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Abstract

:

Hot surfaces in industrial processes and automotive systems present a remarkable fire hazard. Lubricating oil is a widely used oil in these scenarios. Quantifying the ignition characteristics and flame behavior of lubricating oil on hot surfaces is critical for enhancing fire safety in energy-related applications. This paper utilizes a self-developed experimental platform for the hot surface ignition to systematically conduct combustion tests on lubricating oil with varying volumes at different surface temperatures. Through statistical analysis and image processing, the ignition temperature, flame height, flame propagation velocity, and flame temperature were examined to assess the fire risk of a hot surface ignition. The results demonstrate that the ignition and combustion process of lubricating oil on hot surfaces can be categorized into five stages. The ignition temperature decreases as the oil volume increases. The flame height and flame propagation velocity are positively correlated with the hot surface temperature. The maximum flame height increases with the increase in the oil volumes. When the flame height reaches the maximum value, the flame area is the largest, and the average flame temperature is 1540.30 °C, showing a greater fire risk. When the oil content is 0.2 mL, the flame propagation velocity is the fastest, reaching 3.81 m/s. Meanwhile, the flame is very close to the oil pipe, which may cause a secondary fire. Therefore, hot surface ignition of lubricating oil poses a direct threat to vehicle safety.
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1. Introduction


Hot surface ignition (HSI) is a critical potential source of automotive fires, with a high likelihood of occurrence [1,2]. This is because lubricating oil (LO) leakage occurs when external forces are encountered during the operation of the car. When LO is directly in contact with the high-temperature components, especially the exhaust system, the LO temperature will rise rapidly. When its ignition point is satisfied, hot surface ignition will occur, even causing a vehicle fire [3,4]. Therefore, a quantitative study of the ignition characteristics and flame behavior of LO on hot surfaces is essential for optimizing vehicle safety design and mitigating the fire risk of the hot surface ignition.



The ignition process of LO on hot surfaces is complex and exhibits probabilistic behavior [5]. In recent years, researchers have primarily employed the droplet method, combined with various laboratory techniques to investigate the hot surface ignition characteristics and flame behavior [6,7]. Research methods include direct observation [8], thermocouple measurements [9], infrared thermography [10], and optoelectronic sensing [11]. Tang et al. [12] examined the ignition behavior of three combustible liquids (diesel oil, hydraulic oil, engine oil) on three metal surfaces (stainless steel, cast iron, carbon steel), utilizing visual inspection and thermocouple analysis to assess the probability of ignition under different conditions. Ping et al. [13] analyzed the ignition behavior of a single drop of lubricating oil in a cylinder, demonstrating that the ignition temperature is closely correlated with the evaporation dynamics of the oil. Shaw et al. [14] used infrared thermal imaging to evaluate the effect of surface thermal properties on the critical ignition temperature of a single droplet from a localized perspective. Babrauskas et al. [15] further established that hot surface ignition is probabilistic event, identifying a specific temperature range that defines two critical temperatures: the minimum temperature of ignition and the 100% ignition temperature.



In recent years, optical detection methods, particularly video and image processing techniques, have gained prominence in combustion experiments [16]. Researchers have utilized high-speed cameras to visualize the flame combustion process and investigate the ignition behavior and flame characteristics of combustible oils on hot surfaces [17,18]. Qi et al. [19] employed high-speed cameras to capture micrographs of oil droplets on hot surfaces, analyzing their ignition characteristics at various temperatures and revealing the ignition and explosion mechanisms of oil droplets. Schlegel et al. [20] and Fei et al. [21] conducted multi-component combustible liquid ignition experiments on hot surfaces, using digital imaging technology to analyze the combustion process. Building on these studies, Tao et al. [22] employed digital imaging to investigate the ignition delay time of small-volume oil droplets on hot surfaces. Chen et al. [23] further utilized digital imaging in hot surface ignition experiments involving typical liquid fuels, elucidating the ignition mechanism through a model that described the concentration of combustible vapors and the temperature distribution on the hot surface.



As highlighted in previous studies, investigating collisional ignition between oil and hot surfaces remains a crucial area of interest in industrial fire safety research. Current research focuses on collisions and microbursts between LO and hot surfaces. However, initial leakage from oil pipes is typically minimal. Limited research has been conducted on the quantitative analysis of ignition characteristics and flame behavior of small oil volumes. This study employed digital imaging technology to conduct hot surface ignition tests for LO at varying volumes. The ignition temperature, flame height, propagation velocity, and flame temperature were quantitatively analyzed. These findings enhance the understanding of LO ignition and combustion behavior on hot surfaces, contributing valuable insights for reducing the likelihood of fire accidents. Furthermore, the study offers recommendations for the safer design of automotive systems and the improvement of industrial safety.




2. Research Methods


2.1. Flame Image Processing Methods


Digital image processing technology was employed to analyze flame characteristics by obtaining surface feature points and coordinates from images captured during the combustion process [24]. A high-speed camera recorded the flame images in real time, saving them as digital video files for further analysis. Flame frames from each ignition test were extracted and processed using a custom Matlab program. The original high-speed camera images reveal two distinct flame types: blue and yellow. A noticeable “edge jitter” effect was observed during the flame development, characterized by numerous sharp corners along the flame edge, which varied irregularly over time [25]. Flame images were segmented based on color characteristics [26], and the edge jitter was accounted for using flame sharp angle processing principles. This allowed for the separation of the flame from its background, facilitating a more accurate extraction of the flame edges. The result was a more precise flame profile, minimizing errors in subsequent data processing [27]. The process is illustrated in Figure 1.



