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Abstract: Variable valve mechanisms are usually applied to a gasoline combustion engine to improve
its power performance by controlling the amount of intake air according to the operating load.
These mechanisms offer one possibility of resolving the conflict of objectives between a further
reduction of raw emissions and an improvement in fuel efficiency. In recent years, variable valve
control systems have become extremely important in the diesel combustion engine. Importantly,
it has been shown that there are several potential benefits of applying variable valve timing (VVT) to
a compression ignition engine. Valve train variability could offer one option to achieve the reduction
goals of engine-out emissions and fuel consumption. The aim of this study was to investigate the
effects on part load combustion and emission performance of internal exhaust gas recirculation (EGR)
by variable exhaust valve lift actuation using a cam-in-cam system, which is an electronically variable
valve device with a variable inside cam retarded to about 30 degrees. Numerical simulation based
on GT-POWER has been performed to predict the NOx reduction strategy at the part load operating
point of 1200 rpm in a four-valve diesel engine. A GT-POWER model of a common-rail direct injection
engine with internal EGR was built and verified with experimental data. As a result, large potential
for reducing NOx emissions through the use of exhaust valve control has been identified. Namely,
it is possible to utilize heat efficiently as recompression of retarded post injection with downscaled
specification of the exhaust valve rather than the intake valve, even if the CIC V1 condition with a
reduction of the exhaust valve has a higher internal EGR rate of about 2% compared to that of the
CIC V2 condition.
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1. Introduction

In diesel engines, a robust compression-ignited combustion strongly depends on the cylinder
charge temperature, composition, and cylinder pressure during valve train events [1]. Variable valve
actuation (VVA) technology refers to a technique or combination of technologies that changes valve
timing, valve duration, and valve lift, etc., depending on operating conditions and operating strategies,
instead of opening and closing intake and exhaust valves with a single, fixed-cam profile. Especially,
the compression ignition engine shows the required characteristics of the variable valve system which
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can control the opening period of the valve. These VVA mechanisms have limited valve lift and timing
control, depending on the shape of the mechanism and method in which it is operated.

Therefore, it is desirable to design the variable valve operating mechanism in which the ability to
control the range of the valve lifting and opening timing is set during the development stage of the
actual technology [2].

There are several potential benefits of applying variable valve control to a diesel engine:
Optimization of the charge motion, a reduced in-cylinder temperature, and pumping work only
if there is no swirl valve, leading to better low-speed performance. Namely, the adoption of the
variable valve in a compression ignition engine enables control of the temperature of exhaust gas and
effective control of the compression ratio through intake or exhaust air quantity.

Based on these functional characteristics, a variable valve system is expected to be essential as a
core technology for improving the combustion of diesel engines. The output of the compression ignition
engine is affected by the fuel injection system, volume efficiency, friction loss, and pumping loss, etc.
Volumetric efficiency depends on the combustion chamber geometry, engine speed, and the timing
and lift of valve opening and closing. Therefore, increasing the volumetric efficiency and reducing the
loss caused by friction and pumping for the maximum output according to each operating condition
improves the power performance. During this optimization process, the optimum intake and exhaust
flow rate and timing are adjusted according to the operating conditions without lowering the torque
stability and the maximum output [3]. For instance, early exhaust valve opening (EEVO) and cylinder
deactivation are implemented to raise the exhaust gas temperatures for DOC activation [4].

In a variable valve strategy known to be effective in controlling the cylinder charge temperature
and composition, various exhaust valve mechanisms have been designed to control exhaust gas
recirculation (EGR). The term EGR usually refers to a deliberate, external process, but there is also
a level of internal EGR. This occurs when the residual combustion gas in the cylinder at the end of
the exhaust stroke is mixed with the incoming charge. There is, therefore, a proportion of internal
EGR which must be taken into account when planning EGR strategies. Scavenging efficiency will
vary with engine load, and in an engine fitted with variable valve timing, a further parameter must
be considered.

