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A Case Study: Implementation of Automated Guided Vehicle Replacing 

Trollies Transportation in Manufacturing Industry to reduce Motion 

Waste in Lean Manufacturing practicing factory 

*1Shamini Janasekaran, Eshvinder Singh Mann 

1Centre for Advanced Materials and Intelligent Manufacturing 

Faculty of Engineering, Built Environment & IT, SEGi University  

* shaminijanasekaran@segi.edu.my    

 

Abstract: This research introduces and demonstrates the procedures and 

method used to eliminate waste of motion to achieve lean manufacturing which 

is the starting for Industrial Revolution 4.0. This was conducted in a private 

manufacturing factory that assembles printed circuit board (PCB). The 

research done provides an advantage by developing an efficient and effective 

way to carry out the transportation of PCB magazine trolley. The data collected 

and results obtained proved the benefits of the utilization of automated guided 

vehicle. In contrast, result attained for time reduction of transportation of PCB 

magazine trollies was in the range of 3.39% to 8.08%. Moreover, autonomous 

guided vehicles also verified the capability to eliminate the occurrence of 

human error and non-added value activities. In conclusion, the research carried 

showed a successful method towards optimization of the production in the 

selected PCB assembly manufacturing company. 

 

Keywords: Autonomous Guided Vehicle, Waste of Motion, Time Reduction, 

Industrial Revolution 4.0, Quality
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1. Introduction 

Minimization of waste allows increase efficiency, increase business 

performance, reduce cost of production, increased productivity, increase profit, 

less time in developed production and minimizing inventory are the strategies 

of lean manufacturing (Vendan, 2010). Moreover, there are several tools and 

techniques of lean manufacturing which is also important to be applied such as 

5s Housekeeping, Kanban, Kaizen, Just in Time (JIT), single minute exchange 

of die, seven waste and continuous improvement. Furthermore, in lean 

manufacturing, it is essential that waste to be identified and eliminate. 

Elimination of waste was then achieved by the implantation of JIT. 

Furthermore, Muda is known to be the major source of waste. There are seven 

types of waste in Muda in which they are waste of motion, waste of waiting, 

waste due to over processing, waste of over production, waste of 

transportation, waste of inventory and defects. Therefore, it is very important 

to eliminate the seven waste of Muda to achieve LM (Womack, 2003). 

In this current era, the utilization of automated guided vehicle (AGV) in 

manufacturing industry plays an essential role as it is the solution towards 

optimization of materials flow. Besides, comparing human operator and AGV, 

it was found that the autonomous vehicle carries out task up to the expectation 

required with good performance and provides high accuracy than the human 

operators (Ali, 2010). In manufacturing industry, allowing AGV to carry out 

transportation is the perfect strategy to eliminate the waste of motion. Besides 

that, AGV are also able to locate themselves and move along the designed path 

via laser guiding system in order to reach the allocated location. The system 

consists of very reflective targets and laser scanners (Vis, 2006). The greatest 

advantage is, the AGV fulfils the requirement of the fourth Industrial 

Revolution as it utilises the Internet of Things (IoT) effectively. The AGV can 

be controlled by mobile phones, notepad and phones via Wi-Fi. In addition, 

the most important thing of the moving vehicle is the safety features. The AGV 

has three types of safety feature such as front and back bumper switch limit, 

five-meter range laser sensor, and the emergency button as shown in Figure 1.  
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Figure 1. Safety features of AGV 

2. Case study 

This case study was done in a private manufacturing company which 

assemblies printed circuit board for electronics appliances.  

2.1 Before AGV implementation 

Before implementation of AGV, the PCB trollies are transported by the 

operator from the raw material unit to production. The negative aspects found 

for the transportation activity were the transportation of trollies by the operator 

contributes towards the waste motion. Besides this, delay of delivering the 

PCB trollies to the manual assembly production line cause an impact towards 

delay in production. This also contributes towards poor human capital 

management within a manufacturing industry which can cause added expenses 

due to jobs that are made redundant (Almeida,2016). Furthermore, the time 

study was carried out to determine the time taken by the operators to carry out 

the transportation of the PCB magazine trollies. The cycle time in Table 1 was 

taken by measuring the time taken from the raw material unit to five (5) 

production lines and vice versa. Each movement were recorded for five time 

to obtain average time taken respective to the distance from raw materials unit. 

Therefore, the average cycle time was obtained and was noticed that too much 
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showed waste of motion that was carried out by the operator for this activity. 

Besides that, another major problem found was the error caused by operators 

which causes the PCB magazine to fall during the transportation of the PCB 

magazine trollies were also identified. 

Table 1. Cycle time of operator 

Production 

Lines 

Cycle time (seconds) Average 

(seconds) 

Distance 

from raw 

materials 

unit 

(meter) 1 2 3 4 5 

A 214 219 210 205 216 212.8 35 

B 191 193 198 195 194 194.2 28 

C 184 183 185 180 182 182.8 20 

D 168 161 164 169 167 165.8 15 

E 139 142 146 138 145 142 8 

 

2.2 Implementation of AGV 

AGV implementation was carried out from the raw material unit to all the 

production lines with the details of the path as shown in Figure 2. The main 

objective of implementation was to eliminate waste of motion (one of the 7 

waste in Lean Manufacturing) with increased quality. The AGV transports the 

raw materials trollies by towing method. 
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Figure 2. Details for the trollies path for each production line 

3. Results and discussion – After implementation of AGV 

After the implementation of AGV, the time were taken for the movement 

from raw materials unit to production line and compared with the manual 

transportation. Figure 3 shows the time comparison between the both manual 

and AGV which there is a decrease in the cycle time. The analysis showed, it 

was identified that the implementation of the AGV allows reduction of time 

for transportation of PCB magazine trollies (Cheon, 2009). Hence, the 

percentage time reduction towards all the production line was obtained and it 

was in the range of 3.39% to 8.08%. This proves that the implementation of 

AGV was more effective and increases the productivity of the production lines. 

Normally, the return of investment (ROI) should be recovered with the range 

of three years (Schulze, 2008). Further calculation on the usage of AGV can 

be convinced that this can be achieved. 
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Figure 3. Cycle time comparison between operators and AGV 

4. Conclusion 

From this case study, the following can be concluded: 

a) The percentage time reduction of AGV from the raw materials to all 

the production lines has been reduced in a range of 3.39% to 8.08%. 

b) AGV was able to eliminate one of the human errors for in reducing 

defective products due to materials fall. 
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Building Information Modelling (BIM) Initiatives for Malaysian 

Construction Industry  

 

*1Mashanim Mahazir, Puah Kar Ros 

1Centre of Building and Resilient Development (CeBRD)  

Faculty of Engineering, Built Environment & IT, SEGi University 
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Abstract: The construction industry believes that Building Information 

Modelling (BIM) are able to reduce the problem faced by the infrastructure 

world. Nowadays, the construction industry faced many problems due to 

dependency on the traditional practice. Therefore, the application of BIM in 

the construction industry will help the construction projects become more 

successful. Fourteen (14) papers were referred through extensive literature 

review and the study aims to discuss the benefits and barriers of using BIM 

in the construction industry. Furthermore, the strategic planning being 

implemented the BIM within the next 5 years in Malaysia also been 

discussed.  

Keywords: Implementation, Building Information Modelling, Construction 

industry 

1.  Introduction 

According to Takim, R., Harris, M., & Nawawi, A. H., (2013) due to the 

increasing budgets, technological uncertainty and development process, the 

construction industry environment is becoming more competitive. As 

Malaysia gradually moves toward industrialization, the construction industry 

in Malaysia has been developed from the craft-based industry, low technology 

and intensive labour to one that was able to transfer the infrastructure and 

advanced building, using innovation of mechanizes production techniques. 

mailto:mashanim@segi.edu.my
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According to Tahir et al. (2017), BIM is defined as a set of interacting 

processes, policies and technologies that generate a way to manage project data 

in digital format and building layout throughout the building’s life cycle. 

