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Abstract 

Title:  A Study on Reaction Rate Factors of a Single-Step 

Combustion Mechanism for Gasoline HCCI combustion 

Author:   Pakawat Panuwatsuk 

Advisor:   Gerald Micklow, Ph. D. 

Homogeneous Charge Compression Ignition (HCCI) engine has been invented to 

achieve the advantages of both diesel and gasoline engines. HCCI engine can run 

with a higher compression ratio like diesel engine in order to achieve high thermal 

efficiency. Meanwhile, like gasoline engine, the engine produces less NOx gas and 

particulate matters than diesel engine. However, there are several difficulties 

associated with HCCI combustion, which still require further development to the 

engine. The most important issues are autoignition timing and narrow operational 

range. 

In order to develop an HCCI engine, a numerical simulation can significantly save 

cost, time and resources over an experimental study. KIVA3V program is chosen to 

simulate an HCCI engine in this study. This program is compatible chemically 

reactive flows in complex geometries, and featured with spray dynamics which is 

highly suitable for internal combustion engine. The program has been developed 

into several versions to suite experimental conditions. It yields essential data such 

as temperature, pressure, heat release, species concentrations and droplets data at 

any particular location of the geometry. 

The main goal of this study is to obtain an accurate simulation for an HCCI 

combustion in KIVA3V program. KIVA3V provides a single-step combustion 

model with sets of reaction rate factors for some fuels. The fuels data and 
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combustion model have been proven to work well with typical spark ignition and 

compression ignition engine. However, HCCI combustion has autoignition activity 

and relatively high residual gas content. The original reaction rate factors were 

derived from flame propagation and not accounted for high residual gas content. 

Thus, the reaction rate was overpredicted causing an excessively early combustion 

The two reaction rate factors, pre-exponential factor and activation energy, are 

modified separately obtain precise autoignition timing for the HCCI combustion for 

each. Then, the simulated in-cylinder temperature and pressure from both cases are 

found to match the experimental data. The modified activation energy case 

provided slightly more rapid heat release than the modified pre-exponential factor 

case. 
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Chapter 1 

Introduction 

1.1 Background 

Global warming is a significant problem of the world today. Besides, internal 

combustion engines are one of the global warming causes but still necessary in 

several applications. This leads to the demands for lower emission and higher 

efficiency of the engines. Homogeneous Charge Compression Ignition (HCCI) 

engine is invented especially for enhancing efficiency and reducing emission. 

HCCI engine provides significantly higher efficiency than gasoline engines as the 

compression ratio can be higher without combustion knocks. Meanwhile, it does 

not produce as much particulate matter and NOx as diesel engines do. However, 

HCCI engine still needs to be developed for better stability and operational range. 

Numerical simulation is an alternative way to study HCCI combustion with less 

cost and facilities needed. With performance of present computational 

technologies, complex simulations can be simulated in optimal time. KIVA is one 

of the computer programs that is known for combustion simulations due to its 

ability to simulate various scenarios of chemically reactive flows and liquid sprays. 

In KIVA, the combustion mechanism can be modified to suite the experiment. The 

simplest mechanism is a single-step global mechanism. This mechanism is 

effective for generic gasoline and diesel engines, and consume relatively small 

amount of time.  

Chemical kinetics model combustion may need to be modified for HCCI 

combustion. In HCCI combustion, the burn rate depends on reaction rate because 

the whole mixture theoretically ignites at the same time by its pressure and 

temperature. Consequently, the fuel activation energy and reaction rate need to be 
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highly precise. Moreover, this combustion featured extremely high content of 

residual gas which the original combustion model does not account for. In this 

study, a proposed single-step combustion mechanism from Westbrook [1] is 

implemented. With the single-step mechanism, the fuel activation energy and pre-

exponential factor are investigated and modified for an accurate simulation of the 

HCCI combustion. 

1.2 Objective 

This research aims to study effects of reaction rate factors to achieve an accurate 

simulation for an HCCI engine in KIVA-3V software.  

1.3 Thesis layout 

Chapter 2 describes the simulation software used in this research, KIVA-3V, which 

contains structure, governing equations, input and output of the software. 

Chapter 3 discusses characteristics of Homogeneous Charge Compression Ignition 

(HCCI) Engine. 

Chapter 4 discusses the combustion models involved in this study. 

Chapter 5 shows the results from the simulations and compares those results to the 

experimental data. 

Chapter 6 concludes the results. 
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Chapter 2 

KIVA-3V 

[2] KIVA is a computer program for simulating chemically reactive fluid flows and 

sprays using numerical calculation, which is mainly designed for internal 

combustion engines. KIVA is developed by Los Alamos National Laboratory 

operated by the University of California for the United States Department of 

Energy. The program was released in 1985 and has been modified into many 

versions. The version utilized in this study is called KIVA-3V. This program is 

compatible with either laminar or turbulent flows, subsonic or supersonic flows, 

single-phase or dispersed two-phase flows. The simulation involves mesh 

generation, evaporating liquid sprays, droplet collision, aerodynamic breakups, 

number of species and chemical reactions. It’s output yields heat release, pressure, 

temperature, concentration of species, existing spray droplets, etc. in the mesh at 

each time-step. With post-processor the output can also be transformed into 

graphical display. 

2.1 Governing Equations 

Followings are the main equations utilized to calculate fluid phase, spray droplets 

and boundary conditions. The calculation involves mass, momentum and energy of 

fluid phase and droplets, and the boundary conditions.  

2.1.1 Equations for the Fluid Phase 

Both laminar and turbulent cases can be solved using the mass, momentum and 

energy equations. The continuity equation for species m is 



 
4 

  	"#$
%&

+ ∇ ⋅ (ρ,𝑢) = ∇ ⋅ 0𝜌𝐷∇ 3#$
#
45 + �̇�,7 + �̇�8𝛿,:	, (1) 

where 𝜌 is density, u is the fluid velocity, D is single diffusion coefficient 

corresponding to Flick’s Law, �̇�,7  is source term due to chemistry, �̇�8 is the spray 

and 𝛿 is the Dirac delta function. Equation (1) can be summed into total fluid 

density equation 

  %#
%&
+ ∇ ⋅ (𝜌𝑢) = �̇�8	. (2) 

Then the momentum equation is 

  %(#=)
%&

+ ∇ ⋅ (𝜌𝑢𝑢) = 	− :
?@
∇𝑝 − 𝐴C∇3

D
E
	𝜌𝑘4 + ∇ ⋅ 𝜎 + 𝐹8 + 𝜌𝑔		, (3) 

where p is the fluid pressure, a is dimensionless quantity used in PGS method, Ao is 

zero laminar calculations, k is turbulent kinetic energy, and 𝜎 is the viscous stress 

tensor. Then, the internal energy equation is 

 𝜕(𝜌𝐼)
𝜕𝑡 + ∇ ⋅ (𝜌𝑢𝐼)

= 	−	𝑝∇ ⋅ 𝑢 + (1 − 𝐴C)𝜎: ∇𝑢 − ∇ ⋅ 𝐽 + 𝐴C𝜌𝜀 + �̇�7 + �̇�8	, 

(4) 

where I is the specific internal energy, J is the heat flux vector contributed to heat 

conduction and enthalpy diffusion, 𝜀 is the dissipation rate of turbulent kinetic 

energy, �̇�7 is chemical heat release, and �̇�8 is spray interaction. When a turbulent 



 
5 

model is used, two additional equations must be applied to calculate k and 𝜀. 𝜎 is 

the viscous stress tensor. 

  %#R
%&
+ ∇ ⋅ (𝜌𝑢𝑘) = 	− D

E
ρk∇ ⋅ u + σ: ∇u + ∇ ⋅ 03 V

WXY
4 ∇𝑘5 − 𝜌𝜀 + �̇�8		, (5) 

  %#[
%&
+ ∇ ⋅ (𝜌𝑢𝜀) = 	−3D

E
	𝑐[] − 𝑐[^4 𝜌𝜀∇ ⋅ 𝑢 + ∇ ⋅ 03

_
`ab	
4 ∇𝜀5 +

[
R
	c𝑐[𝜎: ∇𝑢 − 𝑐[@𝜌 + 𝑐8�̇�

8d. 

