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Abstract 

 
Effect of Thermally Insulated Piston on  

Diesel and Gasoline Dual-fuel Combustion 

 

Taewoo Nam 

Department of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

 

The regulation for diesel engine has been more stringent as concerns about the 

environment have increased. Specifically, the EURO-6c regulation has been 

implemented since September 2017, then driving test cycle changed from NEDC to 

WLTP and RDE test was added. To satisfy these regulations, it is necessary to advance 

combustion for reducing emissions and achieving a high thermal efficiency 

simultaneously. Dual-fuel combustion which uses two different fuels can be regarded 

as a type of advanced combustion technology. 

In this study, the effects of thermally insulated piston on diesel and gasoline dual-

fuel combustion were investigated. The experiments were implemented in a light-duty 

single cylinder diesel engine satisfying the EURO-6 regulation adapted for dual-fuel 

operation. The engine was operated under low load conditions and high load conditions, 

with compression ratio of 14.  
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To achieve the low thermal conductivity and volumetric heat capacity for thermal 

insulation, it is necessary to reduce the density of the insulation coating materials. 

Therefore, a porous alumina structure formed by anodizing aluminum alloy was 

selected as thermal insulation materials because it has a lot of pores, then it makes a 

low density relative to dense aluminum oxide. The thermally insulated piston used in 

this study was coated with silica coated porous anodized aluminum to block the high 

temperature in-cylinder gas, which was called “anodizing piston”.  

The experiments were conducted to satisfy the various constraints. The gISNOx 

was restricted below 0.3 g/kWh, the soot emission was limited to below 0.2 FSN, and 

the mPRR was confined to below 10 bar/deg. The experimental results validated that 

the combustion stability was improved under low load conditions, and the GIE and 

IMEP was increased by the enhanced thermal insulation performance due to the high 

combustion temperature under high load conditions. 
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Chapter 1. Introduction 
 

 

1.1 Research Background 
 

 
Diesel engines have been steadily utilized for decades due to their high thermal 

efficiency and low CO2 emission. However, as concerns about the environment have 

increased, regulations on emissions, such as NOx (nitrogen oxides) and PM (particulate 

matter) which are mainly emitted in diesel engines, have become progressively more 

stringent [1].  

Specifically, the Euro-6c regulation has been implemented since September 2017, 

changing the driving test cycle from the NEDC (new European driving cycle) to the 

WLTP (worldwide harmonized light vehicle test procedure), with the addition of the 

RDE (real driving emission) test. Therefore, the reduction of these emissions has been 

a main issue of recent studies on diesel engines. Although after-treatment systems such 

as SCR (selective catalytic reduction), LNT (lean NOx trap), and DPF (diesel 

particulate filter) have been used to reduce these emissions in diesel engines, they still 

have problems, such as increasing the manufacturing cost and vehicle weight [2]. Thus, 

it is necessary to advance combustion with reduced emissions while simultaneously 

achieving a high thermal efficiency. 
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1.2 Previous Research 
 

 
Dual-fuel combustion which uses two different fuels can be regarded as a type of 

advanced combustion technology. Specifically, the RCCI (reactivity controlled 

compression ignition) concept, which was demonstrated by Splitter et al. [3], uses a 

low-reactivity fuel (e.g., gasoline) as a premixing and power source and a high-

reactivity fuel (e.g., diesel) as an ignition source. The low-reactivity fuel is injected on 

the intake port by the PFI (port fuel injection) system, while the high-reactivity fuel is 

directly injected into the cylinder. Heavy EGR (exhaust gas recirculation) can be 

applied because the high-reactivity fuel is used as the ignition, then the combustion 

temperature is lower than that of CDC (conventional diesel combustion) and the 

ignition delay is prolonged [4-6]. In addition, because the low-reactivity fuel which is 

injected early increases the homogeneity of the air-fuel mixture, the decreased local 

rich area lengthens the ignition delay. As a result, both low NOx and soot emissions 

and a high thermal efficiency can be acquired [7-9]. Unlike the CDC (conventional 

diesel combustion), the SOC (start of combustion) timing on the RCCI combustion is 

not decided by the diesel injection timing but by the degree of reactivity stratification 

in the cylinder [10, 11]. 

