =9). Dimensions along the transverse and longitudinal directions are 100d and 150d, respectively. The Reynolds number was set at 6000 and the turbulent intensity at the outlet of the nozzles was 3.6%. Numerical simulations are obtained with non-uniform meshes of different grid sizes: 450 × 168, 480 × 252 and 600 × 336 (see Figure 3). The deviation between the two last meshes was less than 1.23% for the maximum vertical velocity and less than 2% for the maximum turbulent kinetic energy. The maximum turbulent viscosity deviation reaches 0.95%, so mesh 3 was adopted (see Table 2). Our numerical results show a good agreement with the experimental data, as indicated in Figure 4.  Figure 3. Computational grid structure   TABLE 2. Deviation between meshes  Mesh1 Mesh 2 Mesh 3 Vmax (m/s) 1.51 1.615 1.63 Kmax (m²/s) 24.28 27.73 28.27 νt max (m2/s3) 1.789 1.772 1.789     Figure 4. Axial mean velocity distribution along the symmetry axis for S/d=9      6. RESULTS AND DISCUSSION  We Considered two plan jets (S/d=6), where the Reynolds number was varied from 2000 to 8000. Turbulence intensity at the inlet of nozzles was varied from 1 to 6%. Figure 5 shows the evolution of the axial mean velocity on the symmetry axis (y=0) for different Reynolds numbers. The merging point is determined by the stagnation point, where the mean velocity is zero in the symmetry axis.  6. 1. Configuration A           The mean axial velocity distribution at the symmetry axis is indicated in Figure 5. Since the velocity ratio is one (the same exit velocity for the two nozzles), the axial location of merge and combined points always occurs in the symmetry axis (y=0) as mentioned by Lin and Sheu [24], and by Anderson and Spall [23]. 0 20 40 60 80
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548                                 K. Bouaraour and N. Hebbir / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   544-551  For a fixed Reynolds number, a very slight effect has been detected on the velocity profiles only for high Reynolds numbers, as indicated in Figure 6.    Figure 5. Axial mean velocity distribution along the symmetry axis for I0=1%    (a)  (b) Figure 6. Intensity effect along the symmetry axis for:(a) Re=2000,(b) Re=8000  6. 2. Configuration B           For the chosen Reynolds numbers, the figure below shows the evolution of the axial velocity at the symmetry axis for different turbulence intensities.  From Figure 7, we can see that velocity profiles maintain their self-similarity behaviour. We can also see that  the combined point axial position increases with Reynolds number. The locations of combined points are illustrated in Table 3. We have varied the intensity of the turbulence at the exit of the nozzles from 1 to 6%. For a fixed Reynolds number (Re=2000), no significant effect is observed on   I0=1 %  I0=3%  I0=6%  Figure 7. Axial mean velocity distribution along the symmetry axis  0 1 2 3 4
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K. Bouaraour and N. Hebbir / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   544-551                                  549  the mean axial velocity as indicated in Figure 8. The same behaviour is observed for the other Reynolds numbers. It’s noted that for a fixed spacing, combined point position is affected by turbulence intensity at the exit of nozzles. Combined point axial location increases almost linearly with turbulence intensity.  For a given turbulence intensity (3%), the x-velocity contours are given in Figure 9 for different Reynolds numbers. At the nozzle exit, high velocities lead to entrainment of fluid in the shear layers of the jets. Entrainment rates in the region between the two jets are high, which results in a region of very low pressure between the jets. The velocities and its gradients decay along x-axis. Due to the effect of entrainment in the shear layer, the velocity between two jets increases with x-axis. The Figure 10 demonstrates the vectors of mean velocity for Re=8000 and for I0=1%. It is observed that the width of twin jets increased further downstream. The region from nozzle outlets to the merge point is the merge region, which is characterized by reverse flow in this region.  From merge point inner shear layers of the jets begin to merge and are characterized as velocity is zero. The merge point is also  characterized by high pressure   TABLE 3. Locations of combined points for different Reynolds numbers  XCP(m) for I0=1% XCP(m) for I0=3% XCP(m) for I0=6% Re=2000 0.23 0.27 0.335 Re=4000 0.285 0.33 0.38 Re=6000 0.325 0.36 0.40 Re=8000 0.35 0.38 0.41    Figure 8. Axial mean velocity distribution along the symmetry axis for Re=2000. Re=2000Re=4000  Re=6000  Re=8000Figure 9. Axial velocity contours for configuration B    Figure 10. Vectors of mean velocity for Re=8000 and I0=1%.   0 1 2 3 4
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 Keywords:  Brake Pad Friction Wear Grey Relational Analysis Optimization Characterization    A B S T R A C T   Brake pads play very important role in the safety of automobiles as they control the speed of the vehicle. Therefore manufacturing aspects of the brake pads and improvement in their performance were studied in this paper. Experiments are designed based on Taguchi’s L9 orthogonal array. Manufacturing pressure, temperature and time are taken into consideration as process variables. Nine sets of experiments were conducted. Each experiment consisted of distinct combination process variables. Thus Brake pads with Kevlar and Lapinus fibers as a reinforcement and Epoxy resin as a binder, Barium sulfate as a filler and Aluminium oxide as a friction modifier were manufactured using the hot compression method during each experiment. Friction and Wear performance was accessed by the measurement of the coefficient of friction and weight loss during the trial on the pin on disc apparatus. Specific wear rate was obtained by measuring the differences in density and weight values before and after the trial run.The required values of process parameters i.e. pressure (500 psi), time (8 min.) and temperature (180 oC) which give optimum values of coefficient of friction and Wears were determined using Grey relational analysis. doi: 10.5829/ije.2022.35.03c.07   NOMENCLATURE COF Coefficient of friction CBP Commercial brake pad sample SWR Wear rate GRA Grey relational analysis  1. INTRODUCTION1  The performance assessment of brake pads is required on regularly because the brake pad is mainly responsible for maintaining the vehicle’s safety and control. The performance of the brake pad is assessed by the comparison method. In this comparison, friction and wear characteristics of newly developed brake pads were compared with the same characteristics of commercial brake pads available in the market. The friction and wear characteristics for both the brake pads are obtained by conduction of trial using pin on disc apparatus or dynamometers. The dry sliding behavior of friction composite predicts the accurate friction performance for                                                            *Corresponding Author Institutional Email: 
ds17me002@med.svnit.ac.in (U. V. Saindane) the automobile brake pads [1]. The comparison of dry sliding behavior and wear mechanism of low metallic and copper-free brake pads was performed to select the optimum friction composite [2]. Two commercial pads 1) high metallic fiber material, includes 7% copper fibers, 2) low metallic friction material contains thermal graphite (TG), and cellulose fibers as copper substitutes were investigated. The thermal behavior of the two friction materials was nearly identical. Cu-based friction material, on the other hand, was more thermally stable. This work is related to the work discussed in this paper as both compares newly developed brake pads with commercial brake pad used in practice. Pin-on-disc testing was performed to investigate the sliding behavior    



U. V. Saindane et al. / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   552-559                                        553  and wear products of a low-steel friction material against a cast iron disc at varied applied loads to study the influence of the temperature rise produced by frictional heating [3]. Dry sliding test runs were performed on the composite specimens prepared during the current work in an exactly similar way which was presented by Wahlström et al.[4] The pin on disc test is performed on the brake pad. The wear and coefficient of friction are the two characteristics that vary depending on the load and speed conditions. The wear formation mechanism is   affected by the load and speed of the rotor disc and pin. i.e. at low speed less iron oxide is formed in between the disc and pin; as a result collected wear debris shows equiaxed morphology during low load and lower temperature wherein plate-like wear particles can be seen during high load and higher temperature test conditions [5]. The pin on disc test parameters is selected to study their effect on the morphology of wear debris [6].  The quality of the brake pad mainly depends on material selection, mold design and process parameters. Because mould design and material selection are done at the product development stage, process parameter selection becomes critical for decreasing the faults and enhancing the quality. Process parameters are selected using optimization techniques such as Taguchi approach and the grey relational analysis approach. The study of process parameters that contributes to the mechanical stability of epoxy-based composites is effectively carried out using Taguchi optimization-based grey relational approach [7]. The use of Taguchi L9 orthogonal array was made to design the number of experiments. It was found that a set of nine experiments results in an adequate combination of process parameters that determines the performance of the brake pad [8, 9]. However, the use of grey relational analysis on the experiments obtained by Taguchi L9 orthogonal array was rarely attempted in the previous literature for optimizing the performance of synthetic fibers reinforced polymer composite.  An attempt was made in this paper to manufacture the Kevlar / Aramid fiber reinforced epoxy composite for use as a brake pad in the automobile. Nine combinations of three process parameters namely pressure, temperature and time were selected to manufacture nine sets of brake pads using Taguchi L9 orthogonal array. Friction and wear performance of brake pads were evaluated using the trials conducted on the pin on disc test apparatus. The required combination of process parameters that gives optimum tribological performance was obtained using grey relational grades. Finally, the comparison of newly developed brake pad with commercial brake pad is carried out considering the COF, wear and wear rate.   2. EXPERIMENTAL  The brake pads utilized in this investigation were mostly non-asbestos organic friction materials with five major components (see Table 1). Brake pad prototypes were made utilizing the traditional compression molding method. i.e. Dry mixing, compaction, hot molding and heat treatment (post-curing) [10]. To achieve homogenous mixing of ingredients, a dry mix was made using ball milling for 30 minutes. A hot press with a capacity of 150 tonnes was used to compress the material. The punch was hydraulically powered, and the die was a 14-cavity steel plate. The mold was heated by 1500 W  heaters, and the machine's electrical controls and safety switches were situated on a separate panel. Two heaters were placed above the die plate and two heaters were placed below it, for a total of four heaters (Figure 1). Brake samples were produced in the set of nine experiments under consideration of distinct values of time, pressure and temperature. Time, pressure, and temperature, which are all manufacturing characteristics, are used as control variables at three distinct levels (see Table 2).  2. 1. Design of Experiments       L9 orthogonal array was used to investigate the influence of factors [8]. and nine distinct combinations of process parameters were obtained designing the nine experiments (see Table 3).  
TABLE 1. Formulation of friction composite 

Sr. No Ingredients Weight % 1 Phenolic resin 15.00 2 Barium Sulfate 50.00 3 Kevlar fiber 3.00 4 Lapinus fiber 27.00 5 Aluminium oxide 5.00    
Figure 1. Hot press machine 



554                                     U. V. Saindane et al. / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   552-559     Each experiment yields a separate set of samples, thus nine experiments give nine samples.  2. 2. Pin on Disc Test          Tribological testing on kevlar and lapinus fiber reinforced friction composite materials was conducted in dry conditions using a pin-on-disc test setup (DUCOM product) in line with ASTM: G 99V [11]. The machine comprises a stationary loaded test specimen that slides against a spinning disc with its axis in the normal direction to the disc (see Figure 2) [12]. The test was conducted on a grey cast iron disc (0.61 Ra surface roughness, hardness 72 HRC) with a 60 mm diameter track to simulate the speed-load limits of genuine brake systems. Before starting a new test, the disc surface was cleaned with acetone-soaked paper and dried with a hot air blower for two minutes. During the test, COF was calculated automatically by taking into account the normal load and frictional force. The frictional force was measured using a transducer mounted on the loading arm. DUCOM's WINDCOM software was used to continuously monitor the COF and record the individual readings. The difference in weight before and after the intended test was determined using a precision electronic scale with an accuracy of 60.01 mg to estimate the weight loss of the specimen.     
TABLE 2. Levels of process parameters  Factors Levels Moulding parameters Process parameters 1 2 3 Time (minutes) (A) 4 6 8 Pressure (psi) (B) 500 600 700 Temperature (oC) (C) 140 160 180    

TABLE 3. Design of experiments using L9 orthogonal matrix 
Exp. 
No. 

Time (A) Pressure (B) Temperature (C) 

(minutes) (psi) (oC) 1 4 500 140 2 4 600 160 3 4 700 180 4 6 500 160 5 6 600 180 6 6 700 140 7 8 500 180 8 8 600 140 9 8 700 160 The specific wear rate (WR, cm3/N-m) was then computed as follows [13].  
( )

MSWR
F Lρ

∆
=

× ×

 (1) where, ∆M (g) is the weight loss after the ending of the whole test, ρ ( g/cm3) is the friction samples density, F (N) is the average friction force and L (m) is the sliding distance. The experimental trials were performed thrice for each test, average values of the results were reported.   3. RESULTS AND DISCUSSION  To select the superior specimen, higher is the better criteria were adopted for COF and lower is the better criteria were adopted for the values of wear and wear rate of the samples [14]. The maximum value of COF (0.486) was obtained for experiment 7 which is carried out at extreme conditions of temperature and time i.e. at 180 oC, 8 minutes and moderate pressure 500 psi. The minimum value of the coefficient of friction was obtained at 180 oC, 700 psi and 4 minutes. Specific wear rate was a maximum of 7.312 at experiment 8 which is performed at 140 oC, 600 psi and 8 min. The minimum value of specific wear rate (1.283) is observed for experiment 7 which is performed at 180 oC, 500 psi and 8 minutes. The value of wear in terms of weight loss is maximum for experiment 6 which is performed at 140 oC, 700 psi and 6 minutes. Minimum wear in terms of weight loss is observed in experiment 7. Also the wear rate is found lower (1.283× 10 -6 cm3 / Nm ) for experiment 7 which yields sample 7.  However there was no exact trend found for values of COF, specific wear rate and wear in terms of weight loss corresponding to individual process     
Figure 2.  (a) Pin on Disc test set up (b) Pins 
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TABLE 4. Experimental values for manufactured samples 

Properties Exp. 1 
(Sample 1) Exp.2 

(Sample 2) Exp.3 
(Sample 3) Exp. 4 

(Sample 4) Exp. 5 
(Sample 5) Exp.7 

(Sample 7) Exp. 6 
(Sample 6) Exp. 8 

(Sample 8) Exp. 9 
(Sample 9) 

COF 0.389 0.316 0.252 0.400 0.29 0.486 0.391 0.283 0.329 
SWR (10-6 
cc / Nm) 1.301 2.999 4.31 2.158 2.807 1.283 5.441 7.312 3.951 
Wear (gm) 0.009 0.011 0.01 0.011 0.009 0.005 0.024 0.022 0.011    parameters. But when the combination of process parameters is considered then corresponding values of COF, SWR and wear (gm) follows a particular trend (see Table 4). The performance characteristics such as wear, COF are assessed under the same load, speed, time and sliding distance conditions for all nine samples. Careful examination of graphs of COF and wear of best three samples from all nine samples revealed the drastic variation because all samples were manufactured by varying the process parameters as per Table 3 [15] (see Figures 3-5).  The maximum value of COF was obtained by sample 7. Also, Minimumun wear in terms of weight loss was observed for Expiment 7 i.e. sample 7. Wear rate (1.283 10-6cm3 / N.m) was also observed for sample 7.       

Figure 4. Friction graph (Sample 4)  
Figure 5. Friction graph (Sample 7)   However minimum wear in micrometer was observed by comparing the wear trend through the  DUCOM software interface (Figures 6-9). All nine samples were compared in groups of three at a time, with the superior sample resulting in the least amount of wear. As a result, sample 3 has shown smaller wear compared to samples 1 and 2 (see Figure 6). Sample 4 showed minimum wear when compared to samples 5 and 6 (see Figure 7). Also sample 9 showed minimum wear as compared to samples 7 and 8 (see Figure 8).Thus, sample 7 had a larger COF (0.486) and the same sample exhibited the smaller wear (0.005 gm). However, when the Wear value was retrieved in a micrometers using a software interface, sample 4 was found to be superior, as it showed the least amount of wear among samples 3, 9 and 4 during the 10-minute test (see Figure 9) [16]. This situation has resulted in the Multi response optimization problem.  3. 1. Grey Relational Analysis             GRA was performed to arrive at an optimum combination of process parameters which results in optimum COF, wear and wear rate. A response such as COF should be maximized while wear rate, wear must be minimized   

Figure 3. Friction graph (Sample 1) 
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Figure 6. Wear Graph (Sample 1, 2, 3)    

Figure 7. Wear graph ( Sample 4, 5 and 6)    
Figure 8. Wear Graph (Sample 7, 8 and 9)   [17]. Therefore the COF response was assigned with higher-the-better and wear and wear rate were assigned lower-the-better respectively to process the data in GRA. All of the sequences were analyzed using Equations (2), (3) and the outcomes were represented in Tables 5 and 6. means reference and comparability sequence. the distinguishing coefficient   can be put into Equation (5) to obtain the Grey relational coefficient (Table 7). Using Equations (5-8) thus Grey relational grade and rank of each experiment are evaluated (Table 8) [18].  (2)  (3)  (4)  (5)  (6)  (7)  (8) where   is the reference sequence and  is the comparability sequence.   is well-known, and the lower value of   pointed at higher distinguished ability.   

TABLE 5. Normalized Value 
Exp. No COF Wear SWR 1 0 0.211 0.003 2 0.556 0.316 0.285 3 1 0.263 0.502 4 0.366 0.316 0.145 5 0.838 0.211 0.253 6 0.369 1 0.69 7 0.866 0.895 1 8 0.084 0 0 9 0.812 0.316 0.443    

Figure 9. Wear Graph (Sample 3, 4, 9)  



U. V. Saindane et al. / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   552-559                                        557  Experiment 7 which yields sample 7 showed rank 1 since it has higher grade value (Table 9). Thus experiment 7 can be chosen as an experiment that gives optimum performance among all nine experiments according to Grey relational analysis. Thus the optimum combination of process parameters are 8 minutes, Pressure at 500 Psi and Temperature of 180 oC .   
TABLE 6. Deviation sequence responses 

Exp No. COF Wear SWR 1 1 0.789 0.997 2 0.444 0.684 0.715 3 0 0.737 0.498 4 0.634 0.684 0.855 5 0.162 0.789 0.747 6 0.631 0 0.31 7 0.134 0.105 0 8 0.916 1 1 9 0.188 0.684 0.557   
TABLE 7. Grey relational coefficients 

Exp No. COF Wear SwR 1 0.333 0.388 0.334 2 0.53 0.422 0.411 3 1 0.404 0.501 4 0.441 0.422 0.369 5 0.755 0.388 0.401 6 0.442 1 0.617 7 0.789 0.826 1 8 0.353 0.333 0.333 9 0.727 0.422 0.473   
TABLE 8. Rank using GRA 

Exp. No. Grade Rank 1 0.35 8 2 0.45 6 3 0.64 3 4 0.41 7 5 0.51 5 6 0.69 2 7 0.87 1 8 0.34 9 9 0.54 4 TABLE 9. comparison of developed brake pad with commercial brake pad 
Properties CBP Sample 7 COF 0.403 0.5666 Wear rate 0.163 1.283 Wear (gm) 0.006 0.005    
Figure 10. Brake pads (a) Commercial (b) Newly developed   4. CONCLUSIONS 

 In this study, friction composites consisting of Kevlar and Lapinus fibers are manufactured and tested for tribological properties utilizing a hot compression process. Taguchi design of experiments was used to create the experimental design, which was then followed by Grey relational analysis to find the optimal combination of process parameters to increase the COF and decrease the wear and wear rate. The following are some of the study's key findings: 1. The number of experiments obtained by using the Taguchi L9 orthogonal array technique has resulted in nine sets of results which proved to be adequate to reveal the improvement in tribological properties of brake pads 2. The COF, Wear and Wear rate values did not follow the specific trend in response to the change in individual process parameters. 3. The COF, wear and wear rate values follow a particular declining or increasing trend in response to change in values of a combination of process parameters. 4. The highest COF value (0.566), lowest wear (0.005 gm) and wear rate (1.283) value was determined for experiment 7, which was conducted at extreme 



