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ABSTRACT

Five round jets at Mach number 0.9 and diameter-based
Reynolds number Foriginating from a pipe nozzle are com-
puted by Large-Eddy Simulations using grids of 252 million
points. In the pipe, the boundary layers are tripped, in order
to obtain, at the exit section, laminar mean velocity profiles
of momentum thickness equal to 1.8% of the jet radius, and
peak turbulence intensities of 0, 3, 6, 9 and 12% of the jet
velocity. The influence of initial turbulence on flow develop-
ment is thus investigated. As the nozzle-exit turbulence level
increases, the coherent structures typically found in initially
laminar jets gradually disappear, which leads to shear layers
spreading at lower rate with strongly reduced rms fluctuating
velocities. The jets also develop farther downstream, resulting
in longer potential cores.

INTRODUCTION

It has been recognized in the mid-seventies that the ef-
fects of the initial conditions are strong in free shear flows,
and that they may be one of the reasons of the discrepancies
between the data obtained using different facilities. They have
consequently been explored in a large number of experiments
on axisymmetric mixing layers and jets. The flow and acous-
tic fields of circular jets have thus been shown, by Hill et al.
(1976), Hussain and Zedan (1978a, 1978b), Zaman (1985a,
1985b) and Bridges and Hussain (1987), just to mention a
few researchers in this field, to significantly depend on the
nozzle-exit flow properties. The momentum thicknégsnd
the laminar or turbulent state of the boundary layers, and the
peak fluctuation intensity with respect to the jet velocityu;
have been identified as important parameters. In most exper-
iments, however, their respective influence cannot be clearly
distinguished, because they are usually not varying indepen-
dently if no special attention is paid. Some careful investiga-
tions have hopefully been performed on this matter, such as
those by Hussain and Zedan (1978a, 1978b), who examined,
for both laminar and turbulent initial shear layers, variations
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in the momentum-thickness Reynolds numbeg Redgu; /v

at fixedug/uj in the former reference, and variationsugy u;

at fixed Re in the latter ¢ is the kinematic molecular viscos-
ity). In Hussain and Zedan (1978b), Blasius laminar velocity
profiles at Rg = 200 with 84% < ug/u; < 17.2% were espe-
cially considered.

The present work, similarly, aims at studying the effects
of the initial turbulence on the flow fields of jets at Mach num-
ber 0.9 and diameter-based Reynolds numbér dfaracter-
ized by identical laminar mean profiles at the nozzle exit, but
peak fluctuating velocity intensitiag,/u;j ranging from 0 to
12%. It is the natural continuation of two earlier works on
jets at the Mach and Reynolds numbers mentioned above. In
Bogey and Bailly (2010), the jet shear layers were initially
fully laminar. Their development was found to be strongly
dominated by pairings of coherent vortices. In Bogey et al.
(2011a), the jets were made initially nominally turbulent by
tripping the boundary layers inside a pipe nozzle. Blasius
mean velocity profiles of momentum thickne%s/ro = 1.8%
and peak axial turbulent intensitie§/u; = 9% were speci-
fied at the pipe exitrg is the pipe radius), in agreement with
the initial conditions in tripped jets of Zaman (1985a, 1985b).
Large-Eddy Simulations (LESs) were carried out using grids
containing from 50 to 252 million points. The LES using the
finest grid was thus shown to provide shear-layer solutions
that are practically grid-converged and, more generally, re-
sults that can be regarded as numerically accurate as well as
physically relevant. The mixing-layer development in the jet,
while exhibiting a wide range of turbulent scales, also displays
attenuated but persistent vortex pairings.

In the present paper, LESs of five round jets at Mach
number 0.9 and Reynolds number®1(@erformed at high
resolution using grids of 252 million points, low-dissipation
schemes and relaxation filtering, are reported. For all
jets, laminar mean velocity profiles of momentum thickness
Jg/ro = 1.8%, yielding a Reynolds number Re= 900, are
imposed inside a pipe nozzle. As for the exit peak turbulence
intensitiesug/uj, their values are respectively fixed to 0, 3, 6,



9 and 12% by tripping the boundary layers in the pipe. In this
way, the influence of initial turbulence level on the jet shear-
layer and flow fields is systematically investigated.

PARAMETERS
The main study parameters are given in this section.
More details can be found in Bogey et al. (2011a, 2011b).

