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ABSTRACT 

 Numerical calculations were carried out to investigate the formation of a fuel-air mixture 

as well as ignition and combustion processes associated with a diesel spray impinging on a wall. 

This was performed by modeling the spray formed by injecting n-heptane into a constant-volume 

vessel under high temperature and pressure, with the fuel droplets described by a discrete droplet 

model. The flow and turbulent diffusion processes were calculated based on the large eddy 

simulation method to simulate the formation of a local non-homogeneous mixture and the 

accompanying heat release. The flame structure and heat transfer to the wall during impingement 

were also assessed. The results show that heat transfer to the wall is increased in the peripheral 

region around the stagnation point, as a result of the high temperature and thin boundary layer. 

Conversely, in the outer region, the heat transfer decreases as the boundary layer becomes more 

developed. 

 
INTRODUCTION 

 Both the exhaust emissions and thermal efficiency of modern diesel engines have been 

remarkably improved as a result of technological innovations, including high-pressure and 

multi-stage injection, exhaust gas recirculation, supercharging and exhaust after-treatment. 

However, there are continual demands for further improvements in emissions, fuel economy and 

engine output. As such, advanced technologies must be developed to precisely control the 

in-cylinder combustion processes, to allow the simplification and cost-reduction of engine systems. 

Additional increases in thermal efficiency will require reducing the heat loss to the chamber wall 



 
during combustion over short time spans. For this reason, the spray-wall interaction is important, as 

the behavior of the impinging spray has a significant effect on the formation of the fuel-air mixture, 

the combustion and the heat transfer. Previously, Kamimoto et al. investigated the heat transfer 

associated with the impingement of a diesel spray flame using a rapid compression apparatus [1], 

while Arcoumanis and Cutter studied the flow and heat transfer of an impinging diesel spray [2]. 

However, it is also important to investigate the fundamental mechanisms that control combustion 

and heat transfer. In addition to experimental approaches, computational fluid dynamics (CFD) is 

an effective means of analyzing combustion processes. Since spray development, ignition and 

combustion are very complicated phenomena, in which the fuel-air mixture is formed by an 

unsteady turbulent flow and chemical reactions progress simultaneously, Reynolds-averaged 

Navier-Stokes-based (RANS-based) CFD has frequently been used to simulate diesel combustion, 

due to its relatively low computational load. However, RANS is a time-averaged model, and so the 

calculated concentration distributions do not accurately reproduce the existence of locally rich and 

lean mixtures in a spray that have been observed in studies of instantaneous mixture distributions 

[3]. Therefore, calculations based on a large eddy simulation (LES) are thought to be more suitable 

for the purpose of analyzing the behavior of turbulent flows, the formation of non-homogeneous 

mixtures and the subsequent effects on ignition and combustion. Hori et al. simulated the 

development of a diesel spray using the KIVALES code [4], and the authors have investigated 

mixture formation, ignition and combustion processes employing LES [5]. In addition, Toda et al. 

studied a pulsating impinging jet by the LES method [6]. However, despite this prior work, the 

non-uniform combustion and heat release in fuel sprays and the effects of these parameters on the 

heat transfer process have not yet been sufficiently clarified. 

 In the present study, calculations were performed to examine sprays formed by single-stage 

injection impinging on a wall. On the basis of the results, the flame structure in the diesel spray, 

temporal changes in this structure and heat transfer to the wall are discussed.  

 

NUMERICAL SCHEME AND METHOD 

 LES calculations were performed to simulate the mixture formation and ignition processes of a 

diesel spray in a constant-volume vessel under high pressure and temperature conditions. Two 

distances from the nozzle exit to the bottom wall (xw) were modeled: xw = 74 and 34 mm. Figure 1 



 
shows the calculation grid for xw = 74 mm, which consists of 160×76×98 cells. The origin of the 

coordinate system is the nozzle exit, located 6 mm from the top wall, and the x-axis coincides with 

the spray axis.  

