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Stochastic Inlet Conditions for Large-Eddy Simulation
of a Fully Turbulent Jet
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A numerical study using the large-eddy simulation technique is performed to compare the behaviors of two
different stochastic inlet condition methodologies, which are each intended to simulate a turbulent in� ow for a
round jet. The simple technique of Gaussian random forcing is tested as a baseline, and a version of the weighted
amplitude wave superposition spectral representation method is tested as an improved technique. The Gaussian
random inlet � uctuations were found to dissipate almost immediately, whereas the spectral inlet � uctuations were
found to generate self-sustaining turbulence in the near � eld. Quantitative comparisons to experimental data
revealed an unexpectedly strong coupling between the jet solution and the upstream pipe, which underscores the
importance of proper inlet treatment for numerical simulations.

Introduction

C ONTINUAL advances in computational hardware have made
large-eddy simulation (LES) much more practical in recent

years as a research tool for studying canonical turbulent � ows at
moderate Reynolds numbers. LES as a day-to-dayengineeringtool,
however, is still beyond reach. High Reynolds numbers, complex
physical geometries, and even chemical kinetics and multiphase
� ows must be easily simulated before LES can reach the same util-
ity as Reynolds averaged Navier–Stokes (RANS) simulations for
engineering use.

Although great progress is being made on all of these fronts, a
fundamental problem still remains: turbulent inlet conditions. Ob-
vious cost and complexity restrictions force researchers to focus
their efforts on small sections of engineering systems, for example,
a valve rather than an entire piping system or a combustor rather
than an entire gas turbine engine. When the scope of a simulation
is limited, some control over the boundaryconditions is lost. It may
be necessary to simulate a turbulent � ow enteringone or more com-
putational domain boundaries.

Depending on the closure model chosen for RANS simulations,
it may only be necessary to impose parameters such as turbulent
kinetic energy and dissipation rate on a turbulent in� ow. Although
this is not without its challenges, it is certainly easier to specify
characteristics of a turbulent � ow than it is to generate the turbu-
lence itself. The latter is, unfortunately,necessaryfor time-resolved
simulation techniquessuch as LES and direct numerical simulation
(DNS).

In the literature to date, a vast majority of the nonperiodic DNS
or LES studies have been of transitionalturbulent � ows presumably
because the inlet conditions are clearly de� ned and straightforward
to implement.1¡4 Harmonic forcing with superimposedrandom ve-
locity � uctuations is commonly used to supply the necessary exci-
tation frequencies to initiate shear layer instability and an eventual
transition to turbulence. When it becomes necessary to simulate a
complex fully turbulent � ow, however, this type of treatment is no
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longer appropriate.Because both experimental and numerical mea-
surements indicate a strong sensitivity to inlet conditions,5¡8 their
correct speci� cation is critical.

Many different approaches have been developed to approximate
a turbulent in� ow. One very successful class of techniques can
be though of as deterministic, where data are extracted directly
froma numericalsimulationor experimentalmeasurement.Periodic
boundary conditions, for instance, can work very well for simple
con� gurations such as temporally developing shear layers or fully
developedturbulentpipe or channel� ows.9 Its use in spatiallydevel-
oping � ows, however, is limited to only very simple con� gurations
that obey known scaling laws.10 In many special circumstances,tur-
bulent inlet conditions can be extracted directly from the results of
an auxiliary simulation, for example, pipe � ow for a turbulent jet
simulation.11¡13 In what is commonly referred to as the temporal
method, a complete time series is extracted from a stationary plane
in the auxiliary simulation. This may, however, lead to problems
with the storage and handling of vast quantities of data. In what is
commonly called the spatial method, data are gathered from a plane
that is repeatedly swept through a block of the auxiliary solution.
In this case, breaking up periodicity becomes an issue.14 Semide-
terministic forcing techniques are also possible, which supplement
limitedmeasurementswith modeledturbulent� uctuations.15 In gen-
eral, though, deterministic approaches are not always practical or
possiblewith arbitrarilycomplex � ow con� gurationsand, thus,have
limited applicability as an engineering tool.

For fully turbulent � ows, it would ideally be possible to syn-
thetically generate realistic turbulent inlet � uctuations without the
expense or complexity of an auxiliary simulation. Unfortunately,
the complex and chaotic physical structure of turbulence does not
lend itself well to this type of modeling. Turbulence, by its nature,
is governed by the Navier–Stokes equations.Generation of realistic
turbulent � uctuations independently of these equations is a chal-
lenging proposition.

