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ABSTRACT 

A single droplet auto-ignition of surrogate fuels, lubricant oil and their 

mixtures at elevated temperature and pressure 

Sumit Maharjan 

Pre-ignition is a type of irregular combustion that occurs in boosted direct injection 

gasoline engines when one or more auto-ignition events occur before to spark ignition. 

Due to the direct injection of fuel into the cylinder, some liquid fuel may splash off the 

walls, dragging along lubricating oil. The self-ignition of liquid fuel/lubricant droplets is 

one of the pre-ignition sources studied. To test this stochastic behavior in a controlled 

manner, we examined the auto-ignition of a single droplet of a hexadecane-fuel 

mixture, with hexadecane serving as a surrogate for the lub oil. This experiment 

involved suspending a single hexadecane-fuel mixture droplet on a thermocouple bead 

in preheated air at temperatures ranging from 150 to 300 ° C over a wide range of 

pressures (4-30 bar). Various fuels with RON values ranging from 0 to 120 were blended 

with hexadecane at varying volume percentages of fuel in hexadecane from 0% to 100% 

to determine the droplet's time to ignition, denoted by TI. TI was determined by 

concurrently recording the history of the droplet temperature and imaging it at high 

speed. The ignition of the droplet is triggered by the self-ignition of the combustible 

mixture created by the vapor of the hexadecane-fuel mixture reacting with the heated 

ambient air surrounding the droplet. The increase in RON increased the TI as high RON 
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fuels are difficult to ignite. However, the TI of the mixture depended on the fuel mixture 

properties even when the RON of the mixture was relatively high.  

Furthermore, the metal additives were added to the oil surrogate to investigate their 

effect on getting a pre-ignition event. The lubricant oil additives were phosphate, 

magnesium, and calcium. These additives were mixed with hexadecane at different 

concentrations. The experiments were conducted in a constant volume combustion 

chamber at 300 ⁰C temperature and the pressure was varied from 5 to 15 bar. The 

resulting TI were then compared with the TI of pure hexadecane. The results showed 

that addition of phosphate reduces the chances of getting a pre-ignition event, 

magnesium showed neutral effect while calcium enhanced the chances of getting a pre-

ignition event.  
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Chapter 1 

1.1 Literature review 

Spark ignited engines power a major proportion of all the passenger cars, and there 

were more than 1.2 billion cars by 2015.  Automotive manufacturers are constantly 

improving the performance and efficiency of internal combustion engines in order to 

reduce fuel consumption and pollutants. Gasoline Direct Injection engines (GDI) with 

downsized turbochargers are a potential technique for achieving these goals. Engine 

downsizing enables the same amount of power to be extracted from smaller engines, 

which reduces the amount of air-fuel mixture that enters a normally aspirated engine. 

However, such technology is limited by a variety of aberrant combustion events, 

including knock and pre-ignition. In these heavily boosted GDI engines, a new damaging 

combustion mode known as Low Speed Pre-Ignition (LSPI) is infrequently encountered 

[1, 2]. The LSPI combustion mode is characterized as a stochastic phenomenon that 

results in the transformation of a normal propagating flame to a severe knocking event. 

Figure 1 shows that the pre-ignition begins prior to the spark timing.  It can be a rare 

event (e.g., 1 pre-ignition cycle/30,000 normal cycles) but a few successive pre-ignition 

cycles can lead to a severe engine damage [1, 3].  The traditional knock (i.e., end-gas 

auto-ignition) phenomenon can be suppressed, at least, by retarding the spark timing.  

The LSPI mode, on the other hand, is beyond the control of any actuator.  The LSPI mode 

is thus considered as one of the limiting factors for further improvement in GDI engine 

performance and efficiency.  Interestingly, engine cycles preceding LSPI events show no 



20 
 

evidences that a pre-ignition event is imminent [3].  Although this phenomenon is self-

curing, some countermeasures, however, have been developed by the automakers to 

suppress the LSPI, such as load limiting and EGR [2].  

 

Figure 1. In-cylinder pressure traces of normal combustion, light knock and LSPI for FACE I fuel at 

1200 rpm and 1.7 bar intake pressure. The spark plug is fired at 11 C crank angle degree after 

the top dead center. A sudden rise in pressure can be seen for super knock where the ignition 

happens before firing the spark plug.  

It has been recognized that the LSPI incidents can be affected by several factors such as 

the fuel composition, lubricant formulation, and engine parameters.  Contrary to 

traditional engine knock, it has been shown that the pre-ignition frequency is 

independent of the fuels’ Octane Number (ON).  Nevertheless, the impact of fuel 

composition on the pre-ignition frequency is evident.  For instance, fuels with high 

aromatic content show higher propensity towards pre-ignition [4]. 
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The impact of engine lubricants on the occurrence frequency of the LSPI is receiving 

considerable attention by several research groups.  These lubricants exhibit high cetane 

numbers (CN) in the range between 78 and 89.  Lubricant droplets are a potential 

source for the occurrence of the LSPI mode.  Under certain conditions, the lubricant 

droplets released from the cylinder liner and create a localized ignitable region that is 

susceptible to ignition prior to the defined spark timing.  The impact of lubricant 

reactivity, however, is yet to be fully investigated [5]. Engine parameters also have some 

influence on pre-ignition frequency.  For example, increasing the A/F ratio, boost 

pressure, or the energy flux tends to promote pre-ignition [6].  

Most pre-ignition experiments to date have been conducted to capture the pre-ignition 

events that occur naturally during engine operation.  Pre-ignition has captured the 

interest of researchers as early as 1890s.  During this time period, the focus was on pre-

ignition induced from surface hot spots, spark plugs and exhaust valves.  Pre-ignition 

was actually recognized much before the concept of detonation in engines[7].  The 

phenomenon of ‘knock’ was initially explained as being caused by pre-ignition.  This was 

done by Prof Hopkinson of Cambridge University (advisor to Sir Ricardo) at that time, in 

1904, when he tried to induce pre-ignition of gaseous fuel, in a long steel tube [8].  This 

was primarily driven by the need to improve combustion efficiency by advancing spark 

timing and increasing compression ratios.  In 1920s, pre-ignition was considered a 

problem and was visualized as “red-hot particles of carbon in there setting the mixture 

afire” [9].  It was also suggested that the use of fuel additive will assist in controlling the 
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combustion process.  Over last 9 decades, much has changed in the areas of internal 

combustion engine technologies, fuel specifications, and engine oil specifications.  From 

1920s to 1940s many papers were published discussing the issues of pre-ignition such as 

a spark plug pre-ignition due to material breakdown, resulting in an overheated surface 

in the combustion chamber causing premature ignition which resulted in a high-pitched 

knock [10].  The review article by Chapman and Vincent does a great job in recounting 

similar issues experienced and dealt by these earlier researchers [10].  However, there 

have been mentions of researchers trying to keep the engine components cool and 

avoid pre-ignition arising from hot surfaces.  Several patents near the end of the 19th 

century point to this direction [11-13].  These patents apply to non-conventional 

engines, however they do point to issues encountered in this timeframe.  In an 

exemplary early work by R. F. Winch [14], the distinction between knock and wild ping 

and pre-ignition event is emphasized, while using a spark plug as an ionization gap.  He 

concluded that pre-ignition events might occur in clean engines and the occurrence has 

little correlation with the octane rating of the fuel.  The engines were run at varying 

speeds between 400 to 2500 rpm, in which the pre-ignition tendency was found to be 

increasing with the speed.  Most of the engine patents in 1890s and later did consider 

the problem of pre-ignition and literature mentions researchers making allowances to 

get rid of the problem.  In their patent, Tait and Ellis point out the higher tendency of 

hydrogen to pre-ignition and negative work entailing it [15].  
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In an early work by C. T. W. Hirsch, he observed soot being the precursor of pre-ignition 

events emphasizing the role of lubricants in avoiding pre-ignition events [16].  In a 1913 

article, Birtram Hopkinson, first talks about pre-ignition due to hot spots.  He basically 

details ignition due to surfaces coated with carbon or tar, which have low conductivity 

and hence often reach temperatures high enough to pre-ignite the charge [17].  By then, 

it was being realized that spark plugs reach the highest temperature and maybe a point 

of pre-ignition.  This led to heightened interest in avoiding pre-ignition induced by spark 

plug in 1920s.  Several patents on better spark plug designs and their cooling were 

published during this time [18-25].  Carbonization point was defined as the critical 

deposit formation leading to pre-ignition event from a spark plug [26].  A 1920 article 

nicely summarizes the knowledge of that time, on the features of spark plug 

contributing to pre-ignition as well as the manifestation of pre-ignition itself [27].  

Others also tried to reduce pre-ignition occurring from hot piston surfaces [28-30].  

Valve cooling, specifically exhaust valve cooling, has also been investigated and new 

inventions in this context were patented later on [31-33].  Among these, S. D. Heron 

used liquid sodium cooling in a hollow exhaust valve, an idea still used till date.  A 1927 

patent specifically tackled the issues of pre-ignition and detonation using different 

cylinder designs [34].  A 1937 publication in Proceedings of Royal Society talked about 

the reduction in ignitable temperature with increasing pressure [35, 36], this is 

important in the context of modern engines as the problem of pre-ignition and super-

knock is now seen mostly in highly boosted engines, wherein the ignition delay time is 

further reduced.  Another article by Serruys showed the effect of various engine 
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operating conditions and fuel effects on the hotspot temperature.  The running 

conditions included oil and water temperature, ignition advance, intake temperature 

and pressure, kind of fuel and fuel-air ratio used, knock rating of fuels while the engine 

conditions included the effect of compression ratio, hot spot location, cylinder head 

design, distance of surface from cylinder head and relative speed of the engine [37].  

This paper also dealt with the fact that lead has a catalytic effect on the flame 

formation. 

During this prewar time period, the focus was primarily on pre-ignition in aircraft 

engines.  Three basic reasons identified were deposits, spark plug, combustion chamber 

and exhaust valve in order of frequency of pre-ignition from these sources [7].  This 

particular article provided an in-depth study of deposit-induced pre-ignition.  Pre-

ignition occurs if the temperature of the deposit is of the order of 2000F (for their test 

condition).  This temperature depends on temperature and pressure of fuel-air mixture, 

the time and area of contact, velocity of the mixture across the hotspot, fuel-air ratio 

and the catalytic effect of material constituting the hotspot.  As it can be seen, merely 

having carbon deposits, it is not possible as they get oxidized at temperature greater 

than 900F.  Similarly lead oxides are unstable at T > 1630F.  However, lead sulfates could 

lead to pre-ignition, as the temperature they can go up to is much higher.  Then there 

could be oxides of silicon (from dust particles) and metals (from wearing of engine 

parts), which may reach such high temperatures.  Lead compounds were found to be 
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anti-pre-ignition when pre-ignition occurs from hot metal surfaces, while pro-pre-

ignition when it occurs from deposits. 

 

Figure 2. Deposit temperature of different compounds and their pre-ignition tendencies. 

Critical publications by Downs and co-workers in 1950s cemented a detailed and 

didactic approach towards quantification of the phenomenon.  In one of their 

publications, they describe a pre-ignition rating of fuels based on the energy required by 

igniter to initiate a developing flame front. Iso-octane was given a rating of 100 and 

cumene was given a rating of 0 to describe a scale of measurement [38].  In another 

exemplary work, the same researchers studied the effect of operating conditions, 

different molecular structure (pure hydrocarbons) and even the effect of igniting surface 
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on pre-ignition tendency of pure hydrocarbons, refinery components, finished 

automotive blends and with inclusion of anti-knocking additives [39].  Visual inspection 

of pre-ignition in a spark-ignited engine was presented in 1941 in one of their technical 

reports.  This clearly helped understanding the physics behind the propagation of the 

flame front.  It also cemented the idea that combustion from pre-ignition is akin to 

normal combustion with advanced spark timing, the caveat being one cannot control 

the location and timing of ignition [40].  Another early work using optical access of pre-

ignition and knocking was presented in 1952 where the author used a Cadillac L-type 

engine with quartz head.  He investigated the flame development in case of a pre-

ignition and knocking and the effect of lead and carbon deposits, their number and size, 

and phosphorus on its frequency. 

By this time, the fuel effects on pre-ignition tendencies were also being questioned, and 

researchers were on the lookout for fuel formulations leading to lower pre-ignition 

tendencies [41-43] that would allow higher compression ratios.  This patent talked 

about the catalytic effect of lead compounds, reducing the ignition temperature from 

1200F to 680F.  It is worth noting that a lot of misconceptions were prevalent in the 

initial years about knocking, as it was the chief bottleneck in those days for improved 

efficiency through increased compression ratio.  The use of pre-ignition and detonation 

interchangeably is evident in these early literatures.  Compression ratios increased from 

around 4 in 1910s to 7 in 1940s as the fuel octane increased from around 40 to 80 over 

this time.  This was propelled by the discovery of TEL as an octane additive in 1920s.  
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Clear understanding of the knocking behavior gave a distinction to the problem of pre-

ignition and the requirement to deal with it separately [44].  A remarkable article by 

Kettering also provided the state of the art and impending questions and problems that 

needed to be answered.  The engine efficiency was limited to 5-10%.  Kettering also 

projected an increase up to 40% in next 5 years (1925).  Contradicting to most of the 

studies of those times, a NACA report tested four different fuels under varying operating 

conditions in a supercharged CFR engine with little effect of changing fuels on hot spot 

temperature.  Their experiments used Platinum and Pt-10-Rh metals (which could 

sustain high temperature, although had some catalytic effect) [45].  The test was to 

understand the effect of hot spot temperature with changing fuels.  The catalytic effect 

of the metal, effect of auto-ignition on size of hotspot as well as on varying material was 

studied further in another work [46].  Also, various similar phenomena were bundled 

into confusing terms, due to lack of clear understanding of the physics leading to 

different issues, like rumbling, pre-ignition, knock, wild ping, etc.  A 1949 patent, 

acknowledging the severity of pre-ignition in SI engines being much more than knocking, 

proposed detection of event using ion-signals from the spark plug, and thereafter 

actuating a control circuit to arrest the pre-ignition [47]. 

Du Pont Petroleum Laboratory elucidated pre-ignition, in a more familiar physics, in a 

1954 paper.  It stressed the stochastic and destructive nature of the phenomenon.  It 

also recognized operating conditions like supercharging, increased compression ratio, 

retarded spark timing and lean operation, all leading to higher temperature and 
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pressure during compression, as cause of more frequent pre-ignition events.  The paper 

also acknowledged the fact that pre-ignition could be silent (no knock) and violent 

(super-knock) which may damage the engine.  They characterized pre-ignition into 1) 

silent 2) steady 3) auto-ignition 4) wild ping.  Moreover, the varying pre-ignition 

tendency of different hydrocarbons was noticed with a positive effect of TEL on the 

frequency.  However, unlike most of the modern observations, the events were 

attributed majorly to combustion chamber deposits.  The assumption that deposits 

were the source of pre-ignition led the researchers to induce pre-ignition event by 

introducing deposit particles (from scraped carbon deposit of a run-in engine) to the 

inlet [48].  The number of pre-ignition events was found to linearly increase with intake 

manifold pressure. 

A pioneering work by A. K. Oppenheim dealt with developing detonation due to pre-

ignition.  He clearly stated that pre-ignition by itself is not a sufficient condition for 

detonation (which is widely quoted now, as pre-ignition may or may not develop into 

detonation, depending on its history and intermediate stages) [49].  Another work by R. 

F. Winch in 1953, proposed a simple elegant tool to identify pre-ignition events, 

including mild pre-ignition.  The method, in essence, is based on ion-sensing of events 

occurring from spark plug and farther away from it (by using another spark plug to 

imitate the phenomenon).  The paper describes the differences between the two cases 

based on current flow due to changing conductivity across the spark plug.  The work 

dealt with simulating pre-ignition event by dual spark plug and then looking for similar 
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signals from naturally occurring pre-ignition in single and multi-cylinder engines.  

Thereafter, pre-ignition leading to detonation, termed as wild ping, is investigated, and 

shows a different kind of signal [50].  

An important point to note is that by now, pre-ignition and its transition to detonation 

was acknowledged as deleterious to engine and a bottleneck to further improvement of 

efficiency by increasing compression ratio.  However, almost all such events were 

attributed to deposits.  Fuel formulations inhibiting deposit formation were also being 

proposed during this time [51, 52].  An article by S. D. Heron sums up the findings up to 

1953 perfectly.  It presses on the fact that pre-ignition has been an issue even before 

1914, when it interested racing car and motorcycle makers, who could not run 

continuously at high loads without melting spark plugs.  After that, the issue haunted 

the aircraft industry for a long period, especially with Rolls Royce admitting to the 

exhaust valve burning in 5 minutes of high load operation.  

A lot of research went into improving the cooling of the exhaust valves, introduction of 

sodium cooling being one of the example and spark plug cooling and material 

improvements.  Mica was replaced by ceramic owing to reaction with lead components 

and lower heat ratings.  The problem ceased to haunt the industry after 1932, but still 

existed for large marine and truck engines.  Alcohols were known to be more prone to 

pre-ignition and also the role of lubricant additives, especially detergents, was 

understood.  Calcium and barium additives were noted to give more frequent pre-

ignition events, however the reason for it was unknown.  Heron assumed that it was due 
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to their higher tendency to form deposits, however, current research points to the 

catalytic effect of these metals in reducing the ignition delay time of the fuels [53].  

Leaded gasoline was also being seen as a cause of pre-ignition due to catalytic effect of 

metal, and alternative additives were suggested to aid prevention of pre-ignition [54, 

55].  By this time, it was clear that deposits were responsible for most of the pre-ignition 

events, however an increase in computational power also provided a new tool to study 

the phenomenon.  A pioneering work that modeled the pre-ignition behavior and its 

dependence on deposit formation (thermal resistance and thermal penetration), was 

carried out in 1966 [56].  A renewed interest in pre-ignition during this time meant, a lot 

of great research was conducted aimed at pre-ignition, separate from knock.  

A 1982 article briefly summarizes the problem of pre-ignition and the facts known about 

the issue and its source until then.  It is worth noticing that, pre-ignition, mostly was due 

to deposits on spark plugs.  There was, however a mention of lubricant oil-induced pre-

ignition, but apparently it was due to oil-leading-to-deposit process [57]. Previously, 

Okada et al. [58] injected deposit flakes and other combustible particulate substances 

into the combustion chamber and found that these particles required at least two 

combustion cycles before reaching a glowing state in order to form an ignition source.  

Hence, a new mechanism causing pre-ignition was identified to be those deposits 

peeling from combustion chamber walls.  It was also suggested that an increase in 

deposit generation could explain the well-known phenomenon in which the LSPI 

frequency rises in accordance with greater oil dilution. 
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Dahnz et al. [59] investigated pre-ignition occurrences in highly supercharged SI engines 

both experimentally and numerically and reported that the most probable explanation 

for the occurrence of pre-ignition could be the release of lubricant oil droplets from the 

cylinder liner.  According to the authors, pre-ignition was engine dependent and fuel 

injection on cylinder liners also showed the increase in pre-ignition occurrence.  Figure 

3. shows an overview result of the study where many of the identified mechanisms were 

either ruled out or classified as very improbable.  

 

Figure 3. Estimation of pre-ignition mechanisms proposed by Dahnz et al. The text in red color 

shows the most plausible cause for pre-ignition. According to the figure, the oil droplet from 

cylinder line is most likely to cause a pre-ignition.  

Researchers at Toyota Motors showed that there is minimal possibility for an oil droplet 

released from the crevice area to ignite at the same cycle in SI engines due to the low 

temperature of the droplet.  However, it might be heated during combustion and 

carried on to the next cycle and become an ignition source [60].  The effects of a 
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lubricating oil droplet on the ignition of a fuel-air mixture are discussed in this report. 

Lubricant oil is believed to be a significant cause of pre-ignition at low speeds in highly 

boosted spark ignition engines. However, the phenomena is not entirely understood 

due to its unpredictable nature, and the intricacy of the mixture in the engine cylinder 

complicates investigation [60]. 

