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To improve the physicochemical properties of biodiesel, researchers have been mixing 
pure biodiesel with neat diesel to produce blended fuels with certain blending ratios. 
However, one of the issues when combining ordinary diesel with biodiesel is the 
formation of deposits. In this study, the hot surface deposition test (HSDT) method was 
employed to investigate the effect of the mixing ratio on the deposition of diesel fuel (DF) 
and its blends with Malaysian palm oil biodiesel (B10-B50). The accumulated fuel deposits 
produced by the test fuels up to ND=16000 droplets were studied based on visual 
inspection and the use of a scanning electron microscope (SEM) to study the deposits’ 
composition. Generally, the higher the blend ratio, the more deposits were formed on 
the hot plate. Furthermore, a greater mass of deposits was produced during the wet 
condition (timp=3 seconds) test compared to that of the dry condition (timp=7 seconds) test. 
Deposits’ distribution area produced by the B30, B40, and B50 fuels were larger and 
appeared to be oily/greasy. Meanwhile, deposits produced by DF, B10, and B20 seem to 
be dry. The radius of the solid deposit was also larger during the wet condition test. For 
dry condition test at droplet ND=16000, the mass of deposit produced was 3.7mg (4mm 
radius) for DF, 3.9mg (5mm radius) for B10, 17.1mg (9mm radius) for B20, 24.0mg (9mm 
radius) for B30, 25.1mg (9mm radius) for B40, and 28.8mg (7mm radius) for B50. On the 
other hand, for the wet condition test, the mass of the deposit generated was 4.4mg 
(4mm radius) for DF, 8.9mg (7mm radius) for B10, 20.4mg (11mm radius) for B20, 31.1mg 
(13mm radius) for B30, 62.4mg (15mm radius) for B40, and 58.2mg (13mm radius) for 
B50, respectively. Additionally, the SEM analysis showed that the deposits’ composition 
for each test fuel primarily consists of carbon (>65%), with relatively lower oxygen 
concentration (<35%). The dry and wet condition also has a significant impact on the 
various deposits’ morphology. 
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1. Introduction 
 

Palm oil biodiesel is the most utilized biodiesel in Malaysia [1-3]. Biodiesel, or known as mono-
alkyl ester of long-chain fatty acids (FAME) is obtained from renewable lipids such as vegetable oils, 
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animal fats, and alcohol [4]. It is environmentally friendly, renewable, non-toxic, non-flammable, and 
non-explosive. Its qualities are comparable to those of diesel fuel, where the main benefits of 
biodiesel are its ability to be blended with diesel fuel in any ratio, and able to be used in diesel engines 
without the need for modification [5-8]. Apart from that, alcohol, which is already readily available, 
can be blended with biodiesel and neat diesel fuel [9]. The fact that it is free of toxic compounds and 
emits fewer harmful emissions into the environment makes biodiesel a popular alternative to non-
renewable fossil fuels. It is possible to enhance the percentage of renewable energy in the 
automotive sector and maybe increase the lifespan of internal combustion engines by employing a 
higher blend level of biodiesel [10]. However, the primary issue of pure biodiesel is the fuel's 
extremely high viscosity, which is 10–20 times more than that of regular diesel, hence, mixing with 
ordinary diesel or other components is preferable to cope with this issue [11]. Compared to pure 
diesel, biodiesel possesses higher carbon residues due to variations in chemical composition and 
molecular structure, which escalates the chance of carbon deposition inside the combustion chamber 
[12]. Additionally, as documented in our previous work, deposit formation inside the combustion 
chamber also affects the mechanical and emissions performance of the engine [13]. 

The use of biodiesel in a diesel engine can lead to complete combustion because of the presence 
of oxygen elements in the biodiesel molecule [14]. However, the composition of the deposits 
generated will vary as a result of the mixing of the fuels. This is because biodiesel will differ from 
diesel fuel in terms of deposit production due to its higher oxygen concentration [15]. Apart from 
that, the negative side of adding more biodiesel into neat diesel is that biodiesel has poor injection 
properties. Uyumaz et al., [14] explained that the size of the biodiesel droplets that were injected 
also grew as the proportion of biodiesel in the fuel mixtures rose. As a result, fuel consumption rises 
and biodiesel atomization degrades. This is in agreement with Sase et al., [16] who stated that 
biodiesel has significantly larger mean droplet sizes than diesel fuel because of biodiesel’s high 
viscosity and low volatility, hence, making it difficult to atomize the fuel and combine it with air. 

