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Abstract. The use of lean-premixed combustion systems in gas turbines for power generation represents
one of the most effective options to achieve low NO, emissions under dry conditions. Modern swirl burners
can guarantee very low emissions and stable operation when traditional fuels (i.e., methane or natural gas)
are used. However, these systems could be affected by flashback and could generate an increase in NOy
emissions when they are fed with hydrogen blends. Considering the complexity of these systems and the
fact that they are operated close to harmful conditions, it is necessary to schedule a periodic maintenance of
the combustor and replacement of the injection system, implying maintenance costs, power plant shutdown,
and environmental impact. This work follows a series of already performed studies on the injection system
and the combustion chamber for a 5 MW machine. Both the available dataset obtained from reactive
numerical simulations and the observations in the grade of deterioration registered during the maintenance
phase are used as retrofitting guidelines for the definition of an innovative design of the injector/combustor
geometries. The newly designed configuration is numerically tested both at natural gas conditions and in the
case of hydrogen blends, thus guaranteeing both stability at different fuel compositions and the extension of

the service intervals for the upgraded design.

1 Introduction

The adoption of lean-premixed combustion
systems in gas turbines can be dated back to the early
1990s, driven by growing concerns over pollutant
emissions, in particular regarding nitrogen oxides
(NOy). Dry-Low-NO, (DLN) combustors are designed
to mix fuel and air within the injection system before
entering the combustion chamber, thus operating near
the lean flammability limit. This approach reduces the
flame temperature, which is key to limiting thermal NO,
emissions, as their formation increases exponentially
with temperature [1]. Today’s regulatory goals focus not
only on cutting NO, emissions — a priority in climate
change mitigation — but also on achieving carbon
neutrality by 2050 [2]. This pushes gas turbine
manufacturers to explore alternative systems capable of
handling alternative fuel types such as hydrogen or
ammonia [3]. While the adoption of green hydrogen
holds promise for balancing renewable energy
fluctuations when used in gas turbine power plants, it
poses significant flashback risks [4]. Modern swirl
burners perform well with conventional fuels, ensuring
stable combustion and low emissions, but hydrogen
blending is generally limited at around 60% by volume
to avoid flashback [5]. The current state of the art for gas
turbine combustors consists of several concepts
designed for higher hydrogen content, with various
approaches among manufacturers [6], as in the Ansaldo
GT36, which exploits sequential combustion [7].
Another option involves jet burner configurations, as in
the POShyDON burner of TU Berlin [8] or in the
combustion concepts of DLR for Gas Turbines (GTs)
[9] and Micro Gas Turbines (MGTs) [10]. However,

such technologies are still rare in large-scale industrial
use and mostly still operated at ambient pressure
conditions. Even though these solutions will be
increasingly important, two practical industrial
considerations must be kept in mind. First, lifetime
extensions will be needed for existing power plants to
avoid considerable costs for new installations. Second,
green hydrogen production costs are expected to remain
high in the near future, making it unlikely that large
amounts of hydrogen will be blended into carbon-based
fuel mixtures. Low-percentage hydrogen blending in
natural gas networks is a more probable scenario [6].
Retrofitting existing plants for hydrogen use is already
well-established, especially with diffusive combustors,
known for their high stability, as studied by the authors
in [11][12]. However, using hydrogen leads to higher
temperature distributions due to its higher lower heating
value (LHV), around 120 MJ/kg. In diffusive flames,
combustion occurs at stoichiometric conditions, so
flame temperature is directly linked to LHV. This
requires NO, reduction measures such as water or steam
injection [13], which can lower overall plant efficiency.
Within this framework, this paper shows a possible
redesign strategy, validated numerically, for an existing
annular gas turbine combustor equipped with a DLN
injection system, aiming at guaranteeing fuel flexibility
for hydrogen-enriched natural gas blends up to 50% vol
content. The main goal is to obtain a modular design
which shows stable operability and constant NO,
emissions levels when switching from natural gas to
hydrogen-enriched blends while also limiting the
thermal stresses on the injector components. This work
follows a series of studies already performed on the
same machine. The injection system was already

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (https://creativecommons.org/licenses/by/4.0/).



