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ABSTRACT 
Three-dimensional large eddy simulation (LES) has been conducted for a diesel spray flame using KIVALES which 

is LES version of KIVA code. To suppress the numerical instability on the combustible flow as alternative of QSOU and 

IDC which are KIVA original schemes, CIP method was incorporated into KIVALES in which the spray models are 

improved and optimized in the earlier studies. Combustion is simulated using the Eddy-Dissipation model. The formation 

of soot and NO was simulated using Hiroyasu model and KIVA original model, respectively. Three different grid 

resolutions were used to examine the effect of grid size on the LES spray analysis. Furthermore, the five LES computations 

on the same condition are performed to examine the cyclic variability of the diesel spray flame. The result shows that the 

LES approach with 0.5 mm grid size is able to predict unsteady behavior of diesel spray with the three dimensional spray 

structure and vortical structure. Moreover, in LES approach, the spray flame shape and the spatial temperature distribution 
are different at each calculation, since the turbulent vortex predicted by LES approach changes at each computation 

INTRODUCTION 
In diesel engines, fuel is directly injected into the combustion chamber filled with hot and compressed air. The 

atomizing droplets and fuel vapor are transported and mixed by the turbulent vortex. Thus, the heterogeneous structure 

denoting the spatial heterogeneous distribution of fuel vapor and temperature is yielded in the diesel spray. The formation 

of soot and NOx depend on the fuel concentration and temperature in the heterogeneous structure of diesel sprays. 

Consequently, to improve the prediction of the diesel engine, the prediction of heterogeneous structure is important in 

addition to the improvement of spray models and introduction of detailed chemistry [1-3]. However, the conventional 

diesel spray simulations using Reynolds-averaged Navier Stokes (RANS) approach, which is applied in KIVA code, do not 
represent the heterogeneous structure in diesel sprays. RANS approach is primarily useful for the calculation of large-scale 

stationary flow structures, while detailed small-scale turbulence eddies are filtered out in the averaging process. It is 

difficult for RANS approach to simulate the heterogeneous structure in diesel sprays. 

Recently, Large Eddy Simulation (LES) approach has been very popular in the industrial machine simulations [4-15] 

as an alternative way of RANS. In LES, the large energy-containing motion caused by the large eddies is simulated 

directly, while the effect of small scale fluctuations inside a computational grid is modeled. Thus, LES is able to simulate 

the larger turbulent vortex than the computational grid size, and predict unsteady characteristics of turbulent flow field. As 

a result, in LES the formation of nitrogen dioxide and soot in diesel sprays would be captured more accurately, compared 

to conventional RANS approach. 

In earlier studies, the authors have performed the LES analysis of a non-evaporative and an evaporative diesel spray 

in non-reacting conditions using KIVALES [11-13] which is LES version of KIVA code [14,15]. In KIVALES code, 

breakup process is modeled using modified TAB model, and interpolated-donor cell differencing scheme [16] is used as 
the convection scheme. The computational results are found that RANS approach with KIVA indicates a symmetric spray 

shape in both non-evaporative and evaporative spray simulations. In contrast, the LES analysis with KIVALES achieves 

the predictions of instantaneous diesel spray structure, such as axi-symmetric shape, intermittency at the spray periphery. 

Furthermore a good agreement is obtained between LES and experimental results in terms of spray characteristics, such as 

spray shape, spray tip penetration, sauter mean diameter and liquid length. In addition, to show the difference of the 

turbulent flow field between RANS and LES, turbulent vortices are visualized with the iso-surface of laplacian pressure. 

The results show that in LES analysis the turbulent vortices with hairpin like vortices are resolved, and the fuel droplets are 

dispersed with turbulent vortices.  

The objective of this work is to develop LES approach for diesel spray flame using KIVALES. As in the early studies 

[14-15], k- model, modified TAB model and KIVA original evaporation model are employed for Sub Grid Scale (SGS) 
stress model, breakup model and evaporation model, respectively. To avoid the numerical instability on the combustible 

flow, CIP (Cubic-Interpolated Pseudo-Particle Scheme method) is incorporated into KIVALES to calculate convective 

terms. KIVA original model based on Eddy-Dissipation model is used as the combustion model. The detailed chemistry is 
not used in order to be simplicity and reduce the computational time and computational memory. The prediction of soot 

and nitrogen dioxides is performed using the Hiroyasu model and KIVA original model, respectively. First, the grid 

dependency on the LES of the diesel spray flame is evaluated under three different grid resolutions where grid sizes are 

