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Abstract 

The inlet air temperature of a diesel engine plays a dominant role in its efficiency as it affects the 

combustion parameters, provided the engine characteristics are suitably adjusted. This study 

investigates the effect of inlet air temperature on the performance and emissions of a single-

cylinder, four-stroke, water-cooled, direct-injection diesel engine. Inlet air was preheated up to 90 

⁰C and its impact was observed using the Diesel-RK software simulator under constant engine 

speed and variable load conditions. Air-preheating increases the physical and chemical delay rates 

— i.e., it accelerates the droplet vaporization and combustion rates. However, this also reduces its 

density, thereby lowering its mass flow rate and cycle efficiency, which is counterproductive. 

Therefore, the inlet air density must be increased to its original value beforehand to yield the full 

benefits of air-preheating. Furthermore, the effect of increased fuel flow rate at 30% of its rated 

value was also investigated; combined with increased air density, this caused a spike in the rated 

power, leading to improvements in the engine performance and combustion efficiency. These 

results show that preheating the intake air by increasing the fuel and intake air mass could improve 

the power-to-mass ratio of existing engines and reduce its pollutant emissions.  

 

Keywords: Diesel engine, inlet air temperature, inlet air preheating, air-fuel ratio, physical and 

chemical delay, ignition delay, exhaust emissions. 

 

 

 

 

 



IMPROVING THE PERFORMANCE AND EMISSIONS OF A FOUR-STROKE, WATER-COOLED, DI DIESEL 

ENGINE BY INCREASING INLET AIR TEMPERATURE 

 

258                                                                    JAUES,17,62,2022 

 

تحسين أداء وتقليل الإنبعاثات لمحرك ديزل رباعي الأشواط تبريد مياه احادي الأسطوانة وذلك عن طريق زيادة درجة  

 حرارة الهواء الداخل للمحرك 
 

محسن محمد عبدالعال ،  باسم عبدالله ربيع، محمد أحمد كامل*  

الهندسة , جامعة الازهر, القاهرة , مصر قسم الهندسة الميكانيكيه , كلية   

kamel_822001@yahoo.com    * للباحث الرئيسى: لاليكترونياالبريد  

  ملخصلا

أداء محركات الديزل تتأثر بتغيير درجة حرارة الهواء الداخل الي المحرك  لأنها تؤثر علي خصائص تفاعلات الحريق وبالتالي يمكن توظيف  

هذا في تحسين أداء المحرك اذا تم ضبط باقي العوامل مجتمعة مع درجة حرارة الهواء في صورة مناسبة.أجريت هذه الدراسة علي محرك  

باعي الأشواط تبريد مياه احادي الأسطوانة عند سرعة دوران ثابتة و قدرة متغيره لبيان أداء و انبعاثات المحرك مع تغيير  معملي ديزل ر

-Dieselدرجة مؤية. كما تم محاكاة التجارب المعملية علي برنامج المحاكاة    90درجة حرارة الهواء الداخل تصاعديا علي عدة مراحل لتبلغ  

RK    زيادة درجة حرارة الهواء تؤدي الي نقصان في فترتي التأخيرالكيميائي و الفيزيائي حيث ان تأثير درجة الحرارة يؤثر علي زيادة.

معدل تبخير قطيرات الوقود و كذلك معدلات تفاعلات الحريق. في نفس الوقت تقل كثافة الهواء مع زيادة الحرارة مما يكن له تأثير عكسي 

حرك.و لكي يمكن الأستفادة من زيادة درجة حرارة الهواء بالإيجاب يجب تعويض النقصان في كثافة الهواء بزيادة ضغطه.من  علي قدرة الم

الفوائد التي يمكن الحصول عليها من زيادة درجة حرارة الهواء هي زيادة معدل و كفاءة الحريق و علي ذلك يمكن زيادة معدل دخول الوقود 

% عن معدله الأصلي. وقد وجد ان زيادة درجة حرارة الهواء مع زيادة كثافته مع زيادة نسبة الوقود  تؤدي  30الي  الي المحرك بنسبة تصل  

 الي تحسن في أداء المحرك و كفاءة الحريق و زيادة قدرة المحرك وبالتالي زيادة نسبة "القدرة الي الكتلة" للمحرك. 

