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1. Introduction 

Diesel engines are used for a wide range of applications due to 

their lower fuel consumption when compared to spark-ignition en-

gines [1, 2]. Even though the efficiency of these engines is cur-

rently at a high level, there are still possibilities for further im-

provements both in performance and emissions, specifically for 

cost-competitive applications like generators (GenSets) and trac-

tors.  

Table 1. Emission norms for GenSet. 

Engine 

Power 

CPCB II Norms    

(Current-2022) 

CPCB IV Norms   

( Proposed -2023) 

19<kW<37 

CO NOx+HC PM CO NOx+HC PM 

g/kWh g/kWh 

3.5 4.7 0.3 3.5 4.7 0.03 

Typically, the associated concerns from the engine are higher 

particulate and NOx emissions, which cause environmental prob-

lems [3, 4]. In light of the foregoing, the Indian government regu-

larly updates the exhaust emission level regulations for engines. In 

India, currently applicable emission norms for generator sets are 

based on Central Pollution Control Board (CPCB) II, and the pro-

posed new norms will be CPCB IV. The current and proposed 

emission norms applicable for GENSET engines are shown in Ta-

ble 1. The aim of this study is to select an optimized after-treatment 

system to meet the upcoming emission norms for GenSet applica-

tions. Further, considering the engine exhaust emission, tempera-

ture, and exhaust gas mass flow rate, these after-treatment system 

designs and catalyst loadings are fine-tuned. Based on this study, 

to meet the upcoming emission norms, depending on the engine 

power requirements, this approach can be utilized for selection and 

optimization of the catalyst loadings and the after-treatment sys-

tems. 
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2. Materials for after-treatment systems 

2.1. Diesel oxidation catalyst (DOC) configurations 

For DOC selection, substrate configuration plays a vital role for 

catalyst light-off to reduce HC and CO as well as generate NO2. 

Compared to an uncoated substrate, the catalyst coating can im-

prove the substrate heating time by as much as 40%. Further, for 

better emission conversion efficiency with standard substrate tech-

nology, the increase in catalyst amount increases the pressure drop. 

Hence, the challenge of improving this trade-off relationship exists 

with standard porosity (porosity of approximately 35%) substrates. 

However, with an advanced high porosity (approximately 48–50% 

after catalyst coating) cordierite substrate selection, the above-

mentioned trade-off can be enhanced [3,4]. The porosity configu-

ration for cordierite substrate is shown in Figure 1.  

 

Fig. 1. Porosity configuration of cordierite substrate [5] 

In a high-porosity substrate, the DOC catalyst penetrates the 

wall, and the catalyst amount on the wall surface is relatively small. 

As a result, in the high-porosity substrate fundamental concept, 

pores in the substrate walls are used as "added" catalyst support, 

suppressing decreases in hydraulic diameter (Hd) as the catalyst 

amount is increased [5–6]. Accordingly, selection of a substrate 

with thin wall technology is significant for increased open frontal 

area; for this, typically, cell densities of 300 and 400 cpsi for off-

road diesel engines can be preferred. For this optimization study, 

the Pt catalyst with minimal zeolite catalyst is coated on the high 

porosity cordierite substrate with a mean pore size of 9.5–14.5 

microns as well as wall porosity of 48–50%. Figure 2 shows the 

cordierite diesel oxidation systems developed for study.  

 

Fig. 2. Cordierite diesel oxidation system 

In addition, for these off-road applications, metallic substrates 

with advanced counter-corrugation techniques are also tested to 

compare the emission reduction performance. Figure 3 shows the 

metallic diesel oxidation systems developed for this study. The 

right-side image shows a metallic substrate, and the left-side image 

is a canned system. 

 

Fig. 3. Metallic diesel oxidation system 

This DOC system is installed before the DPF systems to generate NO2 

in the DPF for passive regeneration of soot. The NO2 generation is ex-

plained in equation 1. 

