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Abstract. Using applied Large Eddy Simulations (LES), turbulent properties were studied of an 
equivalent diesel fuel gas jet having a vapour phase penetration equal to a diesel spray. Half of the jet 
was forced to sharply change direction by impinging upon a curved cylindrical wall. The other half of 
the jet developed freely along a parallel wall acting as a reference flame. It was shown how turbulent 
structures of various scales develop along the jet and after wall impingement. The turbulent eddies 
contribute strongly to air entrainment deep into the jet resulting in an increasing rate of dilution of the 
jet core downstream of the fuel nozzle. 

 Calculations of the instantaneous fuel concentration were used to study the total surface area 
and the kinetic energy of the wrinkled stoichiometric zones itself. The resolved sub-grid scale kinetic 
energy of the stoichiometric surface was found to be significantly higher on the wall side. Statistics of 
turbulent quantities were computed across interesting sections showing relations between velocity 
gradients, turbulent velocity field and the production of turbulence.  

 The findings were used for a discussion about the role of turbulence for soot oxidation in a real 
diesel flame. Previous observations in a high temperature, high pressure combustion chamber ex-
periment where turbulent eddies sweep fresh gas into the free jet core were confirmed by the simula-
tions. As observed in the experiments, the LES results indicate that also non-fresh gases, especially 
on the wall side, may be swept into the jet side. As a result, soot oxidation rate can either increase if 
oxidant radicals are supplied by the turbulent flow or decrease if the in-rushing gases mainly consist of 
inert combustion products.  

1. Introduction 
This work addresses diffusion controlled direct injection compression ignition combustion with short 
ignition delay. For this type of combustion, the liquid phase penetration of the diesel spray is stabilised 
at typically 10-20 mm for heavy-duty size engine spray while the vapour phase penetration continues 
to develop. Detailed calibration data are available in literature mainly for sprays developing in a free 
gas [19, 16, 22, 23]. It has been shown that the vapour phase penetration of a free jet is similar for a 
non-reacting and a reacting jet where the reacting jet produces somewhat higher penetration values 
[22].  
  
 In a real engine, the combusting vapour phase will interact with the piston bowl wall [1, 9, 11, 
21]. The effects of wall interactions are therefore of special interest for the design of a combustion sys-
tem. In a Diesel engine designed for a low swirl ratio, it can be shown by optical combustion diagnos-
tics that the flames will interact with the piston bowl wall, with each other and with the cylinder head 
[9]. This sequence of events starts with flame impingement on the wall resulting in a wall jet travelling 
along the bowl wall which later interacts with both adjacent flames and the cylinder head. As a result 
of the flame interactions, the main flow of each flame is forced to travel towards the center of the bowl. 
This flow effect creates one strong vortex on each side of the geometrical spray axis. These vortices, 
created by the kinetic energy in the fuel sprays and the design of the combustion system, are here re-
ferred to as the flame recirculation event.  
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 For this kind of combustion, it is well known that the measured engine-out soot emission level 
is the net result of two main processes during the combustion: soot formation and soot oxidation. Both 
processes are of the same order of magnitude so that the net soot emissions become very sensitive 
for changes of parameters related to these two main processes.  

 
 Air entrainment takes place partly in the spray core in the lift-off region close to the fuel injector 
nozzle and partly in the reaction and oxidation layers at the surface of the wrinkled turbulent flame, 
hereby referred to as surface air entrainment. The spray-internal entrainment is important for the dilu-
tion of the spray internal rich fuel mixture and hence influences strongly on the rate of soot formation 
[7, 18]. The flame surface air entrainment is responsible for the fuel combustion and soot oxidation 
rate.  
 
 Since wall effects occur far away from the fuel atomisation processes near the nozzle, studies 
of flame surface air entrainment can be carried out by examining the vapour phase behaviour without 
taking into account near nozzle fuel atomisation and evaporation processes. This approach has been 
used in literature to experimentally study air entrainment in a turbulent fuel gas jet [6] and for analysis 
of enhanced mixing after end of injection (EOI), in this case using large eddy simulations (LES) of an 
air jet [13].  