 

التأخيرالكيميائي و  تسخين الهواء الداخل للمحرك ,, الهواء الداخل الي المحرك حرارةدرجة , محركات الديزلالكلمات المفتاحية : 
 الإنبعاثات, الفيزيائي

 

1. Introduction 

 

The inlet air temperature of a diesel engine has a dominating effect on its performance and 

emissions. This may be attributed to its direct impact on fuel spray characteristics. The temperature 

of the inlet air affects that of the injected diesel-spray droplet; higher temperatures lead to easier 

droplet evaporation and facilitate its subsequent mixing with the inlet air, thereby reducing the 

delay in physical ignition. Any variation in the temperature of inlet air also changes its density, 

which in turn affects the spray-tip penetration and the spray cone angle [1-3]; this influence on the 

overall spray characteristics has been experimentally and numerically quantified in several studies. 

Park et al. [1] found that a rise in air temperature boosts spray-tip penetration and reduces the spray 

cone angle while Jaat et al. [3] found that the spray area and angle increase with temperature. 

Several researchers have studied the effects of preheated air on engine performance and emissions. 

Inlet air temperature affects parameters, such as the air-fuel ratio, fuel vaporization rate, and 

mixing efficiency of air and fuel, which in turn influences aspects, such as fuel consumption, brake 

thermal efficiency (BTE), and exhaust emission. Owing to advances in spray evaporation and air-

fuel mixing, an increase in the inlet air temperature is correlated with several benefits, such as 

improvements in fuel consumption and BTE, along with a modest decline in the levels of carbon 

monoxide (CO) in the exhaust gas. However, it also leads to increased emissions of nitrogen oxide 

(NOx) gases [1, 2, 5, 6, 8, 10, 11, 13-15]. 
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Shahadat et al. [4] studied the effects of preheated inlet air and the exhaust gas recirculation (EGR) 

technique on engine performance. The hot exhaust gas was used to warm up the inlet air passing 

through a novel air-preheating system. Combining the dual aspects of air-preheating and the EGR 

system resulted in better engine performance than implementing the individual aspects. This 

simultaneous implementation also led to reduced levels of CO and NOx, engine noise, and brake-

specific fuel consumption at medium loads, when compared to those during normal operations of 

the engine. 

Raghuwanshi et al. [6] demonstrated the effects of preheating both diesel and inlet air on engine 

performance. Preheating, conducted by the recovery and utilization of waste heat that would 

otherwise be expelled to the environment via exhaust gases, subsequently reduces the levels of CO 

and hydrocarbon (HC) emissions, although it does have the undesirable effect of increasing NOx 

emissions. Further effects include a decrease in BTE and an increase in overall emission levels 

due to a reduced air-fuel ratio [7, 9]. 

Mhia et al. [12] studied the effect of inlet air preheating via exhaust gases on the combustion and 

exhaust emissions using a neat diesel fuel and diesel kerosene blend in a diesel engine. Their 

experimental results showed that at elevated inlet air temperatures after warming up the engine, 

the NOx and CO emissions, as well as engine noise, decrease for medium load conditions using 

the newly designed system. Comparatively better overall engine performance is found for high 

load conditions using the same system. The reduction in emissions may be attributed to a 

significant reduction in ignition delay and better combustion due to higher inlet air temperatures. 

The internal combustion engine is indispensable to modern life. Researchers and manufacturers of 

these engines face critical problems, the most important of which are high fuel prices and air 

pollution. To overcome these limitations, research is being conducted to reduce emissions and 

improve fuel consumption and engine performance. This requires a deep understanding of the 

nature of fluid flow and the combustion phenomena in these engines. Simulation of diesel engines 

is one of the most important means to help achieve these targets. Several studies have used the 

Diesel-RK software to simulate internal combustion engines. Effects of different parameters and 

combustion chamber geometry on the combustion phenomenon, spray characteristics, engine 

performance, and emissions were modelled in Diesel-RK and compared with experimental 

observations. Additionally, different fuels such as diesel and biodiesel were used in these 

investigations. A good agreement was observed between the model and experimental data, thereby 

validating the model [16-25]. 

This study experimentally investigates the effect of inlet air temperature on diesel engine 

performance and exhaust emissions. Based on experimental results, a computational analysis was 

conducted for the same experimental conditions.  