Mirko B. et al. found that internal EGR has a greater potential than external EGR to realize an
accurate control of the EGR rate and NOx emission in transient operation [5]. Also, it was found that
applying internal EGR moderated combustion by delaying the ignition timing, thereby suppressing
in-cylinder pressure oscillations [6]. VVA for automotive diesel engines enables the pre-heating of the
exhaust system to be accelerated by the effect of internal EGR [7].

Gonzalez D. et al. presented a comprehensive scheme to obtain higher exhaust gas temperatures.
Internal EGR can be combined with multiple injections after the main injection event, thereby altering
the heat release rate and the exothermic reactions in the exhaust stroke [8].

Furthermore, the work of Guan, W. demonstrated that the combination of the EGR and Miller
cycle strategies can lead to minimum impact on the smoke emission and fuel economy, while achieving
lower engine-out NOx emissions and a higher exhaust gas temperature for an efficient exhaust after
treatment systems [9].

Kai D. et al. tested several VVT variants (exhaust cam phasing, late intake valve opening, Miller,
second exhaust event, cylinder deactivation) as promising heating strategies. These heating strategies
are finally compared to conventional heating measures to demonstrate their potentials in terms of faster
after-treatment light-off with increased conversion efficiencies and benefits in CO2 emissions [10].

In this study, exhaust recompression valve strategies are discussed in light of GT-POWER, 1D cycle
simulation model results for a common-rail direct injection single-cylinder engine with internal EGR
by using VVA and post fuel injection having an effect on the results [11]. So, the aim of this study is to
improve part load fuel economy and emissions.
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2. Numerical Model Description

2.1. Engine Modeling

In this study, the GT-POWER program (Gamma Technologies, Westmont, IL, USA) was used to
predict the reduction of NOx at partial engine load under the engine speed of 1200 rpm, as shown in
Table 1. Cam-in-cam, the variable valve scheme used in this study, is an electronically variable valve
device, and the inside of the variable cam is retarded to about 30 degrees. An extensive GT-POWER
model of the base R-engine with internal EGR created by variable exhaust valve actuation was built in
this study.

Table 1. Operating points on map in R-engine.

Low Load Low, Middle Load
Fuel Injection Quantity: 12 mg Fuel Injection Quantity: 12 & 19.8 mg

Idle + Low Speed Middle Speed
Engine speed: 800 rpm Engine speed: 1200~2000 rpm

Among the five points on the operation map of the R-engine, as shown in Figure 1a, the standard
value (hereinafter referred to as “Base” case) is selected when the engine of the basic cam follows the
injection strategy according to the operating map. Figure 1b shows the prototype cam-in-cam system
used in this study and variable valve profile.

Figure 1. Engine map and variable valve device. (a) Five operating points on map in R-engine;
(b) Prototype cam-in-cam system (MAHLE).
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Commercial R-engine has 4-cylinder and 4-valve per cylinder. Cylinder pressure was measured
at 1-cylinder only for combustion analysis. Engine crank shaft connected with a DC dynamometer and
high-pressure fuel injected in the cylinder by signal of injection device. Table 2 shows specification of
R-engine used in this study.

Table 2. Specification of R-engine used in this study.