 
 The combustion takes place in a narrow reaction zone at locally stoichiometric conditions [2]. 
Analysis of the development of the stoichiometric zone before and during wall interaction is therefore 
of special interest. Additionally, the formation and oxidation of soot are coupled to the local equiva-
lence ratio Ф [3]. The development of Ф in the studied jet can thus be used as an indicator for likely 
areas for soot formation and oxidation. 

 
 Soot oxidation rate depends on mixing rate, temperature and availability of oxidants like OH 
and oxygen radicals. The mixing rate is controlled by the air entrainment from surrounding gas into the 
stoichiometric zones on the flame surface. Soot oxidation during a typical low swirl diesel combustion 
was in [9] divided into three phases: high temperature soot oxidation during the injection period, spray 
dilution soot oxidation right after end of injection and late rich zone soot oxidation. The two soot oxida-
tion phases after end of injection (EOI) are related to the mixing created by the flame recirculation 
event because these vortices remain active after EOI until they dissipate. It was concluded in this 
study that effective late soot oxidation can result in very low engine-out soot emissions. RANS simula-
tions showed that soot oxidation continues farther downstream after wall interaction than does the 
soot formation. 

 
 In order to further investigate flame to wall effects, an additional study was carried out using a 
high temperature/high pressure combustion chamber set-up [10]. A reacting single combusting diesel 
spray impinged on a curved wall with half of the flame. The other half of the flame developed freely 
along a wall, see fig 1.  
 

                  
Fig. 1  Left: Experimental results in a high pressure/high temperature combustion chamber showing a dif

  fraction type of image where the leading edges of vapour phase and soot can be observed. Right:    
  illustration of hypothesis about interaction between turbulent eddies and transport of OH back into 
  flame surface [10] 
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 The set-up was analysed using optical methods and RANS simulations. Along the curved wall, 
OH-radicals were detected in the same regions where soot was detected but also further downstream. 
It was observed in experimental data that the soot leading edge could sometimes move both faster or 
slower than the main flow. One interpretation was that the local availability of oxidants could be a limit-
ing factor for the rate of soot oxidation if turbulent eddies transport exhaust products instead of fresh 
air to the soot leading edge.  
  
 A hypothesis was formulated that the turbulent structures may contribute to enhance the soot 
oxidation rate by transporting reactive oxidants to the combustion zone, see figure 1. On the other 
hand, the eddies may transport already burnt gas containing a low concentration of oxidants into the 
mixing zone which slows down the soot oxidation rate. If so, the soot leading edge speed might tem-
porary be lowered until new fresh gas is delivered by a new local vortex. Such effects should be of 
special importance to understand in order to maintain rich zone soot oxidation late in the cycle.  

 
 In order to further analyse these experimental and RANS simulation results, flow simulations 
with applied large eddy simulations (LES) have been carried out. Along with improved computer ca-
pacity, the use of LES has increased to simulate transient Diesel sprays and combustion [2, 12-15, 26,  
27]. It has been shown that the flow field to a high degree can be resolved. Various methods have 
been evaluated to model the sub-grid scale (SGS) turbulent kinetic energy based on zero-dimensional 
or 1-equation models. The importance has been pointed out to use a fine grid resolution in the jet re-
gion and near walls together with appropriate spray inlet conditions [5]. 

 
 This paper discusses this engineering LES flow simulation set-up, the results and a discussion 
about how the observations can be coupled to soot oxidation processes in a low swirl diesel engine. 

2. Objectives 

The main objective in this work is to use the capability of LES to resolve turbulent structures to exam-
ine in more detail the results in the previous experimental and RANS study [10]. 

