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a b s t r a c t 

The use of liquid fuels in internal combustion engines is still prevalent in society because of their high 

energy density, ease of handling, and matured engine technology. Along with other power generation 

sectors, the transport sector faces the need to reduce emissions such as soot. One option to address this 

is to use oxygen-bearing fuels. The presence of oxygenated compounds in fuels have the potential to re- 

duce soot emissions in heavy duty diesel engines and various power generation sectors. Understanding 

the fundamental combustion and sooting characteristics of oxygenated compounds at high pressures is 

essential for the development of future low sooting fuels. In this work, four oxygenated compounds be- 

longing to the C8 functional group were deployed along with normal dodecane and isododecane to form 

ternary blends having the same oxygen content, of 2.5% by mass, and a matching cetane number of 52. 

The blends were injected at a high pressure into controlled high pressure, high temperature conditions 

in a constant volume chamber. The flame and the soot natural luminosity were investigated with high- 

speed diagnostics. The results revealed that the blends delayed the onset of the first appearance of soot. 

The presence of oxygenates increased the soot lift-off length by 40%, hindered the formation of soot by 

up to 55%, and enhanced the oxidation by up to 10%, all relative to diesel. The sooting tendency of the 

oxygenated blends increased in the order of ketone ≈ alcohol < ester < aldehyde < diesel. The difference 

between the sooting tendencies of the oxygenates was smaller than those between the oxygenates and 

diesel, showing that soot reduction was mostly due to oxygen content and dilution effects. However, the 

small differences observed between the oxygenates indicates that the moiety does have an effect on soot 

reduction—but to a lesser extent than dilution and oxygen effects. 

© 2021 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Liquid fuels have high energy densities and they are relatively 

asy to store and handle; hence they suit the current fleet of en- 

ines, which have been optimised for their use [1] . Internal com- 

ustion engines (ICEs) that utilise liquid fuels are prevalent in so- 

iety, and they are well suited for demanding applications such 

s heavy duty, off-road, maritime, aviation, and military. Despite 

heir high thermal efficiency and power output, the in-cylinder 

roduction of emissions from the combustion process of traditional 

ydrocarbon fuels is under scrutiny, and ways are continuously 

ought to reduce the in-cylinder formation of pollutants [1] . One 

mission of concern is soot, which not only reduces the combus- 
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ion efficiency but also affects the environment [ 2 , 3 ]. Engine-out 

oot emissions affect adversely the environment, but in modern 

ngines this can be taken care of by the use of aftertreatment sys- 

ems. However, addition of aftertreatment systems to reduce NOx 

nd soot emissions can incur fuel penalties and carbon emissions; 

ence there is a greater need to understand and minimise soot for- 

ation from in-cylinder processes. A promising strategy for the re- 

uction of emissions in current engine infrastructures is to design 

uture fuels with appropriate C/H/O content having optimal ther- 

al, physical, and chemical properties [4–8] . 

The presence of oxygen in hydrocarbon fuels has the potential 

o alter the reaction pathways leading to the formation of soot and 

hose enhancing its oxidation [4–8] . To facilitate the implementa- 

ion of oxygenated fuels in current engine technology, oxygenates 

ust be evaluated and blended with a base fuel at an optimum 

oncentration. Several works have focused on studying the soot- 
stitute. This is an open access article under the CC BY license 
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(  
ng properties of blends containing short carbon-chain oxygenated 

ompounds such as ethanol, butanol, dimethyl ether (DME), ace- 

one, and pentanone amongst others [ 5 , 9–11 ]. However, the ther- 

al, physical, and chemical properties of short carbon-chain oxy- 

enates are very different from those of diesel. Limited works have 

een performed under engine-like conditions to explore the com- 

ustion of long carbon-chain oxygenates, which tend to have simi- 

ar properties to those of diesel and show potential to reduce soot 

12] . 

The combustion of neat di-n–butyl–ether (DNBE) and octanol 

as studied in a single-cylinder engine in [6] , where it was shown 

hat DNBE has a shorter ignition delay than octanol. Even though 

oth oxygenates have the same amount of oxygen content, their 

hemical structure is different, and this affected the combustion 

rocess, which led DNBE to produce lower hydrocarbon emissions. 

ther emissions such as CO and NO x were also studied in their 

ork. For CO emissions, an inverse correlation with the fuel cetane 

umber (CN) was proposed, whereas for NO x , no significant dif- 

erences were reported. Numerical investigations have been per- 

ormed in [5] to study the effect of oxygenated compounds such as 

ri-propylene glycol methyl ether, dimethyl ether, and methyl de- 

anoate on combustion and soot emissions in high pressure sprays 

rom a single hole nozzle under engine operating conditions. It 

as shown that the fuel molecular structure can alter soot for- 

ation, and that with an increase in oxygen content the forma- 

ion of soot precursors can be reduced. In [12] and [13] , the soot

nd combustion characteristics of four different oxygenates with a 

8 carbon-chain were studied under high ambient temperatures. It 

as shown that all oxygenates reduced soot emissions relative to 

iesel whilst maintaining a similar flame temperature. It was also 

hown that soot reduction was partly controlled by dilution effects, 

aused by the absence of aromatics and long carbon-chain aliphat- 

cs. Oxygen content and, to a lesser extent, the chemical effect of 

ifferent oxygenate moieties, also played a role in soot reduction. 

hus, these effects must also be considered when looking at the 

echanisms behind soot reduction of oxygenates. 

Whilst studies on the combustion of neat oxygenates are 

eeded to build a database on their properties and to understand 

he fundamental mechanisms underlying soot reduction, to reap 

he benefits of soot reduction with the current engine technology 

n a short- to mid-term basis, a gradual introduction of oxygenates 

s part of a blend is required. Studying the combustion properties 

f oxygenates in a blend is thus essential to determine the extent 

f their soot reduction capabilities and the mechanisms through 

hich this is achieved. Few studies have been performed to ex- 

lore the combustion properties of long carbon-chain oxygenate 

lends in open flames, shock tubes, constant volume chambers, or 

n engines [14–18] . Some make use of the Oxygen Extended Soot- 

ng Index (OESI) to quantify the sooting tendency when testing 

sing smoke point measurements, which accounts for the oxygen 

ontent in the oxygenated fuels studied, as presented and detailed 

n [18] . For example, the sooting propensity of C4 and C5 oxy- 

enates have been studied in turbulent diffusion flames by blend- 

ng them with a diesel surrogate [14] . Based on their measured 

ooting index, it was shown in [14] that oxygen moieties have an 

ffect on sooting propensity, with an increase in the order of es- 

ers < aldehydes < ketones < alcohols. It was also shown that the 

osition of oxygen in the fuel structure influenced the production 

f soot, and that moving the moiety towards the centre of the fuel 

tructure limited the formation of soot. 