 

(6) 

Equation 5 and 6 are basically k-𝜀 turbulence model where 

𝑐[], 𝑐[@, 𝑐[^, 𝑃𝑟R, 𝑎𝑛𝑑	𝑃𝑟[ are constants. The standard values for those constants are 

𝑐[] = 1.44	, 𝑐[@ = 1.92, 𝑐[^ = 	−1.0, 𝑃𝑟R = −1.0, 𝑎𝑛𝑑	𝑃𝑟[ = 1.3 . 
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2.1.2 Equations for the Spray Droplets 

In order to obtain mass, momentum, and energy exchange between the spray and 

gas, drop sizes distribution, velocity and temperature must be determined first. In 

many cases, droplet collisions also need to be considered. The droplet probability 

distribution can be determined from spray equation formulation consisting of 10 

variables plus time. The variables are three droplet position components x, three 

velocity components v, equilibrium radius r, temperature Td, distortion from 

sphericity y, and time rate of change dy/dt = �̇�. Droplet distribution function is 

defined as 

  𝑓(𝑥, 𝑣, 𝑟, 𝑇t, 𝑦, �̇�, 𝑡)𝑑𝑣	𝑑𝑟	𝑑𝑇	𝑑𝑦	𝑑�̇�		. (7) 

The spray equation is 

  %u
%&
+ ∇v ⋅ (𝑓𝑣) + ∇w ⋅ (𝑓𝐹) +

%
%a
	(𝑓𝑅) + %

%yz
	{𝑓�̇�t| +

%
%}
	(𝑓�̇�) +

%
%}̇
	(𝑓�̈�)	

= 𝑓7̇C + 𝑓Ä̇=		, 

(8) 

where 𝐹, 𝑅, �̇�t, 𝑎𝑛𝑑	�̈� are the time rates of change, radius, temperature and 

oscillation velocity. 𝑓7C  is the collision source term which can be expressed as 

  𝑓7̇C =
:
D
∫ ∫ 𝑓{𝑥, 𝑣:, 𝑟:, 𝑇t], 𝑦:, �̇�:, 𝑡|𝑓{𝑥, 𝑣D, 𝑟D, 𝑇t@, 𝑦D, �̇�D, 𝑡|𝜋	(𝑟: +

𝑟D)D|𝑣: − 𝑣D|		

           {𝜎{𝑣, 𝑟, 𝑇t, 𝑦, �̇�, 𝑣:, 𝑟:, 𝑇t], 𝑦:, �̇�:, 𝑣D, 𝑟D, 𝑇t@, 𝑦D, �̇�D|	
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													 −	𝛿(𝑣 − 𝑣:)𝛿(𝑟 − 𝑟:)𝛿{𝑇t − 𝑇t]|𝛿(𝑦 − 𝑦:)𝛿(�̇� −	�̇�:)} 

            −	𝛿(𝑣 − 𝑣D)𝛿(𝑟 − 𝑟D)𝛿{𝑇t − 𝑇t@|𝛿(𝑦 − 𝑦D)𝛿(�̇� −	�̇�D) 

            𝑑𝑣:	𝑑𝑟:	𝑑𝑇t]	𝑑𝑦:	𝑑�̇�:	𝑑𝑣D	𝑑𝑟D	𝑑𝑇t@	𝑑𝑦D	𝑑�̇�D		, 

 

(9) 

where 𝜎𝑑𝑣	𝑑𝑟	𝑑𝑇t	𝑑𝑦	𝑑�̇� is the probable number of droplets corresponding to the 

properties of the breakup of its subscript number, which is in the collision 

probability function 𝜎. The breakup source term is given by 

𝑓Ä̇= = ∫ 𝑓{𝑥, 𝑣:, 𝑟:, 𝑇t], 1, �̇�:, 𝑡|�̇�:𝐵{𝑣, 𝑟, 𝑇t, 𝑦, �̇�, 𝑣:, 𝑟:, 𝑇t], �̇�:, 𝑥, 𝑡|	

𝑑𝑣:	𝑑𝑟:	𝑑𝑇t]𝑑�̇�:	. 

 

(10) 

 where 𝐵𝑑𝑣	𝑑𝑟	𝑑𝑇t	𝑑𝑦	𝑑�̇� is the probable number of droplets corresponding to the 

breakup of a droplet with subscript 1, which is in the breakup transition probability 

function B. The droplet acceleration function affected from aerodynamic drag and 

gravitational force can be calculate by 

  E
Ü
#
#z

á=à=âäwâá
a

	(𝑢 + 𝑢ã − 𝑣)𝐶t + 𝑔	, (11) 

where Cd is drag coefficient. The rate of droplet radius change can be determined 

by 

  𝑅 =	− (#ç)éèê(yë)
D#za

	𝑌:∗ −
î]

:äî]∗
	𝑆ℎt	,  (12) 
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where Shd is Sherwood number of mass transfer, 𝑌:∗ =
#]
#

 is the vapor mass fraction 

at the droplet’s surface, and (𝜌𝐷)?óa(𝑇ë) is the fuel vapor diffusivity in the air. 

Using the Ranz-Marshall correlation, the heat conduction rate can be determined. 

  𝑄t =
òéèê(yë)(yäyz)

Da
	𝑁𝑢t		, (13) 

where  

 							𝑁𝑢t = ö2.0 + 	0.6	𝑅𝑒t
]
@Prt

]
^ü †°(:à¢z)

¢z
		, 

      𝑃𝑟t =
_éèê(yë)7£(yë)
òéèê(yë)

	, 

      𝐾?óa{𝑇ë| =
ò]yë

^
@

yëàò@
		,	  

where cp is the local specific heat at constant pressure at temperature 𝑇ë = (𝑇 +

2𝑇t)/3, and K1 and K2 are constants. The acceleration of the droplet distortion 

parameter is given by 

  �̈� = D
E
#
#z

{=à=âäw|@

#za^
− Ü?(yz)

#za^
𝑦 − ¶_ß(yz)

#za@
	�̇�		, (14) 

where 𝜇(𝑇t) is the liquid viscosity. Then after summing up the rate of change of 

mass, momentum, and energy of all the droplets at position x and time t, the all the 

exchange functions can be obtained. 
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  �̇�8 = 	−∫ 𝑓𝜌t4𝜋𝑟D𝑅	𝑑𝑣	𝑑𝑟	𝑑𝑇t	𝑑𝑦	𝑑�̇�		, 

 𝐹8 = 	−∫ 𝜌t 3
©
E
𝜋𝑟E𝐹ã + 4𝜋𝑟D𝑅𝑣4 𝑑𝑣	𝑑𝑟	𝑑𝑇t	𝑑𝑦	𝑑�̇�		, 

 �̇�8 =

	−∫ 𝑓𝜌t ™
4𝜋𝑟D𝑅 0𝐼 (𝑇t) +

:
D
(𝑣 − 𝑢)D5 + ©

E
𝜋𝑟E

c𝑐�̇�t + 𝐹ã ⋅ (𝑣 − 𝑢 − 𝑢ã)d
¨ 𝑑𝑣	𝑑𝑟	𝑑𝑇t	𝑑𝑦	𝑑�̇�	, 

and  

�̇�8 = 	−∫ 𝑓𝜌t
©
E
𝜋𝑟E𝐹ã ⋅ 𝑢ã𝑑𝑣	𝑑𝑟	𝑑𝑇t	𝑑𝑦	𝑑�̇�	,  

(15) 

2.1.3 Boundary Conditions 

The main types of boundaries are inflow, outflow, rigid walls and periodic. On 

rigid walls, the boundary conditions can be defined by either velocity on walls or 

wall stress. On no slip walls, gas velocity is equal to wall velocity 

  𝑢 = 𝑤Æ?𝑘	,  (16) 

where the wall speed is wall. On free-slip and turbulent law-of-the-wall boundaries, 

the normal gas velocity is equal to the normal wall velocity. 

  𝑢 ⋅ 𝑛 = 𝑤Æ?𝑘 ⋅ 𝑛	,  (17) 

For the free-slip wall the tangential components of 𝜎Æ are zero. Meanwhile, for the 

turbulent case, matching logarithmic profile is implemented to find the tangential 

components 
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 w
=∗
= ™

:
R
ln 3𝑐Æ𝜁

≤
≥	4 + 𝐵							𝜁 > 𝑅7

𝜁:/D																															𝜁 < 	𝑅7
	,   

(18) 

where 𝜁 is the Reynold’s number based on gas velocity relative to the wall. And, 

𝑘, 𝑐Æ, 𝑅7, 𝑎𝑛𝑑	𝐵 are the constants related to 𝑘 − 𝜀 model.  