558                                     U. V. Saindane et al. / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   552-559     temperatures and times, namely 180°C for 8 minutes and moderate pressure 500 psi.  5. The wear values in micrometers during the pin on disc test were obtained as the lowest value for experiment 9 which yield sample 9. 6. GRA gives an optimum combination of process parameters in conditions where multiple superior values (samples 7 and 9) for multiple responses (COF, wear) are available. Experiment 7 which yields sample 7 showed the highest grade (0.87) and rank one. 7. When the newly developed brake pad was compared with the commercial brake pad, COF showed a 14.46 %  rise where wear had decreased by 16.67 % and wear rate showed a 87.29 % rise in its value. 8. The optimum combination which gives optimum tribological performance for brake pad is obtained at 8 minutes, Pressure at 500 Psi and Temperature 180 oC. Thus Kevlar / Lapinus fibers reinforced epoxy composite proved to be effective against the commercial brake pad samples and could be a possible replacement. 
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IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   560-566    Please cite this article as: V. D. Golakiya, M. K. Chudasama, Experimental Formability Study of Ti6Al4V Sheet Metal using Friction Stir Heat Assisted Single Point Incremental Forming Process, International Journal of Engineering, Transactions C: Aspects  Vol. 35, No. 03, (2022) 560-566   International Journal of Engineering  J o u r n a l  H o m e p a g e :  w w w . i j e . i r    Experimental Formability Study of Ti6Al4V Sheet Metal using Friction Stir Heat Assisted Single Point Incremental Forming Process  V. D. Golakiya*a, M. K. Chudasamab  a Mechanical Engineering Department, Dr S& S S Ghandhy Government Engineering College Surat, Gujarat Technology University, Gujarat, India b Mechanical Engineering Department, Government Engineering College Surat, Gujarat Technology University-395001, Gujarat, India   P A P E R  I N F O      Paper history: Received 20 October 2021 Received in revised form 27 November 2021  Accepted 14 December 2021   Keywords:  Single Point Incremental Forming Friction Stir Incremental Forming Ti6Al4V  Formability    A B S T R A C T    Single Point Incremental Forming (SPIF) process is a novel approach of flexible sheet metal forming method in which 3D component can be allowed to form. The process is characterized by die less flexible, lower lead time and higher formability as compare to conventional stamping process. The present work involves set of experiments of 1 mm thick Ti6Al4V sheet using the friction stir SPIF process at room temperature and investigating the effect of wall angle, speed, feed and step size on formability of the sheet. The results revealed that, the maximum formability of frustum cone specimen was obtained at wall angle of 45° and wall angle is the most significant parameter. With an increase in wall angle and feed, the formability of sheet blank decreases while increases in tool rotational speed, the formability found to increase. In addition, it is also observed that, there was no significant influence of step size on formability of sheet. doi: 10.5829/ije.2022.35.03c.08   1. INTRODUCTION1  Single point incremental forming (SPIF) process is a novel sheet metal forming process. SPIF process is characterized with higher flexibility, lower tooling cost and reduces lead time due to die-less sheet metal forming process [1]. It is more suitable for rapid prototypes and small - medium scale production of sheet metal parts, which needs no special type of tooling and has low initial cost as compared to conventional stamping forming process [2]. The blank sheets metals are localized incrementally deformed using a simple hemispherical end forming tool, whose path is specified in a CNC machining center or robot. SPIF process has higher formability because of mode of deformation of sheet under stretching and shearing action [3]. Due to great formability at room temperature, the SPIF method is extensively used for the aluminum and steel alloy sheet material. However, the process has limited to industrialize because of lower surface quality, uniform                                                            *Corresponding Author Institutional Email: vdgolakiya.gec@gmail.com (V. D. Golakiya) thickness, geometrical accuracy and higher forming time of formed parts [4]. The uses of lightweight material such as titanium alloy components have continuously increased in the important fields such as aeronautical, automotive and biomedical field due to economic, environmental and biomedical compatible in nature. These alloy materials have good mechanical properties such as high strength to weight ratio, toughness, wear resistance fatigue behavior and corrosion resistance compared to other materials such as aluminum and steel alloys [5]. Among the titanium alloys, the Ti6Al4V is used 80 % of total titanium alloy in the USA [6]. However, the Ti6Al4V titanium sheet is difficult to form at room temperature because of they possess low uniform elongation, resistance to deformation, high springback and yield to tensile ratio (high hardness and poor formability). So, they are commonly formed with low-speed forming at elevated temperature of 750~950 °C [7]. Lightweight materials such as AA2024-T3, AZ31 B-O, AA6061-T6,    



V. D. Golakiya and M. K. Chudasama / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   560-566                        561  AA6063 and titanium alloys and high strength alloy such as MnB5, DP 980 and DC04 steel alloy have possessed a poor formability at room temperature. In order to form these alloys, heat assisted incremental sheet forming (ISF) techniques are more suitable with minimum tooling cost and lower lead time at higher temperature such as laser heat assisted, electrical heat assisted, induction heat assisted friction stir heat assisted processes [8]. In the past two decades, many researchers and academicians have carried out experiments to analyze the forming of lightweight sheet materials using different types of the heat assisted ISF techniques. Duflou et al. [9] have formed cone shape specimens of Ti6Al4V with laser heat assisted technique of ISF with local dynamic heating. The results showed that cone shape specimens were formed with lower forming force and higher dimension accuracy. Ambrogio et al. [10] studied the influence of process parameters such as tool diameter, step size, feed rate and lubrication on the formability of magnesium alloy AZ31B at the room temperature and in warm condition. The formability of AZ31B was observed higher in warm conditions as compared to room temperature. Further, complex design of heating equipment is creating difficulties while carried out the forming of sheet. Fan et al. [11] developed a new technique to heat the sheet metal based on electric current. In this technique, the localized heat is generated at tool-sheet interference by DC power supply. They investigated maximum formable angle and part accuracy on the TiAl2Mn1.5 titanium and the AZ31 magnesium alloys. In 2010, Fan et al. [12] were formed sheet metal of the Ti6Al4V alloy by using electrical heat assisted technique and observed that this technique is more suitable to form a desired shape in the range of temperature 500–600 °C with a minor oxidation. Later on, Ambrogio et al. [5] used electrical heat assisted incremental forming technique to form difficult to form-alloy such as AZ31B-O, AA2024-T3, Ti-6Al-4V. They investigated the influence of different operating parameters on formability and surface quality of formed parts. Rahmani et al. [13] have investigated the process of incremental forming on AA6063 material using warm heating. They have reported that, axial feed and temperature most significant parameter on formability and surface roughness. The heat assisted techniques of SPIF process have been classified for global heating and local heating of blank sheet by Xu et al. [14]. These heat assisted techniques showed the substantial enhancements in the formability of hard to form materials but there is a significantly increase in both the process complexity and tooling cost.  However, friction stir heat assisted SPIF is the most suitable as direct heating method with higher flexibility and lower cost [15, 16]. In friction stir heat assisted technique, sheet metal is formed with tool spinning at very high relative speed, which generates frictional heating of the sheet. The use of this technique are mainly found in technical literature that focuses on steel and aluminum sheets. Ambrogio et al. [17] investigated the influence of the step size and the tool feed rate on temperature deviations at the tool interface, during the SPIF of aluminum alloy (AA5754) and titanium Ti6Al4V sheets.  They have reported that optimized feed of the tool and step size give better formability along with process productivity and quality of formed part without any external heating equipment. Chausov et al. [18] suggested that a range of deformation rates of high- strength titanium alloys pass into a state of increased ductility without loss of strength properties by using additional force impulse loading, and the implementation of dynamic non-equilibrium processes. Grün et al. [19] investigated the behavior of Ti6Al4V sheet formability with friction stir SPIF process technique. The result showed that medium tool rotation of 2000 rpm speed lead to lower the rate of tool wear, improved the formability and reduce the forming forces. To the best of author’s knowledge, experimental investigation of process parameters on forming of Ti6Al4V sheet metal without use of heating equipment in single point incremental process is not reported so far. Because of wide use of Ti6Al4V titanium alloy in the field of biomedical, aeronautics and automotive, friction stir heat assisted single point incremental forming of Ti6Al4V sheet has been investigated in this study. In order to evaluate the formability of sheet metal part in SPIF process, the parameters like speed, feed, step size and wall angle were selected.   2. PRINCIPLE AND EQUIPMENT OF EXPERIMENTAL SETUP  Figure 1 shows the principle experimental set up employed in present work. The experimental set up consist of basic elements such as sheet blank, forming tool, vice, fixture and a CNC vertical machining center. The 3-axis CNC Machine (Jyoti PX20 with Siemens controller) with a maximum working space of 510 x 510 x 510 mm3 and 400 kgf load capacity of table is used for experimental work. The tool is made of tungsten carbide (WC) material with a 10 mm diameter hemispherical-end; it is selected due to its high hardness, heat resistance and wear resistance. The blank sheet is firmly clamped with clamping screws in the fixture. A tool with hemispherical shape is forming the blank sheet incrementally in to desired shape. The Ti6Al4V alloy, a hard-to-form lightweight alloy sheets has been selected for experimental tests. Its chemical constituents (as–received condition) are Ti- 87.49 % Al–6.8 %, V– 4.8, 



562                       V. D. Golakiya and M. K. Chudasama / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   560-566  H–0.015 %, Fe–0.3, O-0.2%, Si-0.15%, C-0.1 %, N-0.05 and others-0.4 % in mass percentage. Titanium is an allotropic substance consisting of a cubic structure (α-Ti) and a compact hexagonal structure up to a temperature of 882°C (β-Ti). The truncated cone-specimens were formed from 98 x 98 mm2 blank size sheets having a thickness of 1 mm. All test samples of sheet have been cut from annealed 1-mm-thick Ti6Al4V alloy sheets by water jet machining process. Before each experiment, OKS200 MoS2 paste lubricant was applied on top surface of blank sheet, which prevent the oxidation of the specimen surface at higher temperature during forming process (Figure 2).  The truncated cone geometries with constant angle is formed with 46 mm top base diameter and vertical depth of 18 mm. The truncated con was employed to determine the SPIF formability of Ti6Al4V. The desired tool path to form the truncated cone specimen was generated using Microsoft Excel Software. All truncated specimens with constant angle have been formed using Z-level tool path.  In Z-level tool path, first tool moves in XY- plane,     Figure 1. Experimental set for SPIF process with Jyoti PX20 CNC milling machine     Figure 2. (a) The sheet during processing with OKS MoS2 Paste Lubricant (b) The sheet provided with desired dimension (c) Infrared non-contact temperature measurement gun reaches its starting point, then tool takes a step in the vertically (z-axis) downward with specified step size. This motion of tool continues till the complete specimen is formed. Figure 3 shows the CAD truncated cone specimen model with tool path.   3. EXPERIMENTAL RESULTS AND DISCUSSIONS  The plan of experiments with process parameters are summarized in Table 1. In present study, there are four variables parameters such as speed, feed, step size and wall angle. The formability is one of the important response parameter of sheet metal forming process. Formability of sheet material in SPIF process is represented in different approach such as fracture forming limit, maximum formable angle and maximum forming depth. In present work, maximum forming depth of specimen is measured as a formability of Ti6Al4V sheet material, which can be measured just before specimen part fractured during forming process. All specimens are formed till either design depth of 18 mm or the fractured of specimen during forming process. After the fractured the specimens are unloaded from the fixture and depth of fractured specimens are reported as the Z-axis co-ordinate on computer screen of the machine. The experimentation was carried out to investigate influence of various parameters such as speed, feed, step size and wall angle on formability.  3. 1. Influence of Wall Angle          The conical frustums specimens with diameter of 46 mm at the top and wall angle of 55°, 50°, and 45° are selected to evaluate the formability in the friction stir heat assisted SPIF process of Ti-6Al-4V alloy. The plan of experiments and the experiment results are shown in Table 1.    Figure 3. CAD model of truncated cone with Tool path 



V. D. Golakiya and M. K. Chudasama / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   560-566                        563  TABLE 1. Plan of experimental work and result (a) Formability test results by varying the speed and step size with constant wall angle Exp. No. Wall angle (α)-degree Speed (s)-rpm Feed (f)-mm/min step-size (z)-mm Depth of formed part (d)-mm 1 55 700 1000 0.25 6 2 55 1000 1000 0.1 5.5 3 55 1400 800 0.25 6.25 (b) Formability test results of wall angle Exp. No. Wall angle(α)-degree Depth of formed part (d)-mm Constant parameters 3 55 6.25 speed 1400 rpm, feed 800 m/min, tool diameter 10 mm and step size 0.25mm. 4 50 7.25 5 45 18 (c) Formability test results of speed Exp. No. Speed(s)-rpm Depth of formed part (d)-mm Constant parameters 6 700 7.50 wall angle 45°, feed 800 mm/min, tool diameter 10mm and step size 0.25mm. 7 1000 10.25 5 1400 18 (d) Formability test results of feed Exp. No. Feed (f)-mm/min Depth of formed part (d)- mm Constant parameters 5 800 18 wall angle 45°, speed 1400 rpm, tool diameter 10mm and step size 0.25mm. 8 1000 6.25 9 1200 5.5 (f) Formability test results of step size with varying wall angle Exp. No. Step size (z)-mm Wall angle (α)-degree Depth of formed part (d)-mm Constant parameters 4 0.25 50° 7.25 speed 1400 rpm and tool diameter 10mm. 10 0.1 50° 7.25 5 0.25 45° 18) 11 0.1 45° 18 In the first set of three specimens as shown in Table 1(a) with wall angle of 55° was formed with varying the speed and step size. All three specimens had early failed with poor surface finish as shown in Figure 4. It shows that wall angle is the most significant parameter for formability. In the second set of three specimens as shown in Table 1(b) with wall angle of 55°, 50° and 45° have been formed with considering other parameters as constant. As can be seen from the results and as shown in Figure 5, the specimen with wall angle of 45° has successfully formed at a depth of 18 mm and wall angle with 50° and 55° had early failed at a depth of 7.52 and 5.25 mm, respectively. The result showed that forming depth decreases with an increase in the wall angle as shown in Figure 6(a). The sheet metal had more stretching at higher wall angle, hence thinning of sheet metal increases with an increase in the value of wall angle based on cosine law.  3. 2. Influence of Speed        In the third set of three experiments plan with varying the speed as shown in Table 1(c), the specimens have formed with varying the speed and keep other parameters constant. The specimen formed successfully at forming depth of 18 mm with speed of 1400 rpm but specimens are failed at depth of 7.5 mm and 10.25 mm at lower    Figure 4. Specimens formed by varying the speed and step size with constant wall angle (a) exp no.1 (b) exp no.1 (c) exp no.3    Figure 5. Specimens formed with varying the wall angle of (a)55° (b) 50° (c) 45° 



564                       V. D. Golakiya and M. K. Chudasama / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   560-566  
44 46 48 50 52 54 56

6

8

10

12

14

16

18

D
ep

th
 o

f f
or

m
ed

 p
ar

t (
m

m
)

Wall Angle (Degree)  (a) 
600 800 1000 1200 1400

6

9

12

15

18

Fo
rm

in
g 

De
pt

h 
of

 fo
rm

ed
 P

ar
t (

m
m

)

Speed (rpm)  (b) 
800 900 1000 1100 1200

4

6

8

10

12

14

16

18

De
pt

h 
of

 fo
rm

ed
 p

ar
t (

m
m

) 
Feed (mm/min)  (c) Figure 6. Effect of (a). Wall angle, (b). Speed, and (c). Feed- parameters on depth of formed part   speed of 700 and 1000 rpm, respectively as shown in Figure 7. It seems that forming depth is increases with an increase in tool rotation speed as shown in Figure 6 (b) because of thermal softening effect at tool-sheet interface. At the low rotations speed of 700 and 1000 rpm, the range of temperatures were lower at tool interface 60 to 90 °C observed by Infrared non-contact temperature measurement gun, as shown in Figure 2(a). At such low temperature, insufficient heat generated in the forming zone resulted in reduced formability of the part. In SPIF process, friction heat generation at tool-sheet interface is directly proportional to tool rotation speed [20]. 3. 3. Influence of Feed        In the fourth set of three experiments plan with varying the feed as shown in Table 1(d), the specimens have been formed with varying the feed of 800, 1000 1200 mm/min with keeping other parameters constant. Figure 8 (a) shows that specimen with feed of 800 mm/min was successfully formed but the specimens with feed of 1000 and 1200 mm/min had failed at depth of 6.25 and 5.5 mm, respectively as shown in Figure 8 (b, c). Further, as shown in Figure 6 (c) depth of forming specimens had increased with decreased in the value of feed.  At the lower feed, the more heat generated at interface between tool and work-piece due to slower rolling of the tooltip over the contact surface and rate of the heat dissipated is very slow. The metal is becoming ductile in nature and more straining occurred because of increasing the temperature at forming zone. Hence, the formability of sheet metal is increased. For higher feed, the formability decreased due to lower heat generation at tool interface, faster the tool tip rolls over the contact surface.  3. 4. Influence of Step Size        In the fifth set of three experiments plan, the influence of step size with varying wall angle as shown in Table 1(f). As can be seen from results, the specimens had formed without any crack at the 45° wall angle in two 0.1 and 0.25 step sizes as shown in Figure 9 (c, d).   Figure 7. Specimens formed with varying the speed (rpm) of (a) 700 (b) 1000 (c) 1400     Figure 8. Specimens formed with varying the feed (mm/min) of (a) 800 (b) 1000 (c) 1200 



V. D. Golakiya and M. K. Chudasama / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   560-566                        565   Figure 9. Specimens with varying the step size (mm) with wall angle (a) 0.25, 50° (b) 0.1, 50° (c) 0.25, 45° (d) 0.1, 45°    On the other hand, the specimens with wall angle of 55° early failed at depth of 7.25 mm as shown in Figure 9 (a, b).This shows that wall angle is more significant parameter than step size and, there is no significant effect is found on formability with varying the step size of 0.1 mm and 0.25 mm.   4. CONCLUSIONS  In this study, experimental investigation of single point friction stir incremental forming process of Ti-6Al-4V is performed. The results of the study can be summarized as follows: 
� Process parameters, such as wall angle, speed and feed have influence on the formability of sheet metal blank. Formability is increased with a decrease in the wall angle from 55° to 45° and the highest formability is obtained in term of maximum forming depth of 18 mm at wall angle of 45° due to lower the stretching of material. It has been found that the wall angle has significant influence on the formability of sheet metal. 
� With an increase in the speed from 700 to 1400 rpm, the formability of sheet metal is increasing of 7.5 mm to 18 mm in term of maximum forming depth. The sheet metal shows higher formability at higher temperature cause of higher rubbing action at contact surface due to increases speed. While formability decreases from 18 mm to 5.5 mm in term of forming depth as the feed increasing from 800 to 1200 mm/min. At higher feed rate, formability is lower due to poor accumulation of heat at contact surface, causes more rate of heat dissipated. 
� Furthermore, step size of 0.1 and 0.25 mm did not have any significant effect on formability. 
� The most influencing parameters in this process are wall angle followed by tool rotation speed and feed. So with correct combination of these parameters, it can come up to safe forming of the Ti6Al4V blank sheet without additional heat assisted equipment. In this approach, the present study helps to user to get recommendations about, parameters with their range should be select to form the hard to form material of Ti-6Al-4V by friction stir SPIF process at room temperature. 5. REFERENCES  1. Arfa, H., Bahloul, R. and BelHadjSalah, H.J.I.j.o.m.f., "Finite element modelling and experimental investigation of single point incremental forming process of aluminum sheets: Influence of process parameters on punch force monitoring and on mechanical and geometrical quality of parts", International 
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IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   567-571    Please cite this article as: A. Abbasian, A. Ravangard, I. Hajian Nia, S. Mirzamohammadi, Investigation of Nicrostructure and Mechanical Properties of Newly Developed Advanced High strength TRIP steel, International Journal of Engineering, Transactions C: Aspects  Vol. 35, No. 03, (2022)   567-571   International Journal of Engineering  J o u r n a l  H o m e p a g e :  w w w . i j e . i r    Investigation of Microstructure and Mechanical Properties of Newly Developed Advanced High Strength TRIP Steel  A. Abbasian*a, A. Ravangardb, I. Hajian Niaa, S. Mirzamohammadia  a Department of Materials and Metallurgical Engineering, Technical and Vocational University (TVU), Tehran, Iran b Department of Mechanical Engineering, Technical and Vocational University (TVU), Tehran, Iran   P A P E R  I N F O      Paper history: Received 18 October 2021 Received in revised form 20 December 2021 Accepted 23 December 2021   Keywords:  TRIP1100 Steel Mechanical Properties Microstructure EBSD Fracture Behavior     A B S T R A C T    In this research, the heat treatment and production of high-strength advanced TRIP1100 steel were investigated and then the mechanical properties of the welds of this steel were evaluated by spot welding. For this purpose, the effect of rolling process and heat treatment of alloy steel sheets to achieve the ultra-high strength TRIP1100 steel microstructure was discussed. Microstructural examinations by Scanning Electron Microscopy (SEM) identified ferrite with bainite phases and martensite in matrix. The microstructural characteristics were examined using SEM microscopy with Electron Backscatter Diffraction (EBSD) analysis. The EBSD results showed that the type and orientation of the grains changed and the fraction of high-angle to low-angle boundaries in the present steel varied due to the presence of different phases. The EBSD results showed the acceptable rate of primary austenite in the structure according to the phaseology of this method. Having desirable mechanical properties was one of the most important results of this study, which at the same time maintained impact resistance and mechanical strength. doi: 10.5829/ije.2022.35.03c.09   1. INTRODUCTION1  In recent years, advanced high-strength steels have been widely developed due to the need to increase the safety of car occupants and save fuel, and this is due to the ability to withstand static and dynamic forces, especially in accidents. This advantage of steels makes it possible to make parts with complex shapes and enhanced designs with forming processes. In recent years, advanced high strength steels have been evolving and their applications are developing especially in the automotive industry. These steels are now being used in vehicles to improve their efficiency and safety. TRIP steel are a class of high-strength steel alloys typically used in naval and marine applications and in the automotive industry. TRIP stands for "Transformation induced plasticity," which implies a phase transformation in the material, typically when a stress is applied. These alloys are known to possess an                                                            *Corresponding Author Email: abbasian_phd@yahoo.com  (A Abbasian) outstanding combination of strength and ductility [1]. Currently, TRIP (transformation plasticity) steels with low alloying elements are known so that the total amount of alloying elements in these steels does not reach more than 3.5%. In these steels, due to the application of thermomechanical processes, austenite to martensite transforms at room temperature. TRIP steels offer an extraordinary combination of strength and flexibility. As a result, it is suitable for making reinforced parts with complex shapes [2-5]. The microstructure of high-strength steels makes it possible to achieve greater elongation and a combination of excellent strength and flexibility for these steels. TRIP steels have a multi-phase microstructure with a complex shape, which includes a ferrite field with hard phases within it. This alloy contains varying amounts of residual austenite, ranging from 5 to 18% in some cases. Carbide-free bainite phases in soft ferrite field are present in this alloy. The austenite of    



