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The treatment of inlet conditions for LES is a complex problem, but of extreme importance as, in many
cases, the fluid behaviour within the domain is determined in large part by the inlet behaviour. The rea-
son why it is so difficult to formulate inlet conditions is because the inlet flow must include a stochasti-
cally-varying component: ideally this component should ‘look’ like turbulence whilst at the same time be

as simple as possible to implement and modify. We review methods for accomplishing this reported in
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the literature, these being ‘precursor simulation’ methods and ‘synthesis’ methods, and implement our
own novel versions of these using the code OpenFOAM. Conclusions have been drawn about the relative
merits of the different approaches, based on the physical realism of the results and the ease of construc-

CFD tion and use.
© 20009 Elsevier Ltd. All rights reserved.
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1. Introduction

Turbulence is a complex state of fluid motion, usually described
in terms of pseudo-random coherent motions on a range of spatial
and temporal scales superimposed on some ‘mean’ flow. The range
of motions is fairly continuous between large scales determined by
the geometry of the problem and small scales determined by the
viscosity of the fluid, and this range is sufficiently wide that for
most cases of interest, direct numerical simulation of the full
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0045-7930/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compfluid.2009.10.007

Navier-Stokes equations (NSE) is impossible. Hence to solve turbu-
lent flow problems we rely on turbulence modelling techniques, in
which the number of degrees of freedom of the problem is substan-
tially reduced by applying some averaging process: the resulting
averaged Navier-Stokes equations are then solved together with
modelled equations for quantities representative of the fluctuation
around this average. Hence in Reynolds Averaged Navier Stokes
(RANS) methods, an ensemble average is applied to the flow to di-
vide it into a mean flow and fluctuations around this mean, which
we choose to label as ‘turbulence’. The RANS equations are then
solved together with equations for quantities such as the turbulent
kinetic energy k which are expected to be universal. Implicit within
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this method is the assumption of a scale separation between ‘tur-
bulent’ and ‘non-turbulent’ scales in the flow. In practise we often
take the ensemble average to be equivalent to a time-average, and
assume that the timescale for the fluctuations around the mean
that we are labelling as ‘turbulence’ is considerably shorter than
any timescale for variation of the mean flow, which may in fact
be time-independent. Despite this RANS simulations have been
remarkably successful, and can be considered as industry standard.

An alternative approach to turbulence modelling, which is gain-
ing in popularity as increasing computational power makes it more
accessible, is that of large eddy simulation (LES). Here the averag-
ing applied to the flow is a spatial averaging in the form of a con-
volution with a spatial filter G, separating the flow into grid scale
(GS) and sub-grid scale (SGS) components u = u+ W, where
u=Gxu= [,G( Au(, t)d3§, A is a characteristic scale of G, re-
ferred to as the filter width, and D is the computational domain.
Conventionally we assume that the filter width is the same as
the cell size Ax, hence the labels grid scale and sub-grid scale. In
this case the averaged, or filtered Navier-Stokes equations take
the form

V. =0, (1)
g+ V.(i@u) =V.(S—B),

given that the commutation |G+, Vju = 0 : u is the velocity field, v
the molecular viscosity, S = —pl + 2vD with p the specific pressure,
and D =} (Vu + Vu'). The convolution process generates an addi-
tional term, the SGS stress tensor:

B=ugu-ueu=L+C+R, (2)

where L is the Leonard stress, C the cross stress and R the Reynolds-
stress tensor (e.g. [22]). The term B represents the effect of the SGS
turbulence on the GS flow. In classical LES these terms are replaced
with explicit SGS models based on algebraic or transport equations
for physical properties such as the SGS turbulent kinetic energy k.
An alternative approach, implicit LES, relies on the numerical prop-
erties of the numerical differencing schemes to stabilise the simula-
tion and substitute for the SGS stress tensor; no explicit SGS
turbulence model being provided [17,16]. Recently, hybrid schemes
such as detached eddy simulation (DES) [54] which blend LES for
the free stream with RANS for the near-wall flow, have been pro-
posed as another alternative. For the purposes of this review how-
ever there is little difference between these methods; the major
problem with implementing LES inlet conditions lies in specifying
the GS properties at the inlet, and these are simulated in exactly
the same way in classical and implicit LES, and for the free stream
of DES. Although our computational examples and most of the liter-
ature reviewed here uses classical LES, the inlet methods described
should work equally with implicit LES and DES, although with the
latter there may be additional complications with the blending at
the walls.

There are several advantages of adopting the LES approach. In
particular, no assumption is being made concerning scale separa-
tion. In fact, it is commonly assumed that the energy in the mo-
tions in the flow is continuously distributed in the conventional
—5/3 power law spectrum of turbulence, and this energy spectrum
is being truncated somewhere in the turbulent cascade, with the
larger turbulent scales being explicitly simulated whilst the smal-
ler, more universal scales are being replaced by the SGS turbulence
model. Since we are often interested in the effects of the larger
scales of the turbulence (but less often in the very smallest scales),
then this leads to a more accurate representation of the transitory
component of the flow, irrespective of whether we choose to label
it ‘turbulence’ or not. However it does present problems when we
need to apply boundary conditions. In RANS, because of the scale
separation, all quantities specified on boundaries are constants,

or at most slowly varying in time in comparison with the simula-
tion timestep. In LES however, the GS variables always include
some time-varying component, stochastically varying on all scales
down to the spatial scale (the grid scale Ax) and the temporal scale
(the timestep At) of the simulation. Put simply, at an inlet (and at a
wall if wall functions are being used) turbulent fluctuations are
present on the grid scale, and some method must be found for gen-
erating stochastic fluctuations in the grid scale quantities that
‘look’ like turbulence. Although in some problems (such as bluff-
body flows), turbulence at the inlet is not a significant contribution
to the turbulence within the domain, in a lot of cases the inlet con-
ditions will have a significant impact on the flow dynamics, and
thus the correct implementation of inlet conditions is of significant
importance. In this paper we review various possible approaches to
the problem, namely precomputed ‘precursor simulation’ tech-
niques, and various approaches to synthesis of turbulence at the
inlet. We also discuss comparative tests between the different
methods, both from the literature and presenting our own results
from LES of turbulent flow in a wall-bounded channel.

2. Inlet conditions used for LES

As emphasised above, generating inlet conditions for LES is con-
siderably more difficult than it is for RANS. In theory we would
want some or all of the following conditions to be met: the bound-
ary should

be stochastically varying;

...on scales down to the filter scale (spatially and temporally);
be compatible with the Navier-Stokes equations;

‘look’ like turbulence;

allow the easy specification of turbulent properties (turbulence
intensities, length scales, etc.);

e be easy to implement and to adjust to new inlet conditions.

There is a rough order of importance, or at least complexity, in
the list above, in that it is relatively easy to implement a stochas-
tically varying inlet (or even just a randomly varying one), much
more difficult to ensure that it satisfies the Navier-Stokes
equations.

