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ABSTRACT 

  

 The toxic nature of these exhaust emissions has resulted in stringent 

emission norms limiting the permissible emission levels of components in the 

exhaust. Various emission control techniques have been developed over the 

years, which can be broadly classified into pre-treatment techniques (engine 

modifications) and post-treatment techniques like diesel oxidation catalysis 

(DOC), diesel particulate filtration (DPF), selective catalytic reduction (SCR) 

and lean NOx trap. The post-treatment technique includes the application of 

an emission control system in the exhaust manifold to treat the exhaust gas 

and reduce toxicity levels prior to releasing it to the atmosphere. Oxidation of 

hydrocarbon and carbon monoxide emissions take place in the diesel oxidation 

catalysis system, where carbon dioxide and water vapor are released as by-

products.  

 Diesel Particulate Filtration system uses wall flow filtration technique, 

where the particles are trapped in the spatial layers of the wall by depth 

filtration and cake filtration. The wall flow filtration leads to clogging of filter 

channels and causes higher backpressure. The engine efficiency and other 

operational parameters will be affected once the backpressure rises above the 

allowable limit. Hence regeneration of DPF has to be carried out periodically 

by burning the accumulated soot particles. Various active regeneration 

techniques by application of electric heaters, plasma discharge, corona 

discharge, burner, and vector network analyzers have been developed in the 

previous research works, whereas the commercially available technique is 

fuel-based regeneration. Regeneration strategy for DPF requires optimization 

since the commercially available fuel-based regeneration is resulting in 

excessive fuel penalty and also the catastrophic failure of DPF substrate due to 

uncontrolled combustion. Development of an alternate regeneration technique 

that can selectively burn the accumulated soot particles without affecting the 
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filter substrate material is one of the major challenges faced by the automotive 

industry.  

 This work aims to develop an emission control system comprising of 

diesel oxidation catalysis (DOC) and diesel particulate filtration (DPF) system 

with microwave-assisted composite regeneration. Diesel oxidation catalysis 

filter consists of a ceramic filter substrate which has straight channels at a 

density of 300 or 400 cells per square inch, and the inner surface of the filter 

channels are coated with a layer of alumina washcoat. Noble metals like 

platinum and palladium are impeded in the alumina washcoat layer, which 

acts as catalyst for oxidation of carbon monoxide and reduction of nitrates and 

hydrocarbons. The exhaust gas is directed to the diesel particulate filtration 

system after the treatment in diesel oxidation catalysis filter. The diesel 

particulate filter has a ceramic substrate with alternately plugged straight 

channels of rectangular cross-section, i.e., a channel which is open at the inlet 

side will be closed at the outlet side thus the exhaust gas will be forced to flow 

through the porous wall. The soot particles will get accumulated in the porous 

wall of the diesel particulate filter, and hence the clean exhaust will be 

released via the outlet of the adjacent channel. The accumulated soot particles 

will lead to clogging of the filter channels and increase backpressure causing 

reverse flow, which will affect the engine performance. The soot particles 

collected on the filter walls have to be cleared for the effective functioning of 

the system. In commercially available systems, the soot particles are burned 

into ashes by injecting fuel into the filter substrate and then washed away by 

the exhaust gas flow. The injection of fuel to the filter substrate is causing 

uncontrolled combustion inside the system leading to filter damage. 

 Electromagnetic radiations in the microwave region, which are also 

used in household microwave ovens, are proposed to be used for clearing 

these clogged filter channels. An emission control system has been designed 
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using Computer Aided Designing (CAD) software, and simulations have been 

conducted in the virtual environment using Computational Fluid Dynamics 

(CFD) software for testing the suitability and effectiveness of the suggested 

design and developed system. The results of the simulation showed that the 

developed system could be an effective alternative in place of the existing 

emission control system with fuel-based regeneration, and it can also improve 

the service life of the filter substrates. 

  Performance and emission characteristics of multi-cylinder CI engine 

were evaluated after retrofitting the developed after-treatment emission 

control system comprising of Diesel Oxidation Catalysis (DOC) and 

microwave regeneration based Diesel Particulate Filtration (DPF) systems. 

The ceramic DOC substrate (400 cpsi) with a catalyst loading of platinum and 

palladium in the ratio 5:1 exhibited conversion efficiency of 54% for 

hydrocarbons, 27% for carbon monoxide and 55% for particle number 

emissions. Filtration efficiency of DPF substrate was observed to be 45% for 

hydrocarbons, 11% for carbon monoxide and 88% for particle number 

emissions. Soot accumulation rate and regeneration rate were experimentally 

investigated at different engine loads and magnetron input power levels. The 

experimental results showed that the developed after-treatment system (DOC 

+ DPF) has an average filtration efficiency of 91% for particle number 

emissions and 59% for hydrocarbon emissions. The regeneration rate was 

observed to be a maximum of 0.21 g/min at 50% power levels owing to the 

non-linear behavior of magnetron.  

 The effect of soot accumulation and regeneration on the morphology, 

microstructure, chemical composition and particle size of DPF substrate were 

examined using characterization studies like Scanning Electron Microscopy – 

Energy Dispersive X-Ray Spectroscopy (SEM-EDS), Fourier Transform 

Infra-Red spectroscopy (FTIR), Particle Size Analysis (PSA) and microscopic 
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imaging. SEM-EDS results detailed the microstructure of the porous wall in 

unused DPF substrate and the morphological characteristics of the 

accumulated soot particles in the used DPF substrate, where the carbon 

content of 8.53% was found indicating the presence of soot particles. The 

FTIR results showed the presence of anatase in the DOC substrate indicating 

the oxidation of platinum catalyst and carcinogenic agents like tetra chloro 

ethylene was also detected in the case of DPF substrate. The intensity of 

particle size distribution in the DPF substrate was reduced to an average size 

of 328 nm (after soot loading) from 1172 nm (unused DPF substrate) and size 

was again increased to 938.5 nm in the case of DPF substrate after microwave 

energy based regeneration. 
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CHAPTER 1. INTRODUCTION 

 

Reducing the toxicity levels of harmful emissions from automotive diesel 

engines is a major technical challenge. The exhaust emission from diesel 

engine includes carbon monoxide, carbon dioxide, hydrocarbons, nitrates, soot 

particles, and soluble organic fraction. These emissions have been included in 

the category “likely to be carcinogenic to humans” by organizations like the 

United States Environmental Protection Agency (US-EPA), World Health 

Organisation (WHO), etc. based on human epidemiology data. Exposure to 

diesel exhaust will affect the functioning of lungs, blood vessels and also 

results in cardiovascular diseases. Rising levels of pollution in cities are also a 

direct reflection of the adverse impact of automotive emissions on the 

environment. India is one of the 196 countries that have signed the Paris 

agreement for reducing the intensity of emissions so that the global 

temperature rise can be limited to 2 °C. Complete combustion of the fuel in 

the combustion chamber of engines will generate carbon dioxide and water 

vapor as by-products, whereas in real scenario incomplete combustion 

products including particulate matter, NOx, unburnt hydrocarbons and carbon 

monoxide are produced. 

 Global climate change has an adverse effect on human life, and studies 

have shown that sea levels are likely to rise about 0.5 to 1 m due to 4 °C 

global warming levels by 2060 [1][2][3]. Human activities like fossil fuel 

combustion have resulted in the atmospheric release of greenhouse gases  

enhancing the natural greenhouse effect [4][5][6]. As per the studies 

conducted by Intergovernmental Panel on Climate Change (IPCC), there must 

be a reduction in the greenhouse gas emissions (i.e. 50-85% of emission levels 

in year 2000) to restrict the global warming at 2 – 2.4 °C by the year 2050, 
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which can be achieved by reducing the emission of greenhouse gases from all 

the sectors [7][8]. 

 Among the risk factor for deaths in the world as per the 25 years trend 

for the global burden of disease, particulate matter was ranked fifth since it 

was responsible for 4.2 million deaths globally in the year 2015 [9]. 

Laboratory experiments and epidemiological studies have exposed the 

carcinogenic nature of diesel engine exhaust, which consists of diesel 

particulate matter that is a complex mixture of polycyclic aromatic 

hydrocarbons [10][11][12]. Exposure to particulate matter was also observed 

to make a significant contribution to the risk of cardiovascular diseases 

(CVD), and American health association (AHA) has also included specific 

statements in their guidelines related to the link of PM exposure in the CVD 

risk factor [13][14]. Pollutants can affect the human system following three 

pathways, namely classical (inflammatory mediators), alternative (particle 

translocation and oxidative stress), and neurogenic pathway (autonomic 

nervous system) [15]. Some of the pathological consequences of the PM 

pollutant include atherosclerosis [16], vascular dysfunction [17], thrombosis, 

and coagulation [18]. Recent studies have also showed that exposure to 

particulate matter worsens diabetic's control by affecting glycaemic 

metabolism [19]. Mediating factors of cardiovascular diseases induced by 

particulate matter include insulin resistance [20], diabetes [21], metabolic 

syndrome [22], arterial hypertension [23], and autonomic imbalance [24].   

 Diesel engines have become an integral part of the automotive industry 

as well as other industries because of its higher thermal efficiency and longer 

life compared to gasoline engines [25][26]. But the exhaust emissions from 

these engines are found to be toxic in nature, contributing a significant part in 

environmental pollution [27][28]. Diesel engine ranks second among the 

anthropogenic sources releasing particulate matter (PM2.5 and PM10), which is 
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formed due to the combustion of fossil fuel and tribological parameters 

[29][30]. The exhaust emission from diesel engines includes unburnt 

hydrocarbons, particulate matter, and oxides of carbon & nitrogen [31][32]. 

Particulate matter consists of soluble organic fraction and soot particles. 

Insoluble organic components of particulate matter have agglomerates in size 

range of 0.5 to 5 µm while the inorganic non-combustible fraction (ash) will 

be in a size range of 45 to 160 nm.  Soot particles released from diesel engines 

are found to be carcinogenic, creating a threat to human life [33]. The size and 

composition of soot particle determine its impact on human health, and lower 

size fine particles (< 2.5 µm) can reach the alveolar region of human lungs 

[34][35][36]. Particulate matter (> 2.5 µm) released by the engine exhaust can 

enter deep into the respiratory tract. Diesel engine utilizes the heat generated 

during compression of air to release chemical energy in the fuel, which gets 

converted to mechanical energy [37][38]. Complete combustion of the fuel in 

the combustion chamber will generate carbon dioxide and water vapor as by-

products, whereas in real scenario incomplete combustion products including 

particulate matter, NOx, unburnt hydrocarbons and carbon monoxide are 

produced [39][40][41]. These emissions can be reduced by two techniques, 

namely pre-treatment and post-treatment [42]. 

  Engine modifications like exhaust gas recirculation, combustion 

cylinder alteration, fuel injection strategies, and blending of fuels will come 

under pre-treatment techniques [43][44][45]. Pre-treatment techniques are 

employed to reduce the generation of toxic gases from the combustion inside 

the engine [46][47][48]. Post-treatment techniques are used to treat the 

exhaust gases released from the engine by the use of systems like Diesel 

Oxidation catalysis, Diesel Particulate Filtration, and Selective Catalytic 

Reduction. Oxidation of carbon monoxide, nitrides, and hydrocarbons takes 

place in the diesel oxidation catalyst (DOC) filter. The particulate matter is 
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trapped with the help of the Diesel particulate Filter (DPF). The particulate 

matter consists of soluble organic fraction and soot particles.  

 The soot particles will get accumulated in these channels leading to 

clogging of filters, and the backpressure will rise, reducing the efficiency of 

the engine [48]. Regeneration of the accumulated soot particles has to be 

carried out either by using active or passive regeneration techniques. The 

temperature of the exhaust gas plays an important role in passive regeneration 

which can also be carried out by using some catalysts to improve soot 

combustion [49]. But passive regeneration alone cannot remove the trapped 

soot particles to the required extent. The active regeneration technique has to 

be adopted to remove the accumulated soot. In commercial diesel particulate 

filters, active regeneration is carried out by injecting the fuel to the filter 

substrate and then burning it by producing a spark/or by self-ignition, which 

will result in uncontrolled combustion inside the filter substrate and will also 

damage the filter reducing the service life of the filter [49].. 

1.1 MOTIVATION 

 Effects of exhaust emission from diesel engines is a serious threat to 

environment and human health 

 Solutions: Pretreatment and post treatment techniques 

 Post treatment techniques: Diesel Oxidation Catalysis (DOC), Diesel 

Particulate Filtration (DPF) and Selective Catalytic Reduction (SCR). 

 Compliance approaches for light-duty Euro 6 engines include (a) 

Smaller and medium-size engines (<2 liters) tend to use DOC+DPF 

and primarily LNT for NOx control; (b) Larger cars (>2L) use 

DOC+DPF+SCR; (c) Some manufacturers offer EGR-only NOx 

control (with no after-treatment control), and DOC+DPF on medium 

and larger cars. 
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 DPF is a mandatory retrofit in engines to bring down the emission 

levels to meet EURO VI norms and accumulated soot particles in DPF 

channels has to be regenerated at regular intervals for its effective 

functioning. 

 Commercially available fuel-based regeneration is causing 

uncontrolled combustion and thus leading to catastrophic failure. 

  Development of an alternate regeneration technique for selectively 

burning the accumulated soot particles is the major technical challenge 

faced by automotive industries. 

1.2 NOVELTY STATEMENT 

Microwave energy is a possible method for active regeneration since it can 

penetrate through the filter and even without heating the exhaust gases. The 

material of the filter has to be selected in such a way that it must have good 

dielectric properties, which will help in allowing microwave radiation to 

selectively burn the soot particles. Soot particles are a good absorber of 

microwave radiations [50]. The combined use of microwave energy and 

catalysts will help in the oxidation of soot at a higher reaction rate and lower 

temperature. The composite regeneration technique proposed in this work will 

be a possible solution for meeting emission norms effectively 

1.3 OBJECTIVES 

• Development of a post-treatment emission control system with a 

composite regeneration setup. 

– Modelling and fabrication 

• Experimental analysis of the developed emission control system. 
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– Comparison of the conversion efficiency (metallic and ceramic 

DOC with different catalyst loading). 

– Analysis of soot accumulation rate and filtration efficiency of 

DPF at different loads. 

– Analyze the effectiveness of microwave-assisted composite 

regeneration system. 

• Characterization of the filter substrate to determine the effects of 

filtration on substrate properties. 
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CHAPTER 2. LITERATURE SURVEY 

 

The toxic nature of exhaust gases released by Compression Ignition (CI) 

engines has led to environmental concerns, affecting its sustainability [51]. 

The exhaust emission from diesel engines includes unburnt hydrocarbons, 

particulate matter, and oxides of carbon & nitrogen [52]. Soot particles 

contained in the particulate matter is also found to be carcinogenic in nature 

and also leads to various lung diseases [53]. The diesel oxidation catalysis 

system involves oxidation of hydrocarbons, nitrates, and soluble organic 

fraction [54]. Diesel particulate filtration blocks the soot particles with the 

help of alternately plugged diesel particulate filter with porous walls. The 

regeneration of accumulated soot is one of the significant challenges faced by 

automotive industries for the effective implementation of diesel particulate 

filtration system. A detailed review of the challenges faced in the application 

of emission control techniques has been carried out in this study, and it has 

been concluded from the results of the literature study that microwave-based 

regeneration system would be an effective technique. 

2.1 EXHAUST EMISSIONS AND CONTROL TECHNIQUES 

Diesel engines are one of the major sources of particulate matter emissions 

(PM2.5 and PM10), which is formed due to the combustion of fossil fuel and 

tribological parameters [55]. Particulate matter consists of soluble organic 

fraction and soot particles. Insoluble organic components of particulate matter 

have agglomerates in size range of 0.5 to 5 µm while the inorganic non-

combustible fraction (ash) will be in a size range of 45 to 160 nm [56]. Soot 

particles released from diesel engines are found to be carcinogenic in nature, 

creating a threat to human life [57]. The size and composition of the soot 

particle determine its impact on human health. These emissions can be 
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reduced by two techniques, namely pre-treatment and post-treatment. 

Engine Exhaust emissions pose a severe threat to the environment and 

human health. Combined application of pre-treatment and post-treatment 

techniques is the only solution to reduce these emissions. Pre-treatment 

techniques include engine modifications like combustion cylinder alteration, 

injection timing retard, exhaust gas recirculation, fuel injection strategies, and 

so on [58]. Optimization of fuel injection strategies will have a considerable 

effect on the reduction efficiency of hydrocarbons in exhaust emissions. The 

reduction efficiency of the particle oxidation catalyst was calculated for 

different values of the Start of Injection (SOI) and Fuel Injection Pressure 

(FIP) in [59]. Experimental results showed that higher reduction efficiency is 

achieved when FIP is in the range of 600 – 1000 bar and SOI in the range 0° 

to 15° crank angle before top dead center (CABTDC). Nitrogen oxide 

emissions from compression ignition engines can be controlled by exhaust gas 

recirculation technology, where a certain percentage of exhaust gas is 

recirculated to intake manifold [60]. 

 

Table 2.1. Literature study on particulate filtration and regeneration 

Reference Approach Major Research Findings 

Fang et al. 

2019 [61] 

Electric heater based 

DPF regeneration 

The temperature distribution was 

not uniform, and the maximum 

temperature was observed at rear 

and center part of DPF 

Fu et al. 

2018 [62] 

Burner based 

regeneration 

The geometric parameters of the 

swirl burner have a significant 

influence on the distribution 

characteristics of the flow field. 

Xiaoyu Pu 

et at. 2018 

[63] 

Regeneration of DPF 

using non-thermal 

plasma induced by 

dielectric barrier 

discharge 

Comparative analysis of DPF 

regeneration at different oxygen 

flow rates was conducted using a 

Dielectric Barrier Discharge 

(DBD) - type Non-Thermal Plasma 
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(NTP) reactor.  

Penghao et 

al. 2018 

[64] 

DPF regeneration  with 

NOx-PM coupled 

chemical reaction 

The results showed that the 

presence of N2O would reduce the 

light-off critical temperature of 

soot, thus enhancing the 

regeneration. 

Dawei, Jun, 

and Yu 2017 

[65] 

Mathematical 

modelling of 

regeneration control. 

Fuel based regeneration affects the 

durability of DPF and leads to 

lubricant oil dilution. 

Feulner et 

al. 2017 

[66] 

MW energy generated 

by Vector Network 

Analyzer (VNA). 

Temperature influence will also 

have to be considered since it will 

affect the transmission factor. 

Bai et al. 

2017 [67] 

Experimental study on 

active control strategies 

for thermal exhaust 

management in the 

engine test bench. 

The main factor for the increase in 

exhaust temperature is the fuel 

injection and higher fuel pressure, 

which influences the NOx 

emission. 

V. Palma et 

al. 2016 

[68] 

DPF regeneration using 

electric heaters. 

Energy consumption was higher 

and also the regeneration was 

limited to 5 cycles since efficiency 

reduced to 50% 

Vincenzo 

Palma et al. 

2016 [69] 

Optimization of the 

preparation procedure 

of catalytic DPF and 

study on the feasibility 

of microwave-based 

regeneration. 

MW considered the best 

alternative for regeneration since it 

will reduce energy consumption 

compared to fuel-based 

regeneration. 