E3S Web of Conferences 663, 01005 (2025)
IGTC 2025

https://doi.org/10.1051/e3sconf/202566301005

investigated by the authors in terms of mixing
performance for natural gas conditions in a previous
publication [14]. Subsequently, the assessment of the
effects of hydrogen addition has been performed by
using a series of reactive 3D-CFD RANS simulations
performed with an approach aiming at maintaining the
computational costs at a reasonable level [15].
Therefore, the injector was no longer included in the
fluid domain while it was coupled with a procedure that
will be shown in section 3.1.

This paper starts by introducing the main features
of the investigated machine in Section 2. The adopted
numerical setup is the same as discussed in [15] and
used again for the assessment of the redesigned version
in this study (Section 3). The hydrogen addition effects
are recalled in Section 4 and used to evaluate the
redesign requirements. In Sections 5 and 6, the redesign
strategy and results are finally discussed.

2 Description of the test case

The combustor under investigation features an
annular geometry and is mounted on a gas turbine that
produces approximately 5 MW of net power at base
load. Originally designed for natural gas, this combustor
is being evaluated for operation with blends containing
up to 50% hydrogen by volume, a range consistent with
the contemporary research context discussed in the
introduction. During the investigation, the thermal
power is held constant by ensuring the product of the
fuel mass flow rate and lower heating value (LHV)
remains unchanged regardless of blend composition - a
standard approach for comparing different fuels under
equivalent energy input conditions. As blends
incorporate more hydrogen, the fuel composition is
adjusted.

The simulated fluid domain, shown in Figure 1,
consists of a 30° sector of the combustor, which includes
part of the annular chamber and the end section of the
injector. Including only the final portion of the injector
(marked in cyan in Figure 1) ensures proper coupling
between the combustion chamber and injector while
minimising the number of grid elements.

Ribbed liner

Annulus/
* effusion
cooling

Injector interface

Periodicity

Annulus — Cooling with ribs End of the liner - Effusion cooling

Figure 1: Isometric view of the combustion chamber -
detailed view of the cooling systems for the liner.

This approach, based on the previous study [14],
helps simplify the model without sacrificing the
consistency and accuracy of the results. The compressed
air flows through the annulus to cool the liner before it
passes into the dilution and cooling holes. Tubular ribs
are placed along the liner’s outer surface to enhance this
cooling effect by increasing the turbulence level.

Additionally, the liner’s end and the dome are cooled

by using effusion cooling techniques.
The simulated domain also includes the Transition Piece
(TP), which serves as the connection between the
combustor and the turbine. The injection system features
12 injectors, as detailed in previous research by the
authors [14]. Only a 30° sector of the combustor is
modelled in the simulation, taking advantage of the
system's periodicity.

3 Numerical Method

The modelling approach adopted in this work is
directly derived from previous research on evaluating
the effects of hydrogen addition for the same combustor
[15]; however, it 1is briefly reported here for
completeness.

Numerical simulations of the DLN combustor were
conducted using the commercial software ANSYS®
FLUENT® 2022 R2 [15]. The turbulent behaviour
inside the combustor was captured by solving the
Reynolds-averaged Navier-Stokes (RANS) equations
under steady-state conditions. For the pressure-velocity
coupling, the SIMPLE scheme is applied, a widely used
method suited for incompressible or mildly
compressible flows. The spatial discretization of the flux
terms in the governing equations is handled using a
second-order upwind scheme for all variables.

The adopted mesh is unstructured and hybrid, with
the use of prismatic elements in the wall regions and
tetrahedra in the core regions. The grid shows three
prismatic layers with resulting y+ values between 30 and
300 in accordance with the used turbulence model, the
k-¢ renormalisation group (RNG) [17]. The turbulence
model is widely used in several combustion problems
and has proved to be suitable for swirled stabilised
flames [18]. The adopted grid comprises about 26
million elements, a relatively large number of elements
for a RANS simulation. Such a number is justified by
both the fluid domain dimensions and the detailed
modelling of many components, i.e., the annulus, the
cooling system, and the injector interface. To guarantee
the lack of influence on spatial discretization, a grid
sensitivity analysis is performed in a simplified domain,
where the annulus and the cooling model are removed,
thus leading to a base grid consisting of 14 million
elements. The latter is hence compared to two other
grids, namely a coarse and a fine one featuring 7 million
and 31.5 million elements, respectively. Since no
relevant differences were detected between the base and
fine grid results, the element density associated with the
base grid was selected for the study, thus validating the
26 million elements one.