2NO +O2          2NO2               (1) 

2.2. Selective Catalytic Reduction (SCR) configurations 

 

Fig. 4. SCR After-treatment system 

Although a variety of SCR catalysts exist on the market, for this 

study, a zeolite-based catalyst with high porosity substrates was 

selected. Typically, with a suitable reducing agent and the exist-

ence of a catalyst, the nitrogen oxides emitted from the engine are 

reduced [7]. The reducing agent used in SCR applications is am-

monia (NH3), and urea solution is the most widely used. Urea-so-

lution is eutectic with 32.5% urea and a balance of dematerialized 

water (by weight ratio), with the quality conforming to ISO 22241-

1-2006. In the exhaust pipe, urea solution in the form of a fine 

spray is usually injected. During engine operation, when urea so-

lution is injected, due to the high exhaust gas temperature, water 

evaporates, leaving urea (CO(NH2)2), which is further converted 

to ammonia via a two-step reaction mechanism. Urea decomposes 

into isocyanic (HNCO) acid due to heat (thermolysis). Isocyanic 

acid is an intermediate component [7, 8]. Iso-cyanic acid then re-

acts with water (hydrolysis) to form carbon dioxide and ammonia 

(NH3). The SCR reactions are explained in the following equations: 

(NH2)2CO (aq)       (NH2)2CO (s) 

(NH2)2CO (s)        HNCO+ NH3 (Thermolysis) 

HNCO +H2O         CO2 +NH3 (Hydrolysis) 

NH3 +NOx          N2 +H2O  

Overall, on the catalyst surface, the ammonia generated during 

the hydrolysis process reacts with the engine-out NOx to form ni-

trogen and water [9]. The SCR after-treatment system is shown in 

Figure 4. 

Furthermore, th-1ee chemical reactions are important for this 

NO formation mechanism in the engine-out and are discussed be-

low: 

O + N2     NO + N    (1) 

N + O2    NO + O    (2) 

N + OH   NO + H    (3) 
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Equation 3 is an extended Zel'dovich mechanism. For the 

above-mentioned mechanism, the reaction rate is moderately slow 

as well as sensitive to temperature. Hence, thermal NO can appear 

in significant amounts only after the start of heat release, as it is 

influenced by temperature. Nitrous oxide (N2O) is formed th-

1ough a th-1ee-body mechanism at high pressures when oxygen 

atoms react with N2. 

O + N2 + M  N2O + M   (4) 

M is used to remove energy from the above reaction in order to 

complete the reaction. It is a third body and molecule of another 

compound; otherwise, the energy released in a collision between 

the two reactants (O and N2) would be sufficient to decompose 

back into the original reactants. Because of the additional mole-

cule's presence, the energy release is absorbed by molecule M, 

which hence prevents the N2O from decomposing. In addition, th-

1ee body reactions are also pressure-sensitive, and therefore, the 

significance of this reaction will increase at high pressures. Fre-

quently, N2O converts to N2 th-1ough: 

H + N2O  N2 + OH   (5)  

O + N2O  N2 + O2   (6) 

Nevertheless, under these conditions if the air-fuel ratio is lean, 

NO can form th-1ough the reaction:  

N2O + O  NO + NO   (7) 

The O in (6) comes from: 

O2 + M    2O + M   (8) 

During the oxygen rich zone, due to the third body molecule in-

teraction, O is formed. Hence, the N2O third body reaction can be 

used to explain NO formation at lower temperatures as well as at 

higher pressures. Usually, NO represents around 90% of NOx 

emissions, the remaining 10% is the most toxic NO2. Nitrogen Di-

oxide (NO2) is formed from Nitric Oxide (NO) by the below reac-

tion: 

NO + HO2  NO2 + OH    (9) 

When temperatures rise above those in the typical flame zone, 

Nitrogen Dioxide undergoes the following reaction: 

O2 + O  NO +O2    (10) 

During the low temperatures, unburnt fuel molecules can com-

bine to form hydroperoxyl radicals (HO2), which will be needed to 

form NO2 as per equation 11. 