568                                         A. Abbasian et al. / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   567-571  these steels is transformed into martensite during plastic deformation. Therefore, today, the use of these steels in the automotive industry is a hot topic and is under research and development [6]. Applications of this steel in the upper pillar B include roof columns, engine support chassis, front and rear rails and seat frame [7] .The microstructure of TRIP steels consists of ferrite, bainite, martensite and greater than 5% of retained austenite. The latter is the most important phase constituent of TRIP steels, because its stress induced transformation to martensite results in work hardening of steel during deformation, and hence delays the onset of necking, eventually leading to a higher ductility [7, 8]. The bainite is formed by isothermal holding at a temperature below the bainite start transformation temperature (Bs) during cooling from intercritical annealing temperature.  TRIP steels have less volume fraction of hard phases such as martensite and bainite, therefore their initial yield stress is usually lower than that of DP steels. However, due to the progressive transformation of austenite to martensite, TRIP steels can reach ultimate tensile strength (UTS) values even higher than those for DP steels [9]. In this research, the process of production and manufacture of new TRIP1100 steel from a special alloy was investigated. The aim of this study was to achieve the best microstructural quality with suitable primary austenite and optimal mechanical properties.  2. MATERIALS AND METHODS   In this study, the test steel was cast by an induction furnace under the control of basic parameters, Materials that were melted and then cast. Among the wastes were steel sheets that had been calculated and carefully adjusted before chemical analysis. the chemical composition of this steels of which was analyzed by spectroscopy, is presented in Table 1. Cast ingots weighing 30 kg with dimensions of 100 × 100 × 30 cm after homogenization in the furnace for 1 hour at a temperature of 1000 ° C by hot rolling process and in 3 passes reached a thickness of 3.2 mm [8]. The heated rolling sheets were then cooled in an oven at 1000 ° C for 1 hour after annealing and then cooled rolling to a thickness of 1 mm in hydrochloric acid solution after mechanical deoxidation and acid washing. In order to achieve the desired microstructures (TRIP1100), the heat treatment cycle was designed using dilatometry at 950 ° C with sample dimensions in terms of 10 × 5 × 5 cm. By calculating from the dilatometry data, the intercritical temperatures and the starting temperature of the binetic and martensitic transformations were obtained, which are presented in Table 2 [9]. Figure 1 shows a schematic of the heat treatment cycle designed and performed on the test steel to achieve the desired structure. In order to achieve the microstructure of TRIP1100 steel, the sheets were subjected to intercritical annealing operation at 780 ° C for 360 s in a two-phase area and immediately immersed in a furnace containing molten salt bath at a temperature of 350 ° C for 600 s.  The tensile test of the samples was performed with a length of 5 cm and according to ASTM A370 standard with a speed of 1 mm/min. Then by wire cut from the middle of the fracture sample was cut to examine the cross-sectional microstructure of the sample [10]. To observe the microstructure of TRIP1100 steel, the samples were sanded and polished. Also, 2% Nital solution was used to prepare the SEM image [11]. To investigate the microstructure of TRIP steel, a JSM7001F type field emission microscope equipped with an EBSD return electron diffraction detector with TSL OIM ANALYSIS 8 analysis software was used. The samples were prepared and in the final stage, their cross section was polished with one micron diamond paste. In order to achieve a suitable surface quality for imaging, the final polishing of the samples was performed with 0.04 micron colloidal silica slurry, then a step size of 100 nm was selected for the studies. After tensile test, after failure of samples, their failure surface was examined using stereograph OLYMPUS and SEM PHILIPS XL3.   3. RESULTS AND DISCUSSION  Properties and advantages of advanced high strength steels the most important features and advantages of this type of steels can be mentioned as follows: These steels   TABLE 1. Weight percentage of chemical composition of TRIP1100 steel used (wt%) Fe% Al% Cu% Ni% V% Cr% P% S% Si% Mn% C% Base 0.01 0.08 0.04 0.02 0.058 0.048 0.036 1.1 2.45 0.18   TABLE 2. Temperatures calculated by dilatometry Calculation method AC3 (°C) AC1 (°C) Dilatometry 810 718  have a more complex microstructure compared to traditional steels and are mainly multi-phase to be able to have Provide a suitable and improved combination of strength and flexibility. In engineering alloys, flexibility 



A. Abbasian et al. / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   567-571                                         569   Figure 1. Schematic of TRIP steel heat treatment cycle   usually decreases with increasing strength. In other words, increasing strength is associated with decreasing toughness. We know that in high strength alloys the failure behavior tends to semi-brittle and brittle behaviors, but in steels (AHSS) the flexibility is high and as a result the probability of their failure decreases. Their high ductility makes it possible to produce specimens with complex shapes. Due to the use of different strength mechanisms and their ability to Work hardening, at the same time the strength and toughness of these alloys has been improved. Reduce the weight of the car by increasing the use of thinner and high strength steel sheets, which leads to reduced fuel consumption and reduced emissions. Regarding advanced steels, it should be noted that a large amount of research by reputable companies has been spent annually to improve the design and use of these steels. For example, a comprehensive assessment and identification of applicable technology advances for AHSS steels was conducted in 2009. To complete the first phase in 2011, optimization of the steel structure of these steels was developed. Also, the future steel car has high hopes for the production of high-volume cars in the period 2015-2020 in phase 2 of this project. One of the attractions of this project is that for electric hybrid vehicles (PHEV), which do not discuss pollution and will soon replace current vehicles with fossil fuels, strength, vehicle speed and weight loss are of particular importance [8]. Figure 2 is a comparison of the percentage increase in the use of new steels. The key achievements of this project with regard to achieving a combination of strength and flexibility can be presented as follows: •Achieve 29% body weight reduction •Use of 97% HSS and AHSS steels •Use of nearly 50% steels with a strength above 1000MPa •Earn 5 crash safety stars •Reduce greenhouse gas emissions As shown in Figure 3, the microstructure of TRIP1100 steels in all directions tested includes polygonal ferrite, bainite, residual austenite (RA) and martensite/austenite (M/A) islands [12]. Due to the microstructure, residual austenite can be obtained in the bainite regions that formed during the isothermal transformation at 350 °C. Also, some residual block austenite is observed in polygonal ferrite grains [8]. In this alloy, the amount of silicon is higher than ordinary steels because the presence of silicon inhibits the formation of cementite and helps to retain all the carbon in the remaining austenite [4]. It has been shown that addition of silicon can prevent the deposition of cementite because silicon has very little solubility in cementite [13]. As austenite is further enriched by carbon in the isothermal transformation step, the onset of martensite is lower than room temperature. Therefore, part of the austenite does not convert to martensite after quenching at room temperature. This stable residual austenite is converted to martensite due to the TRIP phenomenon in the mechanically loaded steel [14].    Figure 2. A comparison of the percentage increase in the use of new steels due to the increase in strength [7]    Figure 3. SEM image of TRIP steel 



570                                         A. Abbasian et al. / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   567-571  A more accurate knowledge of the properties is necessary to characterize the microstructure and the existing phases. For this purpose, electron diffraction analysis of EBSD return electrons was used to investigate the phase fraction. Figure 4a and b show the image of the crystal directions together with the IPF + IQ map image quality and phase fraction for TRIP1100 steel from EBSD analysis, respectively. According to Figure 4a, the size of polygonal ferrite grains was obtained between 0.5 to 4 µm and M/A phase islands between 1 and 2 µm. The presence of residual austenite in the microstructure was determined by phase map in the range of Figure 4b, about 6.5% at the level of 50 µm. The images obtained from the phase map show the uniform distribution of the austenite remaining in the microstructure. It can be said that the remaining austenite has two block morphologies and very fine grains. The block remaining austenite forms within the M/A, while the residual austenite appears between the bainite masses as very fine grains [4]. Figure 4a shows a series of black and dark areas that have a lower IQ than the background, These areas are martensite. Martensites are darker due to lower image quality. The stress diagram in terms of strain in the rolling direction and the average of the test results are shown in Figure 5 and Table 3, respectively. Examination of sources shows that the ratio of tensile strength (TS) to yield strength (YS) for high strength steels should not be less than 1.25 because flexibility is affected [8]. The TS/YS rate for TRIP1100 steel is more than 2.2, which indicates the steel's ability to work harder and more flexibly [5]. Table 3 shows the mechanical properties of TRIP steel. To investigate the type of fracture of TRIP1100 steel, failure analysis was performed after tensile test. In    Figure 4. (a) Crystal image and IPF image quality map + IQ MAP, b) Fuzzy fraction of steel in the direction of TRIP rolling from EBSD results  TABLE 3. Mechanical properties of TRIP steel. Yield strength (MPa) Ultimate tensile strength (MPa) Elongation (%) Hardness (HV) 501 ± 12 1150 ± 13 23 ± 1 336 ±12    Figure 5. Stress diagram in terms of TRIP steel engineering strain in the rolling direction    TRIP1100 steel, fractures were detected with almost coaxial dimples and the bruises contained impurities that caused fracture and spread the crack during plastic deformation [14]. Figure 6 shows the SEM image of the TRIP1100 steel fracture surface. The present steel contains brittle and soft phases next to each other, therefore at the fracture surface, soft breakage and brittle failure are observed [15]. Cleavage failure, which had a lower percentage of failure surface than existing dimples, is indicated in Figure 6 by the arrow.     Figure 6. SEM image of TRIP1100 steel fracture surface, arrows represent dimples and cleavage failure  Stress (MPa) Strain (%) 



A. Abbasian et al. / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   567-571                                         571  4. CONCLUSION  The microstructure of TRIP1100 steels in all directions tested includes polygonal ferrite, bainite, residual austenite (RA) and martensite/austenite (M/A) islands. According to the microstructure, residual austenite can be obtained in the bainite regions that formed during the isothermal transformation at 350 °C. 1. The presence of residual austenite in the microstructure was determined by phase map in the range of Figure 5b, about 6.5% at the surface of 50 µm. The images obtained from the phase map show the uniform distribution of the austenite remaining in the microstructure. It can be said that the remaining austenite has two block morphologies and very fine grains. The block remaining austenite forms within the M/A, while the residual austenite appears between the bainite masses as very fine grains. 2. The SEM image shows the failure surface of TRIP1100 steel. The present steel contains brittle and soft phases next to each other, due to at the fracture surface, soft failure and brittle failure are observed. Cleavage failure had a lower percentage of failure surface than existing dimples. 3. The TS/YS rate for TRIP1100 steel is more than 2.2, which indicates the steel's ability to work harder and more flexibly.   5. REFERENCES  1. "Specification for automotive weld quality- resistance spot welding of steel", AWS,  (2007). 2. M. Pouranvari, S. P. H. Marashi and Safanama, D.S., "Failure mode transition in ahss resistance spot welds. Part ii: Experimental investigation and model validation", Materials 
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A B S T R A C T  

 

Air circulation plays a vital role in the comfort of passengers in a bus, being a non-AC bus without any 

aid from the air conditioning system. The circulation of air is utterly dependent on the design of the bus 

and the natural flow of air. However, optimize the flow of air inside the bus, a study on the design of the 
bus is needed. In this regard, experimental work was carried out to achieve uniform airflow by 

redesigning the coach into an aerodynamic shape. The openings are provided at the  leading edge of the 

bus to evaluate the best possibility for air to circulate in the bus. Three openings were provided at the 
leading edge of the bus, the first and second openings were mere openings, and the third opening was 

fitted with a roof vent providing three different geometric patterns to airflow. The initial boundary 

conditions were developed by considering that all windows and doors of the bus are closed. The scaling 
ratio of 1:20 was considered for modeling the bus. The experiments were conducted in the wind tunnel 

test rig. It was observed from the experimentation that the velocity of the air was considered to be the 
most influential parameter for the optimal air circulation. The velocities of  21.96 m/s and 22.68 m/s 

were obtained inside bus. The obtained experimental velocities were validated with results obtained by 

the Computational Fluid Dynamics (CFD). It was observed that a deviation of 5% for the given velocity 
of 20 m/s. 

doi: 10.5829/ije.2022.35.03c.10 
 

NOMENCLATURE   

v Velocity of air (m/s) g Acceleration due to gravity ( m/s2) 

  Density (kg/m3)  air Density of air (kg/m3) 

∆h Manometer height (m) (Final – Initial)   

 
1. INTRODUCTION1 
 
The non-AC bus is a major mode of transport in 

developing countries. During the journey passengers, 

comfort plays a vital role by Niranjan et al. [1]. The 

uneven airflow inside a non-AC bus may cause 

discomfort on the passenger. Kanekar et al. [2] stated the 

                                                           

*Corresponding Author Institutional Email: 

niranjana.s@christuniversity.in (S. J. Niranjana) 

passenger's comfort will be improved by redesigning the 

existing structure of a bus. Drag force is the resistance 

offered by air against a moving object and which can be 

reduced with a small modification in the external 

geometry. Patidar et al. [3] experimented on an existing 

and modified bus model and proved a low drag 

coefficient. Norwazan et al. [4] states that reduction in 
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the fuel consumption and efficiency of the vehicle is 

determined by aerodynamic drag and coefficient of lift. 

Petzalla et al. [5] experimented on sedan-type vehicles 

with different vehicle geometrical features such as hood 

angle, rear angle, screen angle, and corner radius. They 

conclude the use of rear screen angle can reduce that 

drag. The crashes are happening due to the crosswind 

effect, a severe problem in some countries. The body's 

ideal shape suggests that a rounded front face, rounded. 

topsides, and sharp rear corners improve directional 

stability. Vollaro [6] stated the use of air screen doors and 

windows will improve the ventilation in non-AC buses 

during traffic signals and bus stops. During hot sunny 

days, the airflow inside a coach is an important aspect. 

Aliahmadipour et al. [7] explored the temperature and 

velocity distribution inside the coach. Heated manikins 

were used to study the temperature distribution with the 

passenger sitting and sleeping positions.   

Shen et al. [8] found that the slight modification in the 

existing coach results in better passenger comfort. 

Rodrigues et al. [9] conducted an aerodynamic study and 

explored that changing small dimensions in the geometry 

reduces the drag and fuel consumption up to 20% and 

10%, respectively. 

The CFD analysis for a three-dimensional bus coach 

was carried out using ANSYS software, and the results 

are within the acceptable limit [10, 11]. Niranjana et al. 

[12] numerically analysed Ashok Leyland MTX Micra 

28-seater on different types of boundary conditions and 

estimated the drag force would reduce to 0.67 by 

redesigning the bus structure. 

Kale et al. [13] experimented on a non-AC bus, 

during the journey, the air enters from a rare window and 

moves towards the driver in a, and the velocity of air is 

almost one-tenth of the bus speed. They were opening the 

alternative window found to improve the air circulation 

in a non-AC-bus, increasing the passenger comfort [14, 

15]. An experimental investigation was conducted on a 

scaled bus model in a wind tunnel test by placing the bus 

model exactly in the centre. The readings of drag and 

velocities were measured inside the bus [16, 17]. 

Niranjan et al. [18] provided a proper duct system that 

enhances passengers' comfort by the uniform airflow 

inside a non-AC bus. The amount of air required to cool 

the non-AC bus is the algebraic sum of heat generated 

from the glass, roof, passenger and engine loads are 

considered while designing a proper duct system and the 

cross-section of the duct by Fayazbakhsh and Bahrami 

[19]. Mathematical modelling of flow over surfaces was 

studied using CFD [20, 21]. Rahate et al. [22] designed 

an air distribution system for operation theatre using flow 

visualization techniques to improve flow characteristics. 

Kumar et al. [23] carried out an experimental study on 

flow characteristics around twin wind blades.  

This work aims to create a uniform airflow in non-AC 

buses by providing adequate inlets near the front and top 

of the bus. The main issue in the existing public 

transportation system in developing and underdeveloped 

countries is achieving uniform airflow inside a non-AC 

bus. The bus will generally be completely filled during 

peak travel hours, with no available seats. The person in 

the window seat will experience a high flow of air and 

close the window to avoid it, causing the person standing 

in the aisle to suffocate. 

The main objective of this work is to reach uniform 

airflow inside a non-AC bus system by redesigning the 

bus structure, modelling and fabricating a scaled bus 

model, and experimenting with and numerically 

simulating the scaled bus model. 

 
 

2. MATERIALS AND METHODOLOGY 
 

This work attempts to achieve uniform airflow inside the 

non-AC bus coach by providing proper openings at three 

levels, like two openings in the front and one in the bus's 

rooftop. 3-D model of passenger vehicle (bus) was 

developed by SOLIDWORK software as shown in 

Figure 1 with the dimensions of 350 mm in length and 

105 mm in width and height, respectively. The topology 

of the fluid flow zone of interest was defined with the 

help of Computer-Aided Design (CAD) software. It was 

an essential aspect of the design and optimization 

process. 

 

2. 1. Experimentation          A scaled MiTR non-AC 

bus model of 1:20 for experimental analysis is fabricated 

using a transparent acrylic sheet of thickness 6mm, as 

shown in Figure 2. Acrylic is a translucent synthetic 

material with excellent strength, stiffness and optical 

clarity. In contrast to many other transparent plastics, 

they possess superior weathering properties. Table 1 

shows material property of acrylic sheet used to construct 

the bus model. 

A scaled bus model is placed at the centre of the wind 

tunnel to measure the velocity. The provision is provided 

to measure the bus's velocity at three different positions, 

one is at the front of the first seat, the second in the middle  

 

 

 
Figure 1. 1:20 Scaled model of non-AC bus 
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(a) Side view 

 
(b) Top view 

Figure 2. The scaled model of bus 
 

 
TABLE 1. Material properties of acrylic sheet 

Tensile 

Strength 

(MPa) 

Flexural 

Modulus 

(MPa) 

Light 

Transmission 

Water 

Absorption 

Density 

(g/cm3) 

75 115 >92% 0.2% 1.19 

 

 
of the bus, and the last is provided in front of the last seat. 

The velocity port can be adjusted between the seats as 

shown in Figure 2b. 

Wind tunnel test facility (600 x 600 x 2000) mm. is 

used for measuring the airflow inside a non-AC bus. The 

wind tunnel capacity of airflow is up to 45 m/s, and the 

setup has a facility for drag, lift, smoke and velocity tests, 

as shown in Figure 3. After repeated initial readings, the 

maximum error was noticed around 0.5%. 

Recalibration and testing of wind gauges is done in 

wind tunnels. It usually contains a variety of settings for 

testing objects or recalibrating wind gauges in various 

wind speeds. The object or wind gauge will not be 

destroyed  while in use,  and the wind gauge will be able 

 

 

 
Figure 3. Wind tunnel test rig with scaled bus model 

to measure the wind precisely and correctly both 

outdoors and indoors. This investigation concentrates on 

velocity distribution inside a non-AC bus. The test wind 

velocity can be set by adjusting the Pitot tube at the centre 

of the test area by using a lever mechanism. Initial 

readings in the static manometer are to be noted and then 

successive readings are noted to set the machine's RPM 

to conduct the experiment. The difference between initial 

and final readings will give a height. From Equation (1), 

the velocity at the inlet of the test chamber is calculated. 

Once the required velocity of the machine is attained, 

and the machine's initial setup is done. The scaled bus 

model is placed exactly at the centre of the test chamber 

in a wind tunnel. The machine is run at 850 and 1015 

RPM, respectively, to achieve the required velocity of 

20m/s and 25m/s (considering the Indian driving cycle 

for ergonomic study for heavy passenger vehicles). 

Further, the manometer readings before starting the 

machine and later the successive readings at three 

different positions are noted. The initial and final reading 

difference gives the required height, and substituting in 

Equation (1), the velocity is calculated at the three 

different levels. 

𝑉 =  √
2𝜌𝑔∆ℎ

𝜌𝑎𝑖𝑟
  (1) 

Initial readings in the multibank manometer are 

measured, and it found to be 19.4cm. The final readings 

at three different positions are measured and tabulated in 

Table 2. 

 

2. 2. Boundary Conditions        The experimental 

analysis is carried for two different velocities through the 

inlet region for 20m/s and 25m/s, respectively. The 

Numerical analysis is carried out with a velocity of 

20m/s. Only the inlets ports are kept open and all other 

openings (windows, doors) of the bus are kept closed.  

 

 
TABLE 2. Multibank manometer readings for the five different 

cases 

Case RPM 
Position 1 

in cm 

Position 2 

in cm 

Position 3 

in cm 

1 850 21.5 21.3 21.3 

1015 22.5 22.5 22.3 

2 850 22.2 22.4 22.4 

1015 23.5 24 24 

3 850 20.5 23.5 23.6 

1015 22 25 25.5 

4 850 23.3 23.6 23.4 

1015 25 25.4 25.2 

5 850 21.5 21.7 21.8 

1015 24.6 24.9 24.8 
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The computational domain surrounds the Inflow and 

outflow borders. Aside from symmetry and solid walls, it 

is assumed that the velocity distribution is uniform at the 

inflow and pressure is assumed to be zero-gradient at the 

outflow. Table 3 indicates the assumed conditions and 

equations for the numerical analysis. There are four 

parameters for the convergence pressure, temperature, 

momentum and turbulence. 10-6 for K- ε and 10-4 for 

pressure, velocity and temperature. 

