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A B S T R A C T 

Modelling of cylinder heat transfer and wall heat loss are critical tasks for evaluating the 

energy flow in the engine. This work provides knowledge in this field under high fuel 

injection pressure and variable engine speed. First, the experimental approach was used 

to acquire some primary parameters, including the cylinder volume and pressure at 

every 0.1 crank angle degree. The engine was set to run at 1400 rpm to 2400 rpm with 

200 incremental at full load and fuel injection pressure varied at 40 MPa, 90 MPa, and 

110 MPa. The obtained secondary parameters included cylinder temperature to evaluate 

convective heat transfer coefficient (CHTC), heat flux, and cylinder gas velocity. Two 

models were employed for the assessment of the CHTC through Woschni and 

Hohenberg models. The outcomes of the experimental work revealed that the CHTC and 

heat flux versus crank angle degree were accomplished from both models with low, 

medium, and high injection pressure at each engine speed. However, the results indicate 

that the CHTC from the Woschni model is higher than the Hohenberg correlation model. 

The peaks value of the CHTC from the Woschni model at higher fuel injection pressure 

increases by 21.7%, 27.1%, and 16.4% at low, medium and high speeds, respectively. 

 

1. INTRODUCTION 

The heat loss contributes to a substantial impact on fuel 

consumption, engine performance improvement, and 

engine-out emission reduction [1], [2], [3], [4], [5]. 

Therefore, it is significant to comprehend heat transfer in 

an internal combustion engine (ICE), which plays a critical 

role in modern engine development, such as the 

thermodynamic processes, the engine parts' toughness, and 

design associated with weight.  

Many research have been carried out throughout the last 

few decades to examine the combustion analysis, heat 

transfer, heat release rate, and heat flux in the ICE [6], [7], 

[8]. Fig. 1 shows examples of areas of interest in the 

combustion analysis in ICE. Arato and Takashima [9] 

investigated the influence of combustion chamber 

geometry on heat loss in order to optimize fuel economy by 

changing the compression ratio. Their results showed that 

the fuel injection area causes high cylinder temperature, 

which was the reason for higher heat loss to the 

combustion chamber wall. In a homogeneous charge 

compression ignition engine, Hairuddin et al. [10] 

investigated the impact of different heat transfer models 

(Woschni, modified Woschni, and Hohenberg models) in 

homogenous charge compression ignition (HCCI) engine. 

The modified Woschni model was found to be the best 

option due to its high rate of heat release and low rate of 

heat loss. The modified Woschni model was found to be 

the best option because of its high rate of heat release and 

low rate of heat loss. However, they asserted that the 

fundamental constants of the Woschni and Hohenberg 

model could be used in the HCCI engine. Irimescu [11] 

developed the heat transfer coefficient for turbulence 

stream in tubes to ICE in motoring condition and compared 

with computation fluid dynamics (CFD) measurements, 

compared with Annand and Woschni models. The finding 

of this work revealed that the heat transfer rate was in 

limitation with each model, and modification in the 

Equation was not essential. Trujillo et al. [1] employed a 

single-cylinder air-cooled engine with various loads to 

estimate the cylinder temperature via simulation and 

experimental approaches. Heat flux and instantaneous 

CHTC were calculated using the estimated cylinder 

temperature as a suitable parameter to assess heat loss from 

cylinder gases to combustion chamber walls.  

A nonlinear relationship was found between cylinder 

temperature and engine speed, with higher engine speed 

resulting in lower mean cylinder gas-side surface 

temperatures. Furthermore, the instantaneous CHTC grew 
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almost linearly with engine speed under all engine loads. 

Menacer et al. [12] reported that various models are used to 

determine the CHTC and found that the peak values are not 

of the same level even with the identical engine and 

experimental conditions. The major reason was that the 

models were based on turbulent heat transfer in a tube. 

Overall, different models have been employed in earlier 

studies to estimate heat transfer at various engine speeds 

and loads in a CI engine. However, the impact of common-

rail pressure on CHTC is not deeply explored. 

 

 
Fig. 1 Energy flow in an internal combustion engine. 

