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ABSTRACT 

Fuel formulation with the particular selection of fuel components is a promising approach that 

offers the reduction of harmful emissions without altering the combustion system performance. Each fuel 

component has its own combustion characteristics and hence contribution to emissions. Aromatic is one of 

the main components of fossil based fuels and has a strong correlation with the formation of PM emissions. 

Besides, aromatics presence in fuel is essential for the compatibility of fuel with the combustion system and 

maintaining the energy density of the fuel. In this regard, a Rolls Royce combustor rig was used to test 16 

aromatics blended with jet fuels in three different proportions. Moreover, a novel approach of flame 

luminosity imaging is employed to measure the PM emissions through the soot propensity profile. The 

results show that PM emissions increase with the proportional increase of aromatics. The di- and cyclo-

aromatics produced significantly higher PM emissions compared to alkyl-benzenes. 3-isopropylcumene 

tends to lowest PM formation and thus is a consideration as a selection of aromatic type in future fuels for 

lower PM emissions. Furthermore, it was also observed that PM number concentration measured by the 

extractive method with DMS500 instrument correlates well with imaging methods for all the tested fuels. 

The present study provides information on particular selection of aromatic for future fuel development. 

Keywords: Aromatics; Flame luminosity imaging; PM Emissions; Soot; Tay Combustor 

 

                                                 
1 Corresponding author: B. Khandelwal, Associate Professor, Mechanical Engineering Department, 

University of Alabama Tuscaloosa, AL 35487, USA 
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INTRODUCTION 

For supply security and environmental sustainability, alternative fuels and drop-in 

fuels for jet engines are of significant importance in energy research. The criteria of high 

reliability and stabilization of the combustion processes and ignition time have been 

strictly followed for the potential fuel feedstock [1, 2]. The present human behavior 

towards industrialization promotes global warming and accelerates climate change [5]. 

The restrictions of the environmental protection agencies have forced the fuel companies 

to focus on low emissions as one of the top priorities. Additionally, particulate matter 

(PM) is of concern to air-quality and profoundly affects the health and environment. 

PM emission from different jet fuels from fuel combustion has various 

concentration levels, particle size, density, and shape under the same operation condition 

[3, 4]. The formation of free radicals, oxidation of fuels, appended structure of complex 

aromatics, etc., promotes the soot formation during fuel combustion [6-8]. The aromatic 

part in fuel composition is a primary cause for the formation of PM or smoke [9]. 

Alternative fuel has been focused on due to the cost and emission problem for 

conventional jet fuel. Roughly, alternative fuels could be divided into two categories 

depending on their feedstock. The Fischer-Tropsch (FT) process is the most mature 

alternative fuel production pathway to produce synthetic fuels from fossil feedstock like 

natural gas and coal. Recently, synthetic fuels with FT processes have used bio-based 

feedstock and have massive potential in the near future. Other alternative fuels use bio-

feedstock, such as animal fat, oilseeds, waste oils. As time passed, more feedstock is 

discovered, which can be converted into jet fuel. Benefit from these formulated fuels and 
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production pathways; the industries are now able to produce aviation fuels that comprise 

small amounts of aromatics [10-12], e.g., synthetic paraffinic kerosene, FT derived fuels, 

gas-to-liquid, etc. The aromatics in fuels are responsible for fuel compatibility with the 

fuel system, better tribological performance of fuels, and higher energy density per unit 

mass [13, 14]. Thereby, those alternative fuels could cause fuel leaking and are not 

suitable for direct use in current commercial flights [15]. ASTM D7566 [16] stipulates that 

FT SPK's blending ratio should be up to 50/50 by volume and 30/70 for alcohol to jet (ATJ). 

The minimum aromatic content of 8% has been adopted for synthetically-produced fuels 

and requires blending with conventional fuels or synthetic aromatics. All the aromatics 

have a different tendency to promote the formation of pollutant emissions [17]. Thus, the 

proper selection of synthetic aromatics provides optimization in terms of emission and 

operability. The choice of promising aromatic would be beneficial for future fuel 

formulation. 

Soot consists of particles with different physical (non-uniform shapes of varying 

sizes) and chemical properties [18-20]. At the end of the flame plume, the bright yellow 

sooty flame is due to the heated soot particles during the fuel combustion [21-23]. 