There is, however, a large class of techniquesavailable for simu-
lating correlated stochastic � elds that has met with good success in
the area of structural analysis, where it is often necessary to simu-
late physical loadings due to atmospheric turbulence,ocean waves,
or even earthquakes. The simplest stochastic technique is to use
just a random signal with a desired probability distribution.16 A
more advanced approach is to use a version of the autoregressive
moving-average method.17¡19 Although this class of techniques is
very powerfuland computationallyef� cient, determiningthe model
coef� cients can be challenging, stability issues may arise, and it is
not possible to simulate nonhomogeneous spatial � elds. A more
robust class of techniques includes versions of the constant ampli-
tude wave superposition spectral representation method20 and the
weighted amplitudewave superposition(WAWS) spectral represen-
tationmethod.21¡23 Despitepossiblybeingcostly,24 these techniques
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are capable of easily simulating multivariate, multidimensional,
nonhomogeneous stochastic � elds with evolutionary power spec-
tra and arbitrary probability distributions.22;25¡27

Although versions of some of these stochastic techniques have
been used in the context of turbulent inlet conditions,28;29 their gen-
eral suitability has not yet been fully characterized. Pure random
� uctuations are obviously de� cient for describing turbulent � ows,
yet it has still made its way into several commercial computational
� uid dynamics (CFD) codes.It is suspectedthat nearlyany inletcon-
dition methodology that correctly captures the spatial and temporal
correlation of a real turbulent � ow will provide better simulation
results than uncorrelated white noise. To test this hypothesis, the
present work will assess two stochastic inlet condition techniques
for use in LES. Gaussian random � uctuations will be tested as a
baseline,and a versionof the WAWS spectralrepresentationmethod
will be tested as an improved technique. By comparison with the
experimentaldata of Amielh et al.30 and Djeridane et al.31 for a fully
turbulent jet, the usefulness of these two stochastic turbulent inlet
conditions will be assessed.

Computational Approach
Numerical Methodology

The LES governing equations used in this study are the standard
Favre-� ltered compressible Navier–Stokes, energy, and mixture
fraction equations.32 A sixth-order compact � nite difference spatial
discretizationscheme is used,33 which ensures little contamination
of the high wave number componentsof the solutionthat are heavily
relied on by most LES subgrid-scale (SGS) closure models.34;35 A
� fth-order compact scheme is used for the two grid points nearest
the boundary.36 The lower order of the boundary-adjacentpoint re-
duces the formal accuracyof the overallmethod to � fth order,which
is a tradeoffmade to ensure the time stability of the overall compact
differencingscheme. Time advancementof the solution is achieved
with a standard fourth-order Runge–Kutta method.

Most high-order compact � nite difference schemes are known
to not be energy conservative when physical boundary conditions
are imposed on a solution, leading to a long-time instability.37 To
remedy this, a sixth-order compact pentadiagonal low-pass � lter is
applied to the entire solutionat each time step to remove the destabi-
lizing high wave numbernoise.33 This also servesas an explicitgrid
� lter, rather than relying on the � nite support of the computational
mesh.

SGS Turbulence Models
Dynamic SGS closuresbasedon the Smagorinskyeddy-viscosity

model have become quite popular because of their simplicity and
their reasonably good performance when applied to a variety of
different � ow con� gurations (see Ref. 38). When the Germano
identity39 is used, the dynamic model coef� cient can be calculated
in terms of the smallest � ow structures remaining after two differ-
ent levels of � ltering: the grid-level � lter and a larger test � lter. A
rigorously derived model within this class has been proposed by
Ghosal et al.,40 which requires solving an integral equation for the
model coef� cients. This can be quite cost prohibitive, and so it is
common practice to assume a small spatial variabilityof the model
coef� cient that greatly simpli� es the problem by not requiring a
solution of these integral equations.41 As a consequenceof this as-
sumption, inconsistenciesin the model can sometimes lead to large
� uctuations in the calculated model coef� cients, causing nonphys-
ical results and even numerical instability. These � uctuations are
usually controlled by some form of an averaging operation, either
in a statistically homogeneous direction or over an ad hoc local
volume. In the present work, averaging is done over � uid pathlines
by using the Lagrangian dynamic SGS closure model of Meneveau
et al.42 Fluid pathlines are the natural frame of reference for the
development of turbulent eddies, yielding a consistent direction for
averaging the effects of localized � ow structures.

Inlet and Boundary Conditions
Physical boundary conditions are implemented using the

characteristic-basedapproach of Poinsot and Lele.43 The inlet and

boundary conditions are con� gured to simulate a fully turbulent
round air jet at a Reynolds number of 2:1 £ 104 based on the jet di-
ameter D and centerline velocity U j . A weak co� ow of 1=12th the
centerline velocity surrounds the jet, and the mixture is exhausted
into a large, square duct to provide weak � ow con� nement. These
simulationconditionsare chosen to match the experimentalsetupof
Amielh et al.30 and Djeridaneet al.31 at the Institut de Recherche sur
les Phénomènes Hors Equilibre (IRPHE), who performed detailed
near-� eld measurements of several � rst-, second-, and third-order
turbulence statistics in variable-densityjets.

To match theexperiment,theductwalls areplaced5:48D from the
jet centerline. The simulation domain extends 20D downstream to
encompassthe experimentalmeasurementregion,and an additional
numerical buffer zone of length 10D is added to the downstream
boundary.The buffer zone uses axial grid stretchingand an arti� cial
increase in � uid viscosity to damp any nonphysical acoustic re� ec-
tions from the downstream open boundary condition. Simulation
results from within the buffer zone are discarded.

