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Abstract  

The heat loss through the walls of Internal Combustion Engines (ICEs) needs to be minimized and 

improved since it has a detrimental impact on the overall thermal efficiency of the engine. This study 

focuses on investigating heat transfer in a flat-wall impinging diesel spray flame, simulating diesel 

conditions, to optimize engine parameters. The effects of factors such as various injection pressures, 

nozzle hole diameters, impingement distances, and oxygen concentrations are analysed in combined 

and individually. Experimental techniques, such as high-speed imaging, heat flux sensors, and 

thermocouples, are used to visualize spray flame, measure heat flux profiles and temperature 

distributions, respectively. Preliminary results and their implications on heat transfer and heat loss 

are discussed. Regarding the parametric studies investigating the effect on wall heat loss under 

conditions similar to those of a small diesel engine, it was observed that the transferred heat on the 
wall was significant in certain conditions. These results emphasize the effectiveness of manipulating 

the injection rate profile as a viable step to suppress the heat transfer through the wall. 
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INTRODUCTION  

Road transportation has been a major contributor to CO2 emissions [1], which 
presents a significant obstacle to achieving net-zero emissions and addressing climate 
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change. Despite the growing adoption of cleaner energy sources and electric vehicles, 
internal combustion engines (ICEs) remain widely sold, especially in 2030 [2]. Therefore, 
improving the thermal efficiency of ICEs is essential to reducing their environmental 
issue. 

The heat loss reduction via the engine combustion chamber wall has garnered 
significant attention from researchers due to its potential as an effective method for 
improving thermal efficiency. Many attempts have been made to comprehensively 
understand heat transfer phenomena through an experimental measurement and 
simulations. Experimental studies have employed diagnostic techniques such as heat flux 
sensor measurements [3-6] and 2D visualization [7-8]. Furthermore, simulations have 
been utilized to model and analyze heat transfer processes, thereby enhancing our 
understanding of the phenomenon [9-11]. 

Recently, there has been a notable surge in research attention towards the 
installation of thermal barrier coatings (TBCs) in ICEs. This increased focus can be 
credited to advancements in coating technology and the utilization of advanced material 
properties. The findings of the study indicate that optimizing the thickness of TBCs is 
crucial, and thus, it has become a key parameter in their optimization [12]. A low-thermal-
conductivity and low-thermal-capacity thermal insulation coating has been developed 
[13-15] to achieve a certain temperature swings. The utilization of TBCs materials that 
enable temperature swing holds great potential for enhancing the reciprocating ICEs 
performance without any negative impact on engine operation. 

Furthermore, Uchida [16] conducted a review discussing the application of thermal 
barrier coatings as a means to enhance the thermal efficiency of internal combustion 
engines. The review also investigates the effects of TBCs on the performance and exhaust 
emissions of diesel, gasoline, and homogeneous charge compression ignition (HCCI) 
engines. Additionally, the article explores current advanced techniques and limitations 
regarding experimental and numerical analysis of the heat transfer mechanism, providing 
valuable insights into the future of TBC research. 

On the other hand, parametric studies continue to play a pivotal role in examining 
the impact of various factors on thermal efficiency and heat loss. By systematically varying 
parameters such as injection pressure, nozzle design, fuel properties, and more, 
researchers are able to gain valuable insights into optimizing engine performance and 
minimizing heat loss [17-19]. These studies offer valuable information for enhancing 
thermal efficiency in a controlled and methodical manner. 

Therefore, the aim of this research is to explore heat transfer in a flat-wall impinging 
diesel spray flame, simulating diesel conditions, across various parametric studies. 
Different injection pressures, nozzle hole diameters, impingement distances, and oxygen 
concentrations will all be investigated. Additionally, the potential combined effects of 
these parameters will be presented and discussed. 

 

METHODS 

Our earlier work [20-23] went into great depth regarding the experimental setup and 
settings. The experiment performed the use of a constant volume vessel (CVV), as 
illustrated in Figure 1. The vessel consists of four side windows as follows two for 
arranging an injector and an impinging wall opposite one another, and the other two for 
visualizing. The heater regulated the chamber temperature, and the chamber pressure 
was manually adjusted. The glass window and injector holder both have water-cooling 
tunnels built into them to keep them from overheating. Three K-type thermocouples were 
installed close to the wall, and one was placed between the nozzle tip and the wall. The 
heat flux measurement was conducted after a short delay following the hot gas feed to 
avoid turbulence in the CVV.  
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Table 1. Details of Experimental 

 
 

 
Figure 1. Experimental setup for high-speed imaging in constant volume vessel (CVV) 

 
High-speed video camera (nac Image Technology Inc, HX-3) has been applied to 

capture the spray and flame behavior with an imaging speed of 20 kHz frames per second 
and a resolution of 320 x 448 pixels. The spray characteristics (non-evaporation and 
evaporation conditions) in the CVV had been illuminated by the Xenon lamp through a 
transparent quartz glass window on the side. To observe local temperature distribution, 
we employed a two-color technique [20]. 

