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ABSTRACT 

EXPERIMENTAL STUDIES OF TURBULENT JET IGNITION: COMBUSTION 

VISUALIZATION AND PRESSURE TRACE ANALYSIS USING AN OPTICALLY 

ACCESSIBLE RAPID COMPRESSION MACHINE 

By 

Gerald Raymond Gentz 

This dissertation presents several series of experiments on turbulent jet ignition (TJI) using an 

optically accessible rapid compression machine (RCM), presenting pressure trace data and 

combustion visualization. Chapter 2 gives a detailed overview of the RCM and, and a general 

testing procedure. However, each series of experiments uses different TJI igniters and optical 

head geometries. Therefore, in the following chapters, the RCM and TJI configurations are first 

introduced, and then the experimental results are presented. Chapter 3 presents experimental 

results on TJI without any auxiliary fuel injection, using propane. Chapter 4 investigates 

auxiliary fueled TJI with liquid propane used as the auxiliary fuel, and gaseous propane as the 

main chamber fuel. Chapter 5 presents dual injector TJI experiments performed using methane as 

the main chamber and pre-chamber fuel. This chapter also investigates the effect of charge 

dilution using both nitrogen and exhaust gases. Chapter 6 utilizes an auxiliary fueled TJI system 

using liquid iso-octane as the auxiliary fuel. This chapter studies the effects of auxiliary fuel 

injection and ignition distribution due to single orifice and dual orifice nozzle geometry. Finally, 

Chapter 7 presents a summary of the most important experimental results, and some concluding 

remarks. 
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CHAPTER 1: INTRODUCTION 

1.1   Background and Motivation  

Improving the efficiency and reducing emissions of internal combustion engines are a top 

priority for engine developers.  Major initiatives are currently underway in the United States to 

improve fuel economy, and limit the emissions of particulate matter (PM), unburned 

hydrocarbons (HC), carbon monoxide (CO), and oxides of nitrogen (NOx).  Advanced 

combustion engines that operate highly dilute with either excess air or residual gases can deliver 

high thermal efficiencies and low emissions through low-temperature combustion (LTC) 

strategies [1].  However, the combustion of highly dilute mixtures and lean burn technology is 

challenging to implement since as the mixture becomes increasing lean, the burning speed 

becomes much slower and combustion starts to become unstable [2].   In this case, ignition 

enhancement allows for faster burning rates and increased stability either by increasing the 

ignition energy supplied, and/or distributing the ignition source over many ignition sites [3-5]. 

Turbulent jet ignition (TJI) is one such advanced ignition enhancement technique for spark 

ignition (SI) engines, where a jet of hot combusting gases is used as the ignition source. 

1.2   Overview of Turbulent Jet Ignition 

TJI is an advanced pre-chamber ignition enhancement technique for SI engines that uses one 

or more jets of hot combusting gases as the ignition source.  With TJI, combustion is initiated in 

a pre-chamber by conventional spark ignition, generating a rapid increase in temperature and 

pressure that force combusting gases out of the pre-chamber though one or more small orifices. 

Heat and radical species are distributed throughout the discharging jet volume, and act as the 

ignition source for the main chamber charge as the unburned mixture becomes entrained. This 
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distributed ignition effect leads to fast burn rates and increased combustion stability [5].  

Figure 1-1 gives an illustration of the TJI process due to a single jet. 

 

Figure 1-1.  Illustration of TJI with a single orifice nozzle 

Figure 1-2 shows TJI initiating main chamber combustion. From the image sequence, the initial 

jet penetration can be seen, followed by flame propagation and interaction of the jet with the 

walls of the cylinder. 

 

Figure 1-2.  Combustion visualization of TJI initiating main chamber combustion 

1.13 ms 1.25 ms 1.38 ms 1.63 ms 2.00 ms 
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The components of a simple TJI igniter consists of a pre-chamber adapter body, a spark plug, 

and a nozzle with one or more small orifices. For systems that utilize auxiliary fueling in the pre-

chamber, a fuel injector is added to the TJI assembly, such as the one shown in Figure 1-3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1-1.  Components of a TJI System 

Pre-chamber adapter body 

- Volume 

- Aspect ratio 

Pre-chamber fueling strategy 

- No auxiliary injection 

- Auxiliary fuel injection 

- Auxiliary air and fuel injection 

Ignition system 

- Ignition coil 

- Spark plug 

- Triggering circuit 

TJI nozzle geometry 

- Orifice diameter 

- Number of orifices 

- Orifice shape and orientation 

Figure 1-3.  TJI assembly: fuel injector, spark plug, 

pre-chamber adapter body, and nozzle. 
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Table 1-1 gives an overview of the components of a TJI system. Each aspect of a TJI system in 

the table deserves careful design considerations. For example, the pre-chamber is important since 

ignition is first initiated here by conventional spark ignition. The initial flame kernel develops 

into a deflagration that travels the length of the pre-chamber, compressing the unburned charge 

and forcing some of the unburned contents out into the main-chamber via one or more small 

orifices.  Once the flame has reached the nozzle, then the hot products of combustion will 

discharge and initiate ignition in the main chamber.  The volume of the pre-chamber will govern 

the mass of hot products that will be available to discharge and act as the ignition source for the 

main chamber.  The aspect ratio of the pre-chamber or the ratio of the pre-chamber height to 

diameter will determine how far the flame front has to travel, as well as how much of the pre-

chamber charge is initially consumed versus being pushed out of the main chamber.  The surface 

area to volume ratio will govern the heat transfer losses in the pre-chamber. Any heat losses or 

combustion inefficiencies in the pre-chamber will propagate and directly influence the 

combustion in the main-cylinder since the enthalpy of the discharging jet will be diminished.  

The nozzle geometry is just as critical since this will determine the jet structure and distribution 

of heat and energy of the products into the main-chamber.  If a nozzle orifice has too small of a 

cross sectional area, the flow may be become choked and the amount of mass that discharges 

from the pre-chamber may not be enough to initiate combustion.  Alternatively, even if the flow 

is not choked, if the nozzle orifice area is too small and the resulting jet velocity is exceedingly 

fast, the ignition attempt may be unsuccessful due to excessive cooling and quenching by high 

strain rates [6]. In an engine, choked flow through the nozzle orifices will also cause an issue 

between cycles when trying to purge the pre-chamber cavity of residual gases.    
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An innovation by Schock et al. [7]  to improve the TJI process in engines was to add a 

second injector that allows for the injection of air into the pre-chamber.  By adding an injector 

for air, the options for controlling and tuning the combustion greatly increases. The air injection 

allows purging of residual gasses from the pre-chamber, creating an opposed jet flow during fuel 

injection to prevent wall wetting and enhance mixing, and better control of the local 

stoichiometry near the spark plug electrodes. This is particularly important when operating with 

high levels of exhaust gas recirculation, where combustion would be unstable or impossible 

without the additional air injection event. The dual injector TJI concept allows different TJI 

operating modes to be used depending on the engine conditions: TJI without auxiliary fuel 

injection, with auxiliary fuel injection only, or with both auxiliary air and fuel injection.   Figure 

4 shows an illustration of the dual injector TJI concept. 

 

Figure 1-4.  Illustration of the dual injector TJI concept with dual orifices and jets shown. 
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1.3   Research questions and objectives 

The turbulent jet ignition process is complex, and involves coupled physics of thermal, 

chemical, and fluid mechanics. Further study necessary to better understand and characterize the 

TJI process.  For instance, for a given TJI design it is difficult to know a priori the answers to 

following research questions  

1. Will ignition be successful? Where does ignition occur once the jet discharges? 

2. How does changing the nozzle orifice geometry affect the combustion process?  More 

specifically, what about nozzle diameter, number of orifices, etc.? 

3. How is the flow between the pre-chamber and main chamber characterized?   

4. What is the lean limit of combustion?  How far can TJI extend the lean limit over other 

ignition enhancement concepts? 

5. How is the combustion due to TJI affected by increasing dilution levels (either excess air 

or residual gasses)? 

6. Can TJI be used to control autoignition in the unburned mixture, leading to further 

ignition enhancement? 

The work presented here attempts to address these research questions and add to the scientific 

body of knowledge about the jet ignition process.  

1.4   Literature review 

1.4.1 Ignition phenomena 

Ignition describes the transition from an unburned state to an intensely burning state [8].  

By definition, ignition is a transient phenomenon that deals with chemically reacting flows, the 

evolution of heat, and heat transfer losses to the surroundings.   Fundamentally, ignition can 
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occur two distinct ways:  either thermally due to the introduction of heat, or chemically due to 

chain-branching reactions [8, 9].  Quenching is closely related to ignition, and describes the 

opposite phenomena- a transition from a burning state to an unburned state. Quenching can occur 

due to removing heat from a flame, or by quenching a sufficient amount of the chain-branching 

radials that participate in the ignition process [10, 11].   

Classical ignition theory attempts to describe the complex physics using models with one 

step reactions and chain reactions of a homogenous mixture [12-15].   Conceptually, it is useful 

to think of thermal ignition in terms of an energy balance between the heat generated and the 

heat lost to the surroundings, with the mixture reacting according to an Arrhenius model, causing 

the reaction rate to increase exponentially as the temperature increases, leading to further heat 

generation and ultimately resulting in a state of thermal runaway and ignition of the mixture [12].  

Chemical ignition is due to a rapid rate of radical production and heat generation as a result of 

chain-branching reactions.  This process is distinct from a purely thermal ignition in the sense 

that it can occur isothermally, with the possibility of the heat generated in the mixture due to 

exothermic reactions being dissipated by heat transfer losses to the walls [9, 13]. However, if the 

rate of radical production continues and chain-branching dominates, some additional heat will be 

evolved, and similar to the thermal ignition case thermal runaway will occur leading to ignition 

[8]. Of course, the literature on ignition theory only gives a model of the physics that occur.   In 

reality the conditions during combustion will be quite different and even the most advanced 

ignition model will have difficulty accurately describing all of the complex phenomena including 

inhomogeneous mixture compositions and temperatures, turbulence, thermal expansion, 

chemical reaction rates, and other such effects associated with combustion.  For this reason, 
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experimental work is often performed to characterize the ignition process for various conditions 

of interest, and is complementary to the fundamental theories. 

Thermal ignition of a premixed fuel-air mixture can be characterized by how the heat is 

spatially and temporally distributed to the mixture.  Kuchta [16] identified the following thermal 

ignition sources: 

1. Electrical Spark Ignition 

2. Hot Surfaces 

a. Heated vessels or walls 

b. Heated wires or rods 

3. Hot Gases 

a. Adiabatic compression  and shock compression 

b. Heated gas jets and pilot flames 

4. Thermal radiation 

For each of these thermal ignition sources, the characteristic rate of heating and the size of the 

ignition source vary greatly. For instance, electrical spark ignition is spatially highly localized 

and very high in temperature and heating rate.  In contrast, for heated surfaces the heating rate 

and temperature is relatively low, while the surface area is large.  Due to the different spatial 

characteristics, the ignition requirements for a highly concentrated source like spark ignition is 

given in terms of ignition energy, while for more distributed heat sources, the ignition 

requirements are given in terms of temperatures.   

Ignition by hot gasses also has its own unique temporal and spatial characteristics.  Shock 

wave heating, such as what occurs when igniting a fuel-air mixture in a shock tube, is the most 

localized in space in time due to the fast velocity and small thickness of the traveling shock wave 

that compresses and heats the fuel-air charge.  Adiabatic compression ignition is more 



9 

 

distributed, with a slower heating rate as when using a rapid compression machine to study the 

chemical kinetics of fuels that exhibit auto-ignition.   Another type of ignition involves a jet of 

hot gasses, either inert which is primarily a thermal ignition source,  or a chemically active jet 

which will involve both thermal ignition and chemical ignition processes due to the participation 

of active radical species, such as during turbulent jet ignition.    

It should be noted that not all fuel and air mixtures are capable of being ignited, and only 

a certain range of mixture strengths will allow for steady flame propagation.  The critical 

concentrations of fuel and oxidizer are known as the limits of flammability [16, 17].  The upper 

limit of flammability gives the richest mixture for which a steady flame can propagate, while the 

lower limit, or lean limit of combustion, gives the leanest mixture that will allow for steady 

flame propagation.   These limits are usually determined experimentally for laminar, pre-mixed 

flames, and are typically apparatus dependent due to heat transfer losses unique to each device.  

Generally, the limits of flammability are widened by increased temperature, pressure, oxygen 

concentration, and energy of the ignition source.  The presence of turbulence and buoyancy also 

widen the flammability limits due to an increase in the resulting flame propagation rate [16]. 

 Ignition enhancement refers to various techniques to improve the quality of the ignition 

process.  Several technical papers have reviewed ignition enhancement concepts for internal 

combustion engines [4, 5, 18].  Of particular importance to this work is the paper written by 

Toulson et al. who gave a comprehensive review of pre-chamber jet ignition concepts [5]. 

1.4.2 Combustion and interpretation of flame color  

Combustion is rapid oxidation of fuel and air mixture, generating heat or both heat and light 

[11].  One mode of combustion is a flame which is defined as a thin reaction zone. Generally, a 
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flame can be characterized as being premixed, where the reactants are well mixed at the 

molecular level or nonpremixed (diffusion) flames where the fuel and oxidizer are initially 

separated.  Combustion can also occur in a non-flame mode [19], where there is not a well-

defined reaction zone and ignition occurs volumetrically.  

The emission of light during combustion can be used to study the physics and chemistry that 

are occurring, and there are various mechanisms of light emission associated with flames. 

Chemiluminesence is the spontaneous emission of light from electronically excited species due 

to a chemical reaction.  During chemiluminesence, the emission of a photon occurs as an 

electronically excited radical species relaxes to its ground state.  This photon emission can occur 

as a single wavelength, banded spectra, or a continuous spectrum depending on the species.  

Some common species that exhibit chemiluminesence in hydrocarbon flames are OH*, CH*, C2
*, 

and CH2O
*, where the asterisk indicates an electronically excited state.    

A two-step mechanism further explains the emission of light due to chemiluminesence.  Two 

species chemically react, and produce an excited radical and other species.  This electronically 

excited radical species then relaxes to its ground state, releasing a photon that emits light at 

wavelengths characteristic of the species. 

1. 𝐴 + 𝐵 → 𝑅∗ + 𝑜𝑡ℎ𝑒𝑟𝑠 

2.  𝑅∗ → 𝑅 + ℎ𝜈 

 Table 1-2 shows some common chemiluminescent species, the chemical reactions leading to 

chemiluminesence and the characteristic wavelengths at which light is emitted. 
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Figure 1-5 presents a schematic of the UV-VIS-IR spectrum for reference. It can be seen that the 

OH* and CH* chemiluminesence occurs near the blue and violet regions of the visible spectrum, 

which is what gives a premixed flame its characteristic blue hue. Apart from the direct formation 

of electronically excited species, species can become electronically excited due to high 

temperatures, which is referred to as thermal excitation.  The last mechanism of light emission in 

a flame is due to black body radiation of solid particles such as soot. The solid particles act as 

black body emitters, absorbing and emitting radiation as described by Planck’s law. This is what 

gives a diffusion flame the characteristic yellow-white color. 

Species Reactions 
Wavelengths 

(nm) 

OH* 

𝐶𝐻 + 𝑂2 → 𝐶𝑂 + 𝑂𝐻∗ 

282.9, 308.9 

𝐻 + 𝑂 + 𝑀 → 𝑂𝐻∗ + 𝑀 

CH* 

𝐶2𝐻 + 𝑂2 → 𝐶𝑂2 + 𝐶𝐻∗ 

387.1, 431.4 

𝐶2𝐻 + 𝑂 → 𝐶𝑂 + 𝐶𝐻∗ 

C2
* 𝐶𝐻2 + 𝐶 =  𝐶2

∗ + 𝐻2 513, 516.5 

CO2
* 𝐶𝑂 + 𝑂 + 𝑀 → 𝐶𝑂2

∗ + 𝑀 350-600 

Table 1-2.  Chemiluminescent species and reactions in HC flames 
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1.4.3 Jet classification, dynamics and structure 

In addition to the chemical and thermal processes associated with jet ignition, the 

physical processes due to fundamental jet dynamics will is important.  Such processes include 

details about the transient jet development, entrainment and mixing mechanisms, regions of 

instability, and compressibility effects.  Gholamisheeri et al. studied the behavior of transient, 

compressible, and combusting jets  due to TJI in an RCM [20].  However, most of the literature 

on jets refers to the steady state processes that occur, and relatively little work has been done on 

transient jet development which is the most relevant to TJI.   

The structure and behavior of a jet is often characterized by the pressure ratio across the 

nozzle or orifice.  The jet is considered to be underexpanded when the jet pressure is greater than 

the ambient pressure, causing the jet to continue to expand after it has discharged from the 

nozzle [21]. An overexpanded jet occurs when the fluid exits at a lower pressure than the 

UV 
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IR 

Figure 1-5.  UV-VIS-IR Spectrum 
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ambient fluid, causing the flow to contract some distance after the nozzle. When the pressure of 

the jet equals the ambient pressure (referred to as an ambient or sonic jet), the velocity is axial 

and the jet does not expand nor contract.  Furthermore, jets are classified according to if the jet is 

interacting with a surface or if the jet is free from any boundary interactions.  In the case of no 

boundary interactions, the term free jet is used. When the jet is interacting with a surface, the 

term impinging jet or confined jet is often used.  Franquet et al. [22] performed a review of free 

underexpanded jets in a quiescent mixture, which describes the flow conditions and jet 

structures, as well as introducing the most relevant mathematical descriptions for under 

expanded jets found in the literature. 