Numerous expensive and complicated diagnostic systems have been employed to 

monitor the emissions rate in real-time. The authors in literature have employed a flame 

luminosity visualization approach to depicting the soot detection and combustion process 

[25-28]. The research teams of Jiotode [29] and Fujino [30] have experimentally estimated 

the combustion efficiency and flame temperature distribution by time-resolved imaging 

data through a visualization approach in the combustion chamber. The paraffin's effect 
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on soot tendency was investigated by the soot particle mass correlation with soot flame 

height [31]. Botero [32] also investigated the effect of aromatic contents on soot particle 

formation with particle size number and luminous temperature. Witkowski [33] have 

utilized transmission electron microscope (TEM) imaging to propose the diffusion flame 

soot propensity model by linking the soot profile and LII (Laser-Induced Incandescence). 

Huang and Zhang [34, 35] proposed digital flame color discrimination (DFCD). The flame 

colors can be used for the condition of the instantaneous flame mixture through this 

approach. An alternative non-intrusive approach can monitor the immediate soot 

formation behavior through imaging post-processing and optical detection method for 

liquid fuel combustion [36, 37]. A well-known instrument, DMS 500, was used to quantify 

PM concentration over the full particle size spectrum and real-time size distribution 

information [38, 39]. Condensation particle counter (CPC) quantified PM number 

concentration are in good consistency with DMS 500 [40, 24]. 

From the above discussion, it can be observed that knowledge on the impact of 

different types of aromatic species in jet fuel would help the industry to take steps 

forward for future fuels. This study investigates how different aromatics species and their 

proportions in jet fuel impact PM emissions in a gas turbine combustor. DMS500, 

alongside the optical combustion monitoring method, was used in this study. The high-

speed imaging technique imparts new insight into the soot formation tendencies at 

extremely stable and lean burning conditions for the aromatic blended fuels. This 

investigation will help in optimizing current fuel design and future revolutions in the field 

of energy. 
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EXPERIMENTAL SPECIFICATION 

Test Fuels 

For jet fuel use today, the aromatic contents are in the range of 8% to 25%, which 

can be adopted for synthetically-produced jet fuel. Different types of aromatics produce 

different levels of smoke and emissions. In this experimental investigation, 16 aromatics 

species were blended with a base blend comprising a C10-C13 straight-chain hydrocarbon 

solvent in proportions of 8%, 13%, and 18%. They were evaluated regarding their 

performance related to PM concentration number and sooty flame formation. The 

aromatics species structures and properties details are provided in Table 1. 

According to aromatics' chemical structures, all tested aromatic species were 

grouped into three types, namely, alkyl-benzenes, di-aromatics, and cyclo-aromatics, as 

tabulated in Table 1, [41]. In the Alkyl-benzenes group, one or more hydrogen atoms of 

the benzene are replaced by alkyl groups of different sizes. For cyclo-aromatics, the series 

of atoms replace more than one hydrogen atom and are connected to form a ring. The di-

aromatic comprise a fused benzene ring pair. Among them, tetrahydronaphthalene is the 

partially hydrogenated derivative of naphthalene hydrocracking.  

Test Conditions 

Rolls-Royce Tay combustor was used for the experimentation [42]. The detailed 

experimental setup is schematically provided in Fig. 1. Airblast atomizer coupled with the 

combustor. The air was supplied to the combustor by process line through the 

atmospheric pressure fan and designed as per the industrial design standard (BS:5167). 

The inlet temperature is up to 775K. The inlet temperature was increased to 775K using 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Energy Resources Technology. Received December 19, 2020;
Accepted manuscript posted January 17, 2021. doi:10.1115/1.4049905
Copyright © 2021 by ASME

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

s
m

e
d
ig

ita
lc

o
lle

c
tio

n
.a

s
m

e
.o

rg
/e

n
e
rg

y
re

s
o
u
rc

e
s
/a

rtic
le

-p
d
f/d

o
i/1

0
.1

1
1
5
/1

.4
0
4
9
9
0
5
/6

6
2
4
6
2
7
/je

rt-2
0
-2

1
6
6
.p

d
f b

y
 U

n
iv

e
rs

ity
 o

f S
h
e
ffie

ld
 u

s
e
r o

n
 2

7
 J

a
n
u
a
ry

 2
0
2
1



ASME Journal of Energy Resources and Technology 

 

7 

 

an electric heater; the heater has an automatic feedback loop to maintain the desired 

temperature. The uncertainty in the measurement of mass flow rate is ±2%. A speed 

controller is employed to control fan drive motor and atmospheric pressure through 

LabVIEW code execution. The speed controller of the fan was controlled by a labview 

code, which acts with a feedback loop and takes input in form of mass flow rate required. 