Takeuchi and company conducted an engine test with a prototype turbocharged DI-SI 

engine and concluded that the type of base oils and additives in the engine oil have 

significant effect on LSPI.  They also showed that Ca detergent had a contributory effect 

on LSPI while MoTDC or ZNDTP had a preventative effect [61, 62].  Additionally, another 

study from Toyota Motors showed that addition of Fe and Cu compounds also had 

contributory effect on LSPI [62].  Furthermore, Takeuchi found that there is a correlation 

between LSPI frequency and auto-ignition temperature of engine oil under high 

pressure [61]. Eto and Kihara conducted a study on the effect of calcium in pre-ignition 

frequency in a two stroke engine and concluded that the higher concentration of 

calcium tends to cause higher frequency in pre-ignition event [63].  

Toyota Motors created a new engine oil formulation based on prior studies that has the 

potential to lower LSPI frequency by 10% when compared to traditional ILSAC approved 

gasoline engine oils. It was subjected to an oil degradation test for over 200 hours and 

maintained an exceptional performance [64].  Previously, Japan Energy and Toyota 

Motors Corporation examined the effectiveness of magnesium detergents in engine oil 
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using various combinations of oil additives, and their findings indicated an additional 

source of concern over their use due to needle crystal formation and gelation [65, 66]. 

Toyota Motors and JX Nippon Oil and Energy Corporation conducted research on the 

influence of fuel constituents on pre-ignition at elevated temperatures and pressures. 

Their study described the pre-ignition temperature, which was lower under these 

conditions than a naturally aspirated engine [67].  Furthermore, it was influenced by the 

fuel molecular structure.  Pre-ignition temperature decreased with fuel with long chain 

olefins and paraffins and unsaturated naphthenes.  Additionally, they reported that pre-

ignition temperature showed better correlation with MON and AIT in comparison to 

RON.  However, the complete mechanism of the fuel reaction was not figured out in 

their study [67].  Another study from Toyota Motors showed that temperature and 

pressure had a direct impact on abnormal combustion [4].  

General Motors developed a set of test fuels to investigate the impact of octane number 

and volatility on stochastic pre-ignition behavior of a turbocharged, direct-injection 

engine.  The fuels showed a wide range of stochastic pre-ignition event responses [68].  

It ranged from no events to very high event numbers.  Their result showed no significant 

correlations with the RON, MON, AKI or sensitivity of these fuels.  They observed lower 

number of stochastic pre-ignition events for fuels with distillation point of 50 % below 

103℃.  On the other hand, fuels with lower evaporation rates between 120℃ to 130℃ 

were reported to show higher stochastic pre-ignition events [68].  
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Amann et al. [1] demonstrated that the chemical composition of the fuel had a 

significant effect on the occurrence and intensity of LSPI. Their research revealed an 

increase in the frequency of LSPI in gasoline blends with a high proportion of aromatics. 

On the other hand, oxygenated fuels and low aromatic mixtures lowered the occurrence 

of LSPI. Additionally, they found that the test fuels had varying knock and auto-ignition 

characteristics in the DI-SI engine, although having similar RON and MON ratings. 

According to their findings and earlier research, they concluded that the major cause of 

LSPI is a lubricant or fuel-based hydrocarbon deposit in the piston crevices [1].  

Kalghatgi and Bradley [69] have summarized the current work on pre-ignition in 

turbocharged engines and suggested pre-ignition to be characterized by: 1) higher 

pressures and temperatures briefly attributing in the rise to gas-phase pre-ignition; 2) 

auto-ignitions at even higher pressures and temperatures, which may result in severe 

knock; 3) injector sprays strike adjacent surfaces, removing lubricating oil. 4) lubricant 

mixing with fuel and generating an extremely low ignition delay mixture with a proclivity 

to self-ignite in a hot charge atmosphere; 5) gas or particle residue forming hot zones; 6) 

varied pre-ignition properties of different fuels. It has long been known that the knock 

behavior of a fuel usually cannot be described adequately by either RON or MON alone.  

A recent study by Kalghatgi suggested [70] the octane index as OI=RON-KS, where 

S=(RON-MON), is the sensitivity, RON and MON are the Research and Motor Octane 

Numbers respectively, and K is a constant that is not a property of the fuel and depends 

on the engine and its operating condition.  However, OI fails to explain the behavior of 
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some fuels in some cases [71] especially with a toluene/heptane mixture containing high 

levels of toluene at the high inlet temperature condition. 

As mentioned previously, to initiate the droplet-induced pre-ignition phenomena, there 

must be a critical amount of heat to initiate the auto-ignition of a droplet and then the 

propagation of a flame.  These two criteria could be impacted by several factors, such as 

the fuel composition, the temperature (Tm) and the pressure (Pm) of the mixture, the 

equivalence ratio of the mixture (Φ), and the temperature (Td), the size (Dd) of the 

droplet, etc. 

Recent work by Pan et al. [72] studied the influence of turbulence in occurrence of pre-

ignition in rapid compression machine (RCM) and reported that the occurrence of pre-

ignition event was higher at lower pressures cases. Another study explored the 

tendency of the lubricant oil to be released in the combustion chamber at different 

speeds in a single cylinder, four-stroke engine. They reported that the rate of oil droplet 

release was directly proportional to the engine speed, where 2500 rpm was the critical 

point. Their study emphasized on the importance of understanding the droplet release 

mechanism as it could be one of the precursors of pre-ignition event [73].  

FEV North America Inc. conducted a research on impact of fuel properties on cocurence 

of pre-ignition event in a gasoline direct injection engine. Their study concluded that the 

fuel volatility above 150 ⁰C was prone to pre-ignition event [74]. Splitter et al. showed 

that the pre-ignition event had a strong relation with high amount of lubricant dilution 
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in fuel with high aromatic content and concluded that the fuel/oil interaction from the 

wall is a strong source of pre-ignition event [75].  

Numerous studies [59, 76-89] have attributed droplet source to lubricant oils due to the 

direct fuel injection, which leads to the dilution of the oil and consequently changing 

lubricant properties, resulting in the release of oil droplets into the bulk gas [59, 90].  

Therefore, lubricating oils will be considered as the initiation source of the pre-ignition 

in this study.  The impact of the mixture’s and the droplet’s temperature on the auto-

ignition of a droplet is shown in Figure 4 [59].  In the study, for low gas temperature, the 

auto-ignition was never detected. In contrast, when the gas temperature exceeded a 

certain value, homogeneous auto-ignition occurred within the gas phase independent of 

the droplet temperature.  There existed a region where the ignition event was induced 

by the auto-ignition of the droplet. 
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Figure 4. Ignition limits for droplet ignition shown by Dhanz et. al from their simulation study. 

The droplet temperature has to be higher than 425 K for it to ignite when the gas temperature is 

high (775 K). Also, with the decreasing gas temperature, the droplet temperature has to be 

higher for it to ignite. 

The equivalence ratio of the mixture has been shown to have an impact on not only the 

auto-ignition delay time [59], but also the flame speed [91].  The criterion for the 

transition from an auto-ignited droplet to a propagating flame can be considered as a 

minimum critical size that must be attained by a hot kernel for a flame to propagate 

[69].  The size would be of the order of the laminar flame thickness [92].  The flame 

thickness is affected by the laminar burning velocity, which in turn is a function of the 

temperature, the pressure, and the equivalence ratio of the fuel-air mixtures [91, 93].  

All of these parameters, along with the size of the droplet and composition, will be 

investigated in this study to understand the fundamental physics of droplet-induced 

pre-ignition.  The objective of this study is to understand the characteristics of knock 

behavior of different fuels in SI engines and define the anti-knock behavior of practical 

fuels.  In an SI engine, the spark generally occurs at a pressure of 10-20 bar and a 

temperature of 700-900 K [94].  

A suitable surrogate for commercial lubricant oil was required to test its auto-ignition 

tendency when mixed with different metal additives and different fuels. Since a 

commercial lubricant oil already consists the metal additives and antioxidant, n-

hexadecane was used as its surrogate. Both experimental as well as numerical studies 
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[83, 87, 95, 96] have demonstrated that n-hexadecane can be used as a suitable 

surrogate because of its ignition properties which is similar to that of lubricant oil. 

Hence, in this study, n-hexadecane is considered as a base oil.   

1.2 Objectives  

The main objective of this thesis is to study the effect of different additives and fuels 

mixed with lubricant oil and to determine their auto-ignition behavior. There studies are 

required to get an insight on how these additives and fuels when mixed with lubricant 

oil can either enhance or delay the ignition of the mixtures. Since it is extremely difficult 

to control pressure, and temperature in a real engine experiment, these studies needs 

to be conducted in a device which allows the flexibility to control these parameters 

individually. The breakdown of the objectives are listed below:  

• Investigate the role of metal additives in pre-ignition occurrence. 

• Investigate the effect of pressure and temperature in auto-ignition of fuel + oil 

mixtures. 

• Investigate the probability of ignition of fuel + oil mixture droplet that is 

launched in the chamber. 

• Usually pre-ignition occurs 0 to 20 crank angle degree (CAD) before firing the 

spark plug. The equivalent time for an engine running at 2000 rpm to travel 10 

degrees crank angle is about 0.83 ms. Considering the aforementioned CAD, the 

equivalent time where pre-ignition occurs in an engine ranges from 0.083 ms to 

1.667 ms. Therefore, determine if the ignition of the mixtures can be delayed by 
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1.7 ms to ensure that the only source of ignition inside the engine is from firing 

the spark plug.  

• Further expand the study using the fuels with different RON and mix it with the 

lubricant oil surrogate to observe its effect on the auto-ignition. 

• With the growing interest in fuels that can be used to reduce emissions greatly, 

expand this study to investigate the ignition characteristics of formic acid.  

1.3 Contributions 

• The roles of metal additives in a lubricant oil in causing pre-ignition in an engine 

are highlighted in this study.  

• Proposed adding fuel and water to the lubricant oil as an additive without 

altering its lubricity properties significantly to reduce its auto-ignition tendency 

to prevent pre-ignition occurrence. 

• The mixture of fuels with varying RON (0-110) with the lubricant oil surrogate 

(hexadecane) is investigated to determine their ignition characteristics and their 

role in occurrence of pre-ignition.   

• With the potential of the CVCC, and with a growing interest in alternative fuels 

to reduce emissions, ignition characteristics of formic acid is presented.  
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Chapter 2: Methodology and experimental setup 

2.1 PI Vessel  

A constant volume combustion chamber was designed and built to investigate the auto-

ignition behavior of different oil and fuels mixtures under well-defined initial boundary 

conditions. The experiments are carried out in a cylindrical constant volume (4L) 

combustion chamber (CVCC), as illustrated in Figure 5, which is specifically built to 

explore single droplet ignition phenomena at elevated initial pressures and 

temperatures. The CVCC is constructed of stainless steel 316 L and has an outside 

diameter of 320 mm and a wall thickness of 30 mm. It was pressure tested up to 70 bar 

at room temperature using the hydrostatic method and is capable of running at 500 ° C. 

It is fitted with three orthogonal pairs of quartz windows that give optical access to the 

droplet combustion for optical diagnostics. To heat the chamber to the necessary initial 

temperature, a 3 kW in-line heater (Watlow) and four 0.738 kW heating tapes (Omega 

STH052-100) were used. 

Most of the tests described here were conducted in an air environment with an initial 

temperature of 300 ± 4 ⁰C and an initial pressure of 4 bar to 30 bar. This temperature 

was chosen since it was higher than the auto-ignition temperature of the lub oil 

surrogate but lower than the auto-ignition temperatures of the other diluents. The 

chamber was equipped with a single droplet injection device. A capillary tube is 

contained within a cooling chamber assembly equipped with an actuator system that is 

water-cooled to a temperature of 10 ° C and prevents the droplet from evaporating or 
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igniting prior to suspension on the K-type thermocouple bead. This enables us to 

monitor the temperature of a droplet's lifetime from the time it is suspended until it is 

totally consumed. A syringe pump is used to deliver the hexadecane/fuel mixture to the 

capillary tube (Harvard Apparatus PHD 2000). Pneumatic solenoid valves regulate the 

piston's movement within the actuator cylinder (Peter Paul electronics co. 

EH22H90CCH6). 

 

Figure 5: Schematic of the experimental set-up designed and built at KAUST. 

A high-speed camera (PCO, Imager Pro HS, 4M) is utilized to capture the entire process, 

from the droplet's suspension on the thermocouple bead through its auto-ignition, 

using a shadowgraph technique at a frame rate of 500 frames per second. A LabVIEW-

based application is used to synchronize the syringe pump's activation for injection, the 
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extension and retraction of the actuator's piston holding the capillary tube, the camera's 

triggering, and temperature data recording.  

2.1.1 Synchronizing the activation of the syringe pump for injecting the fuel. 

The syringe pump's manual operation leads in irregularity in the amount of fuel 

delivered via capillary tube to produce a droplet. It has an effect on the size of the 

droplet that forms. As a result, the estimated time of ignition data becomes scattered. 

To address this issue, a LabVIEW software (Figure 6) has been written to facilitate 

instrumentation synchronization. Two solenoid valves have been placed to regulate the 

extension and contraction of the compressed air that controls the capillary tube's 

movement. To maintain tight control over the syringe pump's activation, three steps of 

movement have been designed, which can be summarized as follows: 

a) Extending the capillary tube in the chamber (First Stage): The solenoid valve is 

prompted to open, allowing pressured air to push down on the piston that holds 

the capillary tube. The duration of the capillary tube extension in a hot 

environment is fixed to 1 second based on the preliminary test observations. 

This is to avoid prolonged exposure of the capillary tube to the vessel's hot 

environment, which could result in the sample mixture igniting prematurely prior 

to suspension of the droplet. 

b) Injecting the fuel (Second Stage): After extending the capillary tube in the 

chamber, the syringe pump is programmed to begin pumping the fuel at a 

consistent flow rate. The injection timing (Δ t) and flow rate (q) must be carefully 
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adjusted such that the amount of fuel injected is adequate to produce a droplet 

on the thermocouple bead. During droplet formation, a precise syringe pump 

with a precision of ± 1% and reproducibility of ± 0.1%  is employed to inject the 

same amount of fuel. To provide reliable data, the amount of fuel (V = Δ t × q) is 

kept constant for each test. The duration of the fuel injection is set to one 

second. 

c) Retracting the capillary tube (Third Stage): After the fuel is injected, a command 

is transmitted to disable the first solenoid valve, thus cutting off the flow of 

pressured air required to push the capillary tube. Instantaneously, another 

command is sent to the second solenoid valve to release the pressurized air, 

which retracts the capillary tube into the cooling chamber automatically due to 

greater chamber pressure.  

These three stages are timed to coincide with the activation of the high-speed camera 

that records/monitors the igniting of the fuel droplet. After being activated, the camera 

will transmit the signal that initiates the program's initial stage. Following the 

completion of the first stage, the command in the LabView application will send the 

voltage output to activate the syringe pump for injection. The last stage (3rd stage) will 

begin immediately when a certain volume of the mixture is entirely injected. 

Temperature data are collected during each of these three stages for subsequent study. 

The piston extension, camera trigger, and start of temperature data collecting all occur 

simultaneously. This is immediately followed by the syringe pump being activated to 
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inject the fuel mixture into the thermocouple bead, forming a droplet. The period of the 

temperature data acquisition is set to record the droplet's suspension, auto-ignition, 

and complete burnout.  

 

Figure 6. LabVIEW program interface used to monitor and record pressure and temperature data 

for PI vessel. 

The data acquired from at least ten trials for each operating condition are averaged in 

conjunction with the designed automated system for recording the data and controlling 

the injected fuel quantity. This results in great reproducibility and accuracy in terms of 

maintaining the injection mixture's volume. As a result, regardless of the shape of the 

droplet, the Time to Ignition (TI) values obtained from each test are based on the same 

amount of the injected mixture. Numerous preliminary tests were conducted to 

determine the optimal position of the thermocouple in relation to the injection needle 
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in order to sustain the droplet on the thermocouple bead. The thermocouple's 

inclination angle was selected such that the amount of mixture injected is adequate to 

generate a droplet extremely near to the shape of a sphere. If the injection volume is 

too small, the droplet cannot be suspended since the mixture will only cover the 

thermocouple wire thinly. On the other hand, if the combination is injected in an 

excessive volume, the droplet will not be suspended and will instantly fall due to its 

weight. As a result, the combination of the thermocouple wire's inclination angle and 

the amount of fuel mixture injected must be precisely determined so that the droplet 

can be suspended on the thermocouple bead. 

2.1.2 Single Droplet Generator 

A droplet generator and injector was required to introduce a single droplet of fuel in the 

chamber. Since the experimental working conditions are at high temperatures, there 

was a need for a cooling system to avoid the coking, evaporation, and ignition of fuel 

occurring in the capillary tube. As the droplet is to be suspended on the thermocouple 

bead, the droplet generator had to be designed (Figure 7) in such a way that the 

capillary tube can extend and retract at high temperatures and pressures.  

Taking all the requirements into consideration, a sophistically engineered droplet 

generator is designed. The droplet generator comprises of a piston, cylinder, top and 

bottom flange, 1/16” capillary tube for flexibility, a brass bushing, O-rings, and Swagelok 

fittings. A through hole is drilled in the piston to allow capillary tube pass through it. The 
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capillary tube is held to the piston via 1/16” Swagelok fitting. This restricts the capillary 

tube to move independently and couples its movement with the piston instead. 

Therefore, whenever the piston moves, the tube moves along it. A brass bushing is 

installed at the center of the chamber’s flange. This bushing has groove in it to install an 

O-ring for possible leak prevention during the piston’s movement. The piston resides in 

a cylinder which is well lubricated for smooth movement. To avoid metal to metal 

contact during the piston’s movement with cylinder wall and the top and bottom 

actuator flange, O-rings are used. The actuator bottom flange uses another 1/16” 

Swagelok fitting to hold the capillary tube in place, however a polytetrafluoroethylene 

(PTFE) ferrule is used instead to allow the movement of the capillary tube. Using a 

stainless steel ferrule would fix the capillary tube and would not allow the movement.  

 

Figure 7: Schematic of droplet generator for high pressure and temperature designed and built 

at KAUST. 
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There is a ¼” NPT hole drilled in both the top and bottom actuator flange. The purpose 

of the hole in bottom actuator flange is to allow a high pressure air-line to push the 

piston downwards. The pressure coming in from the air-line should be higher than the 

chamber pressure in order for it to push the piston downwards. On the other hand, the 

purpose of the top actuator flange is to release the high air-pressure that was used to 

push the piston downwards, which once executed will result in automatic retraction of 

the piston as the chamber pressure is higher than the piston cylinder pressure.  

To segregate the capillary tube’s temperature from the combustion chamber’s 

temperature, a separate hallow cylinder which is enclosed at the bottom is designed 

and incorporated in the vessel. The hallow cylinder has a wall thickness and height of 5 

mm and 130 mm respectively. A 2.5 mm hole is drilled at the center of the cylinder to 

allow access for the capillary tube to pass through it. A water cooled copper coil 

surrounds the piston. The hallow cylinder is well insulated with fiberglass wool to avoid 

hot air accumulation and to maintain relatively cold temperature inside the cooling 

chamber.  

2.1.3 Temperature data post-processing and defining time of ignition (TI) 

A National Instruments c-RIO-9038 chassis is programmed to monitor and record the 

temperature and pressure in each of the experimental cases. The temperature data for 

each case is saved in three distinct files in the.tdms file type for each stage. To read and 

post-process the temperature data, a MATLAB script is built. Because the PI Vessel is not 

a standard vessel, it is critical to specify its TI. Figure 8 illustrates the temperature 
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history of droplet ignition for 75 vol. % hexadecane and 25 vol. % PRF 50 in an air 

environment and nitrogen environment at 304 ± ⁰C temperature and 4 bar pressure.  

 

Figure 8. Defining time of ignition (TI) for 75 vol. % lubricant oil mixed with 25 vol.% PRF50 at 4 

bar pressure and 300 ⁰C temperature. The plot is offset such that the minimum temperature 

reading is at the origin. Point A is considered as initial time and point B is considered as the 

ignition time. The time it takes to get from point A to point B is defined as TI. 

