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Abstract: Produced from renewable energy sources, hydrogen and hydrogen-rich fuels o�er the
possibility to overcome severe constraints on greenhouse gas emissions. Operating a gas turbine
with hydrogen, however, is challenging task. Since hydrogen is highly �ammable, has a low au-
toignition temperature and due to high burning velocities, a high risk of �ashbacks. Moreover,
hydrogen oxidation is a highly exothermic reaction, leading to high peak temperatures and, hence,
to high NOx emission. A promising way is to add steam directly into the combustion process. Such
Humidi�ed Gas Turbines (HGT) o�er the attractive possibility of increasing the plant e�ciency
without the cost of an additional steam turbine, as is the case for a combined gas-steam cycle. In
addition to e�ciency gains, adding steam into the combustion process reduces NOx emissions.
The e�ect of steam on the combustion process is addressed using detailed chemistry. In order to
identify an adequate oxidation mechanism, several candidates are identi�ed and compared. The
respective performances are assessed based on laminar premixed �ame calculations under dry and
wet conditions, for which experimentally determined �ame speeds are available. Further insight is
gained by observing the e�ect of steam on the �ame structure. Moreover, the mechanism is used for
the simulation of a turbulent �ame in a generic swirl burner fed with hydrogen and humidi�ed air.
Large Eddy Simulations (LES) are employed. The performances of two combustion closures (ILES
& TFM) and the grid sensitivity are assessed. It is shown that by adding steam, the heat release
peak spreads, the �ame front thickens and the �ame extends further downstream. The dynamics
of the oxidation layer under dry and wet conditions is captured, thus, an accurate prediction of the
velocity �eld, �ame shape and position is achieved. The latter is compared with experimental data
(PIV and OH* chemiluminescence). The reacting simulations were conducted under atmospheric
conditions. The steam-air ratio was varied from 0% to 50%.

Keywords: Reactive Flows, Hydrogen Combustion, Diluted Flames, Large Eddy Simulation,
Implicit LES, Thickened Flame Model.
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Nomenclature

− Spatial �lter

∼ Density weighted �lter

|.| Magnitude

εijk Levi-Civita symbol

χ Exponent

∆ Filter width

δ0
L Thermal thickness

λf Taylor length scale

µ Dynamic viscosity

µt Eddy viscosity

Ω Steam content

ω Reaction rate

Φ Equivalence ratio

% Density

σ Variance of concentration

τij Stress tensor

τij Subgrid scale stress tensor

Ξ Flame wrinkling

B Preexponential constant

c Molar concentration

D Di�usion coe�cient

Dh Hydraulic diameter

Dth Thermal di�usivity

E E�ciency function

F Flame thickening factor

Fi Volume force

h Speci�c enthalpy

J Laminar di�usive �ux

p Pressure

Sth Swirl number

Seff E�ective swirl number

SL Laminar burning velocity

t Time

u′ Velocity �uctuation

u0 Bulk velocity

u∆ Subgrid velocity �uctuation

ui Velocity component

uin Inlet velocity

Us,t Degree of unmixedness

x Spatial coordinate

Y Mass fraction

Cs Smagorinsky constant

Pr Prandtl number

Re Reynolds number

1 Introduction

Surrogating commonly used fossil fuels for gas turbines with carbon-free energy carriers like hydrogen are
likely to play an important role in future power generation. Produced from renewable energy sources, they
o�er the possibility to overcome severe constraints on greenhouse gas emissions. Operating a gas turbine
with hydrogen is, however, a challenging task. Since hydrogen is highly �ammable, has a low autoignition
temperature and due to high burning velocities, a high risk of �ashbacks. In addition, hydrogen oxidation is
a highly exothermic reaction, leading to high peak temperatures and, hence, to high NOx emission.

This paper addresses the possibility to burn hydrogen in heavy-duty gas turbine applications by adding
steam directly into the combustion process. Such Humidi�ed Gas Turbines (HGT) o�er the attractive
possibility of increasing the plant e�ciency without the need of an additional steam turbine, as is the case
for combined cycles. In addition to e�ciency gains, the addition of steam into the combustion process reduces
NOx emissions. It increases the speci�c heat capacity and thus lowers the peak temperature and the oxygen
concentration. Supplementary to the thermodynamic in�uence of the steam on the combustion process, it
alters the NOx formation pathways. Even at constant adiabatic �ame temperatures it was observed, that
NOx is reduced with increasing humidity [1, 2]. In addition, steam injection allows operation with a variety
of fuels, including hydrogen and hydrogen-rich fuels. Therefore, ultra-wet GT operation is an attractive
solution for industrial application.

Several humidi�ed gas turbine cycles were analyzed by Jonsson and Yan [3]. Furthermore, investigations
on humidi�ed combustion processes with methane and a steam-air ratio of up to 5% were carried out by
Bianco [4] and Guo [5].

There is extensive literature concerning hydrogen/oxygen and hydrogen/air �ames. A comprehensive
review over laminar �ame speeds was given by Ó Conaire et al. [6]. The outcome of their investigation was
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that the �ame speed measurements of Dowdy et al. [7] and Tse et al. [8] can be considered to be the most
representative and accurate of the entire available data set. Even though a large body of literature exists
concerning hydrogen combustion, only relatively few studies were conducted on steam diluted hydrogen
�ames. Early studies by David et al. [9] revealed that steam diluted �ame temperatures are lower than
for dry �ames. A survey by Kuehl [10] reported that replacing N2 with steam in low-pressure hydrogen/air
�ames leads to an increase of the laminar burning velocity. He claimed that the substitution with steam
accelerates the combustion process by increasing the radiative heat transport from the hot products to the
fresh gases. Levy [11] and Dixon-Lewis [12] o�ered an interpretation based on chemical kinetics for this
e�ect. Liu et al. [13] measured the burning velocity with a laminar nozzle burner up to steam fractions of
15% and derived a correlation for the burning velocity. In the study by Koroll and Mulpuru [14], the burning
velocity was examined in a similar experiment with molar steam fractions up to 50%. They concluded that
steam does not act as an inert diluent. To our knowledge, this is the most comprehensive investigation on
hydrogen �ames concerning high steam contents. More recent work on hydrogen diluted �ames was done by
Kwon and Faeth [15], and Kuznetsov [16]. Kwon and Faeth reported on experimentally obtained laminar
�ame speeds for N2/He/Ar as diluents in freely propagating spherical �ames.

