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Abstract

Three cases of variable-density turbulent round jets discharging from a straight circular pipe into a weakly confined low-speed co-
flowing air stream are studied with the aid of large-eddy simulation. The density ratios considered are 0.14 [Helium/air], 1.0 [air/air]
and 1.52 [CO»/air], with Reynolds numbers of 7000, 21,000 and 32,000, respectively. Detailed comparisons of the statistics show good
agreement with the corresponding experiments. They confirm that a lower-density jet develops more rapidly than a denser jet with the
same exit momentum flux. Pseudo-similarity behavior in the three variable-density round jets is well reproduced in the simulation. The
coherent structures of the three jets are investigated by visualization of the iso-surface of pressure fluctuations and vorticity. In the devel-
oping stage of the Kelvin—Helmbholtz instability, large finger-shape regions of vorticity are observed for the helium jet close to the nozzle
lip. This feature, however, is not found in the air and the CO, jet. The occurrence of strong streamwise vorticities across the shear layer in

the helium jet is demonstrated by a characteristic quantity related to the orientation of the vorticity.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Turbulent flows with variable density, which may be due
to temperature variations stemming from reactions or vari-
ations in the composition by fluids of different density, exist
widely in nature as well as in technical devices. The ability
to predict the turbulent mixing in flows with variable den-
sity is vital for the modeling of the dynamics of such flows
and a prerequisite for predicting turbulent combustion sit-
uations. Unlike the extensively studied jets with constant
density, variable-density jets are less well understood. Rel-
atively few experimental studies were reported for such
cases. An experiment with helium/air mixture discharging
into a confined swirling flow was carried out by Ahmed
et al. (1985). Sreenivasan et al. (1989) performed an exper-
imental study on round jets of different densities issuing
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into the ambient air. Their different densities were obtained
by premixing helium and air in various proportions. About
the same time, Monkewitz et al. (1989) and Monkewitz and
Pfizenmaier (1991) carried out an experimental investiga-
tion of entrainment and mixing in transitional axisymmet-
ric jets, where density difference were achieved by heating
the air. Panchapakesan and Lumley (1993) conducted an
experiment with helium injected into open quiescent air
from a round nozzle. Later, Djeridane et al. (1996) and
Amielh et al. (1996) performed experimental studies of var-
iable-density turbulent jets, including helium, air and CO,
jets exiting into a low-speed air co-flow. Numerical investi-
gations of this type of flow are also relatively scarce. Jester-
Ziirker et al. (2005) performed a numerical study of turbu-
lent non-reactive combustor flow under constant- and var-
iable-density conditions using a Reynolds-stress turbulence
model. They obtained good agreement between simulation
and experiment for the constant-density flow, whereas the
results for the variable-density flow were less satisfactory.
Some large-eddy simulation (LES) of variable-density
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round jets were also performed recently (Zhou et al., 2001;
Tyliszczak and Boguslawski, 2006). To the authors’ knowl-
edge, however, detailed comparisons of LES results and
experimental data for round jets, covering density ratios
both lower and larger than unity, are not available in the
literature.

The aim of the present work is to perform a detailed
comparison of LES results and experimental data for three
round jets with density ratios 0.14, 1.0, and 1.52 respec-
tively, to gain a deeper understanding of the effect of den-
sity differences on the jet development.

2. Numerical method

In this study, the so-called low-Mach number version of
the compressible Navier-Stokes equations is employed.
With this approach, the pressure P is decomposed into a spa-
tially constant component P, interpreted as the thermody-
namic pressure, and a variable component P'", interpreted
as the dynamic pressure. P”) is connected to temperature
and density, while PV is related to the velocity field only
and does not influence the density. Due to this decomposi-
tion, sonic waves are eliminated from the flow, so that the
time step is not restricted by the speed of sound. The dimen-
sionless low-Mach number equations read as follows:
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where the symbols u, p, u;, T, ¢ and « denote dynamic vis-
cosity, density, velocity vector component, temperature,
mass fraction of jet gas, and diffusion coefficient of jet
gas into air, respectively, while 7; (1) is the viscos stress.
The symbol Re denotes the Reynolds number and Sc the
Schmidt number. Eq. (4) represents the equation of state.
For the three isothermal weakly confined jets studied in
this work, P'¥ and T are constant, so that the mixture den-
sity is determined only by the mass fraction ¢. Employing
the ideal gas law, this reduces Eq. (4) to

o P<0) Maingas
TRu Mgas + C(Mair - Mgas)

p (5)
where the symbols R, M, and M, denote the universal
gas constant, molecular weight of air and molecular weight
of jet gas, respectively.

