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Abstract 

Diesel engines remain widely used in transportation and power generation due to their high efficiency and durability. 

However, their combustion behaviour, performance, and emissions are strongly influenced by operating conditions such 

as exhaust backpressure (EBP). This study experimentally investigates the combined effects of compression ratio (CR), 

engine load, and EBP on combustion characteristics, thermal performance, heat transfer, and emissions of a diesel engine 

operating at 1 500 rpm. Results show that moderate CR values (14–16) and engine loads of 50–75% enhance in-cylinder 

pressure, heat release rate, and combustion efficiency. In contrast, excessive CR (18) and high EBP (60 kPa) increase 

in-cylinder temperature and residual gas fraction (RGF), leading to reduced heat release rates and longer ignition delay. 

The highest brake thermal efficiency (approximately 33%) is achieved at moderate load and low EBP, whereas high CR 

and load under elevated EBP reduce efficiency and increase brake-specific fuel consumption. Heat transfer analysis 

indicates that excessive CR and load significantly raise thermal loads, emphasizing the need for accurate predictive 

correlations in engine design. Emissions analysis reveals minimal CO and HC at moderate conditions, while NOx and 

smoke increase under extreme operating regimes. Overall, the findings identify an optimal operating window (CR 14–

16, 50–75% load, EBP ≤45 kPa) and provide practical guidance for diesel engine under backpressure constraints, 

contributing to improved efficiency and emissions control.  

Keywords: diesel engine, combustion, emissions, exhaust backpressure, compression ratio, load.

 

 

1. Introduction 

Diesel engines are widely used internal combustion 

(IC) engines that operate on the principle of compression 

ignition (CI). In this process, air is compressed to high 

pressure and temperature, after which fuel is directly 

injected into the combustion chamber, resulting in auto-

ignition without the need for an external spark. This 

operating principle enables high thermal efficiency, 

durability, and suitability for heavy-duty transportation 

and stationary power generation applications. Diesel 

engine combustion behaviour, performance, and 

emissions are governed by several interacting parameters, 

including compression ratio (CR), engine load, speed, fuel 

properties, and exhaust backpressure (EBP) [1].  

   Increasing the compression ratio (CR) generally raises 

in-cylinder pressure and temperature, which shortens the 

ignition delay and enhances heat release rates (HRR). As 

a result, brake thermal efficiency (BTE) improves while 

brake-specific fuel consumption (BSFC) decreases. 

Engine load and speed further influence air–fuel mixing, 

combustion phasing, and peak cylinder conditions [2], [3]. 

In addition, alternative fuels such as biodiesel blends 

modify in-cylinder combustion due to variations in cetane 

number, viscosity, and calorific value, typically reducing 

carbon monoxide (CO) and hydrocarbon (HC) emissions 

but potentially increasing nitrogen oxides (NOx) [4]. 

In recent years, increasingly stringent global emission 

regulations have driven the widespread adoption of 
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exhaust aftertreatment systems in CI engines, including 

diesel oxidation catalysts (DOC), diesel particulate filters 

(DPF), selective catalytic reduction (SCR), and ammonia 

oxidation catalysts (AOC). While these systems are 

effective in reducing regulated emissions, their integration 

progressively increases exhaust flow resistance, leading to 

increased EBP. Higher EBP can disrupt exhaust removal, 

increase residual gas fraction (RGF), and alter in-cylinder 

thermodynamic conditions, thereby affecting combustion 

efficiency, performance, and emissions [5], [6].  

Beyond passive increases in EBP, modern CI engines 

increasingly employ active exhaust flow control 

strategies, such as exhaust throttle valves, particularly for 

exhaust thermal management. Under low-load or idling 

conditions, exhaust gas temperatures (EGT) may be 

insufficient for optimal catalyst activity. In such cases, 

controlled elevation of EBP through exhaust throttling 

increases EGT, improving aftertreatment efficiency and 

enabling faster catalyst light-off. However, excessive or 

poorly managed EBP can adversely impact ignition delay, 

HRR, thermal loading, and fuel consumption. 

Consequently, understanding the combined influence of 

CR, load, and regulated EBP is increasingly critical for 

improving diesel engine performance, durability, and 

emissions compliance under modern operating and 

regulatory constraints. 

 

1.1. Related work 

Numerous studies have Numerous studies have 

investigated the performance and emissions 

characteristics of diesel engines. The widespread adoption 

of exhaust after-treatment devices to reduce regulated 

emissions has introduced additional flow resistance in the 

exhaust system. This resistance often leads to increased 

EBP, which can adversely influence engine performance 

and emissions [7]. Consequently, recent research has 

focused on understanding the effects of EBP under 

different operating conditions, including variations in 

engine load, speed, and CR. Some studies have also 

examined the role of biodiesel blends and their potential 

to mitigate the adverse effects associated with elevated 

EBP. 

Ma et al. [8] experimentally investigated a diesel 

engine operating under high EBP generated using a 

butterfly valve installed in the exhaust pipeline. Their 

results showed that increasing EBP led to a significant 

reduction in power output. When the engine load was 

increased to 75%, partial recovery in power output was 

observed, indicating that load adjustment can mitigate 

some negative effects of EBP. Other studies have 

suggested that modifying the CR under similar conditions 

could further enhance power output [9], [10], [11]. 

Joardder et al. [12] examined the performance and 

emissions of a CI engine across different speeds (600 rpm, 

950 rpm, and 1 200 rpm) and loads under varying EBPs 

ranging from 0 to 80 mm Hg. Their findings indicated that 

an exhaust back pressure (EBP) of up to 40 mm Hg caused 

negligible changes in engine performance and emissions 

under all operating conditions. However, at 80 mm Hg, 

slight deterioration was observed, suggesting that adverse 

effects become noticeable once a threshold EBP level is 

exceeded. 

Desale et al. [13] similarly investigated the influence of 

EBP on a four-cylinder turbocharged diesel engine 

operating under loads ranging from 40% to 100%. A 

manually operated gate valve and a differential mercury 

manometer were used to generate and measure EBP. Their 

results showed that brake thermal efficiency (BTE) and 

brake-specific fuel consumption (BSFC) remained largely 

unchanged with increasing EBP up to 12 mm Hg. 

Together, the findings of Joardder et al. [12] and Desale et 

al. [13] demonstrate that moderate EBP levels do not 

significantly impair CI engine performance. At higher 

EBP levels, more pronounced adverse effects have been 

reported. Ebrahimnataj et al. [14] conducted combined 

numerical and experimental investigations and found that 

increasing EBP from 3 to 22 kPa resulted in a 7% increase 

in BSFC when additional fuel was injected. This operating 

condition was also associated with a 6% reduction in brake 

power and torque, along with slight increases in CO, HC, 

and smoke opacity. 

Huang et al. [15] studied medium-speed marine diesel 

engines operating under EBP levels of 10 and 25 kPa 

across load conditions ranging from 25% to 100%. Their 

results indicated that increasing EBP had only a minor 

effect on heat release rate (HRR) and engine power, 

suggesting that moderate EBP levels may not substantially 

degrade engine performance. Nevertheless, as shown in 

earlier studies [12], [13], the negative effects of EBP 

become increasingly significant as backpressure rises 

beyond moderate levels, depending on engine operating 



Science, Engineering and Technology  Vol. 6, No. 1, pp. 98-122 

 

 

100 

conditions. Further evidence of the detrimental impact of 

high EBP was provided by Gülmez and Özmen [16], who 

examined diesel engine performance and emissions at a 

constant speed of 1 600 rpm under various torque loads. 

Their results showed that brake-specific fuel consumption 

(BSFC) increased by approximately 3.29% at an exhaust 

back pressure (EBP) of 24.66 kPa. In addition, higher 

torque loads combined with elevated EBP resulted in 

increased hydrocarbon (HC) and carbon monoxide (CO) 

emissions, supporting the trends reported by Ebrahimnataj 

et al. [14]. 

While numerous studies have investigated the effects 

of varying CR on engine performance and emissions, most 

have not accounted for the influence of EBP. Renish et al. 

