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ABSTRACT  
 

Double Compression Expansion Engine:  

Evaluation of Thermodynamic Cycle and Combustion Concepts 
 

Vijai Shankar Bhavani Shankar 

 

The efficiency of an internal combustion (IC) engine is governed by the thermodynamic cycle 

underpinning its operation. The thermodynamic efficiency of these devices is primarily determined 

by the temperature gradient created during the compression process. The final conversion 

efficiency also known as brake thermal efficiency (BTE) of IC engines, however, also depend on 

other processes associated with its operation. BTE is a product of the combustion, thermodynamic, 

gas-exchange, and mechanical efficiencies. The improvement of BTE through maximation of any 

one of the four efficiencies is reduced by its implication of the other three.  

Split-cycle engine provides an alternative method of improving the engine efficiency through over-

expansion of combustion gases by transferring it to a cylinder of greater volume. The operation of 

split-cycle engines is based on either the Brayton or the Atkinson Cycles. Atkinson Cycle has been 

demonstrated in IC engines without the split-cycle architecture but is limited by the reduced energy 

density.  

Double Compression Expansion Engine (DCEE) provides a method of accomplishing the 

Atkinson Cycle without the constraints faced in conventional engine architectures. DCEE splits 

the compression and expansion processes in a vertical manner that enables the use of larger 

cylinder volumes for over-expansion as well as first-stage compression without much friction 

penalties. 
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The present thesis explores the thermodynamic cycle of this novel engine architecture using well-

validated 1-dimensional engine models solving for gas-exchange, real gas properties, and heat 

transfer provided in the GT-Power software tool. The effect of compression ratio, rate of heat 

addition, sensitivity to design and modeling parameters was assessed and contrasted against 

conventional engine architecture. The synergies of combining low-temperature combustion (LTC) 

concepts with DCEE was investigated using simulation and experimental data. DCEE relaxes 

many constraints placed the operation of an engine in Homogenous Charge Compression Ignition 

(HCCI) mode. The limitations of adopting Partially Premixed Combustion (PPC) concept is also 

alleviated by the DCEE concept. BTE improvement of above 10% points is achievable through 

the DCEE concept along with possibility to achieve very low emissions through use of LTC 

concepts and new after-treatment methods uniquely available to the DCEE.  
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1 Introduction  

The invention of mechanisms to convert chemical energy into mechanical work has paved 

the way for modernity. The piston reciprocating internal combustion (IC) engine is unique 

among these inventions since it led to the democratization of mobility, which has brought 

wealth, health, and prosperity to the masses. IC engine has a relatively simple architecture 

and constituted by ubiquitous materials. Its design offers robust operation and easy 

maintenance at a reasonable cost. Finally, it is powered by an abundant energy source. IC 

engines are poised to continue their role as the primary mover of people and goods in the 

21st century.  

Manufacturers of IC engines are required to meet both customer and regulatory demands 

to remain competitive. The issue of climate change and air quality has put the IC engine 

squarely in the focus of regulators in recent years. The demonization of the IC engine in 

the media is under full steam, quietly, forgetting the transformational nature of this device. 

There is a sustained push for relegating IC engines along with fossil fuels. However, given 

the present state of alternate powertrain technology, many consider this as a pipe dream. 

Considering that more than 2 billion people, mainly in Asia and Africa, are marching 

towards the coveted middle-class status that eliminates the burdens of poverty away, the 

thirst and requirement for affordable mobility will only rise. The improvement of the 

efficiency of the IC engine centered powertrain is at present the only solution that can be 

delivered at scale to meet that need.  

The gradual electrification of vehicle powertrains adds a new degree of freedom for the 

development of IC engine technology. The optimization of the thermodynamic cycle of IC 

engines, however, remains the primary avenue for improving the efficiency of the engine. 
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This thesis presents an engine concept that is designed to accomplish an over-expanded 

thermodynamic cycle that increases the thermodynamic efficiency while maintaining high 

efficiencies for other engine processes leading to better utilization of fuel energy. This 

engine concept is called the Double Compression Expansion Engine (DCEE). 

1.1  Objectives and Limitations  

This primary focus of this thesis is the identification of the optimum thermodynamic cycle 

for the DCEE system using 1-D modeling. The optimum thermodynamic cycle provides 

the best brake thermal efficiency for the engine while accommodating a wide variability in 

power demand within peak temperature and pressure values constrained by material 

properties. The mechanical aspects of the engine, such as engine balance, weight, and 

layout of the system, were not considered in this study as these aspects are determined 

based on the application and do not influence the thermodynamic cycle.  

1.1  Thesis Contribution  

The thesis explores the thermodynamic cycle and assesses the brake thermal efficiency 

potential of the DCEE concept. The significant loss mechanisms and their trends for the 

DCEE concept are presented. The significant contributions of this thesis are, 

1. A Simulation study to identify the best configuration of DCEE that allows for the 

highest efficiency along with a broad powerband. A lower compression ratio 

provides greater efficiency and potential for a broader powerband for DCEE, unlike 

conventional engine configuration.  
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2. A Simulation study to determine the optimum heat addition rates for the DCEE and 

its variability to combustion phasing. The results were compared to a conventional 

engine configuration. The DCEE allows for a slow and prolonged heat addition 

process providing the possibility to tailor the combustion process to reduce both 

heat loss and engine emissions.  

 

3. A Simulation study to assess the sensitivity of DCEE’s brake thermal efficiency to 

its various design and simulation parameters.  

 

4. A simulation study of assessing the synergies of adopting the Homogeneous Charge 

Compression Ignition (HCCI) concept with DCEE. DCEE concept allows for more 

significant fuel-flexibility, lower ringing noise, and higher load.  DCEE also 

demonstrates relatively insensitive to combustion efficiency, which is a significant 

loss mechanism for HCCI combustion.   

 

5. A Simulation study to determine the benefits of adopting the Partially Premixed 

Combustion (PPC) concept with DCEE. The results were contrasted against the 

brake thermal efficiency of a conventional architecture engine. Engine geometry 

optimization was performed to cover the entire operating range.   
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1.2  Outline  

Chapter 2 

A literature review covering the historical trends on heavy-duty engine efficiency and 

technologies associated. A brief overview of the SuperTruck projects and pathways 

uncovered for high efficiency.  

Chapter 3  

The thermodynamic cycles widely studied and applied in the operation of heat engines is 

presented. The maximum thermodynamic potential and various loss mechanisms that limit 

practical engines from reaching the theoretical maximum are discussed.   

Chapter 4  

The best configuration for the DCEE concept was studied through numerical simulation in 

this chapter. The trends in different loss mechanisms for different configurations studied 

are presented and discussed in detail.  

Chapter 5 

The influence of the heat addition process on the efficiency of DCEE was simulated and 

compared to a conventional engine architecture. DCEE architecture’s brake thermal 

efficiency exhibited a reduced sensitivity to both combustion phasing and duration due to 

the presence of the second-stage expander cylinder.  

Chapter 6 

A parametric simulation study was performed to understand the sensitivity of DCEE’s 

brake thermal efficiency to heat transfer loss, charge air cooling temperature, and piston 
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insulation. The study also explored the effect of the compression ratio of the compressor-

expander unit, and as well as that of their respective valve areas on system efficiency.  

Chapter 7 

This study explored the synergies of utilizing the Homogeneous Charge Compression 

Ignition (HCCI) combustion concept with the DCEE engine. The architecture could 

potentially provide three distinct advantages of single-stage engine architecture while 

incorporating HCCI combustion mode. 

Chapter 8 

A possible DCEE configuration that can accommodate the entire operating load range 

required of a heavy-duty engine was created using experimental data for Partially Premixed 

Combustion (PPC) mode. Tradeoffs in engine geometry required to accommodate all the 

load points and the impact on system efficiency were simulated and discussed.  
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2 Literature  

The internal combustion (IC) engine has reigned supreme for more than a century in 

mobilizing the planet and improving the lives of billions of people across the world. The 

simplicity of its working principle, the ubiquity of the materials required for its 

construction, the wide availability of its refueling infrastructure, and the robustness of its 

design have enabled the piston reciprocating IC engine to be the primary choice for 

propulsion systems for most land and marine applications.  

The drive to improve the efficiency, performance, and durability of any system arises from 

market competition. The price signal is a communication of those market forces. The 

increasing concern over environmental safety at both local and global levels has created 

another information signal, viz. regulations. The demands of meeting the regulatory costs 

were region-specific but are becoming increasingly global. IC engines are now squarely in 

the crosshairs of these regulations.  

Engineers have risen to meet both market forces as well as regulatory norms. The 

fundamental physics of the internal combustion engine, along with the present limitations 

of the exhaust after-treatment systems, creates a trade-off between engine efficiency and 

engine emissions. Engine manufacturers are continuously innovating to offer products that 

meet both customer requirements and regulatory norms. The cost of development per unit 

improvement in engine efficiency is increasing as the system efficiency nears the 

theoretical limit even as the regulatory bounds on NOx and soot emissions reach near zero.  

The focus of the present thesis is the development of an engine concept for heavy-duty 

applications. The heavy-duty market poised to command an increasing share of oil demand 

over the next decades, even as the demand from the light-duty segment plateaus or declines 
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[1,2]. The fuel usage in the heavy-duty space is dominated by Class 8 vehicle class, which 

are vehicles over 33,000 lbs [3]. The improvement in the engine efficiency of heavy-duty 

engines will be vital in achieving the targeted greenhouse gas (GHG) reduction set by many 

countries [4,5]. Discussions on the evolution of engine technology, efficiency, and 

emissions for Class 8 vehicle engines are in the next section.  

2.1 Evolution of Class 8 Vehicle Engine 

Figure 2.1 presents the evolution of brake thermal efficiency (BTE) of Class 8 truck, 

reported at highway cruising speed of 65 miles per hour (mph) over the last three decades. 

The operating map of an IC engine is much broader, but the efficiency is reported at this 

point as the system’s residence time at this load point is extensive and provides a common 

point of comparison between different manufacturers[3]. A steady improvement in BTE 

was achieved from1985 till 2002. The figure also contains the chronological advances in 

engine technology that enabled BTE gains and abatement of nitrogen oxides (NOx) and 

particulate matter (PM) emissions by a factor >2. Engine efficiency dipped after 2002 due 

to the adoption of cooled exhaust gas recirculation (EGR) to further mitigate NOx 

emissions necessitated by regulations. The adoption of cooled EGR negatively affected the 

gas-exchange efficiency of the system as it demanded a more significant pressure 

differential between the exhaust and intake manifolds to permit the flow of exhaust gases 

into the intake manifold. The introduction of EGR led to an increase in PM as the reduced 

oxygen content in the intake charge limited the soot oxidation. Late cycle injection 

strategies were adopted to promote in-cylinder mixing to improve soot oxidation and 

reduce PM, which degraded fuel efficiency further. The rebound by 2004 was due to the 

improvements in the fuel injection and air-handling systems. The efficiency curve 
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remained stagnant till 2007, even as NOx and soot emissions declined. EGR was used as 

the primary source for NOx mitigation over this period with refinements to the EGR, fuel 

injection, charge-boosting, and combustion systems improving engine BTE. However, the 

large volumes of EGR necessitated the adoption of diesel particulate filter (DPF) for 

maintaining PM levels. DPF increased pumping work and increased fuel usage to 

regenerate the filter reducing BTE.  

 

Figure 2.1 Evolution of engine efficiency of Class 8 vehicles along with 

improvements made as part of SuperTruck 1 and SuperTruck 2.  

Adopted from Ref. [3][6]  

 

2.2  SuperTruck  

The U.S. Department of Energy (DOE) initiated the SuperTruck program to accelerate the 

development of technologies to improve the freight efficiency of Class 8 vehicles. 

SuperTruck is a cost-shared program between DOE and private industry partners. The 
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target of SuperTruck 1 was the improvement of tractor-trailer freight efficiency by 50% 

and a 20%  increase in engine BTE relative to the 2010 baseline [6]. Figure 2.1 also 

highlights the improvements in subsystem efficiencies achieved by Cummins to exceed the 

target efficiency by mid-2013. The other industry partners in the project; Volvo, Daimler, 

and Navistar were also close to achieving target efficiency at that point.  

Stanton [3] listed the critical technology enablers from improving the fuel efficiency in 

Cummins SuperTruck program. The closed cycle efficiency was improved by reduced heat 

transfer, higher compression ratios, and more effective NOx after-treatment. Improved 

efficiency of turbomachinery coupled with optimized port design and reduced EGR 

requirement increased the close cycle efficiency. Engine down-speeding, adoption of 

variable flow oil and water pump, and better design of contact surfaces contributed to 

higher mechanical efficiency. The addition of an organic Rankine cycle (ORC) to 

recuperate waster heat from the engine exhaust and coolant fluid further enhanced the BTE 

of the engine.  

SuperTruck 1 also required the identification of engineering pathways towards 55% BTE. 

O’Connor et al. [7] presented a design strategy and an engineering approach from Volvo 

Trucks towards achieving 55% BTE. The optimization of piston bowl shape, fuel injection, 

and gas-exchange process using combinations of modeling tools and experimental testing 

was the primary focus of this work.  

Mohr et al. [8] presented Cummins’ realization of SuperTruck 2 target efficiency. The open 

cycle efficiency was further improved from the SuperTruck 1 program by providing a 

greater level of dilution, a higher compression ratio piston, and a high fuel flow injection 

system to attain a faster heat release. Turbomachinery efficiency was further optimized 
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along with an exhaust manifold design that reduced heat loss channeling more energy into 

the turbine. The mechanical efficiency was improved by optimizing the piston and rod 

assembly, the crank, and the gear assembly. The result was the attainment of engine BTE 

of 50% without considering a waste heat recovery system.  

Pascal and Li presented an update on the development of SuperTruck 2 by Volvo Trucks 

[9]. Ruth and Damon highlighted the efforts of Cummins and Peterbilt in achieving 

SuperTruck 2 targets[10]. References [11–13] cover the efforts of Daimler and Navistar. 

The industry partners conveyed confidence in achieving the primary goals of SuperTruck 

2 in their presentations at the DOE Merit Review in June 2019. 

2.3  Split-Cycle Engines 

The idea of splitting the expansion of working fluid into separate cylinders to maximize 

work output precedes the development of internal combustion engines. The concept of 

adding multiple compression and expansion stages to heat engines is relatively well known. 

Jonathan Carter Hornblower was granted the earliest patent (U.K Patent No. 1298, 1781) 

for a steam engine that had two expansion stages, and the device was called a compound 

engine [14,15]. A specimen of such a compound steam engine used for marine applications 

is in the Deutsches Museum in Munich. 

George Brayton invented a split-cycle engine in 1872 that forms the basis for the operation 

of modern gas turbine engines. Brayton’s engine consists of a two-stroke piston compressor 

and a two-stroke piston expander in place of the turbomachinery. The combustion of the 

fuel-air mixture was performed in a volume connecting the two cylinders. It was one of the 

earliest designs of a split-cycle gas engine[16].  
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Gottlieb Daimler invented a gas compound engine in 1879 [17]. This engine had two 

cylinders designed for operation at high pressures on either side of a larger cylinder 

optimized to operate at low pressures. The second set of cylinders were designed to achieve 

complete expansion of the working fluid. The timing between the high-pressure cylinders 

was apart at 180° of crank angle. Their exhaust strokes were synchronized to an expansion 

stroke of the larger low-pressure cylinder. Patents for several different compound engines 

have been issued [18–22].  

Rudolf Diesel invented a split-cycle internal combustion engine in 1987 [23]. Patent 

US542846A [24] describes the detailed thermodynamic process of his split-cycle engine. 