RH + O2  R + HO2    (11) 

Therefore, toxic NO2 is formed as a by-product of thermal NO 

and also due to incomplete combustion of the fuel. However, using 

a diesel oxidation catalyst in the engine exhaust before the SCR 

catalyst increases the NO/NO2 ratio. The diesel oxidation system 

plays a key role in NO2 generation for facilitation of fast SCR re-

actions; this is mainly significant at low temperatures [9–10]. 

 

 

2.3. Diesel Particulate Filter (DPF) configurations 

Typically, for a new DPF system, engine running-in (degreen-

ing) conditions for the required temperature conditions are re-

quired, and a rapid rise in pressure drop begins during this period.  

 
Fig. 5. Soot accumulation process 

This is due to soot accumulation inside the filter pores (1), fol-

lowed by a gradual increment in soot accumulation as a layer along 

the walls (2). Accordingly, DPF pressure drop increases with soot 

cake accumulation in the DPF. Soot particles are captured and re-

tained in the DPF th-1ough an arrangement of depth filtration in-

side the filter pores and surface filtration along the channel walls. 

The aforementioned two processes of soot accumulation inside 

DPF are shown in Figure 5, where a small fraction of the soot ini-

tially accumulates in the filter pores (1) and then subsequently 

builds a layer along the channel walls (2). Hence, the soot filtration 

mechanisms play an important role in determining the overall in-

crease in exhaust back pressure. If the accumulated soot regener-

ates without hydrocarbon dosing, then it is called a "passive regen-

eration process." For this, a platinum (Pt)-catalyst-coated DOC 

substrate is used to convert NO to NO2 in the exhaust gas. In this 

study, for the selected catalyst, the passive regeneration of soot in 

the presence of NO2 is accomplished between the temperature 

ranges of 250 °C and 375 °C [11–14]. Active regenerations are re-

quired due to the challenging operating conditions, and Cordierite 

DPF material is chosen to meet the DPF's robustness requirements. 

If the engine operates for a certain amount of time within this pas-

sive regeneration temperature window, then active regeneration 

may not be required. But for a prolonged period of time, if operated 

at a lower exhaust gas temperature of 250 oC, then active regener-

ation is desirable. Nevertheless, in the regeneration approach, the 

soot oxidation results in incombustible material, or ash, which can-

not be burned and remains inside the DPF. Hence, it is critical to 

understand DPF pressure drop performance and select the size and 

volume of the cell structure for the filter accordingly. However, 

there are numerous DPF options available to meet the engine's ap-

plication requirements. For this study, cordierite with 200 Cpsi cell 

densities and 12 mill-inch wall thicknesses were selected, as 

shown in Figure 6. The selected DPF for this study has an asym-

metric cell configuration for more ash storage capacity as well as 

an increased ash cleaning interval. interval [15-16]. 
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Fig. 6. DPF selection parameters 

Overall, using GT-Suite simulation software, the influence of 

selected DPF configurations considering the soot mass limit and 

backpressure performance as well as the time for completing the 

active regeneration and regeneration temperature conditions are 

studied in this paper. 

 

2.4. Experimental Setup and Methodology 

 

Fig. 7. After-treatment system experimental set-up coupled with engine 

The after-treatment system experimental set-up coupled with the 

TCIC engine is shown in Figure 7. DOC is coated with a Nanox 

thermal barrier coating over the external surface for heat retention 

purposes. Further, downstream, after DOC, systems like SCR and 

DPF are installed. Initially, emission testing is carried out to opti-

mize the DOC configuration. Based on the optimized DOC con-

figuration, further SCR and DPF configurations are finalized based 

on GT-Simulation performance studies. 