Calibrated orifice plate based mass flow controllers are used to provide the mass flow 

rate information to the labview code. 

An electronically controlled fuel system was employed to supply the fuel to the 

combustor. The fuel pressure of 300 kPa was supplied through a nitrogen cylinder and 

maintained by a regulated valve. A two staged calibrated pressure regulator regulated the 

pressure to ensure that no operating conditions change during the tests.  A twin series 

(fine and coarse) of air-actuated needle valves and an air-actuated fuel shut-off solenoid 

were employed to control the exiting fuel—the LV analog voltage controller (5 Hz) 

through the control system. NI SCXI chassis were used to manage the air-actuated fuel 

control values and air-fan motor speed controller. The Coriolis meter and orifice flow 

meter readings are displayed on the system's screen and used to monitor the fuel flow 

and atmospheric pressure airline, respectively.  

The formulated fuels were tested using two operation conditions i.e., stable and 

lean blow-out (LBO). The details of the gas turbine testing parameters are tabulated in 

Table 2. 

The flow of fuel was maintained at 1.8g/s at the stable burning condition of fuels. 

All the other testing conditions were maintained after reaching the combustor to steady-
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state for LBO detection. The flow rate decreases by LabView code to 0.0001 g/s for the 

last 0.2g/s until flame blow-out prevailed. The exhaust gas temperature and pressure 

upstream of combustors were found to have an instant reduction that identified the 

blow-out. Five consistent points were taken to repeat the above procedure once the LBO 

point was prevailed [43]. 

 

PM Emission Measurements 

A sample line was used to deliver the soot particles from the exhaust vent to the 

analyzer. The particles gain charges in the exhaust sample line via a corona discharge 

charger; afterward, particles were moved to the classifier. The charged particles were 

then diverted toward the electrometer rings through high voltage central electrode 

application. The electrometer ring nearer to the inlet of the sample attracts the higher 

charged/lower dragged particles. Consequently, the charge of particles flows to the 

ground through the electrometer amplifier. The small currents generated by these 

particles in-group is the base of particle quantification. For each size bin, number-

weighted particle mobility diameter (Dp) distribution average, n(Dp) = dN/dlogDp, was 

recorded. The particle size distribution was created by using this distribution and then 

integrated to generate the total number concentration per volume of the exhaust. Each 

experiment was repeated thrice to ensure accuracy in the measured values. 

Sooty Flame Morphology 

The sooty flame analysis was done with a Photron-SA4 high-speed color camera. 

A quartz window was provided on the exhaust duct in the axial direction to the combustor 
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chamber for optical access to the burner. The images of the flame plume were taken at 

the tail through the exhaust vent. For LBO imaging, the shutter speed was set as 1/1000s 

to capture both the bright yellow flame and the dim blue chemiluminescence because a 

longer exposure time can avoid the drop-out of weak blue signals [44]. The camera was 

employed with the end trigger mode and fixed to record continuously till the trigger was 

pressed at the blow-out point. After that, imaging data of the flame at two seconds (2000 

images) before that point was saved. All the attained imaging data were quantitatively 

analyzed using MatLab image-processing, and adjusted the sample flame pictures shown 

in this paper via the DFSC approach for better flame visualization. This research method 

has been successfully applied in previous studies [4, 43]. The sooty flame strength is 

evaluated by the sooty radiation luminosity ratio (SLR). The relevant calculation formula 

is  

SLR = ∑ 𝑅ℎ𝑢𝑒 × 𝑆𝑜𝑜𝑡𝑦 𝑓𝑙𝑎𝑚𝑒 𝑟𝑒𝑔𝑖𝑜𝑛𝑊ℎ𝑜𝑙𝑒 𝑓𝑙𝑎𝑚𝑒 𝑟𝑒𝑔𝑖𝑜𝑛 , ℎ𝑢𝑒 ∈ [0°, 70°] 

    = ∑ 𝑅ℎ𝑢𝑒 × 𝑃𝑖𝑥𝑒𝑙 𝑁𝑜.  𝑜𝑓 𝑠𝑜𝑜𝑡𝑦 𝑓𝑙𝑎𝑚𝑒𝑃𝑖𝑥𝑒𝑙 𝑁𝑜.  𝑜𝑓 𝑊ℎ𝑜𝑙𝑒 𝑓𝑙𝑎𝑚𝑒 𝑎𝑟𝑒𝑎 , ℎ𝑢𝑒 ∈ [0°, 70°] 

Equation 1 

where, the R is the intensity of the red tunnel in Red Green Blue (RGB) color mode. 

