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ABSTRACT

The paper reports the results of numerical investiga-
tions of swirling turbulent jet flows by large eddy ssim-
ulation (LES). Inflow data are provided on the basis
of Reynolds-averaged Navier-Stokes (RANS) simula-
tions. In particular, instantaneous inflow data are pro-
duced by a forcing that generates correlated noise. In
this way, the characteristic length and time scales of
inflowing instantaneous turbulent eddies are in consis-
tency with the corresponding RANS profiles imposed
at the inlet. The performance of several subgrid-scale
stress models is studied. The mechanism of swirl ef-
fectsisinvestigated on thisbasis. It is shown that swirl
increases streamwise braid structures which enhance
the breakdown of the characteristic ring-like structures
inroundjets. Itis shown that swirl impliesan increase
of the efficiency of the turbulent mixing of scalars.

1. INTRODUCTION

Improving the efficiency of turbulent jet mixing can
produce several performance enhancements for air-
craftsincluding decreased jet noise, lower plume tem-
peratures, increased combustion efficiency and re-
duced pollutant emission. One proven mixing en-
hancement approach is the use of swirl, which is
known to enhance jet growth rates due to changes
in the jet turbulence [1, 2]. Numerical simulations
can provide a deep insight into the mechanism of
swirling turbulent jets. Reynolds-averaged Navier-
Stokes (RANS) methods represent the most efficient
methodology for the cal culation of turbulent flows, but
the use of standard RANS methods for swirling jet
flow simulations turned out to be inappropriate [3].
Large eddy simulation (LES) has been proven to be
an accurate and computationally feasible approach for
turbulent swirl flow simulations[4].

However, there are several relevant questions regard-
ing the realization and interpretation of turbulent swirl
flow LES. The inflow conditions of such jet flows are
often determined by a nozzle flow, and experimental
investigations of flow fields at nozzle exits often pro-
vide incompl ete information about inflow data for tur-
bulent swirl flow LES. For example, the dissipation
rate of turbulent kinetic energy is hardly measurable
such that measurements cannot provide information
about the typical length and time scales of inflowing
eddies. One way to obtain information required to de-
terminetheinflow datafor jet ssimulationsisto perform
aLES of the nozzleflow. However, this approach turns
out to be too expensive computationally. Thus, nozzle
flow simluations have to be performed on the basis of
RANS simulations. This approach involves the need
for aforcing that generates instantaneous inflow data.
However, the rel evance and optimal generation of such
forcing are still unclear [4, 5, 6, 7]. There are also sev-
eral questions regarding the interpretation of LES data
to identify coherent structures and swirl effects. For
example, it is unclear right now how coherent struc-
tures can be analyzed in an optimal way, this mean
which variables should be considered [4, 8, 9].

The questions discussed in the preceding paragraph
will be addressed here. The flows considered will be
described in section 2. Sections 3 and 4 describe the
generation of LES inflow data and redlization of LES,
respectively. A comparison of averaged LES results
with available experimental datais provided in section
5. These comparisons are used to evaluate the rele-
vance of the forcing applied and the suitability of sev-
era subgrid-scale (SGS) stressmodels. Section 6 deals
with an investigation of swirl effects by analyzing in-
stantaneous LES data. Finally, section 7 summarizes
the results reported here.
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Figure 1: Nozzle designh and jet region considered.
The solid line refers to the nozzle body. The nozzle
is11.65D long. D = 1.5 in is the nozzle diameter
at the exit and Dy = 9.75 in is the nozzle diameter
at the inlet. The jet region considered is 4.1D long.
The solid and dotted lines represent the computational
domain for the nozzle flow simulations. The conical
dashed lines determine the computational domain for
the jet flow simulations.