Existing research utilize two different increased intake air temperature approaches. The first 

approach showed increased BTE and decreased emissions, whereas the second approach showed 

decreased BTE and increased emissions to some extent. The present study, after employing an 

intensive experimental program, showed that the BTE increase, emissions decrease, and engine 

power-to-mass ratio increase by preheating the intake air is achieved in the case of increasing the 

intake air and fuel mass simultaneously; otherwise, the improvement is limited to a low engine 

power range (up to 20% load).  

 

2. Experimental apparatus and procedure 
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This study was conducted on a Petter PH1W single-cylinder, naturally aspirated, four-stroke, 

water-cooled, high-speed, direct-injection (DI) diesel engine, complete with a heavy flywheel. 

Engine specifications are given in Table 1.  

 

Model      Petter PH1W diesel engine 

Engine configuration        Single-cylinder, four-stroke, water-cooled 

Bore                                                              87.3 mm 

Stroke                                                              110 mm 

Compression ratio                                      16.5:1 

  Rated power and speed                                     6.3 bhp @ 1500 rpm 

Fuel Injection system                                      Direct injection (DI) 

Injection pressure     200 bar 

Number of nozzles per injector              3 

Nozzle diameter     0.25 mm 

Spray angle      120 

Injection  timing                                                          24  BTDC 

Valve timing     Opening Closing 

Intake      4.5 BTDC 35.5 ABDC 

Exhaust     35.5 BBDC 4.5 ATDC 

 

Table 1: Engine specifications 

 

The engine is modified to meet the requirements of preheating the inlet air. A schematic of the 

testbed is shown in Fig. 1.  

The air intake system regulated the amount of air introduced into the cylinder. A damping reservoir 

and an orifice system were used to measure the mass flow rate of air supplied to the engine, while 

accounting for the pulsation effect of the engine suction. An electrical air pre-heater was used for 

preheating, while a burette and a stopwatch were used to measure the volumetric flow rate of 

diesel. A combustion pressure sensor (PCB Piezotronics) was used to measure the pressure inside 

the engine cylinder, while a magnetic pickup sensor with a resolution of one degree was used to 

indicate the top dead centre and regular intervals of the crank angle position as well. A dual-

channel, high-speed (400 MHz), digitizing, real-time oscilloscope (Tektronix) was used to present 

and record the output pressure-crank-angle signals. A multi–gas analyser (ADC Gas Analysis 

Company) was used to measure the concentrations of exhaust gas components, such as NO, CO, 

carbon dioxide, and oxygen (O2). The first three gases were measured based on the infrared 

absorptivity principle using the infrared gas analyser, whereas the latter was measured based on 

the paramagnetic characteristics of O2, using a paramagnetic oxygen analyser. A flame-ionization 

detector (CAI) was used to measure HC emissions.  
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Figure 1: Test bed schematic. 

 

 

3.1 . Experimental methodology 

 

3.1.1 Experimental set-up and test conditions 

 

This work investigated a diesel engine to determine the effect of inlet air preheating on 

performance and emissions, for which a comprehensive experiment was carefully designed. In this 

study, the experiments were conducted in two phases: 

I. In the first phase, the engine was operated without any preheating of the inlet air.  

II. In the second phase, the engine was suitably modified to preheat the inlet air to 

temperatures of 50, 70, and 90 ⁰C. 

For both phases, experiments were conducted at a constant engine speed of 1500 rpm over a wide 

range of loads that lay between 16–85% of the engine’s rated load at that speed. A complete set of 

measurements were taken for engine performance, exhaust gas emissions and concentrations, and 

cylinder pressure data. 
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3.1.2 Computational analysis model 

 

This study uses Diesel-RK to model the performance of the diesel engine and analyse its emissions 

and cylinder pressure data. 

Diesel-RK is a full-cycle modelling and simulation software specifically developed for 

thermodynamic engine simulation. Developed in 1981–82 in the department of Internal 

Combustion Engines (Piston Engines) of the Bauman Moscow State Technical University in 

Russia, it models and optimizes the working processes of internal combustion engines at all levels 

of boosting. This software is used in the prediction of torque curves, engine performance, and fuel 

consumption, in the analysis of emissions, and in the optimization of fuel injection profiles that 

include multiple injections, sprayer design and location, and the shape of the piston bowl in models 

of DI diesel engines [16].  