However, although it has the advantages of low emission and high efficiency, the 

RCCI combustion also has the load limitations compared to an operating range of light 

duty diesel engines. Under low load conditions, unstable combustion can occur due to 

the excessively lean condition and low-reactivity fuel. Thus, THC (total hydrocarbon) 

and CO (carbon monoxide) emissions, which are emitted by an incomplete combustion, 

are too high. Whereas, under high load conditions, the combustion occurs abruptly due 
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to premixed combustion. As a result, the mPRR (maximum pressure rise rate) is 

significantly high. Curran et al. [12] demonstrated that an mPRR over 10 bar/deg could 

cause a vibration and noise problem. 

Meanwhile, many researches on thermally insulating the combustion chamber on 

internal combustion engines have been conducted with various thermal insulation 

materials [13-20]. Heiwowski et al. [13] demonstrated the effects of thin thermal barrier 

coatings on the performance of a diesel engine. Alumina-titania or yttria partially 

stabilized ZrO2 coated piston with NiCrAl bond coating was used for thermal barrier 

coatings. According to the results of the finite element method calculations, the 

optimum thickness of the thermal barrier coating was slightly below 0.5 mm. The 

experimental results showed that power and BSFC were improved at high engine speed 

with high exhaust gas temperature. In addition, the thermal barrier coating with 

alumina-titania showed a good knock resistance. 

Buyukkaya et al. [14] coated the cylinder head and valves with CaZrO3 and the 

piston with MgZrO3 over NiCrAl bond coating. These LHR (low heat rejection) engine 

could achieve the lower BSFC and particulate emissions, but NOx emission was also 

higher due to the higher in-cylinder gas temperature and shorter combustion duration. 

Retarding the injection timing, which increases the combustion duration, resulted in a 

reduction of NOx emission maintaining higher specific fuel consumption than that of 

the standard engine. After that, Butykkaya et al. [15, 16] investigated the thermal 

analysis on a conventional diesel piston and MgO-ZrO2 coated piston. The results 

showed the maximum surface temperature of the coated piston with material which has 

low thermal conductivity was improved. 
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Srithar et al. [17] estimated the effects of thermal barrier coated combustion 

chamber on the single cylinder diesel engine with dual biodiesel blends. This 

experiments were conducted with various blending combinations of diesel and 

biodiesel. The piston and cylinder head was coated with aluminum titanate. The 

experimental results showed the brake thermal efficiency, volumetric efficiency, and 

exhaust temperature were increased. Soot emission and HC emissions in coated engine 

were decreased, but CO2 and NOx emissions in coated engine were higher than that of 

the base engine. 

Poubeau et al. [18] investigated the potential advantages of a thermal insulation 

coating on a passenger car with diesel engine. The three dimensional CFD 

(computational fluid dynamics) techniques with conjugate heat transfer models was 

used. The thermal insulation coating material expected to operate like thermo-swing 

insulation was modeled by a contact resistance, neglecting its thermal inertia. The 

results showed a decrease in fuel consumption with an increase of volumetric efficiency, 

resulting in an increase of NOx emission and a decrease of soot emission. However, 

due to the negligence of the coating thermal inertia, it resulted in an over-estimation of 

gain in fuel consumption.  

However, most of the studies related to the thermal insulation combustion 

chambers were based on diesel engines. Therefore, because there are few studies on 

thermally insulated piston in dual-fuel combustion engine, it is necessary to investigate 

the effect of thermal insulation on dual-fuel combustion.  
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1.3 Research Objective 
 

 
Figure 1 shows the normalized heat losses through the cylinder walls. More than 

half of the total heat loss occurred in the piston. Therefore, many researches mainly 

used thermally insulated piston to reduce the heat loss through the cylinder walls. 

In this study, an investigation for estimating the effects of thermally insulated 

piston was conducted on diesel and gasoline dual-fuel combustion. By the 

characteristics of the RCCI combustion, the investigation for validating an 

improvement of the GIE (gross indicated efficiency) and load expansion was conducted 

with thermally insulated piston, maintaining the low NOx and soot emissions.  