 
 

3. RESULTS AND DISCUSSION 
 
3. 1. Experimental Investigation           This section 

discusses the detailed results of a successful trial of wind 

tunnel test for airflow in the non-AC bus. In the first trial, 

the machine is kept at the height of 7.9 cm and run at 

700rpm speed, and later machine ends with the same 

speed with a height of 9.5 cm. Substituting these readings 

in Equation (1), we noticed that velocity is 16 m/s. But 

the required velocity to conduct a test on the scaled bus 

model is 20m/s and 25m/s. To achieve the target, the 

speed of the machine is increased from 700 to 800rpm. 

Thus, obtained velocity is found to be 19.2 m/s. After 

several successive trials, it is noticed that if the machine 

runs at 850rpm and 1015rpm, the velocity is found to be 

20m/s and 25m/s, respectively. 

After setting the standard experimental set up the 

specimen is placed at the chamber's centre. Figure 4 

represents the position of slots at three different test 

cases, respectively. In case 1, the openings are provided 

only in the first slot of the front end. And all other regions 

are closed. In case 2, the openings provided only on the 

roof vent outside, and all other slots are closed. In case 3, 

the openings provided only in the top slot and all other 

 

 
TABLE 3. Appendix 

Type Explanation 

Governing 

Equation 

Navier stoke equation 

 Pressure-momentum 

 Mass conservation 

 Continuity viscosity 

 K- ε  equation 

𝜌
𝐷𝑢

𝐷𝑡
= 𝜌 (

𝜕𝑢

𝜕𝑡
+ 𝑢. ∇𝑢) =  

∇p + ∇ {𝜇 (∇u + (∇u)𝑇 −
2

3
(∇. u)I) +

𝜉(∇. u)𝐼} + 𝜌𝑔  

Initial Condition It is running at  atmospheric pressure 

condition ie normal temperature and pressure 
(NTP). 

Boundary 

Condition 

At inlet velocity, outlet- zero pressure and 

walls – Adiabatic 

Assumptions The velocity near the entire setup remains 

constant. There is no variation in the property 

of fluid and temperature. 

 

 
Figure 4. Scaled bus model with different test cases 

 

 
slots are closed. Case 4 illustrates the outlets provided 

only inside the roof vent and all other slots closed. In case 

5, the openings are provided only in the second slot of the 

frontend and all other slots are closed. The value of the 

velocity of the air flow in the bus for all five different 

cases is tabulated in Table 4. 

It is found that out of all five cases result, the case five 

results show that the air's velocity is uniform in the non-

AC bus coach. 

Based on the experimental results, Figures 5a to 5e 

are plotted to explain the input and output velocity at 

three different positions. 

From Figures 5a and 5b, it is observed that velocity is 

not uniform. Since air entered in Figure 5a is hitting the 

passenger's foot, air will be diverted non-uniformly, and 

from Figures 5b and 5c, it is observed that the air entered 

from the roof vent will not pass to the driver and few 

passengers sitting next to the driver. Hence the uniform 

air circulation is not found. Figures 5d and 5e explore that 

air velocity is found to be uniform in all three positions, 

which is due to air entering from the front end and in the 

 

 
TABLE 4. Velocity of air at different position 

Cases RPM 

Input 

Velocity 

in m/s 

Velocity 

at 

Position 

1 in m/s 

Velocity 

at 

Position 

2 in m/s 

Velocity 

at 

Position 

3 in m/s 

Case 1 850 20 18.37 17.48 17.48 

 1015 25 22.32 22.32 21.59 

Case 2 850 20 15 26.6 26.9 

 1015 25 21.59 30.8 32.08 

Case 3 850 20 25.98 26.9 26.29 

 1015 25 30.8 31.83 31.32 

Case 4 850 20 19.64 20.44 20.83 

 1015 25 29.74 30.54 30.27 

Case 5 850 20 21.96 22.68 22.68 

 1015 25 26.3 27.78 27.78 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 5. Velocity distribution curve 

 

 

appropriate height of the sitting position of passengers. 

Hence, we can conclude that obstacles for airflow are 

comparatively less in case of Figure 5e. 

 
3. 2. CFD Analysis              The CFD analysis for case 5 

(opening in the front and all other regions are closed) is 

considered, as this case results are better among the 

different test cases. The discretization of a scaled non-AC 

bus model is as shown in Figure 6. 

The three-dimensional tetra mesh and 779151 

elements are used for the analysis. The quality 

parameters like aspect ratio, Jacobian, minimum and 

maximum angle, skew angle and warpage are maintained 

during the discretization process. Assign an inlet, outlet, 

body, side and top as different layers in the bus, and these 
files are imported on a three-dimensional layout with the 

ANSYS Fluent CFD code in a staggered grid system. 

 

 

 

 
Figure 6. Meshed model of the bus 
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The governing equations are solved using the finite-

volume approach, and the turbulence effect is analyzed 

with an equation k-ε model. 

The CFD analysis is carried out using ANSYS Fluent 

16.0 software, and velocity is measured at different 

regions. The input velocity of 20m/s is assigned in the 

front slot of the bus,  as  shown  in  Figure  7a.  Figure 7b 
 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7. CFD results using ANSYS fluent software 

explores that air velocity is 21m/s in front of first row 

chairs of the bus, and the velocity is 15m/s in the middle 

of the aisle, as shown in Figure 7c. Finally, it is found that 

the outlet velocity is measured to be 22m/s, as depicted 

in Figure 7d.  The recirculation of air near the inlet and 

outlet results in vertex formation, which increases the 

velocity slightly, as shown in Figures 7b and 7d. 

Table 5 represents the comparison results of 

experimental and CFD analysis. It is found that the 

velocity at the front and rear end match with CFD 

analysis results, and velocity at the middle of the aisle is 

comparatively less, which is due to obstacles in the bus.   

Figure 8 represents the experimental and numerical 

method results. The velocity at three different positions 

is shown. 

Table 6 represents the number of iterations conducted 

for the CFD analysis. As the number of elements is 

increased, the velocity at position one inside the bus is 

decreased, and at some iterations, the value of velocity is 

closely matching hence convergence is achieved. The 

values are plotted in Figure 9. In order to reduce the 

computational time for the numerical analysis 779151 

elements were considered for the study. 

 

 
TABLE 5. Comparison results between experimental and 

numerical methods 

Input Velocity of 

20 m/s 

Experimental Results 

in m/s 

Numerical 

Results in m/s 

In front of first seat 21.96 21 

Middle of aisle 22.68 15 

Near last seat 22.68 22 

 

 

 
Figure 8. CFD and experimental results comparison 

 

 
TABLE 6: Analysis iteration 

Sl No Number of Elements Velocity at Position 1 in m/s 

1 10000 41.6 

2 100000 35.2 

3 300000 29.4 

4 500000 24.6 

5 790000 21 

6 900000 20.8 

7 110000 21.04 
 

21.96 22.68 22.68

21
15

22

In front of first seat Middle of aisle Near last seat

Comparision graph

Experimental results Numerical results
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Figure 9. Mesh independency (Convergence criteria) 

 
 
4. CONCLUSION 
 
An experimental investigation of uniform airflow for a 

scaled MiTR non-AC bus model of 1:20 has been 

conducted. The bus model is fabricated using transparent 

acrylic sheet of thickness 6mm. The numerical 

simulation of uniform airflow for the test model is 

performed using CFD. The major outcome of the study 

reveals that the velocity distribution curve is uniform in 

the case 5 test condition and the numerical and 

experimental results are in close agreement with a 

deviation of less than 5%. 
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Persian Abstract 

 چکیده
مند است. گردش هوا کاملاً به مطبوع بهره یهتهو یستماز س یکمک یچبدون ه ACاتوبوس بدون  یک یراکند، زیم یفامسافران اتوبوس ا یدر راحت یاتیح یگردش هوا نقش

استا، کار ر یناست. در ا یازاتوبوس مورد ن یطراح وردهوا در داخل اتوبوس، مطالعه در م یانجر یسازینهبه یحال، برا یندارد. با ا یهوا بستگ یعیطب یاناتوبوس و جر یطراح

 یامکان برا نیبهتر یابیارز یاتوبوس برا ییها در لبه جلوانجام شد. دهانه یرودینامیکیمجدد اتوبوس به شکل آ یبا طراح یکنواخت یهوا یانبه جر یابیدست یبرا یشیآزما

ده بود که ش یهتعب یسقف یچهدر یکبودند و دهانه سوم با  ندهشده بود، دهانه اول و دوم بازشو یهاتوبوس تعب وییگردش هوا در اتوبوس فراهم شده است. سه دهانه در لبه جل

 ایبر 02:1 سیاشد. نسبت مق یجاداتوبوس ا یها و درهاپنجره با در نظر گرفتن بسته بودن تمام یهاول یمرز یطکرد. شرایهوا فراهم م یانجر یمختلف را برا یهندس یسه الگو

 ینهردش بهگ یپارامتر برا یرگذارترینمشاهده شد که سرعت هوا به عنوان تأث یشتونل باد انجام شد. از آزما یشیها در دکل آزمایشاتوبوس در نظر گرفته شد. آزما یمدل ساز

 نامیکیآمده توسط ددستبه یجآمده با نتادستبه یتجرب هایسرعتدر داخل اتوبوس به دست آمد.  یهمتر بر ثان ::/96و  یهمتر بر ثان 0:/69 یهوا در نظر گرفته شد. سرعت ها

 .یدمشاهده گرد یهمتر بر ثان 1:سرعت داده شده  یدرصد برا 5شد. انحراف  یید( تأCFD) یمحاسبات یالاتس
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  Keywords:  Additive Manufacturing Alumina Digital Light Processing Rheology     A B S T R A C T   Additive manufacturing of ceramics via stereolithography method is a promising way to fabricate high-resolution ceramic parts with complex geometry, which is hard to obtain with traditional ceramic shaping methods. In order to shape the ceramics with the Digital Light Processing (DLP), a mixture of photocurable resin and ceramic powders, called ink, must be prepared. In this paper, the printability of the Alumina-glass inks, with different solid contents were prepared by two mixing methods, having long and short mixing durations. In order to evaluate the printability of inks, the rheological behavior of suspensions was investigated, and printing parameters such as curing time and layer thickness were changed. The ceramic-resin suspensions were prepared via 24-hour ball-milling and 10,000 rpm mechanical homogenizing. The suspension containing 60 wt% solid content and prepared by mechanical homogenizing showed the best stability with 8% sedimentation within 4 days and the lowest viscosity of 1.37 Pa·s at shear rates of 30 s-1, exhibiting a suitable viscosity for DLP printing. Therefore, a mechanical homogenizer can be a promising and quick method for mixing by providing simultaneously appropriate rheology and printability.  doi: 10.5829/ije.2022.35.03c.11   1. INTRODUCTION1  Conventional shaping methods of advanced ceramics, especially for fabricating complex shaped components, have always been challenging. The development of Additive Manufacturing as a layered fabricating technique has overcome some of the difficulties and now is recommending an alternative way of shaping ceramics by providing both unique structures and acceptable dimensional accuracy [1–3]. In Ceramic Stereolithography, which is a photopolymerization-based technique, ceramic particles are dispersed in the photosensitive resin, and the ceramic part is manufactured layer by layer by the exposure of UV light (either laser or projector) [4–6]. In preparing a printable ink for the stereolithography process, loading a photocurable resin with high ceramic                                                            *Corresponding Author Institutional Email: amirghaffari@iust.ac.ir (S.A. Ghaffari) solid content is essential to lower the shrinkage in sintering and provide a high density with desirable mechanical properties. Meanwhile, increasing the solid content in resin makes the suspension thicker by losing its auto-leveling property and increasing the light scattering effect due to refractive index contrast between the resin and the ceramic powder. As a result, the printing procedure becomes more difficult. This property is one of the pivotal points required in Stereolithography, especially in bottom-up Digital Light Processing (DLP) to spread thin layers. Therefore, preparing a highly ceramic-loaded resin with eligible rheological properties is essential [5, 7–11]. Besides the auto-leveling property, it is necessary to create sufficient adhesion between the newly cured layer and the build plate to dominate the vacuum force and prevent the sample from being removed in bottom-up    



A. Khecho et al. / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   580-586                                            581  DLP. Instead, there is no vacuum force in the top-down DLP approach, which makes the printing process smoother; nevertheless, the bottom-up approach is more common due to its higher resolution, faster printing process, and less material waste [12]. Also, the mentioned problems can be minimized by careful selection of the resin components and dispersants or by changing the particle size distribution of the ceramic powder and the suitable mixing method to control the light scattering effect [13, 14]. Besides selecting the proper mixing method, the preparation time can also be an essential factor to distinguish the 3D printing technique from the conventional shaping methods. For manufacturing dense ceramic parts, printing ceramic-resin inks with a high amount of ceramic powder might develop a better sintering quality. The desirable amount of ceramic powder in resin should be at least 40 vol% to obtain a fully dense ceramic part after debinding and sintering [10, 15]. However, the viscosity is highly affected by the ceramic particles. Resins with higher solid content would increase the viscosity and deteriorate the self-leveling property [16]. As reported, for ceramic-resin photocurable suspensions, shear-thinning behavior and viscosity of 3-5 Pa·s at 30 s-1 shear rate are preferable [14, 15]. This study presents the Alumina-resin inks' preparation for bottom-up DLP printing by employing two mixing methods having a significant difference in preparation time. The effect of mixing methods and solid contents on rheological properties, stability to sedimentation and accordingly printability was investigated.   2. MATERIALS AND METHODS  2. 1. Raw Materials and Ink Preparation       Ceramic-loaded photocurable resins were prepared using α-Alumina powder (d90=5 µm and 99.99% purity), soda-lime glass frit, etc., methacrylate-based photosensitive resin, containing certain amounts of defoamer, dispersant, and photoinitiator (Maan Polymer). Firstly, the Alumina powder and the glass frit were fast milled for 10 minutes at a weight ratio of 7 to 3 and sieved through a 270 mesh screen. Then, according to Table 1, the powder mixture was added to the resin monomer in a stepwise manner and two different mixing methods were applied for the suspensions; i.e. high-speed mechanical homogenizer (total time of 10 minutes in 10,000 rpm speed) and ball-milling (24 hours using Alumina balls).  2. 2. DLP 3D Printing       In stereolithography, there is a vat containing photocurable resin which is exposed to UV light. Then it is polymerized layer by layer according to a computer-aided design (CAD) file, which is sliced into 2D layers. The 3D part is fabricated on a build plate TABLE 1. Alumina-resin inks characteristics   moving along the Z-axis and solidifying the photocurable liquid in each layer. There are two types of light sources used in stereolithography, i.e., laser beam and projection. In projection-based stereolithography or Digital Light Processing (DLP), the layer is polymerized by the exposure of the UV projection light at once. The light source can be positioned either at the top or bottom of the vat [17]. In this work, the samples were printed by a bottom-up approach. The stereolithography process was performed via Parsa 3D bottom-up DLP Printer, using Vivitek 4000 Lumen projector. The models were printed according to the optimized parameteres of layer thickness, curing time, and amount of the photoinitiator, as shown in Table 2. The schematic of DLP printing is shown in Figure 1.  2. 3. Sintering       Sintering of the samples was carried out at a temperature of 1400 °C. First, for resin burn-out, samples were heated at rate of 5 °C/min up to 400 °C maintained for 1 hour, and then heated up to sintering temperature at rate of 10 °C/min, with 1.5 hours soaking time.   
TABLE 2. DLP printing parameters 

Sample Curing time Layer thickness Photoinitiator H50 2.3 s 30 µm 3.33% B50 H60 2.3 s 30 µm 4% B60    
Figure 1. Schematic of bottom-up DLP printing [18] Label 

Powder 
Mixing method 

wt% vol% B50 50 23 Ball-mill H50 50 23 Mechanical homogenizer B60 60 31 Ball-mill H60 60 31 Mechanical homogenizer 



582                                         A. Khecho et al. / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   580-586  2. 4. Characterization         The rheological properties were tested at room temperature using a rotational rheometer (MCR301, Anton Parr, Austria), varying the shear rate from 0.1 to 1000 s−1. For measuring the stability of the suspensions at room temperature, the prepared inks were kept 4 days in the dark place, considering the total initial suspension height as H and the settled suspension as H0.   3. RESULTS AND DISCUSSION  3. 1. Ink Properties           The rheological behavior and stability of the printable inks with 50 and 60 wt% solid contents are shown in Figure 2. The viscosity of resins increased by introducing ceramic powder, from 0.15 Pa·s in pure resin to of 0.57 and 1.75 Pa·s in the shear rate of 30 s-1 for 50% and 60 wt%, respectively. All samples’ viscosity was within the accepted range for pouring in a 3D printer tank [19]. The Alumina-glass inks’ viscosity is reduced with the shear rate increase, exhibiting a non-Newtonian, shear-thinning behavior, a desirable rheological property for the stereolithography process [14, 20, 21]. In stereolithography 3D printing, the resin is cleaned up from the VAT surface by a moving paddle between the layer printing intervals. The resin's shear-thinning behavior is directly related to self-leveling properties, where the resin must rapidly fill the empty spaces after paddle sweep [22, 23]. As shown in Figure 2, all the samples had a high viscosity in low shear rates, and the samples with more ceramic powders (B60 and H60), showing higher viscosity. The viscosity of the samples decreases by increasing the shear rate and reaching a plateau, significantly for the lower powder samples (B50 and H50), as previously seen in other reports. The more stable viscosity at a higher shear rate, the better is self-leveling properties and, consequently, the better printing process. It can be concluded that high solid content resins show less stable viscosity at high shear rates [24].    
Figure 2. Viscosity variations of the suspensions Despite the two different preparing methods, it is observed that the inks indicate relatively similar rheological behaviors and viscosity values of the same orders. In other words, mixing processes have not significantly affected the rheological behavior. The ball-milled samples have relatively higher viscosities (in all shear rates) compared to mechanically homogenized samples. In general, DLP ceramic slurries’ viscosity needs to be less than 20 Pa·s within the shear rate of 10-100 s-1 [25]. B60 ink, as the most viscose ink, exhibits a viscosity of about 1.75 Pa·s at 30 s-1 shear rate, which, as reported, is still suitable for the stereolithography process [14, 15, 24]. The lower viscosity in mechanical homogenized inks and increase in flowability can be attributed to the agglomerates’ break up and more dispersion of the particles in the resin [15]. As a result, H60 ink has a viscosity of 1.37 Pa·s at shear rates 30 s-1 which is lower than B60 ink. On the other hand, although ball-milling is well-known as an effective method in preparing ceramic slurries, there is a time limitation to use it for slurry preparation. Even though ball-milling duration is not investigated as a parameter in this research, it was believed that long-time milling and overmixing of ceramic loaded resins could interrupt dispersion by damaging the structure of resin and dispersants. In other words, overmixing has increased the viscosity by reducing particle size. Particle size plays a vital role in viscosity. When the particles become finer, and the surface  area is increased,  more dispersant may be needed to cover all the particles’ surface. So, the viscosity of the suspension will increase, as reported previously [26, 27]. Moreover, it can be said that damaging the dispersant within the resin and losing its functionality would be another possible reason for viscosity-increasing [28]. The stability and viscosity have the same critical role in the performance of ceramics slurries for the DLP process. As it is mentioned previously, low viscosity slurries were obtained by using lower solid load and larger particle sizes [22]. However, this results in sedimentation enhancement. Sedimentation of slurries during the printing process leads to discontinuity and inhomogeneity [5, 28, 29]. The sedimentation rate test is normally used to evaluate the stability of suspensions. Figure 3 shows the sedimentation of the suspensions within 3 days. As shown in Figure 3 and discussed earlier, the suspensions containing 60 wt% solid (B60 and H60), were significantly more stable than the suspensions with lower solid content. Also, it was observed that the sedimentation rate of the inks having 50 wt% solid had increased considerably after 36 hours. Generally, H60 is the most stable suspension with 8% sedimentation over 4 days. Therefore, as expected, in a 2-hour printing duration or more, the ink stayed homogeneous, and settlement was negligible. 