Applying large-eddy filtering to the low-Mach number
equations, the corresponding filtered LES equations are
obtained. The unclosed terms in these equations have to
be determined by subgrid scale (SGS) models. The vari-
able-density dynamic Smagorinsky model by Moin et al.
(1991) is used to determine the SGS eddy viscosity, pr, in

the momentum equations. The SGS scalar flux is modeled
by the often-used gradient diffusion model:

oc
pc—m—ﬁéﬁ/=—%§j (6)
where Sct is the turbulent Schmidt number. Scr may be
determined with a dynamic procedure, as used for the
SGS eddy viscosity (Moin et al., 1991). In this work it is
set to Scer=0.7.

The simulations were performed with the in-house
Finite Volume code LESOCC2C, which is a compressible
version of LESOCC2 (Hinterberger, 2004). LESOCC2C
is highly vectorized, and parallelization is accomplished
by domain decomposition and explicit message passing
via MPI. It solves the low-Mach number version of the
compressible Navier—Stokes equations on body-fitted cur-
vilinear block-structured grids employing second-order
central schemes for the spatial discretization and a 3-step
Runge-Kutta method for the temporal discretization.
The convection term of the species equation was discretized
with the HLPA scheme (Zhu, 1991).

3. Computational setup

Three jets issuing into a very slow co-flow of air are
studied with density ratios equal to 0.14 [Helium/air], 1.0
[air/air], and 1.52 [CO»/air], respectively (see Fig. 1). These
cases correspond to situations studied experimentally by
Djeridane et al. (1996) and Amielh et al. (1996). The
parameters employed are listed in Table 1, in which the
Reynolds number is based on the centerline velocity at
the jet exit and the jet nozzle diameter The subscripts ‘7
and ‘e’ relate to jet flow and external co-flow, respectively.
It is worth noting that the momentum flux is the same for
the three cases, M; = 0.1N. The reason for comparing cases
with identical momentum flux is that in the flow region
investigated inertial forces dominate (Djeridane et al.,
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Fig. 1. Sketch of the computational domain.
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Table 1

Parameters of the three jets simulated

Jet pilpe U; (m/s) U, (m/s) Re; taver Fr; X,\/D; X>/D;
Helium 0.14 32 0.9 7000 1285 654 7.8 78.0
Air 1.0 12 0.9 21,000 803 - - -
CO, 1.52 10 0.9 32,000 1078 1147 18.8 188.0

1996; Amielh et al., 1996). The averaging time is given in
units of D;/U;. Additional averaging was performed in azi-
muthal direction. Note that this is not effective near the
axis so that the quality of averaging is better remote from
the axis.

Fig. 1 shows a sketch of the flow configuration and the
computational domain. The jet discharges from a long pipe
into a co-flow confined by an outer pipe. The ratio of the
pipe diameters is D./D; =11, so that the confinement is
weak. The computational grid consists of 8 million cells,
divided into 251 blocks. Fig. 2 provides related pictures.
In the azimuthal direction 152 grid points are used and
385 grid points in axial direction from the outlet to the
downstream end of the domain. The grid cells are stretched
locally to reduce the cell size near the jet nozzle and across
the shear layer. This resulted in a radial extent in wall units
along the inner pipe wall of Ar* = 3.0, 8.0, and 10.5 for the
helium, the air and the CO, jet, respectively. To perform a
grid resolution study, a coarser grid consisting of 1 million
cells was also employed.

A convective outflow boundary condition was imposed
at the exit, and a uniform velocity profile without fluctua-
tions at the inlet of the co-flow. Sensitivity studies were
conducted imposing fluctuations in the inlet of the co-flow
and a small boundary layer configured according to the
experimental setup, but this did not have any effect on
the computed statistics. In order to obtain a fully devel-
oped turbulent flow in the pipe upstream of the jet exit,
as indicated by the experimental data, a separate simula-
tion of turbulent pipe flow with streamwise periodic condi-
tions was performed simultaneously (see Fig. 1). The
Werner—Wengle wall function (Werner and Wengle, 1993)
was used at the pipe walls.

a

The importance of buoyancy effects can be assessed by
means of the exit Froude number Fr; (Chen and Rodi,
1980), which is reported in Table 1,

Fr; = p;U3/(glp; — p.ID;). (7)

