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By  
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Faculty : Engineering   
 

The high intake air temperature for engines, caused by the rise in ambient temperature 
and through the usage of compression devices, has a detrimental impact on performance 
parameters (power, torque, fuel consumption, and exhaust emissions) due to less oxygen 
molecules available in the air-fuel ratio for complete combustion. To rectify this matter, 
the engine intake charge air cooling (EICAC) technique through intercooler heat 
exchanger (IHE) is the best solution without modifying the engine itself. Previous 
studies explained that the traditional intercoolers available in the market are less 
efficient, non-operational in vehicle slow driving speed or stand-still operation, and 
incompatible for naturally aspirated engine due to their dependence on ambient 
conditions. Further the innovative cooling devices has complex designs, required 
additional cooling circuits, modifications in engine setup, offers shallow thermal 
capacity compared to design sizes with a high pressure drop in airflow, which is 
undesirable. Therefore, there is a need of a better IHE to overcome the said limitations 
in prior art inventions. 
 

In this regard, a new Lamella heat exchanger (LHE) is developed to operate as an 
intercooler for a 1.5L naturally aspirated Proton-Wira SI-engine (four-stroke, four-
cylinder), using stainless steel metal 316L.  A coolant source (refrigerant) is utilized 
from vehicle air conditioning (VAC) system due to its high heat transfer property. 
Computational fluid dynamics (CFD) simulations through ANSYS FLUENT software 
are performed to analyze the proposed model of LHE regarding the thermal capacity and 
pressure drop at various engine speeds (Rpm 1000 to 8000, with an increment of 500) 
and intake temperatures (40℃, 45℃, 50℃ and 55℃). The admirable amount of heat 
transfer and temperature drop ranges between 0.42kW to 2.14kW and 15.8℃ to 46℃ 
respectively, with minimal pressure drop of 0.004 kpa to 0.095 kpa, is recorded, which 
made LHE is distinctive among the available intercoolers.  The experimental 
investigation is carried out to see the actual influence of LHE on the test vehicle, using 
the chassis dynamometer test bench. Operating the AC of a test vehicle with ambient air 
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results in high exhaust emissions by 67%, 8%, 21%, and 7% for CO, CO2, HC and NOX 
respectively, increased fuel consumption by 32.3%, loss in engine power and torque by 
14% and 13% respectively, compared to the normal stage without AC and LHE. The 
cold intake air introduced a significant result in terms of reduced exhaust emissions and 
improved engine power and torque. The amount of lost power and torque due to AC are 
recovered by 17 % and 24% respectively, by bringing the cold intake air into an engine. 
Similarly, the increased quantities of exhaust tailpipe emissions specifically due to AC 
operation is lowered by 43.6%, 39.5%, 47.3%, 64.5% for CO, CO2, HC and NOx 
respectively. In conclusion, LHE has successfully enhanced the performance of test 
vehicle as EICAC technique. 
 
 
Keywords: Cold intake air; Internal combustion engine; Lamella heat exchanger; Spark 
ignition engine; Energy recovery 
 
 
SDG: Goal 13; Take urgent action to combat climate change and its impacts 
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PEMBANGUNAN PENUKAR HABA LAMELLA PENYEJUKAN UDARA 
AMBILAN MENGGUNAKAN SISTEM PENYAMAN UDARA KENDERAAN  

 

Oleh 
 

IKHTIAR MUHAMMAD USMAN  
 

September 2023 
 

Pengerusi : Profesor Madya Abdul Aziz bin Hairuddin, PhD 
Fakulti : Kejuruteraan 
 

Suhu udara ambilan yang tinggi untuk enjin, yang disebabkan oleh kenaikan suhu 
persekitaran dan melalui penggunaan peranti mampatan, mempunyai kesan buruk pada 
parameter prestasi (kuasa, daya kilas, penggunaan bahan api dan pelepasan ekzos) 
kerana molekul oksigen yang kurang tersedia dalam nisbah udara-bahan api untuk 
pembakaran lengkap. Bagi membetulkan perkara ini, teknik penyejukan udara cas 
masuk enjin (EICAC) melalui penukar haba penyejuk antara (IHE) adalah penyelesaian 
terbaik tanpa mengubahsuai enjin itu sendiri. Kajian terdahulu menjelaskan bahawa 
penyejuk antara tradisional yang terdapat di pasaran adalah kurang cekap, tidak 
beroperasi dalam kelajuan pemanduan perlahan kenderaan atau operasi pegun, dan tidak 
serasi untuk enjin sedutan tabii kerana bergantung pada keadaan persekitaran. Tambahan 
pula, peranti penyejukan yang inovatif mempunyai reka bentuk yang kompleks, 
memerlukan litar penyejukan tambahan, pengubahsuaian dalam persediaan enjin, 
menawarkan kapasiti terma cetek berbanding saiz reka bentuk dengan susutan tekanan 
yang tinggi dalam aliran udara, yang tidak diingini. Oleh itu, terdapat keperluan IHE 
yang lebih baik untuk mengatasi had tersebut dalam ciptaan seni terdahulu.  
 

Dalam hal ini, penukar haba Lamella (LHE) baharu dibangunkan untuk beroperasi 
sebagai penyejuk antara bagi enjin SI 1.5L sedutan tabii Proton-Wira (empat lejang, 
empat silinder), menggunakan logam keluli tahan karat 316L. Sumber penyejuk (bahan 
penyejuk) digunakan daripada sistem penghawa dingin kenderaan (VAC) kerana sifat 
pemindahan haba yang tinggi. Simulasi perkomputeran dinamik bendalir (CFD) melalui 
perisian ANSYS FLUENT dilakukan untuk menganalisis model cadangan LHE 
berkenaan kapasiti haba dan susutan tekanan pada pelbagai kelajuan enjin (RPM 1000 
hingga 8000, dengan kenaikan 500) dan suhu pengambilan (40℃, 45℃, 50℃ dan 

55℃). Jumlah pemindahan haba dan susutan suhu yang mengagumkan masing-masing 
antara 0.42kW hingga 2.14kW dan 15.8℃ hingga 46℃, dengan susutan tekanan 

minimum 0.004 kPa hingga 0.095 kPa direkodkan, yang menjadikan LHE adalah di 
antara penyejuk antara yang distingtif. Kajian eksperimen dijalankan untuk melihat 
kesan sebenar LHE pada kenderaan ujian, menggunakan meja ujian dinamometer 
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casis. Kendalian AC kenderaan ujian dengan udara persekitaran menghasilkan 
pelepasan ekzos yang tinggi sebanyak 67%, 8%, 21%, dan 7% masing-masing untuk 
CO, CO2, HC dan NOx, meningkatkan penggunaan bahan api sebanyak 32.3%, 
kehilangan kuasa enjin dan daya kilas masing-masing sebanyak 14% dan 13%, 
berbanding peringkat biasa tanpa AC dan LHE. Udara masukan sejuk memperkenalkan 
hasil yang ketara dari segi pengurangan pelepasan ekzos dan peningkatan kuasa dan daya 
kilas enjin. Jumlah kuasa dan daya kilas yang hilang akibat AC dipulihkan masing-
masing sebanyak 17% dan 24%, dengan membawa udara masukan sejuk ke dalam 
enjin. Begitu juga, peningkatan kuantiti pelepasan paip ekzos khusus disebabkan oleh 
operasi AC diturunkan masing-masing sebanyak 43.6%, 39.5%, 47.3%, 64.5% untuk 
CO, CO2, HC dan NOx. Kesimpulannya, LHE telah berjaya meningkatkan prestasi 
kenderaan ujian sebagai teknik EICAC. 
 

Kata Kunci: Udara ambilan tersejuk; Enjin pembakaran dalaman; Penukar haba 
lamella; Enjin pencucuhan bunga api; Pemulihan tenaga 
 
 
SDG: Matlamat 13; Mengambil tindakan segera untuk memerangi perubahan iklim dan 
kesannya 
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CHAPTER 1 
 

1 INTRODUCTION 
 

1.1 Background 
 

The United Nations (UN) 2030 agenda for sustainable development, with its 17 
sustainable development goals (SDGs) and 169 targets, calls for sustainable 
transformation of societies across the globe. Among them, SDG 13 “take urgent action 
to combat climate change and its impacts” aims to reduce global emissions, enhance 

climate resilience and adaptive capacity, and strengthen coordination and cooperation 
on climate related issues (Nathaniel & Adeleye, 2021). Dagnachew et al. (2021) 
nominated the transport as one of the vital sector for achieving the SDG 13. To be precise 
(in transport sector), the passenger car has its own significance, as it supports the 
achievement of virtually all the goals, including those associated with economic and 
social development, connecting goods with markets and access to services. Several 
initiatives are calling for drastic changes, and vehicle electrification is being heavily 
promoted. Despite the trend of electrification, ICEs will continue to dominate in road 
transport as well as other transport sectors in the coming decades (Kalghatgi, 2018; 
Malaquias et al., 2019; Reitz et al., 2020). In 2030, around 60% to 90% of sold light-
duty passenger vehicles will be equipped with ICE, including ICEVs, HEVs and PHEVs. 
In the approach to 2050, the trend of electrification is expected to continue, but the share 
of ICE equipped vehicles is forecast to remain above 50%. The progress of electrification 
in the heavy-duty vehicle sector is much slower, with more than 92% vehicles predicted 
to be powered by ICEs in 2030. Actually, the main barriers of electric vehicles are the 
battery cost and driving range. The battery cost cannot be reduced in the short term, and 
in the long run, it will be affected by the relationship between the supply and demand of 
raw materials (Reitz et al., 2019). However, there will be a sharp increase in costs by 
adding batteries to increase the driving range without a mature infrastructure. In addition 
to these limitations, the performance of electric vehicles declines sharply in harsh 
conditions i.e. extreme winter and summer (Zhao et al., 2020). These limitations of 
electric vehicle are driving the development of effective, but previously deemed 
uneconomical, methods to increase the ICEs efficiency with advanced combustion 
modes, and to further reduce pollutant emissions.  
 

Currently, the global stock of passenger cars is around 1.19 billion, and the number of 
commercial vehicles totals 249 million, of which almost 99% are powered by ICEs, 
accounting for 81.3% of the oil demand in the transport sector (Yue & Liu, 2023). 
Therefore, in addition to mitigating climate change, improving fuel efficiency of 
passenger cars directly contributes to better access to energy services (SDG 7). 
Efficiency improvements of cars also contribute to improving local air quality (SDG 11) 
and reducing human health impacts (SDG 3). It also reduces oil import and consumption 
(SDG 12), and aids the transition to low-carbon transport. According to United Nations 
and NASA studies, the use of fossil fuels (especially for transport sector) by humans is 
blamed for a very fast change in climatic patterns. Burning of fossil fuels result in 
generation of green-house gases (GHGs) that trap heat and cause global warming.  A 
latest report by World Meteorological Organization (WMO) predicts that global mean 
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temperature during 2023 and 2027 is likely to be between 1.1 and 1.8 °C higher than 
average over the years 1850–1900 (Nullis, 2023). The sixth assessment report of the 
intergovernmental panel on climate change (IPCC) identified that the possible range of 
human-induced alteration in global surface temperature in 2010–2019 relative to 1850–

1900 is 0.8 to 1.3°C, with the best estimate of 1.07°C. Since 2012, the global surface 
temperature has increased significantly, with the most recent five years (2016–2020) 
being the warmest five-year duration on record between 1850 and 2020 (Masson-
Delmotte et al., 2021), shown in Figure 1.1. Most countries suffering from weather 
temperature increasing are Middle East countries, where a high ambient temperature 
recorded in summertime (Salimi & Al-Ghamdi, 2020).  
 

 

Figure 1.1: Variation in worldwide surface temperature (annual average) as 
observed and computed using human and natural and only natural factors (both 
1850-2020)  
(Masson-Delmotte et al., 2021) 
 

The ambient temperature does not affect ICE performance directly, instead, it does have 
an effect on the air intake temperature before entering the combustion chamber or 
turbocharger, as well as on the engine cooling system and affects various aspects of 
engine operation, including air density, combustion process, power output, fuel 
consumption, and engine efficiency (Geeks, 2023). The specific humidity of the intake 
air depends on the relative humidity, temperature and pressure of the ambient air 
(Wimmer & Schnessl, 2006). To operate the engine in an optimal range it would be 
necessary to adapt the engine control settings to respective ambient conditions. Besides 
the rise in the ambient air temperature nowadays, usage of compression devices like 
superchargers and turbochargers also caused an increment in air intake temperature and 
pressure (José Galindo et al., 2018), which negatively impacts IC engine performance 
and fuel consumption (Thomaz et al., 2021). Such air property is not appropriate for a 
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complete combustion process (T. Hu et al., 2007), which means air thermal performance 
has a direct impact on the conversion efficiency and output power of the vehicle engine 
unit (Huang et al., 2015; Aun et al., 2020). Therefore, engine intake charge air (EICA) 
temperature plays an important role in engine performance (Aun et al., 2020), in terms 
of combustion performance, exhaust emissions, and fuel consumption (Manmadhachary 
et al., 2017), as the mixture air density affects by the temperature variation (Irimescu et 
al., 2017a). Previous studies briefly explained that a reduction in engine intake charge 
air (EICA) temperature has a significant contribution to improve engine performance 
(Mamat et al., 2009; Mamat et al., 2013; Teoh et al., 2021). Johnson (2010) described 
that engine efficiency has a particular advantage of getting cold intake air. As, cold air 
is denser than hot air (Weinrebe et al., 2022) containing more oxygen, which helps in 
better combustion, subsequently gaining more power and better fuel economy. 
Therefore, to introduce cool air to the engine intake, a heat exchanger (T. Alam & Kim, 
2018) commonly referred to as an intercooler, is often added to only charged engines (F. 
Burke, 2018).   
 

1.2 Problem Statement 
 

Most traditional intercoolers use air or water as a coolant source (Pawar, 2016; Kula et 
al., 2022). However, these designs did not achieve lower than ambient temperature or 
had no effect at low engine speeds and static vehicle positions. They are only suitable 
for charged engines due to their dependence on ambient conditions (Elrentisy et al., 
2022), consequently useless for naturally aspirated engines, where the intake air 
conditions are identical to ambient air conditions. Further, there is no proper place for 
intercooler in naturally aspirated engines. Therefore, researchers have only investigated 
the effect of cold intake air on naturally aspirated engine without developing 
intercoolers, and experimentations were performed in laboratory test benches through 
the application of external cooling sources, as listed in table 1.1 from Sr. No 1-5 along 
with the reported problems due to high intake air temperature. For charged engines, 
researchers utilized advanced coolant sources for their newly developed intercoolers to 
overcome the shortages of traditional intercoolers, listed in table 1.1 from Sr. No 6-10. 
The limitations related to their studies and developments are truly the driving force for 
this study. 
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It may conclude that there is no specific designed intercooler for naturally aspirated 
engine, which surely point towards the research gap. Further, the available intercoolers 
for charged engines have limitations in terms of low to medium thermal capability, 
medium to high pressure loss, complex and large scale design sizes. They also required 
additional cooling circuits and modifications in engine bays due to its complexity, and 
could only be installed while designing the new vehicle, as the literature did not cater 
the consideration of available space in existing vehicle engines to fix the proposed device 
in existing vehicle engines. As the most effective way to cool the intake charge air of an 
engine without modifying the engine itself is to improve an external parameter and add-
on installation equipment (Zhuang et al., 2020). Besides that, most of the designers 
investigated their developed intercoolers and systems in laboratories, where available 
space and size of the intercooler are not an issue, and this method differs from the actual 
scenario, where the performance of the vehicle needs to be tested in real-time, with the 
actual installation of intercoolers in existing engine bays. Therefore, a practical solution 
is required, which involves the new, efficient and compact intercooler, to provide the 
high thermal cooling performance with minimal pressure loss, while consuming the least 
amount of space for its installation in naturally aspirated engine, without modifying the 
engine setup. As a result, vehicle engine performance must be improved on real time 
basis. 
 

1.3 Objectives 
 

The prime objective of this study is to develop an IHE with minimum pressure drop and 
maximum cooling capability, that can be utilized by vehicles with SI engine in order to 
improve their performance. The specific objectives are as follows: 
  

1. To develop an IHE as an engine intake charge air cooling device by utilizing 
vehicle air conditioning system as a coolant source, through computational 
fluid dynamics simulations (ANSYS FLUENT).   

2. To assess the performance of a fabricated IHE in laboratory conditions, in terms 
of a temperature drop, pressure drop, heat transfer, and coefficient of 
performance. 

3. To evaluate the real time effectiveness of IHE as well as the impact of cold 
intake air on the performance of SI engine, in terms of fuel consumption, power, 
torque and emissions by using chassis dynamometer and vehicle parking test. 

 

1.4 Scope of the study 
 

1. The study specifically aims to examine the impact of cold intake air on vehicle 
engine power, torque, fuel consumption and emissions. The selected test 
vehicle for the present study is 1.5L Proton-Wira, four-cylinder four stroke 
naturally aspirated SI engine, model 2004. © C
OPYRIG
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2. A new IHE is developed as charge air cooler through CFD simulations (ANSYS 
FLUENT) and its design size is depended on the maximum available space in 
the selected test vehicle engine bay to install it as an aftermarket product on the 
intake manifold line, without modifying the engine setup.  

3. Refrigerant coolant (R134a) is taken from the VAC system as a coolant medium 
for IHE, the same used for passenger compartment cooling. 

4. Maximum allowable pressure drop across IHE for this study is taken as 5%. 

5. For numerical and laboratory tests (at UPM thermodynamics laboratory), the 
intake temperatures of hot/ambient air are taken as 40℃, 45℃, 50℃, and 55℃, 
against the engine speed range of 1000 rpm-8000 rpm, with an increment of 
500. Heat transfer, temperature drop, pressure drop, number of transfer units 
and logarithmic mean temperature difference are selected as the performance 
indicators of IHE.  

6. The IHE is specially made to function in all vehicle status operations, 
particularly when cooling performance is difficult while the car is stationary or 
in a parking spot or at a high rpm. Therefore, the study covered all rpm ranges 
from minimum 1000 rpm to the maximum allowable operating speed by car 
manufacturer i.e., 6500 rpm, during its real time testing on the chassis 
dynamometer bench (MAHA, LPS 3000) at UniKL-MFI, Malaysia. 

7. For vehicle static or parking test, the test vehicle is parked for 11 minute in 
order to provide the sufficient time to IHE to express its cooling capability and 
also its impact on engine exhaust emissions (CO, CO2, HC, NOx) and fuel 
consumption. 

 

1.5 Significance of study 
 

This study contributes to vehicle engine performance in terms of better power and lower 
emissions in all vehicle statuses; vehicle static position, at low and high engine speed, 
through manipulating the temperature parameter of air, by engine intake charge air 
cooling technique. This technique improved the density of air in response to lower 
temperature occurred by a newly designed and constructed IHE device that is suitable in 
size and cooling capacity for selected engine type. Moreover, this study contributes to 
understand the working and designing of the newly proposed IHE. The proposed 
intercooler model solved the limitations of the available designs in the market. First in 
terms of higher cooling capability by offering more surface area per unit volume for heat 
transfer which subsequently reduces the intake temperature of air by a significant 
margin. Secondly, through minimal pressure loss from the intercooler to avoid the 
interruption in airflow to engine intake and able to reduce the intake air temperature at a 
high engine speed, which is one of the challenges to solve from the current design. Third, 
by solving size constraint issues for its installation in existing vehicle engine bays 
through its compactness. Further, the presented IHE can use for both cooling and heating 
purposes, which offers the flexibility of its use in virial environments. It can also be 
useful for charged engines. The cleaning service can be very easy to handle and does not 
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need technical experience. The present study is a contribution towards the achievement 
of SDG 13 by lowering exhaust emissions. It is also a step towards implementing exhaust 
emissions standards set by regulating authorities for internal combustion engines. 
 

1.6 Thesis layout 
 

This thesis contains five chapters. The introduction section includes the problem 
statement, aims and objectives, the scope of the work, along with the importance of the 
research. The second chapter embraces state of the art literature review related to matters 
appropriate to the present work. It covers an overview of combustion in ICE, emissions 
due to combustion, ambient temperature influence on ICE, and the impact of intake 
charge air temperature on the engine. It also contains an introduction to the intercoolers, 
their conventional and modern types, including advanced research conducted to enhance 
their performance using different methods and mediums. Moreover, the outline of 
vehicular air conditioning systems and vehicle performance tests is a part of this chapter. 
 

The third chapter provides a summary of the research's methodology. First, the design 
criteria of the proposed IHE are elucidated. Afterward, the numerical investigation of 
the proposed IHE designs is presented using the ANSYS platform. Further, fabrication 
of the final selected IHE geometry and experimental validation with the numerical 
results is elaborated using a laboratory setup. Last but not least, installing a newly 
designed IHE in the test vehicle for the applied vehicle test using a chassis dynamometer 
test bench to analyze the performance of IHE and the effect of intake temperature on 
engine performance. The fourth chapter comprises the findings from numerical and 
experimental studies of the proposed intercooler associated with its performance. 
Further, the outcomes of the investigation related to the effect of engine intake charge 
air temperature on engine performance were listed. The results were displayed using 
tables, graphical representations, and statistical analysis. The fifth chapter presents the 
conclusions and future recommendations derived from the outcomes of this 
investigation.  
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CHAPTER 2 
 

2 LITERATURE REVIEW 
 

2.1 Introduction 
 

This chapter discusses a detailed literature review regarding the influence of cold intake 
air on engine performance in terms of exhaust emissions, engine power, and fuel. The 
theory behind installing intercoolers with engines and broad assessment of the 
conventionally available intercoolers in the market to attain cold intake air.  Further, it 
also reveals the latest designs and techniques of engine intake charge air cooling systems 
using vehicular air conditioning units. Finally, the shortcomings and gaps prevailing in 
the literature archive are presented, which is the primary goal of this chapter. The radial 
cycle diagram of the literature review is given in Figure 2.1. 
 

 

Figure 2.1: Aspects of literature review 
 

2.2 Combustion in ICE 
 

It is preferable to describe the ICE before proceeding to the combustion phenomenon. 
The ICE is the dominant prime mover technology in several domains. It is the most 
common mode of transportation in today's culture and will probably stay for decades to 
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come (Sinigaglia et al., 2022; Bhatt and Shrivastava, 2022). By far, the most prevalent 
type of engine or prime mover is the reciprocating internal combustion four-stroke spark-
ignition (SI) and compression-ignition (CI) engines (Ferrari et al., 2022). Most engines 
get mechanical energy by conversion of thermal energy and are referred to as heat 
engines (Hall et al., 1982). To be exact, it utilizes a fuel, like gasoline or diesel, and 
burns it to transform chemical energy into heat energy (Sahu et al., 2022). Combustion 
is basically a chemical reaction that includes fuel and air, particularly oxygen (O2), which 
causes smoke. In ICE, a mixture of air and fuel burns in the combustion chamber 
(Mokhtari et al., 2017). In a traditional SI engine, the air and fuel are uniformly mixed in 
the intake system before being introduced into the cylinder through the intake valve, 
where it blends with leftover gases before being compressed (Narendhiran et al., 2022). 
An electric discharge through a spark plug initiates combustion at the completion of the 
compression stage under normal working conditions. (Ge & Zhao, 2019). In SI engines, 
combustion can be majorly classified into two categories; complete and incomplete 
combustion (Simanjuntak et al., 2022). 
 

In complete combustion, the gasoline fuel burns completely and have no leftovers. Only 
carbon dioxide and water are produced (G. Speight, 2020). There must be sufficient 
availability of oxygen (Ghasemzadeh et al., 2018) for each carbon atom in the chemical 
compound to find a match or a pair in the ambient air. Whereas, incomplete combustion 
occurs when insufficient oxygen is present to properly burn the fuel to create carbon 
dioxide and water (Forde et al., 2014). Pollution and high fuel consumption can result 
from incomplete combustion. According to Ganesan (2012) incomplete combustion is 
caused by poor mixing of combustible material and flame quenching. If certain fuel 
particles do not locate a molecule of oxygen to ignite, this is referred to as poor or 
improper mixing (Caillat & Vakkilainen, 2013). This results in high exhaust emissions 
(Kolakoti et al., 2022).  
 

2.3 Emissions in ICE 
 

Generally, perfect combustion rarely happens, even when the air and fuel mixture 
entering an engine are at the optimal stoichiometric condition. The incomplete 
combustion of the air-fuel combination in the combustion chamber produces undesirable 
pollutants and emissions. Carbon monoxide (CO), carbon dioxide (CO2), nitrogen oxides 
(NOx), particulates (PM), and hydrocarbons (HC) are the most common emissions from 
ICE (Wang et al., 2020; Adithya et al., 2021; Sun et al., 2022). These 
emissions/fumes/exhaust gases/toxins from ICEs are the primary subject of concern for 
the world, owing to their detrimental influence on air quality (Anenberg et al., 2017), 
human health, and global warming. As a result, most countries are working together to 
manage this particular concern. ICEs emit nearly half of the NOx, CO, and HC pollutants 
in the environment, making them a substantial source of atmospheric air pollution and a 
severe danger to human health and climate (Su et al., 2021). Emissions from the road 
transportation sector are primarily influenced by vehicle technology (engine capacity, 
power, and sizes), fuel type (diesel/gasoline /gas), and vehicle age (Matti Maricq, 2007; 
Jaiprakash and Habib, 2018). According to Alves et al. (2015) exhaust emissions are 
also influenced by vehicle speed and acceleration/deceleration. 
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2.3.1 Formation of emissions 
 

In the combustion process, nitrogen oxide (NO) and nitrogen dioxide (NO2) are 
collectively known as nitrogen oxides (NOx) and are commonly produced at high 
temperatures (R. M. Harrison, 2005; George D Thurston, 2017). Many additional oxides, 
such as N2O4, N2O, N2O3, and N2O5, are produced in small amounts but disintegrate 
spontaneously in the ambient situation of NO2. Nitrogen oxides are primarily generated 
from N2 and O2 during the high-temperature combustion of fuel in vehicles. Behind the 
flame, at high combustion temperatures, the following chemical processes occur 
(Brusseau et al., 2019): 
 

𝑵𝟐 + 𝑶𝟐 ⟹ 𝟐𝑵𝑶 2.1 
  

𝑵𝟐 + 𝟐𝑯𝟐𝑶 ⟹ 𝟐𝑵𝑶 + 𝟐𝑯𝟐 2.2 
 

The chemical equilibrium equation indicates that a considerable quantity of NO will be 
produced towards the conclusion of combustion. Furthermore, due to the low 
temperature of the exhaust, the bulk of NO produced will disintegrate. However, some 
of the NO produced stays in the exhaust because of the poor reaction rate at exhaust 
temperatures. The primary player here is atmospheric ozone, which oxidizes NO to the 
substantially deadlier NO2 via the following reaction (C. H. Wu et al., 1973): 
 

𝑵𝑶 + 𝑶𝟑 ⟹ 𝑵𝑶𝟐 + 𝑶𝟐 2.3 
 

Therefore, the highest concentration of NO2 relies on the local meditation of ozone. It 
must be noted that NO emissions to the environment are one of the causes threatening 
the Earth's ozone layer (Pronobis, 2020). CO is a transitional product during combustion, 
and if the conversion of CO to CO2 is not complete, then it stays in the exhaust 
system (Vakkilainen, 2017) and is also entitled as silent killer (Byard, 2019; Can et al., 
2019). If the air-fuel ratio is set to 15, theoretically, it is possible to say that exhaust of a 
combustion engine is free of carbon monoxides. CO is usually produced from an engine 
that has a rich fuel-air ratio.  As the quantity of CO produced surges, the mixture 
becomes increasingly rich in fuel (V. Rapp et al., 2016). Even if the fuel mixture is 
slightly lean, a small quantity of CO will pass through the exhaust. This is owing to the 
fact that balance is not engendered when the products reach the exhaust. The products 
generated during combustion at high temperatures are non-sustainable, and the 
following processes occur before the balance is restored (Heywood, 1988). 
 

𝟐𝑯𝟐𝑶 + 𝑶𝟐 ⟹ 𝟐(𝟏 − 𝒚)𝑯𝟐𝑶 + 𝟐𝒚𝑯𝟐 + 𝒚𝑶𝟐 2.4 
  

𝑪 + 𝑶𝟐 ⟹ 𝑪𝑶𝟐 ⟹ (𝟏 − 𝒙)𝑪𝑶𝟐 + 𝒙𝑪𝑶 +
𝒙

𝟐
𝑶𝟐 2.5 

 

When the products turn cool to exhaust temperature, a large portion of the CO interacts 
with oxygen to create CO2. However, just a little quantity of CO will be left in the 
exhaust. HC is emitted as a result of incomplete combustion (Hu and Ladommatos, 1996; 
Laskowski et al., 2019) caused by inefficient engine design, poor fuel quality, or control 
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system failure. Design parameters, combustion chamber design, and operational 
variables such as air-fuel ratio, speed, load, and mode of operation (idling, running, or 
accelerating), all influence the quantity of hydrocarbon emitted. HC in spark-ignition 
engines derive from numerous sources, which include flame quenching at the walls of 
the combustion chamber and at the entry of crevice volumes, immersion, and dispersion 
of fuel vapor into oil layers on the wall of the cylinder, misfiring and incomplete burning 
(Tavakoli et al., 2021).  
 

2.3.2 Emission control parameter 
 

Different techniques have been used to reduce the emissions from SI engines, including 
improved combustion conditions (Buruiana et al., 2021) and catalytic after-treatment 
(Koltsakis and Stamatelos, 1997; Dey and Mehta, 2020). In addition, the utilization of 
technology innovations in fuel injectors, oxygen sensors, and onboard computers in 
vehicle engines has provided better control and subsequently optimized the engine 
combustion process, leading to better and improved combustion. In addition, the 
combustion conditions are improved by increasing fluid turbulence and fuel mixing in 
the cylinder, modifying the size and position of the intake valve and utilizing direct fuel 
injection in the cylinder (Alkidas, 2007). Since any engine that uses internal combustion 
fuel requires air to function (Balmer, 2011). This is because, without air, particularly 
oxygen, fuels cannot burn and supply the combustion force to operate the engine. The 
oxygen shortage while operating the engine results in a rich mixture that contributes to 
the higher unburned gaseous fuel, owing to a faster burning rate and shorter ignition 
delay. Too much oxygen results in a lean mixture that lead to unstable combustion and 
misfire (Abdelaal et al., 2013). To attain complete combustion, it is necessary to ensure 
that charged air entering the combustion chamber contains enough oxygen. As the 
number of oxygen molecules in the air increases with the decrease in temperature of air 
and vice versa, justified by ideal gas law (Alao & Babatunde, 2020). 
 

