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ABSTRACT 

 The operation of a diesel-fueled homogeneous charge compression ignition (HCCI) 
engine was studied in a single-cylinder direct-injection optical diesel engine with regard to 
several key parameters: spray penetrations, the dilution of the intake air, and two-stage fuel 
injection. The influence of these parameters on HCCI combustion was clarified through spray 
measurements and combustion analysis. The spray penetrations were optimized by a small 
included angle to avoid wall-impingement at low pressure and temperature in the cylinder. 
Analysis of the ignition delay shows that there is minimum premixing time to guarantee low 
combustion temperature regardless of the engine speed. Dilution of the intake air by adopting 
exhaust gas recirculation (EGR) retards the ignition timing thereby controlling the combustion 
phasing. Furthermore, applying the two-stage injection such that a small amount of the ignition 
promoting fuel which is injected near TDC to assist the combustion of a premixed charge results 
in the most applicable HCCI combustion in a diesel engine. 
 
KEYWORDS: Homogeneous charge compression ignition (HCCI), Direct-injection, Spray wall-
impingement, Small included angle, Injection timing, Exhaust gas recirculation, Two-stage 
injection 
 
 
 
1. INTRODUCTION 
 
 A diesel-fueled homogeneous charge compression ignition (HCCI) combustion is an 
advanced technique for reducing hazardous nitrogen oxides (NOx) and particulate matter (PM) 
emissions at low load operation, while providing high fuel conversion efficiency in a diesel 
engine. NOx emission can be reduced by achieving lean homogeneous mixture through the 
entire cylinder volume, resulting in low combustion temperature. A homogeneous charge having 
no fuel-rich zones, unlike conventional diesel combustion, reduces PM emission as well. There 
are two main approaches to supply a homogeneous charge before ignition: A port-injection 
where diesel fuel is supplied to the intake port [1, 2], and an in-cylinder injection where fuel is 
injected directly into the combustion chamber. Although port-injection theoretically guarantees 
sufficient time for premixing and enables more successful HCCI combustion, wall-wetting on 
account of the low temperature condition in the intake port is a major problem in actual 
applications. Moreover, as the HCCI combustion has limited operation range, the mode 
transition between HCCI and conventional diesel combustion is required that is not preferable 
with port-injection system [3]. For better engine application, in-cylinder direct-injection has been 
widely tested with the most advanced common-rail fuel injection system [4 – 12]. 
 The accomplishment of HCCI engine combustion with the in-cylinder direct-injection 
method is particularly influenced by following parameters: 
 

1. Spray penetrations: The fuel spray penetrations should be long enough to achieve 
spatially uniform fuel distribution, but simultaneously, short to impede the spray-
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impingement to the cylinder liner or the piston. This parameter is controlled by the 
injector geometry. Multi-hole injectors have been applied to promote the atomization 
and spatial distribution of the mixture [4, 5]. A swirl injector with a pintle type nozzle and 
two impinging side-injectors have been tested to minimise the spray wall-impingement 
[6]. Also an impinged-spray nozzle injector [7], or a hole-injector with a small included 
angle [8, 9] were investigated to resolve the same problem. 

2. The dilution of the intake air: Generally, the ignition timing of HCCI combustion is 
earlier than that of conventional diesel combustion because of the hot combustion 
driven by the cool combustion [1, 3, 13]. This early ignition problem becomes more 
severe if the intake air is preheated to assist vaporization of the diesel [1, 2, 6]. 
Previous researchers applied the charge dilution as employing EGR to retard the 
combustion phase [2, 6, 7, 8, 10]. Diluting the intake charge extends the ignition delay 
and lowers the combustion temperature due to the reactant being replaced by the inert 
gases with increased heat capacity. 

3. Two-stage injection: Some studies employed multiple injection strategies using only 
one injector [4, 9, 10] or several injectors [5, 6]. The earlier injection was performed to 
form a premixed charge without the spray-impingement problem, and was followed by 
the injection near the top dead center (TDC). Other studies, meanwhile, have focused 
on injections near TDC, while pre-mixing is promoted by high swirl ratio and long 
ignition delay employed by a high rate of EGR [11, 12]. 