In this equation, only the R intensity in the Hue mode range from 0° to 70° is the effective 

calculation data for calculation, which is the soot-induced coloration. The sooty flame 

region has been divided into the overall flame area in advance. The dimensionless area 

calculation is based on the number of occupied pixels. 

RESULTS AND DISCUSSION 
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In this section, the sooting propensity of different aromatic species and their 

proportion blends are demonstrated from two perspectives: PM emissions measured by 

DMS 500 and sooty flame morphology analyzed via the novel sooty flame imaging 

technique. The DMS 500 and imaging method were used for stable and LBO conditions, 

respectively. It has been found that DMS 500 has a limitation in measuring the emission 

profile at LBO. Hence, the image processing test method is used to evaluate emissions 

during LBO. The results were then found satisfactory and are discussed in details in the 

upcoming sections 

Particulate Matter Emissions 

It can be seen from Fig. 2 that, in general, as the mixing ratio increases, the PM 

emissions of all blended fuels show the increment. In particular, the increasing trend of 

indene series and naphthalene series blended fuels is relatively more significant, and the 

performance is more obvious in PM mass concentration. 

Among the benzene series blended fuels, the emission of α-methylstyrene 

blended fuels is the highest in this group in terms of number concentration and mass 

concentration. On the contrary, 3-isopropyl cumene has the best emission performance 

in both aspects. . Except for these two types, there are emission differences among other 

types of aromatic hydrocarbon blending fuels, but there is no outstanding performance. 

In the indene series, the indene and indane molecular structures are both a 

benzene ring plus a ring. Still, because the indene's molecular structure has one more 

bond than indane, it has a more stable molecular structure and is less likely to be 

decomposed and high PM emissions. 
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Tetrahydronaphthalene is obtained from hydrocracking of methyl naphthalene. 

And hence tetrahydronaphthalene does not possess a real naphthalene series aromatic 

structure (biphenyl ring). Moreover, after hydrotreating, the H/C ratio is increased by 

32%, and the density is decreased by 3%. From the results of PM emission, it can be seen 

that the hydrotreated tetralin is significantly better than methyl naphthalene in terms of 

emissions and even lower than the emission performance of indene-based blended fuels. 

However, the specific energy per unit is increased by 1.855MJ/kg. Therefore, it can be 

seen that the hydrotreating of specific aromatics is an effective means to improve engine 

efficiency and reduce emissions. 

The above discussion results show that the different molecular types and 

molecular structures of aromatic hydrocarbons have significant differences in the impact 

of fuel emissions. It also confirmed the importance of aromatic hydrocarbon content in 

particulate emissions and emphasized the necessity of controlling aromatic hydrocarbons 

to reduce particulate emissions from combustion. In addition, to a certain extent, it is 

proved that hydro processing is a crucial method to improve fuel quality. 

From the results of PM quantity and mass concentration, it can be seen that when 

the volume fraction ratio of different aromatics is increased, the PM emission growth rate 

is different. Therefore, for the convenience of comparison, the calculated slope k analyzes 

the growth rate of PM emission after the linear fitting of each aromatic hydrocarbon 

growth line graph. The larger the k value, the faster the PM emission concentration 

increases with the volume fraction of fuel aromatics. The more incomplete the 
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combustion is, and vice versa. Record and sort the k of each growth line graph and draw 

it in Fig. 3. 

It can be found from Fig. 3 that although the emission concentration of the 

blended fuels of cyclo-aromatic and di-aromatic is increased with the content of this type 

of aromatic hydrocarbon. However, the emission concentration growth rate is generally 

low, especially in terms of the emission quantity concentration growth. It is only 1/6 of 

the benzene series blended fuel, or less. Among them, the emission growth rate of tetralin 

blended fuel is the lowest. This also implicates that if due to actual combustion needs, 

such as achieving the required energy density, the content of aromatic hydrocarbons 

needs to be increased. Hence, the content of tetralin can be appropriately increased, and 

emissions can be effectively controlled simultaneously, thereby realizing the possibility of 

fuel performance optimization. In addition, although the overall emission base is low for 

benzene series, its growth rate is generally higher, especially for aromatic hydrocarbons 

such as diethyl benzene and trimethylbenzene. In other words, if such aromatic solvents 

are added to the fuel, the addition rate should be controlled to avoid exceeding the limit 

due to excessive emission growth. Finally, it is worth noting that for α-methylstyrene 

blended fuel, the increase in PM quantity and mass concentration is the slowest. In other 

words, if you continue to add this type of aromatic hydrocarbon, the fuel emissions will 

not change too much. 