Item Unit Specification

Bore x Stroke mm 88 × 90
Displacement cc 499

Valve per cylinder - 4 (2 intake and 2 exhaust)
Compression ration - 16

Intake valve CAD
IVO bTDC 10
IVC aBDC 28

Exhaust valve CAD
EVO bBDC 54
EVC aTDC 4

The GT-POWER program is a commercial engine analysis program widely used as an industry
standard for vehicle and powertrain simulation software. It is a next-generation integrated CAE
application that is becoming increasingly important in the industry due to its functions for engine
evaluation, such as cooling system operations, as well as fuel consumption, noise, etc. under an
arbitrary driving condition. It provides a fast solver for 1D and 3D simulations, making realistic
simulations of large-scale systems possible. It also has the advantage of containing detailed information
on valves, cylinders, and combustion behavior (predictive or data-based functions) for engine
combustion calculations. The numerical full-circuit model developed by this study consists of the
engine part (single cylinder, valves, pipes, etc.), valve train part (cam, camshaft, valve rod, etc.),
and fuel injection part (piezo actuator, nozzle, rod, needle, orifice, etc.). The valve part in the engine
system has received a valve profile from rotating the cam by the valve train model linked with the
engine model. The injector model is built up with internal construction of a third piezo injector and
linked with an engine model. The engine combustion model uses DIPULSE because NOx prediction is
possible with improved accuracy. The heat transfer model uses WoschniGT.

The fuel injection model was designed with a third piezo injector and verified through comparing
experimental injection data obtained by the Bosch-tube method. The Bosch-tube measurement
principle is to feed the fuel into the pipe with a cross-sectional area A and select the fuel control
volume in the pipe flowing at the speed of sound as c when the fuel in the pipe moves at a speed of u.
By knowing the sonic velocity and fuel density in the pipe and determining the amount of change in
pressure in the chamber, the injection rate can be calculated [12].

2.2. Four Variable Valve Train Configurations

Four different variants, as shown in Table 3, stood out as candidates for simulation testing:
(1) “Base” case, for comparing with other cases; (2) CIC V1 for a recompression strategy that reduced
valve lifting and duration; (3) CIC V2 for recompression that reduced valve lifting and duration
about the exhaust valve; and (4) CIC V3 for added post fuel injection based on CIC V2, as shown in
Table 3. With the exhaust recompression valve strategy, the cylinder charge temperature is controlled
by trapping the hot exhaust gas from the previous engine cycle. This is done by closing the exhaust
valve early during the exhaust stroke while opening the intake valve late in relation to the exhaust
valve closing timing. The crank-angle period when both intake and exhaust valves are closed around
the engine top dead center (TDC) is defined as the negative valve overlap (NVO).
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Table 3. Four variable valve train configurations.

Case Valve Profile Description

Base All valve lift 8 mm

CIC V1
Recompression

+ All valve lifting 6 mm
+ Negative valve overlap

CIC V2

Recompression
+ Exhaust valve lifting 6 mm
+ Intake valve lifting 8 mm
+ Negative valve overlap

CIC V3
CIC V2

+ Post injection
(Three fuel injection timing: 70◦, 200◦, 320◦)
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Figure 2 shows the schematic diagram of this analysis process. In order to study the effects of
internal EGR by variable exhaust valve actuation, a methodology was first developed to investigate
recompression internal EGR, wherein a variable exhaust valve timing mechanism is used to transfer
exhaust gas from one cycle to the next, just as in the valve strategies referred to as “Base” case, CIC V1,
and CIC V2. The additional step in the process begins with CIC V2 as normal and then adds three
different timings of post fuel injection.

Figure 2. Schematic diagram of this numerical analysis process.

2.3. Model Verification

In order to improve the model’s predictive accuracy, the engine model was developed in the 1D
GT-POWER and compared with the combustion pressure and heat release of in-cylinder gas. Tables 4
and 5 show the engine operating condition in the experiment and fuel injection condition, respectively.
Figure 3 shows the result of the model correlation under the test condition in Table 4. Model validation
took place once the engine dynamometer data were available. It was shown that the experimental
results indeed agreed with the combustion analysis.

Figure 3. Cont.
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Figure 3. Predictive model correlation with experiment data. (a) Pressure and Heat Release Rate;
(b) Pilot injection rate; (c) Main injection rate.

Table 4. Engine operating condition.

Item Specification

Engine speed (rpm) 1200
Fuel injection quantity (mg) 12
Fuel injection pressure (bar) 600

Intake & Exhaust valve lift (mm) 8

Table 5. Fuel injection condition.

