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ABSTRACT 

Multiple Injector Concepts for Compression Ignition Engines 

Experimental and computational work for lower heat losses, increased efficiency 

and improved combustion control 

Gustav Nyrenstedt 

Several modern marine engines use multiple injectors for lower heat losses and higher 

efficiency. However, the heavy-duty vehicles still apply a single injector per cylinder. This 

work investigates how multiple injectors can be operated in compression ignition heavy-

duty engines along with potential benefits from such concepts. 

The studies aimed to avoid high boundary gas temperatures by having two injectors at 

the rim of the bowl, in addition to the standard injector. A longer injector-wall distance 

reduces the amount of hot gases at the boundaries for reduced convective heat losses. 

Additional degrees of freedom also follows from an increased number of injectors to 

simplify combustion control. 

The thesis included CFD simulations, metal engine experiments, and optical engine 

diagnostics to investigate the efficiency –and emission benefits for two –and three-

injector concepts compared to the single-injector approach. 

The CFD simulations aimed to set beneficial spray angles and chamber geometries for 

reduced heat losses and reasonable emission levels with and without swirl at different 

load conditions. A flat bowl with two injectors reduced the heat losses by 4.2 %-points 
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resulting in a direct efficiency increase of 1.9 %-points at middle-load conditions. Metal 

engine studies confirmed the simulation results by testing two -and three-injector 

concepts. The higher three-injector flow rate raised efficiency and diminished heat 

losses while providing low nitric oxide levels. Thus, three injectors lessen the typical 

trade-off between efficiency and nitric oxides.  

The thesis further performed single-injector optical engine experiments to investigate 

combustion control limitations. The results concluded that high soot levels occur from 

the multiple injections used to achieve isobaric combustion. These high soot levels 

followed by injecting into fuel-rich zones, which can be avoided by using multiple 

injectors. Finally, the thesis provides a multiple injector design suitable for heavy-duty 

production engines.   
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Chapter 1 Introduction 

Today’s society depends on the internal combustion engine (ICE), especially for 

transport. The ICE propels close to 100 % of all the cars and trucks [1] and dominates the 

new car sales. Scandinavia experiences the highest share of electric vehicle market 

share in the World, with Norway at around 45 %, Iceland at 14.5 %, and Sweden at 5.2 % 

[2-3]. Thus, a large new vehicles portion remains ICE propelled, suggesting that the ICE 

will stay on the market during a foreseeable future. The ever-increasing concern for 

climate change demands new solutions to reduce greenhouse gas (GHG) emissions [4-

8]. These solutions include mitigating the GHG emissions from ICE vehicles by lowering 

fuel consumption until a more permanent solution, such as fossil-to-renewable fuel 

migration, is established. However, independent of the fuel type used, high engine 

efficiency is desired to keep fuel consumption low, effectively saving energy. 

Other permanent solutions include electrification of the car fleet as well as more 

collective transport alternatives [9-12]. However, these solutions require infrastructural 

changes and time-consuming alterations. Two hundred fifty million electric vehicles are 

predicted worldwide by 2030 [13]. In comparison, the World’s roads accommodate 

more than one billion cars on the streets today [14]. Thus, a large share of ICE vehicles 

remains in 2030.  

Apart from the GHG, the local emissions provide challenges for the ICE, including nitric 

oxides and soot. Many countries set ever-more stringent emissions regulations as a 

response to several cities experiencing air pollution [15-16]. Proven health effects of air 
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pollution include breathing problems and premature deaths [17-19]. ICE-driven vehicles 

contribute to air pollution, although they are not the single emitter [20-21]. After-

treatment systems reduce local emissions effectively. However, after-treatment systems 

increase the cost leaving many vehicles, especially in developing nations, without [22]. 

Thus, reduced engine-out emissions remain useful.  

A trade-off exists between global -and local emissions reduction [23]. For example, the 

three-way catalyst oxidizes carbon monoxide to carbon dioxide, where both gases are 

undesired. Thus, modern ICE solutions need to tackle both local emissions and global 

emissions simultaneously. However, other parts of a vehicle, such as aerodynamics and 

tires, also affect fuel consumption and local emissions profoundly. Studies suggest that 

an aerodynamic encapsulated motorcycle reaches a fuel consumption of down to 0.05 

liters per 10 kilometers [24]. Nevertheless, further engine efficiency research remains 

important for fuel reduction.  

New emission regulations target heavy-duty (HD) vehicles [25-26]. The European Union 

has set goals of reducing carbon dioxide emissions by 30 % until 2030 [27]. Vehicle 

electrification for long-distance driving requires infrastructure alterations, such as 

charging stations [28]. Therefore, especially the HD vehicles require novel engine 

solutions. Recent research has examined this topic to a wide extent covering several 

engine parts, for example, the fuel injection system. Today’s principal fuel injection 

system layout remains the same, although improvements have been achieved. This 
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thesis suggests a novel solution utilizing multiple injectors to enhance engine efficiency 

and reduce emissions.    

1.1 Objectives and Research Limitations 

This thesis aims to further understand how multiple injector concepts can be used in a 

heavy-duty production engine and the following benefits and drawbacks.  The 

investigations include heat losses, fuel efficiency, and emission levels without 

performing a concept optimization. Instead, the investigations varied several 

parameters, such as spray angles and piston geometries. The thesis covers both 

computational and experimental work, comparing multiple injector concepts utilizing 

two and three injectors with standard single-injector concepts. Furthermore, optical 

engine studies provided knowledge to understand the challenges of heat release control 

by multiple injections for single-injector concepts. The central thesis objectives are as 

follows:  

 Investigate how multiple injectors can be used to reduce the engine heat losses 

 Investigate the challenges met when controlling the heat release with a single 

injector and how multiple injectors can improve the combustion control 

 Investigate how multiple injectors can increase the engine efficiency by 

increased flow rate, increased number of injector holes and improved mixing 

 Provide a multiple injector design for a production engine  
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1.2 Thesis Contributions 

This thesis presents computational and experimental work of one, two, and three-

injector CI engines. The work provides knowledge on how multiple injectors deliver 

lower heat losses, higher efficiency, and increased combustion controllability. Modern 

waste-heat recovery systems couple the multiple injector engines here, as opposed to 

previous studies on the subject. The general contributions are listed as follows: 

 Optical diagnostics work to provide an understanding of the combustion control 

limitations in today’s injection systems. 

 Experiments in a metal engine to provide insight on how increased efficiency and 

improved combustion control follow with multiple injectors. 

 Computational fluid dynamics studies to provide useful injector setups and to 

improve the piston geometry for multiple injector engines. 

 Design efforts to provide a multiple injector system for a production engine. 

1.3 Outline 

Several different chapters and sections present the thesis, as described below.  

Chapter 2 

This chapter presents the background studies in literature used as a foundation for this 

thesis. It further assesses the general challenges met for a CI engine and some of its 
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current research trends. The covered research areas include fuel injection, heat release 

control, and WHR systems.  

Chapter 3 

This chapter describes the proposed engine concept, the Trident engine, in terms of the 

general layout and the potential advantages and drawbacks. 

Chapter 4 

This chapter presents the computational and experimental baseline setup and the used 

simulation setup. 

Chapter 5 

This chapter presents and discusses CFD simulations for comparing heavy-duty engine 

concepts using one and two injectors, in terms of heat losses and efficiency. The Trident 

engine then couples the double compression expansion engine (DCEE) concept for 

evaluating efficiency potential in modern engine concepts.   

Related Publications: 

Nyrenstedt, G., Alturkestani, T., Im, H., and Johansson, B., "CFD Study of Heat Transfer 

Reduction Using Multiple Injectors in a DCEE Concept," SAE Technical Paper 2019-01-

0070, 2019. 

Chapter 6 



26 
 

      

 

A CFD study investigated how the Trident engine can be utilized at high loads for a 

heavy-duty CI engine. This chapter covers comparisons between concepts using one, 

two, and three injectors and highlights the experienced differences between middle and 

high load. 

Related Publications: 

Nyrenstedt, G., Ben Houidi, M., Babayev, R., Im, H., Johansson, B., "Multiple Injector 

Concepts at Different Swirl Ratios in a Heavy Duty Compression Ignition Engine", 

Submitted to ASME proceedings  

Babayev, R., Nyrenstedt, G., Johansson, B., "Computational Study of Multiple Fuel 

Injectors under High-Load and High-EGR Conditions", Submitted to ASME proceedings  

Chapter 7 

A further CFD study evaluated the impact of swirl on the Trident engine. One, two, and 

three injector concepts compared five different swirl ratios in terms of heat losses and 

efficiency in this chapter. 

Related Publications: 

Nyrenstedt, G., Ben Houidi, M., Babayev, R., Im, H., Johansson, B., "Multiple Injector 

Concepts at Different Swirl Ratios in a Heavy Duty Compression Ignition Engine", 

Submitted to ASME proceedings  
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Chapter 8 

This chapter highlights a CFD study to investigate how an altered piston bowl geometry 

benefits the Trident engine. Three different piston bowl geometries, using one and two 

injectors, evaluated the heat losses and efficiency. 

Related Publications: 

Nyrenstedt, G., Im, H., Andersson, A., and Johansson, B., "Novel Geometry Reaching 

High Efficiency for Multiple Injector Concepts," SAE Technical Paper 2019-01-0246, 

2019. 

Chapter 9 

This chapter experimentally evaluates how multiple injector concepts affect the heat 

release control and the efficiency in heavy-duty CI engines.  

Related Publications: 

Nyrenstedt, G., Watanabe, K., Enya, K., Shi, H. et al., "Thermal Efficiency Comparison 

of Different Injector Constellations in a CI Engine," SAE Technical Paper 2019-24-0172, 

2019. 
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Chapter 10 

This chapter presents an optical diagnostics study in a heavy-duty CI engine equipped 

with a single injector. The measurement techniques included PLIF, LII, and high-speed 

imaging to analyze isobaric heat release in terms of emissions and combustibility. 

Related Publications:  

Nyrenstedt, G., Al Ramadan, A., Tang, Q., Badra, J., Cenker, E., Houidi, M.B. and 

Johansson, B., "Isobaric Combustion for High Efficiency in an Optical Diesel Engine", SAE 

Technical Paper 2020-01-0301, 2020 

 

Nyrenstedt, G., Tang, Q., Sampath, R., AlRamadan, A., Ben Houidi, M.  and Johansson, 

B., "Optical Diagnostics on Isobaric Combustion in a Heavy-Duty Engine" 

To be submitted to Applied Energy 2020-05-07 

AlRamadan, A., Nyrenstedt, G., Ben Houidi, M. and Johansson, B., "Optical Diagnostics 

of Isooctane and n-Heptane Isobaric Combustion", SAE Technical Paper 2020-01-1126, 

2020 

Tang, Q., Sampath, R., Sharma, P., Nyrenstedt, G., AlRamadan, A., Ben Houdi, M., Badra, 

J., Johansson, B., Magnotti, G., "Optical study on the fuel spray characteristics of high-

pressure isobaric combustion using four consecutive injections", SAE Technical Paper 

2020-01-1129, 2020 
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Chapter 11 

This chapter provides a production engine design compatible with a multiple injector 

system.  

Chapter 12 

Here, the thesis provides a review of the take-home conclusions from each chapter.  

Chapter 13 

This chapter presents future work recommendations and suggestions based on the 

results of this thesis.  
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Chapter 2 Literature Review 

This section provides: a thorough background and motivation on why multiple injectors 

research is of interest; the general CI engine challenges; the future requirements of CI 

engines in terms of waste heat recovery (WHR) capability and heat release control; and 

the existing multiple injector concepts and studies as a foundation for this thesis.  

2.1 The CI Engine Trade-Offs 

Modern internal combustion engines require low emissions and low fuel consumption 

without increasing the production cost. Several different parameters affect fuel 

consumption and efficiency in a modern CI engine. A lean mixture provides lower heat 

losses from a lower in-cylinder temperature and a larger air mass [29]. Furthermore, the 

mixture specific heat ratio increases with a larger amount of air. A high compression 

ratio provides high efficiency [24]. However, a too high compression ratio increases the 

in-cylinder temperature, and thus the heat transfer losses [30] and nitric oxide 

emissions, especially at lean conditions. Figure 2-1 shows how nitric oxides form at 

temperatures above 2200 K with simultaneous low equivalence ratios and how soot 

forms at a certain temperature –and equivalence ratio range. A trade-off exists between 

nitric oxides and soot (see Figure 2-1 for the conventional diesel engine regime), due to 

the non-homogenous fuel distribution in CI engines. For example, a low global 

equivalence ratio means avoiding soot but leads to higher levels of nitric oxides.  
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To summarize, a trade-off between soot, nitric oxides, and efficiency exists for CI 

engines. Thus, CI engines require solutions to provide simultaneous soot and nitric 

oxides reduction, while increasing efficiency and keeping production costs low.  

 

Figure 2-1, Equivalence ratio as a function temperature [K] to illustrate NO and Soot 

formation zones [31] 

2.2 Fuel Injection Systems 

This section describes the conventional fuel injection systems with development trends. 

The thesis focuses on direct-injection systems and thus other systems, such as port fuel 

injection, remain absent.  
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2.2.1 Direct Injection 

The conventional CI engine injection system consists of a centrally placed injector 

injecting fuel under high pressures in the range of 2000 bar [32-34]. A common rail 

system can provide high pressure by having a rail connected to all the engine injectors. 

A pump provides pressurized fuel to the rail [35], followed by fuel directed to the 

injectors for injection into the combustion chamber. Another injection approach uses 

unit injectors to integrate a pump and an injector in the same structure.  

There are two common types of injectors, the solenoid injector, and the piezoelectric 

injector. The piezo-electric injector increases the cost but has a faster response time 

[36]. An improved injection, and thus combustion, control can, therefore, be achieved 

with the piezo-electric injector. 

2.2.2 Fuel Injection Trends 

The general challenges described for the CI engine implies that improved injection 

systems lower fuel consumption and emissions. Several studies optimize the number of 

injector holes, spray angles, and injection pressure for high performance [37-43]. The 

conclusions (from the literature) include: smaller and more numerous injector nozzle 

holes for improved mixing [44-45]; higher injection pressures for enhanced mixing and 

efficiency [46]; and multiple injections, such as pilot injections, for reduced emissions 

[47-49]. The heat release control trends in CI engines put further demands on multiple 

injections. A tailored heat release that depends on the engine load condition gives 

maximum efficiency in each load step [50]. A high rate of heat release (RoHR) provides a 
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fast pressure rise resulting in high peak cylinder pressures, potentially damaging a non-

robust engine. A robust engine experiences higher friction losses resulting from, for 

example, a changed piston ring structure [51]. At low loads, however, the peak pressure 

remains low, meaning a faster rate of heat release is possible. Section 2.4 covers this 

topic in detail. 

2.3 Waste Heat Recovery Systems 

With the current strive for high engine efficiency motivates re-utilization of the usually 

wasted exhaust energy [52]. This literature review provides one WHR system example 

to illustrate how exhaust energy can offer higher output work.  

2.3.1 The Double Compression Expansion Engine 

The split-cycle DCEE delivers high efficiencies [53-56] by utilizing two cylinders as 

opposed to one (see Figure 2-2). At first, ambient air enters the low-pressure (LP) 

cylinder, followed by a piston compression forcing the compressed air to the high-

pressure (HP) cylinder where a second compression occurs, reaching high in-cylinder 

pressures of up to 300 bar. The injector delivers fuel into the high-pressure air, followed 

by a combustion event and a work-generating expansion. The HP unit then moves the 

piston to transfer the hot exhaust gases back to the LP-cylinder, where a second 

expansion takes place, recovering the normally wasted exhaust heat. Finally, the LP unit 

performs an exhaust stroke to get rid of leftover gases. Studies have shown how a split-

cycle, like the DCEE, can reach brake efficiencies up to 56 % in a heavy-duty engine 
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under standard load conditions [57]. The high efficiency follows from a high effective 

compression ratio, achieved by the double compression feature, while the split-cycle 

configuration allows a more favorable area-to-volume ratio to reduce heat losses [58]. 

However, with the high pressures and temperatures reached in the HP-cylinder, the 

DCEE requires further heat loss reduction.  

 

Figure 2-2, DCEE layout 

2.4 Optimum Heat Release Profile 

An optimal heat release profile increases the efficiency in CI engines, where the 

optimum heat release profile depends on the load. In theory, an isochoric heat release 

delivers maximum efficiency [30, 59-60], but when considering heat losses and friction 

losses, the optimum heat release profile alters. An isobaric heat release profile reduces 

the CI engine heat losses [61] and lowers the nitric oxide emissions while keeping the 
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efficiency high [62]. Other studies show how a Seiliger (Sabathe) cycle gives the highest 

efficiency at some load conditions in CI engines [63].  

To summarize this section, the optimum heat release profile varies with load and engine 

configuration. Therefore, a modern engine requires versatility, achieved by having an 

injection system with several degrees of freedom. 

2.5 Multiple Injector Concepts 

Marine engine applications commonly utilize more than one injector to control heat 

release and reduce heat losses [50]. With this background, Uchida et al. proposed 

multiple injector concepts also in HD engines [64]. Tests have shown how heat losses 

decrease, and the heat release control improves in research CI engines equipped with 

multiple injectors [50, 64-67]. These tests aimed to tailor and optimize the engine heat 

release, based on efficiency, but the optimum operation changes with the engine setup 

and load condition, which will be considered later in this thesis. 

Other concepts utilizing multiple injectors include opposed-piston engines [68-70]. 

These engines wield two injectors supplying fuel from the sides of the chamber since no 

cylinder head exists. Tests have proposed that these two injectors reduce the emissions 

by increased mixing [68].  

To summarize, multiple injector concepts have existed for several years. However, the 

literature lacks: an HD CI multi-cylinder production engine equipped with multiple diesel 

injectors; fundamental understanding and explanations on how multiple injectors reach 
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an increased performance; a combustion chamber evaluation for the multiple-injector 

concepts in terms of optimized piston shapes and spray angles; and a study on how the 

multiple injector concepts can be utilized in modern CI engine configurations using a 

WHR system.      
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Chapter 3 The Trident Engine 

The earlier discussed potential of multiple injectors motivates the Trident engine setup - 

referring to a CI production engine with WHR capability and up to three fuel injectors 

per cylinder.  More injectors allow: extra degrees of freedom for combustion control by 

simplifying multiple injection times; an increased flow rate, by extra injector holes, 

permitting faster combustion, especially at high loads; and lower heat losses by an 

increased average distance from the injector to the wall centralizing the combustion and 

lowering the boundary temperature gradients.           

This thesis covers the utilization of the Trident concept in modern heavy-duty CI engines 

with WHR capability, increasing the importance of low heat losses. The next section 

includes the design and production limitations of such a concept, followed by 

discussions of potential drawbacks and benefits of the Trident engine. 

3.1 Design Challenges 

Design challenges exist when utilizing multiple injectors. This thesis aimed (among other 

things) to fit three fuel injectors in a standard HD production engine and used a Volvo 

D13 engine for this purpose. The Volvo D13 cylinder head consists of several lines and 

channels for cooling, fuel supply, and lubrication that the injector placement needs to 

avoid, which chapter 11 covers. The Trident engine places the central injector at its 

standard central position and two outer injectors at the rim of the piston bowl (see 

Figure 3-1). Boundary hot zones render higher heat losses since temperature gradients 
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drive convection. The placement at the rim of the bowl gives the maximum injector-wall 

distance (without squish zone injection): making the combustion occur away from the 

boundaries, thus centralizing the cylinder hot-zones; increasing the mixing time before 

wall-jet interaction occurs; and reducing spray-to-spray interaction between the 

injectors. Spray-to-spray interaction is undesired due to the following increased 

emission levels and poor combustion [71-73].    

Multiple injectors potentially increase the risk of spray-to-spray interaction (compared 

to single-injector cylinders), causing increased importance of injector spray angles and 

umbrella angles. Thus, the injectors direct the sprays to avoid each other, leaving little 

space for spray adjustments. The Trident engine also aims the spray direction to avoid 

the piston, head, and liner boundaries to reduce wall-jet interaction. In conclusion, the 

umbrella angle, as well as spray angles, need to be carefully designed.   
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Figure 3-1, Conceptual layout of the Trident engine injection system 

Some modern engines (such as the Volvo D13 in this thesis) use omega-shaped pistons 

(see Figure 3-2). The central hump restrains the Trident engine design. Injections, from 

the outer injectors, risk colliding with the central hump resulting in increased wall-jet 

interaction. Chapter 8 further discusses and evaluates the piston bowl geometry. To 

summarize, the multiple injector installation provide several design restrictions in a 

standard HD production engine. This thesis aims to overcome these restrictions.  

 

Figure 3-2, Conceptual piston bowl shape used in some production CI engines 
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3.2 Potential Benefits and Drawbacks 

Chapter 3 started with some potential Trident engine advantages. Examples included: 

lowered cylinder boundary temperature gradients for lower convective heat losses; 

increased mixing time before wall-jet interference occurs; and an increased flow rate. 

This section extends the Trident engine examples of potential benefits and drawbacks.  

The outer injector swirl-motion injection allows the jets and combustion gases to 

bounce back towards the combustion chamber center to improve the chamber air-

utilization allowing additional soot oxidation. More injector holes enhance the mixing, 

due to the amplified total spray area [44-45]. Soot and NOx levels diminish from 

improved mixing due to the changed local air-fuel ratio [47]. Other benefits include 

increased degrees of freedom for combustion control by having several injectors 

injecting into different chamber parts. 

The potential Trident engine drawbacks include increased complexity. Additional 

injectors demand an advanced control system, although a single common rail can be 

used for fuel pressure build-up.  The injector cost is furthermore a substantial part of 

the total engine production cost. Thus, the cost-advantages of the Trident engine, in 

terms of reduced fuel consumption, need to outweigh the increased cost of injectors. 

Finally, as discussed before, the fitting of additional injectors demands extra design 

work and provides challenges for other systems, such as pressure sensor placement. 

This thesis examines specific design adjustments, tailored for intensifying the benefits of 

the Trident engine in later chapters.  
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Chapter 4 General Experimental and Computational Setup 

This thesis includes optical and metal engine experiments, computational fluid dynamics 

(CFD), and different laser measurement techniques. The following sections explain the 

baseline for all these evaluations with detailed information for each particular study.  

4.1 Engine Types and General Setup 

A majority of the studies used the six-cylinder Volvo D13 production engine, designed 

for HD trucks, while some studies used other engine types. Table 4-1 shows the 

geometry and setup details for the Volvo D13 production engine, which corresponds to 

the high-pressure unit in the DCEE.  This thesis evaluated different parameters, such as 

the compression ratio, intake pressure, and load. Several studies assessed the suitability 

of Trident engine configurations for the DCEE, explaining the use of the low compression 

ratio 11.5:1. All injector parameters vary somewhat between cases depending on 

injector availability and specific requirements. For example, the outer and central 

injectors needed similar flow rates to simplify the comparison between them in some 

studies. 

 In general, the flow rate remained the same for the side injectors compared to the 

central injector, i.e. two side injectors injected the same amount of fuel per second as 

the central injector. Depending on the number of injector holes (see Table 4-1) and 

injector specifications, the hole size changes to maintain the same flow rates for side –
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and central injectors and will be described in detail for each separate chapter. Chapter 9 

and 10 covers more detailed engine setup and measurement methods.    

Table 4-1, General settings used in computational and experimental studies throughout 
this thesis 

Engine parameters  

Cylinder Displacement Volume 2.13 l 

Stroke 158 mm  

Bore 131 mm  

Connecting Rod Length 267.5 mm  

Compression Ratio 11.5-17 

Engine Speed  1200 rpm 

Number of Holes, Central Injector  6-7 

Umbrella Angle, Central Injector 

Umbrella Angle 

145-150 degrees 

Number of Holes, Side Injector 2-3 

Umbrella Angle, Side Injector 150-160 degrees 

Fuel Types Diesel, N-Heptane 

4.2 Computational Setup and Validation  

4.2.1 General Modeling and Validation 

This thesis includes three-dimensional Reynolds-Averaged Navier-Stokes (RANS) CFD 

simulations using the software Converge. The computational domain consists only of 

the combustion chamber during compression and expansion. Thus, the computational 

setup included no exhaust or intake lines. Instead, a set in-cylinder gas composition 

started the compression stroke. An experimental validation case decided this initial gas 

composition. Table 4-2 summarizes the computational sub-models discussed in the 

following sections. Dr. Nhut Lam at Lund University provided all experimental data used 

in the validation here. The validation procedure followed these steps: 
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1. Setting the effective compression ratio (Rc) by comparing simulated and 

experimental motored pressure traces. 

2. Setting the initial gas composition by adding residual gases until the fired 

experimental pressure, before combustion, and the simulated pressure 

matched. The residual gases consisted of water and carbon dioxide since these 

were the main components seen in emission measurements. 

3. Delaying the simulation’s start of injection to account for injector hydraulic 

delay. The simulation also delayed the injector closing time for the hydraulic 

delay. 

4. Comparing the experimental and simulated fired pressure and RoHR traces (see 

Figure 4-1). The simulation tweaked the injection duration slightly (0.3 CAD) to 

match the RoHR traces further.  

Note that no emission validations were performed. Thus, all simulated emissions follow 

qualitative rather than quantitative statements in this thesis. Initial in-cylinder 

turbulence levels, from the intake stroke, followed Converge-recommended levels for 

an HD CI engine with an initial turbulent kinetic energy at 20 m2/s2. 

4.2.2 Mesh Strategy 

The simulations adapt the computational base grid, of 2 mm in all directions, with time. 

This strategy allows lower computational costs during inaction and ensures quality 

results during in-cylinder activity. The cells by the boundaries operate grid embeddings 

based on base-grid layers.  
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Table 4-2, Computational models used in all simulations 

 Computational Model 

Combustion SAGE 

Chemical Mechanism 121 species, n-heptane 

Turbulence RANS, RNG k-epsilon 

Spray Breakup KH-RT 

Droplet Size Frossling 

Heat Transfer Amsden/O’Rourke 

 

These layers reduce the cell size and refine the grid to account for the near-wall flow. 

The near-injector cells also use embeddings with a finer grid to aid the spray modeling. 