The original RGB (red, green, and blue) flame image is converted into a HIS (hue, saturation, and intensity) color image by Equation (1). The image pixel gradient information is preserved [28].


   H =     θ    B ≤ G        360  °     B > G            S = 1 −      min   R , G , B    I              I =    R + G + B  3        



(1)




where   θ = arccos    2 R − G − B   2       R − G    2  +     R − B     R − G           .



The image is segmented by Equation (2) and the completed segmented digital image is binarized [29].


       I 1    x , y   =       0      I ∉ u            I 0    x , y                I ∈ u                      I 2    x , y   =      0    I ∉ u      255    I ∈ u            



(2)




where    I 0    x , y     is the original flame image;    I 1    x , y     is the segmented flame image;    I 2    x , y     is the binarized flame image; u is the flame color feature space; (x, y) is the flame image pixels.



During real-time capture of flame combustion images by high-speed cameras, external noise can degrade the image quality [30]. A homomorphic filtering method was applied to enhance the brightness and contrast of the binarized images [31]. Additionally, a median filtering technique was used to eliminate isolated, discontinuous noise points within the binarized images [32], ensuring that the pixel values more closely represent the actual data. This approach ultimately results in a smoother and more accurate flame profile. The calculation formula for the median filtering method is provided in Equation (3).


   I 3    x , y   =   Med     i , j ∈ W      I 2    i , j    



(3)




where    I 3    x , y     is the denoised image; W is the size of the selected window in the image; i and j are the pixels corresponding to the median.




2.2. Calculation of Flame Height


Flame height is a critical parameter in the combustion process. It is frequently used as a reference for industrial design, particularly in optimizing oil circuits and exhaust systems for gasoline, diesel, and motor oils [33]. This study selected the ignition core height and the maximum flame height as critical indicators for quantitatively analyzing flame behavior. The method used to determine the ignition core height (Hic) is illustrated in Figure 2. These measurements provide essential data for understanding combustion dynamics and improving the safety and efficiency of fuel system designs.



The processed images are output frame by frame to analyze the flame characteristics. As shown in Figure 3, the first frame of the flame image was taken with a blue flame and yellow flame coexisting (t = 5 s), and after segmenting the image, the flame edge pixel points were identified and localized.



In Figure 3, the edge pixels of the blue flame in the first frame (Image 0) are denoted as (xb0, yb0), and the edge pixels of the yellow flame in the same frame are denoted as (xy0, yy0). Similarly, the edge pixels of the blue flame in the t-the frame (Image t) are defined as (xbt, ybt), and those of the yellow flame as (xyt, yyt). The pixel coordinates on the upper surface of the hot SS plate are represented as (x, y), with a measurement line set at a height of 80 mm from the surface of the SS plate. Using the pixel positions of both the flame and SS plate, combined with Chebyshev’s theorem [35] to scale the flame image’s feature edges, the flame height is calculated as shown in Equation (4).


       H  b  i    =       g b   y  − f  x     β   =           y  b t  i      i ∈   0 , S     − f  x     β          H  y  i    =       ρ y   θ  − f  x     β   =           θ  y t  i      i ∈   0 , S     − f  x     β          H  max   =    max      H  b  i      ,    H  y  i         β        



(4)




where Hb(i) is the height of the blue flame, the vertical distance between the upper edge of the blue flame and the upper surface of the SS; Hy(i) is the height of the yellow flame, the vertical distance between the upper edge of the yellow flame and the upper surface of the SS; Hmax is the maximum value of the heights of the yellow flame and the blue flame.




2.3. Calculation of Flame Propagation Velocity


Fuel droplets contacted the hot SS plate, rapidly heating the fuel to its flash point. As the fuel vapor concentration accumulates, it eventually reaches the lower flammability limit, causing the ignition core to form just above the hot surface and quickly spread outward. The blue flame exists for only 0.03–0.05 s before disappearing, whereas the hot flame persists throughout the entire combustion process [36]. Consequently, this study uses the longitudinal propagation velocity of the hot flame, referred to as the flame propagation velocity, as a critical parameter for analyzing the spread of the flame. As shown in Figure 4, two points in the combustion image are selected. By measuring the distance (ΔH) between these points and the time (Δt) it takes for the flame to propagate between them, the average flame propagation velocity (Vf), can be calculated using Equation (5) [37].


   V f  = Δ H / Δ t  



(5)








2.4. Calculation of Flame Temperature


During flame combustion, the flame emits substantial thermal energy and radiates varying degrees of heat to the surrounding environment. The intensity of this thermal radiation can, to some extent, characterize the flame temperature [38]. Consequently, the flame temperature is computed using Matlab software (R2023a) based on thermal radiation theories such as Wien’s law and blackbody radiation spectrum distribution [39]. Wien’s law is described in Equation (6).


   E λ   T  =  ε λ   C 1   λ  − 5   exp   −     C 2    λ T       



(6)




where λ is the wavelength; T is the thermodynamic temperature; C1 and C2 are the first and second radiation constants.