He had obtained prior patents earlier in Europe for the same invention. Figure 2.2 presents 

the sectional view of his engine.  The design is like that of Daimler’s invention. The large 

low-pressure (LP) cylinder sits between the smaller high-pressure cylinders. The LP 

cylinder is double acting, compressing and feeding pressurized air into the tank volume, 

labeled L in the diagram, and receiving hot gases from the exhaust of the HP cylinders to 

perform an expansion operation. The expansion stroke of the LP cylinder directly powers 

the compression stroke. The pressurized gas in the volume L is fed to the HP cylinders for 

performing a constant pressure heat addition thermodynamic cycle in 4 strokes of the piston 

motion. The efficiency of this engine deteriorated massively due to the need for heightened 

cooling of the combustion cylinder’s exhaust valve. Ricardo also invented a split-cycle 

engine in 1906 for marine applications[16].  
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Figure 2.2 Rudolf Diesel's split-cycle engine [24] 

 

A report issued by the U.S. Department of Energy [25] in 2004 listed all the primary loss 

mechanisms in an internal combustion engine. The use of compound compression and 

expansion stages was suggested as one of the breakthrough pathways to achieve high 

efficiency.   

Scuderi Group revitalized the split-cycle concept in the 21st century [26]. The engine 

consisted of two cylinders. A two-stroke compressor cylinder linked to a two-stroke 

expander cylinder. Fuel combustion was performed in the expander cylinder. Bello and 

Sobiesiak [27] list the main advantages and disadvantages of the Scuderi split-cycle engine. 

The Scuderi split-cycle necessitates an outward moving fast-acting valve system to enable 

fast combustion [28]. The lean limit in premixed operation is also limited which negatively 

impacts thermodynamic efficiency.  
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Morgan et al. [29] tested the potential of a recuperated split-cycle engine based on an 

engine concept by Coney et al. [30]. The concept consisted of an isothermal compressor, 

an exhaust energy recuperation unit, and an expander. Morgan et al. [29] highlighted a 

pathway to 60% BTE for this split-cycle concept. Owen et al. [31] presented another 

version of the recuperated split-engine that uses cryogenic nitrogen injection (Cryo-Power) 

for enabling isothermal compression. A potential BTE of 60% was simulated for this 

concept.  

The research on split-cycle engines is becoming more active as unit improvement in engine 

efficiency is getting more difficult. The cost barrier for some technology enablers for split-

cycle concepts could soon be lowered as the cost of non-compliance with the greenhouse 

gas (GHG) standards might become prohibitive. The removal of the cost barrier also 

applies to alternative powertrains such as Fuel Cells and Battery Electric. The powertrain 

of transport vehicles might soon undergo rapid transformation.  
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3 Thermodynamic Cycles  

3.1  Otto and Diesel Cycles 

The operation of a piston reciprocating IC engine is either based on the Otto or the Diesel 

cycle. Pressure-Volume (P-V) diagrams can explain the working principle of these cycles. 

Figure 3.1 presents the P-V diagram of the Otto Cycle. The processes associated with the 

Otto cycle are; 1. Isentropic compression, 2. Isochoric heat addition, 3. Isentropic 

expansion, and, 4. Isochoric heat rejection. The processes associated with the Diesel cycle 

are congruent with those of Otto cycle apart from the heat addition process, which is 

Isobaric in the case of Diesel. Figure 3.2 shows the P-V diagram of the Diesel cycle. 

Heywood [32] presents the derivation of the efficiencies of these cycles. Equations 3.1 and 

3.2 give the efficiencies of these cycles. The thermodynamic efficiency of the ideal Otto 

cycle is proportional to the thermal potential created during the compression process. The 

efficiency of the Diesel cycle for a given thermal potential is also dependent on the amount 

of heat added. Equations 3.1 and 3.2 can be related to the geometry of a piston reciprocating 

engine and property of the working fluid, viz. compression ratio (CR), volume ratio (𝛽), 

and the ratio of specific heats (𝛾), respectively. These relations are presented in equations 

3.3 and 3.3.  
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Figure 3.1.Pressure-Volume diagram of the Otto Cycle 

 

 

Figure 3.2. Pressure-Volume diagram of the Diesel Cycle 
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𝜼𝑶𝒕𝒕𝒐 = 𝟏 − 
𝑻𝟏

𝑻𝟐
                   (3.1) 

                                                                                       

𝜼𝑫𝒊𝒆𝒔𝒆𝒍 = 𝟏 −  
(𝑻𝟒−𝑻𝟏)

𝜸(𝑻𝟑−𝑻𝟐)
                    (3.2) 

                                                                       

𝜼𝑶𝒕𝒕𝒐 = 𝟏 − 
𝟏

𝑪𝑹𝜸−𝟏                 (3.3) 

        

𝜼𝑫𝒊𝒆𝒔𝒆𝒍 = 𝟏 −  𝑪𝑹𝟏−𝜸 [
𝜷𝜸−𝟏

𝜸(𝜷−𝟏)
]                 (3.4) 

 

 

 

Figure 3.3 Thermodynamic Efficiency of the Otto Cycle as functions of the 

compression ratio and specific heat ratios 

 

Figure 3.3 presents the thermodynamic efficiency of the Otto cycle as a function of the 

compression ratio and the ratio of specific heats (𝛾) of the working medium. The 

thermodynamic efficiency increases monotonically with an escalation in either variable. 
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The effect of the compression ratio is more pronounced at the lower end and accentuated 

by increasing 𝛾. Figure 3.4 exhibits the thermodynamic efficiency of the Diesel cycle with 

various volume ratios (𝛽), which is the ratio of cylinder volumes at the start and end of the 

isobaric heat addition processes. Otto cycle efficiency is provided for comparison. 𝛾 value 

was set to 1.4. The thermodynamic efficiency of the diesel cycle responds similarly to 

changes in the compression ratio as the Otto cycle. A greater 𝛽 reduces thermodynamic 

efficiency as it reduces the cylinder volume available for expansion. A greater 𝛽 for a given 

compression ratio indicates a larger quantity of heat added.  

 

Figure 3.4. Thermodynamic Efficiency of the Diesel Cycle as functions of the 

compression ratio and specific heat ratios 

 

3.2  Over-Expanded Cycles  

The working fluid is at a higher pressure and temperature at the end of the expansion 

process compared to the fluid state at the start of the compression process. The energy 
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differential in the fluid states is rejected to the environment. This energy contained in the 

gases can be extracted to perform mechanical work provided a larger volume is available 

for expansion. Brayton proposed such an over-expanded cycle. Figure 3.5 shows the P-V 

diagram of the Brayton Cycle. The Brayton Cycle provides the basis of the operation of 

gas turbine engines. The efficiency of the Brayton Cycle is stipulated by equation 3.5[33]. 

It is dependent on the pressure ratio of the compression process. The pressure ratio is to 

the compression ratio and specific heat ratios for an isentropic compression process. Thus, 

the expression for efficiency of Bryton with a single-stage isentropic compression is 

identical to that of the Otto Cycle. The efficiency of the Brayton Cycle is hence independent 

of the amount of heat added like the Otto Cycle even while the heat addition process is 

isobaric like the Diesel Cycle. The shaded area in black in the P-V diagram highlights the 

extra work performed through the Brayton Cycle compared to the Diesel Cycle. 

𝜼𝑩𝒓𝒂𝒚𝒕𝒐𝒏 = 𝟏 − (
𝑷𝟐

𝑷𝟏
)

𝟏−𝜸

𝜸
               (3.5) 

𝜼𝑨𝒕𝒌𝒊𝒏𝒔𝒐𝒏 = 𝟏 −

𝜸
𝑻𝟏
𝑻𝟐

[(
𝑻𝟑
𝑻𝟐

)

𝟏
𝜸

−𝟏]

(
𝑻𝟑
𝑻𝟐

−𝟏)
               (3.6) 
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Figure 3.5 Pressure-Volume Diagram of the Brayton Cycle 

 

Figure 3.6 Pressure-Volume Diagram of the Atkinson Cycle 
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An over-expanded cycle associated with the operation of the piston reciprocating engine is 

the Atkinson Cycle. Figure 3.6 exhibits the P-V diagram of the Atkinson Cycle which is 

like the Otto Cycle with an over-expanded part shaded in black. The efficiency of the 

Atkinson Cycle is provided by equation 3.6. The temperature rise during the heat addition 

process plays a role in determining the thermodynamic efficiency of this cycle. The ratio 

of temperatures at the end and start of the heat addition process is represented by the 

variable 𝜁, which is the pressure ratio. Figure 3.7 presents the efficiencies of Otto, Brayton, 

and Atkinson Cycles as functions of the compression ratio evaluated at a 𝛾 of 1.4. The Otto 

and the Brayton Cycles have identical responses to the changes in the compression ratio. 

The Atkinson Cycle exhibits a much higher efficiency, especially at the lower compression 

ratios. The effect of 𝜁 diminishes with its increasing value.  

 

 

Figure 3.7 Thermodynamic Efficiency of Over-Expanded Cycles as functions of the 

compression ratio and temperature ratios 
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3.3  Real Cycles - Heat Transfer, Gas-Exchange, and Friction  

The trends of thermodynamic efficiency of ideal cycles make it clear that an engine based 

on the Atkinson Cycle with a very high compression ratio, a working medium with a large 

𝛾, and the largest quantity of heat addition would yield the highest possible thermodynamic 

efficiency. The realization of such an engine with a very high thermodynamic efficiency is 

limited by the realities of material properties as heat from the high temperature working 

fluid is transferred to the colder engine walls rather than to perform work. There are other 

processes in the operation of practical engines that cause further inefficiencies depleting 

the potential of the device to perform mechanical work from the chemical energy bound in 

the fuel molecules. The possible improvement in 𝛾 is also limited due to the usage of air 

as the oxidizer as it is ubiquitous in our atmosphere. Figure 3.8 presents a representative 

diagram of fuel energy flow in an engine. The loss mechanisms are colored in black. The 

efficiencies associated with each process are exhibited in the figure.  

 

Figure 3.8. Fuel energy flow, loss mechanisms, and efficiencies in a piston 

reciprocating engine  
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The energy bound in the chemical bonds of the fuel is converted into heat by the 

combustion of the fuel-oxidizer mixture. A fraction of fuel energy is either unburnt or not 

full converted to final products. Combustion efficiency (𝜂𝑐𝑜𝑚𝑏) is the ratio of the heat 

energy generated during the combustion process to the fuel energy supplied to the engine. 

A portion of the heat generated is converted to work on the piston while the rest is either 

lost to the cylinder walls and in the exhaust. The ratio of this gross-work performed on the 

piston to the heat energy generated yields the thermodynamic efficiency of the engine 

(𝜂𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐). A fraction of gross work performed by the engine is spent to inhale fresh 

fuel-oxidizer mixture into the cylinder for the next cycle and expel the burnt gases after the 

expansion process. This pumping work when subtracted from the gross-work yields the 

net-work performed by the system. The ratio of net-work to gross-work is the gas exchange 

efficiency of the engine (𝜂𝑔𝑒). IC engines have inherent friction associated with their 

operation due to the surface contact between the piston and the cylinder walls, contact 

between metal surfaces in the mechanical linkages, and the energy required to supply 

lubricant and cooling fluid. The energy lost due to these processes are collectively termed 

as friction work.  Subtraction of friction work from net-work provides the brake work. The 

ratio of brake work to net-work is mechanical efficiency (𝜂𝑚𝑒). The friction loss scales 

with the volume of the engine, and hence the implementation of an Atkinson Cycle might 

lead to more significant friction losses. The brake efficiency of the engine system is the 

product of these four efficiencies, as expressed by equation 3.7.  

𝜼𝒃𝒓𝒂𝒌𝒆 = 𝜼𝒄𝒐𝒎𝒃 ∗ 𝜼𝒕𝒉𝒆𝒓𝒎𝒐𝒅𝒚𝒏𝒂𝒎𝒊𝒄 ∗ 𝜼𝒈𝒆 ∗ 𝜼𝒎𝒆              (3.7) 
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3.3.1 Quantifying Losses in Real Cycles.  

The quantification of the different loss mechanisms discussed in the previous section for 

an engine system based on the Otto Cycle would provide an understanding of the relative 

ranking of these losses and the solutions that could have the most significant impact on 

engine efficiency. Numerical simulations of a single-cylinder engine in GT-Power 

software package was utilized for this purpose to quantify the effect of engine compression 

ratio and 𝛾 on different loss mechanisms and efficiencies. This software package can 

simulate with good accuracy and speed various aspects of an engine system such as gas 

flow in the piping elements, in-cylinder state variables, heat transfer, and mechanical 

friction. GT-Power has different built-in models and accommodates user-defined models. 

A detailed description of the modeling theory and extensive documentation of each object 

is provided within the software package.  

3.3.1.1 Engine Model   

The engine model was constructed from the templates provided in the object library of the 

GT Power software package. The single-cylinder model created for this study consists of 

1. Two End Environment objects to input the inlet and exhaust boundary conditions. 

(Pressure, Temperature, Composition)  

2. Inlet and Exhaust Runners connecting the Inlet and Exhaust Ports to the End 

Environments  

3. An Inlet port and an Exhaust Port that connect to Inlet and Exhaust Valves attached 

to the Cylinder object  

4. A Cylinder object encompasses the engine’s liner, piston, and connecting rod. 

5. The Cylinder object is linked to a Crankshaft object.  
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6. Fuel is supplied to the Cylinder object by an Injector object linked to the Inlet Port. 

Table 3.1 lists the geometry of the engine which is identical to a Volvo Heavy-Duty 

Engine. The operating conditions are also listed in the table. The compression ratio was 

changed from 5 to 100 in increments for 5. The ratio of the air to fuel mass was also 

varied to understand the effect of 𝛾. Lambda (𝜆) is the parameter that represents this 

variation, and it is the ratio of the actual air to fuel mass ratio to that of stoichiometry. 

A specific lambda can be attained in two ways; viz. 1. Maintaining air mass in the 

cylinder and altering the fuel mass, 2. Maintaining fuel mass and increasing the air 

mass in the cylinder. The intake air pressure was modified to increase the air mass 

inside the cylinder. The maximum lift for both inlet and exhaust valves were set to 10 

mm with an opening and closing ramp of 20 crank angle degrees (°CA). The dwell at 

the maximum lift was 140 °CA. Isochoric heat addition was imposed in the simulations. 

The heat transfer to the cylinder walls was calculated using the Woschni heat transfer 

model. The Woschni model along with the friction model is discussed in detail in the 

next sections. The temperatures of the piston, head, and cylinder linear were set at 590 

K, 550 K, and 450 K, respectively. 
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Table 3.1. Engine specifications and operating conditions 

Bore (mm) 131 

Stroke (mm) 158 

Connection Rod (mm) 265 

Compression Ratio 5 – 100 

Intake Pressure (bar) 1-3 

Exhaust Pressure (bar) 1 

Intake Temperature (K) 298 

Lambda (𝝀) 1– 3 

Fuel  Isooctane  

Heat Addition  Isochoric 

 

3.3.1.2 Flow Modelling in GT Power 

The flow modelling in GT Power involves solving the continuity, momentum, and energy 

conservation equations discretized in one dimension. The pipe elements in the simulations 

are modelled by many smaller volumes connected to each other by boundary elements. The 

scalar quantities do not have a gradient within each volume. The vector quantities are 

computed at the boundaries. The explicit solutions to the equations yield the primary 

variables of mass flow rate, density, and internal energy. The other variables determining 

the thermodynamic state of the system are extracted from the primary variables. GT-Power 

accounts for the compressibility of the gases in its pressure calculation due to its criticality 

especially as gas flow is accelerated through nozzles and valves in an engine system. The 

software provides both explicit and implicit solvers. The use of explicit solvers is 
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recommended for flows with small time scales requiring accurate solutions where pressure 

wave dynamics are important. The explicit solution method relies on solution from the 

previous time step to integrate the solution at the present time step limiting the size of time 

step. The maximal time step permitted to yield a steady solution is provided by the Courant 

Number. Courant Number is a function of the time step, discretized element length, fluid 

velocity, and speed of sound. A Courant Number less than 0.8 is prescribed for obtaining 

stable solutions.   

