SETTING THE STANDARD

ASME Accepted Manuscript Repository

Institutional Repository Cover Sheet

Cranfield Collection of E-Research - CERES

ASME Paper

Title: Numerical investigation into the impact of operating boundary conditions on NOx formation in
hydrogen micromix combustion system

Authors: Gaurav Singh, Malika Zghal, Xiaoxiao Sun, Pierre Gauthier, Vishal Sethi

ASME Conf Title: ASME Turbo Expo 2023: Turbomachinery Technical Conference and Exposition

Volume/Issue: Volume 2: Paper number GT2023-1031111 Date of Publication (VOR* Online) 28 September 2023

ASME Digital Collection
URL: https://asmedigitalcollection.asme.org/GT/proceedings/GT2023/86946/V002T03A019/1167776

DOI: https://doi.org/10.1115/GT2023-103111

*VOR (version of record)



Proceedings of ASME Turbo Expo 2023
Turbomachinery Technical Conference and Exposition
GT2023

June 26-30, 2023, Boston, Massachusetts, USA

GT2023-103111

NUMERICAL INVESTIGATIONINTO THE IMPACT OF OPERATING BOUNDARY CONDITIONS ON NOX
FORMATION IN HYDROGEN MICROMIX COMBUSTION SYSTEM

Gaurav Singh*, Malika Zghal, Xiaoxiao Sun, Pierre Gauthier, Vishal Sethi
SATM, Cranfield University, Cranfield, Bedfordshire, UK

ABSTRACT

Hydrogen micromix combustion is a promising technology
for achieving zero mission-level carbon emissions with ultra-
low NOx potential. A reduced-order NOx emissions prediction
model is essential for preliminary hydrogen engine cycle design
space exploration and optimization studies.

Hence, this paper investigates the influence of key
operating conditions, including equivalence ratio (@),
combustor inlet temperature (T3) and pressure (P3) on NOx
emissions in a hydrogen micromix combustion. The assessments
were performed using steady Reynolds-Averaged Navier-Stokes
(RANS) simulations with thermal NOx model at various power
conditions representative of the aircraft mission. The RANS
model constants were calibrated against Large Eddy
Simulations (LES) conducted previously by the group. The
comprehensive numerical database was developed from these
assessments to derive a NOx emissions correlation as a function
of the operating conditions defined above.

The study demonstrates that the LES-calibrated RANS
models can predict NOx emissions trends, which agrees with
the known physics of NOx formation. When experimental data
is not yet available, the resulting correlation can be used at the
preliminary stage of the design process to identify low NOx
engine cycles that merit (more resource-intensive) higher
fidelity numerical simulations or experiments. The methodology
is flexible and extensible and may be applied to future low-
emissions hydrogen combustion technologies.

Keywords: CFD; Hydrogen; Hydrogen Micromix; Momentum
Flux Ratio; NOx Correlation; Low Emission.

NOMENCLATURE

BPR BypassRatio

CO; Carbon Dioxide

EINOx Emission Index of NOx (g/kg)
FGM Flamelet Generated Manifold
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H2 Hydrogen

ISA International Standard Atmosphere
JICF Jet-In-Crossflows

LES Large Eddy Simulation

MFR Momentum Flux Ratio

NOx Nitric Oxide emissions

OPR Overall Pressure Ratio

P Pressure (kPa)

SLS Sea Level Static

T Temperature (K)

(2] Combustor Equivalence Ratio
m Mass flow (kg/s)

) Specific humidity (kgn20/Kgair)
Subscripts

3 Station 3 combustorinlet

4 Station 4 combustoroutlet

f Fuel

Alt Altitude

1. INTRODUCTION

The aviation industry is under increasing pressure to reduce
its environmental impact and meet ambitious emission
reduction targets set by aviation agencies, government
organizations, and environmental NGOs. For instance, the
Advisory Council for Aerospace Research in Europe (ACARE)
aims to reduce COz emissions by 75% and NOx emissions by
90% relative to year 2000 technologies in its Flightpath 2050
plan [1]. Radical technological advancements in low-emission
combustion technologies are required to achieve these
ambitious goals. Hydrogen (Hz), a carbon-free fuel, holds great
promise as an alternative to Jet A-1, as it can deliver zero
mission-level COz and potential ultra-low NOx emissions. Jet
A-1 has relatively narrow combustion flammability limits
which presents several challenges for low NOx combustion
technologies. H> is a promising fuel as it has much wider
flammability limits enabling leaner (lower flame temperature)
combustion. Additionally, the molecular diffusivity and high
flame speed of H» offer good mixing and lower residence times,
therefore significant reductions in thermalNOx are possible.
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One promising technology for achieving ultra-low NOx Hz
combustion is micromix (diffusion) combustion in a jets-in-
crossflow (JICF) configuration, as envisioned by Aachen
University [2]. The microinjector in this configuration
miniaturizes the mixing length scale and the JICF configuration
enhances mixing intensity, resulting in a large number of lean
burning micromix flames. This technology improves fuel-air
mixing without the risks of auto-ignition and flashback
associated with premixing, reducing local high-flame
temperature regions and leading to ultra-low NOx emissions
[3].

The Momentum Flux Ratio (MFR) is a dimensionless
quantity thatcharacterizes the penetration and mixing quality of
the JICF micromix injector, as described by Equation (1).
Previous studies [4—8] have identified a complex design space
of H> micromix combustors relative to state-of-the-art Jet A-1
combustion systems. They have shown that small changes in
either injector design parameters and/or combustor operating
boundary conditions may significantly impact the MFR, i.e., the
flame interactions, and hence the NOx emissions.

P
Pcr Ver®

Where p; is the density of Hz jetin kg/m?3, v; is the velocity

of Hzjetin m/s, p.p is the density of air crossflow in kg/m3, v

is the velocity of air crossflow in m/s.
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FIGURE 1: H; MICROMIX INJECTION IN JETS-IN-

CROSSFLOW AND THE IDEAL POSITIONS OF THE FLAMES
WITH RESPECT TO THE INNER AND OUTER VORTICES
(ADAPTED FROM [9] WITH AUTHORIZATION).

