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Abstract

A great variety of flows in practical engineering applications are inherently unsteady, and virtually all of Newtonian fluid flows in nature are
turbulent. In order to better capture the dynamics of such complex flows, it is appropriate to use unsteady methods. The present overview is
confined to single-phase turbulent flows. The first part provides an evaluation of the performance of the unsteady RANS (URANS) method. It
could be confirmed that the U-RANS method employing a full Reynolds stress model is able to capture unsteady phenomena, such as precessing
vortex core phenomenon both qualitatively and in parts also quantitatively. In the second part, some important features of combustion LES are
recollected and some results for flames, that were already computed by RANS-based methods in the literature, are presented. Thereby a flamelet
approach is used to relate the filtered mixture fraction to density, temperature and species concentrations. It is shown that LES is able to deliver
good results very close to measured data, where the flow is governed by large, turbulent structures. Flamelet chemistry appears well able to
reproduce experimental data for species, in particular with regard to kinetic effects prediction, whereas equilibrium chemistry strongly deviates.
However, a good predictability could be achieved when appropriate choice of boundary and inflow conditions is made.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

A great variety of Newtonian flows with importance to in-
dustrial applications are turbulent and involve complex physical
phenomena, such as combustion and other chemical reactions,
multiphase and multicomponent interactions as well as heat
transfer problems [1–55,57–60]. Besides recent advancements
in measurement techniques suitable for a properly experimental
description of such flows [31,41], the development of comput-
ers and application-oriented numerical methods, computational
and programming techniques, data pre- and post-processing,
grid generation and graphical representation has reached a stan-
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dard of reliability and accuracy sufficient to make the Compu-
tational Fluid Dynamics (CFD) a useful design tool in many
fields of engineering [14]. For the flow simulation, stationary
RANS- (here Reynolds-averaging based numerical simulation)
type calculations are state of the art in engineering practice.
This is mostly motivated by reasonable computational costs
required by this method. In RANS, one generally splits the
flow variables into one mean part and one turbulent part, so
that unclosed terms appear in the thermo-mechanical governing
transport equations. These terms are usually modeled by means
of turbulence models at the first or second order closure level.
Although the superiority of the differential second-moment tur-
bulence closure models (DSM) is well recognized, its slow
adoption by the CFD community illustrates a higher degree of
persisting numerical difficulties and uncertainties in modeling
some terms, such as pressure-scrambling [14]. In complex flows
involving heat and mass transfer as well as combustion, for ex-
ample, the coupling between the Reynolds stress (tensor) and
scalar flux (vector) fields and mean flow, the number of addi-
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tional transport equations to be solved, increase dramatically.
This complexity, together with equation stiffness, reduces the
attractiveness of the DSM. Explicit algebraic Reynolds stress
(Scalar flux) modeling seems to offer a compromising route,
accounting for most of the physical sounds included in DSM
while keeping the computational efficiency and robustness of
the two-equations approach. For a recent review, see e.g. Durbin
[3,12,14].

Experience reveals that many types of practical turbulent
flows are configuration dependent and evolve in an unsteady
manner making steady state computations, at best, an approx-
imation. Direct numerical simulations (DNS) allow in fact to
resolve all scale structures, but are computationally time con-
suming and remain limited to low Reynolds numbers (see e.g.
[46]). In order to better capture the dynamics of turbulent com-
plex flows using feasible computational costs, unsteady RANS
(URANS) and large eddy simulation (LES) emerge as the only
realistic alternatives. As pointed out in [7,56], these method-
ologies produce different representations at different levels of
resolution.

The simulation of only the largest scales of turbulence,
generally called Large Eddy Simulation, is performable for
configurations with higher Reynolds numbers [1,2,5–10]. The
formulation of LES equations and models leads to several
LES approaches within the framework of turbulence simula-
tion research. The simple approach is a no-model implemen-
tation [8], in which numerical dissipation plays the role of the
model. In the classical approach for LES the governing equa-
tions (the continuity equation, the Navier–Stokes equations, the
energy equation, etc.) are filtered to separate the large-scale
and small-scale turbulence (e.g. [1,2,4]). The large-scale tur-
bulence is solved for by the discretized equations whereas the
small-scale turbulence is modeled through the subgrid scales
(SGS) models. Different SGS models in non-reacting flows
have been developed. They consist mainly of gradient assump-
tion based models, so-called linear eddy-viscosity models using
constant or dynamically determined [4] model coefficient. One-
equation model or second order model approach can also be
mentioned. For recent reviews, see, e.g., Lesieur and Metais [5]
or Sagaut [6]. Since turbulence is three-dimensional and un-
steady, it means that LES must always be carried out as 3D,
unsteady simulations. To perform an accurate LES, a very fine
mesh must be used. This causes problems, for example, near
walls where no large scales are present. LES is therefore ex-
pected to be very good for flow systems, where the flow is
governed by large, turbulent structures, which can be captured
by a fairly coarse mesh. However, if attached boundary layers
are important, LES will probably give very poor predictions in
these regions, unless very fine grids are used [10,12]. In this
case, a variant of the RANS method called Unsteady RANS
(URANS) approach, in which the Reynolds averaged equations
and models are solved in three-dimensions with time depen-
dence [11–13] is expected to be reliable than classical LES. It
will require significantly less computational costs. In fact, by
definition of time-averaging (or ensemble averaging under er-
godic hypothesis) in RANS-context, all scales smaller than a
characteristic time T are modeled by the closure and the only
unsteadiness allowed is at time scales larger than T . To apply
RANS models, originally developed for steady state cases, to
unsteady flow applications, T has to be considered smaller than
some of the turbulent time scales. In contrast to this, another
unsteady RANS approach requires that the turbulence model
be developed using a methodology that takes into account the
interaction between the unresolved and resolved scales. This
approach that employs a “time-accurate” RANS turbulence clo-
sure is denoted as very large-eddy simulation (VLES) (see in
[7]). It is also known as a kind of hybrid RANS/LES. The ba-
sic idea behind VLES is to resolve only very large coherent, or
deterministic structures and model the remaining part, the inco-
herent random fluctuations. However, this form of RANS model
is not related to the size of the numerical mesh. The solution
of the resolved part of the spectrum can follow the traditional
LES practice using grid size as a basis for defining the filter, or
solve ensemble or conditionally averaged governing equations
[60]. An example may be the two-equations model based on the
renormalization group theory (RNG).