Temperature boundary conditions on the rigid wall can be represented by either 

wall temperature or wall heat flux Jw which can be determined from 

 
 ∂∑
#=∗7£(yäy∑)

= 	∏
1/(𝑃𝑟 w

=∗
)																																																													𝜁	 ≤ 	𝑅7

	1/{Pr 0 w
=∗
+ 3`aª

`a
− 14𝑅:/D5}																									𝜁 < 	𝑅7

	,  
 

(19) 

where Tw is wall temperature, and Pre is the Pranddtl number of the laminar fluid. 

Besides, if turbulent law-of-the-wall conditions are applied, frictional heating must 

be calculated. The frictional heating per unit area is given by 

  𝑓Æ = 𝜎Æ ⋅ 𝑣	 

							= 𝜌(𝑢∗)D𝑣	,  

 

(20) 

For spray injection, there are boundary conditions for a rigid wall and for an 

injector. For a rigid wall, if a droplet touches the wall, its velocity will be equal to 

the wall, and there is no heat transfer between them. For the injector boundary 

conditions, mass flow rate, distribution of droplet sizes, velocities, temperature, and 

oscillation parameters must be specified. All the droplets are injected at the same 

velocity which can be specified as a function of time. The droplets injection angle 

distributes in cone shape whose direction and width angle can be specified.   
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2.2 The Numerical Scheme 

KIVA uses finite-difference method to approximate the values corresponding to 

discrete space and time. Some key features that KIVA performs in the 

approximation are going to be discussed. 

2.2.1 Temporal Differencing 

The temporal differencing is performed cycle-to-cycle. The time interval for each 

cycle is call time step represented by Δ𝑡Ω = 𝑡Ωà: − 𝑡Ω. The approximated quantity 

will be represented by Qn where n = 0, 1, 2, … . In KIVA-II to KIVA-3V, one 

cycle consists of three phases. In phase A and phase B, Lagrangian calculation is 

implemented where the grid cells and the fluid move together. Phase A calculates 

droplets collision, droplets breakup, and mass and energy source terms due to 

chemistry and spray. Phase B calculates in a coupled, implicit fashion the pressure 

gradient in the momentum equation, the velocity dilation terms in mass and energy 

equations, the spray momentum source term, the terms due to diffusion of mass, 

momentum and energy, and the turbulent equations terms. Phase C is the rezoning 

state where the flow stops and the new computational mesh is generated. 
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2.2.2 Spatial Differencing 

Spatial differencing is mainly constructed by control volumes mesh cells. An 

interested region is divided into numbers of hexahedron cells whose corners are 

called vertices. These vertices can move in an arbitrary prescribed manner. This 

capability included the Lagrangian and Eulerian description as special cases. ALE 

method is applied in this feature [3], [4]. For the convenience in differencing the 

momentum equations, each cell will also be divided into 4 auxiliary cells, called 

momentum cells. The dividing points are the center point of cell edges. With these 

auxiliary cells, ALE method can be performed easier because of the unnecessity of 

interpolation. 

2.2.3 Stochastic Particle Technique 

The techniques being applied is based on Monte Carlo method and discrete particle 

methods. The distribution 𝑓′ is used to approximate a continuous distribution 	𝑓 for 

the discrete particle method. 

  𝑓ã = ∑ 𝑁¿𝛿{𝑥 − 𝑥¿|𝛿{𝑣 − 𝑣¿|𝛿{𝑟 − 𝑟¿|𝛿 3𝑇t − 𝑇t¿4 𝛿{𝑦 −
¡`
¿¬:

𝑦¿|𝛿(�̇� − �̇�¿)	.  

(21) 

Each particle p is composed of a number of droplets Np which have common 

location xp, velocity vp, size rp, temperature 𝑇t£, and oscillation parameters 𝑦¿ and 

�̇�¿. Particle and droplet trajectories coincide. And particles exchange mass, 

momentum, and energy with the gas in their located cells. Here Monte Carlo 

method is applied in the sense that random samples are from the assumed 

probability distribution that dominates droplet properties and behavior.  
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Assuming that f(x) is the distribution function, corresponding to the variable x 

between x1 and x2 dN =f(x)dx is number of droplets in the interval dx. Noting that 

dN = dy. Then, the distribution is 

  𝑦 = 	∫ 𝑓(𝑥)𝑑𝑥v@
v]

	.  (22) 

2.3 KIVA-3V Program 

2.3.1 Program structure 

KIVA-3V program is mainly based on the older versions, KIVA-2 whose structure 

is shown in Figure 1 and Figure 2 [2]. There is a main program that controls 

numerous subroutines. To operate KIVA-3V, the user must be specialized in 

numerical fluid dynamics, chemistry, and spray modeling. KIVA-3V was originally 

designed for CRI Cray family of computer using FORTRAN language. 
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Figure 1 Flow diagram of KIVA-2 [2] 
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Figure 2 Flow diagram of KIVA-2 (continued) [2] 
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2.3.2 Pre-processor for mesh generation 

The pre-processor which generates mesh for KIVA-3V is called k3prepvet. In 

k3prepvet, the computing mesh is based on Cartesian geometry (x, y, z). Since 

KIVA-2 and KIVA-3, mesh can be created from either cylindrical or planar blocks. 

Besides, for an arbitrary shape of piston or cylinder head, a set of points can be 

defined for the cross section before the 3-D geometry is meshed. Different types of 

blocks can be patched together to create a desired geometry. An example of a 

piston-cylinder mesh is shown in Figure 4. In addition, KIVA-3V can also create a 

mesh of complex geometries of valves, intake ports, and exhaust ports. The output 

of k3prepvet is named otape17, which must be renamed to itape17 for an input 

mesh file of KIVA-3V.  

 
Figure 3 Example of piston-cylinder mesh [2] 

 

Figure 4 Example of half cross section specifying [2] 
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2.3.3 Input files 

There are two main input files for KIVA-3V, itape5 and itape17. itape5 is the file 

that specifies engine parameters and boundary conditions, including the boundary 

conditions of spray injection. Besides, in itape5, user can also control some features 

and subroutines of the program. itape17 is the mesh file which is generated from 

k3prepvet mesh generator explained in the previous section. 

2.3.4 Output files and post processing 

The output files mainly used in this study are otape12, dat.thermo, GMV and 

otape18. Otape12 is the alphanumeric file that stores details data from every 

iteration. Otape12 can be used to observe the species concentration, mass and heat 

release rate. Dat.thermo file concludes overall thermodynamics data such as 

pressure, temperature, volume, mass and density. This file is convenient for 

plotting thermodynamics data such as pressure vs crank angle, pressure vs 

temperature, and P-V diagram. GMV file is for GMV post-processing. This post-

processing shows 3-D graphical display of data fields. otape18 file is a restart file. 

KIVA-3V has a restart function so that the simulation can restart from a point 

where it gets interrupted or assigned to stop. Otape18 file provides the data from 

last simulation to continue from the terminated point. To use otape18, it must be 

renamed to itape17 for an input of a new simulation. 
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Chapter 3 

Homogeneous Charge Compression Ignition  

(HCCI) Engine 

3.1 Introduction 

Internal combustion engines need to be improved relentlessly to suit the increasing 

demand for efficiency and regulations for emission. Two most common types of 

internal combustion engine, Gasoline and Diesel, have their own limitations that 

are barely possible to avoid. Gasoline engine has a limit on compression ratio 

which is an important factor affecting efficiency. Compression ratio of gasoline 

engine cannot exceed the point that autoignition occurs. Diesel engine, on the other 

hand, can support relatively high compression ratio allowing higher efficiency to be 

achieved. However, it produces Diesel particulate matter and NOx which are highly 

harmful for health and being more controlled by automotive regulations. HCCI 

engine combines principles from the two engines. The engine compresses the air-

fuel mixture like Gasoline engine but let it ignite with by the temperature and 

pressure, not initiation from a spark plug. Hence, HCCI engine can support higher 

compression ratio than Gasoline engine leading to a higher efficiency. Besides, 

HCCI engine does not emit particulate matter like Diesel does. Therefore, HCCI 

engine can obtain the advantages of both Diesel and Gasoline engines. 