Relationship between characteristics and PM under stable combustion 

Through previous literature surveys, it is found that the main characteristics that 

affect combustion emissions include density, molecular mass, carbon-to-hydrogen ratio, 
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molecular structure, etc. The influence of molecular structure on emissions and emission 

increase rate has been discussed in the previous section. In this section, we will analyze 

the relationship between other characteristics of aromatic hydrocarbons and PM 

emissions. 

The linear regression algorithm is used to determine the linear relationship 

between aromatic hydrocarbons' characteristics and PM emission. The characteristics 

include density, molecular mass, hydrocarbon ratio, and specific energy, including four 

items. The different units and magnitudes of other characteristics make the calculated 

linear trend line gradient k to be horizontally comparable. The values of all characteristics 

in the x-axis direction are standardized in the range of 0 to 1, where 0 is the candidate 

fuel. The lowest value of the performance, 1 is the highest value, and the rest are scaled 

between 0-1. For example, the measured aromatic hydrocarbon's density range is 0.856-

1.001, then 0 is 0.856, 1 is 1.001, and the remaining point's values are calculated 

according to Equation 2. 

𝑝𝑥0−1 = 𝑝𝑥 − 𝑝𝑚𝑖𝑛𝑝𝑚𝑎𝑥 − 𝑝𝑚𝑖𝑛 Equation 2 

In the same way, the y-axis shows the standardized measurement of combustion 

PM emissions. The positive and negative values of the slope k can indicate the positive or 

negative influence of emissions' characteristic. A linear trend line is added to each graph, 

assuming linear regression for each set of data. The gradient of linear trend line is "k", 

and the value of each is marked at the bottom of the graph. "Among them, the "-" symbol 

indicates that the combustion performance decreases with the increase of the fuel 
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property characteristic value. On the contrary, the "+" symbol indicates that the 

performance result has improved.  

The calculation results and trends are shown in Fig. 4. It can be clearly seen from 

the figure that only the linear relationship between PM and hydrocarbon ratio in Fig. 4 (d) 

shows a downward trend, indicating that a high H/C ratio can effectively reduce Soot 

emissions. It is also worth noting that with the increase of aromatics content, the decline 

slope increased from 0.67 to 0.79, indicating that the higher the concentration of the 

aromatic, the more pronounced the improvement of PM emissions with the high H/C 

ratio. Conversely, the linear relationship between PM emission and density in Fig. 4(a) 

shows that when aromatic hydrocarbons have a high density, the fuel tends to emit higher 

PM emissions. Besides, as the concentration of aromatics increases, the slope k value 

increases from 0.74 to 0.87, and the degree of dispersion remains unchanged. On the 

same surface, as the aromatics concentration increases, density-induced PM emissions 

impact becomes more significant. Besides, for the other two characteristics, molecular 

mass, and specific energy, the point distribution is relatively discrete. The trend line does 

not increase or decrease significantly, indicating no direct linear relationship between 

these two characteristics and PM emissions. 

Sooty flame profile at LBO condition 

The sooty flame profile was also taken at LBO conditions, and a sequence of five 

consecutive images for different blends at 0.05s directly before blow-out are presented 

in Fig. 5. The details of the dynamic flame can be seen in the available video at the blow-

out point [47]. As shown in the images, even in an extreme lean combustion condition, 
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the flame still exhibits varying degrees of a sooty flame appearance. The sooting 

propensity is dependent on the aromatics species and their proportion in fuels or fuel 

blends. The flame of heated soot particles is the cause of color emergence in the sooty 

flame region, as described earlier. Therefore, at LBO conditions, soot emissions can be 

indicated by the sooty flame area ratio. The blue flame and sooty flame of the images 

taken were filtered from 180°-252° and 10°-70°, respectively [48] within the hue value 

band (see Fig. 6). MATLAB was used to calculate the sooty flame area ratio. 

Sooty flame morphology was more quantified through digital image processing by 

integrating the power spectrum for soot radiation concentration. The time resolved-

dynamic properties of emitted soot radiation can be estimated by integrating relative R 

intensity through consecutive images taken by a high-speed camera. The time-domain 

image data was used to assess the spectrum and density amplitude through the PSD 

application. For the three sample aromatics blends at the same proportion of 13%, the 

soot radiation power amplitudes are in a variety of frequency spectrums, plotted in Fig. 