Pawlak et al. characterized the starting jet dynamics of a laminar jet with numerical 

simulations and experimental observations [23]. The authors give the following detailed 

description of the development of a transient jet: “The initial development of a jet emanating 

from an orifice involves the roll-up of vortices into a vortex ring, which is trailed by a column of 

high-momentum fluid, subject to shear instabilities”. The vortex rings and the shear instability 

regions are important since significant mixing occurs in these regions.  With studying the jet 

dynamics we can gain some insight about where ignition will occur.  The vortex rings and the 

stagnation front of the leading vortex are areas where local ignition may occur due to high spatial 

gradients, while ignition may be less likely to occur in areas of high strain rate [24].  

1.4.4 Jet ignition literature 

The concept of jet ignition was first introduced in the late 1950’s in the USSR under the 

direction of Nikolai Semenov,  who is famous for his contributions to chain reaction theory [25, 

26].  Lev Gussak was one of the researchers working with Semenov to develop the first jet 

ignition engine. They gave the ignition concept the name LAG (Lavinaia Aktivatsia Gorenia) 
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which translates to “Avalanche Activated Combustion” [5, 25-29].  LAG is essentially a divided-

chamber stratified-charge ignition concept that uses a chemically reacting jet of fuel-rich 

combustion products to initiate combustion in ultra-lean mixtures. The advantages to this 

combustion process include limiting the occurrence of engine knock, reducing the required fuel 

octane number, increasing combustion stability for lean mixtures, lowering specific fuel 

consumption, and decreased formation of pollutants [27]. In the pioneering experimental work 

on the LAG process performed by Gussak in a pre-chamber engine [27, 28], a rich mixture 

(λ=0.5) was delivered to the pre-chamber via a cam actuated injector, and a lean mixture of 

λ=2.0 was able to be ignited within the cylinder. λ is defined as the air-fuel equivalence ratio, or 

relative air-fuel ratio.  Through extensive experiments, Gussak found that a pre-chamber volume 

2-3% of the clearance volume and a total orifice area of 0.03-0.04 cm2 per 1 cm3 of pre-chamber 

volume optimized the LAG process.  

Later, Oppenheim et al. [30-32] at the University of California, Berkeley developed a 

similar ignition concept termed Jet Plume Injection and Combustion (JPIC).  The JPIC igniter is 

essentially a miniaturized version of the valve-operated LAG combustion system that can be 

installed into an engine similar to a direct injector [5, 31].  Ultra-lean mixtures of λ=2.22 could 

be ignited by JPIC, while the lean limit for spark ignition was determined to be λ=1.53. For 

nozzle diameters of 2.5 mm, 4 mm, and 6 mm, combustion performance was evaluated based on 

parameters of the pressure traces such as maximum pressure, and the slope of the pressure 

curves.  Murase and Hanada [33-35], also performed extensive research on the JPIC ignition 

concept. In one study [35], jet ignition was used as a trigger to control the start of Homogenous 

Charge Compression Ignition (HCCI), with direct visualization of the jet discharging and 

initiating combustion. 
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In the 1990’s, at the University of Melbourne, Watson et al. [36-38] developed a pre-

chamber ignition concept named Hydrogen Assisted Jet Ignition (HAJI). HAJI is similar to the 

other pre-chamber jet ignition concepts mentioned in this paper; the hardware consists of a small 

pre-chamber and orifices, spark plug, and pre-chamber direct injector.   As the name suggests, 

hydrogen is used as the pre-chamber fuel.  Toulson et al. performed a study of the HAJI system 

in a single cylinder research engine with Liquefied Petroleum Gas (LPG) as an alternative pre-

chamber fuel, with the LPG having a composition of 95% propane and 5% butane [37]. Main 

chamber fuels tested were both LPG and gasoline. In this study, the experimental lean limit was 

defined to be when the coefficient of variation of the indicated mean effective pressure exceeded 

10%.  As a baseline, spark ignition was determined to have a lean limit of 1.25.  Using hydrogen 

as the pre-chamber fuel was shown to extend the lean limit the furthest to λ=2.6 with gasoline as 

the main-chamber fuel and λ=2.5 for the case when LPG was used as the main-chamber fuel.   

Using LPG as the pre-chamber fuel also showed a significant extension of the lean limit to 

λ=2.35 for both LPG and gasoline as main chamber fuels.  Analysis of the exhaust indicated that 

when LPG was used as the main-chamber fuel, the NOx emissions were reduced.  Furthermore, 

mass burn rate calculations derived from the pressure traces showed the effect of the different 

pre-chamber and main chamber fuel combinations.  

TJI is a further refinement of the jet ignition concept for direct application to standard 

spark ignition engines.  Attard et al. performed extensive engine studies of TJI [39-45], including 

a visualization study of TJI in a single cylinder optical engine using natural gas at several air to 

fuel ratios and engine speeds [46], as well as demonstrating successfully that vaporized gasoline 

is a viable pre-chamber fuel [44]. 
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The work of previous authors includes testing various pre-chamber fuels and fueling 

strategies.  Using a single fuel source in an engine is preferable, with a liquid gasoline system 

being the most convenient to implement into existing spark ignition engines that already operate 

using liquid gasoline as the primary fuel.  However, liquid gasoline pre-chamber fueling systems 

in the literature exhibit diminished performance due to poor mixture preparation caused by 

limitations of the injector hardware [41]. 

 When using different fuels, the physics that occur during jet ignition may change due to 

changes in the thermochemistry.  For instance, Murase and Hanada studied jet ignition using n-

butane mixtures in a rapid compression machine and found that jet ignition triggered autoignition 

of the mixtures [35]. By analyzing the pressure traces and rate of pressure rise, along with high-

speed imaging, the effect of nozzle diameter and ignition timing were investigated. Two different 

single orifice nozzles were used with diameters of 2.5 mm and 4.0 mm, and the jet behavior was 

found to change with the orifice geometry and stoichiometric conditions [35]. 

1.5   Outline of the Dissertation 

This dissertation presents several series of experiments on TJI using an RCM presenting 

pressure trace data and combustion visualization.  Chapter 2 gives a detailed overview of the 

RCM and, and a general testing procedure. However, each series of experiments uses different 

TJI igniters and optical head geometries. Therefore, in the following chapters, the RCM and TJI 

configurations are first introduced, and then the experimental results are presented. Chapter 3 

presents experimental results on TJI without any auxiliary fuel injection, using propane.  Chapter 

4 investigates auxiliary fueled TJI with liquid propane used as the auxiliary fuel, and gaseous 

propane as the main chamber fuel.  Chapter 5 presents dual injector TJI experiments performed 

using methane as the main chamber and pre-chamber fuel.  This chapter also investigates the 
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effect of charge dilution using both nitrogen and exhaust gases. Chapter 6 utilizes an auxiliary 

fueled TJI system using liquid iso-octane as the auxiliary fuel.  This chapter studies the effects of 

auxiliary fuel injection and ignition distribution due to single orifice and dual orifice nozzle 

geometry. Finally, Chapter 7 presents a summary of the most important experimental results, and 

some concluding remarks. 
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CHAPTER 2: RCM AND EXPERIMENTAL METHODS 

2.1   Rapid Compression Machine 

The rapid compression machine used for the experiments is shown in Figure 2-1.   The 

RCM operates using three pistons (combustion, hydraulic, and pneumatic) coupled together with 

two shafts such that any motion from one of the pistons is transferred to the others.   

 

 

Figure 2-1.  RCM illustration showing the location of the TJI igniter with the piston at BDC. 

During operation, high-pressure oil in the hydraulic reservoir provides a holding force for the 

system, while pressurized air acting on the pneumatic piston serves as the driving force.  When 

triggered, a solenoid valve vents the high-pressure oil in the hydraulic reservoir. No longer 

restrained, the piston system is driven forward until the hydraulic piston reaches the end of the 

reservoir where it is stopped due to mechanical interference.  By introducing shims in the back 

flange of the hydraulic chamber, the stroke length may be adjusted, which allows the RCM 

compression ratio to be variable.  

The motion of the RCM piston compresses the charge of fuel and air in the combustion 

cylinder to an elevated temperature and pressure suitable for combustion, which occurs at 

Air inlet and exhaust 

to vacuum manifold 

Hydraulic piston 
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constant volume when the piston has reached the end of its stroke.  The RCM utilizes a single 

stroke, and the piston remains at the Top Dead Center (TDC) position until it is returned to the 

starting position after the test.  Figure 2-2 shows a view of the RCM optical head and TJI Igniter 

when the piston has reached TDC.  The TJI Igniter clamps onto the top of the optical head, and 

depending on the experiments being perfromed, different optical heads and TJI assemblies are 

used. 

 

Figure 2-2. View of the RCM optical head showing the location of the TJI igniter at TDC. 
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The RCM optical head and cylinder are pre-heated using band heaters, which are controlled by a 

LabVIEW program. In order to maintain a uniform temperature and prevent heat transfer to the 

surroundings, a high-temperature insulating jacket is used.  LabVIEW is also used for signal 

generation (ignition coil dwell signal, fuel and air injection pulses) and data acquisition (control 

signals, pre-chamber pressure, and main chamber pressure). 

Prior to performing a test the combustion chamber is evacuated of all gasses using a 

vacuum pump through a small port at the bottom of the combustion cylinder. The fuel is then 

added to the cylinder using metering valves for gaseous fuels, or via a fuel injector for a liquid 

fuel. An absolute pressure transducer is installed onto a small manifold that is connected to the 

inlet port that allows the cylinder pressure to be measured. This provides the partial pressure of 

the fuel for the chosen stoichiometry, and the partial pressure of air can then be calculated and 

introduced to the cylinder via the inlet port by using a metering valve connected to a compressed 

air cylinder. 

The entire bore of the RCM cylinder is optically accessible through a 50.75 mm sapphire 

window. A Photron SA4 high-speed color camera equipped with an objective lens is used to 

perform direct combustion visualization. Visualization of radical species such as OH* and CH* 

due to chemiluminesence is performed by coupling a Photron SA5 to a LaVision High Speed 

Intensifier, using a UV-VIS objective lens and bandpass filters. The band pass filters mount onto 

the end of the UV lens using a short threaded lens tube and retaining ring.  For visualizing OH* 

chemiluminesence a  307±10 nm band pass filter purchased from Edmund optics was used, while 

a 430 nm ± 10 nm band pass filter was used to image CH* radical species. Further details 

regarding the experimental setup can be found in [47, 48]. 
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2.2   Testing Protocol 

In general, the following procedure was used for performing the experiments using the RCM. 

1. Pre-heat the combustion chamber walls to the desired temperature, usually 80 ℃ to 110℃ 

to simulate the temperature of an engine cylinder block. 

2. Using the LabVIEW control system, set the values for the relative spark timing and 

auxiliary injection timing. 

3. Vacuum out the combustion chamber and pre-chamber completely of residual gasses.  

4. Add fuel, followed by air, then other diluent gasses depending on the test to obtain the 

desired air/fuel ratio and dilution percentage. 

5. Pressurize the hydraulic chamber by manually pumping the reservoir with hydraulic fluid 

to a pressure of 1000 psi.  This acts as the holding pressure until the system is ready to 

fire, and prevents the pistons from moving. 

6. Using compressed air that is stored in a pressure vessel, pressurize the pneumatic piston 

to a pressure of 140 psi.  This acts as the driving force for the pistons. 

7. Setup the high speed camera to begin image acquisition when it is sent a trigger signal. 

8. Fire the RCM using the LabVIEW control system.  This sends a control signal to a 

solenoid valve that is connected to the hydraulic reservoir, causing the valve to open and 

vent the high pressure hydraulic fluid.  No longer restrained, the force from the 

pneumatic piston drives the piston rod and combustion cylinder piston forward, 

compressing the charge of fuel and air to an elevated temperature and pressure.  The 

spark in the TJI pre-chamber is initiated, and if the test is successful, combustion occurs. 

9. Manually bring the piston back to the starting position, begin vacuuming out the gasses 

from the combustion chamber, save the experimental data, and prepare for the next t
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CHAPTER 3: TJI WITHOUT AUXILIARY INJECTION 

3.1   Introduction and Motivation 

The purpose of this series of experiments is to gain a better understanding of the TJI 

process by studying how the orifice diameter in a turbulent jet igniter affects the combustion 

performance of a TJI system.  To accomplish this, a simple TJI system without any auxiliary 

injection was tested with several different orifice nozzle diameters and configurations in an 

optically accessible rapid compression machine.  Quantitative pressure data was gathered in 

order to compare the relative combustion performance of each orifice diameter.  In order to help 

interpret the pressure data, combustion visualization of the transient ignition process was also 

obtained by using a high-speed color camera. A second high speed camera coupled to an image 

intensifier was configured to capture the chemiluminesence of OH* and CH* radicals.  A novel 

aspect of these experiments are the color optical images and radical imaging, which allow for 

additional observations about the flame structure and ignition zones  of the jet ignition process.  

The experiments presented in this chapter also test a greater range of nozzle diameters and 

expand on efforts and results of other authors as presented in the literature.  

3.2   Experimental Set-up and TJI igniter details  

The TJI system tested consists of a steel adapter body, which is mounted to the RCM 

optical head and seals by an O-ring seal. A nozzle with one or more small orifices threads into 

the bottom and an NKG CR6E spark plug threads into the top of the adapter body.  The pre-

chamber volume is 1 cm3, which is approximately 2% of the clearance volume of the RCM.  A 

standard automotive ignition coil and a transistor ignition circuit is used with the spark plug to 

initiate combustion in the pre-chamber. Table 3-1 gives an overview of the RCM configuration 

and TJI igniter details.  A detailed view of the igniter installed onto the combustion chamber is 
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shown in Figure 3-1. Cross sectional views of the different nozzle configurations that were 

tested, together with their respective diameters and total cross sectional areas are also shown in 

Figure 3-1.  The thickness of each nozzle was 3 mm.  Four single orifice nozzles with diameters 

of 1.0 mm, 1.5 mm, 2.0 mm, and 3.0 mm were tested together with four multiple orifice nozzles 

with different configurations. In order to study the influence of orifice number on the combustion 

process while keeping the mass flow rate similar, two and three orifice nozzles with nominally 

equivalent cross sectional areas were tested. Another interesting scenario that was tested was 

using an asymmetrical dual orifice nozzle with diameters of 1.25 mm and 2.0 mm.  A six-orifice 

nozzle was also fabricated and tested with each orifice diameter being 1.25 mm.     
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Figure 3-1.  RCM optical head, showing TJI igniter location 
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Figure 3-2.  Nozzle geometries used in the experiments 

 

Table 3-1.  Overview of experimental set-up 

 
Cylinder Wall Temperature 80◦ C 

 
Compression Ratio 8.51 

 
Cylinder Capacity 459.33 cm3 

 
Clearance Volume 53.91 cm3 

 
Piston Stroke Length 20.32 cm 

 
Cylinder Bore 5.05 cm 

 
Fuel used 

Instrument grade 

Propane (99.5% purity) 

 
TJI pre-chamber volume 1 cm3 

 
TJI Nozzle Orifice Length 3 mm 

 
Electrical Ignition System 

Conventional inductive 

discharge 

 
Spark Plug NKG CR6E 

 
Objective Lens  

Nikon  100 mm f/2.8 

(Direct Visualization) 

    

D= 1x 1.0 mm D= 1x 1.5 mm D= 1x 2.0 mm D= 1x 3.0 mm 

    

    

D= 1x 2.0mm, 

1x 1.25 mm 

D= 2x 2.165 mm D= 3x 1.707 mm D= 6x 1.25 mm 

A=4.37 mm2 
A=7.36 mm2 A=6.87 mm2 A=7.36 mm2 
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3.3   Experimental Pressure Data                                                                                                                                                           

The main-chamber pressure traces of TJI initiated combustion were obtained for each 

nozzle configuration shown in Figure 3. Experiments were also run for standard spark ignition 

without a pre-chamber in order to obtain a performance baseline.  For each nozzle,  (air to fuel 

ratio / stoichiometric air to fuel ratio) was varied from stoichiometric to the lean limit, which was 

defined as when no increase in pressure occurred after compression in the RCM. Each test was 

repeated three times to demonstrate repeatability. The nozzle orifice area governs the mass that 

can flow through the orifice into the pre-chamber before the ignition event, as well as influencing 

the jet velocity and distribution of ignition sites when initiating main chamber combustion. 

Two important performance parameters that can be derived from the pressure trace are 

the 0-10% and 10-90% burn duration of the pressure rise due to combustion.  Figure 3-2. shows 

a typical pressure trace obtained in the RCM with the TJI process, with annotations included to 

demonstrate how the performance parameters are calculated.   