Yang, and 

Hunsicker 

2016 [55] 

Characterization of 

damaged DPF used in 

Industry by X-Ray 

Diffraction (XRD) and 

Scanning Electron 

Microscopy (SEM). 

Uncontrolled combustion during 

fuel-based regeneration leads to 

the formation of cracks, pinholes, 

and melts. 

Yamazaki et 

al. 2016 

[70] 

Application of Ceria 

based catalysts for 

diesel soot oxidation. 

Cerium oxide – Ag-based catalyst 

reduces the oxidation temperature 

by 100 °C. Oxidation performance 

measured by Temperature 

Programmed Oxidation. 

Jiaqiang et 

al. 2016 

[71] 

Mathematical model 

for NO2 assisted 

passive regeneration of 

DPF. 

Continuous regeneration 

technology - initial oxidation of 

soot by NO2 released from DOC 

and further oxidation by active 

regeneration methods. 
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Bermúdez et 

al. 2015 

[72] 

Experimental study on 

Pre-DPF water 

injection to reduce the 

pressure drop. 

Redistribution of accumulated soot 

particles by dragging it with the 

help of water will improve soot 

loading capacity and reduce 

regeneration frequency. 

Vincenzo 

Palma et al. 

2015 [73] 

Study on performance 

of catalyzed DPF 

Fuel borne catalysts (Ce/Fe/Cu 

based organic compounds) will 

oxidize a part of soot in the 

combustion chamber and improve 

soot light-off temperature in DPF.  

Di Sarli and 

Di 

Benedetto 

2015 [74] 

Two dimensional 

mathematical model of 

soot regeneration using 

Computational Fluid 

Dynamics (CFD) for a 

single channel. 

Combustion of soot by fuel-based 

regeneration results in overheating 

spots inside the filter. 

Ramdas et 

al. 2015 

[75] 

Development of 

synthetic soot for 

analysis of oxidation 

activity of Ag-K 

Catalyst lowered the combustion 

temperature by 200 
o
C but didn’t 

have much effect on condensed 

poly-aromatic molecules. 

Fornarelli et 

al. 2015 

[76] 

Three-dimensional 

flow and numerical 

simulations of the flow 

field in DOC 

Validation of design by flow and 

pressure drop analysis. The sudden 

expansion of the diffuser resulted 

in the formation of a recirculation 

zone. 

Zuo et al 

2014 [77] 

Regeneration model of 

DPF: field synergy 

theory 

Microwave radiation enters in the 

form of a traveling waveguide and 

burns the deposited particles. 

Graupner et 

al. 2013 

[78] 

Application of pulsed 

electric discharge for 

the regeneration of 

DPF 

A high voltage pulse is applied to 

filter by discharging a capacitor for 

regeneration which resulted in the 

formation of pinholes and ringing. 

Vincenzo 

Palma et al. 

2013 [79] 

Application of copper 

ferrite as a catalyst for 

soot oxidation. 

Catalyst loading about 15-30% 

weight was found to reduce the 

temperature, time and energy 

required for DPF regeneration. 

Corro et al. 

2013 [80] 

Application of Cu 

loaded ZnO as a 

catalyst in DPF 

Oxidation temperature of 

particulate matter lowered to 150 
o
C and Cu ions act as active 

species for PM oxidation. 

H.J Kim et 

al 2010 [81] 

Electrostatic 

precipitation system for 

filtration of PM. 

Corona discharge was found to be 

unstable when the speed and load 

were increased. 
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Blending of diesel with butanol and pentanol will also reduce the 

particulate matter emissions to a certain extent. Long-chain alcohols will have 

advantages like higher energy density, cetane number, better miscibility, and 

will be less hygroscopic [82]. Alternative fuels like BTL (Biomass to liquid) 

and GTL (Gas to liquid) will decrease the emission of pollutants in terms of 

nuclei & accumulation mode particles and also exhibits a similar behavior like 

diesel [83]. Post-treatment techniques involve the use of Diesel Oxidation 

Catalysis (DOC), Diesel Particulate Filtration (DPF) and Selective Catalytic 

Reduction (SCR) [84]. Diesel oxidation catalysis set up consists of a monolith 

substrate that has a wash coat, impeded with a thin layer of catalyst, and the 

whole set up is encased in a can. Since the Euro 5b emission norm in 2011, 

strict regulations have been made for particle number per km, which has 

forced the manufacturers to incorporate Diesel Particulate Filtration systems in 

the exhaust line of their vehicles [85]. Summary of the literature study on 

particulate filtration and regeneration is detailed in Table 2.1. 

2.2 SOOT FORMATION AND IMPACT ON HUMAN HEALTH 

Particulate matter in the engine exhaust is composed of soot and soluble 

organic fractions [72]. Soot particles are formed in the cylinder at fuel-rich 

regions where oxygen concentration is low, and soot absorbs soluble organic 

fraction on its surface [86][87]. Various stages involved in the formation of 

soot from fuel are as shown in Figure 2.1. Some of the major factors 

influencing the characteristics of soot particles formed in the engine cylinder 

are pressure, temperature, fuel injection strategy, and structure of fuel [88]. 

Precursors or the basic building block for soot is formed by fuel pyrolysis, 

where the molecular structure of organic compounds in fuel changes at high 

temperature in the presence of a lower concentration of oxygen [89]. The rate 

of fuel pyrolysis depends on temperature and oxygen concentration, which is 

related to the types of flames and the products of pyrolysis, including 
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polycyclic aromatic hydrocarbons and other hydrocarbon derivatives [90]. 

Particles are developed from gas-phase reactants by nucleation process at a 

temperature range of 1300 – 1600 K, where small size hydrocarbons combine 

to form large size aromatic molecules and particle nuclei has active sites for 

surface growth [91]. 

 

Figure 2.1.  Stages involved the formation of soot 

 Nucleation takes place in three steps, out of which the first one is 

benzene ring formation, followed by dehydrogenation of rings and formation 

of polycyclic compounds [92]. Nucleation is followed by surface growth, 

where deposition of gas-phase hydrocarbons takes place in the spherules 

surface, and it contributes to the rise in soot mass, whereas the number of 

particles remains constant [93]. Inter collision of the developed particles will 

lead to agglomeration, resulting in the coagulation of the particles into a single 

large spheroid, as shown in Figure 2.2 [94]. Oxidation of soot into combustion 
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products might take place during any of the soot formation stages from 

pyrolysis to coagulation, which involves absorption of OH, O 
–
 and O radicals 

and desorption of these oxidation species as combustion products [95][96]. 

The composition and structure of the fuel have a direct influence on the 

formation of particulate matter, and the presence of sulfur, lead, and other 

additives in the fuel increase the mass of soot emissions [97]. 

 Soot formation rate also depends on the carbon and hydrogen content 

present in the fuel composition, ie, more carbon content in fuel leads to a rise 

in soot formation rate and vice versa [98]. Parameters like carbon atoms, 

double bond, main chain length, aromatic ring, and side-chain length, defining 

the structure of fuel, also influence the soot formation rate [99]. The results of 

the studies conducted to determine the role of aromatic rings in soot formation 

rate showed that particulate formation rate increases with the increasing 

number of aromatic rings and carbon/hydrogen weight ratio [100].  Particulate 

matter emitted by the diesel engine poses a serious health hazard to humans, 

and ultrafine particles released by the engine will get deposited in the 

pulmonary region of lungs, and smaller size particles can penetrate epithelial 

tissues and enter bloodstream [101][102][103]. 

 Substantial exposure to diesel engine exhaust is observed to increase 

the risk of lung cancer and bladder cancer [104]. Soluble organic fraction 

(SOF) present in the particulate matter is a significant precursor for tumor 

formation and the presence of mutagenic compounds like 1-nitropyrene 

[105][106] and benzo[a]pyrene [107] increases the risk of carcinogenicity 

from diesel exhaust exposure [108]. Metals like iron, calcium, magnesium, 

etc. present in the particulate matter increase the production of free radicals 

causing pulmonary disorders and the presence of metals increases the level of 

epidermal growth receptors in the activated state resulting in cancer-causing 

mutation of Ras proteins [89]. 



  

22 

 

 

Figure 2.2. Schematic representation of soot particles and soluble organic fraction in 

particulate matter 

2.3 DIESEL OXIDATION CATALYST FILTER (DOC) 

DOC is used for oxidation of hydrocarbons, nitrates and soluble organic 

fraction. It is suitably placed before diesel particulate filter since the oxidation 

of nitrates can be utilized for passive regeneration of the soot in the particulate 

filter. Precious metals like platinum, palladium, and rhodium are used mostly 

as the catalyst. Catalysis can also be performed in two stages, out of which the 

initial stage involves the reduction of nitrate emissions using rhodium 

catalysts. The final step is the reduction of carbon monoxide and unburned 

hydrocarbons by oxidizing them over platinum and palladium catalyst [109]. 

The expensive nature of precious metal catalysts has led to the doping of non-

noble metals into platinum-based catalysts. Huang Jiang et al. 2015 used the 

impregnation method for preparing a series of Platinum-Vanadium/Cerium-

Zirconium oxide (Pt-V/Ce-Zr-O) diesel oxidation catalysts with different Pt/V 

ratios and the effect of vanadium on sulphur resistance and catalytic activity 

was investigated in detail. The results of the tests showed that Pt-V/Ce-Zr-O 
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with only one wt% Pt catalyst showed the highest catalyst performance with 

vanadium loading of one wt% [110]. Various reactions taking place inside the 

DOC filter are shown in equation no (1) – (4). 

 

2NO → N2 + O2 (1) 

2NO2 → N2 + 2O2 (2) 

2CO + O2 → 2CO2 
(3) 

CxHy  + 
( 𝑥+𝑦 )

2
 O2 → xCO2 + 

𝑦

2
H2O (4) 

2.3.1 Oxidation of Nitrates for No2 Assisted Passive Regeneration 

In DOC, the oxidation of NO was found to reduce with time due to the 

formation of Pt oxide. The supply of H2 was proposed to retard Pt oxide 

formation and improve NO2 yield [111]. The effect of H2 was analyzed for 

four gas mixtures, and a DOC filter with Pt catalyst and Al2O3 wash coat was 

used for evaluation. It was found that for NO/O2/CO/C3H6 mixtures, NO2 

yield was increased when the H2 concentration was 250 ppm. Also, it reduced 

light-off temperature for C3H6 oxidation. There was a temporal enhancement 

in NO2 yield due to hydrogen supplementation. Concentrations above 250 

ppm were found to reduce NO2 yield.  The effect of hydrogen on the NO 

oxidation was well known, but it was not concluded whether it is due to the 

temperature rise caused by hydrogen oxidation or due to its influence on 

reaction kinetics. Herreros et al. [112] carried out experiments to determine 

the variation in light-off temperature for different loads of hydrogen, and it 

was found that the hydrogen effect is due to the combination of various factors 

rather than hydrogen exothermic effect. But the commercialization of the 

proposed technique with hydrogen supplementation was not feasible. The 
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introduction of carbon monoxide and C3H6 pulses for the reduction of 

platinum oxide and oxidation of NO was suggested by Arvajova et al. [113]. 

The experiments were carried out in an adiabatic lab reactor with synergetic 

exhaust gas. It was found that the oxidation of NO was higher during the heat-

up phase than in the cool-down phase. Catalytic activity was restored by 

increasing the concentration of carbon monoxide and C3H6 pulses during the 

cool-down phase. Schott et. al [114] designed a laboratory test bench using 

reactor analytics for evaluating the uniformity and distribution of catalyst 

coating in the DOC filter since it determines the efficiency of oxidation 

reactions taking place inside the filter. 

2.3.2 CFD Analysis of DOC Filter 

CFD analysis has been very much effective in optimizing the designed 

systems in a virtual environment so that the manufacturing of the optimized 

design model can be done [115]. It is an effective tool for determining the 

performance characteristics of designed models before the manufacture of the 

prototype. Three-Dimensional flow simulations of the flow field in a catalytic 

converter (DOC) were performed by Fornarelli et. al  [76]. Simulation of DOC 

was carried out, and chemical reactions involved in it were considered for 

analysis. Monolith was considered as a porous medium, and the values of 

parameters are determined at three sections. Validation of design was carried 

out by flow and pressure drop analysis. Results showed that the sudden 

expansion of diffuser at inlet resulted in the recirculation zone, which would 

lead to the performance downgrade of the converter. Simulation on the 

existing exhaust system design of a light commercial vehicle was carried out 

by Ariara et al. [116]. Designing was done in CATIA V5, and simulation was 

carried out in the CFX tool. The pressure drop in the converter was 

determined by simulation. Since it is a validation of the design, no chemical 

reaction, and no heat exchange were considered for the simulation. The initial 
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conditions and properties of exhaust gas considered for the simulation were as 

follows (1) density = 0.5508 kg/m
3
, (2) Viscosity = 3.814 × 10

-4
 Pa-second, 

(3) mass flow rate = 320 kg/hr, (4) Temperature = 520 °C, (5) Pressure at inlet 

= .212 bar. The results of the simulation showed that there was a total pressure 

drop of .184 bar in the exhaust system consisting of a muffler, underbody 

catcon, and close coupled catcon. Hayes et al. [117] developed various single-

channel models of the catalytic converter using phoenics software and carried 

out simulations to determine the effect of changing cell density and wall 

thickness at constant wash coat loading. 

2.4 DIESEL PARTICULATE FILTER (DPF) 

The development of a reliable, fast, and cost-effective Diesel Particulate Filter 

(DPF) is one of the major technical challenges faced by Automotive and other 

industries. DPF is of two types, namely, flow-through filter (made of ceramic 

foam or wire mesh or metal wool, filtration efficiency < 60%) and wall flow 

type filter (Honeycomb monolith, filtration efficiency = 95%). Emission tests 

carried out in DPF having torturous open channels instead of alternately 

plugged channels showed that the particle emissions were higher since the 

filter was open structured, which made it difficult to block particles [118]. 

Emission tests were carried out based on the EURO steady-state cycle, where 

the load is increased from 10% to 100% of full load at intervals of 10%. High 

filtration efficiency of wall-flow filters has made it a standard requirement for 

diesel vehicles for meeting the emission norms. 

2.4.1 History of DPF  

The soot removal from the exhaust gas of heavy-duty diesel engines by 

application of particulate traps with metal fiber mesh was started in 1969 

[119]. Particulate traps with ceramic fiber coil were introduced in 1978 [120]. 

The system consisted of multiple punched metal tubes wound with ceramic 
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fibers, as shown in Figure 2.3. Diesel oxidation catalyst filter was not used 

upstream during that time since the sulfur content in fuel was high, and it 

would lead to sulfur poisoning. Regeneration of accumulated soot particles 

was carried out by injecting various oxidizing agents like copper chloride, 

copper perchlorate, and acetylacetone [121]. The research on particulate traps 

ended in 1994 since engine alterations met the emission norms. As the 

emission standards got stringent with time, the particulate traps (Ceramic and 

Metallic DPF) gained attention since the EURO 5b emission norms forced the 

manufacturers to restrict the particle number emission.  

 

Figure 2.3. Ceramic fiber particulate trap [120] 

 Declaration of environmental institutes for the regulation of particulate 

matter based on particle number emissions, in addition to mass concentration, 

made DPF standard mandatory after-treatment component. Flow-through DPF 

filters with metallic foam were found to remove only 50% of particulate 
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matter by mass [115]. Metallic wall flow filters decreased the mass 

concentration by 50 – 70% and particle number by 50%.  Removal of soot, ash 

deposits, and characteristics of materials used were some of the challenges 

faced during the development stage of DPF. The availability of low sulfur fuel 

has also made it possible to place DOC before DPF for enhancing passive 

regeneration. 

2.4.2 Filtration Mechanism of DPF 

Wall flow Diesel Particulate Filter consists of alternately plugged channels 

where the gas enters through open channels in the inlet and finds the other end 

of these channels closed, forcing it to flow through the porous wall and thus 

particulate matter gets filtrated. The operating principle of the DPF is detailed 

in Figure 2.4.  

 

Figure 2.4. Operating principle of wall-flow DPF [78] 
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 The accumulated soot particles lead to a restriction inflow of gas and 

increase the exhaust backpressure affecting the efficiency of the engine. The 

accumulated soot particles have to be oxidized periodically for regeneration. 

The particulate matter emitted by diesel engines consists of particles in 

accumulation mode (carbonaceous agglomerates) and nucleation mode 

(volatile organic and inorganic components like sulfates). The filtration in 

DPF takes place in two stages, namely depth filtration and cake filtration. 

Initially, the soot particles will get trapped in the porous wall of the filter, 

which is called as depth filtration. Cake filtration occurs when particle packing 

density reaches a maximum causing occlusion of pores, and the accumulated 

particulate matter layer acts as a porous medium to filter the upcoming 

particles in gas [122]. The transition from depth filtration to cake filtration 

occurs at a pressure drop range of 700 Pa. The filtration of the soluble organic 

fraction is not as effective as soot filtration [123]. Regeneration can be carried 

out by passive and active regeneration methods. 

2.4.3 Catalyst Based Passive Regeneration of DPF 

 Passive regeneration is a continuous regeneration process by application of 

fuel borne catalyst and NO2 assisted passive regeneration. Catalyst based 

regeneration can be carried out by either adding the catalyst to the fuel as 

organic derivatives or by deposition of catalytic coating to the filter surface. 

The purpose of the catalyst is to lower the ignition temperature of diesel soot 

[73]. Fuel borne catalysts will oxidize a part of soot in the combustion 

chamber and will subsequently improve the soot light-off in DPF. Most 

commonly used fuel borne catalysts are cerium, iron, and copper-based 

organic compounds, but it will be collected in the filter as loose ash [124]. 

Deposition of transition metals (cobalt, copper, and iron) doped with ceria 

oxide catalysts showed good soot oxidation activity and also reduced the 

ignition temperature of soot from 550 °C to 180 ̴ 400 °C. Investigation on 



  

29 

 

catalytic combustion of soot under the CePr active phase was carried out in 

realistic reaction conditions by Perez et al. [125]. The results showed that 

ceria-based catalysts are capable of accelerating soot combustion under real 

conditions. Cerium oxide (CeO2) based catalytic DPF oxidizes the particulate 

matter on the ash layer up to the thickness of about 100 µm whereas 

Platinum/Alumina based DPF promotes oxidation of PM up to ash layer 

thickness of 50 µm only [70].   