What we mean by making it ‘look’ like turbulence needs some
explanation; clearly one could create a wide range of flow fluctua-
tions around the mean which would have specified spectral prop-
erties such as intensity and length scales (since these are integral
properties covering the whole domain), and similarly could create
a wide range of fluctuations which satisfy the Navier-Stokes equa-
tions. Not all would have the structure of turbulence, of coherent
eddies across a range of spatial scales down to the Kolmogorov
scale which interact with each other, and the issue of coherence
in particular will turn out to be highly significant when trying to
synthesise inlet turbulence (Section 3). Even the orientation of
the eddies may be of importance if subsequent straining will occur
within the computational domain. It is also important to distin-
guish between free stream turbulence and wall-bounded turbu-
lence. For free stream turbulence we would certainly want to
recreate the overall energy contained in the turbulent fluctuations;
as well as this we might wish to recreate the distribution across
length scales i.e. the spectrum, and single-point and two-point cor-
relation functions, either because we have measurements for some
of these properties, or because we believe them to be important for
the physics we are attempting to simulate within the domain, or
because they would be important for the incoming fluctuations
to behave like turbulence. It is possible that the incoming turbu-
lence in this case might be anisotropic, but it is probable that it
would be homogeneous across the inlet. We may well also be able
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to rely on Taylor’s hypothesis to relate temporal and spatial distri-
butions of turbulence. Wall-bounded turbulence however is signif-
icantly different from free stream turbulence, in ways which may
be of importance for the inlet conditions. Most importantly, the
structure of turbulence is modified significantly close to the wall,
with it becoming anisotropic, two-dimensional, with vortex burst-
ing from the laminar sublayer contributing to turbulence genera-
tion, and thus developing the well-known profiles of turbulent
stresses with distance from the wall (measured in wall units, the
structure collapsing to a universal profile, due to the law of the
wall). As well as the mean flow profile as a function of distance
from the wall, we are likely to need to generate the correct turbu-
lent stress profiles Ty, T,y and 7y, (x being the streamwise coordi-
nate, y the distance from the wall); however other aspects of the
turbulence may need to be modified, and for example Taylor’s
hypothesis may no longer be relied upon. In the case of a pipe inlet
the radial pressure correlations may be important. Finally the inlet
may need to integrate with any wall modelling used in the main
domain, for example for detached eddy simulation (DES).

The final point, the ease of use, may or may not be more impor-
tant than other issues (such as the compatibility with the NSE), but
it is a significant one nevertheless. Existing methods described in
the literature tend to fall into two basic categories: precursor sim-
ulation methods, in which some form of turbulence is precomput-
ed before the main calculation and introduced into the domain at
the inlet, and synthesis methods, in which some form of random
fluctuation is generated and combined with the mean flow at the
inlet. Both basic approaches have been recorded in the literature
for some time; however in recent years a number of new variants
have appeared. Comparisons between the different types are rarer
in the literature; Keating et al. [35] have investigated the proper-
ties of precursor simulation methods and synthesis methods, to-
gether with a forcing method using control to drive the flow
towards a pre-specified condition. Tabor et al. have also presented
a similar group of comparisons [60]. Thus we feel it to be an appro-
priate moment to present a critical overview of the different meth-
ods, and this is the intention of this review article. The structure of
the article is as follows: in Section 3 we present a review of the lit-
erature on synthetic inlets, in particular using Fourier series, digital
filtering, principle orthogonal decomposition (POD) and vortex
methods. In Section 4 we review the various implementations of
the precursor simulation method. Section 5 starts with a discussion
of comparisons between different techniques, summarising the
findings of Keating et al., and presenting some computed results
for the case of channel flow; then the review concludes with a dis-
cussion of the comparative merits of the different approaches.

3. Synthesised turbulence methods

One commonly-used method for generating turbulent inlets is
to try to synthesise them according to particular constraints. At
the simplest level this can involve introducing a white-noise ran-
dom component to the inlet velocity, with an amplitude deter-
mined by the turbulent intensity level. This basic method is not
an appropriate one; the white noise component has few of the re-
quired characteristics of turbulent flow - in particular it possesses
no spatial or temporal coherence whatsoever - and so it is in-
stantly destroyed by the Navier-Stokes solver. The inability of such
a method to generate adequate inlet conditions has been demon-
strated on several occasions [2,3]. In [3] a white noise inlet is com-
pared with a more sophisticated precursor technique (see below
for more details) for the canonical case of flow over a backward-
facing step. The more realistic inlet condition is shown to trigger
more rapid destabilisation of the mixing layer and thus produce
a shorter mean recirculation length, and an increase in the fre-

quency of vortex shedding. Mathey et al. [44] also investigate a
white noise inlet as part of a comparison with the synthetic eddy
method (see Section 3.3), finding that the white noise inlet overes-
timates re-attachment lengths by 50% and underestimates the
spreading rate of shear layers. This is all attributable to the rapid
damping of the non-physical fluctuations at the inlet leading to a
low level of turbulence in the main flow; in the case of a shear layer
the turbulence level is depressed by an order of magnitude.
However, the ability to synthesise the inlet would be valuable as
it would be possible to parameterise the inlet conditions on a small
range of adjustable parameters and thus easily create aninlet toa de-
sired specification. More advanced synthesis techniques thus must
concentrate on generating fluctuations which are more realistic,
which must involve introducing spatial and/or temporal correlation.

3.1. Fourier techniques and related approaches

White noise fails as an inlet fluctuation because it lacks spatial
and temporal coherence characteristic of true turbulence. Any
more sophisticated approach must include this coherence. Turbu-
lence is often analysed by decomposition onto a basis set, and in
particular onto a basis set of harmonic functions, i.e. Fourier anal-
ysis. Thus, the turbulent fluctuations are represented by a linear
sum of sine and cosine functions, with coefficients representing
the energy contained in each mode. We can reverse the process,
and write the turbulent fluctuation

N
U (Y) = Um Y _ d;COS(iKY + ), 3)
i-1
(or equivalent rearrangements of the same basic relation). Here u}, is
the x-component of the fluctuating velocity, and y is some coordi-
nate across the inlet to the domain. a; and ¢} are coefficients to
be determined from some form of constrained random process. This
generates an arbitrary fluctuating profile which can be added to the
mean velocity profile to generate an instantaneous flow profile

N
Un(Y, t) = Ux(Y) + U (Y, £) = Ux(Y) + Um Y _ ai(t) COS(iKy + @}(1)).
i=1

The use of periodic functions provides spatial coherence across
the inlet - in fact probably too much, as harmonic functions are
coherent to +oo; however this is unlikely to matter too much for
a small inlet such as a pipe inlet. The selection of a; and ¢ is impor-
tant. g} relates to the energy contained in scales of wavenumber ik,
and by applying Parsival’s identity, we have

1/t 2 a 2
1 o) =iy (@) @)
J-L i=1

Now we can time-average this. The Lh.s. is 2x the turbulent ki-
netic energy in the x-direction flow been averaged in y-direction, so

N
2B, =12 (@)’ (5)
i=1

This demonstrates that the total turbulent kinetic energy E,, is
related to the coefficients a;. A prescribed power spectrum can be
introduced to constrain the values selected for a;. ¢; provides for
phase differences between the modes, and for temporal phase
shifts during the simulation. Hence, if a} and ¢} are created from
some random process as a function of time, the result will be a syn-
thesised random field that evolves in a manner which can be pre-
cisely controlled.