Therefore, BIM implementation is a useful alternative way to deal with the key 

to construction problems to increase efficiency, productivity, quality, lead 

times, duplication and effective communication with the employer in remote 

construction industry projects. The BIM application has grown up 

staggeringly, from a tool to a three-dimension design, from a tool that can be 

used to evaluate the model, product selection, the entire project 

conceptualization and detect the conflicts. Thus, the introduction of BIM 

should prevent construction conflicts arising from the poor conception of the 

project information. The construction industry is made up of different parties 

from diverse professions that administrate with their own rules. The integrative 

application of BIM for the life-cycle of the building is seen as able to interact 

with the disjointed parties. This is due to the private and public sectors are 

experiencing the complexities, arguments, and ambiguities with the traditional 

ways that use in the construction industry. During the opening of Infrastructure 

& Construction Asia’s Building Information Modelling and Sustainable 

Architecture Conference, Malaysia has begun to adopt BIM technology with 

the idea of maximizing the investment value throughout the various plans and 

utilizing the different ICT solutions in its strategies. The government has 

adopted BIM with the first infrastructure project which is the National Cancer 

Institute in Sepang.   According to Musa, S., Marshall-Ponting, A., Nifa, F. A. 

A., & Shahron, S. A., (2018), from the expected completion actual date, this 

project was completed three weeks earlier. Hence, it was shown that the 

effective use of BIM that could resolve the problem at the beginning stage of 

construction life-cycle and shorten the construction period. Hence, BIM is 

believed to be a solution to many important problems such as low productivity, 

insufficient drawing, and specification, late design drawing by consultants, 

time and cost overrun which are embedded in the change order and instability 

in the construction sector. 

2.  Methodology 
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Fourteen (14) papers were referred in writing extensive literature review. 

The analyses of findings are tabulated into table. The papers covered the 

benefits of implementing the BIM, challenges in implementing the BIM and 

will discuss the strategic planning in implementing BIM. 

3.  Result and discussion 

In this chapter, the benefit of adopting Building Information Modelling 

will be discussed. Moreover, it is also discussing the challenges and barriers 

when not using BIM in the construction industry. Lastly, this chapter also 

being carried out through 4-step of processes which include international 

benchmarking that reviews the strategic planning of BIM initiatives from the 

United Kingdom, Hong Kong, Singapore, and Australia. Following the 

engagement with stakeholders and experts of BIM through a structured 

interview and set of workshops. Such processes are then prioritized using the 

Impact (Imp) and Ease of Implementation (EOI) prioritizing software as the 

predetermining variables. In the end, the high EOI and Imp score will present 

than having a final selection and validation by the Focus Group. 

A. The Benefits of implementation of the BIM 

Based on the research report by Abulifa, A. A., Ahmad, R. K., Soh, A. C., 

Radzi, M. A., & Hassan, M. K. (2017), government encourages the 

construction players to implement BIM in the projects because it can solve 

problem of construction such as clash of design failure, cost overrun, happen 

of accidents, delay of work and conflict among the construction players. 

Therefore, the BIM in construction can bring a lot of benefits as it can improve 

the quality of the projects. Based on the benefits discussed by Ahmad 

Latiffi, A., Mohd, S., & Brahim, J. (2014), it is clear that BIM is useful to help 

the construction industry to construct either high-risk or small projects 

successfully. Hence, it can be concluded that BIM has the potential to be 

expanded and adapted in the construction field or engineering filed for future 

use. The benefits were depicted in Table 1. 

Table 1. The benefits of using BIM 
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Table 2. Analysis by multiple authors about the benefits of BIM 
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B. The challenge and barrier without using Building Information Modelling 

Takim, Harris, & Nawawi (2013) mentioned the construction industry is 

yet to utilize BIM aggressively, even until now the construction sector in 

Malaysia is still facing the slow of progressive changes in the implementation 

of BIM The possible reasons may be difficulty implemented BIM and it will 

lead to the extra cost of the project, overall training and most of the designers 

are familiar with using AutoCAD. New technology adoption is the process that 

begins with technology consciousness and progresses through the different 

stages that end up with effective usages and appropriate. According to 

Wong, S. Y., & Gray, J. (2019) when the construction players are using the 

new technology, some of the factors may affect their decisions on when to 

adopt the new technology. Normally, these decisions are based on their 

perceptions of using new technologies in digital communications.  Therefore, 

further discussion for the challenge of without using BIM is needed.  

The information from BIM is important for the management team to make 

an appropriate decision for future maintenance strategic. Without the use of 
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BIM, the information is not accessible easily and the decision-maker cannot 

rely on the inaccurate data because the errors may be arising due to the 

uncertain information.  

Choi & Ryu (2015) mentioned that BIM can manage the projects starting 

from the pre-construction stage to the post-construction stage. During the 

process of the projects, it is not able to implement BIM in each of the stages 

and cannot manage all the activities in a construction project especially for the 

design project. Meanwhile, Yaakob, Ali & Radzuan (2016) described that the 

design project is an essential activity in the construction industry as it is 

because for project scheduling and cost estimating can only be started after the 

completion of project design  

Therefore, the application of BIM in the stage of project design is very 

important, if then the site analysis, project productivity, accuracy in preparing 

cost estimating and project scheduling cannot be achieved. Other than that, 

another ability of BIM is it can visualize the design and detect the clash during 

the design stage. Without using BIM, the request for information, incomplete 

specification and changes for design cannot be reduced during the construction 

stage. The potential for these issues cannot be minimized in the pre-

construction stage.  According to Thomson et al. (2019), for the existing 

modelling, it cannot increase the accuracy of existing documentation of 

condition. As in the scheduling stage of pre-construction, it unable the project 

manager and consultant to track the construction work sequence, track 

progress, equipment and materials against the timelines and logistics 

established. Without the application of BIM, it is unable the demonstration of 

the process that is included the traffic flows, entry and exit roads, site 

machinery and site material.   

Therefore, with the use of BIM, it id enables the checking of work in actual 

time for allowing the faster flow of resources. Moreover, BIM can integrate 

the activities during the post-construction such as operation, maintenance and 

facilities management. Without the application of BIM in project design, it 

cannot help the facility managers to manage the facilities management by 

visualizing all the information in the 3D model and the information in the 

model cannot be easily shared to be used by the contractors. Therefore, without 
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utilizing the BIM technology that cannot allow an effective and better plan for 

activities of the construction projects in which cannot overcome the potential 

errors in the design phase. 

Banteli, & Stevenson (2017) mentioned, delay and cost overrun are the 

most common risky and complex issues in construction projects. Without the 

application of BIM in project management, the detection of conflicts and clash 

analysis cannot be detected. In this condition, the time and construction cost 

also cannot be reduced. Other than that, the value for the money also cannot 

be improved if the BIM is not implemented in the construction   

Mihindu, & Arayici (2008) mentioned the most common cause of delay 

and cost overrun is due to inaccurate estimates, poor design and the mistake 

and error during the construction process. Therefore, with the application of 

BIM that can minimize the construction time and cost use in the projects. It 

also brings a great impact on project cost and time. Moreover, the introducing 

of the BIM offers beneficial opportunities to small of the construction 

companies by exploring and applying the BIM to their project. Without the 

application of BIM, small construction companies cannot increase staff 

productivity, efficiency and job satisfaction. Therefore, it will lead to the 

addition in the operating cost. 

 It is very challenging for modelling the 3D information of the built 

environment. However, the number of technology and technique are now in 

use such as GPS, EDM, building surveying applications and photogrammetric 

application as discussed by Chan, D. W., Olawumi, T. O., & Ho, A. M. (2019). 

These technologies are not efficient and practical for existing structures in 

terms of accuracy, time and cost. Therefore, BIM should be practiced and 

explored to obtain the information for building management and use for the 

maintenance process in the existing building  

Hence, without the application of BIM for the existing building, it cannot 

support all the phases of the project life-cycle. Azhar, S. (2011) stated the 

example, the model definition is from the conception to demolition by 

supporting the data over the complete facility lifecycle. If the employer 

requires the information for the environmental performance that can be 
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compared with the design, information data or built by using the BIM. Other 

than that, the most important for use of BIM is it can integrate the information 

for the existing building. If without the application of BIM, the model for all 

the information in a single repository cannot be consistency precise and the 

data are not being able to access. Next, objects in the model have some 

predefined properties that allow for any number of the user that can be easily 

described by implement of the BIM such as the cost, date of last service and 

the manufacturer’s product code. Table 3 tabulated the barriers in 

implementing BIM, while Table 4 tabulated analysis done by multiple authors 

regarding the challenges and barriers. 
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Table 3. The challenge and barrier without using BIM 
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Table 4. Analysis by multiple authors about the challenges on using BIM 

 

C. The strategic planning being implemented within the next 5 years in 

Malaysia 

According to Musa, Marshall-Ponting, Nifa & Shahron (2018) with the 

advancing of BIM technology by many of the countries, Malaysia had 

recognized the importance of implementation of BIM in the construction 

project to localized and adapted the construction players. Due to the 

complexity of the construction process, this new technology to be adopted 

frequently, support and training by the construction players.  Therefore, a well-

documented execution plan is required for successful strategy implementation 

in the construction industry. Puust, R., Witt, E. D., Lill, I., & Liias, R. (2019) 

outlined 4 steps of processes is used to classify the priority initiatives which 
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had been implemented to determine the execution plan and potential strategies 

in the construction process. 

