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Abstract 

This paper shows the potential benefits of implementing four 

configurations of reed valves at the inlet of the two-stroke 

compressor used in the double compression expansion engine 

(DCEE) concept or 8-stroke engines over the conventional poppet 

valves used in 4-stroke internal combustion engines. To model the 

reed and poppet valve configurations, the discharge coefficient was 

estimated from RANS computational fluid dynamics simulations 

using ANSYS Fluent 2020 R1, with a pressure difference up to 

0.099 bar. The calculated discharge coefficients for each case were 

then fed in a zero-one dimension model using GT-Power to 

understand the valve performance i.e. the volumetric efficiency of 

the compressor cylinder and the mean indicated pressure during the 

compression process at 1200 rpm. The results showed that for reed 

valve configurations, the discharge coefficient and mass flow rate 

were higher, the pressure drop was lower and the response with 

negative pressure difference was faster compared to poppet valves. 

In addition, all the reed valve cases showed improvement in 

volumetric efficiency and a drop in mean effective pressure than 

poppet valves. In particular, the optimum reed valve geometry in 

the present study resulted in a volumetric efficiency improvement 

of 7.2 percentage points and a mean effective pressure reduction of 

3.2 percentage points compared to conventional poppet valves. 

Introduction 

The necessity of a better world with clean air for the forthcoming 

generations is an alarming concern as human activities have 

resulted in emissions of nitrogen oxides (NOx), particulate matter 

(PM), and greenhouse gas (GHG) emissions. A great fraction of 

these emissions are generated by the automobile sector leading to 

the development of new technologies and concepts for high-

efficiency engines such as double compression expansion engine 

(DCEE) concept introduced in recent studies [1–3]. This is a 

promising split-cycle concept that can increase the overall brake 

efficiency by simultaneously improving the indicated and 

mechanical efficiency. 

Double Compression Expansion Engine 

This concept consists of a large volume low-pressure (LP) unit and 

a small volume high-pressure (HP) unit. The LP cylinder acts as a 

compressor to the air going into the HP unit and also acts as an 

expander to the gases coming out of it. The isobaric exchange of 

gases between the two cylinders was possible through a 

compressed air cooler (CAC) and cross-over channel. The purpose 

of the HP unit in the system is to simulate a standard turbocharged 

engine with boost generated by the LP unit in order to achieve a 

high peak cylinder pressure (PCP). The high PCP in the HP unit 

will address to increase the friction losses in this cylinder, but 

because of the low pressure in the LP unit, the overall friction 

losses are expected to be low, thereby increasing the mechanical 

efficiency. This strategy combined with a diluted air-fuel mixture 

conditions results in a high indicated efficiency. 

A schematic diagram of this concept is shown in Figure 1, 

indicating 4-4 layout as each cylinder operates in four strokes per 

cycle. 

 

Figure 1. DCEE concept of 4-4 layout as proposed by Nhut et al. [1]. 

Another possible configuration for the DCEE concept [3] consists 

of splitting the cycle into three different cylinders as shown in 

Figure 2. This concept has a 2-4-2 layout as the first and third 

cylinders operate in two strokes per cycle while the second 

cylinder operates in four strokes per cycle. In this concept, the LP 

unit of the 4-4 concept has been replaced by compression and 

expansion cylinders. This means that instead of a single LP unit 

performing both the compression and expansion strokes, these two 

cylinders in this layout can individually perform this task. After the 

combustion cylinder which is similar to the HP unit of 4-4 layout, 

complete over-expansion can be achieved using the expander 

cylinder i.e. the remaining work from the high temperature and 

pressure gases can be extracted to atmospheric conditions. To 

enable the isobaric gas transfer between different cylinders, LP and 

HP tanks were used, as shown in Figure 2. 

In addition, to achieve over-expansion by adjusting the overall 

compression and expansion ratio of the compressor and expander 

units, choked airflow in the cross-over channels can also be 

reduced using the 2-4-2 configuration as compared to the 4-4 

layout. This is because each cylinder head in the 2-4-2 
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configuration handle 2 different flows, while the LP cylinder head 

of the 4-4 concept has to handle 4 different flows. This resulted in 

a doubled effective valve area i.e. lower flow loss over the valves 

can be expected. The flow losses of the LP cylinder can also be 

reduced due to a specific and dedicated design of the cylinder head 

[4]. For instance, implementing alternative solutions like reed 

valves instead of conventional poppet valves can result in better 

air-flow into the combustion cylinder and therefore can improve 

volumetric efficiency as is shown in this paper. 