Figure 1 shows the ideal configuration of the JICF
micromix injector. The flame is located in the shear layer
between the two contrarotating vortex pairs: the inner
recirculating zone (IRZ) and the outer recirculation zone
(ORZ). To minimise NOx emissions, keeping flame-to-flame
interaction to a minimum (with acceptable pressure loss) is
critical to avoid the increased residence time of hot combustion
products. Two types of radial flame-to-flame interactions
observed in a JICF micromix configuration are shown in Figure
2. The first type of interaction (Figure 2 (a)) occurs when
flames emerging from the same fuel feed merge downstream of
the H» feed. This is caused by the under-penetration (relatively
lower momentum flux ratio) of the Ho jet in the crossflowing
air, which results in fuel reaching the IRZ. The second type of
interaction (Figure 2 (b)) occurs when two opposing flames

originating from adjacent fuel feeds merge due to the over-
penetration (relatively higher momentum flux ratio) of the Hz
jet. This leads to Hz penetrating into the ORZ and the flames
merging downstream of the air gate between the two

neighbouring H»> feeds.
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FIGURE 2: (a) FIRST TYPE OF RADIAL FLAME
INTERACTIONS OCCURING IN IRZ AND (b) SECOND TYPE OF
RADIAL FLAME INTERACTIONS OCCURING IN ORZ IN H»
MICROMIX INJECTORS (ADAPTED FROM [9] WITH
AUTHORIZATION).

Indeed, only a few experimental and numerical studies
have been conducted to assess the influence of the combustor
operating boundary conditions on the NOx emissions of H»
micromix injectors. Kroniger et al. demonstrated the influence
of combustorinlet pressure P3 as a power law function (NOx ~
P3X) and of combustor outlet temperature T4 as an exponential
function NOx ~ exp T4*X) on NOx emissions of H2 micromix
injector [10,11]. Marek et al also demonstrated similar
pressure-NOx relation with a variation in selecting combustor
inlet temperature T3 instead of T4 and extending the influence
of other parameters such as residence time, pressure loss and
equivalence ratio on NOx emissions of H> micromix injectors
[12]. Much of these studies were limited to small rig-scale
injector arrays at low to mid-power conditions and do not
represent the technology's scaling up for the future ultra-high
bypassratio (UHBR) engine combustion systems.

Hence, the aim of this research is to numerically analyze
the influence of inlet boundary conditions, namely equivalence
ratio ($), combustorinlet temperature (T3) and pressure (P3) on
the NOx emissions of a sector of hydrogen micromix combustor
designed for the UHBR aero engine, while keeping the injector
design parameters fixed. The assessments were performed
using Reynolds-Averaged Navier-Stokes (RANS) CFD




simulations at different power conditions representative of a full
aircraft mission. The model constants for the RANS CFD
models were calibrated and verified based on best modelling
practices established in previous work by Cranfield University
via higher fidelity (LES) CFD and preliminary experiments
[3,13]. The outcome of this analysis was then used to derive a
correlation-based NOx emissions prediction reduced order
model (ROM) from higher fidelity (CFD) simulations that
capture these effects. The ROM can be used at the preliminary
stage of the design process, to identify low NOx engine cycles
that merit (more resource-intensive) higher fidelity numerical
simulations or experiments, ultimately savingtime and cost. For
instance, for preliminary engine cycle design space exploration
and optimisation, as well as aircraft trajectory optimisation (i.e.,
Techno-Economic, Environmental Risk Assessment (TERA)
type studies), a reduced-order NOx emissions prediction model
is essential for which the more computationally expensive,
higher-fidelity CFD models would not be suitable.

ROMs can help define engine cycle architecture and trade-
offs and determine the feasibility of disruptive aircraft and
propulsion technologies at the early design stage. E.g., while
engines with higher overall pressure ratios and turbine inlet
temperatures will have higher thermal efficiency and reduce
fuelburn, they will also generate more thermalNOx. ROMs can
be employed in multi-disciplinary optimisation studies to
quantity trade-offs between mission-level fuel burn and NOx
emissions. Traditionally correlation-based NOx emissions
prediction models are derived from experiments and are used to
assess NOx emissions for higher TRL concepts. However, for
preliminary design studies, no experimental data is available.
Therefore, the authors note that this work is unique as it
developed an extensible methodology to derive and generatea
correlation from RANS-based CFD simulations for preliminary
design studies of a novel H> micromix combustion system. This
work is also unique in that the NOx emissions were assessed on
a full-scale sector of the H> micromix combustor sized for
Ultra-high BypassRatio (UHBR) aero engine thatincorporates
the preferred ultra-low NOx H: micromix injector at
representative high-pressure, high temperature conditions.

2. NOx FORMATION IN H2 MICROMIX COMBUSTION

SYSTEM

Oxides of Nitrogen (NOx) comprise Nitric Oxide (NO) and
Nitrogen Dioxide (NOz). Typical aircraft NOx emissions
comprise 90-92% NO and 8-10% NO>. The formation of NOx
occurs through five primary mechanisms: thermal NOx, prompt
NOx, fuel-bound NOx, NNH NOx, and N2O NOx. Glarborg et
al. [14] haveexplained thathydrocarbon (CH) fuels containing
organically bound nitrogen produce fuel-bound NO. Fenimore
[15] has shown that prompt NOx is formed early in CH flames,
near the spray front, when smaller CH radicals react with Na..
Therefore, in pure Hz-air combustion, it can be inferred that
prompt NOx and fuel-bound NOx is not a significant concern
[16]. The NNH route to NO formation, described by Bozzelli
and Dean in ref. [17], involves Nz reacting with an H atom to
form NNH, which thenreacts with an O atom to form NO and

NH. Konnov [18] hasdemonstrated that NO formation via the
NNH route is significant in hydrogen combustion at lower
temperatures between 1400-1560K. The N>O route to NO
formation is described by Rutarand Malte in ref. [19] as a third
body stabilised reaction between N2> and O leading to NO
formation, increasing with residence times. Thermal NOx
formation is a well understood endothermic process explained
by the extended Zeldovich mechanism, predominant in flames
above 1850K,and increasing with increased residence time.

At high pressure high temperature conditions prevalent in
gas turbine combustor, NO formation via the N>O and
Zeldovich mechanisms is the majority contributor to NOx
formation, increasing with residence times[19]. Therefore,
reducing temperature, minimizing the time spent at high
temperatures, and minimizing the reaction zone volume can
help reduce NOx emissions. Micromix flames offer the best
possible reduction in reaction zone volume by miniaturizing the
flame length scale, limited only by manufacturingcapabilities.
Consequently, in H> micromix combustion systems, thermal
NOx is deemed the primary concern.

3. NOx CORRELATION REQUIREMENT

NOx emissions formation is a complex process that is
affected by numerous cycle parameters, including inlet
pressure, inlet temperature, combustion zone equivalence ratio,
outlet temperature, and fuel composition, as well as design
choices such as degree of premixing, fuel injector and swirler
design, and fuel staging strategy, among others. Accurately
quantifying NOx emissions requires precise information on all
these parameters, which is often not the case in the early stages
of engine design. As a result, the most important requirement
for a correlation-based NOx emissions prediction ROM was
that it should be simple to use with preliminary engine-cycle
performance data, enabling NOx trends estimations with
reasonable accuracy in the absence of precise design and sizing
data. Traditionally, NOx emissions prediction correlations are
derived from either experimental data and/or engine
certification data. The correction for environmentalfactors such
as humidity is occasionally included to match the emissions
measurements from the testbed [20].

