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Abstract

Numerical simulations are performed to investigate the extinction of undesired
diffusion flames in the quench section of a hydrogen-fuelled Rich-
Quench/QuickMix-Lean (RQL) combustor under engine-relevant conditions (676 K,
1.22 MPa). The effects of rich-product equivalence ratio and steam dilution are
examined, where steam is generated through evaporation of water produced by an
integrated Fuel Cell (FC) in a parallel powertrain architecture. The combined effects
of high equivalence ratio and steam dilution strongly promote diffusion flame
quenching and reduce NO emissions. Even when diffusion flame zones persist, the
chemical effect of H.O plays a major role in NO mitigation, demonstrating the
potential of steam dilution for low-NOx hydrogen RQL combustion.

Introduction

Hydrogen offers a promising pathway for decarbonizing thermochemical energy
conversion but poses major challenges for gas turbine combustion due to its high
reactivity [1,2]. Lean premixed combustion is prone to flashback and thermo-
diffusive instabilities [3,4], motivating renewed interest in Rich-Quench/QuickMix-
Lean (RQL) concepts. Previous studies showed that rapid rich-to-lean transition and
enhanced mixing reduce NO emissions [5,6], while unwanted diffusion flames in the
Quick-Mix section must be avoided. Low-temperature cavity-stabilized flames [7]
and water injection may lower rich-product temperatures while maintaining stability,
reducing the risk of spurious diffusion flames in the Quick-Mix section. Given the
drastic changes in fuel properties, common design practices for Quick-Mix/Quench
sections of RQL combustors [8] may not apply, motivating this study of NO
emissions in a model quench zone via detailed simulations.

Methodology

Extinction strain rate calculations of counterflow diffusion flames are first performed
using Cantera [9], following the scaling method of Fiala and Sattelmayer [10].
Thermodynamic, transport properties and H: chemistry follow the UCSD
mechanism, with NO chemistry from Capurso [4] and molecular diffusion modelled
via a mixture-averaged approach including Soret effect. A sketch of the counterflow
configuration is presented in Fig. 1. The air stream (indicated by blue arrows in the
figure) is injected at a temperature of 676 K, while the fuel stream (orange arrows)
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corresponds to diluted rich products of Hz/air combustion. The temperature of the
fuel stream results from the rich adiabatic flame temperature reduced by the
evaporation and mixing of injected water. The amount of water injected is
representative of the products of a Fuel Cell (FC), operating in parallel with the Gas
Turbine (GT). Large eddy simulations (LES) are then employed for a Jet In
CrossFlow (JICF) configuration, which represents the quenching section of a model
RQL combustor (see sketch in Fig. 1, right). The LES are performed using a
previously-validated compressible, pressure-based LES code built in OpenFOAM
[7], where the WALE model [11] is used to close the subgrid stress and the Eulerian
Stochastic Fields (ESF) approach is used to model the turbulence-chemistry
interaction. Details about this modelling can be found in our previous work [7].
Turbulent boundary conditions are prescribed using the digital filter method [12].
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Figure 1. Temperature midplane contours and streamlines at a random instant for
the counterflow diffusion flame (left) and the jet in cross flow (right) configurations.
Orange arrows indicate rich products inlets, blue arrows air inlets.

Results

The wide extinction limits of Ho/air enable ultra-rich combustion, allowing for lower
fuel stream temperatures. Still, due to the high reactivity of H., extinction of
diffusion flames between rich products of the H>/air combustion and air needs very
high values of global strain rate to be achieved. Calculations in Cantera indicate that
the extinction strain rates a..; needed for the counterflow diffusion flame are acx =
7e5 1/s, 6.5e¢5 1/s and 7.5e5 1/s respectively when the equivalence ratio of the rich
products stream is @rich = 3, 4 and 5. This non-monotonic behaviour results from two
competing effects: richer equivalence ratios increase the mass fraction of Hz in the
fuel stream, while reducing its adiabatic flame temperature. A more effective
strategy to reduce the extinction strain rate is by cooling and dilution of the rich
products via water injection. In particular, by increasing the water mass fraction in

the rich products from a nominal dry value of Y;zrg =0.241 to Y}/5=0.357, the

extinction strain rate is reduced to aex = 15 1/s for @rich= 3.

