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ABSTRACT

Three cases of variable-density turbulent round jet
discharging from a straight circular pipe into aakiy
confined low-speed co-flowing air stream are stddiéth
the aid of large eddy simulation. The density matio
considered are 0.14 [He/air], 1.0 [air/air] and [C®./air],
with Reynolds numbers of 7000, 21000 and 32000,
respectively. Detailed comparisons of the stagsstiow
good agreement with the corresponding experiméritsy
confirm that a lower-density jet develops more dgpthan
a denser jet with the same exit momentum flux. The
coherent structures of the three jets are investigdy
visualization of the iso-surface of pressure flations and
vorticity. In the developing stage of the Kelvinihioltz
instability, large finger-shape regions of vortcitare
observed for the helium jet close to the nozzle Tpis
feature is not found in the air and the L@t. The
occurrence of strong streamwise vorticities actbhesshear
layer in the helium jet is demonstrated by a cheratic
variable related to the orientation of the voryicit

INTRODUCTION
Turbulent flows with variable density, which may be

due to temperature variations stemming from reastior
variations in the composition by fluids of diffetestensity,
exist widely in nature as well as in technical degi The
ability to predict the turbulent mixing in flows thivariable
density is vital for the modelling of the dynamiak such
flows and a prerequisite for predicting turbuleatbustion
situations. Unlike the extensively studied turbul@ows

with constant density, turbulent flows with varialdensity
are less well understood. Relatively few experimenta
studies were reported on variable-density turbulémy
situations and especially for flows with large dgns
differences. An experiment with helium/air mixture
discharging into a confined swirling flow was catiout by
Ahmed et al. (1985). Panchapakesan and Lumley {1993
conducted an experiment with helium injected infer
quiescent air from a round nozzle. Later, Djerid@heal.
(1996) and Amielh et al. (1996) performed experitakn
studies of variable-density turbulent jets, inchgdihelium,

air and CQ jets exiting into a low-speed air co-flow.
Numerical investigations of this type of flow arésa
relatively scarce. Jester-Zirker et al. (2005) qrenkd a
numerical study of turbulent non-reactive combugtow
under constant and variable-density conditions gisin
Reynolds-stress turbulence model. They obtained good
agreement between simulation and experiment for the
constant-density flow, whereas the results foruhgable-
density flow were less satisfactory. Some largeyedd
simulation (LES) of variable density round jets eexlso
performed recently (Zhou et al., 2001, Tyliszczakd a
Boguslawski, 2006). To the authors’ knowledge, havev
detailed comparisons of LES results and experinhefztia

for round jets, covering density ratios both lovaed larger
than unity, are not available in the literature.

The aim of the present work is to perform a dedhile
comparison of LES results and experimental datatfore
round jets with density ratios 0.14, 1, and 1.5pestively,
to gain a deeper understanding of the effect ofsiten
differences on the jet development.



NUMERICAL METHOD

In this study, the so-called low-Mach number versid
the compressible Navier-Stokes equations is emgloye
With this approach, the pressureis decomposed into a
spatially constant componenP@®, interpreted as the
thermodynamic pressure, and a variable compof&ht
interpreted as the dynamic pressuP¥) is connected to
temperature and density, whiR” is related to the velocity
field only and does not influence the density. Doehis
decomposition, sonic waves are eliminated from fibe,
so that the time step is not restricted by the dpésound.

Applying large eddy filtering to the low-Mach nuntbe
equations, the corresponding filtered LES equatians
obtained. The unclosed terms in these equations teabe
determined by a subgrid scale (SGS) model. Theabkari
density dynamic Smagorinsky model by Moin et 2091)
is used to determine the SGS eddy viscosity, in the
momentum equations. The SGS scalar flux is modejed
the gradient diffusion model:
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where S¢ sgsis the subgrid-scale Schmidt numb8g: sgs
may be determined with a dynamic procedure, as fmed
the SGS eddy viscosity (Moin et al., 1991). Irsthiork it
is set toSG sgs= 0.7.