All embeddings employed level 3 refinement according to the following equation: 

𝑑𝑥 =
𝑑𝑥_𝑏𝑎𝑠𝑒

2𝑛
          (4-1) 

Here, dx defines the cell side length and n the refinement level. The simulations 

employed adaptive mesh refinement (AMR) based on velocity and temperature 

gradients, again following equation (4-1) at level 3. Thus, the simulations divided every 

cell experiencing high temperature or velocity gradients into smaller cells. The setup 

included a maximum number of AMR cells set never to be reached to ensure the quality 

of the results. Figure 4-2 illustrates the mesh, where embeddings and AMR are 

visualized, for an example-simulation from this thesis with a centrally placed injector. 
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Figure 4-1, CFD validation case comparing simulations with experimental results 

4.2.3 Spray Modeling 

The simulations incorporated liquid diesel fuel injection with a Kevin-Helmholtz 

Rayleigh-Taylor (KH-RT) spray breakup model [74], where parcels composed the liquid 

fuel. These parcels formed the spray jet, and the KH model enforces a first spray core 

breakup into droplets due to core boundary instabilities followed by a second RT droplet 

breakup. Since droplet-collison occurred, the simulations included a no-time-counter 

(NTC) model based on probability [75]. The Frossling correlation defined the parcel 

evaporation based on heat and mass calculations [76]. Although the simulations in this 

thesis expect little or no liquid-wall interaction due to the high pressure and 

temperature, the simulations included a spray-wall interaction model [77]. A Rosslin-
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Rammler distribution [78] decided the initial droplet sizes with an assumed spherical 

droplet shape.  

 

Figure 4-2, Two-dimensional slices showing the meshing strategy with AMR and 
refinements for a reference CFD simulation 

4.2.4 Combustion Modeling 

A SAGE multi-zone model [79] accounted for the combustion that commenced in cells 

with a minimum temperature of 600 K and a minimum hydrocarbon mole fraction of  

1e-8. The SAGE model divided the computational domain into temperature zones of a 5 

K range and equivalence ratio zones of a 0.05 range to accelerate the simulations. A 

chemical n-heptane mechanism with 121 species [80] calculated the reaction rates 

where the diesel was assumed n-heptane, with the case-specific diesel’s lower heating 

value, upon evaporation.   



47 
 

      

 

4.2.5 Near-Wall -and Heat Transfer Modeling 

The simulations assume a constant boundary temperature with no solids modeled. 

Instead, a no-flow approach models the piston, head, and liner boundaries. Previous 

studies [81] have suggested that the wall temperature remains close to constant over 

the cycle in a CI engine (see Figure 4-3).  

The simulations used the law of the wall [82] to calculate the near-boundary flow by 

keeping the y+ value in the log-law region. Near-wall mesh embeddings secure the y+ 

values remaining below 200 and above 30 throughout the simulation-cycles.  The 

simulations did not use a radiation model since radiation model tests showed only small 

differences for the in-cylinder pressure. Thus, all heat transfer to the boundaries is 

convective and depends on the wall area, temperature gradients, and the convective 

heat transfer coefficient. An Amsden/O’Rourke model [83] accounted for the convective 

heat losses. 

 

Figure 4-3, Measured wall and in-cylinder gas temperature in a diesel engine [81] 
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4.3 Performance Measures Definitions 

The definitions provided by Johansson et al. [24], seen in Figure 4-4 and used in previous 

studies [54], calculate the engine performance in this thesis. The mean effective 

pressures (MEP) refer to an energy level normalized by the engine displacement volume 

as follows: 

4.3.1 Fuel Mean Effective Pressure, FuelMEP  

The input fuel energy gives the initial energy of the engine system. When normalizing 

with the displacement volume, we get  

𝐹𝑢𝑒𝑙𝑀𝐸𝑃 =
𝑚𝑓∗𝑄𝐿𝐻𝑉

𝑉𝐷
     (4-2) 

where mf = mass of fuel per cycle [kg], 𝑄𝐿𝐻𝑉 = Lower heating value of the fuel [J/kg]  and 

𝑉𝐷 = Displacement volume [m3]  

4.3.2 Heat Mean Effective Pressure, QMEP  

The QMEP denotes the fuel energy converted to heat upon combustion as: 

𝑄𝑀𝐸𝑃 =
𝑄

𝑉𝐷
      (4-3) 

where Q = amount of heat added per cycle [J]  

4.3.3 Gross Indicated Mean Effective Pressure, IMEPg  

The useful work considering only the compression and expansion strokes, IMEPg, 

adheres to the following equation:  
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𝐼𝑀𝐸𝑃𝑔 =
𝑊𝐸+𝑊𝐶

𝑉𝐷
=

1

𝑉𝐷
∫ 𝑝𝑑𝑉

360

0
   (4-4) 

where the integration begins at the start of compression and ends 360 CAD later.  

The compression work adheres to the following equation:  

𝑊𝐶 = ∫ 𝑝𝑑𝑉
𝑇𝐷𝐶

𝐵𝐷𝐶
     (4-5) 

The expansion work comply with the below equation:  

𝑊𝐸 = ∫ 𝑝𝑑𝑉
𝐵𝐷𝐶

𝑇𝐷𝐶
     (4-6) 

 

 

Figure 4-4, Sankey diagram describing the energy levels in each step of the engine cycle 
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4.3.4 Net Indicated Mean Effective Pressure, IMEPn  

When also considering the gas exchange strokes, the useful work, IMEPn, expresses as  

𝐼𝑀𝐸𝑃𝑔 =
𝑊𝐸+𝑊𝐶+𝑊𝑒𝑥ℎ𝑎𝑢𝑠𝑡+𝑊𝑖𝑛𝑡𝑎𝑘𝑒

𝑉𝐷
=

1

𝑉𝐷
∫ 𝑝𝑑𝑉

720

0
   (4-7) 

where we have added the work for the exhaust and intake strokes.  

4.3.5 Brake Mean Effective Pressure, BMEP  

Finally, when considering the friction losses from different engine parts, the output 

work, BMEP, becomes: 

𝐵𝑀𝐸𝑃 =
𝑊𝐵

𝑉𝐷
        (4-8a) 

BMEP also relates to power [W] per displacement and time as  

𝐵𝑀𝐸𝑃 =
𝑃

𝑁

𝑛𝑇
∗𝑉𝐷

       (4-8b) 

where P = Engine power [W], N = Engine speed [rps] and 𝑛𝑇  = Stroke factor [-] 

4.3.6 Combustion Loss Mean Effective Pressure, CLMEP  

The non-combusted fuel defines the combustion losses as follows: 

𝐶𝐿𝑀𝐸𝑃 = 𝐹𝑢𝑒𝑙𝑀𝐸𝑃 − 𝑄𝑀𝐸𝑃     (4-9) 

4.3.7 Heat Transfer Loss Mean Effective Pressure, HTMEP  

The energy transferred through the cylinder walls denotes the heat transfer losses as: 
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𝐻𝑇𝑀𝐸𝑃 =
𝑄𝐻𝑇

𝑉𝐷
      (4-10) 

Where 𝑄𝐻𝑇 = Heat transfer losses [J]  

4.3.8 Exhaust Loss Mean Effective Pressure, EXMEP  

The exhaust losses denote the energy wasted through the exhaust pipe as:  

𝐸𝑋𝑀𝐸𝑃 =
𝑄𝐸𝑋

𝑉𝐷
      (4-11) 

Where 𝑄𝐸𝑋 = Exhaust energy losses [J]  

A WHR system recovers some of the exhaust losses, thus favoring a high EXMEP. 

Furthermore, a high exhaust temperature (typically giving a high EXMEP) gives effective 

after-treatment of exhaust gases.  

4.3.9 Pumping Loss Mean Effective Pressure, PMEP  

The pumping losses denote the energy needed to move the piston for inhaling the fresh 

air and exhaling the exhaust gases as follows: 

𝑃𝑀𝐸𝑃 = 𝐼𝑀𝐸𝑃𝑔 − 𝐼𝑀𝐸𝑃𝑛      (4-12) 

4.3.10 Friction Loss Mean Effective Pressure, FMEP  

Moving engine parts suffer from friction losses, such as inertia in the moving parts of the 

engine, including piston gaskets touching the cylinder liner. The difference in available 

energy after pumping, IMEPn, and output energy, BMEP, expresses the friction as 

follows:  
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𝐹𝑀𝐸𝑃 = 𝐼𝑀𝐸𝑃𝑛 − 𝐵𝑀𝐸𝑃     (4-13) 

4.3.11 Combustion Efficiency, 𝛈𝑪 

The combustion efficiency denotes the amount of fuel energy converted into heat as: 

𝜂𝐶 =
𝑄𝑀𝐸𝑃

𝐹𝑢𝑒𝑙𝑀𝐸𝑃
       (4-14) 

4.3.12 Thermodynamic Efficiency, 𝛈𝑻  

The thermodynamic efficiency denotes the amount of combustion heat converted to 

useful work from the piston expansion as:  

𝜂𝑇 =
𝐼𝑀𝐸𝑃𝑔

𝑄𝑀𝐸𝑃
       (4-15) 

4.3.13 Gas-Exchange Efficiency, 𝛈𝑮𝑬   

This efficiency denotes the negative work spent on the gas exchange. The efficiency of 

this process adheres to the following expression: 

𝜂𝐺𝐸 =
𝐼𝑀𝐸𝑃𝑛

𝐼𝑀𝐸𝑃𝑔
           (4-16) 

4.3.14 Mechanical Efficiency, 𝛈𝑴 

The efficiency for denoting the energy consumed by friction follows this equation: 

𝜂𝑀 =
𝐵𝑀𝐸𝑃

𝐼𝑀𝐸𝑃𝑛
                  (4-17) 
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4.3.15 Gross Indicated Efficiency, 𝜼𝑰_𝒈𝒓𝒐𝒔𝒔 

This efficiency denotes the amount of fuel energy converted to useful work without 

considering gas exchange and friction as follows: 

𝜂𝐼_𝑔𝑟𝑜𝑠𝑠 =
𝐼𝑀𝐸𝑃𝑔

𝐹𝑢𝑒𝑙𝑀𝐸𝑃
                   (4-18) 

4.3.16 Net Indicated Efficiency, 𝜼𝑰_𝒏𝒆𝒕 

This efficiency denotes the fuel energy converted to useful work when neglecting the 

friction losses as follows: 

𝜂𝐼_𝑛𝑒𝑡 =
𝐼𝑀𝐸𝑃𝑛

𝐹𝑢𝑒𝑙𝑀𝐸𝑃
     (4-19) 

4.3.17 Brake Efficiency, 𝛈𝑩 

The brake efficiency is the total engine efficiency considering all losses as follows:   

𝜂𝐵 =
𝐵𝑀𝐸𝑃

𝐹𝑢𝑒𝑙𝑀𝐸𝑃
      (4-20) 

4.4 Heat Release and Exhaust Energy Calculations 

While the heat release calculations followed the same procedure for experiments and 

simulations, the exhaust energy differed. The in-cylinder pressure calculated the heat 

release based on the thermodynamic system in Figure 4-5. The internal energy, U [J], 

can then be written as follows 

𝑑𝑈 = 𝑑𝑄 − 𝑑𝑊      (4-21) 
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Where dW denotes the work [J] and dQ denotes the difference between heat released 

from combustion, QHR [J], and heat transfer losses, QHT [J]. Temperature, T [K], mass, m 

[kg], and specific heat at constant volume, cv [J/kgK], also expresses the internal energy 

where the in-cylinder volume is assumed small at every time-step as follows 

𝑑𝑈 = 𝑚𝑐𝑣𝑑𝑇       (4-22) 

By differentiating the ideal gas law, dT can be expressed as 

𝑑𝑇 = (𝑉𝑑𝑝 + 𝑝𝑑𝑉) ∗
1

𝑚𝑅
     (4-23) 

Where R denotes the ideal gas constant [J/kgK]. The work can be expressed in terms of 

pressure and volume change for a piston machine as follows 

𝑑𝑊 = 𝑝𝑑𝑉       (4-24) 

To use relations for the specific heat ratio, γ, rather than R the following equation has 

been used 

 𝑐𝑝 − 𝑐𝑣 = 𝑅       (4-25) 

Where cp denotes the specific heat at constant pressure [J/kgK]. The equations 4-21 to 

4-24 gives the following expression for the heat release 

 

𝑑𝑄𝐻𝑅 =
γ

γ−1
𝑝𝑑𝑉 +

1

γ−1
𝑉𝑑𝑃 + 𝑑𝑄𝐻𝑇    (4-26) 
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The Woschni approach [30] obtained the heat transfer losses based on curve fitting of 

experimental data. 

 

Figure 4-5, Thermodynamic system for heat release calculations 

All mean effective pressures, including the HTMEP, are calculated in the simulations of 

this thesis except the EXMEP. Thus, the difference between QMEP and IMEPg sets the 

EXMEP. However, the experimental setup measured no heat transfer losses. Instead, 

the internal energy difference, at intake opening time and exhaust closing time, 

estimated the exhaust energy. The later chapters cover the specific method for this 

calculation.        
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Chapter 5 Two-Injector Concepts for Reduced Heat Losses 

This chapter presents a comparison of one and two injectors, using CFD, initially filed in 

Paper I. The study focused on explaining the differing amounts of heat losses for the 

different injector constellations. The main conclusion saw a significant heat loss 

reduction with two injectors instead of one, especially at a higher air-fuel ratio. 

However, the efficiency did not increase significantly without DCEE utilization in 

combination with the Trident engine’s multiple injectors.  

5.1 Computational Setup 

Chapter 4 described the base engine for this study, an HD Volvo D13 engine with an 

omega-shaped piston bowl. The setup here used standard DCEE conditions coinciding 

with the validated case. Table 5-1 shows the specific conditions using the DCEE low 

compression ratio piston (11.5:1) -and lean conditions [58]. All other computational 

setups and calculation models follow the general simulation setup described in chapter 

4. Experimental recommendations by Volvo set the input wall temperatures at 500 K. 

Two different intake pressures simulated different air-fuel ratios with the following 

changed peak pressures.   

5.2 Engine Apparatus 

This study covered two main case sets. The reference cases used a 6-hole centrally 

placed injector, and the two-injector cases used two 3-hole injectors, situated at the rim 

of the bowl, spraying as described in chapter 3. All simulations injected 150 mg of fuel 
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per cycle (30 bar FuelMEP). The two-injector cases divided the fuel equally between the 

two injectors and injected at the same CAD for all injectors. 

Table 5-1, Computational conditions  

Engine Parameters  

Cylinder Volume 2.33 l 

Stroke 158 mm 

Bore 131 mm 

Connecting Rod 267.5 mm 

Compression Ratio 11.5:1 

Engine Speed 1200 rpm 

Intake Temperature 464.15 K 

Nozzle Hole Diameter, all injectors 240 μm 

Number of Holes, Central Injector 6 

Number of Holes, Side Injector 3 

Central Injector, Umbrella Angle 145 degrees 

Lambda (air-fuel ratio) 3.2/5.2 

Intake Pressure 5 bar/10 bar 

Fuel Amount 150 mg/cycle 

Injection Pressure 1500 bar 

The cases investigated different injection timings at -7, -4, -1, and 2 CAD ATDC -for a 

lambda of 3.2- and at -4 and 2 CAD ATDC -for a lambda of 5.2. A pre-test assessed the 

umbrella -and spray angles for the two outer injectors to avoid jet/wall interference, 

which will not be discussed in detail here. 
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5.3 Results  

Three sections compose the results part: the first section describes heat loss reduction 

and engine performance at lambda 3.2; the second section discusses the results at 

lambda 5.2 with an elevated intake pressure; and the third section details how the DCEE 

uses the heat loss reduction for increased efficiency.   

5.3.1 Heat Loss Reduction, Lambda 3.2 

For all injection timings, the two-injector cases experienced lower heat losses compared 

to its reference case counterpart. Figure 5-1 shows the total heat losses during the 

intake -and expansion strokes for the head, liner -and piston boundaries. The liner area 

reduces towards TDC, leading to small amounts of liner heat losses here, and grows as 

the piston moves during the expansion stroke. The piston contributes mostly to the heat 

losses since the jets, and thus hot combusted zones, aim for the piston bowl. Figure 5-1 

shows that the piston boundary delivers the primary heat loss reduction for the two-

injector cases. The most significant heat loss reduction, 13 %, occurs for an injection 

timing of 2 CAD ATDC while the smallest, 10 %, occurs for an injection timing of -7 CAD 

ATDC. Thus, the two-injector constellation reduced the heat losses effectively at a 

middle-load CI engine condition.   
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Figure 5-1, Heat transfer losses [kJ] through the cylinder piston, liner and head for the 
different cases at lambda 3.2 

Many parameters contribute to the reduced heat losses for the two-injector concepts, 

with the dynamic operation of a CI engine. Figure 5-2 shows how the highest heat loss 

gradient of heat losses occurs from 0 to 15 CAD ATDC, where also the largest difference 

between reference cases and two-injector cases occurs. After 15 CAD ATDC, the 

gradient flattens, and the cases experience little or no difference. An earlier injection 

means an earlier peak heat loss gradient, with following higher heat losses, as an effect 

of the unfavorable area-to-volume ratio at TDC.  



60 
 

      

 

 

Figure 5-2, The heat transfer losses [kJ] close to TDC and during the expansion stroke 

The RoHR affects the heat losses to a large extent. Figure 5-3 shows the RoHR together 

with the in-cylinder pressure where: the cases experience small or no differences in 

general; the two-injector cases encounter a longer heat release tail suggesting late 

combustion; the similar pressure traces suggest close work output amounts. The case 

similarities indicate that the RoHR does not explain the reduced two-injector heat 

losses.   
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Figure 5-3, In-cylinder pressure [bar] and RoHR [J/CAD/10] for all cases at lambda 3.2 

The near-boundary temperature contributes to heat losses. The two-injector cases 

experience a near-boundary temperature peak around 240 K lower than the reference 

cases (see Figure 5-4). Figure 5-5 confirms the trend (of reference cases experiencing 

higher wall temperatures) where the two-injector cases experience a lower piston area 

fraction above 1500 K. 



62 
 

      

 

 

Figure 5-4, Mean near-boundary gas temperature [K] at the cylinder piston, liner, and 
head 

 

Figure 5-5, Piston area fraction experiencing a gas temperature higher than 1500 K 
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Table 5-2, Performance and losses of the different injector constellations at an SOI of -4 
CAD ATDC 

 Reference Case, 

SOI = -4 CAD 

Two-injector Case, 

SOI = -4 CAD 

FuelMEP 30 bar 30 bar 

HTMEP 5.85 bar 5.22 bar 

EXMEP 12.93 bar 13.49 bar 

IMEPg 14.0 bar 14.05 bar 

Gross Indicated Efficiency 42.71 % 42.86 % 

Table 5-2 summarizes the two-injector -and reference cases, at a -4 CAD ATDC start of 

injection (SOI), concluding that the two-injector cases rendered no significant efficiency 

gains despite lower heat losses. However, the EXMEP increased and can be utilized in 

e.g. the DCEE, which later sections cover.  

5.3.2 Heat Loss Reduction, Lambda 5.2 

A higher lambda gives: a larger amount of excess air, acting as insulation against heat 

losses; a higher in-cylinder pressure due to the increased intake pressure; a higher in-

cylinder temperature, which leads to increased heat losses; and a more complete –and 

faster combustion. With this background, multiple injectors can contribute to reduced 

heat losses by lower wall temperature gradients also at higher lambdas.     

Figure 5-6 indicates that the heat losses decrease by up to 18.7 % for the 5.2 lambda, as 

compared to 13 % for the 3.2 lambda. The reduced heat losses give an increased work 

output at the lambda 5.2 (see Figure 5-7). The IMEP increases a maximum of 1.5 %-

points, for the 2 CAD ATDC SOI, when utilizing two injectors.   
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Figure 5-6, Total heat transfer losses [kJ] experienced during the compression and 
expansion strokes 

To summarize, the higher lambda and higher pressure conditions proved useful for the 

two-injector constellation. The lambda 5.2 cases experienced a direct work output 

increase, as opposed to the lambda 3.2 cases. Thus the two-injector configuration needs 

no sub-systems, such as WHR, at these conditions for an efficiency gain and fuel 

consumption reduction.   
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Figure 5-7, Gross indicated mean effective pressure [bar] for the different cases at 
lambda 5.2 

5.3.3 Benefits in the DCEE 

As discussed in chapter 2, the DCEE concept utilizes the typically wasted exhaust energy 

for a second expansion, meaning that a high EXMEP increases efficiency. With the low 

two-injector heat losses, a higher EXMEP follows (see Figure 5-8 and Figure 5-9). The 

lambda 5.2 two-injector case experiences up to 1.6 %-points higher EXMEP, compared 

to the reference case. With an assumed DCEE expander efficiency of 50 %, the efficiency 

increases 0.8 %-points from the exhaust energy. Thus, the total two-injector efficiency 

gain ends at 2.7 %-points at these conditions. Two injectors in the DCEE can then reach 

indicated efficiencies above 60 %, assuming a standard DCEE brake efficiency of 56 % 

[54]. 
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To summarize, the heat losses decrease when keeping the hot zones away from the 

cylinder boundaries, especially from the piston boundary. The lambda 5.2 setup benefits 

more from the two injectors compared to the lambda 3.2 setup due to the raised 

pressure and temperature levels. The lambda 5.2 case gains a direct efficiency-increase 

while the lambda 3.2 cases need a subsystem, like the DCEE expander unit, to deliver 

higher efficiencies. 

 

Figure 5-8, Exhaust mean effective pressure [bar] for the different cases at lambda 3.2 



67 
 

      

 

 

Figure 5-9, Exhaust mean effective pressure [bar] for the different cases at lambda 5.2 

5.4 Conclusions 

CFD simulations assessed the heat loss reduction by employing two injectors in a CI 

engine. The tests included four injection timings and two air-fuel ratios. While the DCEE 

engine motivated the study, the two-injector concept works for general CI engine 

applications. The following conclusions are drawn from the results. 

 Two injectors, placed at the rim of the bowl, allow reduced heat losses by 

keeping hot zones away from the cylinder walls. 

 Two injectors gave a heat transfer reduction of up to 18.7 % making DCEE 

indicated efficiencies above 60 % possible. 
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 The maximum mean wall temperature decreased up to 240 K for the two-

injector cases compared to the standard cases. 

 Proper optimization of the spray parameters will achieve maximum heat loss 

reduction for future studies. 
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Chapter 6 Computational Study of the Trident Engine at High Loads  

This chapter presents a CFD investigation published initially in Paper VI and IX on how 

the Trident engine behaves at middle and high load, respectively. A higher fuel amount 

changes the requirements and needs for the Trident engine, which this chapter 

highlights.  

6.1 Engine Apparatus 

This study evaluated three main injector constellations: a reference 1-injector setup, a 

two-injector setup, and a three-injector setup based on the standard Trident setup 

described in chapter 3. A high load defined all cases, with a 55 bar FuelMEP and an EGR 

rate of 36.4 %. The multiple injector cases evaluated two swirl ratios, called the no swirl 

(NS) and swirl ratio 2 (S2) cases, with a 2200 bar injection pressure and a 12.8 CAD 

injection duration. As in chapter 5, the cases used diesel. Table 6-1 summarizes the 

settings for all simulations. 

Table 6-1, Case setup 

Intake pressure 5 bar 
Intake temperature 400 K  
Intake pressure 5 bar 
Engine speed 1200 RPM 
Injection pressure 2200 bar 
Start of injection -2.7 CAD ATDC 
Injected fuel mass 275.6 mg/cycle 
EGR rate 36.4% 
Lambda 1.36 
FuelMEP 55.8 bar 
Swirl ratio 0/2 
Side injector, Umbrella angle 150/160 degrees 
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6.2 Computational Setup and High Load Validation 

The CFD models and setup follow chapter 5 specifications with a new validation 

procedure for the higher load, see Figure 6-1. The validation procedure, as described in 

chapter 5, resulted in well-matching pressure and RoHR traces, see Figure 6-1, where 

the initial chamber gas composition accounted for the EGR levels by the addition of 

carbon dioxide, water, and nitrogen. Earlier acquired experimental exhaust gas 

composition data decided this initial gas composition together with the measured EGR 

rate and the intake air.  

 

Figure 6-1, Validation of simulation results 
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6.3 Results 

This study aimed to evaluate how the Trident engine performs at high-load conditions. 

Figure 6-2 illustrates the different mean effective pressures: the heat losses decrease by 

1.8 %-points for the NS case; the combustion losses increase to 0.9 %-points when 

utilizing the two-injector constellation for the NS case;  the IMEP decreases 5 %-points 

partly due to the worsened combustion; the two-injector combustion losses decrease 

for the S2 case; the IMEP still reduces by 3.7 %-points compared to the reference case 

for the two-injector S2 case; and the three-injector cases mitigate the combustion losses 

further, to insignificant levels, leading to a three-injector NS IMEP similar to the 

reference case IMEP. Chapter 7 discusses the swirl ratio impact on the Trident engine 

further. 

To illustrate the impact of a changed injector configuration, Figure 6-3 demonstrates the 

two-injector and the reference NS cases where the side-injectors use an umbrella angle 

of 160 degrees, as opposed to the 150 degrees used before. This changed umbrella 

angle results in a two-injector IMEP decrease of 2 %-point as compared to the 3.9 %-

point decrease for the 150 degrees umbrella angle. These results highlight the need for 

further Trident engine system optimization for future studies. 
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Figure 6-2, Mean effective pressures [bar] illustrating heat losses, exhaust energy, IMEP 

and combustion losses with a 150-degree umbrella angle for the outer injectors 

To explain the lower combustion efficiency for the two-injector NS cases, Figure 6-4 

illustrates equivalence ratio contours. These contours highlight all computational cells 

containing an equivalence ratio above 2, with the local temperature plotted on the 

contour surface. The high-load case, at 55 bar FuelMEP, suffers more significant 

amounts of jet-to-jet interaction compared to the middle-load case. Jet-to-jet 

interactions suggest poor mixing and thus, poor combustion efficiency.  
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Figure 6-3, Mean effective pressures [bar] illustrating heat losses, exhaust energy, IMEP 
and combustion losses with an umbrella angle of 160 degrees for the outer injectors 

Figure 6-5 displays the pressure and RoHR, further demonstrating the lower two-

injector combustion efficiency. The high flow rate of the three-injector cases provides a 

fast heat release, beneficial for high IMEP levels. However, the lower combustion 

efficiency and slightly higher heat losses (compared to the reference cases) decrease the 

indicated efficiency. The two-injector and reference cases experience similar RoHR 

traces up to 5 CAD ATDC where divergence starts and confirms the low combustion 

efficiency.  
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Figure 6-4, Equivalence ratio contours (plotting cells with a value above 2) highlighting 

the temperature levels for the two-injector 150 degree umbrella angle cases 

 

Figure 6-5, Pressure [bar] and RoHR [J/CAD/10] for the different cases at high load 
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As was discussed and seen in Figure 6-4 jet-to-jet interference starts at 5 CAD ATDC, 

explaining the lower RoHR.  A higher swirl ratio mitigates the decrease in RoHR for the 

two-injector case, but a visible difference in RoHR remains (compared to the reference 

case). Thus, higher swirl ratios recover the low combustion efficiency somewhat.  