Table 1 summarizes the experimental conditions. Diesel fuel was injected using a 
piezo actuator-type injector with a single-hole nozzle.  The  injection  amount  and  timing  

Non-Evaporation Evaporation and Combustion

Ambient Gas Conditions

Ambient gas N₂ Evaporation: N₂

Combustion: Air (N₂:79%,O₂:21%)

                          Air (N₂:84%,O₂:16%)

Pressure (MPa) 1.4 4.1

Temperature (K) 300 873

Gas density (kg/m³) 16

Injection Conditions

Injector type Piezo actuator type

Number of nozzle holes 1

Injection quantity (mm³) 5

Fuel Diesel fuel

Nozzle holes diameter (mm) 0.133 0.101   0.122    0.133

Injection pressure (MPa) 120 58   68   80   120   171   180

Wall Conditions

Wall material Stainless steel

Impinging distance (mm) 40 30     40      50

Wall temperature (K) 300 460 ±10

Cooling method - Oil cooling
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Figure 2. Areas and position of heat flux sensor  

 
were controlled using a delay pulse generator. The injection was directed at an opposite 
direction to the impingement wall. The nozzle tip and the wall have been spaced by 30, 
40, and 50 mm using spacers. Three thin film thermocouples heat flux (TFTHF) sensors 
are used to measure the instantaneous surface heat flux of the wall, similar to the 
previously calculated non-steady surface heat flux component [20]. The sensors were 
arranged radially, with a 10 mm space between them. The sensors' specified locations are 
Position 1, Position 2, and Position 3, which correspond to 0, 10, and 20 mm from the 
center of wall impingement, respectively. By integrating the heat flux over time and 
concentric regions, the overall heat transfer was estimated. As illustrated in Figure 2, the 
heat flux affecting certain areas was determined using concentric circles such as 0-5, 5-
15, and 15-25 mm, which correspond to Area 1, Area 2, and Area 3, respectively. 

 

RESULTS AND DISCUSSIONS 

Heat Transfer Under Baseline Condition 

In the following section, we will discuss high-speed video images of non-evaporation, 
evaporation, diesel flame soot luminosity, and flame temperature at a 40 mm wall 
impingement distance under baseline conditions. Additionally, we will present the local 
heat flux, heat transfer, and its ratio of heat loss to the total combustion heat. The injection 
pressure was set at 120 MPa, and the injection duration was 1.2 ms after the start of 
injection (ASOI). The oxygen concentration in the baseline condition was set at 21%. 

A high-speed video camera's line-of-sight images are shown in Figure 3. Images of 
non-evaporating and evaporating wall impinging spray are shown in Figures 3(a) and (b), 
respectively. Each image shows the spray hitting the wall as it moves from top to bottom. 
Under the same ambient density (16 kg/m3), evaporating spray images as well as non-
evaporating spray photographs were identified. In Figure 3(a), the non-evaporating spray 
was injected and impinged on the wall at 0.45 ms ASOI. The spray following impingement 
propagated radially to the circumferential wall region as the injection continued. When 
compared to before the spray impinged on the wall, mixture formation and air 
entrainment may be affected. The high ambient temperature, on the other hand, greatly 
reduced the liquid phase concentration in the evaporating spray in Figure 3(b), which 
encouraged spray atomization and the combination of air and fuel. The author has already 
addressed the additional discussion on mixture formation under non-evaporation and 
evaporation in a previous paper [27]. The amount of liquid spray is represented by the 
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white color's intensity. The liquid component of the spray did not reach the wall, as seen 
in the visual representation. This shows that a 40 mm impingement distance is enough to 
cause the liquid to turn into vapor before it reaches the wall. At 1.2 ms ASOI, the liquid 
phase almost completely evaporated, indicating the end of fuel injection. 

The behaviors of impinging flame soot luminosity are depicted in Figure 3 (c). This 
figure illustrates the temporal evolution of impinging flame soot luminosity. In diesel 
engines, flame soot luminosity is primarily attributed to the thermal radiation emitted by 
soot particles within the flame, resulting in a broad emission spectrum. In the non-
evaporating spray images showed in Figure 3 (a), soot luminosity were observed a few 
hundred microseconds after impinging spray on the wall, particularly at 0.9 ms ASOI. 
These flames subsequently vanished after 1.9 ms ASOI, as evidenced by the video images. 
The most intense luminosity was observed between 1.2-1.5 ms ASOI. Furthermore, upon 
visual examination of the non-evaporating spray photographs in Figure 3 (a), it becomes 
apparent that a luminous region existed within the vapor area as a result of combustion. 
This combustion occurred near the center of the wall impingement, where suitable 
equivalence ratios and temperatures facilitated ignition [28].  