With regard to combustion, two major objectives in modern
design of technical combustion systems, in which heat and mass
transfer play a central role, are optimization of combustion ef-
ficiency and reduction of pollutants, such as nitric oxides or
carbon monoxide. In order to meet these requirements, design-
ers are limited by current modeling approaches. Nowadays, the
importance of large scale structures of the flow in scalar mix-
ing and combustion is well accepted: turbulent eddies can re-
ally wrinkle the flame and even quench it; eddies improve heat
transfer and mixing of species which contribute to increase the
efficiency of technical combustion devices. Numerical models
for reacting flows capable of providing the necessary informa-
tion must therefore be able to predict the highly unsteady be-
havior, in particular that associated with turbulence-chemistry
interactions. For this purpose, a complete model formulation
has to contain physics-preserving turbulence/mixing closures,
an appropriate combustion model along with a model account-
ing for turbulence-chemistry interactions and probable radia-
tion processes [15–41,44,47,55,57]. In this regard, it must be
mentioned that chemical reactions, in non-premixed flames for
example, occur only by molecular mixing of fuel and oxidizer,
which in general occurs on the dissipative turbulent scales.
Thus, the combustion process occurs essentially at the small-
est scales of the sub-filter level, which has to be modeled in
LES. As in averaged governing transport equations in URANS-
techniques [53,55], additional closure problems arise as well
from combustion related terms in the filtered governing trans-
port equations used in LES.

Common in all the applications of LES to non-premixed
combustion is the use of the gradient diffusion assumption to
model the species transport terms due to turbulence. Use of
this type of assumption for reactive species is questionable and
even dubious [9,47]. An alternative subgrid modeling approach
which avoids this assumption has been proposed in [25] by
Kerstein and co-workers. In this approach, all relevant length
scales are resolved in one dimension. Molecular diffusion is
treated explicitly and subgrid stirring is modeled by a stochastic
rearrangement process applied to a scalar field along the lin-
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ear domain [48]. This process which involves a Monte Carlo
simulation at each grid cell of an LES renders this method com-
putationally very intensive. A review of existing scalar transport
modeling strategies can be found in [49].

Proper treatment of the filtered reaction source term com-
prises most of the difficulty in LES subgrid modeling. Apart
from the first LES in which the filtered chemical source terms
were approximated in terms of the LES resolved field only and
the effect of turbulent subgrid fluctuations was neglected [15]
and an extension of the eddy-dissipation model of Magnussen
and Hjertager to LES [16], the two combustion models that are
mainly applied are the probability density function (PDF) trans-
port equation approach and the flamelet approach. The deriva-
tion of the large eddy probability density function of the various
chemical species has been performed in [16,35]. Although this
approach is important for theoretical considerations, it appears
to be computationally intensive. For non-premixed combustion,
a functional form for the large eddy probability density function
of a mixture has been postulated along with a laminar flamelet
approach to subgrid-scale chemistry in turbulent flows in [17–
21,26–29,32–34,51]. For the case of equilibrium chemistry, see
e.g. [17,19,20]. The common idea behind flamelet models is
to decouple the numerical simulation of the turbulent flow and
mixture fields from the solution of the chemistry. Rather than
using steady state flamelets, extension to unsteady flamelets ap-
proach has been suggested in [26,27]. In this model, unsteady
flamelets are solved, which are introduced at the inlet nozzle
and assumed to be transported downstream, essentially by con-
vective transport. The time coordinate in the flamelet equations
then becomes a Lagrangian-like time. The scalar dissipation
rate appearing as a parameter is modeled by its conditional av-
erage over cross-sectional planes perpendicular to the jet axis.
To account for probable local inhomogeneities of the scalar dis-
sipation rate, the concept has been currently extended in [52].
In fact, many recent works dealing with combustion LES focus
on the applicability of RANS-like combustion models in LES.
The proposed models can be classified in five categories: direct
method, see in [15,16,44], linear eddy model [24,25], trans-
ported pdf method (e.g. [16,35]) and conserved scalar method
(e.g. [17–21,26–29,32–34,51,52]).

In addition to the turbulent species transport and to the fil-
tered source terms, subgrid models for the temperature-species
correlations arising in the state equations need to be formulated.
However, their modeling has till now received little or no at-
tention. As pointed out in [25] these correlations are generally
neglected although they are expected to be non-negligeable for
simulations with high heat release.

So far, numerical investigations based on URANS and LES
have been reported both for non-premixed and premixed com-
bustion. With regard to the latter, premixed turbulent com-
bustion occurs in technical devices often in thin flame fronts
[40]. The propagation of these fronts, and hence, for instance,
the heat release, are governed by the interaction of transport
processes and chemistry within the front. For premixed flame
simulations, the use of an equation (G-equation in [22,33,39,
40] or c-equation in [30,38]) to track the propagation of a thin
flame front is therefore state of the art. Concepts including the
linear eddy model (LEM) [48] or the thickened flame assump-
tion [36] must also be mentioned.

As far as complex reacting flows in practical devices are con-
cerned, subgrid combustion models should be able to predict
without ad hoc model adjustments premixed, non-premixed and
partially premixed combustion often occurring simultaneously.
However, only a few works focus on partially premixed config-
urations (e.g. [38,39]).

