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Abstract 
 
Better fuel economy and lower NOx and PM emissions are the two major issues perplexing the researchers as well as new engine de-

velopers. Of late a new combustion concept- HCCI has gained popularity in this direction. Low combustion chamber temperatures favor 
low NOx emission formation. An attempt is made to study the effect of induction induced swirl in enhancing the rate of heat transfer to 
attain low in-cylinder temperatures favoring low NOx emissions formation. In this regard a computational study is undertaken in analyz-
ing the heat distribution to the engine parts in HCCI mode of combustion under four swirl ratios and operating parameters. Extensive 
numerical study is carried out on a single cylinder 1.6 L, reentrant piston bowl CI engine. The analysis has been done using ECFM-3Z 
model of STAR-CD. Suitable modifications in the existing code are done to incorporate the HCCI mode of combustion. The ECFM -3Z 
model for HCCI mode of combustion is validated with the existing literature to make sure that the results obtained are accurate. The pa-
rameters like compression ratio and boost pressure are varied under different swirl ratios to analyze the rate of heat transfer in the com-
bustion chamber. The analysis resulted in achieving maximum increased heat transfer rates of 0.88% to the wall with swirl ratio 1, 
45.66% to the dome and 39.99% to the piston with swirl ratio 4; when the compression ratios are increase from 18 to 21. A maximum 
increase in heat transfer rates of 15.82% to the wall, 26.41% to the dome and 27.46% to the piston with compression ratio 21; when the 
swirl ratio is increase from 1 to 4. Similarly a maximum increased heat transfer rates of 83.75% to the wall with swirl ratio 4, 88.04% to 
the dome with swirl ratio 3 and 87.52% to the piston with swirl ratio 4; when the boost pressures are increase from 1 bar to 2 bar were 
achieved. A maximum increase in heat transfer rates of 59.35% to the wall with boost pressure 1.5 bar, 81.32% to the dome and 76.34% 
to the piston with boost pressure 2 bar; when the swirl ratio is increase from 1 to 4 were obtained. The study revealed that apart from 
adopting higher compression ratios and boost pressures adoption of high swirl ratios is observed to be contributing to a large extent in 
enhancing the rates of heat transfer which would lead to significant reduction in in-cylinder temperatures suitable for low NOx emission 
formation in HCCI mode.  
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1. Introduction 

IC Engines have become indispensible prime movers over 
the past one and half century. Though the performance of 
conventional SI and CI engines is satisfactory, SI engine suf-
fers from poor part load efficiency and high CO emissions. 
The CI engine yields high particulate and NOx emissions. 
These effects may be attributed to their conventional combus-
tion process. Of late, a hybrid combustion process called Ho-
mogeneous charge compression ignition (HCCI) equipped 
with advanced low-temperature combustion technology is 
gaining attention by researchers. In principle, HCCI involves 
the volumetric auto combustion of a premixed fuel, air, and 
diluents at low to moderate temperatures and at high compres-

sion ratios. The other associated advantages with HCCI mode 
of combustion have been well documented and presented as a 
potentially promising combustion mode for internal combus-
tion engines [1, 2].  

Swirl helps in homogeneous mixture formation of the fuel 
and air [3]. It also helps in NOx emission reduction [4].  

The increase in swirl ratio reduces the peak temperatures by 
increasing the heat transfer to the combustion chamber parts.  

This leads to a low temperature combustion process result-
ing in low NOx emissions [5]. The rate of heat transfer effect-
ing NOx emissions was discussed in the author’s previous 
work [6]. 

The heat transfer from the bulk gas to the combustion 
chamber in HCCI engines is one of the most important and 
difficult tasks in HCCI simulations since it influences the in-
cylinder pressure and temperature, the fuel consumption and 
the pollutants. Swirl helps in homogeneous mixture formation 
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at the same time it increases the heat transfer losses. Though 
increase in heat transfer losses helpful in reducing the pollut-
ants like NOx and CO, it also contributes to the power output 
loss. The reason for this is increased turbulence inside the 
combustion chamber with increase in swirl ratio is responsible 
for increase in heat transfer losses. In one way it can be con-
sidered as a forced convection heat transfer between combus-
tion gasses and combustion chamber body parts. 