𝝆 = 𝑷𝑹−𝟏𝑻−𝟏 2.6 
 

The above equation proved that air temperature is an important phenomenon in the 
combustion process. It is also verified from the basic equations of the thermal efficiency 
(air-standard efficiency) of the Otto cycle (V. Ganesan, 2012): 
 

Ƞ𝒕𝒉 =
𝑾𝒏𝒆𝒕

𝑸𝒊𝒏

=
𝑸𝒏𝒆𝒕

𝑸𝒊𝒏

 2.7 

  
𝑸𝒏𝒆𝒕 = 𝒎̇. 𝒄𝒗. (𝑻𝟑 − 𝑻𝟐) − 𝒎̇. 𝒄𝒗. (𝑻𝟒 − 𝑻𝟏) 2.8 

  
𝑸𝒊𝒏 = 𝒎̇. 𝒄𝒗. (𝑻𝟑 − 𝑻𝟐) 2.9 

  
Thus  
  

Ƞ𝒕𝒉 =
𝒎̇. 𝒄𝒗. (𝑻𝟑 − 𝑻𝟐) − 𝒎̇. 𝒄𝒗. (𝑻𝟒 − 𝑻𝟏)

𝒎̇. 𝒄𝒗. (𝑻𝟑 − 𝑻𝟐)
 2.10 
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Ƞ𝒕𝒉 = 𝟏 −
(𝑻𝟒 − 𝑻𝟏)

(𝑻𝟑 − 𝑻𝟐)
= 𝟏 −

𝑻𝟏(
𝑻𝟒

𝑻𝟏 − 𝟏
)

𝑻𝟐(
𝑻𝟑

𝑻𝟐 − 𝟏
)
 2.11 

 

For processes (1-2) and (3-4) isotropic on the (P-V) diagram, the thermal efficiency can 
be simplified as (Hiereth & Prenninger, 2007): 
 

Ƞ𝒕𝒉 = 𝟏 −
𝑻𝟏

𝑻𝟐

= 𝟏 − [
𝑽𝟐

𝑽𝟏

]
𝒌−𝟏

= 𝟏 − [
𝟏

𝒓
]

𝒌−𝟏

 2.12 

 
Where r = compression ratio, k = Cp/Cv  
 

Observing equation (2-12), the temperature of the engine's intake and combustion is the 
most important factor when it comes to its thermal performance. For naturally aspirated 
engines, the inlet temperature relies on the outside (ambient) temperature (Chhalotre et 
al., 2018), while for charged engines, it depends on how well the IHE works (Engkuah 
et al., 2016). However, combustion temperature depends on burning combustion and 
heat release, which vary with the fuel/air ratio. Theoretically, the engine’s thermal 

efficiency increases as the inlet temperature decreases (Z. Zhang et al., 2022), which is 
the main focus of this study. 
 

2.4 Influence of ambient conditions on ICE 
 

The ambient conditions have an impact on engine combustion (Cui et al., 2021; 
Shahridzuan et al., 2021). The air humidity and temperature are the most significant 
ambient variables that impact the performance of ICE (Lindhjem et al., 2004; Chang et 
al., 2017), as the amount of humidity in the air affects combustion. With an increment 
in air humidity, it slows down the combustion process and lowers the maximum 
combustion temperature. On one side, this will have a good impact on the knock margin 
and NOx emissions, but it will have a detrimental impact on the engine's efficiency. The 
other parameter temperature, is one of the fundamental thermodynamic properties 
(Childs et al., 2000), that may be detected with thermometers (thermocouples) 
(Rossouw, 2016). Ambient temperature referred towards the temperature of the 
surrounding environment (Epstein & Moran, 2019), influences the energy usage of ICE 
cars (Taggart, 2017). The temperature of an ICE is critical for combusting the fuel and 
powering the engine (Musgrove et al., 2018). In an ICE, high temperatures, often known 
as heat, are required to burn the fuel. However, the temperature must be kept under 
control to ensure safe operation (Morad & Alrajhi, 2014). The engine cylinders, pistons, 
and other components may be damaged if the temperature of the engine reaches 
unacceptable levels. For that matter, it is necessary to have a method of heat removal 
that will keep the engine operating safely and it majorly depends on ambient temperature 
(Safakish, 2012). However, ambient air temperature and air inlet or intake temperature 
have distinct meanings. According to Andrews et al. (2004) ambient air temperature is 
the temperature outside the engine compartment, whereas air intake temperature is the 
temperature recorded at the turbocharger's inlet. The ambient temperature does not affect 
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engine performance directly, instead, it does have an effect on the air intake temperature 
before entering the combustion chamber or turbocharger, as well as on the engine 
cooling system. In this study, the intake air temperature will be considered a topic 
concerning ICE performance. 
 

2.5 Significance of engine intake air temperature 
 

The charged air property of temperature and pressure is influenced by the environmental 
status of weather and by the exciting components integrated into the engine intake charge 
air (EICA) system as a compression system (Chan et al., 2013). The EICA temperature 
parameter plays a vital role in engine combustion performance as the air density is 
affected by the temperature variation (Irimescu et al., 2017b). According to Mattson 
(2019) raising the mixture's input temperature surges the temperature at the end of 
compression, which raises the temperature of the final portion of the charge to ignite, 
thus reducing the delay period and increasing the chances of knock (Yue & Som, 2021). 
Earlier studies (Douaud & Eyzat, 1978) also brief that propensity for knock to occur is 
a function of, among other factors, cylinder end gas temperature and pressure. As a 
result, at a given engine load, a lower intake air temperature minimizes the knock 
propensity. This would enable an earlier center of heat release, reducing both exhaust 
temperatures and BSFC directly. At high engine loads, a decrease in intake temperature 
results in a decrease in exhaust temperature, even at a particular center of heat release 
(Kadunic et al., 2014).  As a result, it's best to keep the intake temperature as low as 
possible but not too low in order to avoid fuel vaporization. Alam et al. (2005) studied 
the effect of inlet air temperature on direct injection diesel engine performance and 
emissions. They concluded that with the increase in inlet air temperature, average 
cylinder temperature and specific fuel consumption increase, and a decrease in AF ratio 
and thermal efficiency is observed. 
 

Acquiring cold intake air provides a special benefit for engine performance since it is 
denser than hot air and contains more oxygen, which promotes greater combustion, 
higher power, and improved fuel economy (Johnson, 2010). The impact of charge air 
cooling on the engine’s overall performance has been investigated in the literature 

archive (Ni et al., 2014) and has witnessed substantial improvement in engine 
performance and reductions in engine emissions. Lowering the temperature of intake air 
causes a reduction of thermal losses and stresses, thus contributing to an adiabatic engine 
with higher indicated efficiency. It is beneficial not only for vehicle engines but also for 
increasing the performance of power plants (Baakeem et al., 2017; Pradeep Varma and 
Srinivas, 2015). The same cooling-related potential benefits are evident when water is 
injected into the intake line: as a result of water droplets evaporating, a significantly 
lower air temperature is attained, resulting in a mixture (air and steam) that enhances 
indicated mean effective pressure and knock resistance (Mingrui et al., 2017; Soysal et 
al., 2022). This particular intake air cooling method is discovered to be superior than the 
cooled EGR method (Bozza et al., 2016). Some of the key advantages of cold intake air 
are discussed in the following sub-section:  
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2.5.1 Impact of EICA temperature on emissions 
 

Owing to the high temperature of combustion, vehicles produce more HC,  PM, CO, 
non-methane volatile organic carbon (NMVOC) (Sadavarte & Venkataraman, 2014). 
High operational temperature also results in higher NOx exhaust emissions (Torregrosa 
et al., 2008; Andrews et al., 2007). This is most likely owing to enhanced thermal NO 
production by means of the Zeldovich mechanism (Hamrock et al., 2004). Therefore, 
mitigating the negative impacts of high combustion temperature is valuable (Pinilla 
Fernandez et al., 2021). To compensate for cylinder-to-cylinder differences or variations, 
Haraldsson et al. (2004) found the inlet temperature of the air as a useful technique and 
observed the maximum brake efficiency and minimum NOx exhaust emissions in 
comparison to balance the cylinders with equal inlet temperature or with the quantity of 
fuel. Sarjovaara et al. (2015) reported that reducing air temperature before inducting to 
the engine can reduce the NOx emission and exhaust temperature of diesel engine. Cesur 
et al. (2013) injected steam in the intake line of gasoline engine to introduce cooling 
effect and reported reduction in fuel consumption by 6.44%, NOx emissions by 40%, 
and HC by 31.5%. Cinar et al. (2015) examined the effect of high EICA temperature on 
a single-cylinder, four-stroke HCCI gasoline engine operating at 1200 rpm. Their results 
showed an increase in in-cylinder pressure with increasing charge temperature and noted 
advance and period decrease in combustion. Moreover, the fuel consumption along with 
engine emissions were escalated. 
 

Premkartikkumar et al. (2014) investigated the influence of EICA temperature on a DI 
diesel engine exhaust emission by reducing the charge air temperature from 300°C to 
25°C. The results show a significant fuel economy enhancement, and engine exhaust 
emissions were generally decreased except for the NOx emission increase. In a gasoline 
engine, Abdullah et al. (2015) investigated the influence of EICA temperature variation 
on the fuel consumption and exhaust emission of a 1.6L gasoline engine. The results 
showed that the influence of high EICA temperature increased the fuel consumption and 
CO emissions and advanced with shorter combustion duration. While their study shows 
a higher oxygen concentration at lower EICA temperature tests, resulted in reduction of 
BSFC, UHC and CO emissions. Cipollone et al. (2017) investigated the influence of low 
EICA temperature on a turbocharged diesel engine (F1C 3L) using a coupled IHE chiller 
unit to cool the charge air. Their results showed a significant reduction in net fuel 
consumption by up to 6%, 8% saving on CO2 emissions, and a reduction of 4.5% in NOx 
and 12.1% in CO emissions.  
 

2.5.2 Impact of EICA temperature on power 
 

A cooler intake is one of the simplest and most cost effective performance components 
that can add to any vehicle, whether it's a street vehicle, a racer, or even a tow truck. The 
entire goal of a cold air intake is to obtain colder air, which really is denser and contains 
more oxygen per volume. The colder it is, the better. In a power plant, intake air cooling 
methods such as absorption chiller, high pressure fogging, and evaporative cooling 
provide 1–15% more output than without cooling of the inlet air (Liu et al., 2019; Şen et 

al., 2018; Al-Ibrahim and Varnham, 2010). Vehicle air conditioning of a normal car 
consumes roughly 5 to 8 hp, which Herbert Joyner (1963) tried to recapture the bulk of 
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this normally lost power by utilizing cold refrigerated air output of the air conditioning 
system. Sugiura (1987) presented the gain in engine power by utilizing cold intake air 
presented in Figure 2.2. 
 

 

Figure 2.2: Difference in power with and without cold intake air  
(Sugiura, 1987) 
 

Nazmi et al. (2021) conducted experiments using Perodua Myvi 1.3L with different air 
intake temperatures, which were 35°C to 70°C with an increment of 5°C, to discover the 
effect of different intake temperatures on engine power and torque. The results 
concluded that with the increased intake air temperature, the engine shows a reduction 
in power and torque. Similarly, Fathi et al. (2020) investigated the influence of EICA 
temperature on a novel two-stage direct injection homogeneous charge compression 
ignition (DI-HCCI) combustion engine model using the multi-zone approach. Their 
results indicated that with the increase in intake air temperature, engine power decreases. 
In other words, the colder the intake, the better engine performance. Kadunic et al. 
(2014) measured the impact of cold air introduced in turbocharged 1.4L SI-engine 
experimentally to prove the concept of better engine performance through charge air 
cooling using a modified air condition system. The results recorded that maximum 
torque was increased by up to 12.5%. Arif et al. (2021) proved in their studies, that cold 
intake air helps to enhance the engine power. Aftermarket cold air intake systems are 
marketed with claims of increased engine efficiency and performance. However, there 
is no thumb rule or any formula that indicates the magnitude of the power gain associated 
with a particular temperature drop. Numerous factors exist. Jonathan Fiello, vice 
president of product development and engineering at K&N Engineering in Riverside, 
Calif said; "There is no conventional scale that we can use which indicates that a 
reduction in temperature by X amount results in a gain in horsepower of Y amount. In 
terms of temperature, you're going to see substantial advantages down low and 
substantial losses up high; however, the kind of gasoline consumed, the displacement of 
the engine, and the type of induction, whether forced induction or naturally aspirated, all 
have a significant effect" (Becker, 2019). 
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2.6 Point to ponder while considering cold intake air system 
 

Engine performance is sensitive to induction depression, especially for IC engines 
running without a turbocharger or supercharger. Managing air supply to the combustion 
chamber is a key component of modern vehicle engines since it may significantly 
impact performance, emissions, and fuel efficiency. To improve an engine's 
performance and, therefore, the vehicle's performance, the supply of air-fuel mixture 
into the combustion chamber should be managed both qualitatively and 
quantitatively (Kaul et al., 2021). The inlet manifold is the duct that connects the intake 
system to the engine's inlet valve through which the air-fuel mixture enters the engine 
and has pronounced significance in determining the engine's efficiency (Jemni et al., 
2021). The schematics of the air intake system are presented in Figure 2.3. 
 

 

Figure 2.3: Block diagram of the air intake system  
(Raman & Bahari, 2021) 
 

One of the most significant factors affecting performance in ICE is the intake manifold 
(Lim et al., 2020). All of the advantages of lower air intake temperatures can be nullified 
by a cold-air intake system that limits airflow or causes high pressure drop when matched 
to a stock system. A system must guarantee that the amount of cold air flowing in is 
equivalent to or better than the amount of air receiving with the stock system in order to 
be successful. It is well established that the pressure drop that occurs throughout the air 
intake system has a substantial impact on the power of the ICE (Mamat et al., 2009). An 
intake manifold having a low-pressure drop is very important to maximize the mass of 
the drawn air into the cylinder (Gocmen & Soyhan, 2020). The performance of an engine 
is subject to induction depression, particularly for ICEs that do not use turbochargers or 
superchargers, and the pressure drop is caused by the suction induced while the piston is 
in descending position. According to Daniel Marty, engineering manager for TMG 

Air intake tube (sucks the 
air from surrounding)

Engine air filter (cleans 
the air)

Mass air flow pressure 
sensor

Throttle body Intake manifold Intake valve

Engine cyclinder
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Performance Products, parent company for Corsa Performance and Volant Performance 
in Berea, Ohio; “If you want to improve your engine's output, the best way to do so is 

by minimizing blockages to obtain laminar airflow and maximizing the amount of air 
entering the engine. This will use more fuel to get surplus power. For subsonic 
applications, laminar airflow is the most efficient. The mathematics for air flow is way 
easier and the gain in power is high. If, for instance, there’s a restriction in your intake 
that’s causing, let’s say even just a 5% increase in pressure drop through that intake 
system, and you could get that down to 1% pressure drop, that pressure drop, you are 
not talking about a square root function now. You are talking about a ratio. So, you get 
more power proportionally from a relatively small change in the restriction than you get 
from a relatively small change in temperature” (Becker, 2019). 
 

2.7 Intercoolers 
 

Heat exchangers, also known as intercoolers, are typically installed to supercharged and 
turbocharged engines to provide cold air to the engine intake (Fredrico Burke, 2018), 
due to their beneficial impact on engine output and fuel economy (Sergienko et al., 2021; 
Yu et al., 2019). Unlike a radiator, a turbo intercooler cools the air supplied into the 
engine instead of cooling the engine. The intercooler's job is to cool the input gas and 
densify the air needed for optimal combustion (Yum et al., 2017). The Ideal Gas Law, 
describes the physics of air and necessitates the installation of an intercooler. Explaining 
the ideal gas law as fundamental is important since pressure and temperature are directly 
related, and increasing pressure using a turbocharger or supercharger results in increased 
heat production. Hot air density is lower than cold air, and as a result, it contains fewer 
oxygen molecules per unit volume (Ravindra & R. R. Arakerimath, 2017). This implies 
that the engine receives less air in a given stroke (in case of hot air), thus resulting in less 
power engendered. Hot air further raises the temperature of the combustion chamber, 
which may assist in the pre-detonation of the combustion cycle, which can result in 
detonation (Z. Wang et al., 2017). Intercoolers improve induction system performance 
by eliminating induction air heat generated by the supercharger or turbocharger (Prabhu, 
2015; Handibag et al., 2020; Mifdal et al., 2015) and encouraging more complete 
combustion. This actually reduces the heat of compression, which is the rise in induction 
air temperature that happens in any gas when its pressure is upraised and increases the 
induction air density (Cash et al., 2016). Generally, an IHE is often divided into four 
categories based on the medium utilized as a coolant, which includes liquid and gas, 
described in the following sub-section. 
 

2.7.1 Air to air  
 

The configuration of this type of intercooler (air to air) is that the charged air is blown 
or forced to be chilled by ambient air flowing through cooling pins placed integrally on 
multiple tubes as it travels through the several numbers of tubes  (S.J. Yang et al., 2019). 
Earlier, Sankar and Kishore (2016) explained the position and functioning of the charge 
air cooler as presented in Figure 2.4. It is commonly installed between the compressor 
and the intake manifold. The ambient air is drawn into the compressor via an air filter, 
in which it is compressed to an elevated temperature. Hot compressed air exits the 
compressor and passes through a charge air cooler, discards its heat into the ambient air 
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flowing outside, and cools down. A cool charge from the intercooler is then allowed to 
enter the engine's intake system through the intake manifold.  
 

 

Figure 2.4: Air-to-air charge cooler circuit  
(Sankar & Kishore, 2016) 
 

2.7.1.1 Advantages and disadvantages 
 

The advantages of the air-to-air intercooler are many, including a simpler construction, 
fewer components, less weight, and no need for a hydraulic setup as is the case with an 
air-to-water intercooler. One of the disadvantages of having this system is that since it is 
air-cooled, it has to be placed at the front of the car (Puetzer, 2015). This means that the 
piping required to connect the components and the route taken by the air from the 
turbocharger to the intercooler and then to the engine is a bit longer. Cooling capacity 
depends on outside ambient temperatures and humidity. Non-suitable for low-speed or 
parking operations (Curran & Irick, 2009). 
 

2.7.2 Air to liquid 
 

The water-cooled intercooler, on the other hand, is built in an improved package (Mezher 
et al., 2013), that the charged/compressed air is compelled to be cooled by a coolant flow 
circuit in contact with the tube (Engkuah et al., 2016; Ma’arof et al,. 2019). A radiator 
plus a pump make up this circuit presented in Figure 2.5. After flowing through a 
radiator, the water is sent to a water-charged air cooler, which is used to chill the air and 
remove heat. The engine must incorporate an entire hydraulic system for the said 
intercooler. At the front of the engine, there is an additional heat exchanger. The 
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actual/real intercooler is installed inside the intake manifold or somewhere near the 
engine. Still, the system operates within the same thermal range of air-air type 
intercooler as the cooling method depends on the external atmospheric air condition.  
 

 

Figure 2.5: Water-cooled air charge cooler  
(Sankar & Kishore, 2016) 
 

2.7.2.1 Advantages and disadvantages 
 

An air-to-water intercooler has a faster response time from the engine, which is very 
important when trying to get the maximum performance out of your vehicle comparable 
to air to air intercooler due to the high specific heat of water (Arif et al., 2021). The 
disadvantage of this system is that it involves many components like the heat exchanger, 
pump, reservoir, and much more (H. Nasution et al., 2015), and there is also the danger 
of the coolant leaking. 
 

2.7.3 Air – solid surface intercooler 
 

The phenomena of electric current passing through connection junctions of two different 
materials create cooling and heating results at both sides of the intersection, which was 
discovered by Jean Charles Athanase Peltier in 1834 (Nikam & Hole, 2014). These 
thermoelectric effects were improved by Abram Ioffe in 1950 when they found 
semiconductors had a higher thermoelectric effect than other materials (metals or 
insulators). He suggested refrigeration could be accomplished using a multi 
semiconductor array to create a wide solid thermal surface. Figure 2.6 illustrates the 
thermoelectric semiconductor working method and an IHE device designed by (Jia-Wei 
& Hsueh, 2013).  
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Figure 2.6: Air intake cooling box and scheme of thermo-electric module 
construction  
(Jia-Wei & Hsueh, 2013) 
 

The thermoelectric technology can be utilized as IHE in the automobile field and for 
other purposes such as a fridge, electronic heatsinks, and fuel coolers. This new 
technology introduced a significant super-cooling reaching frozen temperature. Still, the 
area consumed by the semiconductors is small and needs to combine more extra 
thermoelectric parts to create a larger surface area, which makes it expensive and 
requires an electronic computer controller for power distribution. Therefore, this 
technology is used in small-scale cooling capacity filed like microchips and computers 
CPU cooling heatsinks (Wiriyasart et al., 2019; Cuce et al., 2020). 
 

2.7.4 Air - gas intercooler 
 

The revolution of intercooler performance enhancement continues to search for better 
coolant mediums that offer higher thermal capacity. The pressurized gas successfully 
achieved higher thermal performance (Nader et al., 2019). Generally, the pressurized gas 
cycle system consists of two types, depending on the coolant source. 
 

2.7.4.1 One-shot IHE 
 

This system uses the pressurized (CO2 or N2) gas or any other gases with high thermal 
evaporative properties to cool down the IHE by releasing the gas in one direction and 
expanding inside the cooling domain shown in Figure 2.7. The process ends with 
consuming all pressurized gas sources evaporated inside the cooling area. This kind of 
intercooler is not suited for daily driven cars but rather for use in drag race vehicles 
because of the excellent cooling capacity (Ravindra & R. R. Arakerimath, 2017). The 
limitation of this system is the duration of use depending on the gas source tank, and 
operation is costly and needs to refile for the next use. © C
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Figure 2.7: One-shot pressurized CO2 gas within an intercooler heat exchanger  
(Aaron, 2011) 
 

2.7.4.2 Intercooler sprayer 
 

Basically, an intercooler sprayer is just a collection of water jets that may be used to wet 
down an intercooler, as illustrated in Figure 2.8. That technique effectively lowers the 
temperature of an intercooler below that of the surrounding air. Cooling the charge will 
not only enable to get more power from the engine, but it will also help keep the engine 
cool if the intercooler is placed in front of the radiator. This is among the most essential 
aspects of installing a high-efficiency intercooler sprayer. Not only water is effective as 
a spray fluid, but also certain chemicals that evaporate more quickly than water can be 
used for even greater efficiency, which will allow to extract much more heat from the 
intercooler. However, the process ends with consuming all pressurized gas sources 
sprayed on the cooling surface area. 
 

 

Figure 2.8: Intercooler sprayer system  
(Choo, 2005) 
 

2.8 Advanced technologies to obtain cold intake air 
 

A relatively new approach utilizes water to cool the intake air (Harada et al., 2016) 
through a low temperature coolant loop in a dual-temperature engine cooling 
configuration (R. Cipollone et al., 2013). This approach improves the overall thermal 
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management of the vehicle (allowing for a redesign of the cooling channels within the 
engine block and head) (R. Cipollone et al., 2012) and also reduces engine warm-up time 
by up to 30% in automobiles(R. Cipollone et al., 2013). Recent studies have concentrated 
on the heat recovery from exhaust gases to feed cooling-dedicated components, such as 
jet ejector cooling devices, to obtain air cooling below ambient temperature (Zegenhagen 
and Ziegler, 2015a; Zegenhagen and Ziegler, 2015b). Galindo et al. (2019) also 
conducted a thermodynamic analysis of the jet ejector refrigeration cycle and claimed 
that 0℃ intake temperature could be attained for those engines whose exhaust thermal 
power is sufficient to drive the jet ejector refrigeration system. The schematic diagram 
of the jet ejector refrigeration attached to the engine is shown in Figure 2.9.  
 

 

Figure 2.9: Ejection cycle arrangement intended to cool down engine intake  
(J. Galindo et al., 2019) 
 

The advantages linked to waste heat recovery must be weighed against the negative 
effects of a higher induced engine backpressure (D. Di-Battista et al., 2015), while also 
taking into account the additional fuel used to drive a compression chiller that does not 
necessarily require. Other strategies focus on the possible improvement that can be 
attained by charge cooling using a heat pump or a mechanically driven compression 
chiller; the viability of these strategies should be evaluated in light of the present trend 
toward engine downsizing. Among alternate theories for additional charge cooling, 
sorption-based theories are particularly intriguing. An absorption refrigeration system 
connected to the intake air-line has been reported to boost engine efficiency by up to 4% 
(Novella et al., 2017); in particular, the adsorption system can be powered by exhaust 
energy, as long as the pressure drop on the exhaust is kept to a minimum (Manzela et al., 
2010). It can accommodate the cooling requirement of a coach vehicle (Jianbo Li, 2013). 
Although controlling the adsorption system has proven to be quite challenging, Rêgo et 
al. (2014) found it simple to manage in a range of high engine operating points. The 
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weight increase caused by these technologies is unquestionably a negative outcome that 
decreases propulsion power (D. Di-Battista et al., 2015). Further cooling improvements 
have been done using a VAC unit on the intake pipe, discussed in section 2.10. 
 

2.9 Vehicle Air Conditioning (VAC) system 
 

VAC is virtually ubiquitous and is included as standard equipment in almost every newly 
manufactured vehicle (Hundy et al., 2016). The use of VAC in passenger cabins for 
thermal comfort (Ketwong et al., 2021) is increasingly considered a need rather than a 
leisure, and cooling is particularly important while traveling during the summers or over 
the year in nations with a hot and humid environment (Qi et al., 2017), as it decreases 
driver tiredness (Mebarki et al., 2013), and increases road safety with the comfort of the 
driver (M. Y. Lee, 2017). The VAC is usually subjected to highly variable environmental 
conditions, necessitating extensive efforts to assess its overall effectiveness (Piao et al., 
2021). The conditions entail inlet circumstances, which decide the temperatures of the 
air entering the evaporator and condenser; consumer selections, which define the volume 
flow rate of the evaporator and the ventilation manner; driving styles, which dictate the 
speed of the compressor and the velocity of the condenser face; and 
compartment material, number of occupants, and weather patterns, which ascertain 
the external and internal thermal loads (Gado et al., 2008). 
 

2.9.1 Major components and working of VAC System 
 

The parts of a VAC system are nearly identical to those of a room's air conditioning 
system, but there have been numerous modifications crafted to a VAC system to make 
it more compact and to fit in with the components of an engine. The air conditioning 
system in cars is comprised of the following components: the compressor, the condenser, 
the condenser fan, the expansion valve, the receiver drier/air conditioner accumulator, 
the evaporator, and the evaporator fan (Bentrcia et al., 2017). Most of the VAC system 
operates with the vapor compression refrigeration cycle (X. Yang et al., 2017) to 
maintain thermal comfort within the compartment. Figure 2.10 presents the typical VAC 
system cycle. 
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Figure 2.10: VAC schematic arrangement  
(A. Bhatia, 2018) 
 

The evaporator, which is another kind of heat exchanger utilized in the air conditioning 
system, absorbs heat from the compartment of a passenger and transfers it to the liquid 
refrigerant circulating in the evaporator, which turns into vapor form, which then cools 
the compartment with the assistance of the blower fan (Stubblefield & Haynes, 2000). 
Once the high-temperature, low-pressure vapor is sent to the compressor (Nimkar et al., 
2021), the increased pressure over the vapors causes it to condense and transform into 
liquid refrigerant. At that stage, the refrigerant is in a liquid form under high temperature 
and at high pressure. Once in the condenser, the high-pressure, high-temperature liquid 
refrigerant is cooled by forced convection supplied by the radiator fan or by a distinct 
fan (Subiantoro et al., 2014). Although the temperature of the refrigerant has dropped, 
however, the pressure of the refrigerant has remained almost constant. It is then 
transported to the expansion valve, where the high pressure and low temperature 
refrigerant are released, and the refrigerant is returned to its natural condition (T. Lee et 
al., 2021). After that, the refrigerant is returned to the evaporator for the next cycle to 
take place. A receiver dryer is installed between the evaporator and the compressor to 
transform the leftover refrigerant in the liquid state received from the evaporator into 
vapors before it is sent to the compressor. 
 

2.9.2 Impacts of VAC on engine performance 
 

According to Yeh et al. (2009), Khayyam et al. (2011) and Chen et al. (2022), a VAC 
system can be considered the primary accessory that extracts the greatest amount of 
power when it is in operation, making it a critical issue due to increasing concerns about 
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energy costs, emissions of greenhouse gases, thermal comfort and automobile 
performance (Sukri et al., 2016). In most automobiles, the compressor is directly linked 
to the engine crankshaft, as shown in figure 2.11, its speed is similar to the engine speed, 
which cannot be regulated, and at the same time, cooling capacity fluctuates (Dahlan et 
al., 2014). It may take up to 5 to 6 kW of power from the car's engine at peak load 
(Fayazbakhsh & Bahrami, 2013) or 7.5 kW at 6000 rpm according to (Soo et al., 2021), 
which is roughly equal to a vehicle traveling at 56 km/hr. Although the cost of installing 
an air conditioning system is usually economical, the additional weight that is added as 
well as the functioning of the system, both cause the increment in the consumption of 
fuel (Q. Zhang et al., 2015). Extra fuel consumption by the mobile air conditioning 
system results in less fuel economy as well as more emissions of greenhouse gases. 
According to research by S. S. Bhatti et al. (2021) usage of air conditioner decreases the 
fuel efficiency by about 15-20% and enhances NOx and CO2 emissions by approximately 
80% and 70%, respectively, however, the exact figures depend on the particular driving 
parameters (Rugh et al., 2001).  
 

 

Figure 2.11: Belt driven compressor connection with the engine  
(Heard, 2018) 
 

2.10 IHE operates on VAC system 
 

As described in the previous section about the capability of VAC system, R. Cipollone 
et al. (2017) highlighted in their research that, in modern vehicles, there is potential to 
use the on-board air conditioning unit for intake air cooling because it is generally over-
sized and under-utilized for cabin heating and cooling. Moreover, it can also be 
integrated into a double circuit cooling system (R. Cipollone et al., 2013), achieving 
improved cooling performances if a water cooled condenser is utilized (Davide Di 
Battista & Cipollone, 2016). This possibility would result in an improved engine 
functioning with no extra onboard devices, i.e., no complexity and weight increase in 
the engine layout. Figure 2.12 illustrates the general model of the engine layout for intake 
air cooling from the VAC unit. Further, in response to that opportunity, a cold intake air 
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system using the refrigeration cycle of automotive air conditioning has been investigated 
and patented by several investigators, presented in Table 2.1. 
 