Numerous reactions schemes including a detailed H2/O2 subset can be found in the literature. A com-
prehensive overview was given by Ströhle and Myhrvold [17]. They assessed the performances of several
mechanisms for di�erent criteria such as ignition delay, burning velocity and pressure dependence with ex-
perimental data. They concluded that the mechanism of Li [18] is the most suitable. The mechanism is
based on previous publications by the group of F. L. Dryer at Princeton University. Recently Burke updated
the mechanism of Li [19]. He improved it further and validated it against a wide range of experimental
conditions. Le Cong and Dagaut [20] developed a reaction mechanism focused on oxidation of nitrogen
diluted syngas compositions (H2/CO/CH4). The scheme is very comprehensive and consists of 128 species
and 924 reversible reactions. It showed good agreement with experimental data. The mechanism of the
Creck Modeling Group was published [21] recently. It is modularly built and features prompt and thermal
NOx formation pathways.

The speci�c objective of this study is the investigation of the premixed combustion of pure hydrogen
diluted with varying amounts of steam. The e�ect of steam on the combustion process is addressed by
employing detailed chemistry. One aim of this study is to identify an adequate detailed reaction mecha-
nism. Several candidates are identi�ed and compared employing one-dimensional laminar premixed �ame
computations at several steam levels for which experimentally determined �ame speeds are available.

The reaction mechanism is then used for simulating a turbulent �ame in a generic swirl burner using
Large Eddy Simulations (LES). Turbulent combustion is a complex topic, which involves non-linear multi-
scale phenomena. Consequently, the �ame location is unsteady in nature and very sensitive to perturbations.
To present a suitable simulation strategy for handling wet combustion, two di�erent combustion closures are
investigated and the grid sensitivity is assessed. To investigate the in�uence of steam on the combustion
process simulations with di�erent steam contents are carried out and are compared to experimental data.
The reacting simulations will be conducted under atmospheric conditions and the steam-air ratio was varied
from 0% to 50%.

Firstly, the investigated geometry and the experimental and numerical techniques are presented. Secondly,
an adequate detailed reaction mechanism is identi�ed by performing one-dimensional laminar premixed �ame
calculations. Afterwards, the mechanism is used for LES to assess the in�uence of the grid resolution as well
as the chosen combustion closure. The in�uence of di�erent steam contents on the combustion processes is
assessed emplyoing LES. Velocity pro�les, �ame shape and positions are compared to OH* chemiluminescence
recordings and PIV measurements. Finally, the results are summarized and conclusions are drawn.

2 Investigated Con�guration

The simulations were conducted on an unscaled cylindrical domain with an attached swirl generator, as
shown in Figure 1. The domain is adopted from the experimental setup. Due to limited computational
resources the length of the combustion chamber was truncated. As a characteristic length and velocity to
be the hydraulic diameter of the burner outlet Dh = 20.0 mm and the mean bulk velocity u0 at the burner
exit were chosen.
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Figure 1: Schematic drawing of the computational domain

The swirl burner (Movable Block Burner) consists of eight movable and eight �xed alternately placed
blocks as shown in Figure 2. By simultaneously rotating the movable blocks about the symmetry axis the
swirl intensity can be altered. This yields modulation of the swirl intensity between 0 and 2, but as mentioned
above a constant swirl number of Sth = 0.7 was used in the present study. The main gas �ow consists of an
adjustable amount of air and steam and is premixed before entering the swirl generator. Fuel, in this case
hydrogen, is injected at the bottom plate of the swirl generator through 16 holes. In previous investigations
the spatial and temporal degree of unmixedness of the air-fuel mixture was addressed [22]. The degree of
unmixedness is de�ned as Us,t = σ2

s,t/c(1−c), where σs,t is the temporal (subscript t) or spatial (subscript s)
variance of concentration �uctuations and c is the mean molar fuel concentration. It was found that the
spatial and temporal degree of unmixedness was of the order of 10−4. Thus, the air-steam-fuel composition is
regarded as technically premixed. This has been taken into account for the simulations by directly applying
the air-steam-fuel composition to the inlet, without considering the mixing process.

(a) Swirl generator (b) Moveable Block Burner

Figure 2: Swirl generator and Moveable Block Burner
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3 Experimental Techniques

The reacting �ow measurements were performed in a gas-�red test rig under atmospheric conditions. The
burner was �red with hydrogen, and the air was preheated and mixed with overheated steam before entering
the burner.

To provide optical access, the combustion chamber consists of a cylindrical silica glass followed by a
water-cooled exhaust tube. The optical access allows for the the application of Particle Image Velocimetry
(PIV). For the PIV measurements, aluminum oxide particles of a nominal diameter of 1µm were seeded
into the �ow upstream of the swirl generator using a �uidized bed seeding generator. The �ame 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 inverse Abel transformation according to
[23]. The combustor inlet temperature was measured in the mixing tube upstream of the burner outlet.
Further information on the experimental setup is provided in [24].

4 Operating Conditions

In order to assess the in�uence of steam on the combustion process, three cases were conducted. The �rst case
was computed with the absence of steam at ambient temperature and lean conditions, and will be denoted in
the following as �dry�. The two other cases were carried out with moderate and high steam content and are
referred to �moderate-wet� and �ultra-wet� in the following. The steam content Ω = ṁsteam/ṁair is de�ned as
the ratio of the mass �ow rate of steam ṁsteam to the mass �ow rate of air ṁair. In addition, the respective
performances of two combustion models were assessed, as well as the grid sensitivity.

One objective of this survey is to show that adding steam directly into the combustion process allows
for hydrogen combustion at realistic gas turbine conditions, with regards to the turbine inlet temperature
(≈ 1643 K).