As illustrated in Figure 8, the thermocouple measures the ambient air's initial 

temperature until the mixture is introduced into the thermocouple bead. Due to the fact 

that the mixture is contained within a cooling chamber before injection, the initial 

droplet temperature is significantly lower than the ambient air temperature inside the 

vessel. When the droplet comes into contact with the thermocouple bead, a slow 



49 
 

temperature reduction can be noticed. When the droplet is suspended successfully, the 

thermocouple detects its interior temperature and a steeper temperature decrease is 

recorded until it reaches a minimum temperature (A). This is true for both the air and 

nitrogen environment case.  

For the air environment, the point (A) denotes the start of time. The droplet's size 

decreases as a result of evaporation occurring on its surface. Heat is transported from 

the droplet's surface to its interior core via internal conduction. The internal droplet 

temperature rises in lockstep with the rate of evaporation until it ignites (B), which is 

caused by the ignition of flammable vapor surrounding the droplet. This is followed by a 

rapid rise in temperature, which reaches a maximum when the droplet is consumed 

completely. Following this process, the temperature eventually drops to the initial 

ambient air temperature. 

On the other hand, for the inert environment case, the droplet evaporates until it 

completely vaporizes. With the superposition of air and inert environment temperature 

profile, it can be observed that slope diverges after they pass through point B. This 

indicates that the droplet in air environment ignited at point B. Thus, TI is defined as the 

time interval between the droplet's local minimum temperature (A) and the time at 

which the droplet ignites for the first time (B). The significant increase in dT/dt 

determined from temperature history demonstrates this.  
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2.1.4 Images post-processing to calculate the droplet diameter 

A shadowgraph technique is adapted and a high-speed camera (PCO, Imager Pro HS, 

4M) is used for recording the images at the frame rate of 500 fps. A MATLAB script is 

written to read and post process the images to calculate the droplet diameter as well as 

to convert the captured pictures into video. To calculate the droplet diameter, firstly, 

the code crops the image (Figure 9a) focusing on the droplet, so that background noise 

is minimized as much as possible (Figure 9b). Then the cropped image is converted to 

grayscale image (Figure 9c). Now, the area is calculated counting the pixels of the 

picture. To get the accurate droplet diameter, the area of thermocouple (Figure 9d) is 

subtracted from the area of suspended droplet image (Figure 9c). Lastly, the pixels are 

converted to area in mm, after which a formula for sphere is used to calculate the 

droplet diameter.  

                                

Figure 9a. Raw Image                                                   Figure 9b. Cropped Image 
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Figure 9c. Grayscale Image (Droplet)              Figure 9d. Graysclae Image (Thermocouple) 

To convert the images into a video, a code is written to compile the images and save the 

output file as .amv format.  

2.1.5 Challenges faced and trouble shooting 

Due to wetting problem (figure 10a), it was extremely difficult to transfer droplet from 

capillary tube to the suspended thermocouple. The tip of the capillary tube was 

modified to see if the wetting problem can be resolved. The tip of the capillary tube was 

bent to 90 degrees, but it did not seem to solve the problem. A 1/16” ferrule was used 

at the tip (figure 10b) of the capillary tube but the problem still existed. A front close-up 

view is shown in  Figure 10c. 
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              Figure 10a. Wetting of capillary tube            Figure 10b. Droplet deposition on TC 

 

Figure 10c. Front close-up view 

Initially the droplet generator was placed horizontal to the suspended thermocouple as 

shown in Figure 11a. To eliminate the wetting problem completely, the vessel was 

rotated at 90 degrees counter-clock (Figure 11b), so that the capillary tube is 

axisymmetric to the thermocouple. This configuration also takes advantage of gravity 

which makes the droplet suspension much easier.  
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Figure 11a. Initial configuration of PI Vessel. 

 

Figure 11b. Final configuration of PI Vessel. 
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2.2 KAUST Research Ignition Quality Tester (KR-IQT) 

 
Figure 12 illustrates a schematic of KR-IQT. The KR-IQT has a volume of 0.21 L, a 

maximum initial charge pressure of 22.4 bar, and a temperature range of 400 °C to 585 

°C. The KR-IQT is made up of the following components: a fuel reservoir, a variable 

displacement pump (VDP), a fuel injector, a cooling system for the pressure transducer 

and injector nozzle tip, electric heaters, a piezoelectric pressure transducer, a needle lift 

sensor, and the combustion chamber.  

 

Figure 12. Schematic of KR-IQT[97]. 

The trials were conducted in accordance with ASTM D6890 standards. The chamber was 

pressed to a pressure of 21 bar using air. The test temperature was set so that the IDT of 

n-heptane was 3.78±0.03 ms, which was observed at the study's set temperature of 

550±2 °C. The temperature of the injector nozzle tip was recorded to be around 52 °C 
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throughout the studies, as it was water-cooled the entire time. To inject fuel into the 

chamber, a single-hole pintle type injector nozzle fulfilling ISO 4010 requirements was 

used. Each run began with 15 pre-injections to prepare the chamber's ambient 

environment for the 32 major injections that followed. The data acquisition system 

recorded the principal injections, which were averaged to obtain the analytic IDT and 

DCN values for the sample fuels. Temperature was studied parametrically to determine 

its effect on DCN and IDT. 
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Chapter 3: Hexadecane droplet ignition tendency when mixed with high 

Octane fuels. 

A few studies have looked at droplet ignition behavior, as discussed previously. One of 

the working conceptual framework for pre-ignition occurrence relies of dilution of 

lubricant on cylinder liner with direct injected fuel spray. Once the fuel spray has diluted 

the lubricant oil, the mixture rests on the piston ring crevice. The mixture is launched 

into the combustion chamber due to inertial forces as the piston nears top dead center. 

Considering this framework, a droplet with a mixture of fuel and lubricant oil should 

lead to a pre-ignition event. The current chapter investigates ignition tendency of 

hexadecane with high octane fuels. Hexadecane is used as a surrogate for lubricant oil, 

while high octane fuels are used as surrogates for commercial gasolines.  

Experiments in a constant volume combustion chamber are used to investigate the 

impact of high RON fuels at changing pressures on time to ignition in order to gain a 

better understanding of their effect when blended with lubricating oil at various 

concentrations in the droplet. This may be a more accurate representation of what 

occurs in the engine's actual operation. To investigate the properties of droplet auto-

ignition, a single droplet of hexadecane-fuel is generated and suspended on the bead of 

a thermocouple positioned inside the heated vessel. Similar techniques have been 

extensively utilized to explore the combustion of single droplets. This technique has a 

number of advantages, one of which is the ability to record the droplet's temperature 

history. Because the location of the thermocouple bead inside the droplet may fluctuate 
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during the experiment, the droplet temperature measurement can be regarded as a 

transient bulk temperature of the inner droplet. Temperature measurements are linked 

with high-speed imagery to allow for real-time monitoring of the droplet combustion 

process and its temperature evolution. 

The baseline condition for this study was to suspend a droplet of pure hexadecane, a 

lubricating oil surrogate, without dilution of the fuel. To investigate the effect of the oil-

fuel interaction, hexadecane was mixed with Face-I, PRF-91, PRF-95, and toluene, which 

had octane numbers of 70, 91, 95, and 120, respectively, as shown in Table 1. Table 2. 

summarizes the key parameters of hexadecane and the fuels used. As indicated in Table 

2, the boiling point, flash point, and auto-ignition temperature of PRF-91 and PRF-95 are 

calculated using the iso-octane/n-heptane mixture ratio. As shown in Table 2, the 

boiling point, flash point, and auto-ignition temperature of PRF-91 and PRF-95 are 

estimated based on the ratio of the mixture of iso-octane and n-heptane. 

Table 1. Matrix for tested fuels. 

Hexadecane 

(vol. %) 

FACE-I 
(RON=70) 

(vol. %) 

PRF-91 
(RON=91) 

(vol. %) 

PRF-95 

(RON=95) 

(vol. %) 

Toluene 

(RON=120) 

(vol. %) 

100 X X X X 

75 25 X X X 

75 X 25 X X 

75 X X 25 X 

75 X X X 25 
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Table 2. Properties of Hexadecane, Iso-Octane, n-Heptane, toluene and FACE-I 

No Chemicals Boiling Point (°C) Flash Point (°C) Auto-Ignition (°C) Remarks 

1 Hexadecane 286.9 135 202 X 

2 iso-Octane 117.72 -12.22 447 X 

3 n-Heptane 98.38 -3.88 215 X 

4 Toluene 110.6 6 480 X 

5 PRF-91 116.0 -11.5 426.1 Estimated 

6 PRF-95 116.8 -11.8 435.4 Estimated 

7 FACE-I 37.5 - 123 X X X 

The current study used pure air to determine the effect of diluting the RON of fuel on its 

igniting behavior. Because hexadecane has a lower auto-ignition temperature than 

fuels, the presence of a volume percentage of fuel in the hexadecane-fuel mixture is 

expected to retard the droplet igniting process. The vessel's temperature was set to 300 

±4 ˚C, which is higher than the auto-ignition temperature of hexadecane but lower than 

the temperature of the fuels utilized. The experiments were conducted at various 

pressures while maintaining a constant temperature of 300 ±4 ˚C. The time to ignition 

(TI) of the droplet was plotted against varied ambient pressures from the time it was 

suspended until it ignited.  

3.1 Results and discussions 

Figure 13 depicts the usual temperature history of a droplet ignition. The temperature 

history of the pre-ignition event of hexadecane + toluene at a pressure of 10 bar, as well 
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as pictures of the droplet from the initial injection of mixture onto the thermocouple 

bead to the end of the combustion phase. The thick black line depicts the average 

temperature of ten independent experiments using a 1.6 mm diameter droplet of 75% 

n-hexadecane and 25% toluene in air at 300°C and 10 bar pressure. The grey vertical 

fringe representing the standard deviation of these experimental results is shown in the 

backdrop. The suspension, evaporation, and igniting processes of the droplet 

combination can be summarized as follows: 

• Image-1 depicts the hexadecane-toluene mixture trickling from the capillary 

tube. It is obvious that as soon as the hexadecane-toluene solution comes into 

contact with the thermocouple bead, the temperature gradually decreases 

(recall the mixture is held in a low-temperature zone until injected). 

• Image-2 depicts the droplet suspended successfully on the thermocouple bead. 

The temperature history demonstrates that the temperature reduction grows 

steeper once the droplet is successfully suspended. 

• Image-3 illustrates the onset of droplet evaporation, which corresponds to point 

A in the temperature history, where the minimum temperature is reached. The 

transmission of heat from the hot surroundings to the droplets results in the 

droplet evaporating. Internal conduction results in an increase in the 

temperature of the droplet's core. As the hexadecane-toluene mixture 

evaporates, the vapor diffuses into the hot surrounding air. 

• Image-4 depicts the droplet's initial ignition. One of the key characteristics of 

droplet ignition under high pressure is the slow Stefan flow of fuel vapor from 
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the droplet surface, which is caused by the increase in boiling temperature and 

decrease in diffusion coefficient. Following ignition, the temperature rapidly 

increases until it reaches its maximum, at which point the flame begins to wane.   

• Image-5 illustrates the condition in which the flame has consumed all of the 

oil/fuel blend. This is followed by a steady cooling until the temperature reaches 

near ambient. Because the energy released by the oil/fuel droplet combustion is 

negligible in comparison to the heat capacity of the ambient air, minimal change 

in bulk temperature is seen.

 

Figure 13. The temperature history of pre-ignition event of the 75 % volume fraction of 

hexadecane + 25 % volume fraction of toluene at the pressure of 10 bar and 300 ⁰C temperature. 

Point A represents the initial time and point B represents the ignition time. The time it takes to 

get from A to B is defined as time of ignition. Image 1 corresponds to the temperature when 
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droplet was introduced to the thermocouple. Image 2 corresponds to the temperature when 

droplet was successfully suspended. Image 3 corresponds to the temperature when droplet core 

temperature reaches the minimum temperature. Image 4 corresponds to the temperature when 

the droplet ignites and image 5 corresponds to the temperature when the flame is about to 

extinguish.   

Unlike Fei et al. [98] study, the current work proved that the addition of fuel increased 

the evaporation rate of the hexadecane mixture's droplet. The mixture’s vapor then 

combined with the heated surrounding air to generate a combustible mixture, which 

ignited the droplet. Additionally, Figure 13 illustrates the auto-ignition temperature of 

hexadecane and toluene. While hexadecane has a lower auto-ignition temperature than 

toluene, it has a greater boiling point. As a result, combining hexadecane with toluene 

results in a lower boiling point than pure hexadecane. 

As a result, the hexadecane-toluene mixture evaporates at a faster pace than pure 

hexadecane. On the other hand, because toluene has a higher auto-ignition 

temperature than hexadecane, the auto-ignition temperature of the hexadecane-

toluene mixture is higher than that of pure hexadecane. As a result, the addition of 

toluene enhances the evaporation rate of the mixture, but the time required to ignite 

the mixture is longer than the time required for pure hexadecane.  
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(a) 75% Hexadecane + 25% Face-I (RON=180.13) 

 

(b) 75% Hexadecane + 25% PRF-91 (RON=-174.88) 

 

(c) 75% Hexadecane + 25% PRF95 (RON=-173.88) 
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(d) 75% Hexadecane + 25% Toluene (RON=-167.63) 
 

Figure 14 . Process ignition of the droplet at P = 10 bar 

Figure 14 illustrates the analysis of the droplet's evaporation prior to ignition for 

hexadecane mixed with Face-I, PRF-91, PRF-95, and toluene. These images clearly 

demonstrate that droplet evaporation occurs prior to the droplet auto-ignition. 

Additionally, as illustrated in Figure 14a, the ignition of the hexadecane-FACE-I mixture 

occurred while the droplet was still partially visible. While the mixture of PRF-91, PRF-

95, and toluene ignites when the droplet is no longer visible, the mixture of PRF-91, PRF-

95, and toluene ignites when the droplet is no longer visible. This circumstance implies 

that the entrapment of a more volatile component within a heated droplet could result 

in the droplet fragmenting due to the build-up of internal pressure. 

Using the figure in Figure 13, the time required for the droplet to ignite, TI, is defined as 

the time interval between the minimum temperatures (A) and the time at which the 

droplet's ignition becomes apparent (B). The abrupt spike in dT/dt in the temperature 

history indicates the location of point B. The TI specifies the amount of time required for 

the droplet to become heated, evaporate, and its vapor to combine with the hot 

ambient air to form a flammable mixture capable of ignition. To demonstrate this, 

Figure 15 superimposes the dT/dt plot of the hexadecane-PRF95 mixture on its 

temperature history data. According to the sequence of photos in Figure 14 (c), the 

ignition of the hexadecane/PRF-95 droplet occurred around 3.38 seconds after the 

droplet was suspended on the thermocouple. By drawing the vertical black dashed-

dotted line, it is clear that this timing corresponds to the abrupt spike in dT/dt at the 
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point when the droplet ignited. As a result, the TI is defined in Figure 15 as the time gap 

between the dashed line and the dashed-dotted line.  

 

Figure 15. Temperature history of the 75 vol. % hexadecane and 25 vol. % PRF95 mixture and its 

dT/dt at 10 bar pressure and 300 ⁰C temperature. The plot is offset such that minimum 

temperature is in-line at time = 0. The ignition location is determined by calculating the slope, i.e. 

sudden rise in dT/dt.  

Figure 16 illustrates the effect of pressure on the time of droplet ignition, TI, of a 

hexadecane/PRF-95 droplet mixture at pressures of 4, 10, and 22 bar. It is obvious that 

the temperature gradient at the location where the droplet's temperature is lowest is 

initially equivalent to those at 10 and 22 bar. When the temperature begins to rise from 

its minimal value, the gradient at 4 bar climbs more slowly than those at 10 and 22 bar. 
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Figure 16. The temperature history of the 75 vol. % hexadecane and 25 vol. % PRF95 mixture at 

4, 10, and 22 bar pressures at 300 ⁰C temperature. As the pressure increases, the TI for the 

mixture decreases.  

To illustrate the variance in evaporation rate, Figure 17 superimposes the time histories 

of dT/dt for the hexadecane-PRF-95 combination at pressures of 4, 10, and 22 bar. It is 

obvious that when pressure increases, the rate of temperature increase (dT/dt) from 

the temperature minimum (A) increases. As a result, the development of a flammable 

mixture between hexadecane-PRF95 vapor and low-pressure ambient air requires a 

longer time to approach the minimal mixture flammability limit. Thus, increasing the 

pressure in the vessel while maintaining a constant ambient temperature accelerates 

the auto-ignition of the mixture, resulting in a fall in TI as the pressure is increased, as 

illustrated in Figure 17. 
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Figure 17 Comparison of a dT/dt of 75 vol. % hexadecane and 25 vol. % PRF95 mixture for the 

pressure of 4, 10, and 22 bar at 300 ⁰C temperature. Point A in the figure shows the slope of 

temperature and time at different pressures. To get a clear picture of the slope, the zoom view of 

point A is shown in separate figure. The slope for pressure at 22 bar is steeper compared to the 

slope at 4 bar. 

In order to investigate the role of the fuel’s RON at different pressure, RON is a non-

dimensional parameter, so TI and P are normalized to make it non-dimensional too. The 

normalized TI (TI*) is obtained by normalizing the TI of each mixture at each pressure 

(TIi) with the TI of pure hexadecane obtained at the pressure of 4 bar (𝑇𝐼∗ =
𝑇𝐼𝑖

𝑇𝐼𝐻𝑒𝑥−4𝑏𝑎𝑟
). 

The non-dimensionalized pressure (P*), is the vessel pressure normalized by the 

atmospheric pressure (𝑃∗ =
𝑃

𝑃𝑎𝑡𝑚
).   

The RON of the hexadecane-fuel mixture is estimated using the following correlation 

𝑅𝑂𝑁𝑚𝑖𝑥 = ∑ (𝑥𝑖 . 𝑅𝑂𝑁𝑖)𝑖  (1) 

where xi is the volume fraction of i component in the mixture, RONi is RON of the 

individual components. The RON of hexadecane is estimated using a derived Cetane 

number (DCN)[99]. 

𝑅𝑂𝑁 = −293 (
𝐷𝐶𝑁

100
)

2

− 52 (
𝐷𝐶𝑁

100
) + 114.1 (2) 

According to Kubic, the DCN is a biased estimate of the Cetane number (CN).  Using the 

DCN – CN relation provided by Kubic[100], hexadecane’s RON could be evaluated. They 

showed that the CN of 100 (that is the Cetane number of hexadecane) corresponds to 

DCN of 105. Using this DCN the RON of hexadecane can be estimated as the following: 
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𝑅𝑂𝑁 = −293 (
105

100
)

2

− 52 (
105

100
) + 114.1 = −263.5 (2*) 

To verify this, estimated RON of hexadecane, the structural group contribution method 

is used, which is expressed as follow 

𝑅𝑂𝑁 = 𝑎 + 𝑏{∑ (𝑂𝑁)𝑖𝑖 } + 𝑐{∑ (𝑂𝑁)𝑖
2

𝑖 } + 𝑑{∑ (𝑂𝑁)𝑖
3

𝑖 } + 𝑒{∑ (𝑂𝑁)𝑖
4

𝑖 } + 𝑓{∑ (𝑂𝑁)𝑖𝑖 } (3) 

where ∑ (𝑂𝑁)𝑖𝑖  is the sum of the group contributions for RON obtained from Table 3 

and a, b, c, d, e, and f are correlation constant from Table 4. 

From the molecular structure of hexadecane, there are 2 groups of (-CH3) and 14 groups 

of (>CH2). Accordingly, the ∑ (𝑂𝑁)𝑖𝑖  for hexadecane is -122.902. Using Eq. 3, the RON of 

hexadecane can be estimated as follow 

𝑅𝑂𝑁 = 103.6 + 0.231{−122.902} + (−0.0226){(−122.902)2} = −266.2 (3*) 

Based on the calculation shown in equations (2*) and (3*), it is found that Eq. 2 and Eq. 

3 give a comparable result for the estimation of the RON of hexadecane. For the current 

work, the estimated RON of hexadecane obtained from Eq. 2 will be used for calculating 

the RON of the different hexadecane-fuel mixtures. 