At low load condition, it was expected that the combustion stability could be 

achieved because the relatively higher combustion chamber temperature of thermally 

insulated piston could promotes the combustion. Therefore, for estimating the 

combustion stability, the CO, THC emissions, and the IMEP CoV were analyzed.  

Otherwise, at high load condition in dual-fuel combustion, because high load 

expansion had a problem with the excessive mPRR increase, it was restricted not to 

exceed a constraint. And at the same time, the gIMEP (gross indicated mean effective 

pressure) was maximized for validating high load expansion. 
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Figure 1. Normalized heat losses through the cylinder walls [18] 



 

 7 

Chapter 2. Experimental Setup and Conditions 
 

 

2.1 Experimental Setup 
 

 
This experiment was implemented on a single cylinder diesel engine with a 395 

cc displacement based on the EURO-6 standard. Because the compression ratio of CDC 

is too high, which is 16, the mPRR might also excessively increase under high load 

conditions. Therefore, the compression ratio of 14 was selected to control the mPRR 

and achieve low NOx and soot emissions. The detailed engine and diesel injector 

specifications are listed in table 1 and 2. To operate the engine, a 37 kW DC 

dynamometer (CUSSONS) was used. The diesel fuel was directly injected at 8 nozzle 

holes by a solenoid injector which can raise the injection pressure up to 1,800 bar with 

a common rail system. However, it was injected at a relatively low pressure (450 bar) 

because the injection timing is earlier than the CDC condition, so the cylinder pressure 

at that time is also much lower. The gasoline fuel was injected by a solenoid gasoline 

port fuel injector which was mounted on the intake port with a fuel pressure of 6 bar. 

The fuel flow rates were measured by a mass burette type flowmeter (ONO SOKKI, 

FX-203P) for diesel and a Coriolis type fuel flow meter (OVAL Altimass CA001) for 

gasoline.  

The concentrations of CO, CO2, O2 (oxygen), NOx and THC were measured by 

an exhaust gas analyzer (Horiba, MEXA 7100DEGR), and the soot emission was 

measured by a smoke-meter (AVL, 415S).  

The EGR rate was calculated based on the volumetric fraction of the CO2 in the 
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exhaust and intake mixtures by the equation below. 

 

EGR rate (%) =  
(𝑦𝐶𝑂2

)𝑖𝑛 − (𝑦𝐶𝑂2
)𝑎𝑚𝑏

(𝑦𝐶𝑂2
)𝑒𝑥 − (𝑦𝐶𝑂2

)𝑎𝑚𝑏
 

 

EGR and air were simultaneously compressed by a supercharger that was 

controlled independently from the engine system. After EGR was cooled by an EGR 

cooler, the EGR and air mixture was also cooled by an intercooler system, which was 

controlled at 20~25 °C. Thus, this EGR system was similar to an LP EGR (low pressure 

EGR) system. An absolute pressure transducer (Kistler, 4007C) was adopted for the 

measurement of the intake pressure, and a relative pressure transducer (Kistler, 6056A) 

was adopted to measure the in-cylinder pressure. The pressure signals were recorded 

every 0.1 CA (crank angle) by a data acquisition system (Kistler, Kibox To Go 2893), 

and this process was conducted for 100 complete engine cycles with an averaged value. 

Figure 2 illustrated the schematic diagram of the experimental setup. 

 Based on the measured values of the in-cylinder pressure, the HRR (heat release 

rate) and gIMEP were calculated. To calculate the HRR, the single zone model was 

adopted, which uses the Woschni correlation for the wall heat transfer [1]. 

In addition, the properties of diesel and gasoline, which were used in this 

experiment, are presented in table 3. The ratio of diesel fuel was defined based on the 

fuel energy flow, which was calculated by the LHV (lower heating value) of each fuel. 

The equation is given below.  