 
 The objective of this study is to suggest engine operating strategies regarding the 
parameters noted above. Macroscopic spray visualisation were conducted for a sac nozzle 
injectors with various included angles (70 ~ 150°) and hole numbers (5 ~ 14 holes) in a spray 
chamber. The fuel injection timing was widely controlled from the compression stroke to the 
intake stroke with a common-rail fuel injection system incorporated in a single-cylinder diesel 
engine at both 800 rpm and 1200 rpm. Also the flame images were obtained over a wide range 
of injection timing. EGR was employed up to 40%, so as to control combustion phase. In 
addition, a small amount of fuel (1.5 mm3) was injected near TDC to promote ignition of in-
cylinder charge with preheated intake air of 160°C. Its effect on power-output and combustion 
stability was investigated over various fuel quantities. 
 
 
2. EXPERIMENTS 

 
2. 1 Spray measurements in a chamber 

 
 The spray penetrations of sac nozzle injectors were measured in a spray chamber with 
a volume of 13,804 cm3 under atmospheric pressure and temperature. Figure 1 shows the 
experimental setup. The chamber allows optical access through circular windows 89 mm in 
diameter. Spray images frozen by a spark light source (EG&G Optoelectronics; MVS-2601-
CE96), which had light duration of shorter than 100 ns, were acquired with a CCD camera (PCO 
CCD Imaging; SensiCam). The macroscopic spray structures were manifested by this imaging 
technique [14]. The air density or pressure was controlled to meet the conditions at early 
injection timing, generally an open-valve condition, which is close to atmospheric pressure. At 
first, the 5-hole injector (Bosch) with included angle of 150˚ was tested, and then smaller 
included angles of 100˚ and 70˚ were applied to overcome spray wall-impingement on the 
cylinder liner. Injectors of 8- and 14-holes were tested to verify the enhancement of the 
atomization as well as shorten the spray penetration. The main injector geometries are listed in 
Table 1. In case of spray-targeting visualization, the radial cut piston was inserted in a chamber.  
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Fig. 1 Schematic diagram of spray chamber setup 

 
Table 1 Injector geometries (sac nozzle injectors; Bosch) 
 

Case Hole number Hole diameter Included angle 
I 5 0.168 mm 150˚ 
II 5 0.168 mm 100˚ 
III 8 0.133 mm 100˚ 
IV 14 0.100 mm 150˚ 
V 14 0.100 mm 100˚ 
VI 14 0.100 mm 70˚ 

 
Table 2 Specifications of the research engine 
 

Engine type single-cylinder, direct injection, four-valves, optical diesel engine 
Bore 83 mm 

Stroke 92 mm 
Displacement 498 mm3

Compression ratio 14.8, 18.7 
Fuel Injection 

Equipment 
Bosch common-rail 

 
2. 2 Research engine 
  
 The single-cylinder optical HCCI engine (Engine Tech; RSi-090) used for this study is 
based on a typical direct-injection diesel engine [9]. The bore and stroke were selected to be 
comparable to the specifications of a typical passenger car engine. Its specifications are 
summarized in Table 2. A schematic diagram of engine setup is shown in Fig. 2 (see the next 
page). The temperature of the intake air was controlled by an electrical heater and k-type 
thermocouple with a temperature control unit. Fuel injection parameters including injection 
pressure, quantity, and timings were controlled by a programmable injector driver (TEMS; 
TDA3000H) and a pressure regulator. A rotary encoder (Koyo; 3600 pulses/revolution) attached 
to a camshaft was used to control the operating timings of the multiple fuel injections and the 
camera. In-cylinder pressure was recorded with a piezoelectric pressure transducer (KISTLER; 
6052A) at every 0.16 crank angle degrees (CAD). A smokemeter (AVL) was used to measure 
the engine-out soot emission. An emission measurement system (HORIBA; MEXA1500D) 
sampling the exhaust gas was employed to measure the concentrations of NOx, HC, and CO. 
An EGR line was installed from the exhaust pipe to the intake pipe with a surge tank to minimise 
the pressure fluctuations. For higher level of charge dilution, supplemental CO2 was supplied 
through the intake pipe. The cylinder pressures and exhaust gas concentrations of 138 engine 
cycles were recorded and averaged to calculate indicated mean effective pressure (IMEP) and 
apparent heat release rate. 
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Fig. 2 Schematic diagram of the engine setup and visual field 

 
Figure 2 also illustrates the optical access to the combustion chamber and observation 

field. An elongated piston was installed in order to enable the mounting of a 45˚ mirror beneath 
the piston quartz window, which allowed a 50 mm diameter visual field in 83 mm bore. A high 
speed digital video camera (Vision Research; Phantom v7.0) with an image intensifier 
(PROXITRONIC) was used to acquire the combustion images inside the optical engine. This 
setup was corresponding to the high speed imaging up to 10,000 frames per second with 
resolution of 512 x 384 pixels, thus the images could be taken each 0.48 CAD. The exposure 
time of the camera was optimized to 35 s to obtain flame imagesμ  without blurring. The images 
were highly amplified through an intensifier to show the non-luminous flame. The maximum gain 
of the intensifier was 108 W/W and the maximum light power per area was 70 μW/cm2. An 
intensity gain of 50% was used for detecting weak HCCI combustion except in the highly 
luminous case where the gain value was decreased to 30%. 
 