At a specific temperature, the flame radiation is considered grey body radiation, and the colorimetric method can be taken to measure the flame temperature [40]. Assuming that the same point of an object with temperature T is at wavelength λ, the monochromatic radiant energy is M (λ1, T), M (λ2, T), which is known from the principle of colorimetric temperature measurement:


  T =     C 2     1   λ 1    −  1   λ 2        ln    L  λ 1    T     L  λ 2    T    + ln    S  λ 2      S  λ 1     + ln    ε  λ 2      ε  λ 1     + ln        λ 1     λ 2       5      



(7)




where    L  λ 1    T   ,    L  λ 2    T    are the spectral radiant brightness;    S  λ 1    ,    S  λ 2     are the spectral response sensitivity;    ε  λ 1    ,    ε  λ 2     are the spectral emissivity.



In the above Equation, the spectral emissivity of the gray body radiation wavelength is the same,   ln     ε  λ 2      ε  λ 1      ≈ 0  . Therefore, Equation (7) can be simplified as:


  T =     C 2     1   λ 1    −  1   λ 2        ln    L  λ 1    T     L  λ 2    T    + ln    S  λ 2      S  λ 1     + ln        λ 1     λ 2       5      



(8)









3. Experimental Results and Discussion


3.1. Specimen


The engine lubricant is the most easily ignited fluid on the hot surface of the car [41]. Therefore, a 0 w-–40 type fully synthetic lubricant commonly used in automobile engines was selected for this test. The oil has good low-temperature and viscous properties, low volatilization loss, high thermal stability, and anti-wear, which align with advanced international environmental standards and other technical specialities. Its principal physical parameters are shown in Table 1.



The test was conducted using LO (0.1 mL, 0.2 mL, 0.3 mL, 0.4 mL, and 0.5 mL) with different oil quantities, and 10 repeatability tests were carried out, respectively. The samples were named and numbered according to the amount of oil and the number of tests. For example: LO–0.1–1 represents the first test conducted with 0.1 mL of LO.




3.2. Test System


In this paper, the hot surface ignition test was carried out using the experimental platform for the hot surface ignition. The experimental platform mainly includes the lifting platform, temperature testing system, and image monitoring system; the system arrangement is shown in Figure 5.



The lifting platform comprises a lifting base, an insulation cover, a hot plate, a heating control system, and an LO injection hole. The lifting base allows for the adjustment of the distance between the hot surface plate and the lubricant injection hole, with this distance set to 80 mm to replicate the vertical spacing between the oil pipeline and the three-way catalytic converter of the test vehicle. The insulation cover ensures the safety of the test process by preventing heat transfer. The hot plate is constructed from 304 stainless steel (SS), identical in material, cross-sectional dimensions, and thickness to the automotive three-way catalytic converter, with specific dimensions of 150 mm in length, 80 mm in width, and 1.5 mm in height. Before testing, the SS plate is polished to a surface roughness of Ra < 0.02 μm. The heating control system includes a top water tank and a bottom heating chamber. The top water tank uses a constant-temperature heater to simulate the temperature near the oil pipe during the vehicle operation. At the same time, the bottom heating chamber heats the SS plate to replicate the temperature on the surface of the three-way catalytic converter. The lubricant injection hole is connected to a high-precision automatic oil injection pump, capable of injecting LO at a rate of 0.01 to 0.6 mL/s for the oil dripping test.



The temperature testing system using 12 k–type thermocouples (temperature range of 0–1150 °C, temperature response time of 0.5 ms, test accuracy of 0.1 °C; Asmik Sensing Technology Co., Ltd., Zhejiang, China) in a 2 × 2 manner was arranged in the top plate tank below the 2 cm overhanging position at the location and the surface of the SS board, and supporting the Keysight DAQ970A temperature collector (TC DAQ) real-time measurement of the surface temperature of the SS board and the ambient temperature. The acquisition frequency was set to 25 Hz.



The image monitoring system used a set of Phantom® VEO640 high-speed cameras (VEO640, Vision Research, Inc., Wayne, NJ, USA; sensor: CMOS; resolution: 2560 pixel × 1600 pixel; maximum shooting rate: 350,000 frames/s; pixel size: 10 μm; sensitivity: 40,000 B/W, 6400 color), with a Canon® 100 mm fixed-focus lens (EF 100 mm f/2.8, Canon Company, Inc., Tokyo, Japan; focal length: 100 mm) real-time acquisition of LO combustion video during the test. The test shooting speed was 700 pps and the exposure time was 700 μs. Finally, the video was stored on a computer in Avi and Cine formats.




3.3. Test Process


According to the test design of this paper, the hot surface ignition test of the automotive lubricant ignition is carried out by considering the effects of the oil volume and hot surface temperature on flame combustion characteristics. The specific test process is shown in Figure 6.



During the test, the ambient temperature range was maintained at 30.0~32.6 °C, and the humidity range was 78.9~82.5%. The hot surface temperature was increased in steps of 5 °C, and the temperature range was 370~500 °C [45]. It should also be noted that after each test, the surface of the test material was purged using a blower to exclude the interference of the remaining oil vapors on the next experiment, and the surface of the SS plate was polished to remove the surface oil residue.





4. Results


4.1. Ignition Temperature


Lubricant ignition on a hot surface is a probabilistic event and the probability of ignition on the hot surface increases from 0 to 100% as the temperature increases. The hot surface temperature at which the lubricant has a 100% ignition probability is defined as the maximum ignition temperature (Tmax), and the minimum ignition temperature of the lubricant on the hot surface is defined as the minimum ignition temperature (Tmin). Based on the above hot surface ignition test, the ignition temperature of the lubricant on the hot surface is obtained, as shown in Table 2.