In [15] , a combination of in-cylinder imaging and exhaust soot 

easurements were used to determine the sooting propensity of 

lends of synthetic diesel with dibutyl maleate, cyclohexanone, 

nd anisole, all having a 9% oxygen content. Their optical en- 

ine studies revealed that both pre-mixing and chemical compo- 

ition influenced the formation of soot, and that a longer pre- 
2 
ixing time normally favours a reduction in soot. Studies in en- 

ines with diesel-oxygenate blends using oxygenates such as C8 

nd C10 alcohols, rapeseed methyl ester (RME), ethanol, diglyme, 

imethoxymethane, and several esters also show potential in terms 

f soot reduction without a significant compromise in engine per- 

ormance [ 16 , 17 ]. 

The soot reduction potential of oxygenates has been demon- 

trated in numerous works, either as neat fuels or as part of a 

lend; not many of them have focused on systematic matching of 

he cetane number of fuel blends containing different oxygen moi- 

ties whilst maintaining the same percentage of oxygen content. 

his kind of systematic investigation is presented in this work, and 

t allowed to determine to what extent the effect of pre-mixing, 

xygen content, and chemical moiety affect the sooting propen- 

ity of the oxygenates. Furthermore, experimental works that pro- 

ide spatio-temporal information on the development of soot in 

igh pressure spray flames are limited for these types of fuel blend 

ompositions (long carbon-chain oxygenate blends with matching 

etane number and oxygen content), and they are needed to un- 

erstand the fundamentals of the processes of potential drop-in 

uels. These experimental data could also be useful for developing 

hemical kinetic models concerned with soot processes for com- 

lex fuel blends. 

This work investigates the combustion and sooting character- 

stics of four long carbon-chain oxygenated compounds, namely, 

-octanol, 2-octanone, hexyl acetate, and octanal, as part of 

ernary blends with two base compounds: isododecane (2,2,4,6,6- 

entamethylheptane) and n-dodecane. These oxygenates were se- 

ected because of their potential to reduce soot as neat com- 

onents [ 6 , 12 , 13 , 19 , 20 ], because of their similar thermo-physical

roperties to diesel, and because of their potential to be manu- 

actured sustainably [21–23] . All blends were designed to have the 

ame cetane number (CN) and oxygen content and were studied 

nder ambient temperatures and pressures typical of engine-like 

onditions. Natural soot luminosity (NL) was acquired at a high- 

peed to understand the combustion behaviour of these blends and 

o elucidate the extent of soot reduction of different moieties in 

 ternary blend. In addition to soot, one could also wonder what 

mpact fuelling with oxygenates might have on other emissions, 

or example on NO x . Whilst some studies have shown that under 

pecific engine conditions it is possible to keep NO x levels within 

egulation limits when using oxygenates [6] , because of its depen- 

ence on other properties such as flame temperature and exhaust 

as recirculation (EGR), other emissions must be tested for specifi- 

ally. In this work, we focus on the combustion characteristics and 

evelopment of soot. Other emissions are not within the scope of 

his study but could certainly be an interesting area of work for 

uture research. 

The paper is organised as follows: in Section 2 , the fuels, set- 

p, and procedures used are described; in Section 3 , the results 

nd discussions are presented, divided into four subsections: the 

rst one discusses the combustion characteristics of the blends, the 

econd one the interpretation of the natural luminosity, the third 

ne quantitatively analyses the sooting trends for the full combus- 

ion event, and finally the fourth one looks at mechanisms that are 

esponsible for the observed trends; in Section 4 , the conclusions 

nd findings of this work are summarised. 

. Experiments and diagnostics 

.1. Fuels 

Four different oxygenated compounds were tested in ternary 

lends to understand how soot propensity changes with dif- 

erent moieties. The oxygenated compounds studied, 1-octanol 

C H O), 2-octanone (C H O), hexyl acetate (C H O ), and oc-
8 18 8 16 8 16 2 
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Table 1 

Blending ratios by volume of the oxygenates, isododecane, and n-dodecane. Blends all have a matching derived cetane number of 52 and a fixed oxygen content of 2.5% by 

mass. 

Oxygenate Oxygenate 

concentration (v/v%) 

N-dodecane 

concentration (v/v%) 

Isododecane 

concentration (v/v%) 

Blend abbreviation 

1-octanol 19 46 35 BOL 

2-octanone 19 42 39 BONE 

hexyl acetate 10 47 43 BHA 

octanal 19 30 51 BAL 

Fig. 1. Chemical structure of the components used as part of the ternary blends. 

a) 1-octanol, b) 2-octanone, c) hexyl acetate, d) octanal, e) n-dodecane, f) isodode- 

cane. 

Table 2 

Measured and calculated physical properties for the blends studied in this work. For 

the values measured, the density was obtained at 15 °C and the viscosity at 40 °C. 
[a] Calculated as an approximation, [b] [24] , [ c ] Measured, [ d ] EN590 specifications. 

Fuel Lower Calorific 

Value (MJ/kg) 

Density (kg/m 

3 ) Viscosity (cST) 

BOL 44 [a] 766 [c] 1.7 [c] 

BONE 44 [a] 764 [c] 1.2 [c] 

BHA 44 [a] 763 [c] 1.3 [c] 

BAL 44 [a] 765 [c] 1.3 [c] 

Diesel 43 [b] 820–845 [d] 2–4.5 [d] 
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Fig. 2. Set-up used to collect the data. Fuels were injected into the controlled am- 

bient conditions of the constant volume chamber and the data were recorded using 

high-speed imaging. Note that in the actual set-up all six holes in the injector point 

out radially. 
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anal (C 8 H 16 O), have a carbon backbone chain of eight but different 

olecular structures, as shown in Fig. 1 . 