3.2 HCCI Combustion Characteristics 

In spark-ignition combustion, heat release rate is determined by the burnt mass 

fraction. Meanwhile, heat release rate of HCCI combustion depends mainly on 

chemical reaction speed because the whole mixture theoretically burns at the same 

time, according to Peng’s study on HCCI combustion with n-Heptane [5]. The 
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combustion can be divided into two stages as shown in Figure 5. The first stage 

occurs from partial oxidation of fuel molecule and its subsequent isomerization 

actuating a cool flame or low temperature reaction. Heat release from this stage can 

be less than 20%. The second stage is dominated by the formation of more active 

branching agents causing hot ignition. 

 
Figure 5 Heat fraction rate and rate of heat fraction rate of an HCCI combustion [5] 

 

3.3 Efficiency of HCCI Engine at Various Compression 

Ratio 

Increasing compression ratio directly increases thermal efficiency of gasoline 

engine. In Spark Ignition (SI) engine, compression ratio cannot exceed a limit that 

causes autoignition. Meanwhile, in Homogeneous Charged Compression Ignition 

(HCCI) engine, autoignition is supposed to occur. As a result, higher compression 

ratio can be achieved. However, when compression ratio is changed, some 

variables need to be changed to maintain correct ignition timing for HCCI 

combustion. And, at too high compression ratio, although the thermal efficiency 

increases, fuel conversion efficiency may not increase due to higher heat loss and 

decrement in the ratio of specific heat. 
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An experiment from Yang [6] shows the relations between some variables, primary 

reference (PRF) number, compression ratio and intake temperature, when 

maintaining constant ignition timing (CA50 at 5C TDC) as shown in Figure 6. It 

can be seen that 

- If the PRF number increases, the intake temperature needs to increase to 

maintain the ignition timing. 

- Increasing compression ratio can be applied with higher PRF number fuel to 

maintain the ignition timing. 

 

Figure 6 Relations of fuel PRF number, compression ratio, and intake temperature [6] 

An experiment showing the relations between PRF number, compression ratio and 

efficiency, when maintaining constant ignition timing (CA50 at 5C TDC) is shown 

in Figure 7. 

- At a higher compression ratio, the thermal efficiency of an HCCI engine is 

higher.  

- At one compression ratio, when fuel PRF number increases, the efficiency 

decreases due to necessarily increased intake temperature. 
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- At high compression ratio, its effect on increasing fuel conversion 

efficiency will be smaller due to higher heat loss, seen from Figure 8 and 

slight decrease of ratio of specific heat, seen from Figure 9. 

 

 
Figure 9 Effect of compression on ratio of specific heats [6] 

From this experiment, the ratio of specific heat can be determined from NASA 

polynomials using the temperature, pressure and composition.  And, the heat loss in 

compression stroke can be determined from equation (24). 

 Figure 7 Effects of PRF number, compression ratio and 
intake temperature on efficiencies [11] 

 Figure 8 Effect of compression ratio on heat loss rate [11] 
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(23) 

Where  

T  - Temperature inside the cylinder 
Twall									 - Temperature of the cylinder wall assumed to be 400K 

h - Heat transfer coefficient calculated from Hohenberg heat transfer  

�̅�¿ - Mean piston speed   

A - Total cylinder surface area 

𝐶: - Constant = 130 

𝐶D - Constant = 1.4  

q - Crank angle degree 

p - Instantaneous cylinder pressure 

γ	 -	 Ratio of specific heat 

V - Instantaneous cylinder volume 

3.4 HCCI Operational Range 

HCCI operational range limited by EGR rate and fuel concentration from an n-

heptane HCCI experiment [5] is shown in Figure 10. In this experiment, engine 

load is represented by Indicated Mean Effective Pressure (IMEP). High load limit 

located at the bottom of the plot, which is determined by knocking combustion. 

Knocking combustion is a result of too rich mixture (low lambda) leading to rapid 

heat release rate which causes noise and damage. The right and top-right limit, 
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locating at the lower load region, is specified by misfire due to high concentration 

of H2O and CO2. At this condition the engine runs with intermittent misfire cycles. 

Although the engine could come back to normal operation occasionally, the 

stability of engine appears to be poor because of high number of Coefficient of 

Variation of IMEP (COVIMEP). At the top part of the plot, the low IMEP line 

indicates minimum load that the engine needs to overcome which is frictional loss.  

 

Figure 10 HCCI operational range running on n-Heptane at the compression ratio of 18:1 [5] 

3.4.1 Effect of Intake Temperature on Operational Range 

To investigate the effect of intake temperature, experiments are performed with 3 

different temperatures, 105°𝐶, 70°𝐶, and 30°𝐶, with other factors controlled. 

Figure 11 shows the comparison of operational ranges obtained from three intake 

temperatures. It could be seen that when intake temperature rises from 30°𝐶 to 

105°𝐶, the low load limit and high load limit are hardly affected. However, 

increasing intake temperature can extend the misfire limit significantly. Right-hand 

side of the plot shows that by doing so, EGR rate can be increased further without 

having misfires. 



 
24 

 
Figure 11 Effect of intake temperature on HCCI operational range [5] 

 
3.4.2 Effect of Compression Ratio on Operational Range 

To observe the effect of compression ratio, a variable compression ratio engine is 

implemented to compare the operational range. Three compression ratios have been 

investigated, 12:1, 15:1 and 18:1. From Figure 12, it can be seen that increasing 

compression ratio greatly improves low load limit as the top and right region of the 

plot expands. This means higher compression ratio allows engine to run with a 

leaner mixture and higher EGR rate without misfire. Nevertheless, rising 

compression ratio slightly worsens high load limit, which means knocking 

combustion occurs easier. 
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Figure 12 Effect of compression ratio on HCCI operational range [5] 

3.5 NOx Emission Characteristics of HCCI engine 

NOx emission has been a problematic factor for a Diesel engine for a long time. As 

diesel engine is highly popular in mass transportation, the restriction on NOx 

emission becomes more serious. To reduce NOx from diesel engine, performance, 

cost and fuel economy need to be affected. HCCI engine is an alternative way to 

achieved high efficiency similar to diesel engine, but HCCI combustion associates 

with lean mixture and relatively low temperature. This means NOx has tendency to 

be lower. Thus, NOx emission investigation for HCCI engine plays an important 

role. A study conducted by Hailin [7] has examined NOx emission characteristics 

of a CFR HCCI engine using n-Heptane as fuel. 

3.5.1 NOx Formation Mechanism 

In a combustion of a non-nitrogen fuel, NOx is mainly form from 3 mechanisms. 

3.5.1.1 Thermal NOx Mechanism 

This mechanism is based on the extended Zeldovich mechanism whose reactions 

are 
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  𝑂 +𝑁D ⇋ 𝑁𝑂 +𝑁	, (24) 

  N+𝑂D ⇋ 𝑁𝑂 + 𝑂	, (25) 

  N+𝑂𝐻 ⇋ 𝑁𝑂 + 𝐻	, (26) 

3.5.1.2 Prompt NOx Mechanism 

In a rich hydrocarbon-air mixture, some hydrocarbon radicals can react with 

molecular nitrogen and eventually form NO by some reactions at the initial stage of 

combustion. This mechanism depends mainly on hydrocarbon concentration. Some 

prompt NOx can also form after the combustion by the leftover hydrocarbon on and 

other products. 

3.5.1.3 N2O Intermediate Mechanism 

N2O can partially convert to NOx. The N2O intermediate mechanism consists of 

  𝑂 +𝑁D + 𝑀 ⇋ 𝑁D𝑂 + 𝑀	, (27) 

  𝑁D𝑂 + 𝐻 ⇋ 𝑁D + 𝑂𝐻	, (28) 

  𝑁D𝑂 + 𝑂 ⇋ 𝑁D + 𝑂D	, (29) 

  𝑁D𝑂 + 𝑂𝐻 ⇋ 𝑁D + 𝐻𝑂D	, (30) 
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3.5.2 Effect of Air-Fuel Ratio on NOx Emission of HCCI Engine 

There is an effective range of air-fuel ratio for an HCCI engine discussed by a 

study on HCCI emission characteristics [7]. As we can see from Figure 13, in this 

case, NOx emission can stay very low at A/F from around 40 to 55. However, if 

A/F ratio rises over 50, the combustion efficiency will drop drastically because of a 

retarded ignition due to lean mixture, causing in complete combustion. At too rich 

mixture, although combustion efficiency is high, NOx increases because of high 

temperature.  