As shown in Table 2, there is a notable negative correlation between the minimum and maximum ignition temperatures of the hot surface and the volume of oil. As the oil volume increases from 0.1 mL to 0.5 mL, the minimum ignition temperature decreases from 370 °C to 312 °C, and the maximum ignition temperature decreases from 415 °C to 355 °C, thereby elevating the risk of ignition. This trend is attributed to variations in combustible concentrations on the hot surface at the same temperature, which affect the oxidation reaction rate, vapor pressure, and free radical dynamics. Specifically: ① Within a given temperature range, an increase in oil volume leads to a higher concentration of free radicals, accelerating the oxidation reaction rate of the combustibles and thereby reducing the minimum ignition temperature of the hot surface. ② Higher combustible concentrations and increased vapor pressure enhance the likelihood of hot surface ignition, lowering the minimum ignition temperature.



However, when the droplet oil volume is 0.5 mL (LO-0.5), the minimum ignition temperature of 312 °C is paradoxically higher than that of 0.4 mL, indicating a reduced likelihood of ignition. The main reasons for this phenomenon are as follows [46,47]: ① Larger volumes of lubricant oil tend to form a greater thermal capacity during heating, which requires higher temperatures to initiate ignition. ② Within a defined combustion system, as the concentration of combustible gas rises to a certain level, the relative concentration of the fluxing agent (oxygen) decreases, making ignition more difficult. ③ When the concentration of the mixture is too high, heat disperses more readily, reducing the heat absorbed by the combustible gas per unit volume. This condition requires more heat for the occurrence of a hot-surface ignition. ④ Larger oil volumes may also lead to stronger interactions between oil droplets, such as collisions and coalescence, which can further raise the ignition temperature.




4.2. Flame Development Characteristics


Figure 7 shows an image sequence of a flame combustion of the engine lubricant LO-0.1-1 with a hot surface temperature of 370 °C. It can be seen that the flame characteristics change significantly during the flame combustion process and that there are two typical flames: a blue flash flame (referred to as a blue flame) and a yellow diffusion flame (referred to as a hot flame).



As illustrated in Figure 7a, during the early stage of the flame combustion (t0), a blue flash flame appears above the hot plate, characterized by a round, transparent, and low-brightness “ignition core”. This blue coloration is attributed to the production of CH2O and H2O2 during fuel oxidation, which decomposes into free radicals CH and C2 [48]. As combustion progresses (t0 + 8.35 μs), the blue flame rapidly enlarges, leading to further oxidation that produces substantial amounts of carbon monoxide and methane. The central region of the blue flame, being the hottest, initiates the formation of a yellowish-white flame. This results in a dual flame structure where the blue flame envelops the hot flame, as depicted in Figure 7b. Due to the more incredible exothermic reaction and higher temperature of the hot flame compared to the blue flame, the hot flame propagates more rapidly [49], eventually surpassing and merging with the blue flame, causing the latter to disappear. Simultaneously, unburned carbon monoxide, methane, and other substances are fully oxidized to CO2 and H2O, forming the predominant hot flame [50], as shown in Figure 7c. Figure 7c,d indicate that the hot flame dominates the combustion process, comprising over 80% of the total duration. As the concentration of combustible gases diminishes and the hot plate cools, the hot flame’s combustion area gradually contracts into a “cone-like” shape, with only a minimal blue flame remaining at the base. By t0 + 2408.14 μs, the hot flame area further decreases and eventually disappears, leaving only a small area of blue flame.



The test results reveal that the combustion behavior of engine lubricating oil on a hot surface can be categorized into three distinct stages: (i) the appearance of the blue flame, which is subsequently enveloped by the hot flame; (ii) the hot flame’s emergence through the blue flame, leaving only minor irregular blue flame remnants at the hot flame’s periphery; and (iii) the eventual disappearance of the hot flame, with only a tiny blue flame remaining at the base.



Based on these observations, the following definitions are proposed: ① the maximum height of the blue flame is defined as the maximum blue flame height observed when its vertical height reaches its peak; ② the duration for which the blue flame remains visible, defined as the period from the appearance of the blue flame to its dispersion by the hot flame, as depicted in Figure 7a–c; ③ the maximum height of the hot flame is defined as the distance from the hot plate to the highest point of the hot flame; ④ the flame propagation velocity is defined as the rate at which the hot flame reaches its maximum height, as illustrated in Figure 7a–d.





5. Flame Combustion Characteristics


5.1. Flame Height


According to the above flame development characteristics, combined with the lubricant ignition core height determination method in Figure 2, the ignition core heights under different working conditions are collected and calculated, and the calculation results are shown in Figure 8.



As can be seen from Figure 8, the hot surface temperature is one of the main factors leading to the lubricant ignition core height. The lubricant ignition core height decreases exponentially with the increase in the hot surface temperature under different oil volumes. Further analyzing Figure 8, it is evident that at lower hot surface temperatures (370 °C to 390 °C), the ignition core height of the lubricant is relatively high, ranging from 5.5 to 6 cm from the hot plate, with minimal variation between different oil quantities. As the hot surface temperature further increases (390~480 °C), the ignition core heights for low oil quantity lubricant samples (LO-0.1, LO-0.2, LO-0.3) decrease rapidly with the temperature rise, eventually stabilizing. Conversely, the ignition core heights for high oil quantity lubricant samples (LO-0.4, LO-0.5) decrease gradually before accelerating. Near 480 °C, the ignition core heights for all oil quantities are reduced to 3–4 cm from the hot plate. Further temperature increases cause the ignition core heights to initially decrease before stabilizing, with lower oil quantities resulting in relatively lower ignition core heights. This phenomenon is primarily due to the increased evaporation rate of the lubricant at higher temperatures, leading to a fuel vapor cloud around each oil droplet. When the oil droplet quantity is small, the lubricant evaporates entirely before reaching the boundary layer, causing the combustible concentration at the boundary layer to reach ignition levels closer to the hot plate, thereby resulting in a lower ignition core height.