6.4 Summary and Conclusions 

This study compared multiple injector concepts with a single-injector reference case at 

high loads and high EGR-levels using CFD simulations. The main conclusions follow as:  

 Optimized injector spray angles provide higher efficiency for the Trident engine at 

high loads with high EGR levels and should be considered for future studies 

 Two-injector configurations reduced the heat losses while the efficiency decreased 

due to a reduced combustion rate.  

 Three-injector configurations showed potential for delivering high IMEP levels due 

to the high flow rate capability 
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Chapter 7 Computational Study of Multiple Injectors Combined With 
Different Swirl Ratios at Middle Load 

This chapter covers how swirl affects the Trident engine performance, presented initially 

in Paper VI. A CFD study evaluated five different swirl ratios for one, two -and three 

injectors, including side-injection against the swirl. The main conclusions included high 

work output from three injectors, while two injectors give low heat losses compared to 

the reference one-injector cases.  

7.1 Computational Setup 

The computational setup followed chapter 5 -and chapter 6 restrictions in terms of 

models and calculations. Table 7-1 reminds the setup where all cases used a lambda of 

3.2. The side-injectors directed the fuel both with and against the counter-clockwise 

swirl, as seen from above (see Figure 7-1).   

 

Figure 7-1, Injection with (left) and against (right) the swirl  
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Table 7-1, Computational engine setup 

Engine Parameters  

Cylinder Volume 2.33 l 

Stroke 158 mm 

Bore 131 mm 

Connecting Rod 267.5 mm 

Compression Ratio 11.5:1 

Engine Speed 1200 rpm 

Intake Temperature 464.15 K 

Nozzle Hole Diameter 240 μm 

Number of Holes, Central Injector 6 

Number of Holes, Side Injector 3 

Central Injector, Umbrella Angle 145 degrees 

Side Injector, Umbrella Angle 150 degrees 

Lambda 3.2 

Intake Pressure 5 bar 

Fuel Amount 150 mg/cycle 

Injection Pressure 1500 bar 

Injection Duration 3.6/7.2 CAD 

Swirl Ratio 0, 1, 2, 3, 5 

7.2 Design of Experiments 

Swirl renders higher convective heat transfer due to increased fluid flow with the 

following turbulence. However, the higher turbulence also increases the combustion 

rate leading to higher work output. This study aimed to investigate how multiple 

injectors can reduce the heat losses experienced at higher swirl ratios without 

compromising the improved combustion rate.  

This study comprised five swirl ratios, from 0 to 5, and three different injector 

configurations with one, two –and three injectors where the side-injectors supplied fuel 

along the swirl direction. The two –and three-injector cases also investigated side-
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injection against the swirl for the swirl ratio 2 case (see Table 7-2 for a case summary). 

All cases injected fuel at -1 CAD ATDC with an injection duration of 7.2 CAD for the 

reference –and two-injector cases and 3.6 CAD for the three-injector case to account for 

its doubled flow rate.  

Table 7-2, Case setup 

Swirl 

Ratio 

No. of 

Injectors 

Injection Direction Relative to Swirl Abbreviation 

0 1, 2, 3 With NS 

1 1, 2, 3 With S1 

2 1, 2, 3 With/Against S2, AS2 

3 1, 2, 3 With S3 

5 1, 2, 3 With S5 

7.3 Results 

This section summarizes how the Trident engine aids the heat loss mitigation at 

elevated swirls in three sub-sections: the first sub-section describes how swirl and 

multiple injectors change the rate of heat release; the second sub-section describes the 

achieved performance in terms of heat losses and efficiency; and the third section 

describes how swirl harms the DCEE performance at the current load condition. 

7.3.1 Combustion and Heat Release 

Figure 7-2 to Figure 7-4 illustrate the pressure and rate of heat release where: a higher 

swirl ratio provides a faster RoHR; the two-injector cases render a higher peak RoHR 

compared to the reference cases where the difference starts around 5 CAD ATDC for all 

swirl ratios; the high three-injector flow rate gives a faster ROHR and a higher peak 
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pressure resulting in an expected IMEP, but also heat loss, increase; and the injection 

against the swirl deteriorates the ROHR for two –and three injectors compared to its 

with-swirl injection counterpart.     

 

Figure 7-2, Injector constellation comparison in terms of Pressure [bar] and RoHR 
[J/CAD/10] when no swirl is used 

   

Figure 7-3, Injector constellation comparison in terms of Pressure [bar] and RoHR 
[J/CAD/10] for the swirl ratio 2 
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Figure 7-4, Injector constellation comparison of Pressure [bar] and RoHR [J/CAD/10] for 

a swirl ratio of 5 

The RoHR started to differ, between the reference –and two-injector cases, at around 5 

CAD ATDC. Figure 7-5 and Figure 7-6 highlight several features, with the high-fuel zones 

indicating combustion: the reference cases experience more jet-wall interference than 

the two-injector cases at all swirl ratios, suggesting a slower RoHR (as seen earlier); the 

two –and three-injector utilize more of the combustion chamber by directing the 

combustion to the combustion chamber center, which reduces the boundary 

temperature gradients and thus heat losses; the three-injector cases render combustion 

in the entire chamber as opposed to the other cases; and the against-swirl injection 

gives shorter jet penetration for the two-injector case while the three-injector against-

swirl case experiences similar combustion as the with-swirl case.     
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In summary, the multiple-injector cases kept hot zones away from the walls while 

performing an enhanced chamber utilization with following faster heat release. Thus, 

we expect lower heat losses and higher efficiencies for the multiple-injector 

configurations, which the following section covers.  

 

 

Figure 7-5 Equivalence ratio contours, with values above one, colored by local 
temperature [K] for injection with the swirl 
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Figure 7-6, Equivalence ratio contours, with values above one, colored by local 
temperature [K] for the against-swirl injection cases 

7.3.2 Heat Losses and Performance 

This sub-section examines how swirl and multiple injectors affect engine performance. 

Figure 7-7 shows the gross indicated efficiency and concludes that: the efficiency 

reduces with an increased swirl at this load condition; the multiple-injector cases 

mitigate the efficiency loss with swirl, especially the three-injector configuration; the 

three-injector configuration delivers the highest efficiency at all swirl ratios;  the two-

injector configuration delivers higher efficiency than the reference configuration at all 
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swirl ratios except zero;  and independently on the injector configuration, the swirl-

cases do not reach the NS reference case efficiency.   

 

Figure 7-7, The gross indicated efficiency for the different injector constellations as a 
function of swirl ratio 

Figure 7-8 concludes that higher heat losses coincide with the reduced efficiency from 

swirl. The heat loss difference from NS to S5 is:  6.8 %-points for the reference 

configuration; 7.0 %-points for the two-injector configuration; and 4.7 %-points for the 

three-injector configuration. The two-injector configuration mitigates the heat losses for 

all swirl ratios, compared to the reference cases, at a maximum of 1.9 %-points for the 

NS case. This heat loss reduction remains an effect of reduced boundary temperature 

gradients, as discussed in chapter 5. Three injectors experience higher or similar heat 

losses at swirl ratios 0 to 2 while lowering the heat losses at swirl ratios 3 and 5, 

compared to the reference cases. Thus, the three-injector configuration does, for most 
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swirl ratios, not experience higher heat losses, although the rate of heat release 

increases.  

 

Figure 7-8, Heat loss fraction as function of the swirl ratio for the three injector 
configurations 

Side-injection against the swirl decreases the induced swirl ratio by obstructing the swirl 

flow, and prevents the hot gases from reaching the boundaries, as discussed in section 

7.3.1. Figure 7-9 and Figure 7-10 illustrate how against-swirl injection affects the 

efficiency and heat losses where: the two-injector AS2 case mitigates the heat losses by 

2.3 %-points compared to the two-injector S2 case, or 3.5 %-points compared to the 

reference S2 case; the two-injector AS2 case remains the only swirl-case obtaining lower 

heat losses than the reference NS case; the two-injector AS2 case increases the 

efficiency by 0.6 %-points compared to the reference case; the three-injector AS2 case 

lowers the heat losses by 1.9 %-points compared to the reference case, giving a 1.0 %-
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points efficiency increase; and the three-injector AS2 case reaches a 42.6 % gross 

indicated efficiency, similar to the 42.8 % for the reference NS case. 

7.3.3 DCEE Performance 

The thesis topics include multiple injector modern engines, equipped with WHR systems 

where this section covers the DCEE performance at different swirl ratios. Figure 7-11 

highlights the importance of low heat losses, since that increases the exhaust energy, by 

showing the combined DCEE expander and combustor work.   

 

Figure 7-9, Gross indicated efficiency for the swirl ratio 2 cases, including injection 
against the swirl 
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Figure 7-10, Heat losses as a fraction of supplied fuel energy for the swirl ratio 2 cases, 
including injection against the swirl 

The expander efficiency depends on load [58] but remains above 50 % at most loads, 

meaning the DCEE converts 50 % of the exhaust energy to output work. However, with 

insulation, the expander efficiency reaches a 90 % efficiency at some loads. This thesis 

compares the 50 % expander efficiency with a 75 % efficiency to highlight the increased 

importance of reduced heat losses. Figure 7-11 concludes that: the high heat losses of 

elevated swirl damage the DCEE work fraction; the two-injector cases provide the 

largest DCEE work fraction at all swirl ratios independent on swirl ratio; a higher 

expander efficiency benefits more from the Trident’s reduced heat losses; and the 

three-injector cases, delivering the highest efficiency for a standard CI engine, raises the 

DCEE work fraction, compared to the reference cases, for several swirl ratios.  
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Figure 7-11, DCEE combined expander -and combustor work as a fraction of supplied 
fuel energy 

7.4 Summary and Conclusions 

This chapter covered how multiple injectors reduce the heat losses and increase the 

efficiency in swirling CI engines. The main conclusions follow as: 

 The two-injector configuration rendered the lowest heat losses followed by higher 

efficiency, especially in a WHR-engine, at all swirl ratios tested. 

 Three injectors provided a high fuel flow rate giving fast combustion for high 

efficiency but sustained higher heat losses than the two-injector configuration. 

 High swirl ratios reduced the overall efficiency independent on injector constellation 

at the evaluated load condition 
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Chapter 8 Improved Piston Geometry for Two-Injector Engines 

The following section covers how multiple injectors benefit from unconventional piston 

bowl shapes. CFD simulations investigated different piston shapes in terms of heat 

losses, efficiency, and emissions. This study is published in Paper II.    

8.1 Piston Requirements 

The CI engine piston performance depends on several parameters, including load, 

injection timing, and turbulence levels. The piston requires a small surface area to 

reduce heat losses and a bowl shape to induce mixing for fast combustion and low 

emissions. Many CI engines use curved or omega-shaped piston bowls (see Figure 8-1 ) 

to produce mixing by allowing combustion zones to follow the piston wall, thus utilizing 

the chamber air better. However, this piston shape also increases the surface area, 

especially around TDC, where high in-cylinder temperatures exist.  

For side-injector concepts, the piston bowl hump obstructs the sprays and combustion 

zones. The side-injector placement further reduces the mixing benefits of the standard 

piston bowl. This chapter discusses pros and cons of some different piston geometries. 

 

Figure 8-1, Conceptual standard piston bowl geometry 
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8.2 Computational Setup 

 
All CFD setup and models follow the set standard in chapter 5. Table 8-1 reminds the 

engine parameters testing two lambdas. The 3.2 lambda is typical for CI engines at 

middle load, while the 5.2 lambda follows from the elevated DCEE in-cylinder pressure. 

Again, an O’Rourke heat transfer model calculated the heat losses with a constant wall 

temperature of 500 K, assuming no thermal radiation. The validation discussed earlier 

does not include emission calculations. Thus, this chapter show emission trends rather 

than quantitatively exact values.  

Table 8-1, Engine conditions used in the CFD setup 

Engine Parameters  

Cylinder Volume 2.33 l 

Stroke 158 mm 

Bore 131 mm 

Connecting Rod 267.5 mm 

Compression Ratio 11.5:1 

Engine Speed 1200 rpm 

Intake Temperature 464.15 K 

Nozzle Hole Diameter 240 μm 

Number of Holes, Central Injector 6 

Number of Holes, Side Injector 3 

Central Injector, Umbrella Angle 145 degrees 

Side Injector, Umbrella Angle 150 degrees 

Lambda 3.2/5.2 

Intake Pressure 5/10 bar 

Fuel Amount 150 mg/cycle 

Injection Pressure 1500 bar 

Injection Duration 7.2 CAD 

Swirl Ratio 0, 1, 2, 3, 5 
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8.3 Simulated Cases 

This study aimed to compare different piston geometries for the two-injector concept 

from chapter 5. The chapter includes three two-injector geometries compared with a 

single-injector reference case using the omega-shaped piston bowl (see Figure 8-2). The 

geometries include a flat bowl with lips, Geometry 3, designed to prevent hot gases 

from reaching the head boundary. Geometry 1 and 2 evaluated four different injection 

timings, while Geometry 3 included only the -1 CAD ATDC SOI (see Table 8-2). The 

higher lambda of 5.2 used only Geometry 1 and 2. 

 

Table 8-2, Evaluated cases’ injection timing at lambda 3.2 

Cases Injection timings [CAD ATDC] 

Geometry 1, 1 and 2 injectors -7 -4 -1 2 

Geometry 2, 2 injectors -7 -4 -1 2 

Geometry 3, 2 injectors   -1  

8.4 Results, Lambda 3.2 

This section declares how the heat transfer losses decrease, and the performance 

improves with an altered piston geometry in combination with side-injectors. The first 

sub-section covers the calculated heat losses and efficiency, while the second sub-

section highlights the emission trends in terms of NOx and soot. 
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Figure 8-2, The evaluated piston geometries  

8.4.1 Performance and Heat Losses 

Figure 8-3 summarizes the heat losses for all geometries and highlights that: the two-

injector configuration reduces the heat losses independent on piston geometry; the flat 

piston delivers the lowest heat losses for two injectors here with a maximum 4.2 %-

points reduction compared to the reference case; Geometry 3 increases the total heat 

losses compared to the two-injector case with Geometry 1; Geometry 3 reduces the 

head heat losses compared to Geometry 2; and the piston boundary remains the most 

important contributor to heat losses giving more than half of the total heat losses for 

several cases.      
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Figure 8-3, Total heat losses [kJ] during the compression and expansion strokes 
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Figure 8-4 shows the gross indicated mean effective pressure and conclusions drawn 

include that: the IMEP increases up to 1.9 %-points when using Geometry 2 and two 

injectors instead of the reference configuration;  Geometry 3 increases the IMEP 

compared to the two-injector Geometry 1 and the reference configuration; and two 

injectors do not improve the IMEP for Geometry 1.  

 
Figure 8-4, IMEPg [bar] for the different cases 

 
Figure 8-5 aims to explain the reason for the reduced two-injector heat losses and 

increased Geometry 2 and 3 IMEP. The results include: similar heat losses for all cases 

before 15 CAD ATDC; low heat loss gradients for the two-injector cases (compared to 

the reference case) from 15-50 CAD ATDC, where Geometry 2 gives the lowest gradient; 

similar heat loss gradients for all cases after 50 CAD ATDC although Geometry 2 gives 
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somewhat lower; and the time of high heat loss gradients coincide with the peak 

boundary gas temperature which will be discussed later. 

Figure 8-6 highlights how the pressure and RoHR stay similar in between the cases. 

Thus, these two parameters cannot explain the differing heat losses.  

 
Figure 8-5, Heat transfer losses [kJ] as a function of CAD for the -1 and 2 CAD ATDC SOI 

Figure 8-7 shows that: the peak piston gas temperature occurs later for the two-injector 

cases (compared to the reference cases) suggesting that the hot zones take longer to 

reach the piston which reduces heat losses; the peak temperature remains lower for the 

two-injector cases while the late temperature becomes higher; the peak temperature 

occurs somewhat later for Geometry 2 than Geometry 1 meaning a longer time before 

the hot zones reach the piston giving while the peak temperatures become higher for 
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Geometry 2; and the Geometry 2 temperature is higher a large portion of the time, 

compared to the two-injector Geometry 1, although the heat losses decreased. 

 
Figure 8-6, In-cylinder pressure [bar] and RoHR [J/CAD/10] as functions of CAD 

8.4.2 DCEE Performance 

The DCEE generates work from the exhaust energy. Figure 8-8 shows the EXMEP where: 

the two-injector configuration increases the EXMEP due to reduced heat losses; 

Geometry 2 experiences the highest EXMEP, increased by a maximum of 2.3 %-points 

compared to the reference case, for three injection timings although the IMEP also 

increased (discussed earlier); and Geometry 3 gives similar EXMEP as the reference case. 

Assuming a DCEE expander efficiency of 75 % (as shown in chapter 7), the total 

efficiency gain becomes 3.6 %-points for the two-injector Geometry 2 case. With the 56 
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% DCEE brake efficiency concluded by Lam et al. [57], the Trident engine shows the 

potential to deliver brake efficiencies of close to 60 %.  

 

Figure 8-7, Mean in-cylinder gas temperature [K] in the vicinity of the piston boundary 

8.4.3 NOx and Soot Emissions 

Figure 8-9 and Figure 8-10 summarize the emissions as follows: the number of injectors 

experience no clear NOx trend where e.g. the two-injector Geometry 1 case remains at 

the reference case levels; the NOx increases for Geometry 2 and 3 where the low 

Geometry 2 heat losses contribute to a higher in-cylinder temperature possibly 

explaining the higher NOx; and the soot experiences no clear trends but the high-
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efficiency Geometry 2 case gives the lowest soot levels. As a final remark, the emissions 

need to be investigated further since no this thesis includes no emissions model 

validation, and the soot and NOx undergo complex formation processes.   

 

 
Figure 8-8, EXMEP [bar] for all cases  
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Figure 8-9, Nitric oxide emissions [g/kWh] for an SOI of -1 CAD ATDC 

 
Figure 8-10, Soot emissions [g/kWh] for an SOI of -1 CAD ATDC 
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8.5 Results, Lambda 5.2 

The high-lambda cases follow similar trends as observed at lambda 3.2. Figure 8-11 

shows decreased heat losses with two injectors, especially for the Geometry 2 case. At 

most, the heat transfer losses decreased by 5.3 %-points. Thus, the high-lambda case 

gives more significant reduction levels compared to the lambda 3.2 cases. Again, the 

piston boundary contributed largely to the total heat losses.  

 
 

Figure 8-11, Heat transfer losses when utilizing a higher lambda 

The IMEP increased for all two-injector cases, see Figure 8-12, where Geometry 2 

rendered the largest improvement (compared to the reference case) at 2.8 %-points as 

an effect of the lower heat losses. The lower heat losses also gave higher EXMEP for the 

two-injector cases, see Figure 8-13. Geometry 2 experienced the largest EXMEP increase 
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at 2.5 %-points. With the 75 % DCEE expander efficiency, the total efficiency gain for 

Geometry 2 with two injectors ends at 4.7 %-points. In conclusion, a CI engine benefits 

from multiple injectors, especially at high lambdas and especially if a WHR-system 

exists.  

 
 

Figure 8-12, IMEP [bar] for the different cases 
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Figure 8-13, Exhaust mean effective pressure [bar] for the different cases 

8.6 Summary and Conclusions 

A CFD study investigated how an improved piston geometry aids two-injector 

configurations to reduce heat losses and increase the work output in HD CI engines. 

Also, the study coupled the two-injector configurations with WHR systems such as the 

DCEE. The results proved the value of two injectors in standard CI engines and further in 

the DCEE concept. Conclusions follow as: 

 The heat losses decreased at a maximum of 5.3 %-points at lambda 5.2, and a 

maximum of 4.2 %-points at lambda 3.2 when using two injectors with a flat bowl. 
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 The efficiency increased directly by 2.8 %-points and 1.9 %-points for the two 

lambdas, respectively. 

 The exhaust energy increased up to 2.5 %-points giving total DCEE efficiency gains 

of 4.7 %-points for lambda 5.2 and 3.6 %-points for lambda 3.2. 

 Flat bowl geometries proved beneficial for two-injector configurations at the 

studied load conditions. 
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Chapter 9 Experimental Investigation of Heat Loss Reduction and Heat 
Release Control with Multiple Injector Concepts 

This chapter summarizes a study in a single-cylinder research engine published in Paper 

III. Metal and optical engine studies evaluate the benefits and drawbacks of the Trident 

engine utilizing one, two, and three injectors. This study does not use the baseline Volvo 

D13 engine and thus adds knowledge on how engine alterations affect the Trident 

engine. The main conclusions included efficiency gains from utilizing three injectors 

while challenges with specific injector configurations followed.   

9.1 Optimal Heat Release Theory 

The introduction chapter discussed that the optimal heat release shape depends on the 

load condition and engine layout. Examples included how lower heat losses become 

extra essential when utilizing WHR systems. This section covers some additional theory 

behind optimal heat release shapes.  

The isochoric heat release of the ideal Otto cycle: gives the maximum theoretical engine 

efficiency, assuming no heat –and friction losses; renders the highest efficiency at an 

infinite compression ratio; leads to high maximum pressures, especially at high loads, 

associated with high friction losses from the need of a robust engine [24]; and gives 

increased temperatures, from the higher pressure, and thus higher heat losses. 

Considering the Otto cycle drawbacks, a Seiliger or an isobaric cycle become preferred 

for high efficiency (see Figure 9-1). The increased efficiency follows from reduced 
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maximum pressure, allowing lower heat losses and higher compression ratios (without 

risking engine failure or high friction losses).  

Low loads render lower maximum pressures and allow higher compression ratios for 

increased efficiency. However, conventional production engines are not equipped with 

variable compression ratio systems and therefore, the engine construction must 

consider all load points at the same compression ratio where increased friction losses 

follow.  

This thesis suggests using heat release control to reduce the pressure at high loads 

giving possibilities of an increased compression ratio. Multiple injectors provide more 

degrees of freedom for injection at different times, thus providing increased heat 

release control ability. The following sections cover how the Trident engine can be used 

to enhance efficiency when different heat release profiles are desired. 

9.2 Experimental Setup 

This study investigates multiple injector effects experimentally in an HD CI engine. Table 

9-1 summarizes the engine properties and specifications, where the 18:1 compression 

ratio opposes the 11.5:1 ratio from previous chapters. The injector setup included three 

injectors, individually controlled, as seen in Figure 9-2. The side-injectors used larger 

holes than the central injector to obtain a similar flow rate. All injectors connected to 

the same common rail building a 2000 bar fuel pressure.     
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Figure 9-1, Fuel efficiency as a function of compression ratio when utilizing an engine 

with different heat release shapes. 33, 67 and 100 indicate the ratio of peak pressure to 

start pressure [30] 
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Table 9-1, Experimental engine setup 

  

Engine Type DI Single Cylinder VVA 4 Valve  

Displacement  2.004 L 

Bore x Stroke Ø135 mm  140 mm 

Engine Speed 1000 rpm 

Swirl Ratio 0.9 

Injector High-Pressure Common Rail  

Nozzle Diameter and Flow 
Central Injector 

Ø 0.179  9–150° 
 (Flow Rate: 1750 cm3/min) 

Nozzle Diameter and Flow 
Side-Injectors 

Ø 0.265  2  (Flow Rate: 870 cm3/min) 

Piston Material, Metal Forged Piston (Monotherm) 

Piston Material, Optical Sapphire Glass Piston 

Compression Ratio 18.0:1 (Steel, Base) 

Valve Actuation Camless Hydraulic VVA 

Air Charging System External Supercharger 

Fuel Diesel Fuel JIS #2 (Cetane Number: 58.3, 
Sulfur content: 8 mass ppm) 

 

Figure 9-2, Engine injector layout where three different injectors can be used separately 
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Figure 9-3 shows the engine layout where: a hydraulic variable valve actuation system 

controlled the intake and exhaust valves; an external supercharger adjusted the intake 

pressure; an air heater controlled the intake temperature; a Hioko CT7631 current 

probe measured the injector signal; a Horiba Mexa9100 measured engine-out NOx, CO, 

and HC; an AVL 415S smoke-meter measured engine-out soot levels; and a Kistler 

piezoelectric sensor, mounted in the cylinder head, measured the in-cylinder pressure. 

Noise filtering functions treated the pressure trace that was averaged from 50 cycles.  

Figure 9-4 illustrates the optical visualization system where a sapphire glass piston 

replaced the metal piston. The piston extension, together with a mirror, enabled a two-

dimensional bottom-view of the combustion captured by a Photron SA-Z high-speed 

camera. The optical piston induced image distortion which was corrected for in this 

study. The optical engine setup increased the blow-by and decreased the heat losses, 

compared to the metal engine. Thus, the optical cases altered the intake pressure –and 

temperature to match the metal engine cases’ RoHR to provide a comparison between 

optical –and metal engine cases. 
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Figure 9-3, Engine layout together with the utilized sub-systems 

 

Figure 9-4, Optical imaging setup with a bottom-view through the optical piston 
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Table 9-2 summarizes the experimental cases. The optical –and metal engine used one, 

two, and three injectors to compare heat losses and emissions for a typical CI engine 

heat release profile and a Seiliger cycle case, showing high-efficiency in a previous study 

[50]. Altered injection durations accounted for the cases’ different flow rates.   

