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ABSTRACT 

 A CFD model of a HATZ diesel engine was developed for the purpose of simulating low 

temperature combustion (LTC) of surrogate diesel fuels for the Fuels for Advanced Combustion 

Engines (FACE).  Initial validation of the model was performed using n-heptane data from a 

single cylinder HATZ diesel engine.  N-heptane was initially chosen for several reasons: (1) 

several well validated mechanisms are available, (2) there is a wealth of data for n-heptane 

ranging from constant volume to engine experiments, (3) n-heptane is also used as the simplest 

representative of diesel fuel, because of the similarity in cetane numbers resulting in ignition 

characteristics (e.g. ignition delay) that are representative of diesel fuel without the added 

complexity of modeling several hundred components.  Simulations were run with both a detailed 

n-heptane mechanism and several reduced mechanisms to determine the suitability of using a 

reduced mechanism and ensure that the main ignition characteristics were captured.  Due to the 

computational time, CFD combustion models are limited to using a reduced version of the 

detailed mechanism.  It was found that a 173 species n-heptane mechanism predicts start of 

combustion (SOC) within 0.5 crank angle degrees of the detailed 561 species mechanism.  The 

173 species mechanism required 27 hours of computational time to reach the end of the 

simulation whereas the 561 species detailed mechanism required 41 hours of computational time 

under the same conditions.  There were two additional reduced mechanisms that were used 

which contained 85 species and 35 species and were used with reasonable accuracy with a 

computational time of 8 hours and 2 hours, respectively.  Due to the varying physical and 

chemical properties of the FACE surrogates, a sensitivity analysis of the effects of the physical 

properties was conducted by changing the n-heptane physical properties to n-hexadecane 

physical properties while keeping the chemistry the same.  As expected, when the fuel properties 
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of n-hexadecane (which is less volatile than n-heptane) were assigned to the n-heptane 

chemistry, SOC was delayed and the net heat release rate was reduced.  This is mainly due to the 

droplets requiring more time for evaporation and less of a premixed combustion phase along 

with combustion occurring later in the cycle.  

The FACE fuels were developed to fulfill the need for research grade fuels that are able 

to represent common refinery stream fuels [1]. Due to the FACE fuels consisting of hundreds of 

fuel components and the lack of availability of a chemical mechanism for some of the fuel 

components make it extremely difficult to model these fuels in a full-scale engine model.  Thus, 

surrogates are required for the FACE fuels as well as a reduced mechanism capable of capturing 

the chemical reactions of each individual fuel component.  A detailed diesel mechanism was 

reduced from 4016 species to a single chemical mechanism with 1046 species to match the 

characteristics of the surrogates for the FACE fuels 1, 3, 5, 8, and 9.  The surrogates were used in 

simulation because they experimentally behave the same as the FACE fuels, and they only 

contain 4-7 species, compared to the hundreds of species found in the FACE fuels. Using the 

single chemical mechanism to represent the five surrogates FACE fuels it was found that 200oC 

of air preheat was required to achieve autoignition in the HATZ model compared to the 100oC of 

air preheat required experimentally.  Initial runs have found that there were similar trends 

between the FACE fuel surrogate experiments and simulations for the respective fuels.  Future 

work will require improvements on the single chemical mechanism to represent the five 

surrogate FACE fuels.   
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CHAPTER 1:  INTRODUCTION 

The effects on air quality caused by CO, NOx, unburned hydrocarbons (UHC), and soot 

are an issue that has been becoming more important with the increase in economic growth of 

developing nations [2].  Near the time of the 2008 Beijing Olympics, privately owned vehicles 

were only permitted to drive on certain days to try to mitigate the emission levels produced by 

the 3 million motor vehicles in the area [3].  This method reduced CO and NOx present during 

and after the Olympics by 44.5% and 49.0%, respectively [3].  Not permitting people to drive is 

a rather drastic measure to improve air quality, so it would be beneficial to be able to operate 

vehicles that naturally produce fewer harmful emissions than what is currently available.  The 

goals of this project will help aid in developing technology in automotive transport that will 

make it possible to continue to use fossil fuels, but in a cleaner manner.  The procedure of the 

work that was performed will also be outlined in this section.  

  1.1 Topic and Purpose 

 The need for clean running vehicle engines has been apparent for many years.  In the mid 

1960’s, California was the first state to impose emissions regulations on gasoline engines [4].  

Automotive engine design has improved significantly over the past 40 years due to the 

advancements in engine control strategies.  As more people around the world continue to use 

fossil fuel powered vehicles, in developing nations as well as in the United States, there is a more 

apparent need for the cleanest possible exhaust gasses possible as well as engines that consume 

less and less fuel.   

A great example of this became visible to the world during the 2008 Olympics in Beijing.  

The air prior to the events contained unacceptable levels of ozone and particulate matter, so the 

government enforced several restrictions that included only allowing private vehicles to only 
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drive on odd or even days based on what was the last digit of the license plate [3].  As a 

developing country, China is becoming one of the largest automobile producers, and automobile 

ownership is being encouraged [2].  Though petroleum consumption only accounts for 21.0% of 

China’s energy usage, it contributes a significant amount of ozone, particulate matter, and urban 

smog [2].  

Pollution effects caused by automotive transportation (ozone, urban smog, etc.) has 

inspired a demand for engines that have enough power to propel a vehicle but do not create such 

a serious environmental issue [5].  Advanced combustion engines, such as homogeneous charge 

compression ignition (HCCI) engines, are a type of low temperature combustion engines that 

produce a greatly reduced NOx and particulate matter emissions [6].  These engine types as well 

as other types of low temperature combustion engines can be one of the solutions to the growing 

demand for personal automobiles around the world.  Not only do low temperature combustion 

engines have cleaner exhaust gases, but also the leaner fuel charges also result in reduced fuel 

consumption.  Lean fuel charges also result in reduced CO formation [7]. 

1.2 Project Description and Goals 

 The project that will be discussed in this thesis will be looking specifically at a single 

cylinder HATZ diesel engine.  This engine is running under low temperature combustion (LTC) 

type mode.  The main goal of this project is to develop a combustion model of the HATZ engine 

capable of accurately predicting the start of combustion, and can be used to study the relative 

effects of fuel composition on engine performance and emissions using the n-heptane and FACE 

fuels.  The model was developed using a computational fluid dynamics (CFD) software, called 

FORTE (Reaction Design), to compare with experimental engine data using n-heptane and 

FACE fuel surrogates.  FORTE was chosen because of its ability to run complex chemistry 



 3 

simulations in a reduced amount of computational time compared to other CFD packages.  It also 

uses a proprietary auto-meshing algorithm that reduced solution grid dependence.  The n-heptane 

fuel is simple compared to typical refinery stream diesel fuels and will therefore offer insight to 

the engine performance with more complex fuels.  Recently, there has been a development of 

research grade fuels that represent a broad range of diesel fuels (such as diesel #2, #4 and #7) 

that are produced in typical refineries [1].    These Fuels for Advance Combustion engines 

(FACE) will be discussed in more detail in section 2.3  FACE Fuels and Surrogates.  The diesel 

FACE fuels have complex compositions with over 100 components to accurately represent the 

fuels produced at the refinery stream.  The large number of components results in extremely long 

computational times, which prevent any reasonable calculations from being performed.  

Therefore, surrogate fuels were also developed for these fuels, which only contain 4-7 

components.  The end goal was to develop a chemical mechanism that can accurately represent 

the FACE fuel surrogates 1, 3, 5, 8, and 9 which each represent fuels with different volatility, 

cetane number, etc.  The purpose of this is to be able to predict engine performance such as peak 

temperature, peak pressure, and start of combustion (SOC).  This will allow for the optimization 

of engine control strategy for low temperature compression ignition cycles. 

1.3 Methodology 

Engine experiments using n-heptane, the FACE fuels, and the FACE fuel heat transfer 

surrogates (HTS) were performed using a single cylinder HATZ diesel engine at the Oak Ridge 

National Laboratory (ORNL) engine laboratory.  At this facility the engine was attached to a 

bench with a smoke meter, dynamometer, intake air heater, a pressure transducer, 

thermocouples, a gas analyzer, and AVL IndiCom and Boost systems.  The fuels tested in the 

engine were the FACE fuels 1, 3, 5, 8, and 9 (which will be described in more detail in section 
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2.3  FACE Fuels and Surrogates) along with their corresponding surrogates.  This was done to 

confirm that the surrogates behave the same as the FACE fuels in the engine.  Experiments using 

pure n-heptane were also run since it is often used as a reference fuel.   

FORTE simulation models were developed using three different chemical mechanisms, 

which were all used to try to match experimental results of the n-heptane fuel.  These 

mechanisms were each run using n-heptane as fuel with the physical properties of n-heptane and 

then again with the physical properties of n-hexadecane.  Varying the physical properties certain 

chemical reactions occur slowly as the chemical mechanisms provided insight as to the 

importance of each parameter in predicting Start Of Combustion SOC.  It is desired to obtain a 

single diesel mechanism that can predict the behavior of each of the mentioned HTS, so a 

detailed diesel chemical mechanism, which contained most of the HTS components, was 

reduced.  The reduction was performed with Chemkin and was bound to keep all components of 

each surrogate and all chemistry needed to match SOC with the detailed mechanism within a 

specified tolerance in an idealized Chemkin simulation of each surrogate.  The newly developed 

mechanism was then run for each of the surrogates under experimental operating conditions in 

the FORTE model. 
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CHAPTER 2:  THEORY 

Knowing how different emissions species are created during the combustion process can help 

in the design of engines and/or engine control strategies that help minimize those species that can 

be harmful to people and the environment.  It is also important to have a deep understanding of 

the combustion process on an analytical level as well so how much of each of the species is 

actually present during or after the combustion process.  This information can then be fed into 

computational software that is capable of solving such an intense problem.  The composition of 

the fuel can make a model require a large amount of computational time if it contains many 

components.  Computational time increases significantly with species.  Typical petroleum fuels 

are composed of thousands of different species that would be extremely difficult to exactly 

replicate in a model.  One way around this is to use surrogates of these fuels that behave the 

same way in an engine, but are made up of many fewer components. 

2.1 Formation of Undesirable Emissions 

The reaction products that are receiving the most attention through this project are carbon 

monoxide (CO), nitric oxide (NO), nitrogen dioxide (NO2), carbon dioxide (CO2), soot, and 

unburned hydrocarbons (UHC).  The term NOx will be used to describe the presence of both NO 

and NO2 in the products of a reaction.  Before discussing exactly how these products are formed, 

it could be helpful to understand a few basic concepts of chemical kinetics.  Chemical kinetics, in 

general, can be described as the study of chemical reactions and their rates [8].  This field is of 

great importance to the understanding of automotive emissions and how they are formed.  With 

the understanding of how certain pollutants are formed, the conditions such as temperature and 

pressure within an engine can be manipulated such that certain chemical reactions occur slowly 

enough that a much smaller fraction of pollutants are formed than there may be otherwise.   
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It can be computationally intensive to simultaneously solve the chemistry and fluid dynamics 

in an engine simulation [8].  To reduce the computational time, detailed chemical mechanisms 

are often reduced by cutting out some of the intermediate reactions that my not play as important 

a role in obtaining an accurate result.  Chemical mechanisms can be reduced using software 

algorithms that remove reactions and test simplified problems to see if the solution remains 

within the tolerance when compared to the full chemistry solution. 

2.1.1 NOx Formation 

NOx is the term that is usually used for the presence of the nitrogen oxides NO and NO2.  

These oxides are produced by four known mechanisms (or chemical reaction pathways).  These 

are the Zeldovich, Fenimore, N2O-intermediate and NNH mechanisms.  The Zeldovich 

mechanism is also known as the thermal NOx mechanism because it only has a significant impact 

on NOx emissions at high temperatures above approximately 1800 K [9].  Its reactions are shown 

below [9]: 

 𝑂 + 𝑁! ⇔ 𝑁𝑂 + 𝑁 (N.1) 
 

 𝑁 + 𝑂! ⇔ 𝑁𝑂 + 𝑂 (N.2) 
 

 𝑁 + 𝑂𝐻⇔ 𝑁𝑂 + 𝐻 (N.3) 
   
Its contribution is very small compared to the other mechanisms below 1800 K because one of 

the elementary equations that are involved (O+N2 → NO + N) has relatively high activation 

energy due to the N2 triple bond.  The forward rate coefficient for this reaction is 𝑘 𝑇 = 1.82 ∙

10!"𝑒𝑥𝑝 −38,370/𝑇 𝐾  [cm3/gmol-s] [9].  Plotting this coefficient as a function of 

temperature shows the extreme temperature dependence of this value. 
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Figure 2.1: Forward Rate Coefficient of (N.1 vs. Temperature) 

 
This plot shows that there is almost a full order of magnitude increase in the rate coefficient with 

every 200 K that is added to the system.  Plotting the actual NO formation rate, 𝑑 𝑁𝑂 /𝑑𝑡 = 2 ∙

1.82 ∙ 10!"𝑒𝑥𝑝 −38,370/𝑇 𝐾 𝑂 !" 𝑁! !", versus temperature, it becomes clear that the 

NO formation is only significant after about 1800 K [9].  This is shown in Figure 2.2, assuming a 

pressure of 1 atm and the fractions of oxygen and nitrogen are 𝜒𝑂 = 7.6 ∙ 10!! and 𝜒𝑁! =

0.726 (Note: the rate of NO uses concentration so mole fraction must be converted to reproduce 

Figure 2.2). 

The Fenimore mechanism is also known as the prompt mechanism because it produced at the 

flame front.  This mechanism is shown below [9]. 

 𝐶𝐻 + 𝑁! ⇔ 𝐻𝐶𝑁 + 𝑁 (N.4) 
 
 𝐶 + 𝑁! ⇔ 𝐶𝑁 + 𝑁 (N.5) 
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 𝐻𝐶𝑁 + 𝑂⇔ 𝑁𝐶𝑂 + 𝐻 (N.6) 
 
 𝑁𝐶𝑂 + 𝐻⇔ 𝑁𝐻 + 𝐶𝑂 (N.7) 
 
 𝑁𝐻 + 𝐻⇔ 𝑁 + 𝐻! (N.8) 
 
 𝑁 + 𝑂𝐻⇔ 𝑁𝑂 + 𝐻 (N.3) 
   
   

 
Figure 2.2: NO Formation Rate 

 
It is initiated by hydrocarbon radicals and occurs in all combustion mostly in fuel rich conditions.   

The N2O-intermediate mechanism contributes to NOx formation under low temperature 

conditions that are leaner than about ϕ=0.8 as well as high-pressure conditions seen in LTC 

engines and is shown below [9].   

 𝑂 + 𝑁! +𝑀⇔ 𝑁!𝑂 +𝑀 (N.9) 
 
 𝐻 + 𝑁!𝑂⇔ 𝑁𝑂 + 𝑁𝐻 (N.10) 
 
 𝑂 + 𝑁!𝑂⇔ 𝑁𝑂 + 𝑁𝑂 (N.11) 
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The NNH mechanism is much more newly discovered and occurs in combustion processes 

where the carbon to hydrogen ratio is high.  This mechanism is shown below [9]. 