 

2.5. GT-SUITE Simulation 

2.5.1. After-Treatment (DOC+SCR) modeling 

 

Fig. 8. DOC and SCR model for simulation 

This simulation study was carried out to understand the emission 

conversion efficiency for the optimized DOC catalyst configura-

tion and SCR system. In the first phase of simulation, the DOC 

model was only simulated to calibrate the ATS DOC model for 

simulation with reference to actual DOC testing results. The DOC 

catalyst-to-engine volume ratios of 0.35 (0.6-liter substrate vol-

ume), 0.47 (0.8 liter), and 0.58 (1.0 liter) are calibrated for GT-

simulation. Using the previously calibrated DOC models, addi-

tional SCR system models were coupled together and simulated to 

assess NOx emission conversion efficiency [17]. The DOC and 

SCR discretized models coupled for GT-SUITE simulation are 

shown in Figure 8. With this model, HC, CO, and NOx emissions 

from the DOC outlet as well as NOx reduction efficiency from the 

SCR outlet are simulated. Furthermore, in this GT-Suite simula-

tion, there are th-1ee flow solvers available for exhaust after-treat-

ment models: explicit, implicit, and quasi-steady (QS). The QS 

solver is selected for all stand-alone exhaust after-treatment mod-

els due to its shorter computation time. However, the default time 

step size for the QS solver is 1 sec, which is used for this study. 

For this study, each test case runs for 1000 steps to stabilize, and 

the calculations are made accordingly. Due to generator applica-

tions for these constant speed engines, 5 mode cycle emission 

norms are used, and their emission weightage for each torque per-

cent is shown in Table 2. The % emission conversion calculations 

for all five modes are based on this table, taking into account the 

emission weightage factors. Assumptions for simulation: 
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Table 2. Constant speed engine 5 mode weightage for emission 

Torque % 100 75 50 25 10 

Type D2 0.05 0.25 0.3 0.3 0.1 

2.5.2. Diesel Particulate Filter Modeling 

 

Fig. 9 (a). DPF soot generation model 

For this study, DPF sizes of 3.4 and 3.7 liters are considered, and 

the DPF soot generation model developed for GT-SUITE simulation 

is shown in Figure 9 (a). Figure 9 (b) shows the pressure drop and DPF 

soot regeneration model used for this simulation. This diesel particu-

late filter model (wall flow type model) is accountable for filter pres-

sure drop, soot loading, and full regeneration conditions, including ash 

creation. This DPF is a one- and zero-dimensional model, and it also 

assumes that the substrate temperature, gas phase temperature, pres-

sure, and species compositions are identical th-1ough the filter wall 

along the channel. With the zero-dimensional model, it is assumed that 

particulate matter is oxidized inside the filter based on gaseous reac-

tions. Accordingly, the filter temperature, soot mass, gas phase tem-

perature, pressure, and species compositions are obtained by solving 

mass and energy equations for both the solid phase and gaseous phase. 

 

Fig. 9 (b). Pressure drop and DPF regeneration model 

3. Results and discussion 

Simulation results 

 

Fig. 10. Pressure drop simulation across DOC and SCR substrates 

Figure 10 shows the pressure drop across DOC and SCR. For this 

study, various substrate volumes and cell densities of advanced high 

porosity substrate configurations are utilized. Accordingly, from the 

simulation, the pressure drop across DOC was observed at 20 mbar for 

0.8 liters and 28 mbar for 1.0 liters with 400 cells per square inch (Cpsi) 

and 4.5 mill-inch wall thickness substrate configurations. Furthermore, 

the simulated pressure drop across the SCR for a 3.7-litre substrate is 

20 mbar. Though the set allowable substrate pressure drop across 

DOC and SCR is less than 50 mbar, the substrate combination of 0.8 

to 1.0 liters of DOC along with a 3.7-litre SCR configuration can be 

selected for this application.  

 

Fig. 11. Space velocity simulation across DOC and SCR substrates 

The space velocity simulation across DOC and SCR substrates 

using the Corning 1D simulator is shown in Figure 11. Usually 

substrates achieve higher emission conversion for higher space ve-

locities, and this can be accomplished with an increase in substrate 

volume. Based on the simulation, the observed space velocity is 

175300/h-1 for a 0.6 liter, 140200/h-1 for a 0.8 liter, and 110400/h-

1 for the given 1.0-litre substrate volumes. However, considering 

the space velocity target across the DOC (175000/ h-1) and SCR 

(75000/ h-1), DOC substrate volumes of 0.8 to 1.0 liter and SCR 

volumes of 3.4 to 3.7 liters can be preferred. Furthermore, the sim-

ulated space velocity for the SCR 3.7-liter substrate is 60000 /h-1. 