2. 3 Engine operating conditions 
 
 The engine operating conditions are listed in Table 3. The engine was operated at 800 
and 1200 rpm under both motored and fired conditions. In order to maintain consistency of 
performance data and flame images, peak motored pressure was kept at 3.2 MPa for every 
engine operating cycles. This was achieved by controlling the motoring period before fuel 
injection. During the motoring, the peak pressure kept rising and then reached stable condition 
in 120 s. The coolant temperature was controlled at 353 K and diesel fuel temperature at 313 K. 
The common-rail pressure that was close to the injection pressure was selected as 120 MPa. 
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This high pressure injection could aggravate the wall-impingement problem. However, our 

earlier study showed that the total heat release was increased with increasing injection pressure 
due to the improved atomization and the better mixing with air [9]. Therefore, the injection 
pressure was maintained at a relatively high value in order to achieve as high power-output as 
possible, which was comparable to that in the conventional diesel engine. The intake air 
temperature was controlled and held constant at 160°C. This temperature was high enough to 
assist the vaporization of diesel fuel, such that the power-output was high even with the early 
injection [9]. In this study, the early ignition problem was resolved by introducing EGR. The EGR 
rate is defined as the ratio between CO2 concentration of the intake air and CO2 concentration of 
the exhaust concentration. EGR rate was varied from 0 to 40%. The fuel quantity was varied 
from 11.5 to 16 mm3. The injection timings were widely changed from 50 CAD before top dead 
center (BTDC) to 200 CAD BTDC. 

Table 3 Engine operating conditions. 
 

Engine speed 800, 1200 rpm 
Coolant temperature 353 K 

Diesel fuel temperature 313 K 
Common-rail pressure 120 MPa 
Intake air temperature 433 K 

EGR rate 0 ~ 40 % 
Main injection timing 200 ~ 50 crank angle degree (CAD) BTDC 

Second injection timing of the two-
stage injection 

20, 10 CAD BTDC and TDC 

Total quantity of fuel injection 11.5 ~ 16 mm3

Quantity of second injection 1.5 mm3

Fuel Conventional diesel (cetan no.=50) 
 

 
Fig. 3 The macroscopic spray visualisation in the chamber; 14-hole injector, included 

angle=100° (Case V) 
 

 
3. RESULTS AND DISCUSSION 
 
3. 1 Spray penetrations 
 
 The spray penetrations were measured from macroscopic liquid spray images in the 
spray chamber. Figure 3 shows an example. Because the line of sight of camera was 
longitudinal to the injector axis, it depicts radial penetrations for the 14-hole injector. The 
position of the cylinder wall is superimposed. The 10 images were averaged to estimate the 
penetration. This procedure was repeated for each hole. 

A small included angle, extending the axial spray penetration and shortening the radial 
spray penetration, was examined to give guidance to the engine designers by clarifying the 
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spray wall-impingement. Figure 4(a)~(c) shows the axial and radial spray penetrations relative 
to the position of the piston and cylinder liner at various included angles both for 5-hole and 14-
hole injectors. For the 5-hole injector (Fig. 4(b)), the penetration of conventional diesel injection 
was shown under a high charge air density of 33.8 kg/m3. The spray wall-impingement problem 
occurred under low charge air density of 1.189 kg/m3. The axial development of spray ( z ) did 
not impinge on the top of the piston if the injection timing was controlled near BDC, but the 
radial development of spray ( r ) predicted severe wall-impingement. The spray impinged the 
cylinder liner if the included angle was 150°. The increased wetting could cause poor mixing 
and air utilization resulting in low combustion efficiency and high PM emission. The spray with 
the included angle of 100° impinged less than the included angle of 150° did. The confliction 
could be more resolved with the included angle of 70° as shown in Fig. 8(c) for the 14-hole 
injector. 