 𝑁! + 𝐻 → 𝑁𝑁𝐻 (N.12) 
 
 𝑁𝑁𝐻 + 𝑂 → 𝑁𝑂 + 𝑁𝐻 (N.13) 
 
 

2.1.2 CO Formation  

Carbon monoxide is a product of hydrocarbon combustion when the carbon present in the 

fuel becomes oxidized.  Once the CO is present, it can be oxidized into carbon dioxide with the 

following mechanisms [9]. 

 𝐶𝑂 + 𝑂𝐻
!! 𝐶𝑂! + 𝐻 

(C.1) 
 

 𝐶𝑂 + 𝑂!
!! 𝐶𝑂! + 𝑂 (C.2) 

 
 
 
The reaction coefficients for these are 

 𝑘! 𝑇 = 1.17 ∙ 10! ∙ 𝑇 𝑘 !.!" ∙ 𝑒𝑥𝑝 3000/𝑅!𝑇 𝐾  (2.1) 
and 

 𝑘! 𝑇 = 2.50 ∙ 10!" ∙ 𝑒𝑥𝑝 −200,000/𝑅!𝑇 𝐾  (2.2) 
 

 
Where Ru equals 8.315 [J/gmol-K] and the units of the coefficients are [cm3/gmol-s].  The 

chemical time scale calculation can help to quantify these reactions.   

 𝜏!!!" =
𝑙𝑛 𝑒 + 1− 𝑒 𝐴 !/ 𝐵 !

𝐵 ! − 𝐴 ! 𝑘!"#$!"#
 (2.3) 

 
Plotting the chemical time for these reactions with 𝜒𝐶𝑂 = 0.011, 𝜒𝑂𝐻 = 3.68 ∙ 10!!,  𝜒𝑂! =

6.43 ∙ 10!!, and pressure of 1 atm results in the following. 
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Figure 2.3: CO Oxidation Time Scales 

 
Figure 2.3 shows that the CO+ O2 reaction is negligible anywhere near approximately 1400 K.  It 

is for this reason that 1400 K is often used as rule of thumb for the threshold of this reaction.  On 

the other hand, CO reacts with OH without a temperature threshold on this range. 

2.1.3 Sooting 

Soot is formed when the soot precursor species are formed in fuel rich regions in a combustion 

chamber where these species are not easily oxidized [10][11][12].  This is followed by particle 

inception [13][14][15][16].  These particles collect together to form larger agglomerate to form 

much larger particles [13][14][15][12]. Sooting is much more of a problem in diesel engines then 

in SI engines because they operate under non-premixed conditions, which result in the formation 

of fuel rich pockets [12][16].  When there is excess fuel, insufficient oxygen does not allow fuel 

oxidation, but does cause the thermal decomposition of the fuel. When these carbon particles are 

not oxidized they bunch together into particulates that then get pushed into the exhaust stream 
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[13][12].  An example would be if a diesel truck were to accelerate and exhaust a large black 

cloud.  What are really being seen are the particles of soot that have agglomerated and become 

visible when in a large quantity.  Diesel engines are especially susceptible to this because 

although the combustion is usually globally lean, the directly injected fuel process leads to 

insufficient mixing of the fuel and air to form very rich pockets that are difficult to completely 

oxidize [10][16].  SI engines do not soot as much because the   well-mixed air-fuel charge is 

better mixed so there are few if any locally rich conditions that allow for sooting [17].  NOx 

production is a more common emission of SI engines because of the higher temperatures [16].  

2.1.4   Unburned Hydrocarbons 

Unburned hydrocarbon (UHC) emissions can contain species that become airborne toxins 

such as low-level ozone.  Many of these emission components are carcinogenic and may lead to 

reproductive effects [18].   Although running a diesel engine under lean conditions should allow 

for enough air to offer complete combustion, lean engine operation has UHC formation for a 

couple of reasons.  An overly lean environment within the combustion chamber will reduce 

flame speed that may result in incomplete fuel consumption.  Since the flame does not propagate 

as easily, thermochemical decomposition, and/or partial oxidation of fuel can occur [10][19][20].  

This mechanism is most relevant under low load situations when excess air is great [10][20].  

Rich conditions near the injector where insufficient mixing is present also cause UHC [21].  

There are other mechanisms associated with diesel engines that can result in UHC; they are wall 

quenching and fuel dribble from the volume between the injector valve seat and the hole exposed 

to the combustion space such as the nozzle sac volume [20]. 
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2.1.5   Solving the Chemical Kinetics Problem 

The general automotive combustion can be expressed in its simplest form as the combination 

of the fuel used to run the engine with the oxygen present in the ambient air to form the products 

that make up the exhaust gases.  This is show below   

 𝐹 + 𝑎𝑂𝑥 → 𝑏𝑃𝑟 (2.4) 
Turns [8] describes the global rate of change of the mole fraction of fuel present in the 

system as the global reaction mechanism that is seen in below. 

 𝑑 𝑋!
𝑑𝑡 = −𝑘! 𝑇 𝑋! ! 𝑋!" ! (2.5) 

Where kG can be expressed as 

 𝑘! 𝑇 = 𝐴𝑒!
!!

!!! (2.6) 

This rate is described in terms of the global rate coefficient kG, the mole fractions of the fuel and 

oxidizer (XF and XOx, respectively), and the reaction order exponents, n and m.  The global 

reaction rate coefficient is highly temperature dependent and must be accounted for under 

different operating conditions.  This term, as well as the reaction order terms, is determined by 

curve fitting experimental data.  Some of these values are shown below in Table 2.1. 

Table 2.1: Some Single Step Reaction Rate Parameters [9] 

Fuel Pre-Exponential 
Factor, A 

Activation Temperature, 
EA/Ru (K) m n 

CH4 8.3∙105 15,098 -0.3 1.3 
C2H6 1.1∙1012 15,098 0.1 1.65 
C3H8 8.6∙1011 15,098 0.1 1.65 
C4H10 7.4∙1011 15,098 0.15 1.6 

   C5H12 6.4∙1011 15,098 0.25 1.5 
   C6H14 5.7∙1011 15,098 0.25 1.5 
   C7H16 5.1∙1011 15,098 0.25 1.5 
   C8H18 4.6∙1011 15,098 0.25 1.5 
   C9H20 4.2∙1011 15,098 0.25 1.5 
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The problem with global reaction mechanism equations is they do not account for 

intermediate species that occur in the system.  A relatively simple example of global reaction is 

the H2-O2 system.  To simply oxidize hydrogen with oxygen, there are still 20 different 

reactions for the mechanism that is still not the most detailed available.  These reactions are 

listed below [9]. 

 𝐻! +𝑀 → 𝐻 + 𝐻 +𝑀 (Very high temperatures) (H.1) 
 
 𝐻! + 𝑂! → 𝐻𝑂! + 𝐻 (Other temperatures) (H.2) 
  
 𝐻 + 𝑂! → 𝑂 + 𝑂𝐻 (H.3) 
 
 𝑂 + 𝐻! → 𝐻 + 𝑂𝐻 (H.4) 
 
 𝐻! + 𝑂𝐻 → 𝐻!𝑂 + 𝐻 (H.5) 
 
 𝑂 + 𝐻!𝑂 → 𝑂𝐻 + 𝑂𝐻 (H.6) 
 
 𝐻 + 𝐻 +𝑀 → 𝐻! +𝑀 (H.7) 
 
 𝑂 + 𝑂 +𝑀 → 𝑂! +𝑀 (H.8) 
 
 𝐻 + 𝑂 +𝑀 → 𝑂𝐻 +𝑀 (H.9) 
 
 𝐻 + 𝑂𝐻 +𝑀 → 𝐻!𝑂 +𝑀 (H.10) 
 
 𝐻 + 𝑂! +𝑀 → 𝐻𝑂! +𝑀 (H.11) 
 
 𝐻𝑂! + 𝐻 → 𝑂𝐻 + 𝑂𝐻 (H.12) 
 
 𝐻𝑂! + 𝐻 → 𝐻!𝑂 + 𝑂 (H.13) 
 
 𝐻𝑂! + 𝑂 → 𝑂! + 𝑂𝐻 (H.14) 
 
 𝐻𝑂! + 𝐻𝑂! → 𝐻!𝑂! + 𝑂! (H.15) 
 
 𝐻𝑂! + 𝐻! → 𝐻!𝑂! + 𝐻 (H.16) 
 
 𝐻!𝑂! + 𝑂𝐻 → 𝐻!𝑂 + 𝐻𝑂! (H.17) 
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 𝐻!𝑂! + 𝐻 → 𝐻!𝑂 + 𝑂𝐻 (H.18) 
 
 𝐻!𝑂! + 𝐻 → 𝐻𝑂! + 𝐻! (H.19) 
 
 𝐻!𝑂! +𝑀 → 𝑂𝐻 + 𝑂𝐻 +𝑀 (H.20) 
 

This system could become a system of 40 reactions under certain temperature and pressure 

ranges because the reverse reactions could start to play a role.  A global reaction rate for a 

hydrogen oxidation reaction could be written in the form of Equation (2.5), but in reality, many 

of these reactions listed above will really be occurring to oxidize hydrogen.  A global reaction 

rate coefficient would really be a summation of the effects of all of the individual reactions.  It 

may be equivalent to the following. 

 

𝑑 𝑋!
𝑑𝑡 = −𝑘!! 𝑋! !! 𝑋! !! − 𝑘!! 𝑋! !! 𝑋! !!…

+ 𝑘!! 𝑋! !! 𝑋!
!! − 𝑘!! 𝑋!

!! 𝑋! !!… 
(2.7) 

In engine studies it is very important to account for as many of the elementary reactions as 

possible in order to accurately predict things such as emissions concentrations.  Otherwise, there 

would be no way to track what species are present at various times of the cycle, nor the exhaust 

compositions at various engine speeds.   

 The FORTE engine simulation tool uses a set rate equations that are similar to the basic 

global formation equation discussed above, but contain a few more variables. FORTE has an 

improved level of accuracy and simulation time reduction as great as two orders of magnitude 

when compared to conventional software. FORTE uses three general equations to express the 

chemical kinetics [22].  First individual reactions can be expressed by the following. 

 𝑣′!"𝜒!

!

!!!

⇔ 𝑣′′!"𝜒!

!

!!!

           𝑖 = 1,… , 𝐼  (2.8) 
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In this equation, v’ and v’’ describe the stoichiometric coefficients of the reactants and products, 

and the ki subscripts describe a position in the matrix that is formed from the set of equations in a 

reaction set [8].  The production rates can then be described as    

 𝜔!" =    𝑣′′!" − 𝑣′!" 𝑞!            𝑘 = 1,… ,𝐾  (2.9) 

where  

 𝑞! =   𝑘!" Χ! !!!"
!

!!!

− 𝑘!" Χ! !!!!"
!

!!!

           𝑖 = 1,… , 𝐼  (2.10) 

The rate coefficients still come from the expanded Arrhenius form equation.   

 The chemistry solver within Forte requires the fuel chemical mechanism to be input as a 

data file that contains the reaction rates and thermo properties.  This file will consist of all of the 

elements species, reactions, and numerical details of each of these items.  

2.1.6 Low Temperature Autoignition Chemistry 

There are several important reactions that drive low temperature combustion chemistry.  

First, the chain reaction types will be introduced.  A chain reaction is a reaction that produces 

radical species that then continue to react with other species to form additional radicals [8].   A 

chain initiating reaction is a reaction that breaks down a stable species to form radicals.  This can 

be done through a step such as: 

 𝐴! +𝑀  
!!
  𝐴 + 𝐴 +𝑀 (2.11) 

Where A2 is a stable species and A is a radical in this hypothetical scenario described by Turns 

[8].  Chain propagating reaction is where the radicals, such as A, react to form new radicals that 

go on to react as well [8]: 

 𝐴 + 𝐵!   
!!
  𝐴𝐵 + 𝐵 (2.12) 
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 𝐵 + 𝐴!   
!!
  𝐴𝐵 + 𝐴 (2.13) 

 

Where B and A are both radicals.  A chain terminating reaction is where radicals combine to 

form only stable products to end the series of reactions [8]. 

 𝐴 + 𝐵 +𝑀  
!!
  𝐴𝐵 +𝑀 (2.14) 

A chain branching reaction is where one radical is consumed in the initial reaction, but two 

radicals are formed in the products [8]. 

Low temperature autoignition is strongly influenced by the radicals that are caused by the 

chain propagation reactions such as the abstraction of hydrogen atoms from hydrocarbon fuel 

species.  This hydrogen atom is striped away form the main chain by OH and to a more limited 

extent by HO2, O, CH3, or even another hydrogen atom [23].  This new hydrocarbon radical 

known as an alkyl radical (which will be referred to as R) participates in further chain reactions.  

This alkyl radical often reacts with O2 to form an alkylperoxy radical, ROO [23].  The ROO 

radical can break apart to form an alkene and an HO2.  This species is relatively unreactive, but 

can form H2O2 that can be chain terminating in low temperature combustion, as it is stable up to 

1100 K [23].  Another path that the ROO radical can take is the internal hydrogen abstraction, 

which forms the hydroperoxyalkyl radical, which is denoted by QOOH [23].   

 

Figure 2.4: Hydroperoxyalkyl Radical Formation [23] 
 
The QOOH are generally thought to be central in autoignition chemistry because of its 

dominance in low temperature chain branching [23].  Figure 2.5 shows a reaction pathway for 
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the alkylperoxy radical under low temperatures.  It can also be seen that many of these pathways 

create the OH radical, which is one of the three key species found in premixed flame reaction 

zones [24].  These reactions are very important to the autoignition chemical process, but many of 

the intermittent species and partially oxidized products [23].   

 

Figure 2.5: Schematic Mechanism for Low-Temperature Hydrocarbon Oxidation and 
Autoignition Chemistry [23]. 

 

It has been observed that there is a two-stage ignition process that is often seen in low 

temperature kinetics.  The first stage is referred to as a low temperature heat release (LTHR) 

[25].  It is caused by the reaction of 𝑅𝐻 + 𝐻𝑂! →   𝐻!𝑂! + 𝑅.  This reaction is seen up to 

temperatures near 1000 K until the hydrogen peroxide starts to break down [25][23].  
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2.1.7 Kelvin-Helmholtz/Rayleigh-Taylor Breakup Model 

The model for spray breakup that is used is the Kelvin-Helmholtz/Rayleigh-Taylor breakup 

model.  This model starts by maintaining a liquid jet with a solid liquid core from which mall 

droplets break off.  After a breakup length L, there is a secondary breakup as shown in region B 

of Figure 2.6.   

  

 

Figure 2.6: KH/RT Breakup Model [22] 
 
The Kelvin-Helmholtz (KH) model uses a linear stability analysis of a liquid jet to model the 

breakup of the liquid jet [22].  Perturbation of the liquid jet causes the breakup to generate 

droplets.  After the breakup length, L, the Rayleigh-Taylor (RT) breakup model takes over.  This 

model uses the instability caused by two fluids with different densities are accelerated normal to 
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the interface between the fluids [22].  In the case of fuel injection into an engine, the acceleration 

is the reduced speed caused by the drag of air on the fuel. 

2.2 Advanced Combustion Engines 

 Advanced combustion engines such as homogeneous charge compression ignition 

(HCCI) and other low temperature combustion (LTC) engine types are gaining a lot of attention.  