Unburned hydrocarbons and carbon monoxide are produced by the incomplete combustion of 
the heterogeneous mixture. Additionally, carbon deposits are formed in or on the cylinder wall and 
head, valve, piston, and injectors within the combustion chamber [17]. Fuel oxidation and soot 
production during engine combustion are linked to carbon deposits [18]. Modern diesel fuel systems 
have higher operating pressures and temperatures, which can accelerate the oxidation and 
breakdown of the chemically unstable components of diesel fuels, especially those found in FAME, 
and increase the likelihood of internal diesel injector deposits forming [19]. Zhang et al., [20] stated 
that in internal combustion engines (ICE), the existence of combustion chamber deposits (CCD) is 
unavoidable. This is in agreement with Cheng [21], who explained that the CCD has existed since the 
inception of ICE. The deposit formation inside the combustion chamber is an undesired but 
unavoidable by-product of engine combustion. The author also mentioned that the shape of the 
deposits generated in various regions of the combustion chamber varied greatly, and the variations 
in surface temperature were the primary cause of the discrepancies. Moreover, when deposits form, 
they are typically thick and gummy. Once they settle in an engine, they frequently harden, which can 
lead to the development of a blockage location [22]. 

Even though combustion chamber deposits consist of complex materials that are hard to 
characterize as studied by Husnawan et al., [23], the study of the physical mechanism or morphology 
of the deposit is important as it is one of the factors that could influence the severity of deposit 
development on the diesel engine parts such as the injector which being studied by Rounthwaite et 
al., [24]. However, there was no biodiesel involved in the author’s experimental work. Another 
author, Cavalheiro et al., [25] mentioned that the presence of solid residues in biodiesel combined 
with diesel can lead to issues with the fuel filters, nozzles, ignition, and loss of engine performance. 
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In addition, Elsanusi et al., [26] in his study cited that the high viscosity of biodiesel resulted in engine 
operational issues such as incomplete combustion and deposit formation. Furthermore, various 
types of aberrant combustion might result from deposit accumulation. It is evident in one form how 
negatively it affects engine performance. For instance, deposited hot patches that ignite 
uncontrollably and cause knocking, run-on, and rumble. 

Engine emissions are also impacted by irregular combustion brought on by deposits in addition 
to degraded engine performance. Pham [27] also pointed out that many engine parameters will be 
negatively impacted by deposits on different engine components, including air residue, airflow, 
compression ratio, spray characteristics, knock, thermal conductivity, and catalyst activity. In another 
study by Feld and Oberender [28], they pointed out that even small concentrations of deposits can 
result in serious concerns, including poor filterability, filter obstruction, corrosion, and technical 
problems like declining injection precision, flow behavior, and spray accuracy. It is essential to note 
that droplets in spray combustion differ from single ones. In general, biodiesel has poor spray 
characteristics owing to its high density, viscosity, and surface tension. Bhikuning et al., [29] stated 
that biodiesels are hard to vaporize due to their high density, viscosity, and surface tension. These 
three properties of biodiesel are the reason for the formation of larger droplets which are more 
difficult to vaporize and consequently lead to poor spray characteristics. Furthermore, the 
evaporation and combustion processes of these droplets are influenced by the presence of other 
droplets in their surroundings [30]. As stated by Hoang and Le [31] atomization level of fuel is 
evaluated by the spray characteristics and the changes for these spray parameters were mainly 
constituted by the formation of the deposit inside the injector hole. The formed deposits are the 
results of incomplete combustion of fuel which is commonly associated with biodiesel due to their 
larger droplets that are harder to vaporize. 

The different mixing ratios between biodiesel and neat diesel fuel will produce different 
physicochemical properties of the blends, which could influence the deposition characteristics of the 
tested fuel when impinged on the surface of a heated aluminum alloy plate. The physicochemical 
properties of fuel that were frequently discussed in the literature were the density, kinematic 
viscosity, heating value, flash point, cetane number, cloud point, and pour point [32,33]. The amount 
of generated deposit is dependent upon the fuel type and different parts of the combustion chamber 
may experience different deposit growth mechanisms as a result of the fuel's physical characteristics 
[34,35], in this study the tested fuels were differentiated according to certain blend ratios. In general, 
when the biodiesel ratio in the fuel mixture is increased, the density and kinematic viscosity also 
increase. The atomization of biodiesel fuel mixes was negatively impacted by biodiesel's increased 
density and viscosity. This could lead to imperfect combustion, which eventually causes an increase 
in carbon deposits [36]. As a result, fuel cannot be atomized and evaporated adequately, which 
probably influences the physical appearance of the formed deposits, as more fuel residues are left 
unburned [14]. Different ratios of FAME in a fuel mixture will contribute to different deposit 
formation mechanisms, as reported by Birgel et al., [37] who found out that B30 and B100 fuel 
accelerated the deposit formation compared to that of ordinary diesel fuel. Furthermore, Liaquat et 
al., [38] in his study also compared the deposit’s physical mechanism. The author found out that 
oily/greasy deposits were seen on injectors running DF, while dry deposits were seen on nozzles 
running the PB20 blend. This indicates that the FAME in a fuel influences the physical appearance of 
the generated deposits. Apart from that, researchers discovered that the substance of carbon 
deposits was often amorphous, porous, and distinguished by a heterogeneous granular structure in 
several investigations that classified deposit structures [39-41]. 