The inlet to the computational domain is chosen to correspond
to a plane 0:2D downstream of the jet nozzle simply because this
is the farthest upstream location that data are available from the
IRPHE measurements. Inlet conditions are speci� ed by imposing
a mean velocity pro� le on the � ow with superimposed stochastic
� uctuations that are intended to simulate the turbulence. The com-
putational domain placement and inlet condition pro� les are shown
schematically in Fig. 1. Nondimensional parameters are used in
Fig. 1 and subsequently, with the mean axial velocity de� ned as
U ¤ D .U ¡ Uco/=.U j ¡ Uco/ and the axial turbulence intensity de-
� ned as .u0/¤ D u0=.U j ¡ Uco/, where U is the local mean velocity,
U j is the jet nozzlecenterlinevelocity,andUco is the uniformco� ow
velocity. The radial and azimuthal mean velocity components are
negligible at this axial location of x=D D 0:2 and are speci� ed as
zero in the simulation.The radial and azimuthal turbulenceintensity
components follow a qualitativelysimilar trend to the axial compo-
nent, but are not shown in Fig. 1 for clarity. A sharp hyperbolic
tangent pro� le is chosen for the mixture fraction Z because little
mixing will have occurred at this axial location.

Two different techniques are used to model the inlet turbulence:
Gaussian random � uctuations and a version of the WAWS spec-
tral representationmethod originally formulated by Shinozuka and
Jan.21 In the Gaussian random technique, the � uctuation values for

Fig. 1 Computational domain con� guration and inlet condition pro-
� les for LES.
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all three velocity components are sampled from a Gaussian prob-
ability density function at each time step. The intensity is scaled
everywhere across the inlet plane to match the experimental mea-
surements. Because of the random nature of this inlet forcing, no
spatial or temporal correlation is possible.

Conversely, the WAWS spectral representationmethod is capable
of simulating both spatial and temporal correlation. This is done
through a careful reconstruction of a � uctuation signal from its
Fourier components, which are extracted from a modeled cross-
spectral density across the inlet plane. The resulting signal varies
smoothly in time and space and matches a target power spectrum
and spatial correlation across the inlet plane. Although some re-
searchers have been able to simulate Reynolds stresses with similar
techniques,29 no attempt is made here to model these higher-order
statistics.

The spectral representationmethod begins by arbitrarilynumber-
ing each of the M grid point across the inlet plane, so that the time
series for the � uctuation of a single velocity component for inlet
grid point i can be simulated by
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This equation represents a summation over N frequencies, de� ned
as
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where 1! D !u=N is the frequency spacing, !u is the upper cutoff
frequency, and ±!n is a small random perturbation distributed be-
tween ¡1!0=2 and 1!0=2 to destroy periodicity in the generated
� uctuations. To avoid any signi� cant drift from the target power
spectrum, 1! 0 is given a value of 1!=10. The parameters Ámn are
a set of independent random phases uniformly distributed between
0 and 2¼ . For all simulations presented here, the upper cutoff fre-
quency !u is � xed so that the simulated signal contains 85% of the
target power. Because the simulated frequenciesare equally spaced,
this ensures an adequate frequencyresolution at the low wave num-
ber energy-containing portion of the spectrum, while neglecting
contributions from the extreme highest wave numbers that would
otherwise be � ltered out of the LES solution.

The variables Him .!n/ in Eq. (1) are components of a transfer
function matrix, de� ned in general as

S.!n/ D H.!n/HH .!n/ (4)

where superscript H represents a Hermitian transpose and S.!n/ is
the cross-spectraldensity (CSD) matrix whose components Sim .!n/
are de� ned as the Fourier transform of the cross correlation Rim .¿ /
between spatially separated points i and m across the inlet plane.
The generallycomplex components Him.!n/ can be written in polar
form as

Him.!n/ D jHim.!n/j exp[iµim .!n/] (5)

which de� nes µim.!n/ in Eq. (1) as

µim .!n/ D tan¡1
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Note that the matrix H.!n/ is not unique for a given S.!n/ and
can be calculated in a number of ways. Cholesky decomposition is
used in the presentwork, which reducesH.!n/ to a lower-triangular
matrix, greatly simplifying calculations.

All that is needed to use this simulation technique is the CSD
matrix for each of the three velocity components. Unfortunately,
detailed cross-spectraldata are unavailable for the present � ow, so
that modelsmust be used.The CSD between two spatiallyseparated

points is related to the two-sided autospectrumthrough the complex
coherence function °im as44

Sim.!n/ D °im

p
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Very detailedempirical correlationsexist for the coherencefunction
for some turbulent � ows, such as the atmospheric boundary layer.
However, no known correlations or coherence data exist for the
near-� eld of a turbulent jet. Thus, a modi� ed version of a simple
exponential-decaymodel44 is used here:
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where rim is the distance between points i and m and Uim is the
average mean velocity between the two points. All parameters in
this expression have been nondimensionalizedby the jet diameter
and centerlinevelocity.The constants A and B are given values of 1
and 4, respectively,which are chosen to yield qualitativelyrealistic
velocity � uctuations. The quadratic term was added to this model
to limit the low-frequencycorrelationacross large distances,which
was observed to cause an unnatural large-magnitude oscillation in
the mass � ux through the inlet plane.