Table 3. Group contribution for estimation of the hydrocarbon’s Octane Number 

Type of Hydrocarbon Serial 
Number 

Group (ON)i 

Paraffins 1 -CH3 -2.315 
 2 >CH2 -8.448 
 3 >CH- -0.176 
 4 >C< 11.94 
Olefins 5 =CH- 0.392 
 6 >C= 8.697 
 7 =CH2 3.623 
 8 =C= -37.37 
 9 =CH-(cis) 6.269 
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 10 =CH-
(trans) 

6.449 

 11  18.36 
 12  -7.201 
Cyclica 13 >CH2 -4.421 
 14 >CH- -2.177 
 15 >C< 8.916 
 16 =CH- 2.879 
 17 >C= 5.409 
Aromaticsa 18 =CH- 3.591 
 19 >C= 2.382 
 20 >C=(0) -1.768 
 21 >C=(m) 10.24 
 22 >C=(p) 11.51 

aGroups 19-22 are all nonfused. 

Table 4. Correlation constant for Eq. 2 

Octane Number a b c d e f 

RON 103.6 0.231 -0.0226 0.001 1.42E-05 1.58 

MON 88.87 0.212 -0.0093 0.00104 9.59E-06 0.339 

 

The RON of the reactants and mixtures used may be determined and summarized in 

Table 5 using Eqs. 1 and 2. The plot of P* against TI* for the various oil/fuel mixtures is 

given in Figure 18 based on their RON. As illustrated in Figure 18, the addition of the 

aforementioned fuels to hexadecane improved the TI* of the oil/fuel droplet 

substantially. TI reduces rapidly with increasing pressure for all mixtures studied. It is 

worth noticing that the increase in TI* is significant for P* less than 16, whereas the 

increase in TI* is extremely tiny for P* greater than 20, indicating asymptotic behavior. 
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Figure 18. Normalized time of ignition (TI*) distribution of 75 vol. % hexadecane and 25 vol. % 

fuel mixtures against normalized pressure (P*) (a) 75%Hexadecane + 25%FACE-I, (b) 

75%Hexadecane + 25%PRF-91, (c) 75%Hexadecane + 25%PRF-95, and (d) 75%Hexadecane + 

25%Toluene 

To deduce an empirical relationship for 𝑇𝐼∗ = 𝑓(𝑅𝑂𝑁, 𝑃∗), curve fitting of the 

experimental data are plotted in Figure 18. These fits can be represented by the 

exponential model as follows: 

𝑇𝐼∗ = 𝑎. 𝑒(𝑏.𝑃∗) (4) 

(a) (b) 

(c) (d) 
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In this equation,𝑎 = 𝑓(𝑅𝑂𝑁), and 𝑏 = 𝑓(𝑃∗).  The line fit of the hexadecane-fuel 

mixture's TI* data in Figure 19 may be represented as five parallel straight lines with the 

same gradient using the log scale on the y-axis. According to Eq. 4, the value of a 

denotes the point at which each line intersects the y-axis, whereas b denotes the slope 

of the lines. As indicated in Table 6, the values of a and b can be tabulated. 

Table 5. RON of reactants and mixtures 

Reactants/mixtures RON 

Hexadecane -263.5 

FACE-I 70 

PRF-91 91 

PRF-95 95 

Toluene 120 

75% Hexadecane + 25% FACE-I -180.125 

75% Hexadecane + 25% PRF-91 -174.875 

75% Hexadecane + 25% PRF-95 -173.875 

75% Hexadecane + 25% Toluene -167.625 

As presented in  
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Table 6, the value of “a” varies with RON while “b” is invariant.  By carrying out the 

exponential fit to the data of “a” against RON of the mixture (Figure 20), the correlation 

between “a” and RON can be expressed as 

𝑎 = 2 + 18000 ∗ 𝑒0.05(𝑅𝑂𝑁) (5) 

By substituting Eq. 5 into Eq.4, the final empirical model for showing 𝑇𝐼∗ = 𝑓(𝑅𝑂𝑁, 𝑃∗) 

can be presented as follows: 

𝑇𝐼∗ = 2 ∗ 𝑒−0.14(𝑃∗)[1 + 9000 ∗ 𝑒0.05(𝑅𝑂𝑁)] (6) 

 

Figure 19. Line fit of the TI data in log scale for fuel mixtures with different RON. Where TI* and 

PI* are the normalized time of ignition and pressure respectively.  

  



73 
 

Table 6. Tabulation of the values of a and b from Eq. 4 for each RON of the mixture 
 

Mixtures RON 
DCN 

(calculated using Eq.2) 
a b 

100%Hexadecane -263.50 105.00 2.3 -0.14 

75% Hexadecane + 25% FACE-I -180.13 91.73 3.5 -0.14 

75% Hexadecane + 25% PRF-91 -174.88 90.83 4.4 -0.14 

75% Hexadecane + 25% PRF-95 -173.88 90.66 5.5 -0.14 

75% Hexadecane + 25% Toluene -167.63 89.58 7.5 -0.14 

 

Figure 20. Data plotting of a parameter with varying RON of the fuel mixtures. The dotted line 

represents the exponential fit curve to get an equation for a. 

This empirical model illustrates the relationship between the mixture's TI* and P* and 

its RON for a 25% volume fraction of fuels and a 75% volume fraction of hexadecane 

(lub oil surrogate). To illustrate this correlation, Figure 21 presents a three-dimensional 
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representation of this equation model. According to the TI* contours shown in Figure 

21, using a high RON fuel at pressures greater than 20 bar has a negligible effect on 

promoting or suppressing the auto-ignition of the hexadecane-fuel mixture's droplet. It 

is denoted by TI, which remains constant when the RON of the fuels increases.  

 

Figure 21. Three-D plot of  𝑇𝐼∗ = 𝑓(𝑅𝑂𝑁, 𝑃∗), where TI* is normalized time of ignition, P* is 

normalized pressure and RON is research octane number of fuel mixture. The time to ignition 

increases with the increasing RON but decreasing with the increasing pressure. 
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Figure 22. A plot of TI* as the function of RON at the vessel pressure of 4, 10, and 22 bar, where, 

TI* is the normalized time and RON is the research octane number of the fuel mixture. The TI* 

increases exponentially with decreasing RON of the fuel. The dotted line represents the 

exponential fit curve. 

Plotting the TI* data obtained at vessel pressures of 4, 10, and 22 bar against the 

empirical line fit (Figure 22) demonstrates that the TI of the mixture increases 

exponentially as the mixture's RON increases. Additionally, Figure 22 demonstrates that 

the empirical model corresponds quite well with the experimental data at pressures of 

10 and 22 bar, while somewhat overestimating the TI at 4 bar. Nonetheless, the 

empirical model may demonstrate the data's trend at four bars. Additionally, it is 

demonstrated that when pressure increases, the difference in TI between different RON 
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becomes less. This indicates that when pressure increases, the influence of the fuel's 

RON in delaying the auto-ignition of the oil-fuel droplets diminishes. In other words, the 

current work demonstrates that in the high-pressure domain (> 20 bar), dilution of lub 

oil surrogate caused by mixing with various fuels (and hence RON) at a 25% volume 

fraction does not appreciably delay the droplet's auto-ignition. 

To show the correlation between the mixture DCN and TI*, data have been plotted to 

initially find the correlation between DCN and the constant “a”.  As presented in Fig. 

Figure 23, the correlation between DCN and “a” can be expressed as  

𝑎 = 2.25 ∗ {1 + 5 ∗ 1023 ∗ 𝑒(−0.6∗𝐷𝐶𝑁)}  (7) 

It is very obvious that the empirical function presented in Eq. (7) shows a good 

agreement with the experimental data.  By substituting this equation into Eq. (4), the 

correlation between TI* and DCN can be expressed as: 

𝑇𝐼∗ = 2.25 ∗ 𝑒(−0.4∗𝑃∗) ∗ {1 + 5 ∗ 1023 ∗ 𝑒(−0.6∗𝐷𝐶𝑁)} (8) 

Figure 24 shows that the empirical function presented in Eq. (8) agrees well with the 

experimental data from the current study. 
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Figure 23. Data plotting of a parameter with varying DCN of the fuel mixtures. The black dotted 

line represents the exponential fit curve to get an equation for a.  
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Figure 24. A plot of TI* as the function of DCN at the vessel pressure of 4, 10, and 22 bar, where 

TI* is the normalized time and DCN is the derived cetane number of the fuel mixture. The dotted 

lines represent the exponential fit curves.  

3.2 Conclusions 

A investigation of the auto-ignition of a single droplet of lubricating oil surrogate 

(hexadecane) diluted with various fuels at a 3:1 mixing ratio was conducted at an 

ambient temperature of 300 ⁰C. Heat is transferred into the droplet as a result of the 

temperature difference between the "cool" droplet and the hot ambient air. Some of 

the hexadecane-fuel mixture will evaporate and combine with the surrounding air to 

generate a gaseous combustible mixture. As a result, it is discovered that a region 

slightly off the droplet surface is responsible for the droplet's ignition. This phenomenon 
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is a result of the slow Stefan flow of fuel vapor from the droplet surface caused by an 

increase in the boiling temperature and a decrease in the diffusion coefficient. 

Additionally, the current work demonstrates that trapping of a more volatile component 

within a heated droplet results in the droplet fragmenting as a result of internal 

pressure build-up. 

The temperature history of the droplet igniting demonstrates that the rate of 

temperature increase (dT/dt), which indicates the droplet's evaporation rate, increases 

as the vessel's pressure is increased. This indicates that conduction is the dominant 

mode of heat transmission in the current work. With rising RON, the rate of evaporation 

of the mixture's droplet increases at constant pressure. TI grows exponentially in 

proportion to the RON of the fuel utilized in the combination. TI, on the other hand, 

decreases with rising ambient pressure for a given fuel RON. 

For the mixture ratio utilized in this work, an empirical model is provided that illustrates 

the relationship between TI and the mixture's RON and vessel pressure. The presented 

empirical model demonstrates that at pressures greater than 20 bar, the addition of a 

25% volume fraction of fuel with a different RON fuel does not delay the droplet's auto-

ignition. At pressures greater than 20 bar, the effect of the RON of the gasoline on 

droplet auto-ignition is minimized. In other words, at pressures greater than 20 bar, the 

presence of fuel in the lub oil surrogate droplet has no discernible effect on the auto-

ignition properties of pure hexadecane droplets. Finally, the CVCC can be utilized to 

explore the role of droplet auto-ignition in the lubricant oil-fuel mixture's pre-ignition 

event. 
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Chapter 4: Effect of temperature, pressure, and additives on lubricant oil 

ignition. 

In the previous study a fixed temperature-pressure condition was used to investigate 

the impact of varying base fuel addition into lubricant oil surrogate droplet. In the 

current study, the sensitivity of lubricant droplet ignition to temperature and pressure is 

investigated. Moreover, the impact of few additives is also assessed in this study. 

Hexadecane, as used in previous study as well as commercial lubricant oil is used in 

current study. Lubricant oil and its surrogate investigated in this study are listed in Table 

7. 

Table 7: Lubricants investigated and their designation 

Lubricant oil  15W-40 

Hexadecane (C16H34) Hexad 

Hexadecane + Phosphate (5 % vol.) Hexad-5%ph 

Hexadecane + Phosphate (10 % vol.) Hexad-10%ph 

Hexadecane  + Magnesium (5 % wt.) Hexad-5%Ma 

Hexadecane + Calcium (1 % wt.) Ca 1% 

 

The studies were conducted at a temperature of 300 ⁰C in an ambient air setting. 

Ambient pressures were changed between 2 and 15 bars. After establishing the ideal 

operating conditions, the needle was extended toward the thermocouple and oil was 

supplied using a syringe pump. After the oil droplet was successfully suspended, the 

needle was retracted into the cooled chamber. A high-speed camera was used to 
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witness the ignition of an oil droplet through an optical window using the shadowgraph 

technique. Figure 25 illustrates the difference in droplet diameter throughout twenty 

experiments using a Hexad-5 percent ph droplet at a pressure of 2 bar. The injection 

system was capable of suspending a droplet with a mean diameter of 1.64 mm and a 

standard variation of 0.21 mm, as illustrated. In relation to the droplet diameter, it was 

discovered that if the suspended droplet diameter is too small, it would fail to ignite and 

will increase the effect of the thermocouple bead on the droplet's burning. While the 

extremely huge droplets would fall in the absence of ignite. These determined the size 

range of usable droplets.  

 

Figure 25. Droplet diameter variation over 20 tests for 5 vol %. Phosphate mixed with 95 vol. % 

hexadecane (Hexad-5%ph). 
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4.1 Results and Discussion 

Over a range of initial temperatures and pressures, the ignition of engine oil and its 

surrogate was tested with and without additives. These trials were conducted at a 

temperature of 300 °C in an ambient air setting. The temperature history of a droplet of 

hexad-5 % ph at 8 bar is illustrated in Figure 26 from the minute the droplet is 

suspended on the thermocouple bead until the droplet flame is extinguished. When the 

droplet is injected and suspended on the thermocouple, a rapid reduction in 

temperature is observed. This is because the cooling system keeps the temperature of 

the oil droplets far lower than the temperature of the heated air. Thus, after a delay of 

around 12.5 seconds, the thermocouple reading decays to its minimum value. Later on, 

the temperature of the droplet begins to rise and suddenly increases dramatically, 

signifying the beginning of ignite. The ignition delay time, IDT, is defined as the time 

interval between the lowest droplet temperature and the highest rate of temperature 

increase. 

The temperature grew quickly from the minimum point temperature, indicating rapid 

preheat, and then practically plateaued with a very tiny temperature increase, indicating 

internal evaporation within the droplet as well as endothermic reactions. Additionally, 

the droplet's ignition temperature is lower than that of the heated surrounding air. The 

effect of pressure on the ignition delay time of a droplet oil with a hexa.-5 % ph content 

is seen in Figure 27. The IDT utilized is the average of ten sets of experiments conducted 

at the same temperature and pressure of 300 °C. As expected, the ignition delay time 
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decreases as the pressure increases. The ignition delay is a result of both physical and 

chemical delay, i.e., droplet evaporation. While increasing the pressure delays the 

physical evaporation of the droplet, it decreases the overall IDT due to the increased 

chemical reactivity. 

 
Figure 26. Definition of ignition delay time defined for the PI vessel at 8 bar for 5 vol. % 

phosphate mixed with 95 vol. % hexadecane (hexad-5%ph). The ignition delay time is considered 

as the time where the droplet reaches it minimum temperature to the point of maximum slope 

for the mixture.  
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Figure 27. Ignition delay time variation with pressure for 5 vol. % phosphate mixed with 95 vol. % 

hexadecane (Hexad-5%ph) at varying pressure. The ignition delay time decreased with the 

increasing pressure. 

4.1.1 Engine Oil: 

The temperature history of a lubricating oil droplet, 15W-40, at pressures of 4, 6, and 12 

bar is depicted in Figure 28. While it is evident that increasing the pressure results in a 

large reduction in the lubricating oil's ignition delay time, the ignition temperature is not 

pressure-dependent. For pressures greater than 6 bar, the temperature history exhibits 

a consistent temperature-time characteristic. At pressures greater than 6 bar, the oil 

droplet ignited consistently; however, at pressures less than 5 bar, the oil droplet 

ignited intermittently.  



85 
 

 

Figure 28. Ignition of commercial lubricating engine oil, 15W-40 at 4, 6, and 12 bar. The time it 

takes to ignite the lubricant oil decreased with the increasing pressure.  

4.1.2 Hexadecane: 

Refer to Figure 29. The temperature time history of oil, 15W-40, and hexadecane under 

pressures of 4 and 12 bar is shown. Unlike the lubricating oil situations, hexadecane 

consistently self-ignited at pressures less than 5 bar. The IDT for hexadecane dropped as 

the pressure increased. The lowest temperature necessary to ignite a hexadecane 

droplet, on the other hand, was lower due to the absence of a range of various 

volatilities in the engine oil. The ignition delay time was likewise substantially shorter 

with hexadecane, which is a result of the greater cetane number of hexadecane.  



86 
 

 

Figure 29. Ignition of pure hexadecane (Hexad) versus commercial lubricating engine oil (SAE 

15W-40) at 4 and 12 bar pressure. Pure hexadecane ignited faster compared to commercial 

engine oil. 

4.1.3 Hexadecane + Phosphate (5 vol. %): 

To examine the effect of adding phosphate to hexadecane on the IDT, Figure 30 depicts 

the temperature-time evolution of an ignited droplet composed of pure hexadecane 

and hexadecane containing 5% vol phosphate at 4 and 12 bar. For pressures up to 10 

bar, the occurrences of ignition with phosphate as an addition (5 vol. %) were reported 

to be intermittent. Unlike hexadecane, no ignition occurred at a pressure of 2 bar. 

Physical IDT is also shown to be longer for a hexadecane + phosphate (5 vol. % ) mixture 
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than for pure hexadecane. The inclusion of phosphate decreases the likelihood of an 

auto-ignition event occurring.  

 

Figure 30. Ignition of pure hexadecane compared with 5 vol. % phosphate mixed with 95 vol. % 

hexadecane (Hexad-5% ph). Addition of phosphate in hexadecane resulted in delayed ignition.  

4.1.4 Hexadecane + Phosphate (10 vol. %): 

When the amount of additive added to hexadecane was increased by 10% volume, 

ignition occurred intermittently up to 12 bar. Additionally, as illustrated in Figure 31, the 

IDT grew longer in contrast to the 5% phosphate droplet. As a result, it can be stated 

that phosphate addition to lubricating oil can help inhibit pre-ignition events. 
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Figure 31. Ignition of 5 vol. % phosphate mixed with 95 vol. % hexadecane (Hexad-5% ph) 

compared with 10 vol. % phosphate mixed with 90 vol. % hexadecane (Hexad-10%ph). Increasing 

amount of phosphate in hexadecane resulted in delayed time to get an ignition event.  

4.1.5 Hexadecane + magnesium (5 wt. %): 

As illustrated in Figure 32, when magnesium was added at a concentration of 5% by 

weight to hexadecane, the mixture's ignition behavior was discovered to be quite 

comparable to that of pure hexadecane. At 2 bar, the IDT for hexadecane and 

hexadecane + magnesium (5 wt.%) was 9 sec. IDT was observed to be 5 sec and 4 sec at 

12 bar pressure, respectively. Magnesium is ineffective as an additive since it neither 

suppresses nor increases the auto-ignition event. The time sequences of the high-speed 

images taken during the ignition of a Hexadecane + magnesium (5 wt.%) droplet at 



89 
 

three distinct pressures of 2, 8 and 15 bar are shown in Figure 33. It is self-evident that 

pressures of 8 and 15 bar result in the creation of soot during droplet combustion. 

Additionally, the concentration of soot particles increases as the pressure increases. The 

soot particle accumulation on the inside of the engine cylinder may act as a source of 

ignition for the subsequent engine fire.  

 

Figure 32. Ignition of pure hexadecane compared with 5 wt. % magnesium mixed with 95 wt. % 

hexadecane (Hexad-5 wt. % Ma). 
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Figure 33. Time sequence of ignition of droplet (Hexad-5 wt. % Ma) at 2 bar top row, at 8 bar 

middle row, and at 15 bar bottom row. 

4.1.6 Hexadecane + calcium (1 wt. %): 

To further investigate the effect of the addition on the incidence of pre-ignition events, 

calcium is added to hexadecane at a concentration of 1% by weight. The test was 

conducted at pressures ranging from 4 to 22 bar, as illustrated in Figure 34. As can be 

seen, adding phosphate to hexadecane retards ignition. Thus, it has a beneficial 

influence on delaying the auto-ignition event, and it can be inferred that phosphate 

addition to lubricating oil does actually inhibit pre-ignition occurrences. On the other 

hand, calcium increases the auto-ignition event in hexadecane, resulting in a shorter TI, 

and is therefore regarded an undesirable metal supplement for lubricating oil. 
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Figure 34. Comparison for time of ignition for pure hexadecane, 1 wt. % calcium mixed with 99 

wt. % hexadecane, and 5 vol. % phosphate mixed with 95 vol.% hexadecane. The addition of 

calcium resulted in faster ignition. 

