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ABSTRACT

Large Eddy Simulations (LES) coupled with the Eulerian Stochastic Fields (ESF) approach are used in this study
to investigate the effects of tangential strain on NO emissions. The simulation framework is applied to a lean,
hydrogen-air premixed flame stabilised by a conical bluff-body burner developed at the Norwegian University
of Science and Technology (NTNU). Simulations are conducted at three different inlet conditions. The inlet
mass flow rates of premixed fuel and oxidiser are increased to systematically vary the tangential strain rate
and analyse its effect on the flame dynamics and NO formation. The results are validated against experimental
measurements, showing good agreement for velocity statistics and flame structure. A detailed analysis reveals
that, for the present test case, the tangential strain rate is the dominant contributor to flame stretch, while
curvature effects are negligible. Increasing tangential strain enhances flame reactivity up to a critical threshold,
beyond which the consumption speed decreases. Results show that increasing the mean tangential strain rate
by 24% can lead to an almost 43% reduction in NO emissions per kW. These findings highlight the potential
of strain-based control strategies for emission reduction in hydrogen combustion systems and demonstrate the
suitability of the ESF method in modelling highly strained, turbulent premixed flames.

Novelty and significance statement

This study provides the first demonstration of how tangential strain rate can be systematically exploited to
reduce NO emissions in a practical turbulent premixed hydrogen flame configuration. While previous works
have largely focused on laminar counterflow or simplified configurations, this research extends the analysis
to a three-dimensional bluff-body stabilised flame, capturing realistic turbulence—chemistry interactions. By
employing Large Eddy Simulation coupled with the Eulerian Stochastic Fields (LES-ESF) method, the work
achieves a detailed representation of differential diffusion effects and flame-strain coupling without relying
on empirical closure assumptions. The findings establish that tangential strain is the dominant contributor to
flame stretch, with curvature playing a negligible role, and reveal a critical threshold beyond which increased
strain reduces flame consumption speed and NO production. A moderate increase of roughly 24% in mean
tangential strain rate was found to yield an almost 43% decrease in NO emissions per unit power. Considering
the high tangential strain levels characterising the experimental flame, the results presented here not only
demonstrate the robustness of the ESF framework in capturing the trends typical of highly strained hydrogen
flames, but also open pathways for strain-based emission control strategies, offering practical relevance for the
design of next-generation low-emission hydrogen combustion systems.

1. Introduction

Hydrogen holds tremendous potential as an energy carrier and has

flame stability [2-4], making hydrogen more prone to flashback in
premixed configurations [5]. Therefore, a fundamental understanding
of the physics of hydrogen flames is essential for the design and

emerged as a promising alternative to conventional fossil fuels [1].
In particular, the use of hydrogen in premixed combustion configura-
tions offers the potential for high efficiency and low greenhouse gas
emissions. However, the strong reactivity, low ignition energy, and
high diffusivity of hydrogen pose significant challenges in controlling
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optimisation of future combustion technologies. Moreover, hydrogen
combustion can cause high temperatures, leading to high levels of
NO, when air is the oxidiser. Although NO, formation can be reduced
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by using lean premixed and partially-premixed combustion [6], the
aforementioned challenges are further compounded at these conditions
due to occurrence of intrinsic instabilities and their synergy with tur-
bulence [7] typical of practical configurations. Large Eddy Simulation
(LES) has emerged as a powerful tool for capturing the unsteady
dynamics of turbulent reacting flows. LES resolves the large energy-
carrying eddies of the turbulent flow field, while the effects of the
smaller sub-grid scales (SGS) is modelled. However, the success of
LES in reactive flow simulations heavily depends on the accurate rep-
resentation of sub-grid scale turbulence—chemistry interactions (TCI),
which are modelled [8] and remain one of the central challenges in
the field. To address the challenge of modelling turbulence—chemistry
interaction (TCI), a number of strategies have been developed [9-11].
Flamelet-based formulations, such as the Flamelet Progress Variable
(FPV) and Flamelet Generated Manifold (FGM) approaches, are widely
adopted in LES of gas turbine combustors and laboratory flames ow-
ing to their computational efficiency [12]. These models project the
chemical kinetics onto low-dimensional manifolds and typically em-
ploy presumed joint probability density functions (PDFs) to represent
subgrid-scale scalar fluctuations. However, for hydrogen flames, pref-
erential diffusion effects become significant and must be incorporated
by means of additional correction terms in the evolution equations
of the controlling variables [13-16]. Thickened Flame (TF) models
constitute another commonly used LES strategy, in which the flame
front is artificially thickened to permit resolution on the computational
mesh, while a subgrid efficiency function accounts for unresolved wrin-
kling [17-19]. Yet, when applied to hydrogen combustion, TF models
may introduce inaccuracies due to the enhanced sensitivity to stretch
caused by thickening and their inability to represent thermo-diffusive
instabilities. Recent efforts to mitigate these limitations in hydrogen
flames can be found in [20-22]. Among these models the transported
filtered density function (T-FDF) is well known for its accuracy. By
solving a transport equation for the filtered joint density function
(FDF) of the thermochemical variables, the FDF method provides a
statistically consistent closure for the nonlinear chemical source terms.
This removes the need for empirical closure models and enables a more
accurate treatment of the combustion process. However, the numerical
solution of the FDF transport equation, especially in high-dimensional
composition spaces, remains computationally challenging due to the
stochastic nature of this equation [23]. An alternative, yet equivalent,
approach is the Eulerian Stochastic Fields (ESF) method, where the
solution of the FDF transport equation is approximated by a finite
ensemble of stochastic fields, each governed by a stochastic partial
differential equation [24-26].