 

Herein, the heat loss to the combustion chamber wall is 

estimated by two commonly used heat transfer models, 

Woschni and Hohenberg models. This work aims to 

explore the consequence of the fuel injection pressure such 

as 40 MPa, 90 MPa, and 110 MPa with low, medium, and 

high engine speeds at full load to evaluate the heat 

exchange from combustion gases to the combustion 

chamber wall. For this purpose, the widely used models, 

Woschni and Hohenberg, have been employed to estimate 

the CHTC in a CI engine using diesel fuel. We use these 

parameters in Woschni and Hohenberg models to analyze 

heat loss. The main investigated parameters are cylinder 

pressure and temperature employed to estimate the CHTC 

and cylinder gas velocity.  

2. METHODOLOGY 

2.1 Experimental setup and procedure 

This study was based on experiments and numerical 

simulations. In the experiment, the working fluid in a CI 

engine is considered a thermodynamic system that suffers 

mass/energy exchange with the environment. Because of 

this, the heat release rate in combustion is determined by 

the first law of thermodynamics. Herein, experimental 

pressure data are applied in the thermodynamic models to 

compute heat release rate, cylinder temperature, 

instantaneous CHTC, and heat flux for the analysis.   

The engine setup of this experiment is demonstrated in 

Fig. 2. In Fig. 2a, a modified compression ignition (CI) 

engine with the water-cooling system is shown, and Fig. 2b 

describes the schematic diagram of the experimental setup. 

The engine used in this work had a displacement of 709cc 

and was a 4-stroke single-cylinder CI (bore 97mm and 

stroke 96mm). Table 1 provides engine specifications. The 

compression ratio of engine 18 was connected to a water 

cold eddy current dynamometer (NEDD130H) to adjust 

engine torque in the range of 25kg.m. A laminar airflow 

meter (Sokken LFE25B with a digital manometer) 

measures differential intake air pressure in kPa with 

accuracy: ± 0.3%. A high-pressure direct injection system 

with a six-hole electronic fuel injector, each having 0.14 

mm diameter, was employed to inject fuel at high pressure. 

A close system was developed for accurate measurements 

of fuel flow rate, whereas the fuel added from the return 

lines of injector, common-rail, and the high-pressure fuel 

pump was connected after the low-pressure fuel pump to 

the main fuel supply. The instantaneous cylinder pressure 

data were collected using a pressure transducer (Kistler 

6052C), having a pressure range from 0 to 250 bar and a 

sensitivity of 20.2 pC/bar mounted at a cylinder head. 

Additionally, a combustion analyzer model (Kistler Kibox 

2893) was used to evaluate the combustion characteristics. 

The incremental rotary encoder was employed to determine 

the crankshaft position. 

 

 

 

Fig. 2 Experimental setup (a) actual and (b) schematic 

diagram of a single-cylinder compression ignition engine. 
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Table 1. Specification of compression ignition engine 

Engine Kubota 140 

Displacement (cm3) 709 

Bore × stroke (mm) 97 × 96 

Compression ratio (CR) 18 

Number of an injector nozzle hole 6 

Diameter injector nozzle hole (mm) 0.14 

Max. net torque at 1600 RPM 

(kg.m) 

5.0 

IVO (bTDC) 5 

IVC (aTDC) 35 

EVO (bBDC) 5 

EVC (aBDC ) 15 

Cooling system Water 

 

Fuel properties mainly, cetane number, have an essential 

effect on combustion characteristics. The test fuel (Euro-5 

diesel) used in this experiment was acquired from the 

Bangchak Corporation Public Limited Thailand. The fuel 

was tested under the American Society for Testing and 

Materials (ASTM) standards. The chemical properties of 

test fuel are described in Table 2. 