The present overview is confined to single-phase turbulent
flows and discuses some basic issues related to unsteady mod-
eling methods. The first part of this paper provides an evaluation
of the performance of the unsteady RANS (U-RANS) method
in a comparative manner to LES and experimental data. In the
second part, some important features of combustion LES are
summarized and some results based on the conserved scalar
method in connection with the concept of sub-grid scale pdf
are presented. In the following section the governing equa-
tions used are briefly presented along with the U-RANS and
LES methodologies and the numerical scheme. The next sec-
tion specifies the configurations under investigation, the grid,
the boundary conditions and some results in two steps. First,
a detailed description of the flow topologies of a swirled isother-
mal flow configuration using U-RANS is given in comparison
to LES and experimental data. Secondly, two flame configura-
tions, that were already investigated by means of RANS-based
simulations, are chosen. As these flames do not exhibit par-
ticular unsteady or periodic phenomena, such as coherent or
deterministic structures, only combustion LES computations
are highlighted here. In the conclusion, the performance and
limitations of unsteady methods for simulation of combustion
systems are afterwards evaluated.

2. Governing equations, modeling and computational
method

It is important to note that in these unsteady techniques one
deals with the same form of governing equations, of course with
different meaning of variables. This makes it convenient to use
the same computational code and similar numerics and if neces-
sary to combine the two approaches, as pointed out in [60]. For
both the U-RANS and the LES approach under study the time
dependent three dimensional (averaged/filtered) continuity and
Navier–Stokes equations, as already presented in [19–21], are
considered for describing the flow field in variable density flu-
ids. In this section, we restrict to the methodologies used for the
applications to be presented in the next section.

2.1. U-RANS modeling

The Reynolds/Favre averaged equations and models are
solved in three-dimensions with time dependence [3,11–13]
for non-reacting flows. For reacting case, the reader may re-
fer to [53,55]. To close the governing equations, a standard
k–epsilon-model and a second-order closure (DSM) chosen for
its well-known capability to well predict complex flows have
been used. For the DSM model the linear model of Jones and
Musonge (see in [12]) was applied. For near wall treatment
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the logarithmic law of the wall has been employed in conjunc-
tion with an explicit setting of the Reynolds stress anisotropy
at the wall based on experimental data. Other DSM were also
tried out in the course of this investigation, but no system-
atic study of model behavior has been performed though yet.
The governing equations were discretized on a block-structured
boundary-fitted collocated grid following the finite-volume ap-
proach. Spatial discretizations are 2nd order with a flux blend-
ing technique for the convective terms. The solution is for-
warded in time using the 2nd order accurate implicit Crank–
Nicolson scheme. A SIMPLE type pressure correction method
is used for pressure-velocity coupling. The resulting set of lin-
ear equations are solved iteratively.

For the U-RANS computations, a flux blending parame-
ter α = 0.5 (i.e. 50% 1st order upwind differencing) was
first used to ensure stability of simulations. After the simu-
lations had evolved, the flux blending parameter could be in-
creased up to α = 0.9, thus reducing the upwind contribution
to 10%. Throughout the paper all the LES used for comparison
with URANS were run with almost pure central differencing
(α = 0.95) using the same CFD code. The time step width was
chosen to give a CFL number of the order of 5 for the U-RANS.
For the LES the time step width was smaller by a factor of 10
to resolve all turbulent fluctuations down to the grid-scale ed-
dies.

2.2. LES modeling

In this paper, focus is made on the classical approach for
LES. The governing equations (the continuity equation, the
Navier–Stokes equations, the energy equation, etc.) are fil-
tered to separate the large-scale and small-scale turbulence. The
large-scale turbulence is solved for by the discretized equa-
tions whereas the small-scale turbulence is modeled through the
subgrid scales (SGS) models. Different aspects related to the
filtering techniques are treated in a comprehensive manner in
[1,2,4–7,56]. For the non-reacting case, a Smagorinsky-model
with dynamic procedure according to [4] was used to deter-
mine the subgrid scale stresses. In order to stabilize the model,
the modification proposed in [50] is applied. In addition a clip-
ping approach will reset negative Germano coefficient to zero
to avoid destabilizing values of the model coefficient. The fil-
tering operation is performed implicitly by means of the finite-
volume discretization. No special wall-treatment is included in
the subgrid-scale model. We rather rely on the ability of the
dynamic procedure to capture the correct asymptotic behav-
ior of the turbulent flow when approaching the wall, see e.g.
[4,5].

For reacting cases, we use the conserved scalar formula-
tion. It is then assumed that the chemical state and thereby the
species mass fractions can be related to a conserved scalar, the
mixture fraction, which sub-grid scale pdf is presumed to fol-
low a Beta-function distribution. In numerical method, fluctua-
tions of density in space and time are considered to only depend
on chemistry, not on pressure (low Mach-number approxima-
tion). To represent the sub-grid scale stresses and scalar flux,
a Smagorinsky model is used along with the dynamic proce-
dure and a constant turbulent Schmidt number of 0.7, a common
value used whilst Cook and Riley [17,18] set 0.72. A flamelet
approach is used to relate the filtered mixture fraction to density,
temperature and species concentrations. The filtered mixture
fraction is determined by solving its transport equation, and
its sub-grid scale variance is given by an appropriate sub-grid
scale model. Thus, the chemical state is defined by the local
mixture fraction, the subgrid fluctuation of the mixture fraction
and the rate of scalar dissipation. For scalar dissipation, a Delta-
function is used to describe its pdf. For modeling, the most basic
approach is to describe the rate of scalar dissipation according
to its definition.

The equations of continuity, momentum and mixture frac-
tion were transformed into cylindrical coordinates and dis-
cretized in space by finite volumes utilizing central schemes.
The accuracy of approximation is 4th order for convective terms
and 2nd order otherwise. The equations are integrated in time
by a 3rd order low-storage Runge–Kutta method, pressure is
determined by solving a Poisson equation derived from the
equation of continuity.