In this study, we employ the ESF approach within the context of
LES to investigate the behaviour of a premixed hydrogen-air flame
stabilised by a bluff-body burner. The flame configuration is based
on the experimental setup developed at the Norwegian University of
Science and Technology (NTNU) [27] and represents a canonical test
case for validating turbulent combustion models. It features a conical
bluff body that promotes flame stabilisation by means of flow recircu-
lation, and it is operated under lean conditions with an equivalence
ratio of 0.4 and a resulting power of 3.5 kW. The same test case
was previously investigated by [28] using the flamelet approach and
without including differential diffusion effects. In this work, particular
attention is devoted to analyse the coupling between differential dif-
fusion and tangential strain rate and the effects that the latter plays
on the local flame structure and NO formation. The tangential strain
rate is changed by varying the inlet mass flow rate. As discussed in
previous works [29,30], hydrogen addition has been shown to delay
the extinction tangential strain rate, proving that hydrogen is able to
sustain very high tangential strain rates. A recent study [31] further
demonstrated that NO, emissions can be reduced by increasing the
tangential strain rate on the flame front. The study employed a laminar
counterflow configuration and it is the objective of this study to extend
the work to a 3-D turbulent premixed hydrogen-air flame in a real
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scenario. Similar effects on the reduction in NO, emissions linked to
tangential strain effects were observed for a turbulent diffusion flame
in [32]. The influence of stretch effects on NO, emissions has been
experimentally investigated by Drake et al. [33] showing that the net
NO, formation rates are affected by flame stretch due to changes in
peak flame temperature, superequilibrium O atom concentrations, NO
destruction reactions, and N,O formation reactions. In this study, to
complement and extend these findings, a premixed configuration is
investigated and an extensive description of the relation with NO emis-
sion and tangential strain rate is provided. It is worth noting that the
amount of NO, is significantly smaller than that of NO, and the former
can therefore be neglected in the present analysis [34]. Consequently,
the trends discussed for NO can be considered representative of the
overall NO, formation.

The objectives of the present study are: (i) to demonstrate the
capabilities of ESF-based transported FDF models to predict the cou-
pled strain-differential diffusion effects in lean premixed hydrogen-air
flames; and (ii) to investigate the impact that an increase in flame-
tangential strain rate has on NO emissions. The first objective is ad-
dressed by comparing the experimental measurements against the time-
averaged results obtained by LES. The second objective is addressed by
first demonstrating that tangential strain effects are predominant over
curvature.

Subsequently, the level of tangential strain on the flame is increased
by increasing the inlet mass flow rate and then correlated to NO
emissions. The paper is structured as follows. The governing equations
and combustion modelling are introduced in Section 2. Test cases and
configurations are described in Section 3. The numerical details are
discussed in Section 4, which is followed by the presentation of the
results and their discussion in Section 5. A summary of the work and
main conclusions close the paper.

2. Modelling
2.1. 3-D governing equations

The 3-D turbulent simulations are performed using large eddy sim-
ulations (LES). The evolution of any given compressible, turbulent
reacting flow can be described in a LES via the Favre-filtered governing
equations for mass, momentum, energy and species mass conservation.
The first two equations are written as follows

op O

— 4+ — =0 1
ot Ox; )
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where y is the dynamic viscosity, u; is the ith component of the filtered
velocity and p and p are respectively the filtered pressure and filtered
density. To close the momentum equation, the Boussinesq hypothesis
is used for the unresolved stresses z,,,;;. In the context of turbulent
reacting flows, a set of N, further equations needs to be solved for
the chemical species involved in the combustion process. The Favre-
filtered transport equations for species mass conservation are written
in the following form:
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where Y, is the Favre-filtered mass fraction of species k, D, is the
diffusivity of species k, Sc,,, is the subgrid Schmidt number set to 0.7
and @, is the filtered reaction rate of species k. To solve the species
mass transport equations, a closure model that takes into account the
turbulence-chemistry interaction (TCI) is needed for Ek, to be discussed
in the next paragraph. An equation for energy is also solved following
the sensible enthalpy formulation:
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where N, is the number of species in the reaction mechanism, Pr,,, =
0.7 is the subgrid Prandtl number, @; is the filtered heat release
rate and %s,k is the sensible enthalpy of species k. The Sutherland’s
transport law is adopted to compute mixture properties such as thermal
conductivity A and dynamic viscosity u. The mixture specific heat at
constant pressure C,,,. is computed from temperature using JANAF
polynomials [35]. The diffusivity of each species is modelled using a
constant Lewis number approach, resulting in distinct diffusion coeffi-
cients for the different species. The diffusion coefficient of species k is

thus calculated as:

A
D, =
K=oC

p,mix

e, @
Similarly to previous works analysing lean premixed hydrogen flames
[7,36] even under intensive strain [37], this approach to account
differential diffusion effects is preferred to more expensive transport
models to save computational cost as the Lewis number variations
across the flame front are typically small [38].

2.2. Combustion model

In reactive flow modelling, the governing equation system is aug-
mented with N, additional equations to account for the chemical
species involved in the combustion process. The general form of the
instantaneous transport equation for a chemical species k, represented

in terms of its mass fraction Y}, is given by:

opY,  Opu;Yy P Y,
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Here, p denotes the mixture density, u; is the velocity component in the
Jjth spatial direction, # and x; represent time and spatial coordinates,
respectively, and D, is the molecular diffusion coefficient of species k.