These engine types are being studied because of their ability to achieve high thermal efficiencies 

as well as very low NOx and particulate matter exhaust [6][26][27].  HCCI engines are designed 

to operate with the well-mixed fuel and air charges found is a SI engine and the reduced NOx 

emissions associated with low temperature combustion.  These engine types are shown below in 

Figure 2.7. 

 
Figure 2.7: Engine Ignition Types [28] 

 

Standard diesel engines operate by injecting fuel in to the cylinder near the top of the 

compression stroke.  The high temperature and pressure of the compressed air causes the fuel to 

autoignite.  Due to the insufficient mixing of the air and fuel, there is a distribution of lean and 

rich air/fuel pockets.  The combustion process starts, but there are often high quantities of soot 

caused by these rich zones.  Typical SI engines run under premixed conditions.  This means that 
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the fuel and air are mixed together very early in the cycle to allow for a   well-mixed charge for a 

very smooth combustion event.  Near top dead center (TDC) of the compression stroke, a spark 

plug initiates the combustion process.  A flame kernel develops and creates a flame that spreads 

away from the spark event to consume the remaining fuel.   

Advanced compression ignition engines such as HCCI operate with high efficiency and use 

lean operation to help prevent sooting [26].  Premixed charge compression ignition (PCCI) is 

another type of advanced combustion engine type.  This method uses an injection that usually 

ends before TDC to help achieve premixed conditions [29].  It also runs with lean fuel charges to 

reduce temperatures for emissions control [30][31][32]. The lean charge also reduces the 

temperature that results in a reduced level of NOx emissions [6][26][10]. The well-mixed fuel 

and air mixture is compressed into the cylinder until autoignition. The difference is that the 

HCCI engine uses a very lean fuel mixture compared to a normal diesel, so there are reduced 

levels of soot, NOx, and CO [26].  This is very important that the mixture is lean, because 

knocking can occur and damage or destroy the engine.  This danger is present especially at high 

loads because the intense speeds can cause knocking [33][34].  Normal CI engines time the fuel 

injection to control SOC and SI engines use a spark to initiate combustion.  These advanced 

combustion engine types rely heavily on advanced chemical kinetics to initiate combustion.  

These kinetics are much more difficult to control compared to the traditional engine types. 

Another method LTC engines often utilize is the use of direct injection that occurs earlier and is 

leaner than standard diesel engines [6][14].  This allows for the locally rich region to initiate the 

combustion process.   

Emissions are a major driving force for these advanced combustion engines.  SI engines do 

not produce very much particulate matter or soot because there are not many rich pockets due to 
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the premixed fuel and air.  However the high temperature nature of this process produces a 

relatively high level of NOx emissions.  This can be seen in Figure 2.8.  The rich pockets that are 

developed do not allow for all of the fuel to be oxidized and large amounts of soot are often seen.   

 

Figure 2.8: Soot and NOx Emissions for Different Combustion Modes [16]  
 

LTC process operates under very lean conditions, which helps to reduce the level of rich 

pockets to allow for better fuel oxidation.  There are also reduced operating temperatures, which 

reduce the formation of NOx. 

A difficulty with the design of LTC engines is the combustion process relies heavily on 

chemical kinetics to initiate the combustion process.  In order to predict SOC accurately, the 

types of radicals present under the combustion conditions must be known with great accuracy as 

well as reaction rates and energy release.  It has been seen experimentally that the highest rates 

of heat release occur over about 2.6 ms after the start of injection.  This means that the chemistry 

is occurring very fast, so the production rates of the major species must be calculated quite 

accurately in order to get good results.  
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2.2.1 Heat Release Rate 

The purpose of knowing when ignition occurs is so that an accurate prediction of when the 

pressure rise will occur will provide information that can help control the engine while 

preventing damage. A good way to calculate when the ignition is occurring is by use of a heat 

release analysis.  According to Stone [35], the heat release analyses compute how much heat 

would have to be added to the cylinder to produce the appropriate rise in pressure at each point in 

the cycle. The heat analysis is performed using the 1st Law of Thermodynamics over the in-

cylinder control volume with no heat transfer.  Stone [35] starts the derivation with the 

expression of the heat released by combustion.   

 𝛿𝑄!! = 𝑑𝑈 + 𝛿𝑊 + 𝛿𝑄!! 
 (2.15) 

 
 

The 𝛿𝑄!! term is the heat transfer to the walls.  This equation is used under the assumption that 

the reactants and products are well mixed and that there are uniform properties and temperatures 

in the system.  Taking the derivative of the equation of state (pV =mRT), the result is: 

 𝑝𝑑𝑉 + 𝑉𝑑𝑝 = 𝑚𝑅𝑑𝑇 (2.16) 
 

The change in energy can be written as  

 𝑑𝑈 +𝑚𝑐!𝑑𝑇 (2.17) 

These equations can be combined to say 

 𝑑𝑈 =
𝑐!
𝑅 𝑝𝑑𝑉 + 𝑉𝑑𝑝  (2.18) 

Since 𝑝𝑑𝑉 is an expression for the change in work, the first Law equation can be rewritten as 

 
𝑑𝑄!!
𝑑𝜃 =

𝑐!
𝑅 𝑝

𝑑𝑉
𝑑𝜃 + 𝑉

𝑑𝑝
𝑑𝜃 + 𝑝

𝑑𝑉
𝑑𝜃 +

𝑑𝑄!!
𝑑𝜃  (2.19) 

Since the crank angle is the independent variable, the derivatives are written with respect to dθ.  

Using a semi-perfect gas assumption for the system, both cv and R are functions of temperature.  
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These values can be replaced with the knowledge that   γ = cp/cv and R = cp-cv.  After 

simplifying, equation (2.5) can be express as 

 
𝑑𝑄!
𝑑𝜃 =

𝛾
𝛾 − 1𝑝

𝑑𝑉
𝑑𝜃 +

1
𝛾 − 1𝑉

𝑑𝑝
𝑑𝜃 (2.20) 

where dQn/dθ is the net heat release rate that is found by subtracting the heat transfer rate, 

dQht/dθ,  out of the system from the heat released from the combustion process.  The net rate of 

heat release can then be used to predict when the start of combustion is occurring.  This is done 

by first integrating the curve of the heat release rate to find the net accumulated heat released.  

The points that are 10% and 50% up from the lowest point of the net heat released to the top are 

referred to as the CA10 and CA50 (referring to the crank angle position where these 10% and 

50% values occur) are often used to characterize when the start of combustion occurs [36].  

2.3  FACE Fuels and Surrogates 

 In 2006, the Department of Energy along with the Coordinating Research Council and a 

few other sponsors funded a project through several national laboratories to develop a set of 

research grade fuels [1][37][38].  Since different regions across the country do not have fuels that 

have the exact same composition, it is difficult to perform research and get results that could be 

compared across the board.  Since the fuels found at typical gas stations or other fueling 

providers is not going to allow for a research grade product, this fuel development was started.  

The fuels are called Fuels for Advanced Combustion Engines, or FACE fuels.  The National 

Renewable Energy Laboratory (NREL) describes that the objective of this project is:  

 To develop, characterize, and recommend research fuel sets that can be used broadly 
in research efforts to provide tie-points between these efforts that will further 
increase the understanding of fuel property impacts on advanced combustion 
processes, their efficiency and their emissions. [16] 
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This project resulted in a set of diesel fuels that are available in quantity, are designed based on 

typical refinery streams, and will not behave differently in different regions.   

 

Figure 2.9: FACE Fuel Diagram [16] 
 

The diagram above shows a diagram that describes the different diesel blends that were 

developed. It was chosen that the cetane number, the aromatic content, and the T90 values would 

offer a set of fuels that would cover the spread of behaviors seen in available diesel type fuels.   

The cetane number quantifies the ability of the fuel to autoignite; the higher the cetane 

number, the easier combustion occurs when the fuel is compressed.  This parameter is important 

because it plays an important role in when a fuel will ignite in an engine, and it affects SOC.  

Aromatic content describes what percentage of the fuel is made up of benzene like rings that 

contain six carbon atoms.  These components affect how much soot or particulate matter may be 

present in the exhaust.  The T90 number is a quantification of volatility; it describes the 

temperature at which 90% of the fuel is in vapor state.  
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The FACE fuels make it possible to compare experimental data between research groups, but 

they are difficult to model due to the numerous components within the fuels.  The FACE fuels 

are made up of hundreds of fuel compounds that make them very difficult to simulate with 

computer models.  This difficulty comes from the lack of chemical mechanisms that are detailed 

enough to contain all of the species present, the complexity of cross reactions between the fuel 

components, and the large number of fuel species requires a significant amount of computational 

time.  To help alleviate this issue, surrogates were developed for these FACE fuels so that their 

engine behavior would be the same, but the fuel composition would be much simpler.  

Table 2.2: FACE Fuel and Surrogate Comparison [37] 

 

These surrogates were developed by matching some of the parameters of the FACE fuels with 

the blends that made up the respective surrogate.  They are listed in Table 2.2.  It can be seen that 

these variables are not all exactly matched between the FACE fuels and the surrogates, but the 

values are quite close.  The components of the surrogates are also reduced to between four and 

seven components (compared to the FACE fuels which contain over 100 species).  This is a very 

reasonable number of components to run in a computer simulation.  The compositions are listed 

below (Data provided by ORNL). 
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Table 2.3: FACE Fuel Surrogate Composition 
SURROGATE NUMBER AND VOL %  

COMPOUND 1 3 5 8 9 
Decahydronaphthalene 10.9 22.8 28.1 0 24.6 
n-Decane 15.2 0 0 0 0 
n-Eicosane 0 0 0 43.7 0 
Heptamethylnonane 47.5 26.2 16.3 18.6 14.6 
n-Dodecane 3.7 0 0 0 0 
Methylcyclohexane 5.3 0 0 7.2 5.3 
Toluene 2.7 0 0 0 0 
n-Propylbenzene 14.7 27.7 9.8 0 5.3 
n-Tetradecane 0 14.8 44.8 0 33.6 
1-Methynaphthalene 0 8.5 1.1 30.6 16.7 

 

The eleven components listed in Table 2.3 are what make up each of the surrogate fuels and the 

percent composition by volume is listed for each surrogate.  Surrogates 1, 3, 5, 8, and 9 are what 

are focused on in this thesis so they are the only ones that are listed.   

2.4 Experimental Setup 

Oak Ridge National Laboratory (ORNL) performed the experiments described in this thesis.  

A HATZ 1D50Z single cylinder direct injection 4-stroke diesel engine was used to test the 

FACE fuels, surrogates, and n-heptane fuels. The engine data is listed in the experimental setup 

consists of the engine, which is shown, in Figure 2.10.  The engine’s exhaust is connected to a 

smoke meter to measure soot levels.  

Table 2.4: Engine Parameters 
Variable Value Units 

Displacement 517.29 cc 
Bore 9.7 cm 

Stroke 7 cm 
Compression Ratio 20.5:1 - 
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Figure 2.10: Experimental Setup Containing Engine and Data Acquisition Tools 
 
There is also a belt drive dynamometer hooked up to the engine output shaft.  The air entering 

the engine first runs through a preheater to ensure the autoignition temperatures are reached 

when the cycle reaches TDC.  There are also various pressure transducers and thermocouples 

throughout the system to measure intake temperature, as well as the engine cylinder and head 

temperatures.  The fuel flow rate was also monitored and recorded as it flowed through a tube 

before the fuel entered the motor.  All of the experiments run in this apparatus that will be used 

for this project were run at or very near to 1800 RPM.  The emissions composition was also 

analyzed, and the quantities were recorded.  The pressure traces and emission compositions are 

the variables that are being simulated for comparison to the experimental values.   
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2.5 Surrogate Verification 

 The ultimate goal of this project is to simulate combustion in the HATZ diesel engine 

with the ability to predict SOC and exhaust emissions for a wide range of fuels.  The particular 

fuels of interest are n-heptane because it is a reference fuel, and the FACE fuel surrogates.  In 

order to model the FACE surrogate fuels, a chemical mechanism for these fuels is required.  

Currently there are no chemical mechanisms for the FACE fuels of interest in this study.  Part of 

this study is to develop a chemical mechanism for the FACE surrogates that can be run to 

accurately predict SOC, emissions, etc.  First it is important to verify that even if this goal is met 

the surrogates will actually run in the engine with the same behavior as the FACE fuels 

themselves.  Once the surrogates were designed, there needed to be comparison between the 

surrogates and FACE fuels to verify the suitability of the surrogates as a substitute for the actual 

FACE fuels. 

 FACE fuels 1, 3, 5, 8 and 9 as well as their respective surrogates were tested in the single 

cylinder HATZ diesel engine.  Each of the FACE fuels and surrogates were run in the engine 

under the same condition.  The in-cylinder pressure traces for FACE 5 and surrogate 5 are almost 

identical as seen in Figure 2.11.  The FACE fuel pressure trace is labeled FACE 5 and the FACE 

5 surrogate is labeled HTS 5.  FACE 5 and surrogate 5 pressure traces had the best agreement for 

the FACE/surrogate comparisons.  However, even the worst magnitude match between the fuels 

still had only about a 4% error between the FACE and surrogate fuels at the peak pressure as 

seen with FACE 1 and surrogate 1 in Figure 2.12.  FACE 1 reaches the higher peak pressure.  

The surrogate 1 pressure trace is labeled HTS 1 and is the lower pressure.  Figure 2.11and Figure 

2.12 are the best and worst cases.   
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Figure 2.11: FACE 5 and Surrogate 5 Experimental Comparison 

 

 
Figure 2.12: FACE 1 and Surrogate 1 Experimental Comparison 

 
All of the other FACE and surrogate comparisons fall in between the error seen in these 

experiments.  FACE and surrogate 3 are very close in magnitude, but differ slightly in timing. 

The remaining pressure traces are below. This information confirms that the surrogate fuels will 

be capable of predicting FACE fuel behavior within an acceptable error for all of the fuels that 

are of concern for this project. 
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Figure 2.13: FACE 3 and Surrogate 3 Experimental Comparison 

 

 
Figure 2.14: FACE 8 and Surrogate 8 Experimental Comparison 

 

 
Figure 2.15: FACE 9 and Surrogate 9 Experimental Comparison 
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CHAPTER 3:  COMPUTATIONAL FLUID DYNAMIC SIMULATION 
 Computational fluid dynamic (CFD) simulation has become a very important resource to 

research groups.  It offers cost effective means of simulating fluid flows under different 

situations without having to alter what may be a very expensive experimental setup [39].  CFD 

also allows for design optimization that can be done by varying whatever parameter is desired.  

This can then be verified in one experimental setup rather than purchasing equipment to test all 

of the variations of the design.  This section will describe what parameters of the experimental 

setup were directly measured and used as initial and boundary conditions for setting up the CFD 

model to reduce simulation error.  The methods used to acquire this information as well as why 

each of these measurements is important will be discussed.  The software, FORTE, that was 

chosen for this project will be introduced and an explanation for why it is important will be 

given.  Next, the starting point for the simulations will be explained, and then a detailed 

description of the model setup and parameters will be given so that the simulations can be 

exactly reproduced for future studies, or these studies can be reproduced in a different software 

while keeping most if not all of the parameters the same. 