The above synthesis has been presented assuming that the inlet
is one-dimensional and only one component of the velocity has
been treated. Of course the inlet will be two-dimensional, in which
case we would need to extend the parameterisation, for example in
Cartesian geometries:
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N N
u,(y,2) = Up Z a; cos(iky + ¢}) Z bj’. cos(ixz + &). (6)

i=1 =1

In other geometries this becomes more complex, but in general
solutions to the two-dimensional wave equation would give
appropriate basis sets. For example, for a synthesis inlet for a cylin-
drical pipe, a combination of Bessel functions and Legendre poly-
nomials would be appropriate. More difficult to solve is the
problem of treating the different components of the flow. Fairly
obviously the u;, uj and u; components can all be individually ex-
pressed in this manner, but in theory at least the different coeffi-
cients would need to be linked so as to generate the correct
cross-correlation properties. In practice, this has not been done.

As an example, Lee et al. [42] use Fourier harmonics with coef-
ficients selected to fit one of a selection of required energy spectra,
for example

E(k) ~ k* exp {—2 <’i—<0> 2} ,

or the decaying spectrum

E(k)~k(1+k)e® where ki =kio/v(t— to).

The individual modes are combined with a random phase ¢,; to
introduce temporal variation to the inlet, ¢, is allowed to shift by
an amount |A¢,| < A¢. Within a time interval T,. The temporal
spectrum of the resulting turbulence could be influenced by the
choices of T, and A¢,,,. The results show a good reproduction of
the desired energy spectrum, and the paper also looks at time evo-
lution and spacetime correlation of various quantities such as
velocity derivative skewness and turbulent kinetic energy. Another
example is the application of Fourier techniques to a compressible
(Mach 0.75) jet by Andersson et al. [4]. This study demonstrated
the importance of inlet conditions for real rather than idealised
geometries, although some aspects of the work were concerned
with compressibility effects.

It is essential to ensure that the synthesised fluctuations at least
satisfy continuity. Development of temporal correlation is also crit-
ical to generation of realistic synthesised turbulence. Kondo et al.
[38] attempt to match energy spectra and cross correlation infor-
mation from experimental data, using a random Fourier series
modified to satisfy continuity. Downstream of the inflow they
found reasonable agreement for the required properties. Smirnov
et al. [53] use a Fourier expansion with random coefficients taken
from a Normal distribution N(M, 6%) to generate an isotropic ran-
dom field [40], with an energy spectrum of the form

E(k) ~ ke 2.

This is then subjected to a time-dependent scaling transforma-
tion based on the correlation tensor of the target field r; and infor-
mation about the length and time scales of the turbulence, e.g.
from a steady state RANS simulation or from experimental data.
The resulting flow field has the correct statistical properties and
is also divergence free. They validated their method by generating
homogeneous isotropic flow fields and also anisotropic boundary
layer flows, then successfully applied the method to LES of a ship
wake. One useful feature of this method is that it can also be used
to generate an equivalent random initial field to initialise the sim-
ulation. This spectral synthesis method is implemented in the com-
mercial code fluent.

Davidson [13] generates a collection of realisations of the inlet
turbulent field using superposition of Fourier modes with random
phases and constrained random amplitudes, constrained to match
a prescribed energy spectrum (a modified Karman spectrum in this
case). Temporal correlation is provided at each timestep by creat-

ing a linear interpolation of the running average of the inlet pro-
files with the next realisation. The method is validated for hybrid
LES-RANS of channel flow at e, = 2000. He finds the imposed
time scale to be more significant in generating useful inlet turbu-
lence, and also that inlet time and length scales should be related
to the grid properties rather than to the actual values, and suggests
that such synthesis methods should be seen as generating not ac-
tual turbulence, but fluctuations that can be important in trigger-
ing turbulence downstream of the inlet. Another approach to
generating temporal correlation is through the use of stochastic
random processes. Tabor et al. [60] link the coefficients of a Fourier
series a;, (; to an Ornstein-Ubbink (OU) process, which generates
Gaussian-distributed random numbers with prescribed mean and
variance and temporal correlation. The average magnitude of q;
can be controlled to fit a desired turbulence spectrum
(E(k) ~ k°” was used), and the temporal correlation controlled to
provide a degree of temporal correlation on the inlet fluctuations.
It is also possible to generate fluctuations using other basis sets.
This would certainly be necessary for more complex inlet geome-
tries; the basis set should reflect the properties of the flow at the
edge of the boundary, for example if the inlet flow is coming
through a pipe the basis functions should all be zero at the circum-
ference of the pipe. For a circular pipe this would suggest the use of
Bessel functions, whilst for more complex shaped openings it may
be necessary to generate a basis set from solving Laplace’s equation
in two-dimensional. Returning to the simple rectangular case, the
use of wavelet series may show some potential. Wavelets are basis
functions with compact rather than infinite support, and allow the
decomposition of an input signal into frequency and domain infor-
mation rather than just frequency information. In this context,
they would allow the synthesis of velocity fluctuations with local
correlation rather than the infinite correlation generated by har-
monic functions. An example of this is provided in Section 5 below.

3.2. POD methods

Principal orthogonal decomposition (POD) analysis has been
applied as a way of analysing turbulence in general. POD takes as
input an ensemble of instantaneous realisations or snapshots and
extracts basis functions optimal for the representation of the data;

N

ux,t) =Y a"(6)$" (x),

n=1

decomposing the data into spatial and temporal eigenvectors. Usu-
ally we find that only a small number of the basis functions are suf-
ficient to reconstruct the majority of the information in the dataset.
Thus this represents a good way of extracting information about the
largest scale coherent structures in the flow. Working this back-
wards, coupling with some kind of stochastic or random process,
should in theory construct high-quality synthetic turbulence for
an inlet. Drualt et al. [18] have applied this to generate inlet condi-
tions for both DNS and LES from experimental data acquired using
hot wire measurements, and for two-dimensional and three-dimen-
sional DNS from precursor DNS data. Hot wire measurements pro-
vide good temporal resolution of the data but spatial resolution is
a problem, being restricted by the number of probes that can be uti-
lised simultaneously, so the authors are forced to use linear sto-
chastic estimation to fill in the gaps between the measured
location. Nevertheless, good results are found using a minimum size
of relevant information. Perret et al. [46,47] have taken the same
approach using stereoscopic PIV measurements to provide inlet
conditions for LES of a mixing layer. PIV has the opposite problem
to hot wire; large quantities of spatial data is available, but the flow
is under-resolved temporally, which the authors are forced to com-
pensate for by introducing a synthetic random time series. One- and
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two-point statistics for the synthesised fields are compared with
those measured, with generally satisfactory results. The synthesised
velocity fields exhibit correct energy levels and spatial partition,
and anisotropy of the flow and shear stress are well reproduced,
as are the two-point correlations. However long range correlation
levels are over-predicted; and typical frequencies of the mixing
layer found from hot wire measurements are not present in the
data. Results from the LES are affected by this; the synthesis of
the time series data is not perfect and a significant adaptive section
is present downstream of the inlet as the inlet flow evolves towards
true turbulence, although as the authors observe, the use of simple
Gaussian random fluctuations would have lead to an immediate rel-
aminarisation of the flow. A similar approach was used by Johans-
son and Andersson [34] who used a Galerkin projection of the
NSE onto the most energetic modes from a POD of the target flow.
They found it necessary to add low-energy, small-scale POD-modes
to the primary modes in order to more rapidly establish the correct
level of dissipation and achieve a more realistic distribution of en-
ergy between the velocity components.

