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Large-eddy simulations (LES) of heated and cooled plane and round variable-density jets were conducted
using a variety of density ratios s ¼ qj=qco , which relates the jet nozzle density qj to the freestream den-
sity qco . The initial momentum flux was kept constant for better comparison of the resulting data. Both
simulations confirm experimental results, in that the jet half-width grows linearly with streamwise coor-
dinate x and the lighter jets decay much faster than the heavy ones. The centerline velocity decay is how-
ever different between the plane and round geometries. Whereas the round jets exhibits a decay with 1=x
for all density ratios s, there seem to be two self-similar scalings in plane jets, in the limit of small and
large density ratios s. In the limit of small s or for incompressible flow, Uc scales as Uc � 1=

ffiffiffi
x
p

, for strongly
heated jets on the other hand we find Uc � 1=x. A mixed scaling is proposed and shown to work nicely for
both small and large density ratios s. For the round jet simulations, on the other hand, scaling x and Uc by
s�1=4 (Chen and Rodi, 1980) collapses the round jet data. Furthermore, it is shown that the streamwise
growth in the mean density or the decay of the velocity fluctuations in the quasi-self-similar region, is
stronger for round jets. The round jet simulation with a density ratio of s ¼ 0:14 is seen to develop under
a global instability. To the author’s knowledge, this is the first LES of a globally unstable round jet at a
density ratio of s ¼ 0:14. The frequency agrees excellently with experimental data and with the new scal-
ing proposed by Hallberg and Strykowski (2006).

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Variable-density flows exhibit a range of interesting physical
phenomena and arise in a variety of circumstances, e.g. during
the mixing process between flows of different densities, during
combustion processes or plasma processing. Free shear flows, like
jets, are of special interest, due to their application in many indus-
trial devices. However, variable-density jets lack the number of
experimental and numerical investigations one finds for jets with
constant density. Most experimental studies achieved the density
difference by mixing helium and air in various proportions. Ahmed
et al. (1985) investigated the discharge of a helium/air mixture into
a confined swirling flow. Sreenivasan et al. (1989), Kyle and Sreen-
ivasan (1993) and Panchapakesan and Lumley (1993) performed
experiments of round jets of pure helium or air/helium mixtures
issuing into the ambient air. Later, Amielh et al. (1996) and Djeri-
dane et al. (1996) studied variable-density turbulent jets of air, he-
lium and CO2 and more recently Boujemaa et al. (2007) of pure
helium, exiting into a low-speed air co-flow. Monkewitz et al.
(1989) and Monkewitz et al. (1990) on the other hand, investigated
ll rights reserved.
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mixing and entrainment of heated transitional round jets. To the
authors knowledge, there are only a few numerical simulations
available, which investigate variable-density jets. Jester-Zürcker
et al. (2005) used Reynolds stress modeling to study the flow inside
a non-reactive combustor. Although they were able to obtain good
agreement compared to the experiment for a jet with constant
density, the modeling showed deficiencies for variable-density
flows. LES simulations include the work of LeRibault et al. (1999),
Zhou et al. (2001), and Bodony and Lele (2005), who investigated
noise emission from heated and unheated jets, Tyliszczak and
Boguslawski (2006), Anders et al. (2007), and Wang et al. (2008).
The LES simulation of Wang et al. (2008) provided thus far the
most detailed comparison between simulation and experiment.
They replicated the conditions of Amielh et al. (1996) and Djeri-
dane et al. (1996) to study confined round jets of air, helium and
CO2 exiting into a low-speed air co-flow, and showed excellent
agreement between experiment and simulation. When it comes
to the plane variable-density jet case, most references consider
only slightly heated jets, having density ratios of s ¼ 0:8—0:9 (Jen-
kins and Goldschmidt, 1973; Davies et al., 1975; Bashir and Uberoi,
1975; Antonia et al., 1983; Browne et al., 1984; Ramaprian and
Chandrasekhara, 1985), values that do not change the evolution
of the jet appreciably. Furthermore, an investigation comparing
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Table 1
Parameters of the plane jet LES simulations. dh0=D denotes the initial momentum
thickness and Li the domain lengths, normalized by the jet diameter D and h ¼ D=2,
respectively. Re ¼ UjqjD=lj is not available here, since the resolved viscous terms are
negligible compared to the viscous subgrid terms and were neglected. The number of
grid points in streamwise, spanwise and cross-stream direction are nx ; ny and nz ,
respectively.