 Copper-based catalysts were also found to be a suitable alternative for 

precious metal catalysts owing to its high catalytic activity, nitrogen oxide 

reduction, and hydrocarbon oxidation [126]. It was found that Copper-based 

catalysts can be used as an efficient alternative catalyst for the reduction of 

particulate matter at low temperatures, even at 150 °C. Palma et al. [127] 

developed an optimized preparation procedure for catalytic DPF and studied 

the effect of active species load. Catalytic DPF was prepared by repeated 

impregnation in the solution of catalyst (drying at 60 °C) and calcination at 

1000 °C after each impregnation. The preparation procedure supported the 

deposition of active species on the filter without the wash coat. An increase in 

NOx emissions was found in the downstream of catalytic Pt coated  Diesel 

Particulate Filter  [128]. The reason for high NOx emissions from DPF was 

due to the high content of Pt in coating and low space velocity. The catalytic 

activity of the Ag-K/CZA with platinum was experimented on the synthetic 

soot prepared in laboratory conditions, and the results showed that the 

reactivity of synthetic soot was lower as compared to real soot [75]. Catalyst 

load in the filter can be increased by modifying the porosimetric 

characteristics of the filter material so that the particulate matter oxidation 

temperature and pressure drop can be maintained at lower levels [69]. Catalyst 

based regeneration techniques are complex phenomena because of the 

complexity of chemical reactions taking place inside the filter, and it is a 

slower process since there will be poor contact between soot and catalyst [80]. 
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2.4.4 NO2 Assisted Passive Regeneration of DPF 

 Post injection and intake throttle valves will have a significant impact on 

exhaust temperature [67]. Engine exhaust temperature is an essential factor 

affecting the NOx emissions, and maximum emissions were found at a 

temperature range of 300 to 350 °C. NOx emissions were low when the 

exhaust gas temperature was below 200 °C and above 400 °C. Continuous 

regeneration technology in DPF involves initial oxidation of soot by NO2 

released as a product of reactions taking place inside DOC and further 

oxidation of soot by reaction with oxygen [124]. DOC is placed upstream of 

DPF to enhance the NO2 assisted passive regeneration. Jiaqiang et al. [129] 

developed a mathematical model for NO2 assisted regeneration, where the 

results showed that the regeneration speed is optimum when the length of the 

filter is in the range 200 mm to 250 mm, and the channel thickness is below 

0.31 mm. The parameters which influence the regeneration speed of DPF in 

case of NO2 assisted regeneration are as follows; flow rate of exhaust gas, the 

temperature of exhaust gas, the concentration of NO2, and mass fraction of 

NO2 / PM [83]. 

2.4.5 Commercial Fuel Based Active Regeneration of DPF 

Active regeneration methods include non-thermal plasma techniques, ozone 

injection, application of induction heating, and post fuel injection. Fuel based 

regeneration method is commercially used for regeneration where a secondary 

fuel is injected, and it burns the accumulated soot particles, as detailed in 

Figure 2.5. Fuel-based regeneration affects the durability of DPF and also 

causes lubricant oil dilution, which results in an increase in engine wear and 

also increases the frequency of maintenance. The burning of the accumulated 

soot particles creates overheating spots in the filter, which will damage the 

system [65]. A single channel model of the DPF filter was used by Sarli et al. 

[74] for simulating the soot combustion in a DPF. The results of the 
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simulation showed that the combustion of soot causes a high-temperature rise 

in the filter, which would affect the durability of DPF. Uncontrolled 

combustion during fuel-based regeneration will fail DPF by the formation of 

cracks, melts, and pinholes [55].  

 

Figure 2.5. Setup for fuel-based regeneration of DPF [130] 

 Ash formed after regeneration will mix with the soot particles to form 

a particulate layer causing higher pressure drop. It can be reduced if ash is 

deposited in the rear part of the inlet channel. Bermudez et al. [72] proposed a 

novel technique on Pre-DPF water injection where the redistribution of 

accumulated soot particles was carried out by dragging the particles with the 

help of water to the end of the inlet channel. But it was observed that the 

injection of water would reduce the temperature at the inlet and outlet of the 

DPF. The temperature at the inlet will be recovered instantaneously because of 

engine operating conditions, while the temperature at the outlet will take some 

time to recover due to the higher residence time of water. It was also observed 

that the particle emissions increased during water residence in DPF. 
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2.4.6 Other Techniques for Active Regeneration of DPF 

The application of electric heaters for the regeneration of trapped soot 

particles was studied by Palma et al. [68]. Lupe et al. developed a semi-

analytical model for the analysis of filter behavior during soot loading and 

regeneration [131]. Oxidation of soot by application of a Non-thermal plasma 

technique was proposed by Ranji et. al [132]. Diesel exhaust gas is passed 

through a catalyst bed of metal oxides and a corona plasma reactor where the 

plasma charge is directed to exhaust gas and catalysts. Catalyst reacts with 

plasma charge (O3) to give O and O2. O is very much reactive, and it oxidizes 

the soot. Oxidation of soot depends on the ability of the catalyst to absorb O2 

and supply O.  

 

Figure 2.6. Electrostatic filtration system with corona discharge (H.J Kim et al. 2010) 

 Tuler et al. [133] developed a simple DPF system with a honeycomb 

monolith (70% sepiolite and 30% silicon carbide) and active species. Catalytic 

ingredients like cobalt, cerium, barium, potassium, etc. were used to decrease 
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the temperature of soot combustion. It was found that the monolith with 70% 

natural clay in its composition had similar characteristics to commercially 

available DPF monoliths. The pore size of the monolith has to be improved for 

better filtration efficiency. A combination of flow-through DPF and 

electrostatic filtration system for improving the filtration efficiency was 

developed by placing corona chargers upstream of DPF [81]. Corona 

discharge was placed perpendicular to the direction of exhaust flow, as shown 

in Figure 2.6. It was found that the filtration efficiency of the flow-through 

filter improved from 20 - 40% to 40 - 95%, but corona discharge became 

unstable when the load and speed were increased. A system for regeneration 

of soot by discharging a capacitor into filter was developed by Graupner et al. 

[78] where the accumulated soot particles were removed by the formation of 

shock in the surrounding air. The regeneration took place in three stages where 

the first one involves the application of high voltage pulse to the filter to 

initiate resistive current flow, the second stage is the occurrence of micro 

discharge to erode the soot layer, and the final stage involves underdamped 

LC oscillations by elements. The cake layer in the filter walls was removed 

completely, but it was found that the third stage of regeneration is leading to 

the formation of pinholes and ringing in the substrate.  

2.4.7 Microwave Assisted Active Regeneration of DPF 

Microwave energy is considered as the best alternative for the regeneration of 

DPF because of its ability to penetrate instantaneously into the filter without 

heating the exhaust gases [79]. Microwave radiations also enhance rapid and 

uniform heating of the filter by resistance heating. Microwave based 

regeneration will reduce energy consumption by replacing secondary fuel 

injection, and it is independent of the engine operating conditions [134]. 

Properties of the microwave, which makes it suitable for regeneration purpose 

includes instantaneous penetration into filter body, selective absorption of the 
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microwave by soot layer, and good dielectric property of the filter material. 

The material of the particulate filter must have good permeability (like 

ceramic, silicon carbide, etc.), which will allow the microwaves to pass 

through it without heating the exhaust gases. The dielectric properties of a 

material determine its ability to get heated by microwaves. The dielectric 

constraints consist of real and imaginary components, as shown in equation 

number 5. 

' "j     (5) 

 

Table 0.2. Dielectric properties of materials 

Material Dielectric constant (ε
' 
) Dielectric loss factor (ε

'’
) 

Diesel soot 10.70 3.60 

Cordierite 2.90 0.140 

Alumina ceramic 8.90 0.009 

Quartz 3.80 0.0001 

 

 When the trapped soot particles are subjected to microwave radiations, 

it gets heated up directly by the microwaves, while the cordierite material will 

get heated up only by conduction or by convection of heat from soot. The 

values of dielectric constant for different materials are given in Table 2.2. 

Microwave radiations heat the soot particles by the interaction between the 

high-frequency electromagnetic field and soot. Design of the oven cavity, 

where a magnetron introduces the microwave radiations must be done by 

considering the parameters like dimensions, resonant properties of the oven 

cavity, and energy density in the cavity [135]. The oven cavity should have a 

good heating pattern and also should present the proper load to the magnetron. 

Microwave radiations produced by Vector Network Analyzers (VNA) were 
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used by Feulner et al. [66] for determining the soot loading in the DPF, as 

shown in Figure 2.7. The electromagnetic field is impressed to the filter 

housing, which acts as a resonator through one or two ports. The electric and 

magnetic field is induced inside the resonator depending on the frequency and 

properties of material inside the filter housing. The amount of soot loading in 

the filter can be determined by the value of the transmission factor measured 

at ports. 

 

Figure 2.7. Application of microwaves for determining soot load in DPF [66] 

2.4.8 Composite Regeneration of DPF 

Composite regeneration is the combination of active and passive regeneration 

techniques where catalyst based regeneration (either by mixing in fuel or by 

deposition on filter substrate) and thermal-based regeneration (post fuel 

injection, microwave-based, heaters, etc.) is used simultaneously. In DPF, 

there is a mutual contradiction between filtration efficiency and pressure drop. 

Multidisciplinary optimization models were used for systems whose 

performances could conflict with each other. Zhang et al. [136] developed a 

multidisciplinary optimization model on objective functions, namely pressure 

drop, regeneration performance, microwave energy consumption, and thermal 
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shock resistance. Zuo et al. [77] developed a three dimensional model of a 

particulate filter to evaluate the performance of composite regeneration by 

coupling cerium based catalyst and microwave radiations using a multi-field 

synergy principle. Microwave radiations will enter the filter in the form of a 

traveling waveguide and burns the trapped soot particles.  The development of 

an alternative regeneration technique using electromagnetic waves in the 

microwave region is the only possible solution for improving the durability of 

DPF and also for meeting the emission norms. 

2.5 RESEARCH GAPS FROM LITERATURE SURVEY 

The emission norms by environmental protection agencies have become 

stringent to reduce the toxicity levels of engine emissions to acceptable limits. 

The review of the emission control system techniques using diesel oxidation 

catalysis and diesel particulate filtration has brought us substantial information 

about its working principle and also on the major research challenges faced by 

these techniques. Fuel-based traditional regeneration of Diesel Particulate 

Filter is leading to uncontrolled combustion inside the filter substrate affecting 

the durability of the filter substrate. The failure caused in the DPF substrate 

due to regeneration process is caused by pinhole defects, melt defects and 

cracking defects. The development of an innovative alternate regeneration 

system for the effective operation of the particulate filter is the major technical 

challenge. Results of the alternate regeneration techniques by application of 

electric heaters, corona discharge, pulsed discharge, etc. failed to improve the 

durability of the filter.  

The application of microwave energy for the regeneration of DPF is 

considered as a possible alternative. Microwave radiations can penetrate the 

filter instantaneously to burn the deposited particles by selective absorption 

owing to its good dielectric properties. It has been concluded from the 

literature study that emission control systems play an important role in the 
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roadmap to reduce carbon emissions. Various challenges faced by diesel 

particulate filtration systems have been addressed and an effective system with 

alternate regeneration technique with the application of microwave energy has 

been proposed. Composite regeneration technique involving microwave 

energy-based active regeneration and DOC assisted passive regeneration has 

been proposed for selective burning of the accumulated soot particles. 
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CHAPTER 3. MATERIALS AND METHODS 

 

An emission control system, which is a combination of Diesel oxidation 

catalyst filter and Diesel Particulate filter with microwave-assisted 

regeneration, has been proposed in this work. Microwave energy has been 

considered to be used for regeneration purposes. The material of the 

particulate filter must have good permeability like ceramic, silicon carbide, 

etc. which will allow the microwaves to pass through it without heating the 

exhaust gases. All experiments were conducted by retrofitting the developed 

emission control system to a multi-cylinder compression ignition engine, as 

shown in Figure 3.1, and specifications of the engine are detailed in Table 3.1. 

 

Figure 3.1. Multi-cylinder diesel engine setup with electrical dynamometer loading



  

39 

 

. Specifications of the DOC and DPF substrate used in this study are 

described in Table 3.2. The line diagram for the proposed emission control 

system is shown in Figure 3.2. The gaseous emissions were sampled from raw 

exhaust using AIRREX HEPHZHIBA (HG 540) gas analyzer for measuring 

hydrocarbon, carbon monoxide, carbon dioxide, and oxygen concentrations 

simultaneously. Specifications of the analyzer are detailed in Table 3.3. 

Details of the instruments used for measuring various parameters are 

described in Table 3.4. The pressure drop across the diesel particulate filter 

substrate was monitored by using a differential pressure sensor (MPX10DP) 

with a measurement range of 0 to 10 kPa. Particle number emissions were 

measured using sensor module (Shinyei DSM 501A) which works by particle 

counter mechanism with high sensitivity to particles greater than 1 µm in size. 

The differential pressure sensor (MPX10DP) and particle number sensor 

(DSM 501A) were interfaced with Arduino Uno (microcontroller board) by 

encoding the C program in Arduino software as shown in Appendix I (S1.1). 

Uncertainty analysis has been carried out for the experimental data to 

determine the error involved and accuracy of measurements as detailed in 

Appendix II (S2.2) 

 

Table 3.1. Specifications of Engine Setup 

Sl. No Parameter Feature/Value 

1 Engine Type Four cylinder, water-cooled CI Engine 

2 Bore (mm) 69.9 

3 Stroke (mm) 82 

4 Orifice diameter (mm) 20 

5 Loading device Electrical Dynamometer 

6 Max Load 20 A 

7 Max Power 7.5 kW / 10 hp 
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Table 3.2  Specifications of DOC and DPF substrate 

Sl. 

No 

Specifications Metallic 

DOC 

(300 

cpsi) 

Ceramic 

DOC  

(300 

cpsi) 

Ceramic 

DOC  

(300 

cpsi) 

Ceramic 

DOC  

(400 

cpsi) 

Ceramic 

DPF 

(200 

cpsi) 

1 Length (mm) 160 152.4 152.4 152.4 80 

2 Diameter 

(mm) 

100 100 100 100 80 

3 Cell Density 

(cpsi) 

300 300 300 400 200 

4 Catalyst 

loading 

(g/cub.ft) 

20  20  35 35 Nil 

5 Ratio (Pt:Pd) 1:1 1:1 5:1 5:1 Nil 

6 Material Steel Cordierite Cordierite Cordierite Cordierite 

 

Table 3.3. Specifications of emission analyzer 

Sl. No. Parameter Feature/Value 

1 Manufacturer Hephzibah Co. Ltd (HG 540) 

2 Measuring items HC, CO, and CO2 

3 Measuring method NDIR (Non-Dispersive Infrared) 

4 
Measuring range/resolution 

(HC) 

0 to 15000ppm / 1ppm 

5 
Measuring range/resolution 

(CO) 

0 to 9.999% / 0.001% 

6 
Measuring range/resolution 

(CO2) 

O to 20% / 0.01% 

7 Repeatability Less than ±2% FS 

8 Flow rate 2 – 4 l/min 
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Table 3.4. Specifications of the instruments used 

Sl. 

No. 

Parameter Instrument  Specifications/Working principle 

/Image 

1 Pressure drop MPX10DP Monolithic silicon pressure sensor 

(piezoresistive transducer) 

Range: 0 to 10 kPa 

Interface: Arduino Uno  

 

2 Particle 

number 

DSM 501A Aerosol particle sizer 

Light chamber with a photo-diode 

detector, light-emitting diode and 

particle counter 

Sensitivity: >1 micron 

Interface: Arduino  Uno  

 

3 Microscopic 

imaging 

Nikon-

ECLISPSE 

MA200 

Inverted Metallurgical Microscope 
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4 Particle size Malvern 

ZEN1690 

Particle Size Analyzer  

 

5 Functional 

groups 

Perkin 

Elmer, 

Frontier FT-

IR/FIR 

Fourier Transform Infrared 

Spectroscopy 

 

6 Gaseous 

emissions 

Hephzibah 

Co. Ltd (HG 

540) 

NDIR (Non-Dispersive Infrared) 
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3.1 DESIGN OF EXPERIMENTS 

Dependent variables are particle number, flue gases (CO, NO, and 

hydrocarbons) concentration, etc.  Independent variables are substrate 

dimensions, cell density, etc. Emission tests will be performed based on the 

steady-state cycle which is mostly used for experimentation purpose [137]. 

The steady-state cycle applied in this study is a five-mode cycle, where the 

exhaust emissions from the engine are measured at different engine loads, and 

the engine is loaded with the help of an electrical dynamometer and load bank 

[138][137]. The engine speed will be kept constant at 1400 rpm with a 

tolerance of ±50 rpm. Engine emissions will be measured at five steady-state 

loads (0%, 25%, 50%, 75% & 100%) which corresponds to electrical loads (0 

kW, 1 kW, 2 kW, 3 kW & 4 kW). Emissions are measured once the engine is 

steady at each loading condition hence it called as a steady state cycle. The 

total load applied is classified as a percentage of maximum loading capacity 

while carrying out the experimentation. The brake power of the engine is 

varied from 0 to 10 hp, and current is varied from 0 to 20 A at a constant 

speed of 1400 rpm (The engine setup used for the experimentation purpose is 

coupled with electrical dynamometer, and maximum loading capacity of the 

setup is dependent on electrical loading capacity of the dynamometer). The 

engine can be loaded as per the maximum loading capacity of the coupled 

dynamometer. The maximum loading capacity of the engine setup is brake 

power of 10 hp at a maximum current of 20 A (speed 1400 rpm).The quality 

of the exhaust gas depends on engine loading and control of engine emissions 

at lower load conditions is one of the significant challenges faced by the 

automotive industry [139][140][141]. The performance of the engine is better 

at full load conditions, and with improvement in performance, the quality of 

exhaust gas improves; especially particle number emissions and unburnt 

hydrocarbon emissions are reduced (and the experiments will be conducted 

similarly).  
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Figure 3.2. Line diagram of the proposed emission control system 
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Moreover, the concern on emissions is on the low load side rather than that on 

the higher loading. The parameter which varies with the higher load is the 

temperature of exhaust gas. With the increase in exhaust gas temperature, 

oxidation reactions in the DOC system will improve, and the conversion 

efficiency of DOC also increases [142][143]. The catalyst light-off 

temperature for platinum catalyst in the DOC system is 150 °C, which would 

be achieved in the loading conditions considered for experiments. Exhaust gas 

after the treatment in the DOC system is directed to diesel particulate filtration 

system where the particulate matter is trapped, and the major focus of the 

study is on the soot filtration and regeneration. The performance 

characteristics of the engine were evaluated by using equations as detailed in 

Appendix II (S2.1). 

3.1.1 Experiment to Determine Conversion Efficiency of DOC 

Interpretation and analysis of experimental results concerning the data 

captured in Table 3.5. 

Table 3.5. Format for raw data entry in conversion efficiency experiment with 

sample readings (50 % engine loading conditions) 

DOC Load Speed 

(rpm) 

The concentration of flue 

gases (Vol.) 

PN 

 

ηDOC 

(HC, 

CO & 

PN) 

CO 

% 

NOx 

ppm 

HC 

ppm 

CO2 

% 

O2 

% 

No 

DOC 

50 % 1400 .049 49.25 60 4.78 14.2 172500 -- 

Ceramic 

300cpsi 

 (1:1) 

50 % 1400 .042 61 30.5 3.95 15.2 96450 49.2% 

14.8% 

44.1% 
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Metallic 

300cpsi 

 (1:1) 

50 % 1400 .043 70.5 33 4.20 14.7 120000 45% 

12.8% 

30.4% 

Ceramic 

300cpsi 

 (5:1) 

50 % 1400 .036 68.25 25 4.09 14.8 92225 58% 

27% 

46.5% 

Ceramic 

400cpsi 

 (5:1) 

50 % 1400 .034 73 29 4.11 14.9                  70000 52% 

31% 

59% 

 

1. The conversion efficiency of each DOC (ie, change in concentration of 

gases with and without DOC) was calculated using equation no. 6 [144]. 

