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Abstract
The present study employs large eddy simulations (LES) to investigate a generic swirl-stabilized burner operated with
methane at ultra-wet conditions. In order to investigate the reactive flow, a customized solver for handling low Mach
number flows based on an implicit LES approach was developed. A reduced 4 steps / 7 species global scheme was
used as combustion model . To compare the simulations with experiments, OH chemiluminescence pictures served as
a reference.

Introduction
In order to reduce harmful emissions, the current ap-

proach is often to design combustion devices which op-
erate under lean premixed conditions. This approach de-
creases the peak temperature and therefore, NOx emis-
sions, but may lead to flame instabilities and higher frac-
tions of UHC/CO emissions [1]. Adding steam to the
combustion process near stoichiometric conditions is an-
other promising way. Such Humidified Gas Turbines
(HGT) offer the attractive possibility to increase the plant
efficiency without the need of an additional steam tur-
bine, as is the case for combined cycles.

The steam increases the mass flow rate and the spe-
cific heat of the working fluid. Thus, a higher power out-
put compared to a dry turbine can be achieved. More-
over, it reduces thermal NOx emissions significantly. In
addition to the thermodynamic influence of the steam on
the combustion process, an effect on the NOx forma-
tion pathways was observed. Even at constant adiabatic
flame temperatures, NOx is reduced with increasing hu-
midity [2, 3]. Beyond that, the exhaust heat can be used
for steam generation which increases the cycle efficiency.
Reducing the peak temperature even allows the operation
with hydrogen-rich fuels due to the lower turbine inlet
temperature. Therefore, combustion at ultra-wet condi-
tions appears to be an interesting solution for application
in industrial power plants. Different humidified gas tur-
bine cycles have indeed, been discussed by Jonsson and
Yan [4].

Specific Objectives
The present work has the objective to compare the nu-

merical methods and models under ultra-wet conditions
with experimental data. In a future step, the aim is to in-
fluence the combustion process to be suitable for industry
application by changing the flow field. Thus, this work is
a preliminary, but mandatory, step to determine the possi-
bility of simulating a combustion process under ultra-wet
conditions.

Turbulent combustion is complexly involving non-li-
near multi-scale phenomena. For the combustion pro-
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cess fuel, oxidant and heat is needed. At high Reynolds
numbers the co-existence of these three factors highly de-
pends on the turbulent micro-mixing. Consequently, the
flame location is unsteady in nature and very sensitive to
perturbations. The high sensitivity of the flame stresses
the importance and the need for a better understanding of
the flame dynamics and stabilization mechanisms.

Investigations on humidified combustion processes ha-
ve been published previously by Bianco [5] and Guo [6],
at low water-air ratio (up to 5%). In the current study a
steam content of 30% is investigated. The steam content
Ω = ṁsteam/ṁair is defined as the ratio of the mass flow
of steam ṁsteam to the mass flow of air ṁair.

A generic swirl burner supplied with methane and hu-
midified air has been used for Large Eddy Simulations
(LES) which are compared to experimental results. In
order to handle the wet combustion, a customized solver
based on an implicit LES formulation for handling re-
acting flows at low Mach numbers was developed. As a
reaction mechanism, a reduced 4 steps / 7 species global
scheme by Lindstedt and Jones [7] was modified. This
enables more details of the flame structure to be resolved
and also avoids the stiffness and CPU weight of a detailed
mechanism.

Firstly, the investigated geometry and the experimen-
tal and numerical techniques are presented. Secondly, the
simulation of the reacting flow is compared to OH chemi-
luminescence recordings. Finally, the results are summa-
rized and conclusions are drawn.

Investigated Configuration
The domain is adopted from the experimental set-up

as shown in Figure 1(a). Only the length of the com-
bustion chamber was truncated. The characteristic length
was chosen to be the hydraulic diameter Dh = 27.5 mm
at the burner exit.

The MOVABLE BLOCK BURNER used in this investi-
gation is based on a design developed by the INTERNA-
TIONAL FLAME RESEARCH FOUNDATION, IFRF [8]. It
consists of eight movable and eight fixed blocks, which
are alternately placed, as shown in Figure 1. Due to si-
multaneous rotation of the movable blocks about the sym-
metry axis, the oblique passages are opened while the



(a) Computational domain

(b) Generic Burner (c) Swirl Generator

Figure 1: Schematic of the computational domain and
sectional view of the generic burner.

non-oblique parts are narrowed. This yields modulation
of the swirl intensity between 0 and 2 [9], but a constant
swirl number of Sth = 0.7 was used in the present study.
Air and steam are premixed before entering the swirl gen-
erator. Fuel is injected directly at the bottom plate of the
swirl generator through 16 holes. The fuel mixes with
the swirling flow in the annular passage to the combus-
tion chamber.