Deposits were likely created by the thermal disintegration of methyl ester molecules or the 
thermal decomposition of glycerine molecules that were present as impurities in the methyl ester, 
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as explained by Barker et al., [42]. Because of the variations in surface temperatures and the 
processes that take place near these surfaces, deposits in various engine components have a wide 
range in nature and how they form [43]. Additionally, deposit formation is highly influenced by the 
temperature to which the fuel is exposed [44]. The temperature at which a deposit forms has a 
significant impact on the deposit's characteristics, where the deposit structure changes when the 
temperature changes [45]. However, in this work, the surface temperature of the hot plate was made 
constant to investigate thoroughly the effect of the blend ratio itself on the deposition mechanism. 

In this study, the deposits from each test fuel were formed on the hot plate. The focus was to 
observe and distinguish the physical appearance of the formed deposits, given the test fuels’ 
different mixing ratios. Compared to an actual engine bench test, the simplicity of this experimental 
method significantly overcame the longer test period and eventually reduced the operating cost. The 
results will be compared to that of diesel fuel to identify the impacts of increasing the ratio in palm 
oil biodiesel-diesel fuel mixture. Furthermore, the outcomes of this work can be used as a reference 
to simulate the severity of deposit formation inside the combustion chamber when a high blended 
palm oil biodiesel is used as a fuel. Thus, the development, composition, structure, and influencing 
elements of the deposit must therefore be studied to establish a foundation for mitigating engine 
deposits. 
 
2. Methodology 
 

The neat diesel fuel (DF) and the palm oil biodiesel-diesel fuel blend (B10-B50) used in this 
experiment were supplied by a local factory here in Malaysia. For the B10 fuel, a mixture of 10% palm 
oil biodiesel and 90% plain diesel was used as the biodiesel-diesel blend. The additional fuel mixtures, 
known as B20, B30, B40, and B50, were made by mixing palm oil biodiesel in neat diesel fuel in volume 
proportions of 20%, 30%, 40%, and 50%, respectively. As can be seen in Table 1, the trend was that 
the higher the blend ratio, the higher the density and kinematic viscosity of the fuel. Even though 
different ratios of fuel blends were used, the calculated diameter for the single fuel droplet was 
2.3mm for the B10 fuel, and 2.2mm for DF, B20, B30, B40, and B50, respectively. Since the difference 
in droplet size was small, the droplets’ size can be considered identical. Hence, for these test fuels, a 
higher blending ratio does not lead to a significant difference in the droplet size. 
 

Table 1 
Physicochemical properties of diesel fuel and blended Malaysian palm oil 
biodiesel (test limit: ASTM D7467) [33] 
Properties  Fuel 

DF B10 B20 B30 B40 B50 

Density (kg/m3) 847 850 853 857 860 863 
Kinematic viscosity (mm2/s) 3.8 3.86 3.91 3.95 3.97 4.00 
Heating value (MJ/kg) 45.21 44.23 44.12 43.13 42.95 42.74 
Acid value (mg KOH/g) 0.16 0.18 0.22 0.26 0.30 0.33 

 
Due to different engine sizes, technologies, and testing settings, the analysis of carbon deposits 

