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The evaporation characteristics of a single fuel droplet of diesel fuel (DF) and the 
Malaysian palm oil biodiesel-diesel blend (B10-B50) were studied experimentally. The 
fuel droplet properties consisted of different ratios of palm oil biodiesel mixtures which 
could influence the droplet behaviour when impinged on the heated surface. By 
employing the hot surface deposition test (HSDT) method, the droplets impinging on the 
heated surface of an aluminum alloy plate were observed to evaluate the 
droplet's evaporation characteristics including the evaporation lifetime and maximum 
evaporation point (MEP) of the tested fuels. Furthermore, the deposit’s surface 
temperature for dry condition (timp=7 seconds) and wet condition (timp=3 seconds) test 
were also measured during the deposition test. Finally, the deposit development on the 
heated surface was evaluated through a logarithmic expression of MR/mD = αND

β. The 
results showed that the evaporation lifetime of each test fuel decreased with increasing 
hot plate surface temperature. Furthermore, the MEP was the highest for B30 (380°C), 
followed by B20 and B40 (375°C), B10 and B50 (365°C), and DF (360°C). In the dry 
condition test, the recorded average minimum and maximum deposit surface 
temperatures were observed to be within the range of Td=295°C to Td=325°C for DF and 
Td=290°C to Td=350°C for B10-B50 fuels. On the other hand, for the wet condition test, 
the recorded average minimum deposit surface temperatures for both DF and B10-B50 
fuels were consistently lower than the hot plate temperature. DF exhibited the most 
variation, ranging from Td=200°C to Td=300°C, whereas, for B10-B50, the recorded 
deposit surface temperature was only ranging from Td=150°C to Td=200°C. 
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1. Introduction 
 

The unmanageable rate of fossil fuel use and the high levels of emissions produced by traditional 
energy sources directly contribute to global environmental damage [1]. Fossil fuel such as petroleum 
diesel is one of the main contributors to global air pollution. As diesel engine is widely operated 
especially in the transportation sector, a new kind of renewable energy should be implemented to 
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minimize the dependence on fossil fuel. One of the sustainable energy sources with enormous 
potential to eventually replace liquid fossil fuels is palm oil biodiesel [2]. Malaysia is currently behind 
Indonesia as the largest crude palm oil producer and exporter in the world [3,4]. However, palm oil 
biodiesel might have different fuel properties compared to the common diesel found in the market, 
which can influence the performance of the engine operations. While the use of 100% biodiesel is 
not yet widespread in commercial vehicles, diesel-biodiesel blends ranging from 5% to 30% biodiesel 
mixed with pure diesel are globally accepted and employed with no or minor modification in diesel 
engines [5,6]. Moreover, the thermal efficiency of the engine, when fuelled by biodiesel blends, was 
comparable to that of pure diesel fuel [7]. As mentioned by Marlina et al., [8], vegetable oils such as 
crude palm oil are dominated by saturated fatty acid contents. The fatty acid composition 
significantly influences the physical and chemical characteristics of vegetable oils such as the 
droplet’s surface tension, evaporation, and atomization. Furthermore, the extended chain with 
numerous unsaturated double bonds in biodiesel contributes to elevated surface tension, impeding 
droplet formation and leading to sluggish evaporation rates, thereby compromising the efficiency of 
the atomization process. In another work on droplets suspended on a thermocouple, the same 
author also figured that adding an additive to the biodiesel could improve the evaporation 
characteristics [9]. The author found that adding 1.8-cineole in crude palm oil causes the rapid 
expansion and enlargement of trapped bubbles, hence accelerating the evaporation rate of the 
droplet. When applied in diesel engines, significant deposit formation could occur inside the 
combustion chamber eventually affecting the emissions and mechanical performance of the engine, 
as documented in our previous work [10]. 