2.3. Data evaluation: URANS vs LES

Using LES, the averaging is over a scale sufficient to filter
small eddies, not resolved by the particular grid being used, but
the stochastic nature of turbulent solutions is retained. Hence,
Reynolds averaged statistics must be evaluated by accumulat-
ing a large enough sample size. In a temporally periodic flow,
the samples must be at a fixed phase in order to obtain statis-
tics of the turbulent portion of the flow field. As pointed out
in [11] the mesh and time-step requirements of URANS and
LES are quite different. Whilst LES resolves the eddies of the
turbulence itself, unsteady RANS models the turbulence and re-
solves only unsteady mean flow structures. Consequently, LES
typically requires much higher spatial and temporal resolution,
and is more costly. It also requires very long integration time
to build an ensemble averaged solution. In order to accurately
capture the unsteadiness in the mean flow using URANS, the
averaging period should be much smaller than the time scale
of the unsteady mean motion. At the same time, the time pe-
riod should be orders of magnitude higher than the time scale
of the random fluctuations, for the averaging to make sense.
Unfortunately, note that many engineering flows do not war-
rant a time period which meets these conditions simultaneously.
This leads to the so-called spectral-gap problem. As discussed
by Durbin [3] this is due to a misconception that Reynolds av-
eraging equals temporal averaging. If statistical periodicity is
defined via the existence of a narrow peak representing the
unsteadiness of the flow in the spectrum there is no need for
a spectral gap. The peak can occur right in the midst of the
broadband turbulent scales and Reynolds averaging is simply
interpreted as ensemble or phase averaging. On the other hand,
if the unsteady coherent motion creates a strong disequilibrium,
the assumptions underlying standard RANS closures might not
be sufficient anymore. In this case it might be necessary to in-
corporate some kind of spectral information into the model, e.g.
by using two-time-scale models as proposed in [13].
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3. Configurations, results and discussions

Several U-RANS computations of unsteadiness have been
reported in the literature. For review, see [3,12,60]. In the first
part of this section, a swirled isothermal flow configuration is
investigated using U-RANS and a detailed description of the
flow topologies is given in comparison to LES and experimental
data. In the second part, two flame configurations that were al-
ready investigated by means of (not really satisfactory) RANS-
based simulations are chosen. As these flames do not exhibit
particular unsteady or periodic phenomena, such as coherent
or deterministic structures, combustion LES results are simply
presented here. Even though LES of reacting flows has been
applied to both premixed and non-premixed combustion, only
results of turbulent non-premixed flames configurations are dis-
cussed here.

3.1. Swirled isothermal flow configuration: URANS/LES [12]

Swirled flows play an important role in many engineering
applications such as modern gas turbines, aero-propulsion sys-
tems, etc. With regard to design efforts, by adjusting the swirl
intensity it is possible to improve the mixing quality of the
flow and to influence or to control physicochemical processes,
such as the flame stabilization. The effect of swirling num-
ber variation on turbulent transport and mixing processes in
swirling recirculating flows has been already investigated (e.g.
in [45]). While the enhanced mixing and stabilization of the
flame caused by the swirl are desirable features, such flows of-
ten exhibit hydrodynamic instabilities called precessing vortex
core. For design purposes it is very important to predict such
instabilities. This application aims at the demonstration of the
performance of the unsteady RANS (U-RANS) method in pre-
dicting the precessing vortex core phenomenon. For simplicity,
a constant density case is investigated.

Experimental and numerical setup. The experimental setup
utilized consists of a movable block type swirler which feeds
an annulus from which the air flow enters the measurement sec-
tion at ambient pressure and temperature. The Reynolds number
is computed based on the bulk velocity and bluff-body diame-
ter. Three cases were investigated experimentally in which the
(geometrical) swirl number was set to S = 0.75. Two cases
were selected for this paper which will be referred to as the
30 kW (Re = 10.000) and 150 kW (Re = 42.000) cases (ac-
cording to the thermal power for premixed operation of the
burner). A coflow of 0.5 m s−1 surrounds the swirler device.
A sketch of the device is given in Fig. 1. The flow fields mea-
surements used were performed at the Technical University of
Darmstadt.

The computational domain was shaped cylindrically being
600 mm long with a diameter of 600 mm. Free slip bound-
ary conditions were applied to the lateral boundaries and a zero
gradient outflow condition was set for the face surface. First
simulations were performed with the inlet boundary being flush
with the swirler exit plane, prescribing experimental data taken
at 1 mm above the swirler exit as inlet boundary conditions.
Fig. 1. Sketch of the movable block swirler device and dimensions (in mm).
The coordinate system used is attached to the centre of the bluff-body surface.

No instable behavior could be obtained though by doing so.
Therefore the swirler device was included in the computational
domain. Hence, the inlet boundary was moved to the inlet chan-
nels of the swirler device. The swirler was first resolved with 8
cells in the radial direction resulting in a grid with a total of
≈ 500 000 cells. After doing so, an unstable behavior of the
expected kind was observed in the simulations, but due to un-
satisfactory results in the near-nozzle region the resolution of
the swirler was then doubled to 16 points in the radial direction.
This increased the total number of grid points to ≈ 800 000.

Since the swirler device is fed from a plenum chamber,
a constant radial inflow velocity was set on the inlet bound-
ary which was adjusted to result in the correct mass flow for the
two cases.

Results and discussion: Flow structure. Due to the single-
point nature of the LDV technique, no information about instan-
taneous flow structures could be obtained from the experimental
data. This kind of information can be obtained from the LES
computations. Fig. 2 shows instantaneous snapshots from the
LES flow field covering one revolution of the precessing vortex
core. The flow features that can be observed are:

(1) The central reverse flow zone performs a precession motion
around the bluff-body of the swirler device.

(2) The recirculation reaches upstream into the swirler device.
This explains why the first simulations performed without
the swirler failed to predict any unsteady behavior of the
flow.

(3) Two opposed helical vortices shed off the outside edge of
the swirler exit. They rotate with the same frequency as the
recirculation bubble.