 

Figure 13 Effect of A/F ratio on NOx emission and combustion efficiency [7] 

 

3.5.3 Effect of Compression Ratio on NOx Emission of HCCI 
Engine 

From Figure 14, NOx production rises slightly and quite linearly when the 

compression ratio increases after 11. This shows the week effect of compression 

ratio on NOx emission when the mixture is lean. However, when the compression 

ratio decreases from 11, NOx emission rises rapidly before drops again at the 

compression ratio of 9, when the combustion efficiency is extremely low. The 

rising of NOx production at low compression ratio may be due to incomplete 
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combustion. And the dropped of NOx production at low combustion efficiency 

zone may be due to the dropped temperature. 

 

 

 

 

 

 

 
 
3.5.4 Effect of EGR on NOx Emission of HCCI Engine 

Figure 15 shows that increasing EGR rate can reduce NOx emission up to one 

point. In this case after 50% EGR, NOx will increase sharply, which corelates with 

the dropping combustion efficiency. This means if EGR exceeds this point, the 

exhaust concentration will be too high causing incomplete combustion. 

 
Figure 15 Effect of EGR rate on NOx emission of HCCI engine [7] 

Figure 14 The effects of compression ratio on 
NOx emission [7] 
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3.6 Negative Valve Overlap (NVO) 

In order to obtain autoignition in HCCI engine, temperature of the mixture needs to 

be controlled. Exhaust gas trapping is an effective way to control the temperature of 

the mixture, which can be obtained by adjusting valve timing. In SI engines, 

positive valve overlap is widely implemented to adjust the combustion temperature 

and reduce NOx emission. This overlap allows some exhaust gas from exhaust 

manifold to flow into the cylinder during intake period. However, in HCCI engine a 

large amount of exhaust gas needs to be trapped, which exceeds ability of positive 

valve overlap. Thus, negative valve overlap is implemented to trap more exhaust 

gas. In negative valve overlap, the exhaust valve will close before the piston 

reaches TDC trapping some exhaust gas in the cylinder when all the valves are 

closed. And the intake valve will open after TDC letting intake gas flow in to blend 

with the trapped exhaust. Bhave & Kraft [8] has compared the effects to in-cylinder 

temperature of positive valve overlap and negative valve overlap. Table 1 shows 4 

valve timings for the experiment, which is illustrated in Figure 16. From Figure 16, 

VT1 represents positive valve overlap, while VT2, VT3 and VT4 represent 

negative valve overlap. 

 

Figure 16 Valve timing diagram [8] 

Table 1 Valve timing for positive and negative valve overlap [13] 
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With negative valve overlap, the energy from re-compressed residual gas can 

advanced autoignition timing and increase the temperature peak. Figure 17 shows 

that negative valve overlap (VT2 to VT4) leads to higher combustion temperature 

compared to positive valve overlap (VT1).  

 
Figure 17 Comparison of in-cylinder temperature among various valve timings [8] 

3.7 Spark-Assist HCCI 

In HCCI engine ignition timing control is one of the important difficulties. Spark 

ignition a way to control the ignition timing effectively. However, spark plug is not 

used to initiate a propagating flame front like in SI engine. According to a study of 

spark effects on HCCI engine [9] , spark is used to add some amount of energy to 

trigger HCCI combustion. In order to implement spark for HCCI, the pressure and 

temperature must be prepared in the ready state called sub HCCI critical status 

(sub-HCCI-CS) or HCCI-CS as shown in Figure 18. From these two states, the 

whole mixture is ready for auto-ignition as soon as the spark triggers. 
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Figure 18 Schematic diagram of spark-assist HCCI [9] 

 
3.7.1 Spark-Assist at sub-HCCI-CS 

An experiment from Wang [9] shows effect of spark on sub-HCCI-CS mixture. In 

the experiment, the intake is heated to180°𝐶 for sub-HCCI-cs. It can be seen from 

Figure 19 that, in the cycle with spark, HCCI combustion is triggered due to the 

high rising pressure. Meanwhile, from the cycles without spark, the pressure does 

not rise sufficiently, which can be considered misfire. 

 

Figure 19 Pressure from 50 continuous engine cycles [9] 
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3.7.2 Spark-Assist at HCCI-CS 

Another experiment from Wang [9] is performed on HCCI-CS mixture. Without 

spark, combustion exists but appears to be extremely unstable. Misfires and knocks 

alternately occur. The engine speed changes back and forth, so does the torque 

output. The situation can be illustrated with the wide-rage varied pressure lines 

from Figure 20a. Meanwhile, with spark, misfires disappear, and COV reduces 

significantly. This means spark succeeds to stabilize the combustion from HCCI-

CS. Figure 20b assures the stability of pressure in continuous engine cycles when 

spark is activated. The result can be implied that spark can be used to smoothen the 

transition between SI and HCCI mode for an engine that support two combustion 

modes. 

 

Figure 20 Pressure from continuous engine cycles operating at HCCI-CS [9] 

3.7.3 Effects of spark timing 

From Yang’s study on a spark-assisted HCCI engine [10], the spark timing is 

varied when heat release rate, in-cylinder pressure and in-cylinder temperature are 

compared in Figure 23. In this experiment, the no-spark case insists that the 

mixture is already was HCCI-CS state before the spark is applied. And the 

combustion from the spark is also HCCI combustion. It can be observed that spark 
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timing can control the ignition timing as a more advanced spark leads to an earlier 

combustion as 10% of mass fraction burnt (MFB) is shown in Figure 21. Besides, 

spark can enhance the combustion stability due to the reduced coefficient of 

variation shown in Figure 22. 

  

 

 

Figure 23 In-cylinder pressure, temperature, heat release rate with different spark timings [10] 

 Figure 21 Start of combustion [15] Figure 22 Combustion Stability [15] 
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3.8 Effect from Residual Gas Content 

In HCCI combustion, residual is essential in order to add more energy for 

achieving the autoignition. The residual gas however will also change the 

combustion speed. According to Rhodes and Keck’s study on laminar flame speed 

measurement [11], N2-CO2 diluent reduces the laminar flame speed much more 

than the addition of excess air does. The diluent absorbs energy and impedes the 

diffusion of chemical species and heat. The experiment was conducted to compare 

laminar flame speed between the excess air diluent containing and N2-CO2 diluent 

containing mixture. The diluent amount can be expressed by 𝜇, which is the ratio of 

the heat capacity of the added material to the heat capacity of undiluted combustion 

products. 

 

Figure 24 Reduction of laminar flame speed due to addition of excess air or N2-CO2 diluent 

Figure 24 shows the ratio between laminar flame speed of the diluted (𝑆‡(𝑓t, 𝜙)) to 

laminar flame speed of undiluted (𝑆‡(0,1)) versus amount of diluent (𝜇). It can be 

observed that, at the same amount, the N2-CO2 diluent gives a significantly slower 
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flame speed than the air diluent. The N2-CO2 can represent the residual gas content 

in an internal combustion engine. This slower flame speed due to residual gas 

content needs to be considered in numerical simulation of internal combustion 

engines including HCCI combustion. 

Another study on SI engine performance prediction conducted by Micklow, 

Murphy and Abdel-Salam [12] also demonstrates the effects of residual gas on 

laminar flame speed. The cycle analysis involves laminar flame speed calculation. 

The residual gas appears to slow down the flame speed. If there is any residual gas 

content, the calculated laminar flame speed needs to be corrected by the following 

equation 

 𝑆‚(𝑓) = 𝑆‚(𝑓 = 0)(1 − 2.06𝑓∆.„„),  (31) 

where SL is laminar flame speed and f is residual mass fraction. 
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Chapter 4 

Chemical Kinetic Modelling 

4.1 Introduction 

A proper chemical kinetic model is highly important for an HCCI simulation. 

Coupled with thermodynamic model, chemical kinetic model is capable to predict 

the ignition timing of HCCI engine and lead to a precise ignition timing control 

which is a key issue of the engine. A simplified mechanism can reduce 

computational requirements but can overpredict the heat release rate and ignition 

timing. Meanwhile, a detailed mechanism can be more accurate but consume more 

computational resources and requires more data. To optimize the simulation, 

accuracy and computational resources, a study on combustion models needs to be 

conducted. 

4.2 Single-Step Global Mechanism 

In some multidimensional combustion model, detail mechanisms are not suitable 

because of the limitation of computational performance and time. Moreover, detail 

mechanism may provide several details that are not necessary for the research. 