in diesel engines is complicated [35]. Thus, a simple method called the hot surface deposition test 
(HSDT) method was applied in this work as illustrated in Figure 1. This experimental concept to study 
the fuel deposition on a heated plate was implemented in the previous works [45-48]. The droplet 
was impinged on the center part of the plate as it is the hottest area as found out in our previous 
studies [49,50]. For the deposition test parameter, the test condition consisted of two conditions, 
which were identified as dry and wet conditions. The main difference between dry and wet 
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conditions is the droplet interval, which is related to the evaporation time of a fuel droplet. When 
the fuel has not entirely evaporated and the subsequent droplet has dropped back onto the hot plate, 
depositing deposits happen. This circumstance is also known as an overlap circumstance. The area of 
the deposit and the mass of the ensuing deposit are also influenced by the evaporation time [51]. For 
dry conditions, the impingement interval, timp, was set longer (timp=7 seconds) than the droplet 
lifetime of the test fuels, and vice versa for wet conditions (timp=3 seconds). This is to simulate the 
existence of wet conditions in the real combustion chamber. In terms of temperature, the surface 
temperature of the hot plate, Ts, was set to Ts=315°C for DF and Ts=340°C for the blended fuels B10-
B50. These temperatures were set based on the maximum evaporation point (MEP) temperature for 
each fuel obtained from a separate fuel droplet evaporation characteristics test. Furthermore, the 
deposition test for each fuel was conducted until the droplet number ND=16000 droplet for both dry 
and wet condition tests. After each set of experiments was completed, a photograph of the formed 
deposits was taken by using a Mirrorless Camera Sony A7III Model ILCE-7M3. To ensure the quality 
and consistency of the images taken, the camera setting (Focal length: 50mm, Aperture: f/2, 
Exposure time: 1/200, ISO speed: 200) and positioning (distance from lens to hot plate surface: 55cm) 
were fixed throughout the experiments. In this study, the physical appearance of deposits produced 
was observed and images were taken at droplet ND=4000, ND=8000, and ND=16000. Furthermore, 
the radius of the solid deposit generated was also measured to correlate with the biodiesel mixing 
ratio and mass of the deposit produced. In addition, to identify the deposit’s composition, a scanning 
electron microscope (SEM) was used. For the SEM, the images were taken at 500x magnification. 

One of the factors that could affect the temperature measured by the thermocouple was its 
thermal contact resistance with the heated plate. However, the difference between the set 
temperature and the temperature measured by the thermocouple did not exceed +/-5°C. For droplet 
intervals, droplets might exit the injector needle at a shorter or longer time than the previous droplet. 
Hence, the tolerance for impingement interval was set to +/-1 second. Additionally, the droplet 
control valve was monitored and adjusted for every 1000 droplets to make sure the impingement 
interval for both wet and dry conditions was still within the +/-1 second tolerance. 
 

 
Fig. 1. Schematic diagram of HSDT setup 
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3. Results and Discussions 
 

Photographs of accumulated deposits were captured at every ND=1000 droplet repetition until 
reaching ND =16000. In this study, these deposit images are crucial for observing and comparing the 
mechanisms of deposit formation for different fuels at varying impingement intervals of timp=3 
seconds (simulating wet conditions) and timp=7 seconds (representing dry conditions). Furthermore, 
the deposit structures formed by the test fuels as the fuel droplet repetition increases play a key role 
in understanding deposit development behavior [40]. These structures also impact the heat transfer 
and thermal conductivity of the deposits. 

Table 2 provides a comparison of deposit images on the hot plate surface at different stages of 
the deposition test: ND=4000, ND=8000 (mid-stage), and ND=16000 (completion) for an impingement 
interval of timp=7 seconds, representing dry conditions. In this case, the impingement interval exceeds 
the droplet evaporation lifetime for each test fuel. Consequently, DF generated deposits at ND=4000, 
ND=8000, and ND=16000 that displayed no apparent signs of deposit splashing, even at a lower hot 
plate surface temperature of TS=315°C. Unlike palm oil biodiesel fuels, DF contains fewer impurities 
but has a higher carbon residue content. Additionally, the absence of fuel components like glycerides 
contributes to fewer and thinner accumulated deposits for DF. The absence of glyceride components 
in DF, along with its lower carbon residue and impurity levels compared to biodiesel, suggests that 
any traces of deposit splashing were likely caused by the wet conditions themselves [52]. DF also 
produced the lowest amount of deposits compared to other fuels, with 0.4mg, 1.1mg, and 3.7mg at 
ND=4000, ND=8000, and ND=16000, respectively, in the dry condition test. 

For B10 fuel, the cumulative deposits at droplet ND=4000, ND=8000, and ND=16000 were 1.2mg, 
2.0mg, and 3.9mg, respectively. Despite the hot plate surface being hotter (TS=340°C) compared to 
DF, noticeable traces of deposit splashing were observed at all stages of the deposition test. However, 
the deposit splashing became less pronounced at ND=8000 and decreased further at ND=16000, 
possibly due to fuel deposit oxidation during the test. Nevertheless, the radius of solid deposits 
increased from droplet ND=4000 to ND=16000. The structure of the deposits formed at both droplet 
intervals was also denser and more porous. This can be attributed to the lower biodiesel content in 
B10 fuel, which led to faster evaporation and a drier deposit structure. 