All the oxygenates were blended with isododecane (2,2,4,6,6- 

entamethylheptane) and n-dodecane to obtain a derived cetane 

umber (DCN) of 52 and a mass oxygen content of 2.5%. This DCN 

losely resembles that of EN590 diesel (as used in this work) based 

n the ASTM D7668. The blending ratios by volume can be seen 

n Table 1 , and the oxygenated blends have been named: BOL (1- 

ctanol blend), BONE (2-octanone blend), BAL (octanal blend), and 

HA (hexyl acetate blend). The uncertainty in the mixture com- 

osition due to blending remained within 10% of the reported val- 

es. The blending ratios were obtained by testing different mixture 

ompositions following the standard IQT, for which details can be 

ound in the standard ASTM D6890. Diesel was used as reference 

uel for a relative comparison with the oxygenated blends. Table 2 

hows the physical properties obtained for the blends. The lower 

alorific values (LCVs) were computed on an additive basis, the 

ensities were measured using the standard ISO 12185 method, 

nd the viscosities were measured using the standard ISO 3104 

ethod. For diesel, the values of these properties were obtained 

rom the stated references in literature. 
3 
.2. Experimental set-up and diagnostics 

A diagram of the set-up used in this work is presented in 

ig. 2 . The sooting propensity of the ternary blends and diesel were 

valuated by injecting the fuels at 700 bar into a constant volume 

hamber (CVC) using a solenoid-actuated, six hole, multi-hole in- 

ector. The CVC was pressurised and heated to engine-like condi- 

ions through chemical preheating. This was achieved by filling the 

hamber with C 2 H 2 and igniting the mixture with a spark plug. 

fter ignition, both temperature and pressure rise, and thereafter 

xperience a decay. The fuel injection was triggered at the desired 

emperature and pressure during this decay. This procedure was 

utomated, and it was controlled and monitored by a synchronisa- 

ion system. The ambient oxygen concentration, pressure, and tem- 

erature in the CVC at the time of injection were 10%, 25 bar, and 

40 K, respectively. This relatively low ambient oxygen concentra- 

ion resembles high EGR conditions in an engine. The repeatabil- 

ty of the ambient conditions in the chamber after chemical pre- 

eating was of 98%. The fuel injection duration was maintained at 

.5 ms and the energy content of the fuels were comparable. This 

imilarity in LCVs between the blends tested and diesel could be 

eneficial in terms of fuel efficiency. From Table 2 , it can be seen

hat diesel’s density is slightly larger than for the blends, which 

ould raise questions about differences in fuel injected. It is noted 

rom simple physical correlations that, provided the nozzle size 

nd pressure drop remain unchanged (as in this work), the the- 

retical mass flow rate is proportional to the square root of the 

ensity. Thus, the overall mass difference between diesel and the 

lends will be within 3%, which is not expected to have a signifi- 

ant impact on the sooting trends. 

The CVC has two optical accesses, one by the side and one 

t the bottom. The side window allowed for illumination of the 

prays using a high-power green LED, which was useful to sepa- 

ate the sprays from the flame during post-processing. Below the 

ottom window, a mirror was placed to image the combustion 

vent onto the high-speed CMOS camera. The camera was oper- 

ted at 19,200 frames per second (fps), with an imaging area of 

96 × 792 pixels 2 , and a resolution of 109 μm per pixel. The ex- 
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Fig. 3. Average start of combustion (SOC) considered as the first time that soot ap- 

pears aSOI. Soot normally appears as random pockets that quench rapidly. Injection 

duration for all fuels was 1.5 ms. Error bars cover two standard deviations from the 

mean. 
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osure time was set at 7.5 μs. These settings enabled capturing 

f the natural luminosity signal of the low sooting fuels whilst 

voiding saturation of the camera when combusting high sooting 

uels. Saturation of the camera occurs when the pixel charge has 

eached its maximum value, for example when a flame region is 

ery sooty and produces high intensity values. Though camera sat- 

ration was avoided by optimising the set-up, some high intensity 

egions were still observed for a small percentage of the flame. It 

as important to quantify these saturation regions to characterise 

he related uncertainties, as these are regions that are potentially 

roducing more soot than that captured by the detection system. 

n this work, on average, the maximum percentage of the flame 

hat showed saturated values did not exceed ~ 2% for diesel and ~

.3% for the oxygenates. 

. Results and discussion 

The results and discussion section has been divided into four 

arts. In the first part, Section 3.1 , combustion characteristics such 

s the start of combustion (SOC) based on the first appearance 

f soot luminosity; the soot lift-off length (sLOL); and the end of 

ombustion (EOC) based on the last appearance of a soot cloud, 

ave been characterised for the different fuels. In the second part, 

ection 3.2 , the interpretation of the signal obtained from soot 

atural luminosity is discussed. In the third part, Section 3.3 , the 

patio-temporal development of soot from inception to oxidation is 

iscussed for the different blends. Finally, in Section 3.4 , hypothe- 

es on possible chemical pathways that might have resulted in the 

ifferent trends observed in Section 3.3 are investigated. 