According to Chen and Rodi (1980), the vertical buoy-
ant round jet behaves like a ‘non-buoyant pure jet’ in the
region close to jet exit, where forces of inertia dominate
over the forces of gravitation. This region extends up to
X1, which can be estimated as:

X1 =0.5D,F%(p;/p,)"” (8)

In the far field, which starts at X, = 10X7, the jet behaves
like a ‘pure plume’. The values of X7 and X, for the Helium jet
and CO, jet are given in Table 1. Between these two regions
X1 <x <X, both forces are of similar importance. The
length of the computational domain is 38.5 D; which,
according to the values computed, covers the jet-like region
and part of the intermediate region. The present study
focuses on the region near the outlet so that, even if there pos-
sibly is a small upstream effect of the intermediate region,
buoyancy forces can be neglected. A detailed discussion of
this issue is also provided in Djeridane et al. (1996).

4. Comparison of statistical values
4.1. Profiles along the jet axis

A comparison of the axial evolution of mean streamwise
velocity and mean mass fraction along the jet axis, U, and
C,, is shown in Figs 3 and 4, respectively. The subscript ‘¢’
denotes the value at the centerline in this context. Analyt-
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Fig. 2. (a) 3D view of the computational domain. Dark lines indicate block boundaries of the computational grid. (b) Zoom of the grid around the

symmetry axis in a plane x = const. (only every second point is shown).
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Fig. 3. Mean streamwise velocity along the jet axis. The similarity law
proposed by Chen and Rodi (1980) is U./U; = 6.3(p,/p.) (D).
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Fig. 4. Mean mass fraction along the jet axis. The similarity law proposed
by Chen and Rodi (1980) is C/C; = 5.4(p;/p.)(D//x).

ical curves calculated from the similarity laws proposed for
variable-density jets by Chen and Rodi (1980) are also
included, which read as follows:

U/U; = 63(p,/p.) *(Dy/x) 9)
C./C = 5.4(p,/p.) *(Dy/x) (10)

The influence of the density difference is obvious: the cen-
terline velocity and concentration of the helium jet decays
much faster than in the air and the CO, jet. Light gas,
helium, tends to mix more rapidly with the ambient air than
the heavier gases do (recall that the momentum flux is the
same for all flows). This faster mixing of helium is accompa-
nied by a faster increase of turbulence intensity in the near-
nozzle region (see Fig. 5). The potential core of the helium
jet is only 3 diameters long, much shorter than that of the
air and CO, jet. Very good agreement between the LES
results and the experimental data is obtained for the helium
jet. For the heavier jets, some differences in the decay of U.
are observed. They might be due to a small mismatch of
inflow conditions.
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Fig. 5. Rms-fluctuations of the streamwise velocity component along the
jet axis.

The influence of the density ratio p;/p. on the decay of
U. and C, is also described quite well by the similarity laws,
but no perfect agreement between the LES and these laws
should be expected because the laws are only approximate,
and in fact ‘x’ in the laws should be replaced by the dis-
tance from the virtual origin of the jet as a point source.
To show the influence of grid resolution, the results for
the helium jet obtained with the coarse grid are also dis-
played in Figs. 3 and 5.

The evolution of the rms-fluctuations of the streamwise
velocity, «/, along the jet axis is shown in Fig. 5. The influ-
ence of the density difference is obvious again: the helium
jet decelerates much faster than the two heavier jets. At
x/D;=4.5, the peak value of 17% for «/'/U; is already
reached in the helium jet, whereas the peaks for the two
heavier gases are lower, less pronounced, and attained fur-
ther downstream. The fast increase of «'/U; in the potential
core region is due to the growth of the Kelvin—Helmholtz
instability across the shear layer. Although the values of
w'/U; for the three jets at positions further downstream,
for instance x/D;> 25, are quite different, the values of
ul(U,— U,), i.e. v normalized with the local streamwise
velocity difference, are close to each other and have a level
of about 25-30%.

Fig. 6 shows the axial evolutions of the mean mass frac-
tion half-width L., as well as the mean streamwise velocity
half-width L, for the different cases simulated. L, is defined
as the radius at which U — U, =0.5(U,. — U,), in order to
take into account the co-flow effect. For x/D;> 10.0, both
LES results and experimental results show that: (1) the
half-width increases approximately linearly; (2) L. is
always larger than L,. The former hints to the existence
of a similarity behavior, and the latter indicates that the
scalar field always spreads faster than the velocity field. It
is worth pointing out that, for the helium jet, the down-
stream values of L, and L. are very sensitive, because the
profiles are very flat (see Figs. 7 and 10). According to
Chen and Rodi (1980), the mean turbulent Schmidt
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Fig. 6. Half-width of mean mass fraction and half-width of mean
streamwise velocity along the jet axis.