During the experiments, the total mass �ow rate of air plus steam was kept constant. The swirl number
was adjusted to Sth = 0.7 to assure vortex breakdown in the combustion chamber. The operation conditions
are summarized in Table 1.

Table 1: Operating Conditions

Condition Case 1 (Dry) Case 2 (Moderate-Wet) Case 3 (Ultra-Wet)
Inlet velocity uin 14.94 m/s 26.55 m/s 38.89 m/s
Bulk velocity u0 34.71 m/s 61.65 m/s 88.37 m/s
Pressure p 101, 325 Pa 101, 325 Pa 101, 325 Pa
Reynolds number Re 39, 000 31, 000 26, 000
Steam content Ω 0% 20% 50%
Equivalence ratio Φ 0.5 0.6 0.75
Inlet temperature Tu 293 K 463 K 633 K
Adiabatic �ame temperature Tad 1643 K 1623 K 1643 K

5 Numerical Methods and Subgrid Scale Modeling

The motion of a reacting �ow is described by balance equations of momentum, mass, species and energy.
In LES a �low-pass� �lter is applied to the dependent variables, and thus removes the dependence on the
small eddy scales, so that the equations only describe the larger turbulent �uctuations [25, 26]. This results
in unclosed terms, usually referred as the subgrid scale (SGS). Applying �ltering to the balance equations
leads to the Favre averaged �ltered equations, which reads as follows:
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Continuity:

∂%

∂t
+
∂%ũj
∂xj

=0. (1)

Momentum (i = 1, 2, 3):

∂%ũi
∂t

+
∂(%ũj ũi)

∂xj
=− ∂

∂xj
[% (ũiuj − ũiũj)]−

∂p

∂xi
+
∂τ ij
∂xj

+ Fi . (2)

Here, the superscripts − and ∼ denote �ltered and Favre �ltered quantities, rather than ensemble means.
In addition, 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 mass conservation equation for chemical species k is described as follows:

∂%Ỹk
∂t

+
∂

∂xi

(
%ũiỸk

)
=

∂

∂xi

[
Jki Yk − %

(
ũiYk − ũiỸk

)]
+ ω̇k, (3)

where Yk is the mass fraction of the species k, ω̇k is the reaction rate and Jki is the i-component of the laminar
di�usive �ux of species k. For the conservation of energy, the enthalpy balance equation is employed, where
a low Mach assumption is regarded:

∂%h̃t
∂t

+
∂%ũih̃t
∂xi

=
∂

∂xi

(
(µt + µ)

Pr

∂h̃t
∂xi

)
. (4)

Here, ht = h + uiuj/2 is the total enthalpy and can be described by the speci�c enthalpy h. µ denotes the
dynamic viscosity of the �uid, µt the eddy viscosity and Pr = 0.7 the Prandtl number. Regarding a low
Mach approximation results in an additional simpli�ed equation of state, where the density is a function of
the temperature and the composition only.

The �ltering is assumed to be a linear function, and therefore, to be commutative with temporal and
spatial derivatives. This assumption is not valid for non-linear terms and cannot be described by �ltered
variables. Hence, they are gathered on the right-hand side. These terms, collectively denoted as subgrid
scale (SGS) terms, are unclosed and must be modeled. In the present study, the SGS term is modeled by
the classical Smagorinsky approach [27]. In this approach, the unresolved stress tensor τij = %ũiuj − %ũiũj
is modeled by the Boussinesq hypothesis, in which the e�ect of the unresolved turbulence on the large-scale
�ow is considered as an increase in viscosity. The �lter length scale is the cubic root of the local grid cell
volume. The Smagorinsky constant Cs was set to Cs = 0.1683.

The simulations have been carried out employing the open-source platform OpenFOAM. In order to
handle the combustion process at wet conditions, a customized solver for low Mach number reacting �ows
was used [28, 29, 30]. For both cases, the pressure velocity coupling is performed applying the PISO algorithm
as described by [31], ensuring that continuity is satis�ed. For all spatial derivatives, except for the convective
terms in the enthalpy and the mass fraction equations, second order di�erencing is used. These convective
terms are treated using a second order accurate total-variation-diminishing (TVD) scheme for avoiding
non-physical over-shoots. Time derivatives are treated applying 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, which uses a zero-gradient condition (Neumann). Similarly, the out
�ow is treated using zero-gradient for all variables. Non-slip walls (zero velocity) are used with zero gradient
for the other variables except for the temperature, for which a constant wall temperature was set.
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6 Combustion Modeling

One-Dimensional Flame Modeling

One-dimensional computations were assessed using the open-source software Cantera in order to analyze
the in�uence of steam on the combustion process. The software includes important e�ects for hydrogen
combustion, as thermal di�usion and multicomponent di�usion. For only one dimension, the governing
equations for energy and mass fractions are reduced to a system of ODEs (Ordinary Di�erential Equations)
in the axial coordinate. By applying �nite-di�erences a system of nonlinear algebraic equations is formed
from the �ow. The numerical method is based on a hybrid Newton/time-stepping algorithm to solve the
equations. The grid was adaptively re�ned/coarsened to ensure su�ciently resolved gradients, since the
largest source of errors is the spatial discretization.

In the study of Ströhle and Myhrvold [17] several reaction mechanisms for H2/O2 and H2/air combustion
were evaluated and they concluded that the mechanism of Li [18] would be the most suitable mechanism
for �ame prediction. The reaction scheme was recently updated by Burke [19] with the primary objective
to incorporate recent improvements in rate constants, especially for diluted and high-pressure �ames. Due
to these improvements this model was employed in the present study, even if elevated pressures are not
considered. The model consists of 13 species and 27 reactions and was validated using the data by Li [18].

In addition two representatives of C1/C2 species oxidation were considered, since both are based on a
detailed H2/O2 subset. The �rst of them was published by Le Cong and Dagaut [20] and contains 128 species
and 924 reversible reactions overall. The H2 oxidation subset is represented by 12 species and 22 reactions.
The second mechanism is from the Creck Modeling Group [21]. For this scheme the H2/O2 subset consists
of 32 Species and 174 Reactions.