In this study, the TCI is modelled using the Transported Filtered
Density Function (T-FDF) method, using the Eulerian Stochastic Fields
(ESF) formulation. The Favre-filtered density function (FDF), denoted
as Egs(w; x, 1), is defined through the convolution of the joint probabil-

ity density function F with the LES filter function G:

Psgs(w;xs I) = /
|4

Letting y represent the composition vector of thermochemical scalars
¢, the FDF P, quantifies the probability that the composition vector
takes a value within the interval [y, w+dy] inside the LES filter volume

V. A corresponding transport equation for F’S can be derived [39,40]:
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The left-hand side of Eq. (7) includes the temporal evolution of f’m, the
resolved convection, and the effects due to chemical reactions. Notably,
the chemical source term @, in the third term of the LHS in Eq. (7) now
appears in a closed form and does not require additional modelling. On
the right-hand side, the first term accounts for molecular and turbulent
diffusion, where v and Sc are the kinematic viscosity and molecular
Schmidt number, respectively. The second term represents molecular
(or micro-) mixing, which needs modelling. A common closure for
this term is the Linear Mean Square Estimate (LMSE) model [41].
Due to the high dimensionality of the FDF, a deterministic solution of
Eq. (7) is computationally prohibitive. To bypass this limitation, the
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Eulerian Stochastic Fields (ESF) method is employed, which provides a
stochastic evolution of the species mass fractions and sensible enthalpy
through the FDF of the corresponding fields. In this framework, the FDF
is approximated by an ensemble of N stochastic fields ¢ (x,1), with
each ¢”(x, 1) representing the nth realisation of the scalar quantity ¢,.
According to Valino’s formulation [25], the evolution of each stochastic
field is governed by the following equation:
o(pu;Ly)

dp¢l + sz —pan"dr =
J

e v agn
= i P <L + S8s > “] dt +
ox; Sc = Scgyy ) 0x;
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In Eq. (8), the stochastic Wiener process dW" accounts for sub-grid
scale fluctuations. The equation incorporates convection, chemical re-
actions, and both molecular and turbulent diffusion. It is important to
note that each stochastic field does not represent a physical realisa-
tion of the scalar field; rather, it constitutes a statistically equivalent
representation for solving Eq. (7). The final term in Eq. (8) models
micro-mixing effects due to viscosity. The sub-grid mixing timescale
is defined as 7,,, = 42 /(Cyvyes), where A denotes the LES filter width
(typically chosen to be the cubic root of the local cell volume in the
numerical mesh) and C, is a model constant, typically set to a value
of 2 [42]. The filtered value of any thermochemical scalar ¢, is then
obtained by ensemble averaging over the stochastic fields:

G
by = N ¢ ©)
S n=1
In the present study N, = 4 and N; = 8 stochastic fields are used
to conduct the validation process. Generally, increasing the number
of fields may improve the results but at an increased computational
cost [43]. For the present study, it is shown that increasing the number

of stochastic fields from 4 to 8 does not significantly affect the results.

2.3. 1-D governing equations

To verify the consistency of the strained flame behaviour as pre-
dicted by the ESF approach, the results from the 3-D simulations are
also compared with 1-D strained flamelets obtained using a counterflow
configuration. One-dimensional simulations are run with the solver
CHEM1-D [44]. In one dimension and for a planar reactants-to-products
counter-flow flame, the set of conservation equations reads [45]:

(3_p+ opu,, _
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where the local stretch rate K = %", the specific absolute enthalpy

h and the specific heat flux g, have been introduced. The system is
closed with the caloric equation of state and the ideal gas law with
a low Mach-number approximation [45]. Differential and preferential
diffusion effects are predicted with a mixture-averaged diffusion model.
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Fig. 1. Schematic of the NTNU premixed hydrogen burner and locations at
which comparisons between experimental data and computations are per-
formed for the investigated test case All dimensions are reported in mm.

Table 1

Operating conditions for the investigated case. Mass flow
rates, the respective theoretical power and mean tangential
strain levels are shown for the three different configurations.

 [g/s] P, [kW] K, [1/s]
Case 1 2.29 3.5 11,300
Case 2 3.66 5.5 13,500
Case 3 4.58 6.9 14,000

3. Case study and operating conditions

The configuration examined in this study is a premixed, bluff-
body stabilised H,-air flame developed at the Norwegian University
of Science and Technology (NTNU). A schematic representation of the
setup is provided in Fig. 1. The geometry matches the one investigated
by [46], with the key distinction that the flame in the configuration
analysed here work is unconfined. Comprehensive details regarding the
geometry and corresponding experimental measurements can be found
in the TNF Workshop database [27].

The burner features a conical bluff body with a diameter 13 mm
and a half-cone angle 45°. A hydrogen-air mixture at a temperature
T =25 °C is introduced through an annular duct surrounding the bluff-
body holder. The outer diameter of the annular duct is 19 mm, while
the diameter of the bluff-body holder is 5 mm. The burner operates
under unconfined conditions, enabling the flame to develop freely in
an environment at atmospheric pressure and room temperature. The
mass flow rates of hydrogen and air are ry, = 292 X 107° kg/s
and s, = 2258 x 1073 kg/s, respectively. The equivalence ratio is
maintained at a constant value ¢ = 0.4. Given the lower heating value
LHV = 120 MJ/kg, the hydrogen mass flow rate yields to a burner
thermal power P, = 3.5 kW. To investigate the effect of tangential
strain on NO formation, the total mass flow rate was increased by
60% and 100% relative to the nominal case. These configurations are
referred to as Case 1 (nominal), Case 2 (60% increase), and Case 3
(100% increase). The non-reactive case, referred to as Case N-R, was
performed by imposing only air at the inlet boundary. A summary of the
operating conditions and the mean tangential strain levels (explained
in the Results section) for all three cases is provided in Table 1.
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Fig. 2. Computational domain and boundary conditions. A structured mesh
was used with a refinement of the grid near the wall in order to solve the
boundary layer.

Table 2

LES boundary conditions used for the investi-

gated case.