Step 1: Global Benchmarking Through Literatures 

The global benchmarking focuses on four continents which is Singapore, 

Hong Kong, Australia, and the UK. A total of 26 initiatives had been 

determined through the literature search during the first step of research. All 

the initiatives are being recorded and marked for comparison with expert's 

opinions and local stakeholders in the next process. 

Step 2: Engagement with local stakeholders and experts 

This process involved the engagement of stakeholders, local authority and 

experts through structured interviews and workshops. All the initiatives are 

obtained from Step1 and Step2 are being grouped based on the similarity.  

Step 3: Prioritizing the Initiatives 

This process consists of an analysis of the initiatives of priority that using 

the prioritizing tools which is Ease of Implementation (EOI) and Impact (Imp) 

that used to prioritize the potential initiatives as for the predetermining factors.  

Step 4: Validation by the Expert panel 

Through the means of a workshop, a total of 13 initiatives is brought 

toward to be validated by the expert panel. Other than that, the expert panel is 

selected from the contractors, government agencies, professional bodies, and 

academia. There are 12 experts attended the workshop that involved 1 from 

government agencies, 7 from professional bodies, 2 from contractors and 2 

from academia. Summarised for the BIM initiatives is tabulated in Table 5.  

4.  Conclusion 

Table 6 summarises the initiatives and activities in implementing the BIM. 

It was outlined based on the benefits and challenges in implementing BIM.  

There were 8 initiatives known in giving highest impact that needed to be 

focused within the next 5 years in implementing the BIM in Malaysia 

construction industry. It is because the implementation of BIM will bring long-

term benefits to all construction parties in Malaysia. 
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Table 5. Summarized for the BIM initiatives 

 

 

Table 6. BIM initiatives and activities 
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Abstract: Staircase evacuation has always been a popular topic as today’s 

buildings are mostly dependent on the staircase for vertical transportation. This 

paper discussed the effect of open staircase position and width towards 

evacuation duration and distance. To simulate a real emergency situation, an 

experimental study needed to be conducted by using pathfinder software. 

Results show that increasing escape route width improves evacuation duration 

but the distance is much influence based on the positioning of the staircase in 

the building. The different staircase scenario has a significant influence on 

crowd dispersal. Future study can focus on various speed of the occupant to 

see how it will influence the crowd dispersal in a multi-storey building 

 

Keywords: Crowd Dispersal, Emergency, Multi-Storey, Elderly, Evacuation 

 

1.  Introduction 

Almost all buildings are bounded with the safety requirement set by the 

authorities. During the design stage, the passenger evacuation capacity is 

calculated based on the requirement set by the authorities that consist of 

ventilation, exit, and staircase design. Although the fire safety design 

procedure has been implemented in the building, the insufficient number of 

egress could create the bottleneck issue (Shen et al. 2018; Lawson, 2011; 

file:///C:/Users/dell/Desktop/JETA%20June%202020/@segi.edu.my%20%20%20TEL:+60146201506%0d
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Zhang, 2017). The designer might provide adequate egress choices for the 

evacuation process based on the population of the occupants in a building 

period. But the increased number of the occupants and the guideline that only 

cater to the speed of people, in general, might result in the capability of the 

escape route design to be insufficient. 

Staircases have become one of the most important means of escape in 

multi-storey buildings. The number of staircases determines the efficiency of 

an evacuation process. Nowadays, having a single staircase in a multi-storey 

building is insufficient; if the staircase catches on fire, there is simply no other 

means to transport occupants to safety. 

That explains why the new regulation has made it compulsory for every 

high-rise building to have a minimum of two (2) staircases. According to the 

UBBL 1984 (Amendment 2012), designers are required to provide additional 

staircases that are able to serve the same flow rate as the provision of one 

staircase is insufficient 

There are opinions that increasing the number of staircases and widening 

evacuation passageways may reduce evacuation time. However, no clear 

explanation on the appropriate number of staircases and passageway width to 

be used have been stated (Jiang et al.; 2011, Noh et al,; 2016, Sticco et al.; 

2017). Thus, this paper will advise the appropriate widths of escape routes to 

be used to contribute towards evacuation efficiency and how the staircase 

positioning are heavily influence the crowd dispersal in the building. 

2.  Materials and methods 

Since the existing safety facilities in Malaysia are limited to the 

requirement set by the UBBL 1984 and cost constraint, it is not viably to 

introduce new escape route provision. This paper simulate the existing typical 

building typology that has been used in Malaysia which is the public housing. 

Thus, only enhancement to the existing escape route provision were considered 

without making vast changes on the overall planning as it will change the 

layout which will influence the overall cost of the public housing development.  
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Figure 1 shows the current typical layout of the public housing used in 

Malaysia where the arrangement of the building is linear with three numbers 

of naturally ventilated staircases which connected by a single loading 

corridors. Besides conforming the given layout of the building, the size of 

every spaces in a house is also specified where designer are to abide to the 

minimum size of every component that has been detailed together with the 

overall design layout. All requirements mentioned make up the basic standard 

which helps reduce the duration of building planning and ensures fast approval, 

which in turn reduces and minimises the cost and duration of construction. 

The base case model used in this study is the linear building layout 

configuration for public buildings. The building was tested using the agent-

based approach as elderly evacuees, and adult evacuees with various walking 

speeds were included in this simulation study. The simulation was carried out 

using Pathfinder, an evacuation software, to evaluate the speed and movement 

of evacuees. The building model, which was first drawn using AutoCAD and 

Sketchup, was imported to PathFinder. Figure 1 is the base case layout plan of 

public buildings introduced to the PathFinder software. 

 

 

Figure 1. Current typical layout of public housing in Malaysia  

Since the study focuses more on finding the optimum escape route 

dimension could minimise the duration of evacuation time, the study conducts 

test based on the actual dimension. The escape route width however was 

increased little by little until the data were rich. The actual dimension of the 

escape route width was 1200mm, it was then increased by 300mm as in normal 

practice. So, in this study, the escape route width dimensions tested were 1 
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300mm (actual size), 1 500mm, and 1 800mm. This section unveils the effect 

of the number and availability of staircases for usage during the evacuation 

process. The model used in this simulation study was a Malaysian public 

housing as three (3) staircases are normally provided to cater to the high 

number of occupants. Three (3) different cases as shown in Table 2 were tested. 

Table 1. The conditions of the three staircases in the three cases 

Cases Title 

Case 1 All three staircases are open and can be used 

Case 2 Centre staircase is closed and only side staircase can 

be used 

Case 3 One side staircase is closed while the centre and other 

side staircase are available 

 

Since the left and right staircases are identical, only one side representing 

both was tested. While doing so, the total occupancy and percentage of elderly 

evacuees were also considered. The distributions used in the different scenarios 

are shown in Table 2. Low density occupancy is calculated based on 4 person 

per household which take up to 1478 occupancy in one simulation test. 

Medium and high density both are calculated based on 5 to 6 person per 

household which take up to 1700 and 2100 occupancy in one simulation test.  

 

 

 

 

Table 2. Simulation test based on different occupant variables. 

Section Code Number of occupants Percentage of 

elderlies 

Percentage of 

adults 

A 

A1 1478 

0% of elderlies 100% adults A2 1700 

A3 2100 

B 

B1 1478 

7% of elderlies 93% of adults B2 1700 

B3 2100 

C 

C1 1478 

10% of elderlies 90% of adults C2 1700 

C3 2100 

D D1 1478 15% of elderlies 85% of adults 
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D2 1700 

D3 2100 

 

3.  Results and discussion 

3.1. Maximum evacuation time  

Figure 2 shows the maximum evacuation time obtained from the three 

cases experimenting on escape route width dimensions of 1300mm, 1500mm 

and 1800mm. The longest maximum evacuation time of 737 seconds was 

recorded in case 3 (in which one side staircase was closed) with an escape route 

width of 1300mm. High occupancy and the presence of elderly evacuees with 

the narrowest escape route width (1300mm) were found to result in longer 

evacuation time. This proves that the highest occupancy level recorded the 

longest evacuation time (refer to green line). The shortest evacuation time of 

285 seconds was recorded in case 1 (all staircases were open) with an escape 

route of 1800mm width. High availability of staircases together with small 

occupancy level and exclusion of elderly evacuees were indicated to lead to 

faster evacuation time. This is shown in case 1 (refer to blue line).  