Thus, the global mechanism is a useful alternative way for combustion simulations.  

4.2.1 Chemical Equation 

The chemical reaction for typical hydrocarbon fuels can be expressed as 

 𝐹𝑢𝑒𝑙 + 𝑛:𝑂D → 𝑛D𝐶𝑂D + 𝑛E𝐻D𝑂,  (32) 

where stoichiometric coefficient n1 depends of the fuel. 
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4.2.2 Reaction Rate 

The reaction rate represents one value determined from many elementary reactions 

occurring in the detailed mechanism. The single rate expression, obtain from 

Westbrook [1], is 

 𝑘Cw = 𝐴𝑇Ω𝑒äÊé/Áy	[𝐹𝑢𝑒𝑙]?[𝑂𝑥𝑖𝑑𝑖𝑧𝑒𝑟]Ä.  (33) 

The constants A, n, Ea, a, and b must be evaluated from experiments. The equation 

(33) can also be applied to non-hydrocarbon fuels. a and b are not related to 

stoichiometric coefficients and, in many cases, assumed to be 1. First of all, to 

evaluate a reaction rate, some constants are assumed, n = 0, Ea = 30 kcal/mol. The 

constant A must be selected so that the calculated laminar flame speed for an 

equivalent ratio (𝜙) matches the experimental data. For a case of n-octane, when A 

is chosen to be 1.15*1015, the calculated laminar flame speed matches an 

experiment at 𝜙 = 1 at atmospheric pressure. The reaction rate is expressed as  

  𝑘Cw = 1.15 × 10:©𝑒(äE∆∆∆∆/Áy)[𝐶Ü𝐻:Ü]:.∆[𝑂D]:.∆  (34) 

However, for a further 𝜙, there are excessive errors in reaction rate compared to the 

experimental data. Another parametric study proposes a new set of constants that 

can reproduce the experimental flame speed at a wider range of fuel concentration. 

The expression for the reaction rate for n-octane is  

  𝑘Cw = 4.6 × 10::𝑒(äE∆∆∆∆/Áy)[𝐶Ü𝐻:Ü]∆.D¶[𝑂D]:.¶  (35) 

The comparison between the reaction rate of n-octane determined from equation 

(33) and (34) among various equivalent ratios are shown in Figure 25. 
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Figure 25 Comparison of laminar flame speed from two reaction rates determinations [1] 

The global reaction rate for iso-octane which usually represents gasoline can be 

expressed as 

  𝑘Cw = 7.2 × 10:D𝑒(ä©∆∆∆∆/Áy)[𝐶Ü𝐻:Ü]∆.D¶[𝑂D]:.¶  (36) 

4.3 Detailed Mechanism 

Detail mechanisms may simulate a more precise HCCI combustion rather than a 

single-step mechanism but take more time, data and computational resources. In 

HCCI combustion, the heat release rate heavily depends on the chemical reaction 

rate due to the autoignition based operation. Many researches have been conducted 

on iso-octane combustion mechanism. The largest popular mechanism is 

determined by Curran [13]. Curran’s mechanism consists of 857 species and 3606 

reactions. This mechanism attempts to simulate iso-octanes combustions over a 

widest possible range. However, all the actual reactions relevant to iso-octane may 

still not be covered. Many cases do not need too big mechanism in order to 

optimize the time and computational requirements. The main mechanism, 

determined by Jia [14], with respect to some previous studies [15], [16], [17] and 
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[18], consists of 38 species and 69 reactions. Some important steps are going to be 

discussed. The oxidation starts with the low temperature mechanism as follows 

  𝐶Ü𝐻:Ü + 𝑂D ↔ 𝐶Ü𝐻:„ + 𝐻𝑂D (R1) 

  𝐶Ü𝐻:„ + 𝑂D ↔ 𝐶Ü𝐻:„𝑂𝑂 (R2) 

  𝐶Ü𝐻:„𝑂𝑂 ↔ 𝐶Ü𝐻:«𝑂𝑂𝐻 (R3) 

  𝐶Ü𝐻:«𝑂𝑂𝐻 + 𝑂D ↔ 𝑂𝑂𝐶Ü𝐻:«𝑂𝑂𝐻 (R4) 

  𝑂𝑂𝐶Ü𝐻:«𝑂𝑂𝐻 → 𝑂𝐶Ü𝐻:¶𝑂𝑂𝐻 + 𝑂𝐻 (R5) 

  𝐶Ü𝐻:Ü + 𝑂𝐻 → 𝐶Ü𝐻:„ + 𝐻D𝑂 (R6) 

  𝑂𝐶Ü𝐻:¶𝑂𝑂𝐻 → 𝑂𝐶Ü𝐻:¶𝑂 + 𝑂𝐻 (R7) 

First of all, the oxidation starts by the abstraction of H atom from iso-octane 

molecule to forms HO2 and an alkyl radical in reaction (R1). Then, there is an O2 

addition forming a peroxy alkyl radical in reaction (R2). An internal H atom then 

changes position to form hydroperoxyl alkyl radical in reaction (R3). A second O2 

addition occurs to a different position on the radical breaking it into 

ketohydroperoxide and an OH radical in reaction (R4) and (R5). The OH radical 

then abstract an H atom from iso-octane and form H2O in reaction (R6). The 

ketohydroperoxide decomposes with a branching reaction yielding another OH 

radical with an intermediate radical in reaction (R7). After this step, the process 

steps into high temperature regimes. 
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  𝐶Ü𝐻:„ + 𝑂D → 𝐶Ü𝐻:« + 𝐻𝑂D (R8) 

  𝐻𝑂D + 𝐻𝑂D → 𝐻D𝑂D + 𝑂D (R9) 

Reaction (R8) occurring is faster than reaction (R2). Reaction (R8) and (R9) bring 

the system into negative temperature coefficient (NTC) region where the 

temperature rises slowly. This is followed by 

  𝐻𝑂D + 𝐻𝑂D → 𝐻D𝑂D + 𝑂D (R10) 

The reaction (R10) leads to a thermal explosion. According to Jia [14], the reaction 

(R1) to (R8) construct to two major products which are C8H16 and OC8H15O. Next, 

three global reactions are implemented to decompose high carbon hydrocarbon into 

smaller molecule hydrocarbons. 

  𝑂𝐶Ü𝐻:¶𝑂 + 𝑂D → 𝐶D𝐻E + 2𝐶𝐻D𝑂 + 𝐶E𝐻© + 𝐶𝐻E + 𝐻𝑂D (R11) 

  𝐶Ü𝐻:„ → 𝐶©𝐻Ü + 𝐶E𝐻« + 𝐶𝐻E (R12) 

  𝐶Ü𝐻:« → 𝐶©𝐻Ü + 𝐶E𝐻¶ + 𝐶𝐻E (R13) 

From reaction (R12) and (R13), a major intermediate occurring during iso-octane 

oxidation process is isobutene. Isobutene is then decomposed into smaller 

hydrocarbons by oxygen molecule. 

  𝐶©𝐻Ü + 𝑂D → 𝐶D𝐻E + 𝐶D𝐻© + 𝐻𝑂D (R14) 
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After this step, 44 reactions (including (R9) and (R10)) for the oxidation of C1-C3 

hydrocarbons are added. Then, 13 more NOx production mechanism are from 

Golovichev Mechanism are integrated. 

This mechanism focuses on ignition delay prediction, heat release rate and CO 

formation using as small number of species as possible. Precise ignition delay and 

heat release rate are highly essential for HCCI numerical simulation. Meanwhile, 

number species and reactions affect computational time significantly. This 

mechanism is therefore chosen for the simulation. 

4.4 Estimation of Enthalpies of Formation 

In Jia’s [14] mechanism, some data of intermediate radicals is not widely provided. 

In KIVA-3V simulation, species’ enthalpies of formation are needed for the 

numerical simulation. Most of the species’ enthalpies of formation are based on 

Thermodynamical Network [19] and [20]. Benson’ [21] additivity of group 

properties can be implemented to calculate some enthalpies of formation. However, 

Benson does not provide sufficient chemical groups to calculate the radicals’ 

property. Some group properties are then obtained from Shumaila [22], Cohen [23], 

Sabbe [24] and Bhattacharya [25]. 
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Chapter 5 

Experimental Studies 

5.1 Introduction 

An effective numerical simulation should be able to reproduce the experimental 

results. In this study, the single-step combustion mechanism for iso-octane is 

modified to suite an HCCI combustion. The suitable model should represent 

accurate reaction rate, temperature profile, pressure profile and ignition timing. 