Boundary conditions

Inlet Mass Flow Inlet
Bluff body No-Slip wall
Inlet duct No-Slip wall
Plate No-Slip wall
Side outlet Pressure outlet
Outlet Pressure outlet

4. Numerical set-up
4.1. 3-D case

The computational domain begins immediately downstream of a
set of three cylindrical rods positioned 65 mm upstream of the bluft-
body plane. The open region above the bluff body is represented as
a cylindrical volume with a diameter and a height of 100 mm. A
schematic of the computational domain and the associated boundary
conditions is provided in Fig. 2. The corresponding boundary condition
specifications are also summarised in Table 2.

The computational domain was discretised using a mesh comprising
approximately 2.5 million hexahedral cells. The mesh near the walls
was refined to ensure that the dimensionless wall distance remained
below y* = 1.0. The mesh refinement near the walls also increases
cell density in the flame front, as the flame develops close to the edge
of the bluff body. Within the reaction zone, cell sizes range from a
minimum of 35 pm to a maximum of 400 pm, with an average size of
approximately 100 pm. The various axial locations used for comparing
the numerical results obtained by the LES with the experimental data
of the velocity flow field are those shown in Fig. 1. A mass flow rate
boundary condition (implying a constant flat axial velocity profile)
was imposed at the inlet, with values corresponding to the operating
conditions described earlier (see Table 1). Finally, the mass fractions
of the reactants imposed at the inlet were assigned to ensure that the
equivalence ratio (¢ = 0.4) matched the experimental condition.

The Favre-filtered Navier-Stokes equations for conservation of mass
and momentum, are solved together with the transport equations of
the Eulerian stochastic fields method (outlined in Section 2.2), where
Eq. (8) is used for species mass fractions and sensible enthalpy. The sim-
ulations were performed using the finite volume method in OpenFOAM
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Fig. 3. Contour plot of the Celik criterium for LES quality in the reactive flow
simulation for the investigated test cases of Table 1.

v6. Second-order schemes were selected for both spatial and temporal
discretisation. Time steps of 5x1077 s, 3x1077 s, and 2x10~7 s were used
respectively for Case 1 to 3 to ensure that the CFL number remained
below unity in all the domain. The chemical kinetics mechanism in [47]
has been combined with the Capurso mechanism [48] to add the NO
formation reactions as previously done by Acquaviva et al. [49].

The results were initially validated by comparing the available
experimental data with LES results for the nominal mass flow rate
(Case 1) using four and eight stochastic fields. To evaluate the ability
of the simulations to capture flow characteristics, time-averaged and
root-mean-square (RMS) values of the axial and radial velocity compo-
nents were compared with experimental measurements. The model’s
capability to predict the flame structure was assessed by comparing
the experimental OH* chemiluminescence data obtained through Abel
transformation with the filtered heat release rate. The suitability of the
mesh for LES simulations was verified by ensuring that at least 80%
of the turbulent kinetic energy was resolved. The resolved turbulent
kinetic energy spectrum was calculated using the Célik criterion [50],
where the quality of the mesh is assessed by comparing the ratio of the
turbulent and effective viscosity:

1
14005 (%)0‘5
v

LES;o = a4

3

where v is the kinematic viscosity and vggg is the kinematic subgrid
viscosity. Results from the reactive flow simulation are presented in
Fig. 3, which show that more than 80% of the turbulent kinetic energy
is resolved across the entire computational domain for all the three
operating conditions. In the present study, Soret effects are neglected
to reduce the computational cost of the simulations. While Acquaviva
et al. [49] demonstrated the importance of thermal diffusion effects for
quantitatively predicting NO emissions in lean premixed and strained
hydrogen-air flames, they also showed that the qualitative trends with
varying strain rate remain unchanged when these effects are not con-
sidered. Thus, neglecting Soret effects is justified in the framework of
this work, which investigates NO emission trends as a function of strain
in a practical burner configuration.

4.2. 1-D counterflow setup

Results from the 3-D simulations are compared with those from 1-D
counterflow simulations conducted at the same equivalence ratio and
for varying tangential strain levels in order to assess the capability of
the LES approach to predict the expected trends as tangential strain
increases. A similar approach was also followed in past studies [7,36].
The same reaction mechanism used for the LES is employed in the 1-D
simulations.
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Fig. 4. Schematic of the counterflow configuration employed for the 1-D
simulations. u, and u, represent respectively the velocity of reactants and
products, x and y are respectively the flamelet longitudinal and tangential
coordinate, and S, is the laminar flame speed.

The counterflow setup consists of a reactants-to-products configu-
ration, as illustrated in Fig. 4. The reactants mixture, with a nominal
equivalence ratio of ¢ = 04, is prescribed on the left-hand side.
Following [31], complete combustion products and the unstretched
adiabatic equilibrium flame temperature are prescribed on the right-
hand side. The applied tangential strain rate in this configuration is
defined as

_ [

s L *
where L = 2 cm is the domain length, and u, and u, are the bulk
velocities at the reactants and products boundary, respectively [51].
Three levels of nominal tangential strain rates are considered in this
study, corresponding to the ones found in the three turbulent simula-
tions: K, = 11,300 s~1, K, = 13,500 s~1, and K, = 14,000 s1. Given
the applied tangential strain rate (Eq. (15)) and knowing that the same
mass flow rate is imposed by CHEM1-D on the reactants and products
side, the reactants u, and products u, inlet velocities can be found as:

(15)

KL Py
u, = ———, u, =u.—, (16)
R - P,
Pp

where the density of the reactants p, and products p, have been
introduced.

5. Results and discussion
5.1. Validation

Figs. 5 and 6 present comparisons between LES and experimental
data of time-averaged and RMS axial and radial velocity components
at various axial positions, for both non-reacting and reacting cases.