As is shown by Fig. 3, the U-RANS clearly captures the pre-
cessing vortex core: a rotating movement of the vortex centre
about the system’s geometrical axis can be observed. It is note-
worthy that no converged stationary solution could be obtained
which also indicates the unsteady nature of the flow under con-
sideration. When comparing the U-RANS results to phase aver-
aged LES data both methods show the same qualitative overall
flow behavior (not shown).
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Fig. 2. Isosurfaces of instantaneous axial velocity u = −0.5 m s−1 taken from
the LES of case 30 kW showing the flow structure covering one revolution of
the vortex core.

Fig. 3. Sequence of snapshots (top left to bottom right) taken from the U-RANS
of the 30 kW case showing vector plots of velocity in a plane x = 30 mm. The
swirler annulus is indicated by the two concentric circles. The approximate
instantaneous vortex centre and precession direction are also indicated.

Velocity and fluctuation profiles. Radial profiles of time av-
eraged axial and azimuthal velocity as well as the turbulent
kinetic energy for case 30 kW are shown in Figs. 4–6. Both
the LES and the U-RANS simulations capture the experimen-
tal mean velocity profiles quite well. Near the swirler exit the
DSM gives even better results than the LES. Since the DSM in-
cludes a wall-model it has got an advantage in predicting the
wall-dominated flow in the swirler device. The unsatisfactory
Fig. 4. Radial profiles of time axial velocity at several axial positions (30 kW
case).

Fig. 5. Radial profiles of time azimuthal velocity at several axial positions
(30 kW case).

accuracy of the LES results at the swirler exit can be explained
by the relatively coarse grid resolution in the swirler device.
Only 16 cells were used to resolve the radial direction of the
annulus. This is by far not fine enough for the LES to cover
the near wall behavior of the flow. The plots of kinetic energy
support this as the peak fluctuations at the swirler exit are lo-
cated in the annulus middle. Due to the wall-induced shear there
should be fluctuation peaks near the wall. In order to overcome
this problem, more LES computations would be necessary per-
formed with an increased resolution in the swirler.
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Fig. 6. Radial profiles of time averaged total kinetic energy at several axial
positions (30 kW case).

Though the shape of the profiles obtained with the U-RANS
for the total kinetic energy in Fig. 6 is quite good, the level
of energy is much too low when compared to the experiments.
This was found to be much worse in the first computations with
lower flux-blending parameters, indicating a significant influ-
ence of numerics on the U-RANS results. The LES gives the
same level of kinetic energy as the experiments and also cap-
tures a good deal of the profile shapes. In the U-RANS frame-
work, kinetic energy denotes the sum of the modeled turbulent
kinetic energy and the resolved energy contained in the un-
steady flow motion. When comparing velocity time series from
the U-RANS to phase averaged time series from the LES, it
was found that the amplitude of the coherent velocity fluctu-
ation was much too low in the U-RANS. Hence, the resolved
energy is underpredicted by the unsteady RANS. The length
and width of the recirculation zone is quite well-predicted by
the U-RANS, as the plots of axial velocity indicate in Fig. 4.
Precession frequency. For both the experiment and the LES,
the vortex core precession frequency was obtained from the tur-
bulence energy spectrum as computed from temporal autocorre-
lations (see Fig. 7 (left)). This kind of temporal 2-time turbulent
energy spectrum is a non-broad one for the U-RANS (see Fig. 7
(right)), while a spatial two-point information is not available
for U-RANS. As can be seen in Fig. 7 the spectra show distinct
peaks associated with the motion of the vortex core. Further-
more, these spectra show a second weaker peak at about the
doubled PVC frequency. This peak is associated with the op-
posed helical vortices that are shown by the LES, and more
distinctly by U-RANS. Since these helical vortices perform a
rotating motion at the same speed as the central recirculation,
the monitoring point (at which the velocity time series for the
spectral analysis was sampled) is passed twice by such a struc-
ture in one PVC cycle. Hence the doubled frequency. As far as
the position of the peak frequency in the turbulent spectrum is
concerned, it seems that the coherent motion is associated to
rather large frequencies. From the temporal autocorrelations of
both the LES, U-RANS and the experiments, a factor of ap-
proximately five was estimated between the precession period
τ and the integral time scale T . This implies that the coherent
and turbulent scales are separated from each other.

The precession frequency can also be expressed in terms of
the Strouhal number defined as St = L/τ.U , where τ is the
inverse of the peak frequency and the characteristic velocity
U and length L are the same as were used for computing the
Reynolds number. In Fig. 8, the Strouhal numbers correspond-
ing to the peak frequency for the two cases are plotted as a
function of Reynolds number.

For a given flow configuration the Strouhal number is ex-
pected to reach an asymptotic value in the limit of high
Reynolds numbers. The precession frequency then increases
linearly with the flow rate. This behavior seems to be correctly
captured by the U-RANS. It can be seen that the frequencies
obtained from the LES are about 20% higher than those from
U-RANS and experiments. This is clearly related to the inex-
act prediction of velocity profiles in the swirler annulus. In the
Fig. 7. Turbulent energy spectra computed from temporal autocorrelations at x = 1 mm, r = 20 mm obtained from the experiments, LES (left) and URANS (right)
of the 30 kW case. The dotted line indicates the f − 5/3 decay of energy.
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Fig. 8. Dimensionless peak precessing vortex core frequency plotted over
Reynolds number.

plots of mean tangential velocity (Fig. 5), at x = 1 mm one can
see that the LES over-predicts the tangential velocity compo-
nent. When computing the effective swirl number it was found
that in the LES it is about 10–15% higher than in the experi-
ment. This in turn is likely responsible for the over-prediction
of the precession frequency which is a function of the swirl
number.

So far it could be confirmed that the U-RANS method em-
ploying a full Reynolds stress model is able to capture the
precessing vortex core phenomenon both qualitatively and in
parts also quantitatively. Although a remarkable accuracy was
achieved in predicting the vortex core precession frequency, the
energy contained in the coherent motion of the PVC was sig-
nificantly underpredicted by the unsteady RANS. The reason
for this is not clear yet, but the amount of numerical dissipation
contained in the discretization scheme seems to play an impor-
tant role.