 

Figure 2. DCEE concept of 2-4-2 layout as proposed by Nhut et al. [3]. 

Previous studies showed the reed valve applications in two-stroke 

engines such as admission valve to the combustion chamber [5], air 

entering into the transfer ports to support the scavenging process of 

the exhaust gases before the fresh mixture enters in the combustion 

cylinder [6,7], and assisting the turbocharging [8]. Other 

application areas include reducing the engine emissions with a 

secondary air injection (SAI) [9–11], increasing the charge 

stratification [12], and improving the exhaust gas recirculation 

(EGR) system [13,14]. 

To understand the performance of reed valves, 3D CFD 

simulations, and 0D-1D models were investigated in previous 

investigations [15–22]. While the CFD simulations were used to 

describe the fluid dynamics inside the crankcase and combustion 

chamber, the 0D and 1D models were mainly focused on 

calculating the flow boundary conditions through the reed valve at 

the engine intake. In certain 1D studies [23–28], the reed petal was 

considered as a cantilever beam to describe the deflection and 

dynamics for the vibration and these results were fed to the CFD 

simulations. 

Multiple one-dimension models have been proposed and studied 

for the full cycle analysis of the DCEE concept using GT-Power 

simulations [1–3,29,30]. For example, parametrical investigations 

for the impact of exhaust gas recirculation (EGR), compression 

ratio, and optimized heat release rates were studied in detail to 

examine the overall engine efficiency and energy losses to heat 

transfer, exhaust, gas exchange, and friction. However, these 

models used a conventional poppet valve system for the 

compressor cylinder. In contrast to these, the present study aims to 

use a three-dimensional (3D) computational fluid dynamics (CFD) 

tool and a one-dimensional (1D) GT-Power model to understand 

the application of reed valves at the inlet of a two-stroke 

compressor cylinder, as a substitute of the conventional poppet 

valves. 

Methodology Approach 

Compressor Inlet Design 

In the configuration studied in this paper, the 2-4-2 configuration, 

the largest cylinder corresponds to the expansion cylinder while the 

smallest is the combustion cylinder. The two-stroke compressor 

cylinder will be analyzed in this study and has a mid-size 

corresponding to 13470 cm3. This compressor size is selected 

based on a previous Volvo design. The geometrical parameters of 

the compressor cylinder are listed in Table 1 and a CAD model 

showing the reed valves at the inlet and poppet valves at the outlet 

are shown in Figure 3. The pressure difference applied and 

operating in the compressor is presented down in Table 3 in the 

simulation details section. 

Table 1. Compressor geometry parameters. 

Displacement volume 13470 cm3 

Bore 350 mm 

Stroke 140 mm 

Connection rod length 265 mm 

Compression Ratio 15:1 

 

Figure 3. CAD model for the compressor cylinder with reed valves at the 

inlet and poppet valves at the outlet. 

Reed Valve 

The reed valves are a device similar to the most recognized check 

valves allowing the fluid to flow only in a single direction. This 

kind of valve is widely used in certain applications such as 

reciprocating compressors, rotary type combustion engines, and 

two-stroke engines-motorcycles, remotely piloted vehicles [31], or 

machines as brush cutters, blowers, hedge trimmers, and chain 
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saws [12]. The basic components of a reed valve are shown in 

Figure 4. From the figure, it can be seen that the reed petal is held 

by one edge and lay on the block or seat, when there is a pressure 

difference between the petal surfaces it is deflected to a maximum 

defined by the stopper or retainer. 

 

Figure 4. Schematic reed valve parts. 

Tested Geometries 

Different configurations and positions for the reed valves were 

analyzed based on space availability i.e. 136 x 250 mm in the 

cylinder head of the compressor. As mentioned before, these 

configurations were only implemented in the inlet flow of the 

compressor and can be illustrated in Figure 5 to Figure 8. 

The first configuration corresponds to two petals aligned 

horizontally which divide the available area as shown in Figure 5. 

A geometry with two longer petals, one in a horizontal position 

while the other in an inclined position is shown in Figure 6. A 

similar reed petal length as in horizontal and inclined configuration 

was used in this configuration which is composed of two reed 

valves positioned as horizontally parallel, as shown in Figure 7. 

This geometry is not viable to manufacture due to higher dead 

volume and hence reducing the effective compression ratio, but in 

this study is useful as a reference and comparison object to the 

other geometries. To evaluate the effect of the number of reed 

valves that can fill the entire cylinder area, a configuration with a 

single petal is used and is shown in Figure 8. 