In the absence of experimental data, this study presents a
novel methodology for deriving a ROM for predicting thermal
NOx emissions using computational fluid dynamics (CFD)
simulations. In the following section, we discuss the selection
and relevance of key operating boundary condition variables
that impact thermal NOx formation in the H» micromix
combustion system. The analysis is performed under the
assumption of fixed geometry for the variables of interest.

3.1 NOx Emissions Correlation Variables

For a typical gas turbine combustors thermal NOx
emissions are a function of flame temperature (linked to the
reaction rate), residence time and mixing homogeneity. NOx
emissions can therefore be derived as a function of the variables
shown in Equation (2) which influence the mixing
homogeneity, reaction rate and residence time [10,21].



NOx o f (P, T3, AR, APq, Geo, Ty, Ty, ) ?2)

Where P, is the combustor inlet pressure, T; is the
combustor inlet temperature, AP, is the combustor fractional
pressure loss, APy, is the fractional differential in pressure
between the fuel and air, Geo is the combustor geometry, T, is
the combustoroutlet temperature,and Ty is the adiabatic flame
temperature. If the geometry and design of the combustor is
fixed, then the simplified NOx correlation relating only to its
inlet boundary conditions can be developed as shown in
Equation (3).

NOx o« f (P, T3, T4, Tye) 3)

However quite often when running an experimental
campaign for deriving NOx emissions correlations some of this
data may not be measurable (such as Tx) or challenging and
costly to measure (such as T4). NOx emissions may be therefore
correlated to other parameters thatcan be easily measured in the
rig such as FAR or equivalence ratio which implicitly capture
the effect of the variables T and T4 as shown in Equation (4)
[12].

NOx <« f (Pin, Tin, P) “)

Where @ is the equivalence ratio. The preliminary design
and sizing of the H2 micromix combustor was first undertaken
to determine the appropriate size for a representative Hz
micromix combustor for a ultra-high bypass ratio turbofan
engine used in the ENABLEH2 Year 2050 blended wing body
long-range aircraft (LR BWB 2050) [22], performance data
shown in Table 1. Subsequently, a sector of the combustor was
used for numericalassessment.

4. MICROMIX COMBUSTOR GEOMETRY

For the conceptual H2 micromix combustor, the following
assumptions and design choices were made (primarily due to
the unique difference in the burning and flame characteristics
of Hz) based on the best engineering judgements. These
assumptions primarily relate to the combustorarchitecture.

FIGURE 3: CONCEPTUAL H, MICROMIX COMBUSTOR CAD
[23].

In the preliminary design phase, the Hz micromix
combustor was designed without primary, secondary, or
dilution holes as shown in Figure 3. Conventionalcombustors
employ primary and secondary air jets to enhance flow
recirculation to stabilize the flame and complete the CH
combustion. However, this is not necessary in the H2 micromix
combustor. The temperature profile can be regulated through
active fuel scheduling.

TABLE 1: DESIGN POINT (TOP OF CLIMB) ENGINE CYCLE

DATA.
Parameter Data

Net Thrust (kN) 64.1
Altitude (m) 0754
Flight Mach Number 0.82
Delta Temperature (ISA) 10.0
BPR 20.4
OPR 83.3
Compressor Outlet Mach Number 0.272
CombustorInlet Mass flow (kg/s) 30.22
Fuel Mass flow (kg/s) 2.77E-01
Combustor Inlet Pressure (kPa) 3073
Combustor Inlet Temperature (K) 062
Combustor Liner Inlet Mach Number 0.025
CombustorInlet Static Pressure (kPa) 2918
CombustorInlet Static Temperature (K) 948
Combustor Outlet Pressure (kPa) 2950
Combustor Outlet Temperature 1775
Combustor Outlet Static Pressure (kPa) 2906
Combustor Outlet Static Temperature (K) 1768
Combustor Outlet Mach Number 0.15

In the near future, high-temperature-resistant materials
such as Ceramic Matrix Composites (CMCs) will be used in
liners, as evidenced by GE's TAPS-III [24] and Rolls-Royce's
Phase 5 combustors, which have implemented CMCs and tiled
walls[25]. Furthermore, improvements in cooling technology
such as enhanced impingement-effusion cooling are expected
to decrease the cooling air requirement.

The primary purpose of air entering the liner is for lean Hz
combustion. A small fraction of this air will be utilized for
cooling the matingsurface between the liner and injectorplate,
which will be introduced into the combustor through cooling
jets from the top and bottom unfuelled air gates. This will
provide protection to the liner surface in the primary zone,
where the highest temperatures are anticipated. Downstream the
air will mix with the combustion products, leading to a
reduction in the equivalence ratio in the combustor.

The sizing methodology used in this study is adapted from
the Lean Partially Premixed (LPP) combustor sizing approach
described in other studies [26,27] . The proposed methodology
accounts for the inlet boundary flow conditions and geometric
constraints as inputs and calculates the combustor liner and
casing dimensions based on the air split and flow velocities. The
flow velocity ranges of 7-12 m/s for the liner and 35-60 m/s for
the passage have been recommended for Jet A-1 fuelled
combustors. However, the flow velocity for the H> micromix
combustor liner was deduced based on the flow requirements
downstream of the air gate based on the single-injector
numericalstudies available in the literature [7,8]. The liner flow
velocity of 15 m/s (Mach number of 0.025) was chosen. The
outcome of the sizing task is shown in Figure 4.
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FIGURE 4:
GEOMETRY.

Based on the sized combustor, the micromix injector sector

comprising 52 injectors arranged in a 26x2 matrix is chosen for
numerical investigation.

5. NUMERICAL DOMAIN AND TEST CONDITIONS

The injector geometry chosen for analysis is the result of
extensive numerical and experimental research conducted in
project ENABLEH2 [28] as shown in Figure 5. Cranfield
University (CU) has taken the lead in the development of Hz
micromix combustion technology to deliver zero mission-level
COz ultra-NOx Hz combustion system.

Simulations with FGM and
Thermal NOx model

FIGURE 5: H, MICROMIX INJECTOR DESIGN VARIABLES
INFLUENCE ON NOX EMISSIONS [3].