2. THE FLOWSCONSIDERED

The effect of different swirl distributions has been in-
vestigated experimentally by Gilchrist and Naughton
[10]. Theseinvestigationsreveal ed significant changes
in growth rates, turbulence intensities and the turbu-
lence structures if swirl was added to the flow. These
modifications have been attributed to centrifugal in-
stabilities [11]. The geometry of the nozzle and jet
flows considered areillustrated in figure 1. Two differ-
ent swirl profiles have been investigated in the study
of Gilchrist and Naughton [10]: one resembling a g-
vortex (solid-body core with a free vortex outer re-
gion) and the other resembling a solid-body rotation.
To generate these different swirl profiles, Gilchrist and
Naughton used a unique facility which allows for fine
control of the tangential velocity profile and the cre-
ation of a swirling jet that is largely free from arti-
facts produced by the swirl generation process [10].
For both vortex types measurements of the mean quan-
tities and turbulence statistics are available for swirl
numbers S= 0.1 and S = 0.23 at a jet Reynolds num-
ber Re = 1.0 x 10°. Corresponding data for a non-

Table 1. Numerical setup for the LES jet flows
Simulationstools  Settings

Domain 3-dimensional: Conic with
length 4.1D, radius 1D, 2D;
divided into 370, 000 cells.

Solver Pressure based

SGS models DSM [12] with0 < Cs < 0.23
SSM [13] with Cs = 0.17
DKEM [14]

Method Finite volume

Discretization Bounded central differen-

cing for momentum [15];
SIMPLEC for pressure-
velacity coupling

swirling case are also available. Here, only the non-
swirling case and the solid-body swirling case with the
swirl number S=0.23 are considered for comparisons.

Although relevant conclusions could be obtained from
the experiments of Gilchrist and Naughton [10], many
important questions have yet to be clarified. For ex-
ample, important information for the understanding of
turbulent flows is given by the characteristic time and
length scales of turbulent eddies. To obtain the tur-
bulence time and length scales one needs to know the
dissipation rate of turbulent kinetic energy. Unfortu-
nately, it is extremely difficult to accurately measure
this quantity. Thus, the only way to obtain the needed
information on the turbulence scales is given by nu-
merical studies of turbulent swirling jet flows.

3. LESINFLOW SIMULATIONS

To simulate the flows described in section 2, one needs
inflow data for the jet simulations. Unfortunately, ex-
perimental data obtained at the nozzle exit do not pro-
vide sufficient information to determine the jet inflow
conditions. To account correctly for the jet inflow con-
ditions, the best way would be given by a LES of both
the nozzle and jet flows. However, this approach turns
out to be infeasible because of the huge computational
cost for LES of the wall-bounded nozzle flow [16]. A
way to overcome this problem is to use a combination
of RANS and LES methods. RANS simulations are
performed to simulate the flow within the nozzle. The
profiles of the mean flow variables and turbulence sta-
tistics obtained by these RANS simulations are then
used as inlet conditions for a LES of the region down-
stream of the nozzle exit.
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Figure 2: Radia distributions of the normalized aver-
aged axial velocity U and tangentia velocity W for
the swirl number S = 0 case and the swirl number
S = 0.23 solid body case at different axial positions x
/ D. The solid lines refer to forced LES results, dashed
lines refer to the results of the no-perturbation LES,
and dots denote the experimental data of Gilchrist and
Naughton [10]. The normalization data are Uy =
50.4m/s for the non-swirling case, Uy = 56.3m/s
and Wy = 21.7m/s for the swirling case.

Several standard turbulence models were used to per-
form nozzle flow RANS simulations, but only the
shear-stresstransport (SST) k£ —w model [17] provided
acceptable results. The RANS simulations were per-
formed on the basis of the FLUENT code [15]. The
nozzle flow RANS simulations were shown to bein a
very good agreement with the experimental data at the
nozzle exit. It was also shown that the RANS method
applied is inappropriate to perform simulations of the
region downstream of the jet exit: RANS predictions
obtained in thisway disagree significantly with the ex-
perimental data. The latter observation agreeswith the
findings of Jakirlic et d. [3].