Fuel properties have significant impacts on the evaporation characteristics of its droplet on a 
heated surface. The biodiesel-neat diesel blend fuel evaporation characteristics such as the 
evaporation lifetime are determined by the percentage of biodiesel in the blended mixture [11]. This 
implies that adding biodiesel to base diesel will increase fuel consumption due to the increased 
combustion rate. One of the most important reasons to study the evaporation characteristics or 
droplet-wall interaction of a single fuel droplet is to characterize the engine’s spray vaporization and 
combustion as mentioned by Pan et al., [12]. The author also mentioned that the dynamic of the 
droplet can be influenced by various factors such as the droplet’s density and viscosity, diameter, 
velocity, and liquid film. On the other hand, the overall rate of fuel evaporation is also influenced by 
temperature, pressure, volatility, diameter of the spray drops, and the velocity of the drops in 
relation to the surrounding gas [13]. This is in agreement with Mariani et al., [14] who mentioned 
that fuel properties such as the fuel droplet size and momentum are crucial in enhancing optimum 
fuel mixing and simultaneously reducing the droplet's interaction with the combustion chamber wall. 
Furthermore, a study on single-droplet combustion is crucial because single-droplet combustion 
shares many physical and chemical processes with spray characteristics [15]. However, this 
statement is opposite to that of Wang et al., [16], who mentioned that, because the droplets around 
them have an impact on their evaporation and burning, spray combustion droplets are not the same 
as single, isolated droplets. Another study was conducted by Zhang et al., [17] on a similar matter as 
investigation on droplet combustion is vital as it was the foundation of spray combustion for the real 
engine. Moreover, Wang et al., [18] and He and Piao [19] also pointed out that the topic of droplet 
evaporation characteristics studies is the basis for understanding the complex combustion of liquid 
fuels and elaborating the behavior of internal combustion engine fuel injection systems and spray 
cooling. 

Several factors could affect the evaporation characteristics of a particular fuel droplet, especially 
the droplet-surface behavior. During the evaporation of a single droplet fuel, there are two types of 
temperature regimes involved, which are the Nukiyama temperature and Leidenfrost temperature 
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as explained by Segawa et al., [20]. Orzechowski [21] in his study also describes the Leidenfrost 
temperature regime during the evaporation process. Moreover, Mohaddes et al., [22], mentioned 
the Leidenfrost effect, which causes the impinging spray to splash and rebound, or the creation of an 
evaporating fuel coating on the heated surface. Mach et al., [23] also proposed that the droplet-
surface behavior is characterized by Nukiyama temperature, which is the droplet boiling temperature 
at which the droplet has a minimum evaporation lifetime, and Leidenfrost temperature, where the 
droplet possesses a maximum evaporation lifetime and levitates above the surface on a layer of 
vapor, as illustrated in Figure 1. In the figure, it can be seen that the falling droplet is floating above 
a vapor layer, and most likely does not recoil anymore as the temperature of the heated surface is 
also decreased in this Leidenfrost temperature regime. 
 

 
Fig. 1. Illustration of a droplet in Leidenfrost 
regime [24] 

 
According to Bertola [25], the rebound phenomena at very high surface temperatures happen as 

a result of the impact-induced creation of a vapor film at the droplet-wall interface. This vapor layer 
functions as a sort of lubricant, minimizing energy loss during the spreading and gathering of the 
droplets. Another researcher, Mach et al., [23] described that when a fuel droplet impinges on a 
metal surface, it may moisten the surface and spread, or it may wet the surface, cavitate, and then 
violently fragment, rebound intact, or splatter due to fragmentation at impact. The author also 
mentioned the importance of droplet-surface interactions in combustion chamber wall wetting and 
the point that it is more likely to occur on the part of walls with relatively lower temperatures. 
Additionally, he pointed out that in a high swirl engine, whether a droplet wets the surface or avoids 
contact with the wall and evaporates within the chamber depends on its kinetic energy, the 
temperature of the chamber wall, and the properties of the surface (previously produced deposits 
or oil layers). Furthermore, Chausalkar et al., [26] mentioned that because individual droplets may 
wet the wall, bounce, or break up upon impact, the result of the spray impingement on walls over a 
variety of temperatures and ambient pressures can significantly influence the final air-fuel mixture 
quality. The total amount of pollutants released from the combustor can also be significantly 
influenced by the final rebound or deposition of these droplets on the combustor wall. For fuel 
injection systems, a lower droplet adherence to the surface is preferred because it allows for a more 
effective evaporation process. 