5.2 Simulation Setup 

5.2.1 Ricardo Hydra Research Engine 

The data for simulation setup is obtained from an experiment Yang [10]. A Ricardo 

Hydra single cylinder research engine is utilized. The engine has 450 cc swept 

volume, 9:1 compression ratio, bore of 80.26 mm, and stroke of 88.9 mm 

respectively. A direct injector from Orbital Engine Corporation Ltd. has been 

equipped. The intake heater is installed in the intake pipe, and set the intake 

temperature to 175°𝐶. The intake is naturally aspirated. The piston consists of two 

parts, upper piston and lower piston, in order to equip the optical visualizing 

instrument. A schematic diagram of the engine is shown in Figure 26. The research 

studies HCCI combustion with Negative Valve Overlap (NVO) with varied ignition 

timing, equivalent ratio, and applying an optional spark-assist. However, only the 

results from only a fixed case without spark will be chosen to be simulated in 

KIVA-3V program. 
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Figure 26 Ricardo Hydra single cylinder research engine [10] 

 
5.2.2 Essential Data 

The simulation setup is similar to a case from the mentioned experiment. The data 

is shown in Table 2. 

Table 2 Engine setup 

 

For the simulation case, the air-to-fuel equivalent ratio (𝜆) is controlled to be 1.2. 

Fuel is injected at 80° BTDC in NVO period, before intake period. Spark is 

disabled. 
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5.2.3 Valve timing 

The valve timing from Figure 27 represents negative valve overlap (NVO) which is 

already explained in Chapter 3. During NVO, from 440° BTDC to 560° ATDC, 

the exhaust gas will be trapped in the cylinder and recompressed as shown in 

Figure 27, before the intake valves open and let the air flow in. This NVO is 

implemented in order to increase the mixture temperature with the exhaust gas. The 

residual gas content appears to be 55%. 

 

Figure 27 Valve timing diagram 

5.2.4 Fuel Injection 

In the cited experiment, the injector was supplied by Orbital Engine Corporation 

Ltd and is a direct injection spray guided system for stratified charge SI engines. 

The injector sits at the middle of the cylinder head. In KIVA simulation, the droplet 

spray is assumed to be a hollow cone shape. Some data of the injector are obtained 

from a researches that uses the similar injector [26], [27]. In the experiment, there 

were 4 cases of injection. However, the only one most practical case for the 
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simulation data source is chosen. The KIVA simulation of fuel spray is shown in 

Figure 28. 

 
Figure 28 Simulation of fuel spray 

The injection, in this case, starts at 80° before TDC in NVO period. The injection 

takes place at recompression of exhaust stroke before intake stroke. The injection 

lasts until some point before the intake valves open. The duration of injection is 

varied to keep 𝜆 = 1.2. After the intake valves open, there is no fuel particle left. 

Thus, the mixture is assumed to be homogeneous. 
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5.2.5 Validation Data 

Figure 29 shows the experimental results that are going to validate the KIVA 

simulation.

 

Figure 29 Experimental data for validation [10] 

From Figure 29, the set that is implemented is no spark with lambda of 1.2 (green 

line). The autoignition starts at around 3° BTDC. The focus will be at temperature 

and pressure profile. The temperature rises from start of autoignition until around 

1520K then drops down gradually. Pressure has the same trend with temperature. 

The pressure has a peak at around 23 bar. 
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5.2.6 Numerical Grid 

The numerical grid for the cited engine cited is shown in Figure 30. This grid is 

created based on the piston and cylinder of Ricardo Hydra engine which is 

implemented in KIVA-3V simulation. The numbers of blocks for the cylinder in 

radial, azimuthal and axial direction are 43, 44 and 80 respectively. The numbers of 

blocks for the piston bowl in radial, azimuthal and axial direction are 27, 44 and 10 

respectively. The total number of blocks is 179255.  

      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 30 Numerical grid for Ricardo Hydra engine 
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5.2.7 Combustion Model 

The single-step global mechanism from Westbrook [1] which has already been 

featured in KIVA-3V program is implemented.  

The fuel implemented is iso-octane (C8H18) whose reaction rate factors are obtained 

from Westbrook study [1]. 

  2𝐶Ü𝐻:Ü + 25𝑂D → 16𝐶𝑂D + 18𝐻D𝑂 (37) 

The reaction rate factor for equation (37) can be calculated with equation (38). 

 𝑘 = 𝐴𝑇Ω𝑒äÊé/Áy	[𝐹𝑢𝑒𝑙]?[𝑂D]Ä  (38) 

The reaction rate constants from the original study and the new cases that are going 

to be tested are shown in Table 3. Three Ea will be test in order to obtain the 

optimal Ea for the accurate autoignition timing. The similar process is going to 

perform with factor A to find another optimal reaction rate from modified A.  
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Table 3 Reaction rate factors for global mechanism of gasoline and iso-octane 

Case A n Ea 
(kcal/mol) Ea/R (K) a b 

1 (Original) 

7.20E+12 

0 

40 2.0129E+04 

0.25 1.5 

2 42 2.1135E+04 
3 44 2.2142E+04 

4 (New) To be 
determined 

To be 
determined 

5 7.20E+12 

40 2.0129E+04 
6 3.60E+12 
7 1.80E+12 

8 (New) To be 
determined 

 

Beside the fuel oxidation, equation (39), (40) and (41) representing the formation 

of nitric oxide are also included. 

  𝑂D + 2𝑁D → 2𝑁 + 2𝑁𝑂 (39) 

   2𝑂D + 𝑁D → 2𝑂 + 2𝑁𝑂 (40) 

   𝑁D + 2𝑂𝐻 → 2𝐻 + 2𝑁𝑂 (41) 
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5.3 Results  

5.3.1 Westbrook Iso-octane model [1] 

 

Figure 31 Temperature profile from iso-octane model 

From Figure 31, it can be observed that the iso-octane model has some error in 

temperature when being used to simulate the HCCI combustion. First of all, the 

combustion started too early. And the temperature rise was too rapid. The 

temperature started to rise sharply around 15° before TDC which is about 10° too 

early compared to the experimental data. The peak temperature from the simulation 

was fairly close to the experiment, but it took place at about 13° too early. The 

overall temperature was slightly lower than in the experiment.  
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Figure 32 Pressure profile from iso-octane model 

From Figure 32, it can be observed that overall pressure of the iso-octane model is 

higher than in the experiment. The pressure had a sharp rise around 10° BTDC, 

which made the curve split from experimental curve. The peak pressure was 7 bar 

too high and occurred at 9° too early. 

The pressure rise combined with temperature rise from Figure 31 indicated the fact 

that autoignition timing was predicted to be too advanced. The relatively retarded 

combustion of experimental results may be caused by high residual gas content of 

the HCCI combustion. The current iso-octane model does not account for this 

extremely high residual gas content, which overpredicts the reaction rate.  
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5.3.2 Varied Activation Energy (Ea) 

To solve the overprediction of reaction rate, one of the reaction rate factors, Ea, was 

varied to match the data. Ea for the original iso-octane model is 40 kcal/mol. Other 

two values of 42 and 44 kcal/mol were study to find an accurate matching point. 

 

Figure 33 Temperature profile from simulations with varied Ea 

Figure 33 indicates that increasing the activation energy (Ea) can help retard the 

autoignition making the temperature profile more realistic. The Ea of 42 kcal/mol 

gave a fairly close temperature rise to the experimental data, but the autoignition 

was still too early. However, the peak temperature was slightly too low. The Ea of 

44 kcal/mol, on the other hand, retarded the temperature rise excessively causing a 

misfire. 
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Figure 34 Pressure profile from simulations with varied Ea 

Figure 34 demostrates that increasing Ea can solve too high peak pressure problem. 

The Ea of 42 kcal/mol yielded lower and more retarded pressure peak than Ea of 40 

kcal/mol. However, the pressure peak was still too early and the pressure rise was 

slightly too sharp compared to the experiment. Besides, the pressure from Ea of 44 

kcal/mol did not rise enough due to the misfire. 