Based on the above simulation results, and the preferred sub-

strate configurations, the modular DOC after-treatment model is 

designed for 0.8- to 1.0-litre substrates. This model is analyzed for 

uniformity index analysis using Ansys CFX software. For this flow 
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analysis, a tetrahedral mesh type was selected. Based on the anal-

ysis, it is observed that there are no reverse flow occurrences at the 

inlet of the cone (DOC inlet). The velocity streamline and contours 

for the DOC substrate inlet are shown in Figure 12. From the ve-

locity contour, a flow uniformity index of 0.82 is achieved. Though 

there is a possibility for further cone optimization, considering the 

impact of DOC system backpressure, this study was carried out 

with a 0.82 UI design itself. 

 

Fig. 12. Velocity streamline and contour for DOC at inlet 

 

Fig. 13. Hydrocarbon emission with DOC for TCIC engine 
 

Testing results: 

With the preferred DOC substrate configurations, the emission test-

ing is carried out using a TCIC 27 kW engine (TCIC-Type 2 is engine- 

out emission without DOC). For this DOC system, the catalyst 

washcoat combinations are composed of platinum (Pt) and zeolites 

with an alumina formulation. The zeolite catalyst, with a Si/Al ra-

tio of 5 to 50 and a pore size of about 0.6 nm, is used for trapping 

diesel HCs at temperatures below about 250 oC and releasing them 

at temperatures above 250 oC. With the catalyst loading of 1 g/cuft 

on 0.6 liters of DOC, 0.069 g/kWh (28% reduction) is achieved, 

0.8 liters of DOC gives 0.036 g/kWh (62.5% reduction), and 1.0 

liters of DOC gives 0.027 g/kWh (71.8% reduction). Overall, the 

HC conversion efficiency of 1.0-liter DOC with cordierite sub-

strate was higher than that of other DOC volumes. The HC emis-

sion performance with DOC is shown in Figure 13. 

 

Fig. 14. Carbon monoxide emission with DOC for TCIC engine 

Carbon monoxide emission with DOC for the TCIC engine is 

shown in Figure 14. With a 0.6-litre DOC, 0.497 g/kWh (30% re-

duction) is achieved. For 1.0-litre DOC, 0.293 g/kWh (59% reduc-

tion) and for 0.8-litre DOC, 0.200 g/kWh (43% reduction in CO) 

are accomplished compared to the TCIC engine without DOC. 

 

Fig. 15. Oxides of Nitrogen emission with DOC for TCIC engine 
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The nitrogen oxide emissions with DOC for the TCIC engine 

are shown in Figure 15. With a 0.6-liter DOC, 4.187 g/kW-h (2.2% 

increase) is observed. An increase of 11.8% is observed with a 0.8-

liter DOC of 4.582 g/kWh. With a 1.0-liter DOC, it produces 4.796 

g/kW-h, representing a 17% increase. This shows that NO is being 

oxidised to NO2. The 17% NO oxidation will be beneficial for 

SCR low temperature NOx conversion as well as DPF passive re-

generation. 

Simulation results 

Figure 16 shows the PM emission simulation for DOC with a 

TCIC engine using a PM simulator. The PM emission from a 1.0-

litre DOC could be 0.22 g/kW-h due to soluble organic fraction 

oxidation. This still needs further improvement to reduce it below 

0.03 g/kW-h. Hence, the need for a DPF system is a must for fur-

ther soot-related studies. 

 

Fig. 16. PM emission simulation with DOC for TCIC engine 

Analysis results: 

 

Fig. 17. Velocity contour analysis for SCR using Ansys CFX 

Based on the selected substrate configuration, the modular SCR 

after-treatment system is designed for 3.4-litre and 3.7-litre sub-

strates. This designed model is analyzed for uniformity index using 

Ansys CFX software. For analysis, the tetrahedral mesh type is se-

lected for this model. Figure 17 shows the velocity contour analy-

sis for SCR using Ansys CFX. It is observed that the inlet to the 

SCR substrate is without any flow recirculation, and the cone de-

sign is well optimized. As an input condition, an inlet exhaust gas 

mass flow rate of 175 kg/h and an outlet pressure of 1.01325 bar 

are used, with a linear resistance coefficient of 1072.74 kg/m3s and 

a quadratic resistance coefficient of 2.749 kg/m4.  