2.0mm, 1.0mm and 0.5mm. Second, the LES results with the grid size of 0.5mm is compared to the experimental result as 

to the temporal change in the three dimensional spray shape, vortex structure and the combustion product distribution at 

cross section of the spray. Finally, in order to evaluate the cyclic variability the five LES computations are performed with 

changing the use of the pseudo-random number at each calculation.  

mailto:hfujimot@doshisha.ac.jp


NUMERICAL APPROACH 
The CFD code for LES simulations used in this study is KIVALES where LES is incorporated to KIVA (KIVA-3V 

res.2). It is documented in detail by Sone et al. [11-13]. 

LES governing equation 

Filtering the system of conservation equations for compressible flow yields the equations for LES. The filter used in 

this study is a top-hat filter, which is suitable for finite volume differencing as in the KIVA code, and as is usual for the 

simulations of compressible turbulence, we employ Favre-filtering. The equations for LES are: 
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and combustion terms (superscript c) follow the original models in KIVA code [16]. In these equations, the subgrid stress 

tensor sgs

ij , subgrid heat flux sgs

ijh , subgrid viscous work sgs

ij , subgrid velocity-pressure gradient correlation sgs

ij and 

subgrid species mass flux sgs

ij  all require closure.  

SGS model of LES 

The subgrid stress tensor sgs

ij is modeled using the eddy viscosity: 
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where t is subgrid eddy viscosity which is modeled with k- model using grid length   and subgrid turbulent kinetic 
energy ksgs. The subgrid eddy viscosity is given by, 
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where Vcell is the computational cell volume.  

The subgrid kinetic energy ksgs is obtained by solving the following equation: 

sgssgs sgs
j sgs sgs Si t

ij

j j j t j

u k uk k
D W

t x x x Pr x

 
 

    
            

   , (8) 

where 

3/ 2sgs
sgs C k

D  


 . (9) 

Dsgs is the subgrid kinetic energy dissipation rate. C, and C are the experimental constant. Prt denotes the turbulent 

Prandtl number. In this study, C =0.067 and C =0.916 are chosen [17]. The source term 
sW is the subgrid turbulent 

energy production or depletion due to droplet-gas interaction. 

The species mass flux sgs

ij is modeled by a gradient diffusion closure,  


,

sgs t m
i m

t i

Y

Sc x


 


 


.  (10) 

In this study, Liner Eddy Mixing (LEM) model [11] is not employed, since it requires a long time to simulate diesel sprays, 

compared to gradient diffusion model. The subgrid heat flux sgs

ijh  is modeled as,  
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The subgrid viscous work sgs

ij is modeled as,  
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The subgrid velocity-pressure gradient correlation term sgs

ij  is ignored.  

Calculation of convective term  



In LES, it is necessary to apply the computational method with high accuracy for solving the governing equation, 

since the turbulent vortices which are larger than the grid size are calculated directly [18]. In particular, in the case of the 

combustible flow, the computational method for the convective terms affect on the accuracy and the stability of the 

simulation.  

In the previous study, the authers used the Interpolated Donor Cell (IDC) differencing scheme to calculate convective 

terms for LES approach [14-15], because the highly diffusible flow field is obtained in the case of Quasi-Second Order 

Upwind (QSOU) scheme which is used in the standard KIVA and KIVALES. However, IDC scheme has the high 

numerical instability so that it is difficult to simulate the diesel spray combustion. Recently, Essentially Non-Oscillatory 

(ENO) scheme [19] and Weighted ENO (WENO) [20] scheme are proposed to calculate convective schemes with high 

accuracy. However, in these schemes physical values on a few grid points are necessary to calculate the numerical flux (ex: 

five grid points). Furthermore, to calculate with high order accuracy the spatial accuracy scheme with the high order 
accuracy is not set, but also temporal accuracy is high order accuracy, which is second order scheme at least. In KIVA 

code the temporal accuracy is first-order, and numerical flux is estimated with two points. In this study, CIP scheme [21] is 

incorporated into KIVALES to calculate convective terms. In this method the numerical flux is estimated with two grid 

points, and the enough accuracy is obtained if temporal scheme is first-order like KIVA code. CIP scheme is found to give 

a very stable and accurate results compared to IDC, whereas the computational memory used increases to preserve the 

information of the slope between the grids in addition to the physical value on the grid.  