The height of the flame is closely related to its radiation intensity and propagation velocity, which are critical indicators of fire hazard [51]. Consequently, this study focuses on analyzing the maximum flame height of the hot flame during lubricating oil combustion. Using the calculation method outlined in Figure 3 and Equation (5), the maximum thermal flame heights for various oil volumes are presented in Figure 9.



Figure 9 shows that the initial hot surface temperature influences the maximum thermal flame height less but also shows a clear positive correlation with the oil volume. Specifically, the maximum thermal flame heights are as follows: for LO-0.1, between 70.3 and 73.2 mm; for LO-0.2, between 75.7 and 79.5 mm; for LO-0.3, between 79.3 and 82.5 mm; for LO-0.4, between 82.2 and 85.2 mm; and for LO-0.5, between 84.6 and 88.7 mm. This indicates that (1) the maximum hot flame height tends to increase with the oil volume, although the increase is relatively modest. This is due to the substantial temperature and concentration gradients at the flame boundary, which result in significant heat and mass exchange and promote further chemical reactions in the gas mixture near the flame. (2) At an oil volume of 0.2 mL (LO-0.2), the maximum hot flame height at a hot surface temperature of 500 °C is 79.5 mm, which is nearly equal to the distance between the oil pipe and the hot surface (80 mm). This height poses a considerable fire risk to the oil pipe, increasing the likelihood of a vehicle fire. For oil volumes exceeding 0.3 mL (LO-0.3), the hot flame height exceeds 80 mm, further elevating the risk of combustion and potential vehicle fire.




5.2. Flame Propagation Velocity


This paper uses a quantitative analysis method to study the flame propagation velocity. Using the flame propagation velocity formula (Equation (5)) proposed in Section 2.3, the flame propagation velocities at different hot surface temperatures for five oil drops are calculated and shown in Figure 10.



As shown in Figure 10, the hot surface temperature is one of the main factors affecting the flame propagation velocity. Under different oil volumes, the flame propagation velocity increases with the increase in the hot surface temperature. When the hot surface temperature reaches 480 °C, the growth trend of the flame propagation velocity slows down until smooth. Through the function fitting obtained, in a specific temperature range, the flame propagation velocity of the lubricating oil combustion and the hot surface temperature combine to meet the Boltzmann relationship, that is:


   H  I C   =       A 1  −  A 2      1 +  e    t −  t 0    / d t      +  A 2   



(9)




where A1 and A2 are coefficients.



This is due to the increase in the hot surface temperature, which results in more energy input from the hot surface to the fuel, accelerating the temperature rise of the fuel itself, which in turn increases the initial evaporation rate of the lubricant, increases the kinetic energy of the gas mixture molecules, and increases the rate of chemical reaction in the lubricant combustion process. As a result, the rate of flame propagation increases.



In addition, according to Feoktistov [52], the heat required for producing high-temperature vapor from the droplets is one of the main factors affecting the flame propagation velocity. The variation in high-temperature vapor pressure generated by lubricant droplets with an initial temperature can be calculated from the Clausius–Clapeyron equation [53,54].


  ln  P δ  = −     Δ  v a p    h m    R  T 2     + C  



(10)




where Pδ is the saturated vapor pressure; T is the two-phase equilibrium temperature; ∆vaphm is the value of the change in enthalpy during the phase transition; R is the universal gas constant; C is a constant.



The above equation elucidates the relationship between the increased saturated vapor pressure and rising hot surface temperatures. Due to the fact that the energy required to produce high-temperature vapor from a lubricant droplet is significantly greater than that needed to reach its flash point, an increase in hot surface temperature reduces the time required for the lubricant to reach its flash point. As the hot surface temperature increases, the heat transferred to the lubricant droplets elevates their temperature and vapor pressure, enhancing the evaporation process and resulting in a higher concentration of high-temperature vapors above the hot plate, accelerating the flame propagation. However, as the distance between the vapor and the hot plate increases, the fuel vapor concentration diminishes and becomes non-uniform. When the hot surface temperature reaches a certain temperature and continues to rise, the hot surface temperature only acts on changing the position of the stoichiometric concentration point and will not affect the flame propagation velocity. Therefore, when the hot surface temperature surpasses 480 °C, the flame propagation velocity tends to be stable.



From the results depicted in Figure 10, the flame propagation velocities are as follows: LO-0.1 (0.1 mL oil volume) ranges from 0.59 to 0.95 m/s; LO-0.2 (0.2 mL oil volume) ranges from 2.66 to 3.81 m/s; LO-0.3 (0.3 mL oil volume) ranges from 1.64 to 2.06 m/s; and LO-0.4 (0.4 mL oil volume) and LO-0.5 (0.5 mL oil volume) are similar, ranging from 0.76 to 0.97 m/s and 0.80 to 0.97 m/s, respectively. In order to further analyze the flame propagation velocities under different oil volumes, the relationship between the flame propagation velocity and the oil volume is drawn, as shown in Figure 11.