The “preferred geometry” is shown in Figure 6 and the
shape and dimension is available in Table 2 and it is the one
that has pure diffusion flame without flame-to-flame
interactions shown in Figure 5 as “preferred geometry”. The
domain started 5 mm upstream of the airgate channelentrance
and extended to 60 mm downstream of the flame anchoring
position at the bluff edge of the H» injector.

H, Injection
Orifice

* Reduced flame interactions

- Diffusion flames
by high jet penetrations

5

; 60
Air Mass H, Mass J All dimensions are in mm
Flow Inlet Flow Inlet

FIGURE 6: HYDROGEN MICROMIX INJECTOR GEOMETRY.

TABLE 2: CHOSEN H, MICROMIX INJECTOR GEOMETRY.

Design Parameter Value
Shape a
Air Gate Diameter (mm) 2.11

Air Gate Height (mm) 1.055
Aspect Ratio (AR) 0.5

H2 Injection orifice Diameter (mm) | 0.3
Momentum Flux Ratio (MFR) 0.5-0.55

The geometry shown in Figure 6 is of a pair of two
opposing injectors fed from the same H» fuel manifold. The
numerical domain consisted of 12 such pairs of injectors
arranged in radial direction times two in the circumferential
direction, i.e., a 24x2 injectorarray with 48 injector orifices and
48 airgates. Another four airgates that were not fuelled, two at
the bottom of geometry in Main 1 and two at the top of the
geometry in Main 2, as shown in Figure 7, serving as film
cooling air flows, are also incorporated in the domain.

Air Mass flow Inlet Wall Wall

Main 2

Periodic

Pilot

1

Pressure
Outlet

H, Mass flow Inlet Wall Wall
Isometric ide Front
View View View

FIGURE 7: NUMERICAL DOMAIN AND BOUNDARY
CONDITIONS.

The boundaries for H2 and the air inlet are set as mass flow
inlets. The left and right sides are set to periodic boundaries,
and the exit of the domain is set to a pressure outlet. For all the
cases, hydrogen fuel injection is set at 450K and the inlet
conditions as shown in Table 3. The equivalence ratio (®) is
calculated assuming 10% of the incoming air (m5) is used for
cooling and the stoichiometric fuel air ratio for hydrogen is
0.029. The equivalence ratios were incrementally stepped up
from the minimum values to the maximum values specified in
Table 3. The sector was segregated into three zones, namely
Pilot, Main 1 and Main 2, forfuel scheduling at different power
conditions, as shown in Figure 7. The centre 16 injector were
attributed as pilots, the 16 closest to the shaft were called Main
1, while the 16 farthest from the shaft were Main 2. The key
criterion in staging was to keep the pilot injectors at an
equivalenceratio of 0.40 at allpower conditions to ensure flame
stability. At the lowest power condition, all the fuel goes to the
pilot only, while at other power conditions, while the pilot is
maintained at 0.40, the leftover fuel goes either to Main 1 only



or equally to both Main 1 and Main 2. The pattern of injectors
that were lit at different power conditions is shown in Table 3.

TABLE 3: NUMERICAL CAMPAIGN DATASETS.

D Injectors lit

P3 Ts Mai Mai
(&Pa) | (K) | Min | Max i“‘ ;“‘ Pilot
400 ¥4 043 | 020 | No

546

646 No
1500 |—2 0.28
2500 2261 0191 5

746

646 Yes
3500 0.31 Yes

746

846 Yes
4000 gz 022 | 031

896
6200 oo+ 028 | 032

The polyhedral mesh with a base size of 0.4 mm, surface
growth rate of 1.15 and volumetric growth rate of 1.12 is
applied to the whole domain. The zone-based custom
refinement using volumetric and surface control on areas of
particular interest is exercised to refine the mesh in these
regions such as forthe flame stretch zone, the element base size
is set to 0.08 mm, for hydrogen feed and airgate channels, it is
0.07 mm and for injection orifice, it is set to 0.03 mm. 6 prism
layers were used near the walls, with prism layer stretching of
1.1 and prism layer thickness of 0.08 mm. A mesh independence
study was carried out to determine the optimal mesh size while
maintaining a satisfactory balance between computational time
cost and result accuracy.

Three-dimensional steady 2"d-order segregated flow
Reynolds Averaged Navier Stoked (RANS) analysis is
performed forall the cases using Simcenter STAR-CCM+. The
shear stress transfer (SST) formulation based on the k-omega
SST turbulence model is used, which enables integration
through viscous sublayers down to the wall for more precise
wall treatment [8,29]. The all-y+ wall treatment attempting to
emulate the high- wall treatment forcoarse meshes andthe low-
y+ wall treatment for fine meshes is used. To model Hx
combustion and turbulence-chemistry interaction, a Flamelet
Generated Manifold (FGM) kinetic rate model with diffusion
flamelets is used. According to this model, the rate of a
chemicalreaction is substantially faster than the turbulent flow's
integral time scale [30]. The turbulent flame can be viewed asa
differential set of laminar flames if even the smallest scale of
eddies hasno impacton the chemical reactions. The chemistry
is defined by mixture fraction and progress variable so that the
scalars can be pre-tabulated. A Probability Density Function
(PDF) is used to mimic the effect of turbulence on chemistry.
Zghal et al. compared the predictions obtained using the less
computationally expensive FGM combustion model to the
higher-fidelity Complex Chemistry (CC) model for Ha
micromix flamesunder high pressure conditions (15 bar) using

both RANS and Large Eddy Simulations (LES) [31]. The effect
of different turbulence-chemistry interaction models was
assessed with LES by coupling the CC model with the Eddy
Dissipation Concept (EDC) model and the Thickened Flame
Model (TEM). The prediction trends of both combustion
models were shown to be affected by the turbulence approach
used, especially in terms of flame length as they reported an
absolute relative difference from the RANS predictions of 11%
with the FGM model and of 28% with the CC-EDC models.
Moreover, compared to the latter, the FGM model predicted
flame lengths on average 22% when using RANS. It was also
shown that with RANS, the FGM modeltends to predict a lower
flame temperature compared to the CC-EDC model. Since
different solutions were obtained with LES and RANS for the
same combustion model, the predictions need to be validated in
the future with experimental data. However, the ability of the
FGM model to accurately model H2> combustion within
reasonable tolerances was not invalidated. While it is
acknowledged that using RANS-FGM could result in
underestimation of NOx values, the primary focus of this study
was to examine the influence of operatingboundary conditions
on NOx formation trends rather than establishing absolute
values. Therefore, RANS-FGM was deemed appropriate for
this investigation dueto its lower computationalcost.