 
Table 2. Chemical properties of the testing fuel 

Density at 15 ºC (g/cm3) ASTM D4052-16 0.815 

Kinetic viscosity at (40 ºC) @ 

cSt 

ASTM D445-17a 3.445 

Flashpoint (ºC) ASTM D93-16a 78 

Cetane number ASTM D976 64 

Water content (mg/kg) ASTM E1064 96 

Sulfur content (ppm, wt) ASTM D2622-10 1.1 

2.2 Test conditions 

The test conditions of this experimental work are illustrated 

in Table 3. The fuel injection timing was adjusted at 

15bTDC, which differentiate it from a conventional CI 

engine. In order to vary the injection pressure to 40 MPa, 

90 MPa, and 110 MPa while under full load, a common-

rail with high-pressure fuel injection system was used. The 

injection pressure and modern emissions regulated Euro-5 

diesel fuel was applied for the analysis at the engine speeds 

of 1400 rpm, 1600 rpm, 1800 rpm, 2000 rpm, 2200 rpm, 

and 2400rpm. We categorized the engine speeds into three 

groups: low (1400 to 1600 rpm), medium (1800 to 2000 

rpm), and high (2000 to 2400 rpm), to understand the 

consequences of fuel injection pressure. A National 

Instrument LABVIEW program-controlled an electronic 

control unit (ECU) to regulate the injection timing, fuel 

injection duration, and injection pressure. The heat release 

rate was measured through cylinder pressure data collected 

throughout 100 cycles on average. All data were sampled 

at a sampling rate of 0.1 CA.  

 

Table 3. Experimental conditions 

Injection 

timing 

(bTDC) 

Fuel injection 

pressure 

(MPa) 

Engine speed 

(RPM) 

Engine 

torque 

(Nm) 

-15 

40 
1400 

Low 
48.02 

1600 49.00 

90 
1800 

Medium 
48.02 

2000 46.06 

110 
2200 

High 
44.10 

2400 40.95 

 

2.3 Heat release rate (HRR) 

Statistics about combustion processes, such as ignition 

delay, low-temperature reaction, premixed combustion, and 

mixing controlled combustion, including the late 

combustion phase, can be derived from the computation of 

heat release rate. The rate of heat release was calculated 

based on energy conservation law or the first law of 

thermodynamics as demonstrated in differential form in 

Equations (1) and (2) [13], [14], [15]. The heat release rate 

is the function of calorific value, combustion velocity of 

the fuel, and combustion temperature. Woschni and 

Hohenberg models were used to calculate the heat loss 

from the combustion chamber wall. An example of energy 

balance in a CI engine fueled by Euro-5 diesel is illustrated 

in Fig. 3. 

 
Fig. 3 Energy balance of the engine. 
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𝑑𝑄ℎ𝑟 =  𝑑𝑈 + 𝑑𝑊 +  𝑑𝑄ℎ𝑡  (1) 

 
𝑑𝑄ℎ𝑟

𝑑𝑡
 = 

𝑑𝑈 

𝑑𝑡
 + 

𝑑𝑊

𝑑𝑡
  + 

𝑑𝑄ℎ𝑡

𝑑𝑡
  (2) 

where dQhr/dt represent the heat release rate in the system, 
dU/dt represent the rate of change in internal energy, and 

dW/dt represent the rate of work done by the system, 

dQht/dt represent the rate of heat loss to the cylinder wall 

from the system. The explanation of Equations (1) and (2) 

have been given in section 2.4. Since work done and 

internal energy definition are implemented, and 

differentiating in ideal gas law (PV = mRT) leads to result 

like this; dW/dt = PdV/dt and dU/dt = mCvdT/dt.  

Equation (3) can be employed to calculate the heat 

release rate as a function of CA after time has been 

substituted (t). 

 
𝑑𝑄ℎ𝑟

𝑑
=



−1
(𝑃

𝑑𝑉

𝑑
) + 

1

−1
(𝑉

𝑑𝑃

𝑑
) + 

𝑑𝑄ℎ𝑡

𝑑
  (3) 

where dQhr/d is the heat release rate due to combustion 

per CA (J/CA), γ represents the specific heat ratio of Cp/Cv, 

and P, V and  are the instantaneous cylinder pressure, 

volume and CA. 