It can be seen from Figure 11 that the maximum flame propagation velocity occurs with an oil volume of 0.2 m. As the lubricant oil volume increases from 0.1 mL to 0.2 mL, the flame propagation velocity rises rapidly, reaching a maximum of 3.82 m/s at 490 °C. With further increases in the oil volume, the flame propagation velocity begins to decline. At oil volumes of 0.3 to 0.5 mL, the flame propagation velocity stabilizes between 1.06 and 2.05 m/s. This phenomenon is attributed to the experimental conditions in a confined laboratory space, which limits the air volume around the hot surface and avoids the effects of air convection and wind velocity. At 0.2 mL oil volume, the air volume around the hot surface is closest to the theoretical amount for the combustible gas mixture, providing an optimal concentration of activated molecules (e.g., H, OH) that enhances the chemical reaction rate and flame propagation velocity. In contrast, at 0.1 mL, the mixture is fuel-rich (excess air coefficient α < 1), while at 0.3 to 0.5 mL, the mixture is fuel-poor (excess air coefficient α > 1). Excessive or insufficient air affects the combustion temperature and reduces the flame propagation velocity.



In addition, the flame propagation velocity is also closely related to the vapor pressure change in the combustible mixture during the combustion process [55]. The amount of oil at the same temperature affects the vapor concentration, which in turn affects the pressure change so that the pressure change will affect the flame propagation velocity. According to Lewis, the vapor pressure of the combustible mixture and the flame propagation velocity is expressed as:


         v L  ∝  P m        m = n / 2 − 1        



(11)




where m is the Lewis pressure index; n is the number of combustion reaction stages.



From the above formula, when the flame propagation velocity is low (vL < 0.5 m/s), the corresponding combustion reaction level n < 2, Lewis pressure index m < 0, when the flame propagation velocity decreases with the pressure increase. When 0.5 m/s < vL < 1.0 m/s, the number of reaction stages n = 2, the Lewis pressure index m = 0, and the flame propagation velocity is independent of the pressure change. When vL > 1.0 m/s, the number of reaction stages n > 2, and the Lewis pressure index m > 0, the flame propagation velocity increases with the pressure increase. In the hot surface ignition test of LO in this paper, when the oil volume is 0.1 mL, 0.4 mL, and 0.5 mL, the flame propagation velocity is in the range of 0.5–1.0 m/s, the lubricating oil undergoes a second-stage combustion reaction, and the flame propagation velocity is independent of the pressure. Its main influencing factor is the amount of air in the combustible mixture. When the oil volume is 0.2 mL, the flame propagation velocity is 2.79~3.83 m/s. The LO is fully combusted, the corresponding combustion reaction level n is greater than 2, and the flame propagation velocity is affected by the pressure and air in the combustible mixture.




5.3. Flame Temperature


In the flame combustion process, the transformation of the flame structure often stems from the mixture concentration and mixture vapor pressure together. Select the flame image at the moment of flame transformation, analyze the temperature change and the reason for the structural transformation, and better understand the flame combustion process. From the analysis of the above results, it can be seen that when the amount of lubricant oil is 0.2 mL, the height of the hot flame is close to the height of the oil pipe, and the flame propagation velocity is the largest, so it is more dangerous. Therefore, this section selected a hot surface temperature of 370 °C and an oil volume of 0.2 mL when the flame propagation image was in a representative six images to analyze the change rules in the flame temperature. The flame combustion image and its corresponding flame isothermal map are shown in Figure 12.



As illustrated in Figure 12, the flame temperature is closely related to the flame progression during the combustion process. At the initial stage of LO combustion (t0), the flame manifests as a blue spherical flame above the hot surface, characterized by weak brightness, uniform color, and high transparency. This phenomenon is attributed to the LO composition containing stable hydrocarbons such as olefins and aromatic hydrocarbons. There are few components that carry out the degradation branched chain reaction, and the branched chain reaction pathway formed is [56]:


HCHO → HCO → CO



(12)






CH2O → HCO → H2O → H2O2 → OH



(13)







At this stage, the average temperature of the blue flame is 732.7 °C, and the ignition core forms above the hot surface, indicating incomplete combustion of the lubricant. During the pre-combustion phase (t0 + 8.35 μs), the flame develops a dual-layer structure comprising an inner blue flame and an outer hot flame. The inner blue flame exhibits a lower temperature than the outer hot flame, and the height of the blue flame reaches its maximum. This occurs because the mixture diffuses slowly while the combustion reaction proceeds rapidly, thinning the flame boundary and raising the average temperature to 762.79 °C. As combustion progresses (t0 + 28.39 μs), explosive combustion of hot carbon particles generates a yellow-white flame with an average temperature of 1346.5 °C. The high-temperature carbon particles contribute to a reduction in or even disappearance of the incomplete combustion zone (blue flame area). When the hot flame area reaches its maximum (t0 + 55.11 μs), the average flame temperature peaks at 1540.3 °C, indicating complete combustion and maximum hot flame height. As the fuel vapor volume decreases (t0 + 2.77 s), the flame begins to retract, revealing a blue flame again with a temperature of 986.9 °C. As the air coefficient increases (t0 + 5.31 s), the tip of the hot flame gradually diminishes, with the flame height decreasing and color fading until the hot flame completely disappears, leaving only a tiny blue flame with an average temperature of 621.6 °C.