𝑥𝑑𝑖𝑒𝑠𝑒𝑙(%) =  
�̇�𝑑𝑖𝑒𝑠𝑒𝑙 ∗ 𝐿𝐻𝑉𝑑𝑖𝑒𝑠𝑒𝑙

�̇�𝑑𝑖𝑒𝑠𝑒𝑙 ∗ 𝐿𝐻𝑉𝑑𝑖𝑒𝑠𝑒𝑙 − �̇�𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒 ∗ 𝐿𝐻𝑉𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒
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Figure 2. Schematic diagram of the experimental setup [2]. 
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Table 1. Engine specifications [2] 

Engine type Single cylinder (four-stroke) 

Displacement (cc) 395 

Bore ×Stroke (mm) 77.2×84.5 

Connecting rod (mm) 140 

Compression ratio (-) 14 

IVO/IVC BTDC 6° / ABDC 34° 

EVO/EVC BBDC 46° / ATDC 4° 



 

 11 

 

  

Table 2. Diesel injector specifications [2] 

Diesel injection system Solenoid injector 

Injection pressure (bar) 450 

No. of nozzle holes 8 

Spray angle (deg) 149 
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Table 3. Properties of diesel and gasoline [2] 

Properties Diesel Gasoline 

Chemical formula CxH2.0x CxH2.0x 

Density (g/cm3) 0.831 0.724 

Low heating value (MJ/kg) 42.5 42.8 

Cetane/Octane number 54 (CN) 91 (RON)  

Auto-ignition temperature (K) 483 520-553 

Stoichiometric ratio of AF (wt.%) 14.6 14.5 
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2.2 Thermal Insulation Material 
 

 
A low thermal conductivity k and low volumetric heat capacity Cv is required for 

the thermally insulation. The correlation between k and Cv is defined below Equations. 

𝑘 =  𝜌𝐶𝛼 

𝐶𝑣 =  𝜌𝐶 

Where C is the specific heat capacity and α is the thermal diffusivity. Because k 

and Cv are proportional to ρ, it is necessary to reduce the density of the insulation 

coating material. Therefore, the material or structure must have a large amount of air 

to decrease its density. 

In order to investigate the effects of thermally insulated piston, a porous alumina 

structure which is formed by anodizing aluminum alloy was selected, demonstrated by 

Wakisaka et al. [21, 22]. Figure 3 is a schematic of the structure of the porous anodized 

aluminum. It has a lot of pores of two sizes. One is a “nano-pore” with a diameter of 

10 - 30 nm, with a structure consisting of circular cylinders formed perpendicular to 

the piston surface. The other is a “micro-pore” with a diameter of 1 - 10 μm, which is 

formed above the crystallized silicon.  

However, according to Wakisaka et al. [21], since nano-pores contacts with the 

high temperature and high pressure in-cylinder gas, this gas pass through the pores and 

reach the bottom of the insulation layer. As a result, the insulation performance can be 

deteriorated. Therefore, the silica with a thickness of a few microns was coated on the 

surface of porous anodized aluminum to block the in-cylinder gas from going inside 

through the nano-pores. Figure 4 shows this mechanism.  
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Figure 5 illustrated the geometry of the thermally insulated piston used in this 

investigation. This piston is called “anodizing piston”. The piston, based on the EURO-

6 CDC piston, was only coated on its tophead due to the limitation of the coating 

method. Since the thickness of insulation coating was 70 μm, the existing piston 

tophead was shaved 70 μm off to maintain same compression ratio. Table 4 shows the 

comparison of thermos-physical properties for base piston and anodizing piston. It can 

be confirmed that the anodizing piston have the lower bulk density, thermal 

conductivity, and volumetric heat capacity than the base piston. 