A. Khecho et al. / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   580-586                                            583  The mixing method effect on slurries' stability is quite different in low and high ceramic loading samples. As shown in Figure 3, in lower solid content samples, the ball-milled sample (B50) is more stable than H50. As discussed, ball-milling has resulted in finer particles and relatively higher viscosity, making the settlement rate of the particles lower, according to Stock’s law [26, 27]. Therefore, the B50 sample has settled slower than the H50 sample. Whereas in the samples with higher solid inks, the effect of the mixing method was less significant. By increasing the mixing or sedimentation test time, this difference would be more effective, which was not investigated in this study. Therefore, by comparing the two mixing methods and considering that for ceramic manufacturing, high-solid content suspensions are required. It seems that high-speed mechanical homogenizing is a better mixing option.  3. 2. 3D Printing            In the bottom-up method, the cured layer must be detached from the VAT in each step of layer printing, following by recoating fresh ceramic slurry to be prepared for the next layer printing [12]. However, in printing the suspensions, the main issue was to make the first layer stick to the build plate. Besides the detachment force that is induced for each cured layer, the layer adhesion can be enhanced by adjusting the curing time, layer thickness, and the amount of the photoinitiator [30]. These parameters influence the curing depth, a crucial parameter determining the accuracy of the printing [31]. In Figure 4, an example of a sample printed from a suspension containing 20 wt% solid and prepared by mechanical homogenizing is shown. It can be seen that     
Figure 3. Stability of Alumina-glass suspensions prepared by two different mixing methods: a)Stability test after 4 days b)Sedimentation over time (showing H/H0 value vs time)  

Figure 4. Two-phased printed sample from suspension containing 20 wt% solid content   the suspension instability has resulted in phase separation in suspension and a two-phased sample. The ceramic particles have settled too quickly before the sample is printed entirely, which highlights the significant effect of the solid loading on the suspension stability. H50 was successfully printed by adjusting the printing condition as curing time of 2.3 s, layer thickness of 30 µm, and 3.33% of photoinitiator. Eventually, as the viscosity of H50 and B50 was quite the same, both were printable with a similar condition. But the switching in mixing method of 50 wt% inks from mechanical homogenizing to ball-milling resulted in drastic changes in the quality and accuracy of printing, as is shown in Figure 5. Small holes of the printing model did not form, the size of larger holes decreased, and the sample’s edges were extended. This could be attributed to light scattering, which is intensified as a result of ball-milling, delivering more radiation to the sideways. Previously, the sedimentation and viscosity results showed that ball-milling was more effective in deagglomeration and production of finer particles in ceramic slurry. By increasing the ceramic content to 60 wt%, as expected, the curing energy was not enough for the previous set of 50 wt% inks. The low adhesion was assumed to be a result of the high curing time, causing the first layer to stick to the silicon vat instead of the build plate. However, decreasing the curing time and then the layer thickness to 15 µm showed that the penetration depth was not high enough to cure a single layer completely. In other words, in curing each layer, the resin monomers did not get the necessary activation energy for polymerization due to the high light scattering effect, which caused the resin to be more stable to light exposure [8, 32]. Although a sample containing ~60 wt% ceramic powder was printable with 15 µm layer thickness, however; considering the long printing duration, this condition was not reasonably practical. Therefore, for modifying the reactivity and reducing the activation energy needed for polymerization in 60 wt% suspensions, the photoinitiator amount in resin was doubled, reaching the ratio of 4 to 100 per weight [33]. Adding more photoinitiator helped increase the layer thickness up to 30 µm, without any sensible changes in the viscosity. According to Hinczewski et al. [9], the photoinitiator does not influence the viscosity of the resin monomer. On the contrary, increasing the photoinitiator 



584                                         A. Khecho et al. / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   580-586  amount led to new problems related to the light stability of the resin. The resin got highly sensitive to the environmental light during the preparation and printing so that the prepared ink was used to polymerize quickly overnight, even though it was kept in the dark place. As shown in Figure 5, suspension propagated around the printed samples (both 50 and 60 wt%), and the printing accuracy has declined drastically. Propagation might happen due to high light scattering, which causes the reduction of the cure depth. In other words, ball-milling has intensified the scattering, delivering more radiation to the sideways [17, 31]. Probably, ball-milling produced finer particles or broke up agglomerates, resulting in more light scattering. Additionally, long ball-milling time damaged the dispersant in the resin, affecting the inter-particle spaces. Both finer particles and damaged dispersants declined the photopolymerization process [28, 33]. Eventually, it was found that for the bottom-up approach, H60 suspension is the most convenient ink to print Alumina-glass ceramic parts. By considering the properties resulted for ball-milling, it is prepared quickly, the viscosity is low enough, and no sedimentation occurs during the printing process. Moreover, using Maan polymer resin, it was not possible to increase the solid ceramic content by more than 60 wt% due to high light scattering and difficulties in first layer adhesion to the build plate. In order to consolidate printed parts, sintering was carried out in 1400 ˚C. By increasing the solid content, the shrinkage and relative density of samples changed. Typically, Alumina ceramics is reaching maximum density in the range of 1500 to 1700 ˚C [34, 35], but by adding the glass as a sintering aid, the full dense alumina-glass bodies fabricated at 1400 ˚C.    
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A B S T R A C T  

 

Drilling fluids are a vital part of every successful well construction operation. Water based fluids are 
used commonly due to better environmental compatibility, lower cost and easier preparation. In offshore 

drilling, seawater can be used as the basis of water based fluids. Salinity of seawater restricts application 

of some additives. For example, bentonite settles in saline environments. In this study, a synthetic water 
is prepared based on Persian Gulf seawater. Bentonite, pre-hydrated bentonite and attapulgite 

suspensions were developed based on fresh water and prepared synthetic water. Rheological and 

filtration properties of fluids were tested to check their performance in synthetic seawater. Results of 
filtration measurements showed a thick mud cake and high filtration volume in pre-hydrated bentonite 

fluids. In the case of attapulgite, filtration volume of suspensions in synthetic water increased comparing 

to suspensions in fresh water. However, filtration properties were acceptable. Study on rheological 
properties revealed that Herschel-Bulkley model can predict rheological properties with a good accuracy. 

This is the case for suspensions in both fresh and seawaters. Also it was seen that all suspension had a 

flow behavior index less than 1, showing their shear thinning character. By increasing clay 
concentrations, higher consistency index, yield stress and gel strength values were reported. At higher 

clay concentration a stronger three-dimensional network of clay particles in aqueous environment and 

consequently a stronger gel structure were formed.  Overall, it can be concluded that attapulgite can be 

used in the saline environment of Persian Gulf seawater. 

doi: 10.5829/ije.2022.35.06c.12 
 

 

NOMENCLATURE 

N rotational speed (rpm) τ  shear stress (
lbf

100ft2
) 

n flow behavior index (dimensionless) τy  yield stress (
lbf

100ft2
) 

k consistency index (cp) γ shear rate (
1

s
) 

WBM water based mud θN  dial reading at rotational speed of N 

OBM Oil based mud μ fluid viscosity 

FW fresh water μp  plastic viscosity (cp) 

SSW synthetic seawater   

 
1. INTRODUCTION1 
 
Success in the drilling of oil and gas wells significantly 

depends on the drilling fluid performance. Drilling fluids 

are used in the well construction process for various 

purposes, including but not limited to cutting transport, 

bit cooling and lubrication, formation damage reduction, 

control of formation fluid pressure, transmission of 
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formation information and providing wellbore stability 

[1-4].  

There are three main types of drilling fluids: water 

based mud (WBM), Oil based mud (OBM) and 

pneumatic fluids. Due to the lower cost, better 

environmental compatibility and easy preparation 

procedures, water based muds are the most commonly 

used drilling fluid in the industry. In practice, various 

compositions of WBMs have been developed based on 
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environmental considerations, geological and technical 

conditions of the well being drilled. 

In the simplest form, a water based fluid is prepared 

by hydration of bentonite in water. Water as the basis is 

usually provided from local sources, like rivers, lakes, 

etc. to exclude additional cost of transportation. In the 

case of offshore drilling, seawater is preferred for 

preparation of WBMs. Bentonite, formed by weathering 

of volcanic ash, is a clay mineral of smectite group, 

mostly composed of montmorillonite mineral 

((Al,Mg)2(OH)2(Si,Al)4O10(Ca)x on H2O). It is accepted 

as a common drilling fluid additive with a good hydration 

ability to decrease mud filtration volume, increase cutting 

transport ability and enhance rheological properties [5-

9].   

Attraction of positive ions by the negatively charged 

layers of bentonite attributes to the clay swelling, which 

in turn leads to the enhancement of drilling fluid 

rheological properties. However, in saline environment 

where seawater is preferred, high concentration of metal 

cations, such as Ca2+, Mg2+, Na+ etc. are present, which 

create an electrostatic charge imbalance in the layers of 

bentonite. This hinders the effective hydration and 

swelling of bentonite particles and even may lead to their 

flocculation and settling [10-12].   

Researchers studied the behavior of bentonite WBM 

in the saline environments. Kelessidis et al. [13] 

investigated rheological behavior of Wyoming bentonite 

suspensions in different electrolyte concentration. 

Authors showed that salt addition to bentonite 

suspensions leads to decrease of parameters in the 

Herschel–Bulkley model i.e. yield stress, flow 

consistency index and flow behavior index. 

Duman and Tunc [14] investigated the electro-kinetic 

and rheological properties of sodium bentonite in 

different electrolyte solutions. Based on experimental 

results, authors showed viscosity decrease with increase 

in salt concentration and concluded that divalent and 

trivalent cations significantly affect the properties of 

bentonite suspension. 

Abu-Jdayil [15] studied the rheological properties of 

bentonites with different sodium to calcium ratios. It was 

found that salt addition decreased the viscosity and yield 

stress of bentonite suspensions and changed it’s 

rheological behavior from shear-thinning to Newtonian 

and shear-thickening  

Ren et al. 16] used a modified thixotropic loop to 

study the effect of salinity on rheological properties of 

bentonite suspensions. They reported that in saline 

environments, formation of gel structure between clay 

particles is hindered. 

To reduce the adverse effect of seawater salinity on 

the performance of bentonite, one may suggest the use of 

desalination facilities to remove ions, especially divalent 

cations, from seawater. However, this process is costly, 

time consuming and not feasible due to the restricted 

capacity of desalination equipment [11]. 

To overcome this issue, researchers suggested use of 

salt-tolerant polymers, water-insoluble fiber materials, 

salt-tolerant clay minerals and pre-hydrated bentonite 

[11, 17]. Attapulgite and sepiolite are two type of non-

swelling salt-tolerant clays. Sepiolite (Si12Mg8O32.nH2O) 

is a fibrous mineral of magnesium silicate group with 

acceptable rheological properties at high temperature and 

saline environments [18, 19]. Attapulgite or Palygorskite 

(Si8O20(Mg,Al, Fe)5(OH)2(OH2)4.4H2O)) is a needle like 

crystalline hydrated magnesium aluminum silicate with 

good rheological properties in saline environments [20]. 

Pre-hydrated bentonite, which is suggested as drilling 

fluid additive for saline environments, is prepared by 

hydration of the bentonite in fresh water for a specific 

time and then mixing the prepared suspension with salt 

water. 

In this work, suspensions of bentonite, pre-hydrated 

bentonite and attapulgite in the synthetic Persian Gulf 

seawater were prepared and their rheological and 

filtration properties were investigated to check the 

feasibility of Persian Gulf seawater application as the 

basis of drilling fluids. 

 

 

2. MATERIALS AND METHODS 
 

Different drilling fluid compositions were prepared based 

on standard API procedures and tested for density, pH, 

rheological and filtration properties [21]. Fluids were 

developed based on fresh water (FW) and synthetic 

Persian Gulf seawater (SSW). SSW was prepared to be 

used instead of real seawater to exclude the effect of 

different compositions in samples on the experimental 

results. To prepare synthetic water, the result of Ion 

Chromatography analysis of seawater samples was used 

to calculate the type and mass of each salt, which should 

be dissolved in the fresh water. Table 1 present the 

amount of each salt in 1 liter of fresh water. 

Additives, i.e. bentonite, attapulgite and soda ash, 

were provided by local producers. Soda ash was used to 

adjust the fluid pH. For preparation of bentonite and 

 

 
TABLE 1. Amount of salts required for perpetration of SSW 

Salt mass per liter of fresh water, g/L Salts 

28 NaCl 

0.8 KCl 

13.75 MgCl2 2H2O 

1.82 CaCl2 6H2O 

4.99 Na2SO4 

0.1 NaHCO3 
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attapulgite suspensions, additives were weighted based 

on chosen concentration and then mixed with water 

(fresh or seawater) for 20 minutes at 2000 rpm of the 

mixer (Figure 1). Pre-hydrated bentonite suspension was 

prepared by pre-mixing of 87.5 mL of fresh water and 

chosen amount of bentonite for 15 minutes at 2000 rpm. 

The mixture was left in the laboratory for 24 hours to 

achieve full bentonite hydration. The bentonite 

suspension in fresh water was then added to 262.5 mL of 

SSW. 

Compositions of the developed drilling fluids are 

presented in Table 2. 

As presented in Table 2, suspensions of 10% by the 

weight of bentonite and attapulgite were so viscous that 

could not be used in the tests. Also suspensions of 8% 

and 10% pre-hydrated bentonite could not be used in the 

experiments due to high viscosity of pre-mixed FW and 

bentonite. Settling of bentonite was observed, preparing 

6%, 8% and 10% suspensions of bentonite in SSW, 

which hindered their use in experimental study (Figure 

2). 

 
2. 1. Filtration Measurement          Filtration 

properties, i.e. filtration volume and filter cake thickness, 

are of great importance in a successful drilling operation. 

Filtration of drilling fluid into the permeable subsurface 

formations reduce formation permeability and may lead 

to misinterpretation of well logging and well testing 

measurements. Presence of the filter cake, which forms 

on the borehole wall, helps to decrease filtration volume 

and promotes borehole stability. Filter cake should be 

thin and have low permeability. Thicker cakes with high 

permeability reduce diameter of the hole and leads to 

higher possibility of stuck pipes, increased torque and 

drag and poor primary cementing job [22-24]. 

Therefore, the goal in drilling fluid design is to reduce 

filtration volume and decrease mud cake permeability 

and thickness. In this work, to measure filtration 

properties, i.e. filtration volume and filter cake thickness, 

filter press was used (Figure 3). 

 

 

 
Figure 1. High speed drilling fluid mixer 

 

 

TABLE 2. Composition of drilling fluids based on fresh water and synthetic seawater 

Sample Name 
FW, 

mL 
SSW, mL 

Soda ash, 

g 

Bentonite, 

g 

Attapulgite, 

g 

Density, 

pcf 
pH Comments 

1 6% Ben. FW 350 - 0.5 21 - 63 10.6  

2 8% Ben. FW 350 - 0.5 28 - 65 10.65  

3 10% Ben. FW 350 - 0.5 35 - - 10.7 
High viscosity, could 

not be tested 

4 6% Att. FW 350 - 0.5 - 21 64 10.57  

5 8% Att. FW 350 - 0.5 - 28 67 10.68  

6 10% Att. FW 350 - 0.5 - 35 - 10.7 
High viscosity, could 

not be tested 

7 6% Ben. SSW - 350 0.5 21 - - - Settling of bentonite  

8 8% Ben. SSW - 350 0.5 28 - - - Settling of bentonite 

9 10% Ben. SSW - 350 0.5 35 - - - Settling of bentonite 

10 6% Att. SSW - 350 0.5 - 21 77 9..35  

11 8% Att. SSW - 350 0.5 - 28 80 9.3  

12 10% Att. SSW - 350 0.5 - 35 83 9.27  

13 6% Ben. Pre H. 87.5 262.5 0.5 21 - 73 10.2  

14 8% Ben. Pre H. 87.5 262.5 0.5 28 - - - 
High viscosity of pre-

mixture  

15 10% Ben. Pre H. 87.5 262.5 0.5 35 - - - 
High viscosity of pre-

mixture 
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Figure 2. Settling of bentonite in SSW 

 

 

 
Figure 3. Filter press 

 

 

Filtration measurements involves placing the fluid in 

filter press cup and applying a 100 psi pressure on the 

fluid. The volume of filtered fluid through a filter paper 

is reported as the filtration volume (cm3/30 min). Also, 

thickness of the cake, formed on the filter paper is 

reported. 

 

2. 2. Rheological Measurements           Many drilling 

parameters such as Rate of Penetration (ROP), rock 

cutting transport to the surface, mud hydraulics, filter 

cake formation, filtration volume etc. are significantly 

dependent on the fluid rheological properties [25, 26]. 

In this work, rheological properties were measured 

using a Fann viscometer at different rotational speeds. To 

fit the exact rheological model to measured data, below 

steps were followed [27]: 

1. Dial readings of the viscometer at 3, 6, 100, 200, 

300 and 600 rpm for each fluids were recorded.  

2. Rotational speed and dial reading at each speed 

were converted to shear stress and shear rate using 

following formulas: 

𝜏 = 1.067 𝜃𝑁 (1) 

𝛾 = 1.703 𝑁 (2) 

where 𝜏 is shear stress (
𝑙𝑏𝑓

100𝑓𝑡2), γ is shear rate (
1

𝑠
), N is 

rotational speed (rpm) and 𝜃𝑁 is dial reading at rotational 

speed of N. 

3. Recorded values of N and 𝜃𝑁 were used to calculate 

the parameters of Newtonian, Bingham Plastic and 

Herschel-Bulkley models. For Newtonian model, shear 

stress is related to the shear rate as:  

𝜏 =  𝜇 𝛾 (3) 

where 

𝜇 =  
300

𝑁
𝜃𝑁  (4) 

In Equations (3) and (4), μ is the fluid viscosity. 

For Bingham Plastic model, the relation between 

shear stress and shear rate is described as: 

𝜏 =  𝜇𝑝 𝛾 +  𝜏𝑦  (5) 

where 

𝜇𝑝 =  𝜃600 − 𝜃300 (6) 

𝜏𝑦 =  𝜃300 − 𝜇𝑝 (7) 

𝜇𝑝 is plastic viscosity (cp) and 𝜏𝑦 is yield stress (
𝑙𝑏𝑓

100𝑓𝑡2). 

Herschel-Bulkley model relates shear stress and shear 

rate as: 

𝜏 = 𝜏𝑦 +  𝑘 𝛾𝑛 (8) 

where 

𝜏𝑦 = 2𝜃3 − 𝜃6 (9) 

𝑛 = 3.32 log(
𝑅600

𝑅300
)  (10) 

𝑘 = 510 
𝜃600

511𝑛  (11) 
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In Equations (8-11), n is flow behavior index 

(dimensionless) and k is consistency index (cp). 

4. Knowing parameters of each model, shear stress 

values at different shear rates are calculated using 

models.  

5. Measured values of shear stress and shear rate (step 

2) are plotted against calculated shear stress and shear 

rate (step 4).  

6. Error of each rheological model at each shear rate 

point is calculated. The model with least average absolute 

error is selected as the best fitted rheological model to 

describe the behavior of drilling fluids. 

Gel strength of drilling fluid determines its ability to 

suspend cuttings and solid additives when fluid 

circulation is stopped in the annular space. The 

magnitude of yield stress and gel strength depend on 

attractive forces between particles in the fluid. Gel 

strength is measured under static condition, while 

dynamic condition is applied for yield stress 

measurement. To measure gel strength, fluid was kept 

static for 10 seconds and 10 minutes and then the 

viscometer was started at the rate of 3 RPM. The 

maximum dial indicator deflections were reported as the 

initial gel strength and 10 minutes’ gel strength 

respectively [21, 28]. It should be noted that all 

experiments were conducted at laboratory temperature 

(23 ˚C).  

 

 

3. RESULTS AND DISCUSSION 
 

Results of filtration and theological experiments are 

explained and discussed in this section. 

 

3. 1. Results of Filtration Measurements         Results 

of filtration test on different drilling fluid compositions 

are shown in Table 3. 

According to Table 3, increase in additive 

concentration, i.e. solid concentration, leads to less 

filtration volume and thicker mud cakes. It is also evident 

that filtration properties of attapulgite suspension in SSW 
 

 

TABLE 3. Filtration properties of drilling fluid  

No.  Name 
Filtration volume, 

cm3/30 min  

Thickness of 

mud cake, mm 

1 6% Ben. FW 27.5 3.6 

2 8% Ben. FW 22.5 4.1 

3 6% Att. FW 10 2.8 

4 8% Att. FW 8 3.5 

5 6% Att. SSW 17.5 1.8 

6 8% Att. SSW 14.5 1.9 

7 10% Att. SSW 13 2.7 

8 6% Ben. Pre H. 86 7.1 

is acceptable. However, comparing to attapulgite 

suspension in FW, filtration volume increased. This is 

due to the negative effect of ions in the SSW on the 

attapulgite performance. In the case of pre-hydrated 

bentonite, a thick cake and high filtration volume confirm 

the weak performance of the bentonite in saline 

environment, even in the pre-hydrated form. Therefore, 

this suspension was not tested for rheological properties.  

 

3. 2. Results of Rheological Measurements 
3. 2. 1. Determination of Rheological Models       
Results of rheological measurement were firstly used to 

determine the best fitted model. As an example, 

measured and calculated rheological properties for 

suspensions of 8% and 10% attapulgite in SSW are 

shown in Figures 4 and 5. 

 

 

 
Figure 4. Determination of rheological model for 8% 

attapulgite suspension in SSW 

 

 

 
Figure 5. Determination of rheological model for 10% 

attapulgite suspension in SSW 

0

10

20

30

40

50

60

0 500 1000 1500

Sh
ea

r 
st

re
ss

, l
b

f/
1

0
0

ft
2

Shear rate, 1/s

Measured Bingham Plastic model

Herschel-Bulkley model Newtonian model

0

10

20

30

40

50

60

70

80

0 500 1000 1500

S
h

ea
r 

st
re

ss
, 

lb
f/

1
0

0
ft

2

Shear rate, 1/s

Measured Bingham Plastic model

Herschel-Bulkley model Newtonian model



592                                     M. A. Choupani et al. / IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   587-595 
 

Figures 4 and 5 represents real viscometer data versus 

rheological models. Its obvious that Herschel-Bulkley 

model gives better fit to data than others. Procedure of 

fitting rheological model to measured data was repeated 

for all drilling fluids and average absolute error for each 

rheological model was calculated. Details are presented 

in Table 4. 

As it can be seen from the Table 4, for all bentonite 

and attapulgite suspensions, Herschel-Bulkley model fits 

the rheological data with a better accuracy. 