In the work carried out by Reis [24], the author listed out the main forces in the droplet impact 
on a heated surface, as presented in Figure 2, which the forces are inertia, surface tension, viscosity, 
and adhesion, respectively. He also stated that numerous factors, including droplet diameter, impact 
velocity, saturation temperature, viscosity, and surface tension, which are directly related to the 
liquid characteristics, determine these forces in this process. Regarding the forces in droplets, Liang 
and Mudawar [27] described that the impact droplet dynamic is also heavily influenced by solid 
surface properties such as diffusivity, wettability, surface roughness, and surface temperature. These 
statements show that the evaporation characteristics of a fuel droplet on a heated surface do not 
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depend solely on its properties but are also influenced by the condition of the heated surface to 
which the droplet will be impinged. 
 

 
Fig. 2. Main forces in the droplet impact on a heated 
surface [24] 

 
The studies on evaporation characteristics of palm oil biodiesel blend droplets on a heated 

surface were still limited, especially up to 20% blend ratio. Thus, this study aims to investigate the 
droplet evaporation characteristics of the Malaysian palm oil biodiesel-diesel blend on a heated 
aluminum alloy surface by using the Hot Surface Deposition Method (HSDT) in particular. 
Furthermore, the effect of impingement interval on the deposit development and the deposit’s 
surface temperature will be examined. The results will be compared to those of neat diesel fuel to 
identify the influence of palm oil biodiesel blend droplet properties on droplet evaporation behavior 
at certain temperatures. Furthermore, the outcomes of this study are important as a reference in the 
real fuel deposition test. 
 
2. Methodology 
 

All fuels used in this experiment were obtained from the local factory in Malaysia. The diesel fuel 
(DF) used was pure diesel which was obtained directly from the refinement factory. On the other 
hand, the blended palm oil biodiesel fuels were produced by mixing neat diesel with processed 
Malaysian crude palm oil at room temperature. The biodiesel-diesel blend was a mixture of 10% of 
palm oil biodiesel with 90% of neat diesel by volume for the B10 fuel. The other fuel blends were 
prepared by blending the palm oil biodiesel with volume proportions of 20%, 30%, 40%, and 50% in 
neat diesel fuel, and designated as B20, B30, B40, and B50, respectively. The physicochemical 
properties of Malaysian palm oil biodiesel fuels are presented in Table 1. 
 

Table 1 
Physicochemical properties of DF and blended Malaysian palm oil biodiesel [28] 
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 4 4.61 
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 0.3 0.33 
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On the other hand, the mass of 100 fuel droplets is measured using a microbalance scale, and 
three readings are taken for each test fuel to calculate the average mass. Due to the irregularities in 
droplet shapes and the challenges associated with measuring the actual diameter of each droplet 
without the assistance of a high-speed image processor, the sphericity value is considered negligible. 
In this research, the droplet is assumed to be a sphere for simplification. Before conducting the 
evaporation test, the mass and diameter of an individual fuel droplet are determined based on the 
fuel density and the mass of 100 droplets, as outlined in Eq. (1). The droplet properties are shown in 
Table 2 and it can be seen that a higher blending ratio of the biodiesel-diesel blend does not 
guarantee a heavier mass or larger droplet diameter, respectively. 
 
mD = (1/6π)(Dd)3(ρfuel)             (1) 
 
mD = mass of a single fuel droplet (g) 
Dd = diameter of single droplet (mm) 
ρfuel = density of fuel (kg/m3) 
 