For B20 fuel, the deposit masses were 2.4mg (ND=4000), 6.4mg (ND=8000), and 17.1mg 
(ND=16000). There were also significant differences in deposit splashes produced by B20 fuel 
compared to that of DF and B20 fuel. Moreover, there were noticeable changes in the deposit 
thickness. As the hot plate surface temperature and droplet interval were identical to the test on B10 
fuel, it can be deduced that B20 deposition was greatly influenced by its biodiesel content. 

In the case of B30 fuel, there were more pronounced differences in deposit distribution compared 
to B10 and B20 fuels, especially during the wet condition test. In the dry condition test, B30 fuel 
produced deposit masses of 3.9mg (ND=4000), 9.3mg (ND=8000), and 24.0mg (ND=16000). Visual 
inspection of the B30 deposits revealed that their radius grew larger, leaving more unburned fuels 
on the hot plate surface. While some parts of the deposit surface appeared wetter and smoother, 
the majority remained rough and porous. These significant changes in the deposit's physical 
characteristics were likely influenced by the surface temperature of the accumulating deposits 
themselves. As more fuel droplets impinged on the hot plate, layers of deposits formed, becoming 
thicker and impacting the surface temperature of the deposits, consequently affecting their shape 
[34]. 

Photographic views of the deposits accumulated on the hot plate showed a similar deposit 
distribution for B40 fuel during the dry condition test when compared to B30 fuel. In addition, the 
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masses of generated deposits by B40 fuel (5.6mg (ND=4000), 10.3mg (ND=8000), and 25.1mg 
(ND=16000)) were almost identical to B30 fuel. 

For B50 fuels, more visible traces of deposit splashing were observed at ND=4000, ND=8000, and 
ND=16000. The wider area covered by splash deposits for B50 fuel also resulted in a dirtier hot plate 
surface compared to other test fuels. In terms of deposit masses, B50 fuel exceeds other test fuels 
except for droplet ND=4000, where B50 generated fewer deposits (4.7mg) compared to that of B40 
fuel (5.6mg). This indicates that at the early stage of the test, B40 fuel deposition was more affected 
by the existence of wet conditions due to the increasing number of droplets. Nevertheless, B50 fuel 
produced the most deposits at droplet ND=8000 (13.8mg) and ND=16000 (28.8mg). 
 

Table 2 
Photograph of deposit at ND=4000, ND=8000, and ND=16000 for dry condition 
Fuel Condition Droplet number, ND 

ND=4000 ND=8000 ND=16000 

DF timp=7s 
Ts=315°C 

 
0.4mg 

 
1.1mg 

 
3.7mg 

B10 timp=7s 
Ts=340°C 

 
1.2mg 

 
2.0mg 

 
3.9mg 

B20 

 
2.5mg 

 
6.4mg 

 
17.1mg 

B30 

 
3.9mg 

 
9.3mg 

 
24.0mg 
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B40 

 
5.6mg 

 
10.3mg 

 
25.1mg 

B50 

 
4.7mg 

 
13.8mg 

 
28.8mg 

 
Table 3 displays the outcomes of deposition tests under wet conditions at ND=4000, ND=8000, 

and ND=16000 for wet condition tests. In particular, significant disparities emerged in the deposit 
structures formed on the hot plate surface when the impingement interval was reduced to timp=3 
seconds. The accumulated deposits for DF (0.6mg (ND=4000), 1.9mg (ND=8000), and 4.4mg 
(ND=16000)) closely resembled those generated by DF during the dry condition test at timp=7 seconds. 
However, with an impingement interval of timp=3 seconds, there were observable traces of splash 
deposits created by DF. This phenomenon primarily arose due to the wet condition persisting on the 
surface of the resulting deposit when the impingement interval was set below DF's droplet 
evaporation lifetime. 

Among the blends of palm oil biodiesel and diesel fuel, B10 stands out with the lowest density 
and kinematic viscosity. This characteristic likely contributes to B10 forming the least conspicuous 
deposit splashes and a smaller overall deposit distribution area compared to the other biodiesel 
blends. Furthermore, B10 also generated the least amount of deposits ((0.5mg (ND=4000), 2.9mg 
(ND=8000), and 8.9mg (ND=16000)) when compared with B20-B50 fuel. In the case of blended 
biodiesel fuels ranging from B10 to B50, the deposits tend to be thicker and exhibit larger traces of 
deposit splash radius as the droplet number increases from ND=4000 to ND=8000, eventually reaching 
ND=16000. This behavior is primarily attributed to the lower thermal conductivity of these deposits, 
causing their surface temperature to drop below that of the heated surface [48,53]. 