Numerical Modeling
The motion of a fluid is described by basic equations

as the conservation of momentum, mass, species and en-
ergy. In LES a “low-pass” filter is applied to the depen-
dent variables so that the filtered equations only describe
the larger turbulent fluctuations [10, 11]. The “Favre” fil-
tered equations are described as follows:

Continuity:
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where ui is the velocity component, % the density, p the
pressure, µ the dynamic viscosity, Fi a volume force, and
τij is an unclosed term, usually denoted as the subgrid
scale stress tensor. The superscripts − and ∼ refer to
LES filtered quantities. The mass conservation equation

for chemical species k is described as follows:
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where Yk is the mass fraction of the species k, ω̇k is the
reaction rate and Jk

i is the i-component of the laminar
diffusive flux of species k. For the conservation of the en-
thalpy the following equation is used, where a low Mach
Number assumption is regarded:
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where ht is the total enthalpy, µ the dynamic viscosity of
the fluid, µt is the eddy viscosity, and Pr = 0.7 is the
Prandtl number.

The filtering is assumed to be commutative with tem-
poral and spatial derivatives, but not for the non-linear
terms. Therefore, these terms cannot be expressed in
terms of the filtered variables, and hence, they are gath-
ered on the right-hand side. These terms are collectively
called the subgrid scale (SGS) term. In this study the
SGS term is modeled by the classical Smagorinsky ap-
proach [12]. In this approach the unresolved stress tensor
τij = %ũiuj − %ũiũj is modeled using the BOUSSINESQ
hypothesis, in which the effect of the unresolved turbu-
lence on the large-scale flow is modeled as an increase in
the viscosity. The filter length scale is the cubic root of
the local grid cell volume. The Smagorinsky constant Cs

was set to Cs = 0.1683.
All the simulations have been carried out using the

open-source toolbox OpenFOAM. In order to handle wet
combustion, a customized solver for low Mach number
reacting flows was developed. By doing so, the density
is a function of the mixture composition and temperature
only. The pressure velocity coupling is performed using
the PISO algorithm as described by [13, 14], ensuring
that continuity is satisfied. Second order differencing is
used for all spatial derivatives except for the convective
terms in the enthalpy and the mass fraction equations.
These are calculated using a second order accurate total-
variation-diminishing (TVD) scheme for avoiding non-
physical over-shoots. Time derivatives are calculated us-
ing a second order upwind scheme and time integration
is done implicitly in a sequential manner.

Dirichlet boundary conditions are enforced at the inlet
for all variables except for the pressure for which a zero
gradient condition (Neumann) is used. Similarly, the out-
flow is treated using a zero gradient for all variables ex-
cept for the pressure for which a Dirichlet boundary con-
dition was used. Non-slip walls (zero velocity) are used
with a gradient of zero for the other variables except the
wall temperature. The wall temperature was set to 900 K
according to an average wall temperature, determined in
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Table 1: Altered pre-exponential factors of the J&
L Four-step global kinetic mechanism for humidified
methane oxidation

Reaction A0 b Ea

Unit (−) (−) (cal/mol)

1. 1.446 · 1013 0.0 30 · 103

2. 0.3623 · 1018 −1.0 40 · 103

3. 0.9000 · 1011 0.0 30 · 103

4. 0.8100 · 1012 0.0 20 · 103

experiments.

Reaction Mechanism & Numerical Set-up
Incorporating combustion chemistry into LES involves

finding a suitable reaction mechanism and solving the
filtered species equations. Appropriate reaction mecha-
nisms may involve tens or hundreds of species with hun-
dreds or thousands of reaction steps, but are often dras-
tically reduced to avoid solving a large system of tightly
coupled equations. Presently, we use a 4 step / 7 species
global scheme to resolve some details of the flame struc-
ture (hydrogen and carbon monoxide peak) but avoid the
stiffness and CPU burden of a detailed mechanism. The
chemical scheme is based on the work by Lindstedt and
Jones [7]:

1. [CH4]0.5 + [ 12 O2]1.25 ⇒ CO + 2H2

2. [H2]0.25 + [ 12 O2]1.5 ⇒ H2O

3. [CH4]1 + [H2O]1 ⇒ CO + 3H2

4. [CO]1 + [H2O]1 = CO2 +H2

The superscript in the reaction equations denotes the for-
ward reaction order. However, Lindstedt and Jones con-
sidered different operating conditions, and therefore, the
pre-exponential were modified so that the scheme fits the
freely propagating flame data computed with a detailed
chemical mechanism. The agreement between the mod-
ified Lindstedt and Jones scheme and a detailed mecha-
nism was shown before in [15]. The altered pre-exponen-
tial factors are listed in Table 1.