Injection Pilot Main

Fuel injection timing (deg) 15 ATDC 5 ATDC
Fuel injection quantity (mg) 1.4 11.1

3. Results and Discussion

3.1. Combustion Characteristic of Recompression Internal EGR

Figure 4 shows the temperature traces for three different recompression strategies: “Base” case,
CIC V1, and CIC V2. In the recompression cases (CIC V1, CIC V2), the engine operates at a higher
temperature than the “Base” case. The result is that there is a limited flow of fresh air and burned
gas due to negative overlap. CIC V1 is less effective in enhancing the cylinder temperature than CIC
V2, due to its relative larger intake valve lift and duration than in the exhaust valve. The maximum
temperature in the case of CIC V2 is higher during the main combustion period.

Figure 4. Temperature variation for different recompression strategies.
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Figure 5 shows the intake flow variation for three different recompression strategies. In the case
of CIC V2, there was a rapid back flow of burned gas through the intake valve. This comes from
an increased flow rate through the intake valve above that of CIC V1. Additionally, the burned gas
discharged to the intake valve, and the temperature of the in-cylinder gas dropped. At a crank angle
of 470◦, hereafter fresh air is flowing into the cylinder and then the temperature of the trapped gas is
increased. Therefore, it can be concluded that back flow in the valves is one of the main factors creating
combustion performance.

Figure 5. Flow traces at intake valve for different recompression strategies.

Figure 6 shows the total trapped mass traces for different recompression strategies: “Base” case,
CIC V1, and CIC V2. Total trapped mass can be defined as the quantity of all chemical species
(including air, fuel, EGR, residual gas, etc.) in the cylinder at the start of the cycle. In the recompression
condition, the total trapped mass is reduced and the amount of the trapped mass in the case of CIC V2
is relatively more elevated before combustion, due to the increase in the intake valve lift and duration.
In the case of CIC V2, when the intake valve is open at 350◦, the mass quantity drops rapidly, and the
negative valve overlap creates the high temperature and causes burned gas to only flow back through
the intake valve at TDC.

Figure 6. Total trapped mass traces for three different recompression strategies.

As shown in Figure 7, the increase in in-cylinder pressure during the negative valve overlap
indicates its oxidation by the recompression of trapped gas. However, the in-cylinder temperature and
combustion pressure in CIC V1 and CIC V2 are lower than in the “Base” case, due to a decrease in
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fresh air at the next ignition. This result showed that the exchange of gas was more enhanced in the
case of CIC V2 because of the decreased combustion pressure in the period and peak value than the
CIC V1 case during the intake stroke.

Figure 7. Pressure variation for three different recompression strategies.

Figure 8 shows the pressure–volume (PV) cycle for three different recompression cases. The main
feature of this diagram is that the amount of energy expended or received by the system as work can
be estimated as the area under the curve in the figure. In the cases of CIC V1, its pumping loss has no
area on the graph due to the very low volume efficiency during the intake stroke. It indicates a higher
peak pressure than the case of CIC V2. As can be seen, increased inflow of fresh air to the cylinder of
CIC V2 causes pumping loss, but the maximum pumping pressure is lower than in the case of CIC V1.

Figure 8. P-V diagram for three different recompression strategies.

Figure 9 shows that a decreased pressure and inflow of fresh air affects the increase in the ignition
delay at the pilot injection of high-pressure fuel. Then, a decreased heat release rate and expanded
diffusion combustion at main injection occur as changes in the cases of CIC V1 and V2, as characteristics
of low temperature combustion.
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Figure 9. Heat Release Rate traces for three different recompression strategies.