Table 2. Reed valves dimensions. 

Geometry 
Length 

[mm] 

Maximum 

deflection 

[mm]  

Width 

[mm] 
Thickness 

[mm] 

Horizontal 

In-Line 
65.99 9.80 

250.00 0.50 

Horizontal 

and Inclined 
90.00 16.08 

Horizontal 

Parallel 
90.00 16.08 

Single Reed 135.00 19.41 

 

The detailed dimensions for each configuration of the reed petals 

can be seen in Table 2. The material used for the reed petal was 

structural steel with 2 x 105 MPa as the young modulus. 

The geometry for the poppet valves is shown in Figure 9. For the 

given area and to maintain the distance between valves as in the 

reference Volvo cylinder head, it is possible to fit seven poppet 

valves to minimize losses and maximize the flow area and air-flow. 

It is to be noted that for the exit flow, as in the reference Volvo 

cylinder head, four poppet valves were used for both the reed and 

poppet valves configurations. This was considered for the GT-

Power model and is discussed in the following section. 

 

 

Figure 5. Horizontal in-line reed valves configuration. 

 

Figure 6. Horizontal and inclined valves configuration. 
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Figure 7. Horizontal parallel reed valves configuration. 

 

Figure 8. Horizontal single-reed valve configuration. 

 

Figure 9. Cylinder head for the poppet valve configuration. 

 

Simulation Details 

The initial simulations in this study were static structural analysis 

using the ANSYS mechanical solver for each geometry 

configuration to understand the deflection of the reed petals under 

different pressure loads. In this simulation, the reed petal was 

modeled as a cantilever beam deflected by the difference in 

pressure at each side of the reed petal. A schematic diagram of the 

load applied on the reed petal is shown in Figure 10 and the load 

and angle at maximum deflection are presented in Table 3. 

Table 3. Angle and load at maximum deflection. 

Geometry 
Crank angle at maximum 

deflection [CAD] 

Load for maximum 

deflection [bar]  

Horizontal 

In-Line 
9.0 0.099 

Horizontal 

and Inclined 
6.0 0.047 

Horizontal 

Parallel 
6.0 0.046 

Single Reed 2.9 0.011 

 

 

Figure 10. Schematic reed for static structural analysis. 

 

These results were used as a parameter for the detailed flow 

simulations using ANSYS Fluent as a CFD tool. The aim is to 

determine the discharge coefficient in four different dispositions of 

reed valves and for conventional poppet valves in the intake of the 

compressor cylinder for the DCEE concept. 

The CFD simulations were run for steady-state conditions at 

different pressure drops and positions of the reed and poppet 

valves up to the complete opening. The poppet valve lift profile is 

shown in Figure 11. This was adapted from the reference Volvo 

engine. 



Page 5 of 11  

  

 

Figure 11. Inlet poppet valve lift profile. 

To compare the results and determine the optimum reed valve 

configuration with a potential to replace the poppet valves for the 

DCEE concept, the discharge coefficient calculated from the CFD 

cases were used in a zero and one dimension model using GT-

Power. 

The optimum reed valve configuration is expected to allow the 

flow of air to fill the cylinder efficiently and to require less 

compression work to compress the air resulting in improved 

efficiency for the DCEE concept. 

This was done to simulate the performance of the valve for the 

complete cycle of the compressor cylinder and compare the 

volumetric efficiency and mean effective pressure of each 

configuration. 

Steady State CFD Simulations 

For this study, CFD simulations were performed using the ANSYS 

Fluent 2020 R1 software. An example of the mesh generated for 

the single reed configuration is shown in Figure 12. 

The cases were settled to simulate the steady-state flow of 

compressible air as the working fluid, using a RANS k-epsilon 

model for turbulence and including energy equation. Multiple 

simulations were done for each configuration at different positions 

of the reed petal or poppet valve. The deflected position of the reed 

valve was calculated using the static structural module of ANSYS. 

For each deflected position of the reed valves in the CFD 

simulation, corresponds a pressure difference between the intake 

and piston face according to the load applied on the static structural 

analysis. 

The mesh for each case contains about 6 x 105 elements and the 

average running time for the simulations took around thirty 

minutes using 4 cores of an iMac with a 3.0 GHz 6-core Intel Core 

i5 processor. 

 

Figure 12. An example of inlet and cylinder mesh for the single reed 

configuration. 