The simulations were performed with the in-house
Finite Volume code LESOCC2C, which is a compressible
version of LESOCC?2 (Hinterberger, 2004). LESOCC2C is
highly vectorized, and parallization is accomplhby
domain decomposition and explicit message passiag v
MPI. It solves the low-Mach number version of the
compressible N-S equations on body-fitted curvdine
block-structured grids. It adopts second-order re¢nt
schemes for the spatial discretization and a 3-Riepge-
Kutta method for the temporal discretization. The
convection term of the species equation was digebt
with the HLPA scheme (Hinterberger, 2004).

COMPUTATION SETUP

Three jets issueing into a slow coflow of air ateded
with density ratios equal to 0.14 [Helium/air], Jdir/air],
and 1.52 [CQ@air], respectively (see Fig. 1). These cases
correspond to situations studied experimentally by
Djeridane et al. (1996) and Amielh et al. (1996heT
parameters employed are listed in Table 1, in whah
Reynolds number is based on the centre velocithefdt
exit and the jet nozzle diameter. The subscriptand €
represent jet flow and external co-flow, respedyivét is
worth noting that the momentum flux is the same tfor
theree casedv;j=0.IN. The reason for the choice of these
cases is that in the flow region investigated iakfforces
dominate (Djeridane et al., 1996 and Amielh et18196).
The averaging time is given in units Df/U; . Additional
averaging was performed in azimuthal direction. eNibtat
this is not effective near the axis so that theliuaf
averaging is better remote from the axis.

Figure 1 shows a sketch of the flow configuratiom a
the computation domain. The jet discharges fronoray |
pipe into a coflow confined by an outer pipe. Théa of
the pipe diameterd)/D; is 11, so that the confinement is

Table 1: Parameters of the three jets simulated.

Jet alp.  Uj(m/s) Ue(m/s) Reg taver
Heliurr 0.1¢4 32 0.¢ 700C 128¢
Air 1.C 12 0.¢ 21 00( 80<
CGo 1.52 10 0.9 32 000 1078
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Fig. 1: Sketch of the computational domain.

weak. The computational grid consists of 8 millicells,
divided into 251 blocks. To perform a grid resautistudy,

a coarser grid consisting of 1 million cells wasaoal
employed. The grid cells are stretched locallyaduce the
cell size near the jet nozzle and across the dhgar. This
resulted in a radial extent in wall units along theer pipe
wall of Ar*=3.0, 8.0, and 10.5 for the helium, the air and the
CGO, jet, respectively.

A convective outflow boundary condition is imposztd
the exit, and a uniform velocity profile withoutifituations
at the inlet of the coflow. In order to obtain allyfu
developed turbulent pipe flow upstream of the jet, eas
indicated by the experimental data, a separatelation of
turbulent pipe flow with streamwise periodic comdlits is
performed simultaneously (see Fig. 1). The Wernenule
wall function (Werner and Wengle, 1993) is usethatpipe
walls.

COMPARISON OF STATISTICAL VALUES

Profiles along the jet axis

A comparison of the axial evolution of mean streasew
velocity U, and mass fractio@, along the jet axis is shown
in Figures 2 and 3, respectively. Analytical curves
calculated from the similarity laws proposed forizhle-
density jets by Chen and Rodi (1980) are also iredud@he
influence of the density difference is obvious: teaterline
velocity and concentration of the helium jet decaysch
faster than in the air and the ¢@t. Light gas, helium,
tends to mix more rapidly with the ambient air thitue
heavier gases do (recall that the momentum flukéssame
for all flows). This faster mixing of helium is ammpanied
by a faster increase of turbulence intensity in tiear-



nozzle region (see Fig. 4). The potential corehefhelium 1R

jet is only 3 diameters long, much shorter than ¢tighe air
and CQ jet. Very good agreement between the LES results

~ 08
and the experimental data is obtained for the hejet. For >
the heavier jets, some differences in tbge decay are 2 s
observed. They might be due to a small mismatdhftzfw =
conditions. S o