.1. Combustion characteristics 

The first appearance of soot averaged over all the injections per- 

ormed for diesel and the blends studied is shown in Fig. 3 . In this

ork, the start of combustion (SOC) was considered to be the time 

nstant at which the local soot luminosity was first visualised as 

ockets of soot, as shown in Fig. 4 . These pockets of soot formed

efore soot had time to stabilise, when the local conditions in the 

hamber were reactive enough to promote the formation of soot. 

he local mixing regions at the periphery of the spray are sensi- 

ive to ambient conditions, and the reactivity of the mixture is in- 

uenced by the chemical composition and the local temperature. 

hese pockets were observed to be transient and appeared rela- 

ively close to the injector, where the head vortex and recirculation 

ones are prevalent during the early injection stages. In some in- 

tances, these local soot pockets quenched as the spray combustion 
4 
eveloped. It is noted that the SOC used in this work reflects how 

ong it takes for any point in the mixture to be sufficiently reactive 

o form soot. This mostly occurred simultaneously in more than 

ne spray, and the occurrence of soot in any of the remaining non- 

ooting sprays followed shortly after. For diesel, these local pockets 

ere found to be closer to the nozzle than for the other fuels, and 

lso appeared relatively earlier, at ~ 450 μs aSOI. This was followed 

y BAL, BHA, BOL, and BONE, taking ~ 620 μs, ~ 625 μs, ~ 630 μs, 

nd ~ 715 μs, respectively. All oxygenated blends showed a delayed 

OC relative to diesel, which indicates that soot-forming conditions 

nd reactions were slightly retarded for the blends for the consid- 

red ambient condition. The differences in oxygenate moieties did 

ot seem to have a major effect on fuel cracking, hence the differ- 

nce in SOC remained within a standard deviation of one another. 

The soot lift-off length (sLOL) is the distance from the nozzle tip 

o the most upstream location of soot in the spray flames, where 

oot reactions have stabilised. The sLOL was averaged for all the 

ix sprays over the stable period for the seven injection events 

erformed for diesel and for each blend, as shown in Fig. 5 . Rela-

ive to diesel, all blends increased the sLOL by approximately 40%, 

ndicating that the oxygenates present in the blend delayed the 

nset of soot formation and pushed soot to a more downstream 

ocation. Dilution effects (i.e., replacement of highly sooting com- 

onents such as aromatics, by lower sooting components such as 

inear or branched alkanes) and oxygen effects seemed to play a 

ore important role on soot stabilisation than pre-mixing effects. 

his is because even though all fuels had a similar CN, including 

iesel, all oxygenated blends showed a longer sLOL. This also indi- 

ates that the oxygenated blends tend to soot less than diesel from 

he very early reaction stages. A longer sLOL can also have an im- 

ortant implication on oxidation processes, as soot will have less 

ime to accumulate and grow, meaning that there can potentially 

e less amount to oxidise. Fast oxidation reactions are important 

o improve soot burn-out, to enhance combustion efficiency, and 

o reduce engine-out soot emissions. 

Relative to diesel, dilution effects had an important influence in 

elaying the sLOL for the blends. When comparing the sLOL be- 

ween the different oxygenated blends, the effect of oxygen con- 

ent on soot stabilisation seemed to be greater than the effect of 

ifferent functional groups. As shown in Fig. 5 , for the same oxygen 

ontent, the differences in sLOL were larger between diesel and the 

lends than between the blends themselves, which showed no sta- 

istically significant differences. It is also interesting to note that 

he standard deviation of the average sLOL value was slightly larger 

or all oxygenates than for diesel, with variations between 6% and 

0% for the former, and 4% for the latter. The presence of oxygen 

n the fuels not only delayed the onset of soot-forming reactions, 

ut also increased the spatial range where soot could stabilise. 

The presence of fuel-bound oxygen influences the rate of com- 

ustion, and this can be explored by characterising the end of com- 

ustion using the high-speed camera data. The end of combustion 

EOC) is a useful parameter that indicates the oxidation propen- 

ity of each fuel, and it also provides quantitative information on 

imescales for complete oxidation, Fig. 6 . The EOC was determined 

rom the high-speed data, and is defined in this work as the point 

n time when the soot from the main combustion event has fully 

xidised (excluding soot from EOI expulsions). For the similar in- 

ection timings studied, the average values of the EOC for the oxy- 

enates did not vary significantly and remained mostly within a 

D. However, on average, the soot produced from combustion of 

he oxygenated blends oxidised ~ 10% faster than for diesel. This 

hows that the oxygen content and dilution effects have a stronger 

nfluence than the effect of the moiety itself, not only on the for- 

ation of soot but also on its oxidation. With respect to diesel, 

he slightly faster soot oxidation observed for the oxygenates could 

e associated with the initially reduced amount of soot that was 
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Fig. 4. First appearance of soot pockets for the different fuels studied. Image brightness and contrast have been enhanced for ease of visualisation. The arrows mark the first 

appearance of soot pockets and the red cross the location of the nozzle. From left to right: diesel at 468 μs aSOI, BOL at 624 μs aSOI, BONE at 728 μs aSOI, BHA at 676 μs 

aSOI, and BAL at 676 μs aSOI. 

Fig. 5. Soot lift-off length averaged over the six sprays imaged. The error bars rep- 

resent two standard deviations from the mean. 

Fig. 6. Average end of combustion (EOC), when the last soot cloud was observed. 

Error bars cover two standard deviations from the mean. 
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Fig. 7. Adiabatic flame temperature for the different fuels studied in this work, ob- 

tained from simulations made using the chemical equilibrium program Gaseq. 
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ormed, along with a faster oxidative reactivity of the formed soot. 

he earlier EOC and shorter combustion duration for the blends 

an be advantageous in engine applications, as soot can potentially 

xidise before the charge exits the engine. From the SOC and EOC 

esults, the oxygenates showed a stronger effect on delaying the 

OC than on advancing the EOC, which implies they had a larger 

ffect on delaying the formation of the initial soot pockets during 

arly combustion stages than on enhancing the oxidation of the fi- 

al soot pockets during the end of combustion. 

.2. Natural soot luminosity and flame temperature 

The acquired spray flame images are a 2D representation of a 

D flame, so each pixel represents the accumulation of the inten- 

ity from all the sooting particles along the line-of-sight. For highly 

ooting fuels, such as diesel, use of the natural luminosity of the 

ame might result in an under-estimation of the total soot because 

f soot attenuation across the flame. Whilst this is a limitation of 

ny line-of-sight method, it is not expected to have a significant 

mpact on the interpretation of the results presented below, ex- 
5 
ept in that soot reduction values for the oxygenates have to be 

aken to be conservative. Furthermore, to minimise any impacts of 

his on the discussion, results are also presented relative to diesel. 

he natural soot luminosity has to be interpreted with care, as 

n increase in signal intensity can be either due to an increase in 

emperature or due to an increase in the local soot concentration 

t a certain temperature. The spatially integrated natural luminos- 

ty (SINL) is dependant on the flame’s adiabatic temperature, and 

ames that produce the same volume fraction of soot but have 

ifferent flame temperatures can result in different emission in- 

ensities [ 25 , 26 ]. Thus, while soot radiative loses are neglected in

he computation of the adiabatic flame temperature, the results in 

ig. 7 can still be used as an approximation to determine whether 

r not flame temperature effects are having an impact on the in- 

erpretation of the results. In addition, recent works have shown 

hat the C8 oxygenates studied have a similar flame temperature 

o that of diesel [ 12 , 13 ]. 