For B20 fuel, the amount of deposits formed on the hot plate exceeded that of B10. Specifically, 
B20 produced 5.1mg (ND=4000), 10.1mg (ND=8000), and 20.4mg (ND=16000) of deposits. 
Interestingly, these deposits were notably rougher, particularly in the dry condition test, where the 
hot plate's surface appeared dirtier than in the dry condition test for B10 fuel. A similar finding was 
reported by Liaquat et al., [54], who observed that injectors running on a 20% palm oil biodiesel-
diesel fuel blend were dirtier than those running on pure diesel fuel. 

The deposits generated by B10-B50 fuels appeared as mound-like deposits with compact and 
porous structures. More liquid fuel stains were also present around the deposition area, especially 
for B30, B40, and B50 fuels. For B30 fuel, the masses of produced deposits were 4.8mg (ND=4000), 
11.0mg (ND=8000), and 31.1mg (ND=16000). The radius of solid deposits produced on the hot plate 
also increased significantly, particularly for B10-B50 fuels, compared to the dry condition test with a 
longer impingement interval of timp=7 seconds. 
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For B40 fuel, the masses of deposits generated on the hot plate were the highest compared to 
other test fuels (11.4mg (ND=4000), 26.0mg (ND=8000), and 62.4mg (ND=16000)). The composition of 
the fuel significantly influences the amount of deposits on the hot plate. Specifically, B50 fuel, with a 
higher palm oil biodiesel blend, results in thicker deposits that spread over a larger area [52]. It is 
noteworthy that the deposits generated by B40 fuel, totalling 62.4mg at droplet ND=16000, were the 
heaviest among all tested fuels in the wet condition test, followed by B50 fuel (7.9mg (ND=4000), 
23.6mg (ND=8000), and 58.2mg (ND=16000)). These findings contrast with most previous studies that 
suggested fuels with higher biodiesel content tend to produce more deposits. However, in terms of 
physical appearance, the deposit distribution of B50 fuel was the most extensive. The surface of the 
hot plate also appeared dirtier for both dry and wet conditions in the B50 fuel deposition test. 
Furthermore, the resulting deposits were thicker and appeared oily and greasy, indicating that more 
fuel residues did not evaporate on the hot plate. Similar findings were reported by Suryantoro et al., 
[55], who described deposits produced by B50 fuel as moist and oily. The author also noted that the 
wetness of B50 deposits could be attributed to the presence of numerous fuel residues, making them 
flammable. 

In actual engines, the surface temperature of deposits can vary depending on factors like engine 
specifications, load, speed, and environmental conditions. Thick deposits make it more challenging 
for subsequent fuel droplets to vaporize, leading to more unburned fuels turning into deposits. 
Additionally, biodiesel is more prone to auto-oxidation compared to petroleum diesel, which 
contributes to the formation of thicker deposits [56]. Other than that, within various regions of the 
combustion chamber, the thickness of the deposits varied significantly. Typically, thicker deposits 
formed on surfaces with lower temperatures [39]. Although DF droplets impinged on a cooler 
surface, DF produced fewer deposits compared to the other blended fuels, indicating that the blend 
ratio has a more substantial impact on deposition than the effect of surface temperature. 
 

Table 3 
Photograph of deposit at ND=4000, ND=8000, and ND=16000 for wet condition 
Fuel Condition Droplet number, ND 

ND=4000 ND=8000 ND=16000 

DF timp=7s 
Ts=315°C 

 
0.6mg 

 
1.9mg 

 
4.4mg 

B10 timp=7s 
Ts=340°C 
 

 
0.5mg 

 
2.9mg 

 
8.9mg 
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B20 

 
5.1mg 

 
10.1mg 

 
20.4mg 

B30 

 
4.8mg 

 
11.0mg 

 
31.1mg 

B40 

 
11.4mg 

 
26.0mg 

 
62.4mg 

B50 

 
7.9mg 

 
23.6mg 

 
58.2mg 

 
After conducting deposition tests at ND=16000 under both dry and wet conditions, the solid 

deposit size can be determined as outlined in Table 4. When using DF, solid deposits of approximately 
4mm in diameter were observed for both dry and wet conditions at ND=16000. In the wet condition 
test, there were also a few instances of deposit splashes and dark soot accumulated on the plate due 
to smoke drawn in by the HSDT machine's exhaust fan. Despite leaving stains on the plate's surface, 
this soot did not disrupt droplet impingement or deposit formation. In the case of B10 fuel, a few 
deposit splashes were observed during the dry condition test, but during the wet condition test, 
liquid-like deposit splashes were produced. Regarding the solid deposits on the hot plate, they 
measured approximately 5mm in diameter for the dry condition test and 7mm for the wet condition 
test. 