The diffusion feature is modified for the hydrogen-air
mixture by varying the PDF Schmidt numberto accommodate
hydrogen's much higher mass diffusivity than hydrocarbon
fuels. Lopez et al. investigated the calibration of the model
constant, namely turbulent Schmidt number (Sc¢;) for RANS
against the LES FGM combustion model; the study
recommended the Sc; of 0.2 for the H2 micromix combustion
system [13]. A 9-species 25-steps mechanism is used for
hydrogen reaction [32]. Previous work has proven thatit is a
good compromise between accuracy and computational cost
[7,33]. The concentration of thermalNOx was calculated using
the Zeldovich mechanism as a post-processing step by freezing
the flow field employing temperature and species concentration
values for NOx calculation [34]. The numerical setup follows
the best practices developed from previous work done by the
research team, and furtherdetails of the numericalmodels used
can be found in the literature [8,13,31].

6. METHODOLOGY

To develop a correlation over a desired range the utmost
important requirement is the availability of data covering the
entire range. In this study, in absence of experimental data the
numerical campaign was run over a wide range of parametric
values covering a typical aircraft mission profile Idle, End of
Runway (EoR), Top of Climb (ToC), and Cruise as shown in
Table 3. The numerical simulations comprised two campaigns.

The first campaign examined the influence of variation of
individual parameters T3 and P; while maintaining all other
boundary conditions constant. This was repeated for multiple
incremental-step changes in all the parameters. The second
campaign assessed the combined variation of @, T3, and P3,
representative of the aircraft mission profile, again repeating the



process for multiple incremental-step changes.

The database was then created from these simulations and
split into training data (80%) and numericaltest data (20%). The
NOx correlation was then derived using the regression in
python and “Generalised Reduced Gradient (GRG) Non-Linear
(multi-start)” solver in MS Excel. The developed correlation
was verified against the test data. The numerical simulations
were conducted assuming the composition of dry air and the
resulting correlation for EINOx was subsequently corrected
assuming 60% relative humidity at ISA-SLS conditions. The
methodology adopted is shown in Figure 8. The following
section presents the numerical campaign results and highlights
the key findings of the work.
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FIGURE 8: CORRELATION DEVELOPMENT
METHODOLOGY.

7. RESULTS
The numerical campaign extended over a wide range of
operating conditions to analyse the NOx formation in the H»
micromix combustion system. The results are in agreement with
the general scientific understanding of NOx formation in Ho
micromix combustion systems [10—12]. The EINOx (g NOx/kg
H2) was calculated using Equation (5).
My

EINOx = (MFy;z, NOx) )
ms

Where MFwra is the mass flow averaged mass fraction of
thermalNOx calculated at the exit of the combustor, n1, is the
total mass flow at the exit of the combustor in g/s, m} is the
mass flow of fuel in kg/s.

Before formulating the EINOx correlation using the data
obtained from the numerical simulations, the influence of T3
and P3; were independently analysed as a standalone variabl.
The purpose of these analyses was twofold:

1. To establish the influence of these variables and EINOx.

2. To deduce the mathematical functions and establish
initialisation values for the regression coefficients to
reduce computational time.

7.1 Effect of Inlet Temperature

As shown in Figure 9 and Figure 10, for a given pressure,
EINOx increases exponentially as a function of inlet
temperature, and this is consistent with the trends reported by
Marek et al. [12] for H> micromix combustion. This establishes
the exponentialrelation shown in Equation (6).

EINOx « f(eT®) 6)
a4
e P, =395kPa ; ®=0.13
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FIGURE 9: INFLUENCE OF INLET TEMPERATURE ON NOX
FORMATION AT LOW POWER CONDITIONS (CONSTANT
COMBUSTOR INLET PRESSURE AND EQUIVALENCERATIO).
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EINOx (g NOx

7.2 Effect of Inlet Pressure

For a given temperature, the relationship between EINOx
and pressure is a power law function as shown in Figure 11.
This is consistent with the findings reported by various studies
available in the literature [10—12] for H> micromix combustion.



This establishes the power law relation shown in Equation (7).

EINOx « f(P;‘) X
Where x is the exponent coefficient of pressure.
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FIGURE 11: INFLUENCE OF INLET PRESSURE ON NOX
FORMATION (CONSTANT COMBUSTOR INLET
TEMPERATURE AND EQUIVALENCE RATIO).

7.3 Effect of Equivalence Ratio
Figure 12 shows the effect of simultaneous variation of
equivalence ratio,combustorinlet temperature, and pressure on
NOx emissions at different engine power settings. The results
follow the expected trends i.e., NOx emissions increase with
increasing equivalence ratio, combustor inlet temperature, and
pressure. The trends highlight certain observation listed below-
1. For the range of conditions that were numerically
investigated as shown in Table 3 the NOx emissions have
anexponentialdependence on the flame temperature in the
combustion zone in the combustor.
2. The influence of pressure is more significant at higher

equivalenceratio.
84 3
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FIGURE 12: INFLUENCE OF EQUIVALENCERATIO ON NOX
FORMATION (CONSTANT PRESSURE DROP).

Figure 13 highlights the observed influence of MFR on the

flame interactions i.e., the NOx emissions, and the results are
consistent with the expected trends as illustrated in Figure 2,

the valuesare normalized over the range of the selected scale.
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7.4 H2 Micromix NOx Correlation Coefficients
The NOx correlation coefficients are now derived for the
variables down selected in Section 3.1 using the numerical
simulations database that was created under two campaigns
described in Section 6 methodology. As presented in Section
7:
1. NOx emissions have an exponential dependence on
temperature.
2. The relationship between EINOx and pressure is a power
law function.



3. The relationship between EINOx and equivalenceratio is a
power law function.

Using these relationships, the correlation for EINOx described

in Equation (8), was developed.

EINOx = a(P,") (ezca) () ®)

Where a is the coefficient of proportionality, b is the
combustor inlet pressure (P3) exponent coefficient, ¢ is the
combustorinlet temperature (T3) exponential coefficient,and d
is the combustorequivalence ratio (@) exponent coefficient.

First, the exponential coefficient of temperature “c” was
obtained fora fixed pressure and equivalence ratio based on the
dataset for standalone inlet temperature variation described in
Section 7.1. Similarly, the coefficient “b” was derived using
results from Section 7.2 accounting only for the pressure
variation. Finally, the coefficient “d” was derived using the
results from Section 7.3 varying both the combustor inlet
temperature,and the pressure.

Next based on Equation (8), these coefficients were
exported into MS Excel for correlation Least Square Error
(LSE) reduction using the Generalised Reduced Gradient
(GRG) Nonlinear with Multi-Start solver. The training dataset
described in Section (6) and Table 3 was used. Numerical test
data was randomly selected and excluded from the training
process. The derived coefficients using the training dataset are
presented in Table 4.