Figure 2 presents a cross-section of the mesh
applied in the final analysis, shown along a longitudinal
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plane. The grid is noticeably more refined in the central
region, where the flame is situated, as well as in the
dilution zone, characterized by intense mixing. This
enhanced resolution helps to minimize numerical
diffusion. Additionally, a close-up of the area indicated
by the yellow outline is provided to illustrate the local
density of mesh elements. In this region, the typical size
of the tetrahedral elements is approximately 1mm.

L,

Figure 2: Mesh, front section view.

The combustion model employed in this study is the
Flamelet Generated Manifold (FGM) model introduced
by van Oijen and de Goey [19]. ANSYS® FLUENT®
classifies this model as partially premixed due to its
flexibility, allowing it to be applied to both premixed
and diffusive flames. Given that the burner under
investigation features both flame types - because of the
pilot presence - the FGM model is a reasonable choice
within the solver when using a tabulated approach. To
faithfully represent the operating conditions of the
combustor, the "Premixed Flames" option is selected,
since 96% of the fuel is injected into the main circuit
under technically premixed conditions. This approach
relies on two variables (internal passive scalars): the
mixture fraction (f) and the reaction progress variable
(¢), which parameterize the temperature and species
mass fractions involved in combustion. Specifically,
ANSYS® FLUENT® calculates the mean mixture
fraction and mean reaction progress variable (non-
normalized), along with their variances, throughout the
fluid domain by solving four transport equations. These
variables are then used as input for pre-tabulated look-
up tables derived from prior 1D premixed flame
computations. Turbulence-chemistry interaction is
modeled using a Probability Density Function (PDF),
assumed to have a beta distribution shape. More
precisely, the PDF is the product of two beta PDFs and
accounts for the fluctuations in both mixture fraction
and reaction progress variable. The turbulent flame
speed required for the reaction progress variable source
term closure is calculated using the Peters’ model [15].
Because convective heat transfer occurs along the

combustor liner, the look-up tables are generated
considering non-adiabatic conditions.

The GRI-Mech 3.0 reaction mechanism [20] was
chosen to generate the table. This mechanism includes
53 chemical species and 325 reversible reactions,
making it especially well-suited for fuels primarily
composed of methane, along with other light
hydrocarbons such as ethane and propane. Its use aligns
well with the natural gas composition data provided by
EthosEnergy. Since methane is the main component in
the majority of the studied operating conditions, GRI-
Mech 3.0 was selected over alternatives like the San
Diego mechanism [21] and the CRECK Mechanism
from Politecnico di Milano [22]. These alternatives are
more appropriate for fuel blends with higher hydrogen
content; in contrast, the San Diego mechanism is less
suitable for heavier hydrocarbons, while the CRECK
mechanism tends to be more computationally intensive.
As the hydrogen content remains below 50% by volume,
GRI-Mech 3.0 was adopted in line with recommended
practices in the literature [23]. This mechanism, which
features a range of NO, formation pathways, is also used
later in the CRN (Chemical Reactor Network) model for
the NO, emissions evaluation.

3.1 Boundary Conditions

The inlet boundary conditions are applied at the
injector interface by using profiles (velocity, total
temperature, mixture fraction) retrieved from the
injector simulation as discussed in [14][15]. This
approach allows for reduced computational costs and
provides more flexibility in testing for redesigned
configurations, since the reactive setup simulating the
combustion chamber remains unchanged. Other
boundary conditions consist of the outlet static pressure,
air mass flow rate for the annulus region (green region
in Figure 1) and dome cooling mass flow rate.

A synthesis of the applied boundary conditions is
reported in Table 1.

Table 1: Boundary conditions.

Boundary Condition
Mass flow rate, total
temperature,

FGM variables
(c=0.7=0)
velocity profiles,
static temperature,
FGM variables
(c=0,f- profile)
Combustor outlet B | Static pressure

Boundary Type
Air inflow (annulus)

Injector Inflow

Regarding heat transfer in the liner, the convective
heat transfer coefficient (h) values are specified
alongside the solid material properties of the liner,
which consists of a base material layer and a thermal
barrier coating supplied by EthosEnergy. The 4 values
vary between the two liners (420 and 250 W/(m2 K)),
with the outer liner (the one at the larger radius) having
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a higher coefficient due to the differing velocity fields
present within the annulus.