The simulations show an overall good agreement with the ex-
perimental results for both velocity components and RMS of their
fluctuations, except for some underestimation of the radial velocity at
5 and 10 mm. Additionally, a comparison between the axial velocities
for the cold and reactive flow cases reveals an increase in the extent of
the inner recirculation zone (IRZ) due to the expansion of the gases
during the combustion process. Regarding velocity fluctuations, the
LES successfully predicts the evolution of the RMS for both axial and
radial velocities in the cold flow. However, in the reactive flow case,
the RMS of the radial velocity in the shear layer is over-predicted,
with a significant over-prediction observed in the central region at
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a height of 20 mm. This over-prediction results from the interaction
between flow dynamics and changes in density and composition due to
chemical reactions. Discrepancies between the experimental data and
the numerical simulation can also be attributed to the limited resolution
of the PIV measurements, as noted by Kay et al. [52]. Moreover, it can
be observed that an increase in the number of stochastic fields has no
effect on the velocity flow field as shown in the results obtained by
LES for the reactive case. Nevertheless, these results indicate that the
modelling framework investigated here overall is capable of predicting
the time-averaged behaviour of the flow behind the bluff-body with
relatively good accuracy. Further comparisons with experimental data
are shown next. Fig. 7 compares the experimental time averaged OH*
chemiluminescence data with the time-averaged filtered heat release
rate, both normalised with their maximum value. The figure shows
that the LES model is able to capture both the length and the shape
of the flame reported in the experimental measurements. An increase
in the number of stochastic fields does not lead to significantly different
results as observed earlier for the velocity flow field.
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Fig. 7. Time averaged OH*-Chemiluminescence from experiments (left) and
midplane contours of time-averaged filtered heat release rate (HRR) from
LES results using four (mid) and eight (right) stochastic fields. All plots are
normalised by their maximum values.
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Fig. 8. Time-averaged filtered temperature fields obtained from LES using four
(left) and eight (right) stochastic fields. The grey contour corresponds to the
1750 K filtered-temperature isoline. Regions inside the isoline exhibit temper-
atures higher than 1750 K, whereas regions outside have lower temperatures.

Fig. 8 further presents a comparison of the time-averaged filtered
temperature fields obtained using four and eight stochastic fields.
First, one can notice that again no significant difference in the LES
predictions is obtained when increasing the number of stochastic fields
to 8, thus, to limit computational effort, four stochastic fields are
used in the remainder of this paper. The results also highlight the
presence of differential diffusion effects. For a hydrogen-air mixture at
an equivalence ratio of ¢ = 0.4, the adiabatic flame temperature is ap-
proximately 1450 K. However, when flame stretch becomes significant,
the local mixture fraction distribution can vary throughout the domain,
leading to regions along the flame front that are either richer or leaner
than the nominal value. This spatial variation alters the temperature
distribution, with localised values exceeding those of a laminar freely
propagating flame by more than 400 K at the flame anchoring region
(bluff-body base), where stretch effects are expected to be strong due
to the presence of the shear layer. Such behaviour is thus captured in
the present LES-ESF formulation and the coupling between differential
diffusion and tangential strain will be further investigated in the next
sections.

Some considerations can be made regarding the micromixing and
Wiener terms in Eq. (8). In the shear layer near the flame region,
subgrid-scale fluctuations dominate over the micromixing term because
the combustion process generates large scalar gradients in this zone.
Although the micromixing term depends on the difference between
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Fig. 9. Scatter plots of mixture fraction (top) and progress variable reaction rate (bottom) versus progress variable in the flame region. Colours represent filtered
stretch (left), tangential strain rate (centre), and curvature (right). Solid black lines (==) represent, left to right, the conditional average ((Z|¢) or (5% |e))

respectively at K =0, ¥ = 0 and K, = 0. The progress variable reaction rate from 1-D unstretched premixed flamelet and 1-D counterflow flamelet at the same
equivalence ratio are plotted respectively with a solid red line (=) and a solid blue line (==).

each stochastic field and the ensemble mean, its contribution remains
limited here since both the cell size and the turbulent viscosity are
very small. Further downstream, the scalar gradients weaken while
both the cell size and turbulent viscosity increase, leading to a higher
relative significance of the micromixing term compared to the Wiener
term. These effects are reflected in the standard deviation of the NO
stochastic fields, which remains on the order of 2% in the flame region
and rises to approximately 13% downstream (not shown), where mi-
cromixing effects become more pronounced. Note that, in the absence
of experimental or DNS data for the increased-strain cases, the obser-
vation of similar strain-dependent trends in the conditional mean of
the mixture fraction and the hydrogen-based progress variable indicates
that the LES model used here captures the dominant effects of increas-
ing tangential strain rate as expected from DNS studies [31,37]. Yet, the
accuracy of LES-ESF in predicting quantitatively species concentrations
and NO formation in highly strained turbulent flames should be further
assessed in the future as additional data become available.

5.2. Reacting states

The effect of tangential strain rate on the flow and thermochemical
variables is investigated in this section. Stretch, tangential strain, and
curvature can be calculated as

K=K, +35, % a7
K,=V-i-a-Vi-d 18)
¥=V-a 19

«10—® Case 1 Case 2 Case 3
<K>I: 11225.94 [1/s] | [(K,) = 13454.34 [1/s] (K,) = 14019.63 [1/s]
6
2
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Fig. 10. Probability density function of tangential strain rate. Only reactive
samples at EHﬂO > 1 are considered. The dashed line represents, from left to
right, the mean value of the PDFs respectively for Case 1 (----), Case 2 (----)
and Case 3 (----) of Table 1.

where K is the total stretch, K, is the tangential strain, 3, repre-
sents the displacement speed and « is the curvature. The vector 4 =
—V¢y,/IVey,| is the flame-normal vector pointing towards the un-
burned gas. The displacement speed 3, is calculated as:

(20)

Following the analysis in [7], scatter plots of mixture fraction Z and
hydrogen-based progress variable reaction rate EeHz are plotted versus
progress variable ¢'in Fig. 9. These plots are constructed using four ran-
dom timesteps and are respectively coloured by local values of filtered
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Fig. 11. Scatter plots of mixture fraction (top) and progress variable reaction rate (bottom) versus progress variable in the flame region for the three reacting
cases of Table 1. Samples are coloured by filtered tangential strain rate. Solid black lines (==) represent the conditional average ((Z|¢) or (5% |)) of samples at
K = 0. The progress variable reaction rate and the Bilger’s mixture fraction obtained form the 1-D counterflow and freely propagating (unstretched) simulations
at the same equivalence ratio are respectively plotted with solid blue line (=) and solid red line (==).

stretch, tangential strain and curvature. The hydrogen-based progress
variable and its source term are defined respectively as ¢ = 1— ¥ ,/ 17;2
and ECH = —EHZ /?]jl‘ , where )N’Hz represents the filtered hydrogen mass
fraction, and the superscript u denotes the unburnt state. To focus on
reactive regions, only data points for which EHZO > 1 are included.
By comparing the plots coloured by curvature (right of the figure), for
both mixture fraction and progress variable reaction rate, with those
coloured by total stretch and strain (respectively left and middle plots
in the figure), it becomes evident that the contribution to total stretch
of curvature multiplied by 3, is negligible. A similar observation can be
made by comparing the conditional mean of mixture fraction at zero
stretch (black solid line in the leftmost plot) to that at zero tangential
strain (black solid line in the rightmost plot). If curvature effects were
significant, one would have expected to observe a local enrichment in
the conditional mean at zero tangential strain (black solid line in the
rightmost plot) due to curvature effects. However, this is not the case,
and an enrichment is instead observed for the conditional mean at zero
curvature (black solid line in the central plot), which considers only
tangential strain effects. The conditional mean in this case also shows a
good agreement with the 1-D counterflow strained flamelet at the same
mean tangential strain rate evaluated by means of the PDF of tangential
strain (see discussion in the next section).

A similar consideration applies to the scatter plots of the source
term of the progress variable, which reveal that both the conditional
mean at zero stretch and zero tangential strain rate align with the 1-D
unstretched flamelet at the given equivalence ratio. In contrast to the
findings of Berger et al. [7], this test case is primarily dominated by

tangential strain, and the effects of curvature can thus be neglected.
This is an important consideration, as the reduction in NO, emissions
has previously been associated with an increase in tangential strain
rate [31]. In the next subsection, the effect of tangential strain will be
investigated by increasing its level on the flame via changing the inlet
velocity.

5.3. Tangential strain effects on the flame structure

As described in Section 3, the mass flow rate at the inlet is increased
by 60% and 100% of the nominal value (respectively Case 2 and Case 3
of Table 1) to impart corresponding increases in the level of tangential
strain on the flame. In order to meaningfully compare conditional
means from the LES to results obtained from one-dimensional strained
flamelets, it is necessary to quantify the level of tangential strain rate on
the flame in the turbulent cases. This was accomplished by using data
at random timesteps and considering only reacting samples, with the
condition EHZO > 1. Fig. 10 presents the probability density function
(PDF) of the tangential strain rate obtained for the three cases. Mean
values are also indicated in the figures by the vertical dashed lines. As
illustrated in the figure, the mean tangential strain rate increases with
the mass flow rate at the inlet. The estimated values of the latter are
reported in Table 1 together with the boundary conditions.

It should be noted that comparing the tangential strain levels to
those obtained from a laminar computation is not straightforward. In
the turbulent case, the presence of transient eddies that appear and
vanish rapidly can significantly elevate the strain levels, often resulting
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in higher values than in the laminar scenario. Moreover, in laminar
simulations, the strain rate is defined as the derivative of velocity with
respect to the tangential coordinate. In contrast, in the 3-D turbulent
case, the tangential strain on the flame is evaluated using Eq. (18).
This mismatch between the two definitions makes it difficult to directly
compare the quantities obtained from the 1-D and 3-D simulations.
Consequently, estimating the mean tangential strain levels using the
probability density function (PDF) provides only an approximation
rather than an exact measure. This analysis is therefore performed to
estimate a mean level of flame-tangential strain rate in the turbulent
cases, and thus have a meaningful comparison with the trends observed
in laminar 1D strained flames for the same effective strain. Scatter plots
of mixture fraction and progress variable reaction rate versus progress
variable are shown in Fig. 11 for the three reacting cases of Table 1,
in order to highlight the influence of tangential strain on the flame. As
previously discussed, the effects of curvature are assumed to be negli-
gible. The samples in Fig. 11 are coloured according to the tangential
strain rate, and the conditional means are calculated assuming zero
curvature, thus considering only the effects of tangential strain. The
conditional means for each case are compared to the results from the
1-D counterflow strained flamelets at the same mean tangential strain
rate, estimated using the PDF (see Table 1). By examining the colour of
the samples in both the plots of filtered mixture fraction and progress
variable reaction rate, it is evident how the tangential strain levels
increase from Case 1 to Case 3. Furthermore, the conditional means
for both quantities closely mimic the shape of the laminar counterflow
case. Some discrepancies are noticeable in the lean region, where this
behaviour is more pronounced in laminar flames compared to the
turbulent case. This discrepancy may be attributed to 3-D effects, which
are not captured in the 1-D laminar flames. Additionally, the shift in the
progress variable reaction rate peak towards lower progress variable
values is characteristic of a turbulent flame, and is accurately captured
by the combustion model. The top and middle graphs in Fig. 12 presents
a comparison between the conditional means of mixture fraction Z and
progress variable reaction rate ECHZ, respectively, obtained from the
LES simulations for the three reactive cases reported in Table 1 and the
laminar counterflow flames at the same mean tangential strain levels.
The conditional means follow the same trends as the 1-D case when
the mean tangential strain rate increases. The most notable observation
from this figure is that the peak of the reaction rate for the progress
variable (middle graphs in Fig. 12) increases with tangential strain,
resulting in a more reactive flame. This behaviour is typical for mix-
tures with a negative Markstein length £. Moreover, the influence of
tangential strain rate manifests clearly in the behaviour of the mixture
fraction profiles (top graphs in Fig. 12). As the tangential strain rate
increases, these profiles become noticeably flatter underscoring the role
of tangential strain in limiting thermodiffusive instabilities [36,53].
This effect may also arise because, in the present test case, the increase
in tangential strain rate was achieved by increasing the inlet mass
flow rate. As a result, however, turbulence intensity also increases
(due to the shear gradients), causing turbulent diffusion to dominate
over molecular diffusion, thereby limiting the impact of differential
diffusion [54].