2.4 Heat transfer models 

Heat transfer from the combustion gases to cylinder walls 

is through convection and radiation during the combustion 

process. Inhomogeneous charge in CI engines, the 

radiation effect is not considered to investigate the 

combustion process or heat transfer calculations. For this, 

the CHTC rate can be expressed based on Newton’s law of 

cooling, as demonstrated by Equation (4) [2], [11], [16], 

[18]. 

 𝑄ℎ𝑡 = ℎ𝑐𝐴𝑐(𝑇𝑔 − 𝑇𝑤)  (4) 

where Qht represents the heat transfer from the combustion 

gases to the cylinder wall (kW); hc represents the 

convective heat transfer coefficient of the gas (W/m
2
. K); 

Ac represent the combustion chamber area (m
2
); (Tg – Tw) 

signifies the temperature change amongst cylinder gas and 

combustion chamber wall (K), and Tw represent the mean 

wall temperature (K). In the works of Stone [19] and 

Falcone et al. [20], the Tw of 350K and 650K, respectively, 

were employed as the mean wall temperatures. However, 

the Tw depends on combustion and coolant temperature, 

combustion chamber wall materials, inlet temperature, 

equivalence ratio, engine speed, and load. On the other 

side, Wang and Berry [7] employed the wall temperature of 

around 393K, whereas Zak et al. [2] used the wall 

temperatures of 410K and 480K in zones I and II at 1800 

rpm. Rakopoulos et al. [15] examined the negligible effect 

of wall temperature as varied from 400K to 900K with an 

increment of 100K on cylinder pressure and engine output 

power during combustion. For this study, the mean wall 

temperature of 450K is selected among the value used by 

many researchers and assumed constant throughout the 

test.  

In the case of models, different models were used to 

calculate the CHTC in spark ignition (SI) and CI engines. 

In this work, Woschni and Hohenberg models were applied 

to estimate the CHTC Equation (5) was applied to compute 

the heat loss from combustion gases to the cylinder wall 

[10], [21]. Combustion gas temperature Tg = T was used to 

estimate CHTC and was calculated through ideal gas law. 

 ℎ𝑐 = 3.26𝐵−0.2𝑃0.8𝑤0.8𝑇−0.55 (5) 

where Pg and Vg represents the cylinder gas pressure and 

volume, respectively. The Equation (6) expresses the 

cylinder gas velocity.  

 𝑤 = 𝐶1𝑆𝑝 + 𝐶2
𝑉𝑑𝑇𝐼𝐶

𝑃𝐼𝐶𝑉𝐼𝐶
(𝑃𝑓𝑖𝑟𝑖𝑛𝑔 − 𝑃𝑚𝑜𝑡𝑜𝑟𝑖𝑛𝑔) (6)  

As shown in Equation (6), C1 and C2 are the fixed 

parameters. Woschni recommended the following value for 

the specified parameters. Combustion and expansion 

stroke: C1 = 2.28 and C2 = 0.00324; intake and exhaust 

stroke: C1 = 6.18 and C2 = 0; compression:  C1 = 2.28, C2 = 

0. Sp represents the mean piston speed computed through 

2LN (m/s), N is the engine speed (rpm), and L is the stroke 

length (m). VIC, PIC, TIC are the volume (m
3
), pressure 

(kPa), and temperature (K) of the gas in-cylinder as intake 

valve is closed; Pfiring, Pmotoring are cylinder pressure during 

combustion and motoring mode (kPa), respectively [10], 

[21], [22], where w represents the velocity of local cylinder 

gas (m/s).  

The instantaneous wall area of the combustion chamber 

Ac (m
2
) is given as a summation of the cylinder head, 

cylinder wall area, and piston head. The Ac was expressed 

in Equation (7) and computed per CA [21].   

 𝐴𝑐 = 𝜋
𝐵2

4
+ [𝜋

𝐵2

4
+

4𝑉𝑐

𝐵
] + 𝜋

𝐿2

4
[(𝑅 + 1 − 𝑐𝑜𝑠(𝜃) −

√(𝑅2 − 𝑠𝑖𝑛2(𝜃)))]   (7) 

where B represents the cylinder bore (m), Vc is clearance 

volume (m
3
), R=2l/L (L is the stroke length, l represents 

the length of connecting rod (m)). Interestingly, Hohenberg 

found that the Woschni model has over-predicted the mean 

heat flux thru the engine cycle due to underestimating the 

CHTC during the compression stroke. The overestimation 

affects the CHTC throughout the combustion process. 