Table 2 
Single fuel droplet properties 
Fuel Mass of single 

droplet, md (mg) 
Diameter of a single 
droplet, Dd (mm) 

DF 4.9 2.2 
B10 5.3 2.3 
B20 4.7 2.2 
B30 4.8 2.2 
B40 5.0 2.2 
B50 4.9 2.2 

 
The experimental method implemented in this study was the HSDT method. In the literature, the 

HSDT experimental concept has been applied in previous works regarding the investigation of fuel 
deposition on a heated wall surface [29-32]. As can be seen in the schematic diagram in Figure 3, the 
main experimental concept of this method was to investigate the fuel droplet mechanism when it 
was impinged on the heated aluminum alloy hot plate, which represents the pistons inside of the 
internal combustion (IC) engine. Aluminum alloy was used to fabricate the hot plate, pistons are 
mostly made of aluminum alloy [33,34]. The hot plate was electrically heated by a set heater of block 
which is located beneath the plate while the temperature was set and controlled on the control panel 
of the HSDT machine. The droplet was released from the needle tip and the evaporation process 
occurred on the center part of the hot plate was observed, which is the hottest region when heated 
as we identified in our previous studies [35,36]. The fixed distance between the hot plate's surface 
and the needle tip was Lh=80mm. Such distance aimed to address specific concerns. When the 
distance is below Lh=80mm, there is a higher chance of a wet condition as fuel droplets reach the 
plate's surface more quickly, regardless of the prolonged impingement interval. Conversely, distances 
exceeding Lh=80mm may result in more splash loss of impinged droplets, potentially affecting the 
precise measurement of the actual deposit production. 

For this test, the initial test temperature was set at Ts=250°C, and a fuel droplet was impinged on 
the hot plate. The droplet evaporation behavior was observed and recorded. The droplet evaporation 
lifetime was manually measured using a digital stopwatch. To ensure data reliability, a minimum of 
three readings for droplet lifetime were taken at each test temperature. In the case of diesel fuel, 
the duration from when the droplet first makes contact with the hot plate surface until the 
completion of the evaporation process is considered the droplet's lifetime. However, for multi-
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component fuels like palm oil biodiesel-diesel fuel blends, the droplet lifetime is recorded until the 
residual fuel becomes hard to vaporize, and no further vapor is produced during the evaporation 
process. With an increment of 5°C, the experiment was conducted until Ts=430°C of hot plate 
temperature. Other than that, the surface roughness of the hot plate surface and velocity of the 
impinging droplet were the constant variables in this test as those parameters could affect the 
evaporation characteristics of droplets as studied by Fukuda et al., [37]. By analyzing the single fuel 
droplet behavior on the heated plate, the average evaporation lifetime, tlife, maximum evaporation 
point (MEP), and evaporation state can be obtained for each fuel. 

To investigate the deposit formation, a multi-droplet of fuel must be impinged on the hot plate 
at different parameters which are the hot plate temperature, droplet interval, and fuel properties. 
Therefore, for each test fuel, the experiment was conducted until droplet ND=16000 for both the dry 
condition (impingement interval timp=7 seconds) and wet condition (impingement interval timp=3 
seconds) test. Moreover, the set temperature of the hot plate for B10-B50 fuel deposition tests is 
Ts=340°C, while for DF deposition tests is Ts=315°C. 
 