In order to determine the adiabatic flame temperature, thermo- 

hemical simulations were performed in this work for all the 

lends using the chemical equilibrium program Gaseq and con- 

idering ten species [27] . The initial conditions for the simulation 

ere the ambient operating conditions obtained after chemical 

reheating of the chamber, as described in Section 2 (940 K ambi- 

nt temperature, 25 bar ambient pressure, and 10% oxygen concen- 

ration). Heptane (normal) was used as a representative for diesel 

n the simulations, as it has been used in other studies as a large 

omponent of diesel surrogates [28] . NASA polynomials obtained 

rom MIT’s reaction mechanism generator were used as thermo- 

hemical inputs for the blends [29] . The simulation was run under 

diabatic and constant volume conditions; the calculated results 

f the adiabatic flame temperature over a wide range of equiva- 

ence ratios for all the blends are presented in Fig. 7 . The adiabatic

ame temperature did not deviate significantly over a wider range 

f equivalence ratios for the different blends considered, hence the 

INL derived from the experiments has been used as an indicator 

f soot concentration. 
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Fig. 8. Variation of the SINL with time for diesel and the blends studied. The error 

bars cover two standard deviations from the mean and the images presented are 

samples from a diesel injection event. 
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.3. Sooting propensity 

The spatially integrated natural luminosity (SINL) for diesel and 

ll the blends is shown in Fig. 8 . The SINL is the cumulative sum

f the pixel’s intensity (from the soot’s natural luminosity) for dif- 

erent instants in time. The SINL in Fig. 8 is presented for all the

ix spray flames that were detected through the optical window. 

n addition to the temporal evolution of soot in Fig. 8 , the spa-

ial development of soot at different time instants is presented in 

ig. 9 for diesel and for the blends studied. 

Qualitatively, the global SINL trends were similar for all the 

uels studied. Initially during the fuel injection period, the SINL 

ncreased until it reached the first peak, around the point in time 

hen the fuel injection terminated. Thereafter, oxidation reactions 

tarted to become important, shown by the decrease in SINL. After 

 certain period, a minimum was reached for the oxygenates and 

 turning point for diesel. Then, the SINL started to increase again 

ntil it reached a second, larger peak. Thereafter, oxidation reac- 

ions dominated until the EOC. The SINL from the SOC to the first 

eak corresponds to reactions that are closely coupled to the spray 

ynamics and are mostly momentum-driven, whereas the SINL 

rom the minimum (after the first peak) to the second peak corre- 

ponds to reactions occurring after the spray injection has ceased 

nd the spray flame is no longer driven by the momentum of the 

uel spray. These two scenarios are discussed separately in the two 

ubsections below: Section 3.3.1 discusses the SINL from the SOC 

o the minimum after the first peak, and Section 3.3.2 discusses 

he SINL thereafter until the EOC. The red line in the graph in Fig. 8

nd in the set of images in Fig. 9 delineates both time periods. 

.3.1. Sooting propensity in momentum-aided spray flames 

During the fuel injection period, combustion dynamics are con- 

rolled by the spray momentum, and there is a constant feeding of 

uel into the system. As combustion developed, the soot intensity 

ncreased until it reached its first local maxima, around 1800 μs 

SOI, as seen in Fig. 8 , and as seen in Fig. 9 ii) to iii). By taking the

erivative from the SOC to the minimum (point of inflection) after 

he first local maxima, it is possible to explore the soot formation 

ates of diesel and the different fuel blends, as shown in Fig. 10 . In

rder to smooth out the noise in the signal, a moving average of 

our data points was applied to the data sets. It can be seen from 

ig. 10 that the rate of change of SINL is consistently larger for 

iesel, indicating a faster soot formation rate. For the oxygenates, 

ven though the rate of SINL change was initially similar for all, 

ventually BAL reached a larger peak in the rate of change, fol- 

owed by BHA, and by BONE and BOL. This is an interesting finding 
6 
ecause even though the differences between the oxygenates are 

inor when compared to the differences between the oxygenates 

nd diesel, it is not only the amount of soot that is affected by the

ifferent oxygenates but also the rate of soot formation. 

For the oxygenates, the first SINL peak was reached at ~ 1800 μs 

SOI (just before the actual end of injection at ~ 1900 μs), indicated 

y the point in time the derivative reached zero. For diesel this 

appened slightly later, at a time of ~ 20 0 0 μs aSOI, showing that 

oot formation reactions were not only faster, but also more pro- 

onged in time. Thereafter for diesel, the derivative remained near 

ero but did not become negative, indicating a negligible rate of 

hange. This indicates that soot formation reactions were still dom- 

nant over oxidation ones but were less intense than when the fuel 

as been injected. For the oxygenates, the decrease in SINL rate 

ontinued until it became negative, indicating a change in slope 

f the SINL and also indicating that oxidation reactions become 

redominant. This can be seen in Fig. 8 where, after injection ter- 

inated, the SINL for the blends decreased between 1850 μs and 

100 μs aSOI, indicating that soot oxidation reactions increased 

ver formation ones. This continued until at ~ 2200 μs aSOI a lo- 

al minimum was encountered—point beyond which soot forma- 

ion reactions overcame oxidation processes and the SINL rate be- 

ame positive once more. 