The terminal section of the liner is cooled using full-
coverage film cooling (FCFC) to maintain its durability
against the harsh temperature conditions inside the
combustion chamber. Cold air from the compressor is
introduced into the combustor through several rows of
small-diameter, inclined cylindrical channels located
between the outer annulus and the liner. This method
produces a thin protective layer of cool gas that isolates
the liner from the hot combustion gases (see details in
Figure 1). A uniform perforated wall boundary
condition is applied to the upper and bottom sides of the
liner to model the cooling, keeping the computational
costs low. Further details regarding the model and the
definition of the boundary conditions are widely
discussed in [15].

3.2 NO, Emissions

NOx emissions are a crucial factor in the operation
of gas turbines, particularly in light of current regulatory
standards. As extensively discussed in [15], when
hydrogen is added at concentrations exceeding 30% by
volume, the conventional decoupled method for
calculating NOy tends to underestimate the actual trend.
In such cases, a CRN (chemical reactor network) model
that incorporates the NNH pathway is necessary. [24].

As a result, a CRN model was employed using an
ANSYS® tool [15] to account for additional formation
pathways. Starting from a converged RANS simulation,
the solver partitions the control volume into a series of
Perfectly Stirred Reactors (PSRs), within which a
detailed reaction mechanism is resolved. These reactors
are connected by mass fluxes calculated from CFD
results. The pressure used for chemical reaction
calculations is assumed to match the average pressure of
the corresponding CFD cells, while the temperature is
determined using the equation of state, since the energy
equation is not solved. Nevertheless, it is important to
verify that the resulting temperature field is consistent
with that from the RANS simulation. Clustering is based
on grouping zones with uniform temperature or mixture
fraction. The number of reactors (Nyeqctor) can be set by
the user. Still, it should not be excessively high to retain
physical relevance for each reactor (such as the main
premixed flame, pilot diffusive flame, lateral
recirculation region, or central recirculation zone). In
this study, the number is set to 30, as a larger value
would cause excessive subdivision and result in
inaccurate temperature fields. The mass fractions (Y},)
for each reactor are computed using equation 1:

Yjzsacter miy, Y — m,Yi = Vil + S (1)

where m represents the mass flow rate among the
reactors, Y, is the mass fraction the species k, w
represents the species reaction rate and S is the mass
source term. A set of equations is finally resolved for
Nyeactor X Nspecies- The adopted chemical mechanism
in this study is the GRI-Mech 3.0, the same used to
generate the FGM tables.

4 H, Addition Effects

In this section, the effects of hydrogen addition in
terms of flame shape, thermal stresses and NO,
emissions are recalled from [15] and used as guidelines
for the injector redesign.

4.1 Thermal Effects and Injector Maintenance

To visualise the results from the CFD analysis, the
domain is cut using two slices (see Figure 3), one in the
longitudinal direction (indicated with the letter “a”’) and
one in the transversal direction (indicated with the letter
“b”).

Figure 4 shows instead the temperature contours in
the two main planes of the combustor. A high-
temperature region is clearly visible in yellow, caused
by the presence of the pilot flame. This flame is of a
diffusive type and slightly deviates from the combustor
centerline due to the presence of strong swirl, as can also
be seen from the deviation of the premixed jets exiting
the main (dark blue region). The temperature is almost
uniform in the rest of the domain, while the quenching
effect of the dilution holes is visible at the end of the
domain.

Figure 3: Section slices for the post-processing.

Norm. Temperature (%)
— 16!

Figure 4: Temperature field contours in the two main
planes of the combustor.
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When examining the temperature maps, it is also
possible to consider the OH contours shown in Figure 5.
Areas with high OH concentrations align with the
regions of elevated temperature, offering useful insight
into the flame’s position. The central core represents the
pilot diffusive flame, which appears detached from the
injector. Furthermore, a deviation of the pilot flame
from the central axis can be observed, as previously
noted. Another region of high reactivity is observed at
the interface between the diffusive flame and the jets
originating from the Main injector. This phenomenon
can be attributed to a secondary flame, associated with
the premixed portion of the mixture, which burns at a
lower temperature. It is also evident that this zone -
characterised by an OH mass fraction of 0.0006 and
represented in green - is induced by the Pilot flame, as it
is positioned at approximately the same axial location as
the OH peak of the diffusive flame. This aligns with the
role of the Pilot flame, which is to ensure flame
stabilisation within the combustor under study.