3. Research approach 
This work was focused on studying the role of turbulence for air entrainment into the flame surface af-
ter wall impingement. The approach was to isolate the mixing processes. This was done by reducing 
the problem to a study of a non-reacting equivalent gas jet having equal fuel gas phase penetration to 
the vapour phase of a diesel spray. The equivalent jet was first validated against experimental data for 
a free jet in the literature. Thereafter, a curved wall was added to the LES simulation mesh.  

 
  Selected parameters to analyse were: velocity field, total stoichiometric jet surface area, iso-
curves for equivalence ratio, development of resolved scale kinetic energy, sub-grid scale (SGS) tur-
bulent kinetic energy and the turbulence production term in the transport equation for turbulent kinetic 
energy. 
  
 The work is based on evaluation of the first simulation followed by sensitivity analysis of the 
gas jet inlet conditions using two further simulations with modified gas jet inlet conditions, see details 
in section 4. 
  
 It is understood that this approach cannot address more than flow and mixing issues related to 
a real diesel diffusion combustion process. Even so, we think the approach is motivated by arguments 
given in the introduction and the fact that spray induced turbulence is well known to be necessary to 
achieve a fast enough mixing for highly transient diffusion controlled combustion in engines. The re-
sults are used in a discussion about how turbulent mixing influences soot oxidation. 
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4. LES set-up 

The simulations were carried out using OpenFOAM-1.7.1. The compressible combustion solver react-
ingFoam was modified to be able to handle LES calculations. No chemistry was considered.  
 
Sub-grid scale turbulent kinetic energy was modelled using a zero-dimensional Smagorinsky model.  
 
The table below shows the applied LES set-up. 

 
Tab. 1 LES Set-up 
 
Parameter  Value  Unit  Comments    Parameter  Value  Unit  Comments 
                 
Model fuel  ‐  ‐  C16H34    Initial gas temp. in 

the chamber 
1000  K   

Nozzle diameter  0.25  mm  Square 
shaped 

  Initial pressure in the 
chamber 

168  bar   

Inlet fuel massflow  14.1  g/s  Gas phase    Chamber air 
composition, O2 / N2 

0.23 / 
0.77 

   

Inlet  fuel gas temp.  447  K      Inlet  fuel gas kinetic 
energy 

9331  m2/s2  kin = 0.2Uin
2 

Inlet fuel gas 
constant R 

36.79  J/kg∙K‐
1 

    Initial turbulent 
kinetic energy in the 
chamber, k 

0.1  m2/s2   

Inlet  fuel gas density  1021.6  kg/m3      Computational mesh  6.2M  ‐  Number of 
hexahedra 
cells 

Inlet fuel velocity, Uin  216  m/s             

 

 

 
Fig. 2  Computational mesh  

 
 The pictures in Fig. 2 show from left to right the computational domain seen from the side, the 
refinements and cell distribution in the xz-symmetry plane and the refinements including the eight 
boundary layers at the curved wall. The first boundary layer thickness is 0.06 mm, then increasing with 
a ratio of 1.2. The squared inlet consists of 162 cells in the xy-plane, giving a spatial resolution of 
0.015625 mm in the cross-section and 0.0625 mm in the streamwise direction of the jet. 
 
 The cone-refinement has a resolution of 125.0=Δ=Δ=Δ zyx mm. The centre-region of the 
curved wall has a cell-size of 5.0=Δ=Δ=Δ zyx  mm. The height of the domain is 110 mm. The curved 
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wall is positioned 50 mm downstream the inlet. The lower part of the domain is 30 mm wide and the 
upper is twice that size, 60 mm. The gas jet inlet is located at x=y=z=0. 
 