[17] examined sea mango oil biodiesel blends and diesel 

fuel under CRs ranging from 16:1 to 18:1 and different 

load conditions. Their findings showed improved 

performance and combustion characteristics at higher 

CRs; however, these results were obtained under the 

assumption of negligible EBP. Similarly, Costa and Sodré 

[18] reported improved performance with increasing CR 

in ethanol–gasoline-fuelled engines across a wide speed 

range. Shaik et al. [19] investigated the combined effects 

of CR and exhaust gas recirculation (EGR) in a diesel 

engine fuelled with a B20 biodiesel blend. They reported 

increased BTE and reduced CO, HC, and smoke emissions 

at a CR of 22:1, although NOx emissions increased 

significantly. The application of EGR at the same CR 

effectively reduced NOx emissions, highlighting the 

complex interaction between combustion parameters. 

Additional studies have reported similar trends. More 

et al. [20] observed that higher CRs reduced NOx 

emissions, while lower CRs were more effective in 

reducing CO emissions. Polat [21] reported that BSFC 

generally increased with CR under varying load 

conditions, although reductions were observed at lower 

loads beyond a CR of 22. Singh and Shukla [22] showed 

that increasing CR shortened ignition delay and enhanced 

cylinder pressure and mean gas temperature, while 

reducing the heat release rate. Balasubramanian and 

Subramanian [23] examined the influence of CR at high 

load conditions and reported improved BTE at a CR of 21, 

accompanied by increased NOx emissions due to elevated 

combustion temperatures. Slight increases in HC 

emissions were also observed and attributed to changes in 

combustion chamber geometry. Similar trends were 

reported by Kannan et al. [24], who found that a CR of 19 

improved BTE and BSFC but resulted in higher exhaust 

emissions. 

Table 1 summarizes findings from other previous 

studies on the negative effects of EBP on diesel engine 

combustion, emissions, and efficiency. To date, the study 

by Khanyi et al. [25] remains the only work that explicitly 

examined the interaction between CR and EBP. Their 

numerical investigation using a variable compression ratio 

(VCR) diesel engine demonstrated that the benefits of 

increasing CR were entirely negated under excessive EBP 

conditions. However, their study did not consider 

variations in load, engine speed, or fuel type.  

Table 1. Summary of exhaust backpressure effects. 

 

Parameter Observed effect of EBP Underlying mechanism 

Combustion 
Delayed ignition and reduced heat 

release rate 

Higher RFG lowers oxygen concentration and 

slows combustion kinetics [26], [27]. 

Performance & Efficiency 
Reduced brake power and brake 

thermal efficiency; increased BSFC 

Increased pumping losses and reduced effective 

expansion work [13], [24]. 

CO & HC Emissions Higher emissions 
Incomplete combustion due to oxygen dilution 

and reduced flame propagation [19], [20]. 

NOx Emissions Higher emissions under high load 

Increased in-cylinder temperature and longer 

residence time promote thermal NOx formation 

[11], [12]. 

Soot/Smoke Emissions 
Higher opacity and particulate 

formation 

Limited soot oxidation caused by oxygen 

deficiency and poor exhaust scavenging [33], 

[35]. 
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Overall, the existing literature highlights the individual 

effects of CR, load, speed, and fuel properties on diesel 

engine performance and emissions, while underscoring 

the need for experimental studies that examine their 

combined influence under elevated EBP. Addressing this 

gap is essential for developing strategies that minimize the 

adverse effects of EBP while preserving the performance 

and emissions benefits associated with higher CRs and 

engine loads. 

 

1.2. Research gap, contribution and significance 

Despite extensive research on diesel engine 

performance and emissions, existing studies have largely 

examined the effects of CR, load, engine speed, and 

biodiesel blends individually, with limited attention to 

their interactions under excessive EBP. While some work 

has considered CR or biodiesel blends, these analyses 

typically assume negligible EBP, and even studies 

acknowledging EBP have not systematically assessed its 

combined effects with multiple operating parameters. This 

gap raises critical questions about whether the 

performance benefits of CR and biodiesel blends persist 

under resistive EBP conditions and highlights the need for 

a comprehensive, integrated evaluation. 

This study addresses this gap by providing the first 

experimental dataset and analysis of the simultaneous 

effects of CR, engine load, and EBP on combustion, 

performance, emissions, and heat transfer characteristics. 

It identifies optimum operating conditions that balance 

efficiency and emissions under varying and excessive EBP 

and incorporates heat transfer considerations. In addition, 

it introduces a modified Arrhenius equation for improved 

ignition delay prediction. 

The novelty of this work lies in its systematic factorial, 

multi-factor approach to experimentally investigate the 

multi-parameter interactions under challenging operating 

conditions, advancing understanding beyond single-

parameter studies. By revealing the combined influence of 

CR, load, and EBP, the study informs strategies to sustain 

combustion stability, engine efficiency, and emissions 

compliance despite the resistive effects of EBP. These 

insights are critical for guiding both future research and 

practical engine design in an era of increasing reliance on 

exhaust after-treatment systems. 

 

2. Materials and Methods 

2.1. Experimental set up 

    This experimental study employed a computerized 

single-cylinder, 4-stroke, VCR diesel engine to investigate 

its performance and emission characteristics under 

fluctuating EBPs. The test rig and experimental setup are 

illustrated in Figure 1 and Figure 2. The specifications on 

this diesel engine are summarised in Table 1. The diesel 

engine utilized conventional diesel fuel and was equipped 

with an eddy current dynamometer to facilitate engine 

loading. The engine was equipped with a VCR mechanism 

that allowed the CR to be adjusted using a dedicated CR 

adjustment knob integrated into the engine (see Figure 2). 

During the experiments, the CR was sequentially varied 

from 12 to 14, 16, and finally 18, enabling the 

investigation of engine performance and combustion 

behaviour under different operating conditions. 

 

 

Figure 1. VCR diesel engine test rig.
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Figure 2. Experimental setup. 

    The engine was equipped with a piezo sensor to control 

diesel fuel injection with high precision. To accurately 

quantify energy losses through exhaust gases, the engine 

consisted of an exhaust gas calorimeter to measure the heat 

content of the exhaust gases. An exhaust 1601 combined 

PUC gas analyzer and AVL 437c smoke meter were also 

employed to conduct emission analyses, providing insight 

into the engine's environmental performance. To generate 

EBP, orifice plates of varying diameters were installed at 

strategic locations within the exhaust pipeline. The 

resulting pressure differential between the unrestricted and 

restricted exhaust sections was recorded by a Rosemount 

3051S Series DP transmitter and transmitted to the control 

unit for continuous monitoring and analysis.  

     The entire setup was controlled via a standalone 

panel box which consisted of an air box, a 15-liter fuel 

tank, and a load controller for adjusting engine load. Fuel 

consumption was measured using a burette tube (fuel 

sensor). The water flow rates for both the engine and 

calorimeter were monitored with rotameters. The panel 

also included transmitters for airflow and fuel flow 

measurements, process and engine indicators for actual 

monitoring, and a manometer to measure the airflow rate 

into the engine. Furthermore, the panel box integrated a 

data acquisition system connected to a computer running 

EnginesoftLV 6.0 software. This system enabled the 

extraction of various parameters, including EGT, in-

cylinder pressure, temperature, and engine performance 

indicators during the experiments. The specifications of the 

proposed single cylinder 4-stroke diesel engine are detailed in 

Table 2 and specification all instruments used in this work 

are detailed in Table 3, ensuring precise and reliable data 

collection throughout the experimental procedure.  

 

Table 2. Specifications of the proposed single cylinder 4-stroke diesel engine. 

Engine parameters Units Values 

Make  Kirloskar 

Type  
1-cylinder, 4-stroke, VCR diesel, water 

cooled 

Rated power kW 3.5 

Speed Rpm 1 500 

Bore Diameter Mm 87.5 

Stroke Mm 110 

Connecting rod Mm 234 

Compression ratio  Variable (12-18) 
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Table 3. Specification of the measuring instruments. 