The one-dimensional convective equation of CIP is explained as follows. In CIP, in addition to the physical value f, 

the spatial derivative of f, g, is also convection at the same time.  
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where u and t are the velocity and time, respectively. If both f and g are given at two grid points, the profile between these 

points can be interpolated by a cubic polynominal, 
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where sgn(u) stands for the sign of u. Thus, the profile at the (n+1)th step is readily obtained by shifting the profile by 

ui and t, so that  1 1n n
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where we define ut. 

Chemical reaction  
The chemical reaction is simulated using the original model in KIVA code [16]. A chemical system reacting through 

m reaction is given as follows, 

mr m mr m

m m
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where xm is a symbol for species m, amr and bmr are the integral stoichiometric coefficients for reaction r. The chemical 

reactions are divided into two classes: kinetic reactions and equilibrium reactions.  

Kinetic reactions 

Kinetic reaction r proceeds at a rate ,r k  given by, 
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where kfr and kbr are the coefficient of forward and back reaction, respectively. Wm is the molecular weight of species m. 

Here the reaction orders a’mr and b’mr is not equal to amr and bmr so that a’mr and b’mr are determined empirically [16].  



The kfr and kbr are given to be of a generalized Arrhenius forms: 
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where Efr and Ebr are activation temperatures of forward and back reaction, and fr and br are the temperature component 
of forward and back reaction, respectively. 

In this study, 4 kinetic reactions is considered according to KIVA manual [22], 

12 26 2 2 22C H +37O 24CO +26H O , (28) 

2 2O +2N 2N+2NO , (29) 

2 22O +N NO+N , (30) 

2N +2OH 2H+2NO . (31) 

The reaction of (28) is the one step reaction of n-dodecane used as the fuel for diesel spray simulation in this study. The 

formation of NO is described by the reaction of (29)-(31). The kinetic reactions are activated when the gas temperature is 

higher than 800 K. The coefficient of kinetic reactions are listed in Table 1. 

Equilibrium reactions 

The rates of equilibrium reactions are implicitly determined by the constraint conditions, 
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where the concentration equilibrium constant ( )c
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where we define TA=T/1000. Ar, Br, Cr, Dr and Er are the experimental constants. 

The six equilibrium reactions are considered according to KIVA example file denoting “itape5.ex1” [22].  

2H =2H , (34) 

2O =2O
, (35) 

2N =2N
, (36) 

2 2O +H =2OH
, (37) 

2 2O +2H O=4OH
, (38) 

2 2O +2CO=2CO
. (39) 

It is assumed that the equilibrium reactions are occurred if the temperature is higher than 1200 K. The model 

constants in the equation (33) are listed in Table 2. 

Eddy Dissipation model 
In this study, when authors calculate the reaction (28), Eddy Dissipation model [23] is used to represent the 

interaction between the turbulent flow and chemical reactions. Eddy Dissipation model assumes that the mixing rate of fuel 

and oxygen is proportional to the ratio Dsgs / ksgs where ksgs is the SGS turbulent energy, Dsgs is the SGS dissipation rate of 

ksgs. Thus, the progress rate of equation (28) 1,ED is given by, 

 

Kinematics reaction Afr [cgs units] Abr [cgs units] Efr [K] Ebr [K] fr [-]
br [-

]

2C12H26+37O2= 24CO2+26H2O 4.5000x1011 0.0 1.5780x104 0.0 0.0 0.0

O2+2N2=2N+2NO 1.5587x 1014 7.5000x 1012 6.4627x104 0.0 0.0 0.0

2O2+N2=2O+2NO 2.6484x 1010 1.6000x 109 5.9418x 104 1.9678x 104 1.0 1.0

N2 +2OH =2N+2NO 2.1230x 1014 0.0 5.7020x 104 0.0 0.0 0.0
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where 
1,k  is the progress rate determined by equation (25). Yfuel, YO2 and Yproduct are the mass fraction of fuel, oxygen and 

combustion products respectively, AED and BED are the experimental constants, and AED = 18.0 and BED =0.5 are used in 

this study.  and r are the density and the stoichiometric oxygen to fuel mass ratio, respectively. Dsgs are given by the 
equation (9).  