Based on the values obtained, the overall results show that the number of 

staircases is a huge factor in determining total evacuation time. Figure 2 shows 

case 1 recording the shortest evacuation time in comparison with cases 2 and 

3. Case 1 was provided with more staircases, thus enabling the occupant rate 

for each staircase to be reduced. This thereby proves that evacuation time 

increases as the number of staircases decreases.  

Looking at the same figures, it can also be noted that there was not much 

difference in the evacuation time recorded in cases 2 and 3. This henceforth 

indicates that the location of staircases did not cause a huge impact on total 

evacuation time. This means that although there was a slight difference 

between cases 2 and 3 in terms of results, the difference was very minimal.  

Figure 2 shows the graphs in different colours, indicating the various 

numbers of occupancy. The blue represents 1478 people; the orange represents 

1700 people; and the green represents 2040 people. The number people were 

determined based on the number of people per household. From the figure, it 
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can clearly be seen that the higher the occupancy density was, the longer it 

took for people to safely evacuate the building. This data supports the findings 

of a study by Chunmiao et al. (2012) which claimed to have found a linear 

relationship between population and evacuation time. 

Figure 2 also shows that increasing the escape route width reduces the 

overall evacuation time. The result is nonetheless only applicable if all escape 

route types are of the same width. From the figure and the comparison of 

graphs using different colours, it can also be observed that evacuation time 

increases as the percentage of elderly evacuee’s increases. Data in Figure 2 

also show results for the experiments on overall occupancy and the comparison 

made between elderly evacuees and adults. 

 

 
 

Figure 2. Maximum evacuation time obtained from the three different escape 

route widths in relation with the different staircase conditions 

3.2. Mean evacuation time  

Figure 3 presents the mean (average) evacuation time recorded in the 

various staircase scenarios. Case 1 with an escape route width of 1800mm 

recorded the shortest mean evacuation time of 135 seconds, whereas the 

highest (324 seconds) mean evacuation time was observed in case 3 in which 

the escape route width was the smallest. Despite the faster evacuation times 
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recorded in case 3, case 2 (with 1300mm escape route) also showed similar 

results with only 1 second difference. Based on the data provided, it can hence 

be stipulated that the mean evacuation times of cases 2 and 3 were very similar. 

Even though the results show a slightly longer mean evacuation time for 

case 3, all occupants from case 2 and 3 on average had evacuated within the 

same time. This was due to the fact that both cases were provided with the 

same number of staircases, thus producing the same flow rates that 

subsequently created the same average evacuation time. This verifies that the 

location of staircase did not determine evacuation time. 

 
 

Figure 3. Mean evacuation time of the different staircase scenarios 

3.3. Maximum travel distance   

Time is crucial in determining evacuation efficiency from a building. This 

is because longer evacuation time will expose occupants to greater risks. 

Although many studies have focused on the duration of evacuation, many 

researchers did not put an emphasis on evacuees’ total travel distance upon 

getting to safety. Especially in multi-storey residential housing, occupants need 

to travel bigger distances to get to safety; this hence impose greater risks on 

occupants. This is due to the fact that energy decreases as one travels longer 

distances. High stagnation at exits which can possibly cause people to make 

U-turns also stretches the total distance travelled during an evacuation. 
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This can be an issue for elderly evacuees as they tend to get tired fast, 

especially after a lot of physical movements as their physique has started to 

deteriorate. Thus, it is important to understand the effect of escape route 

changes on the total distance to be travelled. This section elaborates on the side 

effect of the number of staircases on the total distance evacuees had to travel 

to get to safety 

The travel distance in this section is referring to the total distance travel 

from the starting point up until the evacuees able to evacuate out of the 

building. Figure 4 shows the maximum travel distance for all three staircase 

scenarios. The maximum travel distances with three escape route widths in 

case 1 show similar results regardless of the variables involved. This indicates 

that the total number of population, its percentage of elders and escape route 

width did not significantly contribute to travel distance when all staircases 

were made available. As for cases 2 and 3 in which one staircase was either 

closed or deemed unusable, larger increments in the maximum travel distance 

of occupants were observed.  

 

 
 

Figure 4. Maximum travel distance of the different staircase scenarios. 

The longest travel distances from the starting point until the point of safety 
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width) and case 2 (with an escape route of 1500mm width), respectively. It is 

to be pointed out that both cases with the same escape route width recorded the 

highest travelling distances were actually accompanied with the highest 

occupancy level and highest percentage of elderly evacuees. The shortest 

distance was recorded in case 3 with an escape route width of 1500mm. The 

case with the lowest occupancy level and highest percentage of elderly 

evacuees recorded a travel distance of 207.1m. A distance of 206.8m was 

recorded in a similar case with the lowest occupancy level and 7% of elderly 

occupants.  

The actual dimension of escape routes in PPR buildings is 1300mm wide. 

Increments in the dimension of escape route did not change the maximum 

travel distance. To illustrate, in case 2, while the travel distance was found to 

increase as the escape route was increased to 1500mm; travel distance was 

observed to significantly decrease as the width was increased to 1800mm. As 

for case 3, distance was found to decrease as width increased. 

When comparing cases 2 and 3 with an escape route width of 1800mm, 

case 2 with the centre staircase being closed and an equal distribution of 

staircases was found to record the highest travel distance as occupants had to 

resort to side staircases. As a result, the number of staircases plays a 

considerable factor in determining the maximum travel distance of occupants. 

Having even one closed staircase could create stagnation at the staircase area, 

forcing evacuees to find other means of escape which then results in a longer 

travel distance. These results were based on the time when the last individual 

safely evacuates the building, indicating that the person was initially located 

on the highest floor. 

3.4. Mean travel distance   

Figure 5 shows the mean travel distance of the three cases with three 

different staircase scenarios. Based on the graph, case 1 (all staircases were 

available and usable) was denoted to have the lowest average travel distance. 

As the number of staircases was reduced, the average travel distance increased. 

Case 3 (side staircase was closed) had the highest average distance. 

Nonetheless, the results from all three escape route dimensions were almost 
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the same. Although case 2 has the same number of staircases with case 3, the 

mean travel distance recorded was much lower as the closing of the centre 

staircase equally divided and distributed the evacuees. 

This nonetheless did not occur in case 3 in which a side staircase was 

closed. The closing of a side staircase caused evacuee distribution to heavily 

depend on the centre staircase, creating a huge stagnation that forced other 

evacuees to seek other alternative escape routes. The movement of evacuees 

will be discussed further using recorded simulation images. These results, 

hoiwever, indicate that the location of staircase plays a considerate factor in 

determining travel distance. The number of available staircases however did 

not influence the travel distance of evacuees 

 

 

Figure 5. Mean travel distance of the different staircase scenarios 

4. Discussion    

Several findings were drawn from the occupants travelling in the three 

different staircase scenarios. They are as follows: 

1. Evacuees tend to walk further when the number of staircases is 

reduced; this was due to them turning back and forth between the 

available staircases. 
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3. Closed side staircases have been proven to force evacuees to travel 

much further due to the unequal dispersal of crowd in the building. 

4. In the case of stagnation, adults’ faster speed allowed them to access 

other means of escape, resulting in them to walk longer distances than 

the elderly evacuees.  

It can be concluded that the number of staircases significantly contributed 

to evacuation time and travel distance. The location of closed staircases 

however was not a significant factor determining evacuation time; it 

nonetheless determined occupants’ travel distance as they were required to 

travel farther when side staircases were closed compared to the closure of 

centre staircases.  

Even though the 1800mm escape route width was ranked the highest, 

statistical data proved that the escape route of 1500mm width has a more 

positive relationship between the time and distance taken by evacuees to get to 

safety. This paper had focused on the staircase evacuation in multi-storey 

building but only limited to two set of evacuees. To propose potential future 

research areas study focusing on variance speed of evacuees consisting of the 

elderly, adults, children and disable can be conducted. 
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Abstract: This paper presents a Reconfigurable Stacked Patch Microstrip 

Antenna (RSPMA) uses a combination of aperture coupled technique and 

stacked patch technology for reducing feigned radiation patterns. This RSPMA 

consists of three FR-4 substrate layers with 4.7 mm thickness each and 3 mm 

thick of an air-filled substrate between stacked patches and the ground plane. 