Description Specification 

Dynamometer Type eddy current, water cooled, with loading unit 

Piezo sensor Make PCB USA, Combustion: Range 5 000 PSI, with low noise cable 

Combined PUC gas analyser 

Smoke meter 

LCD display type, response time of 5s, and measuring gas intake 1Litre/min 

AVL 437c  

Orifice plates Stainless steel 304 

DP transmitter Rosemount 3051S Series, DP range 0 to 250 kPa 

Data acquisition device Make NI Instrument USA, NI USB‐6210, 16‐bit, 250 kS/s 

Temperature sensor Make Radix, Type RTD, PT100 and Thermocouple, Type K 

Load indicator Digital, Range 0 Kg to 50 Kg, Supply 230 VAC 

Load sensor Load cell, type strain gauge, range 0 Kg to 50 Kg 

Software EnginesoftLV 6.0 

Rotameter Engine cooling 40 LPH to 400 LPH; calorimeter 25 LPH to 250 LPH 

 

Uncertainty analysis was conducted to estimate the 

measurement errors associated with the experimental 

parameters. In any experimental investigation, a certain 

level of uncertainty is unavoidable due to factors such as 

environmental conditions, sensor resolution, calibration 

procedures, signal processing, and operational variations. 

Accounting for these uncertainties allows for a more 

reliable interpretation of the measured data and derived 

performance parameters. The uncertainty associated with 

each measured variable was estimated based on the 

manufacturer’s specified instrument accuracy and 

measurement resolution. Table 4 presents the measuring 

range, accuracy, and estimated uncertainty for each 

instrument used in the experimental setup. 

 

Table 4. Range, accuracy, and uncertainty of the instruments. 

Equipment Measured quantity Measuring range Accuracy Uncertainty 

Eddy Current Dynamometer BP –       ± 0.03kW 

  

 ± 1.1% 

 

PUC gas analyser 

HC 

CO 

PM 

NOx 

0 to 500 ppm 

0 to 10% vol 

0 to 20 000 ppm 

0 to 4 800 ppm 

     ± 1.25% 

     ± 0.03% 

          ± 0.01vol% 

      ± 20ppm 

   

    ± 0.15% 

    ± 1.25% 

  ± 0.2% 

  ± 1.0% 

 

AVL 437c smoke meter Smoke 0 to 100% 
± 0.1 

 

 ± 0.01 

 

DP transmitter EBP – 
   ± 2kPa 

 

± 3% 

 

EnginesoftLV 6.0 
BTE 

BSFC 

– 

– 

– 

– 

  Derived 

  Derived 
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                                                                                   𝑈𝑡𝑜𝑡𝑎𝑙 = √∑(𝑢𝑖)2

𝑛

i=1

                                                                                         (1) 

= √
(𝐶𝑃)2 + (𝐻𝑅𝑅)2 + (𝐼𝐷)2 + (𝐶𝑇)2 + (𝑁𝑂𝑥)2 + (𝐵𝑃)2 + (𝐵𝑆𝐹𝐶)2 + (𝐵𝑇𝐸)2 + (𝐻𝐶)2 +

(𝐶𝑂)2 + (𝑃𝑀)2  

√
(0.25)2 + (0.55)2 + (0.3)2 + (0.25)2 + (1.45)2 + (0.6)2 + (1.3)2 + (0.75)2 + (0.2)2 +

(0.25)2 + (0.57)2  

= ±2.38 

The total uncertainty of a calculated parameter was 

obtained using the root-sum-square (RSS) method, 

assuming the individual uncertainties are independent. 

The combined uncertainty is given by Equation (1). 

Where, 𝑈total is the total combined uncertainty of the 

measured or calculated parameter (–), 𝑢𝑖 is the uncertainty 

associated with the i measured variable (with its respective 

unit), and 𝑛 is the number of independent variables 

contributing to the measurement. Table 5 illustrates the 

relative magnitude of uncertainty for each measurement, 

providing a comprehensive overview of the measurement 

accuracy across the different parameters. 

Table 5. Measured parameters’ uncertainty. 

Parameter Uncertainty 

In-cylinder pressure ± 0.25 

Heat release rate ± 0.55 

Ignition delay ± 0.3 

In-cylinder temperature ± 0.25 

NOx ± 1.45 

BP ± 0.6 

BSFC ± 1.3 

BTE ± 0.75 

HC ± 0.2 

CO ± 0.25 

PM ± 0.57 

For parameters derived from multiple measured 

quantities, such as BTE and BSFC, the total uncertainty 

was obtained by propagating the uncertainties of the 

contributing variables using Equation (1). 

 

2.2. Experimental Procedure 

Numerous different orifices comprised 304 stainless 

steel plates, each featuring holes with diameters initially 

measuring 32 mm, with subsequent sizes reduced by 5 mm 

increments. The orifices were installed strategically within 

the exhaust pipe, resulting in an increase in back pressure 

as the diameter of the orifice decreased. This configuration 

enabled the generation of EBPs over a broad spectrum, 

ranging from 5.4 to 73.5 kPa. However, the performance 

and emissions were recorded at specific pressure values of 

15 kPa, 30 kPa, 45 kPa, and 60 kPa using by the 

Rosemount 3051S series DP transmitter. The pressure 

magnitudes referenced are derived from [12], [13], who 

reported that EBP in single cylinder compression ignition 

(CI) engines can become detrimental at approximately 40 

mm Hg (~5.5 kPa).  

In this study, the EBP experienced by the engine far 

exceeded this threshold. The adjustment of the CR was 

achieved by rotating the CR adjustment knob 45 degrees 

clockwise, with the CR indicator observed concurrently to 

confirm precise readings. Load adjustments were 

performed via the load controller knob located within the 

control panel box, with engine speed monitored through 

the EnginesoftLV 6.0 software on the computer, based on 

the revolution count. 

During the experimental tests, three key parameters 

were systematically varied, namely, CR, engine load, and 

EBP. A total of four test cases were conducted, with the 

engine speed maintained constant at 1 500 rpm across all 

cases. For each case, the load was varied from 25 to 100%, 

the CR ratio was adjusted between 12 and 18, and the EBP 
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was incrementally increased from 15 to 60 kPa. The 

specific operating conditions for each test case are detailed 

in Table 6. Within each test case, only the engine load and 

speed remained constant, while the CR and EBP were 

methodically varied. In the first case, tests began by 

varying all EBPs from 15 to 60kPa at the initial CR of 12, 

and this process was repeated for subsequent CRs values 

of 14, 16, and 18, with data collected at each step.  

Table 6. Experimental test matrix. 

Case Speed 

(rpm) 

Load 

(%) 
CR EBP (kPa) 

1 1 500 25 12 15, 30, 45, 60 

 1 500 25 14 15, 30, 45, 60 

 1 500 25 16 15, 30, 45, 60 

 1 500 25 18 15, 30, 45, 60 

     

2 1 500 50 12 15, 30, 45, 60 

 1 500 50 14 15, 30, 45, 60 

 1 500 50 16 15, 30, 45, 60 

 1 500 50 18 15, 30, 45, 60 

     

3 1 500 75 12 15, 30, 45, 60 

 1 500 75 14 15, 30, 45, 60 

 1 500 75 16 15, 30, 45, 60 

 1 500 75 18 15, 30, 45, 60 

     

4 1 500 100 12 15, 30, 45, 60 

 1 500 100 14 15, 30, 45, 60 

 1 500 100 16 15, 30, 45, 60 

 1 500 100 18 15, 30, 45, 60 

The same systematic approach was applied to the 

remaining cases (2, 3, and 4). In these cases, engine speed 

showed minimal variation due to engine loading and was 

therefore considered constant at 1,500 rpm throughout the 

testing. However, the load was increased sequentially to 

50%, 75%, and 100%. During these cases, the CR and 

EBP were again carefully varied to assess their effects 

comprehensively. For each of these test scenarios, detailed 

combustion analysis was performed, and performance 

parameters and emissions measurements were recorded. 

Combustion analysis and performance data were obtained 

using EnginesoftLV 6.0 software, while emissions were 

measured outside the exhaust pipe by means of a 

Combined PUC gas analyzer and AVL 437c smoke meter, 

as illustrated in Figure 2. 

The adopted methodology follows a multifactorial 

experimental design. This approach is particularly suited 

to identifying cause-and-effect relationships between the 

independent variables (in this case CR, EBP, and engine 

load) and their effects. These effects include engine 

combustion, performance, and emissions [26],[27]. This 

allows for systematic investigation and statistically sound 

conclusions within the controlled environment of the test 

rig. This comprehensive experimental approach enabled 

an in-depth investigation of the combined effects of CR 

and engine load, revealing their influence on engine 

behavior under fluctuating EBP conditions. 