In addition, the motoring investigation at naturally aspirated condition was 

conducted to verify that the anodizing piston maintain same compression ratio. Figure 

6 illustrated the in-cylinder pressure of base piston and anodizing piston on naturally 

aspirated motoring. Because the maximum pressure of two pistons were almost same, 

the compression ratio was maintained in anodizing piston. 
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Figure 3. Structure of porous anodized aluminum [21] 
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Figure 4. Insulation mechanism of silica coated porous anodized aluminum [21] 
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Figure 5. Thermally insulated piston geometry 
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Table 4.Thermal insulation material properties 

Properties Base Anodizing 

Bulk density (kg/m3) 2702 1380 

Thermal conductivity (W/m∙K) 237 0.69 

Volumetric specific heat capacity (KJ/ 

m3∙K) 
2440 1281 

Thickness (μm) - 70 

Roughness height (μm) - 17.32 (Ra 3) 



 

 19 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Naturally aspirated motoring of base piston and anodizing piston 
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2.3 Experimental Conditions 
 

 
In this study, the experiment was conducted to estimate the potential of anodizing 

piston for achieving load expansion and combustion stability, satisfying NOx and soot 

emission constraints. Therefore, this experiment was implemented at low load 

condition and high load condition under various constraints. gISNOx (gross indicated 

specific NOx) and soot emission were simultaneously limited to below 0.3 g/kWh and 

0.2 FSN. According to Curran et al. [12], the mPRR was controlled not to exceed 10 

bar/deg. In order to maintain warm-up condition and suppress the change of 

combustion characteristics according to temperature change, the oil and coolant 

temperatures were kept constant at 85 °C by the temperature controller. Intake air 

temperature was also controlled at 20~25 °C by the intercooler system. These target 

constraints and controlled temperature were shown in table 5.  

To estimate the potential of low load expansion with the anodizing piston, the 

optimization experiments were conducted using an external EGR. The experiment was 

conducted at 1,500 rpm and gIMEP 3.2 bar, which is a low load condition. The boost 

pressure was selected based on a practical intake pressure value in the CDC condition. 

To achieve the combustion stability, the diesel fuel was injected with split injection 

strategy, and the pilot duration was fixed at 1.5 ms. Table 6 organized the operating 

conditions at low load condition. 

To estimate the effect of thermally insulated piston on the high load expansion and 

GIE improvement, the optimization experiments were conducted using the external 

EGR. To avoid the increase of the mPRR, the diesel fuel was injected by the single 

injection strategy. The experiments were conducted at 2,000 rpm and full load condition, 
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which raised the gIMEP as high as possible maintaining the emissions and mPRR 

constraints. The boost pressure was also based on a practical intake pressure value in 

the CDC condition. Table 7 showed the operating conditions at high load condition. 
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Table 5. Target constraints and controlled temperature 

Target constraints 

gISNOx (g/kWh) Below 0.3 

soot (FSN) Below 0.2 

mPRR (bar/deg) Below 10 

Controlled temperature 

Oil temperature (°C) 85 

Coolant temperature (°C) 85 

Intake air temperature (°C) 20~25 
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Table 6. Experimental conditions of low load condition 

Operating conditions 

Engine speed (RPM) 1,500 

gIMEP (bar) 3.2 

Boost pressure (bar) 1.06 

Pilot duration (ms) 1.5 

Injection strategy Split (1.5 ms) 
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Table 7. Experimental conditions of high load condition  

Operating conditions 

Engine speed (RPM) 2,000 

gIMEP (bar) Full (maximizing) 

Boost pressure (bar) 1.9 

Injection strategy Single 
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Chapter 3. Experimental Results and Discussion 
 

 

3.1 Low Load Condition 
 

 
The experiment for estimating the effect of thermally insulated piston in low load 

expansion was conducted. Figure 7 shows that the in-cylinder pressure, HRR, and 

diesel injection timing for each piston. The peak of in-cylinder pressure and HRR in 

anodizing piston was slightly higher. In addition, the peak of HRR in anodizing piston 

was advanced a little.  

When the fuel amount and EGR rate of the anodizing piston case were the same 

as those of the base piston case, the peak of in-cylinder pressure and HRR was much 

higher and advanced. Because the burned gas temperature was relatively higher than 

that of base piston by the effect of thermal insulation, the external EGR was more 

supplied to satisfy the NOx emission constraint. 