GT-Power Simulation 

The software GT-Power version 2019 was used to run coupled 0D 

and 1D models for the analysis of the two strokes of the 

compressor cylinder in the DCEE concept. The general layout of 

the model is shown in Figure 13. In this case, only the compressor 

cylinder was simulated from the intake of the engine to the low-

pressure tank. The tank was supposed as a discharge reservoir kept 

at around 6 bar. 

Aiming to simulate the effect and behavior of the reed valves 

configurations, the discharge coefficient calculated from the CFD 

simulations were used as an input to the reed valve or poppet 

valves elements. 

 

Figure 13. The general layout of the compressor cylinder modeled in GT-

Power. 

Discharge Coefficient of the Reed Valves 

The discharge coefficient of the reed valves was calculated based 

on the mass flow rate of a compressible fluid through a restriction 

derived from a one-dimensional isentropic analysis [32]. This is 

shown in Equation 1. The mass flow rate to the compressor 
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cylinder was calculated using Equation 2. To implement this 

equation in the GT-Power simulations, the reference area was 

considered as a constant value. 

𝑪𝑫 =
�̇�𝒓𝒆𝒇

𝑨𝒓𝒆𝒇𝑝0
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Results and Discussion 

Steady State CFD Simulations 

Figure 15 shows the comparison of the effective flow area for the 

different geometries analyzed when the opening of the valve starts 

due to a negative pressure difference created by the piston 

displacement from the top dead center (TDC) position. However, 

the values for the effective area are obtained by the product of the 

discharge coefficient and the curtain area as reference area, as 

shown in Figure 14. 

From Figure 15, it is clear that the highest effective flow area 

corresponds to horizontal-parallel geometry followed by the 

horizontal-inclined. This is due to the higher flow area for reed 

valves as shown in Figure 14 and due to the higher discharge 

coefficient for these geometries. 

At the beginning of the inlet stroke, the lower effective flow area 

corresponds to the poppet valve due to the lowest discharge 

coefficient even with the highest reference area. This indicates that 

at the initial portion of the stroke when the valve lift is small for 

this kind of valve, the flow is throttled and generates high losses. 

 

Figure 14. Reference flow area for different geometry configuration. 

 

 

Figure 15. Effective flow area variation with the crank angle degree for 

different geometry configuration. 

For the reed valve geometries, all the curves have a higher slope 

than the poppet valve meaning that the time required for the reed to 

respond to pressure gradients is low and therefore resulting in a 

fast opening. Poppet valves, on the other hand are not driven by 

pressure gradients. All the reed valves reach full opening for an 

angle lower than 10 crank angle degrees (CAD) after reaching a 

negative pressure difference. 

The horizontal in-line reed valve configuration shows the slower 

and delayed response due to higher stiffness and lesser deflection 

of the reed for shorter lengths. The opposite of this behavior is 

manifested by the single reed valve configuration which has a 

longer reed that responds and deflects faster to the pressure 

difference. 

Because the horizontal parallel and the horizontal and inclined 

configurations have the same petal length, the curve corresponding 

to the former category almost overlaps with the latter. The reason 

why the horizontal parallel shows a slightly faster response and a 

higher effective flow area than horizontal and inclined is because 

of the lower pressure loss due to lower flow speed in the upper 

reed valve as seen in Figure 20. This phenomenon can also be seen 

in Figure 16, as the pressure drop is plotted for the crank angle 

since the valve opening. 

The general trend shows that the overall pressure drop depends on 

the vacuum pressure generated by the piston motion. It was found 

and shown in Figure 16 that the pressure drop through the single 

reed valve with the fastest response corresponds to 0.013 bar at 2.9 

CAD when reaching full opening while for the poppet valve, the 

pressure drop is higher than 0.25 bar and is not reaching the 

maximum aperture. It can be seen from the data plotted on this 

figure that the parallel geometry with a slightly higher discharge 

than the horizontal-inclined coefficient result in 0.004 bar less 

pressure drop. 
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Figure 16. Pressure drop with the crank angle degree for different geometry 

configuration. 

Figure 17 compares the mass flow at steady-state for the different 

configurations. This figure shows how the mass flow increases for 

higher pressure difference with increased crank angle degree since 

the valve opening. The lower mass flow at the complete opening 

for the single reed configuration is due to the lower pressure for 

complete opening and in the same sense, the higher flow with 

higher pressure is reached by the in-line configuration. Higher 

mass flow is observed for the horizontal inclined and parallel than 

the in-line not only because of the pressure but also the reference 

area when the maximum opening is reached, as shown in Figure 

14. The poppet configuration is expected to have a higher mass 

flow because it has a greater area than other configurations due to 

the seven valves geometry at a maximum 12 mm lift. This 

expected behavior is not reached because this maximum lift is 

reached at 94 CAD much later than the geometries studied. 