 
Fig. 3. Schematic diagram of experimental setup for HSDT 

 
3. Results and Discussion 
 

For all tested fuels, the droplet evaporation characteristics are presented in Figure 4(a) to Figure 
4(f). These results are important as they will be used as a reference and to support the results in the 
actual fuel deposition test, whereas the initial wetting condition and the droplet's physical contact 
with the hot surface may be explained by these droplet properties. There are three main droplet 
characteristics shown in the figure, which are the droplet average evaporation lifetime, MEP, and 
evaporation states. The evaporation states consist of single droplet (indicated by a black dot) and 
non-single droplet (indicated by a white dot) as presented in the results in Figure 4(a) to Figure 4(f). 
The single droplet evaporation indicates a state of single droplet evaporation, where the surface 
temperature falls below the MEP temperature causing the fuel droplet to become stuck on the 
heated surface, as depicted in the illustration made by Arifin and Arai [38] in Figure 5(A1) (lens-
shaped droplet and vapor bubble formation) and Figure 5(A2) (vigorous boiling droplet). Khavari et 
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al., [39] also mentioned that the formation of microscopic vapor bubbles at the solid-liquid interface 
during droplet spread at the surface is implied by the boiling phenomena that occur when a droplet 
impacts a heated surface, which occurs at high surface temperatures. After reaching the MEP 
temperature, fuel vapor is formed as illustrated in Figure 5(A3). Single droplet evaporation in this 
state indicated that the fuel droplet vaporizes with a spherical shape droplet and detaches from the 
heated surface. On the other hand, for non-single droplets, this symbol represents the ferocious 
boiling within the nucleate boiling regime (near MEP region) that results in a splashing of tiny droplets 
or broken film or fuel as can be seen in illustrations Figure 5(B1) and Figure 5(B2), respectively [40]. 
However, after the MEP region, the non-single droplet symbol illustrated in Figure 5(B3) means a 
break-up behavior of the fuel droplet [41,42]. 

The experiment started with a low surface temperature of the aluminum alloy. Fuel droplet 
remains on the heated surface for a longer duration at lower temperatures due to a prolonged 
evaporation lifespan. This might change the way that subsequent droplets evaporate as well as the 
way that deposits accumulate. As presented in Figure 4(a), when the hot plate surface temperature 
was increased, the DF evaporation lifetime gradually decreased. At the initial hot surface 
temperature of Ts=250°C, the average evaporation lifetime of DF was around tlife=40s, which was the 
lowest compared to the other test fuels. Before the experiment started, we expected that the droplet 
evaporation lifetime would be higher for fuel with higher biodiesel content. However, the results 
obtained indicated that the average evaporation lifetime at Ts=250°C of B30 fuel was the longest 
which was approximately tlife=75s, followed by the other fuels with an average evaporation lifetime 
of tlife=69s (B40), tlife=67s (B20 and B50), and tlife=61s (B10). Furthermore, the droplet evaporation 
lifetime profile for all tested fuels showed a gradual decrease, except for B40 fuel (Figure 4(e)) which 
indicated a steep curve between the surface temperature of Ts=280°C-300°C. This means that B40 
lifetime decreases faster compared to other fuels in that temperature region. 

The MEP, which is the maximum evaporation rate point (MEP) temperature is defined as the 
temperature at which a fuel droplet impinged on it evaporated with the shortest lifespan as 
illustrated in Figure 5. In addition, this point also demonstrated the upper bound on the ability of fuel 
droplets to adhere to a heated surface during evaporation. Due to the creation of fuel vapor between 
the fuel droplet and the hot wall surface after reaching this temperature, the fuel droplet began to 
separate from the wall surface. The obtained MEP for the tested fuels were 360°C (DF), 365°C (B10 
and B50), 375°C (B20 and B40), and 385°C (B30). Surprisingly, despite not having the highest blending 
ratio, B30 fuel indicated MEP was the highest compared to B40 and B50, respectively. Moreover, the 
MEP of B50 was only around 5°C higher compared to DF. This shows that fuel properties in terms of 
blending ratio did not have a significant impact on the droplet MEP. However, it cannot be ruled out 
that other factors such as auto-oxidation might have altered the fuel physicochemical properties of 
the fuel during storage, consequently affecting the droplet evaporation characteristics [43]. After the 
MEP region, there were slight increases in the average evaporation lifetime of all fuels, even though 
the hot surface temperature was increased. This is identical to the illustration in Figure 5, which 
indicates that the droplet’s lifetime increased and reached the Leidenfrost point temperature after 
the MEP region. At some point, when the temperature is raised, the evaporation rate is reduced and 
the droplet lifetime is slightly extended [44]. 