The implicit solver yields mass flow, pressure, and total enthalpy as primary solutions as 

it solves for their variable in all the sub-volumes concurrently at one time-step. The non-

linear equations are solved iteratively, and larger time steps can be used without penalizing 

the stability of the solutions reducing the simulation cost. The implicit solver is 

recommended for systems with long residence times and minimally influenced by wave 

dynamics in the system. The iterative nature of the method demands monitoring of 

numerical convergence.  

The discretization of the flow volumes is an important in ensuring accuracy of the solutions 

as the assumption of no gradients within a sub-volume becomes less accurate with 

increasing size. The discretization length also effects the computational time. A reduction 

in discretization length by half increases the computational time by a factor of 4 accounting 

for the doubled sub-volumes and to meet the Courant Condition for the explicit method. 

Gamma technologies recommend certain discretization lengths for the intake and exhaust 

sides for engine cycle simulation based on extensive testing and validation of models.  

GT-Power also provides reference objects to impose fluid properties. Chemical species of 

formulae CaHbOcNdSeArf can be defined using the objects provided in the ‘Fluid Gas’ 
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which provides the critical temperature and pressure, enthalpy, and transport properties of 

the species. The enthalpy of the gas mixture is calculated by evaluating the enthalpies of 

individual components as functions of temperature using a fifth polynomial fit. The critical 

pressures are determined from experimental data. The transport properties are prescribed 

as a function of temperature. The present considers ideal gas laws from computing the 

cylinder pressure and temperature. The effect of compressibility is neglected even while it 

can be prominent at extremely high pressures at relatively lower temperatures during the 

compression stroke leading to over-estimation of the cylinder state at extremely high 

compression ratios. However, the effect of other loss mechanisms is expected to be more 

prominent at those conditions compared to differences arising from gas properties.  

3.3.1.3 Woschni Heat Transfer Model  

Woschni [34] developed a model to describe the instantaneous heat transfer coefficient in 

IC engines. The model was developed with the assumption that turbulent fluid flow inside 

the combustion engines drives the convective heat loss. The relationship between Nusselt 

number and Reynolds number hence would obey equation 3.8.  

𝑵𝒖 = 𝑪 ∗ 𝑹𝒆𝒎                (3.8)                                                                            

Expressing density, viscosity, and conductivity as functions of pressure and temperature, 

heat transfer coefficient, ℎ, is  

𝒉 = 𝑪 ∗ 𝑳𝒂−𝟏 ∗ 𝒑𝒃 ∗ 𝑽𝒄 ∗ 𝑻𝟎.𝟕𝟓−𝟏.𝟔𝟐𝒅            (3.9)  

𝑳 - Characteristic length  

𝒑 - Pressure  
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𝑻 - Temperature  

𝑽 – Local average gas velocity  

Woschni chose the bore of the engine to be the characteristic length. The piston motion 

influences the gas velocities during inlet and exhaust strokes. Hence, the gas velocity 

during the scavenging is a function of the mean piston speed, 𝑐𝑚. 

𝑽 =  𝑪𝟏 ∗ 𝒄𝒎𝒆𝒂𝒏               (3.10)                                                                        

A value of 0.8 was adopted for exponent 𝑚 based on turbulent fluid flows in pipes. 𝐶1 was 

then determined to be 6.18 based on comparing experimental determination of heat transfer 

by heat balance on an engine with the cam designed only to have scavenging strokes to the 

one determined by equation 3.9. Absent alternative gas motion such as swirl or tumble set 

up due to engine design, the gas motion inside the cylinder decays after the closure of the 

valves. Hence, 𝐶1 was determined to be only 2.28 during compression and expansion 

strokes in unfired testing.  

The effect of the combustion process on the heat transfer process was then formalized by 

the creation of an additional gas velocity component, 𝑉𝑐. The velocity component induced 

by the combustion process is expressed as a function of the pressure differential between 

fired and unfired cases along with a term to express the fuel input rate, as shown in equation 

3.11.  

𝑽𝒄 = 𝑪𝟐 ∗
𝑽𝒐𝒍𝒄𝒚𝒍∗𝑻𝟏

𝒑𝟏𝑽𝟏
(𝒑 − 𝒑𝒐)                      (3.11) 

𝑽𝒐𝒍𝒄𝒚𝒍   -  Volume of a cylinder  

𝒑𝟏, 𝑻𝟏    -  Pressure and Temperature have known state properties of the gas at Volume, 𝑽𝟏 
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𝑪𝟐          -  Empirically determined to be 3.21*10-3 m/sec oC 

The Woschni heat transfer model has been extensively used since its creation. The Woschni 

heat transfer model uses bulk gas properties for the determination of heat transfer co-

efficient while the heat transfer rate itself is computed based on the temperature difference 

between the cylinder walls and bulk gas. The diffusion combustion process used by 

Woschni that is prevalent in the operation of heavy-duty road transport engines is more 

complicated process leading to large thermal and velocity gradients in the combustion 

chamber. The local temperature and velocity, if deviating significantly from the bulk gas 

properties computed using in-cylinder pressure, are bound to affect the local heat transfer 

co-efficient as well rate. Therefore, the constants extracted from regression in the Woschni 

model are values that help the model match measured heat loss to the walls. Hence, a 

scaling factor, 𝛼𝑠𝑐𝑎𝑙𝑖𝑛𝑔, is usually employed to account for the differences in engine 

geometry as well as the combustion process compared to Woschni’s experiments. 

3.3.1.4 Friction Model  

The quantification of friction losses in internal combustion engines is complex and highly 

dependent on the engine design. Kouremenos et al. [35] presented a detailed friction model 

for a heavy-duty engine that was validated against experimental data. The model consists 

of sub-models to account for; 1. Ring Hydrodynamic Friction, 2. Ring Mixed Lubrication 

Friction, 3. Piston Skirt Friction, 4. Valve Train Friction, 5. Auxiliary Friction, and 6. 

Loaded Bearing Friction. This model considers the geometry of contacting parts, forces 

acting on those contacting parts, and properties of the lubricating oil.  
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The piston ring and linear friction are modeled, assuming Coulomb friction between the 

rubbing surfaces. The friction coefficient, 𝜇 is calculated based on its correlation with a 

non-dimensional parameter D, as suggested by the Stribeck diagram [36]. There are three 

distinct regimes of contact based on the value of D – Boundary, Mixed Lubrication, and 

Hydrodynamic Lubrication. The value of D at which point mixed transitions into 

hydrodynamic lubrication is labelled as 𝐷𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙. D is a function of oil viscosity (𝜖), 

instantaneous piston speed (𝑉𝑝), normal force acting on the contacting surfaces (𝐹𝑛), and 

length of the contacting surfaces (𝐿) as presented in equation 3.12. The friction coefficient 

in the hydrodynamic regime (𝜇ℎ) is expressed by equation 3.13 where the factor 𝛼ℎ, and 

exponent 𝑎 are determined by geometric profile of the specific part.  

𝑫 =  
𝝐∗|𝑽𝒑|∗𝑳

𝑭𝒏
                                                                                     (3.12)  

𝝁𝒉 =  𝜶𝒉 ∗ 𝑫𝒂                    (3.13)            

 

The torque due to ring hydrodynamic friction and piston skirt friction are expressed by 

equations 3.14 and 3.15. 

𝑻𝒓𝒉𝒇 =  𝒃𝟏 ∗ √𝝐 ∗ |𝑽𝒑| ∗ 𝒘𝒐 ∗ (𝒑 + 𝒑𝒆) ∗ (𝒏𝒐 + 𝟎. 𝟒 ∗ 𝒏𝒄) ∗ 𝑩 ∗ 𝒓 ∗ |𝑹|             (3.14) 

𝑻𝒑𝒔𝒇 = 𝒃𝟐 ∗ √𝑭𝒏 ∗ 𝝐 ∗ |𝑽𝒑| ∗ 𝑳𝒔 ∗ 𝒓 ∗ |𝑹|                                                               (3.15) 

𝑹 =
𝒓

𝑽𝒑𝝎
                                                                                                                     (3.16)  

                                                                                                                         

The torque associated with the rings when in the mixed lubrication regime is expressed by  

𝑻𝒓𝒎𝒍𝒇 =  𝒃𝟑 ∗ 𝝅 ∗ 𝑩 ∗ 𝒏𝒄 ∗ 𝒘𝒄 ∗ (𝒑 + 𝒑𝒆) ∗ (𝟏 − |𝐬𝐢𝐧 𝜽|) ∗ 𝒓 ∗ |𝑹|                          (3.17) 
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The torque associated with the valve train, engine auxiliaries, and loaded bearing were 

calculated using equations 3.18, 3.19, and 3.20, respectively.  

𝑻𝒗𝒕 =  𝒃𝟒 ∗
𝒏𝒗∗𝑵𝒔∗𝒓

√𝝎
∗ |𝑹|                  (3.18) 

𝑻𝒂𝒖𝒙 =  𝒃𝟓 ∗ 𝝐 ∗ 𝝎                                                                                              (3.19) 

𝑻𝒍𝒃 = 𝒃𝟔 ∗
𝝅∗𝑩𝟐

𝟒
∗

𝒓𝒋𝒃∗𝒑∗|𝐜𝐨𝐬 𝜽|

√𝝎
                                                                                        (3.20) 

 

Table 3.2 lists the variables used in the equations above. The friction model discussed is 

dependent on the calibrated constants. The constants are specific to the apparatus used in 

the specific study which is very similar to the geometry utilized in this study. The absolute 

values of the various friction torque might have changed since 2001 due to improvements 

in material and machining. The relative influence of engine operating parameters such as 

piston speed, lubrication oil thickness, cylinder peak pressure as well engine geometrical 

parameters would remain consistent as they formulation associating them with different 

frictions were derived from first principles. 

 

Table 3.2 Engine specific geometry 

𝑩 Bore (mm) 131 

𝑳𝒔 Length of Piston Skirt (mm) 59 

𝒏𝒐 Number of Oil Rings 1 

𝒏𝒄 Number of Compression Rings 2 

𝒏𝒗 Number of Valves 4 

𝑵𝒔 Preloading Force of the Valve Spring (N) 360  

𝒑𝒆 Elastic Ring Pressure (N/m2) 26050 
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𝒓 Crank Radius (mm) 79 

𝒓𝒋𝒃 Radius of Journal Bearing (mm) 26 

𝝎 Angular Velocity (rad/s) 125.66 

𝒘𝒐 

 
Width of Oil Ring (mm) 4 

𝒘𝒄 Width of Compression Ring (mm) 3 

 

3.4 Results – Efficiencies and Losses  

The influence of heat loss determined by Woschni’s model on the Otto cycle’s thermal 

efficiency is presented in Figure 3.9. The thermal efficiency suffers at all compression 

ratios when heat loss is considered and is more pronounced at higher compression ratios. 

The thermal efficiency increases initially up to the compression ratio of 15, plateaus till 20, 

and monotonically decreases beyond that point.  The thermal efficiency dips below even 

that at compression ratio 5 when the compression ratio is increased beyond 30. Hence, we 

will address the loss mechanisms of the engine system between the compression ratios 5 

and 30.  
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Figure 3.9. Influence of heat loss on the gross indicated thermal efficiency of the 

Otto Cycle  

 

Figure 3.10 presents the simulated gross indicated efficiency as a function of both the 

compression ratio, and the air-fuel ratio represented by lambda. A greater lambda equals a 

higher air-fuel ratio as well as a higher ratio of specific heats since iso-octane’s 𝛾 is much 

lower than air. As explained earlier, the lambda can be maintained in two ways. The results 

from both approaches are presented. 𝜆 1, 𝜆 2 – EFE, and 𝜆 3 – EFE have the same fuel 

energy achieved by increasing the inlet pressure to obtain a greater air mass in the cylinder. 

𝜆 1, 𝜆 2, and 𝜆 3 denote operating conditions with the same air mass and hence 

progressively reducing fuel energy supplied to the engine. The efficiencies change with the 

compression ratio for all lambdas, as described previously.  For a given compression ratio, 

the gross indicated efficiency increases with greater lambda partly due to the increasing 

ratio of specific heats like the ideal cycle. The improvement in efficiency is mainly due to 
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reduced heat loss as the gas temperature does not increase rapidly for a greater lambda due 

to a higher air mass in the system per unit fuel mass supplied.  Figure 3.11 exhibits the 

calculated heat loss which increases linearly with compression ratio. The percentage of fuel 

energy lost to cylinder walls is further lowered for equivalent fuel energy supplied at 

greater lambdas. Figure 3.12 shows the cylinder temperatures and heat transfer coefficients 

for various lambda at the compression ratio of 14. The charge temperature attains its zenith 

simultaneously with the heat transfer coefficient due to the increase in gas motion velocity 

induced by the combustion process as well as the increase in thermal conductivity due to 

higher temperatures. Figure 3.13 presents the calculated exhaust loss. The exhaust losses 

decline with increasing compression ratio for all lambdas.  

 

Figure 3.10. Indicated gross efficiency as a function of the compression ratio, and 

the lambda 
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Figure 3.11. Heat transfer loss as a function of the compression ratio, and the 

lambda 

 

Figure 3.12. Temperatures and heat transfer coefficients for different lambdas at 

compression ratio 14 
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Figure 3.13. Exhaust loss as a function of the compression ratio, and the lambda 

 

Figure 3.14. Pumping loss as a function of the compression ratio, and the lambda 
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Figure 3.15. Net indicated efficiency as a function of the compression ratio, and the 

lambda 

Figure 3.14 shows the use of a higher air-fuel ratio to reduce heat loss and improve useful 

work imposes penalties in the form of pumping loss. The pumping energy while being 

comparable in absolute terms, is higher in terms of the percentage of the fuel energy due 

to the lower amount of fuel energy added when increasing lambda. The higher lambda 

cases with equivalent fuel energy as lambda 1 have negative pumping energy losses or 

positive work done during the gas exchange process since the inlet pressure was elevated 

to maintain the lambda while increasing fuel energy. The pumping loss diminishes with 

increasing compression ratio. The consequence on the net indicated efficiency is reflected 

in fig. 3.15.  

Figure 3.16 presents the calculated friction losses. The friction loss as a portion of fuel 

energy increases with compression due to the higher cylinder pressures. It also increases 

with lambda due to the reduction in fuel energy. The slope also increases with lambda 
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which leads to a more rapid fall-off in brake thermal efficiency (BTE) at the higher 

compression ratios. The friction loss also increases for constant fuel energy supplied with 

increasing lambda due to greater cylinder pressure. Figure 3.17 presents the calculated 

BTE. The greater thermodynamic efficiency achieved by a more plentiful air-fuel ratio 

does not translate into improved work output as the work required to perform gas-exchange 

and overcome friction consumes a greater fraction of the fuel energy. These losses, 

however, form a smaller percentage of the fuel energy supplied when comparing different 

lambdas with equivalent fuel energy leading to a much higher BTE peaking between 

compression ratios 14-17 before declining.  

 

Figure 3.16. Friction loss as a function of the compression ratio, and the lambda 
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Figure 3.17. Brake thermal efficiency as a function of compression ratio, and the 

lambda 

Figure 3.18 presents the fuel energy breakdown at the compression ratio 17 for the different 

cases considered. The gain in BTE can be seen to be mostly due to the reduction in heat 

transfer loss, pumping loss, and to a much less extent, friction loss. Exhaust loss is also 

significantly heightened. However, work needs to be performed to attain the initial 

boundary conditions required to impose equivalent fuel energy as lambda 1 for larger 

lambdas. Figure 3.19 presents the work required assuming an idealized isothermal 

compression process for lambdas 2 and 3. Figure 3.20 shows the fuel energy breakdown 

considering the initial compression work. The 1st stage compression work adversely affects 

and consumes all the BTE benefits even when assumed to be an idealized process. 

The benefits of increasing lambda while maintaining fuel energy could be retained if the 

initial compression work could be performed using the heat energy available in the exhaust. 