4.1.7 Ignition limits: 

The minimum temperature necessary to ignite all tested lubricants and surrogates at 4 

bar pressure is shown in Figure 35. The graph is divided into two zones, one of which is 

ignited and the other of which is not. As shown previously, engine oil has the highest 

ignition temperature, while hexadecane has the lowest (due to its higher cetane 

number). Phosphate is added to hexadecane as an adjuvant to enhance the minimum 

ignition temperature.  
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Figure 35. Ignition temperature limit of different droplet at 4 bar pressure at 300 ⁰C gas 

temperature.  

4.2 Conclusions 

The auto-ignition behavior of suspended oil droplets was investigated at pressures 

ranging from 2 bar to 15 bar in a 300°C ambient air environment. This study evaluated 

conventional engine oil (SAE 15W40), hexadecane, hexadecane + phosphate (5 % vol. ), 

hexadecane + phosphate (10 % vol. ), and hexadecane + magnesium (5 % wt.). 

The IDT for engine oil was significantly longer than for other components examined. For 

pressures more than 6 bar, the oil droplet ignited every time. However, sporadic ignition 

was detected at pressures less than 5 bar. Additionally, ignition of the droplet was seen 
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only when the temperature of the droplet approached 300 °C. On the other hand, the 

IDT for hexadecane was the shortest of all components examined. The hexadecane oil 

droplet burned reliably at all pressures tested. Additionally, ignition of the droplet was 

detected at temperatures as low as 300 °C. 

The IDT for hexadecane + phosphate (5 vol.% ) was significantly longer than for pure 

hexadecane. At 2 bar, it did not ignite, but sporadic ignition was seen up to a pressure of 

10 bar. Additionally, the IDT for hexadecane + phosphate (10 vol.% ) was longer than 

that for pure hexadecane and a mixture of hexadecane + phosphate (5 vol.% ). At 2 bar 

pressure, it did not ignite, although sporadic ignition was seen up to 12 bar pressure. 

According to our observations, adding phosphate as an additive inhibits auto-ignition. 

IDT values for hexadecane + magnesium (5 wt.%) were comparable to those for 

hexadecane alone. Magnesium is ineffective as an additive since it neither suppresses 

nor increases the auto-ignition event. Calcium (1 wt. % ) addition to hexadecane, on the 

other hand, resulted in an early ignition. As a result, it was found that calcium does 

definitely accelerate the auto-ignition event. Finally, for a certain temperature 

threshold, the droplet temperature must be greater than the ambient temperature or 

vice versa to ignite. This trend is more pronounced in engine oil and mixtures of 

hexadecane and phosphate (10 vol. %).
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Chapter 5: Investigating additives for lubricant oil ignition suppression. 

Lubricant oil is widely accepted to play a significant role in triggering a pre-ignition event 

in a turbocharged spark-ignited engine. Lubricant base oils are long chain hydrocarbons 

with high reactivity and are easily ignitable in the engine environment near top dead 

center. In this regard, a small reduction in lubricant reactivity (in the order of ms) can 

stall any probably pre-ignition event. As pointed out-previously, pre-ignition events 

occur near top dead center, so delaying the ignition by a few CAD should inhibit pre-

ignition completely. Toyota Motors [84] developed a new engine oil that has the 

potential to significantly lower the frequency of low-speed pre-ignition (LSPI) by 10% 

when compared to regular ILSAC-certified gasoline engine oils. It was subjected to an oil 

degradation test for over 200 hours and maintained an exceptional performance. Japan 

Energy and Toyota Motors Corporation studied the performance of magnesium 

detergents in engine oil containing a variety of other oil additives, and their findings 

indicated an additional cause for concern over its use due to needle crystal formation 

and gelation [65, 66]. Similar studies [81, 88, 101, 102] have been conducted to 

determine the effect of additives in engine oil on the occurrence of PI. 

Rather than focusing exclusively on metal additions, the effect of adding alcohol, 

toluene, and water to commercial lubricating oil was investigated without 

compromising its lubricity quality greatly. Numerous studies on lubricating oil that has 

been contaminated with ethanol, methanol, or water have been done. Bandera et al. 

[103], for example, compared the wear and friction parameters of ethanol-oil blends (50 
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to 95% ethanol) to engine oil and discovered no significant difference. Additionally, 

Harika et al. [104] discovered that dissolving 1% to 7% water by mass in lubricating oil 

improved the viscosity of the oil. Additionally, De Silva et al. [105] demonstrated that 

ethanol and water significantly reduced friction in a fully formed lubricating oil. Another 

study established that the increase in friction induced by water contamination of 

automatic transmission fluid was temporary, since the friction was reduced over an 

extended period of time. 

Thus, the goal of this study is to ascertain the ignition characteristics of lubricating oil 

and the effect of alcohols, toluene, and water additions. PI occurs between 0 and 20 

crank angle degrees (CAD) before to spark plug ignition. A 2000 rpm engine traveling 10 

degrees crank angle in a comparable time is around 0.83 ms. Using the CAD above, the 

relevant time for PI to occur in an engine ranges from 0.083 ms to 1.667 ms. The goal of 

this study is to determine whether it is possible to delay the ignition of the mixture by 

1.7 milliseconds in order to assure that the engine's sole source of ignition is the spark 

plug firing. To evaluate the effect of fuel dilution on lubricating oil, SAE15W40 engine oil 

was mixed with various quantities of ethanol, methanol, toluene, and water, as 

indicated in Table 8. 

Table 8. Test matrix of lubricant oil (SAE15W40) mixed with different compounds at 

different concentration in vol. %. 

 Lub Oil Ethanol Methanol Water Toluene 
(%) (%) (%) (%) (%) 

L100 100 x x x X 
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L99E1 99 1 x x x 
L98E2 98 2 x x x 
L97E3 07 3 x x x 
L96E4 96 4 x x x 
L99E5 95 5 x x x 
L99M1 99 x 1 x x 
L98M2 98 x 2 x x 
L97M3 97 x 3 x x 
L96M4 96 x 4 x x 
L95M5 95 x 5 x x 
L99T1 99 x x x 1 
L98T2 98 x x x 2 
L97T3 97 x x x 3 
L96T4 96 x x x 4 
L95T5 95 x x x 5 
L98E1W1 98 1 x 1 x 
L90E5W5 90 5 x 5 x 

The viscosity and density of each sample were measured via Stabinger Viscometer 

(Anton Paar, SVM 3000) at 40 °C set temperature and listed in Table 9. 

Table 9. Viscosity and density of lubricant oil (SAE15W40) mixed with different additives 

at different concentration in vol. % at 40 °C. 

 Dynamic 

Viscosity 

Kinetic 

Viscosity 

Density 
mPa*s mm2/s g/cm3 

L100 91.067 104.630 0.870 
L99E1 88.193 101.290 0.871 
L98E2 82.698 95.554 0.866 
L97E3 76.607 88.201 0.869 
L96E4 72.792 83.892 0.868 
L99E5 71.521 82.741 0.864 
L99M1 95.007 109.540 0.867 
L98M2 93.318 107.630 0.867 
L97M3 92.916 107.410 0.864 
L96M4 92.273 107.150 0.866 
L95M5 88.798 102.860 0.862 
L99T1 89.541 102.63 0.8725 
L98T2 79.173 90.797 0.872 
L97T3 71.773 82.401 0.871 
L96T4 63.861 73.300 0.871 
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L95T5 57.586 66.122 0.807 
L98E1

W1 

86.164 98.983 0.871 
L90E5

W5 

98.606 112.600 0.848 

 

5.1 Result and Discussion 

 
5.1.1 Effect of concentration of fuel dilution in lubricant oil ignition phenomena. 

As indicated in Table 8, a commercial engine oil (SAE15W40) was mixed in the 

proportions specified with toluene/ethanol and water. The combustion properties of 

various mixtures were tested by suspending a single droplet on a thermocouple bead in 

a PI vessel. While the diameter of the droplets in this study is two to three times that of 

droplet diameter (0.4 mm – 0.7 mm) in an engine, the chemical response should be 

identical in both cases. In Figure 36, the ignition characteristics of these blends are 

compared to those of pure lubricating oil. Once the droplet is effectively suspended and 

reaches the minimum temperature, the temperature gradually increases as the 

constituents of the mixture evaporate and interact with the surrounding hot air. This 

mixture of air and vapor ignites when it reaches its flammability limit. 
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Figure 36. Temperature history showing combustion steps for 95 vol. % engine oil mixed with 5 

vol. % toluene (L95T5) mixture at 10 bar pressure and 300 ⁰C gas temperature. Zone 3 represent 

the time of ignition (TI) which is considered from the time where the temperature is at minimum 

to the time where the there is sudden increase in the slope.   

The TI takes into account both the physical and chemical delay. As illustrated in Figures 

36 and 37, the physical delay is more significant than the chemical delay. At 10 bar 

pressure, it takes around 9 seconds to evaporate, while the combustion process takes 

approximately 3.3 seconds. As illustrated in Figure 38, engine oil ignited earlier than all 

other mixtures tested.  
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Figure 37. Ignition sequence of 95 vol. % engine oil mixed with 5 vol. % toluene (L95T5) at 4 bar 

pressure and 300 ⁰C gas temperature. 

 

Figure 38. The temperature history of lubricant oil mixed with toluene/ethanol and water at 10 

bar pressure and 300 ⁰C gas temperature. 

5.1.2 Effect of pressure on the lubricant oil ignition phenomena. 

To investigate the influence of pressure, more experiments were conducted using 95 

vol. % lubricant oil and 5 vol. % toluene (L95T5) and the combustion characteristics of 

pure lubricant oil were compared (L100). L100 ignited at a lower pressure than the 
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L95T5 mixture, as indicated in Figure 39. The time required for the mixture to ignite was 

noted to be longer for lower pressure regimes (Figure 39). In comparison, as pressure 

increases, the time required for mixtures to ignite shortens. Additionally, it is worth 

noticing that the change in TI for L100 at pressures greater than 16 bar is quite similar, 

whereas the change in TI for L95T5 is considerable at all pressures.   

 

Figure 39. The temperature history of pure lubricant oil (L100) and 95 vol. % engine oil mixed 

with 5 vol. % toluene (L95T5) at different pressure. Increase in pressure resulted in decreased 

time to get ignition.  

The influence of pressure on the ignition of a suspended single droplet (mixture) in an 

air environment at 300 °C is portrayed in Table 40. Each point on the diagram represents 



101 
 

the mean of ten experiments, while the error bars represent the standard deviation. The 

TI decreases as pressure increases, and this effect diminishes as pressure increases.  

 

Figure 40. Time of ignition (TI) of different mixtures at different pressures as measured in pre-

ignition (PI) Vessel. L100 represent pure engine oil, L98E1W1 represent 98 vol. % engine oil mixed 

with 1 vol. % ethanol and 1 vol. % water, and L90E5W5 represent 98 vol. % engine oil mixed with 

5 vol. % ethanol and 5 vol. % water.  

In comparison to pure lubricating oil, adding 1% water and 1% ethanol nearly doubled 

the TI at 4 bar pressure. However, at pressures greater than 16 bar, asymptotic behavior 

is observed. At higher pressures, the shift in TI is more noticeable in the L90E5W5 case. 

Because it is critical to know both the DCN and IDT of the combinations using the 

conventional approach, additional experiments were done using KR-IQT for the mixtures 
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indicated in Table 8. Additionally, it was desirable to analyze the trends seen with the PI 

vessel and KR-IQT.  

5.1.3 Effect of alcohols and toluene dilution in lubricant oil. 

Lubricant oil was blended with ethanol, methanol, and toluene in concentrations 

ranging from 1% to 5% by volume, as listed in Table 8, to determine the mixtures' 

influence on DCN and IDT (IQT results). As illustrated in Figure 41, the IDT increases as 

the concentration of alcohol in lubricating oil increases. The maximum IDT was obtained 

by adding 5% methanol by volume. On the other hand, adding toluene up to 2% by 

volume did not result in a significant change in the IDT, but increasing the toluene 

percent resulted in a decrease in the IDT.  
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Figure 41. ignition delay time (IDT) of different mixtures at different concentration (ASTM D6890) 

as measured in KR-IQT. Methanol mixed with engine oil at 5 vol. % concentration showed the 

longest ignition delay time.  

The IDT of methanol addition is found to be the highest, followed by ethanol and 

toluene. This can be ascribed to the vaporization enthalpy. Due to toluene's low 

enthalpy of vaporization (351 J/g), the temperature reduction inside the cylinder is 

minimal when compared to alcohol addition, resulting in a more reactive atmosphere. In 

comparison, methanol's enthalpy of vaporization (1100 J/g) is the greatest of the 

compounds studied, significantly cooling the charge and resulting in a longer IDT. 

In contrast to toluene, alcohol addition decreases DCN for the blends, as expected from 

the IDT values. Lubricant oil mixed with methanol at 4% and 5% by volume decreased 

the DCN concentration in the mixtures by 4.5 and 7.8%, respectively, as shown in Figure 

42. Similarly, ethanol diluted to 4% and 5% by volume decreased the DCN content of 

combinations by 2.6 and 4.5 %, respectively.  
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Figure 42. Derived cetane number (DCN) of different mixtures at different concentration 

(ASTMD6890) as measured in KR-IQT.  

In a spark-ignition engine, a mixture with a higher DCN content has a greater potential 

to self-ignite. Lubricant-fuel mixture droplets may escape the liner and self-ignite in the 

combustion chamber, resulting in pre-ignition. In this situation, the mixture's proclivity 

for self-ignition becomes essential. Thus, when added to lubricating oil, the compounds 

examined above improve the IDT of the mixture and make it more resistant to pre-

ignition. 
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5.1.4 Effect of temperature as measured in KR-IQT. 

In another set of experiments, temperature was varied in KR-IQT to observe its effect on 

the DCN and IDT as shown in Figure 43.  

 

Figure 43. ignition delay time (IDT) and derived cetane number (DCN) of different mixtures at 

different temperatures as measure in KR-IQT. IDT decreased with increasing temperature while 

DCN increased with the increasing temperature.  

These experiments were conducted on blends of lubricating oil and ethanol at various 

concentrations (1 % - 5 %  by vol.). As seen in Figure 43, the IDT of these blends dropped 

exponentially with increasing temperature, as expected. Similarly, with increasing 

temperature, a linear increase in DCN can be observed. 
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5.1.5 Effect of water and ethanol addition in lubricant oil. 

Results obtained for the same mixtures in KR-IQT following ASTM D6890 method and PI 

vessel at 4bar, 10 bar, 16 bar, and 22 bar pressure are shown in Figure 44 and Figure 45 

respectively.  

 

Figure 44. Ignition delay time (IDT) for lubricant oil diluted with ethanol and water at different 

concentration as measured in KR-IQT. Where, L100 stands for engine oil (15W-40), L99E1 stands 

for 99 vol.% engine oil mixed with 1 vol. % ethanol, L95E5 stands for 95 vol. % engine oil mixed 

with 5 vol. % ethanol, L98E1W1 stands for 98 vol. % engine oil mixed with 1 vol. % ethanol and 1 

vol. % water, and L90E5W5 stands for 90 vol. % engine oil mixed with 5 vol. % ethanol and 5 vol. 

% water. 
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Both experiments exhibit similar trends. L90E5W5 has a 0.75 ms longer IDT than L100. 

Even though L90E5W5 has the longest IDT/TI, it may be difficult to maintain its lubricity 

due to an increase in viscosity of 8 % and a reduction in density of 2.5 percent %.   

 

Figure 45. Time of ignition (TI) for engine oil (15W-40) diluted with ethanol and water as 

measured in pre-ignition vessel. The TI showed a significant decrease at high pressures for all 

cases. L100 stands for pure engine oil, L98E1W1 stands for 98 vol. % engine oil mixed with 1 vol. 

% ethanol and 1 vol. % water, and L90E5W5 stands for 90 vol. % engine oil mixed with 5 vol. % 

ethanol and 5 vol. % water.  

5.2 Conclusions 

Experiments in the PI vessel were carried out to determine the combustion 
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IDT and DCN concentrations in the same blends. Commercial lubricant oil (SAE15W40) 

was blended with various alcohols, toluene, and water at varying concentrations to 

determine their effect on the ignition properties of the lubricant oil. 

Lubricant oil diluted with methanol at 4% and 5% by volume decreased the DCN content 

of the mixes by 4.5 and 7.8%, respectively, resulting in a higher IDT. Similarly, lubricating 

oil mixed with ethanol at 4% and 5% by volume decreased the DCN content of the 

blends by 2.6 and 4.5 %, respectively. It is worth mentioning that adding methanol at 4% 

by volume and ethanol at 5% generated nearly the same IDT and DCN. 

When the temperature in KR-IQT was varied between (450 °C–550 °C), an exponentially 

declining trend for the mixtures IDT was found. Additionally, methanol had the greatest 

IDT, followed by ethanol and toluene. This is due to the alcohols' enthalpy of 

vaporization. When 1% water and 1% ethanol were added to lubricant oil, the TI at 4 bar 

pressure was nearly double that of pure lubricant oil. TI, on the other hand, reached a 

plateau at pressures greater than 16 bar. TI continued to decline in the L90E5W5 case 

even at increased pressure. 

When water and ethanol were added to lubricating oil in the KR-IQT and PI vessels, 

similar results were observed. L90E5W5 has a 0.75 ms longer IDT than L100. The 

comparable time period in which PI occurs in an engine varies between 0.083 and 1.667 

milliseconds. The equivalent CAD for 0.75 ms is approximately 9 degrees crank angle. 

Only L90E5W5 had the longest IDT of all the samples analyzed. As a result of the findings 

in this investigation, it was possible to delay the ignition of L90E5W5 from 0 to 9 CAD.
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Chapter 6: Effect of wide range of RON in auto-ignition of lubricant oil 

surrogate (n-hexadecane) 

To study the effect of the interaction between the oil and the fuel, hexadecane was 

mixed with n-heptane and iso-octane at different concentrations. Firstly, hexadecane 

was mixed with n-heptane at 15 %, 25 %, 35 %, and 45 % (vol. %) concentrations to form 

PRF0 mixtures. Similarly, hexadecane was mixed with n-heptane and iso-octane at the 

previously mentioned concentrations to form PRF20, PRF50 and PRF80 mixtures. Finally, 

iso-octane was blended with hexadecane to form PRF100 mixtures. The physical 

properties are listed in Table 10.  

Table 10. Properties of n-hexadecane, n-heptane and iso-octane. 