In terms of the evaporation mechanism, DF droplet evaporation produced the most droplet 
splashes (indicated by the non-single droplet symbol) after the MEP region as shown in Figure 4(a). 
During this phase, the break-up of droplet occurs as shown in Figure 5(B3). In addition to the droplet 
break-up behavior, Kompinsky et al., [45] in his studies explained that the droplet bounces off the 
surface during the splitting process as a result of the tremendous thermal energy being transmitted 
to it and the high pressure that is being built up underneath it. Moreover, DF also produced more 
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smoke during the evaporation process compared to B10-B50. Unlike DF, a non-single droplet 
evaporation pattern occurred before the MEP region for B10 fuel (Figure 4(b)). The non-single droplet 
evaporation pattern consists of deposit splashes as illustrated in Figure 5(B1). One of the possible 
reasons may be explained by the mass of the droplet of B10 which is the heaviest, resulting in higher 
impact when hitting the heated surface and consequently producing more droplet splashes. 
Furthermore, droplet splashes phenomena also contributed by the different chemical bonds of the 
biodiesel fuel, which leads to elevated surface tension, impeding droplet formation, and leading to 
sluggish evaporation rates as being reviewed by Wang et al., [46]. The author also mentioned that 
uneven distribution of various components within the droplet’s dynamics results in a gradient in 
surface tension, influencing the droplet’s behavior when impacted on a heated surface. For B20 and 
B30 fuels in Figure 4(c) and Figure 4(d), an obvious non-single droplet pattern for B20 appeared 
before the MEP region, while the latter was observed after the MEP region even though the droplet 
properties of these fuels were almost identical in terms of droplet diameter and droplet mass. On 
the other hand, B50 fuel (Figure 4(f)) produced the lowest non-single droplet evaporation profile 
compared to other fuels. 
 

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

Fig. 4. Evaporation characteristic of (a) DF, (b) B10, (c) B20, (d) B30, (e) B40, and (f) B50 

 

 
Fig. 5. General features for the single and non-single 
droplet states during fuel evaporation [38] 

 
After the MEP values were obtained from the evaporation characteristics, parameters for the 

deposition experiment were determined. For DF, the hot plate surface temperature was Ts=315°C 
and for B10-B50, the temperature was Ts=340°C. The droplet impingement intervals for dry and wet 
conditions were similar for all test fuels. After the deposition test reached droplet ND=1000, the mass 
and surface temperature of the generated deposit were recorded. This process was repeated for the 
next 1000 droplets until droplet ND=16000. The recorded minimum and maximum deposit 
temperatures for each type of fuel are displayed in Figure 6 for the wet condition (timp=3 seconds) 
and Figure 7 for the dry condition (timp=7 seconds). These figures illustrate a consistent decreasing 
trend in recorded temperatures as the number of fuel droplets increases. In Figure 6(a), it is evident 
that the recorded average minimum deposit surface temperatures for both DF and B10-B50 fuels 
were consistently lower than the hot plate temperature, which was Ts=315°C for DF and Ts=340°C for 
the latter. Similarly, in Figure 6(b), the recorded average maximum temperatures of the deposits 
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formed on the hot plate surface were also lower than the set temperature of the hot plate. Among 
all the fuels tested in the wet condition, the average minimum and maximum deposit surface 
temperatures for DF exhibited the most variation, ranging from Td=200°C to Td=300°C. This variability 
may be attributed to the notably thin layer of DF deposits compared to the other fuels. For B10-B50 
fuels, both the average minimum and maximum deposit surface temperatures were recorded below 
Td=200°C, even though the set temperature of the hot plate for B10-B50 fuel deposition tests 
(Ts=340°C) was higher than that for DF deposition tests (Ts=315°C). In general, wet condition 
deposition tests resulted in the production of more deposits. Additionally, as the deposits became 
thicker and wet conditions persisted, the evaporation lifetime of fuel droplets increased, leading to 
a significant difference between the hot plate surface temperature and the deposit surface 
temperature. Moreover, the heat transfer behavior of the deposits also changed as the accumulated 
deposit amounts increased, leaving more liquid fuels on the hot plate surface [38,43]. 
 