Abbreviations include C for central injection, S for side injection from both side injectors, 

and Three for simultaneous three-injector use. As an example, the side-side (SS) case 

translates to an injection from the two side-injectors at two different times. The first 

and second injection divided the fuel amount was divided equally. Notably, the injection 

timings altered slightly for different cases.  

The Seiliger-cycle cases aimed to achieve a permanent part of isochoric and isobaric 

combustion (to match the high-efficiency case discussed above), achieved by slightly 

altered injection timings. The altered injection timings rendered a reasonably constant 

CA50 for the individual cases. Table 9-3 shows further injection –and case details.  

Table 9-2, Case setup utilized in the experiments 

Cases SOI [CAD ATDC], 
Central Injector 

SOI [CAD ATDC],  
Side Injectors 

1st inj. 2nd inj. 1st inj. 2nd inj. 

Central (C) -8.5 - - - 

Sides (S) - - -8.25 - 

All Three (Three) -6.5 - -6.5 - 

Central-Central (CC) -8.25 3.75 - - 

Central-Sides (CS) -8.25 - 1.75 - 

Sides-Central (SC) 1.5 - -8.75 - 

Sides-Sides (SS) - - -8.75 1.5 
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Table 9-3, Engine parameters 

Parameter  

Lambda 2.5 

Inj. Pressure 2000 bar 

Fuel Amount 102 mg/cycle (22 bar FuelMEP) 

Inlet Temp. 323 K 

Intake Pressure 1.7 bar 

EGR 0 % 

IVC/IVO 550/368 CAD ATDC 

EVC/EVO 355/170 CAD ATDC 

 

9.3 Energy Calculations 

9.3.1 Heat Balance 

This section summarizes the performance calculation methods. From the measured 

pressure, the rate of heat release was calculated as follows  

𝒅𝑸

𝒅𝜽
=

𝟏

𝜿−𝟏
[𝑉・

𝑑𝑃

𝑑𝜃
+ 𝜅・𝑃・

𝑑𝑉

𝑑𝜃
]      (9-1) 

Where P is the pressure [Pa], V the chamber volume [m3], κ the specific heat ratio, 𝜃 

the crank angle degrees, and Q the released heat [J]. To omit pumping work, the heat 

balance estimation assumes a closed cycle without gas exchange [84]. Consequently, 

the law of energy conservation follows as 

  𝑄𝑓 = 𝑊𝑖 + 𝑄𝑙𝑜𝑠𝑠_𝑒𝑥 + 𝑄𝑙𝑜𝑠𝑠_𝑤𝑎𝑙𝑙 + 𝑄𝑜𝑡ℎ𝑒𝑟 = 

=(𝑊𝑏 + 𝑊𝑙𝑜𝑠𝑠_𝑚𝑒𝑐ℎ) + 𝑄𝑙𝑜𝑠𝑠_𝑒𝑥 + 𝑄𝑙𝑜𝑠𝑠_𝑤𝑎𝑙𝑙 + 𝑄𝑜𝑡ℎ𝑒𝑟   (9-2) 
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Where: Qf [J] is the input fuel energy; Wi [J] the gross indicated work; Qloss_ex [J] the 

internal energy of the exhaust gas, calculated as the enthalpy difference between EVO 

and IVO; and Qothers [J] includes the unreleased energy by HC and CO emissions and the 

latent heat of the fuel, calculated from emissions measurements based on the enthalpy 

of the individual species. Wb [J] is the brake work obtained from the engine 

dynamometer torque measurement, while Wloss_mech [J] is the mechanical losses 

calculated by subtracting Wb from Wi. Finally, the heat losses to the cylinder walls, 

Qloss_wall are given by 

𝑄𝑙𝑜𝑠𝑠_𝑤𝑎𝑙𝑙 = 𝑄𝑓 − (𝑊𝑖 + 𝑄𝑙𝑜𝑠𝑠_𝑒𝑥 + 𝑄𝑜𝑡ℎ𝑒𝑟)     (9-3) 

This study used the two-color method [85] to visualize the in-cylinder temperature from 

the high-speed images. The measurement theory by Hottel & Broughton laid the 

foundation two-color method here by measuring two known wavelengths correlated 

with the temperature [86]. Here, the wavelength dependence coefficient is 1.38, 

following a previous study [87]. The following equation estimated the average in-

cylinder temperature  

𝑇(𝜃) =
𝑃𝑐𝑦𝑙∙𝑉𝑐𝑦𝑙

𝑚𝑔∙𝑅𝑔
        (9-4) 

Where 𝑃𝑐𝑦𝑙 is the in-cylinder pressure [Pa], 𝑉𝑐𝑦𝑙 is the cylinder volume [m3], 𝑚𝑔 is the 

gas mass [kg] and 𝑅𝑔 is the gas constant [J/kgK]. 

The gas mass followed the below equation 
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𝑚𝑔 = 𝑚𝑖𝑎 + 𝑚𝑒𝑔𝑟 + 𝑚𝑟𝑔 + 𝑚ℎ𝑏    (9-5) 

Where 𝑚𝑖𝑎 is the measured intake air mass, 𝑚𝑒𝑔𝑟 the EGR gas mass known from intake 

–and emission measurements, 𝑚𝑟𝑔 is the residual gas mass, and 𝑚ℎ𝑏 is the mass of 

burned fuel given by 

𝑚ℎ𝑏 =
𝑄𝜃

1000∙𝑄𝐿𝐻𝑉
      (9-6) 

Where 𝑄𝜃 is the total heat released and QLHV the lower heating value, set to 43 MJ/kg.  

9.3.2 Heat Release 

This thesis estimated the experimental heat release from all the individual cycle 

pressure traces by using the heat release equation as follows: 

𝑑𝑄𝐻𝑅 =
𝜅

𝜅−1
𝑃𝑑𝑉 +

1

𝜅−1
𝑉𝑑𝑃 + 𝑑𝑄𝐻𝑇 + 𝑑𝑄𝐶𝑅  (9-7) 

Where P is the measured in-cylinder pressure [bar], V the time-dependent chamber 

volume [m3] calculated from piston –and connecting rod geometry, dQHT the heat 

transfer losses [J] and dQCR the heat lost in the crevices [J]. An empirical Woschni model 

estimated the heat transfer losses while the crevice losses followed from 

thermodynamic estimations based on the inflow and outflow of crevice volume gases. 

Both the heat transfer estimations and crevice model calculations were based on the 

work of Heywood [30].  
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The specific heat ratio calculations varied slightly depending on the study in this thesis, 

where the most common procedure followed the Janaf tables. The released heat 

followed from averaging all the individual RoHR traces for the 50 collected cycles.  

9.4 Results 

This section describes how the different cases performed in terms of efficiency and 

emissions. Multiple-injector benefits included lower heat losses and higher efficiency, 

depending on injector configuration. 

9.4.1 Energy Losses and Efficiency 

Figure 9-5 shows the energy or heat balance for the evaluated cases highlighting the 

following results: all multiple-injector cases reduced the heat losses compared to the C 

and CC cases, where the maximum reduction occurred for the CS case; the three-

injector CS -and Three cases gave the highest brake work; the side-injector cases, S and 

SS, suffered from low brake work; the S case experienced low heat losses while the SS 

case gave similar heat losses as the central-injector CC case; all multiple-injector 

resulted in high exhaust energy with a maximum level for the S case; the mechanical 

losses changed only moderately except for the CC and SC cases; and the side-injector 

cases only performed when used together with the central injector in this configuration.  
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Figure 9-5, Heat balance evaluating the different energy levels 

Figure 9-6 compares the pressure and RoHR of the single-injection cases where: the 

side-injectors S case experiences slow combustion with a long RoHR tail, explained by 

the fewer nozzle holes, giving a low peak pressure with following low output work; the 

Three case gives faster combustion allowing a later injection for the same peak RoHR, 

with an earlier injection the peak pressure would probably increase; and the Three case 

renders late high pressure from its lower heat losses (compared to the C case) which 

gives higher work output. 
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Figure 9-6, Pressure [bar] and RoHR [J/CAD/10] for the single-injection cases  

Figure 9-7 highlights the double-injection cases differences as follows: the side-injector 

only case, SS, suffers from slow combustion for the first injection explaining the lower 

brake work; the second CC injection starts later compared to the other cases to avoid 

injection into a fuel-rich zone explaining its lower brake work (compared to the CS case) 

which will be discussed in detail in chapter 10; the side-injectors remains suitable for the 

second injection when in-cylinder pressure and temperature are elevated; and the 

observed high mechanical losses for the SC case relates to the low late pressure where 

the connecting rod renders more torque.  
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Figure 9-7, Pressure [bar] and RoHR [J/CAD/10] for the two-injection cases  

Figure 9-8 shows the temperature contours, acquired from the optical high-speed 

images where: the hot zones by the edge of the visual field are assumed in contact with 

at least one boundary; the central-injector cases C and CC experience a large amounts of 

hot zones at the outer boundary, explaining the high heat losses for these cases; the 

single-injection cases with multiple injectors, S and Three, move the hot zones towards 

the chamber center thus improving the chamber utilization; the Three case combination 

of a fast combustion but away from the boundaries explains how the heat losses remain 

reasonably low while the work output remains high; the double-injection cases become 

more complex (compared to the single-injection cases) since different effects exist for 

the first –and second injection;  the double-injection cases experience relatively high 

heat losses except for the CS case, explained partially by focusing the hottest zones to 
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the center of the chamber at 10 CAD ATDC; the CC case pushes the hot zones to the 

boundaries; the SC case second injection forces side-injector hot zones towards the 

boundaries; and where the SS case keeps the hot zones away from the walls, but still 

experiences high heat losses from the late combustion (as discussed before).  

9.4.2 Emission Levels 

This sub-section compares the NOx and soot emissions for the different cases. Figure 9-9 

highlights the NOx emissions as follows: the C –and CC cases render the highest NOx for 

the single –and double-injection cases respectively; the S and SS cases give the lowest 

NOx for the single –and double-injection cases respectively explained partially by the 

slow combustion and following lower in-cylinder temperature; the high-work cases, CS 

and Three, reduce the NOx with a consequent lessening of the usual NOx/efficiency 

trade-off.  

Soot emissions undergo a complex formation procedure meaning the present 

experiments did not follow a clear trend. Figure 9-10 shows the soot where the three-

injector cases Three and SC experience the highest levels. However, the three-injector 

CS case renders low soot levels. Double-injection reduces the soot for three of four 

cases compared to the single-injection cases. The expected poor mixing, leading to high 

soot levels, was not occurring for the CC case, which will be discussed further in chapter 

10. 
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Figure 9-8, Optical temperature contours for all the cases at 0 and 10 CAD ATDC  
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Figure 9-9, Nitric oxides [g/kWh] for all cases 

 

Figure 9-10, Soot levels [g/kWh] in a comparison between the cases 
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9.5 Summary and Conclusions 

This chapter summarized metal -and optical experiments on a heavy-duty single cylinder 

CI engine with multiple injectors at a middle-load condition. The experiments included 

one, two, and three injectors using a single and multiple injections. The main 

conclusions follow as: 

 Three injectors increase the efficiency, reduce the NOx and decrease the heat 

losses compared to using a central injector only, both for single –and double-

injection 

 Two injectors reduce the heat losses but deteriorate the combustion, due to the 

reduced number of injector holes, leading to lower efficiencies 

 The side-injectors, in the current configuration, increase the efficiency when 

used for the second injection, compared to the central injector 

 The soot followed no clear trend related to the number of injectors  
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Chapter 10 Isobaric Combustion for Single-Injector Engines 

This chapter summarizes the optical diagnostics work published in Paper IV and V. Paper 

VII and VIII contain additional work on the subject which this thesis does not include. 

The chapter includes high-speed imaging, capturing the flame luminosity and laser-

induced luminosity in different forms for reactive and non-reactive cases, and gives an 

extensive image on the advantages and drawbacks of isobaric combustion.  

10.1 Earlier Metal Engine Experiments 

Earlier performed isobaric combustion metal engine experiments [62] lay the 

foundation for this optical study. This section summarizes the earlier metal engine 

experiments.  

The metal engine study compares two isobaric cases, Isobaric Low and Isobaric High, 

with a conventional diesel combustion (CDC) case in terms of efficiency and emissions. 

All cases used Volvo D13, the baseline engine of this thesis. The Isobaric Low –and CDC 

cases applied the same intake pressure while the Isobaric High case used elevated boost 

levels. The Isobaric High intake pressure aimed to match the CDC and Isobaric High peak 

pressures. Figure 10-1 shows how the heat losses decrease with isobaric combustion, 

especially for the Isobaric High case, while the efficiency remains at (or decreases) the 

CDC case levels. Thus, the reduced heat losses occur too late during the expansion 

stroke to deliver useful work. For WHR-capable engines (like the DCEE), a higher exhaust 

energy increases the work in the second expansion, as discussed before. Thus, the 



122 
 

      

 

isobaric combustion becomes particularly useful in terms of efficiency, especially when 

considering how the pressure remains low during combustion, which reduces 

mechanical losses.  

 

Figure 10-1, Metal engine energy balance (heat losses, exhaust energy and gross 

indicated efficiency) for the three different cases 

The NOx levels decrease with isobaric combustion, where the Isobaric Low case delivers 

the lowest levels (see Figure 10-2), following from the reduced in-cylinder temperature 

levels compared to the CDC case. However, the isobaric cases render high HC -and CO 

emissions, suggesting a lower combustion efficiency. The isobaric cases also experience 
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high soot levels, especially the Isobaric Low case. To understand why the higher 

emissions occur, optical engine studies are of interest and will be presented below. 

 

Figure 10-2, Emission measurements including HC, CO, NOx and soot for the metal 

engine studies  

10.2 Optical Engine, Experimental Setup 

The optical experiments aimed to replicate the earlier metal engine experiments and 

used a similar Volvo D13 6-cylinder engine, with five cylinders disabled by disconnecting 

the valves. Figure 10-3 and Figure 10-4 show the optical engine layout where a piston 

extension allowed bottom-view through the optical quartz piston. Three optical 

windows, placed in the liner, allowed side-view of the combustion chamber and 

simplified laser illumination.  
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Figure 10-3, Optical Engine Setup 

The optical engine had a lower effective compression ratio, 12.5:1, compared to its metal 

engine counterpart. This is an effect of the increased blow-by levels as well as a changed 

piston ring structure. To still replicate the metal engine experiments, the intake pressure 

was boosted to reach similar peak pressures. A skip-fire function prevented thermal stress 

on the optical parts by using three fired cycles followed by seven motored cycles. Intake 

heating was used to replicate metal engine conditions as calculated by the following 

equation: 

∫
𝛾

𝛾−1

𝑇𝑐

𝑇0

𝑑𝑇

𝑇
= ln (

𝑃𝑐

𝑃0
)      (10-1) 

Where 𝑃0 is the intake pressure [bar], 𝑇0 the intake temperature [K] and 𝛾 the specific 

heat ratio. Here, the specific heat ratio comes from the NASA polynomials of air, and the 

intake pressure followed empirically by matching the metal engine motored maximum 

pressure. Table 10-1 illustrates the experimental conditions. 
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Table 10-1, Experimental conditions 

Case Inj. 

Signal 

[CAD 

ATDC] 

Inj. 

Duration 

[µs] 

Absolute 

Boost 

Pressure 

[bar] 

Intake 

Temp. 

[°C] 

Motored 

Peak 

Temp. [°C] 

Motored 

Peak 

Pressure 

[bar] 

CDC -6, -3 190, 405 1.68 52 503 49 

Isobaric Low  
(opt. engine) 

-4, 1, 4, 
8.3 

200, 200, 
220, 300 

1.68 52 505 49 

Isobaric High   
(opt. engine) 

-3, 1, 
3.5, 6.3 

190, 200, 
200, 270 

2.42 52 508 68 

CDC  
(metal engine) 

-6, -3 190, 405 1.00 19 537 49 

Isobaric Low          
(metal engine) 

-4, 1, 4, 
8.3 

200, 200, 
220, 300 

1.00 19 537 50 

Isobaric High  
(metal engine) 

-3, 1, 
3.5, 6.3 

190, 200, 
200, 270 

1.45 17 545 68 

10.3 Base Cases Strategy 

This study evaluated three cases presented in this section. These cases aimed to replicate 

earlier metal engine experiments, described earlier, comparing two isobaric combustion 

cases, with four consecutive injections, with a conventional diesel combustion case as 

follows: 
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Figure 10-4, Camera-mounting setup revealing the combustion chamber bottom-view 
construction  

1. Conventional Diesel Combustion (CDC) – the standard case used for comparison 

with isobaric cases injecting fuel at two times (pilot -and main injection) with a 

compression pressure of 50 bar. 

2. Isobaric Low Combustion (ILC) – isobaric combustion achieved by four 

consecutive fuel injections with the same total fuel amount as the CDC case. The 

compression pressure at TDC was set to 50 bar.  

3. Isobaric High Combustion (IHC) – the compression pressure at TDC was raised to 

68 bar to match the peak pressure of the CDC case. Similarly to the ILC, four 

consecutive injections achieved isobaric combustion with a kept total fuel 

amount. This case was not evaluated in the laser studies. 
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10.4 Optical Diagnostics Techniques 

Four different techniques evaluated the combustion procedure : high-speed imaging 

(HSI) for flame luminosity (FL); planar laser-induced fluorescence (PLIF) for fuel tracing; 

and laser-induced incandescence (LII) for soot luminosity. These techniques will be 

briefly described below, and detailed information can be found in Paper IV and V.  

10.4.1 High-Speed Imaging of the Liquid-Phase Fuel under Non-Reactive 
Conditions 

Replacement of the intake air with nitrogen induced non-reactive conditions. With the 

bottom-view setup (see Figure 10-4), the liquid-phase fuel was illuminated, to induce 

Mie scattering, by a halogen lamp and recorded by a high-speed Photron SA4 color 

camera. The camera frame rate was set to 36 kHz, and the exposure time was set to 10 

μs. The liquid-phase penetration length was calculated from a single spray and averaged 

over 20 cycles. This procedure rendered results on the actual fuel injection times and 

quantities. At these non-reactive conditions, the liquid-phase penetration length can be 

correlated to the amount of fuel injected, which Aljabri et al. studied for CFD 

simulations [88]. The length where the light intensity had fallen to 10 % of the peak 

intensity defined the spray edge.   

10.4.2 Fuel-Tracer PLIF Imaging under Non-Reactive Conditions 

To capture the fuel gas and liquid phases under non-reactive conditions, 2 % toluene 

was added to the n-heptane fuel as a tracer. A 10 Hz Nd:YAG laser with a wavelength of 

266 nm and pulse energy of 60 mJ/pulse excited the toluene tracer. The high-speed 
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camera (HSC) placement gave a side-view of the injected spray while the laser 

illuminated one of the sprays (see Figure 10-5). A convex correction lens adjusted the 

distortion from the optical windows.  A lens band-pass filter (FF01-285/14, Semrock) 

with a transmission range of 278-292 nm collected the toluene PLIF signal. Due to the 

low laser frequency, only one PLIF image could be acquired per engine cycle, while fifty 

images (at the same crank angle) were processed to get the averaged PLIF image. 

10.4.3 Flame Luminosity Imaging at Reactive Conditions 

A high-speed Photron SA-X2 monochromatic camera captured the bottom-view of the 

combustion chamber with a frame rate of 75 000 fps and with a band-pass filter at 415-

465 nm. The field of view aimed for one chamber half, with assumed symmetry, to allow 

a higher frame rate (see Figure 10-6), giving an optical view field size of 256*480 pixels. 

The HSC started at -4 CAD ATDC with a shutter speed of 2.5 μs. As opposed to the Mie 

scattering collection, the luminosity levels were high for the reactive cases explaining 

the shorter exposure time.  

10.4.4 LII Imaging under Reactive Conditions 

The same laser (266 nm, 60 mJ/pulse), used in the fuel-tracer PLIF, enabled LII 

experiments to excite the polyaromatic hydrocarbons (PAH) formed during combustion.  
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Figure 10-5, PLIF imaging setup 

The shorter PLIF signal lifetime required an HSC gatewidth delay (relative to the laser 

pulse) to ensure no PLIF interference for the LII signal. Only one CAD per cycle could be 

captured due to unclean windows from high soot levels. The light intensity peaked at 10 

CAD ATDC for the CDC case, which was chosen as the LII imaging time.  
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(a) Field of view for high-speed imaging  

 

 (b) Field of view for PLIF and LII 

 

Figure 10-6, Field of view for high-speed imaging of the flame luminosity (a) and PLIF/LII 
(b). The laser sheet location for the PLIF and LII measurement is shown by a dashed 

arrow. 

10.5 Results 

This section provides insight into the challenges and benefits of using isobaric 

combustion on a qualitative level. Results from the different measurement methods will 

be compared and investigated, leading to conclusions on how a single injector is not 

optimal for multiple close injections.  
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10.5.1 Flame Luminosity Imaging 

Figure 10-7 illustrates the pressure and RoHR traces along with accumulated flame 

intensity and HSI for the CDC case: the optical engine experiences a longer ignition 

delay, compared to its metal engine counterpart, as an effect of the changed operation, 

meaning that the premixed combustion dominates the CDC operation in the optical 

engine; the 5 CAD image shows only small amounts of luminosity, although heat release 

occurs, suggesting low soot levels here, possibly due to the long mixing time; the 

combustion occurs close to the cylinder walls at CADs 9, 11, 13 and 16 suggesting a high 

temperature gradient at the boundaries leading to increased convective heat losses; 

combustion occurs in the squish zone suggesting incomplete combustion due to the 

high area-to-volume ratio here; and soot formation from injector dribbling occurs at 9 

and 11 CAD ATDC where no injection takes place.  

The ILC case characteristics include a longer combustion duration, which reduces the time 

for soot oxidation. Figure 10-8 shows: how the late CADs 19 and 22 suffer from high levels 

of soot; how the two first injections do not induce combustion until 5 CAD ATDC meaning 

long ignition delays; how the third and fourth injections aim for the burning flame, see 

images at 7 and 11 CAD ATDC, suggesting a lack of air possibly increasing the soot 

generation; how the ILC gives three times higher peak luminosity compared with the CDC 

case, suggesting more soot which the metal engine measurements showed; how the hot 

zones move close to the cylinder walls suggesting unnecessary high heat losses; and how 

combustion occurs in the squish zone.  
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With the higher intake pressure used for the IHC case (see Figure 10-9): the air-fuel ratio 

increases which leads to shorter ignition delays compared to the other cases; the heat 

release starts after the first injection as opposed to the ILC case where two injections 

were needed to start the heat release; high luminosity levels occur already at 5 CAD 

ATDC;  the image at 7 CAD ATDC shows how the third injection aims into a burning 

flame probably increasing the soot levels; the higher air-fuel ratio of the IHC case 

improves the post-oxidation of soot due to the excess amount of oxygen which is seen 

by the lower peak luminosity levels; and again the hot zones move close to the cylinder 

walls, especially after 16 CAD ATDC.  

10.5.2 Liquid-Phase Fuel-Tracer PLIF Imaging 

PLIF studies complemented the Mie scattering liquid-phase penetration lengths for the 

CDC and ILC cases (see Figure 10-10 and Figure 10-11). At these non-reactive conditions, 

the liquid-phase penetration length correlates to the injected fuel amount. The first 

injection is small and acts as a pilot injection for both cases. Both cases experience the 

same maximum liquid-phase penetration length at 25 mm. Thus, no wall wetting occurs 

with a bowl radius of 46 mm. Both cases suffer from combustion in the squish zone and 

close to the walls, seen from the PLIF imaging. The injection into the previously injected 

fuel occurs for the ILC case. Finally, the multiple close injections do not increase the 

injector’s hydraulic delay. 
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Figure 10-7, Pressure [bar], RoHR [J/CAD], injection signals and normalized accumulated 
light intensity [a.u.] along with high-speed images for the CDC case 
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Figure 10-8, Pressure [bar], RoHR [J/CAD], injection signals and normalized accumulated 
light intensity [a.u.] along with high-speed images for the ILC case 
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Figure 10-9, Pressure [bar], RoHR [J/CAD], injection signals and normalized accumulated 
light intensity [a.u.] along with high-speed images for the IHC case  
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Figure 10-10, PLIF light intensity (right) along with the horizontal Mie scattering liquid-
phase penetration length (left) at different CADs for the CDC case. 
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Figure 10-11, PLIF light intensity (right) along with the horizontal Mie scattering liquid-
phase penetration length (left) at different CADs for the ILC case. 

10.5.3 Soot Distribution from LII Imaging 

At 10 CAD ATDC, the main heat release ends for the CDC case. Figure 10-12 compares 

averaged PLIF, averaged HSI, and averaged LII images at 10 CAD ATDC. The averaging-
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process aimed to avoid cycle-to-cycle effects with 50 images for the PLIF, ten images for 

the LII, and ten images for the HSI.  

The images (Figure 10-12) show how: the fuel moves close to the bowl edge and the 

squish region, while the HSI and LII images illustrated soot distribution over the entire 

bowl; the ILC case suffers from higher soot levels compared to the CDC case; the high-

luminosity regions from PLIF and HIS coincide; the high ILC soot levels, observed from 

the LII, exist in two main regions at 10 CAD ATDC, representing soot generated from the 

third and fourth injections, indicating high soot levels when injecting into a flame or 

burnt zone; the late injections of the ILC case directs the fuel towards the squish zone 

since the piston has moved downwards, which is observed from the high LII soot 

amounts in the squish region; and how the ILC LII suggests rapid soot generation from 

the fourth injection since a high-luminosity region exists close to the injector, which 

confirms the challenges of injecting into a burnt zone.   

To summarize the results section, high levels of soot occurred for isobaric combustion, 

in previous metal engine studies. This chapter confirmed the high soot level and 

explained why it occurs in an optical engine. The major soot-increasing factors included 

injection into a low-oxygen zone as a result of multiple close injections. As suggested in 

this thesis, multiple injectors can mitigate this problem by allowing more degrees of 

freedom for injection into high-lambda zones in the combustion chamber. Furthermore, 

the multiple injectors can mitigate the problems of combustion in the squish zone and 
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hot zones close to the boundaries. In conclusion, this chapter provides further 

motivation for continued multiple injector usage in heavy-duty production engines. 