3.1 Measurements of Experimental Setup 

To increase the accuracy of the HATZ simulations, as many of the actual experimental 

boundaries were measured as within reason.  These measurements along with documented 

specifications from the manufacturer were used to create a complete model with very few 

assumptions.  Since one objective of this project is to create a chemical mechanism that can 

represent the FACE fuel surrogates, the only way to confidently pinpoint any errors in the 

chemical mechanism is to minimize errors associated with the initial and boundary conditions in 

the physical setup.    
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3.1.1 The Injection Profile 

 The fuel injection is a very important parameter of the CFD model because the fuel 

breakup and evaporation affects the fuel and air mixture.  The fuel and air mixture effects flame 

speed and emissions [20].  To minimize error with this it is desired that an accurate injection 

profile be produced. To get this information, a Bosch style rate of injection meter equipped with 

a variable length measuring tube was used on the injector type found in the HATZ.  This device 

works by measuring the pressure wave in a long tube of diesel fuel into which the injector 

sprays.  To derive this profile, HDP Engineering [40] describes the two simple equations, which 

are derived from the hydraulic pulse theorem for one-dimensional motion:       

 𝑃 = 𝑎 ∙ 𝜌 ∙ 𝑢 (3.1) 

The value of P is the pressure, a is the speed of sound in a fluid, ρ is the density of the fluid and 

u is the velocity of the flow.  These values can then be used by the volumetric flow rate equation: 

 
𝑑𝑞
𝑑𝑡   =   

𝐴
𝑎 ∙ 𝜌 ∙ 𝑃 (3.2) 

where A is the cross sectional area of the fluid filled tube that the injector sprays into.  The 

injector meter has various sensors to acquire the information needed for these equations.  It can 

be seen in Figure 3.1 that for a wide range of mass flow rates the injection profiles all have the 

same general shape and have durations between about 17 and 21 crank angle degrees of duration.  

This information is used directly by FORTE and will be addressed in the simulation setup 

section.  The actual profile used is shown Figure 3.2. 
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Figure 3.1: Normalized Injection Profiles vs. Crank Angle for Various Fuel Flow Rates 

 
 

 
Figure 3.2: FORTE Injection Profile 
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3.1.2 The Flow Bench 

To get the engine swirl ratio for the HATZ diesel engine, the engine head was sent to 

University of Wisconsin to perform flow bench tests. The technique that they used was to use a 

free spinning paddle swirl meter in a test cylinder made of PVC that was the same diameter of 

the HATZ engine cylinder and was mounted to the HATZ head. This assembly was placed on 

top of a free spinning honeycomb style swirl meter that was on a SuperFlow 600 flow bench. 

Several different valve lift heights were chosen for testing.  After performing the tests and 

appropriate calculations, the HATZ diesel engine head was found to have a swirl ratio of 0.7846.  

This value is input directly to FORTE and will be discussed in the simulation setup section.  

3.1.3 Boundary Condition Measurements 

The assumptions made on the boundary conditions have a significant impact on the solution 

accuracy.  The piston bowl geometry is certainly one of these boundaries that need to be as 

accurate as possible.  The geometry of the piston bowl is extremely important to the mixing of 

the fuel and air in the combustion chamber impacting SOC, emissions, etc. [41].   

The piston is shown in Figure 3.3 has a small bowl, which is indicated by the arrow, that is 

just off center on the piston face to allow the injector to be aligned with the center of the bowl.  

FORTE allows the user to input a piston profile, so a set bowl data was developed to try to match 

the shape shown in Figure 3.3.  The geometry is simplified slightly by not having the exact same 

curves near the ends, but this geometry works well with FORTE’s meshing setup.  There are 

different regions of this type of profile that can be given cell counts based on profile control 

points.  The control point mapping will be discussed in the simulation setup section.  The profile 

used is shown in Figure 3.4.  The axes are in units of centimeters. 
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Figure 3.3: Photo of HATZ 1D50Z Diesel Piston 

 

 
Figure 3.4: Piston Bowl Profile 

 

The tip of the injector can be seen protruding out of the top of the head (which is upside down) 

and is identified by the arrow in Figure 3.5.  The injector tip has 5 holes that are evenly spaced 

around the injector axis, and each hole is tilted downward 20 degrees with a diameter of 0.165 

mm.  An image of the injector tip is shown below Figure 3.6.  The arrow is indicating one of the 

5 injection ports. 
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Figure 3.5: HATZ 1D50Z Engine Head with Injector 

 

 

 
Figure 3.6:  Injector Tip 

This injector is the Stanadyne #37672 which is the standard injector for the 1D50 HATZ 
diesel engine. 

 

The temperatures of the surrounding walls were another boundary of interest. In order to get 

these temperatures, the engine used for these experiments had three positions drilled out 
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vertically along the cylinder liner.  The holes came to within just over a millimeter of the 

cylinder liner but did not break through.  Thermocouples were then installed into these holes to 

retrieve the temperatures.  Figure 3.7 shows a side view of the thermocouple setup. 

 

Figure 3.7: Thermocouple Placement 
 
The dashed vertical line is to symbolize the center of the piston.  The bottom, curved line is the 

piston face along with a portion of the bowl area.  The vertical solid line on the left hand side is 

the cylinder liner.  The labels T1, T2, and T3 are to show the position of the thermocouples there 

is one near midpoint between TDC and BDC.  The remaining two are near TDC and BDC piston 

positions.  These values were averaged to give a uniform wall temperature.  It would be possible 

to define a temperature distribution along the liner, but as will be discussed later on, the results 
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are not very sensitive to the liner temperature.  It should be noted that the head temperature was 

measured with the same technique as the liner temperature. 

 The air intake temperature was also acquired by use of a thermocouple.  As mentioned 

before the air intake system was equipped with a heater to preheat the air.  Heating the intake air 

is required for low cetane number fuels to ensure autoignition.  The intake air temperatures for 

these experiments were typically preheated to 100 degrees Celsius from ambient for all of the n-

heptane fuel simulations. The surrogates 1, 3, 5, 8, and 9 were run with 100 C and 200 C of 

preheat.  

3.2 Software and Hardware 

Reaction Design created the FORTE software for the purpose of simulating the combustion 

process in internal combustion engines.  The FORTE Theory guide [22] discusses that the 

modeling software takes advantage of the well-established 3-D fluid flow and, dynamics and 

combustion behavior theory to provide the most accurate solutions available.  FORTE puts a 

large emphasis on turbulent mixing dynamics and fuel/air stratification caused by spray 

dynamics and fuel vaporization [22].  This is especially important in diesel and advanced 

combustion engines.   

An advantage to using FORTE is that their simulation package has a very unique chemistry 

solver that allows for solution times that are up to two orders of magnitude faster than 

conventional CFD software.  They use chemistry models that were previously only useful for 0-

D situations, but have adapted them to be useful in the 3D engine simulations that this software 

was designed to solve.  This allows for many simulations to be run in a very short period of time 

to fulfill the need to meeting the schedule of the user. 
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FORTE couples its spray model with the chemistry to reduce computation time as well as 

increase accuracy since the breakup and chemistry are dependent on each other.  The method 

used by this software reduces the sensitivity of spray model on the grid [22].  Establishing grid 

independence is typically a very difficult aspect of CFD work, and FORTE uses a methodology 

that is capable of solving the spray model with a reduced sensitivity to the grid.  This eliminates 

the need for extensive grid independence analysis [22]. 

3.3 Simulation Starting Points and Methodology  

 n-Heptane is often a fuel that is used in internal combustion engines as a surrogate for 

diesel.  It is one of the two major components in the primary reference fuel (isooctane, n-

heptane) used for determining octane number for fuels.  It has a cetane number of 56 [25][42].  It 

is a well-studied fuel and is used to characterize fuel behavior.  

The engine studies using n-heptane were compared to model studies using n-heptane in order 

to create a base case for comparison and to validate the model.  The simulations used a detailed 

n-heptane mechanism with 561 species as well as three reduced mechanisms containing 173, 85, 

and 35 species. Each mechanism would be run with the physical properties of n-heptane and then 

again with n-hexadecane to determine the effects of physical properties on SOC and emissions.  

This would allow for a comparison between physical properties and show how much of a 

contribution they play in simulations. 

3.4 Model Development and Boundary Conditions 

This section will discuss the development of the HATZ model in FORTE and will list all of 

the defining parameters for the simulation.  This model represents the in-cylinder conditions after 

the valve has closed to reduce model complexity.  It also uses a 1/5th  section to reduce 

computational time.  
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3.4.1 The Mesh 

 
FORTE allows the user to generate cylinder geometry very easily right from the simulation 

window.  To do this, the “Geometry” tab needs to be selected in the Workflow tree.  Below this 

section of the window, three small icons will appear.  The leftmost of them looks like a small 

“slice” of a cylinder.  This is the sector mesh generation tool.  When it is clicked, a new window 

will pop up, and in the Workflow tree of the new window the choices will be “Engine 

Parameters” and “Mesh Parameters.” The first step is to select the “Engine Parameters” section 

and then click the drop down arrow for the “Bowl Profile” input.  In this dropdown menu, the 

“Create New” choice needs to be selected and then the pencil icon to the right of the dropdown 

box needs to be clicked.  Another window will open and from here the bowl profile data is input 

by either copying it into the table area or loading a CVS file of the data.  Once this is saved, the 

remaining HATZ engine data is entered as shown in Table 3.1.  Also, the “Include Crevice 

Block” should be selected and a value of 0.9 cm should be given. 

Table 3.1: Sector Mesh Engine Parameters 
Variable Value Units 

Sector Angle 72 Degrees 
Bore 9.7 cm 

Stroke 7 cm 
Squish 0.183 cm 

Crevice Width 0.025 cm 
 

Next, the piston topology needs to be selected.  Topology 1 is appropriate for the HATZ 

diesel.  This topology is shown in Figure 3.8.   

This divides the geometry into sections that aid in mesh continuity for the unusual shape.  It 

also allows for mesh refinement in regions that may be of greater interest.  This mesh setup uses 

control points to break up the profile into sections.  The control points are listed as a fractional 
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distance along the profile and the ones used here are listed in Table 3.2.  These points were 

chosen simply because they are near the major features of the bowl profile. 

 

 

Figure 3.8: Sector Mesh Topology 1 [43] 
  

Table 3.2: Control Point Locations 
Control 
Point 

Fractional 
Distance 

C1 0.39 
C2 0.43 
C3 0.48 
C4 0.6 
C5 0.95 

 
Once these points are defined, the mesh density can be defined in each section.  The regions are 

the same as in the mesh Topology 1 and the value for each region is listed below in Figure 3.3. 

The meshing tool was run with 20 smoothing passes and a mesh was created that contained 

36842 cells.  The mesh is developed by clicking the generate mesh button above “Topology” in 
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the “Mesh Parameters” section of the Workflow tree.  Once the mesh is created, the option to 

import the mesh geometry to FORTE is available near the mesh generation button. 

Table 3.3: Mesh Parameters 
Direction Location Number of Cells 

Circumferential Full Mesh 25 
Radial i1 4 
Radial i2 8 
Radial i3 16 
Axial i4 3 
Axial k1 11 
Axial k2 3 
Axial k3 3 
Axial k4 31 
Axial k5 5 

 
3.4.2 Models 

 
In the “Models” section of the Workflow tree, FORTE offers several options that 

need to be implemented.  First, the chemistry data needs to be selected.  For the n-heptane runs 

the Reaction design provided n-heptane mechanisms contain either 35 species or 173 species.  

Both of these were used in various simulations to compare results.  It should be noted that these 

mechanisms do not come from the same source, which will explain why some of the results are 

seemingly better for the mechanism with 35 species. These can be set by clicking the “Import 

Chemistry” button that appears below the Workflow tree after the “Chemistry” tab is chosen.  

The n-heptane simulation comparison also used the 85 species mechanism that ORNL had 

Reaction Design develop for them for the n-heptane/benzene simulations discussed previously.  

All three of these mechanisms have nc7h16 as the largest carbon chain species, so these 

mechanisms are really only specified for n-heptane than standard diesel.   

 The next tab under “Models” is “Transport”.  Here all of the fluid properties can be 

defined.  The default values set by FORTE are what were used for this section.  These values are 

shown in Table 3.4.   



 43 

Table 3.4: Fluid Properties 
Variable Value 

Prandtl Number 0.74 
1/ Turbulent Prandtl Number 1.11 
1/ Turbulent Schmidt Number 1.78 

Air Mu Coefficient 1 0.1457E-5 
Air Mu Coefficient 2 110.0 

Air Lambda Coefficient 1 252.0 
Air Lambda Coefficient 2 200.0 

 
 The “Transport” tab also shows the turbulence model choices.  Since the standard k-ε 

model over predicts the turbulent kinetic energy, it often does a poor job predicting the 

reattachment length [39].  For this reason, FORTE recommends using the Re-Normalized Group 

or RNG k-ε model.  According to Tu [39], this model uses a modification to the ε-equation by 

adding a rate of strain term, R, to the source term: 

 𝑆! =
𝜀
𝑘 𝐶!!𝑃 − 𝐶!!𝐷 − 𝑅 (3.3) 

Where R is defined as: 

 𝑅 =
𝐶!𝜂! 1− 𝜂/𝜂!

1+ 𝛽𝜂!
𝜀!

𝑘  (3.4) 

The values of Cµ, β, and η0 are constants that are predefined.  The values that are used for the 

RNG k-ε model are listed below.  These are also the values that FORTE recommends be used for 

this model. 

Table 3.5:  RNG k-ε Model Values 
Variable Symbol Value 

Epsilon Coef. 1 Cε1 1.42 
Epsilon Coef. 2 Cε2 1.68 
Viscosity Coef. Cµ 0.085 

1/Pr (k Equation) 1/Prk 1.39 
1/Pr (Epsilon Equation) 1/Prε 1.39 

Law-of-Wall Boundary Re Re 130.0 
RNG Eta0 Parameter η0 4.38 
RNG Beta Parameter β 0.012 
Epsilon Spray Coef. Cεs 1.5 

Particle Dispersion Coef N/A 0.15742 
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The Spray Model is also located under the “Models” tab as well.  The droplet collision 

model that was chosen is the Radius of Influence Model.  The value for the Radius of Influence 

was set to 0.2 centimeters.  Also, the Vaporization Model was used.  The Vaporization model 

here tells FORTE to track the fuel molecules to allow for chemical kinetics modeling.  Next, a 

new solid cone spray was defined to represent the fuel injection.     

The spray composition is defined as only n-heptane.  This spray is defined as having 

3000 parcels (which is a midrange value) with an inflow temperature of 400 K.  The Spray 

Initialization that was chosen was a Constant Discharge Coefficient and Angle.  The discharge 

coefficient was set to 0.8 with a mean cone angle of 15 degrees. Droplet Size Distribution is set 

to uniform size, which applies to when the droplets exit the nozzle.  The solid cone breakup 

model has values for the Kelvin-Helmholtz/Rayleigh-Taylor breakup model that was discussed 

in section 2.1.7.   These values are listed in Table 3.6. 