Detailed power spectra in the extreme near � eld of a fully turbu-
lent jet at this Reynolds number are, to the authors’ knowledge, not
currently available in the open literature. Thus, a version of the von
Kármán model spectrum is used (see Ref. 45):

Sii . f / D 4 Qf .u 0/2

f .1 C 70:8 Qf 2/
5
6

(9)

which is parameterized in terms of the rms turbulence intensity u0,
the frequency f (in hertz), the integral length scale Lu , and the
mean velocity U , where the nondimensional frequency is de� ned
as Qf D Lu f=U . All parameters in this model spectrumare known at
the inlet plane except for the integral length scale. To determine this
parameter, spectra from Bremhorst and Walker46 for pipe � ow at a
Reynolds number of 5:356 £ 104 are scaled to the � uctuation inten-
sities found in the present jet, and the model integral length scale is
then speci� ed to � t these data. All parameters for the coherenceand
power spectrum models vary spatially across the jet radius through
the use of cubic spline curve � ts to the known data.

Because both computational cost and storage for this technique
are O.M2/, the number of simulated grid points and frequencies
must be restrictedto yield an affordablecalculation.Turbulentstruc-
tures inside the jet pipe will obviously be uncorrelated with struc-
tures in the co� owoutsidethe pipe.Appreciablecorrelationbetween
these two zones will not likely develop within the � rst 0.2 jet diam-
eters downstreamof the nozzle, which is where the inlet conditions
are actually speci� ed. As such, the inlet plane is broken into three
zones that are simulated independently. The � rst zone covers the
area immediately downstream of the jet nozzle and extends to a
radius of r=D D 0:55. The second zone extends from this location
through a radius of r=D D 0:8 to capture a majority of the external
boundary layer. For reasons of cost, Gaussian random � uctuations
are used outside r=D D 0:8 to match the low-freestream-turbulence
level of the co� ow. The inlet simulationuses 64 discretefrequencies
in the jet and 32 frequencies in the external boundary layer for each
of the three velocity components.

Grid and Parallel Computation Issues
The LES are performed on a 216 £ 120 £ 120 Cartesian com-

putational grid, with grid compression used near the jet nozzle to
better resolve the shear layer.The grid is shown in Fig. 2 at one-third
density, for clarity.

The present simulation would not be possible in a reasonable
time frame without running in parallel. The message passing inter-
face (MPI) was chosen as the interprocess-communication library
because of its portability, allowing the code to run without modi� -
cation on both shared-address space and distributed-addressspace
supercomputers,as well as clusters of stand-alone workstations.
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Fig. 2 Computationalgrid illustratingparallel domain decomposition
(one-third density grid).

The physical domain is decomposed into 16 three-dimensional
blocks, with each processor being responsible for a single block.
The decomposition can be seen as gaps in the grid in Fig. 2. The
spectral representationinlet condition methodology has a very nat-
ural parallel decomposition in frequencyspace. Each processor cal-
culates the � uctuations from a small frequency range, and the � nal
signal is simply a summation of these. The compact � nite differ-
ence and compact � ltering methodologies,however, require special
treatment due to their semi-implicitnature.To resolve this issue, the
parallel tridiagonal matrix algorithm developed by Mattor et al.47

and an extension of this technique for pentadiagonal systems are
used in the solution. Both of these techniques yield good parallel
performance for the simulations presented in this study.

LES Numerical Accuracy
As mentioned, the solution is passed through a sixth-order com-

pact grid � lter for numerical stability reasons. Ideally, this � lter
would be several orders higher accuracy than the � ow solver to
avoid excessive contamination of the solution with truncation er-
rors. Recall that two rows of grid points at each boundaryare solved
with a � fth-order method for stability. This reduces the formal ac-
curacy of the overall numerical method to � fth order, and so there
is only one order of separation between the � lter and solver. De-
creasing the order of the solver was undesirablebecause this would
require more grid resolution to obtain an equivalent solution accu-
racy, which would increase memory and storage requirements to
impractical levels. Increasing the order of the � lter was also unde-
sirablebecausethis would havenecessitateda largerright-hand-side
or left-hand-side stencil. The additional cost, storage, and parallel
communication overhead at the subdomain boundaries for this was
also prohibitive.

As a concession,the spectralresolutionof the � lterswas increased
by solving a pentadiagonalsystem rather than a tridiagonalsystem,
as was used for the � ow solver. The pentadiagonal grid and test
� lter transfer functionsare both shown in Fig. 3. The spectral cutoff
of the grid � lter is moved close to the maximum supported wave
number on the grid. When the solution is grid � ltered, a portion
of the erroneous high-wave-number components of the solution is
removed,as approximatedby the shadedrangeof the modi� ed wave
number33 in the lower portion of Fig. 3.

The solution dependence on grid resolution is shown in Fig. 4,
where the centerline axial velocity is shown for a typical simula-
tion using the Gaussian random inlet condition methodology. The
functional form of the test � lter used prevented � lter sizes larger
than that already used, and so grid re� nement tests independent
of the physical � lter size were not performed. Alternatively, the
same code con� guration was run at three different resolutions: the
� nal 216 £ 120 £ 120 grid and two more that were roughly three-
quarters and one-half of this resolution in each direction. The � nal

Fig. 3 Grid and test � lter transfer functions and the solver modi� ed
wave number.

Fig. 4 Grid dependence of the jet centerline axial velocity.

and the three-quarter resolutions yielded nearly identical results,
but the � ner mesh was chosen to eliminate doubt about the solution
accuracy.