Case Re D=dh0 s Lx Ly Lz nx ny nz

P013 N/A 10 0.125 52 24 32 192 96 160
P080 N/A 10 0.8 52 24 32 192 96 160
P100 N/A 10 1.0 52 24 32 192 96 160

Table 2
Parameters of the round jet LES simulations. The domain lengths Li were normalized
by rj and dh0=D denotes the initial momentum thickness, normalized by the jet
diameter D. The Reynolds number is given as Re ¼ UjqjD=lj . The number of grid
points in the respective coordinate directions are represented by ni .

Case Re D=dh0 s Lx Lh Lr nx nh nr

R014 7000 27 0.14 60 2p 16 256 64 112
R100 21000 27 1.00 60 2p 16 256 64 112
R152 32000 27 1.52 60 2p 16 256 64 112
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plane and round jets at various density ratios s ¼ qj=qco, relating
the density at the nozzle exit (indicated by the subscript ‘‘j”) to that
of the co-flow (indicated by the subscript ‘‘co”), is lacking. Further
insight is however of great interest from a modeling point of view,
since it could help to improve our understanding of the so-called
round-jet/plane-jet anomaly (Pope, 1978). Experimental data indi-
cates a 15% smaller spreading rate of the round jet than that of the
plane jet, whereas numerical simulations used to over-predict the
spreading rate of round jets (Magi et al., 2001).

Another import phenomenon observed in variable-density
flows is the occurrence of global instabilities (Monkewitz et al.,
1990; Kyle and Sreenivasan, 1993; Raynal et al., 1996; Hallberg
and Strykowski, 2006; Lesshaft et al., 2006; Nichols et al., 2007), re-
ported to occur if the density ratio s is lower then 0:5—0:6. Above
that ratio, the shear-layer fluctuations evolve in a fashion similar to
that observed in a constant-density jet, characterized by weak
background disturbances. Below that threshold on the other hand,
intense oscillatory instabilities may also arise. Since the oscillatory
mode was shown to repeat itself with extreme regularity and is
subject to strong vortex pairing, abnormally large velocity fluctua-
tions were observed, providing difficulties in numerical simula-
tions. The overall behavior seems not only to depend on the
density ratio and the relation of the shear layer thickness to the
nozzle width, but also on the Reynolds number, as was recently re-
ported by Hallberg and Strykowski (2006).

The present work aims to present a comparison of selected as-
pects of round and plane variable-density jets at a variety of den-
sity ratios. Furthermore, the simulations are analyzed with
respect to the occurrence of a global instability.
2. Details of the simulations

The filtered compressible equations of motion are solved in
cylindrical ðx; h; rÞ or cartesian coordinates for the round and plane
jet, respectively, using the compressible form of the dynamic Sma-
gorinsky model (Martin et al., 2000). A top-hat filter was used for
test filtering the quantities, as is described in Vreman et al.
(1997). Treatment of the centerline singularity at r ¼ 0 is accom-
plished by applying the method of Constantinescu and Lele
(2002). There, governing equations for the flow at the polar axis
are obtained using series expansions near r ¼ 0. For time integra-
tion a low-dispersion–dissipation fourth-order Runge–Kutta
scheme of Hu et al. (1996) in its low storage form is used. The
spatial differentiation utilizes optimized explicit DRP-SBP (disper-
sion-relation-preserving summation by parts) finite-difference
operators of sixth-order (Johansson, 2004). The code employed
for the plane jet has been derived from Stanley et al. (2002), and
is based on sixth-order compact Padé schemes for space deriva-
tives and a Runge–Kutta fourth-order scheme for time advance-
ment. For numerical stability both simulations require the
timestep Dt to be such that the CFL number is restricted by
CFL < 1:4. Time accuracy of the solution restricted the CFL number
further below CFL 6 1:1 (Popescu et al., 2005). This numerical
scheme yields numerical errors that are small compared to the
subgrid-scale terms of the governing equations when the filter size
is chosen as twice the grid size (Chow and Moin, 2003), as it is done
here. Tables 1 and 2 give an overview over the different simulation
parameters.