More deposit splashes were visible for B20 fuel during the dry condition test, resulting in solid 
deposits with an approximate diameter of 9mm. In the wet condition test, the solid deposit's 
diameter increased to around 11mm, and liquid-like deposit splashes were also observed on the 
heated plate's surface. B30 fuel showed liquid-like deposit splashes during both dry and wet 
condition tests, with solid deposits measuring approximately 9mm in diameter for the dry condition 
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and 13mm for the wet condition. For B40 and B50 fuels, liquid-like deposit splashes were evident in 
both dry and wet conditions. The approximate solid deposit diameters were 9mm (dry condition) and 
15mm (wet condition) for B40 fuel, and 7mm (dry condition) and 13mm (wet condition) for B50 fuel. 
 

Table 4 
Approximate diameter of the solid deposit formed at ND=16000 
Fuel Condition 

Dry Wet 

DF 

  

B10 

  

B20 

  

Solid deposit 
(4mm) 

Solid deposit 
(4mm) 

Splash deposit 
(spot) 

Splash deposit 
(spot) 

Solid deposit 
(5mm) Solid deposit 

(7mm) 

Splash deposit 
(liquid-like) 

Solid deposit 
(9mm) 

Splash deposit 
(spot) 

Solid deposit 
(11mm) 

Splash deposit 
(liquid-like) 

Dark soot 
Dark soot 
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B30 

 

 

B40 

  

B50 

  

 
Based on the data from Table 2 to Table 4, the graph of mass and solid deposit radius generated 

at ND=16000 for both dry and wet condition tests was plotted as can be seen in Figure 2. In the figure, 
the radius of the solid deposit and mass of the deposit produced was greater for fuel with higher 
biodiesel content. Furthermore, the solid deposit radius was greater during impingement interval 
timp=3 seconds compared to timp=7 seconds. Significant differences in solid deposit radius produced 
for both test intervals were observed for B40 and B50 fuel. However, B40 fuel surpassed B50 fuel in 
terms of the mass of deposit produced for both test conditions. Additionally, for the wet condition 
test, the solid deposit radius for B50 fuel was less than that of B40. This condition aligns with data 
from Table 3 where at droplet ND=16000, the surface of the plate during the deposition test for B40 
fuel appeared to be dirtier compared to B50 fuel. 
 

Solid 
deposit 
(9mm) 

Splash deposit 
(liquid-like) 

Splash deposit 
(liquid-like) 

Solid deposit 
(13mm) 

Solid deposit 
(9mm) 

Splash deposit 
(liquid-like) 

Splash deposit 
(liquid-like) 

Solid deposit 
(15mm) 

Solid deposit 
(13mm) 

Splash deposit 
(liquid-like) 

Solid deposit 
(7mm) 

Splash 
deposit 
(liquid-like) 
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Fig. 2. Mass of deposit and solid deposit radius produced at droplet ND=16000 

 
The magnified SEM images which were taken at the center region at 500x magnification of the 

generated deposits after droplet ND=16000 were presented in Table 5. For DF, the concentration of 
carbon (C) and oxygen (O) were 72.89% and 27.11% for the wet condition test while 71.18% and 
24.10% for C and O content during the dry condition test, respectively. The appearance of other 
elements could not be clarified which was silicone (Si) was detected for DF during the dry condition 
test. This was probably caused by contamination or the coating material that was applied onto the 
deposit’s surface before the sample was tested in the SEM chamber. According to Liaquat et al., [38], 
the detection of other foreign elements is possible as other factors such as contaminated lubricant 
could alter the deposit composition measurement. Furthermore, the magnified image of the deposit 
for the wet condition test for DF shows that a lot of uneven rough pores were formed. When DF is 
utilized, deposits do not always form with a uniform layer of carbon [54]. On the other hand, a 
smoother deposit surface with cracks formation appeared for the dry condition test of DF. 

For the B10 deposit’s composition, the concentration of C and O were 77.49% and 22.51% for the 
wet condition test. Meanwhile, for the dry condition test the composition consists of 78.68% C and 
21.32% O. Larger pores were formed during the wet condition test while for the dry condition test, 
multiple layers of deposit were formed. These deposits’ physical composition implied that the 
produced deposits at droplet ND=16000 for both test conditions were porous and rougher. 