_ _
100

_

before after

doc

before

gas conc gas conc

gas conc



   (6) 

2. Comparison of metallic and ceramic DOC (effectiveness)  

3. Effect of catalyst loading on conversion efficiency (Case1. Pt : Pd =1:1 & 

20 g/cubic feet and Case 2. Pt : Pd = 5:1 & 35 g/cubic feet) 

4. Variation in concentration of flue gases with load in each DOC 

(Determination of optimum engine  load for lower emissions) 

5. The DOC with the lowest emission was considered for the next 

experiment. 

3.1.2 Experiment to Determine Filtration Efficiency and Soot 

Accumulation Rate in DPF 

Interpretation and analysis of experimental results will be conducted 

concerning the data captured in Table 3.6. 
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 Table 3.6. Format for raw data entry in filtration efficiency and soot 

accumulation experiment with sample readings (50% engine loading) 

DOC 

 

DPF Load 

(kW) 

The concentration of 

flue gases (Vol.) 

 ΔP 

kPa 

PN Inc 

in 

Wgt. 

g 

Soot 

accu. 

rate 

g/kWh 

CO 

% 

CO2 

% 

HC 

ppm 

O2 

% 

Nil DPF  50% .043 4.8 30 14.2 0.12 13486 0.53 0.156 

DOC DPF  50% .034 4.73 24 14.3 0.12 13190 0.09 0.025 

 

a) Filtration efficiency of DPF (PN emission with and without DPF) 

PM trapping efficiency = 
_ _

100
_

before after

doc

before

gas conc gas conc

gas conc



   (7) 

 

Where, 

 Cbefore  = particle number  in exhaust gas (without DOC/DPF) 

 Cafter = particle number in exhaust gas (with DOC/DPF) 

b) Soot accumulation rate (with variation in load and DOC) 

Soot accumulation rate = (Inc in weight of substrate/time) 

c) Effect of DOC assisted continuous regeneration on soot accumulation rate 

in DPF 

d) Effect on engine load and soot accumulation rate on the pressure drop 

across the DPF 

3.1.3 Experiment to Determine Soot Loading and Regeneration Rate in 

Microwave Regeneration Based DPF 

Interpretation and analysis of experimental results concerning the data 

captured in Table 3.7. 

a) Soot regeneration rate of DPF at different power levels. 



  

48 

 

b) Time taken for regeneration by magnetron and energy consumed for 

regeneration. 

c) Determine the power level for effective regeneration. 

Table 3.7. Format for raw data entry in soot regeneration experiment with sample 

reading (at 50% power levels) 

DPF Soot loading 

(g) 

Power 

levels 

(W) 

Regeneration 

time (sec) 

Reduction 

in loading 

(g) 

Regeneration 

rate (g/min) 

DPF  6.04 336 30 0.1043 0.2086 

3.1.4 Expected Results 

a) Improvement in regeneration efficiency of DPF by active regeneration. 

b) Reduction in emission of exhaust gases like carbon monoxide, 

hydrocarbons, and soot particles. 

c) Reduction in DPF soot accumulation rate by combined application of 

microwave energy and DOC assisted continuous regeneration. 

The experiments were conducted as per the design of experiments. The 

CFD analysis and experimental study were conducted on the DOC system 

in chapter 4. The conversion efficiency of four different DOC substrates 

was experimentally evaluated to determine the one with the best 

performance. Based on the achieved results DOC substrate with best 

conversion efficiency was used for conducting studies in chapter 5, where 

the filtration efficiency of the integrated DOC-DPF system was 

investigated. Soot layer modelling, flow analysis, and soot accumulation 

rate in the DPF was also covered in this chapter. The modelling, 

computation study, fabrication and experimentation on microwave assisted 

composite regeneration system were carried out in chapter 6.   
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CHAPTER 4. MODELLING AND EXPERIMENTAL 

STUDY ON DIESEL OXIDATION CATALYSIS (DOC) 

SYSTEM 

The diesel oxidation catalysis system consists of a monolith substrate with a 

layer of wash coat in which the precious metal catalyst (platinum group) is 

impeded [123][145]. Investigations on the application of catalysts for exhaust 

emission control were initiated after the introduction of the clean air act 1970 

when the engine modifications failed to meet the emission limits [146]. Poor 

thermal durability and sensitive nature of transition metals led to the 

application of precious metals like platinum and palladium for catalysis 

purposes owing to its good oxidation capability and durability [125][147]. 

Oxidation performance of the DOC system also depends on its distance from 

the engine since it has a direct impact on the catalyst light-off temperature and 

hence in most cases, it is placed as the first component in the exhaust train 

after engine [148][149][150]. The function of the DOC system includes 

oxidation of hydrocarbons, nitrates and carbon monoxide, and exothermic 

nature of nitrate oxidation reaction supports continuous regeneration of diesel 

particulate filtration system [151][152]. 

 At initial stages of product development, the DOC systems used in 

automotive applications were made of pellets which are packed inside a 

canister whereas the mobile nature of the vehicles affected the performance of 

the system due to the disintegration of the packed pellets [153]. DOC systems 

used currently consist of metallic or ceramic monolith substrate with a layer of 

alumina washcoat in which the precious metal catalysts are dispersed as 

shown in Figure 4.1. Washcoat layer increases the exposed surface area and 

the number of precious metal sites for oxidation reactions [154]. Alumina, 

zirconium, and zeolite-based components are mostly used as a wash coat layer 

[112]. Thermally treated alumina wash coat layer is found to provide higher 
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surface area and larger pore size which helps to increase the number of 

catalyst sites after dispersion leading to good oxidation performance [155]. 

The surface area of the zirconium wash coat layer was found to be smaller 

than that of alumina whereas, in the case of propane oxidation, the zirconium 

wash coat layer is found to exhibit better oxidation characteristics [156]. 

Zeolite can adsorb hydrocarbons during cold start conditions but it is also 

found to release hydrocarbons at higher operation temperature which reduced 

its overall performance as a wash coat layer [157]. 

 Alumina washcoat layer is found to reduce the chances for the 

formation of platinum oxides which affects the oxidation activity of exhaust 

gases as compared to other washcoat layers which are made of less acidic 

components [158]. Precious metal catalysts commonly used in DOC systems 

include platinum, palladium, and rhodium [159]. These precious metals act as 

an active site for hydrocarbon oxidation depending on its oxidation states 

[160]. Platinum exhibits good oxidation activity at normal operating 

temperature and has good resistance to sulfur poisoning, whereas its 

performance reduces at conditions of extreme temperature during regeneration 

[161]. Exposure of catalysts to excessive oxygen and nitrogen will also lead to 

the formation of platinum oxides which reduces the hydrocarbon oxidation. 

Sulfur poisoning is found to be high at palladium-based active sites compared 

to that of platinum-based active sites [162]. The advantage of palladium-based 

catalysts is that it has a high resistance to sintering at high temperatures 

compared to platinum [163]. In order to take advantage of the desirable 

properties of each catalyst, usually, a catalyst mixture is dispersed in the wash 

coat layer instead of a single catalyst [164]. It can be achieved either by 

dispersing an alloy of platinum and palladium in the wash coat layer which 

will separate at reaction temperatures or by dispersing the catalyst as separate 

components in the form of the bimetallic cluster [118]. 
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Figure 4.1 Structure of the emission control system with monolith DOC substrate 

 The proportion of palladium in the mixture is kept high to reduce the 

overall cost of the DOC systems. DOC system with 3:1 (Pt : Pd) catalyst ratio 

showed a lower hydrocarbon slip but it experienced an extinction in reaction 

at temperatures below 250 °C [165]. In this chapter experimental study has 

been conducted to determine the conversion efficiency of diesel oxidation 

catalysis filter substrate for varying loads at a constant speed of 1400 rpm in a 

multi-cylinder compression ignition engine. 

4.1 MECHANISM OF OXIDATION REACTIONS IN DOC SYSTEM 

Interaction of the catalysts and reactants with the available oxygen is an 

important factor for the occurrence of the oxidation reactions in the DOC 

system. Oxidation of carbon monoxide occurs by simple reaction but the 

oxidation performance will be affected by a low-temperature range of exhaust 

gas. Adsorption of carbon monoxide occurs by the bonding of carbon atom to 

the platinum atom while the oxygen atom will be away from the latter [114]. 

The conversion rate of carbon monoxide to carbon dioxide can be achieved by 

increasing the temperature of the catalyst to that of the desorb surface. Earlier 
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studies have shown that the oxidation of carbon monoxide in the presence of 

platinum catalyst occurs by Langmuir-Hinshelwood dual-site mechanism 

where the rate of reaction depends on the reaction between oxygen and carbon 

monoxide adsorbed by the catalyst layer  [162]. A term for resistance has to be 

considered in the calculations for the oxidation rate of carbon monoxide to 

account for inhibitory effects of carbon monoxide, nitrates, and propylene 

which is not dependent on the number of sites [166]. Carbon monoxide 

migrates to the oxygen atoms adsorbed in the surface owing to its mobile 

nature for oxidation reaction as shown in equation no. 8 to 10 [167]. Self-

inhibition of oxidation reactions might take place in cases when the adsorption 

of carbon monoxide will block the adsorption of oxygen whereas an increase 

in temperature will reduce the chances of self-inhibition. 

 

[*] [ *]CO CO   (8) 

2 2[*] 2[ *]O O   (9) 

2[ *] [ *] 2[*]O CO CO    (10) 

 

 Incomplete combustion of fuels in the engine leads to the emission of 

hydrocarbons from engine exhaust [159]. Hydrocarbons of different functional 

groups like aromatics, unsaturated and saturated will be present in the exhaust 

emissions [168]. The rate of oxidation reactions in DOC varies according to 

the mixture of hydrocarbon in the exhaust. Hydrocarbon oxidation in the DOC 

system fits good with the Mars-van Krevelen mechanism as shown in equation 

no 11 to 13 [169], where *  and   represents reaction sites. Oxidation of nitric 

oxide is an important step in the abatement of NOx in the exhaust emissions. 

Oxidation of nitric oxide takes place generally by adsorption reactions as 

detailed in equation no 14 to 17 [170]. 

* *

2 2[*] [ ] 2[ ]O O O    (11) 



  

53 

 

[ ] [ ]HC HC    (12) 

*

2[ ] [ ] [*] [ ]HC O CO       (13) 

**NO NO   (14) 

* *

2 2*NO NO O    (15) 

*

2 2*O O   (16) 

* *

2 * 2O O   (17) 

4.2 GEOMETRICAL MODELLING OF THE DOC SYSTEM 

4.2.1 CAD Modelling 

Modelling of the lofted inlet and outlet for the monolith substrate was done in 

SolidWorks 2010. The angle of the loft is an important parameter deciding the 

pressure drop and also the flow uniformity of the gases into the cylinder. Nine 

models with different loft angles were made using SolidWorks. Details of 

these models are given in Table 4.1. 

4.2.2 CFD Analysis 

Computational Fluid Dynamics (CFD) analysis of the Diesel Oxidation 

Catalysis (DOC) system was carried out to determine the characteristics of a 

model in a virtual environment before manufacturing the prototype [116]. 

Taibani et al [2012] conducted CFD simulations to analyze the performance of 

the catalytic converter, where the species concentration before and after the 

catalytic converter was measured. The results of the simulation showed that 

radial flow catalytic converter has better performance as compared to axial 

flow catalytic converter owing to higher residence time. In this work, CFD 

analysis was used to determine the pressure drop and flow uniformity of the 

exhaust gases through the filter for different loft angles. 
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Table 4.1. Specifications of designed models. 

Model No Length (mm) Loft angle (degree) Taper Length (mm) 

1 50 63 112 

2 55 61 114 

3 60 59 117 

4 65 57 119 

5 70 55 122 

6 75 53 125 

7 80 51 128 

8 85 49 131 

 

Table 4.2. Initial and boundary conditions 

Type Pressure based 

Time Steady 

Velocity formulation Absolute 

Model K-epsilon 

Fluid Exhaust gas 

Fluid density 0.5508 kg/cubic meter 

Fluid viscosity 0.00003814 Pascal second 

Substrate Porous zone 

Viscous resistance 

Direction 1: 3.846e+07 (m
-2

) 

Direction 2: 3.846e+10 (m
-2

) 

Direction 3: 3.846e+10 (m
-2

) 

Inlet Velocity inlet 

Inlet velocity 22.6 m/s 

Outlet Pressure outlet 

Outlet pressure  101325 pa 

Surface Wall 
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Figure 4.2 (a) Meshed model of the DOC system (b) Contour of velocity magnitude 

at the inlet section of the DOC system 

 Models designed in SOLIDWORKS were imported to ANSYS 

Workbench as an IGES file. Monolith substrate was considered a porous 

medium and it was also considered to be impermeable in other directions. Inlet 

and outlet sections of the model will have turbulent flow while the substrate 

will be having laminar flow. The structured mesh was generated in the model 

with fine relevance as shown in Figure 4.2 (a). The meshed model was then 

(a) 

(b) 
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imported to ANSYS FLUENT for carrying out simulations. The model was 

scaled in millimeter and the quality of the mesh was also checked. Minimum 

orthogonal quality and maximum ortho skew of the mesh in all models were 

found to be in the acceptable region. Pressure based type solver with absolute 

velocity formulation was used for analysis and time was considered as steady. 

K-epsilon turbulence model was used where the first variable is the turbulent 

kinetic energy and the second variable is the dissipation rate of kinetic energy. 

This model is commonly used for flows with small pressure gradients and also 

in cases where Reynold stresses are important. The details of the initial and 

boundary conditions are given in Table 4.2. Fluid flowing through the filter 

was assumed to be exhaust gas by providing its density and viscosity. The 

ceramic substrate was considered as the porous zone with the laminar flow by 

providing the viscous resistance and inertial resistance in three directions. The 

inlet was assumed as velocity inlet and outlet as a pressure outlet.  

4.2.3 CFD Simulation Results 

Calculations were carried out for different models of the Diesel Oxidation 

catalyst filter and the simulation started from the inlet of the DOC with 

provided initial and boundary conditions. 

Pressure drop across DOC: The exhaust gases from the engine are directed to 

the inlet of the DOC filter and there will be a drop in its pressure due to lofted 

inlet and also due to the flow through the monolith porous substrate. The filter 

with the lowest pressure drop will be considered to be the most suitable one 

for this application since these gases will be directed for further treatment to 

Diesel Particulate Filter (DPF).  The calculations were carried out for each 

model with different lofts until the results are converged and contour of 

velocity magnitude generated from results are as shown in Figure 4.2 (b). 

Contours of the pressure coefficients and static pressure were generated using 
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the results obtained from ANSYS FLUENT as shown in Figure 4.3 (a) and 

(b). 

 

 

Figure 4.3. (a) Contour of static pressure  (b) Contour of pressure coefficient at 

different sections 

(a) 

(b) 

(Pa) 
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 From the contours, it can be seen that there was a substantial fall in the 

pressure as the gas flows from the inlet to the outlet. The pressure on the inlet 

side was at a higher-end as indicated by red color and at the outlet, was at the 

lower end as indicated by blue color. The values of the pressure at the inlet, 

interior solid and the outlet were derived from the report generated after the 

simulation.  

 A graph was plotted to determine the variation in the static pressure 

and pressure coefficient with different models as shown in Figure 4.4 (a) and 

(b). The pressure drop in each case was then calculated using the obtained 

results and a graph was plotted between the length of loft and difference in 

pressure at the inlet and outlet of the DOC as shown in Figure 4.5 (a). From 

Figure 14, it can be seen that the pressure drop increases from 5400 Pa to 6000 

Pa when the loft length increases from 45 mm to 50 mm. Then there was a 

sudden reduction in pressure drop when the loft length was about 55 mm. 

From this point, the pressure drop was found to increase as the loft length 

increases up to 75 mm and then there was a sudden drop and rise when the loft 

length was increased to 80 mm and 85 mm.  

 From the results, it could be seen that the loft length of 55 mm with a 

loft angle of 61˚ is more suitable for the fabrication of the DOC since it has 

the lowest pressure drop and also due to its stability in the manufacturing point 

of view. Even though the model with a loft length of 45 mm had a lower 

pressure drop, the structural stability of the model was very low. 

Flow uniformity index: Level of uniformity or how uniform is the flow 

through the model was determined by the uniformity index. The model with a 

more uniform flow was considered to be more suitable for this application. 

The uniformity index for all the models was derived after CFD simulation and 

a graph was drawn as shown in Figure 4.5 (b) to study the variation in the 

uniformity index as the loft length of the model increases. 
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Figure 4.4. Effect of the loft length on (a) static pressure (b) pressure coefficient. 

  

(a) 

(b) 
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Figure 4.5. Variation in (a) pressure drop and (b) uniformity index with loft length. 

(a) 

(b) 
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Figure 4.6. Fabricated (a) Ceramic and (b) Metallic DOC system with inlet and outlet 

lofts 

From the plots, it can be seen that the area-weighted uniformity index 

decreases as the loft length increases and the mass-weighted uniformity index 

also shows a similar pattern as an average. The changes in the uniformity 

index were very low and hence the same was neglected. 

Analysis of the simulation results: The results of the simulations were plotted 

and from the Figure 4.5 (a), it was evident that the lowest pressure drop was 

achieved in the third case where the loft length is 55 mm. Therefore it was 

suggested to fabricate the DOC filter with a loft length of 55 mm for flow with 

(a) 

(b) 

Ceramic DOC substrate Inlet loft Outlet loft 

Metallic DOC substrate 

Inlet loft Outlet loft 
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the lowest pressure drop. The uniformity index of the model with the loft 

length of 55 mm was also in the acceptable range from Figure 4.5 (b) and the 

lofts were fabricated with observed results as shown in Figure 4.6. 

4.3 EXPERIMENTAL ANALYSIS: CONVERSION EFFICIENCY OF 

DOC SYSTEM 

Engine test bench with post-treatment system comprising of diesel oxidation 

catalysis system is presented in Figure 4.7. The specification of the diesel 

engine test bench is shown in Table 3.1. Hephzibah (Airrex HG 540) emission 

analyzer was employed for raw exhaust gas sampling to measure hydrocarbon, 

carbon monoxide and carbon dioxide emissions. Specifications of the 

emission analyzer are detailed in Table 3.3.  Dust sensor module (DSM 501) 

with sensitivity to particles greater than 1 µm in size was used for the 

measurement of particle number emissions. Three types of DOC substrates 

were used for the experimental study and its specifications are detailed in 

Table 3.2. 

 Emission tests were conducted in steady state test modes at five engine 

loading conditions (0%, 25%, 50%, 75%, and 100%) using electrical load 

bank and engine was coupled with electrical dynamometer to facilitate 

electrical loading and performance characteristics of the engine at different 

loading conditions are as shown in Figure 4.8 (a). The effect of the DOC 

system on diesel engine exhaust emissions is as shown in Figure 4.8. 