 

3. 2. 2. Rheological Properties of Suspensions in 
FW       Rheological parameters (n, k and 𝜏𝑦 and gel 

strength) of the bentonite and attapulgite suspensions in 

FW are presented in Figures 6 and 7. As it can be seen 

from these figures that flow behavior index (n) has a 

value less than 1 for all suspensions in fresh water. The 

index (n) shows the degree of non-Newtonian rheological 

behavior. For n values less than 1, a shear-thinning 

behavior, happened, i.e. showing decrease of effective 

viscosity with shear rate increase, as is expected [29, 30].  

Also it is evident that an increase in clay (bentonite 

and attapulgite) concentration results in higher k, yield 

 

 
TABLE 4. Average absolute error in rheological models 

No.  Name 

Average absolute error in 

rheological model, % 

Newtonian 
Bingham 

Plastic 

Herschel-

Bulkley 

1 6% Ben. FW 57.8 11.8 2.7 

2 8% Ben. FW 58 7.3 3.1 

3 6% Att. FW 58.7 10.3 1.6 

4 8% Att. FW 59.8 12.1 2.6 

5 6% Att. SSW 53.8 17.7 5 

6 8% Att. SSW 56.8 16.3 3.5 

7 10% Att. SSW 57.3 15.8 2.6 

 

 

 
Figure 6. Comparison of rheological properties (n, k) for 

attapulgite and bentonite suspension in FW 

 
Figure 7. Comparison of rheological properties (𝜏𝑦 and gel 

strength) for attapulgite and bentonite suspension in FW 

 

 

stress and gel strength values. This is due to the fact that 

at higher clay concentration a stronger three dimensional 

network and gel structure is formed between clay 

particles and water molecules [31]. 

However, despite of consistency index, yield stress 

and gel strength, an increase in clay concentration 

resulted in a slight decrease in n value. Experimental 

studies in the literature show that a lower n value in 

turbulent fluid flow contributes to a less pressure drop of 

drilling fluid in the circulation path [32, 33]. 

 

3. 2. 3. Rheological Properties of Suspensions in 
SSW       Bentonite particle settled down in the SSW and 

pre-hydrated bentonite suspension showed weak 

filtration properties. Therefore, only rheological 

properties of attapulgite suspensions in SSW were 

investigated. Rheological curves of 6%, 8% and 10% 

attapulgite in SSW are shown in Figure 8. As data 

implies, increase in attapulgite concentration reduces the 

adverse effect of salt on the rheological properties of the 

suspensions. 

In Figure 9, consistency index and flow behavior 

index for attapulgite suspension in FW and SSW are 

compared. 
 

 

 
Figure 8. Rheological properties of the attapulgite 

suspensions in SSW 
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Figure 9 Rheological properties of attapulgite suspension in 

FW and SSW 

 

 

Figure 9 shows that values of n and k decrease in 

SSW. Salt prevents water penetration into the attapulgite, 

which leads to a weaker three-dimensional structure, and 

further decrease of consistency.   

 

 

4. CONCLUSION  
 

Performance of drilling fluids depend on the combination 

of fluid flow parameters, fluid filtration characteristics, 

well geometry, operational conditions etc. In this work, 

rheological and filtration properties of bentonite, pre-

hydrated bentonite and attapulgite suspensions in FW 

and SSW were investigated. 

Results of filtration measurements showed that 

because of salt negative effect on attapulgite 

performance, filtration volume of suspensions in SSW 

increased comparing to attapulgite suspensions in FW. In 

the case of pre-hydrated bentonite, a thick cake and high 

filtration volume were observed, which confirms the 

weak performance of the bentonite in saline environment, 

even in the pre-hydrated form. 

Fitness of Newtonian, Bingham Plastic and Herschel-

Bulkley models to the measured rheological data were 

examined. Results showed that Herschel-Bulkley model 

can be used for prediction of rheological properties with 

a good accuracy. This is the case for suspensions in both 

FW and SSW.  

All suspension had a flow behavior index less than 1, 

showing their shear thinning character. A slight decrease 

of n value is observed by increase in clay concentration. 

However, a lower n value is desirable for turbulent fluid 

flow, as it contributes to a less fluid pressure drop. 

By increasing bentonite and attapulgite 

concentrations, higher k, yield stress and gel strength 

values were reported. At higher clay concentration a 

stronger three-dimensional network of clay particles in 

aqueous environment and consequently a stronger gel 

structure are formed.  

Based on experimental results, performance of the 

attapulgite suspensions in the SSW confirmed its 

application in saline environemnts. The SSW, in this 

study, was prepared in the laboratory based on the 

Persian Gulf sea water. Results show that developed 

composition can be adjusted further and be used in 

drilling of offshore wells in Persian Gulf. 
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Persian Abstract 

 چکیده
 جیر به طور راساده ت یکمتر و آماده ساز نهیهز ست،یز طیتطابق بهتر با مح لیبه دل یآب هیپا الاتیساخت چاه هستند. س زیآم تیموفق اتیهر عمل یجز ضرور یحفار الاتیس

کند. به عنوان  یرا محدود م ها یاز افزودن یکاربرد برخ ا،یآب در یراستفاده شود. شو یآب هیپا الاتیس هیتواند به عنوان پا یم ایآب در ،یفراساحل یشوند. در حفار یاستفاده م

 دراتهیه شیپ تیبنتون ت،یبنتون یفارس آماده شد. مخلوط ها جیخل یایبر اساس آب در یآب مصنوع کیمطالعه،  نیشود. در ا یم نیشور ته نش یها طیدر مح تیمثال، بنتون

آن  ونیتراسلیو ف یکیرئولوژ یها یژگیو ،یدر آب مصنوع الاتیس نیعملکرد ا یابیشده، توسعه داده شدند. به منظور ارز ساخته یو آب مصنوع نیریدر آب ش تیو آتاپولج

حجم  ت،یلجرد اتاپوبود. در مو دراتهیه شیپ تیبنتون الیدر س ونیلتراسیف یو حجم بالا میگل ضخ کیک لینشان دهنده تشک ونیلتراسیف یریاندازه گ جیشدند. نتا شیها آزما

نشان داد که مدل  یکیولوژرئ یها یژگیقابل قبول بودند. مطالعه و ونیلتراسیف یها یژگیبود. اما و شتریب نیریدر آب ش تیاتاپولج الیبا س سهیدر مقا یدر آب مصنوع ونیفلتراس

مشاهده  نیصادق بود. همچن نیریو آب ش ایدر آب در الاتیدرباره س دمور نیبه کار رود. ا الاتیس یکیخواص رئولوژ ینیب شیجهت پ یوبتواند با دقت خ یم یهرشل بالکل

 یشتریب ریغلظت رس، مقاد شیباشد. با افزا یم الاتینرخ برش در س شیبا افزا یبود که نشان دهنده رفتار کاهش گرانرو 1کمتر از  الاتیدر همه س الیشد که شاخص رفتار س

 لیتشک یآب یها طیدر مح یتر یسختار ژل قو جهیتر و در نت یقو یبالاتر رس، شبکه سه بعد یشد. در غلظت ها گزارشو استحکام ژل  میتنش تسل ،یکپارچگیاز شاخص 

 فارس قابل استفاده است. جیخل یایشور آب در طیدر مح تیگرفت که اتاپولج جهیتوان نت یم ،یشود. به طور کل یم

 
 



IJE TRANSACTIONS C: Aspects  Vol. 35, No. 03, (March 2022)   596-603 
 

  

Please cite this article as: A. Nikitasari, G. Priyotomo, A. Royani, S. Sundjono, Exploration of Eucheuma Seaweed Algae Extract as a Novel Green 
Corrosion Inhibitor for API 5L Carbon Steel in Hydrochlorid Acid Medium, International Journal of Engineering, Transactions C: Aspects  
Vol. 35, No. 03, (2022)   596-603 

 

International Journal of Engineering 
 

J o u r n a l  H o m e p a g e :  w w w . i j e . i r  

 

 

Exploration of Eucheuma Seaweed Algae Extract as a Novel Green Corrosion Inhibitor 

for API 5L Carbon Steel in Hydrochlorid Acid Medium 
 

A. Nikitasari*, G. Priyotomo, A. Royani, S. Sundjono 
 
Research Center for Metallurgy and Material, National Research and Innovation Agency, Indonesia 

 

 

P A P E R  I N F O   

 
 

Paper history: 
Received 28 September 2021 
Received in revised form 03 December 2021 
Accepted 23 December 2021 

 
 

Keywords:  
Eucheuma Extract  
Corrosion Inhibitor 
API 5L 
Electrochemical Measurement 
Hydrochloric Acid 

 
 
 

A B S T R A C T  

 
Regarding the issue of green chemistry and the vision of human sustainability, a novel  corrosion 

inhibitor for API 5L carbon steel was explored from Eucheuma seaweed algae. The inhibiting 

performance of Eucheuma extract was studied by electrochemical measurements such as 
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). In this work, the 

Fourier Transform Infra-Red (FTIR) was also employed to confirm the main phenolic compounds of 

Eucheuma extract. The electrochemical measurement result indicated that the Eucheuma extract was an 
efficient corrosion inhibitor in reducing corrosion attacks of API 5L carbon steel in hydrochloric acid 

medium. The improved corrosion resistance is attributed to the complicated items, including extract 

concentration and holding time. Eucheuma inhibitor efficiency up to 90% (96.4%) with concentration 
500ppm and 30min holding time indicated that Eucheuma could be used as a green inhibitor. It was 

found that the Eucheuma extract was a mixed-type corrosion inhibitor that inhibit both the cathodic and 

anodic corrosion reaction. This study was helpful to discover the seaweed algae that was abundant in 
Indonesia’s marine for inhibiting corrosion of API 5L carbon steel in an aggressive environment. 

doi:10.5829/ije.2022.35.06c.13 
 

 
 

NOMENCLATURE 

CR Corrosion rate, mils per year (mpy) Rct Charge transfer resistance (Ω) 

EIS Electrochemical Impedance Spectroscopy Rs Solution resistance (Ω) 

FTIR Fourier Transform Infra Red Icorr Corrosion current density (A/m2) 

OCP Open Circuit Potential Ecorr Corrosion potential (V) 

 
1. INTRODUCTION1 
 
Low carbon steel such as API 5L is one of the most 

widely materials used and extensively applied for oil and 

gas exploration, drilling, and production [1]. These steels 

are important due to their low cost, easily fabrication,  

excellent welding, and forming abilities. However, they 

are vulnerable to corrosion attack when exposed to 

corrosive agents [2]. 

Hydrochloric acid (HCl) is one of the corrosive 

agents commonly used in industries for acid cleaning, 

descaling, and pickling. Corrosion inhibitors can be 
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useful for avoiding the corrosion caused by hydrochloric 

acid [3].  

In the last few years, the use of natural and organic 

extract as green corrosion inhibitors has attracted many 

researchers' attention. The green corrosion inhibitors 

have many advantages such as  biodegradable, non-toxic, 

environmentally friendly and ecologically acceptable, 

inexpensive, readily available, renewable and safe to use 

compared to the chemical ones [4]. 

There are several previous works about 

environmentally-friendly corrosion inhibitors in a 

hydrochloric acid medium, such as reviewed by  

Yang ang Yang [5] and research conducted by Jiddawi et 
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al. [6] that used organic compound aniline and phenol. 

Besides that, some researchers used natural sources 

Rosmarinus officinalis plant [7], Hyalomma insect [8], 

and the waste from sunflower seedhull [3] as corrosion 

inhibitors. In contribution to the research on the natural 

compound for effective corrosion inhibition in HCl 

medium, this present work uses Eucheuma seaweed algae 

as the new resource. 

Eucheuma is a group of red seaweed algae usually 

found in Indonesia [5]. Eucheuma extract has potential to 

be used as a green corrosion inhibitor due to the exhibits 

high growth rates and contains high polyphenol [6]. 

However, this algae has never been studied before as 

corrosion inhibitors. Due to the purposes below, this 

research aims to explore of Eucheuma seaweed algae 

extracts to inhibit the corrosive impact on API 5L carbon 

steel in hydrochloric acid (0.1 M HCl). Potentiodynamic 

polarization, electrochemical impedance spectroscopy 

(EIS) and FTIR were used to assess this work.  

 
 

2. MATERIALS AND METHODS 

 
2. 1. Materials        Carbon steel API 5L specimens 

having a chemical composition in wt % (C, 0.05; Si, 0.13; 

Mn, 0.73; P, 0.02; S, 0.004; Fe remainder)  were used. 

Carbon steel was cut with a size of 1 cm x 1 cm x 1 cm, 

connected with cable wire, and mounted with an exposed 

area of 1 cm2. Prior the experiment, the specimens were 

mechanically abraded using different grades (120 – 

1200) of silicon carbide emery paper and subsequently 

cleaned with acetone, then rinsed with distilled water. 
 

2. 2. Eucheuma Extract and Medium       For the 

Eucheuma seaweed algae extract process, at first, 

seaweed was cleaned with tap water and dried at room 

temperature for five days. The dried Eucheuma was 

chopped and collected in 70% of ethanol (maceration) for 

72h. The ratio between dried Eucheuma and ethanol for 

the maceration process was 1:3, respectively. The 

maceration result was filtrated and evaporated to obtain 

the extract. To investigate the chemical composition of 

the Eucheuma extract, FTIR was employed. 

The hydrochloric acid medium that used in this 

experiment was 0.1 M HCl. Eucheuma extract with 

various concentration i.e. 0, 50, 100, 200, 400, and  

500  ppm was mixed into 0.1 M HCl. All specimens were 

immersed in the medium without and with 30 min of 

holding time before electrochemical measurement. The 

temperature of the medium also varied (room 

temperature, 40oC, and 50oC) to evaluate the influence of 

temperature on the corrosion rate.  

 

2. 3. Electrochemical Measurement          
Electrochemical measurements were performed using 

GAMRY Series G-750 Corrosion Measurement System. 

For measurement, the three-electrode corrosion cell was 

used [7]. API 5L specimens with an exposed area of 1 

cm2 were utilized as a working electrode.  A platinum and 

SCE (saturated calomel electrode) electrode were acted 

as counter and reference electrodes, respectively.  
Potentiodynamic polarization was carried out in the 

potential range of  ±250 mV from the OCP potential. The 

scanning rate of the polarization curve was about 1 mV/s. 

The electrochemical impedance spectroscopy (EIS) 

measurements were conducted with the frequency range 

of 100 kHz and 10 mHz. The measurements were done 

with a signal of 10 mV peak to peak. In addition, the 

impedance results were fitted to obtain the charge 

transfer resistance (Rct). All the electrochemical 

measurements were recorded in triplicate.  

 
 
3. RESULT AND DISCUSSION 

 
3. 1. Polarization Test Result          Figure 1 illustrates 

the cathodic and anodic polarization curves for API 5L 

carbon steel immersed in 0.1 M HCl containing various 

concentrations of Eucheuma green inhibitor at different 

temperatures without holding time. In addition, 

potentiodynamic polarization curves for API 5L in 0.1 M 

HCl solution at various temperatures and concentrations 

of Eucheuma extract with 30 min of holding time are 

represented in Figure 2. It is observed that by adding 

inhibitor, the potential tends to be a similar value but 

current shifts toward less current. Hence, it is indicated 

that Eucheuma extract was a mixed-type corrosion 

inhibitor and  improved the corrosion resistance of API 

5L in the hydrochloric acid medium [8]. From Figures 1 

and 2, the polarization curve of the specimen without 

inhibitor at 50OC has the lowest potential value and the 

highest current. Therefore, the greatest corrosion rate is 

specimen without inhibitor at 50OC.  

 

 

 
Figure 1. Polarization curves of API 5L in 0.1 M HCl and 

various Eucheuma inhibitor at different temperatures 

without holding time 
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Figure 2. Polarization curves of API 5L in 0.1 M HCl and 

various Eucheuma inhibitor at different temperatures with 

30 minute of holding time 

 

 

In this study, the electrochemical corrosion 

parameters such as corrosion potential (Ecorr) and 

corrosion current densities (Icorr) were automatically 

calculated based on Butler–Volmer and Tafel equations 

[9]. Tafel slope analysis and fitting of the polarization 

curves were performed using Echem analyst software to 

obtain the corrosion rate of API 5L carbon steel. Table 1 

listed the parameters of API 5L in 0.1 M HCl and various 

inhibitor concentrations at room temperature with 30 min 

of holding time that resulted from polarization test. 

According to Table 1, corrosion current density 

(Icorr) and corrosion rate decrease significantly with  

increasing inhibitor concentration. Figure 3 summarizes 

the corrosion rate of API 5L in 0.1 M HCl with various 

concentrations of Eucheuma inhibitor at different 

temperatures. All specimens with a low inhibitor 

concentration have a higher corrosion rate than 

specimens with higher inhibitor concentration. When “30 

min holding time” was used, the corrosion rate was lower 

than “no holding time”  specimens. This behavior could 

justify the adsorption process of inhibitors on the steel 

surface.  The holding time gives a chance to the inhibitor 

for covering the steel surface. Corrosion rate also boosts 

with the increasing of temperature based on Figure 3. 

 

 
TABLE 1. Parameters obtained from polarization test 

Concentration 

(ppm) 
Ecorr (mV) 

Icorr 

(mA/cm2) 

Corrosion 

rate (mpy) 

0 -532 6.65E-4 304 

50 -523 4.65E-4 212.9 

100 -513 2.22E-4 101.5 

200 -494 9.58E-5 43.88 

400 -481 5.63E-5 25.77 

500 -514 5.28E-5 24.17 

 
Figure 3. Corrosion rate of API 5L in 0.1 M HCl and various 

Eucheuma inhibitor at different temperatures 

 

 

Inhibition efficiency (η) can be formulated by 

Equation (1): 

𝜂 =
𝐶𝑅−𝐶𝑅(𝑖𝑛)

𝐶𝑅
𝑥100%  (1) 

where CR and CR(in) are corrosion rate without and with 

the presence of inhibitor, respectively. Figure 4 showed 

the inhibitor efficiency of all specimens. Compared to 

‘‘no holding time”, specimens with holding time 

presented a more pronounced inhibition effect.  

Inhibitor efficiency increase with ane increas in 

inhibitor concentration and temperature. The highest 

inhibition efficiency (96.4%) was specimen containing a 

Eucheuma inhibitor with a concentration of 500ppm with 

30 min holding time at 50oC. It is seen that the corrosion 

rate decreases by adding inhibitor so that it is reduced by 

28 times at 500 ppm concentration of the inhibitor. 

Therefore, it is obvious that the Eucheuma  extract 

inhibitor is useful [13].  

 
3. 2. EIS Test Results           The inhibition performance 

of Eucehuma extract on API 5L carbon steel was further 
 

 

 
Figure 4. Inhibitor efficiency of API 5L in 0.1 M HCl and 

various Eucheuma inhibitor at different temperatures 
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analyzed by means of electrochemical impedance 

spectroscopy (EIS) measurements under different 

experimental conditions.  
Figure 5 showed a Bode plot for API 5L in 0.1 M 

HCl environment with and without inhibitor at different 

temperatures. The peak in the Bode plot indicated the 

existence of the relaxation time. The higher impedance 

was obtained for API 5L with the highest concentration 

of inhibitor in each temperature. Furthermore, the 

corrosion resistance of steel substrate increased when the 

concentration of Eucheuma extract increased, as the total 

impedance obviously increased due to the results in 

Figure 5. According to Figure 5 (a), the phase angles 

increased from -40 to -60°. The increasing of phase angle 

with the increasing of inhibitor concentration indicated 

that the Eucheuma inhibitor was physically adsorbed on 

the surface [14].  

Nyquist plot for API 5L carbon steel in 0.1 M HCl 

and various inhibitor concentrations with and without 

holding time at different temperatures presented in 

Figure  6 Based on Figure 6, all impedance spectra 

implied a single depressed capacitive semicircle, 

indicating that the steel dissolution is related to the charge 

transfer process [15]. In addition, the diameter of the 

Nyquist plot’s semicircle increases with the increasing 

concentration of Eucheuma extract. This phenomenon 

revealed that Eucheuma extract inhibits the corrosion 

process due to the electronegative charge of the 

heteroatoms contained in the extracts and the 

electropositive charge on the steel surface [16].  

Electrical circuit model used to interpret EIS data. 

The suggested electrical circuit model for API 5L in 

0.1M HCl and Eucheuma inhibitor is shown in Figure 7. 

The electrical circuit model in Figure 7 includes RS as 

solution resistance, Rct as charge transfer resistance, and 

CPE as constant phase element. In this study, CPE  was 

used instead of capacitance (C) for the circuit model due 

to all angles of phases are less than 90° based on Figure 

5 [10]. CPE was introduced as “capacitance dispersion” 

that related to capacity of the material surface area of  

complex surface roughness and inhomogeneous reaction 

[17]. The CPE element has a fixed phase shift angle and 

its impedance describes the expression: ZCPE= 

1/Y0(jω)n, where Y0 and ‘a’ are the parameters related to 

the shift phase angle [18].  

Figure 8 depicts the charge transfer resistance value 

obtained using the fitting of the electrical circuit model. 

Charge transfer resistance (Rct) value increase with the 

increase of inhibitor concentration, as shown in Figure 8. 

Holding time also increases the Rct value. The increasing 

Rct value indicates that charge transfer from solution to 

the steel surface and vice versa inhibited by more 

inhibitor concentration [17].  