Our simulation was conducted in two phases: 
 

1. Conventional mode of operation without the preheating of intake air, to set baseline 

levels for validating the simulation results with the experimental results. 
 

2. Experimental mode of operation involving the preheating of intake air to 90 ⁰C. The 

volumetric flow rate of air was increased to compensate for the drop in density 

attributed to heating, thereby retaining its original mass flow rate corresponding to the 

non-preheating condition. This also involved increasing the mass flow rate of the fuel 

by up to 30% more than its mass in the preheating case. 

For both phases, the simulation was performed at a constant engine speed of 1500 rpm over a 

wide range of loads that lay between 16%–85% of the rated load at that speed. 
 

4. Results and discussion 
 

In summary, this study investigated the effect of preheating the inlet air in a diesel engine on its 

emissions and performance. A simulation was performed with the Diesel-RK software and 

validated with experimental results from operations conducted without preheating. Fig. 2–6 

compare the theoretical and experimental results for in-cylinder pressure, BTE, volumetric 

efficiency, nitric oxides, and smoke emission levels, respectively. These results show a good 

agreement between the experimental data and the theoretical model. As any errors in the input data 

could lead to deviations of the simulation results from the experimental results, the Diesel-RK 

software precisely matches the input parameters with the experimental results. An additional 

possible use of this software lies in the simulation and investigation of the functioning of the engine 

at operating conditions that may be difficult to mimic in an experimental set-up. Table 2 indicates 

the error between the theoretical and experimental results. 

 

 

Table 2: Error between the theoretical and experimental results 

 

 Average error (%) 

BTE 3.15 

Volumetric efficiency 0.03 

Nitric oxides emission 

index (EINOx) 
26.63 

Smoke emission % 3 
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Figs. 7–11 display the effect of preheating on engine performance and on its NOx and smoke 

emissions; air is preheated to temperatures of 50 °C, 70 °C and 90 °C. 

Fig. 7 compares the experimental in-cylinder pressures corresponding to the cases of non-

preheated and preheated air — with the engine operating at 85% of its rated load and a speed of 

1500 rpm — and shows that preheating leads to a reduction in ignition delay and peak pressure.  

This can be explained as follows: ignition delay consists of two parts — physical ignition delay 

involving the vaporization of the atomized fuel and chemical ignition delay involving the rate of 

combustion. Consequently, preheating, by providing more thermal energy to the mixture, increases 

not only the rate of vaporization of the atomized fuel, but also the chemical reaction rate. The 

amount of premixed fuel in the rapid, uncontrolled combustion stage is also reduced, which in turn 

leads to a decline in peak pressure.  

Fig. 8 shows experimental results for the BTE values in both modes of operation — non-preheating 

and preheating. At less than 50% of the rated load, BTE did not vary appreciably with air 

temperature. At loads over 50% of the rated value, however, the engine suffers marginally lower 

efficiencies at higher air temperatures. This can be attributed to a reduction in the density of inlet 

air at higher temperatures, which in turn lowers the mass of a given volume of air. Additionally, 

the normalized mass of air (ratio of the masses of non-preheated and preheated air) is reduced at 

elevated inlet air temperatures, as shown in Fig. 9. 

Fig. 10 shows experimental results regarding the emission of nitric oxides (NOx), in terms of an 

emission index, for both non-preheated and preheated modes of operation. It is evident that an 

increase in inlet air temperature leads to a corresponding increase in the overall temperature inside 

the cylinder and, consequently, the rate of formation of nitric oxides.  

As illustrated above, increasing the inlet air temperature within the normal operating range of the 

engine while maintaining the other operating parameters constant (injection timing, injection 

pressure, injection nozzle geometry, etc.) does not yield the required improvement. This can be 

explained by the following reasons: 

1- Reduced density of inlet air, resulting in a consequent drop in its mass flow rate 

2- Improved vaporization of fuel, resulting in a reduction of the air-fuel ratio 

3- Shortened ignition-delay period, which changes the duration of combustion  

Supercharging was expected to improve BTE values in the face of air-preheating by increasing its 

density. Additionally, increasing the amount of fuel injected can increase the operating range 

outside the smoke region. These aspects were theoretically modelled in Diesel-RK because 

modifying the engine would be laborious and expensive. The intake air pressure (and thereby its 

density) was increased to retain the mass flow rate used in the non-preheating condition and the 

fuel input was increased by 30% of the rated amount. Results quantifying the impact of these 

aspects were presented and compared with those from the non-preheating scenario.  