To relate counterflow results to the JICF configuration, a global strain rate is defined
as a; = 2(Uj +U)/L, where L is the width of the squared cross-section of the
crossflow geometry, and Uj, U are the velocity of the axial and crossflow jets,
respectively. Three cases are simulated, for different values of strain rate and water
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dilution, while keeping the rich equivalence ratio constant at @ = 3, and reported
in Table 1. Contours of time-averaged temperature are shown in Fig. 2.

Table 1. Operating conditions for the 3 cases explored. Reported quantities include
temperature (T), bulk velocity (U), global strain (az), and species mass fractions (Y)
at the quenching air (QA) and rich products (RP) inlets. Constant values not included
in the table are: the operating pressure (1.22 MPa), the quenching air temperature
Toa (676 K) and air composition in mass Yoa = (02: 0.23 N2: 0.77).

Case | Trp [K] UQA [m/s] Urp [m/s] g [l/S] Yre [—]

1 1648 14.64 25.36 le4 H»: 0.054 H,O: 0.241 N»: 0.705
2 1296 11.37 28.63 led H,: 0.046 H,O: 0.357 N,: 0.597
3 1296 113.7 286.3 le5 H,: 0.046 H,O: 0.357 N,: 0.597
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Figure 2: Midplane contours of time-averaged temperatures for the three cases of
Table 1 (left). A zoomed-in view of Case 3 (right) with superimposed streamlines
highlights the windward flame leading edge and the leeward recirculation zone.

Cases 1 and 2 show peak temperatures consistent with counterflow predictions,
whereas complete quenching is not achieved in Case 3 despite matching extinction
strain rates. In particular, it is observed that the windward branch of the JICF
experiences local extinction, with the flame leading edge moving downstream as
shown in Fig. 2, while the leeward recirculation zone stabilizes the diffusion flame,
preventing complete extinction. Despite this, NO emissions are substantially
reduced: Case 3 results in an averaged NO (dry, corrected at 15% O) at the outlet
of 2.8 ppm, which is a 61% reduction as compared to Case 2 (7.2 ppm) and 91% as
compared to Case 1 (32.0 ppm). Overall, the NO reduction from Case 2 to 3 is mainly
driven by the reduced residence time in the combustion chamber, even though the
NO production rates increase with the global strain rate. The reason for the NO
reduction from Case 1 to 2 is instead observed to be twofold: (i) the temperature
reduction inhibits thermal NO formation, but (ii) when the chemical effect of H,O is
isolated by artificially removing the three-body efficiency of H>O in the chemical
mechanism, NO formation via NoO and NNH pathways is observed to double,
highlighting the critical role of H>O as an efficient third-body collider in reducing
NO formation. On the other hand, pressure losses increase significantly (from 0.25%
for Case 2 to 15% for Case 3), motivating multi-objective optimization. Note that
further cooling and dilution (not shown here) lead to complete diffusion flame
extinction and lean relight, resulting in sub-1 ppm NO emissions at @ican = 0.5.
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Conclusions

Numerical simulations demonstrate the feasibility of a steam-diluted hydrogen Rich-
Quench/QuickMix-Lean concept for low-NOx applications. Cooling and dilution via
water injection reduce extinction strain rates to achievable levels in JICF
configurations while limiting NO formation through reduced peak temperatures and
the chemical effect of steam, with H.O acting as an efficient third-body collider.
Even without complete diffusion flame quenching, NO emissions remain below 10
ppm (dry, 15% O2), supporting steam injection as a promising strategy for low-
emission hydrogen propulsion systems.
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