 

Figure 17. Mass flow variation with the crank angle degree for different 

geometry configuration. 

 

The pressure distribution field and the velocity streamlines when 

the full opening is reached at steady-state flow for the different 

configurations are shown in Figure 18 to Figure 22. From the 

figures, it can be seen that for the reed valve configurations there is 

a recirculation zone inside the block over the holding edge of the 

reed for the valve closer to the inlet. This recirculation zone has no 

streamlines on it. These are some of the main losses generators. 

This recirculation zone is reduced for valve farther from the inlet 

as in Figure 18 to Figure 20 and for the single reed configuration in 

Figure 21 because of the longer available length for the air to 

change the flow direction. 

 

Figure 18. Pressure field and velocity streamlines for horizontal in-line reed 

valves configuration. 

Each different valve configuration generates some low-pressure 

recirculating regions under the deflected reed petal as shown in the 

left valve in Figure 18 and as in the upper valve in Figure 20. 

These low-pressure recirculating regions contribute to the flow 

losses. It can be seen in other cases as horizontal and inclined in 

Figure 19 and single reed configurations in Figure 21 that this low-

pressure zone under the petal is reduced for each valve. 

 

Figure 19. Pressure field and velocity streamlines for horizontal and 

inclined valves configuration. 
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Figure 20. Pressure field and velocity streamlines for horizontal parallel 

reed valves configuration. 

 

Figure 21. Pressure field and velocity streamlines for horizontal single-reed 

valve configuration. 

For the poppet valve configuration in Figure 22, the velocity field 

distribution shows multiple recirculating vortices and high-velocity 

regions. All these vortices and high-velocity regions are the main 

sources of losses and therefore a lower discharge coefficient. 

Because of the geometrical position distribution of the valves, the 

flow through each valve affects the flow of the adjacent one 

increasing the turbulence and hence the losses. 

 

Figure 22. Pressure field and velocity streamlines for poppet valves 

configuration. 

GT-Power Simulations 

Figure 23 shows the pressure during the two strokes for the 

compressor cylinder using the different configurations for the 

intake valves. The figure shows that the data for all the reed valve 

configurations overlap due to similar behavior and close timing for 

the opening. The opening for the reed valves occurs when the 

pressure is under 1 bar at 46 CAD after TDC because during this 

condition, the pressure difference allows the valve to remain open. 

Although the poppet valves in the inlet open at TDC, the lower 

discharge coefficient for the poppet valves causes a higher pressure 

drop during the intake stroke resulting in a slightly lower pressure 

during the compression stroke. This can be seen in Figure 24 as a 

zoom-in view of the intake stroke when the reed valve opens. The 

difference in the discharge coefficient results in higher losses and 

lower in-cylinder pressure for the poppet valves configuration, and 

also lower losses and higher in-cylinder pressure for the horizontal 

inclined and horizontal parallel configurations. 

 

Figure 23. In-cylinder pressure diagram for different geometry 

configuration. 
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Figure 24. In-cylinder pressure detail during inlet stroke for different 

geometry configuration. 

The effect of the discharge coefficient in the mass that enters the 

cylinder can be seen in Figure 25. This graph shows that the 

horizontal incline and horizontal parallel configurations achieve a 

higher mass flow due to the higher discharge coefficient and higher 

flow area compared to the horizontal inline configuration. For the 

poppet valves, there is a higher amount of mass in the cylinder at 

the early compression stroke due to the late closing of the intake 

valves. When the intake reed valves open at around 50 CAD, the 

higher discharge coefficient results in higher mass flow into the 

cylinder and therefore higher volumetric efficiency, as can be seen 

from Figure 26. 

 

Figure 25. Accumulated in-cylinder mass for different geometry 

configuration. 

 

Figure 26. Volumetric efficiency for different geometry configuration. 

It is clear from Figure 26, that all the reed valve configurations 

have a better capacity to fill the compressor cylinder i.e. higher 

volumetric efficiency compared with the poppet valve 

configuration. It was found that the best configuration corresponds 

to the horizontal parallel with a volumetric efficiency of 78.1%, 

followed by the horizontal inclined with a volumetric efficiency of 

77.9%. 