 

 

 

 

Fig. 18. Uniformity index for SCR using Ansys CFX 

Figure 18 shows the uniformity index for SCR using Ansys 

CFX. According to the analysis, the uniformity index at 10 mm 

after the cone is 0.362. However, the achieved maximum uni-

formity index at the substrate middle is 0.918 and at the substrate 

outlet is 0.9. This shows better mixing of ammonia and exhaust gas 

before entering the SCR inlet. This could further achieve enhanced 

NOx reduction. 

GT SUITE Simulation results:   

DOC: CO conversion model calibration  

CO conversion at 10% and 100% engine load conditions is 

shown in Figures 19 and 20. CO conversion at 100% load is 91% 

for the 0.6, 0.8, and 1.0-litre DOC. CO conversion at 10% load is 

20% for 0.6 liters, 14% for 0.8 liters, and 30% for 1.0 liters of DOC. 

The increase in CO conversion efficiency could be due to the se-

lection of DOC with higher space velocity and volume. 

 

Fig. 19. CO conversion at 10% load using simulation 
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Fig. 20. CO conversion at 100% load using simulation 

DOC: HC conversion model calibration 

 

Fig. 21. HC conversion at 10% & 100% using simulation 

The HC conversion at 10% and 100% using simulation is shown 

in Figure 21. At 100% load, 88% HC conversion for 1.0-litre DOC, 

82% conversion for 0.8-litre DOC, and 72% HC conversion for 

0.6-litre DOC are achieved. At 10% load, HC conversion is 22% 

for 1.0 litres of DOC, 16% for 0.8 litres of DOC, and 12% for 0.6 

litres of DOC.This increase in HC conversion efficiency could be 

due to the selection of DOC with higher space velocity and volume. 

DOC:NO conversion 

 

Fig. 22. NO Conversion at 50 & 75% load using simulation 

Figure 22 depicts NO conversion at 50% and 75% load using 

simulation. NO conversion at 50% load provides 37% conversion 

with 1.0 liters of DOC, 33% conversion with 0.8 liters of DOC, 

and 27% conversion with 0.6 liters of DOC. These load conditions 

are selected for simulation based on the NO conversion tempera-

ture range. NO conversion at 75% load is 23% for 1.0-litre DOC, 

22% for 0.8-litre DOC, and 20% for 0.6-litre DOC. This increase 

in NO oxidation to NO2 could be due to the selection of the DOC 

with Pt catalyst formulation along with higher space velocity and vol-

ume. 

HC Conversion: DOC simulation vs. testing comparison   

Fig. 23. HC Conversion testing vs. simulation 

The DOC:HC conversion for testing versus GT-simulation is 

shown in Figure 23. The 0.8-litre DOC simulation shows 71% con-

version, and the tested results show 62% conversion. Based on 

simulation, a 1.0-liter DOC achieved 79% HC conversion, while 

tested results show 72% conversion. The overall difference be-

tween simulation and tested results is in the range of 8–12% for 

1.0-litre DOC; this difference is carried out for SCR calibration 

purposes.  