3.3. Other methods

Another synthesis approach involves generating entirely ran-
dom number data which can then be processed using digital filters
to generate desired statistical properties such as spatial and tem-
poral correlation [15,37,43]. Further transformations are then ap-
plied to generate anisotropic turbulence matching a specified
Reynolds-stress tensor. The method is thus a generalisation of that
used by Lee et al. described above [42] and Smirnov et al. [53]; but
where these authors use random Fourier series to produce the ini-
tial random data, di Mare and Klein use digital linear nonrecursive
filters. Thus, if r,, is a series of random data with zero mean and
unity variance, then

N
Uy = Z bnrm+n7
n=N

which is a convolution or digital filter, introduces correlation be-
tween successive realisations of the data. The quantity u,, can be
interpreted as being the value of one component of the velocity vec-
tor at a single-point in the inlet; N represents the support of the fil-
ter, and b, are the filter coefficients. N and b, are thus related to the
correlation between neighbouring points, and a relationship can be
derived between the filter coefficients and the two-point velocity
correlation function:

N
(umum+k> - Zj:—NJrkbjbj*k
- N 2
(umum) Ej:—N+chj

The methodology can be simply extended to three-dimensional
by regarding the three-dimensional filter as an outer product of
three one-dimensional filters; thus
b,‘jk = b,‘bjbk.

The only serious obstacle to using this is then how to invert Eq.
(7), particularly given that the information available about the cor-
relation function may be quite limited. However it seems likely
that the method will be insensitive to the detailed function, so
an exponential decay with a specified length scale is adopted.
The resulting methodology is applied to LES of a plane jet and a
boundary layer [15] and DNS of plane jet and jet breakup [37]. di
Mare et al. demonstrate two versions of the method; a simplified
method matching Reynolds stress and a single length scale, and a
more complex variant which seeks to reproduce the complete
Reynolds-stress tensor, which they find reproduces well much of
the structure of the flow and provides a closer match to DNS re-
sults, particularly for wall-bounded flows.

(7)

The digital filter method described above is basically an imple-
mentation via digital filters of a Gaussian stochastic process. This
suggests that other variants could be generated using different fil-
tering techniques. Veloudis et al. [63,62] discuss this in the context
of the impact of non-uniform meshes on the technique; for a uni-
form mesh a single filter coefficient by, is probably sufficient, but if
the turbulent scales vary across the inlet plane, a variation which
in LES may be linked to the LES filter width and hence the mesh,
a range of filters may be required, which complicates the method
and increases its computational cost. They investigate multi-filter
approaches, including methodologies for reducing the computa-
tional cost, and apply their results to flow in a constricted channel.
Reasonable results are obtained for the mean velocity profiles,
compared with literature LES results [61]; results for the various
Reynolds stress components are more mixed. Xie and Castro [67]
use another digital filtering technique to generate inlet conditions
for street-scale flows, with good results.

Finally in this section, a recent approach to inlet synthesis is the
vortex method or synthetic eddy method (SEM). This is based on a
Lagrangian treatment of vortices, which are generated with a given
vorticity distribution at the inlet and transported into the domain
from there. Benhamadouche et al. report on the development of
this method [10], based on an earlier PhD thesis by Sergent [52].
They create two-dimensional vortices for the lateral components
of the fluctuating velocity and use a one-dimensional Langevin
equation for the streamwise component. The method has been
implemented in the commercial code Fluent and tested on a range
of test cases including pipe and channel flow, aerofoil flow and
flow over a hill [44,32], and for indoor flows [1]. Comparison [32]
with other synthesis methods (a Fourier synthesis method [8]
and Lund’s method [43]) is favourable with the SEM needing a sub-
stantially shorter length of domain downstream of the inlet to de-
velop realistic turbulence.

4. Precursor simulation methods

The other method that has been used to generate inflow condi-
tions involves running a separate, precursor, calculation of an equi-
librium flow to generate a ‘library’ of turbulent data which can be
introduced into the main computation at the inlet. This has the
advantage that the inflow conditions for the main computation
are taken from a genuine simulation of turbulence, and thus should
possess many of the required characteristics, including temporal
and spatial fluctuation with correlation and a correct energy spec-
trum. The library itself can be generated in a number of ways, for
example using periodic boxes of turbulence or cyclic channel flow
calculations in which either periodic boundary conditions can be
used, or recycling arguments can be invoked. Then, the velocity
field in one plane normal to the streamwise direction is stored at
each time step. The sequence of planes is then read in as inflow
data for a separate calculation of the flow of interest. Note that
the precursor simulation does not need to be at the same Reynolds
number. It is only supposed to provide some reasonably realistic
scales that will, presumably, develop quickly into the eddies appro-
priate to the particular flow in the LES region. Generally the precur-
sor domain will be of the same cross-section as the inlet itself, so
complex shaped inlets will be no more difficult than simple rectan-
gular ones.

4.1. Cyclic domains

In many cases we wish to compute fully-developed flow. For
example, flow in a channel bounded by flat-plates is a canonical
case for turbulent flow simulation research; given a long enough
entry section, experimental results settle down to give flow
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profiles which are invariant in the streamwise direction. These
flow profiles have been measured very accurately, and so this
serves as a good case to compare computational results against.
Similarly, flow in a long pipe becomes fully developed sufficiently
far downstream from the inlet (the mean velocity profile becoming
invariant after about 40D downstream from the inlet, where D is
the pipe diameter; Reynolds stress components require a longer
distance to develop further but eventually become invariant in
the streamwise direction). Experimentally, a long enough pipe sec-
tion to achieve fully-developed flow is relatively simple to achieve.
Computationally, providing a long enough pipe section would be
prohibitive. However it is unnecessary to do this. If flow out of
the outlet of the domain is reintroduced directly into the inlet
through some sort of mathematical mapping, then the flow recir-
culates through the same domain endlessly, and will quickly arrive
at a fully developed state. Using such a domain it is possible to
study fully-developed flow using quite a short section of the chan-
nel or pipe, constrained only by the periodicity inherent in the
technique. Such cyclic domains have been extensively used in fun-
damental studies of LES and DNS, and in the study of wall-bounded
turbulence (e.g. [20,41,36]).

Many early simulations of spatially developing turbulent flows
with turbulent inlet attempted to use modifications of the periodic
conditions to manipulate the data. Spalart [55,56], for instance,
performed DNS of sink-flow boundary layers and flat-plate bound-
ary layers using periodic boundary conditions. To account for the
variable boundary-layer thickness (decreasing in sink-flow,
increasing in the flat-plate case) he used source terms in the equa-
tions that served to transform the equations into a self-similar
coordinate frame, in which the flow was periodic. Since such sim-
ilarity does not always occur, Spalart and Watmuff [57] proposed a
modification of this method, where a fringe region was appended
to the end of the domain, in which forcing terms were added to
the equations for motion to decrease the boundary-layer thickness,
and re-establish an equilibrium boundary layer. Periodic boundary
conditions could then be used to reintroduce the outlet velocity
field at the inlet. In this context, some authors distinguish between
a channel with periodic boundary conditions between its ends, and
recycling, in which the flow is sampled at some location in the do-
main and the resulting information reintroduced at the inlet.