Fig. 8 shows that for the first SINL peak all blends reduced soot 

ignificantly relative to diesel. This reduction was approximately 

2% for BONE, 60% for BOL, 53% for BHA, and 50% for BAL. The 

otal area under the SINL curve in Fig. 8 from the SOC to the point

here the first peak was encountered is shown in Fig. 11 . The 

rend in soot reduction was similar to that for the first peak, al- 

eit with reductions of 68% for BONE, 63% for BOL, 58% for BHA, 

nd 56% for BAL. The differences in percentage reduction occur be- 

ause the latter accounts for how much soot forms overall during 

 period of time. However, both of these data sets provide a useful 

eflection of how the oxygenates influence the development of soot 

uring the spray injection. The observed soot suppression effects 

f the oxygenated blends can also be appreciated from the flame 

mages shown from Fig. 9 i) to iv), where for the blends, high in-

ensity sooting regions were confined to smaller spatial areas and 

ere only observed in some sprays. On the other hand, for diesel, 

ost sprays consistently showed higher intensity sooting regions 

hat covered a wider spatial area in the spray flame. When look- 

ng at the flame evolution during this time, Fig. 9 iii) and iv) show 

hat high intensity sooting areas were confined to regions closer to 

he chamber walls for the blends whereas for diesel high intensity 

ooting regions were distributed over a wider area of the spray. 

his contributed towards diesel’s higher soot signal. 

.3.2. Sooting propensity in momentum-deficit spray flames 

As the needle starts to ramp down, the fuel loses its momen- 

um, and the liquid spray becomes wavy and undulated. The cou- 

ling between injection and flame becomes weak until it even- 

ually decouples after the needle closes and the fuel fully vapor- 

ses. After the fuel had completely vaporised, just after ~ 2100 μs 

SOI, soot started to form in the region between the nozzle and the 

LOL, around the remains of the momentum-deficit spray. The SINL 

nd the soot formation rate started to increase again for all fuels 

ntil the maximum peak was reached at around 3200 μs aSOI, as 

een in Fig. 8 . This increase in soot formation rate was caused by 

he combustion of near-nozzle fuel vapours and by the intensifica- 

ion of sooting reactions downstream of the sLOL. For this period 

here was no longer any fuel supply, and the spray combustion was 

o longer governed by the injection momentum. 

The derivative of the second part of the SINL curve was ob- 

ained to help understand how soot formation and oxidation rates 

volved for momentum-deficit sprays, and is shown in Fig. 12 . The 

ime period considered was between 20 0 0 μs aSOI and 70 0 0 μs
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Fig. 9. High-speed images showing the development of soot throughout the combustion event for the different fuels studied. Lighter colours such as yellow and white 

indicate higher intensity (hot) soot regions, whereas darker ones indicate lower intensity (cool) soot regions. 

Fig. 10. SINL derivative with time from SOC to the minimum reached after the 1st 

SINL peak (~ 2300 μs). 

Fig. 11. Area integrated under SINL graph from the SOC to the 1st peak relative to 

diesel. 

Fig. 12. SINL derivative with time from ~ 2300 μs to the end of main oxidation 

reactions. 

a

s

a

t

3

c

t

c

S

o  

p

f

c

a

f

t

<

o

7 
SOI. Before 30 0 0 μs aSOI, diesel consistently showed the largest 

oot formation rate. All oxygenated blends had a similar rate to one 

nother except at the peak of the derivative, where BAL showed 

he largest value followed by BONE, BHA, and BOL. At around 

200 μs aSOI, the derivatives for all fuels reached zero, and this 

orresponds to the point at which the maximum SINL was at- 

ained. Matching the injection profile and the LCV of the fuels 

aused soot to peak at the same point in time, and this peak 

INL coincided with the point in time when soot covered most 

f the field of view, as seen in Fig. 9 v). At the maximum SINL

eak, relative to diesel, the blends achieved a reduction of 49% 

or BONE, 54% for BOL, 45% for BHA, and 39% for BAL. When ac- 

ounting for the area under the SINL curve between the 1st peak 

nd the 2nd peak, the reductions relative to diesel were of 62% 

or BONE, 65% for BOL, 58% for BHA, and 49% for BAL, yielding a 

rend with increasing sooting propensity of BOL < BONE < BHA 

 BAL, as shown in Fig. 13 . When comparing these results to the 

nes obtained in the previous section, one can see that during this 
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Fig. 13. Area integrated under SINL graph from the minimum after 1st peak to the 

2nd peak relative to diesel. 
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Fig. 14. Soot reduction of the oxygenated blends relative to diesel, obtained by in- 

tegrating the SINL curve presented in Fig. 8 . 
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pray momentum-deficit period, even though the oxygenates still 

educed the sooting propensity relative to diesel significantly, their 

eduction was in general less than that attained during the spray 

omentum-aided period. 

For diesel, the region between the wall and the nozzle was fully 

overed with high intensity soot for all the sprays, with 32% ± 4.5% 

f the total flame area covered with intensities holding at least 

5% of the maximum flame intensity, Fig. 9 v). This was not the 

ase for the blends, where some sprays even had regions that 

ere not fully covered with soot, as pointed out by the arrows in 

ig. 9 v). For the blends, the sooting regions had a relatively lower 

ntensity, and those regions with a higher intensity remained con- 

ned to the spray head. On average, the flame area covered by 

igh intensity regions of at least 75% of the maximum flame inten- 

ity was 12.0% ± 5.7% for BAL, 9.3% ± 5.2% for BHA, 8.1% ± 4.8% 

or BONE and 5.5% ± 1.9% for BOL. For diesel, all six sprays con- 

istently showed higher sooting intensities, and these covered a 

ider area, indicating that intensely sooting reactions were more 

istributed across the spray flame. This finding shows that fuelling 

ith oxygenates not only changes the amount of soot that forms, 

ut also its spatial distribution: with the oxygenates, the high in- 

ensity sooting regions concentrated towards the downstream lo- 

ations in the spray. The mechanisms behind this behaviour is ex- 

lored and discussed in Section 3.4 . 