 Properties Hexadecane 
PRF0 

n-Heptane 
PRF100 

Iso-Octane 

Molecular Formula C16H34 C7H16 C8H18 

Molecular Weight 226.44 g/mol 100.2 g/mol 114.23 g/mol 

Boiling Point 286.9 °C 98.5 °C 99 °C 
Auto-ignition 
temperature 202 °C 220 °C 417 °C 

Flash Point 135 °C -1 °C 4.5 °C 

Density 770.1 kg/m3 679.5 kg/m3 690 kg/m3 

Heat of combustion 44.3 MJ/kg 48.06 MJ/kg 44.3 MJ/kg 

Heat of Vaporization 359.26 kJ/kg 364.97 kJ/kg 308 kJ/kg 

 

To investigate the effect of fuel’s RON to its ignition behavior, the experiments were 

conducted in an air environment and zero air was used. The tests were carried out for 
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different pressures while keeping the temperature constant at 300 ±4 ˚C. The 

experiment matrix and RON of each fuel and mixtures are shown in Table 11. An ignition 

quality tester (IQT) was used to get the derived cetane numbers (DCN) of the mixtures 

following ASTM D6980 method. The RON of the fuels were then calculated by using the 

correlation between RON and DCN which been proposed by Naser et al. [97], and is 

given below: 

𝑅𝑂𝑁 = −293 (
𝐷𝐶𝑁

100
)

2

− 52 (
𝐷𝐶𝑁

100
) + 114.1                                                                             (9) 

Table 11. Test matrix and RON of mixtures as measured in IQT 

 Fuels Mixture  
concentration 

Hexadecane  
Vol. % 

n-Heptane  
Vol. % 

Iso-Octane  
Vol. % 

RON 

Hex100 0 100 0 0 -271.279 

Hex85_PRF015 15 85 15 0 -238.082 

Hex75_PRF025 25 75 25 0 -209.485 

Hex65_PRF035 35 65 35 0 -165.586 

Hex55_PRF045 45 55 45 0 -144.827 

Hex85_PRF2015 15 85 12 3 -238.082 

Hex75_PRF2025 25 75 20 5 -192.17 

Hex65_PRF2035 35 65 28 7 -157.368 

Hex55_PRF2045 45 55 36 9 -127.314 

Hex85_PRF5015 15 85 7.5 7.5 -201.928 

Hex75_PRF5025 25 75 12.5 12.5 -160.721 

Hex65_PRF5035 35 65 17.5 17.5 -127.848 

Hex55_PRF5045 45 55 22.5 22.5 -98.3031 

Hex85_PRF8015 15 85 3 12 -222.466 

Hex75_PRF8025 25 75 5 20 -159.127 

Hex65_PRF8035 35 65 7 28 -110.15 

Hex55_PRF8045 45 55 9 36 -78.2285 

Hex85_PRF10015 15 85 0 15 -137.847 
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Hex75_PRF10025 25 75 0 25 -113.876 

Hex65_PRF10035 35 65 0 35 -72.822 

Hex55_PRF10045 45 55 0 45 -45.098 

 

6.1 Results and discussion 

6.1.1 Defining time to ignition (TI) 

It is important to specify the time of ignition (TI) for the current investigation of droplet 

ignition. The temperature record of the hex75_PRF5025 droplet ignition at a temperature 

of 300 ° C and 10 bar pressure in an air environment is shown in Figure 46. The thick 

black line reflects 10 experiments' average temperature, while the standard deviation of 

these experiments is defined by the gray vertical fringe. The size of the suspended 

droplet is 1.1±0.2 mm throughout the study.  
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Figure 46. Defining time of ignition (TI) for pre-ignition vessel for 75 vol. % hexadecane mixed 

with 25 vol. % PRF50 at 10 bar pressure and 300 ⁰C gas temperature. Point A represents the 

minimum temperature and initial time (t=0), where as point B represents the ignition time of the 

mixture droplet. The time it takes to reach from point A to point B is defined as the (TI) for this 

setup.  

As shown in Figure 46, before the mixture is pumped into the thermocouple bead, the 

thermocouple reads the actual temperature of the ambient air. The actual droplet 

temperature is much lower than that of the ambient air temperature within the tube, 

since the mixture remains inside a cooling chamber before the moment of injection. 

When the droplet falls into contact with the bead of the thermocouple, it will observe a 

slow decrease in temperature. The thermocouple now measures its internal 

temperature when the droplet is suspended effectively, and a steeper decrease in 

temperature is tracked before it approaches a minimum temperature (A). Point (A) 

denotes time zero. Due to evaporation on the surface, the size of the droplet shrinks. 

Owing to inner conduction, heat is transmitted from the atmosphere to the internal 

core of the droplet. The internal droplet temperature also rises with a growing 

evaporation rate until the moment it ignites (B), which is caused by the combustion of 

the ignitable vapor around the droplet. This is accompanied by a significant rise in 

temperature, until the droplet is wholly absorbed, achieving a saturation point. During 

this phase, the temperature steadily falls to the original ambient air temperature. TI is 

therefore specified as the time interval between the minimum local temperature (A) 
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and the time when the droplet ignition first occurs (B). The massive spike in dT / dt 

observed from the history of temperature demonstrates such.  

6.1.2 Effect of concentration of PRFs in hexadecane 

Initially, pure hexadecane was mixed with n-heptane and iso-octane individually at 

various concentration and investigated at different initial pressure conditions keeping 

the temperature constant at 300 ⁰C. First, the data obtained from PRF 0 and 

hexadecane mixtures are analyzed. The results for TI at 300 ⁰C at varying pressures is 

shown in Figure 47. A gradual increase in TI is observed with the increasing n-heptane 

concentration until it reaches a maxima at 25 % and after which, further addition of n-

heptane in the mixture results in a decrease in TI.  

 

Figure 47. Time to ignition for PRF0 mixed with hexadecane at different concentrations for 

varying pressure cases at 300 ⁰C gas temperature. TI gradually increased until it reached its 
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maxima at 75 vol. % hexadecane mixed with 25 vol. % PRF0 (Hex75_PRF025). And further addition 

of PRF0 in hexadecane resulted in shorter TI.  

Second, the data obtained from PRF100 and hexadecane mixtures are analyzed. As 

shown in Figure 48, the TI increased with increasing concentration of iso-octane in the 

mixture. This trend is expected because iso-octane is a high RON fuel and it has stronger 

ability to consume OH radical causing it to be less reactive and thus is difficult to auto-

ignite [106]. This trend narrowed down the possibility of iso-octane playing a significant 

role in early ignition that were observed at 35 % or higher concentration PRFs in 

hexadecane.  

 

Figure 48. Time to ignition for PRF 100 mixed with hexadecane at different concentrations for 

varying pressure cases at 300 ⁰C gas temperature. TI increased with increasing amount of 
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PRF100 in hexadecane. Hex100 stands for pure hexadecane. Hex85_PRF10015 stands for 85 vol. % 

hexadecane mixed with 15 vol. % PRF100.  

The temperature profile for Hex75_PRF2025, Hex65_PRF2035, and Hex55_PRF2045 at 10 bar 

and 300 C are shown in Figure 49. For the Hex75_PRF2025 mixture (3), the cooling effect 

is much higher compared to the Hex65_PRF2035 (1) and Hex55_PRF2045 (2) mixtures. In 

case of Hex75_PRF2025 mixture, the ignitable mixture around the droplet is formed 

slower, and hence we observe an increased TI. It was interesting to observe why this 

phenomenon does not occur for Hex65_PRF2035, and Hex55_PRF2045 mixtures. With 

further increase of PRFs in hexadecane, the mixtures RON increases as well (see Table 2) 

and this was an unexpected trend because, with the addition of higher RON fuels, the TI 

is supposed to increase as well.  

 

Figure 49. Time to ignition for PRF20 mixed with hexadecane at different concentrations at 10 

bar pressure and 300 ⁰C gas temperature. TI for 75 vol. % hexadecane mixed with 25 vol. % 
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PRF20 shows the longest TI (3). And further addition of PRF20 in hexadecane resulted in shorter 

TI (2 & 3). 

It is also observed that for Hex75_PRF2025 mixture, the droplet core temperature read by 

the thermocouple had to exceed the boiling point of hexadecane (see Table 1) before 

getting an ignition event.  However, for Hex65_PRF2035  and Hex55_PRF2045 cases, the 

ignition occurred at a much lower temperature, before the droplets core temperature 

reached the boiling point of hexadecane. Hence, it is suspected that the presence of n-

heptane (PRF0) played an important role in triggering the ignition.  The ignition 

sequence of Hex75_PRF2025 mixture at 4 bar pressure and 300 ⁰C is shown in Figure 50.  

 

Figure 50. The ignition sequence of 75 vol. % hexadecane and 25 vol. % PRF20 (Hex75_PRF2025) 

mixture at 4 bar pressure and 300 ⁰C gas temperature. 

To further investigate this phenomenon, the ignition temperature is plotted against the 

concentration of PRFs in the mixture at pressure and temperature of 4 bar and 300 ⁰C 

respectively, which is shown in Figure 51.  
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Figure 51. Ignition temperature of fuels mixed with hexadecane at different concentration at 4 

bar pressure and 300 ⁰C gas temperature. As a reference, red dotted line shows the auto-ignition 

of pure hexadecane, black dotted line shows the auto-ignition temperature of n-heptane and 

blue dotted line shows the boiling point of hexadecane. N-heptane played a significant role in 

getting an earlier ignition of mixtures concentration higher than 35 vol.% and 45 vol.%. 

As shown in Table 10, the auto-ignition temperatures of n-heptane and hexadecane are 

much lower than the ambient test temperature of 300 oC. On the other hand, the auto-

ignition temperature of iso-octane is relatively higher despite having a lower boiling 

point. The fuel mixture droplet resides in a cooling chamber and hence when introduced 

in the hot environment, the initial reading of the droplet’s core temperature is around 

200 ± 10 °C which is about a 100 °C lower than the ambient temperature. As the fuel 
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mixture droplet is successfully suspended, it starts to vaporize, reducing the droplet size 

over time. Since evaporation occurs on the surface of the droplet, the particles on the 

surface of the droplet carry away some of the droplets kinetic energy in order to break 

their liquid bonds and to convert into gas. Because of this endothermic process, the 

overall thermal energy of the droplet decreases, and it cools down. The boiling point 

and the auto-ignition temperature of n-heptane are both lower. Once the fuel mixture 

lacks sufficient amount of hexadecane to drive the ignition, n-heptane plays the crucial 

role in the occurrence of the ignition. With an increasing concentration in the mixture, 

the amount of n-heptane increases as well. Hence, the flammability region is reached 

faster with increasing amount of n-heptane in the mixtures. Ruling out iso-octane’s 

contribution in getting an early ignition can also be justified by observing the PRF 100 

trend in Figure 48. Iso-octane being a high RON fuel, the fuel mixture gets difficult to 

auto-ignite with its increasing concentration and hence requires a higher temperature at 

higher concertation of mixtures.  

To support the hypothesis, PRF20, PRF 50 and PRF80 were mixed with hexadecane at 

different concentrations to investigate the ignition behavior of the mixtures. Figure 52 

and Figure 53 shows the TI for PRF20 and PRF80 mixtures respectively at 300 ⁰C. For 

both the cases, the TI, initially increased with the increasing concentration of PRFs in 

hexadecane. However, it reached its maxima at 25 % concentration and started to 

decline with further increase in PRFs concentration. It can also be observed that the TI 

for PRF80 (Figure 53) is much longer compared to TI for PRF20 (Figure 52) because the 
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amount of iso-octane in the mixture is increasing. As previously discussed, it is 

attributed to RON, and hence yields longer TI. Nevertheless, the fuel blends consisting of 

PRF0 (n-heptane), exhibited a similar trend for all tested pressure and concentration 

cases. Hence, it can be concluded that the ignition of PRF0, PRF20, PRF 50 and PRF80 at 

35 % and 45 % concentration is driven by the presence of n-heptane (PRF0) in the 

mixture.  

 

Figure 52. Time to ignition (TI)vfor PRF 20 mixed with hexadecane at different concentration for 

varying pressure and 300 ⁰C gas temperature. The TI gradually increased until it reached its 

maxima at 75 vol. % hexadecane mixed with 25 vol. % PRF20. Further addition of PRF20 in 

hexadecane resulted in shorter TI.  
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Figure 53. Time to ignition for PRF80 mixed with hexadecane at different concentration for 

varying pressure and 300 ⁰C gas temperature. The TI gradually increased until it reached its 

maxima at 75 vol. % hexadecane mixed with 25 vol. % PRF80. Further addition of PRF80 in 

hexadecane resulted in shorter TI. 

To further validate the hypothesis of n-heptane playing a key role in ignition of mixtures 

at 35 % and 45 % concentration, TI and pressure are plotted for hexadecane and PRFs 

mixture at 25 %, 35 % and 45 % concentration and are shown in Figure 54, Figure 55, 

and Figure 56 respectively. From Figure 54, it can be observed that the TI for 

Hex75_PRFs25  mixture is higher compared to that of pure hexadecane for all the tested 

pressures. This implies that for 25 % concentration of fuels, hexadecane initiates the 

ignition event.  
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Figure 54. Time to ignition (TI) for 75 vol. % hexadecane mixed with 25 vol. % PRFs (Hex75_PRFs25) 

mixtures at different pressure and 300 ⁰C gas temperature. TI for all mixtures decreased with 

increasing pressure.  

On the other hand, in Figure 55, TI for Hex65_PRF5035 mixtures is almost the same as the 

TI for pure hexadecane. The difference in TI for Hex75_PRF025 and Hex65_PRF035 is 

significant. This implies that n-heptane has now started playing a role in initiating the 

ignition event. This phenomenon is more evident Hex55_PRF045 that is shown in Figure 

56. The TI for Hex55_PRF045 is now faster than that of pure hexadecane supporting the 

hypothesis of n-heptane playing a significant role at a higher concentration of fuels 

mixed with hexadecane. Therefore, TI for the mixtures does not increase with increasing 
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concentration of PRFs in hexadecane but rather increases until it reaches a maximum 

point, and with the further addition of fuel, it gradually starts to decrease.  

 

Figure 55. Time to ignition (TI) for 65 vol. % hexadecane mixed with 35 vol. % PRFs (Hex65_PRFs35) 

mixtures at different pressure and 300 ⁰C gas temperature. TI for all mixtures decreased with 

increasing pressure.  
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Figure 56. Time to ignition (TI) for 55 vol. % hexadecane mixed with 45 vol. % PRFs (Hex55_PRFs45) 

at different pressure and 300 ⁰C gas temperature. TI decreased with the increasing pressure.  

6.1.3 Effect of pressure on the ignition of the mixtures  

In order to study the effect of pressure, hexadecane was mixed with different PRFs at 

different concentration. The experiments were conducted at pressures 4, 10, 16, and 22 

bar and at 300 °C temperature. Figure 57 shows the results for hexadecane mixed with 

PRF0 and PRF80 individually at different concentration at an ambient temperature of 

300 ⁰C.  The TI decreases with increasing pressure because the reactivity of the mixtures 

increases with increasing pressure. The TI distribution is sparse for PRF0 mixtures at 

lower pressures whereas it gets denser at higher pressure. And with further increase in 

pressure, it can be deduced that the TI will show asymptotic behavior. However, the 
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change in TI for Hex75_PRF025 mixture, represented in Figure 56 by black dotted lines, is 

very small compared to other tested PRF0 mixtures. PRF 0 mixtures ignited the fastest 

because the auto-ignition and boiling temperature of n-heptane is much lower 

compared to iso-octane. On the contrary, PRF 80 mixtures yielded longer TI since iso-

octane has very high auto-ignition temperature, and as discussed previously, it is a high 

RON fuel. Unlike PRF0 mixtures, the TI distribution for PRF80 mixtures at both lower and 

higher pressure were observed to be sparse. The TI was noted to be longest for PRF100 

mixtures whereas it was shortest for PRF0 mixtures. TI for other tested cases falls in 

between these two cases in an increasing order from PRF20 to PRF 80.   

 

Figure 57. Time to ignition (TI) for PRF0 and PRF 80 mixed with hexadecane at different 

concentrations and pressures at 300 ⁰C. Where Hex85_PRF015 stands for 85 vol. % hexadecane 

and 15 vol. % PRF0. Similarly, Hex85_PRF8015 stands for 85 vol. % hexadecane and 15 vol. % 

PRF80. 
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6.2 Conclusions 

The effect of RON in ignition of lubricant surrogate n-hexadecane was investigated in 

this study to determine how RON will play a role in occurrence of pre-ignition 

phenomenon. Experiments were carried out in a 4 liters CVCC to investigate the ignition 

characteristics of hexadecane mixed with different PRFs at different concentrations. The 

test temperature was set at 300 °C, and the test pressures were varied from 4 bar to 22 

bar at 6 bar interval.  

It can be deduced that hexadecane mixed with PRF 0, PRF 20, PRF 50 and PRF 80 all 

showed similar trend for getting TI. The TI for these mixtures initially increased until 25 

vol. % concentration after which it reached its maxima. Further addition of fuels with 35 

vol. % and higher concentration showed a gradual decrease in TI. It is also worth noting 

that the mixtures at 25 vol. % concentration only ignited after the droplet core 

temperature reached higher than the boiling temperature of hexadecane. Ignition for 

mixtures with 35 vol. % and 45 vol. % concentration is attributed to n-heptane as it has 

lower boiling and auto-ignition temperature.  

As the hexadecane was mixed with PRFs in an increasing amount from PRF0 to PRF100, 

the TI was observed to be longer. This is because the amount of iso-octane in the 

mixture increases as we move from PRF20 to PRF 100 and iso-octane is a high RON fuel 

and has a higher auto-ignition temperature which makes it difficult to auto-ignite. The TI 

does get longer as the RON of the fuel gets higher. However, it heavily depends on the 

composition of the fuel. PRF80 has a RON of 80, yet TI of this fuel, when mixed with 
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hexadecane higher than 35 vol. %, yielded a shorter TI. Therefore, the physical 

properties of fuels play an important role.  
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Chapter 7: Formic Acid Ignition Characteristics 

The energy demands that are met through continued use of fossil fuels are leading to 

climate change and sustainability issues. In order to stop or even restabilize these 

issues, a sustainable and reliable energy supply mechanism is required. Since fossil fuels 

emit greenhouse gases, such as carbon dioxide, the development of renewable energy 

sources is urgently required [107-109]. Hydrogen is one of the more optimal energy 

vectors for translating grid power generation to different end-users. Hydrogen has the 

potential to provide a highly efficient and emission-free energy source. The hydrogen 

can be produced from new energy sources such as solar photovoltaics, wind, 

geothermal, ocean, and hydro technologies [110]. However, the unavoidable trade-off 

between storage density and efficiency exists in traditional storage systems, including 

pressurization and cryogenic liquefaction [111-113]. In 1972, Bockris [114] had 

mentioned in his hydrogen economy article that conservatism, public distrust of 

hydrogen, and shortage of trained technical personnel would be the primary 

impediments in getting started with the hydrogen economy. It has been apparent that 

one of the primary impediments to the production of a viable hydrogen economy is the 

effective and secure storing, processing, and delivery of hydrogen. However, storing 

hydrogen in the liquid phase utilizing chemical hydrides, such as borohydrides, 

hydrazine, and particularly formic acid (FA), has garnered significant interest [115].  

The global FA market was estimated to be worth approximately 600 kilotons in 2020 

[116]. Apart from being primarily used in the feed industry, as well as in textiles, leather 
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tanning, and deicing, a valuable chemical that is often seen as a preservative and 

antibacterial agent, FA is a well-established hydrogen storage component due to its 

decomposition into CO2 and H2, with the possibility of reversing the reaction to restore 

FA, thereby acting as a medium for chemical energy storage [112, 117-120]. Pure FA 

contains 4.3-4.4 wt. % hydrogen [119, 121] and a liter of FA contains almost the same 

amount of hydrogen as a 700-bar compressed hydrogen storage tank [112, 122]. 

Although FA is a reasonably stable compound at room temperature, it is a thermally 

unstable compound that can decompose via dehydration reaction or dehydrogenation 

reaction, facilitated by metal catalysts. Previous studies have shown the potential of FA 

as a hydrogen source for fuel cells [123-128]. However, the combustion of FA is yet to 

be explored in depth. 

There have been recent advancements in FA combustion, focusing on the laminar flame 

speeds experimentally and numerically [122, 129-134]. Other works include FA 

decomposition in shock tubes and flow reactors [135-139]. It has been reported that FA 

has a low laminar burning velocity which makes it difficult to be used as a potential fuel 

in combustion applications [122]; hence using it as a blend might be more suited. 

Despite being a low reactivity fuel, the addition of another fuel such as long-chain 

alcohols could promote the reactivity of FA in combustion. To deploy FA as a potential 

fuel in gas turbine and compression ignition engines, the study of single droplet 

combustion and evaporation is critical. Therefore, the combustion and evaporation 

characteristics of FA have been investigated in this study. The experiments for 
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evaporation of FA are conducted for wide temperature (150 o C – 300 o C) and pressure 

(5 bar – 20 bar) range. Additionally, FA was mixed with octanol at different 

concentrations (10 vol. % - 90 vol. %) to study the combustion characteristics at 

atmospheric pressure for a wide temperature range. 

7.1 Experimental Set-up (High-temperature suspended droplet setup) 

The suspended droplet experimental setup is depicted schematically in Figure 58. A 

type-K thermocouple wire with a diameter of 75 m was used to sustain the droplet and 

to detect its internal temperature. A vertical quartz tube with an inner diameter of 13.4 

cm and a length of 75 cm was inserted into a vertically oriented cylindrical furnace 

(Lindberg/blue, HTF55000 series) equipped with conventional Lindberg 58000 series 

control consoles. To pre-heat the convective air stream moving inside the quartz tube, 

an inline heater (Sylvania heater, F074719, 8000 W) was employed. To guarantee 

consistent air dispersion around the droplet, preheated air was delivered from the 

bottom of the furnace, passing through a ceramic honeycomb. 