S

S

 
(a) Definition of included angle 
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(b) Penetrations with 5-hole injector 
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(c) Penetrations with 14-hole injector 

 
Fig. 4 Effect of included angle on spray wall-impingement; 5- and 14-hole injectors 

 

It has been reported that application of a multi-hole injector (e.g. 30 holes, 0.100 mm 
hole diameter) for HCCI combustion promotes atomization of the spray [4]. It was also reported 
that supplying higher injection pressure through a smaller hole facilitates better fuel atomization 
and evaporation [18], and the smaller hole diameter tended to increase air entrainment into the 
spray [19]. On the other hand, some researchers found that small hole diameter reduced spray 
penetration, resulting in poor spatial-distribution of fuel [20] and created a fuel-rich region [21]. 
As the mode transition with only one fueling system is one of the advantages of the early direct-
injection method, poor air utilization for the conventional diesel combustion mode, 
corresponding to warm-up, cold-start, or high load condition, would be a serious source for high 
PM emission. From this point of view, an overly small included angle would also be a problem 
for near TDC injection. As we focused on HCCI combustion rather than the mode transition in 
this study, however, the 14-hole injector with an included angle of 70° (Case VI) was used to 
have more investigation through the following experiments. 
 
3. 3 Dilution of the intake air 

 
One of the significant problems in application of HCCI engine combustion is the early 

ignition resulting in low fuel conversion efficiency on account of the ineffective combustion 
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phasing. Previous researchers focused on the effect of dilution of the intake air as employing 
EGR to retard the ignition [6 - 8]. 
                                                                                                      

  
Fig. 11 Effect of exhaust gas recirculation on in-cylinder pressure trace and heat release rate; 

single-injection, injector Case VI, intake air temperature=160°C, injection 
pressure=120 MPa 
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(a) Combustion efficiency [%] (b) Work conversion efficiency [%] 
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Fig. 12 Effect of EGR rate and injected fuel quantity on combustion efficiency, work conversion 
efficiency, and fuel conversion efficiency; single injection, injection pressure=1200bar, 
intake air temperature=160˚C, compression ratio=14.8, injector Case VI, engine 
speed=1200 rpm 

 
Figure 11 shows that the ignition is retarded as the EGR rate increases from 0% to 

40%. The peak of the heat release rate decreased, but the combustion period extended 
resulting in high fuel conversion efficiency. It was explicit that the fresh air in the intake pipe was 
diluted by the exhaust gas and, due to the reactant being replaced by the inert gases with 
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increased heat capacity, the chemical reaction of the premixed charge was slowed down. 
 Figure 12(a) shows the combustion efficiency, work conversion efficiency, and fuel 
conversion efficiency over the injected fuel quantity and EGR plane. As an aid to understanding 
the influence of various factors on fuel conversion efficiency fcη , we have previously proposed 
[24] that fcη  be decomposed as a product of three separate efficiencies 
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The equivalence ratio is getting richer in the direction of the upper-right corner and 

leaner in the direction of the lower-left corner. The combustion efficiency cη was estimated from 
the HC and CO emissions (more details can be found in Ref. 24). The combustion efficiency 
decreased at high EGR rate at fixed fuel quantity because the combustion temperature was 
decreased on account of the diluents in the mixture. As more fuel was injected at fixed EGR 
rate, the combustion efficiency was increased because the flame temperature was increased so 
that HC/CO emissions were decreased as the equivalence ratio was getting closer to the 
stoichiometric (recall the overall equivalence ratio is under 1 for the diesel engine). The work 
conversion efficiency wcη  – the work produced over chemical energy released minus heat loss 
– was calculated from the in-cylinder pressure data. As the combustion phasing was retarded 
with the increasing EGR rate at fixed fuel quantity, work conversion efficiency was increased. 
Another finding from the Fig. 12(b) was that the work conversion efficiency increased when the 
equivalence ratio was higher within the operating range of this study. It was anticipated that the 
lean mixture induced the faster combustion phasing as the less endothermic energy was 
required with small amount of fuel. The fuel conversion efficiency fcη  is proportional to the 
combustion efficiency and the work conversion efficiency. As a result, figure 12(c) shows that 
the fuel conversion efficiency is highest at mid-level of EGR rate at fixed fuel quantity and it is 
increasing with the fuel quantity. It was the result of trade-off between the decreasing 
combustion efficiency and increasing work conversion efficiency with increasing EGR rate. Note 
that the drawback in applying EGR to HCCI combustion is transient response and temperature 
instability of recycled gas [7]. The coefficient of variation (COV) of engine work was 3% or less 
in the presented results. 
  