 The initial temperature in the vessel was Ti = 1000 K and the pressure was pi = 4 MPa. The 

surrounding fluid was air with an oxygen mole fraction of 21%. The wall temperature was fixed at 

Tw = 500 K and the temperature distribution near the wall region was described by a quadratic curve, 

shown in Figure 2. Here, δ represents the distance from the wall and δw is the characteristic length 

for the temperature distribution, with a fixed value of 10 mm. The liquid fuel phase was described 

by the discrete droplet model (DDM). The initial fuel temperature was 338 K and the initial droplet 

velocity was set such that the spray tip penetration corresponded to that of an image obtained by the 

shadowgraph method. The initial direction of the fuel droplets was represented by the angle with 

respect to the x-axis, which was determined using normal random numbers with a standard 

deviation of 4.5°. The injection duration was set to 3.85 ms and approximately 25,000 parcels were 

injected in total during this period. The drag force on a droplet from the surrounding fluid was 

calculated by assuming the droplet to be a rigid sphere. Spray droplet break-up was calculated using 

the WAVE model [7] proposed by Liu et al., and the associated empirical constants B0 and B1 were 

determined to be 0.61 and 15, respectively. These constants were adjusted based on an image 

obtained by the Mie-scattering method and experimental data regarding the fuel-air mixture 

distribution obtained by the planar laser-induced fluorescence (PLIF) method[3]. The change in the 

radius of a droplet due to evaporation and the temperature change resulting from heat transfer were 

calculated by diffusion equations under forced convection. The flow and turbulent diffusion 

processes were modeled by employing spatial Favre-filtered continuity, Navier-Stokes, species 

mass transport (fm) and enthalpy (h) transport equations. In these calculations, the terms ρ, uj, xj, p 

and t represent density, the j-component of velocity, the j-coordinate, pressure and time, 

respectively. The volume ratio of the gas in the cell, Vf, was also introduced to account for the 

excluded droplet volume in the calculation cell.  

 The governing equations are written as: 
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where ¯ denotes a spatially-filtered quantity, ˜ denotes a Favre-averaged value, p0 is the mean 

pressure in the vessel,  and  are source terms related to the evaporation of fuel droplets,  

and  are source terms for momentum and heat transfer from the fuel droplets, and  

represents the rate at which species are produced by chemical reactions. The sub-grid scale (SGS) 

Reynolds stress, τijSGS, in Equation (2) was obtained using the Smagorinsky model, and the constant 

Cs was fixed at 0.11. The Schmidt number, Sc, and Prandtl number, Pr, were both fixed at unity. 

The values of the SGS mass flux, ji,mSGS, in Equation (3) and the SGS heat flux, qjSGS, in Equation (4) 

were obtained with the gradient diffusion model, and the turbulent Schmidt number and turbulent 

Prandtl number were set to 0.4.  

 The implicit method was used during temporal integration and the SIMPLER method was 

employed for the purpose of pressure correction, using a staggered system. In the case of the 

momentum equation, a fourth-order Adams-Moulton scheme and a fourth-order central scheme 

were applied, while the convection terms in the mass and enthalpy equations were determined using 

a combination of the QUICK and first-order upstream schemes. A second-order central scheme was 

employed for other spatial differences. The calculation time step was 50 ns and the maximum 

Courant number was approximately 0.15 in the fine grid below the nozzle exit. A slip wall 

boundary condition was applied at all wall boundaries together with an adiabatic wall boundary 

condition at all locations except for the bottom wall opposite the nozzle. No gas ingress or egress 

was applied. Unevenly-spaced fine grids were applied around the non-slip wall, using a minimum 

grid size of 19 μm, which corresponds to an instantaneous y+ of approximately 3 to 6 in the 

developed region. The statistical value of calculation results obtained with finer grids system was 

not appreciably different, and so this grid system was employed during the calculations. In addition, 

the effects of the SGS components on the fuel droplets were ignored. The injected fuel is assumed 
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to be n-heptane and Schreiber’s five-step reduced mechanism [8] was used to predict the progress 

of chemical reactions in the mixture, and certain frequency factors in this mechanism were modified 

to reproduce the ignition delay calculated based on full kinetics [9]. Chemical reactions were 

simulated based on averaged values in a calculation cell without using a turbulence interaction 

model.  