 

 

 
(a) Bode plot at room temperature 

 
(b) Bode plot at 40oC 

 
(c) Bode plot at 50oC 

Figure 5. Bode plot of API 5L in 0.1 M HCl and various 

Eucheuma inhibitor concentration 
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(a) Nyquist plot at room temperature 

 
(b) Nyquist plot at 40oC 

 
(c) Nyquist plot at 50oC 

Figure 6. Nyquist plot of API 5L in 0.1 M HCl and various 

Eucheuma inhibitor concentration 

 

 

 
Figure 7. Electrical circuit model 

 

 

 
Figure 8. Rct value 

 

 

3. 3. Thermodynamics of the Electrochemical 
Process        The thermodynamics result of the 

electrochemical process at various temperature and 

concentration are listed on the Table 2. The 500 ppm 

Eucheuma inhibitor at 50oC shows superior inhibition as 

it has the greatest surface coverage area (0.964). 
It has been reported that organic inhibitors are 

absorbed on the metal surface and adsorption are fitted 

with Langmuir adsorption isotherms and prevents 

corrosion. The fundamental details of Eucheuma 

inhibitor also were explored using Langmuir adsorption 

isotherm, according to the following equation: 

𝐶𝑖𝑛ℎ 

𝜃
=

1

𝐾𝑎𝑑𝑠 
+ 𝐶𝑖𝑛ℎ  (2) 

where θ equals to η/100, Kads is the equilibrium constant 

of the adsorption process, and Cinh represents to the 

inhibitor concentration. Figure 9 depicts plot  Cinh vs 

Cinh/θ based on Equation (2). The intercept of this plot 

represents the Kads value. Figure 9 reveals that Eucheuma 

inhibitor follows the Langmuir adsorption inhibitor 

because the high value of R2. Therefore, it can be 

described that the molecules of Eucheuma inhibitor are 

absorbed in a single-layer on the metal surface.  
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TABLE 2. Thermodynamic parameters 

T 

(K) 

Cinh 

(ppm) 
θ 

Kads 

(L/mol) 

∆G 

(kJ/mol) 

∆H 

(kJ/mol) 

∆S 

(J/mol) 

298 

100 0.666 

0.023 -24.84 

14.82 133 

200 0.856 

400 0.915 

500 0.920 

313 

100 0.815 

0.029 -26.74 
200 0.827 

400 0.954 

500 0.962 

323 

100 0.839 

0.036 -28.19 
200 0.855 

400 0.963 

500 0.964 

 

 

 
Figure 9. Langmuir adsorption isotherm plot of Eucheuma 

inhibitor at various temperature 

 

 

Based on Table 2, the maximum value of Kads at 

temperature 50oC. It indicates the greater adsorbed 

inhibitors on the metal surface when the temperature 

increased. Furthermore, the type of adsorption can be 

acquired with the calculation of adsorption free energy 

(∆G). Equation (3) shows the relationship between ∆G 

and Kads. The value of R is 8.314 J/K. mole and T is 

absolute temperature in K. Clarifying the calculated 

result of ∆G, the range of ∆G is -25 kJ/mol and -28 

kJ/mol. The negative value of ΔG confirms the feasibility 

of adsorption process. Moreover, it concluded that 

inhibition mechanism of the Eucheuma inhibitor is 

mainly physical adsorption on the metal surface and 

Eucheuma inhibitor is chemical adsorption at higer 

temperature [19]. 

∆G = - R.T ln (106 . Kads) (3) 

Equation (4) is used to determine the value of the heat of 

adsorption (∆H) and the entropy (∆S).  

ln 𝐾𝑎𝑑𝑠 = 𝑙𝑛
1

𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡
−

∆H

𝑅.𝑇
+

∆S

𝑅
  (4) 

∆H and ∆S are slope and intercept of ln Kads vs T-1 curve 

respectively. These two parameters are presented in 

Table 2. The positive value of ∆H indicates an increase 

in irregularities due to desorption of H2O molecules from 

surface and adsorption of the inhibitors molecules in each 

site [3]. The The positive amount of entropy elicits that 

the thermal stability of the film increases at elevated 

temperature and their irreversibility process [20].  

 
3. 4. FTIR Test Results             The FTIR of the 

Eucheuma extract is represented in Figure 10. A broad 

peak with the wavenumber value of 3372.68 cm-1 has 

corresponded to OH bonds. Besides, the strong peak of 

2922.28 and 2856.7 cm-1 are related to the binding of C-

H group. It is also clear that the peaks at 1729.26 and 

1631.85 cm-1 are related to the vibrational mode of the 

bindings of C=O and C=C, respectively. The 

wavenumber values of 1452.46 and 1412.92 cm-1 are 

depicted the bond of O-H. The peak at 1167.95 and 

1049.32 cm-1 belonged to C-O. 
Consequently, it can be concluded that Eucheuma 

extract contained elements of O, H, and C with a cyclic 

group of carbon or polyphenol compound which attracted 

the steel substrates according to have free electrons. This 

behavior could justify the decrease in the corrosion rate 

of API 5L substrate in HCl solution in the presence of 

Eucheuma extract as a green inhibitor. 

 

 

 

 
Figure 10. FTIR result of Eucheuma extract 
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4. CONCLUSION 
 

Eucheuma seaweed algae was successfully used for the 

first time as a green corrosion inhibitor for API 5L carbon 

steel in the hydrochloric acid medium. Corrosion 

resistance of API 5L boosts with the concentration of 

Eucheuma inhibitor and holding time. Temperature also 

improves efficiency of inhibitor. In the presence of 500 

ppm inhibitor with 30 min holding time at 50oC, the 

inhibition efficiency reaches about 96.4%. The corrosion 

rate at this concentration of inhibitor was also reduced by 

about 28 times. 

The charge and ion transfer on the steel surface 

decrease because of the complex formation between the 

inhibitor and the ions of the steel surface. Therefore, the 

charge transfer resistance will improve and the corrosion 

rate will reduce with the existance of Eucheuma 

inhibitor. The inhibiton mechanism of Eucheuma 

inhibitor follows Langmuir adsorption isotherm. 

Eucheuma inhibitor is adsorbed on the metal surface 

forming a passive layer that can prevent corrosion 

process. These results confirm that the introduction of 

aromatic rings and OH to organic compounds is suitable 

as a corrosion inhibitor in the hydrochloric acid medium. 
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Persian Abstract 

 چکیده
مورد بررسی قرار  Eucheumaاز جلبک جلبک دریایی  API 5Lبا توجه به موضوع شیمی سبز و چشم انداز پایداری انسان، یک بازدارنده خوردگی جدید برای فولاد کربنی 

مورد بررسی   (EIS)سنجی امپدانس الکتروشیمیایی های الکتروشیمیایی مانند قطبش پتانسیودینامیک و طیفگیریبا اندازه Eucheumaگرفت. عملکرد بازدارندگی عصاره 

شیمیایی به کار گرفته شد. نتایج اندازه گیری الکترو Eucheumaنیز برای تایید ترکیبات فنلی اصلی عصاره ی   (FTIR)قرار گرفت. در این کار، تبدیل فوریه مادون قرمز 

در محیط اسید هیدروکلریک است. مقاومت در برابر  API 5Lیک بازدارنده خوردگی کارآمد در کاهش حملات خوردگی فولاد کربنی  Eucheumaنشان داد که عصاره 

و  ppm 099( با غلظت %4/09) %09تا  Eucheumaخوردگی بهبود یافته به موارد پیچیده، از جمله غلظت عصاره و زمان نگهداری نسبت داده می شود. راندمان بازدارنده 

یک بازدارنده  Eucheumaتواند به عنوان یک مهارکننده سبز مورد استفاده قرار گیرد. مشخص شد که عصاره می Eucheumaدقیقه نشان داد که عصاره  09زمان نگهداری 

رای مهار خوردگی فولاد خوردگی نوع مخلوط است که هم واکنش خوردگی کاتدی و هم آندی را مهار می کند. این مطالعه برای کشف جلبک دریایی که در دریای اندونزی ب

 در یک محیط تهاجمی فراوان بود، مفید بود. API 5Lکربنی 
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A B S T R A C T  

 

Deciphering the crucial interactions among genes is one of the key issues in understanding the 
fundamental molecular and intracellular mechanisms of cell. Computational modeling of gene 

regulatory networks can be used as a powerful tool in various fields of molecular biomedicine such 

as identification of metabolic, regulator, and signal transduction pathways, analysis of complex 
genetic diseases, and drug discovery. In this paper, an optimal Boolean approach was proposed for 

computational modeling of gene regulatory networks from temporal gene expression profile. In this 
method, the optimal values of the Boolean thresholds of gene expression signals and the parameters 

of the interaction patterns between target and regulator genes are all designed as a mixed-integer 

nonlinear programming solved by Genetic Algorithm. To evaluate the performance of the proposed 
scheme, it has been applied to a well-known time course microarray data and gene regulatory 

network of Saccharomyces cerevisiae from the literature. The reference network has 11 genes, 9 

targets, and 61 regulatory interactions, and the original transcriptional dataset includes 18 time points 
for each gene expression signal. In this case study, the proposed computational model contains 142 

unknown parameters that are optimally determined through optimization. The results demonstrate the 

efficiency of the proposed approach. 

doi: 10.5829/ije.2022.35.03c.14 

 

 
1. INTRODUCTION1 
 
In recent years, many researches have used the 

converging technologies of the industrial revolution 4.0 

era to significantly affect future medicine [1, 2]. With 

the aid of gene expression profiling technology such as 

DNA microarray, it is possible to study the behavior and 

interactions of thousands of genes simultaneously [3, 4]. 

This technology is one of the most influential tools for 

discovering the transcriptional and translational 

dynamics of genes that leads to computational modeling 

and analysis of the interactions between genes as Gene 

Regulatory Networks (GRNs) [5-7]. Due to the nature 

of gene regulation, important mechanisms are involved 

in this process such as DNA, RNA, and protein 
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interactions. Usually, the proteins that are translated 

from genes or produced from chemical reaction 

networks can play the role of transcription factors to 

activate or inhibit the transcription of some genes. The 

purpose of inferring gene regulatory networks is to 

decipher the interaction patterns among target and 

regulator genes from the spatial and temporal profiles of 

gene expression data. Additionally, this paradigm can 

lead to the identification of genes that play key roles in 

metabolic and signal transduction pathways. 

Computational modeling and analysis of GRNs 

demonstrate how some genes affect other genes in a 

complex manner. This information can be widely used 

in various areas of biological and medical researches 

such as molecular medicine, drug discovery, P4 

medicine, and cell/tissue engineering [8, 9].  

Different methods have been proposed in the 

literature for computational modeling of GRNs. Some 
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of them are reviewed here. Ren and Jinde [10] described 

a robust analysis scheme based on Lyapunov stability 

theory and linear matrix inequality (LMI) for 

asymptotic stability of delayed GRNs with time-varying 

delays. Xiao et al. [11] proposed a reduced-order 

approach to consider the  stability analysis in GRNs 

with discrete time delays. Zañudo et al. [12] used the 

notion of discrete dynamic networks to investigate how 

computational modeling of oncogenic signaling can 

help personalized treatment of cancer. Chen et al. [13] 

proposed a Markovian method for controlling the 

dynamics of GRNs. Barbuti et al. [14] reviewed various 

techniques used in mathematical modeling of GRNs 

including ordinary differential equations (ODE), 

Boolean networks, Petri nets, P systems, and reaction 

systems.  

Mandon et al. [15] considered attractor-based 

sequential reprogramming of GRNs based on Boolean 

network models. Dai and Liu [16] proposed a 

computational approach for inferring gene-gene 

interactions from time-series data based on Bayesian 

network modeling, estimation of distribution 

algorithms, and depth-first search. Hajiramezanali et al. 

[17] presented optimal classification of cellular 

trajectories under regulatory model uncertainty based on 

partially-observed Boolean dynamical systems and 

noisy gene expression data. In recent years, special 

attention has been focused on computational modeling 

and analysis of GRNs based on time-course gene 

expression data, as reported inliterature [18-20], that is 

the main topic of this study. 

In this paper, we propose an optimal Boolean 

approach for computational modeling of GRNs from 

temporal gene expression profile. Both fundamental 

steps of systems identification including Model 

Structure Design and Parameter Optimization are 

described. The proposed model structure is a general 

and computationally efficient model which contains 

four set of parameters including expression threshold, 

regulator weight, regulator delay, and activation limit. 

The parameter optimization is formulated as a mixed-

integer nonlinear programming. In order to solve this 

optimization problem in a general manner, Genetic 

Algorithm (GA) is used. Furthermore, a general 

preprocessing method is introduced for normalization 

and smooth interpolation of gene expression time series. 

To evaluate the performance of the proposed model, it is 

applied to a benchmark time course microarray data and 

reference gene regulatory network of Saccharomyces 

cerevisiae from the literature. The results demonstrate 

that the proposed approach could accurately model the 

benchmark GRN with more simplicity and 

understandability.   

This paper is organized as follows: In the next 

section, the reference gene regulatory network and the 

time-course transcriptional dataset of the case study of 

this paper are described. Then, a general preprocessing 

method is introduced for normalization and 

interpolation of gene expression time series. In section 

3, an optimal Boolean approach is proposed for 

computational modeling of GRNs from temporal gene 

expression profile. The results of evaluation are 

demonstrated in section 4. Finally, section 5 concludes 

the paper. 

 

 

2. TEMPORAL GENE EXPRESSION PROFILE 
 

2. 1. The Reference GRN            Gene regulation is one 

of the key mechanisms in cell cycle control, when 

proper functioning of the cell cycle is vital for the 

survival of an organism. Functional abnormalities in cell 

cycle process may lead to noteworthy alterations in the 

phenotypical aspects of the cell and even, programmed 

cell death. Yeasts, the eukaryotic single-celled 

microorganisms as members of the fungus kingdom, 

have been widely used in systems biology for studying 

cell cycle control especially from genomic perspective 

[21]. Many remarkable investigations have been 

performed in the literature on the cell cycle of 

Saccharomyces cerevisiae as a well-known species of 

yeast. Most of these researches have been focused on 

the gene regulatory networks and the spatial and 

temporal profiles of gene expression which are 

incorporated in the mechanisms of cell cycle control. In 

general, these studies on yeast microorganisms are 

valuable because some results can be generalized to 

complex organisms.  
In the case study of this paper, a commonly-used 

reference GRN [22], which play a significant role in the 

cell cycle control of Saccharomyces cerevisiae, have 

been considered. This reference GRN have been 

frequently used by the previous works in the literature 

[23, 24]. As shown in Figure 1, the reference network 

has 11 genes including cln1, cln2, cln3, clb1, clb2, clb5, 

clb6, cdc14, cdc20, mcm1, and swi5. There are 9 target  

 

 

 
Figure 1. The reference gene regulatory network [22-24] 

genes which are totally regulated by 61 regulatory 

interactions. The green arrow lines indicate which 
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regulator genes play the role of activator and which 

target genes are affected by them in the form of 

upregulation. Similarly, the inhibitors that lead to the 

down-regulation of their targets are illustrated by red 

blocking lines. More details about this reference GRN 

are available in literature [22-24]. 

 
2. 2. The Time-Course Gene Expression Data             
The time-course gene expression data, measured by 

transcriptional profiling technologies such as DNA 

microarray, has been frequently exploited as training 

dataset for computational modeling of GRNs. In this 

paper, we use the well-known temporal gene expression 

profile of the yeast Saccharomyces cerevisiae. This 

dataset has been introduced by Spellman et al. [25] and 

it is available on Gene Expression Omnibus (GEO) with 

accession number of GSE221. In the mentioned dataset, 

the expression levels of genes have been measured over 

2 hours with sampling period of 7 minutes. Thus, the 

training dataset includes the time series with 18 time 

points for each gene.  

 

2. 3. Preprocessing Procedure             In this paper, a 

general preprocessing method is introduced for 

normalization and interpolation of gene expression time 

series. In order to consider the effect of down-regulation 

and up-regulation of genes accurately, normalization of 

the magnitude of gene expression levels is required. 

Also, in most of the transcriptional profiling procedures, 

the value of sampling period is large. But most of the 

computational models of GRN need more number of 

samples to increase the identification accuracy. For this 

reason, interpolation can be an effective approach to 

provide smooth approximated signals from original time 

course gene expression dataset. Here, we use shape-

preserving piece-wise cubic Hermite interpolation 

technique that is an appropriate scheme from the aspects 

of computational efficiency and smoothness [26]. 

Particularly in the continuous-time models of GRN such 

as ODE models, in which precise approximation of the 

derivatives of expression signals are required, the 

above-mentioned interpolation procedure can be highly 

helpful. Figure 2 depicts the temporal gene expression 

profile of the case study after preprocessing. 

 

 

3. THE PROPOSED MODELING APPROACH 
 
3. 1. Boolean Model Structure          A system 

identification problem consists of two fundamental 

steps: a) Model Structure Selection, and b) Parameter 

Optimization. In this paper, a general but 

computationally simple Boolean model structure is 

proposed for computational modeling of GRNs. 

                                                           
1 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE22 

Transparency and understandability of model structure 

are important desirable characteristics. The proposed 

Boolean model structure is shown in Figure 3. This 

model contains four set of parameters: 1) Expression 

Threshold, 2) Regulator Weight, 3) Regulator Delay, 

and 4) Activation Limit. 
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Figure 2. The temporal gene expression profile after 

preprocessing 

In Boolean models of GRNs, genes are considered to 

be On or Off. Since the gene expression level is a real-

valued variable, a threshold is required to convert this 

continuous signal to a binary one. As the dynamics and 

molecular function of genes are different, due to the 

generality, an independent expression threshold 

parameter is defined for each gene. Also, the effects of 

regulators on their target gene are not generally the 

same. To address this issue, we define independent 

Weight and Delay parameters for each regulator-target 

interaction link. Weight illustrates the intensity of 

regulation between a regulator and its target, and Delay 

represents how late this regulation is affected. Finally, 

in order to aggregate the regulatory effects of activators 

and inhibitors on a target gene, an activation limit is 

defined for each target.  

As shown in Figure 3, for the case study of this 

paper, the proposed Boolean model structure has totally 

142 parameters including 11 parameters for expression 

threshold, 61 for regulator weight, 61 for regulator 

delay, and 9 for activation limit. The governing 

equations of this model are as follows: 

𝐺𝑐𝑙𝑛1(𝑘 + 1) = 𝐻((𝐴𝑐𝑙𝑛1(𝑘) − 𝐼𝑐𝑙𝑛1(𝑘) − 𝐵𝑐𝑙𝑛1(𝑘))  (1) 

𝐴𝑐𝑙𝑛1(𝑘) = 𝑊𝑐𝑙𝑛1
𝑐𝑙𝑛1 ∗ 𝐺𝑐𝑙𝑛1(𝑘 − 𝑑𝑐𝑙𝑛1

𝑐𝑙𝑛1) + 𝑊𝑐𝑙𝑛1
𝑐𝑙𝑛2 ∗

𝐺𝑐𝑙𝑛2(𝑘 − 𝑑𝑐𝑙𝑛1
𝑐𝑙𝑛2)+𝑊𝑐𝑙𝑛1

𝑐𝑙𝑛3 ∗ 𝐺𝑐𝑙𝑛3(𝑘 − 𝑑𝑐𝑙𝑛1
𝑐𝑙𝑛3)  

𝐼𝑐𝑙𝑛1(𝑘) = 𝑊𝑐𝑙𝑛1
𝑐𝑙𝑏1 ∗ 𝐺𝑐𝑙𝑏1(𝑘 − 𝑑𝑐𝑙𝑛1

𝑐𝑙𝑏1) + 𝑊𝑐𝑙𝑛1
𝑐𝑙𝑏2 ∗

𝐺𝑐𝑙𝑏2(𝑘 − 𝑑𝑐𝑙𝑛1
𝑐𝑙𝑏2)     

𝐺𝑐𝑙𝑛2(𝑘 + 1) = 𝐻((𝐴𝑐𝑙𝑛2(𝑘) − 𝐼𝑐𝑙𝑛2(𝑘) − 𝐵𝑐𝑙𝑛2(𝑘)) 

(2) 

 

 

 
Figure 3. The proposed model structure 
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𝐴𝑐𝑙𝑛2(𝑘) = 𝑊𝑐𝑙𝑛2
𝑐𝑙𝑛2 ∗ 𝐺𝑐𝑙𝑛2(𝑘 − 𝑑𝑐𝑙𝑛2

𝑐𝑙𝑛2))+𝑊𝑐𝑙𝑛2
𝑐𝑙𝑛1 ∗

𝐺𝑐𝑙𝑛1(𝑘 − 𝑑𝑐𝑙𝑛2
𝑐𝑙𝑛1) + 𝑊𝑐𝑙𝑛2

𝑐𝑙𝑛3 ∗ 𝐺𝑐𝑙𝑛3(𝑘 − 𝑑𝑐𝑙𝑛2
𝑐𝑙𝑛3)  

𝐼𝑐𝑙𝑛2(𝑘) = 𝑊𝑐𝑙𝑛2
𝑐𝑙𝑏1 ∗ 𝐺𝑐𝑙𝑏1(𝑘 − 𝑑𝑐𝑙𝑛2

𝑐𝑙𝑏1) + 𝑊𝑐𝑙𝑛2
𝑐𝑙𝑏2 ∗

𝐺𝑐𝑙𝑏2(𝑘 − 𝑑𝑐𝑙𝑛2
𝑐𝑙𝑏2)  