Also of interest are attempts to generate flow with prescribed
bulk properties, most notably swirl. Swirl injectors are important
in combustion, and so LES of swirling flow is a significant area of
research. Pierce and Moin [48] present a methodology for generat-
ing swirl within a cyclic channel by imposing a constant tangential
body force on the flow. They use constant, linear and quadratic
profiles

her r Fi-a(i-3)]

to generate swirl in pipes, and a similar set of functions for swirling
annular flow. Simulation in a spatially periodic domain conve-
niently generates a fully developed, swirling flow.

4.2. Preprepared library

Cyclic domains are valuable tools in their own right, enabling
the computation and study of fully-developed flow in a short do-
main space. For the purpose of this review however their main util-
ity is in generating turbulence data which can be used for a
precursor simulation approach. It is relatively straightforward to
sample the data at a prescribed location in the auxiliary computa-
tional domain, and save the results for introduction into the main
domain inlet, particularly when the auxiliary computation can be
modified to match the desired conditions of Reynolds number

and mesh structure - the one to ensure the proper turbulent flow,
the other for computational simplicity. Simulations using these
methods show good agreement with experimental measurements,
and typically the flow entering the domain is correctly turbulent;
no further development section is necessary. However they still re-
quire the generation and storage of a separate database. Since this
is of finite extent, it will introduce periodicity into the computation
which may significantly affect any statistical properties being com-
puted. This point has been examined by Chung and Sung [12], who
examine several different methods for mapping data from a pre-
cursor simulation of a cyclic channel to a main simulation of a sim-
ilar channel. These include a temporal database as described above,
and a spatial database created by sweeping the cutting plane
through a single timestep of the precursor simulation an applying
Taylor’s hypothesis (this however has the flaw that the flow veloc-
ity varies with distance from the wall and thus Taylor’s hypothesis
is not strictly valid). In addition they examine ways of manipulat-
ing the data via amplitude and phase ‘jittering’ [42], introducing
random fluctuations into the data, in order to destroy the periodic-
ity in the database. Results are not completely convincing, with
each of their methods demonstrating significant and distinct prob-
lems. Similar techniques have been applied to cylindrical pipes
[59].

Another example of this method has been developed for hybrid
RANS/LES simulations by Schluter, Pitsch, and Moin [51]. They
used a precursor database to provide turbulent fluctuations which
were then rescaled according to the Reynolds stress predicted by a
RANS calculation, and imposed on the target mean profile also ob-
tained from RANS. However, little is known about the effect of the
significant rescaling that occurs when the database is very differ-
ent from the target turbulent field, not to mention the issues re-
lated to superposition of the turbulent fluctuations on the mean
profiles. Such simulations are found to require an adaptive length
downstream of the inlet where flow conditions return to full
turbulence.

Precursor databases are extensively used for LES of swirling
flows [66,25], based on the work mentioned above by Pierce and
Moin on swirl in cyclic channels [48]. As an example of this, Wang
and Bai [65] use Pierce and Moin’s method to create a 10,000 time-
step library for lookup which is then cycled through as appropriate.
The library however does not meet the specifications for the re-
quired flow, and so the data is rescaled to meet the desired statis-
tical properties (specified mean and variance of velocity). However
this rescaling does cause problems; the level of turbulent kinetic
energy is seen to decrease downstream of the inlet, which the
authors attribute to the unphysical turbulence at the inlet adapting
to become true turbulent flow further downstream. Schliiter et al.
[50] also implement and compare various inlet conditions for swirl,
specifically a laminar inflow (no fluctuations), inflow with random
fluctuations, and various precomputation methods. As before, the
laminar and random fluctuation techniques produce poor results,
whilst the various precursor simulation techniques perform much
better. Garcia-Villalba et al. [26] use this method in two of the
three methods that they compare for an annular swirling jet dis-
charging into a free domain. In their work; Sim 1 uses a constant
velocity inlet including a swirl component far upstream of the jet
discharge; Sim 2 uses a precomputed database to provide inlet
conditions at the jet discharge point, and Sim 3 introduces these
conditions some distance upstream of the discharge point, thus
allowing some distance for the turbulence to develop, but not as
far upstream as for their case Sim 1. They find significant differ-
ences between the computed flows between the different cases,
not just in terms of detailed parameters such as rms. flow profiles,
but also in terms of gross structures, and in particular the large
scale unsteady flow structures. They adopt the methodology of
Sim 3 for subsequent work investigating the dependence of coher-
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ent structures on the presence of a pilot jet and the level of swirl
[25]. However in other work [27] they adopt the methodology of
Sim 1 for the inlet, claiming that the turbulence develops ade-
quately for their purpose in the inlet section to the domain,
although they do admit that this is not an ideal approach for LES.

4.3. Concurrent library generation

A modification of these precursor methods is to run the precur-
sor calculation continuously in parallel with the main simulation,
essentially computing ‘on the fly’ the data to be used in the simu-
lation. Such a technique was originally proposed by Lund, Wu, and
Squires [43]. This method, which was developed for flat-plate
boundary layers, consists of taking a plane of data from a location
several boundary-layer thickness 6 downstream of the inflow, and
rescaling the inner and outer layers of velocity profiles separately,
to account for the different similarity laws that are observed in
these two regions. The rescaled velocity profiles are then reintro-
duced at the inlet. Ferrante and Elghobashi [19] proposed a more
robust variant of the method of Lund, Wu, and Squires [43]. Using
direct numerical simulation, they were unable to obtain a satisfac-
tory development of the boundary layer using the method by Lund,
Wau, and Squires [43] (which was tested using large eddy simula-
tions). They corrected this by initialising the flow in the rescaling
region using the method of Le, Moin, and Kim [43], which pre-
scribes the Reynolds-stress tensor and the energy spectra.

Both the fringe method [57] and the rescaling by Lund, Wu, and
Squires [43] have been applied in LES and DNS. Their main short-
coming is the fact the inlet must be placed in a region in which
the flow is in an equilibrium, well-known condition (flat-plate
boundary layer, for instance) and a fairly long domain must be
used for the region of interest for the recycling. Apart from the in-
creased cost of the calculation both in terms of computational time
and memory requirement, this introduces two additional difficul-
ties: the fact that, in some flows, an equilibrium region in which
scaling arguments can be applied may not exist at all, and that
recycling may introduce spurious periodicity into the time series.

4.4. Internal mapping

One disadvantage of all these methods is the necessity to set up
and run a separate calculation involving a separate mesh, either a
priori or concurrently with the main computation. However there
is actually no reason why the precursor calculation cannot be inte-
grated into the main domain, with sampling downstream of the in-
let being mapped back into the inlet. It is of course necessary to
provide some mechanism for driving the flow in this case, which
can easily be provided by correcting the mapped velocities to en-
sure a constant target flux [14,60]. An example is included in the
comparative tests demonstrated below Section 5.1. Other possibil-
ities are to introduce velocity corrections within the inlet section,
or introduce an artificial body force into this region, both coupled
to control algorithms to drive the flow towards a pre-specified tar-
get [5,7]. Such an approach can also generate swirl [6,5].