Table 3.6: KH/RT Breakup Model Values 
KH Model Constants Value 
Size Constant of KH 
Breakup 1.0 

Time Constant of KH 
Breakup 40.0 

Critical Mass Fraction of 
New Droplet Generation 0.03 

RT Model Constants Value 
Size Constant of RT 
Breakup 0.15 

Time Constant of RT 
Breakup 1.0 

RT Distance Constant 1.9 
Gas Jet Model Value 
Effective Distance Factor 2.0 
Gas Entrainment Constant 0.5 

 

The nozzle then needs to be defined.  The nozzle is defined by specifying a location point and an 

orientation.  The position of the nozzle in this model is set to (0, 0, 8.557) in an (x,y,z) position 

where the units are centimeters.  It should be noted that the z direction is along the direction of 
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motion of the piston.  The orientation is set at θ=110.0 degrees and ϕ=36.0 degrees where θ is the 

angle down from the z-axis towards the x axis, and ϕ is the rotation away from the x axis towards 

the y axis.  Once this is created, the injector nozzle and mesh can be viewed together and should 

look like the image shown in Figure 3.9.  It should be noted that the Periodicity is hidden from 

view so that the piston and injector position are visible.  The Periodicity is made up of the 

modeled faces that represent where the 72 degree section of the model would meet the rest of the 

cylinder if it was not cut out of the full 360 degrees.  The injector is the small cone in the upper 

left corner of Figure 3.9.  

 

Figure 3.9: Model View- 36,842 Cells 
 

Since the diameter of the injector holes is known, the nozzle area is also defined as 

0.000214 cm2 (diameter is 0.0165 cm).  The injection is to be defined next.  The HATZ injection 

timing starts at 8 degrees before top dead center (BTDC).  The leaner injections, as seen in 

Figure 3.1, have a duration of about 17.5 degrees, so this is the timing that is used.  The injection 

profile 0.230 from Figure 3.1 matches the general shape of most of the injection profiles so was 

normalized and uploaded to run in the model.  Once normalized, FORTE matches the duration 
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and total injected mass to provided the mass flow rate out of the nozzle.  The mass flow rate was 

measured experimentally, but it was measured before the fuel enters the engine.  This mass flow 

rate needs to be converted to mass per injection.  This is solved by the following:  

 𝑚!"#$%&!'"
𝑔

𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 =
𝑚!"#$"!   

𝑔
𝑠𝑒𝑐

𝑠𝑝𝑒𝑒𝑑 𝑟𝑒𝑣
𝑠𝑒𝑐

1
2

𝑟𝑒𝑣
𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛  (3.5) 

For the two experimental flow rates chosen the mass per injection is set at 12.8 mg and 9.37 mg.  

Finally, the soot model is turned on to monitor this for emissions.   

3.4.3 Boundary Conditions 

 
After the sector mesh generator tool is used and the mesh is imported FORTE automatically 

defines the boundaries Piston, Periodicity, Head, and Liner.  In Figure 3.9, the top wedge is the 

Head, the bottom, curved wedge is the Piston, the vertical region is the Liner.  The Piston 

boundary gets listed first.  The wall model used is Law of the Wall so that the boundary layer 

effects are captured.  The heat transfer model is turned on, and now the temperatures that were 

measured with the thermocouples that were drilled into the block are utilized.  There was no 

thermocouple in the piston, but it was assumed that the piston temperature would be about the 

temperature of the top of the liner since this is the highest of the three readings for all cases.  The 

piston moves with a slider crank motion, and the following values are used to define it.  The 

RPM is set to just over 1800 RPM to match experimental conditions.  All of the models were run 

at this same speed to allow for more of a comparison control (less than 1% speed variance will 

have a negligible effect).   

Table 3.7: Slider Crank Parameters 
Variable Value Units 
Stroke 7.0 cm 

Connecting Rod Length 11.0 cm 
RPM 1811.0 rpm 
Bore 9.7 cm 
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The 4-stroke cycle type is chosen, and the “vertices to transform” choice is set to all so that the 

entire piston face moves.  Finally the motion is set to the direction of {0,0,1}. 

 The Periodicity boundary needs to only be specified as 72.0 degrees.  The head needs to 

have Law of the Wall set as the Wall model also so that the boundary lay can be solved more 

accurately.  The heat transfer model will also be used for this boundary, and a constant 

temperature of 391 K needs to be applied.  Finally, the Liner also needs to be defined with Law 

of the Wall, and the heat transfer model has a constant temperature of 383 K.  A function could 

be defined to match the three thermocouple readings more accurately, but it was found that the 

solution is not very sensitive to the wall temperature, so an average was taken. 

3.4.4 Initial Conditions 

 
The sector mesh model assumes that the valves have closed, so no inlets or outlets need to 

be defined.  The initial air composition can be defined under the “Region 1 Initialization” section 

of the “Initial Conditions” tab.  This composition is the ambient air that is brought into the 

engine, and the values are set to: 

Table 3.8: Initial Composition 
Species Fraction 

N2 0.79108 
O2 0.20426 

H2O 0.0022794 
CO2 0.0023785 

 

The air enters after 100oC of preheating, so the initial air temperature is set to 395 K.  The model 

starts after the valves are closed at 132 degrees BTDC, so the piston will be advanced which 

means the pressure will be increased from atmospheric.  This pressure was calculated to be 1.17 

atm.  This calculation assumed that the air in the cylinder is near ambient at BDC.  Using the 

initial and final volumes at these crank angle positions, the pressure was found.  A constant 



 48 

Turbulence Intensity and Length Scale model was chosen, and the turbulence intensity fraction 

of 0.1 is used along with a turbulent length scale of 1 cm.  These values are recommended by 

FORTE.  The velocity model is set to “engine swirl” since this can be set to match the 

experimental studies that were discussed in section 3.1.2.  Again, this swirl ratio is 0.7846 and 

the initial swirl profile factor is set to 3.11 at the recommendation for FORTE.   

3.4.5 Simulation Controls 

Now that the model is fully defined, the simulation bounds need to be set.  This simulation 

will be run from -132 degrees to 180 degrees, where 0 degrees is top dead center (TDC).  The 

starting point is -132 because at this point, the valves are closed and there is no need to account 

for air intake.  The simulation will run to 180 degrees because the composition of the gases at 

this point will be what is exhausted.  The burned gases are exhausted near 180 and are cool 

enough to freeze the reacting species. The time steps are set to have an initial value 0.5 µs  with a 

maximum time step of 5 µs.  The advanced time step settings are near what FORTE recommends 

for accuracy; however, the rate of strain value and convection factors are increased slightly to 

reduce computational time.  The values are set to the following: 

Table 3.9: Advanced Time Step Control Options 
Time Step Control Value 

Time Step Growth Factor 1.3 
Fluid Acceleration Factor 0.5 

Rate of Strain Factor 1.2 
Convection Factor 0.5 

Internal Energy Factor 0.25 
Max. Convection Subcycles 8 

 
Next, the chemistry solver tolerances should be defined.  The absolute and relative tolerances for 

these simulations are set to 1.0E-12 and 1.0E-5, respectively.  FORTE offers the option to run a 

dynamic cell clustering method.  This basically limits the amount of variation in a cell cluster to 

aid in accuracy while reducing computation time.  Temperature and equivalence ratio dispersion 
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were chosen to be used, and their variances are limited to 10 K and 0.05, respectively.  Also, to 

save time, the chemistry solver is only set to run when the temperature is greater than 600 K.  

The transport tolerances are all based on the FORTE recommendations and their values were 

defined as: 

Table 3.10: Transport Tolerances 
Transport Tolerances Value 

Mass Diffusion Tolerance 0.001 
Momentum Diffusion Tolerance 0.001 

Pressure Iteration Tolerance 0.0001 
Heat Diffusion Tolerance 0.001 
TKE Diffusion Tolerance  0.001 

Epsilon Diffusion Tolerance 0.001 
 

3.4.6 Running the Model 

FORTE allows the user to run the simulations in parallel cores of the computer to allow for 

decreased computational time.  The issue is that FORTE does not directly facilitate the use of 

multiple cores in its software; an outside software needs to be run to make this happen.  Argonne 

National Labs developed MPICH2 to create a parallel environment to allow for faster 

computation.  This application can be downloaded from 

http://www.mcs.anl.gov/research/projects/mpich2/, and the installation and use is described in 

the FORTE user guide [43].  All of these simulations were run using a Dell Precision T7600 

workstation with two 6 core 2.00 GHz Xeon Processors.  This computer runs with 32 GB ram 

and the Windows 7 operating system.  

3.5 Review of Project Parameters 

This project uses CFD modeling to compare the effects of different chemical mechanisms 

on the accuracy of the solution as well as the computational time to reach a solution.  The 

physical properties were also varied separately from the chemistry to analyze the how they effect 
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simulation results.  Lastly, a single chemical mechanism was developed to try to represent the 

FACE fuels 1, 3, 5, 8, and 9. 

3.5.1 Model Development an Mechanism Comparison 

The use of n-heptane as a diesel fuel surrogate is a very common practice for studying 

advanced combustion engines [44][45][46][47].  This practice often produces successful results 

because of how similar the ignition characteristics are between n-heptane and typical diesel fuel; 

the cetane number of n-heptane is about 56 and diesel fuel has as cetane number near 50 [44].  

Since modeling the complex chemistry of fuel surrogates is very difficult, it is common practice 

to use much simpler fuels such as n-heptane [47].  Although comparison between reduced 

mechanisms is common, this project utilizes the FORTE CFD package rather than KIVA, 

UNICORN, or Open Foam that have been seen is previous work [45][48][47].  A project that is 

similar to this was found that utilized Open Foam software to compare three reduced n-heptane 

mechanisms, but the model was simulating a constant volume vessel rather than in-cylinder 

conditions.  That particular project did not run the model any leaner than an equivalence ratio of 

0.5 whereas this project ran at an equivalence ratio of 0.38 and 0.28 [47]. 

The simulations of diesel-like fuels that are performed under in-cylinder conditions are 

often modeled with the assumption of axisymmetric behavior [49][50][51].  One of the projects 

found in a literature review used two separate 60o sectors located in different regions of the 

cylinder so that the valve effects could be captured [50].  For the model used in this project, the 

simulation is not started until after the valves are closed, so this method is not necessary.  This 

project utilizes a 1/5th sector to reduce computational time and to be sure that the effects of only 

one of the five injector streams are being resolved.  The stock injector of the HATZ 1D50Z has 

five injector streams.  In order to perform an accurate simulation with FORTE, only a 1/5 or a 
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full model could be used.  This is because FORTE handles sectors such that the number of 

sectors that adds up to 360o must be an integer.  Since 1/5 is the only fraction where this is true, 

72o is the sector size that is used.  Shuai [51] describes a very similar setup with a KIVA 

simulation.  An 8-hole injector is used, so the model is ran as a 45o sector to simulate one of the 

eight injector streams.  In FORTE, this setup would allow for more flexibility since 1/8, 2/8, and 

4/8 result in a multiplier of an integer to reach the full 360o.  If this were the case for this project, 

larger sectors can be used.  Since the HATZ injector has a prime number of streams, different 

sector sizes cannot be used. 

3.5.2 N-Hexadecane Physical Properties 

To see the effects of the physical properties on the combustion process within the engine 

cylinder, the chemistry of n-heptane was kept constant, but the physical properties of n-

hexadecane were applied to the n-heptane fuel.  These properties are the critical temperature, 

lower heating value, liquid density, vapor pressure, liquid specific heat, liquid viscosity, surface 

tension, liquid thermal conductivity, and the heat of vaporization.  Since n-heptane is much more 

volatile than typical diesel fuel, n-hexadecane properties were used because n-hexadecane is a 

major component in diesel fuel, and has as similar molecular weight to diesel fuel 

[42][52][53][54].  N-Hexadecane is often used as a diesel surrogate because of its similar 

properties to typical diesel fuel [53][55].  Since n-heptane has similar ignition qualities to diesel 

[55], the property study was performed because the spray effects may alter the solution due to 

the inaccurate thermophysical properties of the more volatile n-heptane [56]. 

3.5.3 FACE Surrogate Modeling 

In order to accurately model the FACE surrogates, a single mechanism was reduced from 

a detailed diesel mechanism to represent the surrogates 1, 3, 5, 8, and 9. There have been 
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simulations of the surrogate distillation profiles, but there is not a mechanism to simulate all of 

the FACE surrogates under in-cylinder conditions [48].  The work done in this project is unique 

because there not chemical mechanisms for each of the FACE surrogates, and there is certainly 

not a single mechanism to represent the chemistry of these five FACE fuel surrogates. 
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CHAPTER 4:  SIMULATIONS 

 With a model setup that very closely matches the actual experimental apparatus, the 

different chemical mechanisms were run to determine the suitability of a reduced mechanism for 

modeling the combustion chemistry with minimal error caused by the fluid dynamic calculations.  

The 173, 85, and 35 species mechanisms that were discussed were all run in the model and the 

results yielded good insight on the chemical behavior inside the model.   

  4.1 N-Heptane Mechanisms 

Several engine experiments with n-heptane were conducted over a wide range of fueling 

rates. Fuel flow was measured using a volumetric flow meter in-line between the fuel tank and 

injector in the engine.  This volumetric flow was converted into mass flow by multiplying by the 

density.  Next the mass flow in [g/s] was converted to a mass per injection, since the simulation 

only deals with one injection event.  This is done by multiplying the engine speed by the 

injection rate to get the number of injections per unit time.  The mass flow rate into the engine 

can then be divided by this value to get the injection mass per cycle. 

 
𝑟𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠

𝑚𝑖𝑛 ⋅
1  𝑚𝑖𝑛
60  𝑠𝑒𝑐 ⋅

1  𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛
2  𝑟𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠 =

𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛𝑠
𝑠𝑒𝑐  (4.1) 

 

 
𝑔𝑟𝑎𝑚𝑠
𝑠𝑒𝑐 ⋅

𝑠𝑒𝑐
𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 =

𝑔𝑟𝑎𝑚𝑠
𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 

(4.2) 

For brevity, only two of the experimental fueling rates (192.79 mg/s and 141.02 g/s) were 

modeled to compare to experimental data.  Using the equations above, the total injected mass per 

cycle at 1811 [rpm] comes out to be approximately 12.8 mg and 9.37 mg of fuel per cycle. 

 The mass of injected fuel is needed to tell FORTE how much fuel to inject, but it is also 

helpful so that the equivalence ratio can be calculated.  This information aids in the 

understanding of performance and emissions.  To calculate the equivalence ratio, a simple fuel 
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and air chemical equation needs to be balanced for stoichiometric conditions, and then the 

comparison is made.  This balance looks like the following: 

 𝐶!𝐻!" + 11 𝑂! + 3.76𝑁! ⟶ 7𝐶𝑂! + 8𝐻!𝑂 + 41.36𝑁! (4.3) 

The air to fuel ratio is then calculated as: 

 𝐴𝐹!"#$%! = 4.76 ⋅ 11 ⋅
𝑀𝑊!"#

𝑀𝑊!"#$
= 15.13 (4.4) 

Where the molecular weight of air is assumed to be 28.96 [kg/kmol] and the molecular weight of 

heptane is 100.2 [kg/kmol].  Since the compression ratio and displacement are known, the full 

mass of air in the cylinder is known.  The mass of air in the cycle can be calculated by 

multiplying the in-cylinder volume and the density of air.  However, to save time these values 

were obtained from FORTE output files.  The actual air to fuel ratio was found to be 39.68 and 

54.09 for the two cases.  These values come from dividing the mass of air by the mass of fuel 

that was calculated earlier.  The equivalence ratios for these two cases were then found to be 

ϕ=0.3813 and ϕ=0.2797.  These conditions are extremely lean and thus it can be seen why intake 

air preheating is required.  The full set of calculations can be seen in the EES file in the 

appendix. 