The initial momentum flux mj has been fixed for all simulations
and was chosen similarly as in Wang et al. (2008). This reasoning
was based on observations of Ricou and Spalding (1961), who
showed that the entrainment rate of a jet strongly depends on
mj. Ruffin et al. (1994) demonstrated additionally, that the Taylor
and Kolmogorov length scales are determined by the initial
momentum flux. This reasoning was adopted, too, by other exper-
iments and simulations, for example Amielh et al. (1996), Djeri-
dane et al. (1996), and Wang et al. (2008). Non-reflecting
boundary conditions (Lodato et al., 2008) were applied, together
with a combination of grid stretching and spatial filtering close
to the boundaries to damp disturbances. A constant grid spacing
was chosen within the range 0 < r=rj; jz=hj < 1:5 and
0 < x=rj < 12, where h denotes half the slot width D of the plane
jet. A subsequent relative stretching of 1% was used extending in
the r; z-direction up to r=rj; z=h ¼ 12 and up to x=rj ¼ 50 and
x=h ¼ 42 in the streamwise direction, for the round and plane jet
simulations, respectively. In the remaining part of the domain
the stretching ratio was increased to 5%. The number of grid points
within 0 6 r=rj; z=h 6 1 was 11. The LES simulation where run
using 16 processors on the JUMP supercomputer of the Jülich
Supercomputing Centre, with a CPU time of approximately 24 h,
including statistics. The round jet simulations were initialized
using velocity profiles of the form (Bodony and Lele (2005))

U ¼ Uco þ
1
2
ðUj � UcoÞ 1� tanh

r
rj
� rj

r

� �
1

4dh0

� �� �
;

and temperature fields using the Crocco–Busemann relation (Chas-
saing et al., 2002). For the plane jet similar profiles were applied (re-
place rj with D=2 and r with z), making use of the symmetry at z ¼ 0.
The initial normalized momentum thickness in the above profiles
was prescribed. To trigger the transition to turbulence precursor
simulations of annular and plane temporally evolving mixing layers
with smaller initial momentum thickness were performed for the
round and plane jet problem, respectively. The square root of the
turbulent kinetic energy was monitored until its valueffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðU0Þ21 þ ðU

0Þ22 þ ðU
0Þ23

q
, non-dimensionalized using the mean values

at the jet inlet, was of the order of 0.05 and the mean velocity pro-
files agreed closely with the prescribed inlet mean jet profiles. The
resulting fluctuations were convected into the fluid domain using
the characteristic inflow boundary conditions. Additionally, solenoi-
dal broadband velocity fluctuations (Stanley and Sarkar, 2000) and
stochastic vortex ring perturbations (Bogey and Bailly, 2003) were
superimposed on the plane and annular mixing layer, respectively,
to break the periodicity of the inflow data. Although the domain
sizes and number of grid points are similar to the ones chosen by
Bodony and Lele (2005), the grid resolution was checked by per-
forming two simulations at higher resolution ðnx � nh � nr ¼ 384�
80� 120Þ for cases R152 and R014, too. These simulations showed



Fig. 1. Contour plot of the density q=qj for case R014.