 

Figure 2.12: Engine layout for intake air cooling  
(D. Di-Battista et al., 2018) 
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2.11 Comparison of various cooling system 
 

The comparison of available intercooler systems in the literature is listed in table 2.2, in 
the form of their distinct features and limitations. Further, in view of table 2.2, the 
evaluation is made based on multi-weight scoring model, to appraise the impactful 
intercooler system, based on weight, cooling capability, market availability, price, 
maintenance and operation during vehicle static and moving position, presented in table 
2.3. For that matter, equal weight was assigned to each particular i.e. 1. Moreover, scores 
were assigned to each criterion of all intercooler system (0 to 10, low to high) based on 
their ratings and importance. The weights and scores were multiplied to get a total 
weighted score for the project. Using these multiple screening criteria, it is observed that 
the intercooler operating on vehicle refrigeration system has a way highest weighted 
score, in contrast to other available intercooler systems.  
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Table 2.3: Mutlti-weight scoring model for evaluation of various intercooler 
systems 

    Score: 0 to 10 ( Low to high) 

Particulars Weight 

A
ir

 to
 a

ir
 

A
ir

 to
 li

qu
id
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he

rm
oe

le
ct

ri
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ne

 sh
ot

 

Sp
ra

ye
r 

Je
t e

je
ct

or
 

A
bs
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pt

io
n 

ch
ill

er
 

V
eh

ic
le
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ef

ri
ge
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tio

n 

Installation 1 8 4 5 6 6 3 3 7 
Market availability 1 10 6 4 7 7 2 2 3 
Price 1 8 8 3 2 2 2 2 6 
Cooling range 1 4 4 6 6 6 8 8 10 
Instant cooling 1 0 0 8 8 8 7 8 10 
Maintenance 1 8 8 3 2 2 3 2 7 
System reversibility 1 0 0 0 0 0 0 7 10 
Weight 1 6 7 8 6 6 5 3 8 
Operation during static position 1 0 0 8 3 3 7 7 10 
Operation during moving position 1 8 8 10 8 8 9 9 10 
    52 45 55 48 48 46 51 81 

 

Clearly, the intercoolers operating on vehicle refrigeration system scored the highest 
number (81), in comparison to various other listed intercoolers, based on the required 
features from an intercooler. Moreover, table 2.2 demonstrates its maximum distinctive 
features in contrast to various cooling systems. Therefore, intercoolers operating on 
vehicle refrigeration system is found to be best. However, the design of intercoolers 
utilized for that cooling system could be challengeable in various aspects based on table 
1.1 and 2.1. The size of the proposed devices or systems isn't taken into account in the 
literature. IHEs should be small and lightweight enough to deliver the required thermal 
cooling while occupying the least amount of space. Moreover, despite the fact that 
adding a new device to the intake line can result in a pressure loss in the airflow passage 
that surely impact engine performance. The available designs suffer from medium to 
high pressure Similarly, in terms of their design sizes, the thermal capacity of the 
proposed devices or systems were also inadequate. In addition to that, those designs 
require modification in engine bays and need additional cooling circuit for their 
installation, which is an inappropriate. Therefore, the current study aims to present new 
IHE, for obtaining cold-intake air utilizing a vehicle's air conditioning system to 
eradicate the above cited limitations and to offer practical solution. 
 

2.12 Heat exchangers 
 

Irrespective of the category or design/scheme, all heat exchangers work according to the 
same basic principles namely, the zeroth, first, and second laws of thermodynamics 
which explain and govern the transfer of heat from one fluid to another (Huilgol, 2021). 
The design of heat exchanger is based on operating requirements and other variables 
depends on the requirement of work to be done. The prevailing concern of HE’s designs 

is to ensure maximum heat transfer while maintaining size to a minimum (Biçer et al., 
2020). The material requirement should have excellent heat transfer performance, 
specific design factors such as package size, price, weight, available space in the vehicle 
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engine bay, and the appropriate cooling medium selected (Xu and Grönstedt, 2010; 
Sedef and Bilen, 2018). Figure 2.13 illustrates the general types of HE classification 
according to its construction type (Bhavsar et al., 2013). 
 

 

Figure 2.13: Types of heat exchanger according to construction style  
(Bhavsar et al., 2013) 
 

2.12.1 Heat exchangers utilized for cold intake air in literature 
 

As stated earlier, about the devices and methods adopted for cold intake air systems. 
Most of the inventors have utilized tubular type heat exchanger designs with VAC 
systems in their studies, as listed in Table 2.4.  
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However, compared to shell-and-tube designs, plate heat exchangers (PHE) are up to 
five times more efficient. Because the plates provide a surface area that is significantly 
bigger than shell-and-tube designs that would fit in the same space, allowing for 
exceptionally efficient heat transfer. In addition, shell-and-tube design needs more floor 
space than plate heat exchangers, as the volume occupied or size of the heat exchanger 
is crucial for applications with limited floor space (particularly for the present study). 
Good quality plate-and-frame heat exchangers can work effectively without 
maintenance for many years and can make capacity adjustment quite simple. It is simple 
to add, remove, and access plates. Shell and tube units, on the other hand, have a fixed 
capacity at the time of installation. The least expensive option is a PHE since it has the 
lowest surface area and the most effective heat transfer due to its high heat transfer 
coefficients and pure countercurrent flow. Small size and compact designs of PHE are 
crucial for applications that require limited space (Alfa-Laval, 2022). 
 

2.12.2 Lamella heat exchanger (LHE) 
 

LHE is a kind of heat exchanger that is both compact and efficient. Typically, it is 
composed of a cylindrical shell enclosing a number of heat-transfer components on the 
inside (Shah & Sekulic, 2003). These components referred to as lamellas. The design is 
similar to that of a tube heat exchanger, but with thin and broad channels (lamellas) 
shaped like flat tubes (pairs of thin dimpled plates that have been edge welded together 
to form rectangular channels with a high aspect ratio), in lieu of the round tubes used in 
shell and tube heat exchanger (Thulukkanam, 2013), as shown in Figure 2.14. 
 

 

Figure 2.14: Rectangular channels of LHE  
(Kakaç et al., 2020) 
 

The lamella's interior opening is between 3 to 10 mm (0.1 to 0.4 in.), while its wall 
thickness is between 1.5 to 2 mm (0.06 to 0.08 in.). On the shell side, lamellas are tightly 
packed to create narrow passages. To prevent leaking from the shell to the tube side or 
the other way around, lamellas with gaskets are placed in the end fittings. Both sides of 
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the lamella bunch are fused with the cover of the channel, which is then welded to the 
inlet and outlet of nozzles from the outer ends. Thus, welding fully sealed the lamella 
side (Kamaruddin, 2010). In a smaller exchanger, the width of the lamellas increases 
from either end to the middle of the shell in order to fully consume the offered space, as 
shown in Figure 2.15. 
 

 

Figure 2.15: Width adjustments of lamellas  
(Thulukkanam, 2013) 
 

Baffles are not part of this heat exchanger, so one fluid (flat tube fluid) circulates inside 
the lamellas, while the other (shell fluid) circulates longitudinally in the gaps between 
them, as shown in Figure 2.16. Thus, the exchanger has just one pass, and the flow 
direction is usually counter-flow (Walker, 1983; Hewitt, Shires, and Bott, 1994). To 
accommodate thermal expansion, one end of the lamella bunch is fixed while the other 
is floating. Thus, this exchanger has a modified floating head. The walls of a flat 
tube may contain dimples where adjacent tubes have been spot-welded together. Small 
hydraulic diameters and the absence of leakage or bypass streams, as in a traditional 
shell-and-tube exchanger, are generally responsible for high heat transfer coefficients. 
As with corrugated plate channels, suitable point dimples boost thermal efficiency and 
pressure drop (H. Wu et al., 2020). Plate spacing ensures it to handle a wide range of 
fluids, including fibrous slurries. For same duty work, a Lamella heat exchanger weighs 
less than a conventional shell-and-tube heat exchanger (Kakaç et al., 2020). 
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Figure 2.16: Fluid flow characterization in LHE  
(Kumareswaran, 2014) 
 

Coefficients of heat transfer for shell and tube heat exchangers are very high but are less 
than those of PHEs. Due to the fact that the lamella form exhibits more surface for heat 
transfer per unit volume than the tube shape, therefore LHEs are often more compact 
than conventional Shell and Tube Heat Exchangers, even when the surface area is the 
same (Larowski & Taylor, 1983). In contrast with the shell-and-tube exchanger, 
such type of exchanger is utilized for heat recovery in the chemical processing industry, 
paper and pulp industry, as well as other commercial applications (Ola, 2011). 
 

2.12.3 Potential benefits of upgrading IHE 
 

The potential benefits of upgrading the IHE are listed by several researchers (Sergienko 
et al., 2021; Yu et al., 2019; Z. Wang et al., 2017). 
 

1. It helps the engine to respond more quickly to throttle input due to high denser 
air. This means that the car feels more responsive and lively, making it more 
enjoyable to drive.  

2. It helps to ensure consistent performance, especially in hot weather or during 
extended periods of high-speed driving, due to the improved capability to 
handle the heat generated by the engine. 

3. It helps to reduce the exhaust emissions more effectively, which ultimately is a 
step towards emission regulations/policy, leading to friendly and sustainable 
environment. 

4. It helps to reduce the engines operating temperature more conclusively due to 
high cooling ability, which definitely extends the life of other engine 
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components. In other words, it improves the engine’s reliability by reducing the 

amount of thermal stress put on various components. 

5. It helps to improve the vehicle power to weight ratio, through the compact and 
light weight design compared to conventional heavy and bulky designs. 

6. It helps to allow for a more precise control of the air-fuel ratio, promoting 
optimal combustion. 

7. It helps to minimize the detonation and knock phenomenon more 
comprehensively, to enhance engine performance. 

 

2.13 Computational fluid dynamics (CFD) 
 

CFD can be defined as the collection of techniques that aid the computer in simulating 
fluid flows numerically (M. K. M. Nasution et al., 2022).  The three fundamental 
principles that can govern the physical characteristics of any fluid are i) conservation of 
energy, ii) Newton's second law, and iii) conservation of mass. These fundamental laws 
may be used to describe any flow issue (M. M. Bhatti et al., 2020). Mathematical 
equations depicted the fluid behavior in the flow domain, typically in the form of partial 
differential equations. It is effective in examining the system's performance indicators, 
whether for the purpose of generating larger profit margins or boosting operational safety 
and in a number of other helpful characteristics (Joel H. Ferziger et al., 2020). Nowadays, 
CFD approaches are frequently used in various industries, including the design of cars, 
turbomachinery, ships, and aircraft (Zakaria et al., 2018; Mader et al., 2020). The 
commercially accessible CFD codes (ANSYS FLUENT, ANSYS CFX, CFD++, and 
STAR-CCM+) in the market are currently being used by a number of industries, 
engineering, and consulting firms worldwide for the simulation of fluid flow solution, 
heat and mass transfer problems, and combustion in aerospace applications (Sundén & 
Fu, 2017). The software platform codes in CFD are based on the method of finite volume 
discretization (Nishikawa, 2019).  
 

2.13.1 CFD study while designing HEs 
 

HEs are typically constructed with a variety of customizable adjustments to produce 
ideal heat load. Geometric characteristics (e.g., diameter, length, number of tubes, etc.) 
can be changed to enhance heat transfer surface area, however fluid flow has a 
substantial impact on performance parameters such as heat transfer rate and efficacy 
(Jadhav & Koli, 2014). The use of experimental and analytical approaches such as the 
Bell-Delaware, Logarithmic Mean Temperature Difference (LMTD), and Number of 
Transfer Units (NTU) method alone in the design of heat exchangers is highly complex, 
time-consuming, and prohibitively expensive. These techniques can be simplified by 
resolving the physical system to computer simulations and models, as using CFD 
software like ANSYS (Bhutta et al., 2012). With CFD simulations, engineers may 
evaluate heat exchanger systems virtually and with high-quality results without having 
to invest the real time, money, or resources (Skočilas & Palaziuk, 2015). Therefore, 
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simulation offers a platform for the creation and testing of new equipment at a reasonable 
cost, and the quality of the findings produced by CFD is credible (Jayakumar et al., 
2008). 
 

Taylor & Sundén (2011) have enumerated a number of potential models that could be 
applied to the CFD analysis and have run simulations on a PHE with various 
corrugations to demonstrate the potential for using CFD to address a range of heat 
exchanger-related issues. Counter flow in a tube-in-tube helical heat exchanger was 
simulated by V. Kumar et al. (2006). The flow through both tubes was studied using the 
control volume finite difference method for a variety of known cross-sections. Gan et al. 
(2000) performed a CFD simulation on the tubes of a heat exchanger used in closed-wet 
cooling towers. It was discovered that the water to air ratio and tube configurations 
affected the pressure drop. Christian et al. (2019) in their publication, introduced a 
significant understanding of the usefulness of using a simulation platform to solve 
corrosion issues in a shell-and-tube heat exchanger for pre-detecting of corrosion. 
Christian et al. (2019) analyzed the heat transfer and flowed characteristic flow behavior 
for a double helical tube heat exchanger utilizing nano-fluids. The visualizing results 
helped to approach a better understanding of the under consideration heat exchanger. 
Cruz et al. (2022) conducted numerical analysis of the thermal and flow behavior of 
CuO-water nanofluid under turbulent regions in a shell and tube heat exchanger using 
ANSYS Fluent. 
 

2.13.2 CFD process while designing PHE 
 

Numerical studies usually begin with determining the calculation domain upon which 
the numerical study will be based. Selecting the calculation domain for a numerical study 
can occasionally result in limitations with regard to other processes that need to be 
selected (Y. Zhang et al., 2016). After the selection of the domain, the computational 
grid (Mesh) that is created for any given geometric shape depends on a number of 
factors, including the shape's geometry, the surrounding environment, and the 
computer's capabilities. In CFD solvers, there are generally four ways to form the Mesh: 
Automatic, Tetrahedrons, Hex Dominant, Sweep, and Multi-Zone. Most researchers 
have used the unstructured tetrahedron mesh due to the complex geometry of flow 
channels within PHEs and the presence of narrow, sloping, and curved pathways. 
However, some researchers like Doo et al. (2012) and Patil et al. (2013) chose to generate 
the mesh as a structured hexahedral grid due to the issues with mesh quality that occur 
when creating the computational grid at the PHE plate contact points. Vankov et al. 
(2016) proposed a new method for improving mesh quality by allowing a reasonable 
clearance between the two plates at the contact points. Furthermore, to verify the 
independence of the numerical study's results from the computational grid, a so-called 
Mesh test is usually performed, which may involve several forms. Some researchers 
monitored the fluids' average outlet temperature (Tiwari et al., 2014) or the heat transfer 
rate (zahrani et al., 2019; Gürel et al., 2020)  with the grid size change. Some tracked 
other parameters, such as pressure drop (Jonghyeok Lee & Lee, 2015). Others tracked 
the change of Nusselt number (or heat transfer coefficient) and the coefficient of friction 
with the change in the size of the grid (Y. Zhang et al., 2016).  
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In the numerical analysis, the selection of boundary conditions that are applied to the 
calculation domain is crucial. The results are logical and credible to the extent that the 
conditions used are real or nearly real. Typically, flow turbulence in PHEs happens at 
relatively low Reynolds numbers (Re > 400) (Gherasim et al., 2011). In general, there 
are three fundamental ways to analyze turbulent flow using CFD solvers: DNS (Direct 
Numerical Simulation), LES (Large Eddy Simulation), RANS (Reynolds Averaged 
Navier- Stokes Simulation). While the third method (RANS) was adopted in many of 
the numerical studies of the PHE, for example, the turbulence model SST k–ω was used 
by Y. Zhang et al. (2016), W. Han et al. (2011) and Aboul Khail & Erişen (2022). The 
realizable k–ε model with scalable wall function was adopted by Al zahrani et al. (2020), 
and the standard k–ε turbulence standard wall function was adopted by Tiwari et al. 
(2014). Several algorithms are provided by CFD solvers to solve these partial differential 
equations. "SIMPLE" (Semi-Implicit Method for Pressure-Linked Equations) is one of 
them. For the spatial discretization, this algorithm was used to solve the pressure-
velocity coupling with the second-order upwind scheme (Al zahrani et al., 2020). While 
C. Zhang et al. (2017) used the standard method for pressure and the second-order 
upwind schemes for the momentum and energy equations for spatial discretization. The 
issue of verifying the results is one of the most significant tasks in the numerical 
investigation, and it is regarded as a fundamental criterion for its success or failure. 
Analytical or experimental methods are generally used to validate the outcomes of 
numerical investigations. It is also feasible to validate the results of the numerical 
research by comparing them to the results of an experimental or numerical study 
published in the literature of the geometrical model corresponding to the geometrical 
model analyzed in the numerical study. Doo et al. (2012) investigated the effect of 
longitudinal heat conduction in PHEs quantitatively, and to verify the findings, they 
compared the numerical results (friction coefficient and Colburn factor) with the 
comparable results from previously published studies (Focke et al., 1985). Dora et al. 
(2020) endorsed the outcomes of his numerical analysis by comparing it (heat transfer 
amount) with the findings of an experimental study in the literature (Khairul et al., 2014). 
Aboul Khail & Erişen (2021) validated the results of a numerical research (Nusselt 
Number) for flow in a PHE with new plate geometry using a novel analytical method. 
This method is based on both LMTD and ε-NTU heat exchangers analysis methods. 
 

2.14 Vehicle performance test 
 

Presently, the chassis dynamometer bench seen in Figure 2.17 is almost universally used 
for road vehicle testing, although there are units intended specifically for forklifts and 
articulated off-road vehicles. 
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Figure 2.17: Typical Chassis dynamometer layout  
(R. D. Burke et al., 2018) 
 

The benefits of having such capabilities available to the designer and test engineer are 
evident; essentially, they permit the static observation and measurement of the 
performance of the entire vehicle while it is functioning within its full power range and, 
in most respects, in motion (Czaban and Szpica, 2013; Yang et al., 2018). A proper 
chassis dynamometer must provide a level of resistance to the torque applied to the 
vehicle's drive wheels in order to replicate real world driving conditions  (A. J. Martyr 
& Plint, 2012). The three most important parameters of engine testing are described in 
subsections: 
 

2.14.1 Emissions 
 

Automobile exhaust gas regulations are becoming stricter with increasing issues of air 
pollution and global warming caused by traffic (Jo et al., 2019). The monitoring of 
exhaust emissions is a core part of vehicle-type approval (Borucka et al., 2021). 
Primarily, the chassis dynamometer test is usually used to measure exhaust emissions 
(Alcan et al., 2019; Bagheri et al., 2020).  The issue with this approach is that the 
emission levels recorded using the specified driving mode and the emission levels 
measured on an actual road differ dramatically (Pelkmans and Debal, 2006; Degraeuwe 
and Weiss, 2017). Still, the chassis dynamometer test is used nowadays by several 
researchers to find exhaust emissions (Atzler et al., 2021; Gis and Taubert, 2021).   
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2.14.2 Engine Torque & Power 
 

The vehicle chassis dynamometer measurement and control system refers to the 
measurement of the speed and torque of the driving wheels of the vehicle (X. Zhang & 
Zhou, 2020). The output torque is the engine rotating force delivered from the engine’s 

crankshaft to the transmission, subsequently driving the wheels (N. N. Trushin et al., 
2019). Basically, torque is a measure of the ability of an engine to do work, whereas 
power is the rate at which work is done (Atkins, 2009). Therefore, evaluating power and 
torque is a significant factor in vehicle testing. In SI units, the relationship between 
torque and power is (Bonnick, 2008): 
 

𝐏(𝐤𝐖) = 𝛕 (𝐍𝐦) ∗
𝛚(𝐫𝐩𝐦)

𝟗𝟓𝟒𝟗
 2.13 

 
Where  
 

P = power; τ = torque;  and ω = rotational velocity 
 

2.14.3 Fuel performance 
 

Researchers are motivated to create more efficient automobiles by the continuously 
rising demand for better fuel economy and consumers' concerns about the fuel 
consumption of their cars (Pavlovic et al., 2021). In addition, the primary auxiliary load 
of automobiles, which consists of air-conditioning and refrigeration systems, can use up 
to 25% of the total gasoline or even more in long-haul service vehicles. Therefore, 
measuring fuel performance is also an important factor in vehicle testing. The consumed 
fuel by vehicle engines may be expressed in two forms, i) fuel economy; it is the 
measured distance of a vehicle driving within a controlled capacity of fuel, ii) fuel 
consumption; it is the measured amount of fuel used to drive the vehicle within a 
controlled distance. 
 

2.15 Summary 
 

Prior research has shown that reducing air intake temperature dramatically increases 
combustion stability and efficiency while also lowering exhaust pollutants. Heat 
exchangers, often known as intercoolers, are frequently installed in supercharged and 
turbocharged engines to supply cool air to the engine intake. The literature database 
contains a lot of information about obtaining cold intake air through various mediums 
and techniques; nonetheless, a few gaps have been identified: 
 

1. Conventional intercoolers (air to air or air to water) are the most widely used 
intercoolers only for charged engines, where very high temperature and 
pressure operate, and their performance is dependent on ambient conditions 
(temperature and humidity of the air). Eventually, they cannot reduce the intake 
temperature below ambient conditions and performs very deprived at low 
engine speed and vehicle static position due to less amount of ambient air 
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passing through intercooler. In the case of naturally aspirated engines, they 
were found to be non-functional, where ambient conditions are directly related 
to air intake charge. 

2. In order to meet the gap mentioned above, inventors operated their designed 
intercoolers with the VAC system due to its higher cooling capacity. However, 
their designs are mostly for charged engines, and their devices and method 
require modification in engine bays and can only be installed while designing 
new vehicles, where the availability of space in the engine is not an issue to 
install the new intercooler and method. The reason behind this argument is that 
they did not consider the available space in existing vehicle engine bays to 
install it as an after-market product by neglecting their design sizes. In terms of 
size, the volume occupied by each component is critical in automotive design. 
Intercooler heat exchangers should be lightweight and compact enough to 
provide the necessary thermal cooling while consuming the least space.  

3. The available designs in the literature engenders medium to high pressure loss 
in air flow passage, due to the addition of a new device on the intake line, which 
surely can affect the engine performance. Further few inventors did not 
consider this parameter while designing their cooling devices. 

4. The thermal capability compared to their design sizes is also questionable (low 
to medium). Moreover, only few investigators have considered the engine 
speed in their studies, and the selected range was 1000 to 3000 rpm. The higher 
range of rpm was also overlooked in the literature. 

5. Last but not least, most of the experiments were performed in labs on test beds, 
with their designed intercoolers, where available space and size of the 
intercooler are not an issue. However, this method differs from the actual 
scenario, where the performance of the vehicle needs to be tested in real-time, 
with the actual installation of intercoolers in existing engine bays. 

 

So there is a need to develop a new IHE that would be suitable and qualified for working 
with much possible amount of existing engines while considering the above-stated 
neglected parameters. 
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CHAPTER 3 
 

3 METHODOLOGY 
 

3.1 Introduction 
 

This chapter discusses the details of the methodology that provided a way to 
systematically solve the research problem and describes the various steps adopted along 
with the logic behind them to fulfill the aims and objectives of the present study. This 
research work concerned about designing and fabricating a novel IHE device and a 
technique that can provide cold intake air utilizing the vehicle air conditioning system 
as a coolant medium. The IHE was developed for a particular test vehicle (Proton–Wira) 
1.5L SI-engine four-stroke gasoline-fueled, by keeping in mind the actual installation of 
fabricated IHE model in test vehicle for the experimental purpose to discover the 
performance of newly designed IHE as well as the impact of cold intake air on the test 
vehicle engine. The methodology employed for the said work was divided into three 
sections.  
 

The first section involved a numerical investigation of the initially proposed/selected 
designs of the Lamella heat exchanger for the present study, based on the minimum 
inside openings of the lamellas. The outer dimensions of the LHE were adopted from 
the previous in-house designed EIHE (Pshtiwan M. Sharif et al., 2019), having the same 
purpose and boundary conditions. That technique not only helped to understand the 
behavior response of LHE geometry but also to compare it with the already existing 
competitive model of the same size. Afterward, according to the actual space available 
on the intake manifold in the test vehicle, the outer dimensions of LHE were finalized, 
and the best-suited internal geometry was adopted based on the initial numerical 
investigation. The final selected size and geometry were again numerically investigated 
to check its thermal performance. The following section involved a fabrication of the 
LHE, followed by the leakage tests to find any minute leakage in a fabricated model, as 
both fluids involved in heat transfer were gases (air & refrigerant).  Further, the 
laboratory testing was executed at UPM thermodynamics laboratory, for verification and 
validation purposes with the numerical results before proceeding to installation in a test 
vehicle. The last section involved the installation of LHE in the test vehicle with the 
VAC system. Applied vehicle tests based on the vehicle status (running or static) were 
conducted at UniKL MFI, with the help of a chassis dynamometer test bench to observe 
the performance of LHE and the influence of cold air on engine performance (power, 
torque, fuel consumption, emissions). Three stages of the test (Normal, AC, LHE+AC) 
helped to understand the engine response in different scenarios. The overall research 
methodology in this study is simplified, as shown in Figure 3.1. © C
OPYRIG
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Figure 3.1: Overall schematic flowchart of the methodology with objectives 
 

3.2 Design control parameters 
 

This section defines the design criteria of the Lamella heat exchanger. On what basis the 
size of geometry was designed, and why? Millions of vehicles have been manufactured 
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till now, and the volume of vehicle production and sales is continuously rising, and 
forecasts confirm this trend for the next several years (Schenk & Clausen, 2021). It is 
due to an increase in urbanization (Nithya & Miniyadan, 2021). As it is already briefed 
in the previous chapter that road transport was a significant source of air pollution and 
greenhouse gas emissions (Seo et al., 2020). Modern and new vehicles are trying to 
follow the restrictions applied by authorities on emissions. However, what about the 
bunch of already existing vehicles on the roads? There is a need to control their emissions 
as well. In this regard, a lamella heat exchanger was designed for existing vehicles that 
could be installed as an aftermarket product. It could also be designed for new vehicles 
as well, but for the present study, it was limited to the existing vehicle. 
 

3.2.1 For existing vehicles 
 

As LHE in this study operates as an intercooler which is usually mounted on the air 
intake line. For charged engines, there is a proper place for an intercooler, as an 
intercooler is a necessary part of charged engines and is usually placed in front of the car 
radiator, as shown in Figure 3.2. However, for naturally aspirated engines, the 
intercooler is less common and doesn’t have any proper place for it, and this study has 

been done over a naturally aspirated engine. Thus, only some extra space available in 
the engine bay, as shown in Figure 3.3, was the design size control parameter of LHE. 
That space availability was directly related to the size of the intercooler (dimensions of 
shell box). 
 

 

Figure 3.2: Placement of conventional intercooler in vehicle 
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Figure 3.3: Possible space available for intercooler installation 
 

3.2.2 For new vehicles 
 

The volume occupied by any component in engine bays is a very critical aspect. 
However, any component can be added or removed easily while designing and 
manufacturing new vehicles. The design criteria for the new vehicles is the thermal 
(cooling) performance required to perform by the intercooler can be utilized for free 
LHE size using heat transfer and NTU pressure drop method, where the LHE scale size 
can be affordable with no attention to vehicle engine bay available space. The same 
procedure for design control parameters of IHE was also summarized by Pshtiwan M. 
Sharif et al., (2019) in his study, presented in Figure 3.4. The framework design 
demonstrates that designers have multiple options available to them for selecting the 
most effective IHE design approach, and also introduce the fastest way to select the 
correct option for the IHE design, suitable and affordable for any selected vehicle.  
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Figure 3.4: Design control parameters of IHE for new and existing vehicles 
(Pshtiwan M. Sharif et al., 2019) 
 

3.3 Design of LHE 
 

The design of LHE for the present study was dependent on the available space in existing 
engine bay, as it was directly related to the size of the shell box together with fitting 
covers. By omitting the fitting covers, the length of the shell box determined the length 
of the lamella, as both were equal in dimensions. In contrast, the shell box's width 
regulated the header plate's width, and the inside opening of lamellas decided the number 
of lamella channels inside the shell box. Similarly, the height and width of the shell box 
determined the size of the header plate, and the height of the header plates decided the 
height of lamella (hl) by excluding the parting height (b). Further, the diameter of the 
intake manifold decided the opening diameter of fitting covers. Figure 3.5 shows the 
schematics of the LHE model along with their dimensions. © C
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Figure 3.5: Design configuration of LHE 
 

In addition to the conventional LHE, three equally spaced baffle plates having 25% 
baffle cut, were provided to serve two purposes: support the lamellas for structural 
rigidity and divert the flow across heat transfer components to obtain a high heat transfer 
coefficient. The coolant medium's main inlet and outlet points were further divided into 
multiple inlet and outlet openings to distribute the refrigerant between lamellas equally. 
The rectangular tube side was selected for chilling the air, as shown in Figure 3.6, 
referring toward future technical maintenance issues, ease of fouling tube surface 
cleaning, and lower influence of pressure drop as compared to the shell domain.  
 

 

Figure 3.6: Flow arrangement in LHE 
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Nevertheless, the maximum allowable pressure drop inside LHE should not exceed 5% 
(Pshtiwan Mohammad Sharif, 2021), as all the benefit of getting cold intake air can 
mitigate due to high pressure loss by restricting airflow (Mamat et al., 2009). Therefore, 
a cooling system having a low-pressure drop is very important to maximize the mass of 
the drawn air into the cylinder (Gocmen & Soyhan, 2020). Further, the inside 
openings/width of lamella were assumed to be based on the possible range elucidated by 
Kamaruddin, (2010) and Thulukkanam, (2013) for lamella i.e. 3mm to 10mm, as the 
width of the lamella plates is an important factor in determining the overall heat transfer 
area and, consequently, the efficiency of the heat exchanger. Therefore, the inside 
openings were typically engineered to meet the unique requirement of the heat exchanger 
(for the present study) i.e. augmentation of heat transfer and reduction in pressure drop. 
The selection of LHE internal geometry was summarized in Figure 3.7. 
 

 

Figure 3.7: Assortment of LHE internal geometry 
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3.4 Computational fluid dynamics (CFD) 
 

The intention of adopting the CFD technique while designing the LHE for this study was 
that; during the design phase, CFD provides a cost-effective alternative to trial-and-error 
methods and allows designers to examine "what-if" possibilities. It also has a great 
potential to save time and measure all desired quantities at once in the design process 
and is, therefore, cheaper and faster compared to conventional testing for data acquisition 
(Jayanti, 2018). ANSYS FLUENT was adopted for numerical inquiry in the present 
work since Fluent software has the extensive physical modeling capabilities required to 
model flow, turbulence, heat exchange, and processes for industrial applications. Fluent 
provides highly scalable high-performance computing (HPC) to assist complex and 
large-model CFD simulations expeditiously and cost-effectively. 
 

3.4.1 Governing Equations 
 

The CFD method is a numerical solution platform based on the mathematical 
fundamental governing equations in fluid dynamics analysis, namely used with the 
continuity, momentum, energy, turbulence model and state equations (Ikhtiar et al., 
2016; Arani and Moradi, 2019), are listed related to present study as: 
 

Incompressible steady-state continuity equation (F. Torabi, 2022). 
 

𝝏𝒖

𝝏𝒙
+

𝝏𝒗

𝝏𝒚
+

𝝏𝒘

𝝏𝒛
= 𝟎 3.1 

 

X,Y,Z-momentum equations (Jain et al., 2017) respectively.  
  