Because smoke levels reflect the amount of soot emitted, combustion efficiency is inversely related 

to soot emissions and smoke levels. Air temperature, because of preheating in the diesel engine, 

has direct and inverse correlations to combustion efficiency depending on the percentage of the 

rated load at which the engine is operating. This can be explained as follows: when air is preheated, 

its density decreases, leading to reduced mass flow rates of it into the engine. This, in turn, lowers 

the air-fuel ratio for a given mass of fuel. At low loads, the ratio is high (about 45% in this study); 

a reduction from such large levels does not limit the amount of air available for combustion. 
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Additionally, preheating improves reaction rates and hence increases combustion efficiency, 

resulting in low levels of soot and smoke. On the other hand, the air-fuel ratio at higher loads is 

already limited; reduced mass flow rates of air arising from preheating further decreases it, thereby 

restraining the amount of O2 available for combustion. This, in turn, lowers the combustion 

efficiency, resulting in higher levels of soot and smoke. Therefore, the variation of the smoke 

levels of non-preheated and preheated air with engine load shows a reverse trend, as shown in Fig. 

11.  

To neutralize the effect of preheating on air density (and thereby on smoke levels), a smoke level 

correction factor was introduced as follows: 

Corrected smoke level = smoke level  number x (preheated air density / non-preheating air density) 

The corrected smoke level results, as presented in Fig. 11, indicate that the amount of air available 

for combustion has a major impact on its efficiency, particularly at higher loads. Therefore, to 

harvest all the benefits of preheating, a supercharger should be used to increase the intake of 

preheated air to the same level as that of non-preheated air. 

Fig. 12 compares the simulated values of BTE for non-preheated air, air preheated to 90 ⁰C, and 

excess air (along with 30% excess fuel) preheated to 90 ⁰C. Results showed an improvement of 

about 2% in the values of BTE and an increase of 20% in the engine operating range — i.e., the 

engine-power-to-mass ratio was found to have increased. 

Fig. 13 shows the variation in NOx emission index with engine load for the aforementioned 

operating conditions. Increased NOx levels were observed with air-preheating and excess fuel. 

The formed NOx is the thermal NOx; therefore, its formation is direct proportional to the 

combustion temperature. In the present case, the combustion temperature increased due to air-

preheating, supercharging, and combustion energy increase by increasing the fuel amount. 

Consequently, the thermal NOx was increased, as shown in Fig. 13. 

Fig. 14 shows the variation in emitted smoke percentage levels with engine load for the 

aforementioned operating conditions. Decreased smoke levels were observed with air-preheating 

and excess fuel, which is due to the air temperature increase. The delay period decreased, so the 

uncontrolled combustion stage decreased, which resulted in less soot formation. Furthermore, the 

increase in combustion temperature, as indicated in Fig. 13, enhanced the carbon oxidation 

process, resulting in less soot formation.  

Fig. 15 shows the variation in cylinder pressure for the aforementioned operating conditions. The 

peak pressure increased with air-preheating, supercharging, and excess fuel, which in turn 

increased the air pressure and cylinder energy heat release rate, resulting in less delay period and 

the occurrence of peak pressure in a smaller cylinder volume, i.e., in earlier crank angle degrees. 

We compared our results with those of previous studies.  Previously, a decrease in BTE and an 

increase in overall emission levels with preheated intake air due to a reduced air-fuel ratio was 

reported [7, 9], which matches our experimental results. However, we obtained improved BTE 

values by preheating the intake air and reduced smoke levels by supercharging. These aspects were 

theoretically modelled in Diesel-RK because modifying the engine would be laborious and 

expensive.   
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Figure 2: Variation of experimental & simulated cylinder pressure. 

This CAD diagram plots the change in cylinder pressure with crank angle for an engine 

operating with non-preheated air, at 85% of the rated load. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Variation of experimental & simulated brake thermal efficiency. 

 This CAD diagram plots the change in BTE for non-preheated air. 
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Figure 4:  Variation of experimental & simulated volumetric efficiencies. 

This CAD diagram plots the change in efficiency with engine load for non-preheated air. 
 