Additionally, the GRI-Mech 3.0 [32] (26 reversible reactions for H2/O2 kinetics) is also included, since it
is used as a reference by many researchers.

Based on their respective performance, LES simulations were conducted employing the most suitable
reaction mechanism. Since none of the aforementioned mechanisms features the formation of OH*, all
models were extended by OH* formation pathways according to Smith [33]. This includes one additional
species (OH*) and 7 reactions.

Reaction Modeling

Incorporating combustion chemistry into LES involves �nding a suitable reaction mechanism and solving
the �ltered species equations. An additional modeling issue lies in the �ltered species equations, which
contain the �ltered reaction rates ω̇. The reaction rates are non-linear functions of species concentration
and temperature. Di�erent avenues have been used for modeling of the �ltered reaction rate, starting
by extending Reynolds-Averaged Navier-Stokes (RANS) combustion models to LES applications. Recently
modern methods have been proposed that were speci�cally designed for the LES framework [25].

Examples of such methods include (i) Implicit LES (ILES), [34, 35, 36], (ii) Thickened Flame Models
(TFM) [37, 38, 25], (iii) Linear Eddy Models (LEM) with embedded 1D grids [39], (iv) Flamelet Models
(FM) [40, 41, 42], (v) Eddy Dissipation Concept (EDC) [43], (vi) Partially Stirred Reactor (PaSR) [34] and
(vii) Filtered Density Function (FDF) models [44, 35]. While the methods (iv-vi) have a counter-part in the
RANS framework, the methods (i-iii) are solely valid for LES applications.

The investigated �ame in the present paper is characterized by a relatively high Karlovitz number as a
large amount of steam is added to the reactants, which spreads the heat release peak. The Karlovitz number
can be calculated as

Ka ∼
(
u′

SL

) 3
2
(
Dh

δ0
L

)− 1
2

, (5)

where u′ is the velocity �uctuation, SL the laminar �ame velocity and δ0
L the �ame thickness. The Damköhler

number can be determined similarly:

Da ∼
Dh/u′

δ0L/SL

. (6)

The calculations of Ka and Da for di�erent steam levels is listed in Table 2. The velocity �uctuation u′

7



was calculated from incompressible LES. The thermal thickness δ0
L and the laminar �ame velocity SL were

calculated with the one-dimensional approach mentioned above.

Table 2: Karlovitz and Damköhler number for the three considered cases

Condition Case 1 (Dry) Case 2 (Moderate-Wet) Case 3 (Ultra-Wet)
Steam content Ω 0% 20% 50%
Equivalence ratio Φ 0.5 0.6 0.75
Laminar burning velocity SL 0.5 m/s 0.78 m/s 0.33 m/s
Thermal thickness δ0

L 4.4 · 10−4 m 4.8 · 10−4 mm 5.6 · 10−4 mm
Flame thickening factor F 2.1 2.1 2.1
Karlovitz number Ka 7.76 9.6 8.43
Damköhler number Da 3.2 2.6 2.6

With such a high Karlovitz and Damköhler number, the turbulent integral scale is larger than the chemical
time scale. Thus, the Kolmogorov scales are smaller than the �ame thickness and the inner �ame structure
may be a�ected. This �ame regime is well known as the �thickened �ame regime� or �distributed reaction
zone� [25]. Therefore, the �ame is de�nitely subject to strong �nite rate chemistry e�ects and suitable
candidates for resolving this e�ect are ILES, TFM, LEM, EDC, PaSR and FDF. LEM and transported FDF
are very CPU intensive techniques when used with LES, while presumed FDF and ILES keep the CPU
costs at reasonable levels. EDC and PaSR have intermediate CPU cost, though potentially important when
dealing with complex burner geometries. The present study focus on using ILES and TFM, which have the
attractive feature of handling complex chemistry naturally and with reasonable extra cost.

Implicit LES

The Implicit LES (ILES) (also sometimes referred to Monotonically Integrated LES - MILES) closure com-
putes directly the reaction rate of the k-th species through an Arrhenius expression. According to [34, 35, 36]
the �ltered reaction terms for species j are given by:

ω̇j (Yi, T ) = ω̇j

(
Ỹi, T̃

)
. (7)

The assumption leading to ILES corresponds to the assumption that each cell is a perfectly-stirred reactor,
and thus that the subgrid mixing is faster than chemical reactions. Therefore, a very intense subgrid mixing
is required to ensure that the �lter box, or LES grid cell, is homogeneous.
An alternative measure is the thickening factor F used in the Thickened Flame Model (TFM). The factor
F is usually computed in order to be able to resolve the �ame front on 3− 5 grid points:

F ∼ 3∆/δ0
L , (8)

where ∆ = 4 · 10−4 mm represents a characteristic element size in the shear layer. Usually F is less sensitive
than the local Damköhler number Da, as it does not account for the subgrid stirring, though the ILES
domain of validity corresponds to F close to or below 3. The calculations of F for the three cases as listed
in Table 2 indicates that the present �ame falls well into the domain of validity of ILES and the reaction
brush is indeed resolved on the LES grid.
Equation (7) would fail in the RANS framework, but is valid for laminar �ow simulation and direct numerical
simulation (DNS). The validity of Equation (7) with LES depends on the relative grid resolution and also
on the subgrid physics. Although using a typical LES-grid, far from DNS, Equation (7) was shown to
approximate the reaction rate reasonably well, as reported in [45, 46, 34, 35]. These studies suggest that
ILES is an eligible approach for combustion simulation and that it may perform equally well compared to
other closures.
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Thickened Flame Model

The Thickened Flame Model (TFM) [37, 47, 38, 25, 48], originally proposed by Butler and O'Rourke [37], is
a well established closure. It arti�cially thickens the �ame front, in order to resolve the �ame front on the
LES grid. Based on the laminar theory [25] the �ame speed and thickness can be expressed as:

SL ∼
√
DthB ; δ0

L ∼
Dth

SL
=

√
Dth

B
, (9)

where Dth is the thermal di�usivity and B the preexponential constant. By multiplying the thermal dif-
fusivity, and simultaneously dividing B with the same factor F, the �ame speed keeps constant, while the
�ame thickness is arti�cially increased. However, this also decreases the Damköhler number by the factor
of F . In order to correct this Colin et al. [47] introduced an e�ciency function E, which takes the subgrid
wrinkling into account to correct the unresolved features.
For the model the chemical oxidation is handled by the usage of an Arrhenius expression. The �ltered scalar
equations reads:

ω̇k (Yj , T ) =
E

F
ω̇k

(
Ỹj , T̃

)
, (10)

where F is the thickening factor and E an e�ciency function. The unresolved scalar transport DTFM is
modeled similarly, by an e�ective di�usion related to the molecular di�usion coe�cient Di:

DTFM = EFDk , (11)

From combining equation 10, 11 with equation 3 it follows the species balance for the Thickened Flame
Model:

∂%Ỹk
∂t

+
∂

∂xi

(
%ũiỸk

)
=

∂

∂xi

[
% EFDk

∂Ỹk
∂xi

]
+
E

F
ω̇k

(
Ỹj , T̃

)
. (12)

The e�ciency function E ∝ Ξ is modeled with concern to the �ame wrinkling Ξ that is taken into account
by the fractal �ame wrinkling approach (FFW) of Fureby [49]. The �ame thickening is only needed where
the �ame is present, and therefore E is restricted to a minimal value of 1:

E ∝ Ξ ∝ max

(
1,

[
u∆

SL

]χ)
, (13)

with the exponent χ being 0.3 and the subgrid velocity �uctuation u∆, which reads as:

u∆ = 2

∣∣∣∣ ∂2

∂x2
i

(
εijk

∂uk
∂xj

)∣∣∣∣∆3 . (14)

Of particular concern is the thickening factor F , which is usually computed on 3 − 5 grid points [36]. In
addition the �ame thickening is only necessary where the �ame is present to ensure that F = E = 1, which
is formally identical to the ILES closure. Besides, the thickening factor F is an indicator of the ILES closure,
which complements the local Damköhler and Karlovitz number. As a consequence F may be computed in
advance to a simulation and hence serve as an indicator for the validity of ILES. Since, F does not hold
information related to turbulence intensity, F may be considered as a necessary but not adequate indicator
of the potential validity of ILES.
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A more re�ned version of the Thickend Flame Model has been reported by [48], where the �ame thickening
factor F is computed dynamically.

7 Numerical Setup

As listed in Table 3 six computations were carried out with Reynolds numbers between Re ≈ 39, 000 and
Re ≈ 67, 000. In order to investigate the grid dependence two grids were used. Two computational grids
are used in the present study, both consisting of unstructured polyhedral cells with re�nement towards the
inner shear layer of the inner recirculation zone, ensuring that the smaller cells are located where scalar and
velocity gradients are expected to be large. For the �ner mesh the grid resolution was almost doubled in the
�ame zone. The coarser grid contains 1.1 million cells (3.9 millions nodes) compared to 2.1 millions (11.3
millions nodes) on the �ner mesh. For the coarser mesh this resulted in a Taylor turbulent length scale of
λf : (

∂uax
∂x

)2

=
2u′2

λ2
f

≈ 0.08Dh . (15)

Hence, the smallest resolved scales are in the inertial range of the turbulent spectrum and the grid is suitable
for performing LES. The second grid was re�ned in the area of the inner shear layer. Both meshes were used
to perform a grid sensitivity study with ILES as combustion closure at dry conditions according to Table
1. Moreover, a detailed grid sensitivity study was performed and reported earlier in [50] showing that the
re�ning in the present grid does not change the mean and RMS �elds signi�cantly.

As aforementioned, due to limited computational resources the length of the combustion chamber was
truncated. Terhaar and coworkers [51] reported that for an e�ective swirl number Seff ≤ 0.3 the �ow can
be considered to be supercritical, and thus, has the outlet a negligible in�uence on the upstream �ow �eld.
The e�ective swirl number Seff can be expressed by:

Seff = Sth
Tu
Tb

, (16)

where Tu/Tb denotes the temperature ratio obtained using calculated �ame temperature Tb and inlet temper-
ature Tu. With a theoretical swirl number of Sth = 0.7 and the temperatures listed in Table 1 a maximum
e�ective swirl number of Seff = 0.26 can be determined, and thus, the �ow can be considered supercritical.

In addition to the grid study the performances of the ILES were compared to the TFM combustion
closure for di�erent values of F . Furthermore, the in�uence of steam was assessed with several steam levels.

In addition to the operating conditions as listed in Table 1, a wall temperature (T = 900 K) was set
for the walls of the combustion chamber, since it was observed in previous investigations [28, 29] that heat
losses through the walls have a major impact on the �ame prediction. The wall temperature was derived
from experiments.

Table 3: Presentation of the six considered cases

Case Name Equivalence ratio Φ Steam content Ω Combustion Closure Mesh
I ILES (Ω = 0.0) 0.5 0.0 ILES coarse
II ILES �ne 0.5 0.0 ILES �ne
III TFM F=1.5 0.5 0.0 TFM coarse
IV TFM F=2.1 0.5 0.0 TFM coarse
V ILES Ω = 0.2 0.6 0.2 ILES coarse
VI ILES Ω = 0.5 0.75 0.5 ILES coarse
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8 Results and Discussion

One-Dimensional Flame Analysis

The laminar burning velocity is a key parameter in characterizing a combustible mixture. Hence, the compari-
son of calculated �ame speeds with corresponding measurements is of particular concern.
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Figure 3: Laminar burning velocity of hydrogen at
1 atm and Tu = 373 K for di�erent steam levels and re-
action mechanisms. Comparison between experimen-
tal data (symbols) and model predictions (lines). Ex-
perimental data according to Koroll [14].