 Based on these models and procedures, calculations were carried out with a code written 

in-house. The mixture formation and combustion process in the case of a free spray were validated 

by comparison to experimental data. Details of the validation are described in previous work [2][3]. 

 

RESULTS 

 Based on these models and procedures, we simulated the process by which a fuel-air mixture is 

generated in conjunction with a diesel spray impinging on a vessel wall. Firstly, the spray flame 

behavior was calculated and compared with experimental data [10], using a nozzle orifice diameter , 

dn, of 0.123 mm and injection pressure values, pinj, of 50, 100 or 150 MPa. The distance from the 

nozzle to the wall, xw, was 35 mm according to the experimental conditions. Figure 3 presents 

images showing the OH radical distributions and luminous flames obtained during experimental 

work along with the temperature, T, distributions along the x-y plane based on LES calculations at t 

= 0.6, 1.2, 1.8 and 2.4 ms. It is evident that the high temperature region resulting from the 

simulation corresponds to the OH radical distribution, and the flame development in the radial 

direction following impingement is similar to the calculation results. 

 The heat transfer process was subsequently investigated in detail. Here, the injection pressure 

and nozzle orifice diameter were set to pinj = 120 MPa and dn = 0.141 mm, respectively. Figure 4 

summarizes the temporal changes in the vessel pressure, pf, and the pressure rise rate, dp/dt, at xw = 

74 and 34 mm, at vessel volumes of 300 and 150 cm3 , respectively. These data show that the 

absolute values of pf-pi and dp/dt for xw = 34 mm were approximately twice those at xw = 74 mm. 

Here, dp/dt is correlated with the heat release rate, and this value is seen to increase rapidly 

following an ignition delay of approximately 0.5 ms, after which it exhibits a sharp peak and then 

becomes constant for the duration of the injection. The heat release rate shapes are similar to a 

typical conventional diesel combustion process for both cases. In addition, the ignition delay for xw 



 
= 34 mm is slightly longer than that at 74 mm as a result of cooling of the mixture by the relatively 

low-temperature wall.  

 The combustion and heat release processes for both cases are illustrated in Figure 5, which 

shows distributions of the fuel mixture fraction, f, and temperature, T, in the x-y plane and the heat 

flux distribution, qwall, on the bottom wall (the y-z plane ) at t = 1, 2, 3 and 4 ms from the injection 

start time. In Figure 5 (a) (at xw = 74 mm), the spray develops and ignition occurs before 

impingement. Subsequently, the high-temperature combustion region approaches the wall. After 

impingement, the mixture spreads along the wall and rolls up. The simulated spray development 

and wall impingement processes were therefore all modeled realistically. The wall heat flux, qwall, 

generally is increased in the impingement region but becomes relatively low near the stagnation 

point on the spray axis. The temperature near the spray axis is also relatively low compared with the 

outskirt region of the spray. However, the variation in qwall becomes larger near the spray axis. 

Therefore, further investigation of the qwall distribution near the spray axis will be required.  

 In Figure 5 (b) (xw = 34 mm), the spray mixture impinges on the wall and develops along the 

wall before ignition occurs. The high-temperature combustion region spreads relatively widely 

compared with the 74 mm scenario and a larger roll-up vortex is formed near the wall and moves 

radially. In addition, qwall becomes larger in the central impingement region but is relatively small 

near the large roll-up vortex region.  