Estimates indicate that theKolmogorovlengthscalesin the down-
stream portionsof the jet are generallyaround 30 times smaller than
the grid size, so that the smallest dissipative scales are certainly un-
resolved. Figure 5 con� rms this by showing that the time-averaged
subgrid stress dominates the resolved viscous stress at x=D D 10.
Similar behavior is seen for the other components of the stress ten-
sors and at other physical locationsin the jet. Figure 6 showsan axial
pro� le of the turbulence intensity, both with and without the SGS
model activated. Without the model, the initial transition to turbu-
lence occurs more rapidly, which slightly broadens the jet velocity
pro� le and decreases the turbulenceproduction rate. The centerline
intensitypeaks sooner,and the downstreamdevelopmentfollowsan
almost identical trend.

The grid � lter is needed for long-time stability of the simulation,
but when both the grid � lter and the SGS model are deactivated,
the code destabilizes almost immediately. Because the code runs
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stable with only the grid � lter, this matches the recent observation
that grid � lters used with compact solvers can act as an SGS model
themselves.48 Efforts to quantify this effect are outside the scope of
the present work and are not attempted.

Fluent Simulations
As will be discussedin the followingsections,severalRANS sim-

ulationswere performedto complement the LES. For simplicity, the
Fluent commercial CFD code was used. The axisymmetric domain
geometry is illustratedschematicallyin Fig. 7, with notablefeatures
includingan 80D length of the upstreamjet pipe and a small section
of the upstream duct.

Fig. 5 Transverse pro� les of a resolved viscous and SGS stress com-
ponent at x/D = 10.

Fig. 6 Axial pro� le of turbulence intensity both with and without the
SGS model.

Fig. 7 Computational domain con� guration for Fluent RANS simulations.

This domain geometry was chosen to eliminate any possible ef-
fects on the � ow caused by the inlet conditions,which would other-
wise have been applied at x=D D 0:2 downstream of the jet nozzle.
Because the correct inlet conditions for this expanded geometry are
unknown, approximatevelocity pro� les were applied and then iter-
atively adjusted until the centerline velocity at x=D D 0:2 matched
that of the experimental data. The long inlet pipe is used so that
the pipe velocity pro� le obtains a fully developed state before the
nozzle is reached.

Careful attention was paid to grid resolution in the RANS simu-
lations, especially in the near-wall region of the pipe. A two-layer
zonalmodel was used to treat the walls, and the � rst grid point is ev-
erywhere less than yC D 0:5 from the wall to ensure accuracyof this
model. These RANS simulations contain 302,000 grid cells, with
251,000 used for the upstream pipe. To assess grid independence,
adaptive mesh re� nement was used in regions of large gradients of
the major transportvariables,bringing the grid count up to 436,000.
No differences larger than 1% were found in the mean velocity
� eld, indicating an essentially grid-independent solution without
additional re� nement.

In addition to the axisymmetric RANS simulations, a three-
dimensionalLES was performedwith Fluent.To yielda more afford-
able calculation, the domain size was reduced from that used with
the LES researchcode. The Fluent LES domain extends12D in the
axial direction, and the sidewalls are placed 3D from the centerline
to assure no interaction with the jet other than weak con� nement.
A 140 £ 70 £ 70 computational mesh with compression near the
jet nozzle was used, which yielded near-� eld grid densities about
20% less than in the research LES and an overall qualitatively sim-
ilar grid distribution.The unsteady second-order implicit temporal
solverwas used,with a second-ordercentraldifferencingspatialdis-
cretization to eliminate implicit numerical dissipation. For subgrid
closure,the renormalizationgroup (RNG) dynamicmodel was used.

Mean pro� les for the Fluent LES inletconditionswere taken from
the experimental data at x=D D 0:2. Fluent uses Gaussian random
perturbationsto simulate inlet turbulenceas in the baseline research
LES code con� guration, but a � xed relative intensity is required as
an input. As an approximation of the range of values found across
the jet pro� le, an intensity of 10% is used.

Results and Discussion
Inlet Condition Behavior

The fundamental difference between the inlet conditions used in
the Gaussian randomLES (GR LES) and the spectral representation
LES (spectralLES) can be easily seen in Fig. 8. Here, typical instan-
taneous snapshotsof axial velocity across the inlet plane are shown,
with the magnitude inferred from the height of the surface. As one
would expect from random � uctuations, the GR inlet pro� le has
many sharp peaks and valleys that do not realisticallycharacterizea
� uid � ow. Conversely, the spectral representationinlet velocitypro-
� le is much more representativeof a turbulent � uid. Many different
� uctuation length scales are visible, and they are all smoothly vary-
ing, within the obvious restrictionsof grid resolution.The temporal
variation of these two inlet methodologiesis shown in Fig. 9 for the
grid point on the jet centerline. The spectral � uctuations are remi-
niscent of an actual time series measured from a turbulent � ow,49
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Fig. 8 Instantaneous snapshot of inlet velocity pro� les.

Fig. 9 Representative axial velocity time series for an inlet grid point
on the jet centerline.

Fig. 10 Near-� eld turbulence intensity in a plane through the center-
line of the jet.

whereas the random � uctuations are not. The GR � uctuationshave
no spatial or temporal correlationbetween any two inlet grid points
or any two time levels, unlike in a real turbulent � ow.