The top patches are rectangular shaped with a T-shaped hole at the center and 

the bottom patches are T-shaped, both etched on top of substrate 1 and 

substrate 2 respectively act as a radiating element. Two H-shape designs of 

aperture slots of different sizes on the ground plane are positioned at the center 

of the ground plane with reference to the top patches and bottom patches. A 

copper strip is used as an ideal RF switch is implemented at the feed line 

network for the ON and OFF mode. Thus, by adjusting the switch mode, the 

resonance frequencies can be varied, thus frequency reconfigurable is 

achieved. The activation of the selected aperture slots will produce waves and 

radiates the signal to the radiating layers of the patch antenna. Hence, two 

different frequencies, either at 1.8 GHz or 2.3 GHz were achieved through the 

RSPMA with the gain of 3.691 dB and 2.291 dB, respectively. The antenna 

designed was simulated using CST Microwave Studio at an operating 

frequency of 1 GHz to 2.7 GHz.  The RSPMA is said to be potentially 

beneficial to the wireless communication system. 

Keywords: Aperture Coupled, Aperture Slots, Reconfigurable, RF Switch, 

Stacked Patch.  
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1.  Introduction 

Nowadays, reconfigurable microstrip antennas (RMA) have received 

great attention on the modern wireless communication system (K. Chung et al, 

2020). High demands on the use of antennas which is capable of accessing 

services in various frequency bands have led the researcher to implement 

reconfigurable antenna in their design. This is because they can offer the 

diversity of performances related to the operating frequency, polarization, and 

radiation pattern to improve the communication quality and capacity (Ying Liu 

et al, 2020). Reconfigurable microstrip antenna has disclosed several 

advantages and capabilities in the world compared to a conventional antenna 

where it allows supporting multiple operating frequencies (M. T. Ali et al, 

2020). Moreover, a reconfigurable antenna will be an attractive feature in the 

modern wireless communication systems because it can achieve a 

multifunction antenna by using a single antenna (S. Muhamud @ Kayat et al, 

2012).    

By configuring the switching components such as PIN diodes (A. I-Yasir 

et al, 2019), varactor diodes (T. Yamagajo et al, 2019), MEMs switches, and 

optoelectronic switches, the antenna can be operated at different operating 

frequencies. By configuring the RF switches either to ON or OFF mode, the 

antenna can achieve reconfigurability. According to (D. Ramakrishna et al, 

2011) the concept of a rotatable patch that contains different sizes and shapes 

of the patch in the same radiating layer led to the frequency reconfigurability. 

Every rotation at a different antenna structure is fed to produce a different 

frequency range. Besides, various shapes of slots have been embedded on 

patch antennas to reduce their size. Another technique to achieve frequency 

reconfigurable is by modifying the position of the connecting element on the 

antenna patches (Kordzadeh, A. and F. Hojat Kashani, 2009). Recently, a 

microstrip antenna with Koch shaped fractal defects was presented in which 

85% size reduction was achieved (K. Surmeli and B. Turetken, 2011). As 

based on (S. K. Sharma and M. Rattan, 2010) microstrip antennas' drawback 

is narrow bandwidth. Therefore, to overcome this drawback, several methods 

have been applied to achieve frequency reconfigurable by multilayer stacked 

patch technique (N. Ramli et al, 2013). These include using parasitic elements 
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on the same layer or another layer called stacked, using various slot shapes 

such as U-slot, using a bending probe, and using shorting pin or shorting wall 

structures. However, in (N. Ramli et al, 2012) the author invented a new 

coupling method by using the combination of an aperture coupled technique 

and stacked patch technology to achieve frequency reconfigurable. The 

advantages of this technique are able to increase the gain performances and 

reduced spurious radiation patterns. Apart from that, its manufacturing cost is 

very economical in which size is smaller, compact, and easy to fabricate.   

The focus of this paper is to apply and prove the concept of designing a 

reconfigurable antenna by using the combination of an aperture coupled 

technique and stacked patch technology using different shapes of the antenna. 

Next, to design the RSPMA integrated with ideal RF switch to achieve 

different operating frequencies at 1.8 GHz (ON mode) and 2.3 GHz (OFF 

mode). An ideal switch which is a copper strip is used based on the basic 

concept of the RF switch configuration. The current flowing from the length 

of the feedline network will activate particular aperture slots on the ground 

plane and radiates the waves to selected patches at different substrate layers. 

Therefore, the feigned radiation from the feedline and radiating patch can be 

reduced and eliminated. In section 2, the procedure and methods of RSPMA, 

antenna design and frequency reconfiguration are explained. In section 3, the 

antenna performances in terms of the frequency, return loss, gain and the 

characteristic of the radiation pattern was compared between simulations and 

measured results. Finally, the conclusions are presented in section 4. 

 

2.  Methodology 

Two antenna structures, with and without ideal PIN diode switch which is 

a copper strip has been used are then fabricated to be evaluated and compared 

with the simulated results. The antenna’s performance in terms of the 

frequency, return loss, gain and the characteristics of the radiation pattern were 

obtained and analyzed by using the CST simulation. The procedures and 

methods to be used to achieve the project objectives are shown in Fig. 1 as 

follows.  
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Figure 1. Flowchart of the RSPMA design 

Next, the antenna design is fabricated based on the simulation antenna 

structure and dimension. Then, the prototype RSPMA is validated by 

measuring the return loss, Voltage Standing Wave Ratio (VSWR), and 

radiation pattern using the Vector Network Analyzer (VNA) and anechoic 

chamber.  

The configuration of the RSPMA structures consists of three substrate 

layers as shown in Fig. 2. This RSPMA uses a combination of aperture coupler 

technique and stacked technology, where feedline and the radiating elements 

which are patches are located at different substrate layers separated by an air 

gap. The thickness of the air gap substrate is h = 3 mm with a dielectric constant 

of Ɛr = 1 and tangent loss, δ = 0.0001. The radiating elements, known as the 

top patch and bottom patch are printed on top of substrate 1 and substrate 2 

respectively. Both patches and feedline are printed on FR-4 substrates which 

has a dielectric constant, Ɛ𝑟 = 4.7, the thickness of 1.6 mm and tangent loss, δ 

= 0.025. While the ground plane is located between the substrate 3 (feedline 

substrate) and an air-filled gap. At the back of the feedline substrate, a feed 

network is integrated with an RF switch. The entire substrate dimension is 

58.96 mm x 47.77 mm and the switch size at the feedline is 0.9 mm x 3.979 

mm. At the middle layer in-between substrate 3 and air gap, two different sizes 
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of aperture slots H-shape were designed at the ground plane. The aperture slot 

must be small and located at the center of the patches to produce a maximum 

coupling. Typically, the ratio of slot length to width is 1/10. In addition, a 50-

ohm feedline characteristic impedance was fed to this antenna. 

  
(a) 

 

 
(b)                                              (c) 

 

 
(d)                                       (e) 
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      (f)                                              (g) 

 

Figure 2. Overall structure of RSPMA (a) side view, (b) top patch view, (c) 

bottom patch view, (d) ground patch view, (e) air gap, (f) feedline back view 

(ON mode), and (g) feedline back view (OFF mode) 

Basically, bottom and top patch are designed with a basic rectangular 

shape where the bottom patch operates at 2.3 GHz while the top patch is 

operating at 1.8 GHz. There are several equations that need to be considered 

to configure the length and width of both patches (Balanis, 1997). Table 1 

shows the dimensions of the basic rectangular of RSPMA between 

theoretical and optimization. In addition to that, some parts of the patches are 

modified to meet the needs of antenna requirements.    

Table 1. Dimension of RSPMA structure  

  Top Patch:  

Frequency at 1.8 GHz 

Bottom Patch:  

Frequency at 2.3 GHz 

Theoretical 

(mm)  

Optimized 

(mm) 

Theoretical 

(mm)  

Optimized 

(mm)  

Width, W  49.36  50.00  38.63  34.17  

Length, L  38.17  40.17  29.76  33.00  

Width of the feed line, 

Wf  

2.93  3.979  2.93  3.979  

Length of feedline, Lf  38.12  41.77  42.00  42.67   

Width of the ground, Wg  58.96  58.96  48.23  58.96  

Length of ground, Lg  47.77  47.77  39.36  47.77   

 

An ideal RF switch which is a copper strip is used to control the electrical 

flow from the feedline to activate the respected aperture slots and patches. 

During the ON-mode, the coupled energy from both aperture slots will activate 

both patches. As referred to Fig. 3(a), the top patch and bottom patch were 

combined and connected each other and become the large patch resulting in a 
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lower resonant frequency of 1.8 GHz. In contrast, during the OFF-mode Fig. 