Furthermore, although it is justified to speak of at least a
weak scale separation in the flow considered here, it might
still be necessary to take into account disequilibrium effects as
discussed above. This is an issue requiring further investiga-
tion.

It should be mentioned that for 3-D time dependent sim-
ulations as performed in the present study the computational
cost is significantly increased when compared to steady state
RANS computations. Computational requirements are still low
when compared with those for LES. To perform a more accu-
rate LES, a finer mesh should be used in the wall-dominated
swirler device. So far LES is very good for flow governed by
large, turbulent structures, which can be captured by a fairly
coarse mesh. However, if attached boundary layers are impor-
tant, LES gives partially dissatisfying predictions. Apart from
an appropriate near-wall SGS-modeling to get around this bot-
tleneck of LES near walls, many researchers suggest hybrid
LES-RANS methods, in which RANS is used near the wall
while LES is utilized in the remaining part of the domain. How-
ever, the interface coupling remains the main point of issue
[3,54].
3.2. A highly turbulent methane flame (standard DLR-flame)
[20,31]

Experimental investigation of this configuration has been
performed by DLR and Sandia Labs for species fields and EKT
(Technical University of Darmstadt) for velocity fields provid-
ing complete experimental data sets useful for verification and
improvement of mathematical models. It was observed that this
flame does not exhibit particular unsteady coherent or deter-
ministic structures. Some interesting PDF/RANS results (see
in [31] and therein references) are available, so that additional
U-RANS calculations are not found to be necessary. Therefore
we simply rely upon combustion LES for its capability of better
predicting flow and combustion fields. The precision of the LES
results is evaluated by a comparison with experimental data.

Experimental and numerical setup. This flame consists in
a fuel mixture of methane (33.2% vol.), hydrogen (22.1% vol.)
and nitrogen (44.7% vol.) and achieves a non-lifted methane
flame with a stoichiometric mixture fraction of 0.167. Methane
was used as a fuel component in order to study the interaction
of its well-known chemistry with turbulent flow. Hydrogen was
added to stabilize the flame, without changing the simple flow
field of the round jet; the dilution by nitrogen was used to de-
crease thermal radiation and to improve the signal quality of the
spontaneous Raman scattering technique employed in experi-
ments [31]. A central nozzle (8 mm of nozzle-diameter) spends
the fuel, while a surrounding air coflow is necessary for ex-
perimental reasons. The fuel streams of the feeding pipe at a
Reynolds-number of 15 200, which corresponds to a bulk ve-
locity of 42.2 m s−1. The laminar air-coflow streams at a rate of
only 0.3 m s−1.

We apply LES to this flame and examine its suitability for
the simulation. To this end, a cylindric computational domain
of 0.38 m length and 0.48 m in diameter was chosen, just be-
ginning at the exit plane of the nozzle. The nozzle and the
coflow were modeled using an inflow condition on the abutting
face of the cylinder as above. To describe the turbulent inflow,
a turbulent velocity profile computed by a preceding LES of a
pipe-flow was applied.

The computational domain was discretized with an axisym-
metric grid of 129 × 32 × 60 (axial, tangential, radial) cells.
To check if this grid resolution was fine enough, the flow-
field at the nozzle was recomputed again with refined cells
on a domain of half the previous size (257 × 32 × 60 cells).
The computation in the small domain will be labeled C2 (see
Figs. 9–12). Assuming the highest velocity and mixture gra-
dients to appear close to the nozzle, this method is capable
to check for “grid-independence” without the need for twice
as many cells in each direction (i.e. 16 times more CPU-time,
approx. 5 months on Alpha 21264). This study shows that an
almost grid-independent solution had been achieved, although
it shall be stressed here that it is not possible to define a clas-
sical grid-independence using the Schumann-filtering since the
subgrid model varies with varying filter widths (i.e. cell-size).
With smaller resolved length scales, the modeled part of the tur-
bulence vanishes when Kolmogorov-scales are resolved. Fur-
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(a)

(b)

Fig. 9. Axial velocities over axis/radius.

(a)

(b)

Fig. 10. Mixture fraction over axis/radius.

(a)

(b)

Fig. 11. Temperature over axis/radius.

(a)

(b)

Fig. 12. OH-Concentration over axis/radius.
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thermore, the over-all error from the model will diminish with
finer resolution. Accordingly, improved predictions should re-
sult with finer grids.

Results and discussion. For the velocity and scalar fields, ax-
ial and radial profiles of both mean and standard deviation are
shown. For the numerical results, mean values are represented
with a fat line, the fluctuation with a fine line of corresponding
type. For experimental data, a full symbol is used for the mean
values, while the same, empty symbol denotes the fluctuation.

Although experimental and numerical results in Figs. 9–12
generally agree, it is interesting to see how turbulence develops
just downstream the nozzle and influences the mixture fraction
distribution. The experiments show that the turbulence level in
the nozzle is to be expected around 5%, whereas the simula-
tion predicts a far smaller level. The essential features of the
turbulence production in the shear layer is well reproduced.
The differences observed may be due to inflow-conditions and
to reasonably resolving the high gradients (mixture fraction in
particular) right at the nozzle. This well-known problem in the
literature is connected to the transition from the wall-affected
turbulence in the nozzle to the free turbulence, along with
a structural change in the turbulence. With RANS modeling,
some corrections are generally considered, with regard to the
determination of appropriate model parameters. This kind of ad
hoc parameter adjustment does not exist in LES using Germano
procedure. However, the use of advanced subgrid scale models
is then recommended.