  

(a) (b) 

Fig. 6. (a) Minimum and (b) Maximum deposit surface temperature comparison for wet condition 

 
In the dry condition test, the recorded average minimum and maximum deposit surface 

temperatures were observed to be within the range of Td=295°C to Td=325°C for DF and Td=290°C to 
Td=350°C for B10-B50 fuels, as depicted in Figure 7(a) and Figure 7(b). Notably, in this test, the 
average minimum and maximum deposit surface temperatures for DF displayed a higher degree of 
consistency. In comparison to the wet condition deposition test, the deposits formed by the tested 
fuels in the dry condition were notably fewer. Furthermore, these deposits appeared thinner in terms 
of physical characteristics and contained fewer liquid fuel remnants, especially when measuring the 
maximum deposit surface temperature, where there was hardly any observable accumulation of 
liquid fuel on the deposit surface. These conditions led to a reduced thermal impact on the oxidation 
of liquid fuels, despite the continuous oxidation of carbonaceous deposits. Additionally, as more 
deposits accumulated, the surface temperature experienced a slight decrease attributed to the 
impact of the deposits' low thermal conductivity [38,43]. 
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(a) (b) 

Fig. 7. (a) Minimum and b) Maximum deposit surface temperature comparison for dry condition 

 
Eq. (2) was utilized to determine the value of α and β, with the value of mD remaining constant 

throughout the test. It is solely dependent on the characteristics of the tested fuels for various HSDT 
settings [43]. Eq. (2) has also been applied in other works to depict deposit development on a hot 
surface [30,38,47,48]. These values are only suitable for droplet repetition for ND=1000 and above 
due to the sensitivity of the microbalance. The parameter α signifies deposit formation during the 
early stages of the deposition, while the coefficient β is associated with the rate of deposit 
development. At the initial or early stage of the deposition test, there is no guarantee that fuel with 
a higher blend ratio will generate more deposits. Furthermore, at the later stage of the deposition 
test (droplet repetition ND>16000), the thickness of the accumulated deposits will increase due to 
the extended droplet evaporation lifetime caused by the overlapping condition prior to increasing 
droplet number. In addition to that matter, the deposit development rate which corresponds to the 
value of β increases with significant value. Therefore, to minimize the rate of deposit formation, it is 
crucial to maintain a low value of β, especially at the later stage of deposition. 
 
MR/mD = αND

β              (2) 
 
MR = total deposits on a hot surface (g) 
mD = mass of a single fuel droplet (g) 

ND = number of impinged droplets 
α = constant for initial deposition (-) 
β = exponential index for deposition development (-) 
 

The logarithmic expressions derived from the fuel deposition test, as shown in Figure 8 and Figure 
9, are summarized in Table 3. Analyzing the values of the logarithmic expressions from Figure 8 and 
Figure 9, it is apparent that the slopes are directly related to the corresponding relative deposition 
mass (MR) for each fuel. This indicates that as the number of fuel droplets increases, the mass of 
accumulated deposits also increases, but at varying rates of development. Additionally, the gap 
between the slopes provides insight into the rate of deposit development. For the wet condition test 
in Figure 8, there was a relatively narrow gap between the slopes for DF and B10 fuel, indicating that 
deposits developed at a comparable rate for these fuels. Similarly, B40 and B50 fuels also produced 
deposits with almost an equivalent rate of development. For B20 and B30 fuels, the deposit 
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development rate can be described as faster than that of DF and B10 fuels but slower compared to 
B40 and B50 fuels. In the dry condition test shown in Figure 9, there was no visible gap between the 
slopes for DF and B10 fuel. Similarly, B30 and B40 fuels also exhibited very narrow gaps between 
their slopes. However, for B20 and B50 fuels, wider gaps were observed compared to the other fuels. 
These observations provide insights into the relative rates of deposit development for different fuels 
under dry conditions. 

