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Figure 11(a) illustrates the evolution of the mean mixture fraction in the
transverse direction at different axial flow positions in Case 1, noting that
the turbulent mixture becomes very important above 𝑥/𝐷p= 7.5 i.e. at the
time of an outbreak of Kelvin-Helmholtz instabilities, meaning that a large
amount of tracer has flooded the jet center. Outer and inner layers meet
each other leading to the creation of a single layer of a mixture similar to a
single round jet.

Figure 11(b) shows the profile of the mean mixture fraction in the
transverse direction in different axial sections for Case 2, the figure shows
that the majority of the mixture remains limited to the central jet, while a
very small amount of tracer is found in the annular jet, and the tracer's
transverse diffusion never reaches the ambient fluid, in which case the
mixture does not benefit from the turbulent intensity at the external jet.

Figure 11: transverse evolution of mixture fraction for different 𝑥/𝐷p positions: a) Case1, b) Case2
4.5 RMS profiles of mixture fraction
Figure 12: Longitudinal evolution of RMS of mixture fraction in annular jet
(solid line) and central jet (discontinuous line): a) Case1, b) Case2
RMS longitudinal evolution of mixture fraction for the central and annular
jet along with both the central and annular jet axis is shown in Figure 12(a)

for Case 1, the growth of mixture fraction intensity for both jets increases
to 𝑥/𝐷p = 5 and the peak of maximum mixing intensity amplitude is
reached when the internal and external shear layers fuse.
For Case2, Figure 12(b) shows the same scenario as Case 1.

Figure 12: transverse evolution of mixture fraction for different 𝑥/𝐷p positions: a) Case1, b) Case2
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Mixture fraction RMS for different axial positions of Case 1 is illustrated in
Figure 13(a). In addition, RMS profile at the beginning of the jet shows two
distinct peaks located at the inner and outer sheared layers, respectively,
the intensity of the two peaks is responsible for the turbulent mixing
efficiency in the jet. Close to the nozzle inlet, and due to the blocking
phenomenon. Figure 13(b) represents the mixture fraction RMS profile for
different axial positions in Case 2. It can be seen that the mixture fraction

fluctuation remains localised in the jet center and their intensity remains
lower than when the tracer had been generated by the annular jet.
4.6 Mixing PDF probability function
PDFs were calculated at 5 different transverse positions extending from
the center line of the primary jet to the edge of the jet structure.

Figure 13: Mixture fraction PDF for (a) 𝑥/𝐷p = 4 (b) 𝑥/𝐷p = 7 and (c) 𝑥/𝐷p = 20
Figure 14(a) shows PDF in the inner and outer sheared layers, In 𝑥/𝐷p =
4. There is a very low probability of finding a value of different from the
mean value because, in this region of the jet, there is no turbulent mixture
yet.
Figure 14(b) shows PDF at the inner and outer shear layers at 𝑥/𝐷p = 7. In
different transverse positions, there is a wide range where the probability
of finding a given value of the mixture fraction is non-zero. This is due to
the turbulent mixing process associated with the formation of Kelvin-

Helmholtz eddies in the two sheared layers. In this region, the mixture is
not homogeneously distributed within large turbulence structures.
Figure 14(c) shows PDF at the level of the mixing layer created after the
fusion of the two shear layers in 𝑥/𝐷p = 20. In this region, PDF is
characterised by most probable values of the mixture fraction almost
independent of the transverse position through the sheared layers. This
type of PDF was produced by the persistence of mixing at large turbulence
structures. To the end of the calculation range where the fully developed
state of turbulence is reached, it is observed that the mixture is not yet
homogeneous.

Figure 14: Fraction mixture PDF for (a) 𝑥/𝐷p = 7 and (b) 𝑥/𝐷p = 20
Case 2 PDF was also calculated when the tracer is injected in the central
jet. Figure 15 (a) shows the mixed fraction PDF at the internal shear layer
in 𝑥/𝐷p = 7. Before, the fully developed state of turbulence. As a result, the
probability of finding a given value of f is almost the same in the transverse
direction. This shows that the tracer is not evenly distributed in the large
eddies.
PDF in 𝑥/𝐷p = 20. After the fusion of two shear layers and at the single
shear layer and in different transverse positions, is shown in Figure