The influence of the density ratm@/po, on the decay of

U, andC. is also described quite well by the similarity faw 0_2:

but no perfect agreement between the LES and these

should be expected because the laws are only dppate
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o Exp. Air

o Exp. CO2

LES Helium - Coarse Grid
LES Helium

LES Air

LESCO2

——&—— Chen & Rodi, Helium
——e—— Chen & Rodi, Air
——=a—— Chen & Rodi, CO2

and in fact X' in the laws should be replaced by the distance
from the virtual origin of the jet as a point sogirc
To show the influence of grid resolution, the réestibr
the helium jet, obtained with the coarse grid,as® shown
in Figure 2 and Figure 4.
The evolution of

the streamwise velocity rms-

fluctuationsu' along the jet axis is shown in Figure 4. The R

influence of the density difference is obvious agahe
helium jet decelerates much faster than the tweibegets.

0.8

At x/D; =4.5, the peak value of 17% far/U; is already (B)v I
reached in the helium jet, whereas the peaks fertio oor
heavier gases are lower, less pronounced, andnedtai [
further downstream. The fast increase WfU; in the o4r
potential core region is due to the growth of thelui- r
Helmholtz instability across the shear layer. Aitgb the 02p
values of u'/U; for the three jets at positions further i
downstream, for instanceD; >25, are quite different, the %

Fig. 2. Mean streamwise velocity along the jet aktse
similarity law proposed by Chen and Rodi (1980) is:

U,U, =6.3(p,/p, )" @, /%)
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values of u'/(U.-Ug), i.e. u' normalized with the local
streamwise velocity difference, are close to eatlerp at a
level about 25-30%.

Figure 5 shows the axial evolutions of the meansmas
fraction half-widthLc, as well as the velocity half-widttu.

Lu is defined as the radius at whithUs=0.5(U-Uy), in 02

order to take into account the coflow effect. Afé; =10,
both LES results and experimental results show thathe
half-width increases approximately linearly;2) is always
larger thanLu. The former hints to the existence of a

u'/y;

similarity behavior, and the latter indicates thia¢ scalar oal /-

field always spreads faster than the velocity fi#lés worth
pointing out that, for the helium jet, the downatrevalues

of Lu and Lc are very sensitive, because the profiles are
very flat. According to Chen and Rodi (1980), the mea
turbulent Schmidt number$Sg, is closely related to the

0.15

0.05

Fig. 3. Mean mass fraction along the jet axis. Siha@larity

law proposed by Chen and Rodi (1980) is:
C./C,=5.4(p;/p.}"*(D;/ %)

A Exp. Helium
o Exp. Air
o Exp. CO2

LES Helium - Coarse Grid
LES Helium

LESAir

—--— LESCO2

square of the ratidu/Lc in the similarity region, and a
value ofSG=0.7 is recommended for round jets. The results
in Figure 5 support this value.

Radial distributions

The radial profiles of the normalized mean streasewi 3_55

velocity U/U; are shown in Figure 6 for the helium and the

CQO; jet. The results of the air jet are close to thok¢he af

o
CO, jet. Very good agreement between LES and expetimen 3

is obtained for the helium jet. Starting from thgpital

turbulent pipe flow profile atx/D=0.2, the centerline ds

velocity of the jet decreases faster than for the {80 as
seen already from Figure 2.

At the first station X/D;=0.2 — arrow in Fig. 6b), there 1y
is some disagreement for the £j@t. A reason may be that 0

for this case the pipe flow was not fully developsgdthe
exit in the experiment. Beyons/D;=0.2, the agreement
between LES and experiment is good also for the €O
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Fig. 4. Streamwise rms-fluctuations along the jét.a
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+ Exp. Lu Air
(o) Exp. Lu CO2
LES Lu Helium
LES Lc Helium
LESLuAir
LESLcAIr