TABLE 4: H, MICROMIX EINOX CORRELATION

COEFFICIENTS VALUE.

Coefficients a b c d
Value 0.0864 0.40 190.89 1.95

Figure 14 shows a comparison between the EINOx
predictions from the CFD simulations and the derived
correlation (for a range of T3, P; and ® values) using test
dataset.
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FIGURE 14: THE EINOX CORRELATION COMPARISON
AGAINSTCFD DATA.

7.5 Humidity Correction for ISA-SLS

Humidity has a significant impact on NOx emissions,
primarily due to the reduction in flame temperature resulting
from the higher water vapour content. Hence it is important to
include corrections in an EINOx correlation to incorporate the
effect of varying humidity with altitude.

The standard practice for deriving EINOx correlation is
from experimentaldata obtained at ISA-SLS conditions with a
RH of ~60%. However, the correlation and corresponding
values of the coefficients presented in Section 7.4 were based
on a dry air assumption in CFD simulations. Hence, the
humidity correction factor Fu for typical 60% humidity at ISA-
SLS is applied to the correlation based on the study by Norman
etal. [35].

The correction factor Fu applied to the correlation
displayed in Equation (9) to account for~60% RH at ISA-SLS
is shown in Equation (10).

_Tz
EINOx = 0.0864P,°*° (8190-89) (@19%)F, ©)
F, = (1 — (eHrHO _ gHRH60 )) (10)

Where eflRHo is 1.125 at relative humidity of 0% (completely
dry air) at SLS conditions, ef/RHé0 is | at relative humidity of
60% atISA-SLS conditions[35]. This results in the correlation
shown in Equation (11) for ISA-SLS EINOXx prediction.

T
EINOx = 0.0756P,** (¢50m ) (019 (1)

Note, humidity correction to EINOx correlation for ISA-
SLS is only necessary if the correlation is derived from CFD
simulations with dry air assumption.

7.6 Humidity Correction for Altitude

For the EINOx correlation to be applicable for the entire
flight envelope a further correction is required to account for
the variation of humidity with altitude. Typically, EINOx
increases by ~12.5% in the drier air conditions at the top of
climb and cruise [35]. This correction and the final proposed
correlation, which accounts forthe effects of altitude on relative
humidity and consequently NOx, is shown in Equation (12).

T.
EINOx = 0.0756 P, *** (oo ) (1) ate (12)
Hyp = —19(wyy — 0.006344) (13)

Where wy;; is the specific humidity at the required altitude in
kgn20/kgair.

Note, humidity correction to EINOx correlation is only
necessary if engine performanceis modelled assuming dry air,
which tends to overestimate the highest engine gas temperatures
at a thrust when compared to more accurate performance
calculations taking humidity into account.

7.7 Assumption and Limitations

The NOx correlation has been derived using RANS CFD
numerical simulations that were based on best modelling
practices and calibration constants derived from higher fidelity
LES simulations conducted under other tasks in ENABLEH?2
project and published in the studies [8,13,31]. However, the
models have not yet been calibrated against experimental data
and hence caution must be exercised when using the
correlations presented in this report. The NOx emissions are
alsoinfluenced by parameters such as those listed below, which
were not explicitly evaluated in this study, so the absolute NOx



emission values and the EINOx correlations coefficients are
specific to the tested geometry.

* Pressure Drop

* Residence Time

* Fuel/Air Mixing (combustor-injectordesign variations)

8. CONCLUSION
In this study the EINOx correlation (as a function of

combustor equivalence ratio, and inlet temperature and inlet

pressure) was derived for a fixed geometry of a low-NOx
hydrogen micromix combustion system. A correction factorto
account for humidity effects was recommended as shown in

Equation (12).

The correlation developed was verified against numerical
test data. Relative to a fully rigorous CFD analysis, it is
estimated that the correlation over-predicts mission-level NOx
estimations by 5-8% and provides the NOx emissions trends
that would be expected over a typical aircraft mission profile.
The methodology developed (including the verification
process) is flexible and extensible and may be applied to any
future low emissions hydrogen combustion technologies. As
experimental data becomes available to validate and calibrate
numerical CFD models predicting Hz-air mixing, reactions, and
NOx emissions, the resulting ROMs generated through this
methodology will become more robust and reliable for future
applications. The ROM can be used for the Techno-Economic,
Environmental Risk Assessment (TERA) type studies
comprising aircraft mission-level design space exploration and
multi-disciplinary optimisation studies for which the more
computationally expensive, higher fidelity computational fluid
dynamics (CFD) models would not be suitable. The following
areasof research are recommended for further work:

1. The correlation may be further refined using higher
fidelity, experimentally validated, large eddy simulation
(LES) CFD models.

2. The correlation can be further developed to include the
influence of injector design variables on EINOx e.g., by
incorporating pressure drop term in the correlation.

3. This study only focussed on the thermal NOx formation
mechanism but for more rigorous calculations one may
wish to include an analysis of NNH and N2O NOx
formation mechanisms.

ACKNOWLEDGMENT

The ENABLEH2 Project received funding from the
European Union’s Horizon 2020 research and innovation
programme under grant agreement NO 769241.

REFERENCES

[1] European Commission. “Flightpath 2050 : Europe’s
vision for aviation : maintaining global leadership and
serving society’s needs”. Directorate-General for
Mobility and Transport, Directorate-General for
Research and Innovation Publications Office; 2012.
URL: DOI:https://data.europa.eu/doi/10.2777/15458

10

[2] Funke, HH, Beckman, N, Keinz, J, & Horikawa, A. "30

Years of Dry Low NOx Micromix Combustor Research
for Hydrogen-Rich Fuels: An Overview of Past and
Present Activities." Proceedings of the ASME Turbo
Expo 2020: Turbomachinery Technical Conference and
Exposition. Volume 4B: Combustion, Fuels, and
Emissions. Virtual, Online. September 21-25, 2020.
V04BT04A069.ASME.

DOI: https://doi.org/10.1115/GT2020-16328

[3] V. Sethi et al.,. "Enabling Cryogenic Hydrogen-Based

CO2-Free Air Transport: Meeting the demands of zero
carbon aviation." IEEE Electrification Magazine,vol. 10,
no. 2, pp- 69-81, June 2022, DOI:
10.1109/MELE.2022.3165955

[4] Funke, HH, Boemer, S, Keinz, J, Kusterer, K, Haj Ayed,

A, Tekin, N, Kazari, M, Kitajima, J, Horikawa, A, &
Okada, K. "Experimental and Numerical
Characterization of the Dry Low NOx Micromix
Hydrogen Combustion Principle at Increased Energy
Density for Industrial Hydrogen Gas Turbine
Applications." Proceedings of the ASME Turbo Expo
2013: Turbine Technical Conference  and
Exposition.Volume 1A: Combustion, Fuels and
Emissions. San Antonio, Texas, USA. June 3-7, 2013.
VO1AT04A055.ASME.