Figure 3 (d) shows the flame temperature distributions at an injection pressure of 
120 MPa, obtained through two-color method analysis utilizing flame natural luminosity 
images. The temperature distribution trends closely mirror those of a flame since they are 
produced primarily from luminous regions and cannot be obtained from non-luminous 
parts. Temperature changes are represented by a color distributions scale ranging from 
dark to bright. The flame temperature distribution graphic depicts the highest flame 
temperature at 1.5 ms. During this timing, the maximum mean temperature is estimated 
to be approximately 2050 K. 

 

 

Figure 3. High speed video camera of non-evaporation (a), evaporation (b), flame soot 
luminosity (c), and flame temperature (d) at baseline condition 
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                          (a)                                                                             (b)                                                 

Figure 4. Local heat flux from TFTHF sensor and integrated soot luminosity (a) and 
local heat flux from TFTHF sensor under non-combustion and combustion conditions 

(b) 
 
The heat transfer generated by the combustion flame to the impingement wall was 

investigated using an unsteady local heat flux and integrated flame luminosity. The 

integrated flame luminance was estimated by summing the red color values in natural 

flame color photographs, while temperature information from TFTHF sensors was used 

to determine the local heat flux. Figures 4 (a-b) show the results, with Figure 4 (a) 

showing the local heat flux (lower graph) and integrated flame soot luminosity (upper 

graph). Figure 4(b) also depicts the local heat flux under combustion (lower graph) and 

non-combustion (upper graph) circumstances. The spray impingement timings and 

ignition are also plotted on the graph. An increase in luminosity starts around the time of 

ignition. 

The spatial temporal of local heat fluxes histories at the three measuring places 

(Positions 1, 2, and 3) could be seen in the local heat flux graph. These variations are 

caused by the non-uniformity of spray/flame motion in this region. Because the 

spray/flame travels radially after impingement, it arrives at all point at a various time, 

due to fluctuations in the heat flux. In all conditions, the local heat flux at Position 1 begins 

to increase first, followed by Positions 2 and 3. The convective effect when the turbulent 

component of the evaporating spray impinges on the wall might explain the early rise at 

Position1. The robust growth of the impinging flame from Position1 to Position2 can be 

attributed to the peak in local heat flux at Position2, as seen in Figure 3 (c-d). It is well 

understood that luminosity is strongly connected to soot volume fraction and 

temperature, with temperature having a substantial effect on heat transfer rate. 

Furthermore, due to wall friction and momentum loss induced by turbulent mixing, the 

local heat flow at Position3 is noticeably lower than at the other places. This local heat 

flux increases later than the other places because it takes time for the flame to reach 

Position3, which is positioned 20 mm from stagnation point of wall impingement. 

As seen in Figure 4 (b), the waveform of the local heat flow changes substantially 

between combustion and non-combustion conditions. In the non-combustion (evaporate-  



Safiullah et al. 
Journal of Mechanical Engineering, Science, and 

Innovation (JMESI) 

 

- 36 - 

 
Figure 5. Heat transfer and heat loss ratio against the total combustion heat under non-

combustion and combustion conditions 
 

tion) case, the local heat flux has a simpler waveform than in the combustion case. This is 

a simple waveform because combustion does not occur in evaporation conditions. In this 

evaporation case, the local heat flux at Position1 decreases after the injection is 

completed. 

Figure 5 compares transferred heat in different locations at injection pressures of 

120 MPa for both non-combustion and combustion conditions. The left-side graph depicts 

the transferred heat on the vertical axis, while the opposite side of the graph depicts the 

heat loss to total combustion heat ratio. The fuel spray injection during the injection time 

caused convection, which was primarily responsible for the transferred heat value in the 

non-combustion condition of about 12 joules. The graph shows that the transferred heat 

increases as the area expands. This suggests that, despite the lower local heat flux value 

at Position3, a larger area in Area3 provides greater heat transfer to the wall, shown in 

Figure 4.  

Regarding to combustion case, there is a substantial increase in the heat transferred 

because of the significant temperature difference between the flame gas and the wall. 