— — — LESLuCO2
LESLcCO2

Fig. 5. Half-width of mean mass fraction and haifil of
mean streamwise velocity along the jet axis.
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Figure 6. Radial profiles of mean streamwise veyoatt Fig. 7. Radial profiles of streamwise rms-fluctuaso
several axial positions.
0.012~
bo\ Helium jet XD,
. i . i o | o\ A Exp. 02
The radial profiles of the streamwise rms-fluctaas at 2 ool P 9 o Em 2
several downstream positions are plotted in Figurelere, > | f \ A
the local velocity half-width_u is used for normalizing the v 4++\ T Ee 0
radial coordinates, as in the experimental papgai very 0006 4 +\‘°\°o\ o s 2o
good agreement is obtained for the helium jet. A¢ t I / / N, TTIoEs gg
. . . [ N\ _——— 3
location very close to the jet nozzle/D,=0.2, both jets 0003l / d a *§ ------- LES 20.0
show a peak value of 0.16 in the shear layer avale of 7
0.04 on the axis. Further downstream, the peakhefut g
profiles moves to the center and the valuel'adn the axis L e
increases due to mixing processes. Finally, thefilgso @ ! o : N
reach an approximate self-similar shape. Figurehdws 0,000
that this transition is much faster for the helijghthan for | R CO, jet XD
the CQ ]et = | “\ g Exp. 0.2
Radial distributions of the normalized Reynolds shear > X
stress €'v>/U;U; are plotted in Figure 8. With the two jets, L M
different scales are used for the vertical axefarity. The 7
agreement for the helium jet is excellent. In Fg8a, the
peak of «w'v>/UjU; at the first sectiork/D;=0.2 is only
0.003. Further downstream &tD;=2.0, the maximum is
almost four times as large and the shape of theecig

substantially smoother. At even largeD;, the shear stress
decays again due to the broadening of the jet dwed t ®)
resulting reduction of gradients. The results far €Q jet . ) .
in Figure 8b show a substantially stronger peathéshear Fig. 8. Radial profiles of Reynolds stress.
stress right at the outlet which is extremely diift to

capture. Ax/D;=2.0 and 5.0, the computed profiles have the o

correct shape but exceed the experimental databbyta ©Seudo-similarity

25%. Further downstream, the agreement is very .gooe .Self-similarity can be .fou.nd .in many turbulent fls,vw)f
reasons for the differences observed may reside inder- Wh'ch the constar_lt-densny Jet_ IS one exa_mple.'ar_lablg-
resolution of the very first stages of the initivelopment ~ density turbulent jets, approximate self-similaréyists in
or the neglect of any turbulence in the incominglow. some regions, as discussed by Chen and Rodi (1980), s

that the term pseudo-similarity is used here. Oh¢hese
regions is the near field, where buoyancy forces ar



negligible compared to inertial forces. The curreggults
mainly pertain to this region so that pseudo-sirtifacan
be expected.

Radial profiles of the mean streamwise velocity dred
mean scalar concentration normalized by the vatase
jet axis at several streamwise positions are shioviigure
9. For each curve, the reference length is thel IbaH-
width of the respective quantity. The computed and
measured profiles collapse fairly well on singlerves
which are well represented by a Gaussian functanept
for the mean scalar fraction at the positions fawmstream
near the outer edger/i(c>1.4). This is due to the
confinement starting to have an effect (Djeridateake
1996). The good collapse of the radial profiles dhd
approximately linear increase of the half-width o(Fb)
demonstrate the pseudo-similarity behavior in thesent
variable-density jets.

xID;
A Exp.Helium 10.0
O Exp.Helium 150
+  Exp.Arr 100
v ExpAIr 150
> Exp.CO2 100
o Exp.CO2 150
LESHelium 10.0
LESHelium 15.0
LESAir
LESAIr 150
LESCO2 150
LESCO2 200
expl-(r/Lu)? In2]

10.0

0.2

o
&
%
-

I
NS
S
o}

XD,
A Exp.Helium 150
O  Exp.CO2 150
LESHelium 10.0

LESHelium 15.0
LESAir 100
LES Air
LESCO2

—w—+ LESCO2 _ 150
—o— exp[-(r/Lc)* In2]

(b)
Fig. 9: Similarity profiles of mean velocity and aremass
fraction.