Base Load

OH Mass Fraction
0.0012

0.001

0.0008
0.0006
0.0004
0.0002

0

N

(b)

Figure 5: OH Mass Fraction in the two main planes of
the combustor — Natural Gas.

The hydrogen addition consistently alters the
flame shape by shortening the flame length as a result of
the increased flame speed. These effects, widely
discussed in the literature, can also be observed in the
case under investigation. A detailed analysis of several
blends is available in [ 15], while here the 50% in volume
of H, case is discussed in more detail, since this is the
case for which a consistent variation has been observed.

Figure 6 shows the OH plot for the 50% in volume
case.

By comparing this case with the natural gas case,
it is clear that the high-temperature region is larger with
a potential increase in NO, production. Furthermore, the
peak temperature increases since the pilot flame is
diffusive, and it is directly correlated to the LHV of the
fuel blend. Finally, the flame becomes shorter and it is
attached to the injector (as can be seen by comparing
slices b from Figure 5 and Figure 6) with an increased
risk of flashback and increased thermal stress.

50% Vol. H2

OH Mass Fraction

0.0012

0.001

0.0008
0.0006
0.0004
0.0002

0

N

(b)

Figure 6: OH Mass Fraction in the two main planes of
the combustor — 50% H, Vol.

The thermal stress is indeed a relevant issue for the
machine under investigation. During the gas turbine
overhaul, an unusual pattern was observed in the
distribution of the thermal-stressed areas. The presence
of a diffusive flame in the pilot region surely contributes
to thermal stress on the combustor. To protect the
injector from damage, effusion cooling is implemented
in the head-end region. Nevertheless, periodic overhauls
remain necessary. Since direct measurement of flame
shape is often challenging in industrial gas turbines, it is
helpful to correlate the degree of wear in operating
plants with CFD simulation maps, as detailed in [15].

The analysis performed in [15] revealed a direct
correlation between the high-temperature region
generated by the diffusive flame of the Pilot and the
areas exhibiting greater deterioration during inspections.
The presence of hydrogen, producing a shorter flame,
could exacerbate the thermal wear of the head-end
region. Hence, it is clear that the use of hydrogen
represents a challenge for the injector under
investigation and it is necessary to adopt an alternative
redesign to reduce the thermal stress on the head-end
region and mitigate the risk of flashback.

4.2 NO, Emissions Trends

In addition to the increase in thermal stress and
flashback risk, the use of hydrogen also induces an
increase in NO, emissions. The reasons behind this
increase can be related to multiple factors, such as the
increase in the peak temperature and the presence of
hydrogen-induced formation pathways [24].

As a result, as shown in [15], traditional post-
processing approaches are inadequate to predict the NOy
emissions, and for these reasons, a CRN approach is
here adopted as discussed in section 3.2.

The NO, emissions expressed in ppmvd at 15% 0O,
are reported in Figure 7.



E3S Web of Conferences 663, 01005 (2025)
IGTC 2025

https://doi.org/10.1051/e3sconf/202566301005

NOx Emissions

Il ppmvd 15% 02|

35

307

NOx Emissions [ppmvd]
s N [
=) o a

w

0 25 35 50
H2 % vol. [-]

Figure 7: NO, Emissions — base design.

The emission trend remains stable up to 25% of
hydrogen in volume, while it shows a sharp increase
starting from 35%, with its value almost doubled at 50%.
These results lead to a further need for the injector
redesign to keep the NO, emissions constant when
different fuel blends are used in operations.

The data acquired from the CFD analysis with
hydrogen blends used with the standard injector design
have been used as a basis for the redesign concept shown
in Section 5, together with some indications regarding
flame stabilisation available in literature.

The concept will then be numerically tested in
Section 6.

5 Redesign Strategy

In this section, the redesign strategy is shown,
starting from the information retrieved from the CFD
simulations and considering a set of requirements in
terms of emissions, thermal wear and flame
stabilisation.