4.1.1 Equivalence Ratio of 0.38 

Since these simulations were run using reduced mechanisms to save computational time, 

an initial comparison of a skeletal mechanism of 173 species compared to the detailed 561 

species mechanism .  The results show that the 173 species mechanism was able to capture the 

main ignition event and major emissions with minimal difference compared to the detailed 

model.  The 173 species reduced mechanism was chosen for the comparison since the source 

mechanism is available from Lawrence Livermore National Laboratories.  The n-heptane 
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detailed mechanism version 2 was used for this study [57].  As with the other simulations, the 

physical properties applied to the n-heptane fuel were also varied between n-heptane and n-

hexadecane so that the effects on SOC could be observed for an equivalence ratio of 0.38, as 

seen in Figure 4.1. 

 
Figure 4.1: Temperature Comparison Between Detailed and 173 Species Reduced n-

Heptane Mechanism, Phi = 0.38.   
The Reaction Design reduced mechanism is labeled with “RXN.  The number in the middle 
declares the number of species and the “n-Hex” or “n-Hept” afterwards states whether the 
physical properties used were for that of either n-heptane or n-hexadecane. 
 
It can be seen in Figure 4.1 that the temperature traces for the simulations are nearly identical for 

the respective physical properties between the reduced and detailed mechanisms.  This is also the 

case for the pressure traces between the detailed and reduced mechanisms, as is shown in Figure 

4.2. 
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Figure 4.2: Pressure Comparison Between Detailed and 173 Species Reduced n-Heptane 

Mechanism, Phi = 0.38 
 
The pressure traces are overlapping for these two simulations.  This indicates that the reduced 

mechanism has sufficient details to predict the main ignition event compared to the detailed 

mechanism.  The pressures values are within 1% between the pressure and experimental values.  

The predicted emissions for the 173 species mechanism are also in very good agreement with the 

detailed mechanism.   The CO, CO2, and UHC are the emissions that are available for 

comparison; soot and NOx species and reactions are not included in the detailed mechanism.  

Figure 4.3 shows the comparison between CO and CO2 and Figure 4.4 shows the comparison 

between UHC between the 173 species and detailed mechanisms.  These results also show that 

the reduced mechanism gives very similar results to the detailed mechanism.   
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Figure 4.3:  CO and CO2 Comparison between Reduced and Detailed Mechanism 

 

 
Figure 4.4:  UHC Comparison between Reduced and Detailed Mechanism 
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Figure 4. 5: Emissions Error Plot 

 

CO error reaches a peak of approximately 7.5% near 30 degrees but then drops below 

5.5% as well.  CO2 error is extremely low, staying below 2% after TDC. Near about 10 degrees, 

the error between the detailed and reduced mechanism for UHC is 12%, but then drops below 

5.5% for the remainder of the simulation. 

Figure 4.6 shows the FORTE results of the simulations of n-heptane fuel with a 173, a 35, and 

the ORNL provided 85 species mechanisms.  The dashed “Experimental Data” line is the AVL 

simulation pressure trace at the appropriate level of fuel flow.  The AVL data used for 

comparison was developed using AVL BOOST which uses engine information such as bore and 

stroke along with a user specified heat loss mechanism to fit its calculations to experimental 

pressure traces. 
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Figure 4.6:  Pressure vs. Crank Angle and Time for Various Reduced Mechanisms and 

Physical Properties, Phi = 0.38. 
The Reaction Design reduced mechanism is labeled with “RXN and the Oak Ridge 
National Labs mechanism as “ORNL.”  The number in the middle declares the number of 
species and the “n-Hept” afterwards states that the physical properties used were for that 
of n-heptane. 
  
This pressure trace is good for comparison because it is a smooth line and was fit to the 

respective experimental data. Based on the pressure traces shown in Figure 4.6, the 35 species 

mechanism makes the most accurate prediction.  Figure 4.7 also shows that not only is an 

accurate chemical mechanism needed to minimize variation in accuracy, but also the appropriate 

physical properties are just as important.  All three of the n-hexadecane Pressure traces are 

delayed by about 6 crank angle degrees from their respective n-heptane simulations.  More 

details will be addressed in the next few paragraphs. 
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Figure 4.7:  Pressure vs. Crank Angle and Time for Various Reduced Mechanisms and 

Physical Properties, Phi = 0.38 
The Reaction Design reduced mechanism is labeled with “RXN and the Oak Ridge 
National Labs mechanism as “ORNL.”  The number in the middle declares the number of 
species and the “n-Hex” or “n-Hept” afterwards states whether the physical properties 
used were for that of either n-heptane or n-hexadecane. 
 
Figure 4.8 shows the heat release rate versus crank angle. Although the 35 species matches when 

the peak heat release occurs, it over predicts the magnitude.  This may be due to the 35 species 

reduced mechanism producing very close to the same magnitude of peak pressure as the 

experimental data, but combustion starts slightly later.  Since the peak pressures occur at nearly 

the same time, the 35 species mechanism has to have a higher heat release rate to reach this 

pressure by about the same time. Also, the model shows a low temperature heat release that the 

experimental data does not show.  This can be seen at the crank angle of about 2 degrees.  The 

experimental data also shows a much broader duration of heat release than the models. 



 61 

 
Figure 4.8: Heat Release Rate vs. Experimental Data 

 

 
Figure 4.9: Heat Release Rate for Different Physical Properties 
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This may have to do with a spray model that is close to what is occurring in the experiment but 

may not quite match the actual mixing of the air and fuel.  If the air and fuel mixing is occurring 

with more completeness in the model, it makes sense that it is burning faster.  The duration of 

heat release could also be different due to inaccuracies in the chemical mechanism.  It should 

also be noted that at about 2 degrees in Figure 4. 10, the 35 species show a LTHR similar to that 

found experimentally.  The 173 species and the detailed mechanisms both fail to capture this 

event. 

 
Figure 4. 10: LTHR Seen in 35 species Mechanism 

 
Crank angle (CA) 10 and CA50 are values that are often used to quantify the SOC.  

CA10 refers to the crank angle position where 10% of the cumulative heat is released and CA50 

refers to 50% of the cumulative heat release.  To calculate these values, the data in Figure 4.8 

can be integrated to solve for the cumulative heat release. The experimental heat release rate seen 

in Figure 4.8 is at a higher value over a wider time range than the simulations.  This allows it to 

reach over 350 J slightly faster than the simulations.   
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Figure 4.11: Cumulative Heat Release for Detailed and Reduced n-Heptane Mechanisms 

and Experimental Data 
 
 

 
Figure 4.12: Cumulative Heat Release for Detailed and Reduced n-Heptane Mechanisms 

for Different Physical Properties 
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Recall that the cumulative heat release is the integral of the heat release rate.  This higher values 

sum up more quickly that the simulations that rise and then fall over a shorter period of time.  

There is also a slight drop in the cumulative heat release near 155 degrees.  This likely has to do 

with heat or pressure losses that are not captured in the simulations.  This may also be near the 

time when the exhaust valve is opening, which would allow for energy to leave the system.  It 

should be noted that the AVL provided data did not contain heat loss data, so the magnitude for 

the experimental curve is slightly higher than what is actually occurring.  This error is not 

important since the cumulative heat release is only being used to calculate where CA10 and 

CA50 are occurring.  The effect on these values is negligible, as the CA10 and CA50 values for 

the experimental values were calculated using the 35 species mechanism and they were within 

1% of where they were calculated to be without any heat loss.  The CA10 and CA50 values are 

shown in Figure 4.13.   

 
Figure 4.13: CA10 and CA50 values for the n-Heptane Physical Properties 
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The 173 species and detailed n-heptane mechanisms predict SOC about 3.6 and 3.3 degrees 

before the experimental CA10 value, respectively.  The 85 species mechanism predicts SOC 

about 2 degrees before the experimental value.  The 35 species predicts SOC about 1.1 degrees 

after the experimental data.  The 173, detailed, and 85 species predict CA50 about 2.3 degrees 

earlier than the experimental value, but the 35 species mechanism is about 0.9 degrees earlier.  It 

should be noted that the 173 and detailed mechanism also predict almost the exact same CA10 

and CA50 numbers.   

 
Figure 4.14: CA10 and CA50 values for the n-Hexadecane Physical Properties 

 

 The 173, detailed, and 85 all fall within 1 degree of the CA10 and CA50 values of the 

experimental values and the 35 species CA10 and CA50 values are delayed by 5 and 3.8 degrees 

from the experimental values, respectively. The 173, detailed, and 85 species mechanisms 

predict SOC a little bit ahead of the experimental data, but still are within a reasonable time 

frame.  The 35 species mechanism does a very good job for the n-heptane physical properties, 

but a much worse job for the n-hexadecane physical properties.  This just emphasizes the 
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importance of accurately modeling the chemistry and physical properties because of how much 

variance can occur.  It should be noted that pressures and temperatures (Figure 4.6 and Figure 

4.20) for the n-hexadecane are delayed in timing as well as reduced in magnitude from the n-

heptane physical properties.  This will be discussed next. 

 
Figure 4.15:  Total Off-Wall Liquid Droplet Mass Comparison 

   
The fuel, n-heptane, is a highly volatile compared to n-hexadecane.  Since the injection 

occurs over the same conditions, the evaporation will be much quicker for the n-heptane 

simulations as seen in Figure 4.15.  It should be noted that SOI indicates start of injection.  The 

plot above shows that the n-heptane with n-heptane physical properties has a smaller mass of 

liquid droplets than simulation with the n-hexadecane physical properties. This affects the SOC 

as well as the pressure trace. Since the fuel droplets are not evaporating as well with n-

hexadecane physical properties, the fuel-air charge is not as well mixed so the combustion occurs 
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later and is not as efficient; also, the heat release rate will be slower since the premixed 

combustion percentage is smaller. 

 To more clearly show the effects of the n-heptane physical properties’ increased 

volatility, the timing of vaporization can be discussed. 

 
Figure 4.16: Fuel Vapor Mass Through Ignition 

 

It is shown above that the n-heptane physical properties allow for fuel vaporization to start 

occurring two or so crank angle degrees before the simulations with the n-hexadecane physical 

properties.  If this plot were to be visually compared to the SOC plots seen in Figures Figure 4.13 

and Figure 4.14, the CA10 value is present at about the same time as when the vapor mass starts 

to drop off.  Since the n-heptane physical properties allow for the vaporization process to occur 

faster, this results in auto-ignition occurring earlier.   
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 There may be concern that the plots shown in Figure 4.15 and Figure 4.16 may not be 

enough to make the volatility argument because they only show what is happening away from 

the walls and do not account for the excess fuel that may be accumulated in the piston bowl. 

 

Figure 4.17: n-Heptane Physical Properties’ on-wall Equivalence Ratio 
 
Since the spray aims directly into the piston bowl a contour plot was created at 48 degrees after 

TDC for the two physical properties of the 173 species simulations.  This time was chosen 

because it is far away from injection and is one of the incremented values available in the post 

processor. Seen above in Figure 4.17 there is a very low fuel film remaining on the piston.  This 

represents the fuel that may not have all been fully vaporized and consumed by this point in the 

simulation.  This can be contrasted with the n-hexadecane physical property simulation with the 

same mechanism that is assumed to have fuel that will be much less volatile.  This is shown in 

Figure 4.18 there is a much greater amount of fuel remaining on the piston surface.  It is now 
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clear that the n-heptane physical properties result in earlier vaporization, fewer suspended liquid 

droplets, and less fuel remaining on the piston wall after auto-ignition. 

 

Figure 4.18: n-Hexadecane Physical Properties’ on-wall Equivalence Ratio 
 

The argument that having more liquid droplets prevents the fuel from burning completely 

is strengthened by the analysis of the unburned n-heptane fuel particles present in the exhaust.  

The average experimental value of UHC is shown by the diamond indicator on the right hand 

side of Figure 4.19.  The simulations are shown as a function of crank angle (as well as time), 

however, the value at 180 degrees should match what is being exhausted fairly closely.  This plot 

makes it clear that the UHC content in the n-hexadecane simulations is roughly four times 

greater than that seen in the n-heptane property simulations.  This is surely a direct result of the 

presence of unburned fuel.   
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Figure 4.19: Unburned Hydrocarbon Mole Fraction, Phi =0.38 

 
The lower in-cylinder pressures for the n-hexadecane physical properties were already 

shown, but now the lower temperatures are shown here in Figure 4.20.  The n-heptane physical 

properties result in faster vaporization, leading to a larger percentage of premixed combustion.  

This causes the charge to burn more completely to produce higher temperatures and pressures 

compared to the n-hexadecane physical properties.  This plot becomes very important because 

the higher temperatures directly affect the chemical kinetics that produces NOx via the Zeldovich 

mechanism.  Overall, the NOx will be low because the temperatures are below 1400K. The fuel 

charges are overall lean so CO is low by nature, but the low temperatures slow down the 

transformation of CO into CO2 in the 𝐶𝑂 + 𝑂𝐻
!! 𝐶𝑂! + 𝐻 reaction described by equation (C.1) 

in section 2.1.2. 

The CO and CO2 experimental emissions average is indicated below as the diamond 

located on the right hand side of the Figure 4.21-Figure 4.24.  It is located at 180 degrees, 

because the composition of the gases at 180 degrees should be equivalent to what would be 

exhausted. Shown in Figure 4.21, the CO is slightly higher than the experimental average, and 



 71 

the CO2, shown in Figure 4.22, is slightly lower than the experimental average.  This is to be 

expected because they are inversely related because of conservation of mass with respect to the 

carbon atoms; CO is oxidized into CO2, so as the CO decreases, the CO2 increases. 

 
Figure 4.20: Temperature vs. Crank Angle and Time, Phi = 0.38 

 

There is between a factor of 7.6 and 30.2 overshoot between the simulation and 

experiment mole fraction, which is fairly significant. This amounts to almost a full percent of 

overall composition difference.  The n-hexadecane physical property simulations result in a less 

accurate prediction with higher CO because CO is not oxidized since there are more rich pockets. 

Also, the temperatures are lower than 1400 K so the CO ⟶CO2 reaction does not occur as 

easily.  Recall section 2.1.2.  The NOx predictions do a bit better than the CO and CO2 

predictions pulled from the simulation.  As discussed earlier, the low LTC engines have a 
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naturally low NOx emission rate because temperatures are below the 1800K threshold for the 

thermal NOx mechanism. 

 

 
Figure 4.21: CO Mole Fraction for Phi=0.38 

 

 
Figure 4.22: CO2 Mole Fraction for Phi=0.38 

 
 The n-heptane experimental average for this equivalence ratio of 0.38 is shown above as 

the diamond indicator along the right hand side of Figure 4.23 (same as the CO and CO2 

comparisons).  The experimental NOx average can be compared to the simulation results at 180 

degrees since this is the composition of what would be exhausted.  The simulation NOx was 
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calculated by adding the values for NO and NO2 that FORTE outputs.  The actual NOx is higher 

than what is predicted by the simulations, but if you look at the scale, it is a very small mole 

fraction that is missing, so it actually does a pretty good job, as the error is much lower than that 

of the CO and CO2.   