The results of RANS simulations described in the pre-
ceding paragraph were used as inflow data for LES of
the jet flows. A significant problem related to LES of
swirling turbulent jets is given by the need for fluctu-
ating inflow data [6, 7]. Thus, a forcing mechanism
was applied to produce fluctuating velocities at the in-
let based on RANS results. In particular, the random
flow generation (RFG) technique of Smirnov et al. [5]
was used. Thismethod represents amodification of the

Figure 3: Radial distributions of normalized averaged
intensities rms v of axia velocity fluctuations for the
swirl number S = 0 and the swirl number S = 0.23
cases at different axial positions x / D. The solid lines
refer to forced LES results, dashed lines refer to the
results of the no-perturbation LES, and dots denote the
experimental data of Gilchrist and Naughton [10]. The
normalization data are Uy = 50.4m/s for the non-
swirling caseand Uy = 56.3m/ s for the swirling case.

technique proposed originally by Kraichnan [18]. The
advantage of this techniqueis given by the generation
of correlated noise [19, 20] such that the characteristic
length and time scales of inflowing instantaneous tur-
bulent eddies are in consistency with the correspond-
ing RANS profiles imposed at the inlet. The time de-
pendent fluctuating velocities generated by the RFG
method were added to the mean vel ocity profiles com-
puted by the RANS method. In addition to the forced
LES, a LES with non-fluctuating inlet conditions was
performed (the no-perturbation case).

4. JET FLOW LES

Several SGS stress models required to close the LES
equations were applied: the dynamic Smagorinsky
model (DSM) [12], the standard Smagorinsky model
(SSM) [13] with a Smagorinsky constant C's = 0.17,
and the dynamic kinetic energy model (DKEM) [14].
The inflow boundary conditions for velocities are de-
scribed in section 3. A pressure-inlet boundary condi-
tion was used for lateral boundaries, and a pressure-
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Figure 4: Radial distributions of normalized averaged
intensities rmsw of azimuthal vel ocity fluctuationsfor
the swirl number S = 0 and the swirl number S =
0.23 case at different axial positions x / D. The solid
lines refer to forced LES results, dashed lines refer to
the results of the no-perturbation LES, and dots denote
the experimental data of Gilchrist and Naughton [10].
Thenormalizationisgivenby Wy = 21.7m/s.

outlet boundary condition was used for the outlet
boundary. The transport of a passive scalar was also
considered to illustrate the modifications of turbulent
mixing due to swirl. An eddy diffusivity model was
employed to account for the SGS contribution with a
turbulent Schmidt number of 1. The scalar is equal to
1latthejetinlet and O otherwise at theinlet. The scalar
value was set to O at the lateral boundaries, and zero
gradient boundary conditions are applied at the outlet.

The computational domain is conical with a radius of
1D and 2D at the inlet and outlet, respectively. The
domain extends up to 4.1 D downstream (seefigure 1).
The domain is discretized into 80 points in azimuthal
direction (uniformly distributed), 60 pointsin the ra-
dial direction (uniformly distributed) and 80 pointsin
the axial direction with astretching of 2%. Theincom-
pressible LES equations have been solved by a finite
volume method based on the CFD code FLUENT [15].
Bounded central differencing is used for the spatial
discretization of the momentum equations, a second-
order upwind scheme is used for the spatial discretiza-
tion of the passive scalar equation, and time is advan-
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Figure 5. Radia distributions of the normalized av-
eraged static pressure P for the swirl number S = 0
and the swirl number S = 0.23 case at different axial
positions x / D. The solid lines refer to forced LES
results, dashed lines refer to the results of the no-
perturbation LES, and dots dencte the experimental
data of Gilchrist and Naughton [10]. The normaliza-
tion data are Py = 23 Pafor the non-swirling case and
Py =94 Pafor the swirling case.

cend viaasecond-order accurateimplicit scheme. The
SIMPLEC method is used for the pressure-velocity
coupling. Details of the numerical setup are summa-
rizedintable 1.

The simulations were run for 15 large eddy turnover
timest. = D /Uy to eliminate effectsof theinitial con-
ditions. After this time, the simulations were run for
another 920 large eddy turnover times to collect time
statistics. Samples are taken every 5" time step giv-
ing atotal of 2, 500 samples. Due to the axi-symmetry
of the flow an additional averaging of the time statis-
tics over 80 points in the azimuthal direction has been
performed. All averages referred to in this paper have
been obtained by this method. All the simulationshave
been performed on 12 processors of aBeowulf LINUX
cluster provided and operated by the I nstitute of Scien-
tific Computation (ISC) at the University of Wyoming.
Obtaining the necessary time statistics required acom-
putational time of about 72 hours.
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Figure 6: Radial distributions of normalized averaged
intensities rms v of axial velocity fluctuations for the
S =0and S = 0.23 cases at different axial positionsx
/ D. The solid lines refer to results of forced LES with
the DSM, dashed lines refer to resultswith the DKEM,
little dots refer to results with the SSM, and dots de-
note the experimental data of Gilchrist and Naughton
[10]. Here, Uy = 50.4m /s for the non-swirling case
and Uy = 56.3m/s for the swirling case.