Soot model  

Hiroyasu model is incorporated into KIVALES as soot model [24]. This model is semi-phenomenological model, and 

the production and oxidation are modeled. In Hiroyasu model the soot formation rate is expressed using the following 

equation, 
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where ms is the mass fraction of soot, the terms of left hand side represents the soot formation rate. The first and second 

term of right hand side are the soot production rate and soot oxidation rate, respectively. The soot production and oxidation 

rate are given using following equations, 
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where mf and ms denote the mass fraction of fuel vapor and soot, respectively. pO2 represents the partial pressure of oxygen 

and R is the gas constant. Here Af=150 and Aox=3500 are the experimental constant, and Es,f=12500 cal/mol and 

Es,ox=14000 cal/mol denote the activation energy [25]. 

Computational detail  

In this study, we used modified TAB model as breakup model, where the experimental constant K of 8/9 and degree 

of freedom in chi-square distribution  of 6 are used as well as the earlier study [14,15]. As droplet evaporation model, the 
KIVA original model is used, which is assumed that the temperature distribution within the fuel droplet is uniform.  

Rigid sphere model is employed for the droplet drag model [16]. The effect of droplet distortion on the droplet drag is not 

taken into account in this study: 
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where CD and Red are the coefficient of droplet drag and the droplet 

Reynolds number, respectively. The velocity interpolation model proposed 

by Nordin [26] is employed in order to reduce the grid dependency of 
spray simulation. The model constant n of 2 is employed. The effect of 

which SGS velocity in the gas phase affects on the fuel droplet is ignored. 

The collision and coalescence in the diesel spray are not considered. The 

computational method used in the present study is listed in table 3. 

Computational domain and initial condition  

The computational domain is shown in Figure 1. Rectangular computational domain is 30 mm in length and width and 

100 mm in height. For the comparison purpose, three different grid resolutions are used as shown in Table 4; coarse grid, 

standard grid and fine grid. In the fine grid case, there are 60 cells in depth and width direction and 200 cells in height 

direction. The number of total cells is 720000, and the grid size is 0.5 mm, which is 2.5 times the size of the nozzle 

diameter dn= 0.2 mm used in the present study. The computational memory of 2.96 GB is required in the fine grid 

simulation. In this study, we tried the additional calculation with finer grid where the 
grid size is 0.25mm. However in this calculation the stiffness is occurred due to the too 

small grid size. Hence, the most fine mesh case is “fine grid“ in this study. 

All boundaries of the computational domain are set as the wall. Non-slip 

conditions are applied. The initial flow condition of the computational domain is the 

quiescent gas at the desired pressure and temperature. The injection point is set on the 

top surface of the computational domain. The fuel is injected in the condition of the 

fuel droplet where the diameter is equaled to the nozzle diameter. The number of fuel 

parcels injected is 40,000. The profile of the injection velocity is constant, because in 

the experiment by means of the momentum method the injection rate profile shows 

approximately constant. The spray cone angle is set as 12 degree, and the injection 

direction is determined using pseudo-random number, implementing the cone angle of 

12 degree. Table 5 denotes the computational conditions. This condition is the same as 

SGS stress model k- model

Velocity interpolation Nordin model (n=2)

Droplet drag model Rigid droplet

Breakup model Modified TAB (=6, K=8/9)

Evaporation model KIVA original

Collision and coalescence none

Ignition  model none

Combustion  model Eddy-Dissipation model

NOx  model KIVA original

Soot  model Hiroyasu model

Convective scheme CIP scheme

 
Fig. 1 Computational domain 
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the experimental conditions used for the comparison of LES results.  

RESULTS AND DISCUSSION 
Effect of computational grid size on diesel spray flame simulation  

In LES accurate results are obtained with increasing grid resolution, since 

the dependency of SGS model decreases and the solution is close to the DNS 

result. In this section, LES of the diesel spray flames under different grid sizes are performed to examine the effect of 

computational grid size on LES analysis. The LES results are compared to the experimental result as to instantaneous spray 

shapes and the heat release rate. 

Instantaneous spray shape 

Figure 2 shows the sectional distribution of the gas temperature at t = 2.2 ms, which is corresponding to the end of the 

injection. For the comparison purpose, the experimental image taken by shadowgraph method is also shown in this figure. 

It becomes obvious that temperature distributions and the spray shape in LES analysis are quite different in each grid size. 

In particular, the spray shape is different from the experimental result in the case of the coarse grid, and unrealistic high 
temperature region is recognized near the nozzle, since the computational grid size is too large to resolve the turbulent 

vortex on the computational grid. In contrast, the spray shapes with fine and standard grid are predicted well compared to 

the coarse grid case. This is because the smaller turbulent vortex in the turbulent flow is captured with increasing the grid 

resolution.  