Performing these explorations (under different operating pa-
rameters with induction induced swirl) solely in the laboratory 
would be inefficient, expensive and impractical since there are 
many variables that exhibit complex interaction. Because of 
this reason, a CFD tool Star- CD is chosen for the analysis. 
Several modifications were made to Star- CD es-ice module 
so that it could be used for HCCI engine modeling. The dif-
ferent combustion models which are well developed for pre-
dicting engine processes are Transient interactive flamelets 
(TIF) model, Digital analysis of reaction system –Transient 
interactive flamelets model (DARS-TIF), G –equation model 
[7], Extended coherent flame combustion model -3 Zones [8] 
and the, Equilibrium-limited ECFM (ECFM-CLEH) [9, 10]. 
Each model has its own limitations and is suitable for a spe-
cific set of problems. Generally speaking; ECFM-3Z and 
ECFM-CLEH can be used for all types of combustion regime 
whereas ECFM-3Z is mostly suitable for homogeneous turbu-
lent premixed combustion with spark ignition and Compres-
sion ignition. Various combustion models applicability’s are 
shown in Table 1. Owing to its wide applicability, in the pre-
sent work ECFM- 3Z has been used to study the effect of 
swirl motion of intake charge on emissions and performance 
of HCCI engine. Fig. 1 depicts the schematic representation of 
the three zones of the ECFM- 3Z model. This model is capa-
ble of simulating the complex mechanisms like turbulent mix-
ing, flame propagation, diffusion combustion and pollutant 
emission that characterize modern IC engines.  

Induction induced swirl has a predominant effect on mix-
ture formation and rapid spreading of the flame front in the 
conventional combustion process of a CI engine. This has 
been well documented in the literature. However, it is ob-
served that no work has been done on the effect of swirl in 
HCCI mode.  

The main objective of the present study is to analyze heat 
transfer to the combustion chamber under the induction in-
duced swirl in a HCCI engine under varying operating pa-
rameters. Increased heat transfer rates to the parts of the com-
bustion chamber leads to a low temperature combustion, fa-

voring low NOx formation. 
For this purpose swirl ratio is varied between 1 to 4, under 

different operating parameters like compression ratio and 
boost pressure.  

 
2. Methodology 

A single cylinder direct injection, reentrant piston bowl, CI 
engine with specifications given in Table 2 has been consid-
ered for the analysis. A CFD package STAR-CD is used with 
necessary modifications for the analysis to study the rates of 
heat transfer inside the combustion chamber with swirl and 
other operating parameters in CI engine HCCI Mode. The 
engine specifications considered for the analysis are shown in 
Table 2.  

 
3. CFD model set- up 

The computational mesh consists of 128000 cells 
representing 1/6th of piston bowl created in STAR-CD by 
generating a spline based on the piston bowl shape. A 2D 
template was cut by the spline to cut the 3D mesh with 40 

Table 1. Combustion models capabilities. 
 

Model Applicability 

G-equation Partially premixed S.I & C.I 

DARS-TIF Compression ignition 

ECFM Non-homogeneous premixed S.I. 

ECFM- 3Z Premixed and NON premixed S.I and C.I 

 

Table 2. Engine specifications. 
 

Engine specifications  

Displacement volume 1600 cm3 

Bore 12.065 cm 

Stroke 14 cm 

Connecting rod length 26 cm 

Compression ratio 21:1 

Fuel n-Dodecane 

Operating conditions  

Engine speed 1000 rpm 

Equivalence ratio 0.26 

Inlet temperature air (Tair) 353 K 

Inlet air pressure (Pair) 0.1 MPa 

Cylinder wall temperature (Twall) 450 K 

EGR 0% 

 
 

  
 
Fig. 1. Schematic representation of three zones of ECFM-3Z model. 

 



 T. K. Sharma et al. / Journal of Mechanical Science and Technology 29 (10) (2015) 4545~4553 4547 
 

  

radial cells, 160 axial cells, 5 top dead center layers and 40 
axial block cells. The piston bowl shape and 3D mesh of the 
piston bowl sector is shown in Fig. 2. 

Energy efficiency of the engine is analyzed by gross indi-
cated work per cycle (W) calculated from the cylinder pres-
sure and piston displacement using Eq. (1): 
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where a, l and B are the crank radius, connecting rod length 
and cylinder bore, respectively, and θ1 and θ2 are the begin-
ning and the end of the valve-closing period. 

The indicated power per cylinder (P) is related to the indi-
cated work per cycle by using Eq. (2): 
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where nR = 2 is the number of crank revolutions for each power 
stroke per cylinder and N is the engine speed (rpm). The Indi-
cated specific fuel consumption (ISFC) is shown in Eq. (3): 
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P
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In Eq. (1), the power and ISFC analyses can be viewed as 

being only qualitative rather than quantitative in this study. 