However, because the amount of the injected fuel was small at low load condition, 

the combustion stability was sensitive to the external EGR. Therefore, in the case of 

anodizing piston, due to more supplied EGR, diesel fuel was also more supplied by 3.4% 

with the same amount of gasoline to achieve target IMEP. 
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Figure 7. In-cylinder pressure and HRR graphs at low load condition 
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According to figure 8, each accumulative HRR crossed, then that of anodizing 

piston was finally lower. Because the diesel fuel was more injected and the in-cylinder 

temperature was relatively high in the case of anodizing piston, the initial combustion 

was promoted. Therefore, the initial accumulative HRR of anodizing piston was higher 

than that of base piston. 

However, because the EGR was more supplied and late combustion was 

deteriorated due to the promoted initial combustion, the final accumulative HRR of 

anodizing piston was lower than that of base piston. In other words, the EGR had more 

influence on IMEP than the increase of the in-cylinder temperature due to the absolutely 

low combustion temperature of low load condition,   

As a result, GIE of anodizing piston was decreased by 3.5% from the figure 9. 

Due to absolutely low combustion temperature, the insulation performance was 

deteriorated, then it was less effective for GIE. In addition, because diesel fuel was 

more injected to achieve target IMEP, it had a bad influence on GIE. 

However, according to figure 10, despite of the reduction of GIE, CO and HC 

emissions and the IMEP CoV was lower than that of base case. CO emission was 

decreased by 2.1% and HC emission was significantly decreased by 18%. Because the 

IMEP CoV was also about 1.6%, it means that the combustion was stable. Therefore, 

it demonstrated that the combustion stability was improved by the thermally insulated 

piston. 
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Figure 8. Accumulative HRR graphs at low load condition 
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Figure 9. GIE and EGR rate at low load condition 
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Figure 10. CO and THC emissions and IMEP CoV at low load condition 
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In addition, apart from low combustion temperature and more EGR, there was 

another reason for GIE reduction. Because the amount of the injected fuel was small at 

low load condition, the diesel injection timing could not be more advanced due to the 

combustion instability. Therefore, the main injection timing was BTDC 19 CA. Figure 

11 shows the result of CFD analysis for confirming the location of diesel injection and 

equivalence ratio distribution. It demonstrated that the diesel was injected between the 

tophead and the cavity of piston from the left side of figure. 

According to the right side of figure 11, after most of diesel fuel moved inside the 

piston bowl, then the local rich area was mainly formed near the piston bowl. As a 

result, the combustion occurred mainly inside the piston bowl. Because the anodizing 

piston was only coated on tophead due to the limitation of the coating method, the 

insulation effect was deteriorated.  
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Figure 11. CFD analysis results of diesel injection and equivalence ratio distribution 

at low load condition 
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3.2 High Load Condition 
 

 
The experiment for estimating the effect of thermally insulated piston on high load 

expansion and GIE improvement was implemented for maximizing the IMEP. The in-

cylinder pressure, HRR, and diesel injection timing for each piston were illustrated in 

figure 12. The peak of in-cylinder pressure and HRR in anodizing piston was definitely 

higher.  

However, in contrast with low load condition, the total injected fuel of anodizing 

piston was rather less than that of the base piston. Under high load condition, because 

the combustion temperature was basically high, the thermal insulation performance was 

improved compared to the case of low load condition. Therefore, when the fuel amount 

of the anodizing piston case were same as those of the base piston case, the peak of in-

cylinder pressure and HRR was much higher and advanced. Then, the mPRR was also 

over 10 bar/deg, exceeding the constraint of the mPRR.  

In order to satisfy this constraint, the diesel fuel was decreased and the gasoline 

fuel was increased, suppressing the initial rapid premixed combustion. It resulted that 

the total injected fuel of anodizing piston case was decreased than that of base piston 

case.  

According to figure 13, accumulative HRR of anodizing piston was constantly 

higher than that of base piston. Although the injected diesel fuel was decreased in the 

case of anodizing piston, due to the improved thermal insulation performance by the 

high combustion temperature, the initial accumulative HRR of anodizing piston was 

higher than that of base piston.  