5.4. Tangential strain effects on NO emissions

As discussed in the previous section, higher tangential strain levels
lead to an increased reaction rate of the hydrogen-based progress
variable. A similar behaviour is expected for the NO reaction rate,
as reported by [31]. The latter study showed that although the NO
reaction rate increases with tangential strain, a redistribution of OH
radicals leads to a decrease in NO emissions as tangential strain in-
creases. In the present work, however, a decrease in the peak NO
reaction rate is observed, as shown in the bottom graphs in Fig. 12. This
is attributed to a reversal in Markstein length behaviour at sufficiently
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Fig. 12. (Left) conditional means of mixture fraction (first row), reaction rate
of hydrogen-based progress variable (second row), reaction rate of NO (third
row) and temperature (last row) for the three reactive cases of Table 1 are
compared to the same quantities obtained from 1-D counterflow simulations
(right) at same conditions of equivalence ratio and mean tangential strain. The
arrows indicate the direction of increasing tangential strain rate.

high tangential strain levels, where the consumption speed begins to
decline with increasing tangential strain.

Fig. 13 illustrates this behaviour of the consumption speed, calcu-
lated as S, = -1 /(YH“2 M) f:: oy, dx, for a 1-D counterflow flame at
the same equivalence ratio as the turbulent test case and for increasing
strain values. As mentioned earlier, the consumption speed increases
with stretch and thus with tangential strain. However, after reach-
ing a level of tangential strain around 12,000 s~!, the consumption
speed starts to decrease, following the typical behaviour of a positive
Markstein length. This occurs as, despite the peak of @y, increases,
its integral along the domain decreases due to the flame thickness
becoming thinner, and to the fact that strain starts to weaken the
flame [55]. By looking at the reaction rate of NO in Fig. 12, one can
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Fig. 13. Consumption speed as function of tangential strain rate in 1-D
counterflow simulations at ¢ = 0.4. The consumption speed increases with
tangential strain up to a value of 12,000 s~!. After this value the consumption
speed starts to decrease as tangential strain is increased. This transition is
highlighted by the inversion of the Markstein length £ which shows the typical
behaviour of negative Markestein length mixtures for tangential strain lower
than 12,000 s~! and the opposite for tangential strain levels higher than the
latter.
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Fig. 14. (Left) conditional means of H (top) and O (bottom) mass fraction
for the three reactive cases of Table 1 are compared to the same quantities
obtained from 1-D counterflow simulations (right) at same conditions of
equivalence ratio and mean tangential strain.

notice that NO formation decreases at sufficiently high tangential strain
levels, which is observed for both laminar and turbulent regimes. This
occurs because the mean tangential strain rate levels in Case 2 and
Case 3 are large enough to induce a shift of the Markstein length from
negative to positive.

NO production is also generally influenced by temperature. The
plots in the last row of Fig. 12 show the conditional mean of tem-
perature in the progress-variable space (left), together with the cor-
responding profiles from the laminar counterflow flames (right). As
the tangential strain rate increases from Case 1 to Case 3, the condi-
tional mean of temperature does not change significantly, consistent
with what is observed in the laminar flames, and in the reaction and
product regions it even exhibits a slight increase. This indicates that
the reduction in NO is not driven by temperature variations. Porcarelli
et al. [31] showed that, in their configuration, the reduction in NO was
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Fig. 15. Relative difference ¢ in NO mass fraction for Case 2 (left) and Case
3 (right) with respect to Case 1. C;, C, and C; in the title of the figure refer
to Case 1, Case 2 and Case 3.

linked to the redistribution of OH radicals, which affects NO formation
through the thermal route. However, as seen in Fig. 8, the temperatures
attained in the present case are too low for the thermal-NO mechanism
to dominate. At these temperature levels, the NNH pathway remains
the primary route of NO formation, consistent with the findings of
Acquaviva et al. [49]. Their study showed that, in laminar counterflow
flames, NO peaks increase with strain due to a redistribution of H and
O radicals. This behaviour holds in the regime of negative Markstein
length. However, when the strain becomes sufficiently high to invert
the Markstein length from negative to positive, the redistribution of
H and O changes. This behaviour is illustrated in Fig. 14. In laminar
counterflow flames, the peaks of both H and O initially increase with
strain (K, < 11,300 s~1), enhancing NO formation through the NNH
pathway. Once the strain levels approach those of Case 1, Case 2
and Case 3 (K, > 11,300 s71), the peaks start to decrease in the
reaction-zone region (0.8 < ¢ < 1). A similar trend is observed in
the turbulent cases: although H and O increase with strain in the pre-
heating region, their peaks decrease in the reaction zone. This reduction
directly contributes to the lower NO production via the NNH pathway,
in agreement with the behaviour observed in laminar counterflow
flames. Fig. 15 shows the local relative difference ¢ in NO mass fraction
calculated as ec.c, =( N\éc’,) - (N\(J)C1 ))/(17601) -100) for both Case 2
and Case 3 with respect to Case 1, where C, and C; refer respectively
to Case 1 and Case 2 or 3. It can be noted how increasing the tangential
strain rate leads to a reduction in NO production both in Case 2 and
Case 3. One might object that this decrease could be also attributed to a
lower flow residence time because of the increased mass flow rate from
Case 1 to Case 2 and 3. However, the NO formation pathway which
is strongly affected by the residence time is the thermal one, which
is not the dominant pathway in the investigated case, as discussed
above. Therefore, this local decrease of NO mass fraction should be
solely attributed to strain effects acting across the NNH formation
route. The time-averaged mass flow rate of NO, computed as riyo =
f W(Yno p U)) dA, has been further evaluated at the outlet of the LES
domain to get a global picture of the NO emissions for the different
strain cases.