DOI: https://doi.org/10.1115/GT2013-94771

[5] Funke HHW., Keinz J., Kusterer K., Ayed AH., Kazari

M., Kitajima J., Horikawa K. Okada. “Development and
Testing of a Low NOx Micromix Combustion Chamber
for Industrial Gas Turbines.” International Journal of
Gas Turbine, Propulsion and Power Systems Vol
9, Issue 1 2017): Pp- 27-36. DOI:
https://doi.org/10.38036/jgpp.9.1_27. URL:
https://www.jstage.jst.go.jp/article/jgpp/9/1/9_27/_articl
e/-char/en

[6] Ayed AH., Kusterer K., Funke HH-W., Keinz J., Bohn D.

“CFD based exploration of the dry-low-NOx hydrogen
micromix combustion technology at increased energy
densities.” Propulsion and Power Research. Vol. 6, Issue
1 (2017). pp- 15-24. DOI:
https://doi.org/10.1016/j.jppr.2017.01.005.URL:
https://www.sciencedirect.com/science/article/pii/S2212
540X17300056

[7] Agarwal, P, Sun, X, Gauthier, PQ, & Sethi, V. "Injector

Design  Space Exploration for an Ultra-Low
NOx Hydrogen Micromix Combustion
System." Proceedings of the ASME Turbo Expo 2019:
Turbomachinery Technical Conference and
Exposition. Volume 3: Coal, Biomass, Hydrogen, and
Alternative Fuels; Cycle Innovations; Electric Power;
Industrial and Cogeneration; Organic Rankine Cycle
Power Systems. Phoenix, Arizona, USA. June 17-21,
2019.VO03T03A013.ASME.

DOI: https://doi.org/10.1115/GT2019-90833.



[8] Sun, X, Agarwal, P, Carbonara,F, Abbott, D, Gauthier,
P, & Sethi, B. "Numerical Investigation Into the Impact
of Injector Geometrical Design Parameters on Hydrogen
Micromix Combustion Characteristics." Proceedings of
the ASME Turbo Expo 2020: Turbomachinery Technical
Conference and Exposition. Volume 3: Ceramics; Coal,
Biomass, Hydrogen, and Alternative Fuels. Virtual,
Online. September 21-25, 2020. V003T03AO015.
ASME. DOI: https://doi.org/10.1115/GT2020-16084

[9] Ayed, Anis Haj. “Numerical Characterization and
Development of the Dry Low NOx High Hydrogen
Content Fuel Micromix Combustion for Gas Turbine
Applications.” PhD Thesis. University of Hyogo,
Japan.2017.URL: https://u-
hyogo.repo.nii.ac.jp/?action=repository_action_commo
n_download&item id=2997 &item_no=1&attribute_id
=20&file_no=1

[10] Kroniger, D, Wirsum, M, Horikawa, A, Okada, K, &
Kazari, M. "NOx Correlation for an Industrial 10 MW
Non-Premixed Gas Turbine Combustor for High
Hydrogen Fuels." Proceedingsofthe ASME Turbo Expo
2016: Turbomachinery Technical Conference and
Exposition.Volume 4A: Combustion, Fuels and
Emissions. Seoul, South Korea. June 13-17, 2016.
V04AT04A012.ASME.

DOI: https://doi.org/10.1115/GT2016-56189

[11]Kroniger, D, Horikawa, A, Funke, HH, Pfaeffle, F,
Kishimoto, T, & Okada, K. "Experimental and
Numerical Investigation on the Effect of Pressure On
Micromix Hydrogen Combustion." Proceedings of the
ASME Turbo Expo 2021: Turbomachinery Technical
Conference and Exposition.Volume 3A: Combustion,
Fuels, and Emissions. Virtual, Online. June 7-11,2021.
VO3AT04A025.ASME.

DOI: https://doi.org/10.1115/GT2021-58926

[12]Marek C., Smith T., Kundu K. “Low Emission
Hydrogen Combustors for Gas Turbines Using Lean
Direct  Injection.” Proceedings of the 41st
AIAA/ASME/SAE/ASEE Joint Propulsion Conference &
Exhibit: pp. 1-27. Reston, Virigina: American Institute
of Aeronautics and Astronautics;
2005.D0OI:10.2514/6.2005-3776

[13]L6pez-Judrez, M, Sun, X, Sethi, B, Gauthier, P, &
Abbott,D. "Characterising Hydrogen Micromix Flames:
Combustion Model Calibration and
Evaluation." Proceedings of the ASME Turbo Expo
2020: Turbomachinery Technical Conference and
Exposition.Volume 3: Ceramics; Coal, Biomass,
Hydrogen, and Alternative Fuels. Virtual, Online.
September 21-25, 2020. VO003T03A008. ASME.
DOI: https://doi.org/10.1115/GT2020-14893

11

[14]P Glarborg, A.D Jensen, J.E Johnsson. “Fuel nitrogen
conversion in solid fuel fired systems.” Progress in
Energy and Combustion Science. Vol. 29, Issue 2
(2003):pp.89—113.DOI: https://doi.org/10.1016/S0360-
1285(02)00031-X.URL:
https://www.sciencedirect.com/science/article/pii/S036
012850200031X

[15]Fenimore CP. “Formation of nitric oxide in premixed
hydrocarbon flames.” Symposium (International) on
Combustion Vol. 13 Issue 1 (1971): pp. 373-380.DOL:
https://doi.org/10.1016/S0082-0784(71)80040-1.URL.:
https://www.sciencedirect.com/science/article/pii/SO08
2078471800401

[16]Hollon, B, Steinthorsson, E, Mansour, A, McDonell, V,
& Lee, H. "Ultra-Low Emission Hydrogen/Syngas
Combustion With a 1.3 MW Injector Using a Micro-
Mixing Lean-Premix System." Proceedings of the
ASME 2011 Turbo Expo: Turbine Technical Conference
and Exposition.Volume 2: Combustion, Fuels and
Emissions, Parts A and B. Vancouver, British Columbia,
Canada. June 6-10, 2011. pp. 827-834. ASME. DOI:
https://doi.org/10.1115/GT2011-45929

[17]Bozzelli JW. and Dean AM. “O + NNH: A possible new
route for NOX formation in flames.” International
Journal of Chemical Kinetics. John Wiley & Sons, Ltd.
Vol. 27 No. 11 (1995): pp. 1097-1109. DOI:
https://doi.org/10.1002/kin.550271107.