7. As shown from the results, the dominant soot power density was distributed in the 

frequency range from 0 to 100 Hz approximately, and amplitude varied between different 

aromatics species. The soot radiation power amplitude of methylnaphthalene was 

notably higher than for the other two. The soot radiation power for all the tested blends 

is provided by integrating the energy-containing spectra for ease in comparison. Figure 8 

shows the RMS of the power spectrum density of soot radiation power (SRP) for all 16 

aromatic blends, at three proportions by volume and a stable operating condition. In all 

cases, the aromatic proportion increment promoted soot radiation strength. 
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Methynaphthalene had the worst performance and has the highest soot formation 

tendency during combustion, followed by species in the cyclo-aromatics group, 

particularly at the high proportion condition. The majority of alkyl-benzenes types of 

aromatics had lower soot radiation power, particularly for 3-Isopropylcumene. However, 

there was a sharp increase in the power amplitude for α-Methylstyrene and 

Pseudocumene blends at a high proportion, which is even higher than that of 

Tetrahydronapthalene (cyclo-aromatic). As indicated in Fig. 8, RMS of the soot radiation 

power is decreasing with the rise of H/C ratio. All the alkyl-benzene blends generated 

relatively low soot radiation power and no apparent differences were found between 

species. The p-Cymene, tert-Butylbenzene, and 3-Isoropylcumene showed the lowest 

emissions due to their favorable physic-chemical properties (lower autoignition 

temperatures, lower boiling point, higher energy contents, etc.). 

In contrast, the number concentration for α-Methylstyrene and diethyl benzene 

blends were slightly higher than the other candidate blends in the same chemical 

structure group. These outcomes are in good accordance with the other available 

literature on the same topic [45, 46]. The results revealed the impact of aromatic content 

on emissions and emphasized the significance of aromatic selection for lower emissions 

due to combustion. 

PM emissions in CI engine 

The experiment in the aviation combustor indicated that different aromatic 

species would produce different intensities of PM emission. The common thought of this 

phenomenon is due to different combustion environment such as pressure, injection 
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method. However, it is still unknown whether different aromatic species will affect PM 

results. These 16 aromatic species were tested in a CI (compression ignition) engine test 

rig. 

The CI engine is a single cylinder direct injection method water-cooled [49]. 

Aromatics were blended with bannersol in a ratio of 31.5:1. The testing was done at a 

constant speed of 1500rpm and 5kw load. Instead of DMS 500, Laser-Induced 

Incandescence LII is selected in this test. The principle of LII is quite simple and reliable; 

exhaust entered into the LII through a heated sample line, a short high energy laser beam 

will hit the exhaust. According to the black body theory, any particles in exhaust absorb 

the energy and emit radiation. A series of photodetectors detect the thermal signal and 

transfer it into particle mass concentration via analysis. The results indicated that the CI 

engine produces higher PM number concentration (see Fig. 9). This due to the higher 

pressure and aromatic intensity in the combustor and fuel blend. The PM trend is quite 

interesting through each aromatic species in two test rig is similar to each other. Cyclo-

aromatic and di- aromatic produce higher PM emissions than other aromatics, obviously 

in both two rigs, which means other than combustion conditions, aromatic species 

significantly affected PM production. 

Comprehensive assessment 

Since the primary purpose of adding aromatic hydrocarbons to aviation fuel is to 

ensure sufficient energy density, reducing emissions cannot be the only criterion for 

measuring the quality of aromatic hydrocarbons. Therefore, a comprehensive assessment 

of aromatics should be carried out. For this reason, this section will comprehensively 
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consider six aspects of fuel specific energy, PM emissions (quantity concentration/mass 

concentration), PM emission growth rate (quantity concentration/mass concentration), 

and sooty radiation power. Then it will calculate the comprehensive score after weighting 

it. Specifically, specific energy accounts for 50% of the evaluation factors, and all PM 

emission performance accounts for 50%. The specific distribution is shown in Table 3. The 

performance of 16 aromatic hydrocarbons is ranked, the highest specific energy is 1, and 

the lowest is 16. The lowest PM emission is 1, and the highest PM emission is 16. Each 

item's corresponding ranking is multiplied by the weight value and then added to obtain 

the final comprehensive ranking score. The specific calculation is shown in formula (2). 