Hydrocarbon emissions had an increasing trend with the engine load as shown 

in Figure 4.8 (b) and DOC system had an average conversion efficiency of 

51% (ceramic; 300 cpsi; 35 g/cub ft) , 54% (ceramic; 400 cpsi; 35 g/cub ft), 

48% (metallic; 300 cpsi; 20 g/cub ft)  and 48% (ceramic; 300 cpsi; 20 g/cub 

ft). The maximum conversion efficiency of 60% was observed at higher 

loading conditions in the case of a 400 cpsi DOC system. 
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Figure 4.7. Engine setup with after-treatment DOC system 

 Carbon monoxide is a product of the incomplete combustion of fuel in 

the cylinder and DOC system had an average conversion efficiency of 32.4% 

(ceramic; 300 cpsi; 35 g/cub ft), 27% (ceramic; 400 cpsi; 35 g/cub ft), 19% 

(metallic; 300 cpsi; 20 g/cub ft)  and 24% (ceramic; 300 cpsi; 20 g/cub ft) for 

carbon monoxide emissions as shown in Figure 4.9 (a). An increase in the 

conversion of hydrocarbon emissions will result in a rise in carbon monoxide 

and carbon dioxide emissions since these are the byproducts released during 

the oxidation of hydrocarbon. Particle number emissions had a decreasing 

trend with engine load as shown in Figure 4.9 (b). The concentration of 

oxygen gas in the exhaust emissions will have a decreasing trend with engine 

load due to more fuel consumption and combustion resulting in higher 

consumption of oxygen as shown in Figure 4.10 (a).  
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Figure 4.8. (a) Performance characteristics of the engine at different loading 

conditions; (b) Effect of post-treatment system with DOC on hydrocarbon emissions 

(a) 

(b) 
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Figure 4.9. Effect of PTS with Diesel Oxidation catalysis System on (a) Carbon 

monoxide emissions; (b) Particle number emissions 

(a) 

(b) 
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Figure 4.10. Effect of PTS with Diesel Oxidation Catalysis System on (a) oxygen and 

(b) nitrogen oxide emissions 

(a) 

(b) 
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Figure 4.11. Average conversion efficiency of the DOC system  

 In the case of the DOC system, the oxygen gas in the exhaust stream 

was found to increase by approximately 4-6%, due to the reduction reaction 

involving conversion of nitrogen dioxide to nitrogen monoxide as shown in 

Figure 4.10 (b). Average rise in the concentration of oxygen gas in the exhaust 

stream was around 4.75% (ceramic; 300 cpsi; 35 g/cub ft), 3.83% (ceramic; 

400 cpsi; 35 g/cub ft), 4.8% (metallic; 300 cpsi; 20 g/cub ft) and 6.94% 

(ceramic; 300 cpsi; 20 g/cub ft). In the exhaust gas stream, more than 80% of 

the nitrate emissions are nitrogen monoxide and hence nitrogen monoxide 

emissions are measured in the emission analyzer. In the DOC system, the 

reduction of nitrogen dioxide takes place resulting in the formation of nitrogen 

monoxide and hence there will be a rise in nitrogen monoxide emissions after 

the exhaust gas treatment in the DOC substrate. Average rise in the 

concentration of nitrogen gas in the exhaust stream was around 22% (ceramic; 
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300 cpsi; 35 g/cub ft), 21% (ceramic; 400 cpsi; 35 g/cub ft), 19.6% (metallic; 

300 cpsi; 20 g/cub ft) and 17% (ceramic; 300 cpsi; 20 g/cub ft). The results of 

the experimental study showed that 400 cpsi ceramic DOC (35 g/cub. ft) has 

better conversion efficiency and performance among the DOC substrates 

considered in this work as shown in Figure 4.11. Hence 400 cpsi DOC was 

considered for further experimental study for the composite regeneration 

system with DPF. 

4.4 CHARACTERIZATION OF DOC SUBSTRATE 

Inverted Metallurgical microscope (Nikon-ECLIPSE MA200) imaging was 

used for capturing the uniformity of catalyst coating in the DOC substrate The 

variation in functional groups of the DOC substrate after application in the 

engine test bench was evaluated using Fourier transform Infra-red 

Spectroscopy (FTIR, Perkin Elmer). FTIR analysis was conducted to 

determine the molecular composition of the sample by decoding the spectrum 

of infra-red radiations absorbed by the sample.  

FTIR sample was prepared using the standard procedure by preparing 

KBr (Potassium bromide) pellet with a substrate sample [171][172]. The 

intensity of particle size distribution in the DOC substrate before and after 

application in the engine test bench was determined using Particle Size 

Analyzer (Malvern ZEN1690). Particle size analyzer works by the principle of 

dynamic light scattering and has a measurement range of 0.3 nm to 5 microns. 

The sample for PSA analysis was prepared by dispersing the substrate in 

ethanol solution by using an ultrasonicator. The uniformity of the catalyst 

coating in the monolith substrate of the oxidation catalysis system was 

analyzed using an inverted metallurgical microscope. 
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Figure 4.12. Microscopic images of 400 cpsi DOC substrate before and after 

application in engine exhaust 

  

Figure 4.13. FTIR analysis of DOC substrate (35 g/cub ft) before and after 

application in engine exhaust 
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Figure 4.14. Particle size analysis data for average  particle size distribution in DOC 

substrate, before and after application in the engine exhaust stream 

The catalyst coating of the new (unused) DOC substrate is as shown in 

Figure 4.12, where the precious metal coating in the alumina washcoat layer 

can be observed. After application in the diesel engine, some patches of the 

platinum poisoning and carbon deposition were observed in the microscopic 

image of the DOC substrate, as shown in Figure 4.13.  

Anatase functional group detected in the DOC substrate indicates the 

formation of oxides due to the poisoning of catalysts as shown in Figure 22. 

The intensity of the size distribution for particles in the DOC substrate after 

application in the emission control system was analyzed using particle size 

analyzer (Malvern ZEN1690) as shown in Figure 4.14. The results of the 

study showed that the intensity of particle size distribution was increasing in 



  

71 

 

the case of DOC, indicating the occurrence of catalyst poisoning by the 

formation of oxides.    

The CFD analysis and experimental study were conducted on the DOC 

system in this chapter. The conversion efficiency of four different DOC 

substrates was experimentally evaluated to determine the one with the best 

performance. Based on the achieved results DOC substrate with best 

conversion efficiency was used for conducting studies as discussed in chapter 

5, where the filtration efficiency of the integrated DOC-DPF system was 

investigated. 
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CHAPTER 5. MODELLING AND EXPERIMENTAL 

STUDY ON DIESEL PARTICULATE FILTRATION 

(DPF) SYSTEM 

 

Among all these emission control strategies, diesel particulate filtration (DPF) 

system is most effective in terms of cost and soot trapping efficiency 

[173][174][175]. Implementation of diesel particulate filtration (DPF) system 

is the best possible way of reducing particulate matter emissions from the in-

use vehicles [176]. The results of the Swiss retrofitting program proved the 

technical, economic, and operational feasibility of DPF systems in reducing 

the PM emissions to meet the stringent emission norms [177][178]. DPF 

system has a monolith substrate with alternately plugged channels which 

forces the exhaust gas to flow through the porous wall [87]. The soot particles 

get trapped in the porous wall by depth filtration as shown in Figure 5.1. The 

thickness of the soot layer increases with time resulting in pressure drop 

across the system and for sustainable flow through the system, backpressure 

must be minimized [122]. 

 The transition from depth filtration (porous wall) to cake filtration 

(soot layer) will occur when the soot layer thickness increases beyond a 

certain limit affecting a rise in backpressure [83][129]. The average range of 

pressure drop during the transition stage will be around 700 Pa [179]. The 

accumulated soot particles have to be regenerated at regular intervals to avoid 

the backpressure rise in the system [136][180]. Commercially available fuel-

based regeneration is leading to catastrophic failure of the system due to 

uncontrolled combustion [119][181]. The major challenge in the 

implementation of the DPF system is the need for the development of an 

alternate regeneration technique [182][183]. 
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 Figure 5.1. Filtration mechanism of DPF  

5.1 SINGLE CHANNEL FLOW ANALYSIS 

Pressure drop is the major parameter determining flow across the system and a 

major drop of pressure occurs in the DPF substrate. To study in detail about 

the pressure drop across DPF, simulations were carried out in a single pair of 

adjacent DPF channels. The properties of exhaust gases and the other 

parameters considered in initial and boundary conditions are extracted from 

[116], where flow analysis of the exhaust system in light commercial vehicles 

was carried out. Simulation parameters are detailed in Table 5.1. The mass 

flow rate of exhaust gas for different temperatures was calculated and the 

simulations were carried out for each case. Since the only single-channel flow 

is considered in this case, the flow rate in each cell is calculated by assuming 

that there is uniform flow. Variation in the density of the exhaust gas with 

temperature is plotted in Figure 5.2 (a). 
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Table 5.1.Simulation parameters 

Parameter Value 

Turbulence Model K – epsilon 

Fluid Exhaust gas 

Fluid density 0.5508 kg/cubic meter 

Fluid viscosity 0.00003814 Pa.s 

Viscous coefficient 3.236 e
7 

m
2 

Pressure jump coefficient 20.015 m
-1 

 

 Exhaust gas mass flow rate was calculated by considering the 

parameters of an engine with 1.5 l of combustion chamber volume and speed 

of 1500 rpm. A single pair of filter channels intake only a small amount of the 

whole flow. The ratio of the cell area to the area of the whole filter is 

calculated to determine the amount of flow that is going inside the channel by 

assuming that the flow is uniformly distributed. The calculated values of 

exhaust flow rate and cell flow rate at different temperatures are mapped in the 

graph as shown in Figure 5.2 (b).  

 The porous medium is applied to the white stripe as shown in Figure 

5.3. The porous medium induces a velocity drop when exhaust gas flows 

through it. Velocity drop is about 25% as compared to that of the flow without 

a porous medium. There is no leakage and mass flow rate is constant, which is 

evident from Figure 5.4 (a) and (b) where the contours of velocity at the inlet 

and outlet side are plotted. Simulations were carried out without considering 

porous medium initially to highlight the phenomenon non-linked to the porous 

cause. The pressure drop due to shape and geometry can be determined from 

these results. 
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.   

 

Figure 5.2. (a) Variation in density of exhaust gas with temperature and (b) Variation 

in exhaust flow rate with temperature 

(a) 

(b) 
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 Various factors contributing to the total pressure drop ( TotalP ) across 

the DPF is detailed in equation no 18, where contP  is the local pressure drop 

due to contraction in the outlet loft side of the filter, 
expP is the local pressure 

drop due to expansion in the inlet loft side of the filter, 
_in channelP  is  the 

pressure drop along the inlet channel, 
_out channelP  is the pressure drop along 

the outlet channel, wallP  is the pressure drop along the filter wall, ashP  is 

the pressure drop due to ash layer in the inlet channel and sootP  is the 

pressure drop due to presence of soot layer in the inlet channel of DPF. 

 

exp _ _Total cont in channel out channel wall ash sootP P P P P P P P                 (18) 

 

 For pressure drop analysis, simulations were carried out for different 

mass flow rates and the results were plotted in a graph as shown in Figure 5.5. 

From the results, it was found that the pressure at inlet and outlet has direct 

proportionality with the mass flow rate. Pressure drop is found to increase 

with the mass flow rate of the fluid which proves Darcy’s law for flow 

through the porous medium as shown in equation no 19 [184], where ‘u’ is 

fluid velocity, ‘K’ represents the permeability of medium, ‘µ’ is dynamic 

viscosity of fluid, ‘L’ is the length of filter substrates and ‘(p1 - p2)’  is pressure 

drop across the filter.  

 

1 2( )K p p
u

L


  (19) 
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Figure 5.3. (a) Filter wall with Porous medium and (b) Alternately plugged channels 

of DPF 

 

Alternately 

Plugged 

channels  

Open alternate 

channels  

(a) 
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Figure 5.4. (a) Velocity contour at the inlet side of the channel with porous medium 

and (b) Velocity contour at the outlet side of the channel with porous medium 

(a) 

(b) 
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 Single-channel flow analysis of the designed DPF substrate was done 

in ANSYS FLUENT software (version 16.0). Simulations were carried out for 

different mass flow rates of exhaust gas both in the case of DPF channel with 

porous medium and without the porous medium. The results of the simulation 

showed that the presence of the porous medium is causing a pressure drop of 

around 60%. Also, the results showed that the mass flow rate has direct 

proportionality with the inlet and outlet pressure. 

 

Figure 5.5. Flow behavior of a single DPF channel 

5.2 MODELLING OF SOOT DEPOSITION IN FILTER CHANNELS 

5.2.1 Soot Accumulation Modelling 

Single-channel flow analysis and soot layer formation in pair of filter channels 

were modeled using COMSOL Multiphysics. The study examines the 
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deposition of the soot particles in the walls of the filter substrate during the 

flow of exhaust gas stream and the exhaust gas stream was assumed to behave 

as an ideal gas.  The computational domain of the filter channels consisting of 

the inlet, outlet and porous wall, which was developed for analysis purpose is 

as shown in Figure 5.6 (a) and the fine mesh was generated in the model as 

shown in Figure 5.6 (b). Moving mesh interface was used by the space-

dependent model to consider the shape change during soot layer build up in 

the filter wall. The geometrical specifications of the developed model are 

detailed in Table 5.2. Equations governing the flow through the filter channels 

include continuity equation, momentum equation and species conservation as 

shown in equation no. 20 to 22. 
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Table 5.2. Geometrical specifications of the filter channels 

Parameter Value 

Filter length (mm) 80 

Height of inlet and outlet channels (mm) 1 

Thickness of filter porous wall (mm) 0.38 

Inlet velocity, (m/s) 3 

Oxygen concentration (mol. %) 15 
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Figure 5.6. (a) Two-dimensional computational domain for a single pair of DPF filter 

channel (b) Meshed model of a single pair of DPF filter channels 

5.2.2 Soot Layer Formation 

The model for soot layer formation was developed in the COMSOL 

MULTIPHYSICS CFD platform by coding the porous medium model and 

implementing the properties of components using user-defined subroutines. 

(a) 

(b) 
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Soot conservation equation was coupled with the fluid flow equations by 

specifying local soot concentration as a user-defined scalar. Rise in the 

thickness of the soot layer with respect to time was determined by conducting 

simulations for a total period of 1500 seconds.  

 

 

Figure 5.7. Contour map of the surface velocity contour in the filter channel after (a) 

300 s and (b) 1500 s of engine operation 

(a) 

(b) 
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 The contour of surface velocity magnitude along the filter channels 

after 300 and 1500 seconds are as shown in Figure 5.7. The rising trend of the 

soot layer thickness after 1500 seconds of engine operation is as shown in 

Figure 5.8, where it can be seen that the thickness of the soot layer was raised 

to 0.2025 mm.   

 

Figure 5.8. Trend of soot layer deposition and rise in the thickness for 1500 seconds  

5.3 GEOMETRIC DESIGN VALIDATION AND FABRICATION OF 

DIESEL PARTICULATE FILTRATION SYSTEM 

5.3.1 Cad Modelling 

Modelling of the lofted inlet and outlet for the DPF monolith substrate was 

done in CATIA software (version 6). The actual dimensions of the substrate 

and fabricated loft were considered for the modelling purpose to validate the 

geometric design of the developed system. Different views of the DPF system 

modeled in CATIA software are as shown in Figure 5.9. 
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Figure 5.9. Model of the DPF system with inlet and outlet lofts 

5.3.2 CFD Analysis  

The solid DPF designed on CATIA V5 was imported to ANSYS fluent for 

carrying out a simulation process for the flow analysis in this particular 

product. Computational Fluid Dynamics study was done in ANSYS 2019 

version R1 to test for the flow behavior inside the filter and examine its 

physical properties. Pressure based type solver with absolute velocity 

formulation was used for analysis and time is considered as steady. K-epsilon 

turbulence model was used where the first variable is the turbulent kinetic 

energy and the second variable is the dissipation rate of kinetic energy. This 

model is commonly used for flows with small pressure gradients and also in 

cases where Reynold stresses are important. Fluid flowing through the filter 

was assumed to be exhaust gas by providing its density and viscosity. The 

ceramic substrate was considered as the porous zone with the laminar flow by 

providing the viscous resistance and inertial resistance in three directions. 
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5.3.3 CFD Simulation Results  

Pressure: The simulation results of total pressure analysis showed that there 

was a decrease in pressure at the outlet section as compared to the inlet, 

obeying the continuity laws. The gradual decrease in the pressure is due to the 

diverging and then converging section of the filter which helps in increased 

velocity at the outlet section. The contour of total pressure and pressure 

coefficient are as shown in Figure 5.10 and 5.11. DPF system with inlet and 

outlet lofts were fabricated with inference from the simulation results as 

shown in Figure 5.12. 

 

Figure 5.10. Contour of total pressure with flow direction 

 

Figure 5.11. Contour of total pressure with flow direction 
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Figure 5.12. Fabricated ceramic DPF system 

5.4 EXPERIMENTAL ANALYSIS: SOOT DEPOSITION AND 

EMISSIONS IN DPF AND INTEGRATED DOC-DPF SYSTEM 

The engine test bench coupled with integrated DOC-DPF post-treatment 

system is shown in Figure 5.13 and engine specifications are detailed in Table 

3.1. The gaseous emissions were sampled from raw exhaust using AIRREX 

HEPHZHIBA (HG 540) gas analyzer measuring hydrocarbon, carbon 

monoxide, carbon dioxide, and oxygen concentrations simultaneously. 

Specifications of the analyzer are detailed in Table 3.3. Particle number 

emissions were measured using sensor module (Shinyei DSM 501A) which 

works by particle counter mechanism with high sensitivity to particles greater 

than 1 µm in size. The pressure drop across the diesel particulate filter 

substrate was monitored by a differential pressure sensor (MPX10DP) with a 

measurement range of 0 to 10 kPa. The steady-state cycle was followed for 

conducting experiments and engine operation parameters were varied by 

control panel for dynamometer 

Inlet loft 

Outlet loft 

DPF substrate 

Differential pressure 

sensor connection 

Differential pressure 

sensor connection 
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Figure 5.13. Engine setup with coupled DOC – DPF post-treatment system 

Table5.3. Specifications of DOC and DPF substrate 

Sl. No Parameter DOC DPF 

1 Substrate Cordierite Cordierite 

2 Cell density (cpsi) 300 200 

3 Diameter × length (mm × 

mm) 

101.6 × 152.40 80 × 80 

4 Catalyst coating Pt:Pd (5:1) nil 

5 Catalyst loading (g/cub. ft) 35 nil 

6 Volume (l) 4.9 1.6 
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Figure 5.14.  Effect of post-treatment system with DOC & DPF on (a) carbon 

monoxide (b) hydrocarbon 

(a) 

(b) 
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Figure 5.15. Effect of post-treatment system with DOC & DPF on (a) particle 

number, and (b) carbon dioxide.

(a) 

(b) 
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 The effects of the post-treatment system (PTS) on gaseous emissions 

were tested under different loading conditions by following the steady-state 

cycle. Tests were conducted separately for DOC, DPF and coupled DOC-DPF 

to determine the effect of each component in the Post-Treatment System 

(PTS) on engine emissions. The specification of DOC and DPF used in the 

PTS system are detailed in Table 5.3. DOC system has a monolith substrate 

with straight channels coated with an alumina washcoat layer in which 

precious metal catalysts like platinum and palladium are doped. DPF system 

has a ceramic substrate with alternately plugged filter channels and soot 

particles are trapped in the porous wall by depth filtration. The effect of DOC, 

DPF and DOC-DPF system on exhaust gas emissions are shown in Figure 

5.14 to 5.16.  