𝐺𝑐𝑙𝑏5(𝑘 + 1) = 𝐻((𝐴𝑐𝑙𝑏5(𝑘) − 𝐼𝑐𝑙𝑏5(𝑘) − 𝐵𝑐𝑙𝑏5(𝑘))  

(3) 

𝐴𝑐𝑙𝑏5(𝑘) = 𝑊𝑐𝑙𝑏5
𝑐𝑙𝑏5 ∗ 𝐺𝑐𝑙𝑏5(𝑘 − 𝑑𝑐𝑙𝑏5

𝑐𝑙𝑏5) + 𝑊𝑐𝑙𝑛5
𝑐𝑙𝑛1 ∗

𝐺𝑐𝑙𝑛1(𝑘 − 𝑑𝑐𝑙𝑏5
𝑐𝑙𝑛1)+𝑊𝑐𝑙𝑏5

𝑐𝑙𝑛2 ∗ 𝐺𝑐𝑙𝑛2(𝑘 −

𝑑𝑐𝑙𝑏5
𝑐𝑙𝑛2)+𝑊𝑐𝑙𝑏5

𝑐𝑙𝑛3 ∗ 𝐺𝑐𝑙𝑛3(𝑘 − 𝑑𝑐𝑙𝑏5
𝑐𝑙𝑛3)+𝑊𝑐𝑙𝑏5

𝑐𝑙𝑏1 ∗

𝐺𝑐𝑙𝑏1(𝑘 − 𝑑𝑐𝑙𝑏5
𝑐𝑙𝑏1)+𝑊𝑐𝑙𝑏5

𝑐𝑙𝑏2 ∗ 𝐺𝑐𝑙𝑏2(𝑘 −

𝑑𝑐𝑙𝑏5
𝑐𝑙𝑏2)+𝑊𝑐𝑙𝑏5

𝑐𝑙𝑏6 ∗ 𝐺𝑐𝑙𝑏6(𝑘 − 𝑑𝑐𝑙𝑏5
𝑐𝑙𝑏6)  

𝐼𝑐𝑙𝑏5(𝑘) =  𝑊𝑐𝑙𝑏5
𝑠𝑤𝑖5 ∗ 𝐺𝑠𝑤𝑖5(𝑘 − 𝑑𝑐𝑙𝑏5

𝑠𝑤𝑖5) + 𝑊𝑐𝑙𝑏5
𝑐𝑑𝑐20 ∗

𝐺𝑐𝑑𝑐20(𝑘 − 𝑑𝑐𝑙𝑏5
𝑐𝑑𝑐20) + 𝑊𝑐𝑙𝑏5

𝑐𝑑𝑐14 ∗ 𝐺𝑐𝑑𝑐14(𝑘 − 𝑑𝑐𝑙𝑏5
𝑐𝑑𝑐14)  

𝐺𝑐𝑙𝑏6(𝑘 + 1) = 𝐻((𝐴𝑐𝑙𝑏6(𝑘) − 𝐼𝑐𝑙𝑏6(𝑘) − 𝐵𝑐𝑙𝑏6(𝑘))   

(4) 

𝐴𝑐𝑙𝑏6(𝑘) = (𝑊𝑐𝑙𝑏6
𝑐𝑙𝑏6 ∗ 𝐺𝑐𝑙𝑏6(𝑘 − 𝑑𝑐𝑙𝑏6

𝑐𝑙𝑏6) + 𝑊𝑐𝑙𝑛6
𝑐𝑙𝑛1 ∗

𝐺𝑐𝑙𝑛1(𝑘 − 𝑑𝑐𝑙𝑏6
𝑐𝑙𝑛1)+𝑊𝑐𝑙𝑏6

𝑐𝑙𝑛2 ∗ 𝐺𝑐𝑙𝑛2(𝑘 −

𝑑𝑐𝑙𝑏6
𝑐𝑙𝑛2)+𝑊𝑐𝑙𝑏6

𝑐𝑙𝑛3 ∗ 𝐺𝑐𝑙𝑛3(𝑘 − 𝑑𝑐𝑙𝑏6
𝑐𝑙𝑛3)+𝑊𝑐𝑙𝑏6

𝑐𝑙𝑏1 ∗

𝐺𝑐𝑙𝑏1(𝑘 − 𝑑𝑐𝑙𝑏6
𝑐𝑙𝑏1)+𝑊𝑐𝑙𝑏6

𝑐𝑙𝑏2 ∗ 𝐺𝑐𝑙𝑏6(𝑘 −

𝑑𝑐𝑙𝑏6
𝑐𝑙𝑏2)+𝑊𝑐𝑙𝑏6

𝑐𝑙𝑏5 ∗ 𝐺𝑐𝑙𝑏5(𝑘 − 𝑑𝑐𝑙𝑏6
𝑐𝑙𝑏5))  

𝐼𝑐𝑙𝑏6(𝑘) = (𝑊𝑐𝑙𝑏6
𝑠𝑤𝑖5 ∗ 𝐺𝑠𝑤𝑖5(𝑘 − 𝑑𝑐𝑙𝑏6

𝑠𝑤𝑖5) + 𝑊𝑐𝑙𝑏6
𝑐𝑑𝑐20 ∗

𝐺𝑐𝑑𝑐20(𝑘 − 𝑑𝑐𝑙𝑏6
𝑐𝑑𝑐20) + 𝑊𝑐𝑙𝑏6

𝑐𝑑𝑐14 ∗ 𝐺𝑐𝑑𝑐14(𝑘 −

𝑑𝑐𝑙𝑏6
𝑐𝑑𝑐14))      

𝐺𝑐𝑑𝑐20(𝑘 + 1) = 𝐻((𝐴𝑐𝑑𝑐20(𝑘) − 𝐼𝑐𝑑𝑐20(𝑘) −
𝐵𝑐𝑑𝑐20(𝑘))            

(5) 

𝐴𝑐𝑑𝑐20(𝑘) = (𝑊𝑐𝑑𝑐20
𝑐𝑙𝑏1 ∗ 𝐺𝑐𝑙𝑏1(𝑘 − 𝑑𝑐𝑑𝑐20

𝑐𝑙𝑏1 ) +

𝑊𝑐𝑑𝑐20
𝑐𝑙𝑏2 ∗ 𝐺𝑐𝑙𝑏2(𝑘 − 𝑑𝑐𝑑𝑐20

𝑐𝑙𝑏2 ) + 𝑊𝑐𝑑𝑐20
𝑚𝑐𝑚1 ∗

𝐺𝑚𝑐𝑚1(𝑘 − 𝑑𝑐𝑑𝑐20
𝑚𝑐𝑚1))  

𝐼𝑐𝑑𝑐20(𝑘) = 0                                                                         

𝐺𝑐𝑙𝑏1(𝑘 + 1) = 𝐻((𝐴𝑐𝑙𝑏1(𝑘) − 𝐼𝑐𝑙𝑏1(𝑘) − 𝐵𝑐𝑙𝑏1(𝑘))  

 (6) 

𝐴𝑐𝑙𝑏1(𝑘) = (𝑊𝑐𝑙𝑏1
𝑐𝑙𝑏1 ∗ 𝐺𝑐𝑙𝑏1(𝑘 − 𝑑𝑐𝑙𝑏1

𝑐𝑙𝑏1) + 𝑊𝑐𝑙𝑏1
𝑐𝑙𝑏2 ∗

𝐺𝑐𝑙𝑏2(𝑘 − 𝑑𝑐𝑙𝑏1
𝑐𝑙𝑏2)+𝑊𝑐𝑙𝑏1

𝑐𝑙𝑏5 ∗ 𝐺𝑐𝑙𝑏5(𝑘 −

𝑑𝑐𝑙𝑏1
𝑐𝑙𝑏5)+𝑊𝑐𝑙𝑏1

𝑐𝑙𝑏6 ∗ 𝐺𝑐𝑙𝑏6(𝑘 − 𝑑𝑐𝑙𝑏1
𝑐𝑙𝑏6) + 𝑊𝑐𝑙𝑏1

𝑐𝑙𝑛1 ∗

𝐺𝑐𝑙𝑛1(𝑘 − 𝑑𝑐𝑙𝑏1
𝑐𝑙𝑛1)+𝑊𝑐𝑙𝑏1

𝑐𝑙𝑛2 ∗ 𝐺𝑐𝑙𝑛2(𝑘 −

𝑑𝑐𝑙𝑏1
𝑐𝑙𝑛2)+𝑊𝑐𝑙𝑏1

𝑚𝑐𝑚1 ∗ 𝐺𝑚𝑐𝑚1(𝑘 − 𝑑𝑐𝑙𝑏1
𝑚𝑐𝑚1))  

𝐼𝑐𝑙𝑏1(𝑘) = 𝑊𝑐𝑙𝑏1
𝑠𝑤𝑖5 ∗ 𝐺𝑠𝑤𝑖5(𝑘 − 𝑑𝑐𝑙𝑏1

𝑠𝑤𝑖5) + 𝑊𝑐𝑙𝑏1
𝑐𝑑𝑐20 ∗

𝐺𝑐𝑑𝑐20(𝑘 − 𝑑𝑐𝑙𝑏1
𝑐𝑑𝑐20) + 𝑊𝑐𝑙𝑏1

𝑐𝑑𝑐14 ∗ 𝐺𝑐𝑑𝑐14(𝑘 − 𝑑𝑐𝑙𝑏1
𝑐𝑑𝑐14)  

𝐺𝑐𝑙𝑏2(𝑘 + 1) = 𝐻((𝐴𝑐𝑙𝑏2(𝑘) − 𝐼𝑐𝑙𝑏2(𝑘) − 𝐵𝑐𝑙𝑏2(𝑘)) 

(7) 

𝐴𝑐𝑙𝑏2(𝑘) = (𝑊𝑐𝑙𝑏2
𝑐𝑙𝑏2 ∗ 𝐺𝑐𝑙𝑏2(𝑘 − 𝑑𝑐𝑙𝑏2

𝑐𝑙𝑏2) + 𝑊𝑐𝑙𝑏2
𝑐𝑙𝑏1 ∗

𝐺𝑐𝑙𝑏1(𝑘 − 𝑑𝑐𝑙𝑏2
𝑐𝑙𝑏1)+𝑊𝑐𝑙𝑏2

𝑐𝑙𝑏5 ∗ 𝐺𝑐𝑙𝑏5(𝑘 −

𝑑𝑐𝑙𝑏2
𝑐𝑙𝑏5)+𝑊𝑐𝑙𝑏2

𝑐𝑙𝑏6 ∗ 𝐺𝑐𝑙𝑏6(𝑘 − 𝑑𝑐𝑙𝑏2
𝑐𝑙𝑏6) + 𝑊𝑐𝑙𝑏2

𝑐𝑙𝑛1 ∗

𝐺𝑐𝑙𝑛1(𝑘 − 𝑑𝑐𝑙𝑏2
𝑐𝑙𝑛1)+𝑊𝑐𝑙𝑏2

𝑐𝑙𝑛2 ∗ 𝐺𝑐𝑙𝑛2(𝑘 −

𝑑𝑐𝑙𝑏2
𝑐𝑙𝑛2)+𝑊𝑐𝑙𝑏2

𝑚𝑐𝑚1 ∗ 𝐺𝑚𝑐𝑚1(𝑘 − 𝑑𝑐𝑙𝑏2
𝑚𝑐𝑚1))  

𝐼𝑐𝑙𝑏2(𝑘) = 𝑊𝑐𝑙𝑏2
𝑠𝑤𝑖5 ∗ 𝐺𝑠𝑤𝑖5(𝑘 − 𝑑𝑐𝑙𝑏2

𝑠𝑤𝑖5) + 𝑊𝑐𝑙𝑏2
𝑐𝑑𝑐20 ∗

(8) 

𝐺𝑐𝑑𝑐20(𝑘 − 𝑑𝑐𝑙𝑏2
𝑐𝑑𝑐20) + 𝑊𝑐𝑙𝑏2

𝑐𝑑𝑐14 ∗ 𝐺𝑐𝑑𝑐14(𝑘 − 𝑑𝑐𝑙𝑏2
𝑐𝑑𝑐14)  

𝐺𝑚𝑐𝑚1(𝑘 + 1) = 𝐻((𝐴𝑚𝑐𝑚1(𝑘) − 𝐼𝑚𝑐𝑚1(𝑘) −
𝐵𝑚𝑐𝑚1(𝑘))          

𝐴𝑚𝑐𝑚1(𝑘) = (𝑊𝑚𝑐𝑚1
𝑐𝑙𝑏1 ∗ 𝐺𝑐𝑙𝑏1(𝑘 − 𝑑𝑚𝑐𝑚1

𝑐𝑙𝑏1 ) +

𝑊𝑚𝑐𝑚1
𝑐𝑙𝑏2 ∗ 𝐺𝑐𝑙𝑏2(𝑘 − 𝑑𝑚𝑐𝑚1

𝑐𝑙𝑏2 ) + 𝑊𝑚𝑐𝑚1
𝑐𝑙𝑏5 ∗

𝐺𝑐𝑙𝑏5(𝑘 − 𝑑𝑚𝑐𝑚1
𝑐𝑙𝑏5 ) + 𝑊𝑚𝑐𝑚1

𝑐𝑙𝑏6 ∗ 𝐺𝑐𝑙𝑏6(𝑘 − 𝑑𝑚𝑐𝑚1
𝑐𝑙𝑏6 )) 

𝐼𝑚𝑐𝑚1(𝑘) = 0        

𝐺𝑠𝑤𝑖5(𝑘 + 1) = 𝐻((𝐴𝑠𝑖𝑤5(𝑘) − 𝐼𝑠𝑖𝑤5(𝑘) −
𝐵𝑠𝑖𝑤5(𝑘))  

(9) 

𝐴𝑠𝑖𝑤5(𝑘) = (𝑊𝑠𝑤𝑖5
𝑐𝑑𝑐14 ∗ 𝐺𝑐𝑑𝑐14(𝑘 − 𝑑𝑠𝑖𝑤5

𝑐𝑑𝑐14) +

𝑊𝑠𝑤𝑖5
𝑚𝑐𝑚1 ∗ 𝐺𝑚𝑐𝑚1(𝑘 − 𝑑𝑠𝑖𝑤5

𝑚𝑐𝑚1))  

𝐼𝑠𝑖𝑤5(𝑘) = (𝑊𝑠𝑤𝑖5
𝑐𝑙𝑏1 ∗ 𝐺𝑐𝑙𝑏1(𝑘 − 𝑑𝑠𝑖𝑤5

𝑐𝑙𝑏1 ) + 𝑊𝑠𝑤𝑖5
𝑐𝑙𝑏2 ∗

𝐺𝑐𝑙𝑏2(𝑘 − 𝑑𝑠𝑖𝑤5
𝑐𝑙𝑏2 ))  

(10) 

where 𝐺𝑋 is the normalized expression level of gene 𝑋, 

𝐴𝑇 is the activation term which leads to the upregulation 

of target gene 𝑇, 𝐼𝑇  is the inhibition term which leads to 

the downregulation of target gene 𝑇, 𝐵𝑇  is the activation 

limit for target gene 𝑇, 𝐻 is the Hard-limit function, 𝑊𝑇
𝑅 

and 𝑑𝑇
𝑅 are respectively the weight and delay of the 

regulatory effect of regulator 𝑅 on target 𝑇, and 𝑘 is the 

number of timepoint in the interpolated temporal 

profile.  

 

3. 2. Parameter Optimization by GA             In order 

to find the optimal values of the unknown parameters of 

the proposed Boolean model structure of the previous 

section, the time-course gene expression data described 

in section 2 is used. The parameters of Expression 

Threshold, Regulator Weight, and Activation Limit are 

real-valued, but the parameters of Regulator Delay are 

integer. According to this point, and with respect to the 

nonlinearity available in model equations and error 

metric, the parameter optimization problem is a mixed-

integer nonlinear programming. Solving constrained 

nonlinear optimization problems, especially with mixed-

integer decision variables, is generally difficult and 

conventional optimization methods may not solve these 

problems effectively, and consequently the exact 

optimal solutions cannot be found easily. Therefore, as 

an alternative, various metaheuristic algorithms have 

been proposed in the literature to efficiently find the 

near-optimal solutions for complex optimization 

problems [27-29].  

One of the most powerful and general-purpose 

metaheuristic algorithms is GA that is recognized as 

derivative-free population-based global optimizer. 

Different versions of GA have been proposed in the 

literature and it has been combined with other artificial 

intelligence methods to improve its computational 

efficiency, accuracy, and convergence speed for diverse 
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types of optimization problems including constrained, 

multi-objective, nonlinear, nonconvex, mixed-integer, 

and largescale problems [30-32]. More importantly, GA 

has been widely used in different domains of 

applications such as food science [33], control 

engineering [34], medicine [35], nanotechnology [36], 

machine learning [37], and civil engineering [39, 39]. 

As shown in Figure 4, GA is applied to solve the mixed-

integer nonlinear programming of this study.  

 

 

4. RESULTS 
 

In this section, GA is used for parameter optimization of 

the proposed Boolean model structure of section 3.1. As 

the training dataset, the preprocessing procedure 

introduced in section 3.3 was applied to the benchmark 

temporal gene expression profile of section 3.2, and the 

interpolated time series were sampled at a period of 5 

minutes. We used the genetic algorithm solver of Global 

Optimization Toolbox in MATLAB. Figure 5 represents 

the relative values of Expression Threshold for each 

gene. As displayed in this figure, the expression 

threshold has a distinguishing value for each gene. 

Figure 6 demonstrates the output of the proposed 

optimal Boolean model in comparison with the temporal 

gene expression profile in a Boolean manner. The blue 

dots are the actual values and the red circles are the 

values identified by the proposed method. The 

identification error is 17.59% in terms of mean absolute 

error.  

 

 

 
Figure 4. Parameter optimization by Genetic Algorithm 

 

 

 
Figure 5. The relative values of Expression Threshold for 

each gene 
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Figure 6. The output of the proposed model (identified) vs. 

the temporal gene expression profile (actual) 

 

 

5. CONCLUSION 
 

This paper proposed an optimal Boolean approach for 

computational modeling of gene regulatory networks 

from the temporal transcriptional data. The model 

structure is a flexible and computationally efficient 

model which contains four sets of parameters including 

expression threshold, regulator weight, regulator delay, 

and activation limit. The parameter optimization was 

formulated as a mixed-integer nonlinear programming 

and solved by genetic algorithm. Also, a general 

preprocessing method was introduced for normalization 

and interpolation of gene expression time series. To 

evaluate the performance of the proposed approach, it 

has been applied to a well-known time-course 

microarray data and reference gene regulatory network 

of Saccharomyces cerevisiae from the literature. The 

reference network has 11 genes, 9 targets, and 61 

regulatory interactions, and the original transcriptional 

dataset includes 18 timepoints for each gene expression 

signal. The proposed model contains 142 unknown 

parameters. The results demonstrated that the proposed 

model could successfully identify the gene regulatory 

network with the identification error of 17.59% in terms 

of mean absolute error. 
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Persian Abstract 

 چکیده
 میتنظ یشبکه ها یمحاسبات یو درون سلول است. مدل ساز یمولکول یادیبن یها سمیدر درک مکان یاز موضوعات اصل یکیژن ها  نیب یاتیاز فعل و انفعالات ح ییرمزگشا

 لیو تحل هیتجزهمچنین ، ینگگنالیکننده و س می، تنظیکیمتابول یرهایمس ییمانند شناسا یمولکول یپزشکزیست مختلف  یها نهیقدرتمند در زم یتواند به عنوان ابزار یکننده ژن م

 انیبمبتنی بر پروفایل زمانی داده های کننده ژن  میتنظ یشبکه ها یمحاسبات یمدل ساز یبرا نهیبه ینروش بول کیمقاله،  نیو کشف دارو استفاده شود. در ا دهیچیپ یها یماریب

 در قالب گیکننده هم میتنظ یهدف و ژن ها یژن ها نیب الگوی برهم کنش یژن و پارامترها انیب یها گنالیس ینآستانه بول نهیهب ریروش، مقاد نیشده است. در ا شنهادیژن پ

 سسیوماساکارکننده ژن  میتنظ کهشبمدلسازی  ی، از آن برایشنهادیپ روش یابیارز جهت شود.حل می کیژنت تمیتوسط الگورکه شده  یمختلط طراح یخطریغ یزیبرنامه ر کی

 در دیتاست برهم کنش تنظیمی را شامل می شود. 11هدف و ژن  9است که  ژن 11 یاستفاده شده است. شبکه مرجع دارامبتنی بر پروفایل زمانی داده های بیان ژن  هیزیسرو

 رپارامت 141شامل  یشنهادیپ ی، مدل محاسباتیمطالعه مورد نیا است. درنمونه زمانی  11ژن شامل  انیب گنالیهر س، کسیپتومیترانسکرمربوط به پروفایل زمانی داده های  یاصل

 د.نده یرا نشان م یشنهادیروش پ ییکارابدست آمده  جیشوند. نتا یم نییتعتوسط الگوریتم ژنتیک  یساز نهیبه قیناشناخته است که از طر
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