𝝏𝒖

𝝏𝒕
+ 𝒖

𝝏𝒖

𝝏𝒙
+ 𝒗

𝝏𝒖

𝝏𝒚
+ 𝒘

𝝏𝒖

𝝏𝒛
=  −

𝟏

𝝆

𝝏𝒑

𝝏𝒙
 + 𝒗 (

𝝏𝟐𝒖

𝝏𝒙𝟐
+

𝝏𝟐𝒖

𝝏𝒚𝟐
+

𝝏𝟐𝒖

𝝏𝒛𝟐
) + 𝒇𝒙 3.2 

  
𝝏𝒗

𝝏𝒕
+ 𝒖

𝝏𝒗

𝝏𝒙
+ 𝒗

𝝏𝒗

𝝏𝒚
+ 𝒘

𝝏𝒗

𝝏𝒛
=  −

𝟏

𝝆

𝝏𝒑

𝝏𝒙
 + 𝒗 (

𝝏𝟐𝒗

𝝏𝒙𝟐
+

𝝏𝟐𝒗

𝝏𝒚𝟐
+

𝝏𝟐𝒗

𝝏𝒛𝟐
) + 𝒇𝒚 3.3 

 
  

𝝏𝒘

𝝏𝒕
+ 𝒖

𝝏𝒘

𝝏𝒙
+ 𝒗

𝝏𝒘

𝝏𝒚
+ 𝒘

𝝏𝒘

𝝏𝒛
=  −

𝟏

𝝆

𝝏𝒑

𝝏𝒛
+ 𝒗 (

𝝏𝟐𝒘

𝝏𝒙𝟐
+

𝝏𝟐𝒘

𝝏𝒚𝟐
+

𝝏𝟐𝒘

𝝏𝒛𝟐
) + 𝒇𝒛 3.4 

 

Energy Conservation equation (Miansari et al., 2020). 
 

𝝆𝑪𝒑 (
𝝏𝑻

𝝏𝒕
+ 𝒖

𝝏𝑻

𝝏𝒙
+ 𝒗

𝝏𝑻

𝝏𝒚
+ 𝒘

𝝏𝑻

𝝏𝒛
) = 𝒌 (

𝝏𝟐𝑻

𝝏𝒙𝟐
+

𝝏𝟐𝑻

𝝏𝒚𝟐
+

𝝏𝟐𝑻

𝝏𝒛𝟐
) + 𝝓 3.5 
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Turbulent kinetic energy (k) (J. Blazek, 2015). 
 

𝝏

𝝏𝒕
(𝝆𝒌) +

𝝏

𝝏𝒙𝒊

(𝝆𝒌𝒖𝒊) =
𝝏

𝝏𝒙𝒋

[(𝝁 +
𝝁𝒕

𝝈𝒌

)
𝝏𝒌

𝝏𝒙𝒋

] + 𝑮𝒌 + 𝑮𝒃 − 𝝆𝝐 − 𝒀𝑴 + 𝑺𝒌 3.6 

 

Rate of dissipation (𝜀) (Kalkan, 2014). 
 

𝝏

𝝏𝒕
(𝝆𝝐) +

𝝏

𝝏𝒙𝒊

(𝝆𝝐𝒖𝒊)

=
𝝏

𝝏𝒙𝒋

[(𝝁 +
𝝁𝒕

𝝈𝝐

)
𝝏𝝐

𝝏𝒙𝒋

] + 𝑪𝟏𝝐

𝝐

𝒌
(𝑮𝒌 + 𝑪𝟑𝝐𝑮𝒃) − 𝑪𝟐𝝐𝝆

𝝐𝟐

𝒌

+ 𝑺𝝐 

 
3.7 

 
Where; 𝜙 is the dissipation function of the energy equation, 𝐶1𝜖, 𝐶2𝜖, 𝐶3𝜖 are constants, 
𝜎𝑘and 𝜎𝜖 are turbulent Prandtl numbers, 𝐺𝑘 and 𝐺𝑏 represents the generation of 
turbulence kinetic energy due mean velocity gradient and buoyancy respectively. 
 

Equation of state (Cushman-Roisin & Beckers, 2011). 
 

                                          𝑷 = 𝑷(𝝆, 𝑻)  and  𝒊 = 𝒊(𝝆, 𝑻) 3.8 
 

                                                 𝑷 = 𝝆𝑹𝑻  and   i=𝑪𝑽𝑻 3.9 
  

The  aforementioned equations are based on conservation laws (the mother of all the 
problems in fluid dynamics), which are precisely defined by Sharma (2021) in Figure 
3.8 for a fixed elemental control volume-based Eulerian technique in fluid dynamics, 
assuming that the work done is equal to zero. 
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Figure 3.8: A schematic representation of conservation laws, used in fluid dynamics 
as well as heat transfer, customized for CFD  
(Sharma, 2021) 
 

3.4.2 Initial proposed designs for CFD 
 

As the present study is for an existing vehicle i.e., 1.5L naturally aspirated engine, 
therefore only some extra space available in the engine bay was the design size control 
parameter of LHE. Pshtiwan M. Sharif et al. (2019), presented an evaporative intercooler 
heat exchanger (EIHE) operated with a VAC system for a 1.5L naturally aspirated engine 
while considering the space available in engine bays for its installation. Shell and tube 
heat exchanger was proposed as EIHE, with multi-tube straight one pass, counter flow. 
CFD simulations were performed to check the temperature drop by the proposed design 
at low rpm ranging from 500 to 2000. A selected design geometry of 60 bunches of tubes 
with a 7.53 mm inner diameter and 150 mm long were placed in the 120 mm diameter 
of the shell. The total length, excluding fitting covers, was 170 mm, as shown in Figure 
3.9. 
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Figure 3.9: Geometry and dimensions of shell and tube heat exchanger  
(Pshtiwan M. Sharif et al., 2019)  
 

Initially, the same geometry scale size (dimensions of shell box i.e. H*W*L) was picked 
for the proposed designs of LHE, as of (Pshtiwan M. Sharif et al., 2019) shown in Figure 
3.10, and adopted the shell and tube model as a reference model due to having the same 
boundary conditions. This helped to check and compare the performance of different 
LHE geometries along with the reference model.  
 

 

Figure 3.10: Dimensions of shell box a) reference model (Pshtiwan M. Sharif et al., 
2019), and b) initially proposed models 
  

Table 3.1 provides the details of the initially proposed geometries. At first, four models 
of LHE were proposed based on the minimum inside opening/width of lamellas defined 
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by Kakaç et al. (2020), and accordingly, the number of lamellas inside the shell box was 
calculated from Equation 3.10.  
 

𝑵𝒑 =
𝑾

𝒕 + 𝒘
 3.10 

 
Where, W; width of shell box, w; width of lamella, t; thickness of lamella material. 
The reason behind the selection of the minimum (smaller) inside opening/width of 
lamellas was that the heat transfer increases with the increment in heat transfer 
components (tube or lamella) in shell box (Merdan & Kadhim, 2021). The lesser the 
width of lamella, the more number of lamellas can accommodate in confined shell box 
space, according to equation 3.10. This ultimately increases the heat transfer surface 
area, which is directly proportional to the rate of heat transfer (Pant et al., 2021). Further, 
the minimum inside opening of lamella tends to increase the velocity of air inside lamella 
to meet the required quantum of air for engine, which subsequently leads to higher heat 
transfer rate and mitigation of the fouling phenomenon. The aspect ratio of each model 
was calculated between height to width of the lamella (Thulukkanam, 2013). Stainless 
steel (316L) metal of 1mm thickness, was selected as a material for LHE.  
 

Table 3.1: Details of initially proposed designs 

Models 
Shell box 

H * W * L 
(mm) 

Lamella 
𝒉𝒍 * 𝒘𝒍 * 𝒍𝒍 

(mm) 
No. of lamellas for airflow Aspect ratio 

𝒉𝒍 /𝒘𝒍   

Model A 120 * 125 * 170 108 * 5 * 170 10 21.6 
Model B 120 * 124 * 170 108 * 4 * 170 12 27 
Model C 120 * 123 * 170 108 * 3 * 170 15 36 
Model D 120 * 121.5 * 170 108 * 2.5* 170 17 43.2 

 

3.4.3 CFD process of initial prosed designs 
 

For simulations, three different engine speeds were selected, i.e., RPM 4000, 5000 & 
6000, as the amount of intake air required by the engine (first entered the LHE for the 
cooling process) was dependent on engine speed (RPM) and calculated using the mass 
flow rate equation (I. Tosun, 2007) according to the respective volume flow rate (Murad, 
2009). 
 

𝒎̇𝒂 = 𝝆𝒂 . 𝑸𝒂 3.11 
  

𝑸𝒂 =
𝟎. 𝟓 𝑹𝑷𝑴 . 𝑽 . Ƞ𝒗 

𝟔𝟎𝟎𝟎𝟎
 3.12 

 
Where,  

V;  engine size in liters 
Ƞ𝑣;  volumetric efficiency i.e., 0.8 for naturally aspirated engine  
RPM;  engine speed 
 𝜌𝑎;  density of air in kg/m3 
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The temperature of the intake air was taken as 45℃  (318.15 K), as the standard intake 

air temperature ranges from 30-70℃, depending on external air conditions, vehicle 

speed, engine load, and dedicated radiator location in the engine compartment (Davide 
Di Battista et al., 2018). The demonstration of the simulation structure is presented in 
Figure 3.11. 
 

 

Figure 3.11: Physical appearance of the simulations 
 

CFD process overall is a three (3) step process (Roychowdhury, 2020). 
 

1. Pre-Processing  
 
This step further consists/comprises of three sections, which include a) modeling of 
geometry to specify the domain of interest, b) mesh generation, and c) setting the 
boundary conditions. 
 

a) Modelling of geometry 
 
Geometries of LHE (model A, B, C, and D), as shown in Figure 3.12, were drawn using 
the ANSYS (SCDM), as it is a new way to manipulate CAD models. The model becomes 
entirely dynamic as a result, enabling the user to move, stretch, add, and remove objects 
using mouse motions. Additionally, the CAD model is updated in real-time on the 
screen, giving designers immediate feedback (Adair et al., 2014). This was the reason to 
utilize this particular tool for geometry creation. An important thing to mention here was 
that the portion of geometry in which lamellas interacted with refrigerant was selected 
for numerical study, excluding fitting cups, to save simulation time. Therefore, that 
particular portion was generated using ANSYS (SCDM). Another design tool offered by 
ANSYS was named as ANSYS Design Modeler, principally designed to provide 
powerful CAD-neutral capabilities to users of the entire suite of ANSYS (Ilnicki & 
Rzasa, 2018). 
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Figure 3.12: Formation of LHE models using ANSYS SCDM 
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b) Mesh generation 
 
The latest advanced ANSYS platform software version models introduced significant 
enhancement in the meshing process for better quality and accuracy in the solution 
process by reducing the size of volume control size and shape using a better volume size 
technique by the platform application (Nakasone et al., 2006). The geometry of LHE 
consisted of two domains. One was for the refrigerant flow domain, and the other was 
for the air flow domain. For the present study, air cooling inside lamella flat tubes was 
the focus area; thus airflow domain needed finer and denser mesh to capture the heat 
transfer. Therefore, a structured mesh was implemented in a way to provide finer node 
distribution within lamellas. However, the unstructured mesh was generated for the 
refrigerant flow domain due to some complex geometry configuration, as shown in 
Figure 3.13. The minimum cell size, number of nodes, number of elements, average 
skewness, average aspect ratio, and average orthogonal quality of the respective models 
are given in Table 3.2. 
 

Table 3.2: Mesh details of the initially proposed geometries and reference model 

Models Minimum cell 
size (mm) 

No. of 
nodes 

No. of 
elements 

Avg. 
skewness 

Avg. 
aspect 
ratio 

Avg. orthogonal 
quality 

Model A 1 1,999,890 1,727,943 0.062 1.22 0.93 
Model B 1 2,147,590 1,789,239 0.108 1.26 0.92 
Model C 1 2,398,910 1,925,956 0.069 1.24 0.93 
Model D 1 2,725,358 2,214,827 0.075 1.34 0.92 
Ref Model 2 1,468,658 5,399,148 0.21 1.85 0.80 
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Figure 3.13: Mesh overview 
 

c) Boundary Conditions 
 
After mesh generation, boundary conditions are the most critical step in the CFD 
process. It is only possible to get the right solution once the settlement of the accurate 
boundary conditions (Hinch, 2020), which should resemble the most realistic scenario. 
As fluid flow was involved in this research work, there was a need to define the proper 
inlet and outlet sections of air and refrigerant. According to the problem under 
consideration, four boundary conditions presented in Figure 3.14 was applied to 
geometry i.e. 
 

• Air inlet: from where hot air enters the LHE 

• Air outlet: from where cold air leaves the LHE 
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• Ref inlet: from where refrigerant enters the shell side of LHE 

• Ref outlet: from where refrigerant leaves the shell side of LHE 
 

 

Figure 3.14: Boundary conditions 
 

2. Solver:  
 
Once the problem was set up (defining the boundary conditions), a solver was required 
to find the solution. Star-CD and Star CCM+ (CD-Adapco), FLUENT and CFX 
(ANSYS, Inc), GASP (Aerosoft, Inc), CFD++ (Metacomp Technologies), etc. are some 
of the widely used commercial software as a solver. Solving the equations at each probe 
point defined during the mesh generation process is possible with such software, and 
additional models can be added if necessary by the physics. The numerical approaches 
are also defined at this stage. The solver settings made in this study were as follows by 
adopting ANSYS FLUENT: 
 

• The three-dimensional, transient, incompressible, and turbulent flow was 
assumed. Although the air was a compressible fluid, the velocities of air inside 
lamellas were low; subsequently, the Mach number was less than 0.3 for all the 
cases under consideration. Therefore, the compressibility effects were 
negligible, and the variation of the gas density with pressure could safely be 
ignored in flow modeling (Ansys, 2009) and assumed as incompressible flow. 

• Pressure-based segregated solvers were employed to solve single-phase forced 
convection heat transfer.  

• Energy equation was “ON” due to heat transfer involved in the problem. 

• Standard k-ε turbulence with a standard wall function model was used as the 

turbulence model. 
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• Mass flow inlet type condition selected for Air inlet boundary condition. 

• Pressure outlet was selected for both air and refrigerant outlet boundary 
condition. 

• Both gases (air and refrigerant) involved in the problem were considered ideal 
gases.  

• The specific heat capacity of gases was a function of temperature. 

• Interfaces of hot and cold sides were thermally coupled.  

• No slip boundary condition was used inside lamella walls.  

• The Navier–Stokes, and energy equations were solved using the semi-implicit 
method for pressure-linked equations (SIMPLE) for given boundary 
conditions.  

• A second-order upwind scheme was used for momentum and energy equations. 

• For x, y, z velocity components, continuity, k, epsilon, and energy equations, 
the residual monitors were set to 10-6. 

• For airflow inside lamellas, the reference pressure was considered 1x105 Pa. 

• “Least squares cell based” was selected as Gradient. 

• “First order implicit” was selected as a transient formulation. 

• Time step size was taken as 0.5s. 
 

3. Post-processing:  
 
The results from CFD were visualized through post-processing software, i.e., ANSYS 
CFD-Post, closely related to pre-processing and simulation software (Berger & Cristie, 
2015). It was a vital step to accurately derive the correct conclusions from the models 
under consideration. Tecplot 360, EnSight, FieldView, and ParaView software’s can 

also be utilized for post-processing. The above-stated CFD process has been summarized 
in Figure 3.15 using Ansys Fluent. 
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Figure 3.15: Summary of CFD process 
 

3.4.4 Final design size and geometry  
 

As described earlier, the main parameter that controlled the size of LHE was the 
available space to install the newly designed intercooler with the engine intake air 
manifold line in the existing vehicle engine bay. The selected test vehicle specification 
for the present study is given in Table 3.3. The available space in the selected test vehicle 
engine bay was directly related to finalizing the outer dimensions of the shell box (LHE). 
Subsequently, the dimension of the shell box was the controlled parameter that organized 
the number of rectangular channels/lamellas and their length. In this regard, the 
maximum space available in the selected test vehicle engine bay was measured, as shown 
in Figure 3.16, and accordingly, the outer size of LHE was finalized. 
 

 

 
© C

OPYRIG
HT U

PM



64 

Table 3.3: Test vehicle mechanical specifications 
Parameters Specifications 
Vehicle Model 2004, Proton Wira CE 
Bodyweight 1080 kg 
Engine size 1.5 liter, 1468 cm3 
Engine cylinders 4 in-line 
Compression ratio 9.2:1 
Power Torque 126 Nm (93 ftꞏlb)(12.8 kg.m) at 3000 RPM 
Maximum power 89 PS (88 bhp) (66 kW) at 6000 RPM 
Fuel system MPFi 
Fuel consumption (5.5 - 7.2) L/100 km 
Drive wheels - Traction - Drivetrain FWD 
Transmission type Auto 
Engine manufacturer Mitsubishi 
BMEP (brake mean effective pressure) 1078.6 kPa (156.4 psi) 

 

 

Figure 3.16: Available space in the test vehicle 
 

The measured space available for installation of LHE was 0.007 m3, which offered a 
larger space for LHE than the initial design size used for CFD simulations. Therefore, to 
utilize the maximum available space, the selected final design size was a little bit larger 
in terms of the height and width of the shell box; however, the length of the shell box 
remained the same. Subsequently, by increasing the shell box size, the overall surface 
area of LHE was increased, which means more heat transfer was expected for that 
selected size compared to the previous size used for initial CFD simulations. However, 
the best-suited internal geometry for lamella was selected based on simulation results. 
The final design size and geometry are shown in Figure 3.17. © C
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Figure 3.17: Final design size and geometry selected for fabrication 
 

3.4.5 CFD Process of finalized design 
 

The size of the final selected design was enhanced due to the available space in the 
specified test vehicle engine bay. Therefore, once again, a numerical investigation of the 
final selected size of LHE was performed on the same pattern and boundary conditions 
as it was done earlier for four models. Table 3.4 provides the details of the CFD 
simulations. 
 

Table 3.4: Particulars adopted for numerical simulations 
RPM Intake air temperature ℃ 
1000 

40 1500 
2000 
2500 
3000 

45 3500 
4000 
4500 
5000 

50 5500 
6000 
6500 
7000 

55 7500 
8000 
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3.4.6 Grid independence study (GIS) 
 

The GIS was conducted on the final selected LHE geometry for the mesh to determine 
the appropriate influence number of nodes and elements to provide an accurate result 
with minimized simulation time. Five different cases of meshing size were selected to 
conduct the GIS, as shown in Table 3.5. The GIS of the five cases was achieved by 
comparing the results of pressure drops inside the LHE at RPM 8000. Accordingly, case 
2 was adopted as the reference number of mesh for other parametric simulations. 
 

Table 3.5: Number of nodes and elements along with mesh quality, used for GIS 

Cases Element 
size (mm) Elements Nodes Avg. 

Skewness 

Avg. 
Aspect 
ratio 

Avg. 
Orthogonality 

Pressure 
drop (Pa) 

Case 1 0.00125 1615496 2002987 0.12082 1.4723 0.9035 82.677 
Case 2 0.00150 1283030 1408774 0.20311 1.5790 0.8407 82.246 
Case 3 0.00175 1093492 1077715 0.21839 1.7192 0.8211 80.001 
Case 4 0.00200 981100 871477 0.23357 1.9071 0.7987 75.231 
Cass 5 0.00300 696820 406989 0.29941 2.0737 0.7236 64.782 

 

3.4.7 Verification of CFD simulations 
 

The credibility of simulations was achieved through verification to estimate the degree 
of accuracy to which the model represents the real phenomenon, and it involves 
extensive comparisons with experiments. For the present study, the experimental 
correlation of the nusselt number and fanning friction factor, for fully developed 
turbulent flow in smooth tubes (Yunus A. Cengel, 2002) was utilized to verify the CFD 
simulations, to build confidence that the governing equations were solved with certain 
accuracy, and that the results obtained by solving the right model equations. The relation 
utilized to find the Nusselt number was introduced by Gnielinski (1976), mentioned at 
equation 3-13, demonstrating which mode of heat transfer is dominant, whether 
convection or conduction. 
 

𝑵𝒖 =
𝒉𝒂𝑫𝒉

𝒌𝒂

=
(

𝒇
𝟐

) (𝑹𝒆 − 𝟏𝟎𝟎𝟎)𝑷𝒓𝒂

𝟏 + 𝟏𝟐. 𝟕 (𝒇/𝟐)𝟎.𝟓(𝑷𝒓𝒂

𝟐
𝟑 − 𝟏)

    (𝟑 × 𝟏𝟎𝟑 < 𝑹𝒆

< 𝟓 × 𝟏𝟎𝟔) 

3.13 

 

The relations utilized for fanning friction factor (Chit et al., 2019), Reynolds number (B. 
E. Rapp, 2017) and its corresponding velocity (L.Y. Chen et al., 2022), for airflow inside 
lamellas was given in Equation 3.14, 3.15, and 3.16 respectively. 
 

𝒇 =  (𝟏. 𝟓𝟖. 𝐥𝐧(𝑹𝒆)–  𝟑. 𝟐𝟖)−𝟐  =
𝒇𝒅𝒂𝒓𝒄𝒚

𝟒
 3.14 

  

𝑹𝒆 =
𝝆𝒗𝑫𝒉 

𝝁
 3.15 
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𝒗𝒂 =
𝒎̇𝒂

𝑨𝒄,𝒍𝒂𝒎𝒆𝒍𝒍𝒂 . 𝝆𝒂 . 𝑵𝒂 
 3.16 

 

3.5 Post-processing parameters 
 

3.5.1 Temperature drop 
 

It was the most important factor in this study, as the hot air was indirectly contacted with 
a coolant medium and definitely lost its temperature. This temperature difference 
between the air inlet and air outlet section of LHE was observed numerically using 
ANSYS Fluent at different rpm ranges. Basically, it shows the capability of LHE to 
attain cold air for engine intake and helps to identify which geometry model is efficient 
in terms of losing more temperature from the models under consideration. In this regard, 
temperature drop has its own standing in this research. 
 

3.5.2 Pressure drop 
 

This is an essential factor that was neglected in literature studies, as the pressure drop on 
the intake line limits the airflow to the engine and causes a decrement in its efficiency 
(Chiba et al., 2011). Also, the design of LHE was based on the maximum allowable 
pressure drop, i.e., 5%, so it was necessary to check the pressure drop across lamellas. 
In general, a pressure drop is an irreversible loss that takes place when the fluid flowing 
through a tube encounters frictional forces due to the resistance to flow (Li et al., 2020).  
 

3.5.3 Heat transfer 
 

The general function of all heat exchangers is to transfer heat from one fluid to another 
fluid (H.Forsberg, 2021b). Therefore, the magnitude of heat transfers between the hot 
air and cold refrigerant was presented in the result section. Heat transmission in a heat 
exchanger is typically accomplished through convection in each fluid and conduction 
through the wall that separates the two fluids (Couper et al., 2005). For the present study, 
the heat transfer rate from energy heat balance theory is the amount of sensible heat 
transfer rate from the hot air by convection through the tube wall by conduction to latent 
heat coolant medium by convection are equals (Dincer, 2017). 
 

𝑸𝒕 =  𝑸𝒓𝒆𝒇 =  𝑸𝒂 3.17 
 

Total heat transfer rate can be expressed (Qiao, 2018) as: 
 

𝑸𝒕 = 𝑼𝑨 △ 𝑻𝒍𝒎 3-18 
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Where,      
U;  overall heat transfer coefficient 
A;  surface area of lamellas 
△ 𝑇𝑙𝑚;  logarithmic mean temperature difference 

 

Heat transfer through refrigerant (Melo et al., 2000). 
 

𝑸𝒓𝒆𝒇 = 𝒎𝒓𝒆𝒇 (𝒉𝒓𝒆𝒇,𝒊 − 𝒉𝒓𝒆𝒇,𝒐)̇  3.19 
 
Where,     

𝑚𝑟𝑒𝑓;  mass flow rate of refrigerant  
ℎ𝑟𝑒𝑓,𝑖;  enthalpy of refrigerant at inlet 
ℎ𝑟𝑒𝑓,𝑜; enthalpy of refrigerant at outlet 

 

Heat transfer through the air (Kaviany, 2014). 
 

𝑸𝒂 = 𝒎𝒂𝑪𝒑,𝒂 (𝑻𝒂,𝒊 − 𝑻𝒂,𝒐)̇  3.20 
 
Where,      

𝑚𝑎; mass flow rate of air inside lamella 
𝑇𝑎,𝑖; temperature of air at inlet 
𝑇𝑎,𝑜; temperature of air at outlet 

 

3.5.4 Logarithmic Mean Temperature Difference (LMTD) 
 

It is normally convenient to deal with the LMTD when investigating heat exchangers 
since it represents the equivalent mean temperature difference between the two fluids 
throughout the entire heat exchanger (Jeter, 2006). The logarithmic average of the 
temperature difference between the hot air and cold refrigerant was measured for all the 
cases under consideration. LMTD was considered because of temperature change that 
occurs across the heat exchanger from the entrance to the exit was not linear (X. Cui et 
al., 2014). It truly reflected the exponential decay of the local temperature difference. 
The relation of LMTD for manual calculation is given by Nitsche & Gbadamosi (2016). 
 

△ 𝑻𝒍𝒏 =
(△ 𝑻𝟏 −△ 𝑻𝟐)

𝐥𝐧 (
△ 𝑻𝟏

△ 𝑻𝟐
)

 3.21 

 

3.5.5 NTU 
 

Number of transfer units of the proposed models of LHE was noted. As in heat exchanger 
design, a number of transfer units (NTU) have a significant role. The performances of a 
heat exchanger can be easily assessed if the number of transfer units is known 
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(H.Forsberg, 2021a). The number of transfer units is an amalgamation of overall heat 
transfer coefficients, transfer area, fluid flow rate, and heat capability. It combines all of 
these dimensional variables into a single dimensionless parameter (Sinaga et al., 2021) 
also given by A. Pandey & Dubey (2021). 
 

𝑵𝑻𝑼 =
𝑼𝑨

𝑪𝒎𝒊𝒏

 3.22 

 

3.6 Fabrication of LHE 
 

Once the numerical investigation was done, the LHE fabrication came into a process to 
make it possible to install in the test vehicle, and its actual performance can be measured. 
The fabrication was done by keeping in mind the reliability of the final product (selection 
of the material and welding process). Manufacturing of the LHE, as shown in Figure 
3.18, comprises of eighteen airflow channels (lamellas), three baffle plates, two header 
plates, two fitting covers, and a shell box, according to the dimensions given in Figure 
3.17. All the above-stated parts were joined by the Tungsten Inert Gas (TIG) welding, 
due to its ability to weld thin metals and to provide strong, durable and clean joints 
without slag and splatter. Stainless steel 316 L was utilized in the manufacturing of LHE, 
readily available in any market or country and have following advantages, described by  
Lauren Forth (2021) and Thirumalai et al. (2021), that it has an outstanding weld ability, 
machinability, and toughness even at cryogenic temperatures. It is also well resistant to 
corrosion, pitting, potable water, chloride, and corrosive chemicals. Further, the fitting 
covers were joined with the screw to provide facility to remove from the shell box on 
the requirement for cleaning purposes of airflow channels (lamellas). Extra fittings at 
the top of the LHE model shown in the figure were attached additionally to accord it 
with the air conditioning system used in the lab for experimental testing. Further pictures 
during fabrication was given in appendix B. 
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Figure 3.18: Fabrication of LHE, a) Lamella channel, b) header plate, c) baffle 
plate, d) fitting covers, e) shell box, f) inlet and outlet of referigerant, g) fitting and 
welding of lamellas in header and baffle plates, and h) final product (LHE) 
alongwith fittings for experimentation 
 

3.7 Leakage tests of LHE 
 

Leakage tests were performed to find any leakage in the newly constructed LHE. As the 
refrigerant flow involves in it, any leakage of refrigerant through welding joints will 
result in harmful effects presented in Figure 3.19. So, this test was valid to prevent any 
loss of the refrigerant during operation.  
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Figure 3.19: Detrimental effects due to leakage of refrigerant  
(Refrigeration, 2011) 
 

The goals of the tests were to check the following: 
 

• a pressure drop caused by an unintended poor welding joint, crack or hole 

• improvement of seals 

• identify the weak spot of a pressure component 

• defining the product specifications 
 

Generally, there are many types and procedures for performing leakage tests, but for this 
study, three types have been adopted (Sarkar, 2017). All the tests were performed by 
applying high pressure of 11 bar with the help of a compressor, and a pressure gauge 
was connected to monitor pressure readings.  
 

3.7.1 Pressure Drop Method 
 

This method is simple to implement. It is suitable for determining gross leaks and can 
be improved using differential pressure gauges. The test object “LHE” was filled with a 

gas (air) until the testing pressure (11 bar) was achieved with the help of a compressor. 
The test pressure was then held by shutting off the supply valve for a specified time (15 
min) and observing any pressure drop in pressure, as shown in Figure 3.20. Precision 
gauges were used to detect a possible pressure drop during the testing period.  
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Figure 3.20: Pressure drop test method using a compressor 
 

3.7.2 Local Leak Detection with a soap solution 
 

This test was performed by applying soap solution on LHE, as shown in Figure 3.21. 
Further, a high pressure state was maintained in LHE so that possible leaks could be 
located by watching bubbles forming in the leak area due to the soap solution. Suitable 
for pinpointing leaks and allowed under the F gas regulations.  
 

 

Figure 3.21: Leak detection using soap solution 
 

3.7.3 Leak detection using water 
 

This method was adopted to check any minute leakage from LHE. This test was also 
conducted in a pressurized state. The LHE was immersed in water for 10 minutes. Any 
possible minute leakage from LHE will exhibit in the form of bubbles and can see with 
the naked eye, as presented in Figure 3.22.  
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Figure 3.22: Leak detection using water 
 

3.8 Laboratory experimental tests 
 

After performing the leakage test of the LHE, a model was installed on an experimental 
testbed setup in the UPM thermodynamics laboratory for experimental investigation and 
design validation with numerical analysis. The testbed was designed to be suitable in 
fitting with the selected LHE. The experimental testbed was constructed and created 
from available local materials. It consists of four major parts: the EICA simulator, 
ambient simulator, vehicle air-conditioning simulator, and control panel. Particulars of 
each part was given appendix C. Other components consist of measurement tools and 
sensors given in appendixes and the (PVC) ducting tubes.  
 

3.8.1 Composition of testbed  
 

The schematic of the testbed is shown in Figure 3.23. 
 