Thus, Hohenberg expressed the improved model with the 

implementation of cylinder volume rather than cylinder 

bore and the addition of mean piston speed as described in 

Equation (8) [10], [21], [23].  

 ℎ𝑐(𝜃) = 3.26𝑃(𝜃)0.8𝑇(𝜃)−0.4𝑉(𝜃)−0.06(𝑆𝑝 + 𝑐)0.8  (8) 

where P, V, T denotes the cylinder pressure (kPa), volume 

(m
3
), and temperature (K) applied per CA; Sp represents the 

mean piston speed (m/s), and c is denoted as calibration 

factor equals to 1.4 as suggested Hohenberg. 

Thus, heat flux was computed through Woschni and 

Hohenberg heat transfer coefficient Equation (9) [24]. 

 𝑄𝑓 = ℎ𝑐(𝑇𝑔 − 𝑇𝑤 ) (9)  (9) 
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where, Qf  is the heat flux in (kW/m
2
) to be estimated by 

Woschni and Hohenberg models. 

3. 3. RESULTS AND DISCUSSION 

3.1 Cylinder pressure and temperature 

Figure 4 depicts the effects of fuel injection pressure and 

engine speed on cylinder pressure per CA under full load. 

The pressure data as measured through a pressure sensor 

are presented as an average of 100 cycles. As shown in Fig. 

4, all curves exhibit a similar upward and downward trend 

in-cylinder pressure in compression and expansion strokes. 

Although the injection timing was 15 bTDC which is not 

similar to a traditional CI engine, the peaks of cylinder 

pressure occurred slightly after the top dead center. The 

highest peaks were 88, 85, 83, and 73 bar investigated at 

2200, 2000, 1800 and 1400 rpm. At these high pressures 

and diesel properties, the air-fuel mixture is expected to 

have enough time for proper mixing, and combustion can 

occur before top dead center. Contrary, the trend of 

cylinder pressure at high-speed of 2400 rpm and injection 

pressure of 110 MPa was observed to be similar to that of 

low speeds (1400 rpm and 1600 rpm at 40MPa for low 

speed). The reason for this is that at high speed and high 

injection pressure, the fuel penetrates at the piston head and 

combustion chamber wall, indicating insufficient time to 

vaporize the fuel and air mix. As a result, incomplete 

combustion, low heat release rate, and low cylinder 

pressure occur. In the case of low injection pressure and 

low engine speed, fuel does not vaporize appropriately due 

to low cylinder air temperature, resulting in a low heat 

release rate.  

 

 
Fig. 4. Cylinder pressure versus crank angle at low, medium, 

and high engine speeds. 

 

In Fig. 5, the cylinder temperature curves of 2000 rpm at 

90 MPa and 2200 rpm at 110 MPa are seen not to follow 

the cylinder pressure. This could be because of premixed 

combustion, which results in low cylinder temperatures and 

increased heat loss to the cylinder wall. However, the 

cylinder temperature increased dramatically after ignition 

until it reached its maximum and then decreased slightly. 

The peak of cylinder temperature for 1800 rpm with an 

injection pressure of 90 MPa followed the cylinder 

pressure of other speeds.   

 

Fig. 5. Cylinder temperature versus crank angle at low, 

medium, and high engine speeds. 

 

Fig. 6 Heat release rate versus crank angle at low, medium, 

and high engine speeds. 