Numerical methods

The LESs are carried out by solving the 3-D filtered
compressible Navier-Stokes equations in cylindrical coordi-
nates(r, 8,z) using low-dissipation, low-dispersion schemes
provided in Bogey and Bailly (2004). The axis singularity
is taken into account by the method of Mohseni and Colo-
nius (2000). Fourth-order eleven-point centered finite differ-

ences are used for spatial discretization, and a second-order

six-stage Runge-Kutta algorithm is implemented for time in-
tegration. A sixth-order eleven-point centered filter designed
in Bogey at al. (2009) to mainly damp the shortest waves
discretized is applied every time step to the flow variables.
The filtering is also employed as a relaxation filtering (RF), in
order to dissipate subgrid-scale energy without significantly
affecting the larger scales. This LES-RF approach was devel-
oped to avoid the effective flow Reynolds number to be artifi-
cially decreased. More information is available in Bogey and
Bailly (2006, 2009).

Jet definition

Five isothermal round jets at Mach numberMi;j /ca =
0.9 and Reynolds number Be=u;D/v = 10° are considered
(ca is the speed of sound in the ambient medium, Bng
2rp). The jets originate from a pipe nozzle of radngsand
length 2, with a Q053 wide lip. At the pipe inlet az =
—2ro, laminar Blasius boundary-layer profiles of momentum
thicknessdg = 0.018 yielding Re = ujdg/v = 900, are
imposed for the axial velocity.

In four LESs, referred to as Jet3%, Jet6%, Jet9%, and
Jetl2%, the boundary layers are tripped inside the pipe at
z= —rg (z= —0.2rg in Jet12%) by adding random vortical
disturbances decorrelated in the azimuthal direction. The trip-
ping magnitudes are chosen to obtain exit peak turbulence in-
tensitiesu,/uj of 3, 6, 9 and 12% in Jet3%, Jet6%, Jet9%, and
Jetl2%, respectively. In the fifth LES, referred to as Jet0%,
no boundary-layer tripping is used in order to deal with an
initially fully laminar jet. Note that Jet9% corresponds to the
simulation extensively described as Jetring1024drdz in Bogey
etal. (2011a).

The nozzle-exit profiles of mean and rms axial veloci-
ties calculated in the jets are presented in figure 1. The mean
velocity profiles do not appreciably differ from the Blasius
profiles fixed at the pipe inlet, leading to exit boundary-layer
momentum thicknesse (0)/ro ~ 1.8 and shape factord
around 2.4, as reported in table 1. The peak intensities of
velocity fluctuations are also close to 0, 3, 6, 9 and 12% as in-
tended, see in table 1 for the exact values. In Jet9%, in partic-
ular, the initial conditions are comparable to those measured
in a tripped jet at Rg = 10° by Zaman (1985a, 1985b).

As important initial flow features, the integral length
scales estimated from axial velocity in the azimuthal di-
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Figure 1. Profiles at = 0 of mean axial velocity u,> and
of the rms values of fluctuating axial velocity;:
Jet0%,— — — Jet3%, Jet6%,— — — Jet9%,

Jetl2%. Measurements:Zaman (1985a, 1985b)
for a Mach 0.18, tripped jet at iRe= 10°.

rection atr =rg andz = 0.4rq are collected in table 1. The
azimuthal correlation of disturbances just downstream of the
pipe lip is high in Jet0%, but rapidly decrease with the exit tur-
bulence level, as previously found in Bogey and Bailly (2010).

Simulation parameters

The LESs are performed using two grids, one in Jet0%
for the untripped jet, another in Jet3%, Jet6%, Jet9%, and
Jetl2% for the tripped jets, both containingx ng x n; =

Table 1. Initial jet parameters: boundary-layer momentum
thicknessdg (0), shape factoH, and peak turbulence inten-
sities U at the nozzle exit, and integral length scaf& of
velocity U, in the azimuthal direction at= ro andz = 0.4rg.

50)/ro H  u/u L /ro
Jet0% 1.75% 255 0.25% 2.059
Jet3% 1.76% 252 3.07% 0.104
Jet6% 1.79% 2.48 6.15% 0.020
Jet9% 1.85% 2.36 9.18% 0.013
Jetl2% 1.88% 2.33 12.19% 0.010




256x 1024x 962 = 252 million points. They are identical,
respectively, to the grids employed for the simulations re-
ferred to as Jetring1024dz and Jetring1024drdz in Bogey et
al. (2011a). In the second grid, in particular, the minimum
mesh spacings in the radial, azimuthal and axial directions are
Ar = 0.36,rpAB = 0.61 andAz = 0.72 per cent of the jet ra-
dius, corresponding to 0.20, 0.34 and 0.40 tirdg&).