5. Analysis

In this section we attempt to draw some conclusions about the
different inlet conditions described above. The most valuable study
of inlet conditions for LES would be one which implements all the
above inlet methodologies in the same code with the same model-
ling (SGS, numerical, etc.) and compared them with each other on a
standard test case. This has rarely been done. The best example of
this is the work of Keating et al. [35], which compares the follow-
ing four methods:

(1) a precursor database,

(2) a Fourier synthesis method [8,9],

(3) rescaling fluctuations from a lower Reynolds calculation
[51],

(4) synthetic turbulence generation with controlled body forces
applied at discrete planes [58].

They find that although the Fourier synthetic method tested (2
above) does generate fluctuations with a realistic spectrum, and
takes into account near-wall anisotropy in the flow, it still requires
a significant length downstream of the inlet for true turbulence to
develop. The length of the transition region appears to be linked to
the rapid decay of wall-normal fluctuations in the channel centre.
Introducing the controlled body forcing (4) improved this and was
found to give good results. This forcing was used to enhance wall-
normal fluctuations at discrete locations using a control algorithm
based on the difference between the calculated Reynolds shear
stress and the target profile. Wall-normal fluctuations are en-
hanced over the entire channel height. Although a development
section is still necessary for the development of actual turbulence,
the necessary section is considerably shortened, with the error in
the Reynolds shear stress reduced to acceptable values within five
channel half heights, although the correct friction coefficient and
turbulent kinetic energy values take somewhat longer to achieve.

Results from their preprepared library methods are similarly
informative. For the precursor simulations (1), a baseline simula-
tion case was performed to generate validation data, and planes
of velocity data saved to disk to generate a time series of length
785/U, (6 being the channel half-width) which could be used as in-
let data for the main domain. They observe that the storage of a
much longer time series would be impractical, and estimate that
an increase in the length of the time series by a factor of 4 would
be necessary to achieve error levels less than 4%. The inlet velocity
database was also filtered using both high-pass and low-pass fil-
ters before use to determine which length scales are most impor-
tant in the redevelopment of turbulence downstream of the
inflow plane. They find that the large scales (size larger than the
integral length scale L) are the most important. Flows which were
filtered to remove scales larger than L rapidly relaminarised. Flows
which retained these scales but filtered to remove extremely large
eddies (scale > 4L) were found to regenerate turbulence eventu-
ally, but it did require a significant distance for this process to oc-
cur. Finally, the recycling method used (method 3) introduced
turbulence with realistic time and length scales; however the case
tested was significantly different in Reynolds number from the ac-
tual calculation setup, and the necessary rescaling resulted in a
fairly long development length being needed. This development
length was found to be intermediate between the controlled forc-
ing and the synthetic turbulence methods, but the errors in this
section were small and might be regarded as acceptable.

Grinstein [29] includes a discussion of many of the issues relat-
ing to LES inlet conditions, including the observation that there is
not unique reconstruction of an unsteady velocity field using tur-
bulent eddies based on single-point statistical correlation data.
He recognises that many inlet conditions do no more than provide
a trigger for the development of true turbulence within an inlet
section, but points out that the possibility of including such an in-
let section may be constrained by the physical geometry being
simulated, e.g. in the case of combustor flows with swirl inlets
[21]. He also discusses the importance of inlet conditions in urban
canyon modelling, where contaminant transport is strongly influ-
enced by inlet wind gusts [45], although observing that the impact
of the inlet conditions is reduced downstream of the first structure
in the domain. Gilling et al. examine the application of various
types of synthetic and precursor calculations to spatially decaying
homogeneous turbulence and to flow around an aerofoil. They find,
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unsurprisingly, that the more realistic the inlet turbulence, the clo-
ser the decay rate is to the theoretical expectation. For the aerofoil,
the flow is sensitive to the inlet turbulence, with simulations with
better resolved inlet turbulence being closer to the experimental
results, particularly when determining lift and drag around stall.
This is because separation can be triggered by the upstream
turbulence.

5.1. Comparative examples

Tabor et al. [60] presented a similar survey of inlet conditions at
the 2004 ECCOMAS conference. Some of these results are reproduced
here for illustrative purposes. As with the work of Keating et al. [35],
the case being simulated is that of fully-developed flow between two
flat-plates separated by a distance 2d - a channel flow problem (d
being the channel half-width). We compare with DNS data pub-
lished by the Kasagi—Suzuki/Shikazono Lab [31] which provides pro-
files of velocity and higher moments for various Reynolds numbers,
and with LES data from shorter, cyclic channels [22]. The geometry
consists of a domain of 20 m in length between two flat-plates 2 m
apart, as shown in Fig. 2; the channel is therefore 10 channel-widths
inlength or 7900 wall units in length. The inlet flow velocity and fluid
viscosity are arranged to create a flow at Reynolds number
e = 13,750 based on the channel half-width, equivalent to a fric-
tion Reynolds number %e, =400 based on the friction velocity.
The flow is in the x-direction, and the domain boundaries are sym-
metry planes atz = 0 and z = 2 m, giving (in effect) an infinite domain
in this direction. The mesh is generated from two blocks in the
y-direction, allowing mesh grading towards the walls coupled with
van Driest damping to deal with the near-wall flow. The mesh reso-
lutionis 60 x 50 x 30 (x x y x z) = 90,000 cells, with the first near-
wall layer of cells being of width Ay* = 2, a resolution which has
been found to give good results [20].

The filtered Navier-Stokes Eq. (1) together with (2), are solved
using the CFD code library OpenFOAM. This is a C++ code library
of classes for writing CFD codes, which includes a well-tested
and validated LES capability [22,20,23,24]. Eq. (1) are discretized
using the finite volume method, where the domain D is divided
into cells 6V; so that [ J;(6V;) = DU D and (;(6V;) = 0. Integration
of the dependent variables over each cell §V;, together with appli-
cation of Gauss’ theorem, generates a set of discretised equations
with the divergence terms in Eq. (1) represented as fluxes across
the cell faces, evaluated using appropriate interpolation schemes;
we use centred second order interpolation and NVD-derived inter-
polation (gamma scheme, see [33]). Time integration is carried out
by the Crank-Nicholson scheme, which is second order in time.
Following the procedure of Rhie and Chow [49], discretisation of
the Vp term is left; a Poisson equation is constructed which imple-
ments the incompressibility condition V - v = 0, and the equation
set solved sequentially using the resulting PISO algorithm [30].
Solution is performed implicitly by matrix inversion using Incom-
plete Cholesky Conjugate Gradient methods. The SGS tensor, Eq.
(2), is modelled using the standard Smagorinsky model, where

2 —
B= §kl — 2vDp.

Here, Dp = D — 1trDI, and the sub-grid quantities k (the SGS turbu-
lent kinetic energy) and v, (the sub-grid turbulent viscosity) are
evaluated, assuming a —5/3 power spectrum, using the relations

k= C4*|D|| and v, = Cp4?|D|,

and the model coefficients are C; = 0.202 and Cp = 0.042. All of this
is implemented within OpenFOAM and operates on an arbitrary
unstructured mesh.