 

Figure 5.16.  Effect of post-treatment system with DOC & DPF on oxygen emissions. 
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Figure 5.17. Performance characteristics of the engine at different loading condition 

brake power and current 

 Carbon monoxide emissions had a decreasing trend with increasing 

load and the DOC system had an average CO conversion efficiency of 27%, 

and maximum conversion efficiency of 30% was observed at medium load 

conditions as shown in Figure 5.14 (a). At higher loads, CO emissions were 

slightly higher in the case of the DOC-DPF system due to oxidation of the 

accumulated soot particles trapped in the DPF channels resulting in the 

formation of emission products. Hydrocarbons in the exhaust gas stream are 

generated due to various reasons like flame quenching, crevice fuel 

entrapment, exhaust valve leakage, valve overlap, and lubricant oil desorption. 

The average conversion efficiency of 53%, 45%, and 59% was observed for 

hydrocarbon emissions in the case of DOC, DPF and DOC-DPF system as 

shown in Figure 5.14 (b).  
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Figure 5.18. Performance characteristics of the engine at different loading condition  

(a) volumetric and brake thermal efficiency and (b) Heat input and brake specific fuel 

consumption 

(a) 

(b) 



  

93 

 

 At higher loads, the DOC-DPF system had a maximum conversion 

efficiency of 77% for hydrocarbon emissions as a result of the combined 

effect from reactions in DOC and DPF wall filtration. Complete combustion 

of hydrocarbons will result in the formation of carbon dioxide and it is also an 

associated product in the DOC oxidation reaction. Reduction of hydrocarbon 

emissions will result in a rise of carbon dioxide emissions and also oxidation 

of the trapped soot particles will lead to the formation of complete combustion 

products. The average conversion efficiency of 54%, 88%, and 91% was 

observed for particle number emissions in case of DOC, DPF and DOC-DPF 

system as shown in Figure 5.15 (a). Carbon dioxide emissions were increasing 

with load as shown in Figure 5.15 (b), indicating the reduction of 

hydrocarbons in the exhaust gas stream. 

 

Figure 5.19. Pressure drop across DPF substrate in DPF and DOC-DPF 

system with respect to time 
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 The concentration of oxygen gas in the exhaust stream was reducing 

with the load as shown in figure no. 5.16, which is proportional to the rise in 

fuel consumption resulting in higher oxygen demand for combustion. The 

performance characteristics of the engine like brake power, torque, volumetric 

efficiency, heat input and brake thermal efficiency at steady state loading 

conditions considered in this study are shown in Figure 5.1 and 5.18.  The 

pressure drop across the DPF was tested at steady-state loading conditions for 

the DPF and DOC integrated DPF systems and the results are as shown in 

Figure 5.19. There was a steady rise in the pressure drop with the increasing 

load across the DPF system due to soot accumulation. 

 

Figure 5.20. DPF soot accumulation rate, pressure drop and exhaust gas temperature 

at different engine loads 
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Figure 5.21. (a) Soot accumulation rate in DOC and DOC + DPF system (b) Pressure 

drop across DPF at constant speed soot loading 

(a) 

(b) 
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 In case of integrated DOC-DPF system, the pressure drop was 

reducing at higher loads, which shows that DOC assisted passive regeneration 

was taking place whereas at lower loads, pressure drop was higher than case 1 

(DPF alone) due to the pressure loss across the DOC system. Soot 

accumulation rate in the DPF substrate was evaluated at different loads under 

steady-state conditions. The rate of soot accumulation was reducing at higher 

loads as shown in Figure 5.20, since the oxidation of the accumulated soot was 

taking place at higher exhaust gas temperature. Soot accumulation rate across 

the DPF during PTS system with DPF and DOC-DPF integrated system was 

compared as shown in Figure 5.21 (a), where it can be seen that there was an 

average reduction of 70% in the soot accumulation rate for the case of DOC-

DPF integrated system, which indicates that continuous (passive) regeneration 

of the accumulated soot particles are taking place. Constant speed soot loading 

test was conducted on the DPF substrate to determine the rise in pressure drop 

and the results are as shown in Figure 5.21 (b). 

5.5 CHARACTERIZATION OF DPF SUBSTRATE 

Inverted Metallurgical microscope (Nikon-ECLIPSE MA200) imaging was 

used for capturing the uniformity of the soot layer formation pattern in the 

DPF substrate. The variation in functional groups of the DPF substrate after 

application in the engine test bench was evaluated using Fourier transform 

Infra-red Spectroscopy (FTIR, Perkin Elmer). FTIR analysis was conducted to 

determine the molecular composition of the sample by decoding the spectrum 

of infra-red radiations absorbed by the sample. FTIR sample was prepared 

using the standard procedure by preparing KBr (Potassium bromide) pellet 

with the substrate sample [171][172]. The intensity of particle size distribution 

in the DPF substrate before and after application in the engine test bench was 

determined using Particle Size Analyzer (Malvern ZEN1690). Particle size 

analyzer works by the principle of dynamic light scattering and has a 
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measurement range of 0.3 nm to 5 microns. The sample for PSA analysis was 

prepared by dispersing the substrate in ethanol solution by using an 

ultrasonicator. The chemical distribution and microstructure of the DPF 

substrate was examined using SEM-EDS (Scanning Electron Microscopy – 

Energy Dispersive X-Ray Spectroscopy) analysis. Formation of the soot layer 

in alternately plugged channels of the DPF was examined by comparing the 

microscopic images of the DPF substrate before and after application in diesel 

engine as shown in Figure 5.22.  FTIR (Perkin Elmer, L1 2) analysis was 

conducted using the standard procedure (KBr pellet with substrate sample) for 

identifying the functional groups in the DOC and DPF substrate after 

application in the diesel engine exhaust line. 

 

Figure 5.22. Microscopic images of 400 cpsi DPF substrate before and after 

application in engine exhaust 
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Figure 5.23. FTIR analysis of DPF substrate before and after application in engine 

exhaust 

 

Figure 5.24. Particle size analysis data for average particle size distribution in DPF 

substrate, before and after application in the engine exhaust stream 
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 Table 5.4.  FTIR analysis for DOC and DPF substrate 

Sl. No Vibrational Energy (cm
-1

) Functional group Substrate 

1 957 Anatase DOC 

2 768 Butanone DOC 

3 1179 Ethylene dichloride DPF 

4 1029 Butyne DPF 

5 447 Tetrachloro ethylene DPF 

 

 As shown in Figure 5.23 and 4.13, variations in vibrational energies 

were mainly observed in two areas in the case of DOC and three areas in the 

case of DPF. Using the NIST (National Institute of Standards and 

Technology) FTIR library [185], functional groups were computed and are 

enlisted in Table 15. The functional group of ethylene dichloride detected in 

the FTIR plot of the used DPF substrate is observed to be grouped under the 

category, “Reasonably anticipated to be human carcinogens”, with reference 

to the 14
th

 report on carcinogens by National Toxicology Program [186]. 

Tetrachloroethylene detected in the FTIR report of the used DPF substrate is 

grouped by International Agency for Research on Cancer as, “2A probably 

carcinogenic to humans”.  

 The intensity of the size distribution for particles in the DPF substrate 

after application in the emission control system was analyzed using particle 

size analyzer (Malvern ZEN1690) as shown in Figure 5.24. The results of the 

study showed that the intensity of particle size distribution was reduced in the 

case of DPF which shows the presence of trapped soot particles that are of 

lower size than that of substrate particle size. 
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Figure 5.25. SEM images of the DPF cordierite substrate before soot loading with 

chemical distribution results of SEM-EDS spectra 

 

Figure 5.26.  SEM images of the DPF cordierite substrate after soot loading with 

chemical distribution results of SEM-EDS spectra 
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 The characterization of the microstructures in the DPF substrate was 

conducted using SEM-EDS analysis to reveal the physicochemical changes in 

the substrate after application in the engine exhaust. SEM-EDS results detailed 

the microstructure of the porous wall in unused DPF substrate along with the 

elemental maps as shown in Figure 5.25. The morphological characteristics of 

the accumulated soot particles were observed in the SEM-EDS results for the 

used DPF substrate as shown in Figure 5.26, where the carbon content of 

8.53% was found indicating the presence of soot particles. 

 DOC substrate with best conversion efficiency with reference to the 

experiments conducted in chapter 4 was used for conducting experimental 

studies in this chapter, where the filtration efficiency of the integrated DOC-

DPF system was investigated. Soot layer modelling, flow analysis, and soot 

accumulation rate in the DPF was also covered in this chapter. In continuation 

to the studies discussed in previous chapters, the modelling, computation 

study, fabrication and experimentation on microwave assisted composite 

regeneration system are discussed in chapter 6. 
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CHAPTER 6. DEVELOPMENT OF MICROWAVE 

ASSISTED COMPOSITE REGENERATION SYSTEM 

AND EXPERIMENTAL STUDY 

 

Microwave radiations have gained its popularity in the food processing and 

chemical industry owing to its fast and volumetric heating properties [187]. 

The advantage of microwave radiations is that it heats the target material by 

volumetric heating whereas the conventional technique does it by surface 

heating [188]. Distribution of temperature with microwave heating can be 

predicted by the development of a mathematical model using electromagnetic 

and heat transfer equations. One dimensional analysis on power decay of 

radiations emitted by magnetron can be determined by analytical equations of 

Lambert’s law [189]. Microwave radiations also don’t require any medium for 

transferring energy from source to target material. 

6.1 MICROWAVE HEATING PRINCIPLE 

The major components of electromagnetic waves include electric field and 

magnetic field. Electric and magnetic field changes its position in space when 

a corresponding electric or magnetic charge in the medium changes its 

position [190]. The changes in electric and magnetic fields will result in the 

production of oscillatory waves named electromagnetic waves. Properties of 

electromagnetic waves are determined by its frequency, field strength, speed 

of light and wavelength [191]. Electromagnetic radiations were discovered in 

1873 by Maxwell and the orientation of elements was established by right- 

hand thumb rule. The properties of electromagnetic waves can be related by 

equation no. 23, where ‘c’ = speed of light (m/s); ‘f’ = frequency (Hz) and ‘ ’ 

= wavelength. 
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c f   (23) 

  

 Polarization of molecules in the frequency range between 300 MHz 

and 300 GHz will result in the heating of dielectric material. The penetration 

of microwave energy to the target material will result in molecular friction 

causing dipolar rotation of the molecules producing a volumetric distribution 

of heat. Major parameters determining the interaction of the electric field and 

material are dielectric constant and dielectric loss factor as shown in equation 

no. 24, where ‘ε*’ is relative complex permittivity, ‘ε’’ is dielectric constant, 

which determines the ability of the material to store electric energy and ε” is 

dielectric loss factor which determines the dissipation of electric energy to 

heat. The materials are classified into low loss and medium loss materials 

based on its dielectric loss tangent (tan δ) which can be determined by using 

equation no. 25. The electrical conductivity is given by equation no 26, where 

‘f’ is the frequency (Hz) and ‘σ’ is the free space permittivity (8.54 * 10
-12 

F/m) [187]. Power per unit volume (W/cubic m) required for conversion of the 

electric properties of microwave radiation for dissipation of power in a lossy 

material is given by equation no 27, where E is the electric field strength of 

the target material and f is the frequency in GHz [192]. 

* ' "j     (24) 

"

'
tan
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 1-Dimensional microwave power dissipation inside the target material 

can be calculated using Lambert’s law, which is a simplified approach without 

considering the electric field distribution. It assumes that the radiations 

incident on the material is normal to the surface and energy dissipated by the 

radiations are exponentially determined as stated in equation no.28, where ‘Fo’ 

is power flux at the surface (W/sq. m), ‘dp’ is the penetration depth and ‘z’ is 

the spatial distance in the z-direction. The depth of microwave penetration is 

dependent on the dielectric properties of the material as shown in equation no 

29 [191]. 
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 The microwave heating of material by considering variations in 

electric and magnetic fields are governed by Maxwell equations. The relation 

between electric field intensity and magnetic induction is given by Faraday’s 

law as shown in equation no 30, where E is electric field intensity, ‘B’ is 

magnetic induction, ‘H’ is magnetic field intensity, ‘𝜔’ is the angular 

frequency, ‘µm’ is permeability and ‘ε’ is the permittivity. The second 

governing equation is to determine the magnetic field intensity which is the 

sum of current flux and rate of change of electric displacement as shown in 

equation no 31, where J is current flux,  The other two governing equations for 

finding the electric displacement (D) and magnetic induction (B) is as shown 

in equation no.32 [193]. 
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6.2 MODELLING AND ANALYSIS OF MICROWAVE ASSISTED 

REGENERATION SYSTEM (COMSOL MULTIPHYSICS) 

6.2.1 Magnetron Port at Middle and Top of Oven Cavity 

The heat transfer pattern during regeneration of diesel particulate filtration 

system was studied using CFD software COMSOL Multiphysics [193]. The 

filter substrate of the diesel particulate filtration system was made of cordierite 

based ceramic material and its associated properties have been recorded in 

Table 6.1.  

 The filter substrate was contained in a metallic box made of GI sheet 

which acts as the oven cavity and whose dimensions are 26.7 cm × 27 cm × 

18.8 cm. Microwave radiations were introduced into the oven cavity by 

placing a magnetron port in one of the faces of the box. The frequency of the 

excitation wave was 2.45 GHz and the port input power was 1 kW. The prime 

objective of this simulation study was to determine the pattern of electric field 

distribution and temperature distribution in the oven cavity with a cordierite 

filter substrate at its center. Magnetron port was assumed to be a rectangular 

waveguide operating at the TE10 mode. The initial temperature of the filter 

was assumed to be 50 °C and the simulations were carried out for 120 seconds 

post-excitation. For studying the microwave excitation, the frequency domain 

modules of electromagnetic waves were selected with steady-state conditions. 

Module for heat transfer in solids was selected in Time-Dependent mode to 

study the temperature rise in the DPF. 
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Figure 6.1. (a) Model of the microwave-based emission control system with 

magnetron port at the top. (b) Model of the microwave-based emission control system 

with magnetron port at the center 

 Two models were considered in this study for determining the 

temperature distribution and electric field distribution inside the oven cavity of 

the microwave-based regeneration system. One with the magnetron port 

located at the top of the oven cavity and the other with the port located at the 

center of the wall as shown in Figure 6.1 (a) & (b), respectively. The study 

(a) 

(b) 

Oven cavity 

DPF substrate 

Magnetron 

port at top 

Oven cavity DPF substrate 

Magnetron 

port at center 
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solves the electromagnetic field in the box and the corresponding temperature 

by coupling Maxwell’s equations and the general energy transport equation 

for temperature. The mesh for solving the numerical equations has been 

generated automatically using one-fifth of the wavelength for the 

electromagnetic wave as the maximum mesh element control parameter. The 

contours of electric field distribution after the steady-state simulation of 

microwave excitation from the magnetron for both cases with the port located 

at top and center are as shown in Figure 6.2 (a) and (b). 

 It can be inferred that the distribution of the electric field is more 

uniform in the case where the port was located at the center. The uniformity of 

the electric field makes the second case, the one with waveguide port at the 

center as a more effective alternative for microwave-based regeneration 

system. The temperature distribution for both the cases mentioned above can 

be observed in Figure 6.3 (a) and (b). It can be seen that the temperature 

distribution pattern (owing to the difference in electric field distribution) for 

both the cases are different, but there are only negligible changes in the 

magnitude of temperature for both cases. This can be attributed to the fact that 

cordierite has low sensitivity towards microwave excitation. Also, the 

temperature drop in 120 seconds is relatively low due to the high heat capacity 

of cordierite. Hence, with these observations in mind, it can be concluded that 

the ceramic cordierite based filter substrate is the most suitable material for 

the development of an emission control system with microwave-based 

regeneration since it is transparent to microwave radiations. Development of a 

system that will burn only the accumulated soot particles without causing any 

damage to the filter substrate will be an effective alternative for a fuel-based 

regeneration system. Theoretical study on the effectiveness of the microwave-

based regeneration system was conducted in this work by modelling and 

conducting simulations by creating a virtual environment in CFD software 

COMSOL Multiphysics. 
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Figure 6.2. (a) Contour of electric field distribution in different planes for microwave-

based emission control system with magnetron port at the top, (b) Contour of electric 

field distribution in different planes for microwave-based emission control system 

with magnetron port at the center 

(a) 

(b) 



   

 

109 

 

   

 

Figure 6.3. (a) Contour of temperature distribution in filter substrate of the 

microwave-based emission control system with magnetron port at top (b) Contour of 

temperature distribution in filter substrate of the microwave-based emission control 

system with magnetron port at the center 

(a) 

(b) 
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A comparative study on the electric field distribution in the system with 

magnetron port at top and center was conducted to determine the effective 

position for uniform distribution of the electric field inside the oven cavity. 

The contours of electric field distribution showed that the electric field 

distribution is uniform in the case of the model with a magnetron port at the 

center. The results of the simulation showed that the ceramic cordierite based 

filter substrate is transparent to the microwave radiations since there was no 

appreciable rise in the temperature of the filter substrate. Hence the theoretical 

validation of the proposed microwave-based regeneration system was done. 

6.2.2 Heat Distribution in DPF Substrate 

COMSOL Multiphysics software is used for modelling of heat transfer during 

microwave-based regeneration of diesel particulate filter. The filter substrate 

is modeled by providing the properties of soot and cordierite to alternate 

layers as shown in Table 6.1. The model of the regeneration system with an 

oven cavity was developed with a magnetron port in the middle of the cavity 

allowing radiation to enter in the radial direction of exhaust gas flow as shown 

in Figure 6.4. The port of the magnetron is assumed to be rectangular 

waveguide operating in at TE10 mode and the frequency of excitation is taken 

to be 2.45 GHz with a port input power of 1 kW. Steady-state conditions were 

selected for the electromagnetic waves and the time-dependent mode was 

selected for heat transfer in solids for monitoring the temperature rise in DPF 

substrate.  

 Temperature and electric field distribution in the DPF substrate with 

alternate layers of soot and cordierite for different regeneration times were 

studied with the help of CFD software COMSOL MULTIPHYSICS. 

Simulations were conducted for different regeneration times ranging from 30 

to 180 seconds (30 seconds interval), to determine the temperature rise in the 

DPF substrate. The contours of temperature distribution in the microwave 
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regeneration system for 180 seconds of regeneration are shown in Figure 6.5. 

Temperature rise in the DPF substrate for 180 seconds at intervals of 30 

seconds is as shown in Figure 6.6 (a). A maximum temperature of 800 K was 

attained after 180 seconds of regeneration and the average distribution of 

temperature was close to 700 K. Isothermal contours of the DPF substrate 

generated after 180 seconds of microwave regeneration in DPF are as shown 

in Figure 6.6 (b).   