3(b), only a small aperture slot is activated and coupled with the energy to 

bottom patch. In this mode, the activation of the bottom patch resulting in the 

antenna operating at a high resonant frequency of 2.3 GHz. 

 

                       
                            (a)                                     (b)  

 

Figure 3. Technical operation of the RSPMA during (a) ON mode and (b) 

OFF mode 

3.  Simulation and experimental results  

The Computer Simulation Technology (CST) Microwave Studio is used 

to simulate the RSPMA. Fig. 4 shows the simulated surface current in the feed 

network in different switching modes. When the RF switch is ON, both 

aperture slots are activated, hence the length of the feed network at the back 

of the antenna is fully connected. Fig. 4(a) shows the current travels from the 

SMA connector to both aperture slots. Each aperture slot will produce the 

waves to activate the top and bottom patch respectively. During this time, the 

antenna will operate at 1.8 GHz. As opposed to when RF switch is OFF, only 

a small aperture slot is activated, and the waves will radiate to activate the 

bottom patch. During this mode, the antenna has the capability to operate at 

2.3 GHz as shown in Fig. 4(b). The simulated and measured graphs of the 

return loss during ON and OFF mode are shown in Fig. 5. During the ON 

mode, the antenna operated at 1.8 GHz with a return loss of 19.39 dB achieved 

by simulation while -26.82 dB is achieved by measured using a VNA analyzer. 

Meanwhile, during the OFF mode, the antenna operated at frequency 2.3 GHz 

with a return loss of -17.67 dB achieved by simulation, and -15.12 dB is 

achieved during the measurement process. From Fig. 5(a) and (b), there is a 

good agreement between the simulated and measured results for both modes.  
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                                               (a)                                             (b)   

Figure 4. Simulated results of the surface current from feed network of the 

RSPMA during (a) ON mode at 1.8 GHz and (b) OFF mode at 2.3 GHz 

 

 
(a)                                                          (b) 

Figure 5. Simulated and measured return losses during (a) ON mode and (b) 

OFF mode 

Table 2 shows the frequencies, return losses, and a VSWR result between 

simulated and measured results during the ON and OFF modes of the switch. 

It is clearly shown that during ON mode the measured results are well operated 

at the desired frequency as it is approximately similar to the simulated result 

which is 1.81 GHz. However, the measured result during the OFF mode is 

slightly shifted about 110 MHz from the desired frequency of 2.3 GHz with 

VSWR of 1.42. In terms of return loss value, the measured result for ON mode 

is much better as compared to simulate a result which is -26.82 dB. While, for 

OFF mode, the return loss for measuring results is a bit lower compared to the 

simulated results which is -17.67 dB. This is due to the effects of the waves 

from the activation of the selected aperture slots during ON and OFF modes. 

During the ON mode, both aperture slots are activated, and the waves will 

radiate directionally towards both patches, resulting in the measured frequency 
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to be approximately the same as the simulated frequency and have good return 

loss value. While during the OFF mode, only one aperture slot is activated, and 

the waves will radiate to activate the bottom patch. Thus, the bottom aperture 

slot is not able to couple the energy maximized and led to the frequency to be 

shifted to 2.41 GHz and return loss with -15.12 dB. 

Table 2. Comparison of simulated and measured results between on and off 

modes 

  

Table 3 shows the characteristics of the radiation pattern between ON and 

OFF mode switch during the simulation. The HPBW at 1.8 GHz is 98.72˚ and 

at 2.3 GHz is 91.2˚. Fig. 6 shows the simulated and measured radiation pattern 

for different RF switch configuration. As referred to Table 3, the main lobe 

magnitude for ON mode is 3.69 dB which is higher than during OFF mode 

which is 1.84 dB. This is clearly shown in Fig. 6(a) and Fig. 6(b). It shows that 

the signal strength during ON mode is stronger than during OFF mode. Thus, 

the measured radiation pattern obtained is approximately similar to the 

simulation radiation pattern result. As referred to Fig. 6(b), the side lobe of 

radiation pattern of OFF mode during measurement (shown in red medium 

dash colour line) is slightly bigger than the simulation radiation pattern. This 

is due to the activation of single aperture slots at the center of the ground plane 

which is unable to have maximum energy coupling. In spite of that, the main 

beam direction is said to be directed to 0˚ for both modes. In addition of that, 

the 3D radiation pattern shows the signal strength is mode is 2.291 dB 

respectively. By the implementation of the stacked patch technology, 

directional towards the radiating patches as shown in Fig. 7(a) and in Fig. 7(b). 

The gain for ON mode is 3.691 dB while OFF the gain achieved by the RSPMA 

is considerably high. Fig. 8 shows the prototype of RSPMA which have been 

measured in an anechoic chamber and by using VNA analyzer. 

 

Parameter 

ON mode OFF mode 

Simulated Measured Simulated Measured 

Resonant frequency (GHz) 1.8 1.81 2.3 2.41 

S11 (dB) -19.39 -26.82 -17.67 -15.12 

VSWR 1.24 1.09 1.3 1.42 
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Table 3. Simulated radiation pattern characteristics during on and off modes 

switch 

                                     

 

       

                                                                           

 
                                (a)                                                            (b)                                                            

Figure 6. Radiation pattern of the RSPMA during simulation and measured (a) 

ON mode at 1.8 GHz and (b) OFF mode at 2.3 GHz  

 

  

 

Characteristics 

Switch mode 

ON OFF 

Resonant Frequency (GHz) (GHz) 1.8 2.3 

Return Loss (dB) -19.39 -17.67 

Bandwidth (MHz) 51.3 68.1 

Main lobe level (dB) 3.69 1.84 

Side lobe level (dB) -2.9 -3.1 

Gain (dB) 3.691 2.291 

HPBW (°) 98.72 91.20 
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                                               (a)                                        (b) 

Figure 7. Simulated radiation pattern in 3D plot during (a) ON mode at 1.8 

GHz and 

(b) OFF mode at 2.3 GHz 

 

   

 
                             (a)                                      (b)                                    (c) 

 

Figure 8. Prototype of the RSPMA (a) top view, (b) back view during switch is 

ON mode, and (c) back view during switch is OFF mode 

4.  Conclusion 

In this paper, a reconfigurable stacked patch microstrip antenna was 

designed. The concept of designing RSPMA using the combination of an 

aperture coupled technique and stacked patch technology was applied and 

prove that it can be implemented by using different antenna shapes to achieve 

the frequency reconfigurable. A reconfigurable stacked patch microstrip 

antenna integrated with ideal RF switch which frequency operated at 1.8 GHz 

and 2.3 GHz was designed. On top of that, the RSPMA has a unique structure 

where the radiating patches are sorted in a multilayer structure called stack and 
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consists of two different sizes of H-shapes of the aperture slots placed on the 

ground plane. The simulated and measured results using the copper strip as 

ideal RF switch at the feed network is reconfigured for ON and OFF mode to 

activate the selected aperture slots on the ground and the respected radiating 

patch. The activation of the selected aperture slots will affect the excitation of 

the resonant frequency either at 1.8 GHz or 2.3 GHz. Hence, it proves that 

RSPMA can do frequency reconfigurability. Instead of that, by using the 

RSPMA, it is achieving a multifunction antenna by using a single antenna. 
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Abstract: The airflow characteristics around and within an isolated gable roof 

building was investigated using CFD simulation based on steady RANS 

computation. Model validation and grid sensitivity analysis were conducted to 

ensure the reliability of the results. Three different roof pitches of gable roof 

namely 15º, 25º and 35º were considered in this study. The model validation 

results show well agreement with those of Tominaga et al. (2015). In general, 

the streamline and pressure coefficient were found to be significantly 

depending on the roof pitch. The streamline shows the velocity at the inlet 

opening and outlet opening increased as the roof pitch increase except the roof 

opening outlet increased between 15º and 25º then decreased between 25º and 

35º. The spatial distribution of pressure coefficient at the windward side and 

the interior of the building decreased as the roof pitch increased. The difference 

in the flow fields of 25º and 35º roof pitch is large with the presence of window 

and roof opening relative to the difference between 15º and 25º roof pitch. In 

terms of spatial distribution of pressure coefficient and streamline, steeper roof 

pitch is more preferable. 