The laminar burning velocity (SL) is de�ned as
the local velocity at which the �ame front propa-
gates normal to itself into the unburned gas. It de-
pends primarily on the pressure, temperature and
the composition. As the number of studies con-
cerning steam diluted hydrogen �ames with high
amounts of steam is still very limited, the follow-
ing analysis refers to the experimental data pub-
lished by Koroll and Mulpuru [14]. They investi-
gated H2/air/steam compositions up to molar frac-
tions of 50% steam at ambient pressure. Burning
velocities were measured with a nozzle burner ap-
plying the Schlieren cone angle method and parti-
cle tracking with Laser Doppler Anemometry. The
experiments with H2/air/steam compositions were
conducted at an inlet temperature of 373 K and
a burner diameter of 5mm. The crucial e�ect of
�ame curvature was evaluated with di�erent diam-
eters and Koroll [14] and the data was corrected
subsequently. In the study the overall accuracy
was not given, but Edmondson [52] reported a rela-
tive error of less than ±5% for a similar con�gura-
tion. Calculations of the laminar burning velocity
in a one-dimensional freely propagating �ame were
performed using four di�erent reaction schemes.
The mechanisms of Burke [53], Dagaut [20], the Creck Modeling Group [21] and the GRI 3.0 [32] were
compared to the measurements of Koroll.
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Figure 4: Thermal thickness δ0
L of a hydro-

gen/air/steam �ame at 1 atm and Tu = 373 K for
di�erent steam contents and reaction schemes.

In Figure 3 the results are given for the burn-
ing velocity of H2/air/steam compositions at 373 K.
Error bars according to [52] are provided for steam
levels of 0% and 12%. In the absence of steam all
four mechanisms are generally in good agreement
with the measurements. With raising steam con-
tents the deviations between the reaction schemes
and the measurements become more apparent. Es-
pecially the Creck and GRI mechanisms tend to
underpredict the burning velocity at rich conditions
and high steam levels. On the contrary the Dagaut
and Burke mechanism predict similar results that
are well in line with the measurements. Even with
high steam contents both mechanisms are close to
the experimental data, but the Dagaut mechanism
tends to slightly underestimate the �ame velocity.
In the absence of steam, the GRI mechanism pre-
dicts a slightly faster maximum �ame speed. With
increasing steam ratios and hydrogen content, the
burning velocity is under estimated.
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Figure 5: Steam content dependence of the laminar burning
velocity (top), the thermal thickness (middle) and the �ame
thickening factor (bottom) at constant outlet temperatures
Tb. The inlet temperature was 600K. Model predictions
were assessed with the mechanism of Burke [53] and with
the GRI 3.0-Mech for methane (Tb = 1773 K).

The thermal thickness is a well suited mea-
sure and an obvious requirement for numerical
combustion simulations, since it controls the
required mesh resolution. For most combus-
tion modeling approaches the �ame structure
must be resolved by enough grid points, in or-
der to resolve the gradients su�ciently. Dif-
ferent de�nitions are available, based either on
scaling laws or on one-dimensional �ame cal-
culations. According to Poinsot [25], the ther-
mal thickness δ0

L is the best suited de�nition.
It requires a temperature distribution and is
de�ned by the temperature di�erence of the
inlet temperature Tu and the temperature of
the burnt gases Tb, divided by the maximum
of the temperature gradient:

δ0
L =

Tb − Tu
max

(∣∣∂T
∂x

∣∣) . (17)

Figure 4 depicts the thermal thickness as a
function of the hydrogen content for di�erent
steam levels. As expected, the thermal thick-
ness for a hydrogen �ame is very thin. In the
absence of steam the �ame thickness increases
with the hydrogen input. As shown in the �g-
ure the mechanisms show a common tendency,
but di�er signi�cantly from each other. The predictions of the Creck mechanism deviate from the Burke
mechanism by about 17%. With the increase of steam, the �ame thickness grows, especially in the lean
([H2]/[H2+air] . 0.3) and very rich ([H2]/[H2+air] > 0.5) regime. For a steam content of 20%, the C1/C2
mechanisms are close to the predictions of the Burke mechanism. With a further increase of the steam
content to 50%, the C1/C2 mechanisms predict a signi�cantly larger thermal thickness. In particular, the
GRI mechanism shows a high deviation to the Burke mechanism. All calculations show a global minimum
at [H2]/[H2+air] ≈ 0.4. Here, the burning velocity reaches its maximum and, hence, explains the minimum
of the thermal thickness. Without accompanying data for the thermal thickness, the reaction mechanisms
cannot be ranked. However, with respect to the �ndings of the laminar burning velocity, it is assumed that
the Burke mechanism is the most suitable mechanism for steam diluted hydrogen �ames, and is therefore,
used for the following analysis and the LES simulations. Since the mechanism lacks the formation of OH*
species, it was extended by the OH* subset of Smith [54]. An in�uence of these extensions on the predictions
on the laminar burning velocity was of course veri�ed beforehand.

Figure 5 shows the laminar burning velocity, the thermal thickness and the �ame thickening factor as
a function of the steam content (Ω) for constant burned gas temperatures Tb. For a better comparison,
calculations with methane at 1773K conducted with the GRI mechanism are provided. As can be seen, the
burning velocity depends almost linearly on the temperature Tb and decreases with raising steam content. As
expected, the burning velocities for the hydrogen �ames are signi�cantly higher than those for the methane
�ame. In contrast to the methane �ame, the thermal thickness changes only slightly with steam content for
the hydrogen �ame. A similar behavior may be found for the �ame thickening factor F = 3∆/δ0L, since it
is only based on a characteristic length ∆ and the thermal thickness δ0

L. A more detailed analysis of the
in�uence of steam on the kinetics can be found in [30].

Large Eddy Simulations

The performed LES computations run with an adjustable time step to ensure a maximum Courant-Friedrichs-
Lewy below 0.2. This resulted in an averaged time step of 10−7s. The results were time-averaged over 0.05 s
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physical seconds after reaching a statistically steady state and showed a symmetrically averaged velocity �eld.
Several cases were performed at ambient pressure to investigate the sensitivity of the grid and combustion
closure as well as the in�uence of steam on the combustion process. The additional operating conditions
were set according to Table 1 and 3.