Heat release rate 

Figure 3 shows the comparison of predicted heat release rate under three different grid sizes. The experimental result 

of heat release rate is also shown. The results show that the prediction of the ignition delay do not depend on the grid size, 

but the prediction of heat release rates in premixed combustion and mixing control phase strongly depends on the grid size. 

Course grid case with the grid size of 2.0 mm overpredicts the peak of the heat release rate in the premixed phase 

compared to the experimental result. In the standard grid case, the peak value and the fluctuation of heat release rate 

decrease compared to the coarse grid case, while the time of peak heat release is retarded. In fine grid case, the time of 
peak heat release is middle between the coarse and the standard case, and the peak value of the heat release rate is 

comparable to the standard case.  

The grid dependency is understood as follows. When the spray parcel is evaporated, KIVALES assume that the fuel 

vapor from the spray parcel diffuses with an infinity speed in the computational cell staying the spray parcel. This means 

that the assumption error for the infinity diffusion is larger in the LES simulation with the coarser grid resolution. Thus, in 

the coarse grid case, the too diffusive fuel vapor is simulated compared to the LES results of finer grid case, the 

combustible fuel-air mixture generated in the ignition delay time is burned rapidly so that the combustion in the premixed 

combustion phase is overestimated. The difference of ignition delay time between the experimental result and LES results 

would be improved if authors consider the low-temperature oxidation using Shell model or detailed chemistry. 

On the other hand, when authors simulate diesel spray flame in even the fine grid case, the significant difference of 

the heat release rate is obtained compared to experimental results. Furthermore, the LES results do not converge in the 
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computational grid sizes used in this study. Hence, the additional grid refinement should be performed, but as already 

mentioned, the computation with finer grid is not terminated, because time step is changed to too small value by auto time 

step control in KIVA code [16]. Consequently, the grid size of 0.5mm would be a standard size for LES approach using 

KIVALES. In the following section, LES results of the fine grid case are examined. 

Temporal change in spray structure using fine grid 

The experimental images taken by shadowgraph method and the sectional temperature predicted by LES are shown in 

Fig. 4 to present the temporal change in the spray structure. In the experimental image the ignition is occurred at 0.2 ms as 

shown in figure 3. The ignition point is located in the middle of the spray tip penetration. In the premixed combustion 

phase (t =0.2-0.7 [ms]), the premixed flame enveloped the spray whole region. In the mixing-control phase (t=0.7-2.2 

[ms]) the blackbody radiation from soot is recognized as white region in the downstream region of the spray images.  

It has been found that in LES the unsteady behavior of diesel spray flame is captured well, since LES approach is able 
to predict unsteady behavior of turbulent flow with turbulent vortex. The ignition is occurred at 0.4 ms, and the ignition 

site is located near the nozzle outlet. The premixed combustion flame propagates to the downstream region in the premixed 

combustion phase (t=0.4-1.0ms). At the end of the premixed combustion phase, the high temperature region is generated at 

the periphery of the diesel spray. In particular, it is seen that the high temperature region is appeared in the spray tip region 

at 1.0ms. In the mixing-control phase (t=1.0ms-), this high temperature region in the spray tip at 1.0ms move to the radial 

direction due to the turbulent mixing. At the end of injection (t 2.2ms), it is seen that the area in spray side becomes the 
higher temperature than the spray tip region. After the end of the injection (t>2.2ms), the meandering motion is simulated 

in the upstream region of the spray due to the turbulent vortices.  

Instantaneous structure of diesel spray flame 
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The three-dimensional structure of the diesel spray flame, turbulent vortices and the spray sectional value simulated at 

2.2 ms are displayed in Fig. 5. In the visualization of the three-dimensional spray flame, the definition of the spray is the 

region indicating above the mass fraction of 0.01. The visualization of the three-dimensional diesel spray flame is done 

using the volume rendering. The color in the spray flame indicates the gas phase temperature. The second invariant of the 

deformation tensor is used to identify the turbulent vortices in the diesel spray. The positive area of the second invariant of 

the deformation tensor indicates the vortex tube in the high vorticity region. The sectional value of temperature, OH radical, 

CO, NO, soot and density are also shown in the figure. OH radical and CO are simulated in the kinetic reaction and the 

equilibrium reaction. The formation of NO and soot is simulated using KIVA original model and Hiroyasu model, 

respectively. 