 
1 Vacuum fan 6 Air flow neutralizer 
2 Heater 7 Temperature control 
3 Air Conditioner 8 Anemometer gauge 
4 Control Panel 9 Thermometer 
5 LHE 10 Pressure gauge 

 
Figure 3.23: Configuration of testbed 
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The heater was installed at the inlet section of air to provide heat to ambient air to gain 
the desired temperature for test purposes. The same tests were performed as mentioned 
in Table 3.4 for numerical investigation, so that numerical results were validated against 
the fabricated model. The air will be sucked through the inlet section with the help of a 
vacuum fan installed at the outlet section. The amount of air was calculated from the 
mass flow rate equation (3-11) for different RPM ranges. An anemometer gauge was 
provided at the inlet section to measure the exact amount of air or velocity required 
against RPM. Four thermometers were installed at the inlet and outlet sections to 
measure the temperature drop of air and refrigerant. Similarly, pressure gauges were 
installed to check the pressure drop across the heat exchanger. The air-conditioning 
system of 1hp was used in lab tests employing the refrigerant type (R22) attached to the 
LHE. Figure 3.24 displays the schematics of the attachment of the LHE with the air 
conditioning system, and Figure 3.25 depicts the actual installation of LHE on the test 
bed. Before filling the refrigerant gas, air was removed from the system because any 
moisture inside the system will damage the AC system, especially the compressor. The 
refrigerant gas was then filled through the suction line till the pressure reached 60-70 Psi 
on the pressure gauge set.   
 

 

Figure 3.24: Attachment of LHE with air conditioning system in the lab © C
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Figure 3.25: Actual installation of LHE on lab testbed 
 

3.8.2 Design validation 
 

The tests performed in lab were first compared with the results (temperature drop and 
heat transfer) obtained from numerical simulations in the form of mean absolute 
percentage error and coefficient of determination.  
 

3.8.2.1 Mean absolute percentage error (MAPE) 
 

A useful statistical evaluation of the performance of the predictive LHE models is 
helpful in identifying the relative differences between data results obtained numerically 
and experimentally (S. Kim & Kim, 2016). 
 

𝑴𝑨𝑷𝑬 =
𝟏

𝒏
∑ |

𝒚𝒊 − 𝒚̂𝒊

𝒚𝒊

|

𝒏

𝒊=𝟎

 3.23 
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3.8.2.2 The Coefficient of Determination (R2) 
 

The coefficient of determination (R2) is a statistical measure of how close the data are to 
the fitted regression line (S. M. Ross, 2010). 
 

𝑹𝟐 = 𝟏 −
∑ (𝒚𝒊 − 𝒚̂𝒊)

𝟐𝒏
𝒊=𝟏

∑ (𝒚𝒊 − 𝒚̂𝒊̅)
𝟐𝒏

𝒊=𝟏

 3.24 

 
Where; 𝑦𝑖  is actual value, 𝑦̂𝑖  Predicted value and 𝑦̂𝑖̅ the average of the actual values, and 
n is the number of data samples. The amount of R2 varies between zero and one (0 ≤ R2 
≤1). A better sensitivity R2 range presented between 0.8 – 0.99, lower value ranges could 
be satisfactory in some applications. 
 

3.8.3 Temperature drop test of LHE 
 

The purpose of the newly designed LHE in this research is to lower the intake 
temperature of the air, induced by an engine to have better combustion conditions and 
less exhaust emissions, as the intake temperature of the air has a direct influence on both 
of them (Pan et al., 2015; Teoh et al., 2021). The temperature drop test was the most 
important one in this study because it defines the thermal performance of lamella tubes, 
which means how capable the LHE is for lowering the temperature of hot ambient air 
and heat transfer. Therefore, temperature sensors were installed on the testbed to 
measure the temperature at the inlet and exit point of LHE and calculated the temperature 
drop of air through Equation 3.25. 
 

𝑻𝒅𝒓𝒐𝒑 =  𝑻𝒂𝒊𝒓_𝒊𝒏𝒍𝒆𝒕 − 𝑻𝒂𝒊𝒓_𝒐𝒖𝒕𝒍𝒆𝒕 3.25 
 

3.8.4 Heat transfer through LHE 
 

Through the temperature drop test, the amount of heat transfer for the air domain was 
then calculated using the heat transfer equation 3.20.  
 

3.8.5 Pressure drop test of LHE 
 

The LHE design depended on pressure drop criteria across the airflow domain because 
the pressure drop across the air intake system is known to significantly influence the 
indicated power of the IC engine (Heywood, 2018). Since the intercooler is usually 
mounted on the air intake line of an engine, any obstruction, restriction, or roughness in 
the system will cause resistance to airflow and cause a pressure drop. The differential 
pressure gauge was installed on the testbed to measure the pressure drop in the airflow. 
The factors involved in the pressure drop can be elucidated using Darcy–Weisbach 
equation (Huo et al., 2019). 

© C
OPYRIG

HT U
PM



77 

∆𝑷 =
𝒇 𝒍 𝝆 𝒗𝟐

𝟐𝑫𝒉

 3.26 

 
Where, 

∆𝑃;  Pressure loss due to friction (Pa) 
 f;  Darcy friction factor (unitless)  
Dh;  Hydraulic diameter of the lamella(m)  
v2;  Fluid flow average velocity (m/s) 

 

3.8.6 Coefficient of performance 
 

In the laboratory setup, LHE was connected with a split type air conditioning unit to 
check its thermal performance. Another factor named COP (Espinel-Blanco et al., 2020) 
was calculated to witness system effectiveness, defined as the efficiency ratio of the 
amount of cooling provided by the cooling unit (LHE) to the energy consumed by the 
system (compressor) (Shaik et al., 2021). The higher the COP, the more efficient the 
system (Hundy et al., 2008). The air conditioning refrigerant cycle, shown in Figure 
3.26, provided a clear idea about the performance calculation of the system i.e. heat 
absorbed 𝑄𝐸  by LHE (Seyam, 2019), work done by compressor 𝑊𝑐𝑜𝑚𝑝 (Nandanwar et 
al., 2023) and COP (A. K. Coker, 2015). 
 

𝑸𝑬 = 𝒎𝒓𝒆𝒇̇ (𝒉𝟏 − 𝒉𝟒) 3.27 
  

𝑾𝒄𝒐𝒎𝒑 = 𝒎𝒓𝒆𝒇̇ (𝒉𝟐 − 𝒉𝟏) 3.28 
  

𝑪𝑶𝑷 =
𝑸𝑬

𝑾𝒄𝒐𝒎𝒑

=
𝒉𝟏 − 𝒉𝟒

𝒉𝟐 − 𝒉𝟏

 3.29 

 

Figure 3.26: Air conditioning refrigerant cycle 
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3.9 Installation of LHE in testing vehicle 
 

After the completion of laboratory tests at the UPM thermodynamics lab, the final stage 
of experimental testing was conducted to check the influence of LHE on vehicle 
performance by installing it in the test vehicle engine bay. Generally, in cars, the air must 
be filtered before introducing to the air intake system, followed by the combustion 
chamber (Sutton, 2010). Pollution in the intake of air can decrease the amount of oxygen 
available for combustion and can change the composition of vehicle emissions (Anthony 
J. Martyr & Rogers, 2021). Therefore, the LHE was installed after the air filter on the 
intake manifold line. The schematic diagram of the placement of the intercooler is 
presented in Figure 3.27.  
 

 

Figure 3.27: Position of the intercooler (LHE) in engine bay 
 

The amount of air (1) required by the engine first passes through air filter (2) to remove 
impurities. Purified air (3) was then allowed to enter into the Lamella heat exchanger to 
reduce its temperature with the help of automobile refrigeration system (8a). Ambient 
air, after the reduction in its temperature (5), may be entered into the engine. The purpose 
of this placement of the intercooler refers to future technical maintenance so that only 
purified air can enter into LHE and eliminates any possibility of blockages in lamella 
channels. The other benefit of this placement of the intercooler was that there was a very 
short distance remaining between the LHE outlet and the engine inlet; resultantly, there 
was less chance of again getting some temperature from the engine heat. Further 
exploring the basic refrigeration system (8a) installed in the vehicle is presented in 
Figure 3.28a, comprising a compressor, condenser, receiver dryer, expansion valve, and 
evaporator. The working of the cycle is already explained in chapter 2. By the addition 
of LHE in basic refrigeration cycle, the system is now presented in Figure 3.28b, clearly 
depicting the way LHE was installed in the existing standard AC system.  
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Figure 3.28: Refrigeration system, a) standard AC system, and b) with attachment 
of LHE 
  

The system was now operated with dual evaporators. The first evaporator was utilized 
for the cabin cooling process, and the second evaporator (LHE) was used for cold intake 
air. The additional evaporator was added to the automotive air conditioning cycle by 
adding a bypass line after the condenser to feed the refrigerant to LHE. A separate 
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expansion valve was added for the second evaporator. Two Electric solenoid valves were 
added to the bypass loop to control the refrigerant operation and cycle in LHE. 
Refrigerants, after leaving from both evaporators, again combined at a point for a single 
entry into the compressor inlet. Figure 3.29 depicts the actual installation of LHE in the 
vehicle bay. 
 

 

Figure 3.29: LHE fitted in test vehicle engine bay 
 

Moreover, the LHE was fully wrapped with thermally isolated tape from the outer 
surface to protect it from the engine's heat and other thermal heat produced under the 
hood. The operation starting of the EICAC cycle was controlled by the main power 
switch installed in vehicle cabin, and an electric thermostat controlled the cycle 
operation by controlling the power source of the electric solenoid valves. The refrigerant 
in the car AC system was charged by operating both the evaporators (for cabin cooling 
and for the cold intake air) at the same time. The refrigerant continued to charge until 
the operational pressures (low side 35psig - 40psig and high side175psig - 225psig) were 
attained (Shana, 2021). This was an important step to follow, as the performance of LHE 
is ultimately based on refrigerant charge/pressure. In case of high or low refrigerant 
charge than the required amount or different operating pressures (high and low side) than 
the required operating pressure for R134a, the VAC system will not work 
properly/efficiently and couldn’t be able to provide required cabin cooling (Yun & 
Chang, 2021). Subsequently the performance of LHE will also be effected, due to its 
attachment in the same circuit. Therefore, the performance of LHE is directly related to 
the efficiency of VAC system, regardless of the engine size and model year. If the VAC 
system works properly, the gain in engine performance by utilizing LHE (percentage 
wise) would be the same for any old and new car, relative to the engine performance 
without using LHE. The detailed installation of LHE in the test vehicle is given in 
appendix D. 
 

3.10 Applied vehicle test 
 

After the installation of LHE in the engine bay, the next step was to check the response  
of LHE on engine performance since the development of the vehicle industry and its 
products is inseparable from vehicle test research (Casadei & Maggioni, 2016). For the 
applied vehicle test, two types of vehicle status were considered:  
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1. Vehicle running or moving position: As the name interpret, it represents the 
state of vehicle in which it was moving. 

2. Vehicle parking or static position: It represents the state of the vehicle in which 
the vehicle was ON but remained standstill for waiting of someone, stuck in a 
traffic jam or waiting for a traffic signal. This test helped to check the 
performance and reign of LHE over the conventional intercoolers, which lack 
to perform in this particular state.   

 

Three stages of tests for both vehicle status (running and static) has covered in this 
testing, which helped to discover the influence of cold intake air on the engine compared 
to normal hot intake air, as: 
 

1. Normal stage: this stage represents the state of the vehicle without the use of a 
standard VAC system. LHE was also not operational at this stage. This stage 
expressed the behavior of the engine without a VAC system and LHE. 

2. AC stage: this stage symbolized that vehicle was using only its standard air 
conditioning system and helped to identify the effect of the automotive AC unit 
on the engine performance. 

3. LHE+AC: this stage indicated that LHE was operational (ON) along with the 
standard VAC system and helped to identify the effect of cold air on the engine 
with respect to ambient air temperature conditions. 

 

Each stage comprises of three repeated tests, to ensure the accurate data reading. The 
précised form of the applied vehicle tests as described above, is displayed in Figure 3.30. 
 

 

Figure 3.30: Pattern of applied vehicle test 
 

3.10.1 Vehicle running position (Chassis dynamometer test) 
 

For vehicle running position, chassis dynamometer test (Moskalik et al., 2015) was 
conducted at Universiti Kuala Lumpur-Malaysia France Institute (UniKL-MFI). The 
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testing on a chassis dynamometer is a standard practice with a high degree of precision 
that may be used to compare the performance of various vehicles, products, or 
circumstances. It is also comparatively faster and less expensive than on-road testing (Z. 
Yang et al., 2018). This was accomplished by driving the vehicle in controlled and 
repeatable conditions while experiencing resistance at the wheels that produce, with 
appropriate accuracy, that would be encountered on the road in real life (A. J. Martyr & 
Plint, 2007). The schematic diagram of the chassis dynamometer setup is shown in 
Figure 3.31. The chassis dynamometer model used was (MAHA Dyno – LPS3000 
PKW). Figure 3.32 shows the actual installation of test vehicle on chassis dynamometer 
test bench.  
 

 

1)  Test vehicle 2)  Single roller Eddy 
current 

3)  Communication Desk 

4)  Air cooler blower 5)  Interface box 6)  Exhaust gas analyzer 
7)  Fuel meter 8)  Vehicle secure belts   

 
Figure 3.31: Chassis dynamometer schematic connection and installation 
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Figure 3.32: Chassis dynamometer bench test 
 

The chassis dynamometer was tuned with vehicle data information and adjusted to be 
ready for the test start. The dyno records data when the vehicle is accelerated at full 
throttle to speed up from 50km/h up to the maximum speed of 180km/h in order to ensure 
the rpm of the engine should not have exceeded the maximum permissible range, i.e. 
6500 rpm for a safe engine operation test. The measuring power accuracy by the system 
is ±2% (MAHA Standard Operating instructions and User’s Manual). The dyno 

operation program menu-oriented is available in Appendix E. 
 

3.10.2 Vehicle parking position 
 

For vehicle parking or static position test, the test vehicle was parked in the daytime and 
sunny area for an actual representation of the real-life situation i.e. traffic jam, waiting 
at a signal or waiting for someone. All three stage tests were performed to evaluate the 
impact of LHE on the vehicle static position. For each stage test, the vehicle was parked 
for 11 minute in order to attain improved results and could provide a better understanding 
of the influence of engine intake charge cooling. The AC of the test vehicle was turned 
ON right after the 11 minutes’ test of the normal stage, and similarly, the LHE was 
allowed to operate right after the AC stage test. This helped to understand the effect of 
each stage on others or previous stages. 
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3.11 Performance parameters observed during applied vehicle test 
 

Based on the objectives of this study, engine power, torque, exhaust emissions and fuel 
consumption are selected as the performance parameters, to evaluate the impact of cold 
intake air on engine response. The details of inspection and equipment’s used for 

measuring performance parameters are discussed in sub-section. However, the 
summarized form of the performance parameters dignified for both vehicle statuses 
(running and static) is presented in Figure 3.33; for the vehicle running position and 
Figure 3.34; for the vehicle static position. Further, the way results of performance 
parameters reported in chapter 4, are summarized in Figure 3.35.  
 

 

Figure 3.33: Summarized form of tests and their performance parameters related 
to vehicle running position test 
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Figure 3.34: Summarized form of tests and their performance parameters related 
to vehicle parking/static position test 
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Figure 3.35: Summarized form of results related to performance parameters, 
presented in chapter 4, a) vehicle running test, and b) vehicle static/parking test 
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3.11.1 Engine Torque & Power 
 

A. Vehicle running position  
 
The power and torque of the test vehicle was recorded for all three stage tests in order to 
compare the engine performance, with or without cold intake air. The roller measures 
the total front-wheel power under steady state operation with acceleration in engine 
speed by converting the eddy current resistance created power into mechanical power 
by the software calculation. 

 
B. Vehicle parking position  
 
Not feasible and promising to record, as the vehicle is parked in an open sunny area for 
an actual representation of a real scenario.  
 

3.11.2 Fuel Consumption 
 

Figure 3.36 shows the fuel sensor flow meter model (AICHI Gear flowmeter model 
OF05ZAT with ±2% error) used for fuel measuring, connected to a digital (LCD) 
monitor and controller (ZJLCD-M) installed on the vehicle fuel line system. Moreover, 
the schematics of the flow meter sensor installed on the test vehicle fuel system are 
shown in Figure 3.37. The sensor (A) records the fuel flow supply entering the fuel 
injectors. The second sensor was installed on the fuel return line to record the return fuel 
amount by the LCD meter. The differential number of records represents the fuel 
consumed by the engine. 
 

 

Figure 3.36: Fuel meters and measurement devices used to measure the fuel 
consumption 
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Figure 3.37: Schematic of vehicle fuel system meter and sensors installation with 
digital LCD flow monitoring 
 

A. Vehicle running position  
 
The total fuel consumed to perform each stage tests were recorded in liters (liters/test). 
Comparison has been made for all three stages (Normal, AC, LHE+AC) to express the 
effect of VAC system and cold intake air on fuel consumption. 
 

B. Vehicle parking position  
 
The total fuel consumed in liters for 11 min for each stage was measured for evaluation 
between different stages. 
 

3.11.3 Emissions 
 

The test vehicle engine emission was measured experimentally by using the emission 
gas analyzer model (Portable Emission and gas analyzer Enerac 700AV) made by USA 
Enerac company, as shown in Figure 3.38. The connectivity and opeation guide of gas 
analyzer was available in appendix F. The device has an automagical internal 
recalibrating system within ±1% error. The intensity of the following toxic exhaust 
components was measured:  
 

• carbon monoxide CO (% of gas) 

• carbon dioxide CO2 (% of gas) 

• hydrocarbons HC (ppm) 

• nitrogen oxides NOx (ppm) © C
OPYRIG
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Figure 3.38: Emissions gas analyzer, a) model (ENERAC 700AV), b) probe 
insertation into exhaust tailpipe, c) attachment of gas analyzer with ENERCOM 
software, and d) interface of ENERCOM software 
 

A. Vehicle running position  
 
As the vehicle starts moving, the amplitude of emission factor increases with the increase 
in acceleration. Therefore, for a comparison point of view between each stage, the 
overall average value of each toxic gas retrieved from all stage tests was presented in the 
result section.  
 

B. Vehicle parking position 
 
This was measured at every 1 min interval for each stage, along with the overall average 
value for 11 min for each stage test was also presented in the result section for assessment 
purposes. 
 
3.11.4 Intake and exhaust temperature 
 

The temperature at the inlet and outlet of LHE was measured to check the temperature 
drop of the air intake. This was achieved with the help of a temperature sensor, as shown 
in Figure 3.39, located at the inlet and outlet of LHE for airflow. The temperature at the 
outlet of LHE is basically the temperature of air entering into engine. © C
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Figure 3.39: Temperature sensors used to monitor the temperature of intake air 
and cabin 
 

A. Vehicle running position 
 
Intake temperature to the engine is recorded using thermocouples for all the stages, to 
compare the temperature variations for each stage. The average intake temperature is 
presented in result section. 
 

B. Vehicle parking position 
 
Intake temperature to the engine is measured at every 1-minute interval for the whole 
test duration for each stage. The overall average value of respective stages was also 
presented to express the temperature difference created due to LHE on intake air. 
 

Exhaust temperature at the tailpipe was also measured with the help of a temperature 
sensor at every 1-minute interval for the whole test duration for each stage to find the 
effect of cold intake air on combustion conditions. The difference between exhaust 
temperatures with and without using LHE will define the combustion temperature 
circumstances.  
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CHAPTER 4 
 

4 RESULTS AND DISCUSSION 
 

4.1 Introduction 
 

In this chapter, the results of the study are presented and discussed with reference to the 
aim of the study, which was to determine the influence of EICAC on engine 
performance. For that purpose, an intercooler named LHE was designed and fabricated 
based on the available space in the test vehicle engine bay. The performance of LHE as 
a cold intake air system is predicted numerically through CFD simulations, and its effect 
on engine performance is demonstrated experimentally through chassis dynamometer 
tests. First, numerical simulations were performed and reported to find the best geometry 
of the LHE for maximum cooling and minimum pressure drop among the initially 
proposed design geometries (mentioned in Table 3.1). The simulations were presented 
against different engine speed and selected intake temperature for heat transfer, 
temperature drop, pressure drop, temperature contours, NTU, and LMTD. Results from 
simulations helped not only to select the best geometry of LHE but also to compare with 
the reference model adopted, for performance comparison.  
 

Second, again numerical investigation was conducted and presented, as the best 
geometry of LHE from initial simulations was reformed according to the exact available 
space in the test vehicle engine bay to install it at a later stage. The results of the final 
adopted geometry size were stated using the same parameters as they were for the initial 
simulations to judge its performance against different intake air temperatures and RPMs, 
mentioned in Table 3.4. Third, the performance of fabricated LHE is presented using the 
experimental test bench (described in the section 3.8) to validate with numerical 
simulations. Last, the effect of the EICAC technique using LHE on a test vehicle engine 
is presented for two different positions of the car: in the moving position and vehicle 
parking/static position. The effect of the cold intake air on the engine power-torque 
curve, exhaust emissions, and fuel consumption were reported for each vehicle position. 
 

4.2 Numerical results of initially proposed LHE models  
 

As described earlier in section 3.4.2, initially, four models based on the minimum inside 
opening of the lamella were selected to check the performance behavior of LHE before 
the final selection of the model for the test vehicle. The outer dimensions of all the 
models were kept similar to the design available in the literature and acquired as a 
reference model. The only difference between all these models was the number of 
lamellas (10, 12, 15, 17) incorporated in a confined shell box space. Moreover, the reason 
for adopting the reference model was to compare the performance of LHE with respect 
to the already available design for cooling intake operating on a vehicle refrigeration 
unit for a 1.5L naturally aspirated SI-engine. The physical description of the simulations 
carried out is presented in Figure 4.1.  
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Figure 4.1: Parameters of simulations for initial proposed models (A, B, C, D) and 
reference model  
(Pshtiwan M. Sharif et al., 2019) 
 

4.2.1 Verification of numerical results 
 

Nusselt number and fanning friction factor results are adopted to examine the accuracy 
of the CFD simulations performed for this study with the experimental correlations 
available in literature (described in section 3.4.7). The relation utilized to find the nusselt 
number and fanning friction factor was mentioned in equation (3-13) and (3-14), 
respectively. Figure 4.2 (bar chart) compares the CFD and experimental results for the 
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Nusselt number and fanning friction factor, indicating good agreement between 
numerical and experimental relations at 6000 rpm. In the case of the Nusselt number, a 
maximum difference of 6.14% is observed for model A, and a maximum difference of 
5.89% is observed for model D in the case of the friction factor. 
 

 

 

Figure 4.2: Comparison between the results of CFD and experimental correlations 
at 6000 rpm for a) Nusselt number and b) fanning friction factor 
 

4.2.2 Temperature drop 
 

The evaluation of the temperature drop is the most important key parameter in the 
present study, as the thermal efficiency of the Otto cycle engine depends on inlet and 
combustion temperatures (Akasyah et al., 2015). Inlet temperature depends on ambient 
or IHE conditions, whereas combustion temperature depends on burning combustion and 
heat release, which vary with the fuel/air ratio. Theoretically, the engine’s thermal 

efficiency increases as the inlet temperature decrease (Z. Zhang et al., 2022). Figure 4.3 
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exhibits the temperature drop value for each model as a column chart for selected engine 
speeds. The highest temperature drop of 21.11℃ is recorded for model D, followed by 
model C, model B, and model A, with 18.78℃, 14.98℃, and 12.48℃ values, 
respectively, at 6000 rpm. The same trend is observed for each model at different engine 
speeds. The temperature drop is almost double for model D compared to the reference 
geometry, which has a temperature drop of 11.44℃. The air temperature results indicate 
a reduction from 45℃ to 23.8℃ at 6000 rpm. Further, a decrease in engine rpm causes 
a reduction in airflow velocity and a rise in the time of contact surface between the air 
and lamella surfaces, due to which a higher temperature drop is observed for 4000 rpm, 
i.e., 45℃ to 20.9℃. On the other hand, at higher rpm ranges, owing to an increase in 
flow rate and air velocity, decreases the time of contact between the air and a cooling 
surface. As a result, a decrement in cooling impact and a lower temperature differential 
is observed for 5000 & 6000 rpm. In other words, the air temperature drop is inversely 
proportional to engine speed. On the shell side, theoretically, the phase change 
phenomenon is assumed to occur at a constant temperature. 
 

 

Figure 4.3: Comparison of temperature drop for each model at different rpm 
 

4.2.3 Heat transfer 
 

The heat transfer amount derived from the Ansys Fluent software analysis is measured 
using the air inlet and outlet temperatures. High heat transfer is observed for all the 
models under discussion, comparable to the reference model (Pshtiwan M. Sharif et al., 
2019) , as presented in Figure 4.4. The maximum heat transfer amount of 1.55 kW is 
observed for model D, followed by model C, model B, and model A, with heat transfer 
of 1.38 kW, 1.07 kW, and 0.89 kW, respectively, for 6000 rpm. The same trend is 
observed for 4000 rpm and 5000 rpm. The heat transfer in the column chart clearly 
depicts that heat transfer increases with the increase in engine speed and vice versa (Song 
et al., 2021;,Mei et al., 2022). Lower heat transfer is realized at lower engine speed due 
to the lower airflow rate requested by the engine itself. It is known that heat transfer is 
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proportioned to the surface area of geometry, and the highest surface area is observed 
for model D. Heat transfer coefficients for the plate heat exchangers are superior to those 
for Shell and tube heat exchanger (reference model). The lamella configuration reveals 
more heat transfer surface per unit volume than the tube. Consequently, LHEs are likely 
to be more compact than shell and tube heat exchangers even when of the same surface 
area or give more surface area for heat transfer for the same geometry size. 
 

 

Figure 4.4: Comparison of heat transfer amount for each model at various engine 
speeds 
 

4.2.4 Temperature contours 
 

Figure 4.5 shows the instantaneous temperature contours at the outlet of the air section 
for all models at 6000 rpm. The forced convection heat transfer from lamellas is 
primarily affected by the inside opening of the lamellas. The hotter section of the stream 
is present at the center of the lamella. The temperature profile looks like a blunt parabolic 
profile in a thermally fully developed region (Barnoon et al., 2021).  
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Figure 4.5: Temperature contours at the outlet of the air section for all models at 
6000 rpm 
 

For model A, the distance from the center of the lamella to the side of the lamella is high, 
which means that the cold surface is not close to the hot medium by virtue of less 
temperature drop observed. For model B, model C and model D, the distance from the 
center of the lamella to the side of the lamella is decreasing, respectively, and the cold 
side is getting closer to the hotter medium present in the center of the lamella; therefore, 
more temperature drop is witnessed. In other words, it can be explained as the greater 
inside opening of the lamella causing less temperature drop at the outlet section. In all 
models, the portion at corners has less temperature compared to other lamella portions. 
This is due to refrigerant gas surrounding the lamella surface from three sides compared 
to the remaining portions, where heat is only transferred from two adjacent sides only. 
The temperature profile distribution in the middle section of a single lamella plate has 
been presented in Figure 4.6 for each case, and the temperature forms in the middle 
section along the length of the complete LHE (model A) are shown in Figure 4.7. 
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Figure 4.6: The temperature profile distribution in the middle section of a single 
lamella plate 
 

 

Figure 4.7: Temperature forms in the middle section (top view) along the length of 
the complete LHE (model A) at 6000 rpm. 
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4.2.5 Pressure drop 
 

Assessing the pressure drop is an important aspect in the design of intercooler heat 
exchangers, especially for the naturally aspirated engine, where no pressure devices like 
turbo and supercharger are installed to increase the engine’s power. The engine draws 
the atmospheric air during the intake process, determining the inlet boundary conditions 
at the intake manifold. The pressure drop analysis is carried out at the inlet and outlet 
faces of the lamella. Figure 4.8 demonstrates the pressure drop for the air side for all 
models under consideration and the reference model. The highest pressure drop of 69.23, 
100.45 & 137.9Pa is recorded for model D at 4000, 5000 & 6000 rpm, respectively. This 
is because model D has the highest aspect ratio. Similarly, for other models, the pressure 
drop is decreased with the decrement of the aspect ratio of the lamella. However, the 
maximum pressure drop for model D at 6000 rpm is even less than the reference case 
(shell and tube exchanger) by 28% and well below the allowable pressure drop 
percentage, which is 5% of atmospheric pressure. The pressure drop inside lamellas is 
tightly associated with the mass flow rate of air required by the engine. In response to 
that, the rpm of an engine is directly proportioned to the pressure drop inside the lamella. 
In other words, high rpm yields a high-pressure drop, and low rpm yields a low-pressure 
drop. 
 

 

Figure 4.8: Comparison of pressure drop for each model at different rpm 
 

4.2.6 Number of transfer units-NTU 
 

In heat exchanger design, a number of transfer units (NTU) have a significant role. The 
performance of a heat exchanger can be easily assessed if the number of transfer units is 
known. The number of transfer units amalgamates overall heat transfer coefficients, 
transfer area, fluid flow rate, and heat capability. It combines all of these dimensional 
variables into a single dimensionless parameter. NTUs for each model are presented in 
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Figure 4.9. Model D has the highest number of transfer units, 0.592 at 6000 rpm, 
comparable to all other models, followed by model C, model B, model A, and the 
reference model. NTU of model D is 91.2% greater than the reference model at 6000 
rpm. The highest number of transfer units for model D advocates that model D is the 
most effective model compared to all other models. The trend of NTU obtained from the 
column chart is directly proportional to the aspect ratio of lamellas and inversely 
proportional to engine speed. Normally for NTU > 5, the exit temperature of the fluid 
becomes almost equal to the surface temperature. A small value of NTU indicates more 
heat transfer opportunities, which can be obtained by adding more surface area. As for 
this study, the availability of space in engine bays is the controlled parameter; 
consequently, increasing the shell box's dimensions is not feasible. 
 

 

Figure 4.9: Comparison of number of transfer units (NTU) for each model at 
different rpm 
 

4.2.7 Logarithmic mean temperature difference (LMTD) 
 

The logarithmic mean temperature difference ∆Tln is usually obtained by locating the 
actual temperature profile of the fluid along the channel and a precise demonstration of 
the average temperature difference between the fluid and the surface. It truly reflects the 
exponential decay of the local temperature difference. Figure 4.10 display the LMTD’s 

of each model under consideration. A negative sign, along with the values, represents 
the heat released from hot air due to the cooling process. At 6000 rpm, model D has the 
lowest value of LMTD, i.e., -33.34℃, comparable to all other models, clearly depicting 
that the average air temperature difference is close to surface temperature, which is the 
temperature of the refrigerant. The reference model (shell and tube) has the highest 
LMTD value, i.e. -39℃ at 6000 rpm. The trend of the LMTD chart is also influenced by 
the aspect ratio of the lamella. As the aspect ratio increases, the logarithmic mean 
temperature difference decreases.  
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Figure 4.10: Comparison of LMTD’s for each model at different rpm 
 

4.2.8 Conclusion from numerical results 
 

Results clearly express that all the parameters, except LMTD, are inversely proportional 
to the inside opening of the lamella and directly proportional to the aspect ratio of the 
lamella. The less inside opening of the lamella results in more heat transfer, temperature 
drop, number of transfer units, and pressure drop. Based on the parameters under 
consideration, all models are ranked from high to low: model D, model C, model B, and 
model A. All four models have high heat transfer, NTU, temperature drop, and less 
pressure drop compared to the reference model. Although model D has the highest 
temperature drop and pressure drop is also within the maximum allowable limit. 
However, the pressure drop will further rise at higher rpm ranges. Moreover, there are 
some other considerations that need to be considered for the final selection of the 
geometry. For that, a multi-weigh scoring model is used to finalize the geometry, given 
in Table 4.1. Criteria is established according to the requirement and restrictions of the 
intercooler heat exchanger. Each selection criterion is assigned a weight, and the total 
weight is 11. The highest weight is given to temperature drop (5), followed by pressure 
drop (3), ease of fabrication (1), low fabrication cost (1), and low fabrication time (1). 
Scores are assigned to each criterion for all models (0 to 10) based on their performance 
and importance. The weights and scores are multiplied to get a total weighted score for 
the project. Using these multiple screening criteria, proposed models are compared, and 
the model with the higher weighted score is considered better, which is model C.  
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4.3 Numerical results of the final selected LHE design 
 

As the final size or outer dimensions of the model depends on the available space in the 
test vehicle engine bay, i.e., 1.5L Proton Wira SE, a detailed description was provided 
in section 3.4.4. The maximum available space measured in the engine bay was 0.007 
m3, as shown in Figure 3.16. The available space is directly related to shell box size. 
However, the inner geometry dimensions are selected from the analysis of the above 
numerical study in which model C is found better. The final dimensions of the model are 
already given in Figure 3.17. 
 