Fig. 2. Contour plot of the density q=qj for case P013. Color table similar to Fig. 1.
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Fig. 3. Normalized radial distribution of the velocity difference at various stream-
wise locations versus the radial distance normalized by the jet half-width dh for the
LES round jet cases R014 and R100.
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Fig. 4. Normalized cross-stream distribution of the velocity difference at various
streamwise locations versus the cross-stream distance normalized by dh for the LES
plane jet cases P013 and P100.
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negligible differences regarding the statistics presented in this
paper.

The statistical quantities were obtained by averaging in the
homogeneous directions and over a time period T, corresponding
to a Strouhal number D=ðTUjÞ ¼ 9� 10�4, after statistical stationa-
rity was reached. Figs. 1 and 2 demonstrate the jet development for
the round and plane jet cases R014 and P013, respectively, showing
contour plots of the density q=qj.

3. Comparison of statistical values

3.1. Profiles along the jet axis

Fig. 3 shows the mean velocity difference DU ¼ �U � Uco normal-
ized by the jet half-width (position at which the streamwise veloc-
ity dropped to half the centerline value) at various streamwise
positions for cases R014 and R100. All profiles for the round jet col-
lapse nicely, indicating self-similar behavior. They furthermore
agree well with an exponential of the form U ¼ exp½�ðr=dhÞ2 ln 2�.
Similarly to the round jet cases, we observe a collapse of the
streamwise velocity difference for the plane jet cases P013 and
P100 at various x-locations and for different density ratios, too
(Fig. 4). The decay of the centerline velocity Uc of variable-density
jets has been investigated by many researches, before. No general
similarity solution may be found for plane jets, as pointed out by
Mellado (2004). For incompressible flow and low variable-density
flow, dimensional analysis and conservation of momentum sug-
gests that Uc=Uj �

ffiffiffiffiffiffiffiffi
h=x

p
. Fig. 5, which shows the centerline veloc-

ity decay for the plane jet LES simulations, confirms this
relationship. In agreement with data from the literature, one ob-
serves that lighter jets decay much faster than heavy jets, owing
to the conservation of streamwise momentum. Nevertheless, the
high density variability prohibits a collapse of the data. For the var-
iable-density cases, however, in terms of dimensional analysis, in
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addition to the group of parameters ðx;mj; =qcoÞ; mj being the
momentum flux of the jet, now the flux of heat, mT , and the co-flow
temperature, Tco, have to be included, and the parameters are no
longer independent. However, two limiting self-similar cases can
be identified. One situation in which there is self-similar behavior,
first considered by Thring and Newby (1953), is the Boussinesq
limit, Dq� q, which is reached eventually far enough down-
stream. Dimensional analysis then yields Uc=Uj �

ffiffiffiffiffiffiffiffiffiffi
sh=x

p
. This rela-

tion is tested in Fig. 6 and shows that there is indeed a collapse for
the data with low s only, if x is scaled with the density ratio s. A
second self-similar solution that exists in the other limit, namely,
a strongly heated jet, would depend on the group of parameters
ðx; Tco;mj=ðqjTjÞ;mT=ðqjTjÞÞ, rendering it difficult to obtain a simple
scaling law. However, if DT � Tco, then Tco drops from the problem
and the solution solely depends on ðx;mj=ðqjTjÞ;mT=ðqjTjÞÞ. Dimen-
sional analysis finally gives for the jet velocity and temperature
half-widths (dh; dT , location where the respective values reached
half the centerline values)

dh ; dT
x ¼ constant;

Uc
mT=ðqjTjxÞ

¼ constant ) Uc
Uj
� h

x ;

Tc
m2

T
=ðmjqjTjxÞ

¼ constant ) Tc
Tj
� h

x ;

ð1Þ

with dh being the jet half-width. This shows that for high s the den-
sity itself evolves as qc=qj � x=D, since q / 1=T for the current
flows, where the pressure is almost constant. Note that, in this limit,
s does not appear in the final expressions and the centerline values
decay hyperbolically with the downstream distance, faster than in
the isothermal jet (Fig. 5).