During the wet condition test for B20 fuel, relatively higher C concentrations of 80.93% and only 
19.07% of O were detected in the deposits’ composition. The magnified image also shows that there 
were cracks formed on the deposit’s surface. Surprisingly, 100% of C content was detected for the 
dry condition test with the absence of other elements, especially O element. For B30 fuel, the 
deposit’s composition consists of 71.62% C and 28.38% O in the wet condition test. Furthermore, the 
SEM image shows a bubble-like shape appearing on the surface of the deposit. In the dry condition 
test, the SEM image shows a wrinkle-like surface of the formed deposit. The C concentration was 
lower (65.56%) while the O concentration was higher (34.44%) compared to that of the wet condition 
test. 
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For B40 fuel, a bubble-like shape was formed on the surface of the accumulated deposits for both 
test conditions. Moreover, no visible pores were formed and the surface of the deposit appeared to 
be smoother. There was also no O element detected during the wet condition test, which left the C 
element with 100% concentration. For the dry condition test, 67.78% of the C element and 32.22% 
O element were detected on the surface of the deposits. The deposits formed by B50 fuel during the 
wet condition test possess identical wrinkle-like surfaces as produced by that of the B30 deposit. 
However, the B50 deposit’s composition during the wet condition test has a higher C percentage 
(72.64%) and a relatively lower O percentage (27.36%) compared to that of the B30 deposit during 
the dry condition test. In addition, there was only a C element that was detected on the surface of 
the deposit during the dry condition test for B50 fuel. These findings were identical to those of 
Liaquat et al., [54] who also found out the resultant deposits of B50 contained less oxygen element 
in the deposit’s composition despite B50 fuel containing more oxygen. The generated SEM image 
also shows a smooth deposit’s surface with no apparent pores or cracks appearing. 
 

Table 5 
SEM image and deposit composition mass percentage at droplet ND=16000 for dry 
and wet condition test 
Fuel Deposit composition by weight % (Carbon (C), Oxygen (O), Others) 

Wet (timp=3 seconds) Dry (timp=7 seconds) 

DF 

 
C: 72.89 
O: 27.11 
Others: N/A 

 
C: 71.18 
O: 24.10 
Others: Si: 4.72 

B10 

 
C: 77.49 
O: 22.51 
Others: N/A 

 
C: 78.68 
O: 21.32 
Others: N/A 

B20 

 
C: 80.93 
O: 19.07 
Others: N/A 

 
C: 100.00 
O: N/A 
Others: N/A 
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B30 

 
C: 71.62 
O: 28.38 
Others: N/A 

 
C: 65.56 
O: 34.44 
Others: N/A 

B40 

 
C: 100.00 
O: N/A 
Others: N/A 

 
C: 67.78 
O: 32.22 
Others: N/A 

B50 

 
C: 72.64 
O: 27.36 
Others: N/A 

 
C: 100.00 
O: N/A 
Others: N/A 

 
4. Conclusions 
 

Neat diesel and biodiesel-diesel blends up to 50% by step of 10 and their deposits formation on 
the heated aluminum plate was studied. Based on the experimental results, the following conclusions 
can be drawn 

i. Visual inspection revealed that DF had accumulated some deposits. However, based on 
the deposition on the hot plate, it was discovered that the blended fuels (B10-B50) were 
dirtier. 

ii. Fuel with a higher blend ratio produced more deposits in terms of mass except for B40 
fuel which exceeded the mass of the B50 deposit during the wet condition test. This 
indicated that the wet condition escalated the deposit accumulation rather than the 
blend ratio itself. 

iii. Deposits produced by DF, B10, and B20 were observed to be dry, whereas for B30, B40, 
and B50 the deposits produced were observed to be oily and greasy for both test 
conditions. 

iv. It was observed that deposit splashes were generated during the deposition test. The 
visibility of these deposit splashes became more pronounced as the blend ratio 
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increased. Additionally, it was noted that the distribution area of deposits was broader 
when the test was conducted under wet conditions. 

v. The extensive area of deposit splashing indicated the gradual presence of wet 
conditions as the number of droplet repetitions increased. As the deposited layers 
became thicker, the evaporation lifetime of each subsequent fuel droplet extended, 
contributing to the persistence of wet conditions, especially for B20-B50 fuels. 

vi. SEM analysis shows that the deposits’ composition primarily consisted of carbon, with 
a relatively lower oxygen concentration. Furthermore, rough pores were formed on the 
surface of deposits produced by the DF and B10. SEM images also showed that the 
surface of deposits produced was smoother for B20, B30, B40, and B50 fuel with no 
visible pores. 

vii. Despite using the same fuel, different shapes based on the deposits' morphology were 
observed. These were influenced by the impingement interval of the fuel droplets (dry 
and wet conditions). 
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