 

2.2.1. Performance and combustion analysis  

Combustion analysis was carried out using in-cylinder 

pressure data acquired as a function of crank angle. The 

apparent HRR was calculated using the first-law analysis 

for an open system, expressed by Equation (2): 

𝑑𝑄

𝑑𝜃
= 𝑃

𝛾

𝛾 − 1
(

𝑑𝑉

𝑑𝜃
) +

1

𝛾 − 1
𝑉

𝑑𝑃

𝑑𝜃
(2) 

Where 
𝑑𝑄

𝑑𝜃
 represented the HRR (J/°𝐶𝐴), 𝛾 represented 

the specific heat ratio, V was the in-cylinder volume (𝑚3), 

P was the in-cylinder pressure (bar), and 𝜃 was the crank 

angle (°𝐶𝐴). 

In the present study, a constant value of γ = 1.35 was 

assumed. This value is commonly adopted for diesel 

combustion analysis and provides reliable comparative 

trends under varying operating conditions. The HRR was 

subsequently integrated with respect to crank angle to 

determine cumulative heat release. Combustion 

parameters such as ignition delay, combustion duration, 
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peak cylinder pressure, and crank angle locations of 

maximum pressure and HRR were derived from the 

processed pressure data. Performance parameters 

including BTE, BSFC, and indicated mean effective 

pressure (IMEP) were also computed using standard 

thermodynamic relations within the EnginesoftLV 6.0 

software. 

 

2.2.2. Fuel injection control 

During all experimental tests, the fuel injection system 

settings were kept constant to ensure a consistent energy 

input and to isolate the effects of CR, EBP, and engine 

load. The fuel injection timing was maintained at the 

manufacturer’s standard setting, and no adjustments were 

made throughout the testing campaign. Fuel quantity was 

governed by the mechanical fuel injection system inherent 

to the Kirloskar engine and varied only as a function of 

engine load, as per normal engine operation. No changes 

were introduced to injection pressure, nozzle geometry, or 

injection duration during the experiments. This approach 

ensured that variations in combustion, performance, and 

emissions could be attributed primarily to changes in CR, 

EBP, and load, rather than fluctuations in fuel delivery 

characteristic. 

 

3. Results and Discussion 

In diesel engines, various factors influence combustion 

efficiency. These include fuel quality, CR, load 

conditions, EBP, combustion chamber design, cetane 

number, fuel evaporation rate, injection timing, and 

pressure [28], [29]. Thus, improving these parameters 

usually results in better combustion, which in turn reduces 

fuel consumption, increases power output, and minimizes 

the emission of pollutants produced during the process. 

Overall, combustion efficiency is a key characteristic that 

significantly impacts both the performance and emissions 

of diesel engines. 

 

3.1. Combustion analysis 

This section investigates the effects of the combined 

operational parameters of the diesel engine, specifically 

CR, load, and EBP, under a constant engine speed of 1 500 

rpm. The primary objective is to analyze the influence of 

EBP on the combustion process. This is done by 

examining key combustion characteristics, including in-

cylinder pressure, heat release rate, and ignition delay, 

across varying operational conditions (CR and load). 

 

3.1.1. Variation of in-cylinder pressure and HRR 

Figures 3 to 6 illustrate the in-cylinder pressure and 

HRR responses under varying CR and EBP across 

different loads (25%, 50%, 75%, and 100%). EBP showed 

a complex influence on combustion, with its effects on 

HRR highly dependent on both CR and load. Increasing 

CR from 12 to 16 consistently raised both peak in-cylinder 

pressure and peak HRR across all load conditions, with the 

magnitude of improvement notable at higher loads. For 

example, at 25% load with an EBP of 15 kPa (Figure 3), 

the peak pressure rose from approximately 64 bar at CR = 

12 to 69 bar at CR = 16, representing a 7.2% increase. 

Moreover, at 100% load under the same EBP (Figure 6), 

the peak pressure increased from 73 bar at CR = 12 to 

roughly 75 bar at CR = 14, a 2.7% increase. 

The data further show that at high load (100%) and CR 

of 18, the engine did not achieve optimal performance 

when EBP reached a maximum of 60 kPa. This is likely 

because higher loads demand more fuel injection and 

energy release during combustion [30], [31]. Increasing 

CR from 12 to 16 increased the in-cylinder temperatures, 

pressures, and HRR, but an optimal balance appeared at 

medium to high loads (50% to 75%) with CRs of 14 to 16, 

where the effects of high EBP were moderately mitigated. 

Notably, at the highest EBP (60 kPa), peak in-cylinder 

pressures were most favourable at 75% load with CR = 16 

(Figure 5c) and at 100% load with CR = 14 (Figure 6b). 

The HRR segment in Figures 3 to 6 depict the rate and 

amount of energy that could be transformed into beneficial 

work during the combustion process. It was mostly 

influenced by engine operating conditions (speed, load, 

CR, and EBP). Moreover, the ignition delay period greatly 

influenced this parameter.  
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(a) CR=12                                                                  (b) CR=14 

 
(c) CR=16                                                                  (d) CR=18 

Figure 3. The variation of in-cylinder pressure and HRR at 25% load. 

 
(a) CR=12                                                                  (b) CR=14 

 
(c) CR=16                                                                  (d) CR=18 

Figure 4. The variation of in-cylinder pressure and HRR at 50% load. 
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(a) CR=12                                                                  (b) CR=14 

 
(c) CR=16                                                                  (d) CR=18 

Figure 5. The variation of in-cylinder pressure and HRR at 75% load. 

 
(a) CR=12                                                                  (b) CR=14 

 
(c) CR=16                                                                  (d) CR=18 

Figure 6. The variation of in-cylinder pressure and HRR at 100% load. 
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A key observation across the test cases is that 

increasing load and CR generally mitigates the adverse 

effects of EBP on HRR. For instance, a notable peak HRR 

of 40 J/°CA under maximum EBP of 60 kPa was observed 

at 75% load and CR of 14 as illustrated in Figure (5b). In 

contrast, at the same EBP but with a CR of 18, a slight 

decrease in peak HRR was consistently observed across 

all load conditions. This trend is likely due to the increase 

in-cylinder temperatures which enhances heat transfer 

during combustion [32]. Such heat transfer is influenced 

by increased residual exhaust gases and higher gas 

temperatures, potentially leading to uncontrolled 

combustion that can damage engine components. 

Additionally, the presence of trapped residual gases 

dilutes the fresh charge, reducing the effective air-fuel 

ratio [32], [33]. Lower HRR at higher CRs may have 

potentially resulted from compromised air-fuel mixing 

caused by high EBP and the effects of air entrainment [33]. 

Ultimately, these observations underscore the critical 

importance of balancing load and CR. This balance is 

necessary to effectively mitigate the effects of EBP and 

promote diesel engine combustion performance.  

 

3.1.2. Influence of ignition delay 

The effect of EBP under variation of load and CR 

shows a non-linear correlation. Figure 7 and Figure 8 

illustrate this relationship in detail. They show how EBP 

influences the ignition delay period, measured in crank 

angle degrees, across different loads and CRs. Figure 7 

indicates that the ignition delay decreased as the load 

increased from approximately 25% to 100%. This 

reduction was more noticeable under low to medium EBP 

conditions, ranging from 15 to 45 kPa. At a 25% load, the 

ignition delay ranged between 20 °CA and 24 °CA. As the 

load increased, the ignition delay dropped significantly. It 

reached a minimum of 12 °CA at full load (100%) with a 

medium EBP of 30 kPa.  

When EBP increased further to 60 kPa, the ignition 

delay increased again. However, the continued increase in 

load partially reduced this negative effect. The ignition 

delay slightly decreased to about 16 °CA. A similar trend 

appeared when evaluating EBP under varying CRs. The 

main difference was the maximum ignition delay value. 

The highest ignition delay was 25 °CA, recorded at a CR 

of 12 and an EBP of 60 kPa. In contrast, the shortest 

ignition delay was 14 °CA. This occurred at a CR of 18 

with EBP levels of 30 and 45 kPa. 

 

Figure 7. The influence of EBP on the ignition delay with 

individual variation of load. 

 

Figure 8. The influence of EBP on the ignition delay with 

individual variation of CR. 

Figure 9 presents a 3D scatter plot that evaluates the 

influence of increasing EBP on ignition delay. The 

analysis also considers simultaneous variations in CR and 

load. The data show that ignition delay varied across all 

levels of EBP, load, and CR. For example, at EBP levels 

of 15 and 60 kPa, the ignition delay was higher at the start. 