In principle, these two sets of self-similar solutions are indepen-
dent of each other, but they can be approximately reduced to one
scaling in the following way. Under self-similarity, conservation of
momentum flux yields

qcU2
c dh

qjU
2
j h
� constant; ð2Þ

where the constant depends on the shape of the self-similarly
scaled velocity and density profiles. Since dh � x, independently of
s as will be shown below, we finally have

Uc=Uj �

ffiffiffiffiffiffiffiffi
hqj

xqc

s
: ð3Þ

This mixed scaling therefore should cover both limits, in basi-
cally using the centerline density qc instead of qco. Indeed, as pre-
dicted from theory, Fig. 7 shows the desired collapse of the profiles
for the plane jet simulations when using the mixed scaling,
whereas the previously used scalings were not able to collapse
all the data, as could be seen in Figs. 5 and 6.

The centerline velocity decay of the round jet case R014, along
with data of Wang et al. (2008) and the similarity law proposed by
Chen and Rodi (1980)

Uc=Uj ¼ 6:3ðqj=qcoÞ
1=2ð2rj=xÞ; ð4Þ

is shown in Fig. 8. Although the simulations of Wang et al. (2008)
calculated confined jets using fully developed pipe flow as inlet con-
dition, the agreement is very good. As a further check, the normal-
ized radial distribution of the streamwise velocity fluctuations at
various streamwise locations versus the radial distance are depicted
in Fig. 9. The simulations show fair agreement and a collapse of the
data is observed, when normalized using the centerline velocity and
the jet half-width. Using the same mixed scaling as proposed for the
centerline velocity decay of the plane jet did not collapse the data
for the round jet cases (not shown here). Here the centerline veloc-
ity is depicted in Fig. 10 using the Witze scaling (Witze, 1974),
which is used to obtain a common potential core collapse location
xc and include Mach number effects. The collapse location xc is gi-
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ven as xc=rj ¼ 0:7½j2=s��1=2, where j ¼ 0:08ð1� 0:16MjÞs�0:22. The
simulations are compared with data from (Crow and Champagne,
1971; Bridges and Wernet, 2003; Bodony and Lele, 2005) at
s ¼ 0:95 (Bridges and Wernet, 2003; Bodony and Lele, 2005) and
s ¼ 1 (incompressible Crow and Champagne, 1971). The observed
linear growth of 1=Uc with x agrees with the prediction of self-sim-
ilar analysis (So, 1986), although several assumptions are made,
including that of a constant Chapman–Rubesin parameter. As al-
ready mentioned by Bodony and Lele (2005), the incompressible
data decays slower than that of the numerical simulations, presum-
ably due to a mismatch in initial conditions. A better collapse of the
data is obtained by using the analysis of Chen and Rodi (1980). They
expressed the velocity decay using a downstream distance parame-
ter x� and centerline velocity U�c , defined by

x� ¼ s�1=4x ð5Þ
U�c ¼ s�1=4Uc: ð6Þ

Fig. 11 shows that, contrary to the plane jet case were a mixed
scaling worked, the scaling proposed by Chen and Rodi (1980) is
required to collapse the data in the round jet case.
The development of the centerline density is seen in Fig. 12, for
the round jet case with s ¼ 1=7 and the plane jet cases with
s ¼ 0:8; 1=8. Both, plane and round jets, first show only minor
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mixing before strong nonlinear growth occurs. As reported by Mel-
lado (2004), after this nonlinear growth phase the jet density con-
tinues to increase almost linearly for case s ¼ 1=8. Self-similar
analysis predicts this mean density linear regime for strongly
heated jets, before the core density reaches values comparable to
the co-flow; beyond that point, temperature becomes a passive
scalar if no buoyancy is present. The round jet centerline density
grows faster, but starts to increase slightly further downstream
than the plane jet simulations. This seems to be caused by the
strong global instability, to be discussed below, and slightly differ-
ent initial conditions. The stronger growth in simulation R014
compared to the plane jet simulations could be expected, however,
due to the larger surface undergoing turbulent mixing relative to
the plane jet.