 

 

Figure 6.4. Top view of the microwave-based emission control system with 

magnetron port at the center 
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Table 6.1. Properties of Cordierite and soot considered for regeneration modelling 

Properties Cordierite Soot 

Relative Permeability 1 1 

Relative Permittivity 2.9 + 0.14j 10.7-3.6*j 

Electrical Conductivity, S/m 0 0.025 

Thermal Conductivity, W/m-K 3.0 0.041 

Density, kg/ m
3
 2600 1800 

Heat Capacity, J/kg-K 1465.38 840 

  

The oxidation of soot takes place at temperatures above 873K, which 

can be attained by the combined effect of heat energy from microwave 

radiations and exhaust gas. Model of microwave-assisted active regeneration 

system was proposed in this study and CFD analysis of the proposed model 

was conducted using COMSOL MULTIPHYSICS 5.4 software. Simulation 

results showed that microwave radiations can raise the temperature of the 

accumulated soot particles close to its soot oxidation temperature and 

assistance of the heat energy supplemented by the exhaust will ensure 

complete regeneration of the accumulated soot particles. Based on the 

obtained results it can be concluded that the microwave regeneration system is 

a promising technique for the regeneration of accumulated soot particles in the 



   

 

113 

 

DPF filter walls and for minimizing the toxicity levels of engine exhaust 

emissions. The initial temperature of the system was assumed to be at room 

temperature for the simulation purpose whereas in actual case the exhaust gas 

temperature will also add to the initial temperature of the substrate. 

 

 

Figure 6.5. Contours of temperature distribution in microwave regeneration system 

for 180 seconds of regeneration 
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Figure 6.6. (a). Temperature rise in DPF substrate after 180 seconds of regeneration 

(b) Isothermal thermal contour of DPF substrate after 180 seconds of regeneration 

(a) 

(b) 
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6.3 MODEL OPTIMIZATION TO IMPROVE HEAT DISTRIBUTION 

IN DPF 

The microwave regeneration system was remodeled and simulations were 

repeated to improve the performance of the system by reducing the size of the 

oven cavity (14 cm × 14 cm × 22.5 cm) and power rating of magnetron port. 

Heat transfer and temperature distribution during microwave-based 

regeneration were modeled using COMSOL Multiphysics software. The 

properties of the soot and cordierite were defined to alternate layers in the 

DPF substrate as shown in Table 6.1. Magnetron inlet port to the oven cavity 

was assumed to be rectangular waveguide with an excitation frequency of 2.45 

GHz. Inlet port to the oven cavity was placed at the center and microwave 

radiations were allowed to enter the oven cavity in the radial direction as 

shown in Figure 6.7 (a). Physics controlled fine mesh (max. element size: 37.4 

µm and min. element size: 1.12 µm) was generated in the substrate for 

computational study as shown in Figure 6.7 (b). The temperature rise of the 

substrate was evaluated for a different output power of magnetron port ranging 

from 100 to 700 Watts for time duration of 175 seconds. Governing equations 

for microwave heating of the material due to variation in the electric and 

magnetic fields are Maxwell equations as shown in equation no. 33 to 34. 
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Temperature rise in the DPF substrate with alternate layers of soot and 

cordierite was evaluated by conducting simulations in CFD software 

COMSOL MULTIPHYSICS. Heat transfer in the DPF substrate was 
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monitored by defining time-dependent mode and electromagnetic radiations 

were produced under steady-state conditions. 

 

 

 

Figure 6.7. (a). Microwave based regeneration system CAD model (b). Meshed 

model of the microwave-based regeneration system 

(a) 

(b) 
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Figure 6.8. Contours of electric field distribution in the microwave regeneration 

system after 175 seconds of regeneration at a power rating of 700 W

 

Figure 6.9. Contours of temperature distribution in the microwave regeneration 

system after 175 seconds of regeneration at a power rating of 700 W 
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Figure 6.10. Temperature rise in DPF substrate after 180 seconds of regeneration 

 

 

 

Figure 6.11. Contours of temperature distribution in microwave regeneration system 

after 150 seconds of regeneration at power rating of (a) 100 W and (b) 200 W 

(a) (b) 
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Figure 6.12. Contours of temperature distribution in microwave regeneration system 

after 150 seconds of regeneration at power rating of (a) 300 W (b) 400W (c) 500W 

(d) 600 W and  (e) 700W 

(a) (b) 

(c) (d) 

(e) 
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 Simulations were carried out for a time period of 200 seconds (25 

seconds interval) at different magnetron port power ranging from 100 W to 

700 W. The system was assumed to be at room temperature (298 K) at the 

initial state for the simulation purpose and maximum temperature of 1100 K 

was reached in the substrate after regeneration time of 175 seconds at power 

rating of 700 W. The contour maps of electric field and temperature 

distribution in the microwave system for regeneration time of 175 seconds are 

shown in Figure 6.8 and 6.9. The maximum temperature rise in the DPF 

substrate for different regeneration time at port power ranging from 100 to 700 

W is as shown in Figure 6.10. The soot oxidation temperature is 873 K and the 

maximum temperature achieved in the simulation results is much higher than 

873 K, hence the power rating of the magnetron input power can be reduced 

for the experimental analysis. The soot oxidation temperature was achieved 

lowest in the case of 400 W input power after 150 seconds of regeneration. 

The contour of temperature distribution in the DPF substrate after 150 seconds 

of regeneration for the power rating varying from 100 to 700 Watts is as 

shown in Figure 6.11 and 6.12. Iso-surface temperature contours for 

microwave regeneration are detailed in Annexure IV. 

6.4 FABRICATION OF MICROWAVE ASSISTED REGENERATION 

SYSTEM 

Stringent emission regulations have made it a mandated requirement to retrofit 

particulate filter based emission control systems to reduce the particulate 

matter emissions from compression ignition engines. The particulate filter has 

a ceramic monolith substrate with alternately plugged straight channels. The 

exhaust gas enters the substrate through the unplugged filter channels in the 

inlet side and will be forced to flow through the porous filter wall where the 

soot particles will be trapped by depth filtration. As the soot particles start 

accumulating along the porous wall, the pressure drop across the filter 
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substrate starts increasing. The thickness of the soot deposition layer increases 

with time and after a certain limit, the accumulated soot layer acts as a 

medium for trapping soot particles, which is referred to as cake filtration.  

 

Figure 6.13. CAD model of the CRS system 

 When the filtration process undergoes a transition from depth filtration 

to cake filtration, there will be a higher pressure drop across the substrate 

resulting in backflow affecting engine performance. Accumulated soot 

particles have to be regenerated at regular intervals to avoid the rise in 

backpressure. The existing fuel-based regeneration technique involves the 

injection of fuel into the filter substrate where spontaneous combustion takes 

place due to the heat provided by exhaust gas. Fuel based regeneration is 

leading to uncontrolled combustion inside the filter substrate which is 

affecting the service life of the filter substrate by causing catastrophic failure. 

Alternate microwave-based regeneration is developed in this work, which can 

selectively burn the accumulated soot particles without affecting the filter 

substrate.  
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 The developed device is a composite regeneration system (CRS) that 

uses electromagnetic radiations in the microwave region for selective burning 

of the accumulated soot particles in the filter channels. The model of the 

microwave-assisted regeneration system developed in this work is shown in 

Figure 6.13. The oven cavity is made of galvanized iron sheet and the inside 

surface of the oven cavity is coated with mica sheets and nitrile rubber layers 

to insulate the microwave radiations as shown in Figure 6.14. The wiring 

diagram for the CRS system is as shown in Figure 6.15. Metal lofts are coated 

with polyamide heat resistant tape and nitrile rubber layer to yield the 

microwave radiations so that chances for sparks can be avoided as shown in 

Figure 6.16.  Oven cavity and DPF system are developed in such a way that 

only the filter substrate is exposed to microwave burning and all other parts 

are insulated with shielding materials to avoid sparks and uncontrolled 

burning.  

 

Figure 6.14. Fabrication of oven cavity in the Composite Regeneration (CR) system 
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Figure 6.15. Electrical wiring diagram of the system 
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Figure 6.16. Microwave yielding material coating in the metal cavity 

  Microwave radiations can penetrate the filter substrate and can 

selectively burn the soot particles owing to its dielectric properties. Cordierite 

ceramic filter substrate has good permeability which allows microwave 

radiations to pass through without any heating effects whereas the soot 

particles get heated up by dielectric heating. Components of the device include 

the oven cavity (stainless steel coated in internal surface with mica sheet), 

magnetron, high voltage transformer, high voltage capacitor, cooling fan, 

voltage regulator, timer and waveguide as detailed in Figure 6.17 and 6.18. 

Power source microwave radiations are produced in this system with the help 

of a magnetron. Magnetron requires higher voltage for the generation of 

microwave radiations; hence transformer is used to amplify the electric signal 

to a higher voltage which is maintained consistently using a high voltage 

capacitor. Microwave radiations generated by the magnetron are directed to 

the oven cavity through a rectangular waveguide. DPF (Diesel Particulate 

Filtration) system comprising of the metal lofts and ceramic filter substrate are 

enclosed inside the oven cavity. 
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Figure 6.17. Side view, top view and front view of fabricated CRS system 

Top view Front view 

Side view 
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Figure 6.18. CRS system installed in the engine exhaust 

 The proposed system has to be retrofitted in the exhaust line of the 

diesel engine and regeneration of the DPF system has to be done when the 

pressure drop across the system is more than 0.5 kPa [73]. The pressure drop 

during transition from depth filtration to cake filtration is .45 kPa  and 0.7 kPa 

is considered as the maximum pressure drop limit after which reverse flow 

would begin and will affect the engine performance. Presently the developed 

system has been tested in stationary diesel engine and AC power source was 

used for its working. The integration of the system with the electronic control 

unit of vehicle and DC power source includes the future scope of this work. 

6.5 EXPERIMENTAL STUDY ON EFFECTIVENESS OF COMPOSITE 

REGENERATION SYSTEM 

The schematic diagram of the engine setup with a post-treatment system 

comprising of DOC and microwave-assisted composite regeneration system 

are as shown in Figure 6.19. Effectiveness of the composite regeneration 
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system was evaluated by retrofitting the fabricated composite regeneration 

system in the exhaust line of the multi-cylinder compression ignition engine 

test bench as shown in Figure 6.20. The DPF filter substrate which was loaded 

with soot was placed in the oven cavity of the developed Composite 

Regeneration System (CRS) by considering the structural parameters 

[194][195].  

  

Figure 6.19. Schematic diagram of engine setup with DOC and microwave 

regeneration based DPF system 

 The regeneration rate of the microwave system was evaluated on a 

mass basis by conducting the regeneration for 30 seconds at the specified 

power output. Four stages of the power output were considered for the 

experimental study, namely 17%, 40%, 48% and 66% of the microwave 

power output. Magnetron used in the developed system has a microwave 

power output of 700 Watts at an operation frequency of 2450 MHz. The DPF 

system substrate was removed from the system and weighed after each 

regeneration cycle to determine the regeneration rate in grams per minute and 
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the results of the experimental investigation are as shown in Figure 6.21. The 

magnetron in the composite regeneration system which is the source for 

microwave radiations works in the pi mode for sustaining the oscillations.  

 

Figure 6.20. Experimental setup of multi-cylinder diesel engine retrofitted with CRS 

system 

 Magnetron works on negative resistance (non-linear) where energy is 

absorbed in one cycle and released in the next one. Time constant experiments 

were conducted for different power levels of the microwave system and the 

results showed that the regeneration rate increased to the maximum peak value 

of 0.21 g/min at 50% power level and at higher power levels regeneration 

rates were lower. At higher power, the uniformity of heating in the substrate 

was getting disturbed resulting in higher heating at specific areas affecting the 

overall regeneration rate. Average soot accumulation rate in the case of post-

treatment system with integrated DOC and DPF system was 0.033 g/kWh and 
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considering the maximum regeneration rate of 0.21 g/min, the results show 

that one minute of regeneration at 50% microwave output power will 

regenerate the soot accumulated in the DPF during 6 hours of engine 

operation. The maximum allowable pressure drop across the DPF substrate is 

0.7 kPa and in the present experimental study pressure drop across the 

substrate after soot loading for 6 hours (320 min) was 0.19 kPa. 

Hypothetically the system can run for 18 hours for reaching the maximum 

soot loading capacity with allowable backpressure.  

 

Figure 6.21. Regeneration rate of DPF substrate at different power levels 

 A comparative analysis of the energy consumption pattern in the DPF 

regeneration systems developed in the previous research works has been 

detailed in table no. 6.2, where it can be found that the microwave system 

developed in the present work has the lowest energy consumption as 

compared to fuel post-injection, electric heater, and non-thermal plasma 

discharge systems. The design of the oven cavity plays a major role in the 
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improvement of energy efficiency and hence the oven cavity has to be 

designed specifically to the size of the DPF substrate. 

Table 6.2. Comparative analysis of energy consumption in alternate DPF regeneration 

techniques 

Sl. 

No 

Regeneration Strategy Energy 

Consumption 

DPF size 

1 Microwave Regeneration – 

Magnetron based (Present 

work) 

0.35 kW Φ80 × 80 mm 

2 Non-Thermal plasma induced 

by dielectric barrier discharge 

[181] 

17.5 kVA / 14 kW Φ144 × 152 mm 

3 Electric heater [196][197] 15 kW Φ170 × 203 mm 

4 Fuel post injection [197] 13.87 µL/injection 

or 506.3 kJ 

Φ190 × 240 mm 

5 Microwave Regeneration – 

Magnetron based [136] 

0.9 kW Φ190 × 260 mm 

6 Early and late post fuel 

injection [198] [199] 

8mg/stroke/cylinder 

or 360 

kJ/stroke/cylinder 

Not specified 

6.6 CHARACTERIZATION OF DPF SUBSTRATE AFTER 

MICROWAVE ASSISTED REGENERATION 

Functional group analysis and particle size analysis of the substrate was 

conducted using Fourier transform Infra-red Spectroscopy (FTIR) and Particle 

Size Analyzer (Malvern ZEN1690) to determine the effect of microwave 

regeneration on substrate properties. FTIR sample was prepared using the 

standard procedure by preparing KBr (Potassium bromide) pellet with a 

substrate sample [171][172]. The functional group peaks for the DPF substrate 
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at three different stages (a) new DPF, (b) DPF after soot loading and (c) DPF 

after regeneration are as shown in Figure 6.22, where it can be seen that the 

functional group peaks of the DPF substrate after regeneration is almost in the 

similar pattern of the new DPF substrate indicating the occurrence of effective 

regeneration. 

 
Figure 6.22. FTIR analysis of DPF substrate, vibrational energy revealed the 

functional group of the substrate before and after application in diesel engine exhaust 

stream 

 

 The effect of soot accumulation and regeneration on the intensity of 

particle size distribution in th DPF substrate was analysed by Particle Size 

Analyzer (Malvern ZEN1690). The particle size distribution is related to pore 

size of the substrate wall and hence it indirectly highlights the effectiveness of 

the regeneration in reducing pressure drop across substrate. 
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Figure 6.23. Particle size analyzer date for average particle size distribution in DPF 

substrate 

 

The results of particle size analysis showed that the intensity of particle 

size distribution in the DPF substrate was reduced to an average size of 328 

nm (after soot loading) from 1172 nm (unused DPF substrate) as shown in 

Figure 6.23, indicating the deposition of smaller size soot particles in the 

porous wall. The PSA results of the DPF substrate after regeneration showed 

that the intensity of particle size distribution was increased to 938.5 nm 

indicating the removal of smaller size soot particles from the porous walls. 
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CHAPTER 7. CONCLUSIONS 

Stringent emission norms made it a mandatory requirement to retrofit 

emission control systems in the exhaust line of the vehicle since it is the most 

effective solution. In this work, modelling, computational analysis, 

development, and experimental study was conducted on emission control 

technique comprising of diesel oxidation catalysis and diesel particulate 

filtration system. 

 Development of a post-treatment emission control system with 

composite regeneration setup (i) Modelling and fabrication. Wherein three 

dimensional models of the DOC and DPF system were developed in design 

software (CATIA) and geometrical analysis of the models was conducted in 

CFD software (ANSYS) to validate the geometric design of the models before 

fabrication. The length of the loft and the loft angle is an important parameter 

which decides the flow through the substrate. The loft has to be designed in 

such a way that the pressure drop occurring in the flow due to its effect must 

be as low as possible. For determining the loft length with lowest pressure 

drop, CFD simulations were carried out for different models with varying loft 

angle and the results of simulation showed that the pressure drop is lowest in 

the case of the model with a loft length of 55 mm and loft angle of 61 degrees.  

The inlet and outlet lofts for the filtration system were fabricated with 

reference to the dimensions as per simulation results by sheet metal work. 

  Single-channel flow analysis was carried out for the DPF substrate to 

determine the effect of porous medium on the pressure drop across alternately 

plugged channels. Simulations were carried out for different mass flow rates 

of exhaust gas both in the case of DPF channel with porous medium and 

without the porous medium. The results of the simulation showed that the 

presence of the porous medium caused a pressure drop of around 60%. Also, 
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the results showed that the mass flow rate has direct proportionality with the 

inlet and outlet pressure. 

 Theoretical study on the effectiveness of the microwave-based 

regeneration system was carried out in this work by modelling and conducting 

simulations by creating a virtual environment in CFD software COMSOL 

Multiphysics. A comparative study on the electric field distribution in the 

system with magnetron port at top and center was conducted to determine the 

effective position for uniform distribution of the electric field inside the oven 

cavity. The contours of electric field distribution showed that the distribution 

of the electric field is uniform in the case of the model with a magnetron port 

at the center. The results of the simulation showed that the ceramic cordierite-

based filter substrate is transparent to the microwave radiations since there 

was no appreciable rise in the temperature of the filter substrate.   

 Soot layer built up in the filter channels was evaluated using CFD 

software (COMSOL MULTIPHYSICS) by considering the rise in soot layer 

thickness with respect to time as the major parameter.  The simulation results 

showed that the soot layer thickness was raised to 0.2025 mm after 1500 

seconds and the velocity contours also indicated a positive flow across the 

substrate. Heat distribution and temperature rise in the DPF substrate 

(alternate layers of cordierite and soot) during microwave-assisted composite 

regeneration was modelled in COMSOL MULTIPHYSICS by considering 

time-dependent mode and steady-state electromagnetic radiations for 

magnetron port power of 1 kW. The dimension of the modelled oven cavity 

was 26.7 cm × 27 cm × 18.8 cm and the results of simulation showed that the 

maximum temperature of 800 K was attained after 180 seconds of 

regeneration with an average temperature distribution of 700 K. The size of 

the oven cavity was remodelled to improve the energy efficiency and heat 

distribution in the DPF substrate. The dimensions of the revised model for the 
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oven cavity were 14 cm × 14 cm × 22.5 cm and the simulations were carried 

out for different magnetron input power ranging from 100 to 700 Watts. The 

simulation results showed that the soot oxidation temperature of 873 K was 

achieved at a magnetron port power of 400 W (at regeneration time of 150 

seconds) which inferred that the power rating of the magnetron can be 

optimized further for the experimental analysis. The soot oxidation 

temperature is 873 K and the maximum temperature achieved in the 

simulation results was much higher than 873 K, indicating that the modeled 

microwave-assisted regeneration system can effectively oxidize the 

accumulated soot particles. Microwave-assisted composite regeneration 

system was fabricated by integrating the oven cavity with magnetron 

arrangement 

 Experimental analysis of the developed emission control system; (i) 

Comparison of the conversion efficiency (metallic and ceramic DOC with 

different catalyst loading); (ii) Analysis of soot accumulation rate and 

filtration efficiency of DPF at different loads; (iii) Analyze the effectiveness of 

microwave-assisted composite regeneration system. Experimental studies 

were conducted on the fabricated DOC system to determine the conversion 

efficiency, and the performance of four commercially available DOC 

substrates was compared to determine the best retrofit combination in the 

proposed system (on four-cylinder, four-stroke engine at 1400 ± 50 rpm speed 

and power of 10 hp max.). Ceramic DOC substrate (400 cpsi) with a catalyst 

loading of platinum and palladium in the ratio 5:1 (35 g/cub. ft) exhibited the 

best conversion efficiency of 54% for hydrocarbons, 27% for carbon 

monoxide and 55% for particle number emissions.  