 

Figure 27. Indicated mean effective pressure for different geometry 

configuration. 

In Figure 27 is shown the indicated mean effective pressure as a 

representation of the work required to compress the air to be 

supplied to the high-pressure unit. From the figure can be seen that 

the horizontal inclined and horizontal parallel configurations not 

only have a better capacity to fill the compressor cylinder but also 

required lower energy for this task. The reduction in IMEP for the 

horizontal parallel compared to the poppet configuration is 3.2%. 

For the single reed configuration, it requires higher energy or 

IMEP for the compression than poppets but as seen in Figure 26 it 

improves the airflow to the cylinder. 
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Therefore in the present study, the best-evaluated reed valve 

geometry for the compressor in the DCEE concept is the horizontal 

and inclined valve followed by the single reed valve configuration. 

The simulation and characterization methodology employed in this 

study are limited by the dynamic effects neglected in the coupling 

of the static structural analysis and CFD simulations. To refine the 

results for the discharge coefficient calculations the structural and 

fluid dynamics calculations can be solved simultaneously. 

Conclusions 

This work has shown the potential to improve the cylinder filling 

using reed valves in the inlet of a two-stroke compressor for the 

DCEE concept. In this regard, the discharge coefficient of four 

different reed valve configurations and conventional poppet valves 

were calculated using a three dimensional CFD model in ANSYS 

Fluent. The calculated discharge coefficients were used in a full 

cycle simulation for the compressor cylinder using a zero and one 

dimension model in GT-Power to evaluate the volumetric 

efficiency. The main conclusion deduced from this study are as 

follows: 

 The reed valve showed a faster response with pressure 

difference compared with the poppet valve configuration 

for a fixed opening profile. 

 Faster response for reed valve opening is shown for the 

single reed valve configuration which has a longer petal. 

Longer reed petal means more flexibility and faster 

opening. 

 For the reed valves, the flow area showed a major impact 

on the discharge coefficient improvement. Reed's length 

and the corresponding response time were found to have 

a lesser significant impact. 

 Using the reed valves for the intake in the compressor 

cylinder of the DCEE concept resulted in an 

improvement of up to 7.3 percentage points in volumetric 

efficiency compared with conventional poppet valves. 

 Implementation of the reed valves shows a reduction of 

3.2 percentage points in IMEP required for the air 

compression compared with conventional poppet valves 

at the intake. 

 The increase in valve number and following flow area as 

in the poppet valve configuration show not to be an 

appropriate solution to reduce flow losses and increase 

cycle efficiency due to this valve type inefficiency. 

References 

1.         Lam, N., Tuner, M., Tunestal, P., Andersson, A., Lundgren, 

S., and Johansson, B., “Double Compression Expansion 

Engine Concepts: A Path to High Efficiency,” SAE Int. J. 

Engines 8(4):1562–1578, 2015, doi:10.4271/2015-01-

1260. 
2.         Lam, N., Andersson, A., and Tunestal, P., “Double 

Compression Expansion Engine Concepts: Efficiency 

Analysis over a Load Range,” SAE Technical Paper 2018-

01-0886, 2018, doi:10.4271/2018-01-0886. 

3.         Lam, N., Tunestal, P., and Andersson, A., “Simulation of 

System Brake Efficiency in a Double Compression-

Expansion Engine-Concept (DCEE) Based on 

Experimental Combustion Data,” SAE Technical Papers 

2019-01-0073, 2019, doi:10.4271/2019-01-0073. 

4.         Nhut, L., “Double Compression-Expansion Engine 

Concepts: Experimental and Simulation Study of a Split-

cycle Concept for Improved Brake Efficiency,” PhD 

Thesis, Lund University, 2019. 

5.         Hatakeyama, S., Kondo, M., Sekiya, Y., and Murayama, T., 

“An attempt at Lean Burn of a4 Stroke Gasoline Engine 

by the Aid of Low Pressure Air Assisted In-Cylinder 

Injection,” SAE Technical Paper 982698, 1998, 

doi:10.4271/982698. 

6.         Bergman, M., Gustafsson, R., and Jonsson, B., “71 

Scavenging system layout of a 25 cc two-stroke engine 

intended for stratified scavenging,” SAE Technical Paper 

2002-32-1840, 2002. 