 
4. Modeling strategy 

The STAR-CD used in the present study has integrated sev-
eral sub models such as turbulence, fuel spray and atomization, 
wall function, ignition, combustion, NOx, and soot models for 
various types of combustion modes in CI as well as SI engine 
computations. As initial values of k and ɛ  are not known 
priori the turbulence initialization is done using I-L model. For 
this purpose local turbulence intensity, I, and length scale, L, 
are related as   

 
k∞= 3/2 I2V2

∞                       (4)  
ɛ ∞= C3/4

μ( k¥
3/2/L) .                 (5) 

This practice will ensure that k and ɛ  and the turbulent vis-
cosity μt, will all scale correctly with V∞, which is desirable 
from both the physical realism and numerical stability point of 
view. Moreover the turbulent intensity is defined using the 
same velocity vector magnitude as that of stagnation quanti-
ties. 

The combustion is modeled using ECFM-3Z. As far as fluid 
properties are concerned, ideal gas law and temperature de-
pendent constant pressure specific heat (Cp) are chosen.  

The ECFM-3Z incorporates the following models in its op-
eration. 

 
Phenomena --- Model 
• Spray injection and Atomization---Huh (1991) 
• Auto Ignition model---Double delay auto ignition 
• Combustion---ECFM-3Z  Compression Ignition       
 (Colin and Benkenida (2004)) 
• Turbulence---Intensity-Length scale 
• Droplet breakup---Reitz-Diwakar (1986) 
• Liquid Film---Angelberger et al (1997) 
• Droplet wall interaction---Bai and Gosman (1996) 
• Boiling ---Rohsenow (1952) 
• NOx---Extended Zel'dovich mechanism  
• Soot---Mauss, Karlson (2006).  

 
5. Initial and boundary conditions 

The initial boundary conditions considered for the analysis 
are; an absolute pressure of 1.02 bar, 353 K initial temperature, 
0% EGR, 0.26 equivalence ratio. Wall temperatures of com-
bustion dome region are fixed as 400 K, dome regions as 
450 K and piston crown regions as 450 K. The Angleberger 
wall function mode [11] is considered. By solving momentum, 
turbulence and mass equations boundary layers with no-slip 
are computed by ‘two-layer’ and low Reynolds number ap-
proaches. In the analysis a combined “two layered” and “low 
Reynolds number” hybrid wall boundary condition is used. 
The need for using a small value for y+ was eliminated by the 
use of hybrid wall boundary condition, which creates very fine 
mesh near the walls. By using the expression of asymptotic 
valid for 0.1 < y+ < 100 or by combining the low and high 
Reynolds number expression for chemical species, thermal 
energy, shear stresses wall fluxes the y+ independency was 
achieved along with providing all necessary boundary condi-
tions for a wide range of near-wall mesh densities. The vari-
able values on the wall and at the near wall cells are calculated 
by using hybrid wall functions. 

 
6. Validation of ECFM-3Z 

STAR-CD is a well known Commercial CFD package be-
ing adopted many renowned researchers and well established 
research organizations in the field of automotive IC engines. 
The results obtained through this package are validated with 

 
 
Fig. 2. Schematic representation of 3D piston bowl shape at TDC. 
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the experimental results by many authors like Pasupathy 
Venkateswaran [12] et al., Zellat Marc et al. [13], Bakhshan et 
al. [14], A comparison of the CI engine in HCCI are done in 
this paper considering the extended coherent flame combus-
tion three zones, compression model for combustion analysis. 
The present paper deals with the simulation of CI engine in 
HCCI mode, using a fuel vaporizer to achieve excellent HCCI 
combustion in a single cylinder air-cooled direct injection 
diesel engine. No modifications were made to the combustion 
system. Ganesh et al. [15] conducted experiments with diesel 
vapor induction without EGR and diesel vapor induction with 
0%, 10% and 20% EGR. Validation of the present model with 
the experimental results of Ganesh et al. [15] was done by 
considering all the engine specifications. 

Ganesh et al. [15] considered a vaporized diesel fuel with 
air to form a homogeneous mixture and inducted into the cyl-
inder during the intake stroke. To control the early ignition of 
diesel vapor–air mixture, cooled (30°C ) Exhaust gas recircu-
lation (EGR) technique was adopted. For the validation pur-
pose, the results are compared with respect to engine perform-
ance and emissions in the following figures. It is observed that 
the simulated results are in good agreement with the experi-
mental results. The comparison of the plots between simula-
tion and experimental results are shown in the Fig. 3. In the 
figures EDVI represents the experimental diesel vapor injec-

tion and SDVI represents simulated diesel vapor induction at 
respective EGR concentrations. 