Most engines in use exploit the exhaust energy with a rotary turbine-compressor unit. The 
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turbine expands fluid pressure in the exhaust to produce shaft work, and the compressor 

utilizes that work to pressurize inlet gas. The pressure differential required to operate the 

turbine imposes a back-pressure on the piston during the exhaust stroke. Figure 3.21 

presents the fuel energy breakdown of the engine system assuming the exhaust pressure is 

equivalent to the inlet pressure desired. The increased exhaust pressure heightens the work 

required of the system to perform the gas exchange process. The utilization of exhaust 

energy to facilitate a greater lambda benefits the BTE of the engine.  

 

 

Figure 3.18 Fuel energy balance assessed at compression ratio 17 for different 

lambdas 
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Figure 3.19 Compression work required for attaining the initial boundary 

conditions for higher lambdas with the same fuel energy 

 

 

Figure 3.20 Fuel energy balance assessed at compression ratio 17 for different 

lambdas considering 1st stage compression work 
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Figure 3.21 Fuel energy balance at compression ratio 17 with increased exhaust 

pressure to accommodate the operation of a turbocharger unit 

3.5  Conclusions  

The theoretical potential of a device operating under the Otto Cycle is not realized in 

practice due to various loss mechanisms. Heat transfer loss to the cylinder walls is the main 

loss mechanism that reduces the brake thermal efficiency (BTE) of an engine. The use of 

leaner charge (greater lambda) increases the thermodynamic efficiency of the engine by 

providing a higher ratio of specific heats (𝛾) as well as reducing heat transfer loss by 

reducing the temperature gradient between the gas and the cylinder walls. The losses 

associated with the gas exchange process and the inherent friction of the mechanical 

device, however, consume a more significant part of the fuel energy reducing the work 

output from the engine. The facilitation of boundary conditions to trap a greater air mass 

inside the cylinder provides a strategy to maximize the translation of the thermodynamic 

benefits of a higher compression ratio, and a greater lambda into brake work. There is a 
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limitation to the level of air enrichment since both pumping and friction work increase 

simultaneously.  

 

 

 

 

 

 

 

 

 

 

 

4 Double Piston Compression Expansion Engine  

4.1  Implementing the Atkinson Cycle  

Atkinson Cycle offers the most exceptional theoretical thermodynamic efficiency of all the 

cycles discussed in the previous chapter. It provides the best aspects of the Otto and the 

Brayton Cycles. However, the implementation of the Atkinson Cycle in a piston 

reciprocating engine is a challenge due to the vast asymmetry in the compression and 

expansion ratios (
𝑉4

𝑉3
≪

𝑉1

𝑉2
). Automotive manufacturers have recently started exploring the 

benefits of the Atkinson Cycle especially in the design of light-duty engines. The 

asymmetry is achieved by the late closure of the inlet valve. This strategy reduces the 

effective compression ratio while maintaining the expansion ratio providing the asymmetry 

required. The late-inlet valve closing strategy, however, reduces the energy density of the 

engine for a given boundary condition, which penalizes mechanical efficiency reducing the 
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gains in BTE. Alternatively, the lambda is reduced for given fuel energy as a lower mass 

of air is trapped in the cylinder resulting in increasing heat loss and lower specific heat 

ratios.  

Double Piston Compression Expansion Engine (DCEE) was conceived as an alternative 

implementation of the Atkinson Cycle that could be operated at all load points without 

drastically increasing the mechanical friction loss of an engine[37]. The main aspect of the 

DCEE is that it separates the expansion process into two parts. The first part occurs in a 

small cylinder unit that is designed for high pressures and hence having a high friction 

component while the second part of the expansion happens in a larger cylinder optimized 

for operating at lower pressure. Therefore, overexpansion is achievable without incurring 

the significant mechanical losses that are inherent when executing the Atkinson Cycle in a 

single stage engine.  

DCEE in its initial configuration was presented and discussed by Lam et al.[37]. The 

operational aspects of this configuration can be read in detail in the same reference. The 

initial design had a few flaws that were resolved by the new arrangement presented in fig. 

4.1. DCEE, in its present variant, consists of a piston reciprocating compressor which feeds 

compressed air to a tank volume labeled Cold Tank at constant pressure. The compressor 

outputs compressed air at every rotation of the crank. The compressed air is drawn into the 

high-pressure cylinders from the Cold Tank. The fluid undergoes compression again, 

followed by heat addition and expansion before it is finally exhausted into another tank 

volume called Hot Tank at constant pressure. The high-pressure cylinder works on the 

principle of the Otto Cycle. The hot exhaust gases stored in the Hot Tank are fed to the 

piston expander, where it is further expanded once every rotation of the crank.  The 
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cylinders are all connected to the same crankshaft, the compressor deriving energy from it, 

and the expander feeding work into it. The compressor is sized to trap the required air, and 

the expander is sized to enable the complete expansion of the exhaust gases from the Hot 

Tank. The pressure-volume diagram associated with these cylinders is depicted in fig. 4.2. 

The pressures in the compressor and expander cylinders are an order of magnitude lower 

than the peak pressure in the high-pressure cylinders. The volumes are larger by a factor of 

2 to 3 dependent on the compression ratio of the high-pressure cylinders and lambda of 

operation.  

Figure 4.3 focuses on the pressures of compressor and expander units in more detail. The 

direction of the arrows point to the nature of work performed by the component. A 

clockwise direction suggests a net positive work and counterclockwise, the opposite. The 

gas transfer process between the cylinders and the tank volumes occur at quasi-isobaric 

conditions. The deviations from isobaric lines are due to flow losses through valves. The 

exhaust pressure is much higher than the inlet pressure for the high-pressure unit increasing 

the pumping work. The exhaust energy solely utilized for increasing the pressure of the 

inlet air in a turbocharged engine is here utilized for performing mechanical work in the 

DCEE. The useful work performed by the exhaust energy is the difference in the area under 

the P-V curves of the expander and the compressor.  
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Figure 4.1 Schematic of the Double Compression Expansion Engine 

 

 

Figure 4.2 Pressure-Volume diagram of the DCEE System 
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Figure 4.3 Pressure-Volume diagram of the DCEE system focused on the gas-

exchange of the high-pressure unit with the Compressor and the Expander  

4.2  Efficiencies and Losses in DCEE 

4.2.1 Engine Model  

1-Dimensional numerical simulations like those elaborated in the previous chapter were 

performed to understand the trends in engine efficiencies and loss mechanisms for the 

DCEE as functions of the compression ratio of the high-pressure cylinder. GT-Power 

software package was used for performing the simulations. The engine geometry utilized 

in the previous chapter was retained for the high-pressure units. The compressor volume 

was set to provide the required air mass to achieve a lambda of 3 with equivalent fuel 

energy as lambda 1 from chapter 3. The expander volume was adjusted to achieve complete 

expansion down to atmospheric pressure. The compressor and expander cylinders have the 

same stroke length of 140 mm. Table 4.1 reiterates the geometry of the high-pressure units 

along with the geometry of the compressor cylinder. A compression ratio of 194 was set 
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for the compressor and expander to have minimal dead volume. The connecting pipes and 

the tank volumes were modelled to be adiabatic. The charge air cooler (CAC) is located 

after the compressor to reduce the compressed air temperature back to 298 K. The tank 

volumes were set to 20 liters, each. The heat transfer in all the cylinders were calculated 

by Woschni’s heat transfer model. The temperatures of the expander piston and head were 

modified using a PDI controller object to attain zero heat transfer through them.  

Table 4.1 Simulated engine geometry of DCEE 

Bore HP (mm) 131 

Stroke HP (mm) 158 

Connection Rod HP (mm) 265 

Compression Ratio 8–20 

Lambda (𝝀) 3 

Fuel  Isooctane  

Heat Addition  Isochoric 

Bore Compressor (mm) 220 

Stroke Compressor (mm) 140 

Connecting Rod (mm) 180 

 

4.2.2 Results  
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Figure 4.4 Fuel energy balance for the high-pressure units with different 

compressions 

 

 

Figure 4.5 Fuel energy balance for the compressor-expander unit 
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Figure 4.6 Hot Tank energy and Expander conversion efficiency as functions of the 

high-pressure cylinder’s compression ratio 

 

 

Figure 4.7 Hot Tank temperature and pressure as functions of the high-pressure 

cylinder’s compression ratio 
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Figure 4.8 Isentropic efficiency of the expander as a function of the high-pressure 

cylinder’s compression ratio 

 

Figure 4.9 Comparison of brake work of DCEE engine with different high-pressure 

cylinder’s compression ratio and conventional engine architecture with a 

compression ratio of 17 
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Figure 4.10 Temperature of exhaust after expander as a function of the high-

pressure cylinder’s compression ratio 

Figure 4.4 shows the fuel energy balance in the high-pressure cylinder for various 

compression ratios. The high-pressure unit operated based on the Otto Cycle, shows a 

similar trend as discussed in the previous chapter with the net-work peaking between 

compression ratios 14 and 17. The heat transfer loss and exhaust loss show opposite trends 

as expected. The pumping loss is similar for the all the cases and is elevated compared to 

the single stage engine as the exhaust pressure is maintained at a much greater pressure 

than the intake pressure to facilitate the quasi isobaric gas transfer to reduce flow loss.  The 

increased exhaust loss at lower compression ratios leads to greater expander work as shown 

in fig. 4.5. The compressor work is similar for all the cases since the air mass compressed 

is constant. Therefore, the BTE parity between different high-pressure cylinder’s 

compression ratios is diminished. The 1st stage compression in the DCEE is polytropic and 

hence the charge temperature increases along with the pressure change. The compressor 
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work is much higher than that is required by the isothermal process. The ideal process 

discussed in the previous chapter does not account for the work performed during the gas 

transfer process from the compressor into the tank volume. This forms a significant part of 

the compressor work as deduced from the P-V diagram presented in Fig. 4.3. The 

temperature rise mandates the requirement of a CAC to reduce the temperature of the intake 

back to 298 K. This temperature was chosen to provide a fair comparison between the 

single-stage Otto Cycle based engine simulated in the previous chapter and the DCEE.  

The net-work performed by the compressor and expander units will be termed LP (low 

pressure) unit work. The LP unit work decreases with an increasing compression ratio of 

the high-pressure unit since a smaller portion of the fuel energy is available to the expander 

as seen in fig. 4.6.  

The conversion efficiency of the expander, however, increases with declining energy in the 

Hot Tank. Figure 4.7 presents the Hot Tank temperature and pressure. The pressure in the 

Hot Tank is consistent while the temperature declines with an increasing compression ratio 

of the high-pressure unit. Thus, the pressure ratio of the second expansion is constant which 

diminishes the conversion efficiency of the expander with increasing heat energy in the 

Hot Tank. The isentropic efficiency of the expander remains relatively constant, as seen in 

fig. 4.8 at around 90%. The modeling of the expander head and piston to have zero heat 

transfer is the main reason for the constant isentropic efficiency. Figure 4.9 compares the 

brake work of the DCEE against a conventional engine evaluated at the compression ratio 

of 17. DCEE at every compression ratio of the high-pressure unit provides a higher brake 

work output. DCEE realizes a good portion of the theoretical parity between the Otto and 

the Atkinson cycles.  
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The maximum BTE for DCEE is shifted to the compression ratio of 11 of the high-pressure 

unit which is a substantial difference compared to the single-stage engine. The lower 

compression provides the best heat transfer loss to exhaust energy balance. The main form 

of loss associated with lower compression ratio, exhaust loss, is utilized in the DCEE’s 

expander. The use of lower compression ratio also provides a higher temperature in the 

exhaust after the expander, as presented in fig. 4.10 which could prove advantageous for 

performing the treatment of the exhaust gases to meet emission regulations. A lower 

compression ratio also provides the possibility for greater power for given maximum 

pressure and temperature limits.  

The addition of the compressor-expander unit increases mechanical friction. An 

assumption of 0.2 bar mean effective pressure (MEP) due to friction was made in 

calculating the friction loss associated with LP units. DCEE’s BTE is reduced by 2% points 

due to LP unit friction. A detailed model was not implemented since most models require 

calibrated constants which are not available for the LP Unit at this stage of the design 

process. The higher volume of expander required to achieve complete expansion with 

decreasing compression ratio of the high-pressure unit increases the friction loss associated 

with the LP unit. The total friction is, however, lower for a lower high-pressure unit 

compression ratio due to reduced pressure levels, as stated earlier.  

4.3  Conclusions  

Atkinson Cycle promises potential thermodynamic benefits over the Otto Cycle. 

Conventional engine architectures can accommodate the Atkinson Cycle with some 

limitations that reduce the benefits of its adoption. The late intake valve closing strategy 

needed for performing the Atkinson Cycle either reduces the dilution level for a given fuel 
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amount and boundary conditions or lowers the engine operating load point for a given 

dilution level and boundary conditions. The former adversely affects the thermodynamic 

cycle while the latter degrades mechanical efficiency. The increase in cylinder volume 

required to achieve complete expansion at higher loads would also degrade mechanical 

efficiency as friction scales with cylinder volume. Therefore, the operation of a 

conventional engine with the Atkinson Cycle is limited to a narrow load range with 

tradeoffs between thermodynamic efficiency and mechanical efficiency.  

The Double Compression Expansion Engine (DCEE) concept enables the use of the 

Atkinson Cycle without the necessity for a tradeoff between thermodynamic efficiency and 

mechanical efficiency. DCEE splits the expansion process into cylinders. The initial 

expansion happens in the smaller cylinder operating on the four-stroke principle. The 

exhaust from this smaller cylinder is transferred to the larger cylinder for the second-stage 

expansion. Each cylinder’s friction component is optimized for the peak pressure level of 

its operation. The peak pressure in the larger cylinder is two orders of magnitude lower 

than the peak pressure in the smaller cylinder. A piston compressor unit provides the 

necessary boundary conditions for the smaller cylinder to perform the optimum 

thermodynamic cycle. Both the compressor and the expander cylinders operate on the two-

stroke principle. The working fluid is compressed twice and expanded twice leading to the 

moniker of the engine concept.  

A compression ratio of 11 in the smaller high-pressure cylinder provides the highest BTE 

for the DCEE concept, unlike conventional engines where a compression ratio of 17 yields 

the best BTE. The heat transfer loss saved by the reduction of the compression ratio is 

converted to work in the expander of the DCEE. Further reductions in the compression 
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ratio do not yield more brake work as the conversion efficiency of the expander declines 

due to the limitations on the pressure ratio available for utilizing the exhaust energy.  

 

 

 

 

 

 

 

 

 

 

 

5 Optimum Heat Addition Process for DCEE 

5.1  Influence of Heat Addition Process on Efficiency and Losses 

The efficiencies of the single-stage engine and DCEE were evaluated in chapters 3 and 4, 

assuming an isochoric heat addition process. The isochoric heat addition process expresses 

the greatest thermodynamic potential for an ideal cycle for both Otto and Atkinson Cycles. 

There is no consideration of heat transfer to the cylinder walls in the ideal cycle analysis. 

However, in practice, the addition of all the heat energy when the cylinder is at its smallest 

volume produces the largest pressure and temperature differential. The large temperature 

gradient drives heat transfer from the gas to the walls. The velocity induced by the 

combustion process also increases as it is a function of the pressure variation between 

motored and fired pressures which further enhances the heat transfer loss. The heat 

transferred to the walls can be abated by reducing the rate of heat addition.  
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The tradeoffs between heat transfer loss, exhaust loss, and friction loss, and their 

implication on BTE due to variations in the heat addition process were calculated using the 

GT-Power software package. This study highlights the differences between conventional 

engine architectures and the DCEE concept in terms of the optimum heat addition rates. 

The second expansion stage affords DCEE an extra degree of freedom which might make 

certain scenarios of heat addition process that may not yield the best efficiency in a single 

stage engine more probable for use in DCEE. The trends and the optimum would also 

depend on the amount of heat added to the system as well as the relative excess air mass in 

the cylinder. The investigations presented here consider the same boundary conditions and 

fuel energy used in the simulations discussed in the previous chapters.  