Given that the mass flow rate of the reactant mixture at the inlet
has been increased from Case 1 to Case 3 of Table 1, the thermal
power of the burner P = iy, LHV also increases, where LHV = 120
MJ/kg denotes the lower heating value of the fuel. To enable a fair
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Table 3

From left to right: mass flow rates, the corresponding increase
in mean tangential strain, and the reduction of NO mass
flow rate normalised by the burner power for the three

configurations.
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Fig. 16. NO mass flow rate at the outlet divided by the thermal power.
The three levels of mean tangential strain rate evaluated using the PDFs are
reported on the x direction, showing a decrease in the NO production per kW
as the tangential strain rate is increased.

comparison across different operating conditions, the NO mass flow
rate is normalised by the burner power, yielding an emission intensity
expressed as NO mass flow rate per unit power (in kg/s~1/kW). A
similar normalisation approach is used in [48], where an emission
index EI is defined by dividing the NO mass flow rate by the fuel mass
flow rate. This is effectively equivalent to the procedure adopted here,
since the fuel mass flow rate is multiplied by the LHV, which remains
constant across the three cases while the fuel mass flow rate varies
from Case 1 to Case 3. Note that other types of normalisation can also
be employed; for instance, one may normalise by the effective power
Pyt = —LHV [, @y,dV. When using this alternative normalisation
(results not shown), the same trends are observed, and the reduction in
NO with increasing tangential strain rate remains unchanged. Fig. 16
presents the normalised mass flow rate of NO for each configuration
(refer to Table 1) as a function of the mean tangential strain rate.
The bar plot illustrates that operating under higher tangential strain
conditions leads to a reduction in NO emissions per kilowatt of thermal
power. Table 3 reports the percentage reduction in the NO mass flow
rate per kW as a function of the percentage increase in the mean
tangential strain rate. For increases in the tangential strain rate of
19.5% and 23.9% in Case 2 and Case 3, respectively, compared to Case
1, the mass flow rate per unit kilowatt decreases by 26.4% and 42.6%,
respectively, resulting in almost half the NO emissions per kW for Case
3.

6. Conclusions

Large Eddy Simulations of a premixed hydrogen-air flame stabilised
by a bluff-body burner were performed to investigate the effects of
the coupling between tangential strain and differential diffusion in a
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premixed burner, and its effect on NO emissions. The simulations em-
ployed the Eulerian Stochastic Fields method to account for turbulence-
chemistry interactions, with particular emphasis on the role of tan-
gential strain rate in determining flame structure and NO formation
characteristics. Three different mass flow rates were examined to sys-
tematically vary the tangential strain intensity while maintaining a
constant equivalence ratio. The ESF approach, accounting for differen-
tial diffusion effects via a non-unity constant Lewis numbers approach,
effectively captures the impact of tangential strain evidenced by the re-
distribution of the mixture fraction and the associated increase in reac-
tion rates. Moreover, the analysis revealed that tangential strain rate is
the main component of flame stretch for the investigated case, with cur-
vature contributions being negligible by comparison. This dominance
of tangential strain allowed the turbulent flame behaviour to be effec-
tively compared with one-dimensional counterflow strained flamelets.
As the mass flow rate and consequently the tangential strain rate
was increased, the progress variable source term peak shifted towards
higher values, indicating enhanced flame reactivity. The consumption
speed was observed to initially increase with tangential strain, ex-
hibiting behaviour characteristic of mixtures with negative Markstein
length. However, beyond a critical value of mean tangential strain rate
of approximately 12,000 s~1, the consumption speed began to decrease,
suggesting a transition in the flame response to tangential strain. A
particularly significant finding in the presented analysis is the reduction
in NO production at elevated tangential strain rates, demonstrating
that the latter can be effectively leveraged to mitigate emissions in
hydrogen combustion systems, as hydrogen can sustain high strain
levels before extinction. This trend was consistently observed in both
the turbulent flame simulations and corresponding laminar flamelet
calculations, reinforcing the potential of strain-based approaches to
emission control in practical applications. Notably, this study provides
the first evidence of NO reduction due to tangential strain effects in
a practical premixed hydrogen-air flame configuration. It was shown
that doubling the mass flow rate from Case 1 to Case 3 leads to an
averaged increase in the flame-tangential strain rate of 23.9%, which
in turn results in an almost 43% reduction in NO emissions per kW
compared to the nominal case. The results highlight the crucial role
of tangential strain in governing both the combustion characteristics
and emission formation in bluff-body stabilised hydrogen flames. The
demonstrated that it is possible to control NO, formation through tan-
gential strain manipulation, offering promising avenues for optimising
hydrogen combustion systems applications where emissions reduction
is critical.
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