After reaching the maximum SINL peak, beyond 3200 μs aSOI, 

oot oxidation exceeded formation, and the SINL decreased for all 

uels until most soot had fully oxidised. The oxidation time esti- 

ated by comparing the time between the peak SINL and the EOC 

evealed that diesel took ~ 11,0 0 0 μs to oxidise, which was on av- 

rage longer than any of the other blends. From the oxygenated 

lends, the fastest one to oxidise was BHA, taking ~ 9400 μs; fol- 

owed by BONE, taking ~ 9500 μs; then by BAL, taking ~ 10,0 0 0 μs; 

nd finally by BOL, taking ~ 10,200 μs. On average, all oxygenated 

lends enhanced the oxidation of soot relative to diesel, with BHA 

romoting the fastest oxidation and BOL the slowest one. 

Later in the combustion process, after the peak SINL, Fig. 9 vii) 

hows that the central regions of the spray oxidised faster com- 

ared to the spray tips for all fuels, with soot lingering near the 

ozzle as well as near the wall. Thereafter, the formation of soot 

teadily decreased until ~ 50 0 0 μs aSOI, Fig. 9 vii). The high- 

peed images revealed that soot pockets that form are transported 

rom the wall towards the central region due to convective motion 

aused by the head vortex (as marked by the arrows in Fig. 9 vii)).

t is known that as the flames approach the wall, vortices can form 

s a result flame-to-flame and flame-to-wall interactions, creating 

ixing zones that transport soot back towards the central region of 

he chamber [ 30 , 31 ]. This phenomenon was observed for all fuels,

howing that the evolution in spray dynamics is similar for differ- 
8 
nt fuels. It is interesting to note from Fig. 9 vii) to viii), that small

lobs of soot formed in the vicinity of the nozzle, when oxidation 

eactions were well underway for the main bulk of the flame. This 

s thought to be caused by the combustion and sooting of end of 

njection fuel expulsions, which have also been noted in [32] . This 

artly contributes to the slight increase in SINL signal observed in 

ig. 8 between 50 0 0 μs and 60 0 0 μs aSOI. Eventually with time,

xidation reactions consumed the remaining pockets of soot until 

he EOC, as seen from Fig. 9 viii) to ix). 

Overall, when integrating the SINL, the sooting tendency in- 

reased in the order of ketone ≈ alcohol < ester < alde- 

yde < diesel, with an average soot reduction relative to diesel of 

5%, 55%, 52%, and 41%, respectively, as shown in Fig. 14 . It is noted

hat these results refer to the generation of soot in the CVC as in- 

icted by natural luminosity. In an engine, soot will also be burnt 

ut during different stages of the cycle, so differences in engine- 

ut soot between the fuels are likely to be less than the differ- 

nces indicated by natural luminosity. In addition, the ubiquity of 

iesel particulate filters in current vehicles means that differences 

n tailpipe-out soot between the fuels may be smaller still. How- 

ver, because slow soot burn-out can have a detrimental impact on 

ngine efficiency [33] , it remains desirable to minimise in-cylinder 

oot generation. 

It is important to note that to obtain the same CN for all blends 

hilst keeping the oxygen content the same ( Table 1 ), different 

ercentages of isododecane and n-dodecane were used to form 

ernary blends of varying concentrations, with a maximum vari- 

tion of 16% for the former, and a maximum variation of 17% for 

he latter. It is known that branched alkanes (such as isododecane) 

end to produce more soot than their linear counterparts (such 

s n-dodecane), as they decompose to larger alkenes, which fur- 

her decompose to produce smaller alkynes that eventually form 

oot precursors [ 34 , 35 ]. Even though the effect of isododecane on 

oot formation could not be precisely quantified, and even though 

ased on the trends observed it did seem to be playing a role, it 

s not thought to be completely negating the effects of chemical 

oieties of the different blends in soot reduction. This was con- 

rmed by looking at the variation of isododecane concentration in 

he blends relative to the increase in SINL: even though BHA had 

% more isododecane concentration than BONE and 8% more than 

OL, the increase in total SINL for BHA was only of 3% relative to 

ONE and BOL. If the concentration of isododecane played a major 

ole in soot formation, differences in SINL increase of BHA relative 

o BOL and BONE would have been larger, in proportion to isodo- 

ecane concentration. Quantifying to what extent chemical moiety 

ffects soot reduction in the presence of branched alkanes for the 

lends devised could be an interesting point to explore in future 

orks involving chemical modelling. 
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When comparing the overall sooting trend between diesel and 

he blends, the results show that soot reduction stems from di- 

ution and chemical effects of the oxygenates, and not only from 

re-mixing effects. Chemical effects on soot reduction are those 

here the fuel-bound oxygen and the moiety directly influence 

he chemical pathways leading to soot formation. Pre-mixing ef- 

ects are those where the mixing time before combustion is al- 

ered, where more mixing time normally implies less soot forma- 

ion. In our work, soot reduction was not solely due to pre-mixing, 

s matching the cetane number for diesel and the blends would 

ave resulted in all fuels producing a similar amount of soot. From 

he results presented, it seems that the presence of oxygen content 

n the blends and the convolved effect of dilution were larger than 

oiety-specific effects, as the difference in soot between diesel 

nd the blends was larger than any of the differences between 

he blends. Nonetheless, potential chemical decomposition path- 

ays that might be causing the slight differences observed be- 

ween moieties warrant discussion. 

.4. Hypotheses on chemical decomposition pathways 

The actual chemical reaction pathways that lead to soot inhi- 

ition are not known due to the lack of chemical kinetic investi- 

ations of some of the long carbon-chain oxygenated compounds 

onsidered. Detailed kinetic modelling works are required to ex- 

lore the details of the chemical pathways responsible for soot in- 

ibition of these long carbon-chain oxygenated fuel blends. The 

xperimental data acquired from this work can be useful to help 

n the development of such chemical reaction mechanisms. In this 

ork, preliminary hypotheses have been proposed based on the 

ond dissociation energy of the oxygenated compounds as well 

s on the outcome of previous works [ 13 , 36–42 ]. The aim is to

ain an understanding of the small differences observed in sooting 

ropensity between the oxygenated blends. The hypotheses pro- 

osed below help elucidate why different moieties soot to a differ- 

nt extent in the blends. These hypotheses are discussed focusing 

n moiety effects, but the influence of the branched component, 

sododecane, and the linear component, n-dodecane, in the blend 

hould not be negated, as all the components present in the blend 

ill have, to a greater or a lesser extent, an influence on soot for- 

ation and oxidation. 