The air flow rate setting point at the droplet position was kept constant at 35 slpm, 

resulting in a velocity of 14.4 cm/s, while the diameter was kept constant at a fixed 

value of roughly 0.7 mm. The suspended droplet was then introduced into the heated 

air flow passing through the quartz tube. The droplet was suspended on the 

thermocouple bead using a microsyringe holding the mixed sample. To regulate the 

droplet size, the syringe was loaded with a quantity equal to one droplet (2l). The 

thermocouple was contained within an air-cooled copper tube put into the quartz tube. 
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The copper tube with the thermocouple bead droplet was then pushed into the test 

area until it reached the desired position. This maintained the droplet burning location 

inside the furnace in a fixed, steady position and prevented the camera imaging from 

displaying fluctuations in the droplet's position. Prior to the experiments, the heated co-

flow air's radial temperature readings were taken within a 25 mm radius of the central 

location, indicating a uniform temperature distribution. Temperature data were 

gathered using an NI114 data acquisition board at a 20 Hz sampling rate, while droplet 

images were acquired at 1000 frames per second using a high-speed camera (PCO, 

Imager Pro HS, 4 M), recording all stages of combustion. 

 

 

Figure 58. Schematic of the experimental setup. 
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To analyze the images, a MATLAB code was built to determine the initial size of the 

droplet and to track its evolution over time. This algorithm can determine the 

equivalent droplet diameter by converting high-speed photos to a binary matrix based 

on the RGB matrix's color gradient. The gradient was then compared to a threshold that 

enabled phase separation. After obtaining the binary matrix of the droplet via this 

approach, the area of the first image was used to normalize it. This approach calculated 

the normalized squared diameter. This approach is critical for determining the droplet 

size because the droplet did not remain spherical during evaporation, but rather 

changed shape due to the thermocouple's effect and the micro-explosive activity. The 

properties of formic acid and octanol are provided in table 12 and table 13 respectively. 

Table 12. Properties of formic acid [118, 140] 

Properties Unit Value 

Boiling Point ⁰C 100.8 

Auto-Ignition Point ⁰C 520 

Flash Point ⁰C 68.89 

Freezing point ⁰C 8.3 

Dynamic Viscosity (at 20 ⁰C) mPa.s 1.804 

Density (at 20 ⁰C) g/cm3 1.22 

Heat of vaporization J/g 483 

Critical Pressure bar 75.87 

Critical Temperature ⁰C 307 
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Table 13. Properties of octanol [141] 

Properties Unit Value 

Boiling Point ⁰C 195.1 

Auto-Ignition Point ⁰C 253 

Flash Point ⁰C 81 

Dynamic Viscosity (at 25 ⁰C) mPa.s 7.288 

Density (at 25 ⁰C) g/cm3 0.8262 

Heat of vaporization J/g 545.04 

 

7.2 Modelling Methodology 

A Spalding’s initial approach  is used to simulate single droplet evaporation of FA in a 

non-convective atmosphere with a quasi-steady assumption. The steady-state species 

and energy equations are given as : 

Fuel species continuity equation: 

𝑟2𝜌𝜐
𝑑𝑌𝐹

𝑑𝑟
=

𝑑

𝑑𝑟
(𝑟2𝔇𝜌

𝑑𝑌𝐹

𝑑𝑟
) + 𝑟2𝜔�̇�             (10) 

where: 

r = radius 

𝜌 = density 

𝜐 = velocity 

𝔇 = mass diffusivity 

𝜔�̇� = rate of consumption of fuel 

𝑌𝐹 = mass fraction of fuel species 

Energy equation: 
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𝑟2𝜌𝜐
𝑑𝐶𝑝𝑇

𝑑𝑟
=

𝑑

𝑑𝑟
(

𝜆

𝐶𝑝
𝑟2 𝑑𝐶𝑝𝑇

𝑑𝑟
) + 𝑟2�̇�              (11) 

where: 

𝐶𝑝 = constant-pressure specific heat  

𝜆 = thermal conductivity 

𝑇 = Temperature 

�̇� = rate of heat added 

Considering the droplet radius 𝑟𝑠, the fuel will vaporize the surface of the droplet by 

convection and diffusion. Because only fuel exists below the droplet surface, the total 

mass flow rate of fuel at the surface equals the sum of the mass flow rates of fuel due to 

convection and diffusion: 

           (12) 

 

 

 

where: 

Subscript s = surface of the droplet  

After rearranging Equation (12), we have 

𝜐𝑠  =  
𝔇(𝑑𝑌𝐹 𝑑𝑟⁄ )𝑠

(𝑌𝐹)𝑠 −1
                   (13) 

Spalding defined a new parameter 

𝑏 ≡  
𝑌𝐹

(𝑌𝐹)𝑠 −1
 ≡  − 

𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐹 𝑎𝑡 𝑎𝑛𝑦 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑟

𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑜𝑡ℎ𝑒𝑟 𝑡ℎ𝑎𝑛 𝐹 𝑎𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑟= 𝑟𝑠
            (14)   

Then 𝜐𝑠 becomes 

𝜌𝑠𝜐𝑠 =  𝜌𝑠(𝑌𝐹)𝑠𝜐𝑠 +  − 𝜌𝑠𝔇𝑠 (
𝑌𝐹

𝑑𝑟
)

𝑠
  

total gaseous 

mass flux of 

formic acid 

leaving 

surface 

mass flux of 

formic acid 

due to bulk 

velocity of 

mixture at 

surface 

mass flux 

of formic 

acid due 

to mass 

diffusion 
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𝜐𝑠  =  𝔇 (
𝑑𝑏

𝑑𝑟
)

𝑠
                            (15)  

For an evaporation process 𝜔�̇� = 0 and Equation (10) becomes 

𝑟2𝜌𝜐
𝑑𝑏

𝑑𝑟
=

𝑑

𝑑𝑟
(𝑟2𝔇𝜌

𝑑𝑏

𝑑𝑟
)                 (16) 

The boundary condition at 𝑟 = ∞ is 𝑌𝐹 = 𝑌𝐹∞
, or 

𝑏 =  𝑏∞  =  
𝑌𝐹∞

(𝑌𝐹)𝑠−1
               (17)  

Form the integrated continuity equation, we have 

𝑟2𝜌𝜐 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =  𝑟𝑠
2𝜌𝑠𝜐𝑠                          (18)  

Using Equation (18) and integrating Equation (16) with respect to r, we get 

𝑟2𝜌𝜐𝑏 = 𝑟2𝜌𝔇
𝑑𝑏

𝑑𝑟
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                         (19)  

Applying the boundary condition from Equation (15) at the surface, we have 

𝑟𝑠
2𝜌𝑠𝜐𝑠(𝑏 − 𝑏𝑠 + 1) = 𝑟2𝜌𝔇

𝑑𝑏

𝑑𝑟
                         (20)   

By separating variables, 

𝑟𝑠
2𝜌𝑠𝜐𝑠

𝑟2𝜌𝔇
 𝑑𝑟 =  

𝑑𝑏

(𝑏−𝑏𝑠+1)
                (21)      

Taking the product 𝜌𝔇 to be constant (= 𝜌𝑠𝔇𝑠) and integrating again, we have 

−
𝑟𝑠

2𝜐𝑠

𝑟2𝔇
 = 𝑙𝑛 (𝑏 − 𝑏𝑠 + 1) + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡             (22)   

Using the boundary condition from Equation (17), we have 

−
𝑟𝑠

2𝜐𝑠

𝑟2𝔇
 = ln (

𝑏∞−𝑏𝑠+1

𝑏−𝑏𝑠+1
)              (23)   

At 𝑟 = 𝑟𝑠, 
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𝑟𝑠𝜐𝑠

𝔇
 = ln [(𝑏∞ − 𝑏𝑠) + 1]                (24)   

The difference 𝑏∞ − 𝑏𝑠 is called the Spalding transfer number B: 

𝐵 ≡  𝑏∞ − 𝑏𝑠  =  
𝑌𝐹𝑠−𝑌𝐹∞

1− 𝑌𝐹𝑠
                (25)   

Substituting Equation (24) in Equation (25), we get 

𝑟𝑠𝜐𝑠  =  𝔇𝑠ln (1 + 𝐵)                 (26)   

The mass flow rate per unit area is usually called 𝐺𝐹: 

𝐺𝐹  ≡  
𝑚𝐹

4𝜋𝑟𝑠
2

̇ =  𝜌𝑠𝜐𝑠                  (27)   

The fuel evaporation-rate expression in Equation (26) can be rearranged as 

𝐺𝐹  ≡  
𝑚𝐹

4𝜋𝑟𝑠
2

̇ =  𝜌𝑠𝔇𝑠
ln (1+𝐵)

𝑟𝑠
                (28)   

To determine the Spalding transfer number B, we must consider the energy equation. �̇� 

= 0 for the case of evaporation. Therefore, Equation (11) becomes 

𝑟𝑠
2𝜌𝑠𝜐𝑠𝐶𝑝

𝑑𝑇

𝑑𝑟
=

𝑑

𝑑𝑟
(𝑟2𝜆

𝑑𝑇

𝑑𝑟
)               (29)   

Integrating the above equation with respect to r, we have 

𝑟𝑠
2𝜌𝑠𝜐𝑠𝐶𝑝𝑇 = (𝑟2𝜆

𝑑𝑇

𝑑𝑟
) + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡               (30)   

The boundary condition at the surface is 

𝜆 (
𝑑𝑇

𝑑𝑟
)

𝑠
=  𝜌𝑠𝜐𝑠∆ℎ𝑣  , 𝑇 (𝑟 = 𝑟𝑠) =  𝑇𝑠             (31) 
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Since the temperature distribution in the droplet is usually quite uniform, conduction 

heat flux below the surface can be neglected. After applying the boundary condition at 

the droplet surface, we have 

𝑟𝑠
2𝜌𝑠𝜐𝑠𝐶𝑝 (𝑇 − 𝑇𝑠 +

∆ℎ𝑣

𝐶𝑝
) = (𝑟2𝜆

𝑑𝑇

𝑑𝑟
)               (32)   

After separating the variables and integrating the above equation, we have 

−
𝑟𝑠

2𝜌𝑠𝜐𝑠𝐶𝑝

𝑟𝜆
= 𝑙𝑛 (𝑇 − 𝑇𝑠 +

∆ℎ𝑣

𝐶𝑝
) + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡             (33)   

Using the boundary condition that 𝑇∞ → 𝑇𝑠 as 𝑟 → ∞, we have 

𝑟𝑠
2𝜌𝑠𝜐𝑠𝐶𝑝

𝑟𝜆
= 𝑙𝑛 (

𝑇∞−𝑇𝑠+∆ℎ𝑣 𝐶𝑝⁄

𝑇−𝑇𝑠+∆ℎ𝑣 𝐶𝑝⁄
)                (34)   

Setting r equal to rs at the surface, we have 

𝑟𝑠𝜌𝑠𝜐𝑠𝐶𝑝

𝜆
= 𝑙𝑛 (

𝐶𝑝 (𝑇∞−𝑇𝑠)

∆ℎ𝑣
+ 1)                (35)   

We know,  𝛼 ≡
𝜆

𝜌𝐶𝑝
 

𝑟𝑠𝜐𝑠 = 𝛼𝑠𝑙𝑛 (1 +
𝐶𝑝 (𝑇∞−𝑇𝑠)

∆ℎ𝑣
)  ≡ 𝛼𝑠ln (1 + 𝐵𝑇)             (36)     

Comparing Equation (36) with Equation (26), we have 

𝑟𝑠𝜐𝑠 = 𝛼𝑠𝑙𝑛 (
𝐶𝑝 (𝑇∞−𝑇𝑠)

∆ℎ𝑣
) + 1 = 𝔇𝑠𝑙𝑛 (1 +  

𝑌𝐹∞−𝑌𝐹𝑠

𝑌𝐹𝑠−1
)          

𝑟𝑠𝜐𝑠 = 𝛼𝑠 ln(1 + 𝐵𝑇) =  𝔇𝑠ln (1 + 𝐵𝑀)              (37)  

If 𝛼𝑠 = 𝔇𝑠 (i.e. Le =1), then 𝐵𝑇 = 𝐵𝑀 

𝐶𝑝 (𝑇∞−𝑇𝑠)

∆ℎ𝑣
=

𝑌𝐹∞−𝑌𝐹𝑠

𝑌𝐹𝑠−1
                 (38) 
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Now, using mass continuity at the droplet surface −𝜌𝑙
𝑑𝑟𝑠

𝑑𝑡
= 𝜌𝑠𝜐𝑠 and rearranging 

equation, we have 

𝑑𝑟𝑠

𝑑𝑡
= −

𝜌𝑠𝔇𝑠

𝜌𝑙𝑟𝑠
ln (1 + 𝐵)                (39)   

After integration and expressing the result in terms of the droplet diameter, we have 

𝐷2 = 𝐷𝑜
2 − [

8𝜌𝑠𝛼𝑠

𝜌𝑙
 ln (1 + 𝐵)] 𝑡               (40)   

Where: 

𝐷0 = initial droplet diameter  

𝑡 = time 

𝛼 = Thermal diffusivity 

Substituting 𝛼 in the equation above, we have 

𝛽 =
8𝜌𝑠𝛼𝑠

𝜌𝑙
 ln (1 + 𝐵) =

8𝜆

𝜌𝑙𝐶𝑝
 ln (1 + 𝐵)              (41)   

where 𝛽 is the evaporation coefficient. 

To calculate B, following equation is used from equation (38): 

𝐵 =  
𝐶𝑝(𝑇∞−𝑇𝑠)

∆ℎ𝑣
  

𝑇𝑠 relation for the droplet is obtained as : 

𝑇𝑠 =  𝑇𝑐𝑜𝑟𝑒 + [(
𝑇∞

𝑇𝑐𝑜𝑟𝑒
) × (2 × √𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 − 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒)]        (42)   

where: 

𝑇∞ = environment temperature 

𝑇𝑠 = droplet surface temperature 

𝑇𝑐𝑜𝑟𝑒 =droplet core temperature 
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The current work parametrically varies ambient temperature and pressure; hence 

correlations were developed for fuel properties based on the experimental data. 𝑇𝑐𝑜𝑟𝑒 is 

the droplet core temperature measured by the thermocouple bead. To get a correlation 

between core temperature and pressure, the core temperature was averaged for each 

pressure case and plotted with pressure and is shown in figure 59.  

 

Figure 59: Averaged core temperature and pressure plot to obtain the correlation between 

pressure and core temperature.  

𝑇𝑐𝑜𝑟𝑒 correlation with pressure can be expressed as:  

𝑇𝑐𝑜𝑟𝑒 = 273.15 − (0.0448 × 𝑃2) + (2.9319 × 𝑃) + 88.69               (43) 

where P is the ambient pressure. 

𝐶𝑝 correlation with surface temperature is obtained as : 
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𝐶𝑝 = (0.0063 × 𝑇𝑠
2) − (2.7519 × 𝑇𝑠) + 2438.6             (44) 

𝜌 relation with surface temperature is obtained as : 

𝜌 = (−1.2816 × 𝑇𝑠) + 1595.7               (45) 

∆ℎ𝑣 relation with pressure and temperature is obtained as  :  

∆ℎ𝑣 = 354059 × [1 − (
𝑃∞

𝑃𝑐𝑟𝑖𝑡
×

𝑇𝑐𝑟𝑖𝑡

𝑇∞
)

3
]

1

2

                (46) 

where: 

𝑃∞ = test pressure/ ambient pressure 

𝑃𝑐𝑟𝑖𝑡 =critical pressure 

𝑇𝑐𝑟𝑖𝑡 = critical temperature 

𝜆 correlation as a function of pressure  and temperature  is obtained as: 

𝜆 =  [(−0.0000002 × 𝑃2) + (0.0003 × 𝑃) + 1.0353] × [(−0.4103 ×
𝑇𝑠

298
) + 1.4103]          (47) 

The lifetime of droplet is given by: 

𝑡 =
𝐷𝑜

2

𝛽
                      (48) 

7.3 Result and Discussion of combustion experiments 

7.3.1 Ignition of formic acid mixed with octanol at different concentration and 

temperature 

The temperature history of 65 % formic acid mixed with 35 % octanol (vol.) at 590 ⁰C 

ambient temperature is shown in Figure 60. The mixture droplet was injected using a 

glass syringe on a k-type bare wire thermocouple bead and had an initial diameter of 0.7 

mm.  The droplet's initial temperature was recorded to be 25 ⁰C before introducing it to 

the test environment. Once the thermocouple was introduced to the hot environment, 

the droplet starts to get heated and vaporizes, reducing the droplet diameter. The 
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sudden temperature rise indicates that ignition has occurred. After the droplet auto-

ignited, a micro explosion was observed for this particular case, after which the mixture 

ignited again. 

 

Figure 60. The temperature profile of 65 vol. % formic acid mixed with 35 vol. % octanol at 590 

⁰C gas temperature and atmospheric pressure.  

Formic acid has an auto-ignition temperature of 520 ⁰C, and hence is difficult to ignite. 

Although the test temperature was set much higher than the auto-ignition temperature 

of formic acid, pure formic did not ignite. When the pure formic acid droplet was 

introduced in the test environment, the droplet size started shrinking because of 

evaporation until it wholly vaporized. Therefore, formic acid was mixed with long-chain 

alcohol, namely octanol, at different concentrations, to observe its igniting probability. 
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The ignition sequence for 70 vol. % formic acid and 30 vol. % octanol at 590 ⁰C 

temperature and 1 bar pressure is shown in Figure 61.  

 

Figure 61. Ignition sequence of 70 vol. % formic acid and 30 vol. % octanol at 590 ⁰C gas 

temperature and atmospheric pressure.   

Figure 62 shows the results for the ignitibility of formic acid when mixed with octanol at 

590 ⁰C temperature for the droplet with a diameter of 0.7 mm at atmospheric pressure.  

These experimentally obtained data were repeated 20 times for each point to 

determine the droplet’s probability to ignite. Pure octanol droplet ignited every time at 

the test condition. With increasing concentration of formic acid in octanol, the droplet's 

probability of igniting slightly decreased, i.e., up to 65 % (vol.) mixtures. However, as the 

concentration of formic acid was more than 70 % (vol.) in the droplet mixture, the 

droplet's probability to ignite decreased significantly. Furthermore, no ignition was 

observed for the droplet mixture consisting of formic acid beyond 90 % (vol.).  
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Figure 62. Ignition probability of formic acid mixed with octanol at different concentrations at 

590 ⁰C temperature and atmospheric pressure. The formic acid and octanol mixtures are less 

susceptible to ignite as formic acid’s concentration goes higher than 60 %. Vol.  

Since pure formic acid did not ignite, the purpose of mixing octanol with formic acid was 

to determine the auto-ignition time of pure formic acid by extrapolation. As shown in 

Figure 63, the droplet's auto-ignition time increased with the increasing amount of 

formic acid in the mixture. Each data point is an average of 20 experiments. A 

polynomial curve is fitted to get an equation, which can be used to extrapolate the auto-

ignition time of pure formic acid for 590 ⁰C temperature at atmospheric pressure.  

𝐴𝐼𝑇 = 3.92 + 0.0141 (𝐹𝐴𝐶) + 5.86 × 10−4(𝐹𝐴𝐶)2                                                         (10)               

Where,  
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AIT = Auto-ignition Time 

FAC = Formic Acid Concentration 

 

Figure 63. Auto-Ignition time of formic acid mixed with octanol at different concentrations at 590 

⁰C temperature and atmospheric pressure. The red dotted line represents the fitting curve to 

extrapolate the auto-ignition time for 100 % formic acid. 

Furthermore, to investigate the effect of temperature on the droplet mixture's auto-

ignition time and the probability to get an ignition, 70 % formic acid was mixed with 30 

% octanol (vol.). This case was chosen because this mixture ignited approximately 60 % 

of the time. The interest lay in observing the effect of temperature, and hence if the 

higher concentration of formic acid and octanol mixture were chosen, it would be 

challenging to study the effect of temperature as most of the time, the mixture would 
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not ignite. Similarly, if the lower concentration of formic acid and octanol mixture were 

chosen, the mixture would ignite most of the time. Figure 64, shows the ignition 

probability and auto-ignition time of the droplet. The plot is divided into two zones, 

ignition and no ignition zone. No ignition was observed for the droplet tested at 450 ⁰C 

and below. Even though octanol's auto-ignition temperature is 245 ⁰C, which is much 

lower than the initial test temperature, the droplet did not auto-ignite. On the other 

hand, the droplet ignited at a temperature above 450 ⁰C. The probability of droplet 

igniting increased with the increasing temperature, whereas the auto-ignition time 

decreased with the increasing temperature.  