The computations were run at a Reynolds number of
Re ≈ 33, 000. A grid with 2.3 millions computational
was used. The grid size was calculated by the autocor-
relation of the velocity fluctuations for one point in the
shear layer to be of the order of the Taylor turbulent length
scale (≈ 0.015Dh). Thus, the smallest resolved scales
are in the inertial range of the turbulent spectrum and the
grid is suitable for performing LES. The performed LES
computations were run with an adjustable time step to
keep the maximum Courant number below Co = 0.2.
This resulted in an averaged time step of 10−6 s. The re-
sult was time-averaged over 0.5 s physical seconds after

reaching a statistically steady state and showed a sym-
metrically averaged velocity field. Investigations on the
comparison between wet and dry cases was reported pre-
viously [3] in terms of emissions and extinction limits
and are not presented here.

Experimental Techniques
The reacting flow experiments were conducted in a

gas-fired test rig under atmospheric conditions. As fuel,
natural gas was used. The air was preheated and mixed
with overheated steam, which resulted in an inlet tem-
perature of T = 673 K. In previous investigations the
mixing quality of the air-steam-fuel mixture was ensured
[3] and can be regarded as technically premixed. There-
fore, the methane injection system and the mixing pro-
cess were not regarded.

The flame position was assessed by recording its OH
chemiluminescence using an ICCD camera. In order to
recover the radial intensity distribution, the images were
decomposed applying an Abel deconvolution according
to [16].

As mentioned above the same geometry was used for
the simulations and the experiments. The combustion
chamber was a cylindrical silica glass with a diameter of
0.2 m. This results in an area expansion ratio of 17.5.
The swirl number was adjusted to Sth = 0.7, in order
to assure vortex breakdown in the combustion chamber.
Two cases with different steam contents (Ω = 0% and
Ω = 30%) were investigated. As a set of operating con-
ditions for both cases atmospheric pressure, inlet temper-
ature of Tin = 673 K, equivalence ratio of Φ = 0.85, and
an inlet velocity of uin = 35 m/s was applied.

Results and Discussion
The first case was calculated without steam (Ω = 0.0)

and acts as a baseline configuration, denoted as “dry”.
The second case was conducted under ultra-wet condi-
tions (Ω = 0.3), denoted as “wet”.

Figure 2 shows the instantaneous temperature field for
both cases. The upper plot shows the field for the dry
case (Ω = 0.0). As can be seen, the temperature is much
higher for the dry case. Especially the inner recirculation
zone is constantly fed with hot exhaust gases. The outer
recirculation zones, located in the corners of the com-
bustion chamber exhibits lower temperatures, which indi-
cates only a small exchange with the main flow. The tem-
perature field for the wet case is more equally distributed.
The adiabatic temperature of the air-steam-methane mix-
ture (T = 1812 K) is significantly lower than the adia-
batic flame temperature for the same conditions without
steam (Tdry = 2292 K). As mentioned before, the addi-
tion of steam increases the specific heat and therefore the
peak temperature. It should also be pointed out, that for
the walls of the combustion chamber a constant tempera-
ture of 900 K was applied. The heat loss transfers thermal
energy out of the hot flow, which decreases the chemical
reactions and therefore, has a strong impact on the overall
combustion process.
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Figure 2: Slices in stream wise direction showing the in-
stantaneous temperature fields. The burner exit is located
at x/Dh = 0. (Φ = 0.85, Tin = 673 K) Top: Ω = 0.0,
Bottom: Ω = 0.3

Defining a single indicator which represents the flame
is difficult, but a flame is approximately represented by
the concentration of excited OH radicals. An OH-chemi-
luminescence image of the flame serves for a qualitative
comparison with the computation. This image was trans-
formed by an Abel inversion to give a view of the flame in
a slice without losses induced by the integration through
the line of sight [16]. The reduced mechanism, does not
take the OH* into account, but the CO concentration can
be used as an indicator for the reacting zone location.

Figure 3: Comparison of the LES with experimental OH-
chemiluminescence measurements for the dry case (Ω =
0.0, Φ = 0.85, Tin = 673 K). Top: Slice of the mean
CO mass fraction of the LES, Bottom: Processed Abel
inversion of OH recordings with contour lines of the CO
concentration of the LES

Figure 3 shows the Abel deconvoluted image of the

OH radicals as well as the mean CO concentration of the
LES for the dry case (Ω = 0.0). For comparison, contour
lines of the CO mass fraction of the LES is also plotted
in the lower plot. The flame has v-type shape and is sta-
bilized near the inner shear layer. As can be seen in the
figure, the main reaction zone is well represented by the
computation.