 

Figure 3-3. Typical pressure trace showing the definition of the burn durations. 
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 As shown in the diagram, the first increase in pressure is due to the piston motion compressing 

the charge of fuel and air to an elevated temperature and pressure.  When the piston reaches the 

end of its stroke length, or Top Dead Center (TDC), it remains in that position for the duration of 

the test resulting in a constant volume combustion chamber.  A control signal is sent to the 

ignition triggering circuit 6 ms after TDC, which triggers the spark plug and initiates combustion 

in the pre-chamber and subsequently in the main chamber as the hot combustion products of the 

turbulent jet discharge through the nozzle orifice(s).  This produces a pressure rise strictly due to 

combustion, since the piston is stationary and the combustion chamber is at a constant volume.  

The pressure reaches a maximum, and then falls due to the heat transfer to the surroundings.  If 

the pressure is scaled such that at TDC when the spark plug is fired, the pressure is taken to be 

0% of the pressure rise due to combustion, and the maximum pressure is taken to be 100 %, then 

the time interval, or burn duration for the pressure to increase from 0% to 10% of the pressure 

rise can be used to determine how quickly the flame is initiated.  Similarly, the time interval that 

it takes for the pressure to increase from 10% to 90% of the maximum can be defined as the 10-

90% burn duration and gives an overall indicator of the combustion progress once it has been 

initiated [49, 50].   

The calculated 0-10% and 10-90% burn durations averaged over the three experimental runs are 

shown respectively in Figures 3-4 a and 3-4 b. The data is plotted using a binary logarithmic 

scale for the ordinate.  Logarithmic scales are nonlinear scales that are useful for representing the 

data when there is a large range of quantities.  While a base of ten is useful when the data covers 

several orders of magnitude, a binary logarithm with base two is more suitable when the data has 

a smaller range. Near stoichiometric conditions (λ=1), the shortest 0-10% burn durations were 

given by the  1.0 mm, 1.5 mm, and 2.0 mm diameter single orifice nozzles, which had 
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comparable performance. The 1.0 mm single orifice nozzle that was tested failed to ignite the 

mixture reliably in the main chamber for λ> 1.25.  In this case the fast discharge velocity 

underlies high shear stresses between the jet and the unburned mixture, causing excessive 

cooling of the jet [6]. The multiple orifice nozzles had slower 0-10% burn duration, but were still 

faster at initiating combustion than the spark plug baseline tests.  For λ> 1.25, the combustion 

performance of the D=3.0 mm single orifice approached the performance of the SI baseline case. 

These results indicate that for combustion initiation, a single small orifice diameter is more 

advantageous than the multiple orifice or larger office nozzle configurations. 

 
Figure 3-4.  (a) Variation in 0%-10% burn durations for all nozzle geometries. (b) Variation in 

10%-90% burn durations for all nozzle geometries. 
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The 10-90% burn duration gives an indication of the overall flame propagation speed and 

is shown in Figure 3-4b.   For this performance parameter, at near stoichiometric conditions, the 

burn durations were shortest for the multiple orifice nozzles while the single orifice nozzles had 

an intermediate performance when compared to the spark plug baseline. As λ was incrementally 

increased, the difference in the 10-90% burn durations for each nozzle configuration was 

increasingly noticeable.  The D=2x2.165 nozzle showed the best performance up until λ ≥1.5, at 

which point the two smallest diameter single orifice nozzles had slightly faster burn durations. It 

is important to note that not all of the nozzles were able to initiate combustion in the main 

chamber of the RCM as the initial charge became increasingly lean. The lean limits obtained for 

each configuration are shown graphically in Figure 3-5.  

 

Figure 3-5. Comparison of experimental lean limit for the different nozzle geometries. 
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It is clear that for the experiments presented, the TJI system was not able to extend the lean limit 

compared to the SI baseline tests for any of the nozzle configurations. This is due to the 

additional heat transfer losses of the jet of hot combustion products to the orifice wall, as well as 

additional cooling of the jet as it mixes with the cool unburned mixture in the main chamber [6]. 

This result is different to auxiliary fueled pre-chamber TJI systems, which can extend the lean 

limit of combustion relative to SI , as their operating principle is fundamentally different due to 

the additional pre-chamber fuel [5, 43]. This affects the ignition characteristics in multiple ways 

as (1) the fuel rich pre-chamber mixture in the vicinity of the spark plug electrode is easily 

ignited, (2) the jet temperature is hotter, and (3) the transport of active radicals and unburned fuel 

from the pre-chamber participate in the combustion process. 

Figure 3-6 shows a comparison of the pressure traces for a direct comparison at 

stoichiometric conditions between spark ignition and jet ignition a 2 m single orifice nozzle. The 

spark timing was set to occur at the same time after TDC for both cases.  This figure provides an 

illustration of the enhancement in the burning rate when using TJI compared to SI.   

 

Figure 3-6. Comparison between SI and TJI at λ=1 
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3.4   Combustion Visualization and Analysis 

The contrast and brightness of the color images were enhanced using Image J, an image 

processing software available for download through the National Institutes of Health [51].   A 

gray circular outline was superimposed onto the images to display the boundary of the optical 

window and to give a sense of scale since the boundary is only illuminated by reflected light and 

not clearly visible in all of the frames that were captured.  Figure 3-7 shows the combustion from 

the direct spark ignition for a stoichiometric mixture, With SI, there is a highly localized ignition 

source with ignition occurring at a point resulting in a relatively slow deflagration (note 

differences in time steps with SI and TJI).  With TJI, distributed ignition occurs throughout the 

jet volume and the burning rate is very rapid.  The initial jet velocity is important because it 

determines the amount of turbulence the jet generates and its ability to entrain unburned mixture. 

 

 
0.0 ms 1.0 ms 2.0 ms 4.0 ms 6.0 ms 

Figure 3-7.  Combustion visualization of spark ignition. 

However, if the jet velocity is too fast, it may be disadvantageous for ignition to occur.  This is 

evident by considering the optical images from the single orifice TJI case, D=1.0 mm as shown 

in figure 3-7.  In figure 3-7, the initial jet discharge is fast and ignition occurs near the jet tip.  

The high jet velocity underlies high strain rates, causing excessive cooling in the mixing regions 

affected by the shear stresses.  
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0.0 ms 1.6 ms  1.7 ms 1.8 ms 1.9 ms 

Figure 3-8.  Combustion Visualization for TJI, single orifice nozzle D=1.0 mm. 

In this case, local quenching occurs and makes ignition less likely to occur on the lateral sides of 

the jet, with ignition of the entrained main chamber charge occurring in the volume of the jet tip 

near the center of the combustion chamber. Figure 3-8 shows an enhanced image of the jet in 

figure 3-7 at 1.7 ms. From this enhanced image it can be seen that the core of the discharging jet 

is still visible, showing that quenching has not completely occurred even though it appears to be 

in figure 3-7 due to the contrast in brightness from ignition at the jet tip. 

 

 

 

For the other nozzle configuration tested, Figure 3-9 and Figure 3-10 show TJI initiating 

combustion in the main chamber of the RCM for λ=1.0 and λ=1.25, respectively. The emission 

of light is proportional to the temperature and stoichiometric conditions.  It can be seen that at 

Figure 3-9.  Enhanced image at 1.7 ms showing that there 

is not complete quenching of the jet as it discharges. 
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λ=1.0, the natural luminosity of the jet is brighter, and the discharge velocity and flame 

propagation is faster than the image sequences that depict the combustion process for λ=1.25.  

The image sequences obtained can be used to help interpret the 0-10% and 10-90% burn 

duration data. When examining the TJI process due to the single orifice nozzles in Figure 3-3 

and Figure 3-4, it can clearly be seen that the D=1.5 mm nozzle, which has the smallest diameter 

and cross sectional area of the nozzles shown, discharges into the combustion chamber the most 

rapidly with the furthest initial jet penetration and quickly impinges onto the bottom of the 

combustion chamber wall.  This nozzle produced the fastest 0-10% burn durations near 

stoichiometric conditions.   The D=2.0 mm orifice nozzle is shown to produce a jet that has a 

slightly slower jet velocity and slightly less jet penetration. The combustion occurs mainly in the 

middle of the chamber, and there is less jet/wall interaction as ignition occurs.   This interaction 

with the wall can explain why at λ≈1.75 the 2.0 mm diameter orifice has a faster 0-10% burn 

duration than the 1.5 mm orifice, which initially seems counterintuitive since the smaller orifice 

produces a faster jet velocity.  In this case the heat transfer to the walls from the hot jet is 

detrimental to the combustion initiation process. 

The D=1x3.0 mm, D=2x2.165 mm, D=3x1.707 mm, and the D=6x1.25 mm nozzles were 

designed to have similar total orifice cross-sectional area in order to examine the effect of orifice 

diameter and number. The small differences in cross sectional area are due to choosing the 

closest drill size to match the desired diameter. It can be seen from Figure3-7 and Figure 3-8 that 

the D=2x2.165 mm dual orifice nozzle is better at initiating combustion and also has a faster 

overall combustion progression than the D=1x3.0 mm, D=3x1.707 mm, and D=6x1.25 mm 

configurations. In the case of the 3 and 6 orifice nozzles, the jets have additional heat transfer 

and frictional losses as they pass through the orifices relative to the two-orifice nozzle.  
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Figure 3-10.  Direct Combustion Visualization of TJI for λ=1.0 (stoichiometric). 
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Figure 3-11.  Direct Combustion Visualization of TJI for λ=1.25 (lean). 
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On the other hand,  the dual-orifice nozzle has better combustion performance than the 

D=1x3.0 mm diameter due to the jets being more spatially distributed throughout the entire 

combustion chamber which resulted in less wall interaction and enabled combustion to occur 

volumetrically throughout the jet structure.  

It is also interesting to note that for λ=1, the D=2x2.165 mm orifice produces turbulent jet 

structures that appear to ignite the most volumetrically.  The images from the other nozzles have 

zones where intense combustion appears to occur before the rest of the jet structure.  The most 

obvious example of this is with the D=3x1.707 mm nozzle as seen at 1.7 ms for λ=1 and 2.2 ms 

for λ=1.25.   A region of high luminosity saturates the camera sensor at the jet tip in both cases 

before volumetric combustion occurs throughout the rest of the jet.  This is likely due to the 

motion of the three jet structures compressing the unburned mixture, and increasing the 

temperature and pressure in the vicinity of the middle jet tip, causing the combustion to progress 

more rapidly in this region. 

The jets that come into contact with the RCM cylinder walls also show this 

inhomogeneous combustion progression throughout the jet structure.  As Oppenheim et al. [31] 

mentioned in their research, the interaction of the jet with the wall is detrimental due to the heat 

transfer losses to the wall boundary as well as creating a stagnation zone where the jet can no 

longer entrain unburned mixture. From Figure 3-7 it can be seen that the D=1x1.5mm, D=1x 

2.0mm, and D=1x3.0 mm single orifice nozzles and the D=1x1.25, 2.0 mm asymmetrical nozzle, 

impinge onto the combustion chamber wall. Interestingly, despite the heat losses present, 

combustion throughout the jet seems to occur at the wall boundary, and then progresses upward 

consuming the remaining volume of the jet. 
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Short lived radical species play an important role in combustion initiation with turbulent 

jet ignition [5, 34].  In the literature, these radicals have been found to be correlated to certain 

features of the combustion process. In particular, the OH* radical has been shown to be an 

indicator of the heat release rate in propane flames [52-54],  while the CH* Radical is an 

indicator of the flame front position since it is produced spatially close to the first sharp rise in 

temperature within the reaction zone [53, 55, 56]. Thus to further understand the TJI process it 

would be helpful to visualize the relative concentration and distribution of these OH* and CH* 

radicals.  This can be accomplished by examining the chemiluminesence due to these radical 

species, which is the natural emission of light due to chemical reactions that occur at a 

characteristic wavelength of 307 nm for OH*and  430 nm for CH*, which allows for the imaging 

of the radicals by selectively filtering out all other wavelengths of light. The resulting images 

should be interpreted as the light output from a single wavelength where the intensity of the light 

varies spatially in proportion to the amount of radical species present. 

 To aid in the visualization a false-color map is applied to both sets of images to easily see 

the regions of high radical concentration, as well as to show a relative scale.  Figure 3-11 shows 

the false-color visualization of the OH* radical distribution for the D=1x 2.0 mm orifice and the 

D=2x 1.25 mm orifice case for λ=1.0 and λ=1.25. Similarly, Figure 3-11 provides a comparison 

of the CH* radical species for the same two nozzles and λ values.  It should be noted that these 

images represent a line of sight measurement and the resulting two-dimensional image is an 

integrated result from the chemiluminesence throughout the volume of the entire jet. 

 The OH* Radicals are considered to be an indicator of the high temperature reactions that 

are occurring within the flame [54].  It can be seen that for the D=1x 2.0mm, λ=1 case, there 

appears to have a high distribution of OH* radicals across the entire jet whereas at λ=1.25 there 
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are more distinguishable regions of radical concentrations near the jet tip, with a vortex structure 

at the jet tip showing a high radical concentration.  This implies that there are more of the high- 

(a)   λ=1.0 (b)   λ=1.25 
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Figure 3-12.  Visualization of OH*Chemiluminesence during TJI. 

temperature chemical reactions occurring in the jet tip, likely due to increased mixing [6, 57, 58]. 

The D=2x2.165 mm orifice also shows similar behavior with the radical distribution being fairly 

well distributed throughout the jet structure, with high concentrations of OH* near the jet tip. It 

should be noted that for the case of λ=1.0, the D=2x2.165 mm orifice produces a jet that first 

discharges out of the left orifice while the jet discharging from the right orifice discharges later. 
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(a)   λ=1.0 (b)   λ=1.25 
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Figure 3-13.  Visualization of CH* Chemiluminesence due to TJI. 

This is not characteristic of this orifice geometry.  In fact, the nozzle orifice geometry is 

symmetrical and this result is simply due to the stochastic nature of ignition, where the shape and 

direction of the initial spark kernel formation within the pre-chamber plays a role in which 

orifice discharges first, which can be seen by comparing the images presented for this nozzle at 

both λ=1.0, and λ=1.25.  When comparing Figure 3-10 and Figure 3-11,  it can be seen that the 

OH* and CH* radicals overlap spatially.  The CH* chemiluminesence gives an indicator of the 

flame boundary, with high concentration occurring throughout the middle of the jet and with the 
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highest relative intensity not just constrained to the vicinity of the jet tip.  CH* is a short-lived 

species, and it is observed that the relative concentration of this radical species decreases in time.   

3.5   Chapter Summary 

In order to better understand the effect that nozzle diameter had on the TJI ignition 

process, several different orifice nozzle diameters and configurations were tested in the RCM. 

This effort expanded on TJI experiments documented in the literature by testing a broader range 

of orifice nozzles. Quantitative performance parameters derived from the combustion trace that 

characterized different aspects of the combustion process were also introduced.  By comparing 

the 0-10% and 10-90% burn durations the ignition behavior was examined by considering how 

well a mixture could be ignited as well as the speed of the overall combustion progression. 

Combustion visualization was performed using a high speed color camera which displayed the 

direct transient jet development. Image processing techniques were then applied to the images, 

which showed that the 0-10% burn duration performance parameter correlated with the initial 

flame areas of the discharging jets.   

By analyzing the optical images, the relationship of the interaction of the wall boundary 

and combustion in the jet structure was further studied. It was not obvious from previous 

imaging studies that combustion in the jet actually started to progress faster in certain spatial 

zones of the jet structure. In general, The 0-10% and 10-90% burn duration results indicate that if 

ignition can be initiated reliably and without difficulty in both the pre-chamber and main 

chamber, such as in a stoichiometric mixture, then a nozzle that will produce jets that are 

volumetrically distributed throughout the combustion chamber will be more advantageous and 

will consume the main chamber charge more rapidly. However as the mixture becomes leaner, a 

faster and more vigorous jet with greater initial jet penetration is required to initiate combustion.   
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Visualization of the OH* radical species allowed us to obtain insight into where the exothermic 

chemical reactions were occurring, with a high radical intensity occurring near the jet tip.  The 

CH* visualization was useful as an alternative method of showing the flame boundary, which is 

important to determine the true structure of the jets. It was found that the OH* and CH* radicals 

overlap spatially throughout the jet structure.   



41 

 

CHAPTER 4: TJI WITH AUXILIARY INJECTION OF LIQUID PROPANE 

4.1   Introduction and Motivation 

 The purpose of this chapter is to study some of the fundamental aspects of turbulent jet ignition 

when using auxiliary fuel injection, and build upon the results obtained in chapter 4 for no 

auxiliary fuel injection. This is accomplished by performing a series of experiments in an 

optically accessible rapid compression machine (RCM) using gaseous propane as the main 

chamber fuel and liquid propane as the auxiliary fuel. The experimental lean limit without any 

auxiliary injection is first presented, and then when using auxiliary injection the lean limit 

extension is demonstrated. Combustion characterization is then performed by analyzing the 

pressure traces for each test. Using a pre-chamber pressure sensor, the flow interaction between 

the main-chamber and pre-chamber is explored for different conditions. Combustion 

visualization using a high-speed color camera gives additional insight into the turbulent jet 

ignition process, and allows for comparison between different testing configurations and further 

interpretation of pressure trace features. 