CO conversion: DOC simulation vs. testing comparison  

 

Fig. 24. CO conversion: actual vs. simulation 

The CO conversion for testing versus GT-simulation is shown 

in Figure 24. For a 0.8-litre simulation, results show 91% conver-

sion, and tested results show 59%. Simulation results show 96% 

conversion, while tested results show 72% conversion for 1.0-litre 

DOC. The observed difference between simulation and testing re-

sults is 25%. This difference is carried out for SCR calibration pur-

poses. However, this difference could be due to a de-greening ef-

fect, which is not considered during simulation. Furthermore, fuel 

with a sulphur content of 50 ppm is used during testing, and this 

could also cause variations in catalyst performance during testing 

and simulation. 
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NOx conversion and ammonia slip simulation with 3.4-litre 
SCR 

 

Fig. 25. NOx conversion and ammonia slip with 3.4-litre  
SCR at 100 % load 

 

Fig. 26. NOx conversion and ammonia slip with 3.7-litre  
SCR at 100 % load 

 

Fig. 27. NOx conversion and ammonia slip with 3.4-litre  

SCR at 50 % load 

Figures 25 and 26 show a GT-simulation of NOx conversion 

with 3.4 and 3.7 liters of SCR substrate volume, respectively. This 

simulation is carried out at an ammonia-to-NOx ratio of 1 (ANR = 

1). This condition is maintained to keep the slip at a lower level. 

At 100% load, 49% NOx conversion and an ammonia slip of 3 

ppm for a 3.4-litre SCR system are observed. Furthermore, for the 

same load condition, the observed NOx conversion with 3.7-liter 

SCR substrate is >48% with an ammonia slip of 2.7 ppm. 

Figures 27 and 28 show NOx conversion simulations with a 3.4- 

and 3.7-liter-volume SCR substrate at 50% load. With a 3.4-litre 

SCR system, NOx conversion is > 46% with an ammonia slip of 3 

ppm. NOx conversion is greater than 55% with a 3.7-liter SCR 

substrate, and ammonia slip is less than 2.7 ppm. It shows the am-

monia-to-NOx ratio maintained at ANR = 1 can reduce the ammo-

nia slip to a lower level. 

 

Fig. 28. NOx conversion and ammonia slip for 3.7-litre  

SCR at 50 % load 

DPF pressure drop simulation at ‘o’gms soot condition  

 

Fig. 29. Pressure drop at ‘o’g soot condition using simulation 

Figure 29 shows the pressure drop in clean condition across the 

DPF. The maximum pressure drop across the DPF for a clean con-

dition (without soot) at 100% load is 33 mbar. Further, the DPF 

model is calibrated with tested results to establish correlations for 

simulated results within 2% of variations. Further, emission out-

puts from DOC and SCR are used as the input for the DPF, con-

sidering the NO2 generation out of SCR is used to oxidise the soot. 

Inside the DPF, the soot particles are filtered and retained due to 

surface filtration along the channel walls as well as depth filtration 

inside the filter pores. This process is called soot cake formation. 

Hence, during cake formation, a small fraction of the soot initially 

collects in the filter pores and then consequently builds a layer on 

the DPF channel walls laterally. This accumulated soot provides 

an additional layer to trap further incoming particles. This can be 

confirmed by observing a consistent pressure drop after running 

the engine continuously for an extended period of time (> 2.5 hours) 

or after degreening. Figure 30 (a) shows the pressure drop vs. soot 

load simulation at 100% load. During this condition, 7.6 g of soot 

accumulated and a pressure drop of 136 mbar across the DPF was 

observed. Figure 30 (b) shows 7.0 g of soot accumulation at 75% 

load with a pressure drop of 101 mbar across the DPF. Figure 30 

(c) shows 6.0 g of soot accumulation at 50% load with a pressure 

drop of 67 mbar across the DPF. Figure 30 (d) shows 4.2 g of 
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soot accumulation at 10% load with a pressure drop of 26 mbar 

across the DPF. 

 

Fig. 30 (a). Pressure drop vs soot load simulation at 100% load 

 

Fig. 30 (b). Pressure drop vs soot load simulation at 75% load 

 

Fig. 30 (c). Pressure drop vs soot load simulation at 50% load  

 

Fig. 30 (d). Pressure drop vs soot load simulation at 10% load 

Regeneration time and ash formation simulation with 8gm soot 

condition 

Regeneration time and ash formation with 8 g of soot are shown 

in Figure 31. For a 538 oC DPF (4.7-litre DPF) inlet temperature, 

the regeneration time for 8 g of soot loading is less than 57 seconds 

at 100% load. This regeneration time interval typically depends on 

the exhaust gas temperature.  