Four different inlet conditions have been implemented and
compared, as follows:

e A precursor simulation technique using data taken from a prior
calculation on a short section of channel computed with cyclic
boundary conditions and an internal body force to drive the
flow. Data from the centre plane of the calculation is saved at
each successive timestep for a period equivalent to 10 complete
flow transits of the domain, to create this dataset for the calcu-
lation. We will refer to this as method I - precursor simulation.

o A fourier series technique. In this the fluctuating velocity is rep-
resented by the series (3) with the coefficients a} and ¢} given
values from a stochastic OU process. The parameters of this pro-
cess are chosen so that the resulting fluctuations match a pre-
scribed energy spectrum E(k) ~ k>? and provide an
appropriate degree of temporal correlation.

e Asecond, related synthesis method is implemented, using wave-
lets rather than harmonic functions as the basis set. We intro-
duce turbulent fluctuations u/(y) in form the inverse wavelet
transform based on the discrete wavelets as follows:

W) =D o), (8)
j k

where o, and ;. (y) are wavelet coefficients and discrete wave-

lets respectively, defined as follows:

o = / T L) dy, 9)

Uiy) =292y — k), (.keZ), (10)

where  is mother wavelet, j is the scale parameter, k is the shift
parameter and Z is the set of all integers. In this case the Meyer
wavelet is used as the basis. o, can be given by

%k = ik, (11)

where (;, are normalised wavelet coefficients and can be gener-
ated by stochastic OU processes as for the previous inlet. g; are
the power coefficients and are obtained so that the power spec-
trum matches a desired target spectrum - again, k.

e The final method presented here is a method based on an inter-
nal mapping. By mapping flow data from a cutting plane some-
where in the body of the computational domain, an inlet section
of the domain is created in which the flow is forced to become
fully developed. This is shown graphically in Fig. 1. To drive
the flow, the volumetric flux of the remapped flow is checked
and corrected to maintain the desired throughflow. For the test
case, the mapping plane was located at a distance x/d = 4, i.e.
two channel-widths downstream of the inlet. This represents
790 wall units of channel to develop the inlet flow; DNS and
experimental results indicate that vortical streaks in near-wall
flow have a separation ~100 wall units, so the remapping region
resolves around seven of these structures. We will refer to this
as method Il - mapping method.

Fig. 3 shows time-averaged mean velocity and fluctuating
velocity components plotted as profiles against distance from the
wall, for various locations away from the inlet. The mean velocity
profile plus the primary components of the grid scale turbulent
stress are plotted, where

—~ , N
Ty =uy, and uj=u;— U,

so these represent the streamwise, cross, and spanwise turbulent
stresses. Also shown are results from the DNS reference data [31].
The matrix of results shows graphs at various points along the duct,
from x/d = 1, close to the inlet itself, to x/d = 20 which is at the
outlet. Unsurprisingly, the mean velocity profile generated for all
the inlet methods is very much the same and close to the DNS data;
little evolution is seen downstream of the inlet. Since the mean pro-
file is specified for the series approaches of IIA and IIB, this profile is
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Inlet section

Computation
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Fig. 1. Implementation of precursor simulation method (a) in which a precomputation is mined to produce inlet data, and a mapping method (b) where data is mapped back
from a mid-plane section to the inlet. This generates an ‘inlet section’ in which the flow becomes fully developed, upstream of a ‘computation’ section of interest to the user.

20m

2m

Fig. 2. Geometry for the channel; a 20 m long channel between two walls; flow is in
the x-direction.

likely to be well reproduced close to the inlet for these methods,
and the effect of inlet fluctuations decaying downstream will not
have a direct impact upon the mean velocity profile, although it
may influence it through the SGS modelling.

Of greater importance is the reproduction and evolution of the
streamwise, spanwise and cross components of the stress. These
parameters are of interest when LES is coupled with additional
physics, particularly in combustion where velocity fluctuations
around the mean have a significant impact on the flame front. As
can be seen the synthesis methods (Fourier and Wavelet, IIA and
[IB) are less successful at reproducing the higher order statistics,
as they merely mimic the effect of turbulence rather than recreate
it. This will be particularly true for T,,, which represents the cou-
pling between streamwise and spanwise fluctuating components,
the effect of which is entirely absent from these inlets. The profiles
evolve downstream towards the correct profile, but this is probably
due to the generated inlet fluctuations evolving towards true tur-
bulent eddies. Again, the library lookup and mapping methods
are generating real turbulence and introducing this (in some form)

at the inlet, and so are producing somewhat better results for the
T« and T, components. The shape of the T,, profiles is well repro-
duced, but the magnitude is over-predicted, at least initially. The
precursor simulation results are not as good as the others, illustrat-
ing the issues relating to database size; the database is repeated
eight times during the course of the averaging calculation. For
the other methods (synthesis and mapping), longer computational
runs generate more independent data which average to generate
symmetric (or in the case of T,,, antisymmetric) results. Fig. 4 re-
plots Fig. 3 based on distance from the wall y+, using log-linear
axes in order to enhance the near-wall behaviour. As expected,
all models give virtually equivalent mean flow profiles; differences
between the models and from the reference data are apparent for
the stress components. All models generate turbulence to far out
on this mesh, which is a consequence of the relatively coarse mesh
used for the simulation (see below for finer mesh calculations).
Comparisons between the different inlets are still valid though,
and we see the best agreement with the reference channel pro-
vided by the mapping method, generating particularly good agree-
ment for the cross-stress component Ty,. Note that the data from
both sides of the channel has been plotted separately in this com-
parison, so where the results are asymmetrical for any reason (as
for T,,) this shows up as separate curves.

Time series data were extracted for various locations along the
channel centreline and Fourier transforms evaluated to generate
the spectra. Fig. 5 shows the results close to the inlet of the channel
(at a position 1 m from the inlet). Figs. 6 and 7 show the spectra at
x/d and x/d respectively, whilst Fig. 8 shows the results at the out-
let of the long channel (x/d = 20). The results at x/d =1 (Fig. 5)
essentially demonstrate the spectrum of fluctuations generated
by the inlet in each case, although it should be remarked that in
the case of the mapping method this position is within the mapped
section of the flow. For this position, the synthesis methods (Fou-
rier and Wavelet) demonstrate a standard power law region which
tails off at the mesh cutoff scale 4, although with quite a wide span
of fluctuations which are probably due to the discrete nature of the
fluctuating modes being driven. The mapping method has gener-
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Fig. 3. Profiles of mean velocity and stress components across the channel at x/d = 1, 5, 10, 15, 20. Full line = reference channel (DNS), dashed line = mapping method,
dot-dash line = library look-up technique, dotted line = wavelet synthesis, circle symbols = Fourier synthesis.
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Fig. 4. Profiles of mean velocity and stress components as functions of distance y+ from the wall atx/d = 1, 5, 10, 15, 20. Full line = reference channel (DNS), dashed line =
mapping method, dot-dash line = library look-up technique, dotted line = wavelet synthesis, circle symbols = Fourier synthesis.

ated large (temporal) scale fluctuations, shading into a standard
power law region at a lower energy level, whilst the precursor sim-
ulation method shows a flat large scale spectrum followed by a
power law section including spikes. The subsequent Figs. 6-8 dem-
onstrate the evolution of the turbulence downstream from the in-
let. All simulations evolve towards a similar shaped spectrum, with

considerable large (temporal) scale fluctuations, shading into a
standard power law region which tails off at the mesh cutoff scale
A. However, although the length of the channel is sufficient that
some processing of the flow has occurred by the end, there are still
significant variations between the results. The clearest power law
spectra are given by the synthesis methods; particularly the Wave-
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Fig. 6. Energy spectra generated from time series data at x/d = 5.

let method, although the slope of the spectrum is slightly greater
than the expected —5/3 (closer to —2 in practise, possibly affected
by the SGS model to some extent). The mapping method produces
considerable fluctuation in the power law spectrum, whilst the
precursor simulation method shows spikes in this region. Both re-
sults are probably the result of the cyclic nature of the method
used to generate the turbulence in the first place. Again, the Pre-
cursor Simulation method generates a limited data set which is re-
peated, plausibly leading to local energy peaks at multiples of the
data frequency.