4.2   Experimental Set-up  

4.1.1 TJI Geometry Details and RCM configuration 

Figure 4-1 gives a view of the TJI igniter assembly installed onto the RCM optical head with the 

components labeled. The pre-chamber adapter body is a two-piece design that clamps together. 

The top piece of the adapter body is the mounting location for the fuel injector and spark plug, 

while the bottom piece contains the pre-chamber cavity and an interchangeable nozzle that 

threads into the bottom. For the experiments performed in this paper, a single orifice nozzle with 

a diameter of 1.5 mm was used. 
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Figure 4-1.  (a) Pre-chamber cavity (b) Pre-chamber and main chamber volumes (c) RCM and 

TJI set-up for auxiliary fuel experiments. 

 

The fuel injector clamps onto the pre-chamber using a mounting block. The spark plug with the 

integrated pressure sensor threads onto the pre-chamber adapter body and seals using a crush 

washer. The pre-chamber volume has an elliptical shape near where the spark plug, pressure 

sensor, and fuel injector are located, while the geometry is cylindrical in the portion of the pre-

chamber near where the nozzle is installed. The details of the RCM and TJI set-up are 

summarized in Table 4-1. 
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Table 4-1.  RCM and TJI configuration 

Cylinder Wall Temperature 80◦ C 

Compression Ratio used 8.5 

Cylinder Capacity 459.33 cm3 

Clearance Volume 53.91 cm3 

Piston Stroke Length 203.2 mm 

Cylinder Bore 50.5 mm 

Compressed pressures at TDC 1500 kPa 

Main chamber fuel used Gaseous propane (99.5% Purity) 

Auxiliary fuel Liquid propane 

Auxiliary fuel injector 
Audi direct injector 

OEM Pin: 079906036C 

TJI pre-chamber volume 2.35 cm3 

Nozzle Orifice Diameters D= 1x 3.0 mm 

Orifice length 3.0 mm 

Electrical Ignition System Conventional inductive discharge 

Power Supply Voltage 13.5 V 

Ignition Coil Dwell Time 5 ms 

Spark Plug and Pre-Chamber  

Pressure Sensor 
Kistler Type: 6117BFD17 

Main chamber pressure sensor Kistler Type: 6125C 

High Speed Camera Photron SA4 

Objective lens Nikon 50 mm f/1.2 

4.1.2 Auxiliary Fuel Injection Set-up 

Liquid propane is used for the auxiliary fuel. Propane is naturally in the gaseous phase at 

room temperature, and has a relatively low saturation pressure compared to other fuels (951 kPa 

at 298K). Thus, in order to change the state from a gas to a liquid, an expandable bladder system 

was used to pressurize the gaseous propane past the saturation pressure to 965 kPa. To determine 

the injected mass, a calibration of the fuel injector was performed with the cylinder heated up to 
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the operating condition of 80◦C by pulsing the injector into the RCM at atmospheric pressure and 

using a pressure sensor to measure the incremental pressure increase due to the injection event. 

Pulse widths from 2 ms to 15 ms were used, and three data points at each pulse width were 

obtained in order to show linearity and repeatability. Since the liquid propane will evaporate as it 

is injected into the RCM cylinder, the injected mass can then be calculated from the ideal gas 

law. The calibration curve for the fuel injector is shown in Figure 4-3. 

 

Figure 4-2.  Illustration of auxiliary fuel injection set-up. 

 

Figure 4-3.  Auxiliary fuel injection calibration. 

𝑚 =
𝑃𝑉

𝑅𝑢
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4.2   Experimental Results  

4.2.1 Demonstration of Lean Limit Extension  

Experiments were first performed to determine the lean limit and combustion performance of the 

TJI system without using any auxiliary fuel injection. Figure 4-4 shows the experimental 

pressure traces obtained, with combustion failing to occur after λ=2.0. 

 

 

Next, in an attempt to extend the lean limit and improve combustion performance, TJI was 

operated in an auxiliary fueled pre-chamber mode, with a 1 ms auxiliary injection fuel pulse 

being used. Longer pulses resulted in failed combustion attempts due to too much fuel being 

injected, and the pre-chamber being richer than the upper flammability limit of combustion. The 

pressure traces obtained from the main cylinder in this case are given in annotations describing λ 

in the figure are global values, and include the injected fuel mass.  

Figure 4-4.  Experimental pressure traces for TJI without auxiliary injection 



46 

 

 

 

 

 

 

 

 

Figure 4-5.  Experimental pressure traces for TJI with auxiliary injection of 

liquid propane, with an experimental lean limit determined to be λ=3.10. 

 

Figure 4-6.  Main chamber and pre-chamber pressure traces for λ global= 1.71. 
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Figure 4-6 shows the main chamber and pre-chamber pressure traces, along with the timing for 

the auxiliary fuel injection and the ignition coil dwell signal for  λ global =1.71. An interesting 

feature of the pressure traces shown in Figures 4-4, 4-5, and 4-6  is the appearance of an 

inflection point in the main chamber pressure rise indicating a change in the rate of combustion. 

From observing the relationship between the optical images and pressure traces, this seems to be 

related to the end of the jet discharge event. It is well known that turbulence is both highly 

dissipative, and enhances the rate of combustion dramatically [3, 33, 34]. If the source of 

turbulence is no longer applied, then the turbulence intensity dissipates quickly, along with a 

decrease in the rate of combustion [33]. The mode of combustion is another likely explanation 

for the apparent decrease in burning rate. While the jet is discharging, the rate of combustion is 

enhanced by the accompanying fluid motion and jet penetration. Of course, after the jet 

discharge event ends the speed of combustion is no longer assisted by this bulk jet fluid motion, 

and the combustion mode will be more similar to traditional flame propagation in a lean mixture. 
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4.2.2 Combustion Visualization 

Combustion visualization of the TJI process was performed using a high speed color camera. 

Figure 4-7. shows a comparison at λ=1.75 between TJI without auxiliary injection, and TJI with 

 auxiliary injection of propane into the pre-chamber.  

TJI without  

Auxiliary Injection 

TJI with   

Auxiliary Fuel  Injection 

𝜆 𝑔𝑙𝑜𝑏𝑎𝑙 = 1.75 𝜆 𝑔𝑙𝑜𝑏𝑎𝑙 = 1.71 

1.4 ms 
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1.5 ms 1.0 ms 
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1.7 ms 1.2 ms 

1.8 ms 1.3 ms 

1.9 ms 1.4 ms 

2.0 ms 1.5 ms 

 
Figure 4-7.  Visual comparison of TJI for no auxiliary injection (left) and 

auxiliary injection of liquid propane (right) at λ= 1.75 (main cylinder). 
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The jet ignition case without any auxiliary injection produced a lean pre-mixed flame exhibiting 

blue chemiluminesence. The ignition process with auxiliary injection appears to be quite 

different than without auxiliary injection. With Auxiliary injection, the process appears faster, 

with a jet emerging into the main-chamber of the RCM faster relative to the unfueled case. 

Noticeably, a bright luminous region in the jet also develops as the rich pre-chamber contents 

continue to discharge, which may indicate soot formation. Figure 4-8 gives an additional 

comparison of the TJI process with one case having an auxiliary fueled pre-chamber, and two 

cases without auxiliary fuel injection at λ=2.0.  

No Nozzle 

Installed 

TJI without 

Auxiliary Injection 

TJI with Auxiliary 

Fuel Injection 

𝜆 𝑔𝑙𝑜𝑏𝑎𝑙 = 2.0 𝜆 𝑔𝑙𝑜𝑏𝑎𝑙 = 2.0 𝜆 𝑔𝑙𝑜𝑏𝑎𝑙 = 1.94 

5.0 

ms 
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ms 
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ms 
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1.0 

ms 
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ms 
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ms 

1.2 

ms 

8.0 

ms 
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ms 

1.4 

ms 

9.0 

ms 

2.2 

ms 

1.8 

ms 

10.0 

ms 

2.6 

ms 

2.8 

ms 

11.0 

ms 

3.6 

ms 

3.8 

ms 

 
Figure 4-8. Optical comparison of TJI for different nozzle 

arrangements and pre-chamber fueling. 
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In order to show the important effect of the nozzle geometry, one case is tested with the nozzle 

not installed. When the nozzle is not installed, there is still a small flow restriction of 6.4 mm in 

the pre-chamber followed by an expansion to 12.7 mm which is the diameter of where the nozzle 

threads in, but the resulting combustion appears to more closely resemble spark ignition with a 

relatively slow deflagration that traverses the charge. In contrast, with the 1.5 mm nozzle 

installed the hot products of combustion penetrate into the main-chamber at a faster velocity, 

reach the combustion chamber walls and begin to consume the rest of the unburned mixture. The 

auxiliary fueled case again shows an initial jet penetration followed by a luminous region that 

develops near the exit of the nozzle due to the discharge of the rich pre-chamber contents. 

Figure 4-9 shows the ignition process near the lean limit. Referring back to the pressure traces in 

Figure 4-5, λ=3.35 is shown as the experimental lean limit. However, the next test at λ=3.46 still 

shows a pressure rise after spark initiation has been initiated in the pre-chamber. Based on the 

optical images, and the low pressure amplitude it was deduced that this pressure rise is due to 

combustion occurring successfully in the pre-chamber, with a hot jet of products discharging into 

the main-chamber, but without ignition occurring in the main chamber charge due to the absence 

of any significant exothermic reactions. For the case when λ=3.35, the images show that after 

about 3.6 ms, combustion is initiated in the main-chamber as evident by the blue 

chemiluminesence visible near the bottom of the main chamber cylinder. As the jet hits the 

combustion chamber walls, the bulk jet motion is guided by the walls towards the unburned 

mixture and combustion is enhanced by the increased turbulence and jet velocity. However, from 

the optical images it also seems apparent that after this initial stage of jet discharge accompanied 

by bulk jet wall motion, that the jet discharge event ends and the rate of combustion decreases. 
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 𝜆 𝑔𝑙𝑜𝑏𝑎𝑙

= 3.35 

𝜆 𝑔𝑙𝑜𝑏𝑎𝑙

= 3.46 

1.2 

ms 

  

1.8 

ms 

2.4 

ms 

3.0 

ms 

3.6 

ms 

4.0 

ms 

4.5 

ms 

 

 

Figure 4-10-a shows optical images obtained that correspond directly to the pressure traces 

shown in figure 4-6. Figure 10-b gives images obtained using a Photron SA5 monochrome 

camera, with a color map applied to visualize gradients in pixel intensity. In this case, the 

differences in intensities are more obvious between the luminous discharging jet, and the flame 

that is initiated in the main chamber. Similar behavior is seen for the different conditions, and it 

Figure 4-9.  Visual comparison of TJI near the lean limit.  

λ=3.35 shows the discharging jet initiating combustion, while 

the hot jet from the λ=3.46 case fails to initiate combustion. 
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can be seen that there is an initial penetration of the jet which is very rapid and begins to initiate 

combustion in the pre-chamber quickly. From Figures 4-5, 4-6, and 4-10 it can be seen that the 

point of inflection in the main chamber pressure closely matches the point where the main 

chamber  

(a)  (b)  

1.1 
ms 

 

1.3
ms 

 

 

1.2  
ms 
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1.3  
ms 
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ms 
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2.2 
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2.3 
ms 

2.8 
ms 

2.9 
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3.1 
ms 

3.1 
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 Max 

 Min 

Figure 4-10.  Visualization of auxiliary injection at for λ global= 1.71.  (a) True color 

combustion visualization. These images correspond exactly to the pressure trace shown in 

Figure 4-6.  (b) False color visualization with color map to show gradients in pixel intensity. 
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pressure equals pre-chamber pressure, indicating a flow reversal. This supports the theory that 

the change in the rate of combustion is likely associated with the end of the jet discharge and 

either due to turbulence no longer being generated by the discharging jet. 

4.2.3 Characterizing the Flow between Pre-chamber and Main Chamber  

The λ global =1.71 case is studied in more depth by considering the relationship between 

the main chamber and pre-chamber pressures. Figure 4-11 shows the difference between the 

main chamber and pre-chamber pressure, along with the timing of the auxiliary fuel injection 

pulse and spark timing.  

 

 

The direction of the flow will be governed by the sign of the pressure difference: for positive 

pressure gradients the main chamber pressure exceeds the pre-chamber pressure, and the flow 

will be directed into the pre-chamber. This flow condition initially occurs during the 

compression stroke. For negative excess pressure, the pre-chamber pressure exceeds the main 

Flow into PC 

Flow into 
MC 

Flow into MC 

Auxiliary Fuel  
Injection Pulse  

Flow into PC 

Ignition Coil 
Dwell Signal   

Figure 4-11.  Pressure schematic showing pre-chamber pressure, main chamber 

pressure, spark timing (falling edge), and the pressure differential across the 

nozzle orifice (main –chamber pressure minus pre-chamber pressure). 
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chamber pressure, and the gasses will be forced out of the pre-chamber into the main-chamber. 

This condition occurs after spark ignition in the pre-chamber where the rapid rise of pressure in 

the pre-chamber due to combustion forces the hot products out into the main chamber. The jet 

continues to discharge into the main chamber, which is associated with a decrease in the pre-

chamber pressure, until it ignites the main chamber charge of fuel and air. At this point, due to 

the combustion of the main chamber charge, the main chamber pressure rises until it exceeds the 

pre-chamber pressure, causing a flow reversal of combustion gases back into the pre-chamber. 

For this diagram, a schematic of the nozzle orifice is shown along with an indicator of the flow 

direction depending on the value of the pressure difference. Figure 4-12 gives another illustration 

to help the reader visualize the gas exchange process between the pre-chamber and main 

chamber. 

Figure 4-12.  Direction of mass flow between the pre-chamber and main chamber. 

 

The pressure difference schematic shown in Figures 4-11, can be a powerful diagnostic tool for 

interpreting the pressure events and the flow interaction between the pre-chamber and main 

chamber. Since the discharging jet is essentially the ignition source for the main chamber charge, 

the duration of the discharge event will be proportional to the energy supplied to the unburned 

mixture. Ultra-lean mixtures may require longer jet discharge times due to the higher minimum 

Compression 
stroke and 

auxiliary injection 

Outflow into 
main chamber 

Flow  reversal into 
pre-chamber 
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ignition energy of the mixture [35, 36]. The magnitude of the pressure is also important, as this 

will also influence the jet penetration and how vigorous the mixing is as the jet discharges. 

Another way to characterize the flow is by the pressure ratio across the nozzle orifice. In 

fact, for compressible flow, the mass flow rate is governed by the pressure ratio. Figure 4-13 

gives the ratio of pressures, where the variable η is used for the pressure ratio.  

 

The denominator of the ratio is always chosen to be the pressure that is greater; thus initially η is 

defined as the pre-chamber pressure divided by the main chamber pressure, while η is defined by 

the reciprocal during the jet discharge event when the pre-chamber pressure is higher. This 

allows for a standard baseline of η=1 when the pressure between the two chambers is equal, and 

also allows for a single criterion for determining if the flow becomes choked.  

The flow is said to be choked or a critical flow when the velocity becomes sonic at the 

smallest flow restriction, which gives the maximum flow rate for the given conditions [37, 38]. 

The critical pressure ratio, that is the pressure ratio at which the flow becomes sonic, is 0.528 for 

𝜂 =
𝑃 𝑃𝑐

𝑃𝑀𝑐
 

𝜂 =
𝑃 𝑃𝑐

𝑃𝑀𝑐
 

𝜂 =
𝑃 𝑀𝑐

𝑃𝑝𝑐
 

Ignition Coil 
Dwell Signal   

𝜂𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 0.546 

Auxiliary Fuel  
Injection Pulse  

Figure 4-13.  Pressure schematic showing the ratio of pressures along with the 

timing of the control signals.  The pressure ratio is evaluated such that the 

higher pressure is always in the denominator. 
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γ=1.4 and 0.546 for γ=1.3 [38]. Using a conservative estimate as 𝜂𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 0.546, and 

considering Figure 13, it can be seen that the flow does not become choked during the 

compression stroke, but does for a portion of the jet discharge event. If the nozzle orifice area is 

decreased further, the flow can become even more choked and lead to ineffective ignition due to 

68 the restricted mass flow unable to create a suitable amount of ignition sites [39]. Another 

issue with a restricted mass flow rate arises in an engine, due to the inability to purge the pre-

chamber contents of residual gasses during the exhaust stroke [6]. Additional insight can be 

obtained by looking at the equations for mass flow rate based on compressible fluid flow 

through a restriction [38]. For subcritical flow, the mass flow rate is given by 

 

While for choked flow, the mass flow rate is 

 

Where 𝐶𝐷 is the discharge coefficient of the orifice, 𝐴𝑇 is the area at the throat, or the minimum 

flow area, 𝑃𝑇 is the pressure at the throat, 𝑃 𝑜 is the total pressure, 𝛾is the ratio of specific heats, 

𝑇𝑜 is the total temperature, and R is the universal gas constant. The discharge coefficient 𝐶𝐷 is 

defined as the ratio of the actual mass flow to an ideal mass flow. The discharge coefficient is 

introduced for flows that depart from the ideal conditions (isentropic, reversible, steady, 

frictionless), and is typically determined primarily through experiments [38]. For the orifice 
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geometry used, the discharge coefficient is estimated to be 0.8 [40]. By creating a rounded inlet, 

the discharge coefficient can be increased close to 0.98 [40]. However it is unclear if the increase 

in mass flow rate would enhance the combustion process due to the increase in surface area 

which would lead to heat transfer losses and radical losses due to recombination reactions at the 

nozzle wall [41]. Furthermore, the flow restriction may actually be an advantage as it prolongs 

the discharge of the hot products which act as the ignition source for the main chamber charge. 