 

Figure 10-12, Averaged flame luminosity (top), averaged fuel-tracer PLIF (middle) and 
averaged LII images (bottom) for the CDC case (left) and the ILC case (right). 

10.6 Summary and Conclusions 

This chapter combined optical diagnostics based on previous metal engine experiments. 

PLIF, Mie scattering, LII, and high-speed imaging evaluated how isobaric combustion 

behaves by comparing three cases. These cases included conventional diesel 

combustion and two isobaric cases. The main conclusions follow: 
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 A single-injector can achieve isobaric combustion by multiple injections but face 

challenges with high soot levels unless a very high air-fuel ratio is used 

 The higher isobaric cases soot levels follow from reduced air entrainment when 

injecting fuel into a burnt region, which was verified by high-speed imaging, PLIF, 

and LII measurements.  

 The traditional DI injector, with a wide umbrella angle, does not favor the late 

injections of the isobaric cases. With a wide umbrella angle, excessive fuel entered 

the squish region during the later injections. The following rich combustion, 

occurring in the squish zone, led to large amounts of soot formation. 

 This chapter proved the drawbacks of a single injector, for combustion control, 

and suggested that multiple injectors can mitigate several of these drawbacks.  
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Chapter 11 Multiple Injectors in Production Engines 

This thesis covers a combination of CFD simulations and research engine experiments, 

where the experimental approach included single-cylinder engine studies as well as 

optical engine studies. This chapter evaluates the multiple injector concept in 

production engines. Production engines pose additional challenges compared to 

research engines. Several sub-systems, such as cylinder head cooling channels, 

complicate the fitting of the multiple injectors, and the dynamic vehicle operation of an 

engine increases the demands. A new engine concept should improve the performance 

of the overall road load conditions, not only in single load points, and engine geometry 

changes should remain at a minimum to simplify production. This chapter presents a 

Trident engine concept for production engines, suggesting solutions to the challenges 

listed above. 

11.1 Spray -and Umbrella Angles 

Road-driving includes a range of load conditions including: uphill driving, where the 

engine torque and power need to increase; vehicle acceleration, with similar demands 

as uphill driving; and down-hill driving, requiring less power. To change the load 

conditions, several engine parameters alter including injection timing, fuel amount, 

boost levels, and injection pressures. Thus, the Trident engine concept needs to provide 

performance improvements independent of these parameters.  
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This thesis shows how spray-to-spray and jet-to-wall interactions give higher soot levels 

and high heat losses. Jet-to-wall interactions occur when the fuel-rich zone gets in 

contact with the wall. The hot zones, from combustion in the fuel-rich zones, create 

higher convective heat losses by increasing the temperature gradient between fluid and 

wall. The piston plays the major role, compared to the liner and head, in CI engine 

convective heat losses. Assuming a set piston geometry, the multiple injector spray 

angles need to avoid jet-to-wall –and spray-to-spray interference.  

Figure 11-1 shows: how the outer injector umbrella angle allows maximum distance to 

the piston boundary while avoiding the squish zone to reduce the heat losses and 

emissions; the suggested spray angles for this concept. These spray angles aim to avoid 

the spray-to-spray interference from all injectors, as well as the central piston bowl 

hump. From the CFD simulation results presented in chapters 5 to 8, the suggested 

angles avoided both spray-to-spray interference and jet-to-wall interference to a large 

extent compared to the single-injector concepts. Thus, although not optimized, these 

spray -and umbrella angles suit production engines and work at several different 

injection timings.   
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Figure 11-1, Example umbrella angle and spray angles for a heavy-duty production 
engine 

11.2 Cylinder Head Injector Placement  

A typical cylinder head, in a heavy-duty production engine, consists of and is connected 

to several parts. These parts include injectors, valves, cams, camshafts, sensors, cooling 

systems, and fuel systems, leaving only limited cylinder head space for additional 

injectors. This section covers the requirements to fit two additional injectors. The engine 

cooling includes several water jackets going through the cylinder head, while the intake 

and exhaust lines provide further restrictions on injector placement. The camshaft 

placement, above the cylinder head, provides additional space restrictions. All the 
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different restrictions need to be considered for the Trident system. This chapter tilts the 

outer injectors to avoid interference with other systems and moves the pressure sensor 

from a vertical to a horizontal cylinder head position (see Figure 11-2). 

 

Figure 11-2, Conceptual layout of the pressure sensor mounting alongside the central 
injector and one of the side injectors 

11.3 Suggested Design 

This thesis solved several challenges, listed in this chapter, which rendered a proposed 

and implemented Trident engine. This engine concept used the Volvo D13 engine 

equipped with the three injectors. The spray angles, umbrella angles, and other injector 

setup follow the configurations presented in this chapter. Thus, this thesis provides a 

production engine equipped with three injectors.   
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Chapter 12 Summary 

This thesis presents studies on how multiple injectors can be utilized in heavy-duty CI 

engines to solve some present engine challenges. In general, the multiple injector 

Trident engines reduced the heat losses and increased efficiency without increased 

emissions.  

The first part of the thesis presented CFD simulations evaluating one, two, and three-

injector concepts at different load levels, swirl ratios, and piston bowl geometries. The 

results showed how a two-injector concept with a flat piston bowl reduces the heat 

losses by 25.1 %, corresponding to 4.2 % of the fuel energy, in comparison to the 

standard single-injector case. In combination with the DCEE concept, an efficiency gain 

above 3 %-points follows for the two-injector configuration. The higher flow-rate of 

three injectors delivered high efficiency, also for high-swirl cases. In general, multiple 

injectors suited high-swirl cases since reduced heat losses followed. The injection 

directions with -and against the swirl prevented hot zones close to the wall and 

delivered higher efficiency compared to the reference cases.  

The thesis further compiled experimental investigations on multiple injector concepts. A 

middle load condition evaluated the performance, efficiency, and emission levels with 

one, two, and three injectors in a heavy-duty research engine. In line with the CFD 

simulations, the experiments showed heat loss reductions for the multiple injector 

concepts. However, the side injectors’ low number of holes combined with a large hole 

diameter proved non-beneficial for a single injection. The three-injector case injecting 

once or twice provided the highest efficiency without increasing the emissions in 
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general. The maximum multiple injector heat loss reduction reached 4 %-points 

compared to the reference case. 

The final part of the thesis presented results from an optical single-injector heavy-duty 

engine. This study investigated how a single injector can achieve isobaric combustion 

with potential drawbacks. Earlier studies have shown how isobaric combustion reduces 

heat losses and nitric oxide levels but with high soot levels. This thesis aimed to explain 

the large soot formation comparing two isobaric combustion cases with a conventional 

diesel combustion case. Three different measurement techniques, namely PLIF, LII, and 

high-speed imaging, investigated the soot formation and combustion phenomena. The 

main results included how the multiple injections, used for creating isobaric 

combustion, raised the soot formation by injection into a burnt zone. Injection into a 

burnt zone resulted in a lack of oxygen, followed by fuel-rich conditions, which can be 

avoided by multiple injectors. The ending chapter stated that a production engine 

equipped with three injectors has been designed and is now ready for further 

experiments. Chapter 1 stated the thesis objectives. The objective outcomes follow in 

Table 12-1. 
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Table 12-1, The thesis objectives with their respective outcomes 

Objective Outcome 

Investigate how multiple injectors can be 
used to reduce the engine heat losses 

Multiple injectors reduce the heat losses 
by up to 4.2 %-points compared to the 
single-injector case 

Investigate the challenges met when 
controlling the heat release with a single 
injector and how multiple injectors can 
improve the combustion control 

Single-injector setups can control the 
combustion but high emission levels 
follow which can be mitigated by multiple 
injectors 

Investigate how multiple injectors can 
increase the engine efficiency by 
increased flow rate, increased number of 
injector holes and improved mixing 

Multiple injectors increase the efficiency 
for several load conditions by a maximum 
of almost 4 %-points with WHR systems. 
Three injectors increase the fuel flow rate 
and thus the work output. A DCEE, 
equipped with two injectors can give a 
brake efficiency of 60 %.  

Provide a multiple injector design for a 
production engine  

This thesis designed a production engine 
with three injectors ready for future 
studies 
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Chapter 13 Future Work 

The work in this thesis leaves much room for future projects and investigations. The 

three-injector concepts only used the standard piston design while the thesis proved 

that the piston geometry needs to be optimized for Trident engine operation. Thus, 

experimental evaluations, e.g. with the Trident engine provided in this thesis, and CFD 

optimizations should be performed. With a trend towards increasing injection pressures, 

the requirements of the piston bowl changes, leaving room for novel piston shapes.  

This thesis only includes work with n-heptane and diesel fuels, while multiple injectors 

also suit different fuels. A dual-fuel system provides octane on demand if a second 

common rail is connected to one of the injectors. Multiple rails also provide the option 

of setting individual injection pressures, increasing the degrees of freedom further. 

Concepts like this interest many engine types, including reactivity-controlled 

compression ignition (RCCI) applications where a high-reactivity fuel ignites a low-

reactivity fuel.  

The side injectors of the Trident engine provide a longer distance from the injector to 

the squish zone. In partially premixed combustion (PPC) applications, fuel ends up in the 

squish zone when utilizing an early injection time. Thus, the future investigation should 

include multiple injectors with a PPC type of combustion. 

This thesis evaluated only heavy-duty engines leaving room for future light-duty engines 

studies. Concepts of interest include dual-fuel capability, reduced heat losses, improved 

combustion control, and reduced fuel consumption.   
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This thesis evaluates some loads but performed no system optimization. A system 

optimization would show the possible performance gains with multiple injectors at 

many different loads. The optimization should include parameters such as spray angles, 

injector placement and nozzle hole size. 

Some final, more daunting applications include injecting low specific heat ratio liquids 

that also reduce the emission levels. After combustion occurrence, the in-cylinder gas 

specific heat ratio should be as low as possible for increased work-output and increased 

efficiency in modern engines. Injection of emission-reducing substances, such as urea, 

could aid the after-treatment process further. Multiple injectors give more degrees of 

freedom for such solutions. 

In summary, several subjects remain unevaluated for the Trident engine with a focus on 

modern engine operation, including after-treatment systems and WHR systems. 

Everything from fundamental studies on how soot formation is reduced when utilizing 

multiple injectors to multi-cylinder engine systems for performance measurements are 

of interest where this thesis has provided a foundation to build on.  

  



150 
 

      

 

Bibliography 

[1]       Quartz, 2019, “Automakers may have completely overestimated how many 
people want electric cars” https://qz.com/1533976/automakers-may-overproduce-
14-million-electric-cars-by-2030/ (Accessed: 2019-12-05) 

[2] Autosport, 2018, “Global Electric Vehicle Sales In 2017 And 2018 – An Overview 
Of EV And PHEV Growth”, https://www.a1autotransport.com/global-electric-vehicle-
sales/ (Accessed: 2019-12-15) 

[3] Electrek, 2018, “Electric vehicle sales achieve new record in Norway with 45 % of 
cars being all-electric and 60 % plug-in”, https://electrek.co/2018/10/01/electric-
vehicle-sales-new-record-norway-tesla/ (Accessed: 2019-12-15) 

[4] European Commission, "Reducing CO2 emissions from heavy-duty vehicles", 
https://ec.europa.eu/clima/policies/transport/vehicles/heavy_en (accessed 2018-05-10) 

[5] European Environment Agency, "Carbon dioxide emissions from Europe’s heavy-
duty vehicles" https://www.eea.europa.eu/themes/transport/heavy-duty-
vehicles/carbon-dioxide-emissions-europe (accessed 2018-09-23) 

[6] Dawson, T. P., Jackson, S. T., House, J. I., Prentice, I. C. & Mace, G. M. Beyond 
predictions: biodiversity conservation in a changing climate. Science 332, 53–58 (2011). 

[7] Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W. & Courchamp, F. Impacts of 
climate change on the future of biodiversity. Ecology  Letters 15, 365–377 (2012). 

[8] Galbraith, H., Jones, R., Park, R., Clough, J., Herrod-Julius, S., Harrington, B. and 
Page, G., 2002. Global climate change and sea level rise: potential losses of intertidal 
habitat for shorebirds. Waterbirds, 25(2), pp.173-183. 

[9] Mathiesen, Brian Vad, Henrik Lund, David Connolly, Henrik Wenzel, Poul Alberg 
Østergaard, Bernd Möller, Steffen Nielsen et al. "Smart Energy Systems for coherent 
100% renewable energy and transport solutions." Applied Energy 145 (2015): 139-154. 



151 
 

      

 

[10] Zhang, Tian, Wei Chen, Zhu Han, and Zhigang Cao. "Charging scheduling of 
electric vehicles with local renewable energy under uncertain electric vehicle arrival and 
grid power price." IEEE Transactions on Vehicular Technology 63, no. 6 (2013): 2600-
2612. 

[11] Nienhueser, Ian Andrew, and Yueming Qiu. "Economic and environmental 
impacts of providing renewable energy for electric vehicle charging–A choice 
experiment study." Applied Energy 180 (2016): 256-268. 

[12] Naturvårdsverket, 2008, ”Konsumtionens klimatpåverkan – Rapport 5903” 

[13] IEA, 2019, “Global EV Outlook 2019”, https://www.iea.org/reports/global-ev-
outlook-2019 (accessed 2019-11-25) 

[14] Worldometer, “Car Production”, https://www.worldometers.info/cars/ 
(accessed 2019-09-20) 

[15] European Commission, 2019, “Air pollution from the main sources - Air 
emissions from road vehicles”, https://ec.europa.eu/environment/air/sources/road.htm 
(accessed 2019-12-05) 

[16] European Commission, 2019, “Air Quality Standards”, 
https://ec.europa.eu/environment/air/quality/standards.htm (accessed 2020-02-13) 

[17] Pope III, C.A. and Dockery, D.W., 2006. Health effects of fine particulate air 
pollution: lines that connect. Journal of the air & waste management association, 56(6), 
pp.709-742. 

[18] Kampa, M. and Castanas, E., 2008. Human health effects of air 
pollution. Environmental pollution, 151(2), pp.362-367. 

[19] Seaton, A., Godden, D., MacNee, W. and Donaldson, K., 1995. Particulate air 
pollution and acute health effects. The lancet, 345(8943), pp.176-178. 



152 
 

      

 

[20] Überall, Annegret, Roderich Otte, Peter Eilts, and Jürgen Krahl. "A literature 
research about particle emissions from engines with direct gasoline injection and the 
potential to reduce these emissions." Fuel 147 (2015): 203-207. 

[21] An, Yan-zhao, Sheng-ping Teng, Yi-qiang Pei, Jing Qin, Xiang Li, and Hua Zhao. 
"An experimental study of polycyclic aromatic hydrocarbons and soot emissions from a 
GDI engine fueled with commercial gasoline." Fuel 164 (2016): 160-171. 

[22] Bansal, G., Bandivadekar, A., “OVERVIEW OF INDIA’S VEHICLE EMISSIONS 
CONTROL PROGRAM PAST SUCCESSES AND FUTURE PROSPECTS”, ICCT, 2013 

[23] Bonilla, Jorge, Jessica Coria, and Thomas Sterner. "Technical synergies and trade-
offs between abatement of global and local air pollution." Environmental and Resource 
Economics 70, no. 1 (2018): 191-221. 

[24] Johansson, B., Andersson, Ö., Tunestål, P., Tunér, M., “Combustion Engines – 
Volume 1”, Lund University, 2014 

[25] Delgado, Oscar, and Felipe Gonzalez. "CO₂ Emissions and Fuel Consumption 
Standards for Heavy-Duty Vehicles in the European Union." (2018). 

[26] European Commission, 2019, “Heavy-duty vehicles: Council presidency agrees 
with Parliament on Europe's first-ever CO2 emission reduction targets for trucks”,  

https://www.consilium.europa.eu/en/press/press-releases/2019/02/19/heavy-duty-
vehicles-eu-presidency-agrees-with-parliament-on-europe-s-first-ever-co2-emission-
reduction-targets/ (accessed 2020-02-20) 

[27] ICCT, 2019, “CO2 standards for heavy-duty vehicles in the European Union”, 
https://theicct.org/publications/co2-stds-hdv-eu-20190416 (accessed 2019-10-24) 

[28] Truckinginfo, 2019, The challenge of migrating from diesel to electric, 
https://www.truckinginfo.com/342156/the-challenge-of-migrating-from-diesel-to-
electric (accessed 2020-03-19) 



153 
 

      

 

[29] Caton, Jerald A. "Maximum efficiencies for internal combustion engines: 
Thermodynamic limitations." International Journal of Engine Research 19, no. 10 (2018): 
1005-1023. 

[30] Heywood, J.B., “Internal Combustion Engine Fundamentals”, 1988 

[31] Akihama, K., Takatori, Y., Inagaki, K., Sasaki, S. et al., "Mechanism of the 
Smokeless Rich Diesel Combustion by Reducing Temperature," SAE Technical Paper 
2001-01-0655, 2001, https://doi.org/10.4271/2001-01-0655. 

[32] Uchida, N. and Osada, H., "A New Piston Insulation Concept for Heavy-Duty 
Diesel Engines to Reduce Heat Loss from the Wall," SAE Int. J. Engines 10(5):2565-
2574, 2017, https://doi.org/10.4271/2017-24-0161. 

[33] Osada, H., Uchida, N., Shimada, K., and Aoyagi, Y., "Reexamination of Multiple 
Fuel Injections for Improving the Thermal Efficiency of a Heavy-Duty Diesel Engine," 
SAE Technical Paper 2013-01-0909, 2013, https://doi.org/10.4271/2013-01-0909. 

[34] Enya, K., Watanabe, H., and Uchida, N., “Investigation into the Optimized Heat 
Release Rate and Corresponding Variation of In-Cylinder Specific Heat Ratio for the 
Improvement in Thermal Efficiency by Utilizing Two-Zone Combustion Model Analysis” 
SAE Technical Paper 2018-01-1796, 2018, doi:10.4271/2018-01-1796. 

[35] Meek, G., Williams, R., Thornton, D., Knapp, P. et al., "F2E - Ultra High Pressure 
Distributed Pump Common Rail System," SAE Technical Paper 2014-01-1440, 
2014, https://doi.org/10.4271/2014-01-1440. 

[36] Bart, Hans U. "Piezoelectric fuel injector valve." U.S. Patent 4,022,166, issued 
May 10, 1977. 

[37] Sellnau, Mark C., James Sinnamon, Kevin Hoyer, and Harry Husted. "Full-time 
gasoline direct-injection compression ignition (GDCI) for high efficiency and low NOx 
and PM." SAE International Journal of Engines 5, no. 2 (2012): 300-314. 



154 
 

      

 

[38] Sellnau, Mark, Matthew Foster, Kevin Hoyer, Wayne Moore, James Sinnamon, 
and Harry Husted. "Development of a gasoline direct injection compression ignition 
(GDCI) engine." SAE International Journal of Engines 7, no. 2 (2014): 835-851. 

[39] Vallinayagam, R., S. Vedharaj, Yanzhao An, Alaaeldin Dawood, Mohammad Izadi 
Najafabadi, Bart Somers, and Bengt Johansson. Combustion stratification for naphtha 
from CI combustion to PPC. No. 2017-01-0745. SAE Technical Paper, 2017. 

[40] An, Yanzhao, R. Vallinayagam, S. Vedharaj, Jean-Baptiste Masurier, Mohammad 
Izadi Najafabadi, Bart Somers, and Bengt Johansson. "In-cylinder visualization and 
engine out emissions from CI to PPC for fuels with different properties." In The 
Proceedings of the International symposium on diagnostics and modeling of combustion 
in internal combustion engines 2017.9, p. C310. The Japan Society of Mechanical 
Engineers, 2017. 

[41] Merkel, S., Eckert, P., Wagner, U., Velji, A. et al., "Investigation of a New 
Injection Strategy for Simultaneous Soot and NOx Reduction in a Diesel Engine with 
Direct Injection," SAE International Journal 1(1):1433-1442, 
2009, https://doi.org/10.4271/2008-01-1790. 

[42] Horibe, N., Egoshi, K., Hirayama, K., et.al., "Effects of Fuel-injection Parameters 
on Performance and Exhaust Emissions in a Diesel Engine Equipped with Dual-injector 
System", COMMODIA 2017 

[43] Senecal, P., Uludogan, A., and Reitz, R., "Development of Novel Direct-injection 
Diesel Engine Combustion Chamber Designs Using Computational Fluid Dynamics," 
SAE Technical Paper 971594, 1997, https://doi.org/10.4271/971594. 

[44] Lahane, Subhash, and K. A. Subramanian. "Impact of nozzle holes configuration 
on fuel spray, wall impingement and NOx emission of a diesel engine for biodiesel–
diesel blend (B20)." Applied Thermal Engineering 64, no. 1-2 (2014): 307-314. 

[45] Lee, B. H., J. H. Song, Y. J. Chang, and C. H. Jeon. "Effect of the number of fuel 
injector holes on characteristics of combustion and emissions in a diesel 
engine." International Journal of Automotive Technology 11, no. 6 (2010): 783-791. 



155 
 

      

 

[46] Wang, Xiangang, Zuohua Huang, Olawole Abiola Kuti, Wu Zhang, and Keiya 
Nishida. "Experimental and analytical study on biodiesel and diesel spray characteristics 
under ultra-high injection pressure." International Journal of Heat and Fluid Flow 31, no. 
4 (2010): 659-666. 

[47] Uchida, Noboru, Takeshi Okamoto, and Hiroki Watanabe. "A new concept of 
actively controlled rate of diesel combustion for improving brake thermal efficiency of 
diesel engines: Part 1—verification of the concept." International Journal of Engine 
Research 19, no. 4 (2018): 474-487. 

[48] Uchida, Noboru, and Hiroki Watanabe. "A new concept of actively controlled 
rate of diesel combustion (ACCORDIC): Part II—simultaneous improvements in brake 
thermal efficiency and heat loss with modified nozzles." International Journal of Engine 
Research 20, no. 1 (2019): 34-45. 

[49] Nehmer, Daniel A., and Rolf D. Reitz. "Measurement of the effect of injection 
rate and split injections on diesel engine soot and NOx emissions." SAE 
transactions (1994): 1030-1041. 

[50] Okamoto, Takeshi, and Noboru Uchida. "New concept for overcoming the trade-
off between thermal efficiency, each loss and exhaust emissions in a heavy duty diesel 
engine." SAE International Journal of Engines 9, no. 2 (2016): 859-867. 

[51] Hill, Stephen H., and Brian A. Newman. "Piston ring designs for reduced 
friction." SAE transactions (1984): 526-542. 

[52] Delgado, O., Lutsey, N., 2014. The U.S. Supertruck Program Expediting the 
Development of Advanced Heavy-Duty Vehicle Efficiency Technologies. ICCT  

[53] Shankar, Vijai Shankar Bhavani, Bengt Johansson, and Arne Andersson. Double 
compression expansion engine: a parametric study on a high-efficiency engine concept. 
No. 2018-01-0890. SAE Technical Paper, 2018. 



156 
 

      

 

[54] Lam, Nhut, Arne Andersson, and Per Tunestal. Double Compression Expansion 
Engine Concepts: Efficiency Analysis over a Load Range. No. 2018-01-0886. SAE 
Technical Paper, 2018. 

[55] Muric, Kenan, Per Tunestal, Arne Andersson, Lennart Andersson, and Kerstin 
Oom. The Potential of SNCR Based NO x Reduction in a Double Compression Expansion 
Engine. No. 2018-01-1128. SAE Technical Paper, 2018. 

[56] Shankar, Vijai. "Double Compression Expansion Engine: Evaluation of 
Thermodynamic Cycle and Combustion Concepts." PhD diss., 2019. 

[57] Lam, Nhut, Martin Tuner, Per Tunestal, Arne Andersson, Staffan Lundgren, and 
Bengt Johansson. "Double compression expansion engine concepts: a path to high 
efficiency." SAE International Journal of Engines 8, no. 4 (2015): 1562-1578. 

[58] Lam, Nhut. "Double Compression-Expansion Engine Concepts.", Lund University, 
2019 

[59] Enya, K. and Uchida, N., "Improvement in Thermal Efficiency of a Diesel Engine 
by Homogenized Flame Distribution," SAE Technical Paper 2019-24-0166, 
2019, https://doi.org/10.4271/2019-24-0166. 

[60] Eriksson, Lars, and Martin Sivertsson. "Computing optimal heat release rates in 
combustion engines." SAE International Journal of Engines 8, no. 3 (2015): 1069-1079. 

[61] Shankar, Vijai Shankar Bhavani, Nhut Lam, Arne Andersson, and Bengt 
Johansson.” Optimum heat release rates for a double compression expansion (DCEE) 
engine.” No. 2017-01-0636. SAE Technical Paper, 2017. 

[62] Babayev, Rafig. "Isobaric Combustion: A Potential Path to High Efficiency, in 
Combination with the Double Compression Expansion Engine (DCEE) Concept." PhD 
diss., 2018. 



157 
 

      

 

[63] Enya, K., Watanabe, H., and Uchida, N., “Investigation into the Optimized Heat 
Release Rate and Corresponding Variation of In-Cylinder Specific Heat Ratio for the 
Improvement in Thermal Efficiency by Utilizing Two-Zone Combustion Model Analysis,” 
SAE Technical Paper 2018-01-1796, 2018, doi:10.4271/2018-01-1796. 

[64] N. Uchida and H. Watanabe, “ACCORDIC (ACtively COntrolled Rate of DIesel 
Combustion) Up-date: Simultaneous Improvements in Brake Thermal Efficiency and 
Heat Loss in a Heavy-duty Diesel Engine with Multiple Fuel Injectors”, Thiesel 2018 

[65] Nyrenstedt, Gustav, Tariq Lutfallah Mohammed Alturkestani, Hong G. Im, and 
Bengt Johansson. "CFD Study of Heat Transfer Reduction Using Multiple Injectors in a 
DCEE Concept." (2019). 

[66] Nyrenstedt, Gustav, Hong Im, Arne Andersson, and Bengt Johansson. Novel 
Geometry Reaching High Efficiency for Multiple Injector Concepts. No. 2019-01-0246. 
SAE Technical Paper, 2019. 

[67] Nyrenstedt, Gustav, Kazumasa Watanabe, Kenji Enya, Hao Shi, Noboru Uchida, 
and Bengt Johansson. Thermal Efficiency Comparison of Different Injector Constellations 
in a CI Engine. No. 2019-24-0172. SAE Technical Paper, 2019. 