Fig. 9a and b shows contour plots of enstrophy and vorticity
from the various calculations. These are measures of the rotational
nature of eddies in the grid scale flow, and as such provide addi-
tional information about the turbulence being generated. The plots
are provided on cutting planes down the middle of the simulation
domain (z =1 m). As would be expected, the majority of the enstro-

phy and vorticity is being generated at the wall and diffusing into
the domain from there. The library method generates results that
show translational invariance down the duct, although there are
also signs of periodicity in the streamwise direction. The mapping
method also shows good translational invariance. The synthesis
methods (Wavelet and Fourier) show a rapid decay of an initial in-
let profile followed by propagation of turbulent structures into the
flow from the boundary region. This is indicative of the fact that
the fluctuations being generated by these methods are not true
turbulence and so are being destroyed within the simulation.

As a further test, cell-volume-weighted histograms of the ens-
trophy have been plotted (Fig. 10) and compared with the results
from a simple cyclic channel. This demonstrates the distribution
of enstrophy through the volume of the simulation, and will be
linked to the number and intensity of turbulent structures (i.e. ed-
dies) within the flow. Vortical structures of considerable diameter,
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sometimes referred to as ‘fat worms’, have been observed before in
LES [11] and a posteriori filtered DNS [64]. One would expect these
simulations to reproduce a similar distribution of vortical struc-
tures as evidenced by the enstrophy histograms here, with a
decreasing volume of space occupied by structures of increasing
enstrophy. In general, this is what we find, but with the proviso
that all simulations seem to be ‘flatter’ than would be expected,
with fewer high-enstrophy regions than would be expected from
comparison with the results from the cyclic channel.

5.2. Comparative discussion

In this review we have classified inlet conditions into two main
categories; synthesis inlets and precursor simulation methods. The

basic distinction is simple to state; synthesis techniques attempt to
construct a random field at the inlet which has suitable turbu-
lence-like properties, using mathematical processes unrelated (or
not directly related) to the turbulence, whilst precursor simulation
methods perform some form of explicit simulation of turbulence
whose results are then utilised at the inlet to the main domain.
Both approaches have some benefits to recommend them. The
ideal technique would generate inlet flow which is instantly fully
developed, in the sense that it should not require further process-
ing in the main calculation to realise its turbulent nature. In reality,
most methods require the provision of an inlet section in which the
non-turbulent inlet fluctuations decay out but in doing so trigger
the development of genuine turbulence within the domain. This
is particularly the case for synthesis methods, as the issues sur-
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rounding the generation of fluctuations with the correct correla-
tions (spatial and temporal) make it impossible to generate a truly
turbulent flow; the best that can be achieved is an inlet fluctuation
which triggers the generation of turbulence in the domain with the
correct statistics within as short a spatial interval as possible. How-
ever certain implementations of the library method exhibit similar
problems, when the library does not match the required inlet flow
conditions and has had to be processed in some way. Synthesis
methods may have the advantage that they are more easily manip-
ulated to specify the desired turbulent properties, for instance tur-
bulent length scales or energy levels. The behaviour of the
decaying inlet fluctuations may be affected by other aspects of
the simulation e.g. changes in the mesh resolution in this region.
It may also have a critical effect on the results, such as in the case
of bypass transition on an aerofoil or turbine blade, which is known
to be affected by upstream turbulent conditions [39], and flow sep-
aration for aerofoils [28]. This has significant implications for
wake-passing transition in turbomachinery.

In terms of accuracy of the results, precursor simulation meth-
ods dominate; understandably as they utilise actual turbulent data.
Generating this data is the sticking point with these methods.
Either the data has to be taken from a preexisting source, e.g. a pre-
computed flow or even an experimental database, or it needs to be
computed during the solution. If the data is preexisting, it may not
match the desired properties — either because other data is
unavailable (a turbulent flow measurement at a single Reynolds
number) or because it is not possible to generate turbulent data
with that particular characteristic. In this case, as observed before,
it is necessary to manipulate the data to make it fit the require-
ments of the main simulation, which tends to destroy the benefits
of using genuine turbulent data in the first place. Even if possible,
the requirement of recalculating the library every time the bound-
ary condition needs to change makes the simpler versions of this
undesirable, as do the storage requirements for the library. Run-
ning the library generation concurrently with the main case and
mapping the data across alleviates the storage issue and avoids
problems with a statistically limited database. The most elegant
solution is to combine the auxiliary calculation with the main do-
main, sampling the flow downstream of the inlet and reintroducing
this data into the domain at the inlet.

In addition to these basic approaches, there are various meth-
ods which can be implemented to enhance the quality of the tur-
bulent flow. Most notably are feedback control systems intended
to drive the turbulent flow towards a desired result, e.g. a desired
turbulence profile or mean flow condition (such as swirl). The flow
can be manipulated by introducing a ficticious body force, or by ex-
plicit correction of the velocity vectors at selected points in the
mesh, or in the case of recycling or cyclic methods, by mathemat-
ical transformation of the data during the mapping process. In each
case, the manipulation can be linked to a metric of the flow, for
example the absolute difference between the computed flow pro-
file and the desired flow profile. For synthesis inlets, these tech-
niques can be used to encourage the development of true
turbulence within the development section, thus shortening it;
coupled with the precursor simulation methods (particularly the
mapping method) it can be used to drive the flow towards a spec-
ified turbulent state, e.g. non-fully developed turbulence (such as
imparting a bulk swirl to the flow).

6. Conclusions

In this review we have classified inlet conditions into two main
categories; synthesis inlets and precursor simulation methods. The
basic distinction is that synthesis techniques attempt to construct
a random field at the inlet which has suitable turbulence-like

properties, whilst library methods perform some form of explicit
simulation of turbulence whose results are then utilised at the inlet
to the main domain. Synthesis methods make it easy to specify
parameters of the turbulence, such as length scales or turbulent
energy levels; they are also quick to set up and modify if conditions
change. However they are inherently inaccurate and require the
provision of an inlet development section during which the ran-
dom fluctuations develop into true turbulence. precursor simula-
tion methods generate true turbulence and so are inherently
more accurate, however can be cumbersome to modify to generate
the required state of turbulence. Merging the auxiliary calculation
into the main domain as a mapping method, and using sophisti-
cated feedback control techniques to drive the flow towards a de-
sired state however, does make these techniques usable for LES
simulations.
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