3.2. Effect of Post Fuel Injection in Recompression Internal EGR

By adjusting the internal EGR applied by variable exhaust valve actuation, a great volume of heat
energy occurred and was generally wasted, but it can be used to achieve lower emissions, activation
of the after-treatment system, and stable operation of low temperature combustion. This study
investigated the possibility of VVA that involved post fuel injection for improving thermal efficiency in
the three cases. The points of post injection started (1) at 70◦ containing a maximum quantity according
to the total trapped mass; (2) at 200◦, with both the lowest pressure and temperature and the ending of
the back flow through the exhaust valve during the recompression process; and (3) at 320◦, with the
raising of pressure and temperature by closed intake and the exhaust valve during the recompressing
process. Furthermore, the quantity of post fuel injection was set to 20% of the total fuel mass in both
the pilot and main injection periods. As a reference, the specific cutoff point for which the second
injection is small enough relative to the main injection to constitute a post injection, rather than a
generic split injection, is not well defined, but a maximum of approximately 20% of the total fuel in the
post injection is consistent with most existing self-described post-injection studies [13]. Figure 10 is the
result of the temperature traces for different recompression strategies with post injection. Post injection
at 70◦ in the exhaust stroke caused an increase in temperature. In the case of post injection at 320◦,
it was decremented that a high temperature occurred by potential heat, which is the decreasing of
temperature during NVO, which then affects gas exchange efficiently. Additionally, post injection at
320◦ was performed under conditions that included a lower burning mass than in other cases, so it
showed the highest effect by potential heat. Figure 11 shows the result of the total trapped mass traces
for different recompression strategies with post injection. In the case of post injection at 320◦, it shows
a higher variation in trapped mass, due to its internal gas flow activity with a high temperature.

Figure 10. Temperature variation for different recompression strategies with three post injections.
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Figure 11. Total trapped mass traces for different recompression strategies with three post injections.

Figure 12 shows the result of the heat release rate traces for different recompression strategies
with post injection. It shows the highest heat release at the pilot and main injection points in the case
of post injection at 320◦. This is caused by increasing the burnt fuel with post injection by decreasing
the total trapped mass. In addition, it can be concluded that post injection is one of the main factors
influencing thermal efficiency increased by a diffusion combustion area.

Figure 12. Heat release rate traces for different recompression strategies with three post injections.

Figure 13 shows the result of in-cylinder pressure variation for different recompression strategies
with post injection. In the case of post injection at 320◦, it shows the lowest pressure that results from
reducing the pressure rate at the point of main combustion by increasing the gas exchange.

Figure 13. Pressure variation for different recompression strategies with three post injections.
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3.3. Comparison of Emission Performance

Figure 14 shows comparisons of NOx emission for different variable valve control strategies.
It was found that the CIC V1 case, with no-full lift and duration of intake and exhaust valve, shows
the lowest NOx emission with minimum temperature, due to using recompression internal EGR. If it
is difficult to control both valves, as shown in Figure 14, the CIC V3 case, with no-full lift and duration
of exhaust valve only and post injection, is an effective strategy to reduce NOx emission at part load
operating conditions in a compression ignition combustion. In the case of post injection at 320◦ in CIC
V3, it shows the lowest NOx emission under variable exhaust valve control without a variable intake
valve. As shown in Figure 15, the lowest volume efficiency occurred in the case of CIC V1 with full
control of both the intake and exhaust valve. Whereas, it was found that CIC V2 and CIC V3 have a
similar volume efficiency at each maximum combustion temperature.

Figure 14. Comparison on NOx emission for different variable valve control strategies.

Figure 15. Comparison on volume efficiency for different variable valve control strategies.