This flow restriction also reduces the flow of main chamber products back into the pre-chamber, 

which lead to additional heat transfer losses. Nonetheless, this is interesting to consider for future 

studies. 

4.3   Chapter Summary 

In this chapter, a series of experiments were performed studying the behavior of TJI using a 

liquid propane auxiliary fueled pre-chamber. When operating with auxiliary injection, a 

substantial extension of the lean limit over the unfueled case was demonstrated. The combustion 

behavior was characterized, and further insights were obtained by optical observations of the jet 

ignition process. A pressure difference schematics is presented for λ global =1.71 and shows the 

flow interaction between the main-chamber and pre-chamber. To further characterize the flow, a 

pressure ratio schematic is also presented and the flow is determined to only be choked during 

portion of the jet discharge event. An apparent change in rate of combustion was also observed 

for the main cylinder pressure traces, and was determined to be related to the end of the jet 

discharge event. Furthermore, a unique flame structure with auxiliary fueled TJI was observed 

that has not been seen in other optical studies. 
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CHAPTER 5: DUAL INJECTOR TJI EXPERIMENTS 

5.1   Introduction and Motivation 

 One reason that lean combustion has not been fully implemented in the automotive industry is 

that modern three-way catalysts work best near stoichiometric equivalence ratios. As the 

equivalence ratio becomes lean, expensive exhaust after treatments become necessary.  Using 

TJI with air and fuel injection enables the overall equivalence ratio to remain stoichiometric, 

while operating with very high dilution levels that lead to increased engine efficiencies. This 

chapter presents dual injector experiments using methane as the pre-chamber and main chamber 

fuel, and various levels of charge dilution first using nitrogen and then retained exhaust gases. 

5.2   Experimental Set-up 

The dual injector TJI system that was used for this set of experiments is shown assembled onto 

the RCM optical in Figure 5-1. Figure 5-2 shows further details of the TJI pre-chamber, while 

Table 5-1 gives an overview of the entire experimental set-up. 

   

Figure 5-1.  Dual Injector TJI system installed onto the RCM Optical Head. 

Fuel Injector 

Spark Plug 

Air Injector 

TJI Igniter 

50.5 mm Sapphire 

Optical Window 

Combustion Chamber 

Volume 

Piston at TDC 
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Table 5-1.  Overview of experimental set-up 

Cylinder Wall Temperature 80◦ C 

Compression Ratio used 8.71 

Cylinder Capacity 459.33 cm3 

Clearance Volume 53.91 cm3 

Piston Stroke Length 20.32 cm 

Cylinder Bore 50.5 mm 

Main chamber fuel used Methane 

Auxiliary fuel injector 
Audi direct injector 

OEM Pin: 079906036C 

TJI pre-chamber volume 2.35 cm3 

Nozzle Orifice Diameters D= 2x 2.165 mm 

Orifice length 3.0 mm 

Electrical Ignition System Conventional inductive discharge 

Power Supply Voltage 13.5 V 

Ignition Coil Dwell Time 5 ms 

Spark Plug and Pre-Chamber  

Pressure Sensor 
Kistler Type: 6117BFD17  

Main chamber pressure sensor Kistler Type: 6125C 

Figure 5-2.  (a) Pre-chamber and main chamber geometry (b) Pre-chamber details 
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5.3   Experimental Results 

5.3.1 Lean Limit Extension  

Similar to the experiments that were performed in chapter 4, a series of experiments were 

performed to determine the lean limit extension using gaseous methane as the fuel. It was unclear 

prior to performing the experiments if using gaseous methane would be an effective fuel to use. 

Figure 5- 3. shows the pressure traces from this series of experiments. A dual orifice D=2x 2.165 

mm nozzle was chosen since in preliminary experiments it seemed to have better performance 

near the lean limit. The experimental lean limit was determined to be near λ=3.06. At λ=3.08 

ignition occurred in the pre-chamber, but the jet failed to ignite the main-chamber mixture as it 

was discharging. 

 

Figure 5-3.  Demonstration of lean limit extension using methane 
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5.3.2 N2 Dilution Studies  

Nitrogen (N2) is one diluent species that can be added to a fuel-air mixture to dilute the 

initial concentration of reactant species. This decreases the overall temperature of combustion, 

thereby reducing the formation of NOx and other pollutants formed at high combustion 

temperatures. If a stoichiometric ratio of fuel and air is used as the initial mixture prior to 

dilution, a 3-way catalyst can be used to further decrease the emissions in an engine. However, 

increasing the dilution level makes the mixture increasingly more difficult to ignite. With TJI, we 

can control the pre-chamber dilution level by the auxiliary injection of a small mass of air and 

fuel at a stoichiometric ratio, allowing for easy ignition in the vicinity of the spark plug 

electrode, but with increased global levels of dilution overall. In the RCM the initial charge of 

fuel and air is supplied using the method of partial pressures, with the final pressure of the 

mixture approximately atmospheric. When performing a test with N2 dilution and without any 

auxiliary injection the total mass of the mixture is kept the same. In other words, this means that 

slightly less fuel and air is initially present and the mass of the diluent species increases while 

keeping the total mass of the system constant. This same principle is applied when using 

auxiliary injection of air and fuel. In this case, the injected masses of air and fuel are subtracted 

from the initial masses present to keep the overall mass of the system constant. Equations 5.1-5.4 

give the mathematical relationships used when preparing the mixtures in the RCM. 

𝜆 =

𝑚𝑎𝑖𝑟

𝑚𝑓𝑢𝑒𝑙

                   (
𝑚𝑎𝑖𝑟

𝑚𝑓𝑢𝑒𝑙
)

𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

 5.1 

𝑁2 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 % =  
𝑚𝑁2

𝑚𝑎𝑖𝑟 +  𝑚𝐶𝐻4
+ 𝑚𝑁2

× 100% 5.2 
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total mass= (𝑚𝑎𝑖𝑟 + 𝑚𝐶𝐻4
+ 𝑚𝑁2

)
𝐼𝑛𝑖𝑡𝑖𝑎𝑙

+ (𝑚𝑎𝑖𝑟 + 𝑚𝐶𝐻4
)

𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑
 

 

5.3 

Injected mass fraction = 
(𝑚𝑎𝑖𝑟+𝑚𝐶𝐻4)

𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑

(𝑚𝑎𝑖𝑟+𝑚𝐶𝐻4+ 𝑚𝑁2)
𝑡𝑜𝑡𝑎𝑙

 × 100 % 
5.4 

First to determine a performance baseline, tests were performed with increasing levels of 

dilution, but without any auxiliary mixture injection.  Figure 5-4 shows the experimental 

pressure traces from the RCM main-cylinder for tests with increasing nitrogen dilution. Three 

tests were performed at each condition to obtain a sense of the relative combustion stability. 

With 0% dilution, combustion occurs rapidly and is most stable with little variation between the 

tests. At 30% N2 dilution, the pressure amplitude is smaller, and some test-to-test variation 

becomes apparent. Even more variation is present at 35% N2 dilution, an indication of the onset 

of unstable combustion. Only one of the three tests at 40% N2 dilution was successful, and even 

then, the ignition delay was very long. 

 

Figure 5-4.  Experimental pressure traces when increasing N2 dilution 
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Once the performance baseline was established for increasing dilution levels without 

auxiliary injection, the goal was to try to improve the performance by controlling the mixture 

dilution level in the pre-chamber so that the mixture could more easily ignited in the pre-

chamber. In this case, the auxiliary injection of a stoichiometric mixture into the pre-chamber 

creates a stratified charge with the pre-chamber composition differing from the composition in 

the main chamber. In order to demonstrate the improved performance when operating with 

auxiliary injection, the 40% N2 operating point was chosen to work with and try to improve 

upon. Figure 5-5 shows the results from these auxiliary injection tests. 

 

Figure 5-5.  Demonstration of improved combustion stability operating with 40% N2 dilution. 

 

 First, a small percentage of injected air and fuel mass (1.19% injected mass fraction) was chosen 

to see if the performance would improve with the 40% overall N2 dilution. Indeed, when 

operating with the auxiliary injection mass fraction, ignition occurred for all three tests, however, 

𝑚𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑

𝑚𝑡𝑜𝑡𝑎𝑙
=

(𝑚𝑎𝑖𝑟 + 𝑚𝐶𝐻4
)

𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑

(𝑚𝑎𝑖𝑟 + 𝑚𝐶𝐻4
+  𝑚𝑁2

)
𝑡𝑜𝑡𝑎𝑙

 × 100 % 
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the variability between these tests was still significant implying unstable combustion at these 

conditions. For lean combustion in an engine, high combustion variability is unacceptable and 

effectively sets the lean operating limit in an engine [65]. When increasing the injected mass 

fraction to 3.08%, the combustion stability improved. There appears to be a limit to improving 

the performance by increasing the injected mass fraction with values of 3.92% and 6.0% 

initiating combustion fastest and having very similar pressure profiles.  

Although the overall dilution level is kept constant at 40%, varying the amount of 

injected mass of fuel and air dramatically affects the behavior of the discharging jets. Figure 5-6 

shows a close up view of the first initial pressure rises after spark initiation in the pre-chamber.  

 

Figure 5-6.  Close up view showing details of the pressure rise due to TJI. 

 

The blue curves which correspond to the highest injected mass, exhibited the shortest ignition 

delay. There is a small pressure rise corresponding to ignition in the pre-chamber, followed by a 

pressure rise with a steep slope indicating that combustion of the main chamber charge has been 
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initiated. The green curves corresponding to an injected mass fraction of 3.08 % show an initial 

pressure rise due to ignition in the pre-chamber, and then the pressure falls as the jet discharges 

into the main-chamber, but does not initiate combustion as fast. The curves associated with a 

1.19% injected mass fraction show a very small increase in pressure initially, and only later after 

a relatively long ignition delay does ignition of the main chamber occur implying some 

quenching of the jets. 

The optical images obtained, shown in Figure 5-7 support the analysis made from the 

pressure traces observations. Three auxiliary injection mass fraction cases are shown with 

1.19%, 3.0%, and 6.0%.At the smallest auxiliary injected mass of 1.19% some luminous jets are 

visible initially, but then the flame appears to quench with no luminosity present until about 35 

ms into the process where a small region begins to ignite, resulting in a relatively slow  

  

1.19% 

 
 3.0 ms 15.0 ms 30.0 ms 35.0 ms 40.0 ms 45.0 ms 50.0 ms 55.0 ms 

         

3.08% 

  3.0 ms 5.0 ms 7.0 ms 9.0 ms 11.0 ms 13.0 ms 15.0 ms 17.0 ms 

 

 

 

 

         

6.00% 

  3.0 ms 3.5 ms 4.0 ms 4.5 ms 5.0 ms 5.5 ms 6.0 ms 6.5 ms 

Figure 5-7.  Optical Images for 40% N2 dilution, with varying auxiliary injected mass fractions. 
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deflagration that traverses the chamber. Increasing the amount of auxiliary injected mass to 

3.08% seems to enhance the combustion process, with only partial quenching of the jet, and 

ignition in the main chamber clearly occurring within the jet structure. Further increasing the 

amount of auxiliary mixture results in the fastest combustion progression, and with little apparent 

quenching of the jet as it is discharging. The increase in injected mass fraction clearly showed an 

increase in combustion stability. This performance enhancement is due to the auxiliary mixture 

contents being easily ignitable in the vicinity of the spark plug electrode. Another factor that 

needs to be investigated further is if during the auxiliary injection process, a large proportion of 

the fuel and air are displaced into the main chamber instead of remaining in the pre-chamber. In 

this case, the TJI process is no longer strictly a divided chamber, stratified charge ignition 

concept with two distinct stratified mixtures since the overflowing air and fuel from the pre-

chamber will also create a stratified plume in the main-chamber. The effects of stratification are 

even more complicated when trying to consider the unburned air and fuel that get pushed out of 

the pre-chamber by the flame front in the pre-chamber during the combustion process 

5.3.3 Demonstration of 50% N2 Mixture Dilution  

Many variables can be optimized to increase the allowable dilution level of the mixture. 

One of the easiest to test is to increase the initial pressure such that the compressed pressure is 

higher, and thus has a higher temperature to promote ignition. To demonstrate this, a test was 

successfully performed with a 50% dilution by exhaust gasses and an initial pressure of 2 bar, 

allowing for the compressed conditions to reach 30 bar. Figure 5-8 shows the pressure traces and 

control signals used for this experiment and Figure 5-9 presents images captured from the 

combustion process 
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Figure 5-8.  Experimental pressure trace demonstrating a test at 50% N2 dilution level. 

 

 

9.0 ms 33.0 ms 57.0 ms 81.0 ms 105.0 ms 129.0 ms 153.0 ms 

Figure 5-9.  Combustion Visualization of TJI at 50% N2 dilution level. 

 

For the case with 50% N2 dilution, overall the combustion process was slower than all of the 

other dilution experiments. Even so, this case is significant since it is a performance benchmark 

that shows that 50% dilution is possible.  
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5.3.4 Exhaust Gas Recirculation studies  

Similar to the nitrogen dilution studies performed earlier, exhaust gas dilution studies 

were also performed in the RCM. These studies are perhaps more relevant to engine applications, 

as many engines currently use Exhaust Gas Recirculation (EGR) as a means to lower the 

temperature of combustion and reduce the formation of pollutants. For tests with EGR dilution, 

the dilution level was calculated by percent mass, which is given mathematically as 

equation 5.5 

𝐸𝐺𝑅 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 % =  
𝑚𝑒𝑔𝑟

𝑚𝑎𝑖𝑟 +  𝑚𝐶𝐻4
+ 𝑚𝑒𝑔𝑟

× 100% 5.5 

 

To produce the exhaust gas, an initial test was performed in the RCM with a stoichiometric 

mixture without any dilution. The RCM piston was brought back to BDC and the desired mass of 

exhaust gasses was left in the cylinder, while the excess exhaust was vacuumed out of the 

chamber using a vacuum pump. Next, the desired amount of fuel and air was added to the 

mixture. Auxiliary injection of a stoichiometric mixture was performed in these cases, with the 

injected mass fraction chosen to be 4.0% since this was determined to be the optimal value from 

the nitrogen dilution studies. Figure 5-10 shows the effect of increasing the EGR dilution 

percentages, with good combustion stability occurring at 30% EGR, but with unstable 

combustion occurring at 40% EGR even with the optimal injected mass fraction of 6.0%. This 

can be explained by considering that the mixture composition is different with EGR with the 

ratio of specific heats causing the compressed temperature of the mixture to be lower. Figure 5- 

11 shows the TJI process with 30% EGR. From the images, it can be seen that the jets do not 

fully quench before initiating combustion in the main chamber. 
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5.0 ms 6.9 ms 7.0 ms 8.8 ms 10.27 ms 12.5 ms 14.0 ms 24.0 ms 

Figure 5-11.  Combustion visualization of TJI with 30% dilution by exhaust gases. 

 

5.4   Chapter Summary 

 In this chapter, an extension of the lean limit to near λ=3 was first demonstrated using gaseous 

methane as the auxiliary injected fuel.  The ability to ignite heavily diluted mixtures with TJI 

was also demonstrated for both N2 and EGR as the diluent species. Control of the pre-chamber 

stoichiometry and injected mass was shown to be critical to the TJI process; for the same global 

dilution level, different jet ignition behavior was observed from the pressure traces and optical 

images. For the 40% nitrogen dilution case, combustion was unstable without auxiliary injection.  

Keeping the global dilution level constant at 40%, but increasing the auxiliary injected mass 

Figure 5-10.  Pressure traces showing the effect of increasing EGR. 
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fraction by 1.2% combustion stability improved significantly.  At this condition, it was seen from 

the optical images that the jet would discharge from the pre-chamber, mix with the cold 

unburned gases, quench and reignite the mixture after a delay.  Increasing the auxiliary injected 

mass fraction (fuel and air at a stoichiometric ratio) further to 3.08% and 3.92% showed 

improvements in the combustion traces as evident by the pressure traces.  For these conditions, 

the optical images only showed partial quenching of the jet during the jet discharge event.  By 

increasing the injected mass fraction to 6.0%, the best combustion stability was achieved, with 

the least amount of quenching of the hot jet occurring.   Another result presented in this chapter 

was the demonstration of 50% nitrogen dilution, achieved by boosting the initial pressure to two 

bar instead of atmospheric.  This was performed as a benchmark, with room for further studies 

optimizing all variables. Finally, TJI with EGR dilution was also demonstrated up to a 40% EGR 

dilution level. 
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CHAPTER 6: TJI AND HCCI-LIKE COMBUSTION USING ISO-OCTANE 

6.1   Introduction  

Extensive research on advanced ignition engines that operate lean or highly diluted 

through low temperature combustion is currently underway as this provides a means to reduce 

NOx emissions while maintaining fuel efficiency. The combustion of lean and highly dilute 

mixtures is challenging to implement since as the mixture becomes increasing lean, the burning 

speed becomes much slower and combustion starts to become unstable.  In this case, ignition 

enhancement allows for faster burning rates and increased stability by either increasing the 

ignition energy supplied, and/or distributing the ignition source over many ignition sites.  