Sensitivity Analysis

The sensitivity of the solution to the grid resolution and the combustion closure is investigated by comparing
velocity, density gradients and OH* species concentration. Since LES is only able to resolve turbulent scales
that are larger than the grid spacing. It is essential to ensure grid independence by comparison of grids with
di�erent spatial resolution.
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Due to the high computational costs, it is di�cult to consider large grid variations. Therefore, only two
simulations were conducted. The �rst computation was performed with a "coarse" mesh. For the "�ner"
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mesh, the spatial density of the mesh was doubled in the zone where the main reactions and steep gradients
were expected.
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Figure 8: Comparison of the LES with OH*
chemiluminescence measurements (Ω = 0.0, Φ =
0.5, Tu = 293 K). Top and middle: Slices of
the normalized OH* mass fractions (LES), Bot-
tom: Processed Abel inversion of OH* recordings
(Exp.).

Figure 6 depicts a comparison of the measured and sim-
ulated mean axial and radial mean �ow �eld at di�erent
axial positions. The origin (x/Dh = 0.0) is located at the
burner exit and the pro�les are normalized by the burner
exit velocity u0. Near the burner exit an inner recircu-
lation zone is established due to the vortex breakdown
downstream of the sudden expansion. A shear layer is
formed between the inner recirculation and the surround-
ing swirling �ow, where high gradients are present.
The axial velocities are well in line with the measurements
for the axial velocity. Near the burner exit, the negative
axial velocity in the inner recirculation zone is slightly
over predicted for the coarse case. Furthermore, at x/Dh =
2.0, the LES predicts the slope at the inner shear layer
slightly di�erent and an external recirculation zone, which
cannot be observed in the measurements. On the one
hand, this could stem from higher measurement uncer-
tainties near the walls, for example caused by re�ections
or seeding resiudals. On the other hand, this could indi-
cate a too short averaging time for the computations. The
prediction of the radial velocities shows for the �ne case
a small deviation from the measurements. As is the case
for the simulations, the radial velocity should become zero
at the walls. Again, the discrepancies of the experimen-
tal data can be attributed to re�ections and adhesion of
seeding particles near the walls. Nevertheless, both simulations show a good agreement to the measurements.
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0.5; 1.0; 2.0) normalized by the burner exit ve-
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By applying a Sobel �lter to the PIV images the �ame
front shape can be deduced from the step in the particle
number density caused by the steep temperature increase
in the reaction zone. Pfadler and coworkers [55] as well
as Tachibana et al. [56] revealed that this method, yields
nearly the same spatial position as the heat release mea-
surements, the �ame front wrinkling or the steepest slope
in the OH* distribution as is the case for planar OH LIF
measurements. In order to compare the simulations to the
processed PIV recordings the inverse temperature gradi-
ent was used.
Figure 7 shows the Sobel �ltered PIV recordings and the
according LES results. As can be seen, the measurement
exhibits small scales that are not predicted by the compu-
tations. Especially the wrinkling of the �ame front is not
predicted. However, the �ame shape, position and angle
are reproduced. It should be mentioned, that the small
scales of the measurements are not necessarily directly
linked with the density gradient, since the particles are
subject to turbulence and therefore, discrepancies cannot
solely be attributed to the grid resolution. Nevertheless,
the di�erences between the simulations are small.

The �ame is approximately represented by the con-
centration of active OH radicals. In order to compare
the OH* chemiluminescence measurements qualitatively with the computations, the recordings were trans-
formed by an Abel inversion to give a view of the �ame in a slice without losses induced by the inte-
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gration through the line of sight. The algorithm was discussed in detail in [23]. Figure 8 shows the
deconvoluted OH* chemiluminescence recordings as well as streamwise slices of OH* mass fraction of
the LES. The LES predicts a non-reacting jet surrounded by a thin reaction layer with a steep gra-
dient. The maximum OH* concentration is located at the tip of the reaction layer, contrary to what
is observed in the experiments. Compared to the computations the experiments show a shorter jet
that leads to a more distributed main reaction zone with a weaker gradient. For the measurements as
well as for the computations an area of low OH* concentration is located downstream of the thin re-
action layer, which is probably caused by convection. Due to the very small reaction layer thickness,
the spatial resolution of the OH* recordings is probably too low to resolve the gradients su�cently.
Nevertheless, the thin �ame zone is in line with the previously presented �ndings, but could be a�ected by
higher mixing. Compared to the coarse case the simulation for the �ner grid o�ers a thinner reaction layer.
However, the �ame shape and dimension is well represented by the computations. Due to the fact, that both
grids showed similar results, the coarser mesh will be used for the following investigations.
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Figure 11: Comparison of the LES with OH*
chemiluminescence measurements (Ω = 0.0,
Φ = 0.5, Tu = 293 K). Top to middle: Slices of
the normalized OH* mass fractions (LES), Bot-
tom: Processed Abel inversion of OH* record-
ings (Exp.).

To assess the in�uence of the combustion closure two
additional simulations were carried out employing the
Thickened Flame Model with F = 1.5 and F = 2.1. For
F = 1 the TFM is formally identical to the ILES closure,
which is therefore also shown. Figure 9 shows the mean
axial velocity for the computations compared to the exper-
imental data. The highest di�erences appear in the shear-
layer and the inner recirculation zone. But as can be seen
all computations are well in line with the experiments.