3. 4 Two-stage injection 
 

Previously, the two-stage injection strategy was introduced as a concept of ignition-
enhancing to solve the problem in low power-output [9]. It was achieved by injecting small 
amount of fuel (1.5 mm3 ) termed as second injection near TDC, while most of the fuel (10 mm3) 
termed as main injection was injected earlier than 100 CAD BTDC to make a lean 
homogeneous charge. In this study, this strategy was more precisely tested in selecting the 
second injection timing. Figure 13 shows the tested second injection timing; ‘a’ is at the start of 
high-temperature combustion, ‘b’ is during the very active premixed combustion, ‘c’ is at the 
middle of declination of combustion, and ‘d’ is after the combustion. At ‘a’, the second injection 
was expected to play a role of ignition promotion, and from ‘b’ to ‘d’, the burn-out of remained 
HC/CO was predicted at each combustion stages.  

Figure 14 shows the IMEP, HC/CO, NOx and smoke emissions for each of the second 
injection timing along with the single injection. The injection timing of the single injection was 70 
CAD BTDC (optimal fuel distribution due to the spray-targeting (see Fig. 9 and 10). The total 
fuel quantity was maintained as 16 mm3 regardless of the injection strategies such that 16 mm3 
was injected at once for the single injection, and for the two-stage injection, 14.5 mm3 was 
injection first and then the 1.5 mm3 of second injection was followed. Overall, figure 14 shows 
the advantages of the two-stage injection strategy. Compared to the single injection, IMEP was 
increased over 20% and significant decrease in HC/CO emissions was captured. However, NOx 
and smoke emissions were increased depending on the second injection timing. The increase 
of the flame temperature as supplying the other heat source resulted in significant decrease of 
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Fig. 12 The selection regime of the second injection timing on the heat release rate curve 

  
Fig. 13 The effect of second injection timing on power and emissions; main injection=70 CAD 

BTDC, total injection quantity=16 ㎣, second injection quantity=1.5 ㎣, injection 
pressure=120 MPa, intake air temperature=160˚C, compression ratio=14.8, injection 
angle=70˚, engine speed=1200 rpm  

the HC/CO but simultaneously the increase of the soot and NOx formations were followed.  
Concerning the selection of the second injection timing, the tremendous increase of 

NOx emission was notable at ‘a’ which explained the thermal assist of the high-temperature 
ignition would result in increase of flame temperature. The enhancement of the combustion was 
obvious at ‘b’ such that the highest IMEP and lowest HC/CO emissions. However, the second 
highest NOx emission was a problem. The second injection was effective at ‘c’ when it acted as 
the burn-out source of the HC/CO emissions while the flame temperature was kept low enough 
to hinder the soot and NOx formations. 

Analysis of combustion efficiency, work conversion efficiency, and fuel conversion 
efficiency was repeated for the two-stage injection. Figure 15 shows the same trends with single 
injection (Fig. 12) in combustion efficiency and work conversion efficiency while more EGR gas 
was needed to achieve maximum fuel conversion efficiency. 
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Fig. 14 Effect of injected fuel quantity and EGR rate on combustion efficiency, work 
conversion efficiency, and fuel conversion efficiency; two-stage injection, second 
injection timing = ‘c’, injection pressure=120 MPa, intake air temperature=160˚C, 
compression ratio=14.8, injector Case VI 

 
 

4. CONCLUSIONS 
 
 Several key parameters – spray penetrations, the dilution of the intake air, and two-
stage fuel injection influencing HCCI combustion – were tested in a single-cylinder automotive-
size direct-injection diesel engine. From the spray/flame imaging and thermodynamic analysis 
of the in-cylinder pressure data, the major findings in terms of the engine application of the 
HCCI combustion can be summarized as follows: 
 
1. An injector with a small included angle of 70° can reduce the spray wall-impingement by 

extending the axial spray penetration and shortening the radial spray penetration. 
2. Due to the trade-off between combustion efficiency and work conversion efficiency with 

increasing EGR rate from 0 to 40%, maximum fuel conversion efficiency was observed 
at mid-level of EGR rate. 

3. Two-stage injection with a small amount of the ignition promoting fuel (1.5 mm3), which 
was injected near TDC to assist the combustion of a premixed charge resulted in IMEP 
increase and HC/CO decrease. The optimal second injection timing was found at the 
middle of declination of premixed combustion such that high IMEP, low HC/CO, and 
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reasonable smoke and NOx emissions. 
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