3.2 Heat release rate (HRR) 

Equation (3) defines the heat release rate, which is denoted 

by dQhr/d. Figure 6 depicts the heat release rate data as a 

function of CA for fuel injection pressure (40 MPa, 90 

MPa, 110 MPa), engine speeds (low, medium, and high), 

and full load. It can be seen that those two peaks of rate of 

heat release emerge. The first peak is due to the main 

combustion process, while the second peak is due to the 

secondary combustion in the mixing control phase. The 

main combustion occurs earlier and attains a higher peak 

because of the fast combustion process, whereas the 

secondary combustion occurs later with a low peak due to 

unburned lean homogeneous mixture and locally lean/rich 

stoichiometric mixture [25], [26]. In terms of combustion 

duration, the mixing controlled combustion phase reveals a 

more extended combustion period. As observed in Fig. 6, 

in all engine speeds and injection pressures, the heat 

release rate sharply increased in the premixing phase and 

rose until its peak after the top dead center (termed as 

diffusion combustion phase and mixing control phase). 

However, the lowest peaks of heat release rate were 

investigated in the highest engine speed (2400 rpm at 
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110MPa) and lowest engine speeds (1400 and 1600 rpm at 

40 MPa).  

This is mainly caused due to poor air-fuel mixing. 

Conversely, the highest peaks of heat release rate were 

achieved at 2000 rpm (90 MPa) and 2200 rpm (110 MPa) 

because of proper vaporization of fuel and air-fuel mixing 

[27]. The highest heat release peaks indicate that more fuel 

was consumed during the premixed combustion phase [28].  

 

 
Fig. 7. Heat transfer coefficient versus crank angle at low, 

medium, and high engine speeds for Woschni and Hohenberg 

models. 

3.3 Convective heat transfer coefficient (CHTC) 

The instantaneous CHTC, represented by hc, from Woschni 

and Hohenberg models is shown in Fig. 7. Equations (5) 

and (8) are used to compute these models as described in 

section 2.4. However, the parameters applied on both 

models were fuel injection pressure (40 MPa, 90 MPa, and 

110 MPa) and engine speeds (low, medium and high) to 

evaluate the heat loss from the cylinder gases to the 

cylinder wall. The results showed a similar increasing trend 

of CHTC per CA in compression stroke until its peaks after 

top dead center in all engine speeds. From Fig. 7, trends of 

peak values of CHTC for Woschni and Hohenberg models 

follow the trends as cylinder pressure. It was noted that, in 

the Woschni model, at 1400 rpm (40 MPa), 1800 rpm (90 

MPa), and 2200 rpm (110 MPa), the peak value of the 

CHTC were approximately 2484 W/m
2
. K, 3210 W/m

2
.K, 

and 3580 W/m
2
.K, respectively, after top dead center. 

However, these results were higher than those of the 

Hohenberg model by 21.7%, 27.1% and 16.4%, 

respectively. The study of Sanli et al. [29] employed 

Woschni and Hohenberg models at 30 Nm (full load) and 

2000 rpm and revealed similar increasing trends but higher 

peaks values of CHTC in the Woschni model than 

Hohenberg and Han models. Similarly, Hairuddin et al. 

[10] reported a higher peak value of CHTC from the 

modified Woschni model when operated the engine at 900 

rpm and 40℃ intake air temperature. They suggested that 

the change in peak value of the CHTC is due to the 

correlation factor and various exponent of parameters 

applied in models. 

 

 
Fig. 8. Heat flux versus crank angle at low, medium, and 

high engine speeds for Woschni and Hohenberg models. 

3.4 Heat flux 

Fig. 8 shows the heat flux (Qf) results estimated by 

Woschni and Hohenberg models, expressed in kW/m
2
. The 

main parameters are fuel injection pressure (40 MPa, 90 

MPa, 110 MPa) and engine speed (low, medium, and high) 

at full load. From Figs. 8a and b, indicate that the heat flux 

rises at an approximately similar CA in both Woschni and 

Hohenberg models at all engine speeds. From Fig. 8a the 

trend of peak values of heat flux is as follows: 1885 kW/m
2 

(1400 rpm), 1475 kW/m
2 

(1600 rpm), 2465 kW/m
2
 (1800 

rpm), 1670 kW/m
2
 (2000 rpm), 1777 kW/m

2
 (2200 rpm), 

and 1900 kW/m
2
 (2400 rpm) from Woschni model. These 

peak values are higher than those obtained from the 

Hohenberg model by 23%, 10%, 25%, 3%, and 4%, 

respectively. It was discovered that the heat flux in both 

models was lower during the intake process because heat is 

added to the combustion chamber in the intake air, while 

the bulk gas temperature is lower than that of the cylinder 
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wall [10], [12]. In another way, this study, similar to [21] 

and [23], has confirmed that the heat flux from the 

Woschni model overestimated in the combustion and 

expansion process.  