 

Fig. 31. Regeneration time and ash formation with 8gm soot  

Furthermore, 0.07 g of ash is generated during the regeneration 

of 8 g of soot. 

Regeneration time comparison for 50 to 100 % load 

 

Fig. 32. Regeneration time comparison for 100%, 75%, 50% load 

Soot regeneration time comparisons for 100%, 75%, and 50% 

load are shown in Figure 32. At a 100% load condition, the soot 

regeneration time is 50–60 sec. Further, for 100% and 75% load 

conditions, the observed DPF regeneration temperature is favour-

able. However, temperature conditions below 50% load are unfa-

vourable for regeneration. As a result, thermal insulation before the 

DPF inlet is required to improve further and reduce regeneration 

time. 

Heat insulation testing results: 

The Nanox coating thermal insulation performance on DOC is 

shown in Figure 33. Without this Nanox coating on the DOC outer 

shell, the DOC's out temperature is 538 oC at 100% load, and it 

gets reduced to 523oC. As a result, the temperature dropped by 
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15oC after DOC. However, with the Nanox coating of 500µm, on 

DOC outer shell, the temperature further improved to 529oC. This 

shows a 4-6oC improvement. Accordingly, further to reduce this 

temperature loss, insulation required from the exhaust manifold to 

DOC and this can enhance thermal retention before DPF to main-

tain the favourable temperature conditions for soot regeneration. 

 

Fig. 33. Nanox coated DOC thermal insulation performance. 

In this investigation, 7% wt YPSZ (Nanox) is coated on the 

DOC (external surface) of the outer shell using Nanox S4007 pow-

der and coating plasma spray technology. The Y2O3-ZeO2 weight 

ratio is 7:93, and the agglomerated powder size of 15–150 microns 

is used for this study. 

3. Conclusions 

From the present investigations, the following conclusions are 

drawn: 

DOC with 1.0-liter substrate volume and 1 g/cuft shows HC 

conversion of 72% (HC mass emission is 0.027 g/kWh), which is 

favourable for meeting proposed emission norms. CO conversion 

is 73% (mass emission is 0.200 g/kWh). Further, the achieved 

emission limit (HC: 0.027 + NOx: 4.13) is within the mass emis-

sion limit of 4.7 g/kWh norms. With a 3.7-liter SCR catalyst, NOx 

is further reduced by 75% with 3 ppm NH3 slip, achieved using 

GT-SUITE simulation. This could be beneficial for meeting future 

NOx emission norms as well. 

Further, with this TCIC engine along with the 1.0-litre DOC sys-

tem, the smoke values are measured to simulate the PM using the 

AVL soot calculator model. The simulated value is 0.22 g/kWh, 

and this requires further reduction in PM. Based on the GT-SUITE 

simulation technique for further PM reduction, favourable regen-

eration conditions were simulated. Based on this simulation study, 

the maximum soot mass limit of 8 gm is simulated for the selected 

4.7-liter DPF. Furthermore, the simulated temperature ranges be-

tween 450 and 550 oC are favourable for active regeneration at 75% 

and 100% load conditions. However, for the load ranges below 

50%, temperature improvement for regeneration is required. As 

part of DPF temperature improvement, an advanced Nanox (7% 

YPSZ) coating is provided on the DOC outer shell (Nanox top coat 

layer of 460–480 microns) and tested. At rated load conditions, a 

maximum of 6 oC temperature improvement is accomplished at 

the inlet of the DPF. However, if this Nanox coating is applied over 

the exhaust manifold itself, then further temperature enhancement 

in the DPF inlet could be achieved. Overall, in this study for diesel 

engines ranging between 19 and 27 kW, it is demonstrated that with 

the appropriate selection of after-treatment system design, catalyst ma-

terial, and substrate configurations, proposed emission limits can be 

accomplished.  
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DPF : Diesel Particulate Filter 

SCR : Selective Catalytic Reduction 

TCIC : Turbocharged intercooled  

PM
 

: Particulate matter 
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