The simulation times are between 3g4u; to 375¢/u;.
The flow statistics are determined fram 175¢/uj, and they
are averaged in the azimuthal direction. The computations
are finally made using NEC SX-8 computers, at a CPU speed
around 36 Gb using OpenMP, and they require up to 7,000
CPU hours each.

RESULTS

The main changes in the jet flow properties when the ini-
tial turbulence level varies are illustrated. More results are
provided in Bogey et al. (2011b).

Shear flow development

Snapshots of the vorticity norm obtained in the five jets
just downstream of the pipe lip are presented in figure 2. For
low exit rms velocities in Jet0% and Jet3%, laminar-turbulent
transitions dominated by rolling-ups and pairings of large vor-
tical structures are clearly seen. A(_s/uj increases at =0,
the turbulent fields developing in the mixing layers show a
wider range of scales, which seems to gradually weaken the
above-mentioned mechanisms. For high exit fluctuation levels
in Jet9% and Jet12%, in particular, the jets are initially turbu-
lent, and it is difficult to distinctly observe coherent structures
or pairing processes in the shear layers.

The variations over & z < 10rg of the shear-layer mo-
mentum thicknesgg are represented in figure 3. As the initial
turbulence level raises, the mixing-layer growth begins closer
to the exit section, at a position ranging fram~ 1.5rq in
Jet0% toz ~ 0 in Jet9% and Jetl12%, but it then occurs at a
much lower rate. To quantitatively illustrate the latter point,
note for instance that the maximum value of the spreading
rate dg/dzis 0.045 in Jet3%, but only 0.024 in Jet9%. The
overall development of the jet shear layer is thus found to be
slower for higher nozzle-exit velocity fluctuations.

The peak rms values of axial, radial and azimuthal veloc-
ities uy, Uy anduy and the maximum Reynolds shear stresses
<y, > evaluated betweem = 0 and 1@y are shown in
figure 4. In Jet0%, maximum intensities around 22% are
achieved for all velocity components. The profiles also ex-
hibit dual-peak shapes, which is typical of a first stage of
strong vortex pairings in the shear layers according to exper-
imental and numerical data obtained, among others, by Za-
man and Hussain (1980) and Bogey and Bailly (2010). As
Ug/uj increases, the turbulence intensities start to rise farther
upstream, but lower peak values are reached. The reduction
in rms velocities and Reynolds shear stresses when specify-
ing higher initial disturbances in the shear layers is signif-
icant, as shown in table 2. This is however especially the
case foru;, whose maximum rms values with respect to the
jet velocity range from 22.6% in Jet0% down to 10.7% in
Jet12%, while they are of 17.7% in Jet3%, 13.7% in Jet6%
and 11.2% in Jet9%. The turbulence intensity profiles finally
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Figure 2. Snapshots in the,r) plane of vorticity norm in

the shear layer downstream of the pipe lip, from Jet0%, Jet3%,
Jet6%, Jet9% and Jetl2%, from top to bottom. The colour
scale ranges up to the level of @3ro.
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Figure 3. Variations of shear-layer momentum thickn®ss
Jet0%, — — — Jet3%, Jet6%, — —
Jet9%, Jet12%.
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Figure 4. Variations of the peak rms values of fluctuating ve-
locitiesus, uy anduj, and of the peak magnitudes of Reynolds
shear stress upul, >: Jet0%, — — — Jet3%,
Jet6%, — — — Jet9%, Jetl2%.

Table 2. Peak rms values of fluctuating velocitigésu; and
up in the jets, with respect to;.

<u?>2 o <yPslZ <y >?
Jet0% 22.7% 22.6% 21.8%
Jet3% 19.9% 17.6% 18.1%
Jet6% 17.7% 13.7% 15.2%
Jet9% 15.4% 11.2% 13%
Jetl2% 14.5% 10.6% 12.2%

increase nearly monotonically in Jet9% and Jet12%, which
is in qualitative agreement with the measurements by Arak-
eri et al. (2003) in an initially nominally turbulent jet with
Ug/uj = 10%. They are even quite flat in Jet12%.