 Filtration efficiency of PTS system with DPF substrate alone was also 

experimentally determined and was observed to be 45% for hydrocarbons, 

11% for carbon monoxide and 88% for particle number emissions. The DOC 

system was integrated with the DPF substrate and the conversion efficiency of 
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the combination was experimentally determined. Integrated DOC-DPF system 

had an average conversion efficiency of 59% for hydrocarbons, 28.7% for 

carbon monoxide and 91% for particle number emissions (at 1400 ± 50 rpm 

speed and power of 10 hp max.).  

 Soot accumulation rate in the DPF substrate was evaluated for 

different engine loads and it had an average soot accumulation rate of 0.147 

g/kWh and integrated DOC-DPF substrate had an average soot accumulation 

rate of 0.033 g/kWh due to DOC-assisted continuous regeneration. The 

regeneration rate of the DPF substrate was evaluated by placing the loaded 

DPF substrate in the developed CR (Composite Regeneration) system and 

time constant power variable tests were conducted. The experimental results 

showed that the CR system had a maximum regeneration rate of 0.21 g/min at 

50% power level.  

Characterization of the filter substrate to determine the effects of 

filtration on substrate properties. The effect of filtration on the morphology, 

microstructure, chemical composition and particle size of DOC and DPF 

substrate were examined using characterization studies like Scanning Electron 

Microscopy – Energy Dispersive X-Ray Spectroscopy (SEM-EDS), Fourier 

Transform Infra-Red spectroscopy (FTIR), Particle Size Analysis (PSA) and 

microscopic imaging. The soot deposition in the DOC and DPF substrate were 

visually examined by microscopic imaging.  

The functional group analysis of the DOC and DPF substrate were 

conducted using FTIR analysis. Anatase functional group detected in the DOC 

substrate indicated the formation of platinum oxides due to the poisoning of 

catalysts. Tetrachloroethylene detected in the FTIR report of the used DPF 

substrate is grouped by International Agency for Research on Cancer as, “2A 

probably carcinogenic to humans”. The functional group peaks of the DPF 
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substrate after regeneration were observed to be in a similar pattern of the 

unused DPF substrate, indicating the occurrence of effective regeneration.  

The results of the PSA (Particle Size Analysis) showed that the 

intensity of particle size distribution is increasing in the case of DOC from 389 

nm to 417 nm, indicating the occurrence of catalyst poisoning by the 

formation of oxides. In the case of DPF, PSA results showed that the intensity 

of particle size distribution in the DPF substrate was reduced to an average 

size of 328 nm (after soot loading) from 1172 nm (unused DPF substrate), 

indicating the deposition of smaller size soot particles in the porous wall. The 

PSA results of the DPF substrate after regeneration showed that the intensity 

of particle size distribution was increased to 938.5 nm indicating the removal 

of smaller size soot particles from the porous walls. SEM-EDS results detailed 

the microstructure of the porous wall in unused DPF substrate and the 

morphological characteristics of the accumulated soot particles in the used 

DPF substrate, where the carbon content of 8.53% was found indicating the 

presence of soot particles. Energy consumed by the developed composite 

regeneration system was compared with other alternate regeneration 

techniques and the results showed that the system developed in this work has 

the lowest energy consumption owing to the geometric design of the oven 

cavity and also mica mesh coating reducing heat losses. 

. 
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 CHAPTER 8. FUTURE SCOPE OF WORK 

 

Some of the limitations of the present research work that could be considered 

in the future scope of the study are indicated below. 

 The engine test bench used for this work has a maximum loading 

capacity of 10hp (at 1400 rpm and 20 A) with exhaust temperature at 

the range of 550 K. The developed system can be tested in engine 

setup with higher loading capacity in the future works, which will 

improve the exhaust gas temperature, conversion efficiency of the 

DOC system and passive regeneration in DPF. 

 The particle number emissions from the engine were measured using 

the DSM 501A sensor module which has a particle measurement 

accuracy of 1 µm. Engine exhaust particle sizer (EEPS) can be 

considered in the future scope of this work since the spectrometer has 

the measurement accuracy for particles in the size distribution of 5.6 - 

560 nm. 

 The DOC substrate can be coated with insulation layers in future 

studies to reduce the heat losses, which will enhance the conversion 

efficiency of the system by improving catalyst activity. 

 The selective catalytic reduction system has to be integrated 

downstream of the DPF system in the future works to control the NOx 

emissions since the same is not considered in the present work. 

 The performance and emission characteristics of the engine could be 

improved in the future works by supplementation of HHO (hydroxy) 

gas from the brown gas generator along the inlet air stream. 
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8.1 SOLID-REDUCTANT BASED SELECTIVE CATALYTIC 

REDUCTION 

The development of an effective after-treatment system for reducing the 

toxicity level of exhaust emissions from internal combustion engines has 

become a mandatory requirement for the implementation of the latest emission 

regulations like EURO VI and Bharat Stage VI [200][201]. For example, in 

India, Bharat Stage IV emission norms have been enforced since April 2017 

and it has been proposed to enforce Bharat Stage VI emission norms across 

the entire country by April 2020. The leap from BS IV to BS VI is very 

critical since the limit for particulate matter emission and nitrate (NOx) 

emission from vehicles has to be brought down by an average of 73% and 

76% for vehicles in all categories in the latest emission norm [6][152]. 

Performance and durability of the existing emission control systems has to be 

improved to meet these stringent emission norms [116][202].  

 

Figure 8.1. Schematic diagram on the working of the SCR system in a pair of 

alternately plugged channels 

 Selective Catalytic reduction based emission control system has 

proved to exhibit better NOx reduction efficiency compared to alternative 
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techniques and Diesel Particulate Filtration System with alternately plugged 

filter channels can trap the particulate matter emissions by significant amounts 

to meet these emission regulations [67][203][204]. In this work, gaseous and 

particulate matter emissions from the engines were reduced by the application 

of a composite regeneration system with DOC and DPF system, whereas the 

nitrate emissions from the engine exhaust were not considered [205][206]. The 

future scope of this work includes the integration of the Selective catalytic 

reduction (SCR) system with the developed CR system. Integrated SCR and 

DPF system with catalyst coating in the particulate filter channels and 

provision for injection of aqueous urea before the inlet channels are 

commercially used for deNOx and particulate trapping applications 

[207][208]. Schematic diagram on the working of the SCR system is shown in 

Figure 8.1, where it can be seen that the exhaust gas stream with ammonia 

generated by hydrolysis of urea is introduced to the inlet channels of the 

substrate. 

8.1.1 Ammonia Generation from Solid Reductants 

Commercially available SCR systems work by injection of urea (aqueous 

solution) to the exhaust gas stream for the generation of ammonia by 

hydrolysis reactions [209][210]. Some of the properties of urea like corrosive 

nature, lower freezing point and tendency to decompose at temperatures above 

50-60 °C have raised the need for the development of an alternative technique 

for the generation of ammonia in SCR system [211][212]. Also, the generation 

of ammonia from urea would vary depending on the engine operating modes 

and exhaust conditions; hence it is very complicated to design a system for 

generating uniform concentration of ammonia [213][214]. Also, the 

temperature window for operation of the SCR system has been narrowed by 

the urea-based ammonia generation since the hydrolysis reactions are difficult 

to occur at temperatures below 200
 
°C [215]. The exhaust gas temperature 
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during the urban range is found to be below 200 °C, hence injection of 

aqueous urea during these operating conditions will result in the production of 

undesired byproducts [216][217].  

 

 All these limitations for the operation of the SCR system could be 

overcome if a system for injection of ammonia gas can be developed since it 

will broaden the operating temperature window and also the production of 

undesirable products can be avoided [110][218]. Major properties that decide 

the application of solid reactants for the generation of ammonia gas include its 

volumetric efficiency, mass efficiency, and ammonia release temperatures 

[219][220]. Some of the solid reactants which can generate ammonia gas 

include solid urea, ammonium salts, and metal ammine chlorides [221]. 

Ammonium salts like ammonium carbamate and ammonium carbonate can be 

decomposed to release ammonia gas in two steps concerning the 

thermogravimetric analysis performed, where it was observed that ammonium 

carbamate decomposes readily at low temperature. Two-stage decomposition 

reaction of ammonium carbamate is as shown in equation no. 35 and 36.  

 

4 2 3 2NH COONH NH HCOONH   (35) 

2 3 2HCOONH NH CO   (36) 

3 8 2 3 2 2 3( ) ( ) 6Ca NH Cl Ca NH Cl NH   (37) 

3 2 2 3 2 3( )Ca NH Cl CaNH Cl NH   (38) 

3 2 2 3CaNH Cl CaCl NH   (39) 
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Metal ammines have complex coordination structures in which 

ammonia forms ligand bond with the central metal cation and ammonia 

generation from these depends on the coordination sites of ammonia 

molecules. Metal ammines like magnesium ammine chloride, strontium 

ammine chloride, and calcium ammine chloride release ammonium molecules 

in a multi-step process upon heating, where molecules attached to the 

equatorial sites are released first followed by the molecules attached to the 

apical sites [222]. The three-step process involved in the release of ammonium 

molecules from calcium ammine chloride is as shown in equation no. 37 to 39, 

where a total number of 8 ammonium molecules are released during the 

overall reaction. Replacement of the aqueous urea solution commercially 

known as AdBlue Diesel Exhaust Fluid (DEF) with the solid reductants would 

be the most possible alternative for improving the deNOx efficiency at broader 

temperature range. 

 

 

Figure 8.2. Schematic diagram on the working of the solid reductant based SCR 

system 



   

 

143 

 

Solid reductant based SCR system would require a closed container 

setup like a reactor where warm liquid at a temperature around 60 °C has to be 

sprayed on the solid reductant for the decomposition of the reductant to 

produce ammonia gas. The sprayer liquid has to be pumped back to the 

reservoir and recirculated hence working as a closed system [114]. The 

ammonia gas released from the reactor is directed to the exhaust flow line via 

gas flowmeter where the flow rate of the gas injected can be varied 

accordingly. The schematic concept diagram of the solid reductant based SCR 

system is as shown in Figure 8.2. Solid reductant based SCR system using 

ammonium carbamate for ammonia generation was developed by bai et al, 

where the results showed that ammonium carbamate released a sufficient 

amount of ammonia gas producing an overall conversion efficiency of 80 to 

90% in the SCR system. Ammonium carbamate decomposes to ammonia at a 

temperature of 60 °C, which is achieved by the spraying of heat transfer fluid 

onto the solid reductant [67]. The pressure inside the reactor system will rise 

as the generation of ammonia gas continues and it is introduced to the exhaust 

flow stream via the dosage control valve. The dosage of the ammonia gas will 

vary depending on the operating mode of the engine. The threat of urea slip 

and undesired deposits during cold start and low load conditions can be 

eliminated by the introduction of a solid reductant based SCR system [223]. 

Ammonia density of the solid reductants is also higher hence the reactor will 

be compatible with the exhaust line and also ensures a longer range of service 

life [224]. 

 Selective catalytic reduction based emission control system is a 

mandatory external attachment for meeting emission regulations like US 2010 

and EURO VI.  Urea based SCR system with catalyst coating of copper or 

iron zeolite is commercially available SCR technique, but the occurrence of 

undesired reactions leading to release for more toxic byproducts has led to the 

development of alternate deNOx techniques. The solid reductant based SCR 
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system is observed to be an effective alternative for ammonia generation as 

compared to urea-based SCR systems.  Ammonium salts like ammonium 

carbamate and ammonium carbonate can generate ammonia for about 80 to 

90% NOx conversion for small, light and medium-duty diesel engine 

applications.  Undesired reactions occurring in urea-based SCR systems 

during cold start and cold transient cycles can be rectified by introducing 

SSCR systems which will also reduce the deposit risks. The performance of 

the SCR system can be enhanced by using solid reductants for ammonia 

generation owing to its higher ammonia generation density hence the refill 

interval can be extended. 

8.2 HHO GAS SUPPLEMENTATION USING BROWN GAS 

GENERATOR  

Brown gas is produced by electrolysis of water where direct current is passed 

through the electrolyte resulting in decomposition of water to produce 

hydrogen, oxygen and their ions [225]. The mixture of hydrogen and oxygen 

gases produced by electrolysis setup is observed to have good thermodynamic 

properties. The production of HHO (hydroxy) gas by electrolysis of water was 

first discovered by Yull Brown in 1977 for welding purpose, hence it is also 

known by the name Brown’s gas [226]. HHO gas has properties similar to that 

of hydrogen and has ionization energy of around 13.6 eV. HHO gas is 

composed of hydrogen and oxygen in the form of atomic clusters (H, O), 

dimers (H-O), molecules (H2 and O2) and water vapor. Hence it can be 

considered to be a potential alternative energy source [227]. Brown gas 

generated by electrolysis of water is observed to be an effective alternate 

energy source for internal combustion engines owing to its ability to combust 

at its auto-ignition temperature and the energy required for it is around 20 µJ 

at 570 °C [228][229]. At standard temperature and pressure, oxyhydrogen can 
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burn when it is between about 4% oxygen and 95% hydrogen by volume 

[230]. 

8.2.1 Working Principle of Brown Gas Generator 

The byproducts released after the electrolysis of water include a mixture of 

hydrogen gas, oxygen gas and their ions [231]. The rate of gas generated by 

the system depends on the applied potential difference across the anode and 

cathode.  Reactions taking place in the cathode and anode of the system are as 

shown in equation no. 40 and 41. Water is decomposed to hydrogen and 

hydroxyl ion at the cathode which is known as Hydrogen Evolution reaction 

(HER) and hydroxyl ion is oxidized to produce oxygen gas and water at the 

anode, which is known as Oxygen Evolution Reaction (OER) [232].  

 

Figure 0.3. Proposed system for HHO gas supplementation in engines 
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2 22 2H O e H OH     (40) 

2 22 2H O e H OH     (41) 

 The overall reaction taking place in the system is the decomposition of 

water to hydrogen and oxygen gas as shown in equation no. 40 [233]. The 

potential difference applied across the electrodes must be greater than the 

reversible cell voltage, which is the minimum voltage to overcome the 

difference in potential across anode and cathode. At room temperature, it is 

difficult to achieve the reversible cell voltage to initiate the electrochemical 

reaction without the application of external voltage sources [234]. The current 

density of the system depends on various factors like surface property of 

electrode, electrode potential and ion distribution in different layers of the 

electrolyte solution. The double-layer is formed in the electrolyte near the 

electrodes by variation in ion distribution at the inner and outer Helmholtz 

layer, which results in potential difference across electrode and electrolyte 

[235]. The future scope of this work also includes the supplementation of 

HHO gas to the intake manifold of the CI engines to improve the performance 

and emission characteristics of the engine and the schematic diagram of the 

proposed system is as shown in Figure 8.3. The combined effect of pre-

treatment (HHO gas supplementation) and post-treatment (DOC + DPF + 

SSCR) will help to reduce the emission levels and will also have a significant 

impact on engine performance. 
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APPENDIX I 

 

S1.1 C PROGRAM FOR INTERFACING PN SENSOR AND 

DIFFERENTIAL PRESSURE SENSOR WITH ARDUINO UNO 

INTERFACE 

 

Sl.no Sensor and Programming Language 

 

1. Differential Pressure Sensor 
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2 Particle Number Sensor 
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APPENDIX II 

 

S2.1 EQUATIONS USED FOR CALCULATING PERFORMANCE 

PARAMETERS OF ENGINE 

Sl. 

No 

Parameter Formula 

1 Mass of fuel consumed, mf 

(kg/hr) 

6_ _ 10 diesel
f

fuel consumed cc
m

t

 
  

2 Density of air, ρair (kg/m
3)

 5

4

1.01325 10

287 (273 )
air

T





 
 

3 Head of air, ha (m) manometer water
a

air

h
h






  

4 Actual mass of air 

consumed, mact (kg/hr) 
2 2 3600

4
act d a airm C d gh


       

5 Theoretical mass of air, mth 

(kg/hr) 
2 4 60

4 2
th bore air

N
m d L


        

6 Volumetric efficiency, ηvol 

(%) 
100act

vol

th

m

m
    

7 Air fuel ratio, A/F_ratio 
/ _ act

f

m
A F ratio

m
  

8 Brake power, BP  

(kW) 1000 g

V I
BP







 

9 Heat Input, Q 

 (kJ) 3600

fm CV
Q


  

10 Specific Fuel Consumption, 

SFC (Kg/kWh) 
fm

SFC
BP

  

11 Brake Thermal Efficiency, 

ηbth (%) 
100bth

BP

Q
    

12 Torque, T (N-m) 60 1000

2

BP
T

N

 
  

13 Constants: 

diesel =832 kg/m
3 

water = 1000 kg/m
3 

Cd=0.62 

orificed = 0.020 m 

bored =0.069m 

L =0.082m 

g =0.70 
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S2.2 ACCURACY OF MEASUREMENTS/UNCERTAINTIES 

Sl. No Parameter Measuring  

range 

Accuracy Uncertainty 

(%) 

1 CO 0 to 9.999% 0.001% 3.8 

2 HC 0 to 15000ppm 1ppm 3.09 

3 CO2 0 to 20% 0.01% 1.5 

4 Temperature 0 to 1000 deg. C 1 deg. C 0.12 

5 Brake Power - - 3 

6 Volume flow rate 

of air 

- - 0.52 

7 Fuel consumption - - 1.69 

8 Volumetric 

efficiency 

- - 1.47 
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APPENDIX III 

 

S3.1 SEM IMAGES OF DPF SUBSTRATE 

 

 

Figure S 3.1 SEM images of the DPF cordierite substrate before soot loading at 

magnification of (a) 20 micron and (b) 30 micron 
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Figure S 3.2 SEM images of the DPF cordierite substrate before soot loading at 

magnification of (a) 100 micron and (b) 200 micron 
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Figure S 3.3 SEM images of the DPF cordierite substrate after soot loading at 

magnification of (a) 20 micron and (b) 30 micron 
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Figure S 3.4 SEM images of  the DPF cordierite substrate after soot loading at 

magnification of (a) 100 micron and (b) 200 micron 
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APPENDIX IV 

 

S4.1 ISOSURFACE TEMPERATURE CONTOURS FOR 

MICROWAVE REGENERATION 

 

   

 

  

 

Figure S.4.1 . Contours of Iso-surface temperature distribution in Microwave 

Regeneration System after 150 Seconds of Regeneration at Power Rating of 

(a) 100 W (b) 200 W (c) 300 W and (d) 400 W 
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Figure S.4.2 . Contours of Iso-surface temperature distribution in Microwave 

Regeneration System after 150 Seconds of Regeneration at Power Rating of 

(a) 500 W (b) 600 W and (c) 700 W
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