The redesign guidelines applied to the Pilot circuit
considered in this work are the following:

e flame stabilisation for both natural gas and
hydrogen blends;

e modular design allowing for fuel composition
switch;

e flame shape similar to the design case with no
increase of thermal load on the injector;

e constant NO, emissions equal to the natural gas
conditions;

e combustion oscillations suppression.

From the previous analysis, it is clear that the Pilot is the
main component that needs to be redesigned and in
particular, two main objectives need to be achieved:

1. increase in the injection velocity to move the
flame forward;

2. reduce the flame temperature of the Pilot
flame, which is diffusive.

The main characteristics of the injector are
summarized in Table 2; notice that the equivalence ratio
of the Pilot is rich.

Table 2: Injection Condition — Design Natural Gas.

Equivalence Ratio - Main 0.55
Equivalence Ratio - Pilot 1.192
Pilot Jet Velocity 55 m/s

A possible solution consists of increasing the mass
flow rate of air through the Pilot, hence increasing the
injection velocity and changing the equivalence ratio of
the Pilot flame at the same time. The redesign concept
is shown in Figure 8.

The redesigned version presents an additional
channel that allows for an increased air mass flow rate.
The air path is also changed when switching to the new
configuration: in the standard one, the air flowing
through the annular channel is partially directed to the
cooling of the head-end region, while the rest is mixed
with the fuel in a counter-flow configuration. In the
redesigned version, the air flows in the same direction
as the fuel and the overall air mass flow rate is increased,
not only the air premixed with the fuel, but also the air
used to cool down the injector front plate.

The central region of the injector, where the
mixing between air and fuel occurs tog ether with the
creation of a swirling motion, is not shown due to
confidentiality reasons. In any case, this region is not
subjected to any change in the redesign phase, so the
detailed mechanism of mixing is beyond the scope of
this work.

Standard Redesign

Figure 8: Pilot Redesign Concept.

The new design should also guarantee constant
performance with natural gas: this goal is achieved by
using a blocking ring that prevents air from flowing in
the new additional annular channel. In this
configuration, the air flows again in counterflow with
respect to the fuel as in the standard design. The use of
the blocking ring is shown in Figure 9. This blocking
ring can be mounted on the injector during the overhaul
phase, since the specific customer can specify the fuel
composition that will be used with the machine.
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OPEN Configuration (H2) CLOSED Configuration (NG)

air air air air

Figure 9: Use of a blocking ring for NG operations.

A useful tool during the redesign phase is to
evaluate the effects of the different geometries in terms
of equivalence ratio at the chemical equilibrium in order
to estimate the temperature at the outlet of the combustor
and in the Pilot flame. A parametric study using the
chemical equilibrium reactor in ANSYS® Chemkin®
2022 R2 has been used to compute the adiabatic flame
temperature curves at relevant equivalence ratio ranges
for both natural gas and 50% of hydrogen by volume
blends. The chemical mechanism is the same used for
the FGM table generation and the CRN computations,
the GRI-Mech 3.0. The blend compositions are reported
in Table 3, namely the same adopted in [15] and
obtained starting from the natural gas composition and
uniformly rescaled to accommodate the presence of
hydrogen.

Table 3: Fuel blend compositions.

H, 0.000 0.500
CH, 0.865 0.432
Co, 0.033 0.016
C,H, 0.065 0.032

N, 0.007 0.003
C,Hg 0.031 0.016

The resulting Adiabatic Flame Temperature
(AFT) curves obtained at relevant gas turbine conditions
(inlet temperature equal to the compressor discharge
temperature and operating pressure equal to the turbine
inlet pressure) are reported in Figure 10 in normalised
form with respect of the outlet combustor temperature in
Base Load conditions, for equivalence ratios between
0.3 (overall equivalence ratio) and 1.3 (Pilot rich
conditions).

100 —Natural Gas

=—50% H2 Vol.

Norm. Temperature (%]
3 8 8 8 8 8 &

%0 : - -
03 04 05 06 07 08 09 1 11 12 13

Equivalence Ratio [-]

Figure 10: Adiabatic Flame Temperature for different
Equivalence Ratios.

To understand the idea behind the Pilot redesign, let’s
focus the analysis on the equivalence ratio range
relevant for the Pilot. A zoom of the AFT curves in the
range 0.7 — 1.2 is reported in Figure 11.