 The following numerical schemes have been used for the different terms in Navier-Stokes, 
continuity equation and the energy equation 

 
Tab. 2 Numerical scheme 

Numerical scheme Terms Variable fields Setup 

ddtSchemes 
t∂

∂φ   
All 

 
Backward 

gradSchemes 
ix∂

∂φ   
Pressure 

 

 
Gauss linear 

divSchemes 
i

i

x
u

∂
⋅∂ )(φ   

Velocity 
 
Gauss limitedLinearV 1 

divSchemes 
i

i

x
u

∂
⋅∂ )(φ   

Fuel concentration 
Enthalpy 

 
Upwind 

laplacianSchemes 
2

2

ix∂
∂ φμ

  
All 

 
Gauss linear corrected 

 
 In order to obtain a numerically stable solution, the Courant number (CFL) should be below 
unity. A timestep of 10-8 was used in the simulations. The CFL is defined as 
 

  ∑
= Δ

Δ=
n

i i

i

x
utCFL

1

 , n=3  

 The inlet flow initial conditions were in the first simulation uniform. In the two following simula-
tions, randomized turbulent inlet conditions were generated using the algorithm:  

 
    rUIUU refrefturb ⋅⋅+=    
 
where    I = turbulent intensity and r = random number  11 ≤≤− r  . 
 

 The applied near wall grid resolution was acceptable according to calculated Wall units , which 
were well below unity.  

5. Validation 

 
The gas jet was injected with an assumed density whereafter the boundary conditions nozzle gas jet 
velocity and nozzle hole area were calibrated such that the gas phase penetration corresponded to 
vapour penetration data for a free diesel spray [19] while the control volume pressure and temperature 
matched these experimental conditions. The results in Fig.3 show an acceptable agreement between 
simulation and experiments. 
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Fig. 3  Validation of equivalent gas jet model. Comparison of gas jet penetration distance for a 
  free jet. Solid line: experimental results [19]. Dotted line: LES uniform inlet results. 

 

 6. Results 

 
This section contains a presentation and analysis of the results. First, the main features of the flow 
field are illustrated. Next steps are to evaluate the stoichiometric surface of the jet and the air entrain-
ment followed by studies of iso-contours of equivalence ratios of interest. Finally, resolved kinetic en-
ergy, sub-grid scale turbulent kinetic energy and production of turbulent kinetic energy are studied.  

 
6.1 Definition of studied cross-sections and sampling locations 

 
 In the following plots, cross-sections shown in Fig. 4 were selected. Also shown are the posi-
tions for sampling of data, see section 6.6. 

 

D

C

D

C

A

B

x

z

yx

z

y

3

2
1

 
 
Fig. 4  Location of cross sections in following figures.  A-D=positions of virtual probes A: z= -12.5 mm, 

  y = 0, x=sampling line,  B: z= -37.5 mm, y = 0, x=sampling line, C: wall normal at plane 2, y = 0, 
  angle 41°.D:  y=sampling line at 3 mm normal distance from wall, x and z=constant. 
 

 
6.2 Main features of the flow field 
 
 Fig. 5 shows the instant fuel concentration for the three LES simulations in a cross-section 
along the center of the jet just before wall impingement (t=1.2 ms). The jet tip penetration, global di-
mensions and size of turbulent structures on the side of the jets are similar. The local fuel concentra-
tion is as expected for a turbulent flow different except at the jet tip where the turbulence is low. The 
basically similar results with three different inlet gas jet profiles show that the simulation results are 
sufficiently robust regarding the inlet conditions.  
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Fig. 5  Comparison of the three LES-simulations at 1.2 ms. The plots show fuel concentration. 
. 
 

6.3 Stoichiometric surface 
 

 An overall view of the mixing is given by studying the stoichiometric surface which was calcu-
lated by interpolation of the fuel concentration field at stoichiometric mixture. The stoichiometric sur-
face area was calculated as: 

∫ ∫∫ ∫
−

+=
t xt

x

dxdttxfdxdttxfisosurfaceproperty
0 00

0

),(),()(
 

 where f(x,t) is the field having stoichiometric mixture 
 

The first term corresponds to the curved side of the jet and the second term is the free side. 
 

 
 

 
 

Fig. 6  Instantaneous stoichiometric surface development. 
 