All in all, the prediction of the mixing field is satisfying, al-
though the results suffer of inaccuracies in the nozzle-area due
to the inaccuracy on flow field in this region. Here, evidence is
stronger that the jet breaks up too early, resulting in a strong
decay of the mixture fraction along the axis. This is confirmed
by Fig. 10(b), which shows too lean mixture at the axis and too
rich mixture away from it. Here again, it is interesting to study
the axial development of the fluctuation. The predicted curve
starts at zero, which corresponds to the jet potential core. At
5 diameters downstream, the jet suddenly breaks up with very
high fluctuations. Further downstream, where gradients in the
mixture fraction have been smoothed, the prediction of the fluc-
tuation agrees well with the experimental data. That from the
computation the jet breaks up too early is not really astounding
since study of jet break up requires a very high grid resolution
to reasonably resolve the gradients in the mixture fraction field.
Errors in the mixing field (mean and fluctuation) certainly im-
pinge the density fields and thus influence the velocity field as
well.

As one would expect, the temperature in Fig. 11 behaves
similar to the mixture fraction, with high temperatures be-
ing predicted too early (i.e. too far upstream). Since there is
a strong non-linear relation between temperature (or density)
and mixture fraction, the error in the prediction of the mixture
fraction appears amplified here. This is mainly true for the ra-
dial profile of the mean temperature at x/D = 5, at a radial
position of r/d = 1.5. There, a temperature of 1000 K is pre-
dicted, while measurements show that this area is not affected
by chemical reaction yet. However, the temperature at the loca-
tion (x/D = 5; r/D = 0.9) is slightly underpredicted. Further
downstream, away from the nozzle-area, the results look much
better again, but certainly, they still rely on the predictions at the
nozzle. Therefore, a good predictability depends strongly on an
appropriate choice of boundary and inflow conditions. This is-
sue is accounted for in the next application by considering a
digital filter based generation of inflow data [42].

Since the main species are defined by the mixture fraction,
they all behave similar and thus do not need to be presented.
However, flamelet chemistry introduces some interesting infor-
mation on minor species, so that OH-concentration shall be
given here (Fig. 12). At x/D = 5, OH-concentration is com-
pletely underpredicted. This corresponds to the low tempera-
tures in this area, which have been described above. At the
position x/D = 20, the predicted OH-concentrations agree well
with experimental measurements.

3.3. Turbulent piloted methane/air diffusion flame: (Sandia)
flame D

This configuration is especially chosen in order to show
how LES can be used to provide comprehensive information
of a flame, such as structure of the flame in terms of length-
scales and scalar dissipation rate. There were many numerical
simulations of flame D, often contributed to the workshop on
turbulent non-premixed flames (TNF) [41], but not containing
such kind of information. The turbulent flow was modeled by
RANS, PDF-methods, one-dimensional turbulence, as well as
LES. The mixing was described by different RANS-models,
via PDF-methods and also with LES. Finally, the chemical
state was determined by full or reduced reaction mechanisms,
by Intrinsic Low-Dimensional Manifolds (ILDM), by condi-
tioned moment closure (CMC), steady or unsteady flamelets
or with an equilibrium assumption. Flame D may well be the
best-investigated turbulent flame, which turns it into the ideal
benchmark for modeling approaches.

Experimental and numerical setup. The burner investigated
was designed at Sydney University. Scalar data was obtained
by Raman/Rayleigh/LIF measurements at Sandia National
Laboratories. Velocities were measured with Laser Doppler
Anemometry (LDA) at Technical University of Darmstadt.
The Sydney burner consists of a long fuel-pipe that deliv-
ers the methane–air mixture (25/75% vol., fstoic = 0.35) at
a Reynolds-number of Re = 22 400 (ujet,bulk = 49.6 m s−1,
D = 7.2 mm). A premixed pilot flame (upilot,bulk = 11.4 m s−1,
Dpilot = 18.2 mm) provides the heat and radicals to stabilize
the jet flame. The pilot flame results in a composition of prod-
uct species equivalent to a mixture fraction of fpilot ≈ 0.27.
A coaxial laminar coflow spends air at a rate of 0.9 m s−1.

Two simulations were performed with 1025 × 32 × 60 ≈
2.0 × 106 nodes in axial, circumferential and radial direction.
The first simulation was performed in a large domain (70 D
in length and 25 D in diameter) to examine the entire flame.
The second simulation in a small domain (40 D × 15 D)
achieves a finer resolution and yields better information on
scalar lengthscales and rates of scalar dissipation. Consider-
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Fig. 13. Instantaneous snapshots of mixture fraction (left), scalar rate of dissi-
pation (middle) and OH mass fraction (right). The fields were obtained from the
LES with fine resolution. The domain shown is a section 10 D × 40 D (approx.
75 × 1000 nodes), starting from the exit plane. No interpolation was applied,
the scalar rate of dissipation is scaled logarithmically.

ing that the scalars are mainly transported in axial direction
(Fig. 13), a very fine grid-spacing was chosen in this direction.
The computations were conducted on single processor comput-
ers within approximately three weeks (Intel P4, 3.0 GHz, Spec
CFP2000: 1200). The inflow plane of the domain was placed
two diameters D upstream of the nozzle to improve the pre-
diction of the nozzle-flow. On the inflow plane, experimental
mixture fraction and velocity profiles were forced, whereas a
zero-gradient condition was applied for pressure. The outflow
boundary is modeled with a zero-gradient condition as well,
while on the surface of the cylinder a simplified momentum
equation allows entrainment (see e.g. [26,27,58]). Transient
inflow velocities consist of the mean value with fluctuations
superimposed. These fluctuations were obtained from a pro-
cedure by Klein et al. [42], Kempf et al. [43], that generates
reproducible artificial turbulence on arbitrary grids. This pro-
cedure satisfies a given integral lengthscale as well as a given
Reynolds-stress tensor. The Reynolds-stresses were extracted
from experimental data and the lengthscale L was set according
to the simplified mixing length approach L = C�r . Therein,
�r is the distance from the closest wall and C is a constant.
The value C = 2/3 was used.