From varying Ea, the results suggested that a proper Ea for an accurate result must 

stay between 42 to 44 kcal/mol. To determine the proper Ea, the autoignition timins 

from the tested cases were compared in the next section. 
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5.3.2.1 Determination of New Activation Energy (Ea) 

The new Ea was determined in order to match the autoignition timing of the 

experimental data. Since there was no spark involved, the start of combustion of the 

HCCI combustion could be determined by crank angle degree where 10% of mass 

fraction is burnt or CA of 10% MFB. The CA of 10% MFB of the varied Ea cases 

are shown in Figure 35. 

 

Figure 35 Autoignition timing comparison for varied Ea 

From Figure 35, to find an optimal Ea for the accurate autoignition timing, the 

relation between CA of 10% MFB and Ea was curve fitted with a second order 

polynomial. In the curve fit equation, y represents CA of 10% MFB and x 

represents Ea. CA of 10% MFB of experimental data is −3°.  

The curve fit equation then yielded Ea of 42.67 kcal/mol which would be 

implemented in the following section. 

  

y = 0.1637x2 - 9.7875x + 116.58

-14
-12
-10
-8
-6
-4
-2
0
2
4

39 40 41 42 43 44 45

Cr
an
k 
An

gl
e 
(d
eg
 A
TD

C)

Ea (kcal/mol)

Crank angle of 10% mass fraction burnt

Varied Ea

Experimental
value



 
55 

5.3.2.2 New Activation Energy (Ea) 

 

Figure 36 Temperature profile from new activation energy 

From Figure 36, it can be observed that from the new temperature profile, the 

temperature rise became closer to the experimental data. Overall shape of 

temperature curve became more similar to the experimental data. The peak 

temperature, however, slightly dropped. The rise of temperature became more 

retarded and less steep than the original model, which resemble the experimental 

data more.  

However, there was some acceptable discrepancy between the experimental 

temperature and simulated temperature which could be caused by the limitation of 

data for simulation setup. And, the temperature measurement, in practical 

experiment, might not represent the genuine average temperature like in the 

simulation. 
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Figure 37 Pressure profile from new activation energy 

From Figure 37, the new pressure profile became a closer shape to the experimental 

pressure. The excessively high pressure peak from the original model had 

disappeared. The overall pressure was slightly higher than the experimental data 

but still in an acceptable range. The new peak pressure located at the same crank 

angle with the experimental data. 
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5.3.3 Varied Pre-Exponential Factor (A) 

Beside the activation energy, the pre-exponential factor was also studied. 3 values 

of A shown in Table 3 were implemented. 

 

Figure 38 Temperature profile from varied A 

From Figure 38, it can be observed that decreasing pre-exponential factor (A) can 

retard the autoignition. The A of 3.6 × 10:D gave a closer temperature rise to the 

experimental data than the original A of 7.2 × 10:D but still too early. The A of 

1.8 × 10:D gave a further retarded temperature rise than the experimental data. 

And, the peak pressure also dropped more. Overall, a proper A value might be in 

the middle of 1.8 × 10:D and 3.6 × 10:D.  
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Figure 39 Pressure profile from varied A 

Figure 39 reinforces that decreasing A can retard the autoignition timing. The sharp 

pressure rise from lower A cases gave respectively more retarded autoignition 

timings. However, the overall pressure of the lowest A case was fairly close to the 

experimental data. The pressure had been slightly too high at first. Then it switched 

to be too low at 2° before came to a sharp rise and caught up with the experimental 

data later.  
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5.3.3.1 Determination of New Pre-Exponential Factor (A) 

The new A was determined in the same way with Ea. The autoignition timing 

determined from crank angle of 10% mass burnt rate (CA of 10% MFB) was 

derived to compared to the experimental data. 

 

Figure 40 Autoignition timing comparison for varied A 

From Figure 40, the new A turned out not necessary to be calculated since the 

current lowest A value coincidentally matched the autoignition timing of the 

experiment. The lowest A of the current comparison of 1.8 × 10:D then became the 

new A value for the simulation. 
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5.3.3.2 New Pre-Exponential Factor (A) 

 

Figure 41 Temperature profile from new A 

From Figure 41, it can be seen that new exponential factor (A) yielded a more 

accurate temperature profile. The temperature rise became closer to the 

experimental study. The shape of temperature curve resembled the experimental 

temperature more although the peak and overall temperature was slightly lower.  
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Figure 42 Pressure profile from new A 

Figure 42 reinforced an improvement of the model. The excessively high pressure 

peak from the original model had been eliminated. The sharp rise of pressure from 

new model retarded to be closer to the experiment. The new pressure profile 

resembled the experimental data more despite some mismatch of rising and 

dropping near TDC. The overall pressure was still slightly higher than the 

experimental data. 
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5.3.4 Comparison Between Original and New Models 

Table 4 Comparison between original and new models 

Case A n Ea 
(kcal/mol) Ea/R (K) a b 

 Original 
7.20E+12 

0 

40 2.0129E+04 

0.25 1.5 Modified Ea 42.67 2.1472E+04 

Modified A 1.8E+12 40 2.0129E+04 

 

 

Figure 43 Temperature profile from original and new models 

From Figure 43, the both models from new activation energy (Ea) and new pre-

exponential factor (A) yielded more accurate temperature profiles than the original 

model. The temperature rise of the optimal A model was more retarded than the 

one from optimal Ea model.  However, the optimal A model gave a better slope of 

temperature rise. The optimal Ea model yielded a too steep temperature rise but at 

the more precise timing than the optimal A model. 
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Figure 44 Pressure profile from original and new models 

Figure 44 reinforced the more accurate pressure profile from both 2 new models 

compared to the original model. Pressure profile of both models resembled the 

experimental study despite some mismatch before TDC. The pressure profile also 

agreed with temperature profile that optimal A model gave a less steep heat release 

than optimal Ea model.  

There was some acceptable discrepancy between simulated pressures and 

experimental pressure. This may be due to the single-step mechanism which can 

represent the combustion to a certain accuracy. In the practical HCCI combustion, 

there are many intermediate species which play important role in heat release 

according to a detailed mechanism study [14]. In different stages of combustion, 

the species affect heat release in different ways. A detailed mechanism may be able 

to reduce the discrepancy. 
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5.3.4.1 Temperature Sensitivity of the New Models 

From the reaction rate equation (33), with temperature order of 0 and the species 

term grouped, the reaction rate can be expressed as equation (42). The term that 

contains variable A and Ea is then investigated at a range of interested temperature 

to explain the difference of temperature rise between 2 new models. 

𝑘 = (𝐴 × 𝑒ä
Ûé
Ùı) × (𝑠𝑝𝑒𝑐𝑖𝑒𝑠	𝑡𝑒𝑟𝑚).  (42) 

 

Figure 45 Effects of temperature on reaction rate term of modified Ea and modified A case  

From Figure 45, it can be seen that reaction rate of modified Ea case appears to be 

higher than modified A case for the whole range of temperature. This supports 

Figure 43 from last section that modified Ea case had a steeper temperature rise 

than the modified A case from 0° to 10° crank angle. 
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Chapter 6 

Conclusion 

6.1 Conclusion  

The goal for this study is to study effects of reaction rate factors to improve the 

accuracy of HCCI combustion simulation on KIVA3V. Amsden [28] proposed a 

single-step global mechanism as a model for combustion in KIVA3. The fuel 

library from KIVA3 was obtained from Westbrook’s study [1]. This model works 

well with spark ignition combustion in a certain range of equivalent ratio. 

However, HCCI combustion has a different characteristic due to autoignition 

activity and high residual gas content. The original model overpredicted the 

reaction rate causing excessively advanced the autoignition timing. This indicated 

that reaction rate calculation needed to be modified to suite the conditions of HCCI 

combustion. 

Two cases of modified reaction rate were achieved, one case with an increased 

activation energy another case with a decreased pre-exponential factor. The 

accurate autoignition timing was achieved. The pressure and temperature profile 

from both new reaction rates were investigated to be in an acceptable range. 

The difference between the two cases has been observed. Reducing reaction rate by 

modifying pre-exponential factor (A) gave a steeper temperature and pressure rise 

than modifying activation energy (Ea) due to the temperature sensitivity of the 

reaction rate.  
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6.2 Scope for future 

The future research can be applying this work to a spark-assist HCCI instead of a 

non-spark HCCI. Besides, a detailed mechanism may be performed to enhance the 

accuracy. Moreover, since in this study, moving valves had not been applied due to 

the lack of valves data. If the moving valves can be applied, more accuracy in 

temperature and pressure profiles may be obtained.  
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