Turbulent Jet Ignition is an advanced pre-chamber ignition enhancement technique for spark 

ignition engines that uses a discharging jet of hot combusting gases to initiate main chamber 

combustion. The jet acts as a distributed ignition source, leading to fast burn rates and increased 

combustion stability. 

This chapter studies jet ignition and induced autoignition using iso-octane in a rapid 

compression machine.  Several aspects of this chapter are novel. Namely, a custom low-flow fuel 

injector is used to overcome previous injector hardware limitations of using a liquid fuel spray in 

the pre-chamber. In the literature, most fueled TJI pre-chamber studies use gaseous fuels such as 

propane and methane, or vaporized fuels such as gasoline due to the relatively large flow rates 

and poor mixture preparation of off-the-shelf injectors that are available.  In addition, this paper 

studies the effect of auxiliary fuel variation and ignition distribution due to nozzle orifice 

geometry.  These effects are not fully characterized in the literature.  Induced autoignition is 

another phenomenon studied in this paper, but is not widely studied in the literature with respect 

to jet ignition.   
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6.2   Experimental Set-up 

Figure 6-1 shows details of the pre-chamber adapter body, which is installed in the top of 

the RCM optical head.  A Kistler spark plug with incorporated pressure sensor threads into the 

pre-chamber adapter, and there are two ports in the pre-chamber adapter body for fuel injectors 

to be installed. To complete the pre-chamber assembly, a nozzle with the desired geometry (with 

one or more orifices) is threaded into the bottom of the pre-chamber.  When these components 

are assembled together, the pre-chamber geometry is defined, with the main chamber connected 

to the pre-chamber via the nozzle orifices. 

   

Figure 6-1.  Dual Injector TJI system installed onto the RCM Optical Head. 
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The RCM optical head and cylinder are pre-heated using band heaters, which are controlled by a 

LabVIEW program.  LabVIEW is also used for signal generation (ignition coil dwell signal, fuel 

and air injection pulses) and data acquisition (control signals, pre-chamber pressure, and main 

chamber pressure). 

Prior to performing a test the combustion chamber is evacuated of all gasses using a 

vacuum pump through a small port at the bottom of the combustion cylinder. To prepare the 

initial charge of fuel and air, gasoline is pulsed through the pre-chamber fuel injector into the 

evacuated cylinder. Since the cylinder pressure is below the vapor pressure of the fuel, the fuel is 

vaporized and occupies the entire combustion chamber volume (main chamber and pre-

chamber).  

An absolute pressure transducer is installed onto a small manifold that is connected to the 

inlet port that allows the cylinder pressure to be measured, thus providing the partial pressure of 

the gasoline.  For the chosen stoichiometry, the partial pressure of air can then be calculated and 

introduced to the cylinder via the inlet port by using a metering valve connected to a compressed 

gas cylinder.  After the addition of air, the inlet valve is closed and the hydraulic reservoir is 

pressurized, followed by pressurization of the pneumatic piston. Upon triggering, a solenoid 

valve is actuated and the high pressure in the hydraulic reservoir vents, which allows the 

pneumatic piston to drive the coupled piston assembly forward, starting the piston motion.  For 

auxiliary fueled cases, fuel is injected into the pre-chamber early in the compression stroke. The 

global (initial charge + auxiliary fuel) air-fuel equivalence ratio for the experiments here was 

held constant at 3.0.  The typical mixture preparation time was approximately 3 minutes, which 

was determined to be an adequate time for pre-mixing. Experiments were performed for 3, 5, 10, 
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and 20 minutes of pre-mixing time, with no discernable difference in the pressure traces or 

optical images.   

Table 1 provides the different injector pulse widths used and the corresponding 

stoichiometric conditions. The pre-chamber λ is estimated by assuming that no fuel or air is 

displaced into the main chamber during the fuel injection event, since injection occurs during the 

compression stroke and fluid motion should be into the pre-chamber. The mass fraction mi is also 

given, which is the ratio of the injected fuel mass to the total mass. Table 2 provides an overview 

of the entire experimental set-up. 

 

Table 6-1. Testing conditions for different auxiliary fuel injection pulse widths. 

 

PW (ms) λ global λ main chamber λ pre-chamber mi 

0.00 3.0 3.0 3.0 0.0 % 

0.50 3.0 3.02 2.60 0.7 % 

0.75 3.0 3.15 1.25 6.6 % 

1.00 3.0 3.30 1.06 8.6 % 

1.25 3.0 3.35 0.93 10.7 % 
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Table 6-2. Overview of RCM experimental set-up 

Cylinder Wall Temperature 120◦ C 

Compression Ratio used 11.2 

Cylinder Capacity 564.4 cm3 

Clearance Volume 50.63 cm3 

Piston Stroke Length 254 mm 

Cylinder Bore 50.5 mm 

Compressed pressures at TDC 2000 kPa 

Main chamber fuel used Iso-octane 

Auxiliary fuel Iso-octane 

Auxiliary fuel injector Bosch Direct Injector 

(proprietary “low flow” design) 

TJI pre-chamber volume 2.51 cm3 

Nozzle Orifice Diameters D= 2x 2.26 mm, D=1x 3.16 mm 

Orifice length 3.0 mm 

Electrical Ignition System Conventional inductive discharge 

Power Supply Voltage 13.5 V 

Ignition Coil Dwell Time 5 ms 

Spark Plug and Pre-Chamber  

Pressure Sensor 

Kistler Type: 6117BFD17 

Main chamber pressure sensor Kistler Type: 6125C 

High Speed Camera Photron SA4 

Objective lens Nikon 50 mm f/1.2 
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6.3   Results and Discussion 

Experiments were performed to determine the effect of varying the amount of auxiliary 

fuel mass and nozzle geometry. The single orifice and dual orifice nozzle were designed to have 

nearly equivalent cross sectional area, with dimensions of D=1x 3.16 mm and D=2x 2.26 mm, 

respectively, with slight differences in the area due to selecting the nearest drill size during 

machining.   As a baseline, tests were first performed with no auxiliary fueling. For the auxiliary 

fueled cases injector pulse widths 0.5 ms, 0.75 ms, 1.0 ms, and 1.25 ms were used, 

corresponding to increasing quantities of injected mass.  

The global air-fuel equivalence ratio is kept constant at λ=3, thus for increasing amounts 

of auxiliary fuel mass, less fuel is present in the initial mixture in order to keep the total amount 

constant. Each experiment was performed five times to obtain some idea of the combustion 

stability and variability of the data.  The experimental pressure traces for both nozzle geometries 

are shown in figure 6-2, with the dual orifice results presented in figure 6-2a, and the single 

orifice results in figure 6-2b. The timing of the auxiliary fuel injection event was set to be early 

in the compression stroke, about 10 ms before the end of compression and was held constant for 

each test.  Likewise, the spark timing was also constant for each test and occurred 7 ms after 

TDC (the spark occurs on the falling edge of the ignition coil dwell signal). In the figures, the 

time datum is chosen so that the time equals zero at the spark event. From the pressure traces, it 

can be seen that for increasing pulse widths, i.e. higher ratios of injected fuel mass, the 

combustion stability improves and the overall ignition delay is shortened. Another interesting 

feature that is apparent is that the two nozzles appear to produce different pressure profiles at the 

various pulse width conditions.  Differences include the amount of variation in the curves, as 
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well as differences in the general shape of the curves with inflection points occurring at different 

locations. 

 

 

 

 

Figure 6-2.  Experimental pressure traces for (a) dual orifice and 

(b) single orifice nozzle geometries 
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To compare between the two different orifice geometries used, the average of the five 

experimental curves for each auxiliary fueled condition and nozzle are plotted together in   

Figure 6-3. 

 

 

In general, the pressure traces for the dual orifice tests precede the single orifice cases.  

With the exception of the 0.75 ms case, the pressure curves for both nozzles appear to match 

during the initial pressure rise, and then begin to deviate from each other. This implies that for 

the higher auxiliary injected mass, the conditions for ignition are stable and nearly the same, and 

that the differences in combustion are due to factors that occur later in the combustion process. 

However, this may be a somewhat misleading result in the case of PW= 0.5 ms,  as there is 

considerable variation in the pressure traces, and just by chance the average pressure traces 

match initially (see Figure 3). 

Figure 6-3.  Average experimental pressure traces 

for dual orifice and single orifice nozzle geometries 
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The ignition quality and speed of combustion can be determined quantitatively from the 

pressure traces by considering the duration of combustion. In previous RCM studies, the duration 

of 0%-10% of the pressure rise due to the combustion has been used to characterize the ignition 

stage, while the duration of 10%-90% of the pressure rise gives an indicator of how quickly the 

combustion of the overall charge occurs once ignition has been initiated [47]. Figure 6-4 shows a 

pressure diagram of a typical pressure trace, with annotations detailing the definition of these 

burn durations.  Initially there is a pressure rise due to the piston motion. For auxiliary fueled 

cases, fuel is injected towards the beginning of the compression stroke. At the end of 

compression the piston has reached TDC and remains in that position until after the test is 

complete, creating a constant volume condition in the combustion chamber for the entire test. 

The spark in the pre-chamber is initiated shortly after TDC, with the time datum zero 

corresponding to the moment of the spark discharge event. 

 

Figure 6-4.  Typical pressure trace showing definition of burn durations 
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This produces a pressure rise strictly due to combustion, since the piston is stationary and the 

combustion chamber is at constant volume.  The pressure reaches a maximum, and subsequently 

falls due to heat transfer to the surroundings.  The pressure is then scaled so that 0% corresponds 

to the pressure at the time that the spark plug fires, and 100% corresponds to the maximum 

pressure achieved.   

The mean 0%-10% and 10%-90% burn durations for the auxiliary fuel variation 

experiments are shown in Figure 6-5 for both nozzles, with the error bars representing the 

standard error of the mean.  

 

 

 It can be seen that the 0%-10% burn duration for the non-auxiliary fueled case is much 

longer compared to the auxiliary fueled cases. The relatively large error bars also demonstrate 

the variability in the pressure traces as seen in Figure 6-2. These results indicate poor ignition 

quality due to the very lean mixture in the vicinity of the spark plug.  For the non-auxiliary 

fueled case and for a pulse width of 0.5 ms, the single orifice has a faster 0%-10% burn duration 

than the dual orifice nozzle, while for pulse widths of 0.75 ms, the dual orifice nozzle has a faster 

0%-10% burn duration.  For pulse widths of 1.0 ms and 1.25 ms, the burn durations are the 

shortest and nearly identical for the two different orifices.   

Figure 6-5.  (a) 0%-10% burn durations (b) 10%-90% burn durations 
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These results can be further interpreted by considering the physics that are occurring.  

The jet acts as a distributed ignition source, with the combusting jet either being channeled 

through a single orifice or being channeled through two orifices with an equivalent cross-

sectional flow area.  The dual jets will have a greater surface area, increasing the volume of 

colder unburned mixture that can be entrained, which decreases the bulk temperature of the jet in 

addition to the convective and radiative heat transfer losses that are also associated with an 

increased surface area.  In addition, for the leaner cases, the adiabatic flame temperature is lower 

and the minimum ignition energy is higher.  For these reasons, the jet that issues from the single 

orifice nozzle produces an ignition source that is more concentrated and able to reach the 

minimum ignition energy threshold more easily.  Once the auxiliary fuel loading is increased, the 

mixture stoichiometry in the pre-chamber is closer to stoichiometric and is easily ignitable.  With 

a lower minimum ignition energy threshold for these cases, both the single orifice and dual 

orifice jets produce ignition sources that reliably and rapidly initiate combustion in the main 

chamber. 

From figure 6-5 it can be seen that the 10%-90% burn durations for the non-auxiliary 

fueled cases are comparable to the auxiliary fueled cases, but with much greater variability. 

Initially, the relatively fast burn duration for these cases was surprising since the ignition quality 

was poor as determined by the 0%-10% burn duration.  Upon closer inspection of the pressure 

traces (Figure 6-2) and the optical images (Figure 6-6), it was determined that the jet discharge 

was inducing autoignition of the unburned charge in the main chamber.  This enhances the 

overall rate of combustion, though causes high variability of when the onset of autoignition 

would occur, particularly for the non-auxiliary fueled case.  It is important to note that when 

examining the raw pressure traces, there is no evidence of the high-frequency pressure 
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oscillations that are associated with knocking combustion.  This is likely because the pressure 

rise rates are not excessively high, the end-gas volume is small, and the overall lean conditions 

lead to lower temperatures and pressures than what would occur during stoichiometric 

combustion. 

At a pulse-width of 0.5 ms the 10%-90% burn duration is a few milliseconds slower than 

the case without auxiliary fuel loading, but with dramatically improved stability apparent from 

the relatively small size of the error bars.  As the injector pulse width is further increased, the 

10%-90% burn duration becomes shorter indicating faster combustion overall.  For all cases, the 

dual orifice jet results in a shorter 10%-90% burn duration due to the increase in surface area and 

the volume of entrained reactants. 

Figure 6-6 shows the optical images obtained for the two different nozzle geometries for 

an auxiliary fueled condition using a 1 ms pulse width, and a non-auxiliary fueled condition for 

comparison. Images were selected so that similar features are shown in each frame i.e. the first 

set of images show the development of the jet, while the later frames show autoignition events.  

Due to these events occurring at different times, the time steps are indicated for each image 

sequence presented.  The brightness and contrast for each image is enhanced using ImageJ, an 

image processing software available for download by the National Institutes of Health [51].  In 

addition, the auxiliary fueled cases and non-auxiliary fueled cases were captured at different 

frame rates.  Although the luminosity intensity appears comparable for the images shown in 

Figure 6-6, the emission of light is orders of magnitude higher for the auxiliary injected cases 

taken at the faster frame rate than for the case without auxiliary fuel injection, which was taken 

at the slower frame rate. 
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PW=1.0 ms  
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24.0 ms 26.0 ms 30.0 ms 34.0 ms 38.0 ms 44.0 ms 

Figure 6-6.  Combustion visualization of dual and single orifice TJI for non-auxiliary fueled jet 

ignition and jet ignition with auxiliary fuel injection (PW=1.0 ms). 

 

For the auxiliary fueled jet ignition cases that are presented, there is stratification of the 

charge, with the pre-chamber becoming enriched and a leaner main chamber.  The reacting jet 

discharges quickly, with a high momentum resulting in a narrow column of fluid that penetrates 

the chamber and reaches the end wall. For the jet issuing from the single orifice nozzle, a 

stagnation zone is created at the bottom of the cylinder and a wall jet is formed, where the fluid 

flow is bounded by the cylinder wall and directed upwards towards the unburned mixture. 

Combustion is enhanced by this fluid motion, and shortly thereafter the jet discharge event ends 
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followed by a slower deflagration that continues to propagate.  The end gas, which is defined as 

the remaining fuel and air mixture that has not been consumed, is being compressed by the flame 

front. Autoignition of the end gas then occurs, where the remaining fuel-air mixture is rapidly 

consumed. This is evident by the much brighter chemiluminesence of the reacting mixture 

compared to the region of burned gases, where the fuel and air has already been consumed by the 

jet. Furthermore, the duration of the autoignition event is very short and corresponds to the rapid 

rise in pressure as seen in the pressure traces in Figure 6-2. 

For the auxiliary fueled dual orifice jet, the shape is also narrow initially, but with this 

nozzle the two jets impinge on the side of the cylinder creating a fluid motion that directs the hot 

jets toward the unburned mixture at the bottom of the cylinder.  When the two jets meet, they 

create an opposed jet flow, enhancing mixing and entrainment of the unburned mixture. 

Combustion occurs within this flow field, and a flame front propagates upward towards the 

unburned charge, compressing the end gas in the process.  Similar to the single orifice case, the 

unburned mixture experiences autoignition with the fuel and air being consumed rapidly.  

However, the location and proportion of unburned mixture that is available for autoignition is 

quite different. The dual jets are able to consume more of the mixture before autoignition occurs, 

with a smaller volume experiencing autoignition. This is evident in the optical images by a clear 

contrast between the reacting volumes of gases exhibiting chemiluminesence, versus the burned 

gasses that are not emitting as much visible light. This autoignition behavior can also be 

observed in the pressure traces in Figure 6-2 where the slope of the pressure traces increases after 

the initial ignition event.  