The Sobel �ltered PIV and the accordingly processed
computations are given in Figure 10. With increasing F
the �ame gets slightly sharper and the �ame tip moves
closer to the combustor wall. By arti�cially thickening the
�ame, the �ame seems to be more a�ected by the convec-
tion of the inner shear-layer and the �ame extends further
downstream. This behavior can also be observed in Figure
11 where OH* chemiluminescence recordings as well as a
streamwise slices of OH* mass fraction of the simulations
are shown. There the reaction zone is more distributed
and extends further downstream. With decreasing F the
�ame gets closer to the measurements and for agrees best
for values of F close to unity, which is formally identical
to the ILES formulation. In order to gain deeper insight
into the combustion process incorporating the dilution of
steam the ILES model is employed.
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15



In�uence of Steam

In order to investigate the in�uence of steam on hydrogen oxidation three simulations with di�erent steam
content Ω were conducted. The �rst case was carried out without steam, the second case with moderate
steam content (Ω = 20%) and the last at ultra-wet conditions (Ω = 50%). For all cases the adiabatic �ame
temperature was kept constant.

Figure 12 depicts the mean axial velocity for all three cases. As aforementioned in the sensitivity analysis,
a inner recirculation zone is established con�ned by a shear-layer. For the wet cases, a �at velocity pro�le
in the inner recirculation zone can be observed. If the changing of the pro�le shape can be attributed to
higher inlet temperature of the wet case resulting in higher velocties only, remains questionable. The overall
predictions of the LES are well in line with the experimental data.
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Figure 12: Mean axial velocity pro�les at di�erent streamwise positions (x/Dh = 0.5; 1.0; 2.0) for di�erent
steam levels normalized by the burner exit velocity u0.

In Figure 13(a) is the Sobel detected �ame front given. The experiments show, that with raising steam
content the �ame is more in�uenced by turbulent �uctuations and becomes more wrinkled. Moreover, the
�gure depicts, that the �ame extends further downstream. The simulations reproduce the same trend.
As seen before in the sensitivity analysis the wrinkling is not predicted. However, the length, angle and
dimensions are well represented.

Figure 13(b) shows a similar behavior. The computations show a larger spatial distributed reaction zone,
with a gradient that is less steep, therefore, it can be deduced that the heat release spreads. This increase
is well in line with the �ndings of the kinetical assessment. The prediction of the position of the maximum
heat release is in close agreement with the experiments. Moreover, the computations of the �ame shape and
distribution agree well with the measurements.

To get an impression of the �ame dynamics an iso-volume of the OH* mass fraction is shown for the ultra-
wet case in Figure 14. The �gure shows three perspectives and the �ame is colored by the normalized axial
velocity �uctuations. As can be seen in the bottom right view, the �ame consists of a rapid cold jet, which is
surrounded by low velocity �uctuations. Further downstream the �ow accelerates and the �uctuation level
raises. Also the swirling of the �ame can nicely be seen.
Even if the modeling approach presented in this study leads to reasonable results, some limitations should
be discussed. For the dry case, the prediction of the distribution of the reaction zone di�ers slightly between
the measurements and the computations. We assume that the spatial resolution of the applied OH* chemi-
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(a) Visualization of the �ame front. Inverse temperature gradient
of LES (left); Processed PIV (right).
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(b) Comparison of the LES with OH* chemiluminescence mea-
surements. Left: Slices of the normalized OH* mass frac-
tions (LES), Right: Processed Abel inversion of OH* recordings
(Exp.). Contour lines of the OH* concentration (mass fraction)
of the LES are superimposed.

Figure 13: Flame characteristics at di�erent steam dilution levels (Ω = 0.0; 0.2; 0.5).

luminescence measurement technique is not high enough to capture the �ne structures. Probably, this e�ect
is further ampli�ed by the Abel deconvoluted processing.

However, the velocity �eld predictions as well as the �ame shape and dimension agree well with the
experiments. The comparison showed that the detailed mechanism of Burke is suitable to predict steam
diluted hydrogen �ames under atmospheric gas turbine conditions in terms of inlet temperature. By adding
steam to the combustion process, the �ame becomes less compact and extends further downstream. Even
with high steam content, the extension is small compared to methane �ames, as observed in [28, 29].

9 Concluding Remarks

This paper contributes to the understanding of the combustion of hydrogen at ultra-wet conditions applying
LES. The e�ect of steam on the combustion process was addressed using detailed chemistry.

In order to identify an adequate oxidation mechanism, several candidates were compared. In particular,
their performance was assessed employing one-dimensional laminar premixed �ame calculations under dry
and wet conditions where experimentally determined �ame speeds are available. Out of several reaction
models, it was found that the recently published mechanism of Burke was the most suitable. By employing
this mechanism further insight into the e�ect of steam dilution was gained.

In a second step, the mechanism was used for simulating a turbulent �ame in a generic swirl burner fed
with hydrogen and humidi�ed air. The simulations of the reacting �ow were conducted under atmospheric
conditions and the steam-air ratio was varied between 0% and 50%. In order to resolve wet combustion, two
combustion closures, namely the Implicit Large Eddy Simulation (ILES) and the Thickened Flame Model
(TFM) were compared. It was found that the ILES and the TFM with a �ame thickening factor close to
unity were able to capture the velocity �eld and �ame shape/positions compared to experimental data. For
higher values of the �ame thickening factor the �ame front is stronger in�uenced by the velocity �eld. Thus,
the reaction zone is further distributed and the the �ame angle is tilted closer to the combustion chamber
walls.

It was shown that by adding steam, the heat release spreads, the �ame front thickens and the �ame
extends slightly further downstream. Moreover, the velocity �elds predicted by the computations were well

17



Figure 14: Visualization of the �ame dynamics for the ultra-wet case (Ω = 0.5,Φ = 0.75, Tin = 673 K). The
structure is represented by an iso-volume of OH* and colored by the normalized axial velocity �uctuations.

in line with the measurements. The �ame shape and positions agreed well for both the dry and the wet case.
Finally, it was shown that LES is able to recover the �ow �eld. Moreover, by employing a detailed

reaction scheme for LES, we were able to predict the �ame shape and positions as well as the e�ects induced
by adding steam. The bottom line of this survey is that the addition of steam allows for clean and e�cient
combustion of hydrogen for gas turbine applications and can be predicted using ILES in combination with
detailed chemistry.
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