[68] Regner, G., Herold, R., Wahl, M., Dion, E. et al., "The Achates Power Opposed-
Piston Two-Stroke Engine: Performance and Emissions Results in a Medium-Duty 
Application," SAE Int. J. Engines 4(3):2726-2735, 2011, https://doi.org/10.4271/2011-
01-2221. 

[69] Venugopal, R., Abani, N., and MacKenzie, R., "Effects of Injection Pattern 
Design on Piston Thermal Management in an Opposed-Piston Two-Stroke Engine," SAE 
Technical Paper 2013-01-2423, 2013, https://doi.org/10.4271/2013-01-2423. 

[70] Redon, F., Kalebjian, C., Kessler, J., Rakovec, N. et al., "Meeting Stringent 2025 
Emissions and Fuel Efficiency Regulations with an Opposed-Piston, Light-Duty Diesel 
Engine," SAE Technical Paper 2014-01-1187, 2014, https://doi.org/10.4271/2014-01-
1187. 



158 
 

      

 

[71] Muric, Kenan, Per Tunestal, and Ingemar Magnusson. "Medium and High Load 
Performance of Partially Premixed Combustion in a Wave-Piston Multi-Cylinder Engine 
With Diesel and PRF70 Fuel." In ASME 2018 Internal Combustion Engine Division Fall 
Technical Conference. American Society of Mechanical Engineers Digital Collection, 
2018. 

[72] Rusly, Alvin M., Minh K. Le, Sanghoon Kook, and Evatt R. Hawkes. "The 
shortening of lift-off length associated with jet–wall and jet–jet interaction in a small-
bore optical diesel engine." Fuel 125 (2014): 1-14. 

[73] Le, Minh K., Yilong Zhang, Renlin Zhang, Lingzhe Rao, Sanghoon Kook, Qing Nian 
Chan, and Evatt R. Hawkes. "Effect of jet–jet interactions on soot formation in a small-
bore diesel engine." Proceedings of the Combustion Institute 36, no. 3 (2017): 3559-
3566. 

[74] Reitz, R., and Diwakar, R., "Structure of High-Pressure Fuel Sprays," SAE Technical 
Paper 870598, 1987, doi:10.4271/870598. 

[75] Schmidt, David P., and C. J. Rutland. "A new droplet collision algorithm." Journal 
of Computational Physics 164, no. 1 (2000): 62-80. 

[76] Amsden, A. A., O'rourke, P. J., and Butler, T. D., KIVA-II: A computer program for 
chemically reactive flows with sprays (No. LA-11560-MS). Los Alamos National Lab., NM 
(USA), 1989. 

[77] O'Rourke, P. and Amsden, A., "A Spray/Wall Interaction Submodel for the KIVA-
3 Wall Film Model," SAE Technical Paper 2000-01-0271, 
2000, https://doi.org/10.4271/2000-01-0271 

[78] Richards, K. J., Senecal, P. K., and Pomraning, E., “CONVERGE (Version 1.4.1) 
Manual,” Convergent Science, Inc., Middleton, WI, 2012. 

[79] Babajimopoulos, A., Assanis, D. N., Flowers, D. L., Aceves, S. M., et. al., “A fully 
coupled computational fluid dynamics and multi-zone model with detailed chemical 
kinetics for the simulation of premixed charge compression ignition engines,” 



159 
 

      

 

International journal of engine research, 6:497-512, 2005, 
doi:10.1243/146808705X30503. 

[80] Zeuch, Thomas, Gladys Moréac, Syed Sayeed Ahmed, and Fabian Mauss. "A 
comprehensive skeletal mechanism for the oxidation of n-heptane generated by 
chemistry-guided reduction." Combustion and Flame 155, no. 4 (2008): 651-674. 

[81] Wakisaka, Y., Inayoshi, M., Fukui, K., Kosaka, H. et al., "Reduction of Heat Loss 
and Improvement of Thermal Efficiency by Application of “Temperature Swing” 
Insulation to Direct-Injection Diesel Engines," SAE Int. J. Engines 9(3):2016, 
doi:10.4271/2016-01-0661. 

[82] Nellis, G. and Klein, S., “Heat Transfer”, 2009, p. 556 

[83] Amsden, A. A., “KIVA-3V: A Block Structured KIVA Program for Engines with 
Vertical or Canted Valves,” Los Alamos National Laboratory Report No. LA-13313-MS, 
1997. 

[84] Tsurushima, T., Harada, A., Iwashiro, Y., Enomoto, Y., Asaumi, Y., and Aoyagi, Y., 
“Thermodynamic Characteristics of Premixed Compression Ignition Combustions“, SAE 
Technical Paper 2001―01―1891, 2001, DOI:10.4271/2001-01-1891. 

[85] Kamimoto T, Uchida N, Aizawa T, Kondo K, Kuboyama T. "Diesel flame imaging 
and quantitative analysis of in-cylinder soot oxidation", International Journal of Engine 
Research; 18(5-6):422-35, 2017 Aug. 

[86] H.C.Hottel & F.P.Broughton, Industrial and Engineering Chemistry, 4,2 ,pp.166-74 

[87] Y.Matsui, T.Kamimoto,  S.Matsuoka, A.OGYRI "A Study on the Measurement of 
Flame Temperature in Diesel Engines"  JSAE 44(377), P228-238, 1978 

[88] Aljabri, Hammam H., Rafig Babayev, Xinlei Liu, Jihad Badra, Bengt Johansson, and 
Hong G. Im. Validation of Computational Models for Isobaric Combustion Engines. No. 
2020-01-0806. SAE Technical Paper, 2020. 



160 
 

      

 

 

 

 
  
 

 

 

 

  



161 
 

      

 

Summary of Papers 

Paper I: CFD Study of Heat Transfer Reduction Using Multiple 

Injectors in a DCEE Concept 

G. Nyrenstedt, T. Alturkestani, H. Im, B. Johansson 

SAE Technical Paper 2019-01-0070, 2019 

This publication covers three-dimensional RANS CFD simulations where a two-injector 

constellations is compared with a reference case using only a centrally placed injector. 

The conclusions of this study include the importance of spray and umbrella angles for 

the injectors as well as a heat loss reduction when utilizing two injectors placed at the 

rim of the piston bowl. 

My contribution to this publication included setting up the CFD model, validating the CFD 

model against experimental data, performing the simulations, post-processing the 

results and writing the paper. I further presented this paper at the SAE Powertrains, 

Fuels and Lubricants conference in San Antonio, TX 2019.  

Paper II: Novel Geometry Reaching High Efficiency for Multiple 

Injector Concepts 

G. Nyrenstedt, H. Im, A. Andersson, B. Johansson 

SAE Technical Paper 2019-01-0246, 2019 

This publication continues the study of comparing two-injector and single-injector 

concepts with CFD simulations. A comparison of different piston bowl shapes for heat 

loss reduction when using one or two injectors was performed. Lower heat losses with 

two injectors and a flat piston bowl was the main conclusion of the study. 
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My contribution to this publication included setting up the CFD model, validating the CFD 

model against experimental data, performing the simulations, post-processing the 

results and writing the paper. I further presented this paper at the SAE World Congress in 

Detroit 2019.  

Paper III: Thermal Efficiency Comparison of Different Injector 

Constellations in a CI Engine 

G. Nyrenstedt, K. Watanabe, K.Enya, H.Shi, N.Uchida, B. Johansson 

SAE Technical Paper 2019-24-0172, 2019 

This publication presents experimental work in an optical and a metal engine performed 

at N.A.C.E in Tsukuba, Japan. Multiple injector concepts utilizing two or three injectors 

are compared with one-injector cases for both single and multiple injection strategies. 

The main conclusions established include reduced heat losses and improved efficiency 

when utilizing multiple injectors.  

My contribution to this publication included setting up and performing the experiments, 

analyze and post-process results as well as writing the paper. I further presented this 

paper at the SAE conference in Capri 2019.  

Paper IV: Isobaric Combustion for High Efficiency in an Optical Diesel 

Engine 

G. Nyrenstedt, A. AlRamadan, Q.Tang, J.Badra, E.Cenker, M. Ben Houidi, B. Johansson 

SAE Technical Paper 2020-01-0301, 2020 

This publication covers an optical engine study of multiple n-heptane injections to 

create an isobaric heat release with a single centrally placed injector. The aim of this 
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was to investigate how the multiple injections affect the combustion in terms of 

emissions. Higher soot levels for the isobaric cases were concluded compared to the 

conventional diesel combustion case. These high soot levels occurred when injecting 

into a burnt zone leading to poor mixing. Thus, a need for the increased degrees of 

freedom of the Trident engine was established.    

My contribution to this publication included setting up the engine and high-speed 

imaging system, modifying the set-up for the study, plan and performing the 

experiments, analyze and post-process results as well as writing the paper.  

Paper V: Optical Diagnostics on Isobaric Combustion in a Heavy-Duty 

Engine 

G.Nyrenstedt, Q. Tang, R. Sampath, A.AlRamadan, M.Ben Houdi, E.Cenker, G. Magnotti, 
B.Johansson 

Submitted to Applied Energy 2020-04-28 

A study was performed on isobaric combustion in a heavy-duty optical engine 

utilizing a centrally placed direct injection system. The detailed in-cylinder combustion 

characteristics of the isobaric combustion and conventional diesel combustion (CDC) 

were compared using multiple optical diagnostic techniques. Liquid-phase fuel 

penetration length and fuel distribution under non-reactive conditions were measured 

using high-speed MIE scattering imaging and fuel-tracer planar laser-induced 

fluorescence (PLIF), respectively. The flame luminosity and spatial soot distribution under 

reactive conditions were measured by high-speed imaging and laser-induced 

incandescence (LII). Results illustrated higher soot levels for the isobaric cases compared 
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to the CDC case which was in line with earlier metal engine measurements. The high soot 

levels of the isobaric case were concluded an effect of the direct injection into an already 

burnt zone. Finally, it was concluded that the high emission levels, for the isobaric cases, 

can be avoided by evading injection directly into the burnt zone, for example by utilizing 

multiple injector concepts.  

 

My contribution to this publication included setting up the engine and high-speed 

imaging system, aiding in laser setup, modifying the set-up for the study, planning and 

performing the experiments and analyzing and post-processing results as well as writing 

the paper as first-author.  

Paper VI: CFD Study on Swirl Ratios for Multiple Injector Concepts 

G.Nyrenstedt, R. Babayev, H. Im, M. Ben Houidi, B. Johansson 

ICEF Paper 2020-2933 

CFD studies on utilizing multiple injectors together with swirl at high and middle loads 

were performed in this publication.  Five different swirl ratios for two different load 

conditions were compared using one, two and three injectors. Main results included 

increased benefits when utilizing multiple injectors with swirl. High swirl is typically 

associated with a high heat transfer which was diminished by using multiple injectors.  

My contribution to this publication included setting up the CFD model, validating the CFD 

model against experimental data, performing the simulations, post-processing the 

results and writing the paper.  
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Paper VII: Optical Diagnostics of Isooctane and n-Heptane Isobaric 

Combustion 

A.AlRamadan, G.Nyrenstedt, M. Ben Houidi, B. Johansson 

SAE Technical Paper 2020-01-1126, 2020 

This paper includes studies on an optical engine for comparing different fuels when 

utilizing the multiple injections for an isobaric heat release profile. The study aimed to 

prove that isooctane as well as n-heptane can be used for achieving isobaric 

combustion.  

My contribution to this publication included participation in  setting up the engine and 

high-speed imaging system, modifying the set-up for the study, performing parts of the 

experiments and aiding in analyzing and post-processing results as well as proof-reading 

the paper.  

Paper VIII: Optical study on the fuel spray characteristics of high-

pressure isobaric combustion using four consecutive injections 

Q. Tang, R. Sampath, P. Sharma, G.Nyrenstedt, A.AlRamadan, M.Ben Houdi, J.Badra, 
B.Johansson, G. Magnotti 

SAE Technical Paper 2020-01-1129, 2020 

This publication further studied and analyzed how multiple close injections affect the 

fuel distribution in a heavy-duty CI engine. The aim of this project was to analyze the 

spray behavior and emissions generation. For this purpose, fuel-tracer PLIF was used. 



166 
 

      

 

My contribution to this publication included participation in setting up the engine and 

high-speed imaging system, modifying the set-up for the study, performing parts of the 
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under High-Load and High-EGR Conditions 

R. Babayev, G.Nyrenstedt, A.Andersson, B.Johansson 
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Abstract 

A study was performed on isobaric combustion in a heavy-duty optical engine 

utilizing a centrally placed direct injector and a multiple injections strategy. The isobaric 

combustion and conventional diesel combustion (CDC) were characterized and compared 

using different optical diagnostic techniques. Liquid-phase fuel penetration length and fuel 

distribution under non-reactive conditions were measured using high-speed Mie scattering 

imaging and fuel-tracer planar laser-induced fluorescence (PLIF), respectively. The natural 

flame luminosity and spatial soot distribution under reactive conditions were measured 

with high-speed imaging and laser-induced incandescence (LII), respectively. Results 

demonstrated higher soot formation in the isobaric cases compared to the CDC case, which 

is consistent with previous soot measurements in the exhaust of an equivalent all-metal 

research engine. The high soot levels of the isobaric cases are explained by the successive 

injection into reacting zones in the chamber. This induced a locally fuel rich mixture as 

demonstrated in the PLIF images. The short ignition delay of the latter injections led to 

poor mixing and thus to excessive soot formation. Furthermore, this study demonstrated 

how the late injections of the isobaric cases lead to a larger amount of combustion in the 

squish zone. Although the total heat losses were reduced for the isobaric cases, due to a 



212 
 

 Submitted to Applied Energy 2020-04-28 

lower in-cylinder temperature, the heat losses were concluded unnecessarily high. Having 

a large amount of the combustion happening close to the cylinder walls meant an increased 

convection by higher temperature gradients. Finally, it was concluded that the high soot 

levels, for the isobaric cases, can be reduced by evading injection directly into the burnt 

zone, for example by utilizing multiple injector concepts. 

Keywords: Isobaric combustion; Optical diagnostics; Heavy-duty engines; Multiple 

injections; Fuel-tracer PLIF; LII  
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1. Introduction 

Ever increasing concerns for sustainability in terms of nature conservation and 

climate have been experienced in the last decades. These concerns include climate changes 

causing animal extinction  and sea level rise[1-[2]. Furthermore, local emissions problems, 

such as city smog, continues to cause a hazardous environment for people around the world 

[4-6]. Although a number of different sources cause these problems, the transport sector is 

often targeted as a main contributor. Especially, the internal combustion (IC) engine 

vehicles are directed to reduce their emissions. Thus, ever more stringent emission 

regulations are established for today’s vehicles. Nitrogen oxides (NOx), particulate matter 

(PM) and carbon dioxide (CO2) are examples of increasingly controlled emissions, where 

CO2 is a well-known greenhouse gas affecting the Earth’s climate. Towards this purpose, 

simultaneous reduction in fuel consumption, NOx and PM is needed for the next generation 

of IC engines.  

A promising concept for high engine efficiency is the double compression 

expansion engine (DCEE) [7-10]. This concept aims to achieve the high efficiency of the 

CI engine while reducing the heat, exhaust and friction losses. The DCEE is based on a 

split-cycle approach. One cylinder, the low-pressure (LP) unit, compresses the intake air 

before transferring it to a second cylinder, the high-pressure (HP) unit. Here, a second 

compression takes place, allowing a high total compression ratio of around 60:1 [11]. Thus, 

a high in-cylinder pressure is reached. The injected fuel then combusts quickly in the high-

pressure air followed by a piston expansion. The hot exhaust gases are then transferred 

back to the LP unit for a second expansion. Thus, the effective expansion ratio is high 
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compared to a conventional CI engine. The DCEE has been reported to reach an efficiency 

of 56 % in previous simulation studies [12]. 

The high in-cylinder pressure of the DCEE leads to challenges regarding the 

optimum heat release rate. Previous studies have conducted one-dimensional simulations 

to compare an isochoric and an isobaric heat release in the DCEE [13]. Results showed that 

there is little or no efficiency change when changing the heat release mode. However, the 

heat transfer multiplier value was kept constant for both cases. Thus, the heat transfer losses 

might be underestimated for the isochoric heat release case suggesting an isobaric heat 

release is preferred.   

Previous studies have shown how isobaric combustion can be reached in a heavy-

duty CI engine using three fuel injectors [14-15]. This is achieved by multiple injections 

from different injectors. These previous studies investigated the usage of three injectors in 

a heavy-duty engine. Both simulations, metal engine experiments and optical engine 

experiments were performed. The results included improved combustion controllability 

and the possibility of a tailored heat release. Studies have also suggested that a multiple 

injector strategy reduces the heat losses [16-18]. However, multiple injectors also increase 

the cost. Previous metal engine studies [18] have shown that a four-consecutive-injection 

strategy can achieve isobaric combustion with a single solenoid injector. It showed that the 

isobaric combustion leads to low NOx along with kept efficiency as compared to 

conventional diesel combustion (CDC). However, the soot emissions of isobaric 

combustion are higher than that of the CDC. The metal engine experiments could not 

provide sufficient in-cylinder combustion information and no obvious explanations were 
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identified for the observed performance. Especially, the detailed fuel injection process, of 

the four-consecutive-injection strategy, and its effect on the in-cylinder fuel-air mixing and 

the following combustion process were not well understood.  

Split injections have been studied in different optical configurations earlier [20-22]. 

Fundamental studies in constant-volume chambers suggest that soot formation is increased 

when utilizing two injections [23-24]. It was concluded that the injection interactions 

caused combustion in fuel-rich regions, effectively increasing the soot. Diez et al. [25] 

studied two injections in an optical light-duty (LD) engine by high-speed imaging. The 

main results included high hydrocarbon emissions when utilizing two close injections. 

Other studies have shown high soot levels when utilizing two injections in engines [26]. 

The high soot levels followed from interactions between the two injections which is in line 

with the constant-volume chamber studies described above.  Reitz et. al also concluded 

that a two-injection strategy reduced nitrogen oxides and reduced the peak in-cylinder 

pressure in an all-metal engine [27]. Most of the literature engine studies have focused on 

multiple injections considering the particular case of two injections. This had the advantage 

of simplifying the injection pattern and to study the topic from a more fundamental side. 

These studies have provided valuable interpretations for the reduced nitrogen oxide 

emissions and increased soot and hydrocarbon emissions in such conditions. Nevertheless, 

in practice, more than two injections have been utilized to achieve an isobaric heat release. 

Therefore, the present study investigates a multi-injection strategy operated with a 

single injector to reach an isobaric heat release. The spray injection, combustion and soot 

formation are studied using different optical diagnostic techniques to compare the isobaric 
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combustion and the CDC. Firstly, the liquid-phase fuel injection process under non-

reactive conditions was visualized using high-speed imaging of the Mie scattering signal. 

Secondly, the in-cylinder spatial fuel distribution under non-reactive conditions was 

studied using fuel-tracer planar laser-induced fluorescence (PLIF). Thirdly, the flame 

luminosity (FL) during combustion was recorded using high-speed imaging and the in-

cylinder spatial soot distribution at a typical crank angle was visualized using planar laser-

induced incandescence (LII). Combining all these techniques, a full image of the in-

cylinder process was achieved for the isobaric combustion. Finally, some suggestions for 

the isobaric combustion operation are proposed based on the findings of the present study. 

2. Experimental Setup and Optical Diagnostic Techniques 

2.1 Metal Engine Experimental Apparatus 

Metal engine experiments have been performed in a previous study [18] to evaluate 

the performance of isobaric combustion using a single injector. In the current work, further 

analysis of this data is reported. The experiments were performed on a single-cylinder 

research engine based on the Volvo D13C500 6-cylinder heavy-duty (HD) engine. The 

layout of the engine test bench is illustrated in Fig. 1. Five cylinders were deactivated by 

removing the valves and disabling the injectors. However, the pistons were still in motion 

and connected to the crankshaft. The sixth cylinder was operated with pressurized air fed 

to the engine intake. This allowed above-ambient intake pressures and thus simulates a 

turbocharger. Similarly, the intake air heater allowed above-ambient intake temperatures. 

An electric motor kept the engine speed constant at 1200 rpm for all cases. The exhaust 

line was equipped with a backpressure valve to adjust the exhaust pressure. Further, 

exhaust gas recirculation (EGR) was made possible by connecting an EGR line to the 
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exhaust line. The exhaust gas composition was measured by a Horiba MEXA-1700 along 

with an AVL Micro Soot-Sensor in the range of 1-1000 mg/m3. The fuel injection system 

consisted of a solenoid injector connected to a common rail allowing a maximum injection 

pressure of 2700 bar. Table 1 and Figure 1 further show the metal engine setup used.    

 

Figure 1. Metal engine layout  

Table 1. Metal engine specifications 

Engine Speed [rpm] 1200 

Displacement Volume [L] 2.13 

Connecting Rod [mm] 255 

Bore [mm] 131 

Stroke [mm] 158 

Geometric Compression Ratio 17:1 

Fuel Diesel 
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2.2 Optical Engine Experimental Apparatus 

The optical engine (see Fig. 2) was used to reproduce the metal engine experiments 

and thus has the same geometry of the Volvo D13C500. One major difference from the 

metal engine layout is the use of the Bowditch concept to allow optical access. An 

extension and a piston holder were mounted on the top of the standard piston (see Fig. 3). 

A quartz piston having an ω-shape was glued on the holder with a mirror placed below. 

This allowed a bottom-view on the entire combustion chamber. Further, a liner containing 

three quartz (Suprasil 2 grade B) windows was used to allow a side view of the combustion 

chamber from three orthogonal directions.  

 

Figure 2. Optical engine setup  

The optical engine differs from the metal engine in terms of a lower effective 

compression ratio [28]. The optical effective compression ratio of 12.5:1 origins from a 

changed piston ring structure as well as a larger blow-by. In order to compensate for this 

pressure loss, the intake pressure boosting was increased. Furthermore, the optical engine 

operation utilizes a skip-fire mode with a sequence of 3 fired cycles followed by 7 motored 
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cycles. This keeps the thermal stress low on the sensitive optical parts. In order to avoid 

large cycle-to-cycle variations, only the third cycle in every set is used for image analyses. 

Intake heating was used to replicate the metal engine conditions. For estimating the intake 

pressure and temperature levels needed at TDC, the following equation was used: 

∫
𝛾

𝛾−1

𝑇𝑐

𝑇0

𝑑𝑇

𝑇
= ln (

𝑃𝑐

𝑃0
)       (1) 

Where 𝑃0 is the intake pressure [bar], 𝑇0 the intake temperature [K] and 𝛾 the 

specific heat ratio. Here, the specific heat ratio was obtained from the NASA polynomials 

of air and the intake pressure was decided experimentally to match the metal engine 

motored maximum pressure. The experimental conditions are summarized in Tab. 2 where 

a fuel amount of 50 mg/cycle, or 10.5 bar FuelMEP, and an injection pressure of 1500 bar 

were used. The optical engine experiments used n-heptane as surrogate for the diesel fuel 

(CEC RF-06-03) used in earlier metal engine experiments [18].   

2.3 Test Conditions 

Based on the results of previous engine experiments, a set of base cases are 

considered to further investigate isobaric combustion. These cases are operated using 

multiple injections from a single central injector. The injections’ timing and duration are 

detailed in Tab. 2 along with the test conditions. All engine tests aimed at moderate peak 

motored pressures of 50 or 68 bar at the top dead center (TDC). Three different scenarios 

were then established as follows: 
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4. Conventional Diesel Combustion (CDC) – the standard case used for comparison 

with isobaric cases utilizes a standard Diesel injection strategy (a short pilot 

injection followed by a long main injection) at a motored peak pressure of 50 bar 

5. Isobaric Low Combustion (ILC) – isobaric combustion achieved by four 

consecutive injections with the same fuel amount as the CDC case. The motored 

pressure at TDC was set to 50 bar.  

6. Isobaric High Combustion (IHC) – the motored pressure at TDC was raised to 

68 bar to match the peak pressure of the CDC case. Similarly to the ILC, four 

consecutive injections are used to achieve isobaric combustion while retaining the 

fuel amount as compared to the other cases. 

It is worthwhile to note a deviation in the motored peak temperature between metal 

and optical engines in the three cases analyzed. Specifically, the temperature varies from 

around 780 K in the CDC and ILC cases of the optical engine to 810 K in the metal engine. 

There is a similar temperature difference of 37 K between the IHC case in optical and metal 

experiments. These deviations have a minor effect in establishing solid basis for 

comparison between metal and optical experiments. The aforementioned argument is 

supported by analyzing the ignition delay time (IDT) of n-heptane at the temperature and 

pressure conditions used. Shen et al. [29] reported IDT measurements of n-heptane auto-

ignition in the stoichiometric mixture with air at high pressure in a shock tube. At pressure 

levels similar to the CDC and ILC (50 bar), n-heptane auto-ignites at an IDT of 370 µs at 

780 K (optical case) and 296 µs at 810 K (metal case). This difference of 74 µs translates, 

when accounting for the engine speed of 1200 rpm, into 0.5 CAD, which can be considered 
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small. The CAD delay between metal and optical will reduce further for the IHC case as it 

operates at higher pressure.  

Table 2. Summary of the test conditions 

Case 

Inj. Signal 

[CAD 

ATDC] 

Inj. 

Duration 

[µs] 

Absolute 

Boost 

Pressure 

[bar] 

Intake 

Temp. 

[K] 

Motored 

Peak 

Temp. [K] 

Motored 

Peak 

Pressure 

[bar] 

CDC (optical 

engine) 
-6, -3 190, 405 1.68 325 776 49 

ILC (optical 

engine) 

-4, 1, 4, 

8.3 

200, 200, 

220, 300 
1.68 325 778 49 

IHC (optical 

engine) 

-3, 1, 3.5, 

6.3 

190, 200, 

200, 270 
2.42 325 780 68 

CDC (metal 

engine) 
-6, -3 190, 405 1.00 292 810 49 

ILC (metal 

engine) 

-4, 1, 4, 

8.3 

200, 200, 

220, 300 
1.00 292 810 50 

IHC (metal 

engine) 

-3, 1, 3.5, 

6.3 

190, 200, 

200, 270 
1.45 290 817 68 
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Figure 3. Schematic of the optical engine setup for high-speed imaging. 