The present results demonstrate that the shear-layer de-
velopment in Reynolds number 3A¢ets becomes gradually
and spectacularly smoother when the nozzle-exit turbulence
level increases. The peak rms values of velocity obtained for
turbulent initial conditions, that are fax,/uj ~ 10%, are in
particular approximatively half those for laminar initial con-
ditions. This may be largely due to the strong weakening, if
not the disappearance, of the coherent structures and of their
mutual interactions in the former case.

Jet flow development

Snapshots of the vorticity norm calculated in the full jets
are displayed in figure 5. For higher turbulence intensities
at the nozzle exit, the jets appear to develop farther down-
stream, resulting in longer potential cores. This observation is
in agreement with the slower shear-layer growth found in the
previous section.

The variations of the centerline mean axial veloaity
and of the jet half-widthdys are represented in figure 6.
As Ug/uj raises, the jet mean flow development is delayed
since the velocity decay and the jet spreading both start at
increasing axial positions. The end of the potential core is
thus located at. = 9.3rg in Jet0%, 1Drg in Jet3%, 14lrg in
Jet6%, 1%rg in Jet9%, and Irp in Jet12%, whereic(z:) =
0.95u;, as reported in table 3. Downstream of the poten-
tial core, the jet development may be more rapid in Jet0%,
but it does not seem to strongly differ in the other jets for
ug/uj > 3%. For the sake of comparison, experimental data
available in the literature for jets at Mach number 0.9 and
Reynolds numbers higher tharxBL.0P are also plotted in fig-
ure 6. It can be noted that they correspond favorably to the
results from Jet6%.

In order to finally characterize the jet turbulence, the rms
values of the axial and radial fluctuating velocities obtained
up toz = 25r( along the centerline are shown in figure 7. For
higher nozzle-exit disturbance level, the peak intensity values
are reached farther downstream, in agreement with the delay
observed for the mean flow development. They are also re-
duced foru, anduy, respectively, from 16.1% and 12.5% in
Jet0% down to around 11.5% and 9.3% in Jet9% and Jet12%,
refer to table 3. The maximum rms velocities are indeed very
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Figure 5. Snapshots in the,r) plane of vorticity norm in

the full jets up toz = 25rg, from Jet0%, Jet3%, Jet6%, Jet9%
and Jet12%, from top to bottom. The colour scale ranges up
to the level of &i; /ro.

similar in the two latter jets, indicating a weak influence of
the initial turbulence fot/u; > 6%. The centerline intensity
profiles in this case can also be noticed to roughly compare
with the scattered measurements obtained for Mach number
0.9 jets at high Reynolds numbers.

CONCLUSION

The LES results presented in this paper show the signifi-
cant influence of the initial turbulence on the flow fields of jets
at Reynolds number $0 The strongest effects are found on
the shear-layer features. For low nozzle-exit velocity fluctua-
tions, the mixing layer is clearly dominated by large coherent
structures, whose pairings result in a rapid flow development
as well as in high turbulence intensities. As the initial distur-

bances increase, these structures are less and less discernible

in the vortical fields, leading to a slower shear-layer spread-
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Figure 6. Variations of centerline mean axial velocityand
of jet half-width &g 5: Jet0%, — — — Jet3%,
Jet6%, — — — Jet9%, Jetl2%. Mea-
surements for Mach 0.9 jets at k& 5 x 10°: o Lau et al.
(1979),0 Arakeri et al.(2003)¢ Fleury et al. (2008).

ing and to an important reduction in rms velocity values. The
impact of initial turbulence on the overall jet flow is less spec-
tacular. The main modification when specifying highgfu;

atz = 0 consists of the lengthening of the potential core. For
ug/uj > 3%, in particular, the downstream jet development
seems to be merely delayed without further notable change.

Table 3. Axial position of the end of the potential care
and peak rms values of fluctuating velociti€ésandu; on the
jet axis.

Z/ro <UZ>Y2 jup  <u?>12
Jet0% 9.3 16.1% 12.5%
Jet3%  12.9 12.4% 10%
Jet6% 14.1 12.4% 9.3%
Jet9%  15.9 11.4% 9.4%
Jetl2% 17 11.5% 9.2%
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Figure 7. Variations of centerline rms values of fluctuating
velocities U, and u;: Jet0%, — — — Jet3%,
Jet6%, — — — Jet9%, Jetl2%. Mea-
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