 It can be seen in Fig. 6 that the jet on the curved wall side develops wall jet structures in a 
rather thin layer along the surface. On the reference side of the jet, turbulent structures continue to 
develop after the jet impingement . The structures on the two sides are obviously different. 
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6.4 Air entrainment 
 
The flow situation in horizontal cross sections were taken at three vertical distances on the free part of 
the jet and upon wall impingement, see Fig. 7. The velocity field is here colored corresponding to the 
fuel concentration. In Fig. 8, planes 1,2 and 3, which are situated in the normal direction at three posi-
tions along the curved wall, are presented with the same type of plots. 
  

 

z

A

x

y-0.0025 0.0025

-0.005 0.005

-0.01 0.01

-0.008 0.008

B

Z= -12.5 mm

Z= -37.5 mm

Z= -25 mm

Z= -47.5 mm

 
Fig. 7  Horizontal velocity field and mixing seen from below at four z-levels taken at 4 ms injection dura-

  tion. Positions for  the sampling lines A and B are found in the two left figures. The lower right 
  cross section is situated in the impingement zone. 

 
 The above figures illustrate the nature of radial flow patterns towards the rich center of the free 
jet. It can be see how LES resolves several small turbulent structures in the jet. The turbulent struc-
tures contribute to enhanced mixing along the jet axis which is seen by the increasing dilution espe-
cially when pairs of counter-rotating vortices forces fresh gases to travel into the jet. 
 
 A corresponding observation is found in a vertical cross-section, see Fig. 8 

 

   
           1         2   3 
 
Fig. 8  Instantaneous xz velocity field at 3 ms after start of injection colored by fuel concentration. 
  Left: curved wall side, middle: free jet side, right: jet tip 
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 The turbulent structures occur downstream of the nozzle exit and start to develop to larger and 
larger vortices along the jet side. This is as expected since the large velocity gradients between the 
high velocities in the streamwise jet direction (-z) and the surrounding quisent gas create vorticity ker-
nels that receive kinetic energy from the main jet flow. The turbulent flow structures entrain air into the 
jet core with increasing intensity along the jet axis.  

 
 After wall impingement, the jet starts to develop wall jet structures found as several small vor-

tices, see Fig. 9. The pulsating turbulent flow from the free main jet is transformed to a sequence of 
wall eddies along the curved wall. They are able to entrain fresh air into the wall jet structure. 

 
 

D
C

1 2 3

y  
Fig. 9  Velocity field and mixing at three planes perpendicular to the curved wall (angles 10 °,25 ° & 

  41 ° ) at 4 ms after start of injection, see Fig 4. Position for the sampling lines C and D are found in 
   the middle picture. Wall vortex structures are indicated with red arrows. 
 
 The jet tip is pushing gas in front of its leading edge which creates an increase in pressure 
near the wall. The created wall jet is rather thin due to the pressure field. 

 
6.5 Equivalence ratio iso-contours 
 
 Four levels of equivalence ratio (Ф) iso-curves were used to further study the development of 
the mixing based on important combustion parameters: rich zones where soot can be formed, sto-
chiometric zone where combustion takes places, slightly lean conditions where soot oxidation prefer-
entially occurs and vapour phase penetration, see table below. 

 
Tab. 3 Identification of equivalence ratio iso-curves 

 
Fuel 
(%mass) 

Equivalence ratio Ф Remark 

12 2 Ф =2 : soot formation range (black diamonds) 
6 1 Ф =1: stoichiometric combustion zone (red circles) 
5 0.83 Ф <1: slightly lean soot oxidation range (green stars) 

0.1 0.02 Ф <<1: vapour phase penetration (blue +) 
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Fig. 10 Iso-equivalence ratio curves in x-z plane, y=0 (jet center). Black filled diamond :Ф=2, Red  

  circle: Ф=1, Green star: Ф =0.83, Blue + : Ф =0.02. 
 
 As presented in Fig. 10, the likely zone for soot formation processes, inside the Ф = 2 iso-
surface, is large and fluctuating. Between this zone and the stoichiometric area a certain distance ap-
pears. Formed soot is likely to be transported over this intermediate zone rather than to continue to 
form soot since the equivalence ratio here is smaller than 2. Nor can the soot be oxidized since the 
mixture still is rich.  
 