In addition, because the combustion temperature was absolutely high, the in-
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cylinder temperature was kept high by the thermal insulation effect. Therefore, final 

accumulative HRR of anodizing piston was not crossed, though the total injected fuel 

was decreased and the HRR was rapidly decreased after the peak of that. In other words, 

due to the improved thermal insulation performance, accumulative HRR of anodizing 

piston was totally higher than that of base piston.  
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Figure 12. In-cylinder pressure and HRR graphs at high load condition 
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Figure 13. Accumulative HRR graphs at high load condition 
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Figure 14 shows the GIE, EGR rate, and IMEP at high load condition. Because 

the accumulative HRR of anodizing piston was totally higher, although total injected 

fuel reduced at the same EGR rate, the IMEP was increased by 1% due to the improved 

thermal insulation effect. In other words, the high load expansion could be achieved by 

the anodizing piston. In addition, GIE was also increased by 2.4%. Because the IMEP 

was increased though the total injected fuel was rather decreased, the increase of the 

GIE was greater than that of the IMEP.  

CO and THC emissions and mPRR at high load condition was illustrated in figure 

15. At the same EGR rate, although the gasoline ratio of total fuel was increased, CO 

emission was decreased by 2.9% and HC emission was significantly decreased by 

10.3%. It means that an incomplete combustion was decreased in the case of anodizing 

piston. 
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Figure 14. GIE, EGR rate, and IMEP at high load condition 
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Figure 15. CO and THC emissions and mPRR at high load condition 
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In addition, in contrast with low load condition, the diesel injection timing could 

be advanced by BTDC 44 CA. According to the result of CFD analysis on diesel 

injection from figure 16, it can be confirmed that the diesel fuel was injected to the 

piston tophead. On the right side of figure 16, after most of diesel fuel moved to the 

squish area on piston tophead, the locally rich area was mainly formed there, and the 

combustion occurred mainly there also. Because the piston tophead was coated and the 

combustion temperature was high, the insulation performance was improved.  

To estimate the thermal insulation effect on GIE, energy balance analysis was 

conducted. In energy balance analysis, heat transfer loss was calculated as the 

difference from accumulative HRR after subtracting CO and THC chemical energy 

from fuel chemical energy. The accumulative HRR was calculated by the data 

acquisition system, and CO and THC chemical energy was based on the emission 

concentration data measured by the exhaust gas analyzer. As a result, heat transfer loss 

of anodizing piston was decreased by 18.4%. Therefore, GIE was increased by the 

reduction of heat transfer loss, but exhaust loss was also increased due to high exhaust 

gas temperature. 

According to this result, in order to improve the thermal insulation performance, 

it is important that the locally rich areas are in contact with insulation coating surface. 

Then, the heat transfer loss can be reduced and the in-cylinder temperature can be 

increased. Therefore, if the thermal insulation coating is possible on the piston bowl, 

the low load expansion and efficiency improvement will be more achieved. 
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Figure 16. CFD analysis results of diesel injection and equivalence ratio distribution 

at high load condition 
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Figure 17. Energy balance analysis 

  



 

 43 

Chapter 4. Conclusion 
 

 

 
In this study, the effect of thermally insulated piston were investigated on diesel 

and gasoline dual-fuel combustion under low load conditions and high load conditions. 

Thermally insulated piston was coated with silica coated porous anodized aluminum 

which was selected as thermal insulation coating materials. The optimization 

experiments were implemented to satisfy various constraints. The experimental results 

are summarized as follows. 

(1) In the case of anodizing piston under low load conditions, more EGR was used to 

reduce NOx emission. Because the amount of the injected fuel was small at low 

load condition, the combustion stability was sensitive to the EGR. Therefore, 

diesel fuel was also more supplied to achieve target IMEP and the GIE was slightly 

decreased due to the absolutely low combustion temperature. In addition, because 

the diesel injection timing could not be more advanced due to the combustion 

instability, the diesel was injected between the tophead and the cavity of piston. 

Then the combustion occurred mainly inside the piston bowl. As a result the 

insulation performance was deteriorated because the anodizing piston was only 

coated on tophead. However, despite of the reduction of GIE, the improvement of 

the combustion stability was validated by the reduction of CO and HC emissions 

and the low IMEP CoV. 