7.         Ramakrishnan., E., Nagalingam, B., and Gopalakrishnan, 

K., “Improving the Performance of Two-Stroke Spark 

Ignition Engine by Direct Injection,” SAE Technical 

Paper 2001-01-1843, 2001, doi:10.4271/2001-01-1843. 

8.         Bradbury, N., Braven, K. den, Findlay, A., and Johnson, J., 

“Turbocharging a Crank-Case Scavenged and Direct-

Injected Two-Stroke Engine for Snowmobile 

Applications,” SAE Technical Paper 2006-32-0052, 2006, 

doi:10.4271/2006-32-0052. 

9.         Battistoni, M. and Grimaldi, C., “Fluid Dynamic 1D 

Modeling for the Design Optimization of Reed Valve 

Devices in Secondary Air Injection Applications,” SAE 

Technical Paper 2005-24-080, 2005, doi:10.4271/2005-

24-080. 

10.        Battistoni, M., Grimaldi, C., Baudille, R., Fiaccavento, M., 

and Marcacci, M., “Development of a Model for the 

Simulation of a Reed Valve Based Secondary Air 

Injection System for SI Engines,” SAE Technical Paper 

2005-01-0224, 2005, doi:10.4271/2005-01-0224. 

11.        Kavekar, P. and Ghodeswar, D., “1-D Modeling and 

Experimental Evaluation of Secondary Air Injection 

System for a Small SI Engine,” SAE Technical Paper 

2013-32-9091, 2013, doi:10.4271/2013-32-9091. 

12.        Zahn, W., Rosskamp, H., Raffenberg, M., and Klimmek, 

A., “Analysis of a Stratified Charging Concept for High-

Performance Two-Stroke Engines,” SAE Technical Paper 

2000-01-0900, 2000, doi:10.4271/2000-01-0900. 

13.        Nakamura, S., Imaoka, K., Sugahara, K., Harada, T., and 

Akagawa, H., “Optimization of a Dual-

Intake/Exhaust/EGR System with the Exhaust-pulse 

Ejector for a Heavy-duty Turbocharged Diesel Engine,” 

SAE Technical Paper 2007-01-1914, 2007, 

doi:10.4271/2007-01-1914. 

14.        Reifarth, S. and Ångstrom, H., “Transient EGR in a High-

Speed DI Diesel Engine for a set of different EGR-

routings,” SAE Int. J. Engines 3(1):1071–1078, 2010, 

doi:10.4271/2010-01-1271. 

15.        Laimböck, F., Meister, G., and Grilc, S., “CFD 

Application in Compact Engine Development,” SAE 

Technical Paper 982016, 1998, doi:10.4271/982016. 



Page 11 of 11  

  

16.        Arnone, L., Janeck, M., Marcacci, M., Kirchberger, R., 

Pontoppidan, M., and Busi, R., “DEVELOPMENT OF A 

DIRECT INJECTION TWO-STROKE ENGINE FOR 

SCOOTERS,” SAE Technical Paper 2001-01-1782, 2001, 

doi:10.4271/2001-01-1782. 

17.        Moeser, C., Gantert, J., Keck, U., Raffenberg, M., Rieber, 

M., and Rosskamp, H., “Emissions and Performance 

Potential of a Small Stratified Charge 2-Stroke Engine 

Using Reed Valves,” SAE Technical Paper 2006-32-0058, 

2006, doi:10.4271/2006-32-0058. 

18.        Rothbauer, R., Almbauer, R., Schmidt, S., Margelik, R., 

and Glinsner, K., “A Multidimensional Interface for the 

Predictive CFD Simulation of the 2-Stroke Engine,” SAE 

Technical Paper 2006-32-0059, 2006, doi:10.4271/2006-

32-0059. 

19.        Winkler, F., Schögl, O., Oswald, R., and Kirchberger, R., 

“Development of a Low Emission Two-Stroke Engine 

with Low Pressure Fuel Injection,” SAE Technical Paper 

2006-32-0065, 2006, doi:10.4271/2006-32-0065. 

20.        Schmidt, S., Schoegl, O., Rothbauer, R.J., Eichlseder, H., 

and Kirchberger, R., “An Integrated 3D CFD Simulation 

Methodology for the Optimization of the Mixture 

Preparation of 2-Stroke DI Engines,” SAE Technical 

Paper 2007-32-0029, 2007. 

21.        Jajcevic, D., Almbauer, R., Schmidt, S., and Glinsner, K., 

“CFD Simulation of a Real World High-Performance Two 

Stroke Engine with Use of a Multidimensional Coupling 

Methodology,” SAE Technical Paper 2008-32-0042, 

2008, doi:10.4271/2008-32-0042. 