This occurred when the load was 25% and the CR was 12. 

When the load increased to the range of 75%–100% and 

the CR increased to 16–18, the ignition delay became 

shorter. This indicates that increasing load and CR reduces 

the ignition delay period. The highest ignition delay 

observed was 23 °CA. This value is slightly lower than the 

highest delays recorded when the parameters were varied 

individually in Figure 7. 
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Figure 9. The influence of EBP on the ignition delay with 

simultaneous variation of CR and load. 

In contrast, the shortest ignition delay was 10.5 °CA. 

This occurred at a CR of 16 and a load of 75%. The result 

shows that an optimal balance between load and CR can 

counteract the effects of EBP and shorten ignition delay. 

Therefore, both load and CR must be adjusted 

strategically. These findings also support the observations 

from Figures 3 to 6. Those figures showed that the highest 

load and highest CR do not always produce the best 

combustion performance. The analysis highlights the 

complex and sensitive behaviour of ignition delay. It also 

emphasizes the importance of controlling load and CR 

simultaneously to improve ignition delay under increasing 

EBP. Such control is essential for achieving optimal 

combustion performance. 

To quantitatively describe the influence of load, CR, 

and EBP on ignition delay (ID), a modified Arrhenius-type 

correlation was employed. This approach is consistent 

with previous work by Ghareeb and Anjal [34] and Al-

Shahrani [35]. In those studies, ignition delay is expressed 

as a function of pressure, temperature, and equivalence 

ratio, thereby forming a non-linear equation (Equation 3). 

             𝜏𝑖𝑑 = 𝐴(𝑃𝑖𝑔𝑛)
−𝐵

(∅)−𝐶𝑒
(

𝐸𝑎
𝑅𝑇𝑖𝑔𝑛

)
                           (3) 

In this formulation, the ignition delay is influenced by 

the 𝑇𝑖𝑔𝑛, ∅, 𝑃𝑖𝑔𝑛, and empirical constants A, B, and C. The 

precise values of these constants are typically determined 

using the least squares fitting method. Equation (4) is 

obtained applying a logarithmic transformation to 

Equation (3): 

    ln(∅) = ln(𝑎) − 𝐵 ln(𝑃𝑖𝑔𝑛) − 𝐶 ln(∅) +
𝐸𝑎

𝑅𝑇𝑖𝑔𝑛
      (4) 

where, 𝜏𝑖𝑑, is ignition delay in °CA, 𝑃𝑖𝑔𝑛 is ignition 

pressure in bar, ∅ is equivalence ratio, 𝑇𝑖𝑔𝑛 is ignition 

temperature in °𝐶, 𝐸𝑎 is the activation energy in kJ/mol, 𝑅 

is universal gas constant in kJ/kmol·°𝐶 and A, B, C are 

empirical constants. To incorporate diesel engine 

condition parameters (load, CR, and EBP) into the ignition 

delay equations, their impact on the existing variables was 

carefully considered during the experimental work. These 

operational parameters do not directly appear in Equation 

(3) but influence τ indirectly through their effect on P, T, 

and φ. 

a) Effect of Load 

Increased load increases injected fuel quantity, leading to: 

• Increase in equivalence ratio (φ) 

• Increase in in-cylinder temperature (T) 

These relationships were empirically approximated as: 

𝜙 = 𝑎1 + 𝑏1 𝐿𝑜𝑎𝑑 

𝑇 = 𝑎2 + 𝑏2 𝐿𝑜𝑎𝑑 

Where Load is expressed as percentage (%). 

b) Effect of Compression Ratio  

Compression ratio primarily influences: 

• In-cylinder temperature at the end of compression 

• In-cylinder pressure 

These were approximated as: 

𝑇 = 𝑎3 𝐶𝑅𝑛 

𝑃 = 𝑎4 𝐶𝑅𝑚 

Where n and m are experimentally determined exponents. 

(c)  Effect of Exhaust Back Pressure 

Increased EBP increases RGF, leading to: 

• Increased initial charge temperature 

• Reduced oxygen availability 

These effects were represented as: 

𝑇 = 𝑎5 + 𝑏5 𝐸𝐵𝑃 

𝜙 = 𝑎6 + 𝑏6 𝐸𝐵𝑃 

Where EBP is in kPa. 
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Substituting the above relations into Equation (3) gives the 

final ignition delay model: 

𝜏 = 𝑎[𝑃(𝑐𝑟)]−𝑎[𝜙(𝑙𝑜𝑎𝑑, 𝑒𝑏𝑝)]𝑐exp (
𝐸𝑎

𝑅 𝑇(𝑙𝑜𝑎𝑑, 𝑐𝑟, 𝑒𝑏𝑝)
)  (5) 

The functions a and b represent empirical dependencies 

between Ø, 𝑃𝑖𝑔𝑛, 𝑇𝑖𝑔𝑛 and operational conditions. These 

varies based on the type of diesel engine and fuel being 

used and are determined experimentally.  

The modified Arrhenius model presented in this study 

is conceptual and was used to explain the observed 

ignition delay trends. The empirical constants were not 

calibrated due to limited thermodynamic state 

measurements. Therefore, the model should be interpreted 

as a mechanistic representation rather than a predictive 

correlation.  

 

3.1.3. Optimum in-cylinder temperature for reducing 

NOx 

The relationship between NOx emissions and in-

cylinder temperature is critical for understanding 

combustion efficiency, as it explores a fundamental trade-

off in engine operation. High in-cylinder temperatures 

enable complete fuel oxidation, thereby enhancing 

combustion efficiency, yet they also promote the 

formation of NOx, a major pollutant [36]. This section 

investigated the optimal operating conditions for 

mitigating NOx formation under high in-cylinder 

temperatures. The tests focused on higher CRs (16 and 18) 

and loads (75% and 100%), as NOx formation is most 

prominent under these conditions. 

Figures 10 to 13 illustrate the influence of in-cylinder 

temperature on NOx emissions across different operating 

parameters. The data consistently show that NOx 

formation increases with rising in-cylinder temperature, 

aligning with the Zeldovich mechanism, which 

hypothesizes that higher temperatures promote NOx 

formation [37]. The results indicate a clear trend; NOx 

emissions increase with higher EBP, with the highest 

levels observed at EBP of 60 kPa relative to lower EBPs 

across all tested conditions. Furthermore, increasing 

engine load from 75% to 100% results in increased NOx 

emissions, with levels rising from approximately 880 to 

980 ppm at comparable in-cylinder temperatures and EBP 

conditions. Varying CR from 16 to 18 demonstrated a 

more pronounced impact: the CR of 18 revealed higher 

NOx compared to CR 16. Based on Figures 12 and 13, at 

an EBP of 60 kPa, NOx concentrations increased from 910 

ppm at CR 16 to 1 170 ppm at CR 18. This indicates that 

although an increase in CR offers several advantages, it 

also presents certain drawbacks, notably the high 

formation of NOx emissions. Thus, a balance within 

engine operating conditions is essential. 

 

Figure 10. The influence of in-cylinder temperature on 

NOx Formation at varying EBP and 75% load. 

 

Figure 11. The influence of in-cylinder temperature on 

NOx Formation at varying EBP and 100% load. 

 

Figure 12. The influence of in-cylinder temperature on 

NOx Formation at varying EBP and CR=16. 
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Figure 13. The influence of in-cylinder temperature on 

NOx Formation at varying EBP and CR = 18. 

The effect of EBP on NOx formation, as shown in 

Figures 10 and 12, appeared nearly uniform at both 45 and 

60 kPa. This suggests that higher EBP does not necessarily 

lead to increased NOx emissions. This phenomenon is 

attributed to the increased RGF associated with higher 

EBP, which influences combustion temperatures and 

thereby reduces NOx formation [38]. However, this 

relationship is modulated by other operating parameters 

such as engine speed, load and CR.  

Ultimately, the findings indicate that the optimal 

operating conditions for mitigating NOx emissions occur 

at a load of 75% and a CR of 16. This represents a balanced 

compromise between combustion efficiency and pollutant 

formation. These observations substantiate the results 

discussed in Sections 3.1.1 and 3.1.2, where maximum 

combustion efficiency was achieved under the same 

parameters. 