As shown in Figure 5, it is found that the three-dimensional structure of diesel flame predicted in the LES approach 

demonstrates the unsteady behavior with intermittency at the spray periphery. Notice that the visualization of turbulent 
vortices is found that the hairpin-like structures exist in the diesel flame as shown in the jet [27] and LES of 

non-evaporative and evaporative diesel spray [14,27]. These vortices enhance the local mixing between fuel and air, 

temperature, and affect on the local equivalence ratio and local temperature distribution in the diesel spray or the 

heterogeneous structure.   

In the sectional image, OH radical is formed at the spray periphery which is corresponding to the high temperature 

region. CO and NO are also generated in the high temperature region. It is notice that the distribution of these species is 

transformed due to the vortices in the turbulent flow. However, the soot predicted indicates in only the nozzle region. As 

experimental results, the high concentrate region of soot is the tip of the spray. The soot model parameter optimization or 

the soot model based on the detailed chemistry mechanisms is needed to capture the soot production and oxidation process. 

Cyclic variability at each injection 

One of the advantages on LES over RANS is that the valiance can be obtained in addition to the statistical value. In 
the engines simulation, LES is expected to simulate the cyclic variability as simulating the multi-cycle. In this section, the 

cyclic variability at each injection is evaluated by the results of five computations with the fine grid.  

The computational results are, however, quite the same at five computations, if the peso-random number used in 

KIVALES is quite the same. In present study, the difference at each diesel spray flame is expressed to change the 

peso-random number, which means that the each traveling direction of injected spray parcels is changed within the some 

injection angle in each computation. It is noticed that the injection velocity profile and injection amount are the same in 

 

 

0

60

100

20

D
is

ta
n

c
e
 fr

o
m

 n
o
zz

le
 o

ri
fic

e
 [m

m
]

40

Experiment

80

Diesel flame Temp. OH CO NO DensityTurbulent

vortices
Soot

Temperature [K]700 2800 magnitude [-]low high

 

 

 

 

 

 

Time after start of injection [mm]

200

100

0

1st

300

400

500

0.0 5.04.54.03.53.02.52.01.51.00.5

2nd

3rd

4th

5th

H
e

a
t 

re
le

a
s
e

 r
a

te
 [

 J
/s

 ]

Exp．

 

 

 

 

Time after start of injection [mm]

200

100

0

1st

300

400

500

0.0 5.04.54.03.53.02.52.01.51.00.5

2nd

3rd

4th

5th

H
e

a
t 

re
le

a
s
e

 r
a

te
 [

 J
/s

 ]

Exp．



each simulation.  

Heat release rates at five calculations are shown in Fig.6. The experimental result which is an ensemble mean value of 

five experimental results is also shown in this figure. It is found that the profiles of heat release rates are slightly different 

at each computation though the poor agreement is obtained between the experimental result and each computation. Fig. 7 

is the instantaneous sectional temperature distribution at 2.2 ms. The ensemble mean temperature of five calculations is 

also shown in this figure. It is found that the instantaneous spray shape and instantaneous spatial temperature distribution 

are different at each calculation. In contrast, the ensemble averaged temperature image denoting “Ave.” demonstrates the 

symmetric temperature distribution as simulated using RANS approach. This is because the turbulent vortex predicted by 

LES approach is different at each simulation and the local mixing and transportation is changed in each computation. If we 

perform five computations with the same procedure using RANS approach (i.e., KIVA), the difference of diesel spray 

flame in each computation would not be obtained like LES approach, and the difference of each computation in RANS 
approach is caused by the model of unsteady behavior (i.e., random walk), not just turbulent vortex.  

SUMMARY AND CONCLUSION 
Three-dimensional large eddy simulation of the diesel spray flame is performed using KIVALES, which is LES 

version of KIVA code. Eddy-Dissipation model is used as combustion model to estimate the interaction between turbulent 

flow and chemical reaction. CIP method is incorporated into KIVALES due to the reduction of the numerical instability on 

the combustible flow. The formation of NO and soot are simulated using KIVA original model and Hiroyasu model.  