By adding steam to the flame, it can be observed that
the flame shape changes. Figure 4 shows the CO concen-
tration (mass fraction) and the OH recording for the wet
case (Ω = 0.3). The OH-chemiluminescence recording
is distorted, which is due to the necessary high level of
gain of the camera. Since for both cases, the same gain
level could not be applied, the intensity was normalized
and is not quantitatively comparable. As can be seen in
figure 4, the reaction zone extends further downstream.
The main reaction zone is located closer to the wall. The
LES predicts a more drop like flame shape, almost a up-
scaled version of the dry case. However, the measure-
ment shows a more diluted reaction zone with the highest
intensity extending along a line. So, the LES shows a
slightly different flame shape, but to draw a better com-
parison recordings with less distortion would be benefi-
cial. The main effect of a higher distribution of the flame
due to the addition of steam seems to be well predicted.
Other experimental methods for quantitatively compar-
isons will be in the focus for upcoming investigations.

Figure 4: Comparison of the LES with experimental OH-
chemiluminescence measurements for the wet case (Ω =
0.3, Φ = 0.85, Tin = 673 K). Top: Slice of the mean
CO mass fraction of the LES, Bottom: Processed Abel
inversion of OH recordings with contour lines of the CO
concentration of the LES

The addition of the steam affects the velocity field as
well. A higher momentum is applied and the flame in-
fluences the velocity field directly. Therefore, the mean
velocity field of the stream wise component is shown in
Figure 5 for both cases. A contour line of the zero axial
velocity is plotted on top as an indicator for the recircu-
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lation zones. The external or outer recirculation zone,
which is located in the corners of the combustion cham-
ber increases with higher steam content. Moreover, the
velocity amplitudes increase in the main flow as well as
in the recirculation zone. This is probably caused by the
increase of the axial momentum. Nevertheless, the flame
stabilizes at the shear layer near the outer recirculation
zone.

Figure 5: Slices in stream wise direction showing the av-
eraged axial velocity field. The lines indicting zero ax-
ial velocity. The burner exit is located at x/Dh = 0.
(Φ = 0.85, Tin = 673 K) Top: Ω = 0.0, Bottom:
Ω = 0.3

To get an idea of the flame dynamics for both cases,
Figures 6 and 7 show at an instantaneous time step an
iso-thermal contour (T = 950 K) colored with the stream
wise velocity component. On one side the flame seems
to have a branch of the surface. This branch is denoted
as “roll-up” in the figures. On the diametrically opposite
side the structure shows a indentation, denoted as “hole”.
This behavior indicates the existing of a helical structure,
caused by the swirling motion which effects the flame.
To proof this correlation an iso-pressure contour is shown
in both figures. The iso-pressure surface shows a helical
mode, which is clinging to the iso-thermal contour for
both cases. To determine this correlation, further inves-
tigations will be done. The flame dynamics for the dry
case is shown in Figure 6. In contrast to the wet case,
shown in Figure 7, one can see that the flame structure
is smaller and less warped. Furthermore, the wet flame
structure seems to be twisted in circumferential direction
for the wet case, which cannot be observed for the dry
configuration.

Figure 6: Visualization of the flame dynamics for the
dry case (Ω = 0.0). Structure is represented by an iso-
temperature contour at T = 950 K and colored with the
axial velocity for an instantaneous time step. Iso-pressure
contour in gray.

Figure 7: Visualization of the flame dynamics for the
wet case (Ω = 0.3). Structure is represented by an iso-
temperature contour at T = 950 K and colored with the
axial velocity. Iso-pressure contour in gray.
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Conclusions
Large Eddy Simulations of the reacting field of a swirl-

stabilized premix combustor at ultra-wet conditions were
performed under vortex break-down. The results were
compared with experimental data.

Finally, it was shown that the LES is able to recover
the flame shape and positions satisfactorily, but the mod-
eling can still be improved. By adding overheated steam
to the combustion process the flame spreads further down-
stream and the main reaction zone is pushed closer to the
wall. It was found, that the flame shape was predicted
well by the LES for a case without steam and differs
slightly for a case under ultra-wet conditions. The flame
dynamics seems to be correlated to a helical mode im-
pressed by the swirling motion. To determine the influ-
ence of large scaled structures of the flow field on the dy-
namical flame behavior will be in focus for upcoming in-
vestigations. However, the reduced mechanism recovered
the main effects, but a more detailed mechanism would be
beneficial.
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