145 1

—Nalural Gas
—50% H2 Vol.

140 - r

Norm. Temperature [%]
o o =

o z & 2

e ; . g

0.75 038 085 09 095 1 1.05 11 115 12
Equivalence Ratio [-]

Figure 11: Adiabatic Flame Temperature (AFT) for
Equivalence Ratio in the range [0.7 — 1.2] — ER
estimation for the Pilot.

The main idea behind the redesign is to identify
the equivalence ratio (ER) value for the 50% hydrogen
blend in the lean region that presents the same AFT as
the natural gas case (Pilot ER equal to 1.19). This value
corresponds to an ER of 0.88, thus guaranteeing a
similar flame temperature for the Pilot together with an
increased injection velocity thanks to the increased air
mass flow rate.

At this point, a verification of the overall ER is
needed to guarantee a constant turbine inlet temperature
(TIT). The results in terms of equilibrium temperature
are reported in Figure 12, where a detailed plot of the
AFT in the lean regime is shown.

=1
(5]

2
=)

Norm. Temperature [%]
©
@

w©
&

©
4

@
N

=——Natural Gas
——50% H2 Vol

% | I
03 0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 04
Equivalence Ratio [-]
Figure 12: Adiabatic Flame Temperature (AFT) for
Equivalence Ratio in the range [0.3 — 0.4] — Turbine

Inlet Temperature (TIT).
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The use of the redesigned injector leads to a global
ER of 0.34 against a value of ER equal to 0.36 for the
natural gas case. The difference in terms of temperature
is below 1% (less than 10 K) and will not affect the
turbine performance. However, a cold flow test
performed on the proposed redesigned Pilot, following
the procedure reported in [14], reports a value of ER
value equal to 0.7, potentially too low to guarantee safe
operations and flame stabilisation since the Pilot flame
temperature will be lower than the design value, thus
implying a possible risk of flame extinction and
combustion instability.

To limit the air mass flow rate, it is needed to
reduce either the inlet cross-section by limiting the area
in the new annular section or by limiting the inlet total
pressure. The first method would be most natural;
however, it was not possible to achieve the target mass
flow rate by reducing the inlet cross-section.

The ER as a function of the inlet cross-section is
shown in Figure 13. To achieve the target ER of around
0.88 or higher, the inlet area should be considerably
small, resulting in a gap below 0.3 mm.
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Figure 13: ER vs Inlet Area, constant fuel flow rate.

Since the reduction of the inlet cross-section is not
practically achievable for this geometry, a different
strategy needs to be adopted for this test case.

A possible alternative, adopted in this work, is to

adjust the inlet total pressure of air by introducing an
additional concentrated pressure loss upstream of the
Pilot inlet, thus reducing the inlet total pressure and
hence the air mass flow rate.
The geometry shown in Figure 8 is therefore studied
under cold flow conditions for several inlet air total
pressures, with the fuel flow rate kept constant; the
results are presented in Figure 14.

The selected operating point is the one with an
equivalence ratio of 0.93. This value helps in
minimising the gap with the nominal TIT (see Figure
12), while ensuring enhanced stability for the flame,
thanks to the presence of hydrogen addition that extends
the operational limits, reducing the risk of lean blow-off
(LBO) [25].
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Li et al. [26] showed, through a coupled
experimental and numerical approach, that for a swirled-
stabilised combustor with a central pilot, the amplitude
of instability is largely unaffected by changes in the pilot
mass flow rate once a small flow rate threshold is
passed, but it is highly influenced by the pilot’s
equivalence ratio. Specifically, the effectiveness of the
pilot increases as its equivalence ratio gets closer to that
of the main flame; beyond this point, further increases
in the pilot’s equivalence ratio have a less pronounced
effect on thermo-acoustic instability. From these
observations, the authors proposed that a central pilot
flame helps mitigate thermoacoustic instability by
supplying heat and radical species to the base of the
main flame, facilitated by recirculation within the vortex
breakdown bubble. This back-support stabilises the
main flame both statically and dynamically. These
results also suggested that a low pilot flow rate of a
mixture slightly richer than the main flame can
significantly enhance pilot effectiveness without
causing a notable increase in NO, emissions [26].