number in the Reynolds averaged Navier-Stokes (RANS)
framework Scrrans i closely related to the square of
the ratio L,/L. in the similarity region, and a value of
Scrrans = 0.7 is recommended for round jets. Based on
the values of L, and L. deduced from the LES data
Scr rans Was computed using the same formula and values
around 0.7 were found. Although Scr in Eq. (6) is only
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Fig. 7. Radial profiles of mean streamwise velocity at several axial
positions.

related to the SGS part of the concentration fluctuations
it is not unreasonable to employ the RANS value for this
purpose which was done in the present paper.

4.2. Radial distributions

The radial profiles of the normalized mean streamwise
velocity U/U; are shown in Fig. 7 for the helium and the
CO, jet. The results of the air jet are close to those of the
CO, jet. Very good agreement between LES and experi-
ment is obtained for the helium jet. Starting from the typ-
ical turbulent pipe flow profile at x/D; = 0.2, the centerline
velocity of the jet decreases faster than for the CO, jet, as
seen already from Fig. 3.

At the first station x/D;= 0.2 in Fig. 7b, there is some
disagreement for the CO, jet (see arrow). A reason may
be that for this case the pipe flow was not fully developed
at the exit in the experiment. Beyond x/D; = 0.2, the agree-
ment between LES and experiment is good also for the CO,
jet.

The radial profiles of ', the rms-fluctuations of the
streamwise velocity component, at several downstream posi-
tions are displayed in Fig. 8. Here, the local velocity half-
width L, is used for normalizing the radial coordinates, as
in the experimental paper (Amielh et al., 1996). Again, very
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Fig. 8. Radial profiles of streamwise rms-fluctuations.
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good agreement is obtained for the helium jet. At the loca-
tion very close to the jet nozzle, x/D; = 0.2, both jets show
a peak value of 0.15 in the shear layer and a value of 0.04
on the axis. Further downstream, the peak of the u' profiles
moves to the center and the value of «’ on the axis increases
due to mixing processes. Finally, the profiles reach an
approximately self-similar shape. Fig. 8 shows that this
transition is much faster for the helium jet than for the
C02 ]et

Radial distributions of the normalized Reynolds shear
stress (u'v')/ UJZ, are plotted in Fig. 9. With the two jets, dif-
ferent scales are used for the vertical axes for clarity. The
agreement for the helium jet is excellent. In Fig. 9a, the
peak of (u'v')/ sz. at the first section x/D;=0.2 is only
0.003. Further downstream at x/D; = 2.0, the maximum is
almost four times as large and the shape of the curve is sub-
stantially smoother. At even larger x/D;, the shear stress
decays again due to the broadening of the jet and the
resulting reduction of gradients. The results for the CO,
jet in Fig. 9b show a substantially stronger peak in the
shear stress right at the outlet which is extremely difficult
to capture. At x/D;=2.0 and 5.0, the computed profiles
have the correct shape but exceed the experimental data
by about 25%. Further downstream, the agreement is very
good. The reasons for the differences observed may reside
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Fig. 9. Radial profiles of shear stress (u’v’)/U?.

in an under-resolution of the very first stages of the initial
development. Actually a mean turbulent viscosity of
ur =~ 2.4u is observed in the shear layer of the CO, jet,
while in the Helium jet pr =~ 0.5u. This is because the Rey-
nolds number for the CO, jet is higher than for the Helium
jet.

The radial profiles of the mean mass fraction at several
downstream positions are shown in Fig. 10. It is seen that,
in the potential core region i.e. at the section x/D; = 0.2, the
‘top-hat’ profiles are almost identical for the two jets. The
radial profiles of mean mass fraction develop faster for the
helium jet in the downstream direction. A very good agree-
ment is obtained for the helium jet. For the CO, jet, how-
ever, systematic offset was observed between the LES data
and the original experimental data at x/D;=15.0. The
present authors then detected a slight inconsistency in the
published experimental data, in that the values of the mass
fraction on the centerline do not always agree when com-
paring the data for r = 0 with those for x = const. For this
reason the experimental profile of the mean mass fraction
for the CO, jet at section x/D;=15.0 plotted in Fig. 10b
was obtained from the profile shown in Djeridane et al.
(1996) by rescaling it with the C,. value extracted from
Fig. 4. The resulting agreement then is very good, bearing
in mind the confinement effect discussed below.