The way the near-� eld � ow responds to these two inlet forcing
schemes can be seen in the near-� eld average turbulence inten-
sity, shown in Fig. 10. Both simulations are forced with the same
turbulence intensity across the inlet plane; however, the response
is signi� cantly different. In the GR LES, the intensity at the inlet

Fig. 11 Instantaneous mixture fraction in a plane through the center-
line of the jet.

planedropsalmost to zero as the random� uctuationsare dissipated,
similar to the observationsof Branley and Jones.50 The intensity re-
mains close to zero until the merging shear layers bring the level
back up. The spectral LES does not experience the same drop in
turbulencelevels. In fact, the turbulence levels at the inlet hold their
value roughly constant for a short time before the growth begins.
This is the correct near-� eld behavior for a jet that is fed by a fully
turbulent pipe � ow.30

The highernear-� eld turbulencelevels in the spectralLES lead to
enhanced mixing between the jet and the co� ow. This can be seen
qualitatively in Fig. 11, which is an illustrationof the instantaneous
mixture fraction in a plane through the centerlineof the jet. Clearly,
regionsofunmixedjet � uidarepresentfartherdownstreamin theGR
LES. The mixing in the spectralLES beginssoonerand is apparently
more thorough,as evidencedby thewiderdownstreamjetpro� le and
independent observationsof smaller mixture composition standard
deviation.

Qualitative comparisons between the mixture fraction distribu-
tion in the spectral LES of Fig. 11 and equivalent images from an
experimental fully turbulent jet by Mi et al.6 reveal some differ-
ences. The spectral representation inlet conditions seem to possess
an abundanceof large-scalestructurewhere the experimentalimage
shows primarily small-scale structure. This difference is likely due
to errors in the speci� cation of the model coherence function and
power spectrum. With proper data on which to base these models,
it is presumed that this comparison would be closer. Despite this in-
consistency,the spectralrepresentationinlet conditionmethodology
is capableof generatingdistinctlymore realistic near-� eld turbulent
structure than simple random � uctuations.

A clearer view of the near-� eld turbulence structure is visualized
in Fig. 12 for both the GR and spectralLES, as well as a comparable
LES performedwith the Fluent commercialCFD code, as described
earlier. Isosurfaces of negative second eigenvalues of the tensor
.Sik Sk j C Äik Äk j / are plotted to isolate vortical structures in the
� ow, independent of the mean shear-generatedvorticity.51

Although it is partially obscured in Fig. 12, there is almost no
turbulent structure visible in the near-� eld core of the GR LES.
Conversely, there is structure found throughout the near-� eld core
of the spectral LES. Additionally, the GR LES is seen to possess in-
termittentKelvin–Helmholtz-typeinstabilitiesin the shear layer that
switch between forming discretevortex rings and helical structures.
The helical mode is visible in Fig. 12. Although more disorganized,
the behaviorof the GR LES is reminiscentof a transitionalturbulent
jet fed by a laminar in� ow, where shear layer instability is the driver
of the transition to turbulence.A qualitative change in the structure
of this jet is visible about three jet diameters downstream of the
nozzle, where a transition to turbulence is likely beginning.

No such transitional jet behavior is found in the near � eld of the
spectral LES. Qualitatively, the disorganized turbulent structure is
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Fig. 12 Instantaneous vortical structures visualized by negative ¸2
isosurfaces.

consistent almost all of the way up to the jet nozzle. The spectral
inlet � uctuations are generated independentlyof the Navier–Stokes
equations and are, thus, just as nonphysical as the GR � uctuation.
However, their coherent and smoothly varying nature appears to
seed an almost immediate transition to real turbulence.This earlier
transition contributes to the broader jet pro� le seen in Fig. 12.

The Fluent LES in Fig. 12 bears a strikingly different structure
from either research-codeLES. Because it also uses GR inlet � uctu-
ations, the near � eld most closely resembles the GR LES. The core
is almost absent of structure, and intermittent partial vortex rings in
the shear layer are swept into horseshoevortices that tangle together
and eventually transition to turbulence far downstream. The transi-
tion is not as rapid as in the other two simulations, and the overall
vortical structures are larger and more coherent. Although the grid
is only slightly coarser than in either research LES, the numerical
method is only second order in space and has a much lower spectral
resolution.33 This, coupled with a � nite volume formulation of a
different SGS closure model likely explains the differences. De-
spite the differences,several of the GR inlet condition traits are still
visible.

To investigatefurtherthedifferencebetween the transitionbehav-
iors of the GR and spectral LES, Fig. 13 shows the radial velocity
power spectral density in the shear layer, measured at x=D D 2 and
y=D D 0:5. The referencetime used in the nondimensionalization of
Fig. 13 is de� ned as tref D D=.U j ¡ Uco/. The nontraditionallinear
axes for Fig. 13 are used to accentuate the lower-frequencycompo-
nents that are dominant during transition to turbulence. Although
somewhat noisy, the curve for the GR LES increasesto a broad peak
centeredat roughly f ¤ D 0:7, which is the most ampli� ed frequency
from the inlet forcing,52 and then rapidly decreases toward larger
frequencies.Qualitatively, this is the exact same trend as was found
by Mi et al.6 in an initially laminar transitional jet with a top-hat
velocity pro� le. In the same work, a jet driven by a fully devel-
oped turbulentpipe � ow showed a power spectrum that peaks at the
lowest-frequency and monotonically decreases toward higher fre-
quencies. The spectral LES power spectrum is somewhat closer to

Fig. 13 Radial velocity power spectral densities measured at x/D = 2
in the center of the shear layer.