 
7. Results and discussion 

In the present paper the effect of induced swirl and other 
operating parameters like compression ratio and boost pres-
sure on the heat transfer rate is studied. The swirl ratios rang-
ing from 1 to 4 are considered for the analysis. The simulation 
results of the ECFM-3Z model are discussed below. 

 
7.1 Heat transfer to the piston vs vompression ratio 

The variation of heat transfer to the piston with compression 
ratio for swirl ratios 1to 4 is plotted in Fig. 4. From Table 3, it 
can be observed that higher compression ratios and higher 
swirl ratios are favorable in increasing the heat transfer to 
piston. The heat transfer rates obtained at different compres-
sion ratios and swirl ratios are summarized in Table 3. The 
heat transfer to the piston increases with increase in compres-
sion ratio irrespective of the swirl ratio, but the percentage 
increase in heat transfer is less at low swirl ratios and more at 
high swirl ratios. As swirl ratio increases; increased heat trans-
fer rates are obtained at all compression ratios, but the increase 
in heat transfer rates are high at higher compression ratios. 

      
 

       
 
Fig. 3. Validation of the ECFM-3Z Compression ignition model with the experimental results of External mixture formation of HCCI engine. 
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The reason for this phenomenon is increase in turbulence 
owing to increased wall heat transfer due to increased swirl 
intensity.  

 
7.2 Heat transfer to the walls vs compression ratio 

The variation of heat transfer to the walls with compression 
ratio for swirl ratios 1to 4 is plotted in Fig. 5. The heat transfer 
From Table 4, it can be observed that higher compression 
ratios and higher swirl ratios are favorable in increasing the 
heat transfer to the walls [16]. 

The rate of heat transfer to the walls decreases with increase 
in compression ratio irrespective of the swirl ratio, but the 
percentage decrease in heat transfer is high at lower swirl ra-

tios and less at higher swirl ratios. As swirl ratio increases; 
increased heat transfer rates are obtained at all compression 
ratios, but the increase in heat transfer rates are high at higher 
compression ratios. The reason for this phenomenon is in-
crease in turbulence owing to increased wall heat transfer due 
to increased swirl intensity and increases in compression in-
creases the combustion chamber temperatures this increases 
the heat transfer at higher compression ratios when compared 
with lower swirl ratios. 

 
7.3 Heat transfer to the piston vs boost pressure (BP) 

The variation of heat transfer to the piston with boost pres-
sure for swirl ratios 1to 4 is plotted in Fig. 7. From Table 6, it 

Table 3. Heat Transfer to the piston (W) at various compression ratios and swirl ratios. 
 

Compression ratio piston SW1 SW2 SW3 SW4 Percentage increase  
between SW1-SW4 

CR 18 -497.279 -534.548 -572.621 -605.147 21.69 

CR19 -559.89 -600.553 -642.503 -668.234 19.35 

CR20 -604.907 -653.655 -703.826 -760.625 25.74 

CR 21 -664.658 -720.865 -780.307 -847.185 27.46 

Percentage increase  
between CR 18-CR21 33.65 34.85 36.26 39.99  

 

       
 

      
 
Fig. 4. Heat transfer to the piston vs Crank angle at different compression ratios and swirl ratios. 
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can be observed that higher boost pressures and higher swirl 
ratios are favorable in increasing the heat transfer to piston. 

The heat transfer rates obtained at different boost pressures 
and swirl ratios are summarized in Table 6. The heat transfer 
to the piston increases with increase in boost pressure irrespec-
tive of the swirl ratio, but the percentage increase in heat trans-
fer is high at high swirl ratios. As swirl ratio increases; in-
creased heat transfer rates are obtained at all boost pressures, 
but the increase in heat transfer rates are high at higher com-
pression ratios [17]. The reason for this phenomenon is in-
crease in turbulence owing to increased wall heat transfer due 
to increased swirl intensity.  

7.4 Heat transfer to the walls vs boost pressure 

The variation of heat transfer to the walls with boost pres-
sure for swirl ratios 1to 4 is plotted in Fig. 8. The heat transfer 
rates obtained at different boost pressures and swirl ratios are 
summarized in Table 7. From Table 7, it can be observed that 
higher boost pressures and higher swirl ratios are favorable in 
increasing the heat transfer to the walls [18]. The heat transfer 
to the walls increases with increase in boost pressure irrespec-
tive of the swirl ratio, but the percentage increase in heat trans-
fer is high at higher swirl ratios. As swirl ratio increases; in-
creased heat transfer rates are obtained at all boost pressures,  

Table 4. Heat transfer to the piston (W) at various compression ratios and swirl ratios. 
 