In Table 3, for the dry condition (timp=7 seconds), deposition was notably influenced by the β 
value, as the β value increased for fuels with higher blend ratios. In terms of the α value, it decreased 
as the blend ratio increased, suggesting that it had a less significant impact on deposition. However, 
for the wet condition (timp=3 seconds), the expected trend of the β value increasing with the blend 
ratio was inconsistent. This inconsistency might be attributed to the early stages of the experiment 
(ND < 5000), where fuels with lower blend ratios were able to produce more deposits. Furthermore, 
this indicates that a higher number of droplets may provide a better explanation for the correlation 
between α and β values. With more repetitions, different deposition trends can develop, especially 
in wet condition tests. Hence, it can be concluded that deposition is not solely dependent on the 
values of α and β, especially in tests with low droplet repetitions. Other factors, such as early stages 
of deposition also play a significant role in influencing the deposition process. 
 

 
Fig. 8. Deposit development comparison for wet condition 
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Fig. 9. Deposit development comparison for dry conditions 

 
Table 3 
Logarithmic expression values for ND = 1000-16000 
Fuel Condition α β 

DF τimp = 3s, TS = 315°C 
τimp = 7s, TS = 315°C 

8.14x10-6 1.20 

3.43x10-8 1.76 
B10 τimp = 3s, TS = 340°C 

τimp = 7s, TS = 340°C 
2.79x10-7 1.62 
5.81x10-5 0.97 

B20 τimp = 3s, TS = 340°C 
τimp = 7s, TS = 340°C 

6.55x10-4 0.90 
3.60x10-5 1.19 

B30 τimp = 3s, TS = 340°C 
τimp = 7s, TS = 340°C 

1.27x10-5 1.36 
1.36x10-5 1.33 

B40 τimp = 3s, TS = 340°C 
τimp = 7s, TS = 340°C 

5.94x10-5 1.27 
1.40x10-5 1.35 

B50 τimp = 3s, TS = 340°C 
τimp = 7s, TS = 340°C 

2.83x10-6 1.60 

3.86x10-6 1.49 

 
4. Conclusions 
 

Neat diesel fuel and Malaysian palm oil biodiesel-diesel blend fuel (B10-B50) had their droplet 
evaporation characteristics on a heated aluminum alloy plate analyzed and compared to each other. 
The following is a summary of the main findings: 

 
i. HSDT is a suitable method to evaluate the single droplet evaporation characteristics of fuel. 

ii. For some fuels, the properties in terms of blending ratio did not have a significant impact on 
the droplet MEP. The MEP obtained for the tested fuels were 360°C (DF), 365°C (B10 and B50), 
375°C (B20 and B40), and 385°C (B30). 

iii. DF droplet evaporation produced the most droplet splashes and smoke during the 
evaporation test. Splashes could cause the fuel remains to stick on the surface wall and might 
increase deposit formation. 
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iv. The fuel evaporation characteristics provided information about the initial wetting condition, 
droplet physical interaction with the hot surface, and droplet lifetime estimation that can be 
used to explain deposit formation on the hot surface. 

v. The evaporation profiles indicated that as the temperature of the hot plate increases, the 
evaporation lifetime of the fuel droplet for each test fuel decreases. This shows the effect of 
temperature which caused fuel to evaporate faster at higher temperatures. 

vi. Thicker deposits exhibit lower surface temperatures due to their poor thermal conductivity. 
This, in turn, makes it more challenging for subsequent fuel droplets that come into contact 
with them to vaporize, ultimately leading to an increased generation of deposits. 

vii. There was a significant impact of the biodiesel content in the B10-B50 especially on the 
deposition rate. It has been found that fuel with higher biodiesel content tends to generate 
more deposits at a faster deposition rate. 
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