Fig. 14 Axial velocity power spectral density measured at x/D = 10 on
the jet centerline.

this behavior, although the discrete forcing frequencies make inter-
pretationof Fig. 13 challenging.The model power spectrum used in
this simulation [Eq. (9)] possesses the characteristicof a monotoni-
cally decreasingmagnitude,although the extreme lowest-frequency
components of the inlet forcing were apparentlynot retained by the
� ow at this location.

An axial velocity power spectrum measured on the jet centerline
at x=D D 10 is shown in Fig. 14. Although somewhat noisy due to
the limited number of samples available, the energycascadefollows
expected patterns for both simulations.The power spectrum for the
spectral LES lies below the spectrum for the GR LES because the
turbulent kinetic energy at this location is about 24% lower.

Comparison to Experimental Data
The GR LES and Spectral LES inlet conditions are both models

of the the experiments performed at IRPHE.30;31 In Fig. 15, radial
pro� les of mean axial velocity are compared with these experimen-
tal data. The pro� les match exactly at x=D D 0:2 because this is the
inlet plane where the velocity is imposed. At x=D D 5 the GR LES
is still doing a fairly good job, whereas the centerline velocity is
underpredicted in the spectral LES. This is due to the earlier on-
set of enhanced turbulent mixing, seen earlier in Fig. 11. Beyond
x=D D 5, both simulationsunderpredictthe centerlinevelocity, and
the solutions tend toward each other farther downstream.

This behavior can be seen more clearly in Fig. 16, which shows
jet centerline pro� les of the same quantities. The GR LES initially
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Fig. 15 Mean radial pro� les of axial velocity.

Fig. 16 Decay of mean axial velocity along jet the centerline.

overpredictsthevelocityuntilaboutx=D D 5, where the shear layers
merge and turbulent mixing begins. From there, the velocity decay
rate is much too rapid. The spectral LES matches the initial pro� le
more closely, although it, too, eventually begins a rapid decay like
the GR LES, starting at a location farther upstream.The Fluent LES
results are also included in Fig. 16 for comparison. The results are
remarkablyclose to that of theGR LES, whichusesa similar random
inlet condition treatment. Regardless of the inlet treatment, though,
all LES results presented here follow a similar downstream trend.

Radial pro� les of the turbulence intensity normalized by the lo-
cal centerline velocity are shown in Fig. 17. Note that the intensity
measured from the LES represents only the contribution from re-
solved scales. The Lagrangian dynamic SGS closure model used in
the presentwork is an effectiveeddy-viscositymodel that treats only
the deviatoricportionof the SGS stress tensor. The isotropicportion
of this tensor is assumed negligible and is left unmodeled,53 effec-
tively merging the SGS turbulent kinetic energy into the pressure

Fig. 17 Mean radial pro� les of turbulence intensity.

Fig. 18 Jet centerline turbulence intensity.

where this informationis lost.54 With the originalmodelingassump-
tion that this contribution is negligible, this is of minor concern in
the present work.

The turbulence intensity matches the experimental pro� le well
at x=D D 0:2, as it should. The slight underpredictionsseen at this
location are due to the explicit grid � ltering removing the smallest
scales of the inlet forcing.Looking farther downstream, the spectral
LES initially has a larger intensity than the GR LES, but by the end
of the domain the simulated intensities are almost identical to each
other. Overall, the correct trends are predicted for both simulations
despite a consistentoverpredictionat all downstream locations.Ax-
ial pro� les of these same data are presented in Fig. 18, where the
initial growth of turbulence intensity is seen to be too rapid for both
the GR and spectral LES. This rapid growth is not just a conse-
quence of being normalized by the underpredicted axial velocity
because the unnormalized intensity also grows more rapidly than
the unnormalized experimental data. After this initial growth, the
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intensity for both LES appear to approach a constant magnitude. A
similar trend can be seen for the experimental data.

The initial sharp drop in turbulence intensity for the Fluent LES
closely matches the behaviorof the GR LES. Similarly, the intensity
then grows at an excessive rate and appears to start leveling off.
The enhanced turbulent mixing from this overpredicted intensity
explainswhy the centerlinevelocity in Fig. 16 decays slightly more
rapidly than that of the GR LES.

RANS Results
The magnitude and consistencyof the errors in velocity statistics

described in the preceding section prompted a further investigation
to ascertain whether there might be a numerical or modeling error
in the LES code. Various SGS models were brie� y tested, along
with several numerical methods, � ltering operators, and boundary
condition treatments. None provided a signi� cant change.This was
one of the reasons for attempting a repeat of the simulations with
the Fluent commercial CFD code. After � nding a similar enhanced
centerline velocity decay in this and other tests, it was decided to
look elsewhere for the cause of the consistent discrepancy.