 The Ф = 1.0 and Ф = 0.83 iso-curves are found near each other forming a thin wrinkled layer 
with favourable conditions for both combustion near Ф =1.0 and soot oxidation on the lean side. The 
Ф = 0.02 vapour leading edge iso-curve corresponds fairly well with the experimental observations on 
the same set-up [10]. The wrinkling (in experiments and simulations) is much more pronounced near 
and just below Ф =1.0 than for the vapour leading edge contour Ф =0.02.  

 
 
6.6 Resolved kinetic energy and SGS turbulent kinetic energy 

 
 In order to study how the injected kinetic energy is distributed, the resolved kinetic energy K 
and subgrid scale modelled turbulent kinetic energy ksgs were calculated for the entire field as: 
 

Resolved kinetic energy )( iiUUK ∑= ρ  ( kg/ms2 ) 

 
The quantity kSGS was calculated from the implemented Smagorinsky model as: 

 
2

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅Δ

=
s

SGS
sgs C

k ν
 

 
where 

 
   Cs is the Smagorinsky model constant 
 
  ∆ is the local cell size 
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Fig. 11 Resolved kinetic energy K (kg/ms2) in the xz-plane at 1,  2.5 and 4 ms. 
 

 The resolved kinetic energy shown in Fig. 11 is as expected highest near the jet core where 
the velocity is highest. Since new kinetic energy in this set-up is continuously supplied through the 
nozzle flow, the kinetic energy field covers an increasing volume. K is comparably weak along the 
curved wall side. 
 
 The small scale SGS turbulent kinetic energy is of interest to study since the combustion reac-
tions in the this stoichiometric layer are assumed to take place on this scale [2].   

 

 
 
 
Fig. 12 Sub-grid scale turbulent kinetic energy ksgs (m2/s2) in the xz-plane at  three occasions 

. 
 Observations on ksgs in Fig. 12 are that its magnitude is just a fraction of K in magnitude, it 
shows a wider distribution than for K and the field is more diluted.  
  
 Finally, the two kinetic energies of the stoichiometric iso-surface were computed. 
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Fig. 13 Comparisons of free side (dotted) and curved side (thin solid line). Left: Stoichiometric surface 

  area, middle: resolved turbulent kinetic energy k of stoichiometric cells, right: modelled turbulent 
  kinetic energy ksgs of stoichiometric  cells . Dashed vertical line is the start of jet impingement. 

 
 In Fig. 13 it can be seen in the left plot that the instantaneous stoichiometric surface on the wall 
side, upon wall impingement at 1.5 ms is lower than on the free side. Middle plot shows that there is a 
decay in K on the curved wall side but at 2.5 ms, K becomes larger on the curved side than on the free 
side, in spite of the lower surface area. This is consistent with the observation that wall vortices need 
some time to develop. The higher level lasts until 3 ms when it becomes lower once again. 
 
 The effect of the wall impingement on ksgs is very pronounced, see right plot in Fig. 13. The ksgs 
is in fact clearly higher on the curved wall side after wall impingement than on the free side. The inter-
pretation is that small scale turbulence increases by the increase of the strain rate and the small cell 
size (Δ ) in the Smagorinsky model. ksgs also decays by the end of the simulation period. A possible 
explanation for the decay is that the availability of lean gases becomes lower due to the limited space 
between the side of the free jet and the wall jet. As a result the stoichiometric surface area will be low-
ered by turbulence driven supply of rich gases which also somewhat lowers the turbulent kinetic en-
ergy in the stoichiometric cells. 
 
  
6.7 Production of turbulent kinetic energy analysed using "Virtual probe" data 

 
Bearing in mind that the LES set-up uses the most simple sub-grid scale model (zero-dimensional), an 
examination of the flow was carried out along four "virtual sampling probes" defined in Fig. 4 . The ob-
jective was to study the production term in the transport equation for turbulent kinetic energy. The pro-
duction term is as follows: 

 

j

i
ji

k

x
uuuP
∂
∂

−= ''

 

where iii uuu
_

' −= and   
j

i

x
u
∂
∂

= the spatial gradient field of the mean velocity. 