 

  
 

Figure 5: Variation of experimental & simulated emission index (EINOx). 

This CAD diagram plots the change in EINOx with engine load for non-preheated air. 
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Figure 6:  Variation of experimental & simulated smoke emission levels. 

This CAD diagram plots the change in smoke levels with engine load for non-preheated air. 
 

 
Figure 7:  Variation of experimental cylinder pressure. 

This CAD diagram plots the change in pressure with crank angle while operating at 85% of 

the rated load. 
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Figure 8:  Experimental variations of brake thermal efficiency. 

This CAD diagram plots the change in BTE with engine load for various inlet air conditions. 

 

  

Figure 9:  Experimental variations of normalized air mass. 

This CAD diagram plots the change in normalized air flow rate with engine load for different 

preheated modes of operation. 
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Figure 10:  Experimental variation of the emission index for nitric oxides (EINOx). 

This CAD diagram plots the change in EINOx with engine load for different temperatures of air. 

 

   
Figure 11:  Experimental variation of smoke levels. 

This CAD diagram plots the change in smoke levels with engine load at different opacities. 

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100

0 10 20 30 40 50 60 70 80 90 100

N
O

x
in

 e
x
h

a
u

st
 g

a
s

(g
/k

g
 i

n
je

ct
ed

 f
u

el
)

Engine load (% rated load)   

Non Preheated Air

Air 50 °C

Air 70 °C

Air 90 °C

0

1

2

3

4

5

6

7

8

9

10

0 20 40 60 80 100

S
m

o
k

e 
N

o
 (

%
) 

Engine load (% rated load)

Non Preheated Air

90 °C

90 °C ( Corrected Smoke Level)



IMPROVING THE PERFORMANCE AND EMISSIONS OF A FOUR-STROKE, WATER-COOLED, DI DIESEL 

ENGINE BY INCREASING INLET AIR TEMPERATURE 

 

270                                                                    JAUES,17,62,2022 

 

 

  
Figure 12:  Variation of simulated brake thermal efficiency. 

This CAD diagram plots the change in BTE with engine load at different operating conditions. 
 

    

 

  
Figure 13:  Variation of the emission index of nitric oxides (EINOx). 

This CAD diagram plots the change in EINOx with engine load for different operating 

conditions. 
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Figure 14:  Variation of simulated levels of smoke emission. 

 

 

 

  
 

Figure 15:  Variation of simulated cylinder pressure. 

This CAD diagram plots the change in pressure at different crank angles. 
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5.  CONCLUSIONS 

 

This work aimed at investigating, computationally and experimentally, the effects of preheating 

inlet air on the performance, combustion efficiency, and exhaust emissions of a diesel engine. This 

was performed by running a simulation (using the Diesel-RK software) on a single-cylinder DI 

diesel engine that had been modified for operations at variable intake air temperatures. The impacts 

of three modes of operation — air subject to no preheating, preheated air, and air preheated while 

retaining its own mass and increasing that of the fuel — on cylinder pressure data, engine 

performance, and exhaust emissions, were evaluated at different operating conditions. The key 

findings of this study are: 

1. Peak pressure inside the cylinder reduced with increasing temperature of the inlet air. This 

was attributed to a shorter period of ignition delay. 

2. The BTE at loads above 50% of the rated load is reduced by air preheating due to the 

reduction of availability of oxygen (slightly lean mixture). At low loads, the mixture is 

very lean so, the BTE is not affected by air preheating.  

3. Thermal NOx emissions in operations involving non-preheated air were lower than those 

involving preheated air due to an increase in the cylinder temperature. 

4. When coupled with increased air densities resulting from supercharging and an increased 

fuel flow rate above the rated range, preheating can improve engine efficiency, increase 

the rated power (i.e., the power-to-mass ratio), and reduce the smoke emission percentage. 

5. The Diesel-RK simulator software can be used with reasonable accuracy. 

 

Despite these advantages, this study is limited to the breakeven point of the brake thermal 

efficiency and pollutant emissions, i.e., when their values start to deteriorate. In future work, the 

operating parameters may be extended to include injection timing, injection pressure, the use of 

exhaust thermal energy for air preheating. Furthermore, additional experimental tests may be used 

to validate the simulation results. The findings of this study could help reduce pollutant emissions 

and improve the operating economics of diesel engines. 
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