First, to examine the effect of the computational grid size on LES of diesel spray flames, diesel spray simulations are 

performed under three different grid sizes of 2.0mm, 1.0mm and 0.5mm. The following results are obtained; 

(1) LES results strongly depend on the grid size. The 2.0mm grid case shows the unrealistic temperature distribution is 
predicted at cross section. On the other hand, the grid size of 0.5mm is desirable to simulate the diesel spray flame, 

since the unsteady vortex of diesel spray flame is well captured. The computational result with the grid size of 

0.5mm is, however, quite different from the experimental result in terms of the heat release rate and LES results do 

not converge in the grid size range used in this study. The additional grid refinement is needed to examine the grid 

sensitivity of LES.  

(2) The LES results of 0.5mm grid size capture the temporal change in the three dimensional structure and unsteady 

behavior of the diesel spray combustion. The turbulent vortices with hairpin like vortices are captured as well as the 

computation of a jet, the non-evaporative and the evaporative diesel spray in earlier studies. The distribution of NO, 

CO, OH at the cross section shows the unsteady behavior due to the transportation of the vortices in the turbulent 

flow. the soot distribution predicted by Hiroyasu model is, however, underestimated in the spray tip region. 

Secondly, the five LES computations are performed with changing the use of the pseudo-random number at each 
calculation in order to evaluate the cyclic variability  

(3) It is found that each computation is different as to temperature distribution at cross section and the heat release rates, 

since the turbulent vortex predicted by LES approach is changed in each computation. In contrast, the ensemble 

averaged temperature at cross section indicate the symmetric distribution along spray axis as predicted in RANS 

approach. 
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NONMENCLATURE 
 

CIP Cubic-Interpolated Pseudo-Particle Scheme 

method 

ED Eddy-Dissipation 
IDC Interpolated donor cell differencing scheme 

LES Large Eddy Simulation 

LEM Liner Eddy Model 

QSOU Quasi-Second Order Upwind scheme 

RANS Reynolds Averaged Navier Storks 

SGS Sub Grid Scale 

amr integral stoichiometric coefficient 

A pre-exponential factor 

Ar the model constant in the equilibrium reaction 

AED The experimental constant in ED model 

bmr integral stoichiometric coefficient 
br back reaction 

BED The experimental constant in ED model 

Br the model constant in the equilibrium reaction 

Cr the model constant in the equilibrium reaction 

CD coefficient of droplet drag 

C experimental constant 

C experimental constant 

d droplet 

Dm molecular diffusivity of species m 

Dr the model constant in the equilibrium reaction 
Dsgs subgrid scale kinetic energy dissipation rate 

e specific internal energy 

E activation energy 

Er the model constant in the equilibrium reaction 

f physical value 

fr forward reaction 

g gas or spatial derivative of f in CIP 

h heat flux 

hsgs sub grid scale heat flux 

hm the specific enthalpy of species m 
c

rK  the concentration equilibrium constant 

ksgs turbulent kinetic energy 

K the ratio of the total energy in distortion and 

oscillation to the energy used in TAB model 

kfr the coefficient of forward reaction 

kbr the coefficient of back reaction 

mf mass fraction of fuel vapor used in soot model 

ms mass fraction of soot 

http://www.tfd.chalmers.se/~nordin/KJS/


n parameter in velocity interpolation  

p pressure  

pO2 partial pressure of oxygen 

Prt turbulent Prantl number 

r droplet radius or the stoichiometric oxygen to 

fuel mass ratio 
cQ  The chemical heat release term in the energy 

equation 
sQ  The source term due to the spray interaction 

Re Reynolds number 

Red Reynolds number for a droplet 

sgs subgrid scale 

Sij rate of strain tensor 

Sct turbulent Schmidt number 

t time 

T temperature 

u gas velocity 

Vcell Volume of computational cell 

Wm molecular weight 
sW  subgrid turbulent enegy production or depletion 

xm one mole of species m 

Yfuel mass fraction of fuel  

Ym mass fraction of species m  

YO2 mass fraction of oxygen 

Yproducts mass fraction of combustion products  

ij kronecker delta 

 the degree of freedom in chi-distribution 

 sgs sub grid scale species mass flux 

 thermal conductivity 

 the second coefficient of viscosity 

 viscosity 

t eddy viscosity 

 sgs sub grid scale velocity-pressure gradient 
correlation  

 sgs sub grid scale viscous work 

 density 

 surface tension  

ij viscous stress tensor 

ij stress tensor 

sgs sub grid scale stress tensor 

  grid size 

t time step 

  filter 

  density-weighted filter 

,r k  progress rate of kinetetic reaction r 

,r ED  progress rate calculated by ED model 

 temperature component

 