When comparing non-combustion and combustion conditions, convection of the non-

combustion evaporating spray accounts for around 30-40% of the transfer of heat 

through the wall. Figure 5 depicts the ratio of total combustion heat loss to the wall, which 

accounts for approximately 13% of total combustion energy. 

Heat Transfer Analysis at Various Injection Pressures, Nozzle Hole Diameters, 
Impingement Distances, and Oxygen Concentration Conditions 

This section will discuss the correlation between injection pressure toward various 
parameters such as nozzle hole diameter, impingement total combustion, and oxygen 
concentrations for heat transfer analysis. 

Figure 6 (a) exhibits the impingement distance/injection pressure combination and 

its relationship to total heat combustion. At different injection pressures (80, 120, and 

180 MPa), three impingement distances (30, 40, and 50 mm) were used. The nozzle hole 

diameter was 0.133 mm. The following observations can be made regarding this 

combined impact as follows: 

a) The heat transfer exhibited a significant increase, particularly at the highest injection 

pressure i.e. 180 MPa. This is seen as more evidence at a higher distance. 
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b) Apart from 180 MPa injection pressure, there are no significant heat transfer 

differences among the different impingement distances. 

c) The heat loss ratio transferred to the wall is approximately 10-17% of total 

combustion energy. 

The significant increase in transferred heat observed at the combination of a 50 mm 

impingement distance and 180 MPa injection pressure can be attributed to the longer 

impingement distance. This longer distance leads to an increase in the flame temperature 

at the time of impingement due to mixing, resulting in a substantial impact on both the 

local heat flux toward the total heat transferred. Previous studies conducted by [29-30] 

support this finding, showing an increase in the homogeneous flame temperature with an 

increase in impingement distance. Simultaneously, the higher injection pressure, which 

corresponds to a higher velocity, resulted in an increased flow velocity of the flame gas in 

the outer region. This higher velocity in the outer area contributed to the formation of a 

more pronounced waveform in the local heat flux and an overall increase in the total 

transferred heat. 

On the contrary, a lower amount of heat was transferred when the impingement 

distance was 30 mm and the injection pressure was 80 MPa. This can be attributed to the 

significant impingement of liquid spray on the wall. Mahmud (5) stated that the liquid 

phase of the spray only reached to the wall at an impingement distance of 30 mm. In 

general, increasing injection pressure along with decreasing the presence of liquid phase 

on the wall [28]. The cooling effect caused by the liquid phase of fuel contributed to a 

slower rate of heat transfer, which was reasonable. It can be concluded that the existence 

of a liquid phase during impingement is effective to reduce the heat loss transferred to the 

wall. 

Figure (6) described the various nozzle hole diameters of 0.122 and 0.133 mm with 

the injection pressures of 80, 120, and 180 MPa at a fixed impingement distance of 40 mm. 

As seen in Figure 6 (b), increasing of heat transfer is comparable with the injection 

pressure for both the nozzle hole diameters. The increase was gradual for the 0.122 mm 

diameter, while a significant increase in transferred heat was observed for the 0.133 mm 

diameter at higher injection pressures. As mentioned earlier, the increase in injection 

pressure contributes to higher flame velocities. The presence of high turbulent flow 

combustion, resulting from the combination of high injection pressure and larger heat 

transfer area, significantly influences the rate of transferred heat in the wall heat transfer 

under these conditions. 

As shown in Figure (6), nozzle hole diameters of 0.133 mm and 0.122 mm were 

compared at injection pressure of 80 and 120 MPa. It can be seen that at 0.133 mm nozzle 

hole diameter has lower heat loss. Decreasing the dominant factor contributing to the heat 

loss at these injection pressures is the flame temperature which is inverse to the nozzle 

hole diameter [29]. However, at the highest injection pressure of 180 MPa, the 0.133 mm 

nozzle hole diameter resulted in higher heat loss compared to the 0.122 mm diameter. 

This is due to the high temperature of the end gases at the outer boundary of the flame 

during combustion. The temperature distribution was clearly observed to extend further 

along the wall, as evidenced by the data presented in Figure 7. The longer residence time 

of the flame in contact with the wall at the nozzle hole diameter of 0.133 mm and injection 

pressure of 180 MPa explains the further increase in transferred heat. However, in the 

case of a smaller nozzle hole diameter at 0.122 mm and higher injection pressure at 180 

MPa, it led to increase in air entrainment and the fuel-air mixing will be accelerated then  
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                    (a)                                                                                (b)                                                 

 

                                                                  (c) 

Figure 6. Heat transfer and heat loss ratio against the total combustion heat at various 

impingement distances (a), diameter nozzle holes (b), and oxygen concentrations (c) 

under injection pressure conditions 

the rapid combustion occurs. Consequently, the residence time of the impinging flame 

along the wall decreased. According to Figure 6 (b), the heat loss ratio accounts for 

approximately 13-15% of the total combustion energy. 