 

Figure 64. Auto-ignition time and ignition probability of 70 vol. %  formic acid mixed with 30 vol. 

% octanol at different temperatures and atmospheric pressure. No ignition was observed for 
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temperature below 450 C cases. The auto-ignition time of the mixture got shorter with increasing 

pressure. The mixture was prone to ignite at higher temperatures. 

7.4 Evaporation of formic acid at elevated temperature and pressure 

The experiments are conducting using the CVCC and the schematic and experimental 

details are provided in chapter 2. 

7.4.1 The effect of pressure and temperature on the evaporation of formic acid 

The formic acid droplet with a diameter of approximately 1 mm were tested at 

pressures varying from 5 bar to 20 bar. The test temperature was also varied form 150 

⁰C to 300 ⁰C. The post processed images of evaporation of formic acid droplet at 250 ⁰C 

and 15 bar is shown in Figure 65. Figure 65 shows the complete process form droplet 

injection to droplet evaporation. 

 

Figure 65. The post processed images of evaporation of formic acid droplet at 250 ⁰C and 15 bar. 
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To calculate the size of the droplet as its diameter changes with time, a MATLAB script is 

developed to post process the images. First the original image was cropped focusing on 

the suspended droplet. The cropped image was then converted from RGB to gray and 

then binarized. The black pixel with droplet was counted and subtracted from 

thermocouple pixel count as shown in Fig 65. The area of droplet was achieved in pixels 

which was then converted to mm using the diameter of the thermocouple as a 

reference value. Finally, an area of sphere was used to calculate the diameter of the 

droplet in mm.  

 

Figure 66. The detailed schematic of formic acid droplet diameter calculation. The experimental 

conditions are P = 5 bar and T = 150 o C. 

The temperature profile and D2 plot for evaporation of formic acid at 5 bar pressure and 

150 o C ambient temperature is shown in figure 66. To define the total evaporation time, 

the temperature profile and evaporation images captured at 500 fps are analyzed 

simultaneously. Initially the thermocouple reads a temperature of 150 o C before 
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introducing the droplet on the thermocouple bead. After the formic acid droplet is 

injected, the thermocouple reading decreasing rapidly. As the droplet resides in a water-

cooled chamber before injection, the rapid reduction in temperature is expected. Once 

the needle is retracted into the cooling chamber, the suspended droplet wobbles for 

few seconds before stabilizing on the thermocouple bead. The initial time (t0) for this 

experiment is considered as the point when droplet stabilizes. The slight decrease in the 

temperature reading is observed because of the evaporation of the droplet. The latent 

heat required to evaporate the droplet is consumed from its surroundings, resulting in a 

cooler surrounding temperature. The faster the droplet vaporizes the lower the 

temperature reading is. It is also observed that the droplet is completely consumed 

below 100 o C, which is the boiling point of formic acid. The final time (tf) is considered 

as the point where the droplet is completely consumed, which is indicated by the image 

of thermocouple at the corresponding time (D2=0). Once the droplet is completely 

consumed, the temperature reading gradually increases until it reaches back to 150 o C. 

The total evaporation time of formic acid droplet is considered from droplet 

stabilization point to complete consumption, i.e., to to tf. 
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Figure 67. Defining total evaporation time for formic acid droplet with an initial droplet diameter 

of 1.08 mm tested at 150 o C and 5 bar conditions. The blue line represents the temperature 

profile and the black line represents evaporation rate of the droplet with time. Initial time (to) is 

considered at the point where droplet stabilizes while final time (tf) is considered at the point 

where droplet completely vaporizes.  

The evaporation of formic acid droplet at 150 o C for different pressures is shown in 

figure 67. The droplet diameter size is normalized by initial droplet diameter size for 

relative comparison. The scattered data which appears as a solid line are the data 

obtained experimentally while the dashed line represents the data obtained from D2 

model written in MATLAB. There seems to be a good qualitative agreement between 

the experimental result and model result. The droplet vaporized earlier with the 
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increasing pressure. This is due to the droplet’s increased heat of vaporization with 

increasing pressure which results in requiring less energy for the droplet to vaporize.  

 

Figure 68. Normalized d-square plot to deduce evaporate rate for pure formic acid at 150 o C 

with changing pressure. The black solid line represents the experimental values. The dotted lines 

represent the data set from modeling.  

Towards the later stage of droplet lifetime, a steeper gradient is observed in 

experimental results. To investigate whether this trend is consistent at all temperatures, 

a different plot at 10 bar pressure for varying temperature is plotted and is shown in 

figure 68. Fig. 68 shows the D2 values normalized by initial droplet diameter for varying 

temperature at a fixed pressure of 10 bar. The observation from the previous fig 67, that 

the droplet shows a steeper decline beyond a certain period, is observed in this figure as 

well. However, the observation is more apparent at lower temperature cases, i.e., 150 o 
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C and 200 o C. Hence, the experimental data for each case was divided in two zones. 

Zone 1 follows the model predictions well. The slope of the curve changes significantly 

as the droplet goes from Zone 1 to Zone 2, which is seen to diverge from the model. 

From the starting point to the point where linear line from model starts to diverge from 

the experimental data is considered as Zone 1. And with the end point of zone 1, it 

marks the beginning of zone 2 to the time where the droplet is completely vaporized. To 

further understand the cause of this divergence in experimental data from the linear 

line from model, it was required to consider the temperature profile and the images of 

droplet evaporation with corresponding temperature. One such case is shown in figure 

69. The plots shows the results for experiment conducted at 10 bar pressure and 150 o C 

temperature.   
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Figure 69. Normalized d-square plot to deduce evaporate rate for pure formic acid at 10 bar with 

changing temperature. The black solid line represents the experimental values. The dotted lines 

represent the data set from modeling. For each case, the data has been divided into 2 zones. 

Zone 1 has lower gradient compared to zone 2.  

In fig. 69, D2 is plotted with time. The initial diameter of the droplet is 1.05 mm. The 

black scatter points, which appears as a solid line represents zone 1. The blue scattered 

points represent zone 2 and the blue dotted line represents linear fit for zone 2. The 

black dotted line represents the data from modeling. At first it was hypnotized that the 

steeper slope was cause by the rise in temperature at the onset of zone 2, which then 

increased the evaporation rate. However, after plotting the temperature profile, it can 

be observed the temperature remains almost flat and no increase in temperature is 

indicated at the beginning of zone 2. This implies that the change in steeper slope is not 

caused by temperature but by some other factor. After analyzing the images of the 

droplet for the corresponding temperature and time, it was noted that the shape and 

size of the droplet changed from almost spherical to almost cylindrical. At the beginning 

of zone 2, only a thin layer of formic acid remains on the thermocouple increasing it 

surface area. Hence, a higher surface area results in faster droplet evaporation in Zone 

2, resulting in the steeper gradient observed in this and previous figures. Since the 

model only accounts for a perfect spherical droplet with no gravity affect, this trend is 

not observed in the model.  The observation remains consistent over all the operating 

points considered in this study, i.e., the steeper decline in droplet diameter occurs at 

the point of complete loss of sphericity of the droplet.  
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Figure 70. D 2 plot at 10 bar pressure and 150 o C temperature with initial droplet diameter of 

1.05 mm. The red line indicates the temperature profile, black solid line represent the 

experimental data for Zone 1, solid blue line represent the experimental data for zone 2, blue 

dotted line represent the liner fit for zone 2 and black dotted line represent the modeling data. 

From the starting time to the point where linear line from model starts to diverge from the 

experimental data is considered as Zone 1. And with the end point of zone 1, it marks the 

beginning of zone 2 to the time where the droplet is completely vaporized.   

The total evaporation time from experiment and model are shown in figure 70. The 

dotted lines indicate data from modeling. The result from both the experiment and 

modeling exhibits similar trend. The pressure effect is apparent at lower temperature 

and there is clear distinction in the total evaporation time. However, this effect of 

pressure diminishes for temperatures above 200 o C and the total evaporation time 

shows asymptotic behavior. The difference in total evaporation time between the 
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model and experimental data can be explained from previous figs. The evaporation rate 

is steeper in zone 2 for the experimental case, which is not captured in model. This leads 

to an overpredicts in the total evaporation time by the model. Nevertheless, the trend 

from model and experiment are consistent.  

 

Figure 71. The normalized total evaporation time of pure formic acid droplet measured at 

different pressures and temperatures cases. The total evaporation time is divided by the initial 

d0
2 for relative comparison. The solid line shows the trend for experimental cases while the 

dotted lines shows the trend for modeling cases. 
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7.5 Conclusions 

Experiments were conducted in two different style of setups. The CVCC was used to 

investigate the evaporation rate of formic acid at elevated temperatures and pressures. 

While the high temperature suspended droplet rig was used to investigate the ignition 

characteristics of formic acid.  

The pure formic acid is extremely difficult to auto-ignite, even at high temperature (300 

⁰C) and high pressure (20 bar) conditions. The effect of pressure and temperature was 

investigated, and it was observed that the effect of temperature showed a significant 

contribution in faster evaporation. In addition, the normalized d-square plot exhibited 

the presence of two zones for each case. Zone 1, which is the initial phase showed 

slower evaporation rate compared to zone 2, which is the later phase. Also, the 

evaporation rate increased rapidly with the increasing temperature.  

To investigate the auto-ignition time for formic acid, it was mixed with a long chain 

alcohol, namely octanol, at different concentrations. As the volume of formic acid was 

increased in octanol, the droplet’s auto-igniting probability slight decreased, i.e., up to 

65 vol. % of formic acid. However, addition of formic acid in octanol for higher than 70 

vol. % significantly decreased the probability of the mixture to ignite. Furthermore, the 

mixture consisting of formic acid beyond 90 vol. % did not ignite.  

To investigate the effect of temperature, 70 vol. % formic acid was mixed with 30 vol. % 

octanol. No ignition was observed for the cases where temperature was below 450 ⁰C. 

And with the increasing temperature, the probability of the mixture droplet to ignite 
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increased as well.  For any tested cases, the pure formic acid did not auto-ignite and 

hence a polynomial equation is proposed to extrapolate the auto-ignition time of pure 

formic acid. The equation is as follows: 𝐴𝐼𝑇 = 3.92 + 0.0141 (𝐹𝐴𝐶) + 5.86 ×

10−4(𝐹𝐴𝐶)2. 
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Chapter 8: Concluding Remarks 

8.1 Discussion and conclusion 

A constant volume combustion chamber with a volume of 4 liters is designed, built and 

assembled to study whether the lubricating oil causes pre-ignition or not. The vessel has 

a pressure rating of 70 bar at room temperature. The vessel is capable of operating up 

to 500 ⁰C temperature. It is equipped with optical windows to allow various diagnostics. 

A sophistically engineered droplet generator is incorporated in the vessel to generate a 

controlled single droplet of any fuel/mixture. The fuel/mixture injection is executed 

using a syringe pump that can operate at high pressures. The droplet generator includes 

the cooling system to avoid the fuel/mixture vaporization before being introduced to 

the suspended thermocouple bead.  

To meet the first objective of this study, i.e., to investigate the role of metal additives in 

lubricating oil causing pre-ignition event, a commercially available engine oil (SAE Grade 

15W-40) was tested in the vessel to understand its ignition characteristics. The engine 

oil ignited every time when the pressure was set at 6 bar or higher at 300 C gas 

temperature. However, the ignition of engine oil droplet was intermittent for pressure 

below 5 bar.  

Hexadecane (C16H34) was used as a surrogate fuel for the engine oil as they have similar 

ignition characteristics. It ignited every time for pressures lower than 5 bar as well. The 

time of ignition for hexadecane was significantly shorter compared to that of engine oil. 
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Since, the additives were added to hexadecane, it was used as a baseline for this study 

for comparison purposes. Magnesium (5 wt. %) additive mixed with hexadecane showed 

similar ignition behavior with that of pure hexadecane. Hence, it was concluded that the 

addition of magnesium has no effect on either suppressing or enhancing the pre-ignition 

event. For the next test, phosphate was mixed with hexadecane at 5 vol. % and 10 vol. % 

to investigate its effect on the pre-ignition. The time of ignition for phosphate mixed 

with hexadecane was much longer compared to pure hexadecane. Hence, it can be 

concluded that the addition of phosphate suppresses the chance of getting a pre-

ignition event. To further explore the effect of metal additives on pre-ignition, calcium 

(1 wt.%) was added to hexadecane. The mixture ignited relatively faster compared to 

the pure hexadecane. Therefore, it can be concluded that the addition of calcium does 

enhance the chance of getting a pre-ignition event.  

As one of the causes of pre-ignition is due to the interaction between lubrication oil on 

the cylinder wall and fuel mixture, hexadecane was mixed with different fuels, varying 

the RON at different concentrations. The mixtures were tested at 300 ⁰C gas 

temperature and pressures ranging from 4 bar to 22 bar. The fuel of interest were 

PRF91, PRF95, FACE-I, and toluene. The TI of all these mixtures at concentrations were 

observed to be longer with increasing RON compared to pure hexadecane. The TI of PRF 

fuels increased with their increasing concentration in hexadecane until it reached its 

maxima after which the further addition of the fuel showed a gradual drop in TI. The 

maximum TI was observed at 25 vol. % of PRF concentration in 75 vol. % of hexadecane. 
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For toluene, even an addition of 5 vol. % showed a significant delay in TI. However, the 

higher percentage of toluene in hexadecane showed only a slight increase in TI. Hence, 

as little as vol.% of toluene in hexadecane can play a significant role in getting longer TI. 

FACE-I fuel showed a constant TI with increasing concentration. At pressures higher than 

16 bar, these fuel mixtures showed an asymptotic behavior for TI. On the contrary, an 

increase in TI was observed for pressures lower than 10 bar. Finally, an equation, TI = 

2.5 * Exp[0.014 (RON – 10P)] was proposed to predict of any mixtures with given RON 

and pressure for 75 vol. % hexadecane mixed with 25 vol.% fuel mixture.  

From the previous set of experiments, it was determined that the TI for the hexadecane 

and PRF mixtures showed maximum TI at 25 vol. % concentration of PRF fuel in 

hexadecane. To further investigate the reasoning behind this trend, A set of PRF sweep 

experiments were conducted. PRF0, PRF20, PRF50, PRF80, and PRF100 were blended 

with hexadecane at different concentrations. PRF0, PRF20, PRF50, and PRF80 mixtures 

in hexadecane showed similar trend in TI. The TI for these mixtures initially increased 

until 25 vol.% concentration of PRF fuels and further addition of fuels with 35 vol. % and 

higher concentration showed a gradual decrease. However, for PRF100, TI increased 

with the increasing concentration of PRF100 in hexadecane (even at 35 vol.% and 

higher).  Since PRF100 doesn’t contain n-heptane and rest of the mixtures does, the 

shorter TI for mixtures with 35 vol. % and 45 vol. % concentration is attributed to n-

heptane. It was also observed that the TI was longer with increasing RON, as fuels with 

higher RON are difficult to auto-ignite. Although TI gets longer as the RON of the 
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mixture gets higher, the physical properties of the fuel mixture play an important role. 

PRF 80 has a RON of 80, yet the higher concentration of this fuel in hexadecane yielded 

shorter TI. 

The obtained results form this study can be explained by funamentally exploring the 

combustion process. The effect of temperature was more apparent compared to 

pressure because the viscosity and conductivity are temperature dependent and not 

pressure dependent. Also, the critical pressure can be expressed as a function of critical 

temperature and hence, the auto-ignition temperature of the fuel decreases with 

increasing pressure. It is also worth noting that the flammability limits / flammable 

equivalence ratio grows wider with the increasing temperature and pressure and hence 

is easy to ignite at higher temperature and pressure conditions. The cases where a 

single droplet ignited, the ignition was triggered bt the hot vapor/air mixture 

surrounding the droplet. The flmae then established in the stoichiometric region around 

the droplet and accelerates the droplet evaporation rate due to heat transfer from the 

flame to the surface of the droplet.  

Lastly, a study was conducted to investigate the ignition characteristics of formic acid 

using the PI vessel. Formic acid did not ignite at the 300 ⁰C gas temperature and 20 bar 

pressure. Hence, the PI vessel was used to get the evaporation characteristics. The gas 

temperature was varied from 150 ⁰C to 300 ⁰C and the pressure was varied from 5 bar 

to 20 bar. The effect of temperature was significant compared to pressure in getting 

faster evaporation of formic acid. The normalized d-square plot exhibited the presence 
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of 2 zone for evaporation rate. Zone 1 represent the slope from the initial time to some 

x time. Whereas zone 2 represents the slope for x time to final time. The evaporated 

rate for zone 2 was relatively faster compared to zone 1.  

Due to the pressure and temperature limitation of the vessel, it was not possible to get 

an ignition from the PI vessel. Hence, another experimental set-up was used to 

investigate the ignition of formic acid. Even though the gas temperature was set higher 

than the auto-ignition temperature of formic acid, it did not ignite. Under these 

circumstances, a long chain alcohol namely octanol was mixed with formic acid to get an 

ignition. Formic acid and octanol were mixed at different concentration and tested at 

varying temperature and atmospheric pressure conditions. The probability of the 

mixture droplet to ignite up-to 65 vol. % of formic acid in octanol was high. However, 70 

vol.% and higher concentration of formic acid in octanol significantly decreased the 

probability of the mixture to ignite. Furthermore, mixtures with 90 vol. % and higher 

volume of formic acid in octanol did not ignite at all. The mixture consisting of 70 vol. % 

formic acid and octanol ignited about 50 % of the them and hence was chosen to test 

the temperature effect on the mixture droplet. No ignition was observed for the 

temperature below 450 ⁰C. The probability for the mixture to ignite increased with 

increasing temperature (higher than 450 ⁰C). And finally, an equation, 𝐴𝐼𝑇 = 3.92 +

0.0141 (𝐹𝐴𝐶) + 5.86 × 10−4(𝐹𝐴𝐶)2 was formulated to predict the ignition time of pure formic 

acid.  
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8.2 Limitations 

Since the constant volume combustion chamber has to be operated in a safe 

environment, the maximum allowable initial temperature and pressure are 300 ⁰C and 

30 bar respectively for the non-combustion cases. Also, the vessel is well designed to 

conduct combustible experiment, but the maximum allowable initial pressure is 5 bar 

only. Although the data generated from the vessel are repeatable, the results presented 

in this study are not standardized value but are rather apparatus specific values and 

these data can only be used as a reference. However, the trend obtained using PI vessel 

and other apparatus should be the same.  

8.3 Potential future works 

The vessel is designed to with stand high pressure and has potential to conduct 

combustible experiments. Since it allows the flexibility of controlling one parameter at a 

time, the affect of equivalence ratio on the droplet ignition can be further explored. It is 

equipped with optical access and hence additional optical diagnostics can be performed, 

such as schlieren and OH* chemiluminescence. Hence flame propagation via droplet 

ignition could be studied with implementation of advanced optical diagnostics.  

Since it is a custom-built vessel, the materials used in the vessel could be easily replaced 

with new ones which allows it to test any type of fuels (e.g. formic acid) that cannot be 

tested in a standardized set-up such as IQT and test engines. The vessel has the 
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potential to study micro-explosion of a single droplet of any mixtures of fuels at 

elevated temperature and pressure as well. 

Currently the vessel can be heated to a maximum temperature of 400 ֯ C at atmospheric 

pressure which limits it to test fuels that are difficult to ignite. However, with a slight 

modification in the vessel by installing a hot plate inside the vessel, it has the potential 

to study the single droplet ignition of fuels with very auto-ignition temperatures (e.g. 

heavy fuel oil) at elevated pressure conditions.  

Lastly, the role of turbulence in causing the pre-ignition event can be studied in isobaric 

condition by using high flow rate of air to produce turbulence around the droplet.  
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