5.1.1 Wiebe Function  

The heat addition process in the simulations was modified using the SI Wiebe function 

object in the GT-Power software package. The object provides three variables to 

manipulate the heat addition rate; viz. 1. Crank Angle at 50% Burn Rate (CA 50), 2. 

Duration of Combustion (CA10-CA90), and 3. Wiebe Exponent (WE). Figures 5.1, 5.2, 

and 5.3 exhibit the influence of each variable on the heat addition rate while constraining 

the other two at constant values which are specified in the figures. CA 50 is the mean, and 

Duration of Combustion is the 1st standard deviation of the normalized burn rate, which 

appears as a normal distribution. Wiebe exponent is the expression of the skew of this 

distribution. The CA 50, Combustion Duration, and Wiebe exponent are the first, second, 

and third moments of the heat release rate distribution. A Wiebe exponent of 2 provides a 

distribution with no skew. Lower values of WE reduce the tail at the start of the distribution 

and vice versa. In the present work, these variables were parametrically varied. The CA 50 
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spans a range of -5° CA before the top dead center (TDC) to 15° CA after the TDC. The 

combustion duration was varied from 2.5° CA to 30° CA. WE exponent was set to 2 as it 

found to have a negligible impact on the BTE of the engine.  

 

 

 

Figure 5.1 Influence of CA50 on heat addition rate with constant Combustion 

Duration and Wiebe Exponent 
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Figure 5.2 Influence of Combustion Duration on heat addition rate with constant 

CA 50 and Wiebe Exponent  

 

 

Figure 5.3 Influence of Wiebe Exponent on heat addition rate with constant CA 50 

and Combustion Duration 
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5.1.2 Results  

Figure 5.4 contrasts the gross indicated efficiencies (ITEg) of a single-stage engine at 

compression ratios 11 and 17, evaluated for the CA50 and heat addition duration range 

specified. The variation of ITEg with CA 50 is more significant for compression ratio 17. 

The CA50 timing for the best ITEg is shifted further away from the TDC with the higher 

compression ratio. The influence of duration is similar for both compression ratios at the 

best CA50 timing. Figure 5.5 contains the heat transfer losses whose variability is similar 

to ITEg. The rate of heat addition has a more profound impact on heat transfer losses for 

higher compression ratios as gas temperatures become larger. The trends in variability, 

optimum CA50, and the influence of duration continue for both net indicated efficiency 

(ITEn) and brake thermal efficiency (BTE), as seen in fig. 5.6 and fig. 5.7, respectively. 

ITEg, ITEn, heat transfer loss, and BTE are all higher for compression ratio 17 at the best 

point due to the more significant thermodynamic potential created during the compression 

ratio. The more considerable variability indicates a heightened sensitivity to the heat 

addition process, necessitating a greater control authority over it when increasing the 

compression ratio for a single-stage engine. The availability of a higher volume expansion 

ratio is best exploited by having a heat addition process whose mean occurs well into the 

expansion stroke which reduces the heat loss to the cylinder walls.  
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Figure 5.4 Gross indicated efficiency variability with CA 50 and Combustion 

Duration for compression ratios 11 (top) and 17 (bottom) for a Single-Stage Engine 
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Figure 5.5 Heat transfer loss variability with CA 50 and Combustion Duration for 

 compression ratios 11 (top) and 17 (bottom) for a Single-Stage Engine 
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Figure 5.6 Net indicated efficiency variability with CA 50 and Combustion duration 

for compression ratios 11 (top) and 17 (bottom) for a Single-Stage Engine 
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Figure 5.7 Brake thermal efficiency variability with CA 50 and Combustion 

Duration for compression ratios 11 (top) and 17 (bottom) for a Single-Stage Engine 
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Figure 5.8 provides the comparison of ITEn between the single-stage engine and DCEE’s 

high-pressure unit, both having a compression ratio of 11.  Both engine configurations 

exhibit the same sensitivity to CA 50 and combustion duration regarding the ITEn of the 

combustion cylinders. The ITEn of DCEE’s high-pressure unit is much lower due to the 

more significant pumping loss associated with, the more substantial exhaust pressure. 

Figure 5.9 presents the ITEn of the DCEE system, which in contrast to the high-pressure 

unit, has its best point when the CA 50 further removed from TDC similar to compression 

ratio 17 for the single-stage engine. The sensitivity of the DCEE system’s ITEn to CA 50 

is like the compression ratio 17 while the sensitivity to the combustion duration is reduced 

compared to both the compression ratios for the single-stage engine. The shift in the best 

point is due to even more reduced heat loss in the combustion cylinder with the expander 

utilizing the greater exhaust energy. The reduced sensitivity to combustion duration is due 

to the improved LP Unit work which compensates for the reduction in net-work from the 

high-pressure unit, as seen in fig. 5.10.  

Figure 5.11 presents the energy available in the Hot Tank and the conversion efficiency of 

the expander unit. There are substantial differences in the amount of energy stored in the 

Hot Tank. However, the conversion efficiency of the expander does not change much. The 

greater energy in the Hot Tank is complimented by the higher pressure ratio available for 

expansion, which allows the expander to maintain its conversion efficiency. Figure 5.12 

shows the pressure in the Hot Tank, which increases with retarded combustion phasing.  

Figure 5.13 exhibits the resulting BTEs of the DCEE system for various combustion 

phasing and duration. The best BTE point is when the CA 50 at 10° CA after TDC, which 

is like a single-stage conventional engine with a compression ratio of 17. The sensitivity to 
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both CA 50 phasing, as well as combustion duration, is diminished. The use of the second 

expansion stage permits a retarded combustion phasing even with a lower compression 

ratio in the combustion cylinder without any penalty on efficiency. The heat addition 

process can also be prolonged while maintaining high efficiency. Therefore, DCEE 

provides an extra degree of freedom, unlike conventional engines, to manipulate the 

combustion process either to reduce heat loss to the walls or to limit engine-out emissions.  
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Figure 5.8 Net indicated efficiency variability with CA 50 and Combustion Duration 

for Single-Stage Engine (top) and High-Pressure Unit of DCEE (bottom) at 

compression ratio 11 
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Figure 5.9 Net indicated efficiency of the DCEE system 

 

 

Figure 5.10 Net work performed by compressor and expander cylinders of the 

DCEE 
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Figure 5.11 Fuel energy in the Hot Tank (top) and  

Expander Conversion Efficiency (bottom) 

 



 

82 

 

 

Figure 5.12 Variability of Hot Tank Pressure with CA 50 and Combustion Duration  

 

 

Figure 5.13 Brake thermal efficiency variability with CA 50 and Combustion 

Duration the DCEE system 
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5.2  Conclusions  

Isochoric heat addition process, as prescribed by the Otto Cycle, does not yield the best 

efficiency in a real cycle due to its influence on the heat transfer process. A numerical 

investigation was conducted to understand the effect of the heat addition process on 

different efficiencies of a single-stage conventional engine as described in chapter 1, and 

the novel DCEE concept. The indicated gross and net efficiencies, as well as brake 

efficiencies, show variation in behavior based on the compression ratio for a single-stage 

engine. The best efficiency point occurred when the mean of the heat addition curve (CA 

50) was moved away from Top Dead Centre (TDC) with increases in the compression ratio. 

The heat transfer losses were significantly diminished leading to improvement in brake 

work. The sensitivity to CA 50 phasing is more significant for a higher compression ratio 

while the influence of duration is similar.  

A comparison between a single-stage engine and DCEE with the same compression ratio 

of 11 in the high-pressure unit revealed that the trends while being identical in the high-

pressure unit are different for the complete DCEE system. The best efficiency point is when 

the combustion is phased well after TDC like that of the single-stage engine with a 

compression ratio of 17.  The sensitivity to phasing as well as duration is however much 

less pronounced for the DCEE concept. Therefore, the DCEE concept can accommodate 

retarded combustion with prolonged combustion duration without efficiency penalties. The 

extra degree of freedom could be utilized to investigate novel heat addition processes with 

reduced heat transfer and reduced pollutant formation.  
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6 Parametric Study and Optimization of DCEE Configuration 

The last two chapters highlighted the additional degrees of freedom afforded by the DCEE 

concept. The increased efficiency achieved at different combustion cylinder compression 

ratios and the concept’s relative insensitivity to phasing and duration of the heat addition 

process compared to conventional architectures were presented and discussed. The present 

chapter further explores the DCEE concept by studying the effect of variations in certain 

important parameters that govern system efficiency using the 1-D model in the GT-Power 

software package elaborated in the previous chapters. The effects of combustion cylinder 

heat transfer, charge air cooling temperature, piston temperature, compressor and expander 

geometries on system efficiency, and different losses are presented in following sections.  

6.1  Sensitivity of System Efficiency to Heat Transfer Losses  

6.1.1 Influence of Heat Transfer Coefficient Scaling Factor  

A substantial part of heat energy created during the heat addition process is transferred to 

cylinder walls in the combustion cylinder. The reduction in heat transferred to the walls 

hence provides a significant possibility in improving the efficiency of an internal 

combustion engine. The heat transfer is driven by the temperature differential, the surface 

area, and the heat transfer coefficient. The heat transfer coefficient is itself a function of 

in-cylinder temperature, pressure, and flow velocity. The heat transfer coefficient usually 

attains its maximum value simultaneously as cylinder temperature peaks. The coefficient 

could be altered by changing the mode of combustion. The Woschni heat transfer model 

was developed and calibrated for diffusion combustion mode. The calibrated values might 

change for other combustion modes. The sensitivity of in-cylinder heat loss, by altering the 

mode of combustion, on DCEE’s brake thermal efficiency was investigated by changing 



 

85 

 

the scaling factor of the heat transfer coefficient during the heat addition and expansion 

processes. The scaling factor was maintained at unity for the gas-exchange and 

compression processes as the mode of combustion would not affect the heat transfer during 

these processes. The SI Wiebe objection was utilized here to impose the heat release rate 

of the combustion process. CA 50 and combustion duration were set at 10° CA after top 

dead center (aTDC) and 10° CA, respectively. The Wiebe exponent was maintained at 2.  

Figure 6.1 presents the BTE with changing scaling factors for various compression ratios 

for a single-stage engine. The temperatures of the piston, head, and liner are kept constant 

at 590 K, 550 K, and 450 K in these simulations. BTE improves with reducing scaling 

factor at all compression ratios. BTE becomes increasingly sensitive to the scaling factor 

(𝛼) at higher compression ratios. BTE begins to monotonically increase with compression 

ratio for all scaling factors less than 0.8 as heat transfer to the walls becomes the dominant 

loss mechanism at elevated compression ratios.  

Figure 6.2 presents the same sensitivity study for DCEE. The highest compression ratio 

shows the most considerable sensitivity to scaling factor like a single-stage engine. 

However, sensitivity is also heightened at other compression ratios for DCEE compared to 

the single-stage engine as the heat energy saved is better utilized in the second expansion 

stage, as highlighted in previous chapters. 

The optimum high-pressure unit compression ratio is shifted to lower values for scaling 

factors greater than unity. The sensitivity of BTE to compression ratio hence is much less 

pronounced with reducing scaling factor for DCEE compared to the single-stage engine. 

BTE increases monotonically with compression ratio only when the scaling factor is 

reduced to 0. 
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Figure 6.1 Brake thermal efficiency as a function of the heat transfer coefficient 

scaling factor (𝜶) and the compression ratio for a single-stage engine  

 

Figure 6.2 Brake thermal efficiency as a function of the heat transfer coefficient 

scaling factor (𝜶) and the compression ratio for the DCEE 
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6.1.2 Influence of Charge Air Cooling Temperature  

The effect of air temperature entering the combustion cylinder after the first stage 

compression is presented in this section. The reduction of charge inlet temperature reduces 

the effective temperature potential created by the compression process, which is 

detrimental to the ideal cycle efficiency, but the increased temperature is prone to elevate 

heat loss to the walls. Therefore, the effect of charge air cooling (CAC) temperature was 

assessed at two compression ratios and various heat transfer coefficient scaling factors. The 

temperature out of the charge air cooler (CAC) was set to temperatures 450 K, 350 K, and 

298 K, with the first representing no cooling and the third an ideal cooling scenario.  

A higher CAC temperature correlates to higher inlet pressure, peak pressure and 

temperature, thus leading to a more significant heat loss for every scaling factor considered, 

as seen in fig. 6.3. The rate of reduction in heat transfer loss increases with the CAC 

temperature and compression ratio with reducing scaling factor. The reduction in the 

scaling factor has the most significant effect on the improvement of BTE for the CAC 

temperature of 450 K and CR 17, as shown in fig. 6.4.  CR 17 with any level of CAC 

temperature and any scaling factor less than 0.6 provides a greater BTE than CR 11. BTE 

for CR 17 increases with lowering CAC temperature and converges as the scaling factor 

approaches 0. CR 11 exhibits a similar trend but with the BTEs converging for a scaling 

factor of 0.4 and the trends reversing. The reversal of the trend indicates that with a suitable 

combustion concept offering significantly smaller heat loss, exhaust energy recuperation 

would be beneficial to the DCEE’s system efficiency, unlike a conventional single-stage 

engine configuration. This result identifies a unique characteristic of the DCEE architecture 

with CR 11.  
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Figure 6.3 Heat transfer loss change in the combustion cylinder with hear transfer 

coefficient scaling factors for different combustion cylinder inlet temperatures 

 

Figure 6.4 Brake thermal efficiency change of DCEE with heat transfer coefficient 

scaling factors for different combustion cylinder inlet temperatures 
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Figure 6.5 Energy flow balance for the DCEE system for scaling factors of 1.4 and 0 

and different combustion cylinder inlet temperatures 



 

90 

 

Figure 6.5 shows the change in energy flow for the DCEE System with CR 11 for different 

CAC temperatures for extreme scaling factors considered in this study; 1.4 and 0. The 

reduction in heat transfer loss as discussed earlier is more significant for the highest CAC 

temperature. A significant part of the heat energy saved with the reduction of the scaling 

factor to zero increases the exhaust energy. A smaller portion is converted to work in the 

combustion cylinder. The higher exhaust energy also increases the pumping work as the 

thermal energy in the hot tank is enhanced. The more considerable effort expended for the 

gas exchange process further minimizes the net-work performed by the combustion 

cylinders. The increase in exhaust energy is converted to work in the expander. The 

reduction in charge air cooling demands additional work of the compressor cylinder due to 

higher air pressure in the tank volume.  

The results discussed above does not consider the impact of the heat transfer reduction on 

cylinder wall temperatures. The temperature differential is an essential consideration for 

computing heat transfer to the walls. The cylinder wall temperatures and system 

efficiencies were calculated utilizing the finite element representation of the cylinder liner, 

piston, and head in the GT-Power software. Figure 6.6 presents the computed piston wall 

temperatures as a function of the scaling factor of the heat transfer coefficient. Piston 

temperature declines as the heat energy transferred to the walls diminish. Figure. 6.7 

presents the resulting change in BTE. The lower piston temperature enhances heat loss and 

reduces the brake work performed by the DCEE system. The trends in system BTE are like 

the simulations performed with constant wall temperature. The crossover between different 

CAC temperatures happens at a slightly higher scaling factor of 0.6. Therefore, for a non-

insulated piston reducing the level of intercooling becomes more advantageous if the heat 
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addition process results in a scaling factor less than 0.6. The results show that with the 

reduction of the heat transfer coefficient scaling factor, a higher level of insulation of the 

combustion cylinder walls is necessary to obtain maximal benefits. 