/e

/e

2r/Dj

Fig. 10. Radial profiles of mean mass fraction.
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4.3. Pseudo-similarity

Self-similarity can be found in many turbulent flows, of
which the constant-density jet is one example. In variable-
density turbulent jets, approximate self-similarity exists in
some regions, as discussed by Chen and Rodi (1980), so
that the term pseudo-similarity is used here. One of these
regions is the near field, where buoyancy forces are negligi-
ble compared to inertial forces. The current results mainly
pertain to this region so that pseudo-similarity can be
expected.

Radial profiles of the mean streamwise velocity and the
mean scalar concentration normalized by the values at the
jet axis are shown in Fig. 11 for several axial positions. For
each curve, the reference length is the local half-width of
the respective quantity. The computed and the measured
profiles collapse fairly well. These curves are well repre-
sented by a Gaussian function, except for the mean scalar
fraction at the positions far downstream near the outer
edge (r/L.> 1.4). This is due to the confinement starting
to have an effect (Djeridane et al., 1996). The good collapse
of the radial profiles and the approximately linear increase
of the half-width (see Fig. 6) demonstrate the validity of
pseudo-similarity in the present variable-density jets.
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Fig. 11. Similarity profiles of mean streamwise velocity and mean mass
fraction.

5. Coherent structures

Many investigations have been carried out and aimed to
explain the faster mixing and entrainment in the lighter jets
(Monkewitz et al., 1989; Monkewitz and Pfizenmaier, 1991;
Fulachier et al., 1989). By flow visualization in hot air jets,
Monkewitz et al. (1989) found a star-shaped jet cross sec-
tion with two to six radial fingers in the potential core
region. These fingers, which they called ‘side jets’ in this
context, significantly increase the spreading angle, and it
was concluded that the ‘side jets’ are generated by the so-
called Widnall instability (Widnall et al., 1974). This mech-
anism is relevant for the azimuthal instability of vortex
rings. In a later experimental investigation, however,
Monkewitz and Pfizenmaier (1991) revised the previous
conclusion. By checking the phase-averaged axial and
radial velocities, they concluded that strong streamwise
vortex pairs on the braids between the vortex rings are as
important for the generation of ‘side jets’ as the Widnall
instability. Gharbi et al. (1995) performed a statistical anal-
ysis of the jets considered here. They concluded that the
structure of turbulence downstream and in the outer region
is similar in all cases while in the near field the properties
strongly depend on the density ratio.

The present LES data allow to investigate the formation
and evolution of coherent structures, which are responsible
for the lager-scale exchange of mass and momentum. Iso-
surfaces of the pressure fluctuation p—(p) are employed
for this purpose, as successfully used already with swirling
constant-density jets by Garcia-Villalba et al. (2006). Like
in this previous work, a 3D box filter of twice the step size
of the grid is used for smoothing in a post-processing step
in order to enhance the clarity of the picture. Fig. 12 shows
such instantaneous iso-surfaces for the helium, the air and
the CO, jet, respectively. For optimal presentation of the
structures, the constant value for obtaining the iso-surface
was slightly adjusted in each case, but all values are very
close to zero. Shortly downstream of the nozzle, vortex
rings are observed in all the three jets due to the Kel-
vinHelmholtz instability. Further downstream in the air
jet, larger structures form at the outer edge of the jet. In
the CO» jet, the behavior is similar to the air jet, but the dis-
tance between the vortex rings appears to be shorter and
the intermittency lower. For the helium jet in contrast,
the vortex rings seem to have a larger distance and a larger
size. These observations are made in the near-field region
where an inner core and a surrounding flow can be distin-
guished. In Fig. 12 this would be up to x/D; =~ 10, 14, 18 for
the helium, air, and CO, jet, respectively (lighter jets
develop faster as discussed above). Beyond this region,
the turbulent motion seems to be fairly homogeneous and
vortex rings or similar structures can no longer be
discerned.