5. FORCING AND SGSEFFECTS

The effects of forcing and SGS modeling were inves-
tigated by comparing averaged flows fields with ex-
perimental data [10]. The simulation results for the
forced LES and no-perturbation LES combined with
the DSM for the SGS stress are shown in figures 2,
3, 4, and 5. The non-swirling and swirling solid-body
rotation cases are compared in these figures at differ-
ent downstream positions. In particular, figure 2 shows
theradial distribution of the normalized averaged axial
velocity U/U, and the normalized averaged azimuthal
velocity W/Wy, figure 3 showstheintensity rms«/Uy
of axia velocity fluctuations, figure 4 shows the in-
tensity rms w/W, of azimuthal velocity fluctuations,
and figure 5 shows the averaged static pressure P/ Py.
The mean axia and azimuthal velocities are well rep-
resented by the forced LES. There is aminor overpre-
diction of the intensities of axial and tangentia veloc-
ity fluctuations. Also, a minor underprediction of the
static pressureis observed. Thelack of forcing implies
a significant underprediction of axia velocity fluctua-
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Figure 7: Radial distributions of normalized averaged
static pressure P for the S = 0 and S = 0.23 cases at
different axial positionsx / D. The solid lines refer to
results of forced LES with the DSM, dashed linesrefer
to results with the DKEM, little dots refer to results
with the SSM, and dots denotethe experimental data of
Gilchrist and Naughton [10]. The normalization data
are Py = 23 Pafor the non-swirling case and Py = 94
Pafor the swirling case.

tions at x/D = 1. Hence, the jet expansion is under-
predicted: see the results for axial velocities. The lat-
ter implies steeper mean velocity gradients which pro-
duce more turbulence. Therefore, theintensity of axial
velocity fluctuations increases strongly which leads to
the overprediction observed at x/D = 3, and x/D = 4.
Thus, the inclusion of forcing has a positive effect.

Results of simulations adopting the DSM, the DKEM,
and the SSM for the SGS stress are shown in figures 6
and 7. In particular, these figures show the intensity
of axial velocity fluctuations and the static pressure
for the non-swirling and swirling cases, respectively.
Regarding the non-swirling case, the SSM underpre-
dicts the intensity of axial velocity fluctuations at x/D
= 1. The SSM does not seem to capture the forcing
applied at the inlet of the non-swirling jet flow. Over-
all, the SSM features are similar to the features of the
no-perturbation LES. The three SGS models predict
almost the same flow fields for the swirling jet. The
features of the DSM and the DKEM are the same for
both the swirling and non-swirling cases.
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Figure 8: Radial distributions of the averaged scalar
and the averaged standard deviation o 4 of the scalar
at different axial positionsx / D. The solid lines refer
to the swirling case and dashed lines refer to the non-
swirling case.

Radial distribution of the mean scalar and scalar stan-
dard deviation are shown in figure 8. Compared to the
swirling case, the mean scalar shows aretarded jet ex-
pansion and the scalar standard deviation shows a re-
duced spreading of the shear layer for the non-swirling
case. Hence, the mixing is stronger for the swirling
case than for the non-swirling case.

6. SWIRL EFFECTS

After comparing averaged velocity and scalar fields
with experimental data [10], instantaneous fields will
be analyzed now to explain the effects of swirl. An
analysis of instantaneous vorticity distributions was
used recently by Mcllwain and Pollard [4] to support
the following idea of swirl effects. Ring structures
aigned with the plane normal to the flow form down-
stream of the jet shear layer due to Kelvin-Helmholtz
instabilities. The ring structures collide with stream-
wise braid structures. The resulting interaction causes
the ring to break apart into smaller, less organized tur-
bulence structures. The addition of swirl increases
the number of streamwise braids, which enhances the
breakdown mechanism of the rings. These observa-
tions suggest that the increased entrainment observed
inswirling flowsisdueto the action of the braidsrather
than therings[4].