 
Figure 4.23: NOx Emissions for Phi=0.38 

 

There is about 43%-73% error (n-heptane physical property error is smaller and n-

hexadecane error is the larger value) between experimental and simulation, but this only 

accounts for a worst case of 0.02% difference in overall exhaust composition.  The n-heptane 

physical property simulations produce more NOx because the temperatures peak at about 100K 

higher than then n-hexadecane physical properties.  This allows for a greater opportunity to 

produce thermal NOx.  As was discussed in the background section, NOx emissions are not very 

high for these LTC engines.  This is because the thermal NOx mechanism is usually the greatest 

contributor to the formation of NOx.  However, this mechanism requires a temperature of about 

1800 K before the kinetics really start to occur.  As can be seen in the temperature plots shown in 

Figure 4.20, the maximum temperature does not reach 1400 K.   
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Figure 4.24: Soot Emissions for Phi=0.38 

 
Soot emissions are shown in Figure 4.24.  It can be seen that the n-hexadecane physical 

properties produce more soot than the n-heptane physical properties for the respective 

mechanisms.  The 173 species does not have a major difference in soot concentration, but the 

other two mechanisms clearly show more soot for the n-hexadecane properties.  The less 

complete mixing associated with the lower volatility causes this. 

4.1.2 Equivalence Ratio of 0.28 

This pressure trace is representing the experiment Phi=0.28 conditions.  The 35 Species 

mechanism for n-heptane that was provided with FORTE very accurately predicted the ignition 

timing for Phi=0.38, but with less fuel it does a very poor job of predicting auto-ignition as seen 

in Figure 4.25.  The mechanisms are consistent, in that the 173 species ignites first, then the 85 

species, and then the 35 species ignites last.  However, with less fuel, the 35 species mechanism 

predicts extremely delayed auto-ignition compared to experimental results.   

The emissions will be discussed in the next pages, but this plot helps to show that in order for 

accurate pressure traces, a more detailed mechanism is required to capture a wide range of 
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operating conditions for pure n-heptane (which is very simple compared to the HTS), so a 

mechanism must be created that contains the specific species present in the surrogates.  During 

simulation, the proper physical properties must also be applied to each specific species present in 

the surrogate composition to accurately model the fuel.  

 

 
Figure 4.25: Pressure vs. Crank Angle and Time for Various Mechanisms and Physical 

Properties, Phi = 0.28 
 

Upon looking at the heat release rate plot for the more lean case, the 173 and the 85 species 

mechanisms actually are not off by very much from the experimental ignition timing.  The 173 

and 85 species mechanisms are within 1 degree of the experimental CA10 value, but the 35 

species mechanism is delayed by over 5 degrees.  

The 173 species is within half of a degree of the experimental CA50 value and the 85 

species mechanism is within 2 degrees.  Again the 35 species is the most delayed, being almost 6 
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degrees behind the experimental CA50.  Contrary to the Phi=0.38 case, the simulations all under 

predict the maximum heat release rate as shown in Figure 4.26. 

 
Figure 4.26: Heat Release Rate 

 
 The Phi=0.28 n-heptane simulation results also over predict CO and under predicts the 

CO2, but the error is a bit smaller than for the Phi=0.38 case.  The CO mole fraction, shown in 

Figure 4.28, is over predicted by a factor of 8.6 at the worst case, but this is only 0.5% of the 

exhaust composition.  The percent error in the CO2, shown in Figure 4.27, in this case is only 

15% (only 0.5% of total exhaust composition) at the worst case, but the 173 species mechanism 

comes within 3% of the experimental value.   

In the Phi=0.28 case, all mechanisms under predict NOx by about 40%-60%, but the greatest 

magnitude of the error between simulation and experiment is 0.010% of exhaust composition.  

The HATZ diesel engine operating under extremely lean conditions does not produce very much 

NOx. 
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Figure 4.27: CO2 Mole Fraction for Phi=0.28 

 

 
Figure 4.28: CO Mole Fraction for Phi=0.28 

 
Again, the peak temperatures should be the difference in the magnitude as the 173 species is the 

hottest and the 35 species is the coolest.  This is shown in Figure 4.30. 
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Figure 4.29: NOx Emissions for Phi=0.28 

 

The unburned hydrocarbons are slightly over predicted, but is very close to the value found with 

the 173 species mechanism.  The overall UHC mole fraction is smaller than the phi=0.38 value 

because it is leaner and there is more air available to oxidize the fuel.   The soot emissions are 

reduced from the simulations with the equivalence ratio of 0.38.  The reduced fuel mass results 

in fewer rich pockets for the soot to form. 

 



 79 

 
Figure 4.30: Temperature vs. Crank Angle and Time, Phi = 0.28 

 

 

 
Figure 4.31: Unburned Hydrocarbon Mole Fraction, Phi =0.28 
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Figure 4.32:  Soot Emissions for Phi=0.28 

 

4.2 Importance of Specific Chemistry and Physical Properties 

 Based on the results from these n-heptane simulations, it is clear that the kinetics and the 

physical properties are equally as important when trying to predict the behavior of a particular 

fuel species if the injection occurs near SOC.  If the simulations are for models with much earlier 

injection than used in this project, the physical properties may not be as important.  If the 

incorrect physical properties are used, then the spray breakup and evaporation can be affected 

enough to actually alter the results of the entire simulation.  Therefore, it is quite clear that a 

chemical mechanism is needed that can accurately represent the kinetics and physical properties 

of each species of the components of a more complex fuels in order to get the most accurate 

simulation results.  It is also important to illustrate the computational time requirement for all of 

these simulations, Table 4.1 lists run times for simulations solving over -132 degrees to 180 

degrees.  It is clear that a reduced mechanism is of great interest to reduce run time. 
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Table 4.1: Sample Simulation Times 
Mechanism Species Equivalence Ratio Physical Properties Elapsed Time 

35 0.38 n-hexadecane ~2 hours 
85 0.38 n-hexadecane ~8 hours 
173 0.38 n-hexadecane ~27 hours 
561 0.38 n-hexadecane ~41 hours 
35 0.38 n-heptane ~2 hours 
85 0.38 n-heptane ~6.5 hours 
173 
561 

0.38 
0.38 

n-heptane 
n-heptane 

~20 hours 
~31 hours 

35 
85 

0.28 
0.28 

n-heptane 
n-heptane 

~2 hours 
~6 hours 

173 
561 

0.28 
0.28 

n-heptane 
n-heptane 

~19 hours 
~ 29 hours 
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CHAPTER 5:  SURROGATE MECHANISM SIMULATION 

This section discusses some of the calculations used to quantify the FACE fuel surrogate 

simulations.  Since the fuels each have several components the equivalence ratio calculations 

require additional steps.  There will also be a discussion on how the reduced surrogate 

mechanism that was used for these simulations was created. Finally, there will be a discussion of 

the results and suggestions for future work.  

5.1 Fuel Calculations 

 The volumetric composition of the fuel has been discussed earlier, but it is helpful to 

know the mass fractions of each of the components as well.  These values are shown in Table 

5.1. 

Table 5.1: Surrogate Number and Mass Fraction 
SURROGATE NUMBER AND MASS FRACTION  

COMPOUND 1 3 5 8 9 
Decahydronaphthalene 0.0857 0.1904 0.2183 0 0.2012 
n-Decane 0.1229 0 0 0 0 
n-Eicosane 0 0 0 0.5163 0 
Heptamethylnonane 0.6114 0.3583 0.2074 0.2198 0.1956 
n-Dodecane 0.0358 0 0 0 0 
Methylcyclohexane 0.0296 0 0 0.0369 0.0308 
Toluene 0.0141 0 0 0 0 
n-Propylbenzene 0.1004 0.2011 0.0662 0 0.0377 
n-Tetradecane 0 0.1773 0.4994 0 0.3943 
1-Methynaphthalene 0 0.0730 0.0088 0.2270 0.1405 

 
To calculate the equivalence ratios for the surrogates, the numbers of carbon and hydrogen atoms 

in the fuels are needed as well as the molecular weights of the fuel mixtures.  This will again be 

using the simplified stoichiometric fuel balance equation.   

 𝐶!𝐻! + 𝑎 𝑂! + 3.76𝑁! ⟶ 𝑥𝐶𝑂! +
𝑦
2 𝐻!𝑂 + 3.76𝑎𝑁! (5.1) 
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Since a=x+y/4, this value can be used in the air to fuel ratio equation shown below  

 𝐴𝐹!"#$%! = 4.76 ∙ 𝑎 ∙
𝑀𝑊!"#

𝑀𝑊!"#$
 (5.2) 

(It should be noted that eicosane has been replaced with n-hexadecane. This will be discussed 

below). 

Table 5.2: Composition and Molar Mass 
CHEMICAL FORMULAS 

COMPOUND Chemical Formula Molar Mass 
Decahydronaphthalene C10H18 138.25 
n-Decane C10H22 142.28 
n-Hexadecane C16H34 226.44 
Heptamethylnonane C16H34 226.44 
n-Dodecane C12H16 170.33 
Methylcyclohexane C7H14 98.19 
Toluene C7H8 92.14 
n-Propylbenzene C9H12 120.19 
n-Tetradecane C14H30 198.39 
1-Methynaphthalene C11H10 142.2 

 
Using the information found in Table 5.2, the x and y values in the stoichiometric balance 

equation can be solved for using the mole fraction of each component times the number of 

carbon or hydrogen atoms of each component. 

 𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝐶𝑎𝑟𝑏𝑜𝑛  𝐴𝑡𝑜𝑚𝑠 = 𝜒! 𝑥!
!

 
(5.3) 

 𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛  𝐴𝑡𝑜𝑚𝑠 = 𝜒! 𝑦!
!

 
(5.4) 

The molecular weight of the mixture can be calculated in the same way, where the sum of the 

mole fraction times the molecular weight (MW) of each component gives the molecular weight 

of the full mixture. 

 𝑀𝑊!"# = 𝜒! 𝑀𝑊!
!

 
(5.5) 
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Table 5.3 shows the values that resulted from the MW of the mixture calculations as well as a set 

of equivalence ratio values for one set of experimental data that was collected by ORNL.   

This equivalence ratios become important because they will tell the mechanism reduction 

software, which is discussed in the next section, how much fuel to use in the simulations. 

Table 5.3: Molecular Weight of Mixtures an Equivalence Ratio 
Surrogate Molecular Weight Phi 

1 175.9168 0.3142 
3 165.58963 0.3095 
5 177.8017083 0.2935 
8 191.4635365 0.3046 
9 168.8814386 0.2985 

 

5.2  Mechanism Reduction 

 
 The next part of this project is was to use the same model that was used to simulate the n-

heptane experiments and run a chemical mechanism that can represent the kinetics of the FACE 

fuel surrogates.  The starting point was to acquire a 4016 species diesel mechanism. A 

mechanism with a species count as high as this could be assumed to require a significant amount 

of computational time. The computational time for the kinetics does not quite scale linearly with 

the number of species, but using that it took two hours 35 species and nine hours for 173 species 

for the n-heptane simulations this rate indicates that over 200 hours of computational time is 

needed for 4016 species. This is a severe underestimate of time because the n-heptane 

simulations only had one species in the fuel and the surrogates will use between four and seven.  

However, it is in the interest of time to reduce the number of species in the mechanism to a much 

more reasonable quantity so that the FACE surrogates can be simulated in an economical amount 

of time.  Before the reduction could take place, it needed to be verified that all of the components 
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for FACE surrogates 1, 3, 5, 8, and 9 are present in the master mechanism.  The search yielded 

these results below. 

Table 5.4: Surrogate Component Check 
Compound Present in Detailed Mechanism Mechanism Name 

Decahydronaphthalene Yes decalin 
n-Decane Yes nc10h22 
n-Eicosane No N/A 
Heptamethylnonane Yes hmn 
n-Dodecane Yes nc12h26 
Methylcyclohexane Yes mch 
Toluene Yes c6h5ch3 
n-Propylbenzene Yes c6h5c3h7 
n-Tetradecane Yes nc14h30 
1-Methynaphthalene Yes a2ch3 

 
It can be seen in Table 5.4 that n-eicosane is the only component not found in the master 

mechanism.  The largest straight chain hydrocarbon found in the mechanism is n-hexadecane 

(C16H34), so this was used as the replacement since n-eicosane is n-C20H42.  During the reduction 

process of a chemical mechanism, certain components can be prevented from being cut out.  It is 

important that none of the surrogate components are cut out so that the fuel composition can be 

exactly simulated (with the exception that n-hexadecane will have to take the place of n-

eicosane).   

 Chemkin has a mechanism reduction application that is available.  This software runs a 

very simplified model in Chemkin to simulate parameters that the user specified.  For this case, 

the first step was to find out exactly what conditions the fuel is experiencing as it is run through 

the engine.  The HATZ model was run with no fuel to find out what is the maximum pressure 

and temperature that occurs from compressing the air in the cylinder.  The results are shown 

below in Figure 5.1 and Figure 5.2. 



 86 

 
Figure 5.1: Motored Pressure Trace 

 

 

 
Figure 5.2: Motored Temperature 
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Based on these plots, the simulation pressure in Chemkin was set to 42 [atm] and 980 [K] for the 

temperature.  Next, the equivalence ratio needs to be specified.  A value of 0.3 was used for the 

equivalence ratio since this is very near what is used in the experimental runs, but this is the 

global equivalence ratio.  In this engine, the fuel is not homogeneously mixed with the air.  To 

find out at what equivalence ratio initiates combustion, some contour plots were created in 

FORTE to see the behavior of the n-heptane.  The crank angle position of eight degrees after 

TDC was chosen because, for the 173 species case that was used for the contour setup, this 

position occurs slightly after auto-ignition and the flame will be clearly visible.  A plane that cuts 

through the piston bowl was used to check the temperature and equivalence ratios.  These plots 

are shown below in Figure 5.3 and Figure 5.4. 

 The temperature plot shown in Figure 5.3 shows that the flame is present running 

horizontally in the left region of the bowl as well as vertically in the right region of the bowl. 

Figure 5.4 shows that in this exact same region the equivalence ratio is very close to 2.  This 

value of two was then used as the upper value for the mechanism reduction.   

 Now the model in Chemkin has been fed the mass fraction composition of each fuel and 

it is restricted to not remove any of the species present in the surrogates (as well as necessary 

components such as O, N2, H2O etc.), it is set to run the batch reactor over the temperatures, 

pressures, and equivalence ratios seen in the HATZ model.  Finally the reduction was run using 

an absolute tolerance of 1x10-5 seconds and a relative tolerance of 5% of ignition delay.  All of 

the surrogate compositions ignited in the homogeneous 1-D batch reactor, and the reduction was 

successfully limited to keep the ignition delay within the tolerances throughout the reduction.  

The final species count was reduced to 1045 species.  
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Figure 5.3: Temperature at Ignition 
 

 

Figure 5.4: Equivalence Ratio at Ignition 
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5.3 Simulation with New Mechanism 

The mechanism reduction software outputs the new mechanism data into plain text files.  