 

3.2. Performance characteristics 

3.2.1. Influence of combined operating parameters 

Figure 14 shows how BTE increases as the load rises 

from 25% to 75%. This trend is consistent across all four 

CRs, indicating that both CR and load contribute to 

improving BTE under increasing EBP. The increase in 

BTE is more pronounced at higher loads (from 25% to 

75%), suggesting an interaction where both parameters 

enhance engine efficiency. Notably, this improvement is 

most evident at lower EBPs of 15 and 30 kPa, where the 

maximum BTE reached approximately 33% at 75% load 

and with a CR of 18. This suggests that, under these 

conditions, enhanced combustion efficiency and reduced 

losses occur due to higher CRs. Higher CRs increase 

peak cylinder pressures and temperatures, promote more 

complete combustion and greater gas expansion, and 

ultimately improve work output [39]. 

At higher loads and EBP of 60 kPa, BTE reduced 

sharply, reaching as low as 17% at 100% load and a CR of 

18. This represents the lowest BTE observed across all 

operating conditions. Contrary to the discussion above, 

excessively high temperatures under maximum loads and 

CRs can result in increased heat transfer to the cooling 

system and engine components. This may reduce the heat 

available for useful work. Additionally, excessive load 

may cause incomplete combustion, influenced by factors 

such as limited air-fuel mixing, longer fuel injection 

durations, and increased cylinder pressures [40]. These 

effects reduce the conversion efficiency of fuel energy into 

mechanical work, amplifying the reduction in BTE under 

these conditions.  

 

 

Figure 14. Effect of combined operating parameters on brake power 
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Figure 15. Effect of combined operating parameters on BSFC 

 

Few studies demonstrated that although CR normally 

benefits the engine, these benefits are almost eliminated 

by the increase in EBP [25], [41]. However, Figure 15 

shows that increasing CR led to an increase in brake power 

across all four conditions. The brake power increased from 

a minimum of 4.7 kW at 25% load, CR of 12, and EBP of 

60 kPa to a maximum of 6.4 kW at 100% load, CR of 18, 

and EBP of 15 kPa. Since it has been proven that CR alone 

is not able to sustain the increase in EBP, the load had a 

greater influence on gradual increase in brake power. 

Moreover, some studies have shown that the load alone is 

also insufficient in sustaining high EBP conditions. This 

points towards the balance of these two operating 

conditions to overcome the negative influence posed by 

EBP in reducing the brake power. 

Figure 15 shows that a high EBP of 60 kPa consistently 

increased the BSFC. Only small reductions were observed 

across different load conditions. This effect was especially 

noticeable at 100% load. The BSFC increased to 6.1 

kg/kWh at a CR of 16 and 6.2 kg/kWh at a CR of 18. The 

higher BSFC at high EBP and high load can be linked to 

increased fuel demand required to meet power output. In 

addition, the benefits normally associated with higher 

load, such as improved combustion efficiency, did not 

increase proportionally. As a result, BSFC remained high. 

The increase in BSFC at high CR suggests that higher 

cylinder pressure may create greater frictional losses. The 

pressure on the piston and cylinder walls likely reduces 

mechanical efficiency and increases fuel consumption 

[42]. However, at 75% load, the engine showed improved 

performance. The BSFC decreased to 5.5 kg/kWh at a CR 

of 12 and an EBP of 60 kPa. Overall, the results indicate 

that high CR and high load do not always produce optimal 

engine performance. Increasing EBP continued to 

negatively affect BSFC even when CR and load were 

increased. This confirms a non-linear and complex 

interaction when adjusting engine operating conditions to 

achieve better BSFC efficiency. 

 

3.2.2. Influence of heat transfer 

Heat transfer from the in-cylinder walls to the cooling 

system is a major challenge in improving engine 

performance. Some parameters, such as brake power, 

improve when load and CR increase. This happens 

because higher load and CR raise the in-cylinder 

temperature and the heat transfer rate. However, other 

parameters, such as BTE and BSFC, are directly affected 

by these operating conditions, as shown in Section 3.2.1. 

In IC engines transfer energy through three main paths: 

useful work, engine cooling through the coolant, and 

exhaust gases, as shown in Figure 16. 

Figure 17(a) shows that these energy flows are roughly 

equal. Each account for about one-third of the energy 

released from fuel [43], [44], [45]. In some cases, useful 

mechanical work can be slightly higher, depending on 

engine operating conditions. Maintaining this balance is 

important for optimal engine performance. 

 

Figure 16. Heat distribution in an IC Engine. 
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When load and CR increase excessively, this balance is 

disturbed. As shown in Figure 17(b), useful work 

decreases while heat rejected to the cooling system 

increases. Excessive heat transfer may damage engine 

components and reduce overall efficiency. Therefore, 

predicting heat transfer factors such as heat flux, thermal 

loads, and gas-side parameters is necessary. The 

prediction should consider the maximum operating load, 

CR, and EBP of the engine. 

 

 

Figure 17. Common heat distribution (a) compared to 

typically distrusted system due to excessive load and CR (b). 

The lack of detailed mathematical models describing 

the actual mechanisms governing heat transfer between 

combustion gases and cylinder walls, primarily caused by 

the high temperatures resulting from the simultaneous 

increase in CR, load, and EBP makes these predictions 

challenging. Although it is known that the exceptionally 

high heat fluxes are driven by strong temperature gradients 

within the boundary layer, predicting these values remains 

complex. However, based on recent advancements [46], 

[47], the following equations can be employed to estimate 

the heat flux, assuming that heat transfer is purely 

conductive (Equation 6). 

                           
𝑄

𝐴
|

𝑦
= −𝑘

𝛿𝑇

𝛿𝑦
|

𝑦=0+

                                   (6) 

Since the boundary conditions correspond to heat 

transfer described by Newton’s law between the surface at 

temperature 𝑇𝑤 and the fluid at temperature 𝑇𝑔. Therefore, 

the mean heat transfer coefficient can be expressed as 

Equation 7: 

                   ℎ(𝑇𝑔 − 𝑇𝑤) = −𝑘
𝛿𝑇

𝛿𝑦
|

𝑦=0+

                             (7) 

If the gradient is approximated as linear through the 

boundary layer, a connection between the heat transfer 

coefficient and the thermal conductivity of the gas mixture 

inside the boundary layer can be established using the 

relation expressed in Equation 8: 

                                 ℎ =
𝑘

𝛿𝑡
                                                    (8) 

where 𝑄 is the heat transfer rate, 𝐴 is the piston area, 𝑘 

is the thermal conductivity which depends on the cylinder 

wall material, ℎ is the heat transfer coefficient, 𝑇𝑔 is the 

gas mixture temperature, 𝑇𝑤 is the cylinder wall 

temperature, and 𝛿𝑡 is the thermal boundary layer 

thickness. 

By applying Equations (6) and (7), a conductive heat 

flux can be estimated. Ultimately, future designs could 

focus on the piston and cylinder dimensions based on the 

heat flux predicted at maximum CR, load, and EBP. These 

are conditions in which excessive heat generation occurs. 

Additionally, the thermal conductivity values could assist 

in selecting appropriate cylinder materials. Other recent 

advancements have demonstrated that improving heat 

transfer in IC engines requires integrating both conduction 

and convection methods [45], [47]. This approach is 

acceptable since the engine’s heat transfer process follows 

the analogy illustrated in Figure 16.  

Based on the analogy in Figure 18, heat transfer 

between the surfaces and the cooling system can be 

analyzed using the simple Newton’s steady-state law. This 

is because both the surface and the cooling fluid can be 

assumed to be at constant temperatures. The resistances 

associated with the cylinder wall and the coolant are well 

defined. The complexity arises in evaluating the heat 

transfer coefficient between the gas and the walls, ℎ𝑔. This 

is especially challenging under conditions of excessive in-

cylinder temperatures caused by a maximum CR of 18, 

load of 100%, and EBP of 60 kPa. Clearly, this 

phenomenon is unsteady, and it is not guaranteed that all 

the heat dissipated from the gas mixture and walls is 

effectively transferred to the coolant.  

 

Figure 18. Heat transfer analogy for IC engines. 

(a) (b) 
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Recent advancements in predicting coolant thermal 

load under maximum engine operating conditions have 

been benchmarked by Sanli et al. [48]. This work has been 

further complemented by the contributions of Suzuki et al. 