The ignition behavior is quite different for the non-auxiliary fueled case when there is no 

stratification of the fuel-air mixture between the pre-chamber and main chamber (λ=3).  For the 
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single orifice case, a colder, slower jet of gases discharge into the main chamber, entraining 

unburned fuel and air, and initiating combustion near the center of the combustion chamber for 

the single orifice nozzle. Combustion occurs throughout the jet structure, and the flame starts to 

propagate outward almost in a spherical manner towards the cylinder walls.   The end gas near 

the cylinder periphery then begins to autoignite, with most of the gases in the core of the jet 

structure already converted to combustion products.  

For the dual orifice non-auxiliary fueled case, the two jets that issue from the dual orifice 

are also slower, and grow into two jet plumes that compress the unburned gas and induce 

autoignition faster than the single orifice case. Another result seen for both non-auxiliary fueled 

cases is that the jets do not penetrate into the chamber as far and do not interact with the chamber 

walls before autoignition occurs due to the lower initial jet momentum. 

The burn duration analysis gives a quantitative interpretation of the overall ignition and 

combustion, but does not enable the timing of the actual physics that occur to be resolved. For 

example, the 0-10% burn duration includes the spark discharge event, low-temperature chemical 

reactions that occur but do not increase the overall pressure, flame kernel propagation and 

convection within the pre-chamber, mass transfer from the pre-chamber contents being displaced 

into the main-chamber, and initial jet penetration and ignition of the main chamber charge.  In 

the definition of the 0%-10% burn duration, the percent of the pressure rise is chosen in order to 

capture the ignition processes that are occurring, with the selection being somewhat arbitrary and 

not necessarily corresponding to any physics that are actually occurring. Ten percent is typical of 

this type of analysis, although in the literature one and five percent of the pressure rise are also 

used [59].  Similarly, the physics that occur during the 10%-90% burn duration are not able to be 

temporally resolved. These physics include flame propagation, jet impingement, and autoignition 
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of the unburned mixture.  Thus, a more fundamental analysis is needed to study the jet ignition 

process in more depth and to identify when the physics are occurring. 

 From Figures 6-2 and 6-3, it can be seen that there are inflection points and changes of 

curvature in the pressure curves. The first, second, and third derivatives of the pressure data were 

then taken to identify these points of interest.  From the first derivative, it can determined if the 

pressure is rising or falling by considering if the sign is positive or negative. The change in sign 

of the first derivative is useful for determining when the end of compression occurs by 

considering the transition from a positive dP/dt to a negative value, where the pressure is no 

longer rising and is starting to fall.  The same technique can be used to determine the end of 

combustion when there is no longer any significant generation of pressure due to combustion and 

heat transfer to the surroundings causes the pressure to decrease.  Local maximums of the first 

derivative are also of interest as these points indicate the maximum rate of change in pressure.  

The second derivative is closely related to the curvature of the pressure trace. Finding the local 

maximum of the third derivative then gives the point where the curvature is changing the fastest.  

When the correct amplitude of the third derivative is chosen, it represents ignition events where 

the rate of pressure rise is relatively fast such as in jet ignition and autoignition. Thus, 

characteristic points such as the start of jet ignition in the main chamber, and onset of 

autoignition can be identified using the derivative curves and the times that they occur can be 

measured.  These characteristic times with their definition and method of identification are given 

in Table 6-3.  
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Table 6-3. Definition of characteristic times and method of identification 

Characteristic Time Method of Identification 

𝝉𝟎: End of compression Transition of dP/dt from positive to negative (first occurrence) 

𝝉𝟏: 
Beginning of jet 

ignition  

Auxiliary Fueled: local maximum amplitude of the third derivative 

Non-Auxiliary Fueled: Transition of dP/dt from negative to positive 

𝝉𝟐: 
Max rate of pressure 

rise due to jet ignition 
Local maximum of dP/dt 

𝝉𝟑: Onset of autoigntion Local maximum amplitude of the third derivative 

𝝉𝟒: 
Maximum rate of 

pressure due to 

autoignition 

Local maximum amplitude of the first derivative 

𝝉𝟓: End of combustion Transition of dP/dt from positive to negative (second occurrence) 

Figure 6-7 shows a pressure trace and 1st, 2nd, and 3rd derivative data for an auxiliary 

fueled case using PW=1.0 ms, and the dual orifice nozzle geometry.  The characteristic points 

are superimposed onto the original pressure curve.  The start of jet ignition and autoignition are 

identified by finding the local maximum amplitude of the third derivative.  Local maximums of 

the first derivative are also identified, which are the inflection points in the original curve. By 

studying the optical images, it was determined that these points define intervals in which specific 

combustion events are occurring. For example, the beginning of jet ignition in the main chamber 

occurs between the intervals defined by the start of spark discharge at 0 ms, until τ2, which is a 

local maximum in the first derivative. During this interval, ignition occurs in the pre-chamber, 

and there is jet penetration into the main chamber.  A second interval associated with jet ignition 

can be defined from τ2 until τ3, where τ3 identifies the onset of autoignition.  This jet ignition 

interval is characterized by wall impingement, fluid motion, and flame propagation.  An 

autoignition interval is then defined from the onset of autoignition until the end of combustion, 

i.e. from τ3 to τ5. The optical images corresponding to these intervals for figure 6-7 are shown in 

Figure 6-8.  
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𝜏3 = 9.4 𝑚𝑠 

𝜏4 = 10.35 𝑚𝑠 

𝜏5 = 11.8 𝑚𝑠 
 

 9.72 ms 10.28 ms 10.83 ms 11.94 ms 

Figure 6-8. Optical images corresponding to characteristic time intervals 

for auxiliary fuel injection (dual orifice nozzle geometry, PW= 1.0 ms) 

 

Figure 6-7.  Pressure trace and derivative data for the 

dual-orifice PW=1.0 ms auxiliary fuel case. 
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For the non-auxiliary fueled cases, the fundamental shape of the curve is different. Figure 

6-9 gives the pressure trace and derivative data for the dual orifice, non-auxiliary fueled case. Jet 

ignition does not happen very quickly, and the second and third derivatives are nearly zero during 

the jet discharge. For this reason, the first derivative was used to determine the beginning of jet 

ignition. The transition from a negative dP/dt to a positive value after the spark discharge was 

found to identify the start of jet ignition in the main chamber.  

 

 
 

 

One interesting feature of the first derivative curve for this case is that the pressure rise due 

to jet ignition does not reach a local maximum before the onset of autoignition.  The pressure rise 

Figure 6-9. Pressure trace and derivative data for the dual orifice, non-auxiliary fueled case. 



90 

 

due to jet ignition continues to increase until the end-gas autoignition event.  Thus, only two 

distinct intervals occur, one due to jet ignition and another due to autoignition. Figure 6-10 shows 

the optical images corresponding to these two intervals based on the pressure trace shown in Figure 

6-9. It can be seen that the jet development and propagation is relatively slow, without much 

impingement onto the cylinder walls.  A larger proportion of end gas is available to auto-ignite in 

this case. 
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For different auxiliary fueling conditions and nozzle geometry, the pressure curves have 

different profiles and the characteristic points occur at different times.  To compare these 

differences, the times were measured and plotted versus injector pulse width for both nozzles in 

Figure 6-11.  The characteristic times are plotted using a logarithmic scale due to the large 

difference in scale between non-auxiliary fueled and fueled conditions.  The mean data points are 

plotted and connected using a shape preserving spline, with error bands representing the standard 

error of the mean.  

Figure 6-10. Optical images corresponding to characteristic time intervals 

for auxiliary fuel injection (dual orifice nozzle geometry, PW= 1.0 ms) 
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The curves for the two different nozzles have similar time scales for the non-auxiliary 

fueled case, with wider error bands for the dual orifice nozzle implying increased combustion 

instability. Similar time scales for both nozzles also occur for the 1.25 ms pulse width conditions, 

with small error bars implying consistent and stable combustion. This behavior agrees with the 

burn duration analysis previously discussed.  Additional insight can be obtained by comparing the 

0.75 ms pulse width case for the two nozzles. At this fuel loading condition, the dual orifice has a 

faster autoignition onset than the single orifice.  Increasing the injector pulse width to 1.0 ms 

decreases the time for the onset of jet ignition for the single orifice, but does not change the onset 

of autoignition very much for the dual orifice.  This implies that for this condition the dual jets 

Figure 6-11. Characteristic time measurements as function of injector 

pulse width. Error bands correspond to the standard error of the mean. 
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have consumed most of the end gas in the path of the jet and increasing the fuel loading has less 

of an effect on the jets consuming the remaining portion of unburned fuel and air. Another feature 

that is distinct between the two nozzle geometries is that the separation between the τ3  and τ4  curves 

are different. τ3 represents the onset of autoignition, while τ4  represents the maximum rate of 

pressure rise due to autoignition.  The fact that the τ3  and τ4 curves occur closer together implies 

that the maximum pressure rise rate due to autoignition for the single orifice occurs much closer 

to the onset of autoignition, whereas the pressure rise rate reaches a maximum later on for the dual 

orifice geometry. 

6.4   Summary and Conclusions 

Experiments of TJI were performed in an optically accessible rapid compression machine using 

liquid iso-octane and a custom low-flow fuel injector to overcome previous limitations of using 

liquid fuel in the pre-chamber.  The effect of nozzle geometry and auxiliary fuel injection were 

investigated. Jet induced autoignition behavior was also studied in depth by considering high-

speed images, and pressure derivative data. 

It was found that the auxiliary fuel injection was critical for combustion stability. In 

addition, ignition distribution via the jet being channeled through one orifice or two was important 

for low-auxiliary fuel loading conditions. For non-auxiliary fueling conditions, the single orifice, 

D=1x 3.16 mm nozzle had better ignition performance than the dual orifice D=2x 2.26 mm nozzle 

as evident by the pressure traces and 0%-10% burn durations.   However, when the mixture 

stoichiometry was such that it was easily ignitable in the pre-chamber, the minimum ignition 

energy was reached easily and both nozzles ignited the mixture reliably. This occurred at an 

injector pulse width of 0.75 ms, with best performance as the injector pulse width approached 1.25 

ms.  Varying the orifice geometry and stoichiometry also had an effect of the jet structure and fluid 



93 

 

mechanics. In particular, the volume of end-gas was different for the two nozzles and induced 

different autoignition behavior in the unburned mixture. The jet ignition and autoignition behavior 

was then characterized by using the pressure derivative data.  Characteristic points and time 

intervals were identified, which corresponded to the physics that occurred as could be seen in the 

optical images.  A time interval corresponding to jet penetration, jet impingement, and autoignition 

could be defined for the auxiliary fueled cases. However, only two intervals could be identified 

for the non-auxiliary fueled cases, one due to jet ignition and another due to autoignition of the 

unburned mixture. Increasing the injector pulse width was found to initiate jet ignition and 

autoignition faster, with little variation at injector pulse widths of 0.75, 1.00, and 1.25 ms.  
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CHAPTER 7: SUMMARY AND CONCLUDING REMARKS 

This dissertation presents several experiments studying TJI using an optically accessible 

RCM. Chapter 1 gave a review of the literature and an introduction to TJI.  Chapter 2 then 

described the experimental methods used, providing an overview of the RCM and a general 

testing procedure that was followed. However, each series of experiments used different TJI 

igniters and optical head geometries. Therefore, in each of the following chapters, the specific 

RCM and TJI configurations were introduced first, and then the experimental results were 

presented. The results from each set of TJI experiments form the basis of Chapters 3-6 in this 

body of work. 

Chapter 3 presents experimental results on TJI without any auxiliary fuel injection, using 

gaseous propane as the fuel.  In this chapter, several different orifice nozzle diameters and 

configurations were tested in the RCM. This effort expanded on TJI experiments documented in 

the literature by testing a broader range of orifice nozzles, and analyzing the pressure traces 

along with the high-speed images. Combustion visualization of the visible spectrum, as well as 

OH* and CH* radicals were performed. The pressure traces were analyzed by defining the 0-

10% and 10-90% burn durations, similar to a mass fraction burned analysis. The 0-10% and 10-

90% burn duration results indicate that if ignition can be initiated reliably in both the pre-

chamber and main chamber, such as in a stoichiometric mixture, then a nozzle that will produce 

jets that are volumetrically distributed throughout the combustion chamber will be more 

advantageous and will consume the main chamber charge more rapidly.  However as the mixture 

becomes leaner, a smaller orifice nozzle is desirable in order to reach the minimum ignition 

temperature.  Visualization of the OH* radical species allowed us to obtain insight into where the 
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exothermic chemical reactions were occurring, with a high radical intensity occurring near the jet 

tip. The CH* visualization was useful as an alternative method of showing the flame boundary, 

which is important to determine the true structure of the jets. It was found that the OH* and CH* 

radicals overlap spatially throughout the jet structure. 

In Chapter 4, a series of experiments were presented showing the behavior of TJI using a 

liquid propane auxiliary fueled pre-chamber. When operating with auxiliary injection, a 

substantial extension of the lean limit over the unfueled case was demonstrated. The combustion 

behavior was characterized, and further insights were obtained by optical observations of the jet 

ignition process. A pressure difference schematics was presented for λ global =1.71 and shows 

the flow interaction between the main-chamber and pre-chamber. A pressure ratio schematic was 

presented further characterizing the flow, and the flow was determined to only be choked during 

a portion of the jet discharge event. By observing the pressure traces, an apparent change in rate 

of combustion was seen in the main cylinder pressure, which was linked to the end of the jet 

discharge event. Combustion enhancement occurs as the jet is discharging, but the rate of 

combustion decreases when the jet discharge event ends. This was characterized by the excess 

pressure diagram where the main chamber pressure exceeds the pre-chamber pressure, causing a 

reversal of the flow direction into the pre-chamber in order for the gases to equilibrate. 

Furthermore, a unique flame structure with the auxiliary fueled TJI was observed that has not 

been seen in other optical studies, possibly indicating soot formation. 

Chapter 5 presents dual injector TJI experiments performed using methane as the main 

chamber and pre-chamber fuel. This chapter also investigates the effect of charge dilution using 

both nitrogen and exhaust gases.  In this chapter, the ability to ignite heavily diluted mixtures 

with TJI was demonstrated for both N2 and EGR as the diluent. Control of the pre-chamber 
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stoichiometry and injected mass was shown to be critical to the TJI process; for the same global 

dilution level, different jet ignition behavior was observed from the pressure traces and optical 

images. 

Chapter 6 utilizes an auxiliary fueled TJI system using liquid iso-octane as the auxiliary 

fuel. This chapter studies the effects of auxiliary fuel injection and ignition distribution due to 

single orifice and dual orifice nozzle geometry.  Jet induced autoignition behavior was also 

studied in depth by considering high-speed images, and pressure derivative data. It was found 

that the auxiliary fuel injection was critical for combustion stability. In addition, ignition 

distribution via the jet being channeled through one orifice or two was important for low-

auxiliary fuel loading conditions. For non-auxiliary fueling conditions, the single orifice, D=1x 

3.16 mm nozzle had better ignition performance than the dual orifice D=2x 2.26 mm nozzle as 

evident by the pressure traces and 0%-10% burn durations. However, when the mixture 

stoichiometry was such that it was easily ignitable in the pre-chamber, the minimum ignition 

energy was reached easily and both nozzles ignited the mixture reliably. This occurred at an 

injector pulse width of 0.75 ms, with best performance as the injector pulse width approached 

1.25 ms. Varying the orifice geometry and stoichiometry also had an effect of the jet structure 

and fluid mechanics. In particular, the volume of end-gas was different for the two nozzles and 

induced different autoignition behavior in the unburned mixture. The jet ignition and 

autoignition behavior was then characterized by using the pressure derivative data. Characteristic 

points and time intervals were identified, which corresponded to the physics that occurred as 

could be seen in the optical images. A time interval corresponding to jet penetration, jet 

impingement, and autoignition could be defined for the auxiliary fueled cases. However, only 

two intervals could be identified for the non-auxiliary fueled cases, one due to jet ignition and 
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another due to autoignition of the unburned mixture. Increasing the injector pulse width was 

found to initiate jet ignition and autoignition faster, with little variation at injector pulse widths 

of 0.75, 1.00, and 1.25 ms. 