COHERENT STRUCTURES

Gharbi et al. (1995) performed a statistical analy$
the jets considered here. They concluded that triuetare
of turbulence downstream and in the outer regicsinslar
in all cases while in the near field the properseé®ngly
depend on the density ratio. The present LES diw 0
investigate the formation and evolution of cohersintic-
tures, which are responsible for the lage-scaldaxge of
mass and momentum. Isosurfaces of the pressutedticmn
p' are employed for this purpose, as successfullyd use
already with swirling constant-density jets by Garc
Villalba et al. (2006). As in this reference, a BoX filter is
used to smootlp' in a post-processing step in order to
enhance the clarity of the picture.

Figure 10 shows such instantaneous iso-surfaceidor
helium, air and Cgjet, respectively. Shortly downstream of
the nozzle, vortex rings are observed in all thedhets due
to the Kelvin-Helmholtz instability. Further downsam in
the air jet, larger structures form at the outegesdf the jet.

In the CQ jet, the behaviour is similar, but the distance

Fig. 10. Iso-surfaces of pressure fluctuationgtierhelium,
air and CQ jets, respectively (from left to right).

Ny

Fig. 11. Iso-surfaces of vorticity for the heliuai; and CQ
jets, respectively (from left to right).

between the vortex rings appears to be shortethenphter-
mittency lower. For the helium jet in contrast, tbeter
vortex rings seem to have a larger distance. These
observations are made in the near-field region evtear
inner core and a surrounding flow can be distingeds In
Fig. 10 this would be up ®/D=10, 14, 18 for the helium,
air, and CQ jet, respectively (lighter jets develop faster as
discussed above). Beyond this region, the turbulseeens
to be fairly homogeneous and vortex rings can mgéo be
discerned. Figure 11 is concerned with the clossiy of
the jet outlet. It shows iso-surfaces of the vdsticnodulus
for the three jets in this region. In the heliunt, jarge
vortices are found which are regularly arrangedglthe
lip. The length of these fingers is about one di@meOn
the contrary, in the air and the €Qet, only fairly
continuous vortex sheets can be seen at the tipeafiozzle,
the length of which is shorter. This differencegenerated
by the Rayleigh-Taylor instability. This secondansta-
bility developping in variable density flows has ebe
studied extensively (Schowalter et al., 1994, Rainatual.,
1999). Schowalter et al. (1994) show that spanwisdces
generate streamwise vorticity if in a stratifieceahlayer a
lighter fluid drives the heavier fluid.

Relevant for the break up of vortex rings is the
generation of streamwise vorticity. Here it is pyepd to
consider the quantity

Qx/yz:‘a%(‘/’\fa)zy+a)§ (2)



measuring the orientation of vorticity with respazthe jet
axis. Fig. 12 shows the mean of this quantity. Taster
development of the lighter jet and the broader aegdf
axial vorticity in the helium jet is visible. Witthe helium
jet, the outer changeover towards the free streasoine-
what broader. Further investigations of the siatisof the
coherent structures are under way.
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Fig. 12. €,,> contours for the helium, air and gfet,
respectively (from top to bottom).

CONCLUSIONS

Three weakly confined turbulent variable-density
axisymmetric jets have been studied by LES. Thesiten
ratios range from 0.14 to 1.52. A detailed compmaribas
been made for many statistical quantities, sucthasaxial
evolution of mean streamwise velocity, turbuleneisities,
as well as radial profiles of Reynolds stress. Tgreement
between simulation and experiment is generally \gergd.
For the CQ jet the initial stages deviate somewhat but the
downstream evolution is again well captured. Addiélly,
the effect of the density difference on the coheren
structures in these jets is also investigateds found that
some long-finger shaped streamwise vortices, relgula
arranged along the jet nozzle lip, are producetiénhelium
jet, but not in the air and GQets.
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