 

 
Fig. 9. Cylinder gas velocity versus crank angle at low, 

medium, and high engine speeds. 

 

Furthermore, the cylinder gas velocity (w) in m/s against 

the CA at different engine speeds (low, medium, and high) 

and fuel injection pressure (40MPa, 90MPa, 110MPa) is 

shown in Fig. 9. The calculation has been done through 

Equation (6), as explained in section 2.4. The instantaneous 

cylinder gas velocity was not similar across the CA. The 

instantaneous cylinder gas velocity enhances as engine 

speeds increase, even though fuel injection pressure varies. 

The higher cylinder gas flow also causes the high CHTC 

confirmed by [30], [31]. 

4. CONCLUSIONS 

This study used a CI engine to evaluate the heat loss from 

cylinder gases to the combustion chamber wall. The main 

parameters of the study were fuel injection pressure (40 

MPa, 90 MPa, and 110 MPa) and engine speed (low, 

medium, and high). Two improved models, viz., Woschni 

and Hohenberg, were employed to estimate the 

instantaneous CHTC. The conclusion of the current study 

is summarized below: 

 At moderate engine speeds and fuel injection 

pressure, the highest peaks of cylinder pressure were 88, 

85, and 83 bar investigated at 2200, 2000, and 1800 rpm, 

respectively. The highest engine speed of 2400 rpm and 

injection pressure of 110MPa, low engine speeds (1400 

rpm and 1600 rpm at 40MPa) were similar to the cylinder 

pressure curve. 

 The cylinder temperature curves of 2000 rpm (with 90 

MPa) and 2200 rpm (with 110 MPa) were seen not to 

follow the cylinder pressure curves. 

 At all engine speeds and injection pressures, the heat 

release rate was sharply increased in the premixing phase 

and raised until its peak after the top dead center. The 

lowest peaks of heat release rate were investigated in the 

highest engine speed (2400 rpm at 110 MPa) and lowest 

engine speeds (1400 and 1600 rpm at 40 MPa). 

 The results of CHTC from the Woschni model were 

higher than those of the Hohenberg model by 21.7%, 

27.1% and 16.4% at 1400 rpm (40 MPa), 1800 rpm (90 

MPa), and 2200 rpm (110 MPa), respectively. 

 The peaks value of heat flux from the Woschni model 

are higher than those obtained from the Hohenberg model 

by 23%, 10%, 25%, 3%, and 4%, respectively.  
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NOMENCLATURE 

B Cylinder bore [m] 

θ Crank angle degree [CA] 

Sp Mean piston speed [m/s] 

Pfiring Pressure in combustion mode [kPa] 

hc Heat transfer coefficient [W/m2. K] 

Ac Area of the cylinder [m2] 

Tw Temperature of cylinder wall [K]  

ω Velocity of gas [m/s] 

V Cylinder volume [m3] 

Vd Displacement volume [m3] 

Tg Cylinder gas temperature [K] 

TIC,  Temperature at intake valve closed [K] 

VIC, Volume at intake valve closed [m3] 

PIC Pressure at intake valve closed [kPa] 

Pmotor Pressure in motoring condition [kPa] 

P Cylinder pressure [kPa] 

Qht Instantaneous heat transfer [kW] 

dU/dt Derivative of Internal energy w.r.t time 

dW/dt Derivative of work done w.r.t time 

dQht/dt Derivative of heat loss w.r.t time 

HCCI Homogenous charge compression ignition 

CFD Computation fluid dynamics  

ECU Electronic control unit  

HRR Heat release rate 

C1 & C2 Combustion and expansion 

CA Crank angle 

Cv Specific heat at constant volume 

CHTC Connective heat transfer coefficient 
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