[49] and Dabbaghi et al. [50], who have also recently 

employed the following approach (Equation 9): 

𝑁𝑢 = 𝑎𝑅𝐸𝑚 (9) 

where Prandtl number (Pr) has been omitted since it 

varies little in gases and its effects can be incorporated into 

the coefficient 𝑎. The Nusselt number (Nu) and Reynolds 

number (Re) are defined in Equations 10 and 11 as: 

𝑁𝑢 =
𝑄𝐵̇

𝑘𝑔𝐴𝑝(𝑇𝑔 − 𝑇𝑐)
 (10) 

𝑅𝑒 =
𝑚̇𝑔𝐵

𝜇𝑔𝐴𝑝
 (11) 

where, 𝑄̇ is the heat transfer rate to the engine coolant, 

𝑚̇𝑔 is the charge mass flowrate, 𝐴𝑝 is the piston area, 𝐵 is 

the cylinder bore, 𝑇𝑔 and represents a mean effective gas 

temperature for the engine cycle. The numerical values of 

𝑇𝑔 and corresponding 𝑘𝑔 and 𝜇𝑔 are typically considered 

as functions of the overall fuel-air ratio. The factors a and 

m are selected to achieve the best agreement with 

experimental results. In this case this selection will be 

informed by the engine maximum operating conditions of 

a CR of 18, load of 100% and EBP of 60kPa. Once the a 

and m factors have been established based on the 

experimental data, 𝑁𝑢 and 𝑅𝑒 are simplified and given by 

Equations (12) and (13): 

𝑁𝑢 =
ℎ𝑒𝐵

𝑘𝑔
 (12) 

𝑅𝑒 =
𝐺𝐵

𝜇𝑔
 (13) 

where 𝑅𝑒 is defined as a gas-side parameter, 𝐺 is the 

gas mass rate of flow divided by 𝐴𝑝, and ℎ𝑒 which can be 

expressed by Equation (14): 

ℎ𝑒 =
𝑄̇

𝐴𝑝(𝑇𝑔 − 𝑇𝑐)
 (14) 

By integrating the above equations with all physical 

quantities expressed in consistent units, the following 

correlation for the overall heat flux was derived (Equation 

15): 

𝑄̇

𝐴𝑝
= 𝑎

𝑘𝑔

𝐵
(𝑇𝑔 − 𝑇𝑐) (

𝐺𝐵

𝜇𝑔
)

𝑚

 (15) 

The above correlation can be used to predict gas-side 

engine heat transfer. It offers valuable insights into the 

factors that influence how heat is transferred from the hot 

combustion gases to the engine’s internal surfaces, 

primarily the cylinder walls and piston. This prediction 

relies on known or estimable parameters such as the air-

fuel ratio and mass flow rates. Furthermore, this approach 

provides guidance in establishing the empirical correlation 

for the overall heat transfer coefficient within the cooling 

system. The derivation employed can also be used to 

predict the engine coolant thermal load based on varying 

engine operating conditions such as loads, CRs and EBPs.  

Based on the correlations and fundamental principles 

discussed above, additional steps were undertaken in this 

study to enable a rigorous quantification of in-cylinder 

heat loss. This was achieved using the Hohenberg 

correlation shown in Equation (16). This was followed by 

a more comprehensive thermodynamic analysis. 

                                      ℎ = 130 𝑉−0.06𝑃0.8                     (16) 

Where, ℎ= heat transfer coefficient (W/m²·K), 𝑉= 

instantaneous cylinder volume (m³), 𝑃= in-cylinder 

pressure (MPa), 𝑇= in-cylinder gas temperature (K). The 

instantaneous heat flux is given by: 

                                       𝑞′′ = ℎ(𝑇𝑔 − 𝑇𝑤)                       (17) 

And total in-cylinder heat loss rate can be expressed as:  

                                      𝑄̇ = ℎ𝐴(𝑇𝑔 − 𝑇𝑤)                       (18) 

To strengthen the heat loss analysis under varying CR 

and EBP conditions, the following three operating cases 

shown in Table 7 were quantified. It should be noted that 

engine load influences heat transfer indirectly, through its 

effect on peak pressure and temperature; therefore, it was 

not explicitly included in the test cases below. The three 

test cases are summarized in Table 8 for convenient 

comparison. Moreover, the reinforced thermal 

interpretation is presented in Table 9. 

Table 7. Three test cases. 

Case CR 
EBP 

(kPa) 

Peak 

Pressure 

(MPa) 

Peak Temp 

(°C) 

1 12 30 6.5 1727 

2 18 30 7.0 1877 

3 18 60 7.5 1977 



Science, Engineering and Technology  Vol. 6, No. 1, pp. 98-122 

 

 

116 

Table 8. Summary of the three test cases. 

Case CR EBP (kPa) 

Heat Transfer 

Coefficient, 

𝒉(W/m²·K) 

Heat Flux, 

𝒒′′(kW/m²) 

Total Heat Loss, 

𝑸̇(kW) 
Increase vs Case 1 (%) 

1 12 30 520 806 25.8 - 

2 18 30 563 963 30.8 19.4 

3 18 60 593 1071 34.3 32.9 

 

Table 9. Reinforced heat loss analysis summary. 

Thematic 

Area 

Operating 

Change 
Thermodynamic 

Effects 

Heat Transfer 

Consequence 

Quantified 

Impact 

Overall 

Implication 
 

Thermal 

penalty of high 

CR 

Increase in CR 

↑ Peak pressure 

↑ Peak temperature 

↑ Convective heat 

transfer coefficient (h) 
 

Stronger gas-to-

wall temperature 

gradient and 

enhanced 

convection 

~12–13% 

increase in 

instantaneous 

wall heat loss 

Improved 

combustion but 

significantly higher 

thermal loading on 

piston and liner 

Effect of EBP Increase in EBP 

↑ RGF 

↑ In-cylinder 

temperature 

Slight ↑ Pressure 

Further increase 

in heat transfer 

coefficient and 

wall heat flux 

Additional ~13% 

increase in heat 

flux beyond CR 

effect 

Amplifies thermal 

stress under high-

load conditions 

Combined 

High CR + 

High EBP 

Maximum CR 

and EBP 

Highest combustion 

intensity and peak 

thermodynamic states 

Maximum wall 

heat rejection 

~25% increase in 

total heat loss 

compared to 

baseline 

≈30% of fuel 

energy rejected 

to walls 

Significant thermal 

penalty despite 

improved 

combustion phasing 

Combustion 

efficiency 

trade-off 

Simultaneous 

high CR and 

EBP 

Shorter ignition delay 

More intense 

combustion 

Increased 

conductive and 

convective heat 

losses 

Net reduction in 

BTE at extreme 

settings 

Demonstrates clear 

thermodynamic 

trade-off between 

combustion 

improvement and 

heat rejection 

 

Case 1: CR 12, 30 kPa EBP 

ℎ1 = 130(5.29 × 10−5)−0.06(6.5)0.8(2000)−0.4 

ℎ1 ≈ 520 𝑊/𝑚2 ⋅ 𝐾 

Heat flux: 

𝑞1
′′ = 520(2000 − 450) 

𝑞1
′′ ≈ 806,000 𝑊/𝑚2 = 806 𝑘𝑊/𝑚2 

 

Total heat loss:  

𝑄̇1 = 520 × 0.032 × 1550 

𝑄̇1 ≈ 25.8 𝑘𝑊 

The reinforced heat loss analysis clearly demonstrates 

that increasing CR and EBP, while beneficial for 

combustion intensity and ignition characteristics, results 

in a measurable thermal penalty. The combined high CR 

and high EBP condition produced approximately a 25–

33% increase in total wall heat rejection relative to the 

baseline case. This indicates that nearly one-third of the 

supplied fuel energy may be rejected to the combustion 

chamber walls under extreme operating conditions. 

Although a higher CR improves thermal efficiency in 

principle, the amplified convective heat transfer under 

high-pressure and high-temperature conditions can 

counteract these gains. This is achieved by increasing 

conductive and convective losses. The results therefore 

highlight a critical thermodynamic trade-off: 

improvements in combustion phasing and intensity must 

be balanced against increased thermal loading and heat 

rejection to avoid reductions in BTE and excessive 

component stress. 