2.4 Optical Diagnostic Techniques 

2.4.1 High-Speed Imaging of the Liquid-Phase Spray under Non-Reactive Conditions 

As shown in Fig. 3, a CMOS high-speed camera (Photron SA4) with a Nikon 50 

mm/f 1.2 lens was used to record the Mie scattering signal of the liquid-phase fuel injection 

from below the optical piston. The frame rate and exposure time of the high-speed camera 

were kept at 36 kHz and 10 μs, respectively. The time resolution of 0.2 CAD, when running 

the engine at 1200 rpm, enabled the time-resolved imaging of the short fuel injection pulses 

in the four consecutive fuel injections. However, the very short exposure time resulted in 

a too low light signal for the spray imaging under non-reactive conditions. Thus, a 350 

Watt halogen lamp light source was applied from the left window shown in Fig. 4. A single 
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fuel spray was chosen for post-processing and images from 20 cycles were processed to 

get the average results. The liquid-phase penetration length was quantified to show the 

actual fuel injection process by detecting the leading edge of the spray jets. An averaging 

of ten images was performed followed by image binarization. The spray edge was detected 

as 10 % of the peak light intensity. More details about this technique can be found in [30]. 

The time-resolved spray penetration length provides useful information about the hydraulic 

delay and injection duration.   

2.4.2 Fuel-Tracer PLIF Imaging under Non-Reactive Conditions 

Toluene of 2% by volume was added into the n-heptane fuel. The fourth harmonic 

(266 nm, 60 mJ/pulse) of a 10 Hz Nd:YAG laser (Q-smart 850, Quantel) was chosen for 

the toluene tracer excitation. Figure 4 shows the schematic of the fuel-tracer PLIF setup. 

The laser beam was imaged into a vertical sheet of approximately 0.5 mm thickness and 

20 mm height using a combination of three cylindrical lenses (f1=-20 mm, f2=+100 mm 

and f3=+1000 mm). The laser sheet was placed on the centerline of the targeted fuel jet as 

shown in Fig. 4.  
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Figure 4. Schematic of the fuel-tracer PLIF and LII system. 

A convex cylindrical lens was designed and installed on the side window to correct 

the image distortion caused by the concave window. An ICCD camera (Princeton, PI-

MAX3), equipped with a 100 mm, f/2.8 UV-lens (CERCO 2178, Sodern) mounted in a 

tilted position, was used to visualize the entire targeted fuel spray region. A tilt/shift lens 

mount adapter (Scheimpflug adapter) rotated the camera lens to a certain angle relative to 

the camera to correct the focus shift produced by the ICCD camera tilting. A band-pass 

filter (FF01-285/14, Semrock) with a transmission range of 278-292 nm was coupled to 

the lens to collect the toluene PLIF signal. The gate width and gain level of the ICCD 

camera were 100 ns and 85, respectively. Due to the low frequency of the laser, only one 

PLIF image could be acquired in each engine cycle. In each test set, 50 images at the same 

crank angle were considered for averaging the PLIF images. 



225 
 

 Submitted to Applied Energy 2020-04-28 

The PLIF image distortion caused by the side window was corrected in four steps. 

First, a background average image is subtracted from the PLIF image. Then the PLIF image 

intensity was normalized by an average of 50 images taken at the same crank angle but 

with port injection forming a uniform mixture. This step removes the effects of laser sheet 

non-uniformity and the laser energy attenuation caused by the piston bowl wall. The PLIF 

image was then separated into two parts, namely above and below the piston bowl top. The 

distortion in the upper image is caused by the optical liner while the distortion in the lower 

image by both the optical liner and the piston bowl. Thus, these two parts are corrected 

separately based on grid-mapping using the MATLAB image processing toolbox. A similar 

correction procedure can be found in our previous work [31] and the work of Miles et al. 

[32]. Finally, the two parts of the distortions-corrected images were combined and a mask 

with the piston top and bowl boundary was applied to the image to show the spatial 

relationship between the fuel jet and the piston bowl. A small region (1.5 mm thick) along 

the piston top surface is masked because the local distortion is too large to be removed in 

post-processing. 

2.4.3 Flame Luminosity Imaging 

A high-speed Photron SA-X2 monochromatic camera with a Nikon 50 mm/f 1.4 

lens was placed in a horizontal plane at the height of the mirror, seen in Fig. 3. The camera 

settings are summarized in Tab. 3 where a frame rate of 75000 fps was used for capturing 

the combustion luminosity. A bandpass filter, allowing wavelengths in a range of 50 nm 

centered at 440 nm, was utilized. This filter enhanced the visibility of observed combustion 

due to the high soot luminosity levels experienced. The vision field was halved (see Fig. 
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5) to increase the frame rate. The size of the optical view field was 256*480 pixels with a 

pixel resolution of around 190 μm.  

Table 3. Camera setup for the high-speed imaging of the flame luminosity.  

Frame Rate [fps]  75 000  

Frames per CAD  10.42  

Shutter Speed [s]  1/400 000  

Band-Pass Filter [nm]  440/50  

Camera Trigger Point [CAD ATDC]  -4  

 

 

Figure 5. Field of view for high-speed imaging of the flame luminosity (a) and PLIF/LII (b). 
The laser sheet location for the PLIF and LII measurement is shown by a dashed line with 

an arrow. 
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2.4.4 LII Imaging Under Reactive Conditions 

The same laser (266 nm, 60 mJ/pulse, laser fluence about 0.24 J/cm2), used in the 

fuel-tracer PLIF, was adopted for LII experiments. As is known, the 266 nm laser can also 

excite the fluorescence signal from PAHs produced during the combustion and thus 

introduce interference to the LII signal from soot. The lifetime of PLIF is tens of 

nanoseconds due to oxygen quenching, whereas the lifetime of soot LII signal is 

considerably longer [28]. To remove the interference of the PLIF signal to the LII signal, 

we delayed the ICCD camera gatewidth 200 ns relative to the laser pulse. This assured that 

only the LII signal that has a much longer lifetime can be captured by the ICCD camera 

that has a gatewidth of 100 ns and gain level of 70. A band-pass filter (FF01-451/106, 

Semrock) with a transmission range between 400 and 500 nm was coupled to the lens to 

collect the LII signal. During the experiments, we found that the combustion flame for both 

CDC and isobaric combustion was very sooty. The LII signal intensity was very high even 

with the current setup and the optical windows were fouled easily. The high-speed imaging 

of the flame luminosity shows that the flame luminosity intensity peaks at 10 CAD ATDC 

for the CDC case. Thus, only the averaged LII images from ten cycles at 10 CAD ATDC 

were presented to compare the soot distribution for CDC and isobaric combustion. The LII 

image correction process is similar to that of the PLIF images processing in section 2.4.2. 

The only difference is that there is no step (2) in the procedure since the LII was carried 

out under reactive conditions and there is no way to form a uniform soot distribution field 

for the correction in step (2). 
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3. Results and Discussions 

This section presents and explains the results found in the experiments performed 

in this study. The first part contains the performance of isobaric combustion as compared 

to the CDC in terms of efficiency, in-cylinder temperature, rate of heat release (RoHR), in-

cylinder pressure and emission levels. The second part presents an explanation for observed 

performance by investigating the flame by optical high-speed imaging and laser studies. 

3.1 Performance Measurements in the Metal Engine 

An earlier metal engine study has been used for setting up the investigated cases in 

this study [18]. An empirical approach with different fuel injection strategies was utilized 

to achieve the isobaric heat release in the IHC and ILC cases. In order to compare the 

isobaric cases with the standard CDC case, the performance was evaluated by measuring 

the in-cylinder pressure along with the engine-out exhaust levels. Figure 6 shows the 

different engine losses, as well as the output work, concluded from this study. The 

combustion losses are low, compared to other losses, for all cases and thus not changing 

significantly as an effect of the multiple injections of the isobaric cases. However, the HC 

and CO emissions (see Figure 7) increase suggesting a less effective combustion for the 

isobaric cases. The effect and explanation for this will be further discussed in the optical 

engine section. Figure 6 shows how the heat transfer losses, to the cylinder walls, are 

reduced by 2 and 3.6 %-points for the ILC and IHC, respectively. The lower heat losses 

are an effect of the lower in-cylinder temperature and will be evaluated further in the optical 

engine section, where the location of hot zones, as well as the injection duration, will be 

discussed. As an effect of the lower heat losses, the exhaust energy is increased. The 
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increased exhaust energy raises the engine efficiency when utilizing a waste heat recovery 

system, such as the DCEE concept. Furthermore, the high exhaust temperature that follows 

is useful for exhaust after-treatment systems’ efficiency. The useful energy levels, 

including gross indicated work and exhaust energy, are higher for the isobaric cases 

compared to the CDC case. The IHC sees the highest level with 79 %, of the input fuel 

energy, as compared to 77.4 % for the ILC and 75.4 % for the CDC case. Thus, the IHC 

shows the highest efficiency potential both when utilizing the DCEE concept and for a 

standard diesel engine configuration.  

During the middle to late stages of the expansion stroke, diminished losses have a 

smaller effect on the efficiency gains since the remaining expansion is smaller. The low 

direct efficiency gain thus suggests a late heat loss reduction. However, the late heat losses 

are affected by earlier conditions such as the rate of heat release which will be discussed 

later.  

The NOx emissions (see Fig. 7) are reduced when utilizing isobaric combustion. 

Both the IHC and the ILC show approximately halved NOx levels as compared to the CDC 

case. The reduction is a direct effect of the lower in-cylinder temperature and occurs despite 

the higher air-fuel ratio, from increased boost pressure, for the IHC. However, HC, CO and 

soot levels increase for the isobaric cases. The ILC shows the highest emissions with thrice 

the soot-levels and twice the HC-levels of the CDC case. The high soot levels suggest fuel-

rich regions occur when injecting multiple times which will be discussed further in the 

optical engine section. A fuel-rich region occurs when injecting into a burnt zone that 
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subsequently increases soot production. The high air-fuel ratio of the IHC gives more 

resilience to this phenomenon.     

 

Figure 6. Metal engine performance measurements showing the different energy levels 
for each case [18] 
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Figure 7. Metal engine emissions measurements including CO [g/kWh], HC [g/kWh], NOx 
[g/kWh] and soot [mg/m³] 

3.2 Optical Engine Results 

The measured performance in the metal engine has now been discussed. In the 

following section, clarifications and explanations for the measured performance will be 

obtained. Results from optical diagnostic techniques will be presented to give a greater 

understanding of the in-cylinder behavior.  

3.2.1 Heat Release and Flame Luminosity for the CDC, ILC and IHC Cases 

Figure 8 shows the pressure and heat release plots as well as the time-resolved 

flame luminosity images for the CDC case. Here, the optical engine operating conditions 

differ from the corresponding metal engine studies. The optical engine combustion is 

governed by a large premixed part due to a longer injection delay. The time for mixing is 

increased and the pre-mixed heat release spike follows. It is further notable that only a 
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small amount of combustion signal is visible at 5 CAD ATDC although heat release is 

observed. The weak chemiluminescence signal in the filter transmission range (415-465 

nm) during the heat release before 5 CAD ATDC could not be observed by the camera. 

However, it can be concluded that the long mixing time prevents soot production at the 

early stages of the combustion for the CDC case. The heat release is ongoing for around 6 

CAD while the illumination is visible until after 16 CAD ATDC. The main heat release 

ends after 10 CAD. Thus, the flame luminosity after 10 CAD comes from soot radiation.  

 

Figure 8. Pressure [bar], optical engine RoHR [J/CAD], injection signals and normalized 
accumulated light intensity [a.u.] along with high-speed images for the CDC case 
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Figure 8 shows how the combustion occurs close to the edge of the bowl, at 9, 11, 

13 and 16 CAD ATDC. Thus, the difference between cylinder wall temperature and in-

cylinder gas temperature should be high, leading to high heat transfer losses. Furthermore, 

the fast combustion close to TDC leads to a high in-cylinder temperature along with a large 

area-to-volume ratio. Thus, the heat losses are increased further in the CDC case, which is 

in line with the performance measured in the metal engine studies. The lower heat losses 

of the optical case compared to the metal case are explained from the pressure graph where 

the late pressure reduces at a slower rate for the optical case. This is a direct effect of the 

different piston and of the presence of quartz windows leading to an altered heat transfer 

coefficient. It is also notable that the pressure graph shows unstable behavior after the end 

of combustion as an effect of the rapid heat release. This results in increased engine sound.  

Figure 8 also shows soot production from injector dribbling at 9 and 11 CAD 

ATDC. Thus, the injector itself is a contributor to in-cylinder soot emissions. At 7-16 CAD 

ATDC, it is also seen how combustion occurs in the squish zone leading to heat losses and 

poor access to air meaning increased emissions. 

Figure 9 shows the combustion for the ILC case, with four consecutive injections. 

An isobaric heat release is achieved by increasing the fuel amount in stages as the piston 

is expanding. As discussed in the metal engines section, the isobaric combustion results in 

less expansion after combustion but also reduced heat losses. It is again observed how the 

optical engine case experience a longer ignition delay for the early injections leading to a 

slightly lower pressure, around 5-8 CAD ATDC, compared to the metal engine case. The 

isobaric combustion shows a longer combustion duration with delayed soot production. 
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Thus, the time for soot oxidation is reduced and it is seen, in Figure 9 that the luminosity 

from soot is still high at 22 CAD ATDC. The ILC heat release starts after the second 

injection, as is shown by the low heat release rate and the small flame area close to the 

injector at 5 CAD ATDC. Thus, the fuel from the first and second injections had relatively 

long mixing time. This, in turn, reduces the soot amount at this stage.  

 

Figure 9. Pressure [bar], optical engine RoHR [J/CAD], injection signals and normalized 
accumulated light intensity [a.u.] along with high-speed images for the Isobaric Low 
Combustion (ILC) case 

The flame luminosity (FL) images at 7 and 11 CAD ATDC illustrate that, as the 

third and fourth injections start, the fuel is injected into the burnt zone. Thus, the oxygen 
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availability is lower than normal in this zone leading to a rich mixture. This can be observed 

by the long jet penetration at 11 CAD ATDC. Note that the flame luminosity intensity of 

the ILC case, shown in Fig. 9, is much higher than that of the CDC case in Fig. 8. The peak 

of the ILC case is about three times higher than that of the CDC case. The observations of 

late luminosity from soot are in line with the high soot levels measured in the metal engine 

experiments. The high-speed images show that soot production is higher in the ILC case 

as an effect of the fuel injection into the combustion zone rather than fresh air. Thus, 

utilizing multiple injectors, hence injecting into different locations within the cylinder, is a 

possible solution for reducing the soot levels of isobaric combustion. The full chamber 

volume can be utilized when having injectors placed at different locations. Later injections 

can then be guided towards a chamber zone with an excess of air followed by better air 

utilization and lower soot levels [16].  

Comparable to the CDC case, the high-speed images in Fig. 9 show how the 

combustion occurs close to the cylinder walls and in the squish zone. Having hot zones 

close to the cylinder walls increases heat transfer losses by an elevated temperature 

gradient. As discussed earlier, combustion in the squish zone is unfavorable in terms of 

both mixing and heat transfer losses. The late heat release of the ILC leads to a higher in-

cylinder temperature at the latter stages of expansion meaning a large surface area for heat 

transfer. 

The higher air-fuel ratio in the IHC case allows a different injection strategy for 

reaching isobaric combustion, as seen for the metal engine cases. The fourth injection is 

placed earlier compared to the ILC as an effect of the higher in-cylinder pressure. Figure 
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10 shows the high-speed images as well as the pressure and RoHR graphs for the IHC. The 

RoHR at 12-15 CAD ATDC is higher than for the metal engine case leading to a slightly 

higher pressure at these CADs. As a higher intake pressure is used for the IHC, a higher 

air-fuel ratio follows. The higher air-fuel ratio, along with a higher in-cylinder pressure 

lead to a shorter ignition delay compared to the ILC. As shown in Fig. 10, the heat release 

starts after the first injection. At 5 CAD ATDC, when the second injection ends, the FL 

intensity is higher than that of the ILC. The image shows sooty flames and long liquid 

penetration lengths, features typical of mixing controlled combustion. 

 

Figure 10. Pressure [bar], optical engine RoHR [J/CAD], injection signals and normalized 
accumulated light intensity [a.u.] along with high-speed images for the Isobaric High case 
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The image at 7 CAD ATDC clearly shows the third fuel injection entering the flame 

formed by the previous two injections. This feature of “fuel injected into flame” of the 

multiple injections is not favorable in terms of soot emission. However, an increased 

amount of air in the IHC case enhances the soot oxidation and lowers the production of 

soot emissions compared to the ILC case. This is shown by the lower peak FL intensity in 

Fig. 10.  The accumulated FL intensity curves for the isobaric cases also show two distinct 

regions, in line with the observed two-stage heat release rate. The first stage combustion is 

a result of the first three fuel injections while the second stage combustion is due to the 

fourth injection. 

Much of the combustion occurs in the squish zone or close to the cylinder walls. 

For the two isobaric cases, the hot zones close to the walls exist for longer times than for 

the CDC case. This increases the effective temperature difference between the wall and in-

cylinder gases leading to higher convection heat losses. Thus, although the heat losses are 

reduced for the isobaric cases, there is room for improvement if the hot zones could be 

directed towards the combustion chamber center. With the observations discussed here, it 

is concluded that the higher air-fuel ratio of the IHC allows an injection strategy producing 

lower amounts of soot as compared to the ILC. Furthermore, the soot oxidation is more 

efficient and occurs during a longer time for the IHC case.  

3.2.2 Liquid-Phase Fuel Penetration and Fuel-Tracer PLIF Imaging 

From the discussion in the previous sections, we know that the main difference 

between the CDC and isobaric cases lies in the fuel injection and spatial distribution. On 

the other hand, the overall equivalence ratio rather than fuel spatial distribution is the key 
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difference between the ILC and IHC. To explore the essential features of isobaric 

combustion and its main differences from the CDC case, the laser measurements were 

performed for the CDC and ILC cases under non-reactive conditions. These two conditions 

share the same motored cylinder pressure and temperature. 

Figure 11 and Figure 12 show the PLIF images along with the penetration measured 

from the liquid-phase fuel Mie scattering imaging. More information about the Mie 

scattering imaging and the determination of the liquid-phase penetration length can be 

found in our previous work [30]. The PLIF intensity is adjusted by using different scaling 

factors based on the measurement timings for better interpretation of the PLIF signal 

intensity. The liquid-phase penetration length is directly correlated to the fuel injection 

process at these non-reactive conditions. As is seen, the first injection with a peak liquid-

phase penetration length of about 5 mm, for both cases, is small and acts as a pilot for the 

later main injections. The peak penetration length for the second injection of the CDC case 

is about 25 mm. This is the same penetration length as for the fourth injection in the ILC 

case. The second and third injections of the ILC case are shorter than 20 mm, indicating a 

lower fuel amount delivered compared to the fourth injection. From 0 to 4 CAD ATDC, it 

is clearly seen how the second injection of the CDC case penetrates onto the cylinder walls 

and the squish zone. The CDC case images from 6 to 10 CAD ATDC also show that a fuel-

rich zone is formed close to the piston bowl wall after the end of injection, leading to fuel 

in the squish region. Distinct signs of injector dribbling can be seen after the end of 

injection, which explains the soot formation around the injector nozzle in Fig. 8.  
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Figure 11. Horizontal liquid-phase penetration length [mm] with Mie scattering images 
(left) and averaged fuel-tracer PLIF images (right) at specified crank angles under non-
reactive conditions for the CDC case. 

For the ILC case, the later injections are directed into the fuel-rich region formed 

by the previous ones (see Fig. 12). At 13 CAD ATDC, the fourth injection has reached the 

edge of the bowl with a long liquid penetration length. The hydraulic delay of the injector 

is not much affected by the multiple injections. The liquid-phase spray penetration shows 

how the first injection, for the ILC, experiences a 2 CAD hydraulic delay. The three later 

injections experience 1 CAD hydraulic delays which is in line with the second injection of 

the CDC case. Thus, it is concluded that although close injections are used, it has little or 

no effect on the hydraulic delay. With a bowl radius of 46 mm and peak liquid-phase 
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penetrations of about 25 mm for both cases, no liquid-phase fuel reaches the edge of the 

bowl under the present conditions. Thus, no wall wetting occurs for either the ILC or the 

CDC. The earlier observed injector dribbling for both cases is verified by the distinct fuel 

dribbling in the PLIF images in Fig. 11 and Fig. 12. This injector dribbling could lead to 

higher soot and HC emissions. To summarize, the non-reactive cases covered in this section 

give further insight into the fuel injections and confirm the results from the earlier observed 

chemiluminescence.   

 

Figure 12. Horizontal liquid-phase penetration length [mm] with Mie scattering images 
(left) and averaged fuel-tracer PLIF images (right) at specified crank angles under non-
reactive conditions for the ILC case. 
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3.2.3 Spatial Soot Distribution Analysis Based on FL, Fuel-Tracer PLIF and LII 

Imaging 

Figure 13 and 14 summarize the PLIF results along with averaged high-speed 

images and LII images for the CDC and ILC cases, respectively. As mentioned before, the 

LII studies were performed at 10 CAD ATDC since that corresponds to the peak FL 

intensity for the CDC case. Averaged LII and flame luminosity images from ten different 

cycles are presented. Combining the non-reactive fuel-tracer PLIF image, the reactive 

flame luminosity and soot distribution shown by LII, a better understanding of the 

combustion process of the CDC and ILC cases is achieved. At 10 CAD ATDC, where the 

main heat release ends for the CDC case, the flame luminosity occupies the fuel region 

close to the piston bowl wall. Soot is observed from the LII images in the entire spray area 

and the amount increases close to the edge of the bowl. 

The ILC case (Fig. 14) shows substantially higher soot levels at 10 CAD ATDC 

compared to the CDC case (Fig. 13). Two luminous regions can be identified and 

correspond well with the non-reactive fuel distribution. One zone is close to the edge of 

the bowl due to soot produced from the third injection and another zone is closer to the 

injector attributed to soot produced from the fourth injection. These two stages of soot 

production give the characteristic shape of split luminous zones in the chamber seen in the 

LII images. It is also seen that the ILC case suffers large amounts of soot in the squish zone 

for the ILC. This is an effect of the ILC injection strategy rendering fuel-rich zones in the 

squish zone. Furthermore, the multiple-injections strategy with injections into burnt zones 

leads to shorter mixing times and a lack of oxygen. This, in turn, leads to the higher 
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luminosity levels observed in the LII images. This is in agreement with measurements 

showing high soot levels for the ILC in the metal engine studies. 

The late injections of the ILC also mean that the piston has started moving 

downwards leading to a less favorable spray direction. With the piston moving downwards, 

the sprays are directed towards the squish zone as seen from the PLIF images in Fig. 14. 

Comparing with the PLIF images from the CDC case, in Fig. 13, the fuel was injected 

earlier and thus aimed towards the piston bowl.  

 

Figure 13. Averaged flame luminosity images from ten cycles (top), averaged fuel-tracer 
PLIF images under non-reactive conditions (middle) and averaged LII images from ten 
cycles (bottom) at 10° CA ATDC for the CDC case. The location of the laser sheet is marked 
by a blue dashed arrow on the FL image. 
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Figure 14. Averaged flame luminosity images from ten cycles (top), averaged fuel-tracer 
PLIF images under non-reactive conditions (middle) and averaged LII images from ten 
cycles (bottom) at 10° CA ATDC for the ILC case. The location of the laser sheet is marked 
by a blue dashed arrow on the FL image. 

To summarize the results section, the high soot levels measured in the ILC metal 

engine studies were confirmed and explained in the optical diagnostics study. The high 

soot levels were found to be a direct effect of injecting into a burnt zone as well as a less 

favorable injection angle for late injections. Furthermore, the late soot production of the 

ILC left less time for soot oxidation. Finally, the injection from the centrally placed injector 

was found unfavorable in terms of heat transfer losses due to a large amount of hot zones 

close to the cylinder walls.  
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4. Conclusions 

This study compared earlier metal engine experiments with optical engine experiments to 

investigate how isobaric combustion can be utilized in a heavy-duty CI engine using a 

single DI injector. The in-cylinder combustion characteristics of the isobaric combustion 

and conventional diesel combustion (CDC) were compared using multiple optical 

diagnostic techniques. Three main cases were compared, namely, conventional diesel 

combustion and two isobaric cases. The measurement techniques used included high-speed 

imaging of liquid-phase MIE scattering, high-speed imaging of the flame luminosity, fuel-

tracer PLIF and LII to provide a full-scale image of the in-cylinder fuel/air mixing, ignition 

and flame development, as well as the spatial soot distribution. The main conclusions are 

as follows: 

 (1) Using only one DI injector, isobaric combustion can be achieved using the four-

consecutive-injections strategy but it leads to higher soot levels compared to conventional 

diesel combustion. A higher intake boost condition reduces soot emission from isobaric 

combustion but they remain 60 % higher than for CDC.  

(2) The higher soot levels of the isobaric combustion were attributed to the reduced 

air entrainment when injecting fuel into the burnt region. This feature was verified by high-

speed imaging, PLIF and LII measurements.  

(3) The traditional DI injector with a wide umbrella angle was found unfavorable 

for the late injections of the isobaric cases. With a wide umbrella angle, excessive fuel 

entered the squish region during the later injections. The following rich combustion, 

occurring in the squish zone, led to large amounts of soot formation.  
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Based on the findings in the present study, we proved the necessity of adopting 

multiple injectors in the isobaric combustion concept. The flexibility of multiple injectors 

for the temporal and spatial control of the fuel sprays could improve air utilization 

efficiency by avoiding local fuel-rich regions or injection into the burned zone. It could 

also reduce the heat losses by avoiding hot flame zones entering the squish region or 

approaching the cylinder wall. 

