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Abstract: Establishing the homogeneous charge compression ignition (HCCI) process in a diesel
engine, in order to improve exhaust emission quality while extending the HCCI regime, is one of
the challenges in applying HCCI in worldwide applications. This can be done by decreasing the
compression ratio, and controlling the exhaust gas recirculation (EGR) rate and charging temperature.
In this paper, an original single cylinder diesel engine was converted to n-heptane-fueled HCCI
with the fuel injected into the intake manifold. At the designed compression ratio of 20:1, the HCCI
engine could operate stably at low speed (from 1600 rpm to 2000 rpm) and low load (10% to 20%
load). In addition, reducing the compression ratio from 20:1 to 14.87:1 by changing the thickness of
the cylinder head gasket and with no EGR applied extended the operating range to 50% load and
3200 rpm speed.

Keywords: internal combustion engine; exhaust gas recirculation; HCCI; n-heptane fuel; pre-ignition;
engine knock

1. Introduction

In order to align with future emissions and greenhouse gas legislation for internal combustion
engines, research efforts are now focused on the mixing process and in-cylinder combustion together
with costly and advanced after-treatment devices. Homogeneous charge compression ignition (HCCI)
combustion is one of the most important solutions in reducing both NOx and soot emissions while
maintaining fuel consumption and engine performance at the level of diesel engines. In other words,
HCCI combustion possesses diesel-like power efficiency while producing gasoline-like soot-free
emissions [1–4]. The low levels of NOx and soot emissions are achieved by sufficiently lean premixed
air–fuel mixture to keep the flame temperature in the combustion chamber lower than 1900 K. However,
due to its operating characteristics, the operating HCCI engine range is restricted by an excessive
pressure rise rate in high load region, which causes engine knock. To solve this problem, the gas
temperature should be controlled properly by retarding ignition timing after top dead center (TDC) [5].
In addition, combustion duration also needs to be adjusted accordingly.

HCCI combustion can be established in the combustion chamber at the high temperatures required
for auto-ignition of the intake mixture. Therefore, many methods were adopted to achieve HCCI
combustion, including heating of the intake mixture, varying the compression ratio, and utilizing the
exhaust gas recirculation (EGR) [5–8]. For instance, the inlet temperature, the equivalence ratio, and the
compression ratio were adjusted to evaluate their influences on the HCCI auto-ignition process of the
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test engine fueled by a primary fuel and n-heptane [8]. Consequently, the inlet temperature and the
equivalence ratio, respectively, varied from 25 ◦C to 70 ◦C and from 0.18 to 0.41, while the compression
ratio increased from 6 to 13.5. The results of this research showed that the inlet temperature directly
affects the ignition delays, but it does not affect the heat release process, while the equivalence ratio
affects both the ignition delay because of the higher energy supply and the compressive heating
because of the heat capacity increase of the mixture.

The unwanted pre-ignition and knocking of the heavy load operating conditions are the main
factors that restrict the loading condition of the HCCI process. Therefore, besides research activities
establishing HCCI combustion, extending the operating regimes of the HCCI engine is crucial in
developing an engine that operates in a wider range on HCCI processes. Many issues have been
addressed recently regarding HCCI combustion such as control of ignition timing, widening the
HCCI operation range to high loads, and reducing the carbon monoxide (CO) and hydrocarbons (HC)
emissions [9]. Systems such as hot EGR [10], variable compression ratio (VCR) [11], and variable valve
actuation (VVA) [12] show promise for these purposes, while for high engine load operation, intake
pressure boosting can be used [13]. The research showed that in the absence of a higher equivalent ratio,
the engine power can be enhanced by increasing the intake pressure. The pressure rise rate should be
reduced by thermal stratification, and power is increased by boost pressure at the same time [13].

Hybrid combustion systems (HCCI and conventional combustion) have been preferred in mass
production by original equipment manufacturers (OEMs), of which HCCI is used only at low and
moderate loads; at high load conditions the engine reverts back to conventional spark ignition or
compression ignition combustion mode.

Another study of an HCCI, gasoline-based engine showed that increasing the compression ratio
from 10 to 13 by piston geometry change was not adequate for gasoline auto-ignition if the ambient
intake air was not heated. So, sufficiently heated intake air, injection quantity, and EGR rate applications
were possible solutions to this problem [14].