Keywords: Gable Roof, Computational Fluids Dynamics (CFD), Roof Pitch, 

Steady RANS

 

1.  Introduction 
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Malaysia as a tropical country enduring long-term solar heat attack, global 

warming and greenhouse effect. The Earth surface temperature has increased 

by 1°C over the past century (Aizebeokhai, 2009). The predicted temperature 

rise for the coming century is even unheard-of, which is ranged between 3.7°C 

to 4.8°C  (Hassan et al., 2014). Furthermore, the overall energy consumption 

by sector also reported vigorous increment over the past decade. As reported 

by the Malaysian Energy Information Hub (MEIH), the energy consumption 

by residential has increased from 22.53-Terawatt hour (TWh) to the highest 

record of 31.16 TWh in just 7 years of time (Statistics - Malaysia Energy 

Information Hub). The greenhouse effect, global warming and the inclination 

of energy consumption contributed superbly in the climate changes and 

eventually demoted the indoor air quality and comfort. 

Ventilation is a process aiding in improving the indoor air quality and 

comfort by introducing cool and fresh air from the clean source into a building 

and at the same time hot and polluted air from the indoor is expelled (Karava 

et al., 2007; Moey et al., 2018). In fact, ventilation also optimize the indoor 

thermal environment, prevent excessive moisture development and repel 

pollutants such as pollens, dust and contaminant in the air (Yang, 2004; Lim 

et al., 2013). Without the aid of ventilation, the indoor air quality demoted, 

excessive moisture building up especially in tropical country which may 

eventually lead to health problem like allergies and respiratory diseases, 

hygiene problems such as thriving of moulds and mites. Also, in terms of 

ventilation purpose, heat accumulation may occur in the roof and attics without 

the aid of ventilation. From that, HVAC (Heating, Ventilating and Air 

Conditioning) system is introduced to improve the indoor air quality, comfort 

and thermal environment. However, HVAC accounts up to 60% of domestic 

building energy consumption. Therefore, HVAC system as a mechanical 

ventilation method is not preferred. 

Natural ventilation is a ventilation process utilizing the natural phenomena 

such as wind force and stack effect to introduce fresh air into interior and repel 

aged air to the exterior. Natural ventilation is believed to be the most effective, 

environmentally friendly, and is a passive way of cooling to supply clean and 

fresh air. Despite the fact that mechanical ventilation outperforms in any 
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condition, natural ventilation with proper roof design is said to be possible for 

Malaysia even though the local air condition is classified as Class I annual 

average wind speed range from 1 m/s to 5 m/s (Lawan et al., 2013). Natural 

ventilation can be further categorized into two major groups which are the 

cross ventilation and stack ventilation. Cross ventilation is driven by wind flow 

creating a negative pressure in the indoor, and therefore the pressure difference 

directs the wind flow from outside to enter the building through apertures 

(Ramponi and Blocken, 2012a; Moey et al., 2018). Stack ventilation is driven 

by temperature difference between the inside and outside of the building 

(Ramponi and Blocken, 2012b; Lim et al., 2013; Aflaki et al., 2015). Due to 

the imperceptible temperature difference in the indoor and outdoor, cross 

ventilation is more suitable to be utilized in Malaysia. 

Roof as the most exposing architecture features of a residential plays an 

important role in preventing humidity development and heat accumulation in 

building (Kindangen et al., 1997). In fact, the roof configuration have been 

perceived as an important parameter which greatly impact the flow pattern and 

characteristic around and within the building (Xu and Reardon, 1998) and 

eventually control the pollutant dispersions  (Huang et al., 2009; Yassin, 2011). 

There are a few well know roof configuration being utilized in Malaysia such 

as gable roof, hip roof, pyramidal roof, and venturi roof.  

Computational Fluid Dynamics (CFD) is a combination of physics, flow 

technology, computer application, mathematics and mechanics knowledge, 

and it an authoritative tool to solve problem involving one or more phenomena 

such as fluids flow, heat change, mass transfer and chemical reaction (Raman 

et al., 2018; Zawawi et al., 2018). Tominaga et al. (2015) studied the airflow 

around a gabled-roof building with different tilt angles, specifically 3:10, 5:10, 

7.5:10 to measure the turbulent kinetic energy, pressure coefficient and time-

averaged velocity around building. CFD simulation with RANS models, such 

as various k- and the k- models were tested, validated with wind tunnel 

experiment. Furthermore, grid sensitivity analysis was conducted and effects 

of turbulence model were also evaluated to increase the accuracy of the 

simulation results. Tominaga et al. (2015) concluded the roof pitches affect the 
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flow field including the streamline, turbulent kinetic energy distribution and 

pressure coefficient spatial distribution around the building. 

Ozmen et al. (2016) studied the wind flow over various pitched gabled 

roofed low-rise building with open circuit L-2B wind tunnel experiment and 

numerically with RANS equation. The experiment and numerical analysis 

were carried out for gabled roof with different pitches included 15º, 30 º and 

45 º. The working section has a dimension of 0.35m height and width and 2m 

length for wind tunnel experiment and tested model for both wind tunnel and 

numerical simulation sized L x W x H, 100mm x 50mm x 40mm. Anemometer 

and pressure transducers were used in the experiment to measure the mean 

velocity, turbulence and mean surface pressure. The results indicated that the 

mean velocity, turbulence kinetic energy and surface pressure are depending 

on the roof pitches. The relationship between the recirculation regions and 

critical suction on the roof was also determined. Besides, Realizable k- and 

Standard k- shows different degree of agreement at the prediction of mean 

velocity, turbulence kinetic energy and mean pressure coefficients (Ozmen et 

al., 2016).  

The roof configurations is one of the most influencing factors affecting 

the ventilation rate, indoor air quality, comfort and thermal environment. In 

fact, the volume flow rate, pressure difference over building, and indoor air 

velocities rely strongly on the roof configurations (Peren et al., 2015). 

However, the studies on the effect of gable roof angle are very limited. In view 

of this, this study therefore is dedicated to investigate the effect of gable roof 

angle on streamlines and pressure coefficient in isolated building. 

2. CFD simulations: computational setting and parameters 

2.1 Model cases 

In this study, an isolated building is chosen as the tested model. The model 

has a 1:50 scaled down dimension of W x D x H = 100mm x 100mm x 80mm 

which is corresponding to 5m x 5m x 4m in real scale. The height of window 

opening and roof opening is 18mm and 9mm respectively. The center line of 

the window opening is at y = 0.04m and the roof opening is at 0.0655m from 

ground. The window openings and roof openings were placed at the windward 
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and leeward wall of the model to improve the efficiency of the model.The wall 

thickness of the tested model is 2mm as proposed by Ramponi et al. (Ramponi 

and Blocken, 2012b). In this study, three cases with different roof pitches 

namely 15º, 25º and 35º are considered. Also, a reference model without any 

window opening was created with references to Tominaga et al. (2015) for 

model validation and comparison purposes. 

2.2 Computational domain and grids 

The simulations were done in a scaled down model. The tested model was 

modified based on the model tested in model validation. The computational 

domain was created with reference to the existing best practice guideline 

proposed by Franke et al. (2007) and Tominaga et al. (2008). The distance 

between inlet plane and windward wall of the tested model was constructed 

shorter, specifically 3H for the upstream instead of 5H as recommended by 

Franke et al. (2007) and Tominaga et al. (2015). This is to limit the extent of 

unintended streamwise gradient (Ramponi and Blocken, 2012a). The top and 

lateral wall of the flow domain were 5H away from the model and the 

downstream length was created for 15H. Figure 1 shows the dimension of the 

gable roof building model modified based on the tested model in model 

validation. Figure 2 shows the dimension of computational domain where H is 

the effective height measured from ground. 

 

Figure 1. Dimension of 15˚ gable roof building 
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Figure 2. Dimension of computational domain 

MosaicTM meshing technology was applied to the geometry due to its 

benefit of producing high quality octree hexahedron in bulk region. The 

MosaicTM meshing technology allows connection of elements automatically 

and conformally disregard the types of elements. The MosaicTM also produces 

meshes with high quality and efficiency to solve the fluid flow around 

geometry with high complexity (Krishna et al., 2019). The geometry was first 

meshed with tetrahedral element using scope sizing function in Ansys Fluent 

and then converted into Poly-Hexcore. Figure 3 shows the meshing detail of 

the tested model. 

 

Figure 3. Meshing detail of tested model 

2.3 Boundary condition 

The boundary condition imposed at the inlet plane were based on the 

measured vertical profile of mean wind speed and turbulence intensity. The 
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inlet wind speed profile was determined using equation (1), where z0 = 

0.00003m, κ is the von Karman constant (0.42), z is the height coordinate and 

the uABL is the atmospheric boundary layer friction velocity. The turbulent 

kinetic energy, k was calculated using equation (2), from the mean wind 

velocity and measured turbulence intensity Iu. Tominaga et al. suggested α=1 

which was also selected for this study (Tominaga et al., 2008). The turbulence 

dissipation rate, ε was determined by the equation (3). 