 To clarify the process by which heat transfer to the wall occurs, we explored the relationship 

between the instantaneous heat flux and the distributions of the parallel components of velocity and  

temperature. Figure 6 presents a schematic diagram showing the mixture distribution in the 

near-wall region, while Figure 7 shows the δ distributions of the y components of velocity, v, and 

temperature, T, along with the y distributions of the wall heat flux, qwall, for both cases of (a) x = 

74mm and (b) x = 34mm. In Figure 6, P1, P2, P3 and P4 correspond to y = 0, 5, 10 and 15 mm, 

respectively. In addition to (b) x = 34 mm, plots of the results obtained without reaction provide the 

distributions of temperature, Tnr, velocity, vnr, and the “w/o reaction” qwall values to investigate the 

effect of combustion. Under all conditions, qwall increased in the central region compared with its 

magnitude away from the center. At the stagnation point, v decreased, the temperature gradient 

increased and a velocity boundary layer gradually formed along the wall at the outskirt region 

where qwall decreased. This trend is especially evident at 34 mm, such that qwall becomes extremely 



 
large in the region defined by y < 5 mm. At the stagnation point, the spray flow was rapidly 

deflected from the spray-axis direction to the radial direction along the wall. Therefore, the 

temperature boundary layer became thinner and the wall heat flux increased. In this region, the 

instantaneous y+ corresponding to the maximum value of v was approximately 40. In the outskirt 

region, the y+ associated with the maximum v decreased to 10 to 20. The heat flux profiles 

generated without reaction exhibit a similar tendency, although the absolute values are reduced by 

approximately 75%. As well, the velocity and temperature gradients calculated without reaction 

near the wall are lower than those obtained with combustion. 

 Figure 8 shows the instantaneous x-y distributions of the velocity vector, v, and temperature, T, 

at the near-wall region for xw = 34 mm at t = 2 ms. The high-speed spray stream meandered along 

the x-axis toward the wall until reaching the near-wall region, at which point it bent significantly 

towards the radial direction. Near the wall downstream from y = 8 mm, a velocity boundary layer 

gradually developed and the flow direction became parallel to the wall, where the heat flux 

decreased. 

 

CONCLUSIONS 

 The sprays formed by single-stage injection with impingement on a wall were simulated, and 

the flame structure in the diesel spray, temporal changes in this structure and heat transfer to the 

wall were examined. The following conclusions were derived from the results. 

(1) LES in conjunction with non-slip wall conditions and a fine grid near the wall provided a 

reasonable simulation of a diesel spray impinging on a wall. 

(2) In the case of a shorter distance between the nozzle and wall, ignition occurred after 

impingement and a high-temperature region spread widely, along with the formation of a large 

roll-up vortex. 

(3) The wall heat flux increased around the stagnation point. Away from the impingement region, 

the heat flux became relatively low. 

(4) The flow of the main spray stream was drastically bent toward the radial direction at the 

near-wall region around the stagnation point, and the heat flux became larger around this area. In 

contrast, in the outskirt region, a velocity boundary layer gradually developed and the flow became 

parallel to the wall, where the heat flux decreased. 
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Figure 1  Schematic of grids system of calculation

Figure 2  Boundary condition of temperature near wall region



Figure 4  Temporal change of pressure pf-pi and  pressure rise rate dp/dt
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Figure 3  OH radical images and luminous flame images by the experiment[7] with 
temperature T distributions on the x-y plane by LES calcuation 

(a) pinj = 50 MPa

(b) pinj = 100 MPa

(c) pinj = 150 MPa



Figure 5  x-y distributions of mixture fraction f and temperature T and y-z distribution of 
heat-flux to wall qwall

(a) xw = 74 mm

(b) xw = 34 mm
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Figure 6  Schematic of mixture distribution of near wall region



Figure 7  Distributions of y-component of velocity v, temperature T and heat flux qwall

(a) xw = 74 mm

(b) xw = 34 mm
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Figure 8  Distributions of velocity vector v, temperature T
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