 
 The parameters: instant velocities and spatial gradients were extracted at 150 equidistant 
points in space along each sampling line with a sampling step of 0.01 ms. The fluctuating velocities 
were calculated using the average values of the instantaneous velocities. The first value was taken 
when the flow had reached turbulent conditions on the basis of time series which was possible for the 
probes located in the free jet.   
 

 It was found that the flow on the wall side did not show truly turbulent behaviour since, for in-
stance, no stable mean values were reached. Instead, complex eddy patterns were detected with a 
large timescale originating from the wall vortex structures passing by the sampling line, see Fig. 14. As 
a consequence, the production term was only calculated for the free jet at sampling lines A and B. 
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Fig. 14 Scatter plots of velocity vector paths during the gas jet injection period at the four sam-

  pling lines A-D.  
 
 As indicated in the lower two plots in fig 14, a sequence of clearly three-dimensional and com-

plicated patterns occurred at both the wall-normal and spanwise sampling lines on the curved wall 
side.  
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Fig. 15 Pk calculated at probe A and B. Data were extracted from simulation 1,2 and 3 respec-
  tively. 

 
 The production term is found in Fig. 15. At the nozzle-near sampling line A, the axial-radial 
element of Pk dominates due to the strong axial-radial velocity gradient. Turbulent kinetic energy is 
thus mainly produced in the shear layers between the jet and the quisent air. Further downstream, at 
sampling line B, Pk has reduced to approximately 1/100 in magnitude. The production occurs over a 
wider distance since the jet has now been more diluted by the produced turbulent structures upstream 
in the jet.  

 
 A final remark is that the first simulation with uniform inlet velocity profile (simulation 1) re-
sulted in higher turbulence production near the nozzle than with randomized turbulent inlet profiles 
(simulation 2). It can also be seen at sampling line B that the dilution is more elevated with random-
ized turbulent inlet profiles. 
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7. Discussion 
 
The applied LES set-up provided interesting results. However, there are several issues to take into 
account in the analysis. The low number of LES-simulation (three) is not possible to use for statistical 
analysis of the entire flow field since several hundred simulations would be needed. That number of 
LES-simulation is out of reach due to the time-consuming computation. The main reason for this is the 
high number of computational cells. The computation time is proportional to number of grid cells to the 
power of three. Another issue is that the selected zero-dimensional subgrid scale model is a limitation 
for how well the small scale turbulence is treated. 
 
 The simulation results of the resolved field correspond qualitatively well with literature regard-
ing the appearance and main features of the turbulent flow field. For instance, in the experimental re-
sults with the same geometry as analysed with LES in this paper, the appearance of the flow on the 
wall side is similar regarding the thickness of the jet and the behaviour of the wall jet eddies. Another 
important similarity is the observation that zones can be de-coupled from the main wall jet flow. 
 
 The air entrainment results correspond well with the extensive experimental results in [6]. The 
research team used particule image velocimetry (PIV) analysis of a free jet as well as of an impinging 
jet. This work illustrates how turbulent structures evolve along the jet, transporting fresh gases deep 
into the jet. The quality of the measured flow patterns is very similar to the results from LES in this pa-
per. 
 
 Complicated vortex structures on the curved wall side were observed. The time-scale of these 
vortices was considerable larger than for the vortices along the free jet. The wall side flow shows fast 
changes in velocity magnitude and direction meaning that the strain rate is high.  The vortices are 
therefore considered as energy carrying eddies that provide turbulent kinetic energy to the subgrid 
scale mixing. Consequently, the calculations of the SGS turbulent kinetic energy ksgs showed a signifi-
cantly higher level on the curved wall side than on the reference side.  
 