15 (b). There is a high probability of finding a given value of the mixture
fraction. It is important to note that the probability of finding f=1 is zero in
this flow region, meaning that the tracer is totally mixed in this region.
5. CONCLUSIONS
This study examined the mixing process in a compressible turbulent
coaxial jet, where two cases were considered: a passive scalar injected at
the annular jet Case 1 and a passive scalar injected at the central jet Case
2, using Smagorinsky numerical Large-Eddy Simulations (LES).
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This study was articulated on investigated the implementation of a highperformance and modern numerical method, called the linearization
solver of Riemann problem characteristic equations, which meets the
requirements in terms of accuracy of results and calculation cost. White
noise was overlaid at the laminar flow inlet to trigger jet disruption and
the development of Kelvin-Helmholtz eddies.
As a result, the mixing process was analysed using the spatial and
temporal resolution of the transport equation of the mixture fraction.
Therefore, Kelvin – Helmholtz eddies play a very important role in the
mixing process. When the passive scalar is injected into the annular jet, the
disturbances are small in the potential cone region and the mixture is
mainly due to molecular diffusion. After the potential cone area, the
natural development of instabilities is at the level of the internal and
external shear layers and turbulent mixture is initiated by the emergence
of Kelvin-Helmholtz eddies.
However, the mixture is not yet homogeneous in the fully developed
turbulence region, which results in an ineffective mixture. Once the
passive scalar is injected into the central jet, the mixing process is the same
as in Case 1., but after the potential cone region only the vortices
of the inner shear layer participate in the mixture and the vortices of the
outer shear layer are surrounded only by the fluid from the surrounding
air.
In this configuration the mixture is homogeneous in the fully developed
turbulence region and the efficiency of the mixture is maintained. Results
also showed that the active mixing regions are located between internal
and external jets, external jet and ambient fluid. These regions were
associated with high concentration root mean square (RMS) values.
The Riemann solver used in the present work was found to perform
extremely well and is computationally inexpensive, making it suitable for
practical applications where high accuracy and fast computation are
needed.
The mixture is not yet homogeneous in the fully developed turbulence
region if the tracer is injected into an annular jet. But it is homogeneous if
the tracer is injected in the central jet.
A further step in this work would be the simulation of reactive flows. As a
result, this work will be carried out by examining the implementation of
different models of chemical kinetics and the lighting of the flame.
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NOMENCLATURE
𝜃𝑝
𝜃𝑠
𝐵
𝐶𝐹𝐿

Momentum thickness of the primary jet
Momentum thickness of the secondary jet
The Limiter flux
The Courant-Friedrichs-Lewy
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𝑃𝑟𝑠𝑔𝑠
𝑅𝑝
𝑅𝑠
𝑅𝑚
𝑅𝑒
𝑆𝑖𝑗
𝑇
𝑇𝑝
𝑇∞
𝑢𝑖 i
𝑈𝑠
𝑈𝑃

The interne energy
The flux in x - direction
The flux in y- direction
The flux in z- direction
Mach number
Number of time step
Pressure
Prandt number
Prandt number of subgrid scale
Inner radius of the coaxial jet
Outer radius of the coaxial jet
Average radius of the coaxial jet
The Reynolds number
The strain rate tensor
Temperature
Temperature of jet primary
Temperature of ambient air
The three velocity components
The velocity of the primary jet
The velocity of the secondary jet

𝑈∞
U[ρ,ρu,ρv,ρw,ρe]
w[ρ,u,v,w,p]
∆x,∆y,∆z
𝑥𝑖
𝑡
∆t
VNN
𝜈𝑠𝑔𝑠
𝜈
𝜇
𝜏𝑖𝑗
𝜌
𝛾
𝛿𝑖𝑗
∆
minimod
1

The velocity of air ambient
The filtered conserved vector
The primitives’ variables
Grid size
The coordinate Cartesian x,y,z
The time t
The time iteration method
The von Neumann number
The turbulent eddy viscosity
Kinematic Viscosity molecular
Dynamical viscosity coefficient
SGS stress tensor
Density
Specific heat ratio
The Kronecker symbol
The filter width of the LES filter
The minimod function

(𝑖 ∓ )

The interface volume control

(𝑖, 𝑗)
( )𝑖𝑛𝑣𝑖𝑠

Index of the three components
Index of In-viscid flux

2
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