4.3.1 Air flow characteristics inside lamella and intake duct 
 

Before proceeding to the numerical results, it is important to apprehend the airflow 
characteristics inside lamellas and intake duct. In this regard, the volume and mass flow 
rate of air induced by the engine is calculated theoretically to evaluate the airflow 
characteristics. The volume flow rate in equation (3-12) was used to calculate theoretical 
airflow for the engine at different engine speeds. Figure 4.11 demonstrates the trend of 
volume and mass flow rate of air against engine speed. The volume and mass flow rate 
of air increases with the increment in engine speed. This means that a higher amount of 
air is required to burn fuel properly at higher engine speed. Figure 4.12 demonstrates the 
velocities and corresponding Reynolds number of airflow at different engine speeds, 
both for the intake duct and inside lamellas. The velocity and corresponding Reynolds 
number increase with the increase in engine speed. However, the velocity and 
corresponding Reynolds number for airflow inside lamellas are small. The reason behind 
this is that the cross-sectional area of the intake duct is smaller than the cross-sectional 
area of total lamella channels. 
 

 

Figure 4.11: Volume and mass flow rate of air required by the engine at different 
engine speeds 
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Figure 4.12: a) velocities and their corresponding, b) Reynolds number inside 
intake duct and lamellas 
 

4.3.2 Verification of numerical results 
 

The credibility of simulations is achieved through verification to estimate the degree of 
accuracy to which the model represents the real phenomenon, and it involves extensive 
comparisons with experiments. For the present study, the experimental correlation of the 
nusselt number and pressure drop available in the literature is utilized for comparison to 
verify the CFD simulations, to build confidence that the governing equations are solved 
with certain accuracy, and that the results are obtained by solving the right model 
equations. Details of the correlations already provided in section 3.4.7. 
 

4.3.2.1 Nusselt number 
 

For the hot intake air entering at 45℃ into LHE, Figure 4.13 shows the nusselt number 
against different rpm ranges, is validated through Dittus Boelter and Gnielinski equation. 
The results show good agreement between CFD and experimental correlations. The CFD 
results fall in the middle of both the experimental correlations. The CFD results 
coincided more with the Gnielinski equation at higher rpm and more coincided with the 
Dittus Boelter equation at a lower rpm range. Both the experimental correlations are 
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valid and have high precision for a particular range of Reynolds number, due to which 
their results are presented for the available limits of Reynolds numbers in this study.  
 

 

Figure 4.13: Comparison of CFD result for nusselt number with Dittus Boelter and 
Gnielinski equation at 45℃ intake temperature 
 

4.3.2.2 Pressure drop 
 

For the hot intake air entering at 40℃ into LHE, Figure 4.14 shows the pressure drop 
against different rpm ranges, is validated through the pressure equation. The bar chart 
shows the equal distribution of percentages between CFD and experimental correlations. 
The maximum difference of 11.74% is observed at 1000 rpm. Hence, the results clearly 
show that CFD simulations are performed correctly. 
 

 

Figure 4.14: Pressure drop comparison between CFD and experimental 
correlations, at 40℃ intake temperature 
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4.3.3 Heat transfer 
 

Heat transfer refers to the flow of heat due to temperature differences. Figure 4.15 shows 
the heat transfer amount from hot air to cold refrigerant. Higher heat transfer is observed 
for 55℃. This is due to the higher temperature difference between the hot and cold sides 
than the other temperature ranges, and that temperature difference is the driving force 
for heat transfer. The rise in the heat transfer amount is observed with the increment in 
rpm for all temperature ranges. The reason behind this is the intensification of the 
velocity gradients of air, which ultimately increase the convective heat transfer 
coefficient. The maximum heat transfer of 2.14 kW is observed at engine speed of 8000 
rpm for 55℃ intake air. Likewise, the minimum heat transfer of 0.42 kW is recorded at 
1000 rpm for 40℃ intake air. Further, the gap between the heat transfer amount for all 
temperature ranges rises with the engine speed. 
 

 

Figure 4.15: Heat transfer from hot air to cold refrigerant at different engine speeds 
and intake temperatures 
 

4.3.4 Temperature drop 
 

The temperature drop is a direct indication of energy extracted from hot air by the LHE. 
Figure 4.16 indicates the temperature drop at various engine speeds. As the engine speed 
increases, the temperature drop decrease. The higher temperature drop is observed for 
low engine speed. This is because, at low engine speed, the velocity of airflow inside 
lamella is too low, and it has sufficient time to be in contact with the cold walls of 
lamellas to lose its temperature. On the other hand, at higher engine speed, the time of 
contact between the air and a cooling surface is reduced due to an increase in flow rate 
and air velocity. As a result, it leads to a decrease in cooling impact, and a smaller 
temperature drop is observed. In other words, the air temperature drop is inversely 
proportional to engine speed. The maximum temperature drop of 46℃ is observed at 

0.0

0.5

1.0

1.5

2.0

2.5

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Q
 (k

W
)

RPM
55℃ 50℃ 45℃ 40℃

© C
OPYRIG

HT U
PM



106 

1000 rpm for 55℃ hot intake air. Likewise, the minimum temperature drop of 15.89℃ 
is recorded at 8000 rpm for 40℃ hot intake air. The temperature drop for 55℃ hot intake 
air is higher at all engine speeds compared to the other intake temperatures. This is due 
to the maximum temperature difference between the hot air and the cold refrigerant.   
 

 

Figure 4.16: Temperature drop of air at different engine speeds and intake 
temperatures 
 

4.3.5 Log Mean Temperature Difference (LMTD) 
 

The LMTD is perhaps the most commonly known method to analyze heat transfer in 
heat exchangers. The LMTD for this study is a logarithmic average of the temperature 
difference between the hot intake air and cold refrigerant at each end of the LHE. The 
log mean temperature difference is recorded at various engines speed and presented in 
Figure 4.17 to determine the temperature driving force for heat transfer in LHE. The 
LMTD of the exchanger increases with the increase in engine speed. Generally, the 
larger the LMTD, the more heat is transferred. From the results, a higher value of LMTD 
is observed for the hottest air, i.e., 55℃, followed by 50℃, 45℃ and 40℃, which 
endorsed the heat transfer result section. The lowest values for 40℃ intake air means 
that the average temperature of this intake air inside LHE is close to refrigerant 
temperature.  
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Figure 4.17: LMTDs at various engine speeds and intake temperatures 
 

4.3.6 Number of Transfer Units (NTU) 
 

The Number of Transfer Units (NTU) is the ratio of the heat exchanger’s ability to 

transfer heat to the fluid’s minimum ability to absorb heat. In other words, it measures 

the effectiveness of heat transfer systems. The number of transfer units at different 
engine speeds is plotted as a radar chart in Figure 4.18 for intake air at 55℃. The NTU 
decreases with the increase in engine speed. This clearly indicates that LHE is 
performing very well at low engine speed compared to higher engine speed. The 
effectiveness of the LHE decreases with the increase in engine speed. The trend of NTU 
endorsed the temperature drop result section. 
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Figure 4.18: NTUs at various engine speeds for 55℃ intake temperature 
 

4.3.7 Temperature Contours 
 

To observe the temperature distribution inside lamellas, temperature contours are 
presented in the middle section of the whole LHE (on left side) and for the lamella alone 
along the length (on right side) in Figure 4.19, for the case of 45℃  intake air 
temperature.  
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Figure 4.19: Temperature contours at various engine speeds for 45℃ intake 
temperature 

© C
OPYRIG

HT U
PM



110 

 

Figure 4.19: Temperature contours at various engine speeds for 45℃ intake 

temperature (continued) 
 

The temperature contours demonstrate the effect of various engine speeds (airflow 
velocity) on heat transfer distribution inside the LHE; the lower airflow speed shows 
better heat transfer, and the outlet air is reduced to a lower temperature. While at higher 
airflow velocity, the heat transfer is reduced, and higher outlet air temperature is 
observed. The temperature contours of the inner side of the lamella indicate that the hot 
air enters the lamella from one end and releases heat to the cold refrigerant circulating 
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in the narrow channels of the shell box side, and thus air exits the lamella at a lower 
temperature. Further, the contours also display that the temperature of the cold 
refrigerant at the exit point gets higher and higher with the increment of engine speed, 
which indicates high heat transfer at higher engine speed. The temperature contours at 
the lamella interface body in 3D view are shown in Figure 4.20 for a better understanding 
of heat transfer between the two fluids. The thermal conductivity of the used material 
and its thickness has its own importance in heat transfer (Tran and Wang, 2019). 
 

 

Figure 4.20: Temperature contours at lamellas wall interface for 45℃ intake air 
 

4.4 Lab tests results 
 

The experimental study shows to what extent the ideal conditions assumed in analytical 
and numerical studies can be realized in laboratory research. For the experimental 
laboratory measurement, there is some accuracy level of the sensors involved in it. Table 
4.2 illustrates the uncertainty of each measurement and sensor used in the lab test. 
 

Table 4.2: Summary table with the characteristics of the instrumentation and 
sensors used in the experimental set-up 

Parameters Measuring apparatus Variable measured Range Accuracy 

Temperature Thermocouple 

T1 
T2 
T3 
T4 

0--55℃ ±0.7% 

Pressure Differential pressure manometers P1 
P2 0--100Pa ±0.5% 

Speed Anemometer RPM 1000--8000 -2.5% 
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4.4.1 Validation of fabricated LHE 
 

The validation of the fabricated LHE model with the numerical results will be the green 
signal to the next stage of the applied real-world vehicle test. The fabricated model of 
LHE is validated through experimentation in the laboratory with the numerical study 
under the same boundary conditions. For the said purpose, the temperature drops and the 
corresponding heat transfer results are reported. 
 

4.4.1.1 Temperature drop 
 

The temperature drops in Figure 4.21 is presented for both numerical and experimental 
results. Through experiments, the same trend and behavior of temperature drop are 
observed as for numerical study, showing good agreement between numerical and 
experimental results. The percentage error is shown in Figure 4.22.  The column chart 
of percentage error shows higher errors at higher engine speeds but within the acceptable 
range. The maximum error of 15.7% is recorded for 55℃ intake air at 8000 rpm, and the 
minimum amount of percentage error is 0.66% for 40℃ intake air at 1500 rpm.  
 

 

Figure 4.21: Comparison of temperature drop between experimental and 
numerical outcomes at various engine speeds and intake temperatures 
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Figure 4.22: Percentage error of temperature drop between numerical and 
experimental outcomes 
 

4.4.1.2 Heat transfer 
 

The corresponding heat transfer of the temperature drop result is shown in Figure 4.23, 
and the percentage error of the results is presented in Figure 4.24. Likewise, the 
temperature drops, same trend, and behavior of heat transfer through experimentation 
are observed compared to numerical results. The maximum error of 15.68% is recorded 
for 55℃ intake air at 8000 rpm, and the minimum amount of percentage error is 1.07% 
for 40℃ intake air at 1000 rpm. The percentage error for 55℃ intake air is high for most 
of the engine speeds for temperature drop and heat transfer. The reason behind this is 
disclosed in the refrigerant performance section because the inlet temperature of 
refrigerant plays an important role here. 
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Figure 4.23: Comparison of heat transfer between experimental and numerical 
outcomes at various engine speeds and intake temperatures 
 

 

Figure 4.24: Percentage error of temperature drop between numerical and 
experimental outcomes 
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transfer, is observed at high engine speed. The maximum error of 15.7% is recorded for 
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0℃, which couldn’t be changed during the simulation process due to isentropic process. 
However, in laboratory conditions, the refrigerant inlet temperature couldn’t be fixed 
and eventually there is no ideal process. Basically, the temperature of air that surrounds 
the refrigerant has an effect on its pressure. When the air temperature rises, the 
refrigerant absorbs that heat and causes an increment both in its temperature and 
pressure. If the system contained R-22, the vapor pressure would range from 58 to 85 
Psig, but these pressures would also rely on the temperature of the wet bulb within the 
building and the outside ambient air temperature. The indoor wet bulb temperature 
displays the heat load within the building because it takes into account both temperature 
and humidity. The pressure on the vapor line will increase proportionally to the 
building's internal heat load. Subsequently, the higher the outdoor air temperature is, the 
less heat the system can reject outside. This also results in a higher vapor pressure 
(William C. Whitman et al., 2012). Assuming the LHE acting as an evaporator in VAC 
cycle, therefore for laboratory testing, indoor unit of the normal home split type air 
conditioning unit is replaced by LHE for testing purpose. R22 is the refrigerant gas used 
for laboratory testing. The evaporative suction pressure is set to 70 psi and the 
corresponding temperature of the refrigerant is 0℃, which can vary due to above-cited 
reasons in laboratory conditions. The refrigerant inlet and outlet temperature during the 
laboratory tests are presented in Figure 4.25. The highest increase in refrigerant inlet 
temperature is recorded for 55℃ intake air at a particular engine speed. This refers to the 
increase in the vapor pressure of refrigerant in the evaporator, which ultimately increases 
the temperature of the refrigerant. Likewise, the outlet temperature of the refrigerant is 
highest for the same intake air, i.e., 55℃. Therefore the only reason behind the 
dissimilarity between numerical and experimental results is the difference of the 
refrigerant inlet temperature, which should be 0℃, instead of 4.2℃ for laboratory 
conditions at 8000 rpm and accordingly for other various engine speeds and intake 
temperatures.  
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Figure 4.25: Refrigerant temperatures at various engine speeds and intake 
temperatures, a) inlet, b) outlet 
 

4.4.2 Pressure drop test 
 

The fabricated LHE model is tested for pressure drop at various engine speeds and intake 
air temperatures, presented in Figure 4.26. As expected, the increase in pressure drop is 
observed with the increase in engine speed for all the intake temperatures. Generally, the 
pressure drop inside lamellas or any tube depends on friction factor, length and hydraulic 
diameter of the lamella, density of air, and velocity of air. The said factors are directly 
proportional to the pressure drop. As air velocity inside lamella increases with the 
increase in engine speed, the collision between molecules increases resulting in greater 
loss of kinetic energy, subsequently, greater pressure drop. The pressure drop is different 
for different intake air temperatures. The highest pressure drop is observed for 40℃ 
intake air temperature. To understand the reason behind this, density variations are given 
in Figure 4.27 against the outlet temperature of the air at various engine speeds. 
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Figure 4.26: Pressure drop inside lamellas at various engine speeds and intake 
temperatures 
 

 

Figure 4.27: Density of air at the outlet section of lamellas (cold side) at various 
engine speeds and intake temperatures 
 

As known, the density of air increase with the decrease in temperature. The lowest outlet 
temperature is recorded for 40℃ intake air for all engine speeds. Therefore, the density 
of this intake air is higher as compared to other cases. As the density is directly 
proportional to pressure drop, resultantly, the highest pressure drop is recorded for 40℃ 
intake air. The density of outlet air decreases with the increase in engine speed, referring 
towards the decrease in outlet temperature of air with the increase in engine speed.  
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4.4.3 Refrigerant performance  
 

The average inlet and outlet temperature of refrigerant for all engine speeds at a 
particular intake air temperature is shown in Figure 4.28. The difference between the 
average inlet and outlet temperature of refrigerant refers to the real operation of the 
refrigerant cycle. Theoretically, the output refrigerant temperature and pressure should 
be isentropically equal, but in real applied operation, there is no ideal process in the 
refrigerant cycle. Also, the inlet and outlet temperature shows a gradual increase with 
the increase in intake temperature. Through the average inlet and outlet temperature of 
the refrigerant, the coefficient of performance is calculated and reported in Figure 4.29. 
The maximum COP is achieved for 40℃ intake air, and then a gradual decrement is 
observed with the increased intake temperature of the air. That means the refrigeration 
effect becomes less with the increase in intake temperature, and the compressor is 
required to work more.  
 

 

Figure 4.28: Average inlet and outlet refrigerant temperature for different intake 
air temperatures 
 

 

Figure 4.29: COP of LHE for different intake temperatures 
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4.5 Engine Performance during Vehicle running position 
 

After the validation of the fabricated geometry through detailed testing in the laboratory, 
LHE was now installed in the test vehicle in order to check its performance on a real 
time basis and can perceive the actual effects of cold intake air on engine performance 
using a chassis dynamometer. The details of testing were already briefed in the 
methodology section. In short, the test was conducted in three stages; Stage one (Normal: 
neither air-conditioning nor LHE), Stage two (AC: use of vehicle air-conditioning), and 
Stage three (LHE+AC: use of vehicle air-conditioning along with LHE). Three tests of 
each stage are performed to ensure accurate data reading. The average temperature of 
the intake air during tests is presented in Table 4.3. The increase in the intake temperature 
of air for the AC test and decrease in intake temperature of air through LHE is recorded 
compared to the normal test during the dyno chassis test. Almost 30℃ decrement is 
observed through the use of LHE compared to AC stage test, which is 64.31% reduction 
in intake temperature. The minimum temperature attained (16.7℃) through LHE is 
dependent on the setting of the thermostat for cabin cooling temperature. No less than 
that temperature could be achieved from LHE and most of the vehicles cabin have lowest 
temperature limit up to 16℃ through AC. Moreover, when it comes to the comparison 
with the already existing intercoolers operating on VAC system, Pshtiwan Mohammad 
Sharif (2021) and  Johnson, (2010) claimed 40.8% and 25.5% reduction in intake air 
temperature from their developed intercoolers, respectively. Further, Roberto Cipollone 
et al. (2017b), recorded a maximum 20℃ reduction in intake temperature through his 
designed intercooler. By keeping above, LHE shows admirable performance, when it 
comes to temperature drop of intake air and kept his supremacy among others existing 
intercoolers. 
 

Table 4.3: Average intake air temperature  during vehicle running test 
Tests Test Stages 

Normal (℃) AC (℃) LHE+AC (℃) 
1 40.7 46.8 16.7 
2 40.9 47.1 17.6 
3 41.5 48.6 18.8 

 

4.5.1 Engine power 
 

The maximum power obtained at wheels from the chassis dynamometer for each stage 
test and their associated average value of all tests for each stage is presented in Figure 
4.30.  
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Figure 4.30: Maximum vehicle power comparison between different stage tests 
 

As expected, the results clearly show the loss in power of the engine for the AC test, 
which consumed 7.3 bhp from the engine due to extra load on the engine, compared to 
the normal operation of the engine without air conditioning. On the other hand, cold 
intake air recovered some of the amount of lost power consumed by AC. The amount of 
1.23 bhp is recorded for such loss recovered. The reason behind this gain in engine power 
is because of early center of heat release (COHR), due to cold intake air (Kadunic et al., 
2014). This also evade the tendency of engine knock, as it requires late COHR (Virt et 
al., 2021). The COHR has a vital role in correlating engine performances especially 
related to combustion process and oxygen enrichment through reducing the intake air 
temperature is known to improve the overall combustion process and subsequently 
increasing heat release rate. The time available for the mixing of fuel and air before the 
onset of combustion is determined by the engine speed and the ignition delay. The 
ignition delay itself is mainly governed by the charge temperature and pressure 
(Heywood, 1988). 
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Where;  P: Cylinder pressure at injection timing  
 

Ea: Apparent activation energy for the fuel auto ignition process  
Ru: The universal gas constant (8.3143 J/mol∙K) 
A, n: Constants, dependent on the fuel 

 

Therefore, EICAC technique prolongs the delay period (combustion duration) and tries 
to gain maximum output (power) from combustion. Conversely, high intake air 
temperatures increase the in-cylinder gas temperature at the end of the compression 
stroke and accelerate the chemical reactions, which is undesirable (Cinar et al., 2015). 
Further, the effect of intake temperature on power of an engine can also be elaborated 
with engine thermal efficiency (Al-Shemmeri, 2011). By keeping in mind the Equation 
2.22, the influence of intake air temperature (-20℃ to 50℃) on engine thermal efficiency 
has been presented in figure 4.31 at constant engine speed of 2800 rpm with fuel ratio of 
15:1. The results shows a significant impact of charge air cooling on engine 
performance. With the decrease in intake air temperature, the engine thermal efficiency 
increases, endorsing the increase in engine power due to cold intake air.  
 

 

Figure 4.31: EICAC influence on engine thermal efficiency 
 

4.5.1.1    Normal test (stage one) 
 

The findings of three tests conducted for normal operation of engine power without air 
conditioning are presented in Figure 4.32. The maximum engine speed for all the tests 
and different stages is limited to 6500 rpm, which is the maximum allowable speed to 
reach by the test vehicle manufacturer. As shown in the figure, the maximum power of 
52.3 bhp is recorded at wheels for test 3 at 5250 rpm. After the maximum power is 
achieved by the engine, the decline in power is observed at higher rpm till it reaches 
6500 rpm. 
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Figure 4.32: Power curves for three tests of normal stage 
 

4.5.1.2    AC test (stage two) 
 

The normal test helps to understand the vehicle output without any additional load on 
the engine to set a benchmark for comparison purposes with other stage tests. The power 
curves for AC tests and an average of normal test for comparison is presented in Figure 
4.33. The AC test shows a reduction in engine power by 14% (7.3 bhp) compared to the 
normal test due to the additional load on the engine. The compressor of the air 
conditioning system is known to be the main reason for that power loss. As the 
compressor of the air conditioning system can add up to 5-6 kW peak power draw on a 
vehicle’s engine, which is about the same load as air conditioning of a small single 
family home (Rugh et al., 2004). By converting the lost power due to AC for the current 
stage tests into kW, it falls within the range prescribed above, endorsing the AC test 
result.  
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Figure 4.33: Power curves for three tests of AC stage, along with average of normal 
stage tests 
 

4.5.1.3    LHE+AC (stage three) 
 

The earlier tests determined how the test vehicle performed with and without the air 
conditioning. The third stage test is conducted using the LHE along with air-conditioning 
in a way that the intake air is first cooled to the lowest temperature obtained through 
LHE and then run the test vehicle on a chassis dynamometer to examine the effect of the 
cold intake air on engine power. The three test results from stage three, along with an 
average of normal and AC test, are shown in Figure 4.34, in order to provide better 
rationalization. A slightly high engine power curve is observed for cold intake air 
compared to the average of the AC tests. The highest power output is recorded at rpm 
5250, with an extra power of 1.23 bhp compared to AC test. Out of the power loss from 
air conditioning (7.3 bhp), cold intake air recovered 17% (1.23 bhp) of it. Thus EICAC 
technique helps to recover the lost power due to air conditioning (Herbert Joyner, 1963). 
Treeamnuk et al. (2018), endorsed the present result and recorded a 3.2% increment in 
power due to cold intake air at 22℃, comparable to 50℃ ambient intake air. 
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Figure 4.34: Power curves for three tests of LHE+AC stage, along with average 
curves of normal and AC stages 
 

4.5.1.4    Conclusion of all stage tests 
 

Figure 4.35 presented the average results of all the tests of different stages in one picture, 
which helped to understand the effect of air conditioning and of cold intake air on the 
engine power curve, compared to the normal test, neither with air conditioning nor with 
LHE. The trend of each power curve for all stage tests are same. However, the difference 
in their magnitude is observed. The primary reason for the lost power in the AC test, 
compared to the normal test, is the extra load on the engine, which the vehicular air 
conditioning system indulged on the engine and the compressor of the AC system is the 
main source. The amount of lost power due to air conditioning is recovered by 17% by 
bringing the cold intake air into the engine, in contrast to hot intake air. On the other side 
of the story, it is also observed that although cold intake air has a positive effect on 
engine power, but the impact of AC on engine power is higher than the output of cold 
intake air.  
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Figure 4.35: Comparison of average power curves for all stages 
 

4.5.2 Engine torque 
 

Generally, torque is the ability of an engine to perform work. The more torque an engine 
produces, the greater its ability to perform work. Both the torque and power of an engine 
are proportional to each other and measured to give learners a sense of the performance 
they might expect from the vehicle. The torque related to all stage tests and their overall 
associated average is shown in Figure 4.36 to provide an idea of how the engine performs 
under different situations. The torque for normal test provides a benchmark to compare 
with AC and LHE stage tests. The maximum torque recorded for the normal stage tests 
is 120.83 Nm. By turning the air conditioning ON, the amount of torque is decreased by 
15.8 Nm, compared to the torque obtained for normal stage tests. The effect of cold 
intake air on engines torque is positive, adding 3.8 Nm of torque to the value obtained 
from the AC test. The trend of the recorded result agrees with Treeamnuk et al. (2018), 
that reducing the intake temperature increases the mass of air and pressure induced into 
engine. Therefore, the maximum pressure in cylinder after power stroke raises and 
creates the higher torque. The torque curves for each stage and tests are presented for 
further discussion.    
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Figure 4.36: Maximum vehicle torque comparison between different stage tests 
 

4.5.2.1    Normal test (stage one) 
 

The torque curves related to three tests for the normal stage are presented in Figure 4.37. 
The lowest value of torque (107.05 Nm) is observed at minimum rpm; 1765. From this 
point with the increase in engine speed, the torque value increases significantly and 
found maximum value of torque (122.174 Nm) at rpm 3250. Further increase in engine 
speed from this point, the torque curve starts gradual decrement till the highest allowable 
engine speed.  
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Figure 4.37: Engine torque curves for three tests of Normal stage 
 

4.5.2.2    AC test (stage two) 
 

After the completion of benchmark (normal test), the three tests for the second stage with 
the vehicle air conditioner were performed and reported in Figure 4.38. The trend of the 
engine torque curve for the AC test is similar to the normal test but with a difference in 
magnitude due to the AC load. The maximum torque of 107.5 Nm is recorded for test 2 
at 3250 rpm, with a decrement of 13.5 Nm compared to the average normal test at the 
same rpm. Thus air conditioner puts inevitable pressure on the car’s engine, affecting 

car performance by 13.07 %. 
 

 

Figure 4.38: Engine torque curves for three tests of AC stage, along with average 
of Normal stage tests 
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4.5.2.3    LHE+AC (stage three) 
 

The effect of cold intake air and the performance of LHE is shown through this stage 
tests. All three tests for stage three along with the average of normal and AC tests are 
shown in Figure 4.39. A slight increment in the engine torque curve is observed for cold 
intake air. The maximum torque of 109.47 Nm is recorded at the same rpm to which AC 
and Normal test provided their highest output, i.e., 3250, with an addition of 3.8 Nm 
compared to an average of AC test and decrement of 12 Nm compared to an average of 
normal tests. The amount of lost torque due to AC load is partially recovered by 24.06% 
by applying the EICAC technique.  
 

 

Figure 4.39: Engine torque curves for three test of LHE+AC stage, along with 
average curves of Normal and AC stages 
 

4.5.2.4   Conclusion of all stage tests 
 

Figure 4.40 shows the averages of all tests conducted for various stages in one image, 
making it easier to understand the impact of both cold intake air and air conditioning on 
engine torque curves. The trend of all curves is similar to each other with a difference in 
magnitude. The AC of a test vehicle consumed 13.07% of engine torque compared to a 
normal test. LHE, along with the air conditioner, introduced cold air into the engine and 
recovered the amount of lost torque in the AC test by 24.06 %. The gap at the initial rpm 
stages is higher between AC and LHE+AC curves till rpm 4250. Afterward, the gap 
between curves becomes decreased. The reason for this decrement in the gap at higher 
rpm is that, the suction of air increases to meet the engine demand, due to which more 
mass of air passes through LHE at higher speed, which decreases the time of contact of 
hot air and lamella cold surface, results in less temperature drop of intake air at high rpm. 
Kadunic et al. (2014) presented a maximum torque increment by 12% with the 30K 
reduction in intake temperature for 1.4L turbocharged SI engine, through AC driven 
intercooler.  
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Figure 4.40: Comparison of average engine torque curves for all stages 
 

4.5.3 Comparison with the reference model 
 

Pshtiwan Mohammad Sharif (2021) claimed in his study during testing on same vehicle 
model and size which was used for this study, that the cold intake air recovered almost 
all the lost power and torque caused by VAC systems through his proposed EIHE; it was 
the same model that the present study adopted for initial numerical simulations, termed 
as “reference model” taken from (Pshtiwan M. Sharif et al., 2019). That triggered the 
attention of the author by keeping in view the power and torque results for the present 
study. Even though the initial numerical results proved the better performance of LHE 
than the EIHE in all result sections. Further, by investigating the problem, a difference 
in the method of attachment of the intercooler with the VAC system was witnessed. The 
only difference between the present and reference method of attachment of intercoolers 
was the number of electric solenoid valves which separate the intercooler from the 
standard AC system, presented in Figure 4.41.  
 

 

Figure 4.41: Method of attachment of intercooler with standard AC system 
separated with solenoid valves, a) present method, and b) reference method 
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The basic purpose of the electric solenoid valve was to allow and cut the supply of 
refrigerant to the intercooler on demand. Two electric solenoid valve for the present 
study completely separated the additional loop added to install the LHE with standard 
VAC system. However, in figure 4.41b for reference method, only one electric solenoid 
valve was available to control the refrigerant. To examine the impact of solenoid valves 
on AC system, it’s better to elucidate the working parameters of standard VAC system. 
To attain adequate cooling in vehicle cabin, the vapor compression cycle of VAC system 
containing R134a as refrigerant must have to maintain the exact amount of refrigerant 
charge that system requires. This can be achieved either through maintaining the 
operating pressures (high and low side) given in Table 4.4 or by filling the refrigerant in 
terms of weight. For any VAC system, there is some minimum and maximum weight of 
refrigerant that can be inserted, usually mentioned in the engine bay through sticker. 
Other than the mentioned weight value, it causes problems in the VAC system in terms 
of damaging products and inadequate cooling. For the present test vehicle and also for a 
normal size car, it was 0.500 grams to 0.580 grams for the standard AC system. By 
inserting that much weight, the VAC system ultimately operates with the same pressure 
ranges as mentioned in Table 4.4.  
 