The analysis of flame temperature trends reveals an overall increase followed by a decrease. The flame temperature increases during maximum blue and hot flame heights, indicating a more dangerous combustion phase. Based on this analysis, five lubricant oil volumes were evaluated for their impact on the flame temperature, as shown in Figure 13.



Figure 13a presents the maximum height of the blue flame and its corresponding isothermal map for the five lubricant oil volumes. The average temperatures are 735.54 °C for LO-0.1-1, 762.79 °C for LO-0.2-1, 829.32 °C for LO-0.3-3, 895.64 °C for LO-0.4-7, and 954.73 °C for LO-0.5-5. When the blue flame height is the highest, the average flame temperatures increase with the oil volume, though their differences are relatively small. The length of the blue flame’s existence does not show a significant correlation with the average flame temperature, with durations between 0.025 and 0.051 s, while 91.46% of the durations fall within 0.03 to 0.04 s.



Figure 13b illustrates that at the maximum height of the thermal flame, the average flame temperatures for LO-0.1-1, LO-0.2-1, LO-0.3-3, LO-0.4-7, and LO-0.5-5 are 1390 °C, 1540 °C, 1580 °C, 1620 °C, and 1640 °C, respectively. This shows a positive correlation between oil volume and average flame temperature. Notably, at an oil volume of 0.2 mL (LO-0.2-1), the increase in flame temperature is substantial, heightening the risk of automotive fires.



The results of the above experimental analysis show that the temperature of the flame when it reaches the maximum value of the hot flame height is much higher than that of the maximum value of the blue flame height, and the flame combustion time accounts for about 40% of the total combustion time. It is known through the theory of combustion science that when a blue flame exists, it is an incomplete combustion reaction. The energy in the system comes from its accumulation, and its flame temperature is relatively low [57]. Subsequently, when the concentration of active molecules gradually increases, the chemical reaction rate of the system is promoted to form an explosive combustion. At the same time, a large amount of thermal energy is released, and the explosive combustion of the hot carbon particles shows a bright, hot flame. The energy release is equivalent to 85% to 95% of the total chemical energy of the fuel, and the temperature of the hot flame is much higher than the temperature of the blue flame. Representative samples of the above chemical reactions include:


    CH  2   O −  → 2    CO + H   2   O + OH   



(14)






   C 2   H 5   O −     + 2 O   2  →    2 CO + 2 H   2   O + OH   



(15)






   RH + OH  →     R ′  + H   2  O  



(16)






    R ′   =   CH  3   



(17)









6. Conclusions


This study investigates the flame combustion characteristics of LO during hot surface ignition through a series of tests with the oil volume. The primary conclusions drawn from the research are as follows:




	
The lowest ignition temperature and the highest ignition temperature of the hot surface are significantly negatively correlated with the oil volume. As the oil quantity increases from 0.1 mL to 0.5 mL, the minimum ignition temperature decreases from 370 °C to 312 °C, and the maximum ignition temperature decreases from 415 °C to 355 °C. This indicates an increased risk of ignition on the hot surface with higher oil quantities. The combustion process of LO on the hot surface can be categorized into five stages: formation of the ignition core with blue flame; a dual-structure flame with the blue flame enveloping the hot flame; development of a yellowish-white hot flame; a secondary dual-structure flame with a small blue flame at the base of the hot flame; a final stage with a small area of blue flame.



	
The ignition core height is positively correlated with the hot surface temperature, and the ignition core height difference in the LO with a different oil volume is small. The maximum height of the hot flame is less affected by the initial hot surface temperature, but it is significantly positively correlated with the oil volume. At the oil volume of 0.2 mL (LO-0.2), the maximum hot flame height is 79.5 mm, close to the 80 mm distance between the oil pipe and the hot surface, posing a direct risk to fuel line safety. When the oil volume exceeds 0.3 mL (LO-0.3), the hot flame height surpasses 80 mm, further elevating the potential risk of automobile fires.



	
The flame propagation velocity increases with the increase in the hot surface temperature and adheres to the Boltzmann relationship. The flame propagation velocity is the highest among the tested oil volumes, with an oil volume of 0.2 mL. At this volume, the air around the hot surface is closest to the theoretical air volume mixed with the combustible gas mixture according to chemical equivalence ratios, resulting in a high concentration of activated molecules. This enhances the chemical reaction rate of the lubricating oil and accelerates the flame propagation velocity.



	
During the flame combustion, the flame temperature generally shows a trend of increasing first and then decreasing. At the peaks of the blue and hot flame heights, the flame area is the largest, and the average flame temperature is relatively high, indicating greater danger. The average flame temperature increases with the oil volume at the maximum height of the blue flame, although the difference is relatively small. Conversely, the average flame temperature rises at the maximum hot flame height with the increased oil volume. Notably, at the oil volume of 0.2 mL, the increment in the average flame temperature is the largest, intensifying the fire risk in automotive applications.
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Figure 1. Flame image processing. 
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Figure 2. Ignition core height (Hic) determination method [34]. 
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Figure 3. Flame combustion height calculation process. 
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Figure 4. Determination method of the flame propagation velocity. 
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Figure 5. The experimental platform for the hot surface ignition. 
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Figure 6. Flow chart of the test. 
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Figure 7. Image sequence of flame combustion of LO-0.1-1. (a) t0. (b) t0 + 8.35 μs. (c) t0 + 46.76 μs. (d) t0 + 2241.14 μs. (e) t0 + 2408.14 μs. 
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Figure 8. Relationship between ignition core height and hot surface temperature. 
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Figure 9. Relationship between the maximum height of the hot flame and the amount of LO. 
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Figure 10. Relationship between the flame propagation velocity and the hot surface temperature. 
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Figure 11. Relationship between the flame propagation velocity and oil volume. 
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Figure 12. Flame combustion images and its corresponding flame isothermograms. 