For comparison, several axisymmetric RANS simulations were
performed using Fluent with various domain con� gurations and
numerical methods. Several closure models were tested, including
versions of the k–² model and Reynolds stress models (RSM). All
simulations used the same experimental velocity and turbulent ki-
neticenergypro� les aswere used in theLES, aswell as experimental
pro� les of Reynolds stresses where needed. Surprisingly,all results
fell along the same trends as the LES.

To continuethe RANS investigation,a larger simulationwas con-
structedthat includeda sectionof upstreampipe 80D in lengthand a
section of the upstream co� ow duct, as described earlier and shown
in Fig. 7. Two simulations were performed with this geometry, us-
ing the realizable k–² model and the RSM model. The results for
these two simulationsare labeled the k–² RANS (w/pipe) and RSM
RANS (w/pipe), respectively, in Figs. 16 and 18.

The k–² simulation has the same incorrect centerline velocity
trend as all earlier simulation, whereas the RSM RANS (w/pipe)
was the � rst simulation attempted in this work that matched the
experimental data reasonablyclosely. Admittedly, further improve-
ments in this simulation could still be made by � ne tuning the many
model coef� cients, but this was not the intent of the present study.
What should be recognizedis that the RSM RANS (w/pipe) simula-
tion apparentlyincludesthe piece of the puzzle that was consistently
missing from all earlier LES and RANS simulations.

As an additional test to isolate the problem, the exact solution of
all transport variables in the RSM RANS (w/pipe) simulation was
extracted at the x=D D 0:2 plane and used as inlet conditions for
another RSM RANS simulation in a rectangular domain that did
not include the upstream pipe, analogous to the LES domain con-
� gurations. The results of this simulation (labeled as RSM RANS)
are shown in Figs. 16 and 18 as well. Remarkably, the centerline
velocity pro� le did not follow that of the simulation from which
the inlet conditionswere extracted.The solution instead follows the
same incorrect trend as all earlier simulations.

The observation can be made from these tests that, for a fully
turbulent jet, it is extremely important to include the effects of
Reynolds stresses as well as a portion of the upstream pipe. This is
underscoredby the workofGharbiet al.55 (alsoM. Amielh, personal
communication, 2000), who also attempted to simulate the IRPHE
jet and found similar requirements for an accurate solution.

Close observations of the RSM RANS (w/pipe) solution have
indicated that the constant transportvariables in the fully developed
upstream pipe actually begin changing about half a jet diameter
before the end of the pipe. This, along with the difference between
the RSM RANS solutions with and without the pipe indicate that
the numerical solutionsof the jet and the pipe are criticallycoupled.
Removal of the pipe severely damages the jet solution.

Conclusions
Two LES were performed of a fully turbulent jet using different

stochastic inlet condition methodologies to approximate incoming

turbulence: GR � uctuations and the WAWS spectral representation
method. The GR inlet forcing, despite being used in many commer-
cial CFD codes, was found to model a turbulent in� ow poorly. The
inlet � uctuations dissipated almost immediately, resulting in a jet
that behaved more like a transitionally turbulent � ow than a fully
turbulent � ow. The spectral representation inlet forcing was found
to reproduce the jet near � eld much more accurately.Despite being
completely synthetic, the spectral � uctuations allowed the � ow to
transitionrapidly to self-sustainingturbulence.The inlet turbulence
intensity did not decay at all before it began its growth to larger
downstream values, as it should. The earlier growth of turbulence
levels in the spectral LES lead to enhanced mixing of the jet with
the co� ow, resulting in a broader jet velocity pro� le.

Several factors precluded making conclusive statements about
the accuracy of the spectral representation inlet condition method-
ology. Through comparisons to LES and RANS simulations per-
formed with the Fluent commercial CFD code, it was determined
that the solution in the jet and the upstream pipe are critically cou-
pled.Removalof thepipe from the simulationseverelyaltered the jet
behavior,regardlessof the accuracyof the inlet conditions.Because
the pipe was not included in either LES, the measured trends were
far enough from the experimental data to prevent accurate compar-
isons. Adding the pipe would have requiredconvertingthe code to a
cylindrical coordinate system to treat properly the near-wall region
of the upstream pipe and was not performed in the present work.

Reynolds stresses were also found to be important to the RANS
solutions.The realizablek–² closuremodel performedpoorly in the
present work, whereas the RSM was capable of doing quite well.
Simply imposing Reynolds stresses at the inlet of a RSM RANS
that did not include the upstream pipe also lead to very poor results.
It is uncertain whether inclusion of Reynolds stresses in the present
spectral representationinlet forcingmethodologywould have made
much of a difference due to the lack of an inlet pipe, although it is
suspected that it would not.

Despite these issues, the spectralrepresentationinlet forcing tech-
niquewas found to have substantialmerit over GR � uctuations.The
intent of any inlet forcing scheme is to recreate the upstream � ow
as accurately as possible so that the downstream � ow is allowed
to develop naturally. To this end, the spectral forcing was able to
generate self-sustaining inlet turbulence, whereas the random in-
let forcing simply could not. It is the authors’ opinion that pure
random inlet forcing should not be used in unsteady simulations
such as LES or DNS for the sole purpose of generating inlet tur-
bulence. The spectral representation technique, or other stochastic
� eld-generation techniques like it, holds promise as a simple and
cost-effectiveway to perform fully turbulent simulations.
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