Table 4.4: Operating temperature and pressure of the refrigerant R134a 
Particulars Values Reference 
Low side temperature and pressure (Evaporator) 0 - 4℃ 

2.8 - 3.25 bar 
(Harris & Hughes, 2011) 
(X. Chen et al., 2020) 

High side temperature and pressure (Condenser) 47 – 57℃ 
12 – 15 bar 

 
(Shana, 2021) 

 

As for the present study, an additional component (LHE) installed in the standard AC 
cycle, therefore, extra amount of refrigerant was added compared to the standard AC 
cycle. The vehicle AC system was charged by running both the evaporators for cabin 
cooling and cold intake air for the engine. The refrigerant continued to charge until the 
operating pressures were achieved, which helped to maintain the best cabin cooling as 
well as intake air. The role of two electric solenoid valves was important in the sense 
that it regulates the additional loop of refrigerant added to the standard AC system. To 
operate the LHE, both electric solenoid valves opened to circulate the additional 
refrigerant in the loop, and closed when only standard AC system requires by the vehicle 
passenger. In the closing position, the extra amount of refrigerant added will remain in 
LHE, and the standard AC system will run with its original amount of refrigerant and 
maintain its operating pressures. Subsequently, the cooling and other components of the 
AC system will not affect. The same was observed in the present study. On the other 
side, the method introduced by Pshtiwan Mohammad Sharif (2021) contained only one 
electric solenoid valve on the inlet side of the refrigerant. To compare the results, the 
same method was also applied for the present study to test LHE by keeping the electric 
solenoid valve “ON” to the compressor side at all times, through which the present 
system resembles the reference method. The performance of LHE was checked against 
that setup. The testing was divided into two categories, A and B. 
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Category A 
 
The category A test was for the extra amount of refrigerant added in the additional or 
bypass loop as for the present study method. 
 

i. For the LHE+AC stage test, the vehicle performance was the same as it was 
with the present study method with two electric solenoid valves, and cabin 
cooling was also admirable. 

ii. For the standard AC stage test, the vehicle shows a problem with the AC 
system. The compressor was tripping on and off again and again, loud noises 
started from the AC system, and no cooling in the cabin was observed. The 
reason behind this problem was that the extra refrigerant on the LHE side 
moved towards the standard AC system due to the suction of the compressor, 
as the electric solenoid valve of the compressor side was opened, while the 
electric solenoid valve of the other side remained closed to protect the 
refrigerant moved towards LHE. This caused the overcharging of refrigerant in 
the standard AC system, resulting in warm air and loud noises from the AC 
system. Generally, overcharged system operated with very high temperature 
and pressure. The condenser may have a surplus of liquid refrigerant (Yuqing 
et al., 2018), and ultimately compressor may start to have liquid refrigerant get 
inside of it from the strain of the pressure. This will lower the lubrication in the 
compressor and allow oil to pool up and damaging it. 

 

Category B 
 
The category B test was conducted by eliminating the overcharged refrigerant from the 
Standard AC system to overcome the problems faced in the category A test. 
 

i. For the AC stage test, the vehicle performance was the same as for the present 
study method for the AC stage test. Cooling inside the cabin was observed to 
be perfect in that case. 

ii. For the LHE+AC stage test, the engine power curve obtained was near to the 
claim made by Pshtiwan Mohammad Sharif (2021). The lost power due to the 
air conditioning of the system seems to be recovered for this stage test by almost 
70%, as presented in Figure 4.42. However, the cooling inside the cabin was 
poor and warm air was sensed. 
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Figure 4.42: Comparison of average power curve obtained from reference method, 
along with  other stage tests and the power curves derived from Pshtiwan 
Mohammad Sharif's (2021) study 
 

The power curve from the reference method shows the better recovery of lost power. 
However, in reality the case is different. The reason behind this power curve is the lack 
of refrigerant in the AC system when operated with an additional loop of LHE. As a 
matter of fact, the refrigerant charge in the standard AC system is divided into two parts 
(cabin evaporator and LHE). Due to this reason the operating pressures of the VAC 
system could not be maintained. Consequently, neither cabin cooling nor intake air 
cooling was observed. Further low charge level of refrigerant for reference method, 
compressor requires less input power compared to a fully charged system, as for the 
present study method (Goswami et al., 2001). Therefore, it can be concluded that the 
improvement shown in power curve for the reference method is not due to the cold intake 
air but owing to the less power consumption by the compressor. The same trend and 
magnitude difference for torque curves is also observed and presented in Figure 4.43.  
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Figure 4.43: Comparison of average torque curve obtained from reference method, 
along with  other stage tests and the torque curves derived from Pshtiwan 
Mohammad Sharif's (2021) study 
 

The refrigerant charge amount is one of the main parameters affecting the refrigeration’s 

system cooling performance and energy consumption (Yun & Chang, 2021). Both 
undercharged and overcharged reduced cooling equipment longevity, capacity, and 
efficiency (W. Kim & Braun, 2012). If the charge quantity of refrigerant is too small, 
only part of the evaporator will be infiltrated. The heat transfer area of the evaporator 
will not be fully utilized. The total evaporation capacity in the unit time will also be less, 
so the system cannot meet the suction requirements of the compressor. The evaporation 
pressure drops, the flow velocity decreases, the heat transfer coefficient of the evaporator 
decreases, the superheat of the evaporator outlet and the suction specific volume of the 
compressor increases, and the circulating flow and cooling capacity decreases. 
Moreover, the difference in the magnitude of the power and torque curves for the LHE 
model and EIHE (reference) model can be seen in Figure 4.42 and 4.43, especially for 
the normal and AC stage, where no cooling is involved. That particular difference is due 
to the amount of pressure drop in air flow engendered by the intercooler device. LHE 
model shows better engine power and torque curves compared to EIHE model, due to 
very minimal pressure drop caused by LHE in air flow (similar to stock system). 
 

4.5.4 Vehicle emission performance 
 

The gas analyzer was used to analyze the exhaust emission at the chassis dynamometer 
test, the final instrument report for all stage tests shown in Table 4.5. 
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Table 4.5: Vehicle emissions recorded during chassis dynamometer test 
Stage Test Emissions AFR CO (%) CO2 (%) HC (PPM) NOx (PPM) 

Normal 
1 0.682 11.52 277 702 17.354 
2 0.728 11.31 312 753 17.554 
3 0.691 11.33 286 731 17.865 

  Average 0.700 11.38 291.66 728.66 17.601 

AC 
1 1.213 12.36 365 778 15.441 
2 1.146 12.31 347 780 15.534 
3 1.154 12.33 351 769 15.112 

  Average 1.171 12.33 354.33 775.66 15.36 

LHE+AC 
1 0.921 11.96 321 746 15.987 
2 0.999 11.99 328 736 16.321 
3 0.977 11.91 325 754 16.569 

  Average 0.965 11.95 324.66 745.33 16.292 
 

4.5.4.1    Carbon Monoxide (CO) 
 

The gas analyzer measures the CO in percentage (%) of the gas. The selected emission 
parameter (CO) measured for each stage and tests to evaluate the change response to the 
EICAC technique. The percentage of CO in the exhaust tailpipe of the vehicle for each 
test and its total average are presented in Figure 4.44. With the usage of AC in the 
vehicle, the CO is increased by 67.19% than normal operation of vehicle without air 
conditioning. By adding LHE with the aid of AC of the vehicle, a 17.6% reduction in 
CO is recorded compared to the emissions emitted during AC operation with ambient 
intake air temperature. It might also be concluded that the quantity of CO increased due 
to AC is lowered by 43.6% due to EICAC technique. CO is undesirable in emissions and 
represents the loss of chemical energy, as CO is a fuel that can be combusted to supply 
additional thermal energy (V. Ganesan, 2012). According to previous studies, 
incomplete combustion is the reason for generation of CO, due to improper mixing i.e. 
when some particle of fuel does not find molecule of oxygen to burn, according to the 
following reaction (Raman & Bahari, 2021). 
 

4𝐶𝐻4 + 7𝑂2 → 2𝐶𝑂 + 2𝐶𝑂2 + 8𝐻2𝑂 4.2 
 

To avoid improper mixing, EICAC technique helped to attain more oxygen molecules 
per unit volume due to augmentation in the density of air (oxygen) according to equation 
2-6 and lead to a significant reduction of CO emission (Abdullah et al., 2015) compared 
to engine operation with air-conditioning with normal intake air (AC stage). In other 
words, EICAC technique also aids thermal energy during the combustion process. 
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Figure 4.44: Comparison of CO in exhaust tailpipe for different stage tests 
 

4.5.4.2    Carbon dioxide (CO2) 
 

Figure 4.45 shows the CO2 exhaust emissions for each stage test and their corresponding 
total average of tests. The selected emissions parameter CO2 was measured by a gas 
analyzer in percentage (%) of gas to evaluate the effect of the EICAC technique using 
the LHE. An increase in emissions is observed for the AC test by 8.35 % compared to 
the normal test without AC. The same observation is reported by (Costa & Valle, 2018) 
during a study on CO2 emissions. Reduction in the temperature of the intake air after 
utilizing the LHE causes a decrement in CO2 emissions by 3.08 % compared to the AC 
test. Another way to state that the amount of CO2 increased by AC use is reduced by 
39.5%. 
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Figure 4.45: Comparison of CO2 in exhaust tailpipe for different stage tests 
 

4.5.4.3    Hydrocarbons (HC) 
 

HCs, or more appropriately organic emissions, are the consequence of incomplete 
combustion of the hydrocarbon fuel. Typically, the level of unburned HC in the exhaust 
gases of gasoline fueled spark-ignition engines is typically 1 to 2% of the fuel. For the 
present study, the level of unburnt HC in the exhaust gas is expressed in PPM for each 
test and stage, presented in Figure 4.46. The total average of HC showed an increase in 
HC by 21.50 % with AC compared to the normal running of the vehicle without AC. 
However, with the introduction of cold air with the help of LHE, the amount of HC is 
reduced by 8.37 % compared to the AC stage tests. Another way to summarize it that the 
proportion of HC raised specifically through AC operation is reduced by 62.66% due to 
EICAC technique. On the other hand, it is still higher by 11.31 % than the normal stage 
tests. Unburnt hydrocarbons are typically an output of incomplete combustion, and in 
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addition to the effects of burned HC, they are even more harmful when they escape in 
their unburned form (Tavakoli et al., 2021). Even when the fuel and air entering an 
engine are at the ideal stoichiometric condition, perfect combustion does not occur and 
some HC ends up in the exhaust. There are several reasons for this. Complete and 
homogeneous mixing of fuel and air is almost impossible. The incomplete combustion 
is due to improper mixing of the air and fuel in such a way that, some fuel particles do 
not find oxygen to react with. Another common reason of incomplete combustion is the 
flame quenching. As the flame goes very close to the walls it gets quenched at the walls 
leaving a small volume of unreacted air-fuel mixture. However, it may be noted that 
some of this mixture near the wall that does not originally get burned as the flame front 
passes will burn later in the combustion process due to additional mixing, swirl and 
turbulence. Oxidation of the HCs which escape the primary combustion process by any 
of the above processes can occur during expansion and exhaust. The amount of oxidation 
depends on the temperature and oxygen-concentration time histories of these HC as they 
mix with the bulk gases (Heywood, 2018). Therefore, LHE emerged out as a solution 
towards the reduction of incomplete combustion through the enrichment of oxygen 
molecules for mixture.  
 

 

 

Figure 4.46: Comparison of HC in exhaust tailpipe for different stage tests 
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4.5.4.4   Nitrogen oxides (NOx) 
 

The level of nitrogen oxides in the exhaust gas is expressed in part per million PPM for 
each test and stage, presented in Figure 4.47. The total average of NOx showed an 
increment in its amount by 6.45% while using the air conditioning system of the vehicle, 
as compared to the normal tests. That increment in NOx is controlled by applying the 
cold air with the help of LHE. A reduction of 3.91 % in the amount of NOx is recorded 
compared to the AC stage tests with ambient intake air temperature. It could also be 
concluded that the quantity of NOx increased due to AC is lowered by 64.5% due to 
EICAC technique. It was due to the established fact that NOx emissions are a function 
of in-cylinder temperature and atmospheric nitrogen, which was 78% during the intake 
(Semakula & Inambao, 2020). The higher the combustion reaction temperature, the more 
diatomic nitrogen, N2, will dissociate with monatomic nitrogen, N, and the more NOx 
will be formed. NOx reduction using LHE is due to lower combustion temperature 
(Misztal et al., 2009), because higher combustion temperature tends to promote a thermal 
pathway that eases the production of Zeldovich NOx (Brakora & Reitz, 2010). 
 

 

Figure 4.47: Comparison of NOx in exhaust tailpipe for different stage tests 
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4.5.4.5  Air-fuel ratio (AFR) 
 

AFR, the important parameter related to engine performance and exhaust emissions, is 
recorded by a gas analyzer for each stage and test, presented in Figure 4.48. According 
to the results of normal stage tests, it is observed that the test vehicle is normally 
operating with a high AFR ratio, which means that vehicle operates with a lean mixture. 
The use of air conditioning causes the reduction of the air-fuel ratio by 13%, which 
means more fuel is taken by vehicle during AC operation. However, with the 
introduction of cold air to the engine, a gain in AFR is observed by 6.05% compared to 
the AC test, which means denser air containing high oxygen molecules entered into the 
combustion chamber.  
 

 

Figure 4.48: Comparison of AFR in exhaust tailpipe for different stage tests 
 

10

12

14

16

18

20

Normal AC LHE+AC

A
FR

Test 1 Test 2 Test 3

10

12

14

16

18

20

Normal AC LHE+AC

To
ta

l a
ve

ra
ge

 -
A

FR

© C
OPYRIG

HT U
PM



140 

As the engine combustion process is very sensitive to AFR, slight variations of AFR can 
already alter the engine behavior among the highest power, lowest emissions, and best 
fuel economy. For example, as shown in Figure 4.49, the amount of engine emissions 
for gasoline is minimum when AFR is at 14.7, which is the stoichiometric ratio of 
gasoline, indicating that the correct amount of air and fuel is supplied to produce 
complete combustion (Wong et al., 2018). The minimum air–fuel ratio is around or near 
6:1, and the maximum can get around 20:1 for the combustion of gasoline-fueled engines 
(Al-Arkawazi, 2019). The figure shows qualitatively how HC, CO and NOx vary with 
this parameter. A leaner mixture gives lower emissions until the combustion quality 
becomes poor (and eventually, misfire occurs) when HC emissions rise sharply, and 
engine operations become erratic. The shape of these curves indicates the complexities 
of emission control. Maximum NOx emissions occur at slightly lean conditions, where 
the combustion temperature is high, and there is an excess of oxygen to react with the 
nitrogen. 
 

 

Figure 4.49: AFR and emission chart for SI engine 
 

4.5.5 Fuel consumption 
 

Fuel consumed by the vehicle to perform the tests are recorded in liters and presented in 
Figure 4.50. Total average fuel consumption for the AC test is higher by 32.3% 
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compared to the normal test. The reason behind this is the extra load on the engine due 
to the attachment of the AC compressor with the engine through the belt. AC is known 
to be the largest auxiliary engine load and contributes more to fuel consumption than 
other auxiliary units (Khan & Frey, 2019). On the other hand, the EICAC technique 
shows a minute improvement in fuel reduction upto 0.77%. Nevertheless, this is 
attributed to better combustion at lower air intake temperature (higher oxygen 
concentration) compared to a higher air intake temperature. It can also be concluded that 
a lower air intake temperature would improve the fuel economy by hosting a leaner air-
fuel mixture, as the cold air is denser and contains a large amount of oxygen that showed 
rich combustion. Up to this point, it is also clear that there is a significant and direct 
correlation between fuel consumption and air-fuel ratio (Saranya et al., 2022). 
 

 

Figure 4.50: Comparison of vehicle fuel consumption for different stage tests 
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4.6 Engine performance during Vehicle parking position 
 

The vehicle parking test refers to a vehicle state when the engine runs at low power but 
the vehicle is not moving. Every day, thousands of drivers idle needlessly, unavoidably 
or purposely on roads. It may include while the vehicle is parked for a few minutes, stuck 
in a traffic jam or at a red light, in the drive-through line, or waiting for school pick-up. 
Idling wastes fuel and gives rise to greenhouse gas emissions as well as local air 
pollutants, which harm public health. Therefore, this test was conducted to measure the 
effectiveness of the EICAC technique on engine emissions and fuel consumption 
performance. The test authenticates the working performance of LHE at zero vehicle 
velocity, as it was the challenge of design, as described in the literature. 
 

4.6.1 Intake temperature 
 

The intake temperature of the air is recorded for the time duration of 11 minutes (for 
better accuracy and stable result) against each stage test. This helped to understand the 
variation in intake temperature of air during different vehicle states/conditions. The total 
data of EICA temperature during the tests against every minute are presented in Table 
4.6. At normal test, a gradual increase in intake temperature is observed, starting from 
56.6℃ to a maximum of 61℃. Further increase in intake temperature is recorded for the 
test vehicle at idle state with the use of air conditioning starting from 64.1℃ to a 
maximum of 67.8℃. Roughly 6℃ intake temperature is raised with the use of the vehicle 
AC system compared to the normal test stage, without air conditioning. Several factors 
come into play for the rise in intake temperature due to air conditioning. First, higher 
load on the engine due to AC auxiliaries, for which the engine is burning more fuel and 
creates a bit more heat (Marshall et al., 2019). Secondly, the fan just started spinning 
electrically, means the alternator is now needing more power from the engine. A bit more 
fuel, a bit more heat created for the engine’s cooling system. Thirdly, all that energy 

(heat) that the AC has removed from the car’s interior goes to its radiator, properly called 

a condenser coil, that’s located right in front of the radiator and engine. In short, running 

the air conditioning in the summer will make the engine run hotter. Thus more heat 
created in the engine compartment.  
 

Table 4.6: EICA temperature record for each stage test 
Time (Minutes) EICA temperature (℃) 

Normal AC LHE+AC 
1 56.6 64.1 64.7 
2 57.5 64.7 53.4 
3 58.4 64.2 45.5 
4 58.9 64.7 41.6 
5 59.9 65.5 35.8 
6 59.3 65.9 34.7 
7 60.3 65.7 30.7 
8 60.8 66.9 29.4 
9 61 67.4 27.2 

10 61.1 67.8 27.1 
11 61 67.8 27 

Average 59.527 65.881 37.918 
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The LHE helps to reduce the intake temperature raised by AC or also below the 
temperature of the normal test stage and ambient temperature as well. The temperature 
of intake air after 11 min of working of LHE is recorded to 27℃ . Thus a temperature 
drop of 40℃ is recorded for the vehicle standing at parking position. That high 
temperature drop by LHE makes it different with the available intercoolers in the market. 
The graphical presentation of Table 4.6 is shown in Figure 4.51a, illustrating the 
comparison of intake air temperature between the three-stage tests. The decrease in 
EICA temperature from higher temperatures to lower cooling temperature, actually 
represents the effectiveness of the LHE. Figure 4.51b contains the comparison of the 
total average of intake temperature calculated from 11-minute data for each stage test, 
depicting the decrease in intake temperature by 42% and 36.3% compared to AC and 
normal tests respectively.  
 

 

Figure 4.51: Engine intake temperature record for each stage, a) at 1 min interval, 
and b) total average of 11minute duration 
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4.6.2 Exhaust temperature 
 

The exhaust temperature at the tailpipe of the vehicle is recorded at every 1 minute for 
all three stages. The temperature sensor is located exactly with the gas emission analyzer, 
from where the exhaust gases just ready to leave the tailpipe and enter the atmosphere. 
Figure 4.52 displayed the exhaust temperature at every minute, along with the total 
average of 11 min exhaust temperature to give a better understanding of the overall 
effect.  
 

 

 
 

Figure 4.52: Exhaust temperature record for each stage, a) at 1 min intervals, and 
b) total average of 11min duration 
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The average exhaust temperature for AC shows an increment of 4.8℃ compared to the 
normal stage test. However, for cold intake air, the average exhaust temperature is 
decreased by 2.85℃, demonstrating colder combustion inside the cylinder.  Battista et 
al. (2018) also reported a reduction in exhaust emission temperature due to cold intake 
air, during his experiment on 3L turbocharged diesel engine. Basically, the exhaust gas 
temperature indicates the effective use of the heat energy of a fuel. The heat loss in the 
exhaust pipe or an increase in the exhaust temperature reduces the conversion of heat 
energy of the fuel to work. Therefore, it can be concluded that, reducing the intake air 
temperature reduces the loss of heat energy of the fuel. The low value of engine 
exhaust gas temperature indicates that the mixture (fuel and air) is burned well in the 
cylinders. Further, the lower value of exhaust temperature due to EICAC technique may 
also suggest that the engine was not thermally overloaded, which is a positive outcome 
(Enweremadu & Rutto, 2010).     
 

4.6.3 Vehicle emission performance 
 

The emission gas analyzer monitors the exhaust emissions of each stage test for the 
whole test duration with an interval of 1 minute. The final instrument report for each 
stage test is shown in Table 4.7. Vehicle exhaust emission may be affected by many 
factors, including the features of vehicles (such as vehicle type, technical level, emission 
control devices, and operation condition), maintenance frequency, fuel type, the levels 
and effect of maintenance, and the characteristics of roads (altitude, temperature and 
humidity, road conditions, and traffic conditions) (Xue et al., 2013). 
 

Table 4.7: Exhaust emissions recorded during the vehicle static position test for 
each stage at every 1-minute interval 

Stage Time (minutes) 
Emissions 

CO (%) CO2 
(%) 

HC 
(PPM) NOx (PPM) 

Normal 

1 0.395 10.84 194 28 
2 0.392 10.72 201 23 
3 0.387 10.66 197 27 
4 0.372 10.6 204 28 
5 0.382 10.59 209 28 
6 0.387 10.52 200 22 
7 0.376 10.57 208 30 
8 0.378 10.55 213 29 
9 0.397 10.55 203 22 

10 0.373 10.59 212 31 
11 0.383 10.56 215 29 

AC 

1 0.543 13.38 235 216 
2 0.526 13.4 236 212 
3 0.521 13.4 239 213 
4 0.532 13.42 242 240 
5 0.537 13.37 241 245 
6 0.515 13.48 235 232 
7 0.523 13.49 228 218 
8 0.538 13.4 227 234 
9 0.529 13.52 230 244 

10 0.529 13.58 234 244 
11 0.515 13.49 230 217 
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Table 4.7: Continued 

LHE+AC 

1 0.517 12.94 229 225 
2 0.503 12.58 224 206 
3 0.49 12.44 223 179 
4 0.495 12.31 221 173 
5 0.467 12.37 224 177 
6 0.474 12.33 220 182 
7 0.451 12.21 218 174 
8 0.458 12.09 216 175 
9 0.455 12.15 215 163 

10 0.459 12.17 214 169 
11 0.449 12.08 216 159 

 

4.6.3.1 Carbon monoxide 
 

The formation and destruction of CO is a principal reaction pathway in hydrocarbon 
combustion, which essentially consists of breakdown of the hydrocarbon fuel to carbon 
monoxide. The selected emission parameter for analysis is measured in percentage of 
gas by the gas analyzer. Findings related to each stage test for each minute and their 
corresponding total average is presented in Figure 4.53. The percentage of CO increased 
by 37.83% during the use of AC at an idle position compared to the normal test without 
AC of the test vehicle. The reason behind this increment is that, to operate the AC of 
vehicle requires energy, that comes from engine. To power the AC compressor, the 
engine burns more fuel, leading to an increase in CO emissions. Further, the most 
important engine parameter influencing carbon monoxide levels is the fuel–air 
equivalence ratio. During the AC operation, the equivalence ratio increased, which 
means that the fuel quantity is greater and the oxygen quantity is decreased more than 
the required amount for the complete burning of fuel. Due to the non-availability of 
oxygen in the rich mixture, part of the air-fuel mixture that must be converted to CO2 
comes out as CO.  On the other hand, the EICAC technique reduces the amount of CO 
by 10.22% compared to the AC test and might also be concluded that the quantity of CO 
increased due to AC is lowered by 37.2%. The prime logic behind this decrement in 
emission level is that lowering the intake air temperature increases its density, means 
more number of oxygen molecules per unit volume are available for fuel to attain 
complete combustion and balance the equivalence ratio. The same decreasing trend in 
the level of CO emissions through EICAC technique has been reported by Pshtiwan 
Mohammad Sharif (2021) upto 4.4%, using his designed intercooler for naturally 
aspirated engine. 

© C
OPYRIG

HT U
PM



147 

 

Figure 4.53: CO at exhaust tailpipe for each stage during vehicle static position, a) 
at every 1-minute interval, and b) total average of 11 minutes 
 

4.6.3.2    Carbon dioxide (CO2) 
 

The transportation industry releases a massive amount of CO2 into the atmosphere every 
year and found to be a major contributor to greenhouse gas emissions. The more 
greenhouse gases that industry release into the atmosphere, the stronger the effects of 
climate change will be. CO2 is released as a hot gas in the gas engine exhaust. The gas 
analyzer used in this study measures the CO2 in the percentage of gas. Figure 4.54 depicts 
the results of each stage test for each minute and their associated overall average. The 
overall average reading of CO2 recorded for the AC test is 26.6% higher than the normal 
test. The high emission of carbon dioxide produced by test vehicle during AC stage test 
can be determined by fuel consumption. The greater the fuel consumption, the greater 
the carbon dioxide emissions released by vehicle (Sari & Sofwan, 2021). Therefore, as 
stated earlier in section 4.6.3.1, AC of the vehicle utilizes high fuel to power the 
compressor and subsequently releases high emission levels of CO2 compared to normal 
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stage. Conversely, a reduction is observed in the overall average of CO2 by 8.29% with 
the induction of cold air into the engine compared to AC stage tests. Another way to 
state that the volume of CO2 increased by AC usage is reduced by 39.5%.  
 

 

Figure 4.54: CO2 at exhaust tailpipe for each stage during vehicle static position, a) 
at every 1-minute interval, and b) total average of 11 minutes 
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Reducing the temperature of air along with air conditioning causes a reduction in the 
count of HC emissions by 6.09% compared to the AC test; however, it is still higher by 
6.78% compared to the normal test. Almost 49% reduction is observed in the amount of 
HC raised by AC stage tests. Unburnt HCs emissions are generally produced due to 
incomplete combustion of a carbon containing fuel. Lower excess oxygen concentration 
results in rich air– fuel mixtures at different locations inside the combustion chamber 
(Birtok-Bǎneasǎ et al., 2017). This heterogeneous mixture does not combust completely 
and results in higher unburnt HCs emissions. In addition, the longer ignition delay due 
to the oxygen deficiency caused by increased air intake temperature during AC stage test 
as reported in section 4.6.1, lead to poor unburnt HCs oxidation process. Conversely, 
LHE helped to enrich oxygen content in the air fuel mixture resulting in lower levels of 
unburned hydrocarbons (HC). Therefore, it can be concluded that HC can be reduced by 
providing excess air (fuel lean mixtures) until the reduced flammability of the mixtures 
causes a net increase in HC emissions. The same decreasing trend in unburnt HC is also 
reported by Abdullah et al., (2015) through the induction of cold intake air in naturally 
aspirated engine. 
 

 

Figure 4.55: HC at exhaust tailpipe for each stage during vehicle static position, a) 
at every 1-minute interval, and b) total average of 11 minutes 
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4.6.3.4    Nitrogen oxide (NOx) 
 

The gas analyzer measures the chosen emission quantity in part per million (PPM). 
Figure 4.56 depicts the results of each stage test for each minute and their associated 
overall average. When compared to a normal test without air conditioning, the proportion 
of NOx increased by 744.1% when using air conditioning at an idle position. However, 
when compared to the AC test, the EICAC approach reduces NOx by 21.19%. It could 
also be summarized that the quantity of NOx increased due to AC is lowered by 24% due 
to EICAC technique. The formation of NOx is a strong function of in-cylinder 
temperature. In rich mixture conditions during the AC stage test, higher NOx formed due 
to high temperatures developed inside the engine cylinder. This is because at high 
temperatures, the nitrogen present in the diatomic state gets dissociated into monoatomic 
nitrogen, which is an unstable and highly reactive compound. This monoatomic nitrogen 
reacts with oxygen present in the air to form NO and NO2, according to the following 
reactions (Kirkpatrick, 2021): 
 

𝑁2 → 2𝑁 4.3 
𝑂 + 𝑁2 → 𝑁𝑂 + 𝑁 4.4 

  
𝑁 + 𝑂2 → 𝑁𝑂 + 𝑂 4.5 

  
𝑁 + 𝑂𝐻 → 𝑁𝑂 + 𝐻 4.6 

 

The equation 4-4, is a nitrogen dissociation reaction triggered by an oxygen atom. This 
reaction is slow and therefore rate limiting, as it is endothermic with activation energy 
of 313.8 kJ/mol. The equation 4-5, is very fast, as a nitrogen atom reacts exothermically 
with an oxygen molecule to form nitrogen oxide and an oxygen atom. The equation 4-6, 
is an exothermic reaction between a nitrogen atom and a hydroxide radical, which forms 
nitrogen oxide and a hydrogen atom. When the temperatures during combustion are less 
due to cold intake air using LHE, the nitrogen entered into the engine cylinder does not 
react with oxygen and is emitted from the engine as diatomic nitrogen, which is stable 
and resulting in less emission of NOx. (Roberto Cipollone et al., 2017a) reported a 
decrement in NOx emission upto 4.5% through EICAC technique. Moreover, during low 
temperature combustion, there is no distinct flame or wave front that propagates across 
the chamber, but low temperature combustion simultaneous ignition at a number of sites 
throughout the cylinder. With this cylinder-wide distribution of ignition sites, the energy 
release is volumetric. The combustion duration is shorter, and the peak pressures and 
energy release rates are greater relative to conventional combustion. 
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Figure 4.56: NOx at exhaust tailpipe for each stage during vehicle static position, a) 
at every 1-minute interval, and b) total average of 11 minutes 
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solar load, vehicle exterior and interior color, use of window glazing, etc (Huff et al., 
2013). On the other hand, the amount of fuel for the EICAC technique is almost the same 
as for the AC test. Only 0.9% fuel saving is shown for cold intake air compared to the 
AC test, which is negligible. It can also be concluded that, cold intake air permits slightly 
advanced ignition timing, therefore there is a great chance for any thermodynamic 
improvements to be overcompensated by power consumption of the AC compressor. At 
the same time, the air density increase from temperature reduction lowers the required 
boost pressure to achieve nominal full load at all engine speeds. This can also be a 
particular advantage of getting cold intake air in regards to a slight decrease in fuel 
consumption. The overall engine speed range for each stage test is also shown in Figure 
4.57b. The higher rpm for AC and cold air tests draws more fuel to balance the load due 
to air conditioning, which justifies the increased fuel consumption compared to normal 
tests. 
 