These findings are applied here to an industrial
case, showing the feasibility of this kind of redesign for
NO, abatement in contrast to traditional designs with
rich pilot, developed in a period where the numerical
methods were less reliable than nowadays and the
literature on experimental data on pilot flames was
limited. In particular, the pilot equivalence ratio is still
higher than the main equivalence ratio, without reaching
rich conditions, and at the same time, the jet velocity
will increase, thus moving the flame downstream. The
results of the reactive CFD analysis are reported in the
next subsection.

6 Results

In this section, the redesigned concept is tested at
50% volume of hydrogen to analyze its behavior in
terms of temperature distribution, emissions, and
stability, to understand whether the hypothesis adopted
for the redesign is valid.

The first element to be verified is the injection
velocity for the Pilot jet. The mass flow rate of air has
been increased through the redesign process, which
should result in a higher velocity value. The velocity
contour for the primary zone is reported in Figure 15.
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Figure 15: Velocity Magnitude, Standard Vs Redesign
configurations at 50% H, in Vol.

By comparing the velocity maps for the standard
and redesigned cases, the velocity of the Pilot Jet is
higher in the redesigned configuration. The original
mean jet velocity of approximately 55 m/s is increased
to 70 m/s here, thereby reducing the risk of flashback in
the event of hydrogen addition. Additionally, because of
the increased injection velocity, the jet penetration is
also increased, and this will allow for flame stabilization
away from the injector.

To verify the change in flame shape, position, and
temperature distribution, the OH contour is reported in
Figure 16.
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Figure 16: OH Mass Fraction, Standard Vs Redesign
configurations at 50% H, in Vol.

In the original injector, the flame is attached to the
head-end plate for the fuel blend with 50% of hydrogen.
The resulting thermal stress would be too high, thus

reducing the typical life span. For the redesigned
version, instead, the flame appears to be detached and
far away from the injector and hence the thermal stress
results in being reduced. It is also interesting to notice
how the flame is even more downstream if compared to
the standard design with natural gas, meaning that the
redesign is beneficial for the lifetime of the injector.

Another interesting feature for the flame stability
is the position of the Main flame. The location of the
Main flame can be identified by looking at the OH peak
present at the interface between the Main jet and the
inner recirculation zone. The OH distribution is indeed
the same, meaning that the flame is stabilised at the same
average position by the Pilot, thus excluding any
considerable change in the overall flame shape, also for
the Main.

An additional check is related to the surface
temperature profile of the injector, as shown in Figure
17. The use of hydrogen with the standard configuration
induces an increased thermal stress since the flame is
attached to the injector. The redesigned configuration
shows instead a reduced thermal load and a detached
flame.
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Figure 17: Normalised Surface Temperature Maps,
Standard Vs Redesign at 50% H, in Vol.

Finally, the NO, emissions levels are compared in
Figure 18, showing the emissions expressed in ppmvd at
15% of O, for the natural gas case, the blend with 50%
in volume of hydrogen and the same blend with the
redesigned Pilot.
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Figure 18: NO, Emissions, Base Design Vs Redesign.



E3S Web of Conferences 663, 01005 (2025)
IGTC 2025

https://doi.org/10.1051/e3sconf/202566301005

The emissions levels for the redesigned injector
are comparable to the natural gas values and equal to
17.5 ppmvd, thus ensuring constant emissions also when
hydrogen is used in the fuel blend, drastically reducing
the value obtained without redesign, equal to 30.7
ppmvd.

7 Conclusion

The present work explores a possible redesign
approach for the injector of a DLN combustor for
hydrogen applications. In particular, reactive CFD
simulations are employed to assess the impact of
hydrogen addition up to 50% by volume in the fuel
blend. The results indicate increased thermal stress on
the injector, along with higher NO, emissions. This
trend is mainly attributed to the presence of a diffusive
Pilot flame, which is necessary for flame stabilization.
Building on recent experimental studies on instability
suppression mechanisms associated with the Pilot
flame, the injector is redesigned by adjusting the
operating point in terms of equivalence ratio. This
approach preserves the mechanical integrity of the
injector while ensuring reduced NO, emissions, thereby
demonstrating the feasibility of such a redesign strategy
for similar machines, enabling the use of hydrogen
blends with only minor modifications.
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