Wall SW1 SW2 SW3 SW4 Percentage increase  
between SW1-SW4 

CR 18 -101.424 -104.492 -107.676 -113.738 12.14 

CR 19 -99.4872 -102.53 -105.736 -111.741 12.31 

CR 20 -97.7564 -100.806 -103.903 -109.828 12.34 

CR 21 -97.323 -100.373 -103.454 -112.726 15.82 

Percentage reduction  
between CR 18-CR 21 4.04 3.94 3.92 0.88  

 

      
 

       
 
Fig. 5. Heat transfer to the walls vs Crank angle at different compression ratios and swirl ratios. 
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Table 5. Heat transfer to the dome (W) at various boost pressures and swirl ratios. 
 

BP (bar) 
Piston SW1 SW2 SW3 SW4 Percentage increase  

between SW1-SW4 

BP 1.0 -605.147 -668.234 -760.625 -847.185 39.99 

BP 1.25 -695.316 -783.45 -921.533 -870.235 25.15 

BP 1.5 -786.091 -909.186 -1086.87 -1230.32 56.51 

BP 1.75 -843.802 -1052.96 -1249.11 -1413.43 67.50 

BP 2.0 -900.895 -1173.55 -1401.41 -1588.69 76.34 

Percentage increase  
between BP 1.0- BP 2.0 48.87 75.61 84.24 87.52  

 
Table 6. Heat transfer to the walls (W) at various boost pressures and swirl ratios. 
 

BP (bar) 
Wall SW1 SW2 SW3 SW4 Percentage increase  

between SW1-SW4 

BP 1.0 -97.323 -100.373 -103.454 -112.726 15.82 

BP 1.25 -108.397 -111.858 -115.963 -127.434 17.56 

BP 1.5 -112.6852 -121.664 -134.296 -179.592 59.37 

BP 1.75 -125.707 -130.442 -154.338 -183.404 45.89 

BP 2.0 -132.643 -146.525 -175.965 -207.142 56.16 

Percentage increase  
between BP 1.0- BP 2.0 36.29 45.98 70.09 83.75  

 

      
 

      
 
Fig. 6. Heat transfer to the piston vs Crank angle at different boost pressures and swirl ratios. 
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but the increase in heat transfer rates are high at boost pressure 
1.5 bar. The reason for this phenomenon is increase in turbu-
lence owing to increased wall heat transfer due to increased 
swirl intensity and increases in boost pressure increases the 
combustion chamber temperatures this increases the heat 
transfer at higher boost pressures when compared with lower 
swirl ratios.  

 
8. Conclusions 

The present study revealed that ECFM-3Z of STAR-CD is 
well suitable for predicting HCCI mode of combustion with 
necessary modifications, in coherence with the existing litera-
ture. It was found that swirl ratio has a considerable impact in 
increasing the heat transfer rates in a HCCI engine.  

The analysis resulted in achieving maximum increased heat 
transfer rates of 0.88% to the wall with swirl ratio 1, 45.66% 
to the dome and 39.99% to the piston with swirl ratio 4; when 
the compression ratios are increase from 18 to 21. A maxi-
mum increase in heat transfer rates of 15.82% to the wall, 
26.41% to the dome and 27.46% to the piston with compres-
sion ratio 2; when the swirl ratio is increase from 1 to 
4.Similarly a maximum increased heat transfer rates of 
83.75% to the wall with swirl ratio 4, 88.04% to the dome 

with swirl ratio 3 and 87.52% to the piston with swirl ratio 4; 
when the boost pressures are increased from 1 bar to 2 bar 
were achieved. A maximum increase in heat transfer rates of 
59.35% to the wall with boost pressure 1.5 bar, 81.32% to the 
dome and 76.34% to the piston with boost pressure 2 bar; 
when the swirl ratio is increased from 1 to 4 were obtained. 
The effect of the operating parameters viz; compression ratio 
and boost pressures under varying swirl ratios suggested 
higher swirl ratios, higher compression ratios and boost pres-
sures are favorable to increase the rate of heat transfer to the 
parts of the combustion chamber leading to low NOx forma-
tion conditions. The study revealed that apart from adopting 
higher compression ratios and boost pressures adoption of 
high swirl ratios is observed to be contributing to a large ex-
tent in enhancing the rates of heat transfer which would lead 
to significant reduction in in-cylinder temperatures suitable for 
low NOx emission formation in HCCI mode. 
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Fig. 7. Heat transfer to the walls vs Crank angle at different boost pressures and swirl ratios. 
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