N-heptane, a liquid reference fuel with a low boiling point and well-known chemistry, is a popular
fuel for HCCI engines [15]. Some previous research studies have been performed to demonstrate its ability
to generate stable and repeatable HCCI combustion. Most of these studies have focused on numerical
simulations to study the effects of fuel chemistry on HCCI engine performance [16–18]. These studies
used the computational fluid dynamic (CFD) model to explore the combustion process of the HCCI
engine. Of course, CFD is very helpful for engine performance and emissions characteristics, in which
the presence of the boundary layer and crevices is of great importance. However, the CFD model
limits the ability to implement detailed fuel chemistry, which has been demonstrated to be critical in
HCCI research. In this study, the diesel-originated single cylinder and the direct-injected diesel engine
were modified to operate with HCCI process, fueled with n-heptane fuel. The compression ratio of the
original engine was decreased, and the external EGR was prepared for further research on extending the
operating limit of the HCCI engine. The results of this research will likely cause the old-model diesel
engine to be replaced with HCCI engines in Vietnam.

2. Test Procedure

2.1. Test Engine and Fuel

A small, single cylinder, direct injected diesel engine was used to convert to HCCI with n-heptane
fuel. Specification of this engine is described in Table 1.
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Table 1. Specification of the test diesel engine.

Parameter Value

Displaced volume 273 cm3

Type of engine Direct Injection, naturally aspirated
Stroke 57 mm
Bore 78 mm

Compression ratio 20:1
Number of valves 2

Rated power/speed 4.4 kW/3600 rpm
Max. Torque/speed 13 Nm/2000 rpm

N-heptane (C7H16) is usually used as a reference fuel for octane rating of gasoline fuel, since it
has zero points on the octane rating scale. N-heptane has similar properties (Table 2) as diesel fuel;
however, due to its low density, this fuel can evaporate easily in the intake manifold that drives its
usage as the chosen fuel for HCCI process set-up.

Due to the high latent heat of evaporation, the evaporation process of n-heptane in the intake
pipe results in lowering of the intake air temperature, which can negatively affect the auto-ignition
process of the fuel-air mixture in the combustion chamber. The heating device located in the intake
pipe is, therefore, necessary to ensure the HCCI combustion process.

Table 2. Properties of n-heptane fuel.

Properties Unit Test Method Value

Viscosity at 40 ◦C mm2/s ASTM D445-00 0.567
Flash point ◦C ASTM D93-02 −4

Density at 15 ◦C g/cm3 ASTM D1298-05 0.68873
RVP at 37.8 ◦C PSIG ASTM D323-99 1.8
Heating value kcal/kg ASTM D240-02 11,125

n-heptan content % GC/MS 97.5
Cetane number - - 56

A/F ratio - - 15.132
Latent heat of evaporation kJ/kg - 316.6

2.2. Test Equipment

The schematic diagram of the test engine is presented in Figure 1, and a picture of the engine
installed in the dynamometer is provided in Figure 2.

As seen in Figure 1, the intake manifold of the test engine was modified for n-heptane fuel, thereby
supplying and heating the intake mixture.

The electric heater, located just after the air filter, was used to heat up the intake mixture from a
temperature of about 8 ◦C to a fixed temperature of 25 ◦C (to compensate for the cooling effect caused
by the evaporation process of n-heptane in the intake pipe) for HCCI process set-up and various
compression ratio test points. A temperature of 25 ◦C was identified as the minimum temperature to
stably establish the HCCI process at the original compression ratio of 20:1.

An eddy current dynamometer DW16 was used in this test-rig. This dynamometer has 16 kW max.
power, 70 Nm max. torque, and 13.000 rpm max. speed, at an accuracy of 0.1%. Fuel consumption
was measured by AVL 733S with fuel temperature control based on the principle of gravimetric
measurement. The measurement system enables a high-precision fuel-consumption measurement,
even at low consumption and short measuring times. The recommended measuring range of this
device is up to 150 kg/h with an accuracy of 0.12%. The Bosch lambda sensor LSU 4.9 was used for
lambda value measurement. This sensor is a wideband lambda sensor that has a measuring range
from 0.65 to ∞. The accuracy at lambda 1 is ±0.007 and the accuracy at lambda 1.7 is ±0.05.
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3. Results and Discussion

3.1. The Rate of Heat Release (ROHR) and Start of Combustion Calculation

The ROHR is calculated from the average of the continuous 50 measured cycle’s pressure data (p)
at each testing condition for every crank angle as follows:

dQn

dϕ
=

γ

γ − 1
p

dV
dϕ

+
1

γ − 1
V

dp
dϕ

, (1)

in which dQn/dφ is net heat release rate [9]; γ is the ratio of the specific heats, given by γ = Cp/Cv;
and dV is the change of volume for the different crank angle.