 

Figure 4.57: a) Fuel consumed, and b) engine rpm, for each stage during the vehicle 
static test 
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4.7 Potential benefits of upgraded LHE 
 

The potential benefits of upgraded LHE are listed for future research endeavors. 
 

1. The developed LHE shows minimal pressure drop (less than 5%) for the 
selected naturally aspirated engine, which surely could also be very useful for 
charged engines, where high pressure is involved and can offer substantial 
improvements in engine power and torque. 

2. The size of the LHE presented in this study is particular for the selected test 
vehicle (1.5L Proton Wira), due to its dependence on the available space in 
engine bay. However, the design structure of LHE is so flexible, that it can be 
made/altered for any existing vehicle engine bays by increasing or decreasing 
the number of lamellas inside shell box. 

3. The developed LHE shows high thermal cooling capability when compared to 
the design sizes of other available intercoolers in the market. This would also 
help to offer its services where space is limited in engine bays. 

4. The attachment of LHE with VAC system also allows it to be used as heat pump 
during winter seasons. 

5. The developed LHE could also be utilized for electric and hybrid vehicles, 
where cooling is required to cool the battery bank or electric motors. 

  

© C
OPYRIG

HT U
PM



154 

CHAPTER 5 
 

5 CONCLUSION AND RECOMMENDATION 
 

5.1 Conclusions 
 

In this study, a novel heat exchanger named Lamella heat exchanger was developed as 
a vehicle engine intercooler for lowering the intake air temperature to improve engine 
performance by utilizing the vehicle refrigeration system as a coolant source, the same 
used for cabin cooling. The conclusions from present study is arranged in chronological 
order according to the objectives of the study. 
 

i. Numerical investigation concluded that the selected geometry of LHE exposes 
more surface area per unit volume by 55% (on same design scale), compared 
to mostly used intercoolers in literature i.e., shell and tube configuration 
(reference model), resultantly offers a high heat transfer by 41%. Simulation 
results also reveals that the amount of heat transfer from hot air to the cold 
refrigerant, the temperature drop of the hot air, the pressure drop inside LHE, 
and the number of transfer units, all were inversely proportional to the inside 
opening of the lamella geometry and directly proportional to the aspect ratio of 
the lamella. The less inside opening of the lamella results in more heat transfer, 
temperature drop, number of transfer units, and pressure drop. On the contrary, 
LMTD shows inverse relation to the aspect ratio. 

ii. Laboratory experiments revealed that with the increase in engine speed (mass 
flow rate of air), the pressure drop inside LHE increases, while a temperature 
drop decreases. Thus, pressure and temperature drop are inversely proportional 
to each other, for the present study. The maximum pressure drop of 95 Pa is 
recorded for maximum engine speed (8000 rpm) at 40℃ intake air temperature, 
due to higher collision of air molecules resulting in greater loss of kinetic 
energy, subsequently, higher pressure drop. In addition to that, the pressure 
drop inside lamella plates are found to be directly proportional to the friction 
factor, length and hydraulic diameter of the lamella, density of air, and velocity 
of air. On the other hand, the maximum temperature drop of 45.48℃ is 
witnessed for minimum engine speed (1000 rpm) at 55℃ intake air temperature 
due to rise in the time of contact surface between the air and lamella surfaces. 
Moreover, the developed LHE presented the outstanding heat transfer range 
between 0.42kW to 2.14kW, at various engine speed limit (1000 to 8000 rpm), 
due to the intensification of the velocity gradients of air inside lamellas, which 
causes high convective heat transfer coefficient and made LHE superior among 
the available intercoolers in the market. 

iii. Real-time performance of the intercooler in the test vehicle using chassis dyno 
test shows a substantial improvement in engine performance in terms of power, 
torque, and emissions. The loss in engine power (7.3bhp) due to the extra load 
applied by the AC compressor is partly recovered by 17%, by introducing the 
cold intake air through LHE. Likewise, the lost torque (15.8Nm) is also 
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recuperated by 24% through EICAC technique. Moreover, the increased 
quantities of exhaust tailpipe emissions due to AC operation is reduced by 
43.6%, 39.5%, 47.3%, 64.5% for CO, CO2, HC and NOx respectively by having 
cold intake air.  On the contrary during vehicle static test, a remarkable drop of 
38.8℃ in intake temperature is recorded, by operating LHE, which resulted in 
the reduction of the elevated levels of exhaust tailpipe emissions produced 
during AC operation by 37.2%, 39.3%, 48.9%, 24% for CO, CO2, HC and NOx 
respectively. However, no noteworthy improvement in fuel consumption is 
observed, only 0.9% saving is observed.  

 

The overall benefits of having cold intake air outlined in the literature are achieved 
magnificently through developed LHE and are significantly ahead of currently available 
intercoolers and cooling techniques, as discussed in results section. The 
substantial reduction of exhaust pollutants, and admirable increase in engine power, and 
torque are the main benefits achieved through LHE, operating on VAC system. The 
adverse effects generated on engine performance by using the VAC system with ambient 
intake air are partially recovered through the presented EICAC technique in this study, 
which definitely has a meaningful impact or application in real world. Moreover, that 
particular technique does not need any expensive replacement parts or the need to make 
any kind of physical changes in engine bays, instead it simply involves the 
addition/installation of developed intercooler on the engine intake line with existing 
VAC system.  
 

5.2 Recommendations 
 

i. This study investigated the EICAC technique for SI-engine vehicles; hence, it 
could be utilized for diesel and charged engines as well.  

ii. One of the key feature to improve heat transfer is to enhance surface area. Thus, 
modifications could be employed and tested to lamella inner geometry by 
adding grooving patterns and extended surfaces, to enhance thermal capability.   

iii. The LHE shared refrigerant coolant from vehicle air-conditioning cycle; hence, 
an independent refrigerant cycle using an electric motorized compressor could 
be employ which may help to gain more cooling.  

iv. The use of lightweight and heat-resistant materials, such as advanced alloys or 
composite materials, can further contribute to improved intercooler 
performance. 

v. The use of advanced thermal coatings on intercooler surfaces to enhance heat 
resistance and reduce heat transfer to surrounding components. 
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APPENDICES 
 

Appendix A 
 

Uncertainty in instruments and sensors 
 

Experimental instruments and sensors used in this study were calibrated in the UPM 
thermodynamics laboratory, to prevent uncertainties in measurements and provide 
accuracy. In order to accomplish this, it is important to know the absolute and relative 
errors associated with the measurements in order to understand the possible 
consequences of inaccuracies, limitations of the data and the most accurate measurement 
possible. Absolute error may be called approximation error and it is the difference 
between a measurement and a true value (Chai & Draxler, 2014). 
 

𝐸 = |𝑋𝑜 − 𝑋| 
 
Where E is absolute error, Xo is the measured value and X is the true or actual value. 
 

Further, relative error/uncertainty is also important to consider, because it puts the error 
into a realistic perspective given the actual size of the measurement and can be described 
as the ratio of absolute error to the measured value (Chai & Draxler, 2014). 
 

𝑅𝐸 =
𝐸

𝑋𝑜

 

 

A.1 Temperature sensors 
 
The temperature sensor utilized in tests was the (DS18B20 Waterproof Digital Thermal 
Sensor Temperature Probe), coupled with the XH-W3001 digital thermostat. Purchased 
items were pre-calibrated under the company testing process with ISO9001 standard, 
and all the products passed certifications of CE, FCC, and ROHS. 
 

A.1.1 Sensor’s calibration 
 
For more reliability about the quality of the sensors, a lab test was conducted to calibrate 
and measure the sensors uncertainty error measuring using a comparison with existing 
calibrated sensors owned by the (UPM) thermodynamics laboratory. Figure A1: 
demonstrate the test schematic and connection diagram, whereas Figure A2 shows the 
actual depiction of the temperature calibration setup. A total of 8 temperature sensors 
were calibrated. © C
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HT U
PM



190 

 

1)  Thermal enclosure box 2)  Water medium 3)  Temperature sensors 
4)  Digital meter 5)  Calibrated thermometer 6)  Mercury Thermometer 
7)  Digital Thermometer     

 
Figure A1: Schematic of temperature sensors calibration 
 

 

Figure A2: Testbed of temperature calibration process components 
 

A.1.2 Data and Calculation of uncertainty 
 
The calibration process was conducted within a selected temperature range of (0°C – 
50°C) in two (2) stages upstream and downstream temperature grade using the liquid 
water as a controlled parameter. The sensor's test results are shown in (Table A1) used 
to investigate the accuracy of the sensors and measure the uncertainty of each sensor 
used. Table A2 and A3 depicts the absolute error and relative uncertainty, respectively. 
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Table A1: Experimental test reading. 
Controlled Temperature Sensors reading ℃ 

T1 T2 T3 T4 T5 T6 T7 T8 

0 0 0 0 0 0 0 0 0 
10 10 10.1 10 10 10 10 10 10 
20 20 20 20 19.9 20 20 20 20 
30 30 30 30.1 30 30 30 30.1 29.8 
40 40.1 40.1 40 40 39.9 40.1 40 40 
50 50.2 50 50 49.8 50 50.2 49.9 50 
40 40 40 40.1 40 40.1 40 40.1 39.9 
30 30 30 30 39.9 30.2 30 30 30 
20 20 20.1 20 20 20 20.1 2 20 
10 10 10 10 10 10 10 9.9 10 
0 0 0 0 0 0 0 0 0 

 

Table A2: Absolute errors in test reading. 

Absolute error ℃ 

T1 T2 T3 T4 T5 T6 T7 T8 
0 0 0 0 0 0 0 0 
0 0.1 0 0 0 0 0 0 
0 0 0 -0.1 0 0 0 0 
0 0 0.1 0 0 0 0.1 -0.2 

0.1 0.1 0 0 -0.1 0.1 0 0 
0.2 0 0 -0.2 0 0.2 -0.1 0 
0 0 0.1 0 0.1 0 0.1 -0.1 
0 0 0 -0.1 0.2 0 0 0 
0 0.1 0 0 0 0.1 0 0 
0 0 0 0 0 0 -0.1 0 
0 0 0 0 0 0 0 0 

 

Table A3: Relative uncertainty in sensors 

Relative uncertainty 

T1 T2 T3 T4 T5 T6 T7 T8 
-- -- -- -- -- -- -- -- 
0 0.01 0 0 0 0 0 0 
0 0 0 -0.005 0 0 0 0 
0 0 0.0033 0 0 0 0.0033 -0.007 

0.0025 0.0025 0 0 -0.003 0.0025 0 0 
0.004 0 0 -0.004 0 0.004 -0.002 0 

0 0 0.0025 0 0.0025 0 0.0025 -0.003 
0 0 0 -0.003 0.0067 0 0 0 
0 0.005 0 0 0 0.005 0 0 
0 0 0 0 0 0 -0.01 0 
-- -- -- -- -- -- -- -- 

 

The absolute error in sensors readings shows the range of (±0.2℃) and percentage 
uncertainty from Table A3 shows the range of (±0.7%). 
 

© C
OPYRIG

HT U
PM



192 

 
A.2 Portable Anemometer 
 
The portable anemometer was used to measure the EICA flow rate velocity for the 
designed testbed in the UPM laboratory, which provided good accurate readings. The 
anemometer model used was (VICTOR 816B) with digital readability and the 
convenience of a separate (USB) connector remote sensor. 
 

A.2.1 Sensors calibration 
 
The quality of the selected instrument was investigated through laboratory tests 
conducted to calibrate and measure the uncertainty error measuring using comparison 
with existing calibrated anemometer in laboratories at the UPM facility. Figure A3 
demonstrates the test schematic and connection diagram. 
 

 
1)  Air blower fan 2)   Anemometer sensor fan 3)   Anemometer device 

 
Figure A3: Schematics of anemometer calibration. 
 

The calibration process was conducted within a selected airflow velocity range 
controlled by the air blower speed controller (4 speed). Figure A4 illustrates the actual 
calibration process conducted. 
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Figure A4: Laboratory calibration test comparison of the portable anemometer 
with two calibrated Anemometer 
A.2.2 Data and Calculation of uncertainty 
 
Table A4 shows the test readings gained during the calibration process and Table A5 
shows the errors obtained in readings. 
 

Table A4: Anemometer test results 
Air blower speed Anemometer reading (m/s) 

Anemo-UPM Anemo-1 Anemo-2 
Speed 1 1.71 1.72 1.7 
Speed 2 1.83 1.82 1.83 
Speed 3 2.08 2.09 2.08 
Speed 4 2.20 2.21 2.22 

 

Table A5: Anemometer error outcomes 
 Absolute error (m/s)   Relative uncertainty  
 Anemo-1 Anemo-2  Anemo-1 Anemo-2  
 0.01 -0.01  0.005 -0.005  
 -0.01 0.00  -0.005 0.00  
 0.01 0.00  0.004 0.00  
 0.01 0.02  0.004 0.008  

 

The findings show a percentage of relative uncertainty upto (±0.8%) from the calibrated 
anemometer of UPM. 
 

A.3 Digital Manometer 
 
Digital manometer model (XINSITE LCD) was used to measure the pressure drop.  
 

A.3.1 Instrument uncertainty 
 
The uncertainty in the instrument was assessed through comparison with the existing 
calibrated manometer available at the UPM thermodynamics lab. Figure A5 
demonstrates the test schematic connection diagram and a certified calibrated 
manometer belonging to UPM. The instrument was connected directly to the outlet and 
inlet of the LHE to measure the simulated EICA pressure. 
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1)  Digital Manometer 2)  LHE 3)  Vacuum fan 
4)  Outlet airflow duct 5)  Inlet airflow duct   
      

Figure A5: Manometer Differential Gauge, calibration test schematic compared to 
UPM laboratory calibrated instrument. 
 

A.3.2 Data and Calculation of uncertainty 
 
The calibration process was conducted within a selected airflow velocity range simulated 
by engine RPM (1000 – 8000 RPM for each step of (500 RPM). Air velocity controlled 
by the vacuum fan speed through the voltage regulator controller in the control panel. 
 

Table A6: Manometer experimental test reading 
Controlled engine speed Manometers reading (kpa) 

Mano-1(UPM) Mano-2 Mano-3 
1000 0.005 0.005 0.005 
1500 0.007 0.007 0.007 
2000 0.013 0.013 0.013 
2500 0.014 0.014 0.014 
3000 0.021 0.021 0.021 
3500 0.029 0.029 0.028 
4000 0.031 0.032 0.030 
4500 0.038 0.040 0.039 
5000 0.045 0.046 0.043 
5500 0.050 0.052 0.051 
6000 0.062 0.063 0.061 
6500 0.072 0.072 0.070 
7000 0.074 0.075 0.074 
7500 0.081 0.082 0.083 
8000 0.094 0.095 0.093 
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Table A7: Absolute and relative error from test readings 
Controlled engine speed Absolute error(kpa) Relative error 

Mano-2 Mano-3 Mano-2 Mano-3 
1000 0.00 0.00 0.00 0.00 
1500 0.00 0.00 0.00 0.00 
2000 0.00 0.00 0.00 0.00 
2500 0.00 0.00 0.00 0.00 
3000 0.00 0.00 0.00 0.00 
3500 0.00 0.00 0.00 0.00 
4000 0.001 -0.001 0.031 -0.031 
4500 0.002 0.001 0.040 0.025 
5000 0.001 -0.002 0.021 -0.042 
5500 0.002 0.001 0.038 0.019 
6000 0.001 -0.001 0.015 -0.016 
6500 0.00 -0.002 0.00 -0.028 
7000 0.001 0.000 0.013 0.00 
7500 0.001 0.002 0.012 0.024 
8000 0.001 -0.001 0.010 -0.010 

 

The experimental results show absolute uncertainty ranges of (-0.002 to 0.002) Kpa, 
along with percentage of relative uncertainty upto ±4%. 
 

A3. Fuel flow meter 
 
The digital flow meter (13mm Liquid Fuel Oil Flow Meter Counter Diesel Gasoline Gear 
Flow Sensor / Model- OF05ZAT) was used to measure consumed fuel. The sensor was 
connected to a digital meter (ZJ-LCD-17) for visual reading and data saving. The sensors 
were connected on both sides of the vehicle fuel line (inlet and outlet) to measure the 
consumed fuel. 
 

A.3.1 Instrument calibration 
 
The process calibration was conducted within a controlled volume of water. The water 
was pumped by a pump at a constant flowing speed and allowed to pass through fuel 
sensors and end up in the calibrated cylinder. The difference between readings 
(measured water) helped to check uncertainty. Repeated tests ensure better reading 
quality and better accuracy. Figure A6 illustrates the schematic diagram of the 
calibration test, whereas Figure A7 depicts the actual laboratory setup to calculate 
uncertainty. 
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1)  Flowmeter sensor 2)  LCD meter 3)  Water pump 
4)  Calibrated cylinder 5)  Control valve   

 
Figure A6: Flowmeter sensor calibration test schematic compared to laboratory 
calibrated instrument 
 

 

Figure A7: Fuel meter calibration test conducted in the laboratory 
 

A.3.2 Uncertainty in the fuel meter sensor 
 
The calibrated cylinder was used to check the uncertainty errors in the fuel sensor. The 
target was to fill the calibrated cylinder with 0.5L of water after passing through fuel 
sensors. In the end, readings were recorded from digital fuel meters of fuel sensors. 
Multiple readings were taken into account for finer results. Table A8 shows the recorded 
values and Table A9 shows the error in recorded readings. 
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Table A8: Flowmeter sensor experimental test reading 
Data reading Fuel flowmeter reading (L) 

Sensor-1 Sensor-2 
1 0.49 0.49 
2 0.51 0.49 
3 0.49 0.50 
4 0.49 0.49 
5 0.5 0.51 
6 0.49 0.51 

 

Table A9: Errors in fuel flowmeter outputs 
 Absolute error (L)  Relative uncertainty  
 Sensor-1 Sensor-2  Sensor-1 Sensor-2  
 -0.01 -0.01  -0.02 -0.02  
 0.01 -0.01  0.02 -0.02  
 -0.01 0  -0.02 0  
 -0.01 -0.01  -0.02 -0.02  
 0 0.01  0 0.02  
 -0.01 0.01  -0.02 0.02  

 

The findings show a percentage uncertainty of (±2%) for fuel sensors from the calibrated 
cylinder values. 
 

A.4 Emission gas analyzer 
 
The gas analyzer used in the emission analyzing records while testing, the device model 
size, and shape is a portable type, which has the ability of mobility due to its small size. 
The device model was (ENERAC 700AV) and belonged to the University of Putra 
Malaysia-UPM mechanical laboratory. The device was purchased by the university from 
(LEE HUNG SCIENTIFIC SDN BHD – Selangor – Malaysia) with (serial number 
700583). An advanced technology device with the ability options of self-calibration and 
sensor reset. Furthermore, the device was already calibrated by the manufacturer shown 
in Figure A8. 
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Figure A8: The (ENERAC 700AV) component of emission testing gas analyzer
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Appendix B 
 

Fabrication of LHE 
 

The LHE was fabricated using stainless steel 316L, commonly available in any part of 
the world. Figure A9 shows the detailed fabricated parts of the LHE, comprised of header 
plates, baffle plates, lamellas, fitting covers, and shell box bearing inlet and outlet fittings 
of refrigerant.  
 

 

Figure A9: Fabrication of LHE 
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Figure A9: Fabrication of LHE (continued)
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Appendix C 
 

Testbed design and component 
 

C.1 The Testbed components 
 
After fabricating the physical model of the LHE, a model was installed on an 
experimental testbed for experimental investigation and design validation with 
numerical analysis. The testbed was designed to be suitable in fitting with the selected 
LHE. The experimental testbed was fabricated and designed from available local 
materials, and it consists of four major parts; The EICA simulator, ambient simulator, 
vehicle air-conditioning simulator, and the control panel. Other parts consist of 
measurement tools and sensors mentioned in appendixes (A) and the PVC ducting tubes. 
Figure A10 illustrates the component schematic of the Testbed. The testbed was installed 
inside the thermodynamics laboratory (UPM) campus for the availability of 
measurements and power source facilities by the university. 
 

 

1 Vacuum fan 2 Heater 3 Air Conditioner 
4 Control Panel 5 LHE 6 Airflow neutralizer 
7 Temperature control 8 Anemometer gauge   

 
Figure A10: Testbed diagram schematic shows the component 
 

Besides, the (Testbed) was used to measure the LHE cooling and air pressure 
performance inside the air domain and simulate the tests required for LHE analysis 
parameters of temperature and pressure. Figure A11 shows the fabricated testbed at the 
UPM laboratory. 
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Figure A11: Fabricated testbed in laboratory 
 

C.2 The EICA simulator part 
 
The EICA simulator part represents the engine induced air manifold in vacuum status, 
simulating the airflow induced by the engine. This part consists of an electrical motor 
vacuum fan. The flow level was controlled by an electrical voltage regulator model (AC 
220V 4000W SCR Voltage Regulator), controlling the motor speed by governing the 
supply power (Figure A12). The vacuum fan was adopted from an electric vacuum 
cleaner purchased from an electric spear part shop. The vacuum body size was fit into 
the (PVC) duct for installation. The airflow velocity was controlled by the anemometer 
device reading, which was installed on the inlet (PVC) duct, and the (SCR) regulator 
controlled the vacuum motor supply voltage till reaching the desired velocity. 
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Figure A12: The EICA simulator vacuum connection and electric circuit 
connection 
 

C.3 Ambient temperature simulator part 
 
The ambient air temperature simulator part simulates the airflow induced by the engine 
at various temperatures, stimulating the environment temperature of the air. This part 
consists of an electrical heater controlled by an electrical voltage regulator model (AC 
220V 4000W SCR Voltage Regulator) controlling the heat applied by controlling the 
supply power (Figure A13). The heat capacity applied was measured by the digital power 
meter (Digital AC 20A 100A Voltage Energy Meter Voltmeter Ammeter Power Current 
Panel), which measures the electric power consumed by the heater to convert to heat. 
The heater was adopted from an electric hair drier, purchased from an electric shop. The 
heater was modified and fabricated to fit into the (PVC) duct for installation. 
 

 

Figure A13: The ambient temperature simulator heater part 
 

C.4 Vehicle air-conditioning simulator part 
 
The vehicle air-conditioning simulator part simulates the refrigerant supply by the 
vehicle, stimulating the air-conditioning cycle. This part consists of a modified split air 
conditioning cooler with one horsepower cooling capacity, using the high-pressure 
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outdoor part, which includes the (Compressor, Condenser, and expansion valve) to 
supply the refrigerant to the LHE. The split operation was controlled by a (Digital 
thermostat controller model XH-W3001), a digital electrical thermostat with an 
adjustable range of temperature desired. The thermostat controls the supply power 
feeding of the Air-conditioning (Figure A14), the temperature sensor of the thermostat 
was placed on the LHE refrigerant exit side, and the compressor low-pressure return line 
to prevent overcooling of the refrigerant, returning to the compressor.  
 

 

Figure A14: The Vehicle air-conditioning simulator circuit connection and parts 
 

C.5 The Control panel 
 
The control panel was an enclosed flat unit used to control the system unit’s part or to 

monitor the instrument's and sensor's data to be displayed visually. The control panel 
enclosed all electrical parts used to supply power to the units and was controlled by the 
main switch with a control switch for each unit. Indicated light was used to identify the 
operational units and protect the system from any electric short circuits or prevent 
damage to the system by using a fuse conductor melt in case of short or any electric 
failure. The flat board contains the digital meters and the (SCR) voltage regulators with 
other units required for the (Testbed) Figure A15. The technician can easily control the 
test operation and monitor the test data directly from the control panel, an option of 
modification can be added to the controlling system and data reading for any digital 
device acquisition if needed by direct connections available inside the encloser. 
 

 

Figure A15: The Testbed control panel 
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Appendix D 
 

Technical installation of LHE  
 

Figure A16 shows the details of the parts employed to install the LHE with the air 
conditioning system of the test vehicle, which includes the t-joint of the VAC pipe, 
electric solenoid valve, fuel sensors, temperature sensor, expansion valve. 
 

 

Figure A16: Technical installation of LHE in the test vehicle 
 © C
OPYRIG

HT U
PM



206 

 

Figure A16: Technical installation of LHE in the test vehicle (continued)
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Appendix E 
 

Dyno chassis Program Structure 
 

The Dyno operation program was menu-oriented. The data or instructions can be entered 
via the PC keyboard. The remote control was used for the setup operation, e.g., 
wheelbase setting, starting and stopping of the pre-selected driving cycle. The Dyno 
menu can be illustrated as shown in Figure A17: 
 

 

Figure A17: The Chassis Dynamometer Software Tree Model menu 
 

The selection of commands or data entry was made through visual software designed by 
the (MAHA) with the (LPS3000) software interface.  © C
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Figure A18: MAHA Chassis dynamometer monitor view for select measurement 
procedure test 
 

The Dyno determined the maximum power during a continuous measurement, and the 
engine power was calculated by software according to (DIN 70020, EWG 80/1269, ISO 
1585, and SAE J1349) depending on the menu selection setting in the category (Power 
Correction). 
 

 

Figure A19: MAHA Chassis dynamometer discrete power measurement test input 
control parameter menu 
 

The wheel, drag, and engine performance results were illustrated on the computer screen, 
as shown in Figure A20. A discrete power measurement test makes it possible to 
approach pre-defined data points and hold them for a specified duration of time input as 
a function of engine speed or RPM. In this test, pre-controlled input data was intended 
to control the test parameters depending on Start- and End speeds or (RPM) in the range 
of (1765-6500 RPM). Hold time represents the length of time pre-set test approached 
(RPM) in a held constant speed selected to be (10 seconds). The holding time required 
at stable test point duration to measure the fuel consumption, it is the eases of regulation 
procedure for better accurate test results. 

© C
OPYRIG

HT U
PM



209 

 

Figure A20: MAHA Chassis dynamometer discrete power result illustrating test 
results 
 

E.1 Calculation Basis of the chassis dynamometer 
 
The system utilizes equation calculation fundamentals to measure the following 
parameters: 
 

a) Road Load 
 

𝐹𝑥 =
𝑃𝐴𝑖𝑟.3.6𝑣

𝑣𝑟𝑒𝑓
3 +

𝑃𝐹𝑙𝑒𝑥.3.6𝑣

𝑣𝑟𝑒𝑓
2 +

𝑃𝑅𝑜𝑙𝑙.3.6

𝑣𝑟𝑒𝑓

+ 𝑎. 𝑚 

 
Where: 
𝑣𝑟𝑒𝑓  Reference speed for resistance performance values-normally 90 km/h 
V Driving speed 
𝑃𝐴𝑖𝑟  Air resistance performance [KW] 
𝑃𝐹𝑙𝑒𝑥  Flex performance [KW] 
𝑃𝑅𝑜𝑙𝑙  Roll resistance performance [KW] 
𝑎. 𝑚 Vehicle mass 
 

b) Flex power P-Flex [KW] 
 
Flex power or resistance is defined as the power loss which occurs due to the flexing o 
fthe tire on the road surface and/or roller. 
 

𝑃𝐹𝑙𝑒𝑥 = 𝜇𝑤 . 𝑚. 𝑔. 𝑣 
 
c) Roller resistance power P-Roll [KW] 

 
The rolling resistance power arises from tire and road surface deformation as a function 
of speed. 
 

𝑃𝑅𝑜𝑙𝑙 = 𝜇𝑟 . 𝑚. 𝑔. 𝑣 
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Where: 
𝜇𝑟 Roll resistance coefficient of the tires = 0.012 
𝑚 Vehicle mass 
𝑔 Gravitation constant [m2/s] 
𝑣 Driving speed [Km/h] 
 

d) Torque [Nm] 
 

𝑀 =
𝑃[𝐾𝑊]. 9549

𝑛[𝑈𝑚𝑖𝑛]
 

 

e) Extrapolation of drag power by 2nd coast down the trial 
 
From the dyno manual, “ Traction is loaded with the second coast down trial so that there 
is a shorter coast downtime. The traction loaded for the coast down trial is calculated 
from the following equation: 
 

𝐹 =
𝑃𝑤ℎ𝑒𝑒𝑙−𝑚𝑎𝑥

𝑣(𝑤𝑖𝑡ℎ𝑃𝑤ℎ𝑒𝑒𝑙−𝑚𝑎𝑥)
. 𝐹𝑎𝑐𝑡𝑜𝑟 

 

The factor normally has a value of 650. 
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Appendix F 
 

(Enerac 700AV) device Interface connection and manual 
 

The presented information refers to the manufacture manual book information 
(CHAPTER 10) of how to install the device connection and software manual use: 
 

F.1 Getting started 
 
In order to be able to communicate between the analyzer and a computer, a connection 
must be established in one of three ways: 
 

a) RS-232 connection 
 
For RS-232 connections, use a standard 9-pin serial cable. (This is not included) 
Connections up to 100 ft long are possible. The analyzer‟s RS-232 port is a DTE type. 
Three wires are necessary for communications: TxD (pin 2), RxD (pin 3) and ground 
(pin 5). 
 

b) USB connection 
 
For USB connections, use the A-to-B type USB cable supplied with the instrument. To 
establish a USB connection, the FTDI USB driver must first be installed on your 
computer. The USB drivers for Windows computers are located on the ENERAC CD 
and are also available from the ENERAC website: www.enerac.com. 
 

c) Bluetooth connection 
 
For Bluetooth connections, the connection process varies with different Bluetooth 
devices. Follow your manufacturer’s instructions for adding a device. The ENERAC‟S 

Bluetooth modem is a Class 1 device, with a maximum range of 100m. Obstacles such 
as walls and equipment will reduce the effective range. 
 

F.2 ENERCOM Software 
 
You can enhance the performance and versatility of the ENERAC Model 700 by using 
the Enercom software program. Enercom is available for most Windows operating 
systems Figure A21. 
 

The Enercom software is a robust package that allows you to: 
 

1. Monitor all emissions parameters. 
© C
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2. Record maximum, minimum, average, and standard deviation for all emissions 
parameters. 

3. Select a variety of saving and printing options. 

4. Retrieve stored data. 

5. Enter custom fuel information. 

6. Open a terminal window to communicate directly using serial commands. 
 

The Enercom software can be downloaded from the website at: www.enerac.com. 
Consult the Enercom manual for details on installing and operating the program. 
 

F.3 STARTING ENERCOM 
 

1. Before starting Enercom, have your analyzer turned on and connected via RS-
232, USB, or Bluetooth. 

2. Start Enercom. If you have connected before, the analyzer icon will appear. If 
this is the first time you are connecting, you will need to add a new port. 

3. On the Enercom window, click on “Connections,” then click on “Add Port.” 

4. Enter the COM port number, which appeared in the Device Manager, and click 
“OK.” 

5. The COM port with its number should appear on the left side of the Enercom 
window. Enercom will look for an analyzer on this port. After a moment, the 
ENERAC analyzer icon should appear. You are now connected to your 
analyzer. 

 

Click on the ENERAC icon. A menu will appear. Choose “Monitor” from the menu. 

(Follow the ENERCOM manual for further instructions). 
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Figure A21: (Enrack700AV) device Interface connected to a computer for data 
logging and visual control
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