Science, Engineering and Technology  Vol. 6, No. 1, pp. 98-122 

 

 

117 

3.3. Emission analysis 

The analysis presented in Figure 19 reveals a general 

trend whereby EBP is associated with a slight increase in 

CO emissions. Specifically, at a 25% load and a CR of 12, 

there is an observed difference of approximately 15 ppm 

in CO emissions between an EBP of 15 and 60 kPa, 

representing a 13% increase. This indicates that increasing 

EBP tends to marginally increase CO emissions under 

these conditions. From a combustion perspective, CO 

formation is strongly influenced by the HRR and the 

phasing of combustion. Conditions that delay complete 

oxidation, such as retarded combustion phasing (later 

CA50) or reduced peak temperatures, can promote 

incomplete combustion and consequently increase CO 

levels [42]. 

At a 50% load, a clear reduction in CO emissions is 

observed across all CRs. This suggests that load has a 

stronger influence on CO formation than CR. The result 

agrees with the understanding that higher load increases 

combustion temperature and pressure. Higher temperature 

improves combustion efficiency. Improved combustion 

phasing under these conditions shortens the oxidation 

duration. This reduces incomplete combustion products. 

However, excessively high temperatures or locally rich 

zones may still promote CO formation if oxygen is 

insufficient for complete combustion [48]. 

When the load increases further to 75% and 100%, CO 

emissions rise again. The highest values occur at full load. 

This behaviour is likely caused by poor air–fuel mixture 

conditions that cannot satisfy the high fuel demand at 

maximum load. The result is incomplete combustion and 

increased CO formation. In addition, a shortened ignition 

delay and rapid diffusion combustion may limit full 

oxidation of partially oxidized fuel compounds. Overall, 

the results show that engine load has a stronger effect on 

CO emissions than CR. They also highlight the need for 

optimized combustion phasing and proper air–fuel 

conditions, especially at high load, to reduce CO 

formation. 

Figure 19 shows that HC emissions increased 

significantly at low (25%) and high (100%) engine loads. 

Peak values reached 300 ppm and 270 ppm at the 

maximum EBP of 60 kPa. This behaviour is linked to the 

effect of engine load on in-cylinder temperature and 

combustion development. At higher loads, higher 

combustion temperature normally improves HC oxidation. 

It also reduces incomplete combustion caused by cold 

cylinder walls [34]. However, excessively high EBP 

counteracts these benefits. It likely alters combustion 

phasing and modifies the heat release rate, which increases 

HC emissions. Similar observations were reported in 

earlier studies [36], [38]. 

Across all conditions, an EBP of 60 kPa consistently 

produced the highest HC emissions. This indicates that 

such EBP levels are unsuitable for clean combustion even 

when CR is increased. In contrast, HC emissions were 

lowest at intermediate loads of 50–75%. This occurred 

especially with lower to medium CR values (CR 12–16). 

This suggests an optimal balance between ignition delay, 

premixed combustion intensity, and heat release behavior. 

The results confirm a complex, non-linear interaction 

between engine load, CR, EBP, and combustion phasing. 

Therefore, advanced combustion control strategies are 

necessary. These include homogeneous charge 

compression ignition (HCCI), precise injection timing, 

improved injection patterns, and advanced fuel delivery 

systems. One example is common rail injection, which 

helps reduce emissions under varying engine conditions. 

Figure 21 illustrates the variation in smoke opacity as 

a function of the combined engine operating parameters. 

The general trend indicates that smoke opacity decreases 

with increasing load and CR up to 75% load. This 

reduction can potentially be attributed to improved 

combustion efficiency resulting from the combined effects 

of increased load and CR. These factors enhance in-

cylinder pressure and temperature, thereby promoting 

more complete fuel oxidation and reducing the formation 

of smoke and particulate matter (PM). Considering 

combustion characteristics, optimized ignition delay and 

controlled HRR during the premixed phase promote better 

air–fuel mixing and mitigate soot formation. It is worth 

noting that in diesel engines visible smoke typically begins 

to form when smoke opacity exceeds 5% [33]. As shown 

in Figure 21, only four test conditions exceeded this 

threshold, specifically at 25 and 100% loads with CRs of 

12 and 14, all at EBP of 60 kPa 

These findings suggest that excessive EBP can reduce 

some of the benefits gained from increasing load and CR. 

This happens when in-cylinder temperatures and 

combustion phasing become unfavourable. At low load, 

temperatures may be too low to sustain complete 
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combustion. At full load, advanced combustion phasing 

(earlier CA50) and increased premixed HRR can raise 

local combustion temperatures and increase NOx 

formation. High NOx emissions are commonly linked to 

advanced combustion phasing and high peak 

temperatures. In addition, a long ignition delay strengthens 

the premixed combustion phase. This increases HRR and 

in-cylinder temperature, which promotes thermal NOx 

formation. 

On the other hand, overly delayed combustion 

increases CO and HC emissions because oxidation 

becomes incomplete. These results emphasize the 

importance of precise injection timing and combustion 

phasing control in IC engines. Emissions are strongly 

governed by HRR behaviour, ignition delay, and peak 

combustion temperature. Therefore, injection timing must 

be adjusted according to specific combinations of load, 

CR, and EBP. Proper adjustment helps minimize smoke 

formation, control NOx production, and improve overall 

engine performance.

Figure 19. Effect of combined operating parameters on CO. 

 

Figure 20. Effect of combined operating parameters on HC.

Figure 21. Effect of combined operating parameters on smoke opacity. 
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4. Conclusion and Further Studies 

This experimental study comprehensively investigated 

the combined effects of CR, load, and EBP on diesel 

engine combustion, performance, heat transfer, and 

emission characteristics. The experiments were conducted 

at a constant engine speed of 1 500 rpm. Key combustion 

parameters, including in-cylinder pressure, HRR, and 

ignition delay, were analysed. In addition, BTE, BSFC, 

and emissions such as NOX, CO, HC, and smoke opacity 

were evaluated. The following conclusions are drawn 

from the experimental study: 

• Increasing CR (12 to 16) and moderate-to-high 

loads (50% to 75%) improved in-cylinder 

pressure, HRR, and combustion efficiency. 

However, excessive CR (18) and EBP (60 kPa) 

increased in-cylinder temperatures and residual 

gases, which reduced HRR and compromised 

combustion efficiency. Ignition delay generally 

shortened with higher CR and load but was 

extended under maximum EBP (60 kPa). Optimal 

ignition timing was observed at CR = 16 and 75% 

load, confirming that balanced operating 

parameters are more effective than extreme 

conditions. 

• BTE peaked at approximately 33% under 

moderate loads (50 to 75%) and low EBP (15 to 

30 kPa). In contrast, it decreased significantly at 

high CR and load with 60 kPa EBP, resulting in 

an increase in BSFC.Brake power improved with 

CR and load but could not fully make up for the 

losses that are due to excessive EBP. 

• Higher CR and load resulted in high heat flux and 

cooling requirements, reducing network output. 

Predictive heat transfer models (Nu–Re 

correlations) are essential for piston and cylinder 

design under maximum operating conditions. 

• CO and HC were minimized at 50% to 75% load 

and CR = 12 to 16. By comparison, NOx 

emissions increased as CR and load increased, 

necessitating careful in-cylinder temperature 

management. Smoke opacity followed a similar 

trend, with higher levels at a maximum EBP (60 

kPa) and full load, validating the importance of 

maintaining moderate operating conditions. 

 

 

 

Overall, the current research reveals that optimum 

diesel engine operation is achieved at CR = 14 to 16, 50 to 

75% load, and EBP not exceeding 45 kPa. These findings 

highlight the importance of balanced engine conditions 

and the implementation of advanced control strategies. 

Future studies should investigate the effects of biodiesel 

blends and variations in engine speed to identify 

advancements that enable the use of higher CRs (18 to 22) 

and full load (100%). Such developments may serve as 

effective countermeasures against excessive EBP (60 kPa 

or more), thereby sustaining optimal engine performance. 

Extending the study to include variable-speed 

operation and transient loading conditions would provide 

a more comprehensive understanding of combustion 

behavior, heat transfer, and emission characteristics. This 

approach would better reflect practical engine operating 

conditions. Other scholars should assess higher CRs (18 to 

22) operation as possible strategies to counteract excessive 

EBP (60 kPa or higher), thereby maintaining optimal 

engine performance. Furthermore, effective heat 

management strategies should be developed and 

implemented to preserve performance. These measures 

would also help prevent potential component stress or 

damage associated with elevated EBP conditions. 
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