The curve of ROHR versus crank angle of an HCCI engine has two peaks; the first one
indicates low-temperature oxidation (LTO), and the second shows high-temperature oxidation (HTO).
Thus, two starts of combustion (SOC) locations are available. In this research, SOC1 and SOC2 were
designated as the start of combustion locations for LTO and HTO, respectively. The SOC can be
calculated as 10% of the cumulative heat release location, or it can be the derivative of the ROHR
versus crank angle.

3.2. Combustion Characteristics

To determine the load positions, the original diesel engine was tested at full load condition;
the rated torque was at 100% load, which was then used to define the partial loads of the original
diesel and HCCI engines. For better comparison, the HCCI engine characteristics were compared with
those of the diesel engine at the same load condition.

At the original compression ratio of 20:1, the rates of heat release and pressure of the diesel and
the HCCI engines are illustrated in Figure 3. It is can be clearly seen that, at 2000 rpm engine speed,
the HCCI process was achieved at 30% load; however, at higher speed (2400 rpm), the HCCI could
not be established until 20% load. Higher loads of the HCCI engine could not be reached due to
high knocking.

A feature of the diesel engine is that the peaks of ROHC usually appear after TDC, as shown
in Figure 3a,c; therefore, the large positive figures of ROHC are after TDC. However, in case of
HCCI engine fueled by N-heptane, the maximum ROHR can reach peak value before TDC due to
the N-heptane’s characteristics. N-heptane is the straight-chain alkane with the chemical formula
C7H16. N-heptane has similar properties to diesel fuel; however, thanks to low density, this fuel can
evaporate easily in the intake manifold that drives this fuel to be used as a fuel for HCCI process
set-up. In addition, an air-intake heating system was also designed to assist the evaporation process of
N-heptane. Furthermore, the cetane number of n-heptane is higher than original diesel. The higher the
cetane number of fuel, the shorter the ignition delay; therefore, the large positive figures for ROHR can
be observed before top dead center (TDC).

In the diesel engine, the ROHR curves show two peaks; the first indicates the pre-mixed
combustion phase, while the latter (often occurring after TDC) plays the mixing-controlled combustion
phase. In this HCCI engine, three peaks are observed along the ROHR curves; from left to right,
these peaks are the LTO phase, HTO phase, and the HTO phase. The last peak (HTO phase) may have
resulted from the late combustion caused by too early, weak ignition. It is also very similar to the
mixing-controlled combustion phase in diesel engine combustion. This assumption derives from the
negative value of the ROHR just before the TDC in the below graphs of Figure 3. The higher heating
temperature at low load conditions and the EGR method may be necessary to merge the second and
last peaks as the HTO phase and to retard the combustion. At 30% load, the first and second peaks
occurred very early, which might have resulted in lower indicated thermal efficiency due to high
compression work. In this case, the EGR is again important to retard the ignition.
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Figure 3. Rate of Heat Release (ROHR) of the HCCI and diesel engines at different speeds and loads,
(a) Diesel engine—2000 rpm, (b) HCCI engine—2000 rpm, (c) Diesel engine—2400 rpm, and (d) HCCI
engine—2400 rpm.

Figure 4 shows the pressure rise rate (PRR) profiles of the HCCI and diesel engines at different
speeds and loads. Consequently, at loads of 10% and 20%, the PRR of the HCCI engine was lower than
that the diesel engine; however, it increased dramatically at a load of 30%. When the PRR profiles of
the HCCI reached the value of 2.5 bar/deg, the knocking phenomenon occurring inside the cylinder
could be observed. Accordingly, the engine vibrated significantly and the HCCI combustion process
was unstable. In addition, the PRR value of the HCCI engine also reached the peak value before the
original engine. Furthermore, when increasing the engine speed, the PRR curves moved close to the
TDC; however, the maximum value of HRR has a declining trend.

At these low load positions, the lambda values (Figure 5) of the HCCI engine are high but a little
lower than those of the diesel engine at all testing speeds and loads. This means more n-heptane fuel
was consumed compared with the diesel one. This is reasonable, as, at high and similar compression
ratio, HCCI process is probably less efficient than that of a diesel engine. To compensate for this,
the HCCI process produced very low NOx and smoke emissions.