 

Figure 6.6 Calculated piston temperatures for different scaling factors and charge 

air cooling temperatures  

 

The impact of insulating the combustion cylinder piston was simulated and evaluated by 

varying the piston temperature while maintaining the heat transfer coefficient scaling factor 

at 0.5 with inlet temperature set at 350 K as it is a more realistic target for CAC out 

temperature. The insulation of the cylinder walls was limited to the piston as it acts as the 

primary heat sink for fuel heat energy[38]. Figure 6.8 presents the fuel energy breakdown 

for the DCEE system for five different piston temperatures in increments of 100 K. The 

material properties required to attain the imposed piston temperatures were not considered.  
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The reduction in heat transfer does not account for any improvement in the net-work 

performed by the combustion cylinders. There seems to be a minor improvement in the 

gross work of the combustion cylinder, along with increases in exhaust energy. The 

presence of the tank volume results in a more significant exhaust pressure acting on the 

cylinder due to the enhanced exhaust energy. The gas exchange efficiency of the 

combustion cylinders hence suffers, minimizing the net work done by the combustion 

cylinder. The increased exhaust energy as expected leads to greater expander work 

resulting in a more excellent system brake work.  

The scaling of piston temperature has a much less pronounced effect on brake work of the 

DCEE compared to scaling of the heat transfer coefficient establishing the latter’s primacy 

on heat transfer. This result is consistent with the results obtained by Tuner [38], who also 

considered the kinetics of the combustion process which resulted in the changing 

combustion phasing. The literature on piston insulation suggests that piston insulation often 

results in degrading engine efficiency especially for mixing driven combustion. The rise in 

piston wall temperature due to insulation results in increasing the heat transfer coefficient 

caused by the reduced quenching distance of the flame from the wall. The increased 

residence time of high temperature gas near the walls due to reduced mixing energy caused 

by surface roughness [39–41] also increases the heat transfer coefficient. Insulation of the 

piston surface could be more useful at other load points [42].  
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Figure 6.7 Comparison of brake thermal efficiencies of the DCEE with constant, 

and computed piston temperatures as a function of scaling factor, and charge air 

cooling temperatures  
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Figure 6.8 Fuel energy balance for the DCEE system considering different piston 

temperatures at heat transfer coefficient scaling factor of 0.5  
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6.2  Compressor and Expander Geometry  

The advantages of the DCEE configuration relies mainly on the implementation of the first 

stage compressor and final stage expander devices. These positive volume displacement 

devices were assumed to have ideal characteristics such as a very high compression ratio 

leading to minimal dead volumes, valves that facilitated rapid opening and closure, and 

complete insulation of the expander cylinder’s piston and head in the simulations 

presented. The impact of deviating from these ideal assumptions is presented and discussed 

in the following sections.  

6.2.1 Compressor Compression Ratio  

The high value of the compression ratio imposed on the simulation is not possible to 

implement due to heat expansion and machining tolerances. Figure 6.9 exhibits the effect 

of reducing the compression ratio of the compressor on compressor and brake work. The 

reduction in the compression ratio increases the clearance volume and reduces the mass 

flow from the compressor into the tank volume. The compressor bore was adjusted to 

maintain the mass flow from the compressor to the tank volume. The compressor work is 

initially unaltered by the changing compression ratio even when reduced by a factor of 

three. It finally increases when the change is of an order of magnitude. Figure 6.10 shows 

the P-V diagram for compression ratios 194 and 15 indicating the increased work input 

required to compress the gas resulting from the increases mass of gas compressed. The 

reduced compression ratio also reduces the pressure achieved at the start of the exhaust 

valve opening leading the unconstrained flow from the tank volume back into the 

compressor. The work done to compress the excess gas in the clearance volume can be 

reclaimed by allowing its expansion before the opening of the inlet valve while the exhaust 
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valve opening could be delayed ensuring proper compression pressure. Figure 6.10 also 

presents the P-V diagram for the optimized intake and exhaust valve opening for the 

compression ratio 15. Figure 6.9 presents the improvement in BTE with the optimized 

valve timing.  

 

Figure 6.9 Effect of the compressor compression ratio on compressor and brake 

work  
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Figure 6.10 Pressure-Volume diagram of the compressor for two different 

compression ratios 

6.2.2 Compressor Inlet and Exhaust Valve Area  

The gas exchange process of the compressor unit is vital to the efficiency of the system. 

Figure 6.11 presents the compressor and brake work as functions of the valve area 

normalized by the compressor bore area.  The simulations were performed assuming two 

intake and two exhaust valves, which limited the maximum valve area to the value 

presented. The compression ratio of the compressor was fixed at 15, and the valve timings 

were optimized, as discussed in the previous section, to minimize losses from the increased 

clearance volume. The sensitivity of the compressor work to the valve area decreases with 

increasing valve area. The valve area could be further increased by fitting smaller valves 

to improve the efficiency further, but the geometrical arrangement of the valves might 

become more complex.  
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Figure 6.11 Effect of normalized valve area on the compressor and brake work 

 

 

Figure 6.12 Effect of Exhaust to Intake Valve Area on Brake Work  
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Figure 6.12 presents the influence of varying the area of exhaust valves relative to the 

intake valves evaluated at a valve to compressor area of 0.35. Brake work is not sensitive 

to relative sizes of the intake and exhaust valves and slightly tails off when the exhaust 

valve size becomes more significant than the intake valve.  

6.2.3 Expander Compression Ratio  

The expander compression ratio, like the compressor, cannot be set at enormous values as 

in the initial simulations due to heat expansion and machining tolerances. Figure 6.13 

presents the effect of the expander’s compression ratio on brake work, expander work, and 

the combustor work. The effect of the expander compression ratio is like that of the 

compressor compression ratio on brake work with the fall off happening when the 

compression ratio is reduced by an order of magnitude. The differences between net-work 

of the combustor and the expander, however, grow more significant with the reduction in 

the compression ratio of the expander with the former increasing and the later declining. 

This phenomenon is due to the unrestrained expansion as the re-compression pressure in 

the expander does not match the hot tank pressure for the same valve timing. The 

unrestrained expansion increases the gas temperature and reduces the pressure reducing the 

pressure potential to perform work in the expander. The flow loss can be mitigated by 

adjusting the valve timing to achieve adequate re-compression. The effect of adjusting the 

valve timing are also presented in the same figures. The optimized valve timing for 

achieving re-compression pressure improves brake work marginally while changing the 

work distribution between the combustor and expander cylinders. Figure 6.14 presents the 

pressure-normalized volume diagram for the expander with CR 194, and CR 15. The p-v 

diagram resulting from optimized valve timing is also presented.  
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Figure 6.13 Influence of the expander compression ratio on combustor, expander, 

and brake work 

 

 

Figure 6.14 Pressure-Normalized Volume diagram of the expander for different 

compression ratios and valve timings  
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6.2.4 Expander Inlet and Exhaust Valve Area  

Figure 6.15 presents the effect of changing the relative valve areas on the expander cylinder 

on the combustor work, the expander work, and the brake work of DCEE. The larger valve 

area offers less impendence for the flow into the expander thus reducing upstream pressure. 

The reduction in pressure potential negatively impacts expander work, as discussed in 

previous chapters. The expander work reduces linearly. The reduced pressure also causes 

a reduction in pumping work for the combustor cylinder. The net impact in increasing the 

valve area is an improvement in system brake work. The assignment of only four valves to 

the expander limits the maximum valve area achieved in this simulation. The use of more 

valves with smaller diameter could help further increase brake work. The effect of relative 

valve areas on efficiency was evaluated at the valve to expander area of 0.43. The expander 

work, the combustor work, and the brake work are insensitive to the relative valve areas, 

as shown in fig. 6.16.  
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Figure 6.15 Effect of Expander Valve Area of Expander, Combustor, and Brake 

Work 
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Figure 6.16 Effect of Relative Valve Areas of Expander, Combustor, and Brake 

Work  

 

6.3  Conclusions  

This chapter explored the influence of combustion cylinder heat transfer, charge air cooler 

outlet temperature, piston insulation, compressor and expander geometries on the 

efficiency of the Double Compression Expansion Engine Concept. The combustion 

cylinder heat transfer was manipulated by changing the scaling factor on the heat transfer 

coefficient. The influence of charge air cooling temperature was most pronounced when 

the scaling factor was set to 1.5. The highest charge air cooling temperature led to the 

lowest brake thermal efficiency. The differences between different charge air cooling 

temperatures diminished with reducing scaling factor with the trends reversing below 0.4. 

This behavior was different for the DCEE with the combustion cylinder’s compression 
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ratio at 17. This result showed that recuperation could be a viable strategy for DCEE 

operation with a low combustion cylinder compression ratio if the combustion cylinder 

heat transfer could be minimized. The increase in piston temperature assuming insulation 

provided improvements to system efficiency, mainly by the utilization of saved heat energy 

in the expander cylinder.  

The main limitations in the operation of the compressor and the expander cylinders are the 

clearance volumes necessitated due to the thermal expansion of cylinder parts and 

machining tolerances. The reduction in the compression ratio of the compressor and the 

expander reduces the system efficiency in the former due to the increased mass under 

compression, and unrestrained expansion in the latter. These losses were found to be 

mitigated by the use of proper valve timings. The intake valve on the compressor was 

adjusted to expand back the air mass in the clearance volume recuperating the work 

performed during the compression stroke. The exhaust valve on the expander was closed 

earlier to allow for re-compression, which equalizes the pressure between the expander and 

the tank volume before the opening of the intake valve. The system efficiency was also 

shown to be sensitive to the valve areas on the compressor and expander cylinders. The 

differences in size between the intake and exhaust valves, however, had no effect on 

efficiency when the overall valve area was held constant.  
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7 DCEE – HCCI - Exploring Synergies  

The parametric study of the DCEE concept showed that the DCEE engine concept had a 

greater sensitivity to heat transfer during the combustion process compared to a single-

stage engine. However, DCEE showed reduced sensitivity to the inlet temperature with a 

reducing heat transfer coefficient scaling factor as the combustion cylinder compression 

ratio was reduced. The present chapter explores this factor as well as other configurational 

properties of DCEE to identify the synergies of incorporating Homogenous Charge 

Compression Ignition (HCCI) with the DCEE concept. HCCI combustion provides several 

advantages such as reduced heat transfer loss, fast heat release, and low NOx and soot 

emission. HCCI concept also has certain limitations, the foremost being the control 

authority over the combustion process. The present study considers utilizing DCEE as a 

range extender for a hybrid powertrain. Such a concept would need a limited load range, 

making it ideal for adopting HCCI [3].  

7.1  Fuel Octane Quality Flexibility 

Homogenous Charge Compression Ignition (HCCI) belongs to the family of low-

temperature combustion concepts. The moniker captures the essence of the process in 

which a premixed fuel-air mixture is auto-ignited by the pressure and temperature rise 

during the compression process. The reactivity of the fuel-air mixture solely controls the 

onset of fuel ignition, unlike spark ignition or spray injection ignition. The auto-ignition 

process is also volumetric, making the heat addition process much faster than diffusion or 

spark-ignition combustion processes if phased correctly. The fast heat addition process is 

advantageous as it mimics the ideal Otto cycle. The disadvantages of a volumetric heat 

release process are the possibility of excess combustion noise and very high cylinder 
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pressures. Therefore, a high level of dilution and precise combustion phasing are necessary 

for the operation of an engine in the HCCI mode.  

The fuel-air mixture reactivity, which dictates the combustion phasing, is a function of 

cylinder temperature, pressure, and mixture strength. It is also a function of residence time 

governed by the engine speed. The advantage of HCCI combustion apart from the fast 

combustion is also the reduced in-cylinder heat transfer and low NOx and soot 

formation[43,44]. The implementation of HCCI has been difficult due to many issues that 

are covered in detail by Epping et al. [44].  

Many studies [45–52] have explored the heat transfer process for HCCI. HCCI, as stated, 

is a volumetric process at high levels of dilution, which leads low gas temperatures near 

the wall. Heat transfer to the walls is reduced compared to spray or spark ignition 

combustion modes[46]. Other low-temperature combustion concepts exhibit similar 

behavior [46,53]. Broekaert et al. [48] assessed the ability of Woschni heat transfer to 

compute the heat transfer for HCCI combustion and suggested the adoption of a scaling 

factor of 0.3 during the combustion and expansion processes.  Chang et al. [54] suggested 

changes to the characteristic length, temperature exponent, and characteristic velocity.  

Broekaert et al. [52] also explored the effect of ringing combustion on heat transfer during 

HCCI combustion and found that ringing combustion adversely affected heat loss. The 

effect of ringing combustion was modelled by considering a term that modified 

characteristic velocity proportional pressure rise rate. The effect of ringing combustion on 

heat transfer in HCCI combustion is similar to that of knocking combustion in spark-

ignition engines[55].  
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The results presented in this chapter were simulated considering a scaling factor of 0.3 

during the combustion and expansion processes based on literature references presented. 

The combustion was phased near the top dead center (TDC) with CA 50 at 5° after TDC, 

and a combustion duration (CA 10 – CA 90) of 10°.  

The low heat transfer of HCCI would enable greater efficiency for the DCEE concept as 

discussed in the previous chapter. The last chapter also demonstrated the insensitivity of 

BTE to the inlet temperature when the heat transfer coefficient scaling was reduced below 

0.4 for the combustion cylinder with a compression ratio of 11. This property of DCEE 

enables the engine to be fuel-flexible without a significant loss in engine efficiency. Figure 

7.1 presents the Temperature-Pressure (T-P) history diagram in the combustion cylinder 

for the three different intake temperatures for CR 11. The figure also contains markers 

signifying 5 ms intervals during the compression process to indicate the residence times. 

The wide discrepancy is T-P history is clearly shown in the figure. It is apparent that the 

reactivity of the fuel must also vary widely to achieve the chosen combustion phasing for 

high efficiency. The fuel octane quality required to achieve the required phasing was 

predicted using Livengood-Wu integral (LWI) based on computed ignition delay times in 

a 0-D batch reactor. Equation 7.1 presents the formula to compute LWI. The fuel-air 

mixture auto-ignites when the integral reaches unity. A detailed chemical kinetic model by 

Nour et al. [56] was used in the simulation to compute the ignition delay times. 

𝑳𝑾𝑰 =  ∫
𝒅𝒕

𝝉(𝑻(𝒕),𝑷(𝒕))
                        (7.1) 

 

Figure 6.2 presents the calculated LWI for the two extreme inlet temperatures. The figure 

also shows the fuel octane quality required to achieve the combustion phasing. The octane 



 

108 

 

quality spans between 60 and 120. The fuel octane number required is greater for a higher 

inlet temperature. This flexibility is unique to DCEE as a single stage engine would require 

a significant change in the compression ratio to accommodate such variations in fuel 

quality[57]. The reduction in the compression ratio penalizes the efficiency of the engine. 

Figure 7.3 shows the fuel octane quality variation provided by the change in the 

compression ratio of a single-stage engine. The associated penalty in brake thermal 

efficiency is also presented. The compression ratio needs to be reduced from 20 to 11 in a 

single stage engine to accommodate the same span in fuel octane quality that DCEE can 

accommodate by altering only the inlet temperature without any efficiency penalty. BTE 

is reduced by 4% points due to the reduction in the compression ratio from 20 to 11.  

 

 

Figure 7.1 Temperature-Pressure history during the compression stroke of the 

combustion cylinder of DCEE with CR 11 for different intake temperatures  
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Figure 7.2 Octane requirement calculated using Livengood-Wu Integral for the  

two extreme inlet temperatures in DCEE.  

 

 

Figure 7.3 Brake thermal efficiency of the single-stage engine with HCCI 

combustion for different compression ratios.  
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7.2  Reduced Ringing Intensity and Load Extension 

The other aspect of DCEE that makes it highly suited for HCCI is the potential to have 

reduced Ringing Intensity (RI) during the combustion process. RI is a function of the 

maximum pressure rise rate in the combustion chamber. The pressure rise rate is a function 

of compression ratio and engine load. Ringing combustion, therefore, limits both the 

efficiency and load achievable with HCCI combustion[44,58]. Equation 7.2 presents the 

equation for calculating RI [59]. 𝛽 is a scaling coefficient which scales the maximum 

pressure rise rate to the pressure oscillation amplitude[52]. The value of 𝛽is 0.05. The 

audible limit of RI is considered to around 5-6 MW/m2 [59,60]. 