The different growth rates observed for the inverse centerline
velocity decay 1=Uc with respect to the magnitude of the density
ratio s, are not seen when looking at the jet half-width. Linear
growth with x is observed as depicted in Figs. 13 and 14, with a
similar magnitude of the half-width for plane and round jets, of
0.112 versus 0.116, respectively. The round jet data is compared
with a simulation from Bodony and Lele (2005) at s ¼ 0:95, the
plane jet data with experiments from Browne et al. (1983) and
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Ramaprian and Chandrasekhara (1985), showing fairly good agree-
ment. Note, that the data was shifted using the virtual origin xs, to
illustrate that the growth rate is the same within the round or
plane jet data, irrespective of the density ratio s. Note, that case
R014 deviates initially, which seems to be caused by the strong
oscillations observed in the streamwise velocity in this region.
Fig. 15 shows a comparison of the streamwise evolution of the ra-
dial Reynolds stress component (round jet) and cross-stream Rey-
nolds stress component (plane jet, other components show similar
trends). Interestingly, the peak values among the simulations with
similar density ratio s are of the same order of magnitude. How-
ever, with increasing density ratio s higher peak Reynolds stresses
are observed, which is consistent with results from Djeridane et al.
(1996), showing the same trend. The initial growth for the round
jet cases is delayed, but it is possible, by using the Witze scaling,
to collapse the profiles in the early development region. As ob-
served for the mean density growth, during the self similar stage
a different evolution of round and plane jets is obvious here, too.
The peak is more pronounced for the round jet simulations, with
a stronger decrease thereafter.
3.2. Global instability

In case R014, high amplitude oscillations were observed, espe-
cially for the streamwise velocity and density, leading to strong
gradients which made the simulation unstable at first. Adding arti-
ficial dissipation (Fiorina and Lele, 2007) helped stabilizing the cal-
culation. This strong oscillating mode together with the strong
vortex pairing events as well as the occurrence of side jet phenom-
ena points toward the existence of a global instability in this sim-
ulation. Evidence for this is shown in Fig. 16, plotting the power
spectrum of the streamwise velocity at various streamwise loca-
tions. The power spectrum clearly shows the fundamental fre-
quency and its sub-harmonics at various streamwise positions
(shifted for better visibility). The peak is clearly visible until a sud-
den transition to turbulence has occurred around x=D ¼ 7. The
Strouhal number of this oscillating mode StD ¼ fD=Uj was calcu-
lated and compared to various experimental datasets, depicted in
Fig. 17. Excellent agreement is seen between the simulation results
and the experimental data. For the plane jet simulations no such
global mode was observed, neither in the DNS nor the LES simula-
tions. After Hallberg and Strykowski (2006), the global oscillations
depend on the density ratio s; D=dh0 and the Reynolds number, as
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Fig. 16. Frequency power spectrum of the stramwise velocity at various stream-
wise positions (curves shifted for better visibility).
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long as compressibility and buoyancy effects are unimportant.
Going further than Kyle and Sreenivasan (1993) and Hallberg and
Strykowski (2006) non-dimensionalize the frequency by the vis-
cous time scale D2=m, thus retaining the Reynolds number in the
frequency dependence. They were then able to collapse all data
onto a straight line, when plotting the Roshko number fD2