The start of combustion of SOC1 and SOC2 was shifted earlier with higher load due to the higher
temperature of the mixture, while at the same load, SOC1 and SOC2 were moved closer to the TDC
with higher speeds (Figure 6). This means that, at high speed, the combustion was retarded, and thus
it is necessary to apply a measure to maintain the start of combustion to achieve high engine-efficiency.
In addition, the SOC1 did not change much when the engine load increased from 10% to 30%; however,
the second start of combustion occurred significantly earlier as the load increased.

In Figure 7, the indicated efficiency (IE) is plotted, in which it is easy to see that at 30% load, the IE
of the HCCI engine is much lower than that at other load regimes. With better starts of combustion,
the IE of HCCI engine, at 10% load, with speed ranging from 1200 rpm to 2400 rpm, and at 20%
load, with speeds of 1600 rpm and of 2000 rpm, is even slightly higher than that of a diesel engine.
Adjustment of the start of combustion at different operating conditions by means of VCR, intake
temperature tuning, and EGR is crucial for obtaining high IE of the HCCI engine.
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Figure 4. Pressure rise rate of HCCI and diesel engines at different speeds and loads: (a) diesel
engine—2000 rpm, (b) HCCI engine—2000 rpm, (c) diesel engine—2400 rpm, and (d) HCCI
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3.3. HCCI Engine Parameters at Different Compression Ratios

Many methods can be applied for extending the HCCI operating regime. In this study,
the compression ratio was reduced from 20:1 to 14.87:1 by replacing the thickness of the cylinder
gasket. The intake temperature before the intake valve was maintained at 25 ◦C by electric heater
during the various compression ratio test conditions.

The experimental results at 2000 rpm speed show that, despite the compression ratio, the SOC1
was not changed so much at various loads up to 30%, while the start of the second combustion (SOC2)
was clearly earlier at high load (Figure 8). This result aligns with that shown in Figure 5. As the
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compression ratio was reduced from 20:1 to 14.87:1, both absolute values of SOC1 and SOC2 decreased;
in other words, the combustion was retarded due to lower pressure and temperature that resulted
from lower compression ratio. Thanks to the retarded combustion, the engine vibration was reduced;
thus, the engine load and speed were able to increase. The operating range of the HCCI process was
extended to 50% and 3200 rpm at low compression ratios, although at high load and speed, the engine
vibration signal that resulted from knocking sensor was significantly higher.

The indicated mean effective pressure (IMEP) and the IE versus compression ratio of the diesel
and HCCI engine at 30% load and 2000 rpm are plotted in Figure 8. In this research, the IMEP is
considered as the average pressure produced inside the cylinder during the operating cycle (it is equal
to brake mean effective pressure plus friction mean effective pressure). Meanwhile, IE is defined as
the ratio of the work produced per cycle to the amount of fuel energy supplied per cycle that can
be released in the combustion process. The research results showed that the best compression ratio
for the HCCI engine at this operating condition is 18:1. At this compression ratio, the IMEP and the
IE of HCCI engine are even higher than that of a diesel engine (0.446 MPa and 53.43% compared to
0.437 MPa and 50.10% of the diesel engine, respectively).

It was also seen that at a compression ratio of 15.4:1 and lower, the engine could operate very
stably at 50% load and high speed. At a low compression ratio (14.87:1), due to late combustion,
the IMEP and IE of the engine were very low, as depicted in Figure 9. Thus, the compression ratio of
15.4:1 will be chosen to investigate the next step of application of exhaust gas recirculation.Sustainability 2018, 10, x FOR PEER REVIEW  10 of 12 
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Figure 8. Start of combustion of the HCCI engine versus compression ratios at 2000 rpm, with
different loads.
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4. Summary and Conclusions

The HCCI process was set up a single cylinder diesel engine with n-heptane fuel, although at the
original compression ratio of 20:1, the operating range of the HCCI process was limited to maximum
2400 rpm and 30% load due to engine knocking. Furthermore, at 30% load, the engine speed was
better (no more than 2000 rpm). The operating range of the HCCI process can be extended to 3200 rpm
and 50% load by reducing the compression ratio from 20:1 to 14.87:1. At the operating condition of
2000 rpm and 30% load, the best compression ratio, in terms of indicated mean pressure and indicated
efficiency, is 18:1. However, at higher loads such as 50% and 2400 rpm speed, the compression ratio
of 15.4:1 brought the HCCI process more stability, due to the proper start of the combustion and
concomitant low knocking.
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