This data is broken up into a kinetics file, a thermodynamics file, and a gas transport file.  These 

files can be read into FORTE’s pre processing utility, which will format the files into the 

arrangement that FORTE uses for its simulations.  After this is complete, the newly formatted 

mechanism was uploaded, and the fuel injection was adjusted to the appropriate levels.  The only 

other values that were adjusted were the fuel compositions.  A simulation was run using the new 

surrogate mechanism for the surrogates 1, 3, 5, 8, and 9 with an initial temperature of 395K.  The 

injection compositions for these models were set to the levels mentioned in Table 5.1 (with the 

exception that n-hexadecane was used in place of m-eicosane).  It should also be noted that the 

simulations were only ran up to 25 degrees for the initial tests for the interest of reducing 

computational time. 

5.3.1 Initial Simulations with 100oC Preheated Intake Air 

 During the first simulation, it was noticed that the surrogate pressure traces were 

indicating that auto-ignition was not occurring.  To try to better understand what may be 

happening, the surrogate 9 model (the first model) was run again varying the equivalence ratio 

along four points from 0.448 to 1.305.  These equivalence ratio values were chosen by arbitrarily 

injecting masses of fuel that range from globally lean to rich.  The pressure traces of these tests 

are shown in Figure 5.5.  By looking at this plot it can be visually determined that ignition is still 

not occurring.  However, something is happening by the separation in the pressure curves.  To 

further investigate what is occurring, the cumulative chemical heat release is shown in Figure 

5.6. 
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Figure 5.5: Surrogate 9 Fuel Variance 

 

 
Figure 5.6: Cumulative Chemical Heat Release 
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Looking at the cumulative chemical heat release, it can be seen that energy is actually being 

released from the fuel, however it is a very insignificant amount.  The equivalence ratio nearest 

unity is releasing the most energy (as it should be since near stoichiometric combustion is the 

most efficient), but not even six Joules of energy is released from either of these runs. To get a 

sense of magnitude, the n-heptane run with the n-heptane physical properties and the 173 species 

mechanism released 303 Joules by 15 degrees after TDC.   

 After running all of the models, only one had any successful results.  Surrogate 8 ignited 

with 0.0276 [g] of fuel injected.  This is an equivalence ratio of 0.83.  This mass of fuel is just 

over twice as much as what was discussed earlier, but should be more likely to induce ignition 

than the equivalence ratio of 0.3. All of the pressure traces of the other surrogates showed no 

interesting results, and looked very similar to those seen in Figure 5.5. 

 
Figure 5.7: Surrogate 8 Ignition 

 
Figure 5.7 shows the pressure trace of the ϕ=0.83 surrogate 8 simulation.  
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5.3.2  Initial Simulations with 200oC Preheated Intake Air 

Since the increased fuel flow produced combustion for the surrogate 8 simulation, the 

surrogates were run again with increased intake air temperatures.  The preheat temperature was 

set to 200 K which brought the initial temperature to 498 K.  The simulations with limited 

success were run with an initial temperature of 395 K.  This increased temperature provides more 

energy that will provide sufficient activation energy for some of the reactions that failed to occur 

with the lower temperatures.  This proved to be effective and all of the surrogates fired with a 

mass of fuel of 0.27 (which is near ϕ=0.75 for all of the surrogates) and this initial temperature of 

498 K. 

 

 
Figure 5. 8: Reduced Surrogate Mechanism Pressure Traces  
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Figure 5.9: Cumulative Heat Release for Reduced Surrogate Mechanism Simulations 

 

 
Figure 5.10:  Reduced Surrogate Mechanism Heat Release Rates with CA10 and CA50 
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5.3.3 Experimental Surrogate Analysis 

FACE fuel surrogates 1, 3, 5 (experimental data for 8 and 9 were not available for 

comparison) were run in the engine across a wide range of equivalence ratios (0.13 to 0.61) with 

varying intake temperatures of (383K to 432K), respectively. The model results for the 

surrogates did not fire under the extremely lean conditions and low temperatures. Firing only 

occurred for surrogate 5 at the higher temperature and equivalence ratios based on experimental 

runs but had delayed SOC shown Figure 5.11; thus intake temperature was increased while 

keeping equivalence the same which resulted in an SOC closer to the experimental SOC as seen 

in Figure 5.11.  

 

 
Figure 5.11: Surrogate 5 Pressure Trace Comparison for an Equivalence Ratio of 0.55.   

The Surrogate 5 experimental data with intake air temperature of near 430 K [solid line], 
the simulation with intake temperature of 525 K [dashed line], and the simulation run 

under the experimental conditions [dotted line] are shown. 
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Surrogate 1 and 3 required a higher equivalence ratio and temperature for combustion 

(above the experimental conditions) to acquire combustion with a predicted SOC close to the 

experimental SOC as seen in Figure 5.12; some model surrogates requiring equivalence ratios 

and intake temperatures above the experimental conditions to acquire SOC close to the 

experimental SOC as shown in Figure 5.11.  The CA10 and CA50 numbers were calculated from 

the cumulative heat release, which were calculated by solving for the heat release rate from the 

pressure traces, and then taking the integral of this data.  

 
Figure 5.12: Experimental Surrogate Pressure Traces.   

The experimental surrogate 1, phi=0.61 [thin solid line], the surrogate 3, phi=0.525 [dotted 
line], and the surrogate 5, phi=0.55 [thin dashed line] all have experimental intake 

temperatures are near 430 K.  The simulation of surrogate 1 [thick, solid line], surrogate 3 
[thick, dotted line], and surrogate 5 [thick, dashed line] are for phi=0.75 with an intake air 

temperature of 498K. 
 

The simulations being compared have a higher initial temperature (498 K compare to 

423K for experimental data) and are run with approximately 35% more fuel than the 

experimental values resulting in a simulated equivalence ratio of Φ = 0.75 compared to a 



 96 

maximum experimental equivalence ratio of Φ = 0.61. This comparison will still be useful to 

identify fuel trends with respect to SOC in the engine.  The CA10 and CA50 numbers are plotted 

on the cumulative heat release in Figure 5.14. It can be seen that the experimental surrogate 

CA10 and CA50 values are in order, from first to last, surrogate 5, 3, and 1.   

 

 
Figure 5.13: Experimental Surrogate Cumulative Heat Release.  

The experimental surrogate 5, phi=0.55 [thin solid line], the surrogate 3, phi=0.525 [short 
dash line], the surrogate 1, phi=0.61 [thin long dash line] all have intake temperatures are 
near 430 K.  The simulation of surrogate 5 [thick, solid line], surrogate 3 [thick, short dash 

line], and surrogate 1 [thick, long dash line] all are for phi=0.75 with an intake air 
temperature of 498K. 

 
The net heat release rate plots show that surrogates 1, 3, and 5 have very similar timings with 

respect to crank angle.  It can also be seen that the peak magnitude is very similar between 

experimental and simulation for surrogates 1, and 5.  The surrogate 3 simulation is about 16 

J/degree lower than the experimental values.  This accounts for about 21% error. 
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Figure 5.14: Cumulative Heat Release with CA10 and CA50 for Experimental Data.  

The grey diamonds indicates the surrogate 3 SOC (CA10 near 0 J and CA50 near 100 J). 
The black squares indicate SOC for surrogate 5. The black circles indicate SOC for 

surrogate 1. 
 

 
Figure 5.15: Cumulative Heat Release with CA10 and CA50 for Simulation Data.  

The surrogate 3 SOC [grey diamonds] (CA10 near 0 J and CA50 near 100 J), the SOC for 
surrogate 5 [black squares], and the SOC for surrogate 1 [black circles] are shown. 
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Figure 5.16: Experimental Net Heat Release Rate for Surrogate 1.   

The solid red line indicates the experimental net heat release rate being compared. The 
dashed line shows the simulation net heat release rate. 

 
 

 
Figure 5.17: Experimental Net Heat Release Rate for Surrogate 3.  

Surrogate 3. The experimental net heat release rate [solid red line] and the simulation net 
heat release rate [dashed line] for surrogate 3 
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Figure 5.18: Experimental Net Heat Release Rate for Surrogate 5.  

The experimental net heat release rate [solid red line] and the simulation net heat release 
rate [dashed line] for surrogate 5. 

 

5.4  Discussion of Surrogate Results 

Although it took a comparatively rich charge of fuel and elevated intake temperatures, 

these simulations achieved some degree of success. The cumulative heat release rates of the 

simulations do not reach the levels seen experimentally.  It can be seen in Figure 5.12 that the 

pressure at TDC is 3 atm lower in the simulations than is seen experimentally; this is an effect of 

the increased intake temperatures as seen by the motored pressure traces in Figure 5.19.  As the 

intake air increases in temperature, the TDC pressure is reduced. 
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Figure 5.19: Motored Pressure Traces at Varying Intake Temperatures.   

The ambient air temperature [short dash line], the 348 K intake air [small dot line], the 398 
K intake air [large dot line], and the 473 K intake air [thick dashed line] cases are shown 

from top to bottom. 
 

 The work that needs to be done next is to check to see if the master mechanism will 

produce autoignition for one or more of the surrogates that failed with the reduced mechanism at 

the lower temperature intake air. It may not be feasible to run it for all of the failed surrogates 

because of the enormous computational time requirement.  The surrogate simulations discussed 

above were run from 132 degrees BTDC and were only run to 30 degrees ATDC.  Even this 

reduced study cycle required an average of 3.5 days of computational time.  If it turns out that 

the master mechanism does ignite, under these conditions, then it will be known that the 

reduction process is removing important reactions that initiate combustion at lower temperatures.  

If it does not ignite, then this reduction process should be retried with a different source to see if 

there are better results.  If it turns out that the 4016 species mechanism does allow for ignition to 

occur, then it may be efficacious to try making an individual mechanism for each surrogate.  

These mechanisms may then be blended together to produce another mechanism that will run all 

of these fuels.  This method may preserve some of the kinetics that the method used for this 
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project may have cut out and may increase the accuracy of the simulations.  Future work will 

also include running the surrogate simulations all the way out to 180 degrees ATDC so that an 

emissions comparison can be performed.  Finally, a more complete set of experimental data 

(particularly for surrogates 8, and 9) will be required. 

5.3.4 Discussion of Surrogate Results 

Although it took a comparatively rich charge of fuel and elevated intake temperatures, 

these simulations achieved some degree of success.  The cumulative heat release showed that for 

surrogates 3 reaches a peak that is higher than that of 9 and 9 reaches a peak that is higher than 8 

for both the simulations and the experiments.  It also showed that the CA10 value for surrogate 8 

occurs before the CA10 value for surrogate 9.   The simulations had some seemingly early 

predictions for surrogate 3 CA values compared to the experiments.  However, these are 

interesting results for a first reduction attempt.  

5.5 Next Steps for New Mechanism 

 The work that needs to be done next is to check to see if the master mechanism will 

produce autoignition for one or more of the surrogates that failed with the reduced mechanism at 

the lower temperature intake air. It may not be feasible to run it for all of the failed surrogates 

because of the enormous computational time requirement.  If it turns out that the master 

mechanism does ignite, under these conditions, then it will be known that the reduction process 

is removing important reactions that initiate combustion at lower temperatures.  If it does not 

ignite, then this reduction process should be retried with a different source to see if there are 

better results.  If it turns out that the 4016 species mechanism does allow for ignition to occur, 

then it may be efficacious to try making an individual mechanism for each surrogate.  These 

mechanisms may then be blended together to produce another mechanism that will run all of 
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these fuels.  This method may preserve some of the kinetics that the method used for this project 

may have cut out and may increase the accuracy of the simulations.  
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CHAPTER 6: CONCLUSIONS 

Advanced combustion engines are gaining more attention because of their ability to operate 

with power that is comparable to the more traditional engines types while producing fewer 

harmful emissions such as NOx, CO, particulate matter.  Low temperature combustions engines, 

such as the HATZ single cylinder diesel engine, run very fuel lean which can be dangerous under 

certain operating conditions.  To better optimize the use of these types of engines, predicting 

SOC is very important to reduce the risk of engine damage.  Computational fluid dynamic 

simulation of Fuels for Advanced Combustion Engines (FACE) can aid in this optimization 

process.  To achieve successful ignition timing simulations for these complex fuels, surrogate 

fuels can be modeled to reduce computational time, but the physical properties and chemical 

kinetics must be modeled as closely as possible to achieve the best results. 

Oak Ridge National Labs ran several experiments using a HATZ 1D50Z engine using n-

heptane as fuel as well as FACE fuel surrogates.  Throughout these experiments, various 

performance data was taken as well as measurements of the physical setup that aided in setting 

up a computer model.  This information was used to create a CFD model in the Reaction Design 

software, FORTE.  This model was run using all of the measurements provided by ORNL to 

eliminate a significant amount of simulation assumptions.  The n-heptane fuel experimental data 

was then compared to the simulation data created using several different chemical mechanisms.  

These results provided insight to the importance of matching physical properties as well as 

chemical kinetics as closely as possible.  However this level of detail is controlled by 

computational time requirements that are greatly increased by when the number of species in the 

chemistry set is increased as well as when the fuel complexity increases. 
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 It was desired to develop a single chemical mechanism that would be able to predict the 

ignition timing for the diesel FACE fuels 1, 3, 5, 8, and 9.  Inputting a detailed diesel chemical 

mechanism to the Chemkin mechanism reduction software started this process.  Chemkin then 

matched the composition of each of the mentioned fuels and simulated their ignitions in a 

homogeneous batch reactor.  This method reduced the 4016 species master mechanism to 1046 

species.  The resulting mechanism was only able to produce autoignition for surrogate 8 with the 

100 K preheated intake air.  It also required an equivalence ratio near 0.8, which is more rich fuel 

charge that what has been used in the engine experimentally.  Increasing the preheat temperature 

to 200 K allowed for ignition to occur for all surrogates, still with the equivalence ratio near 0.75 

for all cases.  The relative magnitude of the cumulative heat release showed successful 

comparison to experimental results, but SOC had unexpected times compared to experiments. 

 A single chemical mechanism that would be able to more accurately predict the ignition 

timing for the FACE fuels 1, 3, 5, 8, and 9 can be created with more time and work on the 

reduction process.  A good first step in continuing this project would be to run the master diesel 

mechanism in the HATZ model so see if ignition occurs for some of the surrogates that failed to 

ignite with the reduced mechanism at the lower initial temperatures and/or reduced equivalence 

ratios (near 0.3).  If autoignition does not occur for the more lean conditions then a new source 

for the diesel chemistry needs to be used.  If autoignition does occur, then an alternate method of 

reduction can be to reduce the mechanism individually for each of the five surrogates.  These 

five mechanisms can be simulated individually, and if they are successful, the five mechanisms 

can be blended together to form a single mechanism that can then be tested.  

This project provides information as to the importance of accurately modeling the physical 

behavior of the fuel for LTC engines.  Fuel mixing has a significant impact on the internal 
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chemistry of an engine.  One method of mechanism reduction was provided as well as a 

discussion of the results.  The recommendations to future work on this project will provide 

interesting results whether they lead to success, find that they master diesel mechanism that was 

used is insufficient to produce accurate results for lean conditions, or show another reduction 

method to avoid for creating a mechanism as complex as the one perused with this work. 
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