As a summary to this work, several novel aspects of TJI were studied and new insights 

were obtained. Nonetheless, TJI remains a challenging technical problem due to interacting 

physics of fluid mechanics, chemistry, and heat transfer.  Due to the advantages of low 

temperature combustion, TJI will likely continue to be a topic of future research in industry as 

well as at MSU.  Some recommendations for future work include Schlieren imaging to study the 

effect of the pre-chamber contents being displaced into the main chamber before hot ignition, 

and measuring hydrocarbon, NOx, and soot emissions for the conditions tested as this may limit 

the practical application of TJI in an engine.  
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APPENDIX A: STOICHIOMETRY AND DILUTION CALCULATIONS 

To demonstrate some of the stoichiometry calculations, properties for methane are used.  When 

performing calculations for other fuels such as propane, the stoichiometric coefficients and 

molecular weights will change and care should be taken to keep track of these variables.  The 

equation for stoichiometric combustion of methane in air, assuming complete combustion is 

1 𝐶𝐻4 + 2 (𝑂2 + 3.76𝑁2) → 2 𝐻2𝑂 + 1𝐶𝑂2 + 7.52𝑁2 A.1 

 The air/fuel equivalence ratio, which is a non-dimensional air-fuel ratio, is defined as 

𝜆 =

𝑚𝑎𝑖𝑟

𝑚𝑓𝑢𝑒𝑙

                   (
𝑚𝑎𝑖𝑟

𝑚𝑓𝑢𝑒𝑙
)

𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

 A.2 

From equation A.1 the stoichiometric air-fuel ratio can then be calculated as  

(
𝑚𝑎𝑖𝑟

𝑚𝑓𝑢𝑒𝑙
)

𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

=  
9.52 𝑚𝑜𝑙𝑒𝑠 𝑎𝑖𝑟 × 28.97 

𝑘𝑔
𝑚𝑜𝑙𝑒

1 𝑚𝑜𝑙𝑒 𝑚𝑒𝑡ℎ𝑎𝑛𝑒 × 16.04 
𝑘𝑔

𝑚𝑜𝑙𝑒
  

= 17.19 A.3 

For air fuel ratios other than λ=1, the ideal gas equation of state is used to calculate the masses 

based on the pressures read from a pressure sensor 

𝑚 =  
𝑃 𝑉

𝑅𝑢

𝑀𝑊  𝑇
 A.4 

Substituting equation X into equation X for the mass of air and fuel, we obtain the following 

relations  

𝜆 =

𝑚𝑎𝑖𝑟

𝑚𝑓𝑢𝑒𝑙

                   (
𝑚𝑎𝑖𝑟

𝑚𝑓𝑢𝑒𝑙
)

𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

=  

(
𝑃𝑎𝑖𝑟

𝑃𝑓𝑢𝑒𝑙
) ∙ (

𝑀𝑊𝑓𝑢𝑒𝑙

𝑀𝑊𝑎𝑖𝑟
)

                   (
𝑚𝑎𝑖𝑟

𝑚𝑓𝑢𝑒𝑙
)

𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

 
A.5 
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(
𝑚𝑎𝑖𝑟

𝑚𝑓𝑢𝑒𝑙
) = 𝜆 × (

𝑚𝑎𝑖𝑟

𝑚𝑓𝑢𝑒𝑙
)

𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

 A.6 

Due to conservation of mass, the mass of fuel and air with the piston at bottom dead center 

(BDC) will be the same as when the piston has reached the end of its stroke at top dead center 

(TDC), although the masses will occupy a smaller volume.  Figure A-1 gives an illustration of 

the two control volumes used, the first with the piston at BDC and the second when the piston 

has reached TDC.  

 

 

 

 

 

 

             

             

             

             

         

 

 

BDC Main Chamber Volume 

Main Chamber Volume 

TDC 

Pre-Chamber 
 Volume 

Gas Inlet/Outlet to 
vacuum manifold 
and pressure sensor 

Figure A-1.  Control Volumes used for stoichiometry calculations 
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Since we know the total mass of fuel and air that occupies the control volume that encompasses 

both the main-chamber volume and pre-chamber volume, we can determine the mass that is 

present in the pre-chamber only.  If we assume that the mass is equally distributed in the main 

chamber and pre-chamber then the pre-chamber mass is given simply as the total mass times the 

ratio of pre-chamber volume to total volume. The mass of fuel and air in the pre-chamber before 

auxiliary injection can then be calculated from the following equations 

𝑚𝑓𝑢𝑒𝑙,𝑝𝑟𝑒𝑐ℎ𝑎𝑚𝑏𝑒𝑟  =   𝑚
𝑓𝑢𝑒𝑙,𝑡𝑜𝑡𝑎𝑙 × ( 

𝑉𝑝𝑟𝑒𝑐ℎ𝑎𝑚𝑏𝑒𝑟

𝑉𝑡𝑜𝑡𝑎𝑙
)
   

 

A.7 

𝑚𝑎𝑖𝑟,𝑝𝑟𝑒𝑐ℎ𝑎𝑚𝑏𝑒𝑟  =   𝑚
𝑎𝑖𝑟,𝑡𝑜𝑡𝑎𝑙 × ( 

𝑉𝑝𝑟𝑒𝑐ℎ𝑎𝑚𝑏𝑒𝑟

𝑉𝑡𝑜𝑡𝑎𝑙
)
   A.8 

 

In the case of no auxiliary injection, the air-fuel ratio will be the same in the pre-chamber as in 

the main chamber and no further calculations need to be made.  If operating with auxiliary fuel 

addition in the pre-chamber, as illustrated in figure A-2a, or auxiliary air and fuel addition as 

shown in figure A-2b,  the injected mass needs to be accounted for.  There are a few different 

ways to estimate the pre-chamber stoichiometry depending on the assumptions that are made 

about the displacement of the gases in the pre-chamber. 

 

 

 

 

 
Figure A-2. (a) Auxiliary fuel injection only (second injector is not used), 

(b) Auxiliary air and fuel injection into the pre-chamber volume 

Pre-Chamber 
 Volume 

(a) (b)

. 
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When operating with auxiliary fuel injection, the fuel is injected during the compression stroke.  

In this case, it can be theorized that none of the pre-chamber contents are displaced during the 

auxiliary fuel injection event, and that none of the auxiliary fuel leaves the pre-chamber since the 

main-chamber mixture is simultaneously being compressed into the pre-chamber. The total fuel 

mass in the pre-chamber is then given as 

𝑚𝑓𝑢𝑒𝑙,𝑝𝑟𝑒𝑐ℎ𝑎𝑚𝑏𝑒𝑟 =     𝑚𝑓𝑢𝑒𝑙,𝑝𝑟𝑒𝑐ℎ𝑎𝑚𝑏𝑒𝑟(𝑖𝑛𝑖𝑡𝑖𝑎𝑙) + 𝑚𝑓𝑢𝑒𝑙,𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑   A.9 

 

For auxiliary fuel addition only, the mass of air in the pre-chamber remains the same, and the 

pre-chamber λ can then be estimated. If auxiliary air injection is used, then the same principles 

apply, except that the mass of air is now taken into account. 

 In order to compare between tests without auxiliary injection, and tests where there is additional 

mass injected it is important to keep the total mass of the system constant. Equation A.4 gives 

this relationship.  Basically, this means that for a test with auxiliary injection there is slightly less 

mass present in the initial charge since this additional mass will be injected later on so that the 

total mass remains approximately constant.  

Total mass = (𝑚𝑎𝑖𝑟 + 𝑚𝐶𝐻4
)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙
+ (𝑚𝑎𝑖𝑟 + 𝑚𝐶𝐻4

)
𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑

 A.10 

 

Another method to calculate the pre-chamber stoichiometry is to assume that all of the pre-

chamber contents are displaced.  In this case, the pre-chamber mixture has the exact 

stoichiometry as the mixture that is being injected. 
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For some experimental tests, it may be interesting to see the effect of increasing dilution levels.  

The dilution level is given as the ratio of the mass of the diluent species to the total mass of the 

mixture.  A.11 gives the dilution percentage for nitrogen as the diluent species, while A.12 gives 

the relationship for exhaust gases 

𝑁2 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 % =  
𝑚𝑁2

𝑚𝑎𝑖𝑟 +  𝑚𝐶𝐻4
+ 𝑚𝑁2

× 100% 

 

A.11 

 

𝐸𝐺𝑅 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 % =
𝑚𝑒𝑔𝑟

𝑚𝑎𝑖𝑟 +  𝑚𝐶𝐻4
+ 𝑚𝑒𝑔𝑟

× 100% 

  

A.12 

Again, for these tests we will likely want to keep the total mass constant for the initial charge 

present.  For example, if the first test is performed without any auxiliary injection, the initial 

charge will have a certain value for the total mass present.  If the next test includes auxiliary 

injection of fuel, or fuel and air, the initial mass will be slightly less to compensate for the 

additional mass that is being injected.  This allows for the compressed pressure to be 

approximately the same for both tests. Equations A.12 and A.14 give the mathematical 

relationships for the total mass for N2 dilution studies and for EGR studies, respectively. 

Total mass = (𝑚𝑎𝑖𝑟 + 𝑚𝐶𝐻4 +  𝑚𝑁2
)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙
+ (𝑚𝑎𝑖𝑟 + 𝑚𝐶𝐻4

)
𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑

 A.13 

 

Total mass = (𝑚𝑎𝑖𝑟 + 𝑚𝐶𝐻4
+ 𝑚𝑒𝑔𝑟  )

𝐼𝑛𝑖𝑡𝑖𝑎𝑙
+ (𝑚𝑎𝑖𝑟 + 𝑚𝐶𝐻4

)
𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑

 A.14 

 

When using Auxiliary injection one last relationship is needed to fully constrain the system of 

equations.  If the total mass is held constant, we need to specify what percent of the mixture mass 

will be initially present, and what percent of the mass will be delivered via auxiliary injection. 
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Here, the injected mass fraction is defined as the ratio of the injected mass to the total mass 

present and is given by equation A.15 

𝑚𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑

𝑚𝑡𝑜𝑡𝑎𝑙
=

(𝑚𝑎𝑖𝑟 + 𝑚𝐶𝐻4
)

𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑

(𝑚𝑎𝑖𝑟 + 𝑚𝐶𝐻4
+  𝑚𝑁2 + 𝑚𝑒𝑔𝑟 

)
𝑡𝑜𝑡𝑎𝑙

 × 100 % 

 

A.15 

This equation is written in the most general way possible and includes terms for auxiliary air and 

fuel addition, nitrogen dilution, and exhaust gas dilution. For a simpler testing configuration, 

some of these terms will be zero and the equation will have a different form.  For example, for 

auxiliary fuel only, and without N2 or EGR dilution, the injected mass fraction takes the 

following form 

𝑚𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑

𝑚𝑡𝑜𝑡𝑎𝑙
=

(𝑚𝐶𝐻4
)

𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑

(𝑚𝑎𝑖𝑟 + 𝑚𝐶𝐻4
)

𝑡𝑜𝑡𝑎𝑙

 × 100 % 

 

A.15 
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APPENDIX B: HEAT TRANSFER ANALYSIS 

During TJI a hot jet travels through one or more nozzle orifices, and these hot jets will 

lose some enthalpy as they exchange heat with the cooler nozzle walls.  The magnitude of this 

heat exchange depends on several factors including the nozzle wall temperature, flow velocity 

and residence time, thermal conductivity, among others. The actual flow and heat transfer 

processes are quite complex, and difficult to analyze mathematically without making some 

simplifying assumptions about the flow.  The first assumption to be made is that combustion 

occurs in the pre-chamber instantaneously, with no heat-transfer losses to the pre-chamber walls. 

In this model, the pre-chamber can be thought of as a thermal reservoir that supplies a non-

reacting, hot mixture of combustion products through the orifice at the adiabatic flame 

temperature.  Another assumption made is that of a “slug flow” velocity profile and that the 

hydrodynamic boundary layer will be very thin.   

 

Hot products of combustion  

𝐷 𝑝𝑟𝑒−𝑐ℎ𝑎𝑚𝑏𝑒𝑟  

𝐷𝑜𝑟𝑖𝑓𝑖𝑐𝑒  

Unburned 

mixture 

U 

L qq” 

Figure B-1.  Heat transfer schematic of pre-

chamber and nozzle orifice, assuming a “slug 

flow” velocity profile. 
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Figure B-1 gives an illustration of the pre-chamber and nozzle assembly that conveys the 

concept of the pre-chamber acting as a thermal reservoir and shows the “slug flow” velocity 

profile that is assumed.  The important dimensions are also labeled including the pre-chamber 

diameter, orifice diameter, and orifice length.  In order to simplify the mathematics, for this 

problem a two-dimensional slot geometry will be used for the orifice with a Cartesian coordinate 

system centered at the orifice inlet as shown in Figure B-2. 

 

 

 

 

 

 

 

The heat diffusion equation which governs the spatial and temporal distribution of heat in a 

media is given by the following partial differential equation (assuming no energy source terms).  

 

 
𝜌𝑐 [ 

𝜕𝑇

𝜕𝑡
+ ∇ ∙ (𝑇𝑢) ]  =  ∇ ∙ (𝑘∇T ) B.1 

 

This simplifies to equation B.2 for two-dimensional flow, constant thermal properties, and 

neglect stream-wise diffusion 

 

𝐷𝑜𝑟𝑖𝑓𝑖𝑐𝑒  

y 

x 

L 

Figure B-2.  Coordinate system and dimension of nozzle orifice. 
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𝛼

𝜕2𝑇

𝜕𝑦2
= 𝑈

𝜕𝑇

𝜕𝑥
 B.2 

It is useful to make the equation non-dimensional by scaling the variables as follows 

 𝜃 =
𝑇 − 𝑇𝑐

𝑇ℎ −  𝑇𝑐
 B.3 

 

𝑥̅ =  
𝑥

𝐿
 

 

B.4 

 𝑦̅ =  
𝑦

𝐷/2
 B.5 

 

The non-dimensional equation is now given by  

 𝜕2𝜃

𝜕𝑦̅2
= [4 𝑅𝑒 ∙ 𝑃𝑟 ∙

𝐷

𝐿
] ∙

𝜕𝜃

𝜕𝑥̅
 B.6 

 

Where Re is the Reynolds number, Pr is the Prandtl number, and D/L is the aspect ratio of the 

nozzle. The specified boundary conditions for this problem are as follows 

BC1: 

 

𝜃(𝑥̅ = 0, 𝑦̅) = 1 

 

Known temperature of the 

fluid at the inlet of the 

orifice 

BC2: 
𝜕𝜃

𝜕𝑦
(𝑥̅, 𝑦̅ = 0) = 0 Symmetry condition 

BC3: 𝜃(𝑥̅, 𝑦̅ = 1) = 0 Constant temperature at the 

nozzle walls 
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The energy equation for the fluid can now be solved using the method of separation of variables 

in order to yield the temperature distribution 

 
𝜃(𝑥̅, 𝑦̅) =  ∑ 𝐴𝑛𝑒−𝐶𝜆𝑛

2𝑥̅  cos 𝜆𝑛𝑦̅

∞

𝑛=1

 B.7 

The constant C is due to the non-dimensionalization of the equations and is given by 

 
𝐶 =

1

4𝑅𝑒 Pr 𝐷/𝐿
 

 

B.8 

The eigenvalues 𝜆𝑛 are given by solving the characteristic equation 

 𝜆𝑛 =  ±(2𝑚 + 1)
𝜋

2
 B.9 

And the series coefficients 𝐴𝑛are given by the following expression obtained by invoking 

orthogonality of the eignefunctions 

 
𝐴𝑛 =  

2 sin 𝜆𝑛

𝜆𝑛
=  

4(−1)𝑛

(2𝑚 + 1)𝜋
 B.10 

Now that the temperature distribution has been determined, an energy balance at the orifice wall 

can be performed and a local heat transfer coefficient, h, can be defined. 

 
ℎ(𝑇ℎ − 𝑇𝑐) = −

𝜕𝑇

𝜕𝑦
|

𝑤𝑎𝑙𝑙

 B.11 

 

ℎ =

−
𝜕𝑇
𝜕𝑦

|
𝑤𝑎𝑙𝑙

(𝑇ℎ − 𝑇𝑐)
 B.12 

When using the non-dimensional variables defined earlier, the form of the heat transfer 

coefficient simplifies to 
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ℎ =  −

𝑘

𝐿
∙

𝜕𝜃

𝜕𝑦
|

𝑤𝑎𝑙𝑙

 B.13 

The corresponding Nusselt number is then given by 

 
𝑁𝑢𝑥 =  

ℎ𝐿

𝑘
= −

𝜕𝜃

𝜕𝑦
|

𝑤𝑎𝑙𝑙

  B.14 

The total heat transfer to the nozzle walls is characterized by the total Nusselt Number, which is 

obtained by integrating along the orifice length, from 𝑥̅ = 0 to 𝑥̅ = 1. 

 𝑁𝑢 =  ∫
ℎ𝐿

𝑘
 𝑑𝑥

𝑥̅=1

𝑥̅=0

= ∫ −
𝜕𝜃

𝜕𝑦
|

𝑤𝑎𝑙𝑙

 𝑑𝑥

𝑥̅=1

𝑥̅=0

 B.15 

   

 𝑁𝑢 =  ∑
𝐴𝑛𝜆𝑛 sin 𝜆𝑛

𝐶 𝜆𝑛
(1 − 𝑒−𝐶𝜆𝑛

2
)

∞

𝑛=1

 B.16 

 

Thus, the convection heat transfer is simply characterized by calculating the non-dimensional 

temperature gradient at the surface of the nozzle walls.  The solution is in terms of an infinite 

series, and the heat transfer coefficient can be computed by evaluating properties and writing a 

numerical code that can compute enough terms of the series so that a solution will be converged 

upon. 
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APPENDIX C: SCHLIEREN OPTICAL HEAD 

An optical head was designed so that a sheet of light can be passed through the sides of the head, 

while direct combustion visualization can be performed through the end window access.   

 

 

 

 

 

 

 

 

 

 

Figure C-1. Exploded view of Schlieren optical head assembly
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