Fig. 13 is concerned with the close vicinity of the jet out-
let. It shows iso-surfaces of the vorticity modulus for the
three jets in this region. In the following vorticity is nor-
malized with the diameter of the pipe D; and the centerline
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Helium

Fig. 12. Iso-surfaces of pressure fluctuation.

velocity of the jet at the outlet U;. The maximum of the
vorticity modulus in these units is approximately 15.0 for
all cases. In the helium jet, large vortices are found which
are regularly arranged along the lip. The length of these fin-
gers is about one diameter. On the contrary, in the air and
the CO, jet, only fairly continuous vortex sheets can be
seen at the lip of the nozzle, the length of which is shorter.
Since the finger-shape structures in the helium jet are
approximately parallel to the jet axis, it is reasonable to
believe that strong streamwise vorticity is present across
the shear layer close to the lip. The streamwise vorticity
in the helium jet is mainly generated by the Rayleigh-Tay-
lor instability. This secondary instability developing in
variable-density flows has been studied extensively (Schow-
alter et al., 1994; Reinaud et al., 1999). Schowalter et al.
(1994) showed that spanwise vortices generate streamwise
vorticity if in a stratified shear layer a lighter fluid drives
the heavier fluid.

Fig. 14 shows several snapshots of o, and (o} + @?)™” at
three axial cross sections at the vicinity of the jet outlet. In
each picture, a black circle is drawn to represent the loca-
tion of the nozzle lip. It is found that the in-plane vorticity,
denoted by (w; + @?)"?, is generally slightly larger for the
helium jet than for the CO, jet. The shear layer is fairly cir-

)0.5

cular upstream, but develops more and more wrinkles fur-
ther downstream. Together with the wrinkling of the shear
layer streamwise vorticity is generated. It is also seen that
these streamwise vorticities in the helium jet are stronger
than in the CO, jet.

In order to investigate the orientation of vorticity with
respect to the jet axis the following characteristic quantity
is computed:

" = arctg(p) (11)

Q= ol /(0] + 02)
where ¢ is the angle between the vorticity vector and the
y—z-plane. Fig. 15a shows the average value of this quantity
in the center plane (averaging is performed both in time
and in azimuthal direction). For the helium jet, the change
towards the free stream at the outer edge is somewhat
broader which reflects the faster mixing of the helium jet.
In the center and near the nozzle, a cone-shaped region
with value around 0.8 exists in all three jets. It is closely re-
lated to the potential core region. An interesting difference
among these figures is found in the initial developing region
of the shear layer. Fig. 15d—f shows close ups of this region.
It is seen that a region with high values exists just beside the
shear layer in the helium jet (see Fig. 15d), but not in the air
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Helium Air CO,

Fig. 13. Iso-surfaces of the vorticity modulus, |o| =9.

CO,

O = = a3 -
o =2 MNW,kon

O = NWwh_ oo~

)0.5

2 2
(o) + o,
Fig. 14. Snapshots of the (wﬁ + wzz)O-S and o, at three axial cross sections, x/D; = 0.4, 0.8 and 1.2 from up to bottom, respectively.
and the CO, jet. A local maximum of (Q,,,.) of 1.15is  the same radial position and slightly lower x. This reflects

found at x/D;=0.088, r/D; = 0.54 while for air the maxi-  a higher contribution from streamwise vorticity to the
mum is 0.73 and for CO, 0.72, respectively, attained at  whole vorticity modulus. It is worth pointing out that the
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Fig. 15. Average value of Q,/,. in the center plane. (d), (¢) and (f) is the zoom view of (a), (b) and (c), respectively.

vorticity and its components shown in Figs. 13-15 are all
normalized with U/D;. This excludes the possibility that
the stronger contribution of streamwise vorticity for the
Helium jet is due to the higher absolute inlet jet velocity.

6. Conclusions

Three weakly confined turbulent variable-density axi-
symmetric jets have been studied by LES. The density
ratios range from 0.14 to 1.52. In the present paper,
detailed comparison has been made for many statistical
quantities, such as the axial evolution of mean streamwise
velocity, turbulent intensities, as well as radial profiles of
Reynolds stress. The agreement between simulation and
experiment is generally very good. For the CO, jet the ini-
tial stages deviate somewhat, presumably due to imperfec-
tion in the experiment, but the downstream evolution is
again well captured. Additionally, the effect of the density
difference on the coherent structures in these jets is investi-
gated. It is found that long finger-shaped streamwise vorti-
ces, regularly arranged along the jet nozzle lip, are
produced in the helium jet, but not in the air and CO, jets.
Furthermore, a characteristic quantity, which is used to
detect the orientation of vorticity with respect to the jet axis

is proposed and applied to the present cases. It reveals that
there is a region with strong streamwise vorticity just beside
the shear layer region in the helium jet, but not in the CO,
jet. In the literature the occurrence of an absolute instabil-
ity for low-density jets is discussed (Sreenivasan et al.,
1989). The experiment was set up with conditions to avoid
this regime (Djeridane et al., 1996). Whether or not such an
instability occurs in the present helium jet could not be
answered with the present data.
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