The lowest score is the best aromatics, ranking first. 𝑪𝒐𝒎𝒑𝒓𝒆𝒉𝒆𝒏𝒔𝒊𝒗𝒆 𝒓𝒂𝒏𝒌 = 𝒏𝐬𝐩𝐞𝐜𝐢𝐟𝐢𝐜 𝐞𝐧𝐞𝐫𝐠𝐲 × 𝟓𝟎% + 𝒏𝑷𝑴 𝑵𝒐, × 𝟐𝟎%𝒏𝑷𝑴 𝒎𝒂𝒔 × 𝟐𝟎%+ 𝒏𝑷𝑴 𝑵𝒐.𝒌 × 𝟏𝟎% + 𝒏𝑷𝑴 𝒎𝒔𝒔 𝒌 × 𝟏𝟎% + 𝒏𝑳𝑩𝑶 𝒔𝒐𝒐𝒕𝒚 × 𝟏𝟎% 

Equation 3 

 

The results of the comprehensive ranking are shown in the rightmost column of 

Table 2. Since the specific energy values of tert-butylbenzene, 3-isopropyl cumene and 

tert-butyl m-xylene have not been determined, it is necessary to set the average number 

for ranking temporarily, and the rankings are all 6. After considering energy density and 

emission factors, 3-isopropyl cumene ranked first, mainly due to its low emissions. Still, 

because its specific energy value is unknown, it is only for reference and not the final 

result. If its specific energy can reach above the average value, it can become the best 

aromatics choice. Cumene and Diethylbenzene have a mid-to-high performance in all 
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aspects of specific energy and emissions, and their overall strength is relatively good, 

ranking second and third, respectively. 

On the contrary, trimethylbenzene, α-methylstyrene, and methylnaphthalene 

ranked the bottom three. Although toluene and α-methylstyrene are benzene series, 

their performance is the worst in the benzene series, and their specific energy is also low. 

Methylnaphthalene fuelled combustion system emitted higher pollutants due to their 

higher degree of unsaturation and poor specific energy, and hence ranks last [50, 51]. 

However, tetralin's overall performance is significantly improved in terms of specific 

energy and finally ranked in the middle. It can be seen that hydroprocessing can 

effectively reduce emissions and increase specific energy, which is of great significance to 

fuel optimization [52]. 

CONCLUSION 

This study conducted systematic experiments and analysis on the impact of 16 

aromatic blended fuels on PM emissions. The research results have guiding significance 

for optimizing aviation fuel with low carbon smoke emission and the development of 

alternative fuels. The result shows: 

 The different molecular types and molecular structures of aromatic 

hydrocarbons have significant differences in fuel emissions. Controlling the types of 

aromatic hydrocarbons can be an effective means to reduce particulate emissions from 

combustion. 

 The emission concentration of the blended fuel of indene and naphthalene 

is very high. When its content is increased, the emission concentration growth rate is 
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much lower than that of benzene. When the content of α-methylstyrene blended fuel in 

the benzene series increases, the number of emitted particles does not change much, but 

individual particles mass increases significantly. 

 The molecular structure plays a crucial role in emissions. Besides, high 

density is another important factor leading to the formation of soot. The high H/C ratio 

has an excellent inhibitory effect on soot formation. 

 Cumene and styrene have the best overall performance in terms of 

emissions and specific energy. Besides, hydroprocessing can reduce emissions while 

increasing specific energy, which is an effective means to optimize fuel's overall 

performance. 

 Different aromatic species on PM emissions in CI engine and aviation 

combustor have a similar trend. Overall, the alkyl-benzene category of aromatics showed 

the best performance related to lower soot-formation tendency. Additionally, it was 

observed that di-aromatics and cyclo-aromatics produced significantly higher soot 

emissions compared to alkyl-benzenes. Therefore, it can be deduced that the molecular 

chemical structure of the aromatics shows a key role in soot emission. 

 Methylnaphthalene from the di-aromatics category had the worst impact 

on all PM and SRP evaluations at LBO, particularly at high proportions. On the other hand, 

3-Isopropylcumene blends had the lowest emission rate and SRP. The blends with toluene 

and o-Xylene exhibit the smallest sooty area ratio and the increase rate was relatively 

low. This indicates that they offer the best performance for promoting sufficient burning 
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and low emission. There is a possibility of tuning the aromatic type in future fuels to 

achieve lower emissions and better systems compatibility 
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Fig. 1. Testing set up with the Tay combustor [42] 
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Fig. 2. PM particle quantity and quality results of 16 kinds of aromatic hydrocarbons and 