Abbreviations 

ATDC – After Top Dead Center 

BDC – Bottom Dead Center 

CA – Crank Angles 

CAD – Crank Angle Degrees 

CDC – Conventional Diesel Combustion 

CI – Compression Ignition 

CO – Carbon Monoxide 

DCEE – Double Compression Expansion Engine 

DI – Direct Injection 

EGR – Exhaust Gas Recirculation 

FL – Flame Luminosity 

HC – Hydrocarbons 

HD – Heavy Duty 

ICCD – Intensified Charge-Coupled Device 

IHC – Isobaric High Case 

ILC – Isobaric Low Case 
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LD – Light Duty 

LII – Laser-Induced Incandescence 

NOx – Nitrogen Oxides 

PLIF- Planar Laser-Induced Fluorescence 

RoHR – Rate of Heat Release 

SI – Spark Ignition 

TDC – Top Dead Center 
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ABSTRACT 

As a further attempt to enhance thermal efficiencies of high-pressure combustion engines utilizing multiple injector 

strategies, the effects of swirls as a means to reduce heat losses are investigated computationally. Computational fluid 

dynamics simulations employed the Reynolds-averaged Navier-Stokes approach, for one to three injector configurations. 

High and medium load conditions were simulated at different swirl ratios. In general, an increased swirl ratio reduced the 

engine efficiency. However, for all swirl ratios, the cases using three injectors provided higher efficiency. Furthermore, the 

cases using two injectors decreased the heat losses for all swirl ratios. Injection against the swirl with multiple injectors 

provided the highest efficiencies. In combination with a waste heat recovery system, the two-injector case delivered an 

efficiency increase of 2.2 %-points for the medium load case. The multiple injector configurations evaluated in this study 

proved non-beneficial for the high load case. Jet to jet interactions led to lower combustion and indicated efficiencies. 

However, the high flow rate of the three injector case showed potential for delivering high indicated efficiency at high 

loads.     
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ABSTRACT 

Numerical studies investigated how multiple injectors 

can reduce the high heat losses associated with swirl, as 

a further attempt to enhance thermal efficiencies of high-

pressure combustion engines. Computational fluid 

dynamics simulations employed the Reynolds-averaged 

Navier-Stokes approach for one, two -and three injector 

configurations. High and medium load conditions were 

simulated at different swirl ratios. In general, an 

increased swirl ratio reduced engine efficiency. However, 

for all swirl ratios, three injectors provided higher 

efficiency. Two injectors decreased the heat losses for all 

swirl ratios, and injection against the swirl with multiple 

injectors provided high efficiencies. In combination with 

a waste heat recovery system, the two-injector case 

delivered an efficiency increase of 2.2 %-points for the 

medium load case. Three injectors delivered high 

efficiencies at all swirl ratios as an effect of a high flow 

rate and low heat losses. The multiple injector 

configurations evaluated in this study proved non-

beneficial for the high load case. Spray-to-spray 

interactions lowered the combustion -and indicated 

efficiencies. However, the three injector case showed 

potential for delivering high indicated efficiency, from an 

increased flow rate, at high loads.     
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NOMENCLATURE 
AMR Adaptive Mesh Refinement  

AS2  Injection against a swirl ratio of 2  

ATDC After Top Dead Center 

DCEE Double Compression Expansion Engine 

EXMEP Exhaust Mean Effective Pressure 

HCCI Homogenous Charge Compression Ignition 

IMEP Indicated Mean Effective Pressure 

LTC Low-Temperature Combustion 

MEP Mean Effective Pressure 

NS  No Swirl 

PPC  Partially Premixed Combustion 

RANS Reynolds-Averaged Navier-Stokes 

RoHR Rate of Heat Release 

S1  Swirl Ratio 1 

S2  Swirl Ratio 2 

S3  Swirl Ratio 3 

S5  Swirl Ratio 5 

SOI  Start of Injection 

WHR Waste Heat Recovery 

 

1. INTRODUCTION 
Global warming effects give increased priority to reduce 

greenhouse gas emissions [1]. Thus, the compression-ignition 

internal combustion engine, which contributes to greenhouse gas 

emissions, faces ever-more stringent emission regulations [2], 

demanding higher engine efficiency [3]. 

A fast heat release achieves high engine efficiency due to the 

resemblance of isochoric heat release [4]. Higher turbulence, 

from, for example, elevated in-cylinder swirl, renders a higher 

heat release rate for compression-ignition engines [5]. A study 

reported an efficiency increase of 2 %-points for a light-duty 

compression-ignition engine with an increased swirl ratio from 

0 to 3 [6]. However, studies also suggest increased heat losses 

by swirl, leaving room for further improvement [7]. 

Multiple injector concepts reduce the heat losses for 

compression ignition engines by low near-wall temperature 

gradients, a smaller wall area covered by hot gases, and 

reduced near-wall velocity and turbulence [8-11].  Studies 

suggest a 25 % heat loss reduction (at some load conditions 

without swirl) by placing two injectors at the rim of the piston 

bowl [12]. However, no study has been performed on how 

multiple injectors reduce heat losses at different swirl ratios.               

This study aims to investigate how multiple injectors can 

mitigate heat losses and increase efficiency when combined with 

different swirl ratios. The baseline engine uses a double 

compression expansion engine (DCEE) approach [13]. The 

DCEE employs a split-cycle consisting of one low-pressure (LP) 

unit and one high-pressure (HP) unit (see FIGURE 15). The 

DCEE delivers efficiency up to 56 % as a result of the high 

expansion ratio; high-pressure combustion; and the ability to 

recover exhaust energy, following from the split-cycle approach 

[14].   

 

 
FIGURE 15: DCEE LAYOUT [14] 

This study focuses on the DCEE HP-cylinder, a standard 4-

stroke engine with a low compression ratio. Thus, the study 

applies to conventional compression-ignition engines with the 

addition that the normally wasted exhaust energy can be utilized 

for generating useful work.    

 
2. METHODOLOGY 

Three-dimensional Reynolds-Averaged Navier-Stokes 

(RANS) simulations were performed using the Converge CFD 

software, version 2.4. The simulations included investigations of 

one, two, and three injectors at five different swirl ratios. This 

section covers some definitions; the computational setup and 

validation; and the test conditions.  

 

2.1 Performance Calculations 
This study uses several performance indicators described 

here. Energy levels normalized by the displacement volume 

define the mean effective pressures (MEP). We calculated: the 

FuelMEP from the lower heating value and the fuel mass; the 

combustion efficiency by dividing the combustion heat with the 

fuel energy; and the work output and gross indicated mean 

effective pressure (IMEPg) by integrating the pressure over the 

volume from inlet valve closing to exhaust valve opening. The 

difference between fuel energy, work output, and heat losses 

provides exhaust energy. Previous studies offer more details on 

the indicators presented here [11].      

 

2.2 CFD Setup 
The computational setup consisted of the combustion 

chamber surrounded by the cylinder head, liner, and piston 

boundaries. The head boundary was stationary while the piston 

boundary translated according to the piston motion 

characteristics of the test engine. The sub-models included a 

renormalization group (RNG) k-epsilon RANS model for 

turbulence closure. Adaptive mesh refinement (AMR), based on 

temperature and velocity gradients, was applied on the 2 mm 

base mesh. Zone-specific mesh embeddings were added to the 

injectors and walls to accurately resolve the near-nozzle and 

near-wall fluid flow. FIGURE 16 gives further insight into the 

meshing strategy at three different CADs for a case with swirl 

ratio 1. The middle and bottom part of the figure reveals the 

AMR in combustion zones and fuel-rich zones.   
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The fuel injection consisted of spherical liquid diesel droplet 

parcels. Upon evaporation, the n-heptane emerged as a diesel 

surrogate to simplify chemical kinetics calculations. However, 

the models used the liquid properties and lower heating value of 

diesel. The spray breakup followed a hybrid Kevin-Helmholtz 

and Rayleigh-Taylor approach [15]. A Frossling evaporation 

model [16] estimated the evaporated droplet diameter.   

The boundary temperature was assumed constant at 500 K 

for all simulations performed. This assumption is in line with 

wall-temperature measurements in engine operation, where the 

temperature changes are minor [17]. The Amsden model [18] 

estimated convective heat transfer losses while no thermal 

radiation model was utilized.  

The chemistry calculations consisted of a 110 species n-

heptane mechanism [19] while a SAGE model [20] calculated 

the reaction source terms. All other computational sub-models 

follow the standards and recommendations from CONVERGE 

v2.4 [20].  

 
FIGURE 16: TWO-DIMENSIONAL SLICE SHOWING THE 

MESH AT -10, 0 AND 10 CAD ATDC FOR A CASE USING THE 

CENTRAL INJECTOR ONLY AT SWIRL RATIO 1 

2.3 Test Conditions 
All simulations in this study were performed on the Volvo 

D13 heavy-duty truck engine geometry. TABLE 4 contains the 

standard engine setup used for all cases. The engine speed was 

kept constant at 1200 rpm for all cases. It is worth noting that the 

compression ratio is lower than the typical Volvo D13 engine 

value. The 11.5:1 compression ratio was found optimal for the 

DCEE concept [14], which motivated the choice in current 

simulations.   

 

TABLE 4: GENERAL ENGINE SPECIFICATIONS AND SETUP 

Engine parameters  

Cylinder Volume 2.33 l 

Stroke 158 mm  

Bore 131 mm  

Connecting Rod 267.5 mm  

Compression Ratio 11.5:1 

Engine Speed  1200 rpm 

Nozzle Hole Diameter  240 μm 

Injector Umbrella Angle 145 degrees 

Intake Pressure 5 bar 

Fuel Diesel 

 

Two primary load conditions were evaluated in this study: a 

medium load and a high load case. TABLE 5 shows the case-

specific setup where the high load case included high EGR 

levels. The EGR was simulated by adding additional CO2, N2, 

and H2O to the in-cylinder gas composition at the start of 

compression.  

 

TABLE 5: CASE SPECIFIC ENGINE SETUP 

 Medium Load High Load 

Lambda 3.2 1.4 

EGR 0 % 36.4 % 

Intake Temperature 464 K 400 K 

Fuel Mass per Cycle 150 mg 275.6 mg 

FuelMEP 30 bar 55 bar 

Injection Pressure 1500 bar 2200 bar 

Start of Injection (SOI) -1 CAD ATDC -2.7 CAD ATDC 

Injection Duration 7.2 CAD 12.8 CAD 

 

TABLE 6 highlights the evaluated cases. The medium load 

case contained five different swirl ratios at 0, 1, 2, 3, and 5 

chosen as typical swirl ratios for compression-ignition engines 

with one outlier.  The swirl ratios were labeled NS (no swirl), S1 

(swirl ratio 1), S2 (swirl ratio 2), S3 (swirl ratio 3), and S5 (swirl 

ratio 5).  

Every swirl ratio included simulations with one, two, and 

three injectors. FIGURE 17 displays the injector configurations 

as follows: the reference case refers to the utilization of the 

central injector only; the two-injector case refers to the 

utilization of the two outer injectors only; and the three-injector 

case refers to the simultaneous use of all three injectors.  

All evaluated cases employ a single injection divided 

between the injectors in the following manner: the reference case 

injects all fuel from the central injector; the two-injector case 

divides the fuel equally for each side injector; and the three-

injector case injects half the fuel from the central injector and 

half the fuel from the two side injectors.  

The central injector wields six holes of 240 μm each, and the 

side injectors wield three holes, each of the same diameter. Thus, 

the central injector flow rate is twice the side injector flow rate. 

The three-injector cases halve the injection duration to keep a 

constant flow rate. 

The two-injector -and three-injector cases included injection 

against the swirl direction (see FIGURE 17) for the swirl ratio 2. 

These cases applied the abbreviation AS2 (injection against the 

swirl with the ratio 2).  
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The high load case simulated the swirl ratios 0 and 2 for 

injection with the swirl direction. The high load cases follow as: 

reference cases at NS; two-injector cases at NS and S2; and 

three-injector cases at NS and S2.   

 

 
FIGURE 17: INJECTOR AND SPRAY CONFIGURATION 

INDICATING INJECTION WITH (LEFT) AND AGAINST (RIGHT) 

THE SWIRL 

 

TABLE 6: EVALUATED CASES 

Swirl 

Ratio 

Load No. of 

Injectors 

Injection Direction 

Relative to Swirl 

0 Middle/High 1, 2, 3 With 

1 Middle 1, 2, 3 With 

2 Middle/High 1, 2, 3 With/Against 

3 Middle 1, 2, 3 With 

5 Middle 1, 2, 3 With 

 

2.4 Validation 
Two different cases used a single-injector approach to 

validate the simulations. These cases were compared with 

experimental data in terms of in-cylinder pressure and heat 

release.  

Both cases followed a similar validation procedure. At first, 

the compression ratio was adjusted to match the experimental 

motored pressure traces. EGR and residual gases were then 

added to ensure the accuracy of the pressure trace before 

combustion for the fired cases. Injection timings and injection 

durations were adjusted to account for the injector's hydraulic 

delay.  

FIGURE 18 shows the in-cylinder pressure and rate of heat 

release (RoHR) for the medium load experimental and 

simulation cases. The pressure traces are well-matched, although 

slightly faster initial combustion is observed for the simulation 

case due to the filtered experimental pressure trace. FIGURE 19 

shows that the pressure and RoHR are well matched for the high 

load case, although a slightly higher peak of RoHR can be 

observed from the simulation results. 

 

 
FIGURE 18: EXPERIMENTAL AND SIMULATION PRESSURE 

[BAR] AND ROHR [J/CAD] FOR THE MEDIUM LOAD 

VALIDATION CASE 

 
FIGURE 19: EXPERIMENTAL AND SIMULATION PRESSURE 

[BAR] AND ROHR [J/CAD] FOR THE HIGH LOAD CASE [22] 

3. RESULTS AND DISCUSSION 
 

3.1 Efficiency and Performance for Different Swirl 
Ratios at Medium Load 

FIGURE 20 manifests how an increased swirl reduces the 

gross indicated efficiency at 30 bar FuelMEP. The multiple 

injectors limit this trend and flatten the curve, especially at swirl 

ratios above 2. Movement from no swirl to swirl ratio 5 reduces 

the indicated efficiency by 2.5 %-points, for the reference cases. 

The same efficiency reduction stays at 2.1 –and 1.7 %-points, 

with two and three injectors, respectively. The use of two 

injectors increases the indicated efficiency at all swirl ratios 

except 0. The swirl ratio 3 realizes the most significant efficiency 

increase (compared to the reference case) at 0.5 %-points. The 

use of three injectors increases the indicated efficiency at all 



255 
 

  © 2020 by ASME 

swirl ratios. The swirl ratio 5 realizes the most significant 

efficiency increase at 0.9 %-points. In conclusion, multiple 

injectors diminish the efficiency loss at elevated swirl ratios. 

FIGURE 21 illustrates the total heat losses during 

compression and expansion as a function of the swirl ratio. 

Changing trends are concluded for reference, two-injector –and 

three-injector cases: the reference –and two-injector cases 

experience a similar pattern with increased heat losses at an 

elevated swirl; the three-injector cases experience the same 

trend, but with a gentler slope.  The heat losses change 4.7 %-

points for the three-injector case from no swirl to swirl ratio 5. 

In comparison, the heat losses vary 6.8 –and 7.0 %-points for the 

reference and two-injector cases, respectively. The two-injector 

cases realize the lowest heat losses at all swirl ratios. In contrast, 

the three-injector cases achieve lower heat losses, compared to 

the reference cases, at swirl ratios above 2.  

The DCEE (as described in the introduction) utilizes the 

exhaust energy to generate work in the expander unit. Since the 

DCEE expander efficiency depends on load and configuration, 

FIGURE 22 demonstrates two different example efficiencies. 

These efficiencies define the potential exhaust energy work 

output. Reduced heat losses become increasingly important at 75 

% expander efficiency (compared to 50 %). The DCEE output 

work (as a fraction of the fuel energy) decreases, from no swirl 

to the swirl ratio 5, by 4.7 %-points for the reference cases; 4.5 

%-points for the two-injector cases; and 3.2 %-points for the 

three-injector cases, with the 50 % expander efficiency. At the 

75 % expander efficiency, the same numbers become 5.7 %-

points for the reference cases; 5.7 %-points for the two-injector 

cases; and 4 %-points for the three-injector cases. Finally, the 

two-injector configurations achieve the highest DCEE work 

output at all swirl ratios but 5. Thus, the two-injector 

configuration suits a WHR-capable engine at this load condition.  

Injection against the swirl direction reduced the heat losses, 

as an effect of the effective swirl reduction during the expansion, 

for both the two-injector –and three-injector configurations (see 

FIGURE 23). Compared to injection with the swirl, injection 

against the swirl provided: reduced heat losses by 2.3 %-points 

and increased indicated efficiency by 0.4 %-points for the two-

injector configuration; reduced heat losses by 1.9 %-points and 

increased indicated efficiency by 0.6 %-points for the three-

injector configuration at the swirl ratio 2. Thus, injection against 

the swirl is useful to diminish the experienced high heat losses at 

elevated swirl ratios.  

 
FIGURE 20: GROSS INDICATED EFFICIENCY AS FUNCTION 

OF SWIRL RATIO FOR THE THREE DIFFERENT INJECTOR 

CONFIGURATIONS 

 

FIGURE 21: TOTAL HEAT LOSSES, DURING THE 

COMPRESSION AND EXPANSION STROKES, AS FRACTION 

OF SUPPLIED FUEL ENERGY 
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FIGURE 22: OUTPUT WORK AS FRACTION OF SUPPLIED 

FUEL ENERGY USING THE DCEE FOR EXHAUST ENERGY-

TO-WORK CONVERSION AT TWO DIFFERENT EFFICIENCIES  

 

FIGURE 23: GROSS INDICATED EFFICIENCY AS FUNCTION 

OF INJECTOR CONFIGURATION FOR THE SWIRL RATIO 2  

FIGURE 11 to 13 illustrate the pressure and RoHR for three 

different swirl ratios to provide explanations for the earlier 

discussed performance. The three-injector cases experience 

higher initial RoHR as an effect of the increased flow rate. This 

effect provides the higher indicated efficiency, as concluded in 

the performance studies above. Here, the high initial RoHR 

provides high in-cylinder temperatures. Higher temperatures are 

typically associated with higher convective heat losses, which 

was not the situation for several three-injector cases.  

 

 

FIGURE 24: TOTAL HEAT LOSSES, DURING THE 

COMPRESSION AND EXPANSION STROKES, AS FRACTION 

OF SUPPLIED FUEL ENERGY 

The RoHR peak rises with an increased swirl ratio. This rise 

gives way for higher pressures but also higher heat losses. 

FIGURE 26 illustrates how injection with the swirl increases the 

RoHR peak, while injection against the swirl deteriorates early 

combustion. The slightly slower combustion is one of the 

explanations (as an addition to the reduced effective swirl 

discussed before) for the lower heat losses experienced for the 

two-injector AS2 case. A similar trend is observed where the 

three-injector AS2 case reduces the early RoHR compared to the 

three-injector S2 case.  

The three-injector configuration improves the chamber 

utilization compared to the reference –and two-injector cases 

(see FIGURE 28). However, the three-injector configuration 

renders more spray-to-spray interaction, especially at high swirl, 

possibly leading to fuel-rich combustion. The higher flow-rate of 

the three-injector configuration results in higher local 

temperatures at 5 CAD ATDC.  

As discussed, higher temperatures give higher heat losses. 

However, the hot zones are centralized to a larger extent for the 

three-injector cases (compared to the reference cases), leading to 

smaller temperature gradients at the wall. In comparison, the 

reference cases experience a large portion of hot zones by the 

walls. Only minor changes between the different swirl ratios 

could be observed. Thus, this load condition concluded no 

significant benefits of increased swirl. 

Injection against the swirl renders a shorter jet penetration 

for the two-injector configuration (see FIGURE 29), leading to 

hot zones reaching the walls to a smaller extent. Thus, a lower 

wall temperature gradient and lower convective heat losses 

follow. The three-injector case experiences small differences 

only when injecting against the swirl. 
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FIGURE 96: IN-CYLINDER PRESSURE [BAR] AND RoHR 

[J/CAD/10] FOR THE NO SWIRL CASES 

 
FIGURE 26: IN-CYLINDER PRESSURE [BAR] AND RoHR 

[J/CAD/10] FOR THE SWIRL RATIO 2 CASES

 

FIGURE 98: IN-CYLINDER PRESSURE [BAR] AND RoHR 

[J/CAD/10] FOR THE SWIRL RATIO 5 CASES 

 

 

FIGURE 28: CONTOURS, FOR A LOCAL EQUIVALENCE 

RATIO ABOVE ONE, COLORED BY LOCAL TEMPERATURE 

[K] FOR ALL CASES INJECTING WITH THE SWIRL 

 

FIGURE 29: CONTOURS, FOR A LOCAL EQUIVALENCE 

RATIO ABOVE ONE, FOR THE SWIRL RATIO 2 CASES 

INDICATING DIFFERENCES WHEN INJECTING AGAINST THE 

SWIRL DIRECTION 
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As a summary of the performance section, the three-

injector cases provided high indicated efficiencies with lower 

heat losses for elevated swirl ratios. The two-injector cases 

delivered the most moderate heat losses and thus suited WHR 

engines. Injection against the swirl reduced the heat losses and 

increased the indicated efficiency by reducing the effective 

swirl during the expansion stroke. A high swirl ratio decreased 

the efficiency, from higher heat losses, unless specific multiple 

injector configurations were utilized. Finally, multiple injectors 

lead to higher engine production costs. Thus, the performance 

benefits (emissions and fuel consumption) should outweigh the 

increased costs for a future production engine.  

 

3.2 Multiple Injector Load Dependency 
 

FIGURE 101 shows the mean effective pressures for several 

high load cases (55 bar FuelMEP). With the higher fuel amount, 

the combustion losses increase with a maximum of 0.9 % for the 

two-injector NS case. A higher swirl mitigates the combustion 

losses falling to 0.5 % for the two-injector S2 case. The use of 

three injectors significantly lowers combustion losses (see 

FIGURE 101). 

The reference NS case renders the highest indicated 

efficiency at 43 %, followed by the three-injector NS case at 42.9 

%. The indicated efficiency is reduced to the lowest level of 39.1 

% for the two-injector NS case by the higher combustion losses 

and deteriorated thermodynamic cycle. 

 

 
FIGURE 101: MEAN EFFECTIVE PRESSURES [BAR], FOR 

THE HGH LOAD, IN TERMS OF HEAT LOSSES, EXHAUST 

ENERGY, GROSS INDICATED WORK AND COMBUSTION 

LOSSES. NS=NO SWIRL; S2=SWIRL RATIO 2 

The heat losses decrease by 1.3 %-points for the two-

injector NS case as an effect of the low combustion efficiency.  

Otherwise, the NS reference case experiences the lowest heat 

losses at 12.5 %. The NS two-injector case renders the highest 

combined indicated efficiency and exhaust energy levels at 87.9 

%. It might thus be more suitable when utilizing a WHR system 

at this load condition.  

 FIGURE 102 confirms the lower combustion efficiency for 

the two-injector cases. The two-injector RoHR follows the 

reference case RoHR until 5 CAD ATDC. At 5 CAD ATDC, the 

combustion decays. Again, the high flow rate of the three-

injector cases provides a fast early RoHR. This results in a rapid 

pressure rise giving a longer effective expansion stroke. 

However, the higher combustion losses prevent a higher work 

output than the reference case. 

 
FIGURE 102: IN-CYLINDER PRESSURE [BAR] AND RoHR 

[J/CAD/10] FOR THE HIGH LOAD CASES 

FIGURE 103 illustrates the combustion issues addressed 

above. Large amounts of spray to spray interference are 

observed for the 55 bar FuelMEP case, thus explaining the 

combustion decay at 5 CAD ATDC. The spray interference at 

the edge of the bowl cannot be observed for the 30 bar 

FuelMEP case. This is in line with the RoHR where no 

substantial combustion decay is noted for the two-injector cases 

at a FuelMEP of 30 bar.   



259 
 

  © 2020 by ASME 

 

FIGURE 103: CELL CONTOURS WITH AN EQUIVALENCE 

RATIO ABOVE 2 AND TEMPERATURE COLORING [K] FOR 

THE TWO DIFFERENT LOAD CASES UTILIZING TWO 

INJECTORS 

In summary, the proposed multiple injector configurations are 

not as well suited for high load conditions. The injections from 

the outer injectors suffer from poor combustion efficiency. Thus, 

the work output levels are also low. Utilizing all three injectors 

mitigate the combustion problems for the outer injector cases, 

but a slightly lower work output persists. Finally, future studies 

are needed on multiple injector system optimizations at high load 

conditions. 
  

 
4. CONCLUSIONS AND DISCUSSION 

This study presents CFD simulations investigating how 

multiple injectors decrease the high heat losses resulting from 

elevated swirl in a heavy-duty CI engine. Five different swirl 

ratios and two load conditions were evaluated with one, two, 

and three injectors. Higher swirl ratios provided small heat 

release differences and reduced the indicated efficiency due to 

high heat losses.  

Two-injector utilization provided some benefits at middle 

load as follows: reduced heat losses for all cases, especially 

when injecting against the swirl; increased indicated efficiency 

at several swirl ratios; and high exhaust energy, useful for 

waste heat recovery systems. Although the two-injector cases 

increased the efficiency, the no-swirl levels could not be 

reached at any other swirl ratios. At high load, the two-injector 

cases provided low heat losses, but low indicated efficiencies 

resulting from slow heat release. 

The three-injector configuration, at middle load, resulted 

in: reaching the highest efficiencies for all swirl ratios, as a 

direct effect of the higher flow rate; delivering low heat losses, 

compared to the reference cases, at swirl ratios above 2; 

diminishing the exhaust energy compared to the two-injector 

cases. The three-injector configuration could not recover the 

lowered indicated efficiency for swirl ratios above 1. At high 

load, the three-injector configuration improved the drawbacks 

of the two-injector case and reached similar efficiencies as the 

reference case. 

 

 

 

A summary of the main conclusions is listed below: 

1. Utilization of three injectors increased the indicated 

efficiency for all swirl ratios at medium load up to 0.8 %-

points. 

2. Two-injector configurations reduced the heat losses up to 

3.6 %-points compared to single-injector cases. 

3. Injection against the swirl direction was proved beneficial 

for multiple injectors. 

4. Two-injector setups, combined with a WHR system, gave 

an efficiency increase of up to 2.2 %-points. 

5. Three-injector concepts showed potential at high load 

conditions, but further system optimization is needed. 
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