Figure 9: Visualization of coherent vortex structures
by means of an iso-surface p — P = —20Pa of in-
stantaneous static pressure fluctuations for the non-
swirling case (upper picture) and swirling case (lower
picture). The iso-surface is colored according to the
scalar value: ¢ > 0.5 (red) and ¢ < 0.5 (yellow).

I nstantaneous vorticity distributions were studied here
in accordance to the analysis of Mcllwain and Pollard
[4]. It was found, however, that these fields do not rep-
resent an appropriate mean to visualize coherent struc-
tures: the fields obtained did not reveal ring structures.
Most likely, the reason for this finding is given by the
fact that Mcllwain and Pollard’ s sinusoidal forcing was
not applied here but the RFG forcing that generates
correlated noise: see section 3.

Thus, instantaneous pressure fluctuation fields were
considered, which are known to be well appropriate
to visualize coherent structures [8, 9]. Figure 9 shows
aniso-surfacep — P = —20Pa of instantaneous static
pressure fluctuations for the non-swirling and swirling
cases. Here, p refers to the filtered pressure and P is
the temporally averaged pressure. The iso-surface is
colored according to the filtered scalar ¢ > 0.5 and
¢ < 0.5. Figure 9 clearly reveals the existence of ring
structures (generated by Kelvin-Helmholtz instabili-
ties) and streamwise braid structures. Regarding the
swirling case one observes that the streamwise braid
structures increase which enhances the breakdown of



Figure 10: Contour plots of instantaneous static pres-
sure fluctuationsp — P in Pafor the non-swirling case
(upper picture) and the swirling case (lower picture)
along the center-plane z = 0.

rings. Thus, figure 9 supports Mcllwain and Pollard's
notion about the influence of swirl. Figure 10 shows
a corresponding contour plot of pressure fluctuations
along the center-plane z = 0 for the non-swirling and
swirling case. Since the pressure inside a vortex or
structure will be low compared to the surroundings,
these contour plots can be used to identify the location
of the large vortices in the flow. In accord with figure
9, figure 10 also indi cates the breakdown of ring struc-
tures. The consequence of swirl effects for the turbu-
lent mixing of passive scalarsisillustrated in figure 11
which shows contour plots of instantaneous scalar val-
uesinthe center-planez = 0 andintheplanez = 1D,
respectively. This figure clearly shows the increased
mixing efficiency due to the enhanced breakdown of
ring structures induced by swirl. The addition of swirl
increases the number of streamwise braids, which en-
hances the breakdown mechanism of ring structures.

7. CONCLUSIONS

RANS and LES methods were combined to simulate
swirling and non-swirling turbulent jet flows. In par-
ticular, RANS nozzle flow simulations were used to
provide inlet profiles for the LES of jet flows. The

©
©

Figure 11: Contour plots of instantaneous scalar val-
ues for the non-swirling case (upper pictures) and the
swirling case (lower pictures) in the center-plane z = 0
(left) and in the plane x = 1D (right).

RFG method of Smirnov et al. [5] was used for the
generation of instantaneous LES inflow data. The ad-
vantage of this technique is given by the fact that it
generates characteristic length and time scales of in-
flowing instantaneous turbulent eddies which are in
consistency with the corresponding RANS profilesim-
posed at theinlet.

The comparison of averaged flow fields obtained by
LES with the experimental data of Gilchrist and
Naughton[10] revealsagood agreement. It was shown
that the forcing applied clearly has a positive effect.
The DSM and DKEM predict amost the same flow
fields. These SGS models were found to provide bet-
ter predictionsthan the SSM for the non-swirling case.
Coherent structures were studied in terms of an analy-
sis of instantaneous flow fields provided by LES. In-
stantaneous pressure fluctuation fields were found to
be most appropriate for the visualization of coherent
structures. The results obtained support Mcllwain and
Pollard’s notion about the influence of swirl. The addi-
tion of swirl increasesthe number of streamwise braids
such that the breakdown mechanism of ring structures
is enhanced. It was shown that the latter effect in-
creasestheintensity of the turbulent mixing of scalars.
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