Figure 6 (c) illustrates the combinnation of oxygen concentration and injection 

pressure on the heat transfer and its ratio toward the total combustion heat. Different 

oxygen concentrations of 16 and 21% were investigated at three injection pressures (80, 

120, and 180 MPa). The general effect could be described as follows: Firstly, at an oxygen 

concentration of 21%, increasing the heat transfer occurs at increasing injection pressure. 

However, this trend was not observed at an oxygen concentration of 16%, as the 

transferred heat did not increase proportionally despite higher injection pressures. This 

suggests that the dominant factor influencing transferred heat is not solely the high 

velocity resulting from increased injection pressure when the oxygen concentration is 

below 21%. Secondly, reducing the heat transfer to the wall generated consistently lower 

oxygen concentrations across all cases. This decrease can be attributed to the lower flame 

temperature associated with lower oxygen concentrations. Contrarily, stable combustion 

occurs at the higher oxygen concentration of 21%, resulting in a higher flame temperature 

and subsequently a greater heat transfer rate [30]. Thirdly, the ratio of heat loss to the 

wall is approximated 10-15% of the total combustion energy. 

In terms of the combined effect, reducing the heat transfer to the wall generated 

consistently lower oxygen concentrations across all cases due to the lower flame tempera- 
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Figure 7. Comparison of temperature distribution at 0.122 and 0.133 mm nozzle hole 

diameter under an injection pressure of 180 MPa. 

 

 

Figure 8. Heat transfer and heat loss ratio against the total combustion heat under 
similar injection rate conditions 

 
ture compared to the reference oxygen concentration of 21%. Additionally, considering 

the impingement distance and the injection pressure effect, except for an injection 

pressure of 180 MPa, there were relatively minor differences in transferred heat among 

the different impingement distances. However, at this combined effect, a significant effect 

was seen at the nozzle hole diameter on the transferred heat. Specifically, larger nozzle 

hole diameters resulted in less heat loss at both injection pressure of 80 and 120 MPa, 

respectively. Contrarily, more heat loss was found for larger nozzle hole diameter at an 

injection pressure of 180 MPa. This suggests that controlling the heat loss can potentially 

be achieved by considering this combined effect while maintaining a similar injection rate. 

Figure 8 presents the intriguing findings of heat transfer and its ratio of heat lost 

against the total combustion heat, aiming to explore the potential for achieving similar 

injection rates. Both the nozzle hole diameter and injection pressure were adjusted to 

achieve a similar injection rate of 0.133/58, 0.122/68, and 0.101/171 mm/MPa, 
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respectively. Notably, no significant differences were observed among all cases in terms 

of heat transfer. This outcome can be attributed to the similarity in injection rate profiles 

across the conditions. These results emphasize the effectiveness of manipulating the 

injection rate profile as a viable strategy for controlling the heat transfer to the wall. 

Specifically, at similar injection rate profiles, the heat transfer through the wall was 

approximately 24 Joules, while the heat loss ratio to the wall is about 11% of the total 

combustion energy. 

 
CONCLUSIONS 

The heat transfer in a flat-wall impinging diesel spray flame under diesel engine-like 
conditions has been investigated, examining various of injection pressures, nozzle hole 
diameters, impingement distances, and oxygen concentration effects. Following is a 
summary of the results of this investigation: 
1. Comparing non-combustion and combustion conditions, it was determined that 

approximately 30-40% of the heat transfer through the wall by the convection of the 

non-combustion evaporating spray. 

2. In case of the impingement distance and injection pressure revealed a significant 

increase in heat loss at an impingement distance of 50 mm and injection pressure of 

180 MPa. Prior turbulent mixing effects toward the impingement to the wall have an 

important role in this heat loss analysis. 

3. Correspond to the nozzle hole diameter and injection pressure, it was observed that 

increasing the nozzle hole diameter resulted in decreasing the heat loss at injection 

pressures of 80 and 120 MPa. It might be due to the flame temperature factor on heat 

loss under these conditions.  

4. Analyzing the effect of oxygen concentration and injection pressure on the heat loss 

of the wall revealed that lower oxygen concentrations led to reduced heat loss across 

all injection pressures. Factors such as lower flame temperature, reduced flame 

contact area, and shortened contact duration influenced heat loss under these 

conditions. 

5. Similar injection rate profiles resulted in similar heat transfer regardless of the nozzle 

hole diameter and injection conditions. This indicates the importance and potential 

of injection rate shaping for reducing wall heat loss. 
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