22.        Dave, A., Siddiqui, A., Probst, D., and Hampson, G., 

“Development of a reed valve model for engine 

simulations for two-stroke engines,” SAE Technical Paper 

2004-01-1455, 2004, doi:10.4271/2004-01-1455. 

23.        Cunningham, G., Kee, R.J., and Kenny, R.G., “Reed valve 

modelling in a computational fluid dynamics simulation 

of the two-stroke engine,” Proceedings of the Institution 

of Mechanical Engineers, Part D: Journal of Automobile 

Engineering 213(1):37–45, 1999, 

doi:10.1243/0954407991526658. 

24.        Zeng, Y., Strauss, S., Lucier, P., and Craft, T., “Predicting 

and Optimizing Two-Stroke Engine Performance Using 

Multidimensional CFD,” SAE Technical Paper 2004-32-

0039, 2004, doi:10.4271/2004-32-0039. 

25.        Bozza, F. and Gimelli, A., “A Comprehensive 1D Model 

for the Simulation of a Small-Size Two-Stroke SI 

Engine,” SAE Technical Paper 2004-01-0999, 2004, 

doi:10.4271/2004-01-0999. 

26.        Rothbauer, R., Grasberger, G., Abidin, Z., and Almbauer, 

R., “Reed Valve, Crankcase and Exhaust Models Coupled 

to 3D Fluid Domains for the Predictive CFD Simulation,” 

SAE Technical Paper 2007-32-0030, 2007. 

27.        Jajcevic, D., Almbauer, R., Schmidt, S., Glinsner, K., and 

Fitl, M., “Reed Valve CFD Simulation of a 2-Stroke 

Engine Using a 2D Model Including the Complete Engine 

Geometry,” SAE Int. J. Engines 3(2):448–461, 2010, 

doi:10.4271/2010-32-0015. 

28.        Kopppula, J., Rajagopal, T., and Gundabattini, E., 

“Correlating the Experiment and Fluid Structure 

Interaction Results of a Suction Valve Model from a 

Hermetic Reciprocating Compressor,” SAE Technical 

Paper 2017-28-1948, 2017, doi:10.4271/2017-28-1948. 

29.        Bhavani Shankar, V., Lam, N., Andersson, A., and 

Johansson, B., “Optimum Heat Release Rates for a 

Double Compression Expansion (DCEE) Engine,” SAE 

Technical Paper 2017-01-0636, 2017, doi:10.4271/2017-

01-0636. 

30.        Bhavani Shankar, V., Johansson, B., and Andersson, A., 

“Double Compression Expansion Engine: A Parametric 

Study on a High-Efficiency Engine Concept,” SAE 

Technical Paper 2018-01-0890, 2018, doi:10.4271/2018-

01-0890. 

31.        Prabhakaran, N. and Dhamejani, C., “Optimisation of Fuel 

Consumption of High Specific Output Two-Stroke SI 

Engines,” SAE Technical Paper 2003-26-0023, 2003, 

doi:10.4271/2003-26-0023. 

32.        Heywood, J.B., “Internal Combustion Engine 

Fundamentals,” McGraw-Hill, New York, ISBN 

007028637X, 1988. 

 

Contact Information 

Kevin Moreno Cabezas  

Ph.D. Student  

Clean Combustion Research Center (CCRC)  

King Abdullah University of Science and Technology (KAUST)  

Thuwal, Saudi Arabia  

kevin.morenocabezas@kaust.edu.sa 

Acknowledgments 

The simulations were conducted at Clean Combustion Research 

Center (CCRC) of King Abdullah University of Science and 

Technology (KAUST), Saudi Arabia. The authors would like to 

thank Volvo Global Truck Tech Powertrain Eng for providing the 

technical support for this work. 

Abbreviations 

1D – One Dimensional 

3D – Three Dimensional 

CAC – Compressed Air Cooler 

CFD – Computational Fluid Dynamics 

CAD – Crank Angle Degrees 

DCEE – Double Compression Expansion Engine 

EGR – Exhaust Gas Recirculation 

GHG – Greenhouse Gas 

HP – High Pressure 

LP – Low Pressure 

NOx – Nitrogen Oxides 

PCP – Peak Cylinder Pressure 

PM – Particulate Matter 

SAI – Secondary Air Injection 

TDC – Top Dead Center 

 

mailto:kevin.morenocabezas@kaust.edu.sa