Results and discussion. The LES computes filtered, time re-
solved fields of velocity and mixture fraction, that are processed
to determine the chemical state. Fig. 13 shows an instantaneous
snapshot of the mixture fraction field (left), the scalar rates of
dissipation (middle) and the corresponding OH mass fraction
(right). These plots provide a good impression of the complex
transport phenomena that occur in non-premixed combustion.
Since they are not interpolated, they also show the resolution of
the grid.

According to [10], the resolved fraction rk = kres/(kres +
ksgs) of the turbulent kinetic energy k represents an important
parameter to better qualify the LES results.This evolution re-
Fig. 14. Profiles of the mean and the standard deviation of axial velocity, mix-
ture fraction and temperature along the centerline.

lies on the modeled expression used, ksgs = (νt /Cs�)2, with
Cs = 0.1 and νt the turbulent viscosity. This approximation
shows that everywhere inside of the domain, more than 73%
of the kinetic energy are resolved and only in the region close
to the nozzle, rk drops below 80%.

The mean and standard deviations of various quantities
along the centerline are shown in Figs. 14 and 15. In each
plot a bold line corresponds to the LES with fine resolution
and small domain. The thin line represents the coarse resolu-
tion and large domain. The results obtained on the different
meshes vary only little, which confirms that the combined error
in modeling and discretization of the presented LES is (almost)
grid-independent.

In Fig. 14 some overprediction of the mean axial velocity
can be observed. The overpredicted velocity-fluctuations (at
x/D ≈ 10) portends to a “nozzle problem”, which seems to
be related to the hardly resolvable thin mixing and boundary
layer at the nozzle. The axial profiles for the mixture fraction
are well-predicted, only for x/D < 20, the fluctuation is too
small. Steiner and Pitsch [26] observe the same and suggest
that this might be related to experimental uncertainties. The ex-
cellent agreement of temperature mean and standard deviation
at different axial positions indicates that the underlying model-
ing assumptions (mixture fraction approach, equal diffusivity,
steady flamelet relation, eddy-diffusivity for scalar rate of dis-
sipation) work very well.

This is confirmed by the well-predicted species mass frac-
tions of OH, H2O and CO2, shown in Fig. 15. In contrast, the
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Fig. 15. Profiles of the mean mass fractions of chemical species OH, H2O, H2,
CO2 and CO along the centerline. The fluctuations of OH are also shown.

intermediate species H2 and CO are overpredicted in the fuel
rich regions (x/D < 40), resulting from an overpredicted reac-
tion rate, inherent to the steady flamelet approach [26,27]. Still,
the major features (flow, mixing and major species) of the flame
are captured well. Corresponding RANS results, except for H2
and CO, have been obtained in [57] using different first and
second order level turbulence models. These results that do not
really differ from URANS, because unsteadiness processes are
not impressed, seem to be less accurate than the LES results.
In particular, further insight to the flame could be achieved by
LES.

In fact the spatial autocorrelations in radial direction of the
mixture fraction and scalar dissipation at the radius of the
mean stoichiometric mixture for x/D = 7.5,15,30 are shown
in Fig. 16. The LES tends to overestimate the lengthscales,
which improves on the refined grid. However, the experiment
observes that the width of the autocorrelation function for the
scalar rate of dissipation decreases in axial direction. In con-
trast, the LES predicts the opposite behaviour. This might be
caused by increasing axial and circumferential components of
the mixture fraction gradient in axial direction, that cannot be
captured by the experiment, but contribute to the scalar rate of
dissipation in the simulation.

4. Conclusions

The results presented in this paper reveal that U-RANS
methods could provide an efficient alternative to LES taking
into account an adequate turbulence model and sufficient nu-
Fig. 16. Spatial autocorrelations of the mixture fraction and scalar rate of dis-
sipation in radial direction at the position of the mean stoichiometric mixture
fraction.

merical accuracy. It was demonstrated that the most important
drawback of LES is the requirement to use very fine grid near
walls. The grid must be fine in all directions, not only the
wall-normal direction. As U-RANS performs well for predict-
ing unsteady flows, one approach to get around this bottleneck
is the hybrid LES-RANS, in which RANS is used near wall
while LES is utilized in the remaining part of the domain. Fur-
thermore, the need of simulating complex systems with several
parts that have to be computed with different flow solvers re-
quires an exchange of information at the interfaces of the com-
putational domains of each part. Gas turbine systems including
multi-component phenomena, such as compressor/combustor
instability or combustor/turbine hot-streak migration are typi-
cal examples [54]. In the compressor and the turbine part, the
flow solver must better account for the moving blades, the wall
turbulence, and predict the pressure and density distribution.
A such flow solver has to be based on the RANS-approach. In
the combustion chamber part, the flow solver has to be able to
handle with flows governed by large scale turbulence, chemi-
cal reactions, and radiation. This flow solver may be based on
LES.

Unfortunately, even the best current LES modeling tech-
niques do not provide reliable and accurate quantitative predic-
tions in complicated flow situations. But models for these and
many other flow situations can be developed by formally min-
imizing the mean square error in the evolution of the resolved
field. Given sufficient data from idealized flows, this minimiza-
tion can be done, resulting in an accurate LES formulation and a
measure of the uncertainty (i.e. the mean square error). Further,
these techniques can be used to optimize and evaluate any of the
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various styles of LES (e.g., no-model, URANS, or classical).
For the combustion-LES, prediction results may be improved
by using advanced mixing and chemistry models. In some com-
bustion systems, the consideration of two phase flows, liquid
spray break up and vaporization brings additional complexities
that must be included in advanced unsteady models, in particu-
lar in subgrid models for LES [57].

It appears that, there is not one right approach as well recog-
nized in [10]. While the use of LES in engineering applications
will certainly increase in the future, the use of URANS models
will be prevalent for some specific industry applications [60].
Efforts directed to extend the applicability of LES to complex
configurations of technical importance under concevable com-
puting time as well as to continue to improve the performance
prediction of existing turbulence modeling approaches must be
pursued.
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