(2) Under high load conditions, the peak of in-cylinder pressure and HRR were 

definitely advanced and increased though the total injected fuel and diesel ratio 

was decreased. In addition, because the combustion temperature was absolutely 
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high, the thermal insulation performance was improved. As a result, accumulative 

HRR of anodizing piston was totally higher than that of base piston though the 

total injected fuel was decreased. Furthermore, because the diesel fuel was 

injected to the piston tophead and the locally rich area was mainly formed to the 

squish area on piston tophead, the combustion occurred mainly there. As a result, 

the insulation performance was improved because the anodizing piston was only 

coated on tophead. Therefore, the GIE and IMEP of anodizing piston was 

increased, compared to that of base piston. In the energy balance analysis, the heat 

transfer loss was reduced by 18.4%, but the exhaust loss was increased due to the 

high exhaust gas temperature. 

This study showed the low and high load expansion of thermally insulated piston on 

dual-fuel combustion. Therefore, it was demonstrated that the thermally insulated 

piston had the potential of load expansion on dual-fuel combustion. According to the 

result of high load condition, it is necessary that the locally rich areas are in contact 

with the thermal insulation coating surface. Therefore, if the thermal insulation coating 

is available on the entire piston surface, the load expansion and efficiency improvement 

can be expected. 
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국 문 초 록 

 

디젤 가솔린 융합 연소에서 

단열 피스톤의 효과 

 

서울대학교 기계항공공학부 

기계공학전공 

남태우 
 

 

 환경에 대한 관심이 증가함에 따라 디젤 엔진에 대한 규제도 점차 

강화되고 있다. 특히, 2017년 9월부터는 EURO-6c 규제가 시행되었다. 이에 

따라 운전 시험 모드는 NEDC에서 WLTP로 바뀌었으며, 실도로 주행 

배기가스(RDE) 측정 시험도 추가되었다. 이러한 규제를 만족하기 위해 

배기 배출물을 줄이면서 동시에 높은 열효율을 가질 수 있는 신 연소 

기술이 요구되었다. 그 중 두 가지의 연료를 사용하는 융합 연소는 신 

연소 기술의 한 가지로 여겨지고 있다. 

본 연구에서는 디젤 가솔린 융합 연소에서 단열 피스톤의 효과를 

조사하였다. 본 실험은 EURO-6 규제를 만족하면서 융합 연소가 가능하게 

만든 단기통 승용 디젤 엔진으로 진행하였다. 그리고 이 엔진은 압축비 
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14에서 저부하 영역과 고부하 영역으로 나누어 운전하였다.  

단열에 필요한 낮은 열전도도와 낮은 체적 열용량을 얻기 위해서는 

단열 코팅 재료의 밀도를 줄여야 한다. 따라서 알루미늄 합금의 양극 산화 

처리에 의한 다공성 알루미늄 구조를 단열 재료로 사용하였다. 이 구조는 

기공이 많아 일반 알루미늄 합금에 비해 상대적으로 낮은 밀도를 갖고 

있기 때문이다. 그리고 본 연구에서는 뜨거운 실린더 내 가스가 기공으로 

들어오는 것을 막기 위해 다공성 양극 산화처리 알루미늄에 실리콘을 

코팅한 피스톤을 사용하였다. 이 피스톤을 “anodizing piston” 이라 불렀다.  

본 실험은 다양한 제한 조건을 만족하기 위해 진행되었다. gISNOx 는 

0.3 g/kWh 이하로, soot 배출물은 0.2 FSN 미만으로 제한하였고, 

최대압력상승률 (mPRR)은 10 bar/deg 미만으로 제한하였다. 실험 결과는 

저부하 조건에서는 연소 안정성의 증가를, 고부하 운전조건에서는 높은 

연소 온도로 인한 GIE와 IMEP의 증가를 확인하였다. 

 

 

주요어 : 디젤 엔진, 이종 연료 연소, 배기 배출물, 총 도시 열효율 (GIE), 

피스톤, 단열 
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