Figure 12. Flame combustion images and its corresponding flame isothermograms.



[image: Processes 12 02522 g012]







[image: Processes 12 02522 g013] 





Figure 13. The maximum flame height and its corresponding isothermal diagram. (a) Maximum height of blue flame. (b) Maximum height of hot flame. 
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Table 1. Mechanical parameters of specimens [42,43,44].
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	Physical Parameters
	Standard
	Results





	Kinematic viscosity at 100 °C
	ASTM D445
	13.420 mm2/s



	Kinematic viscosity at 40 °C
	ASTM D445
	74.190 mm2/s



	Flash point
	ASTM D92
	234 °C



	Boiling temperature
	ASTM D92
	232 °C



	Surface tension
	ASTM D971
	0.03 N/m



	Dynamic viscosity (−35 °C)
	ASTM D5293
	6125 mpa.s



	Viscosity index
	ASTM D2270
	180



	Density (15 °C)
	ASTM D4052
	0.85 kg/m3



	Evaporative loss
	ASTM D5800
	10.16%



	Zinc content
	ASTM D6481
	0.104%



	Sulphur content
	ASTM D874
	0.78%










 





Table 2. Hot surface ignition characteristic temperature value.
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Oil Samples

	
Oil Volume (mL)

	
Minimum Ignition Temperature Tmin (°C)

	
Maximum Ignition Temperature Tmax (°C)




	
Test Value

	
Average Value

	
Test Value

	
Average Value






	
LO-0.1-1

	
0.1

	
370

	
370

	
415

	
415




	
LO-0.1-2

	
368

	
416




	
LO-0.1-3

	
369

	
415




	
LO-0.1-4

	
370

	
414




	
LO-0.1-5

	
369

	
415




	
LO-0.1-6

	
372

	
417




	
LO-0.1-7

	
371

	
416




	
LO-0.1-8

	
370

	
414




	
LO-0.1-9

	
371

	
415




	
LO-0.1-10

	
368

	
416




	
LO-0.2-1

	
0.2

	
347

	
347

	
390

	
390




	
LO-0.2-2

	
344

	
388




	
LO-0.2-3

	
348

	
389




	
LO-0.2-4

	
346

	
392




	
LO-0.2-5

	
349

	
392




	
LO-0.2-6

	
350

	
389




	
LO-0.2-7

	
347

	
391




	
LO-0.2-8

	
346

	
390




	
LO-0.2-9

	
346

	
389




	
LO-0.2-10

	
348

	
390




	
LO-0.3-1

	
0.3

	
345

	
343

	
385

	
385




	
LO-0.3-2

	
343

	
384




	
LO-0.3-3

	
343

	
386




	
LO-0.3-4

	
342

	
383




	
LO-0.3-5

	
346

	
388




	
LO-0.3-6

	
345

	
385




	
LO-0.3-7

	
340

	
384




	
LO-0.3-8

	
341

	
383




	
LO-0.3-9

	
343

	
387




	
LO-0.3-10

	
343

	
385




	
LO-0.4-1

	
0.4

	
309

	
310

	
360

	
360




	
LO-0.4-2

	
310

	
359




	
LO-0.4-3

	
310

	
361




	
LO-0.4-4

	
312

	
361




	
LO-0.4-5

	
308

	
358




	
LO-0.4-6

	
309

	
360




	
LO-0.4-7

	
310

	
360




	
LO-0.4-8

	
310

	
361




	
LO-0.4-9

	
311

	
362




	
LO-0.4-10

	
312

	
358




	
LO-0.5-1

	
0.5

	
311

	
312

	
355

	
355




	
LO-0.5-2

	
313

	
356




	
LO-0.5-3

	
312

	
356




	
LO-0.5-4

	
311

	
354




	
LO-0.5-5

	
312

	
355




	
LO-0.5-6

	
310

	
353




	
LO-0.5-7

	
313

	
355




	
LO-0.5-8

	
312

	
355




	
LO-0.5-9

	
314

	
356




	
LO-0.5-10

	
312

	
355

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
1CPAQ

Heating ods

njecton hole

~—somm|

ing confol
hen

- —

High spcd
sl B
Bt e

platorm Peiain w‘e»{

Image collcton
andafa e e,






media/file13.png





media/file26.png





media/file12.jpg





media/file18.jpg
s G
ceoe0e

Flame spreading velocity/m-s
= S

300 330 360 390 420 450 480 510
Surface temperature/°C





media/file9.png
Heating rods

Injection hole
V4

2cmi
Hot surface Olppcll DU B 23 lankl L deeee-e 4 3=¢
e 2em])
I :’ = 4 “\’ .............. :fo Vlew 0 h menx -(—:l;ri—'-—x x
S ihermocuple arARESEET
............. . .2cmi
........ 1 1
' Threé-way . ~~~~~~ i i
i catalytic converter 2 4 > 1 % K X X
________ Les” cm
_______ L% X R