 𝑹𝑰 =  
𝟏

𝟐𝜸

(𝜷
𝒅𝒑

𝒅𝒕 𝒎𝒂𝒙
)𝟐

𝒑𝒎𝒂𝒙
√𝜸𝑹𝑻𝒎𝒂𝒙            (7.2) 

 

Figure 7.4 presents the comparison of RI’s sensitivity to combustion phasing (CA 50) and 

combustion duration for compression ratios 11 and 20 in the combustion cylinder. The 

reduced compression ratio of the combustion cylinder reduces the compression pressure 

and the pressure rise rate. The peak cylinder temperature is also diminished reducing the 

speed of sound in the chamber. These aspects result in a lower RI for CR 11. The effect of 

phasing is more pronounced for CR 20 since the change in cylinder volume is much more 

significant compared to CR 11 near TDC.  
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Figure 7.4 Sensitivity of Ringing Intensity to Combustion Phasing and Duration for 

CR 11 (top) and CR 20 (bottom) in the combustion cylinder 
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The more significant volume change results in dramatic changes in pressure rise rate as 

heat is released earlier in the compression stroke. The greater rate of volume change has a 

positive impact on reducing the RI if heat is released well into the expansion stroke for CR 

20. However, late phasing in HCCI combustion often results in unstable combustion and 

high levels of combustion inefficiency[58]. Figure 7.5 shows the RI for CR 11 with a 

lambda of 2. The reduced level of dilution increases the power output of the engine for a 

given mass of air inhaled. However, the rises in pressure and temperature are also more 

significant increasing the RI. RI sensitivity is less pronounced at CR 11, even at this higher 

load point compared to CR 20. The reduction in the combustion cylinder compression ratio 

in DCEE without a significant penalty in BTE allows load extension with HCCI.  

 

Figure 7.5 Sensitivity of ringing intensity to combustion phasing and duration for 

CR 11 at lambda 2 in the combustion cylinder 
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7.3  Influence of Combustion Efficiency 

A significant limitation of the HCCI combustion concept is the increased combustion 

losses due to the highly diluted fuel-air mixture trapped in the crevice volumes. The heat 

loss to the walls lowers the mixture temperature, which limits the conversion of fuel into 

final products. The combustion efficiency as presented in chapter 3 is one of the four 

efficiencies that determine the BTE of an IC engine. Figure 7.6 presents the effect of 

combustion efficiency on BTE for a single-stage engine as a function of the compression 

ratio. The sensitivity of BTE to combustion efficiency increases with the compression ratio 

as a larger expansion ratio can better utilize the heat energy released during the combustion 

process. DCEE overcomes some of this limitation by releasing the heat energy in the Hot 

Tank if a suitable catalyst is provided. The heat energy released can be expanded in the 

second stage expander that would add to the system efficiency.  

Figure 7.7 presents the energy flow in the combustion cylinder for different combustion 

efficiencies. The change in net-work is more significant than the BTE difference at CR 29 

due to the increase in pumping work resulting from an elevation in the hot tank pressure as 

heat energy is released from the oxidation of the unburnt fuel. The reduced combustion 

efficiency also decreases the heat transfer loss to the cylinder walls as both temperature 

and pressure drops during the combustion process. Figure 7.8 shows the improvement of 

expander work and the subsequent reduction in BTE parity.  

Figure 7.9 shows the Hot Tank pressure and temperature as the function of combustion 

efficiency. The release of heat energy at constant pressure in the hot tank leads to a reduced 

temperature potential as the specific heat ratio at constant pressure is much higher. The 
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reduction in temperature potential is compensated by the increase in pressure differential 

which improves the expander conversion efficiency.  

 

 

Figure 7.6 Influence of combustion efficiency on brake thermal efficiency as a 

function of compression ratio for a single-stage engine  
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Figure 7.7 Energy flow balance of the combustion cylinder as a function of 

combustion efficiency for DCEE 

 

 

Figure 7.8 Compressor-Expander Work and Brake Work of DCEE as a  

Function of Combustion Efficiency 



 

116 

 

 

 

 

Figure 7.9 Hot Tank Pressure and Temperature as a Function of Combustion 

Efficiency  

7.4  Conclusions 

The potential benefits of coupling Homogenous Charge Compression Ignition (HCCI) to 

DCEE was explored. The reduced sensitivity of DCEE’s brake thermal efficiency (BTE) 

to the reduction in the compression ratio of the combustion cylinder as well as the reduced 

sensitivity to inlet temperature at lower compression ratios enables fuel flexibility in DCEE 

without compromising efficiency. The reduced sensitivity of DCEE’s BTE to the reduction 

in the compression ratio of the combustion cylinder also results in reduced sensitivity of 

Ringing Intensity (RI) to combustion phasing. These aspects enable the operation of DCEE 

in HCCI mode with combustion phased near the top dead center and allow load limit 

extension. The separation of the expansion stage into two cylinders further enables the 

recuperation of heat energy due to incomplete combustion products. The heat energy in the 
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unburnt fuel can be released in the hot tank over a suitable oxidation catalyst. The 

simulations showed a much less pronounced deterioration in BTE for the DCEE compared 

to a single-stage engine architecture. HCCI does yields very low NOx and no soot, reducing 

the complexity of the aftertreatment system. A DCEE engine with HCCI could be a 

potential range extender in hybrid powertrain architectures.   
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8 Load Strategy for DCEE with Partially Premixed Combustion 

Concept 

The DCEE’s primary advantage is the conversion of exhaust energy into useful work by 

providing a second stage volumetric expansion device. DCEE’s BTE was shown to be 

more sensitive to reduction in heat transfer losses as a more significant percentage of the 

heat energy saved is converted to work. The present chapter explores the utilization of a 

low-temperature combustion concept named Partially Premixed Combustion (PPC) that 

results in low heat losses in the DCEE, and implications of altering the DCEE’s geometry 

to accommodate the entire load range on efficiency. The energy balance for the PPC 

concept was experimentally determined in a single-cylinder engine at four different engine 

load points. The heat transfer coefficient scaling factor during the combustion process was 

calibrated based on the experimental data. The DCEE concept geometry was then adapted 

in the 1-D model in the GT-Power software package to provide the relevant boundary 

conditions for each of the load points separately to determine the best efficiency of the 

system at each point. The tradeoffs in BTE arising from selecting a constant geometry for 

all the load points are presented.  

8.1  Partially Premixed Combustion  

Partially Premixed Combustion (PPC) is a low-temperature combustion concept with its 

combustion regime sandwiched between Homogenous Charge Compression Ignition 

(HCCI) and diffusion combustion. This concept affords the low heat loss and pollutant 

emission of HCCI along with some of the control authority of diffusion combustion. The 

in-cylinder processes and benefits of PPC combustion have been explored in many 

studies[61–72].  The use of PPC shows a significant reduction in heat transfer losses, 
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leading to improved engine efficiency [62,64]. The pumping loop suffers an increased 

penalty due to the higher levels of dilution to accomplish PPC. The reduction in heat loss, 

like in HCCI, is due to the reduced flow velocity and temperature gradients during the 

combustion process[46,73]. Simulations in previous chapters showed the greater 

sensitivity of DCEE’s BTE to heat transfer loss compared to single-stage engine 

configuration.  

8.2  Experiment 

The experiments were conducted in a single-cylinder engine. The specifications of the 

engine are presented in Table 8.1 with the operating conditions for the load points specified 

in Table 8.2. The data collected in the experimental campaign were not tailored for the 

DCEE concept but rather to test the potential of the PPC concept in a traditional 

turbocharged engine architecture. Hence, the boundary conditions were determined based 

on a turbocharger system at the inlet and exhaust end of the engine. The EGR levels were 

set to minimize engine-out NOx and soot emissions.  

Table 8.1 Geometrical Specification of the Test Engine 

Bore (mm) 131 

Stroke (mm) 158 

Connection Rod (mm) 267.5 

Compression Ratio 16 

Speed (rpm) 1200 

Intake Valve Diameter (mm) 42 

Exhaust Valve Diameter (mm) 37.5 

Fuel  Gasoline 

Research Octane Number  87 
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Table 8.2 Operating Conditions of the Engine 

IMEPgross (bar) 6.7 13 19.2 26.7 

Pint (bar) 1.5 2.5 3.5 4 

Pexh (bar) 1.9 3.4 4.1 4.6 

Tint (K) 308 321 325 328 

Texh (K) 563 635 655 791 

Fuelinj (mg/stroke) 63 125 183 268 

Fuel MEP (bar) 12.9 25.5 37.4 54.8 

Start of Pilot Injection (°ATDC) -40 - - - 

Start of Main Injection (°ATDC) -17 -4 -6 -3 

Fuel Rail Pressure (bar) 1200 1500 1500 1500 

EGR (%) 46.5 41.2 42.1 34.4 

λ 1.94 1.73 1.62 1.44 

8.3  Experimental Results and Calibration  

Figure 8.1 presents experimental pressure history for all the load points along with the 

apparent rate of heat release. The experimental data collected was utilized in a 1-D GT 

Power model to calibrate the heat loss model. The simulated pressure trace is also presented 

in the same figure using dashed lines, which closely replicates the experimental data. The 

shapes of the apparent rate of heat release and ignition delay (separation between injection 

and combustion events) indicate the transition of the combustion regime from premixed 

mode to diffusion combustion mode with increasing load.  The gaussian shape of the heat 

release rate curve at lower loads indicates predominately pre-mixed combustion. The load 

increase results in the change of the heat release rate curve from gaussian into the hat shape 
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with a greater fraction of the heat released in the right tail of the curve indicative of a 

diffusion burn. The pressure rise rate increases moving from 6 bar to 13 bar due to 

advancement in combustion phasing. It reduces with a further increase in load due to the 

reduction in the premixed part of combustion.  

  

 

Figure 8.1 Experimental (solid) and simulated (dashed) cylinder pressure for PPC 

(top) and calculated apparent rate of heat release (bottom) 

 

Figure 8.2 presents the fuel energy flow for the load points. The gross work as a fraction 

of fuel energy is very similar at all the load points. The gross efficiency at the highest load 

point is diminished due to the reduction in effective expansion ratio as the combustion 

duration is increased, as seen from the heat release rates. The exhaust energy also increases 
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with the load as a more significant portion of the heat is released later in the cycle, which 

remains under-expanded. The heat loss fraction reduces with increasing load. The 

combustion losses are only significant for the lowest load point arising from the completely 

premixed combustion mode. The calibrated heat transfer co-efficient scaling factors during 

the combustion and expansion are 0.25, 0.20, 0.12, and 0.12 for ascending order of load 

points.  

 

 

Figure 8.2 Fuel energy flow for different load points for PPC  

 

8.4  DCEE System Efficiency and Tradeoffs 

8.4.1 Optimized DCEE Configuration at Each Load Point 

DCEE’s compressor geometry was adapted to provide the required inlet boundary 

conditions for each operating point. Expander geometry and inlet valve opening duration 

were suitably adapted to maximize the system efficiency. Figures. 8.3 and 8.4 present the 
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energy flow diagrams for the combustion cylinder, and the DCEE system. Figure 8.5 

presents the associated compressor and expander bore diameters. The optimal efficiency 

of the DCEE occurs when the exhaust pressure acting on the combustion cylinders is 

elevated to a value higher than the experimental exhaust pressure as it reduces the 

uncontrolled expansion losses. The increased exhaust pressure reduces the net-work 

performed by the combustion cylinder. It also increases the heat transfer loss to the walls 

during the exhaust stroke which reduces the heat energy available for second-stage 

expansion. The increased pressure in the Hot Tank is utilized in the expander improving 

the system efficiency. 

 

Figure 8.3 Fuel energy flow of combustion cylinder  
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Figure 8.4 Expander, compressor, and system brake work with compressor-

expander geometries optimized for each load point 

 

The system efficiency of the DCEE increases with increasing load non-linearly while the 

maximum efficiency for a single-stage engine reaches peak value at IMEP 19 bar before 

declining. The difference in BTE between a conventional engine and DCEE also increases 

with load. The utility of the second expansion stage increases with load for PPC type 

combustion as the combustion process takes longer which increases the ratio of exhaust 

loss to fuel energy supplied. A faster combustion process at high loads in limited by the 

mixing rate of the fuel with the oxidizer.  
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Figure 8.5 Optimal expander and compressor diameter at each load point 

 

8.4.2 Optimal Expander Volume   

The volume of the expander doubles through the load range for achieving optimal 

efficiency at each operating point. A DCEE configuration that can accomplish all load 

points must achieve an optimal geometry that has minimal tradeoffs. The load point of 

IMEP 13 bar yields the power demand of a heavy-duty truck if the DCEE has four 

combustion cylinders coupled to two compressor-expander units. Fixing the expander 

diameter to maximize efficiency at this point might penalize the efficiency at higher load 

points. Figure 8.6 presents the influence of changing expander diameter on the DCEE’s 

system efficiency at the highest load point. The figure also presents its impact on Hot Tank 

pressure.  
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The optimal system efficiency is strongly linked to the expander diameter as a reduction in 

the expander size leads to under-expanded gases as well as an increase in the Hot Tank 

pressure due to a more significant restriction placed on the gas flow. 

 

Figure 8.6 Brake thermal efficiency and hot tank pressure  

as functions of expander diameter for IMEPgross 27 bar.  

 

The Hot Tank pressure, as expressed earlier, increases the pumping work and heat transfer 

loss in the combustion cylinder. The pressure in the Hot Tank can also be influenced by 

modifying the inlet valve opening (IVO) duration of the expander inlet valve. Lower 

resistance is placed on the gas flow with a longer duration of the IVO, reducing the pressure 

in the Hot Tank. Figure 8.6 shows that the BTE is not affected drastically as the Expander 

diameter is reduced to 300 mm but suffers more rapidly with any further reduction.  

Figure 8.7 presents the BTE and Hot Tank pressure of DCEE as a function of the expander 

diameter for IMEPgross 13 bar in the combustion cylinder. The effect of changing IVO is 
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also presented. The pressure in the Hot Tank exhibits an increased sensitivity with reducing 

IVO duration as in the higher load case. However, BTE shows a greater sensitivity resulting 

in a more rapid fall-off when the expander diameter is shifted away from the best point. 

The sensitivity increases with reducing IVO duration. The results show that maintaining 

the expander diameter at the best point for IMEPgross 13 bar leads to a minimal impact on 

efficiency at the highest load point.  

 

 

 

Figure 8.7 Brake thermal efficiency and hot tank pressure 

 as functions of expander diameter for IMEPgross 13 bar 

 

8.4.3 Minimizing Compressor Work  

The compressor volume determines the mass trapped in the system. Figure 8.6 shows the 

wide disparity in optimal compressor diameter to cover the entire load range. The highest 

load point determines the compressor diameter to provide the required level of dilution at 
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that point. Therefore, the method of operating DCEE at highway cruise condition could 

range from increasing the dilution level at this load point, or reducing the air mass trapped 

in the compressor by delaying the closure of the intake valve (Miller Timing), or by 

changing the clearance volume of the compressor reducing the effective air mass 

transferred to the tank volume. 

Figure 8.8 presents the pressure-volume diagram for these different operating strategies 

along with that of the optimized compressor volume for this operating point. Figure 8.9 

presents the implication of the different strategies on compressor-expander work and brake 

work of the DCEE system. The use of a larger compressor volume without any 

modification leads to increased dilution which creates an efficiency penalty due to 

increased compression work. The increased dilution reduces both pumping work and heat 

transfer loss in the combustion cylinder increasing its net-work of the combustion cylinder. 

The greater mass in the system does increase the expander work but the compressor work 

penalty is much too significant leading to a reduction in BTE of DCEE. The effect of 

increased dilution on the combustion process was not accounted which might lead to a 

further reduction in heat loss minimizing the impact of over-dilution.  