Figure 16 shows the comparison results for NOx emission versus indicated mean effective pressure
(IMEP) for all variable valve control strategies applied in this study. This shows a noticeable reduction
in NOx emission with a reduction in IMEP. Especially, CIC V1 is a moderate case with regard to
emission reduction, but this strategy was worse with regard to thermal energy. As the post injection
timing in CIC V3 was retarded, it caused a decrease of NOx and an increase in IMEP linearly. The result
was derived from effective work due to increased burnt fuel through post fuel injection. Figure 17
shows the comparison result for NOx emission versus indicated specific fuel consumption (ISFC) for
all variable valve control strategies. This shows that the lowest fuel consumption with NOx emission
was in the case of CIC V1. Furthermore, the post injection at 320◦ in CIC V3 is the best case with regard
to the level of NOx emission under fuel penalty. Figure 18 shows the comparison of the internal EGR
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rate for different variable valve control strategies. The internal EGR rate is defined as a ratio between
the total volume of the cylinder and the total trapped mass, with the exception of trapped air, before
the beginning of combustion. It shows a difference of about 10% between the “Base” case and the
recompression case. This EGR strategy is made possible by the design of valve control (lift, phase,
timing, etc.), which allows for more burned gas to be trapped, without the use of any additional device
for external EGR. Figure 19 shows the comparison of NOx reduction by applying different variable
valve control strategies. Recompression strategy, as a bypass process to avoid the NOx emission zone
in compression ignition, is beneficial to the heat release rate and volumetric efficiency at the design
speed, and it also reduces NOx emission.

Figure 16. Comparison on IMEP versus NOx for different variable valve control strategies.

Figure 17. Comparison on ISFC versus NOx for different variable valve control strategies.

Figure 18. Comparison of internal EGR rate for different variable valve control strategies.
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Figure 19. Comparison on NOx reduction by applying different variable valve control strategies.

4. Conclusions

In this study, the effect of internal EGR by variable valve actuation with post injection using a
full-circuit GT-POWER model verified by experimental data was investigated to predict auto-ignited
combustion performance that includes in-cylinder pressure and temperature, heat release, ISFC, IMEP,
and NOx emission. Conclusions obtained by this study can be summarized as follows:

(1) Recompression internal EGR leads to negative valve overlap effects and a higher temperature in
engine operation, due to its trapping of burnt gas and limited air flow, creating a high temperature
inside the cylinder. The earlier the exhaust valve closes during the exhaust stroke, as in the case
of a larger NVO, the greater the amount of the hot exhaust gas from the previous engine cycle
would be trapped in the cylinder. This leaves less room in the cylinder for the in-coming fresh air
mass, thereby increasing the cylinder charge temperature while decreasing the oxygen level in
the cylinder charge. As a result, there is an optimal setting of NVO for each operating condition
to achieve the best engine performance.

(2) The CIC V2 case is used for enhancing the internal EGR rate, which is reduced in both the
lifting and duration of the exhaust valve without control of the intake valve, thus the operating
temperature is decreased overall, but a higher temperature is seen at the main combustion period
than in the “Base” and CIC V1 cases. This is caused by the inflow of more fresh air while keeping
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internal gas in the cylinder and increasing the discharging of burnt gas through the intake valve.
Therefore, effective work has risen due to a pressure drop in the intake stroke and the rising of
pressure at the main combustion, compared with the CIC V1 case.

(3) For the use of thermal energy wasted when adjusting recompression by variable valve actuation,
post injection with three cases was applied with total injected fuel of 20% based on CIC V2.
Each post injection shows a similar volume efficiency, but retarded post injection timing caused
an increase in IMEP, as well as a reduction of both ISFC and NOx. In the case of post injection
at 320◦, when increasing the pressure and temperature for both intake and exhaust valves,
which were closed in the recompression period, the highest engine operating temperature was
seen, but there were lower emissions of NOx than in other post injection cases.

(4) The recompression internal EGR is effective in utilizing heat energy by enhancing the EGR rate
by about 10%. Additionally, recompression with retarded post injection is beneficial to IMEP
with NOx reduction, even if CIC V1 with no-full lift and duration of the intake and exhaust valve
has an internal EGR rate of about 2% higher than that of CIC V2 with no-full lift and duration of
the exhaust valve.

(5) Finally, the internal EGR scheme with variable exhaust valve actuation in a diesel engine is
advantageous to apply post injection from the viewpoint of utilizing thermal energy. However,
since the ISFC increases according to post-injection conditions, it is necessary to consider the
maximum use of exhaust heat energy for NOx reduction.
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