𝑈(𝑧) =
𝑢𝐴𝐵𝐿

∗

κ 
 ln (

𝑧+𝑧0

𝑧
)    (1) 

 

𝑘(𝑧) = 𝛼(𝐼𝑢(𝑧)𝑈(𝑧))
2
    (2) 

 

𝜀(𝑧) = (
𝑢𝐴𝐵𝐿

∗3

κ(z+𝑧0)
)     (3) 

For the ground surface, standard wall function with roughness height 

modification were applied (Launder and Spalding, 1974; Cebeci and 

Bradshaw, 1977). This is because the building is expected to be built on a 

grass-covered terrain with scaled down roughness length of 0.00003m. The 

sand grain roughness ks was determined using equation (4) which was derived 

by Blocken et al. (2007) describing the consistency relationship between ks and 

roughness constant Cs (Blocken et al., 2007), where the chosen value for Cs is 

0.42. 

𝑘𝑠 =
9.793𝑧0

𝐶𝑠
     (4) 

At the outlet plane, zero static pressure was applied. Symmetry type was 

applied to the symmetry plane. Boundary condition at the top and lateral wall 

of the computational domain were imposed with zero normal gradients and 

velocities which is corresponding to zero-shear condition. Standard wall 

function with zero roughness height was applied to the tested model which 

correspond to no-slip wall. 

2.4 Solver setting 
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 In this study, the simulations were conducted using commercial Ansys 

product version 19.2. The 3D steady RANS equation was solved together with 

standard k-ε turbulence model. Standard k-ε model was selected due to better 

accuracy provided for ABL (Argyropoulos and Markatos, 2015). SIMPLE 

algorithm was selected for this study based on Green Gauss node based spatial 

discretization in combination with second order pressure interpolation and 

second order discretization schemes both applied to the convection terms and 

viscous terms of the governing equation. Convergence were expected to be 

obtained when all the scaled residuals are receding and reached a minimum of 

10-7 for x-, y- and z-velocity and 10-6 for continuity, k and ε.  

2.5 Grid sensitivity analysis 

A grid sensitivity analysis was conducted for the reference model to 

ensure the the results are grid independent. Four different grids with various 

sizing and cell counts (192846, 2043207, 2191158 and 2740986) were created 

for the analysis. The results from these four meshes were compared in terms 

of streamwise wind velocity ratio (U/Uref) at the inlet and outlet opening  and 

along the center line of the opening. Note that U is the 3D streamwise velocity 

vector and Uref = 6.97m/s is the reference wind speed measured at the bulding 

height (H=80mm). The results of this analysis will be discuss later in section 

3.1. 

2.6 Model validation 

The wind-tunnel experiment and CFD simulation conducted by Tominaga 

et al. (2015) were used for model validation. Tominaga et al. (2015) conducted 

a boundary layer wind tunnel experiment investigating the airflow around 

isolated gable roof building with different angle namely the 16.7º, 26.6º and 

36.9º. CFD simulation performed by Tominaga et al. using with steady RANS 

computation. Four different turbulence model namely the standard k-ε, the 

RNG k-ε, the realizable k-ε and the k-ω SST models were tested. In this study, 

ANSYS FLUENT 19.2 was used to perform the 3D RANS computation in 

combination with standard k-ε turbulence model. The tested model was created 

without window opening and roof opening for validation. The simulation 

results were compared to the wind-tunnel measurement and the results of CFD 
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simulation by Tominaga et al. (2015) in terms of streamwise velocity ratio 

around the building. The comparisons and the validation results will be 

discussed in section 3.                                      

3.  Results and discussion 

3.1 Grid sensitivity analysis 

Figure 4 shows the comparison between the percentage error of the 

measured velocity for four different grids. The average percentage errors for 

four different grids, specifically between 1928460 cell counts, 2043207 cell 

counts, 2191158 cell counts and 2740986 cell counts were 31.69%, 12.36% 

and 1.61% respectively. It is clearly seen that the percentage error reduces as 

the cell counts increased. Minor difference is observed between 2191158 cell 

counts and 2740986 cell counts. This indicates that the results obtained from 

2191158 cell counts and 2740986 cell counts are mesh independent. Therefore, 

the grid sizing of 2191158 cell counts was retained for further study. 

 

Figure 4. Percentage error between four different meshing. 

3.2 Model validation 

A model validation was performed with reference to Tominaga et al. (2015) 

in terms of spatial distribution of pressure coefficient and also streamlines. 

Figure 5 compares the streamline of reference model with the results obtained 

by Tominaga et al. (2015). Large recirculation region is observed at the 

leeward side of the building and small recirculation region is spotted at the 
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lower corner of the windward side of the building. Figure 6 compares the 

spatial distribution of pressure coefficient of reference model with the results 

obtained by Tominaga et al. (2015).Positive pressure in front of the building 

model is observed due to the blockage caused by the building in both results 

from present study and from Tominaga et al. (2015). Negative peaks occurs at 

the windward corner was also observed in both results. The building model 

was therefore retained for the following investigation since similar results to 

Tominaga et al. was obtained (Tominaga et al., 2015). 

 

                                  (a)                                                           (b) 

Figure 5. Comparison of streamline velocity between (a) reference model 

and (b) CFD results by Tominaga et al. (2015) 

 

       (a)                                                            (b) 

Figure 6. Comparison of pressure coefficient contour of (a) reference model 

and (b) CFD results by Tominaga et al. (2015) 
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3.3 Streamlines 

Figure 7 compares the streamlines velocity of 15˚, 25˚ and 35˚ roof pitch. 

According to Tominaga et al, the recirculation region at the leeward side of the 

building becomes larger as the roof pitch become steeper (Tominaga et al., 

2015). However, window opening and roof opening has been added to the 

model, therefore the wind flow able to flow through the opening. The center 

of the recirculation eddy behind the building tends to move upwards but the 

wind flow through the outlet opening disturbed the recirculation region behind 

the building. It is clearly shown that the flow field noticeaably change between 

15º and 25º. Behind the building, although no reverse flow is observed in 15˚ 

roof pitch cases, reverse flow is observed and groiwing larger in 25º and 35º 

roof angle cases. The velocity through the opening is observed to be higher as 

the roof pitch increase. The overall streamline results show an agreement to 

the results obtained by Tominaga et al. (Tominaga et al., 2015). 

 

 a)                                                      b) 

 

            (c)    

Figure 7. Streamlines velocity of (a) 15˚ roof pitch, (b) 25˚ roof pitch and (c) 

35˚ roof pitch 

 

3.4 Spatial distributions of pressure coefficient. 
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Figure 8 compares the spatial distribution of static pressure as expressed 

by pressure coefficient. Positive pressue was observed at the windwaard wall 

of the building, However, the positive pressure become smaller as the roof 

pitch increased. This is due to the presence of window opening and roof 

opening on the windward wall of the building. Negative peak was observes at 

the windward corner near roof and rigde for the 15º roof pitch. The negative 

peak reduces as the roof pitch increased to 25º and even diminish in the case 

of 35º roof pitch. The indoor pressure coefficient also observed to be reducing 

as the roof pitch increased. The increment of negative pressure of model 

interior caused the incoming wind to enter the building in increasing velocity.  

 

 a)                                                   b) 

 

                                      (c) 

Figure 8. Spatial distribution of pressure coefficient of (a) 15˚ roof pitch, (b) 

25˚ roof pitch and (c) 35˚ roof pitch 

 

4.  Conclusion 

In present study, the airflow characteristics around and within an isolated 

gable roof building with different roof angles namely the 15º, 25º and 35º are 

investigated and analysed by the means of CFD simulation based on 3D 

steady-RANS with model validation with the results obtained from Tominaga 

et al. (2015). The model validation results show well agreement with the results 

obtained by Tominaga et al. (2015). The CFD simulation results show that the 
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streamline and spatial distribution of pressure coefficient depends on the roof 

pitch. The recirculation region at the leeward side of the building tends to move 

upwards and become larger as the roof angle increased. However, with the 

presence of window and roof opening, the recirculation region is disturbed by 

the wind flow through the apertures. Positive pressure was observed at the 

windward side of the building due to the wind blockage by the building wall. 

The positive pressure was reduced by the presence of the openings by allow 

the wind to flow through the openings. The negative peaks occur at the 

windward corner reduces and eventually diminish as the roof pitch increased. 

In terms of spatial distribution of pressure coefficient and streamline, steeper 

roof pitch is more preferable for better ventilation. 
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