The use of Miller timing is a more effective strategy as the extra mass trapped is pushed 

against the atmosphere until the valves are closed. The penalty incurred is significant but 

not as drastic as compressing the extra mass to greater pressures. The preferred strategy 

would be the modification of clearance volume by reduction of the compression ratio of 

the compressor cylinder. The increased clearance volume reduces the mass transfer to the 

tank volume. A portion of the compression work is recuperated by allowing for the 
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expansion of the substantial amount of compressed gases trapped in the clearance volume. 

The recuperation is achieved by delaying the opening of the inlet valve on the compressor.  

The compression ratio was changed from 15 to 3 in the compressor to accommodate the 

lower load point without a change in the compressor diameter. The mechanism for enabling 

this compression ratio change is not considered in this work.  

 

Figure 8.8 Pressure-Volume diagram of the compressor for optimally sized 

compressor and compressor sized for the highest load with miller timing as well as 

reduced compression ratio 
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Figure 8.9 Compressor-Expander work, and DCEE brake work for optimally sized 

compressor and compressor sized for the highest load with miller timing as well as 

reduced compression ratio 

 

  

8.5 Conclusions  

The utilization of Partially Premixed Combustion (PPC), a low-temperature combustion 

concept, in the DCEE engine was explored in this study. Experimental data from a single-

cylinder engine operating under PPC combustion mode at various load points was used to 

calibrate the heat transfer coefficient scaling factor for the Woschini heat transfer model. 

PPC combustion mode exhibited depressed scaling factor values at all low points resulting 

in minimal heat transfer loss. The increased pumping work as a fraction of fuel energy due 

to the high levels of dilution limits the brake work in a single-stage engine architecture. 

The limitation at the higher load points is the increased combustion duration reducing the 

useful expansion volume.  
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DCEE architecture, when optimized for each operating point, improves the efficiency 

significantly. The gain in efficiency compared to a single-stage engine architecture 

increases with the operating load as the exhaust loss from the combustion cylinder becomes 

a greater source of inefficiency. The sensitivity of the expander sizing was examined at the 

highway cruise condition load and at the highest load point. The sizing was more critical 

to efficiency at the highway cruise condition load point. The adoption of an expander 

geometry at this load point provides the least tradeoff in BTE at both load points. The sizing 

of the compressor needs to accommodate the highest load point which makes it oversized 

at lower loads. A variable compression ratio compressor provides the least losses when 

adapting an oversized compressor at other load points.  
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9 Summary  

This thesis explores the thermodynamic cycle of an engine concept in which the 

compression and expansion processes are split between separate cylinders (Double 

Compression Expansion Engine, DCEE). 1-Dimensional engine modeling in the GT-

Power software package was extensively used for the exploration of this concept. DCEE 

concept differs from conventional engine architectures by having a piston expander-

compressor machine instead of a rotary compressor-expander (turbocharger) unit. This 

modification enables the complete expansion of the working fluid with minimal flow 

losses. DCEE accomplishes the Atkinson Cycle. The ideal Atkinson Cycle has a superior 

thermodynamic efficiency compared to both Otto and Diesel Cycles at a given compression 

ratio.  

The implementation of the Atkinson Cycle in conventional engine architectures is achieved 

by the late closure of the intake valve. Air trapped in the cylinder is allowed to flow back 

into the intake manifold creating an asymmetry between the compression and expansion 

ratios, allowing an over-expansion of the working fluid. The reduced duration for breathing 

limits the level of dilution for a given fuel mass, reducing the ratio of specific heats and 

increasing heat transfer loss to walls due to increased gas temperature diminishing the 

potential promised by the Atkinson Cycle. Alternatively, the mechanical efficiency of the 

system must suffer to maintain a high level of dilution. The asymmetry for a given valve 

duration also diminishes with increasing fuel energy added non-isochorically.  

The DCEE overcomes the inherent problems of a single-stage engine architecture in 

performing the Atkinson Cycle by splitting the compression and expansion processes into 

two stages. The use of a rotary turbine-compressor machine coupled to a piston engine 
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essentially splits the process of compression and expansion similarly. However, a piston 

compressor-expander machine has some distinct advantages over a rotary machine. The 

piston compressor and the expander are positive volumetric displacement machines. They 

allow for a higher-pressure ratio reducing the number of stages to achieve the required 

compression pressure and complete expansion of the working fluid. The operational speed 

is identical to the combustion cylinder reducing the complexity of the coupling mechanism 

to deliver the work produced by the expansion device to the output shaft. The efficiency of 

the piston compressor-expander machine is higher over a broader range of mass flow.  

The configuration of DCEE explored throughout this thesis consists of a piston compressor 

connected to a large tank volume (Cold Tank). The compressor works on a two-stroke 

principle accomplishing a compression stroke every rotation of the crank. The tank volume 

helps tamper the pressure pulses due to the periodic output of the compressor. A charge air 

cooler (CAC) is located downstream of the tank volume. The tank feeds two combustion 

cylinders, each working on the four-stroke principle. The pressurized gas received from 

the tank volume is compressed again in the combustion cylinders, followed by the heat 

addition and the expansion processes. The high pressure-high temperature exhaust gases 

are fed into another tank volume (Hot Tank) before being expanded in the piston expander 

unit. This engine configuration was modeled using a 1-Dimensional engine modeling 

software package - GT-Power to explore various aspects of the DCEE system.  

The first study presented in this thesis explored the effect of compression ratio and charge 

dilution on efficiency and the main loss mechanisms of a traditional engine architecture to 

establish a baseline. The next study explored the optimal configuration of DCEE at a given 

load point. DCEE’s brake thermal efficiency (BTE) exhibited a relative insensitivity to the 
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thermodynamic potential created during the compression process compared to the 

traditional engine architecture. The best efficiency point also shifts to a lower compression 

ratio due to reduced heat transfer loss enabled by lower cylinder temperatures, and 

pressures while the expander cylinder allows for the utilization of the more considerable 

amount of exhaust energy from the combustion cylinder. The efficiency of the Atkinson 

Cycle attains a maximum at an earlier compression compared to the Otto Cycle with similar 

considerations when accounting for heat loss to the cylinder walls.  

The next study explored the optimal rate of heat addition in the combustion cylinder for 

the DCEE and was contrasted against a traditional engine architecture. A fast heat addition 

rate phased near the top dead center (TDC) was optimal for a lower compression ratio (CR 

11), while a more delayed phasing was preferred for a higher compression ratio (CR 17) in 

a conventional engine. The higher compression ratio system exhibited greater sensitivity 

to phasing, while the lower compression ratio system showed a heightened sensitivity to 

the duration of the heat addition process. The tradeoff between heat transfer loss and 

exhaust loss determined the optimum heat release rate. The availability of an additional 

expansion stage in DCEE allows for both delayed phasing as well as a longer duration even 

with a compression ratio of 11. The flexibility provided by the DCEE can be utilized for 

the exploration of combustion processes that yields lower heat losses or have reduced 

pollutant emission even if they delayed phasing or longer duration, which would usually 

degrade the efficiency of a conventional engine.  

The sensitivity of system efficiency to various system parameters was explored next by 

systematic variations of those attributes in the 1-D model. DCEE’s BTE exhibited a higher 

sensitivity to heat transfer loss compared to conventional engine architecture. The parity in 
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sensitivity was more significant at the lowest compression ratio compared to a conventional 

engine. Therefore, the impact of the compression ratio in improving BTE with reducing 

heat transfer loss was less pronounced for the DCEE. The reduction of in-cylinder heat 

transfer loss also reduces the charge cooling demand after the first stage compression 

process. The effect of geometric features of the compressor-expander unit such as clearance 

volume and valve area were also explored to understand the efficiency loss moving from 

ideal to realistic geometric values.  

Low-temperature combustion concepts could provide a low level of heat transfer loss 

required for very high efficiencies. The synergies of coupling Homogeneous Charge 

Compression Ignition (HCCI), a low-temperature combustion concept capable of 

facilitating reduced heat transfer loss, with DCEE was studied. DCEE shows the potential 

for a fuel-flexible engine without any efficiency penalties or changes in engine geometry. 

The reduced temperature potential (compression ratio) required to achieve high efficiency 

in the DCEE also allows it to operate at a higher load point without reaching the Ringing 

Intensity (RI) limit of the HCCI mode. The impact of a significant loss mechanism 

associated with HCCI combustion, combustion inefficiency, on BTE could also be reduced 

by utilizing an oxidation catalyst in the tank volume upstream of the expander cylinder to 

release the fuel energy before the second stage expansion.  

The final chapter explores the utilization of another low-temperature combustion concept, 

Partially Premixed Combustion (PPC) which offers a more substantial control authority 

over the combustion process compared to HCCI, with the DCEE. Experimental data for a 

single-cylinder engine was utilized to determine the boundary conditions required to 

accomplish PPC at different operating points as well as the individual energy losses. The 
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use of optimal DCEE geometry at each operating point showed the efficiency improvement 

potential. The parity between BTE of conventional architecture and DCEE grows with an 

increase in operating load. The tradeoffs in engine efficiency when adopting a standard 

geometry for the entire load range were studied.  
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10 Future Work  

The simulation and experimental work performed in aid of the development of the Double 

Compression Expansion Engine (DCEE) has yielded significant understanding of the 

characteristics of this split-cycle engine concept along with the design and modelling 

parameters critical to its brake thermal efficiency. The identification of the new degrees of 

freedom, to tailor the combustion process, by the DCEE’s architecture was one of the major 

highlights of this work.  

The exploitation of these degrees of freedom to explore combustion processes that will 

enable the DCEE concept to attain its maximal efficiency potential is an exciting area for 

future research. The first degree of freedom provided by the DCEE relative to conventional 

engine architectures is the insensitivity to the temperature potential during the compression 

process. The reduction in the temperature potential enables a lower burnt gas temperature 

possibly reducing the formation of (NOx) nitrogen oxides. The variation in exhaust gas 

recirculation (EGR) rates required to suppress NOx due to this change in engine operating 

conditions can be explored further as reduction in EGR rates can be beneficial towards soot 

emissions as well reducing late-cycle combustion duration along with reduction in engine 

cooling demand. Alternatively, the reduction in temperature potential at the maximum 

efficiency point also reduces peak cylinder pressure which affords the possibility of a 

higher engine power output for a given design peak pressure or a lower design pressure 

requirement for a given engine power output. The potential benefits need to be quantified 

with experimental data as well as detailed gas-exchange and friction modelling.   

The relative insensitivity of DCEE to the rate of heat release again can be exploited to tailor 

the combustion process to reduce engine out emissions. The various injection strategies as 
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well as piston bowl geometries that can be adopted to realize this potential would require 

extensive experimental study along with high fidelity CFD modelling efforts. Another 

aspect worthy of investigation is the relaxation of the injection system requirements which 

can considerably reduce ownership costs as well as parasitic losses.  

The presence of the hot tank along with reduced expansion ratio of the combustion cylinder 

presents unique possibilities for designing the after-treatment processes due to the 

availability of exhaust gases at a higher temperatures and pressures relative to conventional 

architectures. The kinetics of exhaust after-treatment at the elevated temperature and 

pressure conditions is not well understood and is fertile area of research. An enhanced 

efficiency of any one of the many processes at these conditions affords the use of 

combustion strategies that can limit the other pollutants.   
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12 SUMMARY OF PAPERS 

Paper 1: Optimum Heat Release Rates for a Double Compression Expansion Engine 

(DCEE) 

Bhavani Shankar, V.S., Lam, N., Andersson, A., and Johansson, B. 

SAE Technical Paper 2017-01-0636, 2017, doi: 10.4271/2017-01-0636  

 

This paper identifies the optimum heat release for the Double Compression Expansion 

Engine (DCEE) using a 1-D GT Power model of the concept engine. The engine 

configuration consists of a single high-pressure cylinder coupled to a single low-pressure 

cylinder. The low-pressure cylinder is single acting and performs the function of both 1st 

stage compression and 2nd stage expansion. The heat release was varied from isochoric to 

isobaric with a constant peak cylinder pressure. The study showed that for a constant peak 

pressure, an isobaric heat addition process has the potential for a greater brake thermal 

efficiency compared to an isochoric heat addition process.  

 

Paper 2: Double Compression Expansion Engine: A Parametric Study on a High-

Efficiency Concept 

Bhavani Shankar, V.S.., Andersson, A., and Johansson, B. 

SAE Technical Paper 2018-01-0890, 2018, doi: 10.4271/201-01-0890  

 

This paper presents a parametric study of the Double Compression Expansion Engine 

(DCEE) using a 1-D GT Power model of the concept engine. The engine configuration 

consists of a single high-pressure cylinder coupled to two single acting low-pressure 

cylinders. The low-pressure cylinders function as 1st stage compression and 2nd stage 

expansion units. The effect of heat loss, piston insulation, piping insulation, expander 

sizing and valve timing on the brake thermal efficiency of the DCEE system was explored 

by varying these parameters. The study showed that heat transfer loss to the cylinder walls 
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had great influence on the efficiency of the system. The effect of insulation on the piping 

had a slightly less influential. A tradeoff between pumping loss and exhaust loss created a 

broad optimum for the expander sizing and valve timing.  

 

Paper 3: Evaluation of the efficiency potential of an Atkinson Cycle Engine: Double 

Compression Expansion Engine  

Bhavani Shankar, V.S., Andersson, A., and Johansson, B. 

To be submitted to Applied Energy 

 

The efficiency potential for the Double Compression Expansion Engine – a vertically 

staged Atkinson Cycle engine was evaluated as a function of compression ratio and charge 

dilution using 1-D engine models. The brake thermal efficiency and various loss 

mechanisms were contrasted against a conventional engine architecture engine operating 

under Otto, and Atkinson Cycles. The novel DCEE concept exhibited a reduced sensitivity 

thermal potential created during the compression process compared the conventual engine 

architecture. The best thermal efficiency points also occurred at a lower compression ratio 

and was markedly greater than the Otto Cycle engine.  

Paper 4: Evaluation of the synergies of Homogeneous Charge Compression Ignition 

combustion concept with Double Compression Expansion Engine 

Bhavani Shankar, V.S., Andersson, A., and Johansson, B. 

To be submitted to SAE Powertrains, Fuels and Lubricant Meeting, 2020  

 

Homogeneous Charge Compression Ignition (HCCI) is a low-temperature combustion 

concept that has the benefits of rapid volumetric combustion along with very low 

emissions. HCCI, however suffers from reduced control authority over the timing of the 

combustion process as autoignition of the bulk gas is determined by the kinetics of the fuel-

air mixture. The dilute nature of charge coupled with reduced control authority limits the 
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operating range of an engine. The potential benefits of coupling HCCI with Double 

Compression Expansion Engine (DCEE) concept for range extender applications was 

explored using 1-D engine and 0-D chemical kinetic modelling. DCEE offers fuel 

flexibility, reduced sensitivity of Ringing Intensity to combustion phasing, as well as 

pathway for the utilization of unburned hydrocarbon emissions arising from HCCI 

combustion.  

Paper 5: A operating load strategy for Double Compression Expansion Engine using 

Gasoline Compression Ignition combustion concept  

Bhavani Shankar, V. S., Serra, D.A., Christensen, M., Andersson, A., and Johansson, B. 

To be submitted to SAE Powertrains, Fuels and Lubricant Meeting, 2020  

 

A load strategy for the operation of the Double Compression Expansion Engine was 

formulated based on the experimental data and 1-D engine modeling. The experimental 

data was collected from single-cylinder research engine operating in Gasoline 

Compression Ignition (GCI) model. The engine speed was kept constant as the engine load 

was swept from 6 bar to 26 bar IMEP. The greatest brake thermal efficiency (BTE) 

attainable at each point was simulated assuming optimum configuration of the compressor-

expander volumes. The trade-offs in efficiency at the road load (13 bar IMEP) and 

maximum load (26 bar) was then evaluated by the altering the compressor-expander 

volumes and solutions are proposed to mitigate efficiency loss. Finally, BTE was evaluated 

as a function of engine load using an optimized compressor-expander geometry and valve 

timings.  