3 kinds of ratio mixed fuel  

(The details of the data are shown in Appendix I) 
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Fig. 3. The growth rate of PM of 16 aromatic hydrocarbon mixed fuels 
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Fig. 4. Linear relationship between aromatic hydrocarbon characteristics and PM 

emission; (a) PM vs Density; (b) PM vs molecular weight; (c) PM vs Specific energy; (d) 

PM vs H/C ratio 
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Fig. 5. Sample images of indene in proportions of 8%, 13%, and 18% during the final 

0.05s before LBO point 
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Fig. 6. Power spectrum density of the blended fuel with 13% toluene (alkyl-benzenes), 

indene (cyclo-aromatics) and methylnaphthalene (di-aromatics) 
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Fig. 7. Sooty flame area ratio for 16 types of aromatics blends, with three proportions by 

volume at LBO condition 
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Fig. 8. Effect of H/C ration in sooty flame radiation power 
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Fig. 9. Effect of aromatic species on PM mass concentration in two test rigs 
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Table Caption List 

 

Table 1 Candidate aromatics species 

Table 2 Testing parameters for the LBO and stable conditions 

Table 3 Performance ranking and weight allocation and comprehensive ranking of 

16 aromatic hydrocarbons 
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Table 1. Candidate aromatics species 

Name Structure 
Density 

[gcm-3] 

Specific 

Energy 

[MJ/kg] 

Molecular 

Mass 

[g/mol] 

H/C 

Ratio 

Alky-benzenes 

Toluene 
 

0.865 40.589 92.14 1.143 

Styrene 
 

0.906 42.205* 104.15 1.000 

o-Xylene 
 

0.879 40.961 106.17 1.250 

Ethylbenzene 
 

0.867 40.938 106.17 1.250 

α-Methylstyrene 
 

0.909 40.810 118.18 1.111 

Pseudocumene 
 

0.876 40.984 120.19 1.333 

Cumene 
 

0.864 41.217 120.19 1.333 

Diethylbenzene 
 

0.87 43.683f 134.22 1.4 

Tert-butylbenzene 
 

0.867 —— 134.22 1.4 

p-Cumene 
 

0.86 43.644 134.22 1.4 

3-isopropyl cumene 
 

0.856 —— 162.27 1.5 

Tert-butyl m-xylene 

 

0.867 —— 162.27 1.5 

Cycl-aromatics 

Indene 
 

0.996 41.300 116.16 0.889 

Indane 
 

0.965 42.162 118.176 1.111 

Alkyl-naphthalene（Di-aromatic） 

Tetralin 
 

0.973 42.523 132.2 1.2 

Methylnapthalene 

 

1.001 40.668 142.2 0.909 
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Table 2. Testing parameters for the LBO and stable conditions 

Condition 
Atomization pressure 

(kPa) 

Fuel pressure 

(kPa) 

Air-mass flow 

(kg/s) 

Fuel flow rate 

(g/s) 

LBO 40 150 0.2 Real time 

Stable 80 300 0.2 1.8 
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Table 3. Performance ranking and weight allocation and comprehensive ranking of 16 

aromatic hydrocarbons 

 Specific 

Energy 

PM 

number 

PM 

mass 
𝑘𝑁𝑜. 𝑘𝑚𝑎𝑠𝑠 

soot 

radiation 

power 

Total Rank 

 50% 10% 10% 10% 10% 10%   

3-isopropyl cumene 6 1 1 3 5 6 4.6 1 

p-Cumene 2 5 7 10 9 5 4.6 2 

Diethylbenzene 1 11 9 2 15 7 4.9 3 

Styrene 4 6 5 9 10 4 5.4 4 

Tetrahydronapthalene 3 13 14 11 1 14 6.8 5 

Tert-butylbenzene 6 3 3 16 8 12 7.2 6 

Tert-butyl m-xylene 6 8 11 6 13 8 7.6 7 

Cumene 10 2 2 12 6 9 8.1 8 

Indan 5 14 13 15 2 13 8.2 9 

Ethylbenzene 13 4 4 1 7 3 8.4 10 

O-xylene 12 10 8 4 11 2 9.5 11 

Indene 9 15 15 8 3 15 10.1 12 

Pseudocumene 11 9 10 14 14 10 11.2 13 

Toluene 16 7 6 7 12 1 11.3 14 

α-Methylstyrene 14 12 12 5 16 11 12.6 15 

Methyl naphthalene 15 16 16 13 4 16 14 16 
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