 Under the assumption that oxidation occurs at the small length-scales covered by the subgrid 
scale, oxidation is also promoted. It should though be noted that the flow could not be analysed re-
garding its turbulent nature as for the free jet due to the large time-scale. A large number of simula-
tions would be needed to define if the observed eddies can be considered as chaotic (turbulent).  
 
 De-coupling of small rich zones from the main flow on the curved wall jet side was observed in 
the combustion chamber study, in the RANS simulations as well as with LES. LES provides an under-
standing of how local turbulence is produced and contributes to the de-coupling. Such zones were 
rapidly diluted (or burned in the combustion chamber experimental set-up) when they were trans-
ported into low equivalence ratio areas. On the other hand, the rich zones may be transported into ar-
eas with high equivalence ratio if the zones appear near the main free jet. In this situation, the condi-
tions for oxidation are poor and the rich zone can remain late into the cycle. 

 
 Applying the observations above to a real engine combustion system, two competing proc-
esses can be identified. Firstly, the jet - wall interaction should increase the local mixing rate and 
hence the soot oxidation rate. Secondly, the limited space between two main jets can lead to a situa-
tion when de-coupled zones from the wall jet are transported into zones with combustion products 
which should decrease the mixing rate. If the de-coupled zones do not reach fresh air with sufficient 
temperature for oxidation before the turbulence has dissipated, the zones will remain incompletely 
burned. Such unburned zones contribute to higher engine-out soot emissions. 

 
 A final remark is that the instantaneous equivalence ratio field according to the LES results in 
this work is very different from the general conceptual model of a diesel flame which is based on aver-
age values. The observed in-rushes of fresh air through the jet surface into the jet core due to turbu-
lence could even impact on the soot formation rate if the local equivalence ratio becomes sufficiently 
low (Ф<2).  
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8. Conclusions and future work 
The role of turbulence for mixing and creation of favourable conditions for soot oxidation were investi-
gated using LES-simulations of a high speed, dense gas jet with a penetration equivalent to the va-
pour phase of a diesel spray. The results show how a turbulent transient flow field develops, first as a 
free jet, and later impinging with a curved wall. Turbulent structures were resolved showing how the 
stoichiometric surface of the wrinkled jet is interacting with the surrounding gas and with the curved 
wall. The simulation results were qualitatively similar with previous experimental measurements on the 
same geometrical set-up and with other similar experiments in literature. 
 
 The turbulence creates complex local vortex structures that strongly influence on the local air 
entrainment along the jet sides and deep into the jet core. The formed turbulent structures in the free 
jet are after wall impingement transformed to a sequence of complex vortices with a large time-scale. 
The vortices are suggested to be energy carrying eddies that provide kinetic energy to the sub-grid 
scale mixing. Due to the low number of simulations, it could not be concluded whether the wall flow 
eddies can be considered as a turbulent flow. 
 
 The results were used for a discussion about the role of turbulence for soot oxidation in a real 
diesel engine combustion situation. Two competing processes were identified for the impact of wall 
impingement. The wall vortices contribute to soot oxidation by increased local mixing in the small 
length scales. On the other hand, late in the cycle when an increasing amount of combustion products 
become available, the wall vortices may transported inert gases to the soot oxidation zones which 
should decrease the soot oxidation rate. 

 
 In future work, LES with wall functions could be applied. Wall functions for the near wall flow 
and LES to resolve the outer flow would then be used. This method would lower the computation time 
significantly since the mesh near the wall can be designed with fewer cells. Additionally, the solution 
would rely on the accuracy of the wall model instead of a very high mesh resolution in the wall normal 
direction. This approach should be acceptable if the objective is to study mixing in the free flow rather 
than near wall effects. 
 
  In the event that computation time can be lowered significantly in the future, it would be inter-
esting to perform a large number of simulations to study the impact of the near wall boundary layer on 
the solution, the turbulent nature of the wall side flow and investigate if the average solution will be 
similar to the diesel flame conceptual models in literature. 
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