=m over
Re

ffiffiffiffiffiffiffiffiffiffiffiffi
D=dh0

p
1þ

ffiffi
s
p� �

. Using the scaling of Hallberg and Strykowski
(2006), the LES result of case R014 is plotted along with other var-
iable-density jet data in Fig. 18. Again, excellent agreement is
found and the data almost collapses onto a single line. Interest-
ingly, Amielh et al. (1996), Djeridane et al. (1996) in their experi-
ments and Wang et al. (2008) in their simulations did not
observe this oscillating mode. A reason for this behavior was first
suspected to be caused by differences in the inflow conditions,
which serve to trigger the transition to turbulence, or in the differ-
ent Mach number used in our simulation, which is Mj ¼ 0:2 and
therefore higher than that of the experiments replicated by Wang
et al. (2008). However, Raynal et al. (1996) showed in their mea-
surements and stability calculations, that the relative position of
the inflection points of the velocity and density profiles influences
strongly the stability of the flow under investigation. The stability
of the flow increases by increasing the distance di between the two
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inflection points. When comparing helium/air jets to heated jets,
they found an increase of the interval di in the helium jets. This
indicates that the helium jets are consequently more stable than
the heated air jets investigated in this paper and might explain
the observation of the self-sustained oscillation in simulation
R014.

For the plane jet cases, no development under a global mode of
instability could be observed. The initial density ratio s and Rey-
nolds number are within the unstable region, required for the
occurrence of global modes at a given momentum thickness, as
provided by Hallberg and Strykowski (2006) or Raynal et al.
(1996). The work of Fulachier et al. (1989) and Monkewitz et al.
(1990) indicates, however, that this behavior is observed for partic-
ularly clean inflow conditions during the initial stages of turbu-
lence. It is likely that the broadband inflow forcing used for the
plane jet simulations inhibits the occurrence of global modes due
to the rapid transition to fully developed turbulence. This issue is
subject to current investigations in our group.
4. Conclusions

Results of LES simulations of round and plane jets at various
density ratios, ranging from s ¼ 0:125 to s ¼ 1:52 have been pre-
sented. The streamwise linear growth of the round and plane jet
half-width was found to be of similar magnitude, with slightly
lower growth of the plane jets and independent of the density ratio
s, as reported in the literature. The centerline velocity decay rates
are strongly affected by heating and exhibit different behavior for
round and plane jets. Whereas the round jets exhibits a decay with
1=x for all density ratios s, there are two self-similar scalings found
in plane jets, in the limit of low and high variable-density flow. In
the limit of small s or for incompressible flow, Uc scales as
Uc � 1=

ffiffiffi
x
p

, for strongly heated jets on the other hand we find
Uc � 1=x. A mixed scaling was introduced to work for the range
of density ratios considered in this work, which involves the cen-

terline density evolution Uc �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qj=ðxqcÞ

q
and transforms into the

other scalings in the limit of large and small s. The round jet data,
on the other hand, showed different behavior. The quasi-self-sim-
ilar scaling of Chen and Rodi (1980) was found to collapse the pro-
files nicely. Chen and Rodi (1980) proposed to account for the
density difference by multiplying x and Uc by the factor s�1=4. This
clearly points to a difference in the development and entrainment
process of round and plane jets, which should be taken care of
when developing RANS models. Furthermore, it was seen that
the streamwise growth in mean density or the decay of the velocity
fluctuations in the quasi-self-similar region, after the transition re-
gion, is stronger for round jets. The core density reached co-flow
values much faster for the round jet and therefore the interval of
distances x in which there is a strong density difference between
the core and the co-flow is shortened, and it is more difficult to find
an intermediate self-similar regime. The round jet data at s ¼ 0:14
was seen to develop under a global instability, with the fundamen-
tal frequency in excellent agreement with previous experimental
data, as summarized by Hallberg and Strykowski (2006). The sim-
ulation results confirmed the proposed scaling of Hallberg and
Strykowski (2006), who included the Reynolds number depen-

dence of the frequency f by plotting fD2
=m over ReðD=dh0Þ1=2

ð1þ s1=2Þ. Such a global mode could not be seen in the plane jet
simulations, probably due to the choice of initial conditions.

We believe, that further insight might be found by analyzing the
vorticity development and enstrophy budget for both geometries.
This, however, requires DNS simulations of the round jet, in order
to resolve the small scales appropriately, necessary to reliably
interpret the enstrophy budget.
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