The aldehyde blend, BAL, showed the highest sooting tendency 

f all the oxygenated blends, but it still achieved a reduction of 

1% in total SINL when compared to diesel. In terms of over- 

ll reduction relative to diesel, besides dilution and oxygen ef- 

ects, the carbonyl group ( C = O ) present in the aldehyde blend

s known to have a higher bond energy than the adjacent bonds 

42] . Thus, the C atom attached to the O of the carbonyl group 

ia a double bond is least likely to participate in soot forming re- 

ctions but instead escape as CO and CO 2 . This effect has been 

bserved in other works, where octanal was studied neat (albeit 

t much higher temperatures) [13] . The increase in SINL of BAL 

elative to the other oxygenates could be partly attributed to the 

igher amount of isododecane content in BAL compared to the 

ther blends ( Table 1 ), which might be favouring the formation of 

oot precursors and eventually leading to a slightly higher SINL. 

he higher SINL could also be influenced by the location of the car- 

onyl group towards the end of the carbon-chain, which does not 

ffectively break down the remaining long alkyl chains that recom- 

ine into different precursors. Based on the oxidation time taken 

or BAL (~ 10,0 0 0 μs), it also seems that the soot produced by BAL

ad lesser oxidative reactivity, delaying the oxidation of soot and 

hereby contributing to the overall larger SINL values. 

The next highest sooting blend was BHA, which achieved an 

verall reduction of 52% when compared to diesel. It showed a 

arginally higher sooting tendency than BONE and BOL, which 
9 
ould be a result of the inefficient use of the two oxygen atoms 

n the fuel structure (C - O and C = O ) leading to the formation

f CO 2 [37–39] . Out of all the blends, BHA showed the shortest 

xidation time from peak SINL to EOC, indicating that BHA had a 

igher potential for soot oxidative reactivity. Previous works have 

hown that different fuels can produce soot with different nanos- 

ructures, leading to different oxidation rates, with more curved 

nd more disordered soot structures leading to a higher reactiv- 

ty [40] . Thus, it could also be that soot morphology differs for 

ifferent oxygenates, hence different oxidation rates. Future works 

n soot morphology and detailed reaction mechanisms can provide 

dditional insights on the soot oxidative characteristics of BHA and 

he other oxygenated blends. 

On average, BOL and BONE had a similar SINL, with both blends 

chieving a total SINL reduction relative to diesel of 55%. This was 

espite BONE having 4% more isododecane concentration than BOL, 

hich again shows that even though isododecane concentration 

ight be playing a role on soot formation, its effect was not dom- 

nant. BONE’s decomposition pathway could be similar to that for 

AL, in terms of the carbonyl bond trapping the carbon. However, 

he more central location of the C = O bond in octanone could 

e aiding in a more efficient break-down of the long carbon-chain 

olecule to smaller compounds to reduce soot formation. For al- 

ohols such as octanol, reduction in soot has been previously at- 

ributed to dilution rather than moiety-specific effects [41] , as the 

OH group tends to be removed to form H 2 O and thus may not 

ffectively participate in any soot-trapping reactions. Overall, BOL 

nd BONE seemed to have the largest effect on total soot reduc- 

ion out of the four C8 blends studied. 

. Conclusions 

Fuel investigations of high-pressure sprays were performed to 

tudy the influence of different C8 oxygenate moieties on soot 

eduction when blended with n-dodecane and isododecane. The 

ernary blends were designed to have the same oxygen content by 

ass of 2.5% and a matching cetane number of 52. The fuels were 

njected at high pressures using a multi-hole injector into a con- 

tant volume chamber maintained at a high pressure and tempera- 

ure, and the soot natural luminosity was measured at high speeds. 

he adiabatic flame temperatures were obtained for the ternary 

lends by using a chemical reaction program, and their similarity 

onfirmed that the outcome of the SINL study could be related to 

oot concentration. 

In terms of the combustion characteristics based on the study 

f soot, all oxygenates delayed the first appearance of soot, which 

ndicates that soot-forming conditions were being suppressed from 

he early combustion stages by the oxygenates. The differences 

mongst the oxygenates were smaller than those between the 

xygenates and diesel, showing that from the early combustion 

tages both dilution and oxygen content effects are dominant over 

oiety-specific effects. Nevertheless, the effect of different moi- 

ties on overall soot processes cannot be negated. The soot from 

he blends oxidised ~ 10% faster than diesel. Relative to diesel, 

ll blends had an approximately 40% longer sLOL, indicating that 

xygen concentration in the blend suppressed the accumulation of 

oot and its precursors to a more downstream location, delaying 

he onset of stable sooting reactions. This reduces the spatial and 

emporal lengths that soot has to grow, making it easier to oxidise. 

The analysis of SINL signals revealed that initially the soot in- 

ensity increased as the fuel was injected, and thereafter decreased 

or the blends as oxidation reactions took over. For diesel, the in- 

rease in soot intensity continued after the end of injection al- 

eit at a slower rate. During this first part of the SINL curve, the 

ecrease in SINL relative to diesel was of 68% for BONE, 63% for 

OL, 58% for BHA, and 56% for BAL. As the remaining fuel vapor- 
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sed and started to combust, soot reactions intensified and reached 

heir peak at around 3200 μs aSOI. After reaching the peak, oxi- 

ation reactions took over and the SINL decreased until the EOC. 

hen integrating the whole SINL signal, the sooting tendency of 

he fuels increased in the order of ketone ≈ alcohol < ester < alde- 

yde < diesel, with an average soot reduction relative to diesel 

f 55%, 55%, 52%, and 41%. Under high pressure diesel-like spray 

ame conditions, soot reduction of the blends was, to a large ex- 

ent, caused by the combined effect of oxygen content in the fuel 

nd dilution effects, as the differences were consistently larger 

etween diesel and the oxygenates than between the oxygenates 

hemselves. Nonetheless, the small differences between the oxy- 

enates indicates that the moiety does have an effect, but it is 

mall for high-pressure practical applications under the conditions 

tudied. 
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