[18] A.A Konnov andJ De Ruyck. “Temperature-dependent
rate constant for the reaction NNH + O — NH + NO.
Combustion and Flame.” Elsevier Vol. 125 No. 4
(2001): pD- 1258-1264. DOI:
https://doi.org/10.1016/S0010-2180(01)00250-4. URL:
https://www.sciencedirect.com/science/article/pii/S001
0218001002504)

[19]Rutar, T., and Malte, P. C. "NOx Formation in High-
Pressure Jet-Stirred Reactors With Significance to Lean-
Premixed Combustion Turbines ." ASME. J. Eng. Gas
Turbines Power Vol.124 No. 4 (2002): pp. 776—
783. DOI: https://doi.org/10.1115/1.1492829

[20] Chandrasekaran N., Guha A. “Study of Prediction
Methods for NOx Emission from Turbofan Engines.”
Journal of Propulsion and Power. Vol. 28 Issue:
1(2012): pp. 170-180.DOI:10.2514/1.B34245

[21]Lefebvre, AH. "The Role of Fuel Preparation in Low
Emissions Combustion." Proceedings of the ASME
1995 International Gas Turbine and Aeroengine
Congress and Exposition.Volume 5: Manufacturing
Materials and Metallurgy;, Ceramics; Structures and
Dynamics; Controls, Diagnostics and Instrumentation;
Education,; IGTI Scholar Award. Houston, Texas, USA.
June 5-8, 1995. V005T17A001.
ASME. DOI:https://doi.org/10.1115/95-GT-465



[22]Rolt A., Nalianda D., Rompokos P., Williamson I.
“Technology = and  scenario  evaluation and
benchmarking.” ENABLEH?2 Deliverable Report.2023.
DOI:https://doi.org/10.3030/769241

[23] Abbot, D, Giannotta, A, Sun, X, Gauthier, P, & Sethi,
V. '"Thermoacoustic Behaviour of a Hydrogen
Micromix Aviation Gas Turbine Combustor Under
Typical Flight Conditions." Proceedings of the ASME
Turbo Expo 2021: Turbomachinery Technical
Conference and Exposition.Volume 6: Ceramics and
Ceramic Composites;, Coal, Biomass, Hydrogen, and
Alternative Fuels; Microturbines, Turbochargers, and
Small Turbomachines. Virtual, Online. June 7-11,
2021.VO06T03A013.ASME.

DOI: https://doi.org/10.1115/GT2021-59844

[24]Liu Y., Sun X., Sethi V., Nalianda D., Li Y-G., Wang
L. “Review of modern low emissions combustion
technologies for aero gas turbine engines.” Progress in
Aerospace Sciences Vol. 94(2017):pp. 12—-45.DOI:
https://doi.org/10.1016/j.paerosci.2017.08.001

[25]Haselbach F., Parker R. “Hot end technology for
advanced, low emission large civil aircraft engines.”
Proceedings of the 28th Congress of the International
Council of the Aeronautical Sciences 2012, ICAS
pp-2479-2490.URL:
https://www.icas.org/ICAS_ARCHIVE/ICAS2012/AB
STRACTS/306. HTM

[26]Mohammad B., Jeng S-M. “Design Procedures and a
Developed Computer Code for Single Annular
Combustor Preliminary Design.” 45th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference &
Exhibit pp. 1-29. Reston, Virigina: American Institute
of Aeronautics and Astronautics; 20009.
DOI:10.2514/6.2009-5208

[27]1Liu Y., Sun X., Sethi V., Li Y-G., Nalianda D., Abbott
D, et al. “Development and application of a preliminary
design methodology for modern low emissions aero
combustors.” Proceedings of the Institution of
Mechanical Engineers, Part A: Journal of Power and
Energy. Vol. 235 No. 4 (2021): pp-783-806.
DOI:10.1177/0957650920919549

[28] European Commision. ENABIling cryogEnic Hydrogen
based CO2 free air transport (ENABLEH2). 2023.
DOI:https://doi.org/10.3030/769241

[29]Menter FR. “Two-equation eddy-viscosity turbulence
models for engineering applications.” AIAA Journal.
Vol 32 No. 8(1994): pp- 1598-
1605.DOI:10.2514/3.12149

[30] Software SDI. Simcenter STAR-CCM+ User Guide,
version 2020.3. Flamelet Generated Manifold Model.
Siemens; 2023.

12

[31]Zghal, M, Sun, X, Gauthier, PQ, & Sethi, V.
"Comparison of Tabulated and Complex Chemistry
Turbulent-Chemistry Interaction Models With High
Fidelity Large Eddy Simulations on Hydrogen
Flames." Proceedings of the ASME Turbo Expo 2020:
Turbomachinery Technical Conference and
Exposition.Volume 3: Ceramics; Coal, Biomass,
Hydrogen, and Alternative Fuels. Virtual, Online.
September 21-25,2020. VO0O3T03A014. ASME. DOI:
https://doi.org/10.1115/GT2020-16070

[32] ANSYS. Reaction Design: San Diego. “ANSYS
Chemkin Theory Manual 17.0 (15151).” 2015. URL:
https://personal.ems.psu.edu/~radovic/ChemKin_Theor
y_PaSR.pdf

[33] Babazzi, G, Gauthier, PQ, Agarwal, P, McClure, J, &
Sethi, V. "NOx Emissions Predictions for a Hydrogen
Micromix Combustion System." Proceedings of the
ASME Turbo Expo 2019: Turbomachinery Technical
Conference and Exposition. Volume 3: Coal, Biomass,
Hydrogen, and Alternative Fuels; Cycle Innovations;
Electric Power; Industrial and Cogeneration,; Organic
Rankine Cycle Power Systems. Phoenix, Arizona, USA.
June 17-21, 2019. VO003T03A008. ASME.
DOI: https://doi.org/10.1115/GT2019-90532

[34] Gauthier, PQ. "Comparison of Temperature Fields and
Emissions Predictions Using Both an FGM Combustion
Model, With Detailed Chemistry, and a Simple Eddy
Dissipation Combustion Model With Simple Global
Chemistry." Proceedings of the ASME Turbo Expo
2017: Turbomachinery Technical Conference and
Exposition.Volume 4B: Combustion, Fuels and
Emissions. Charlotte, North Carolina, USA. June 2630,
2017. V04BT04A068. ASME.
DOI: https://doi.org/10.1115/GT2017-65104

[35]NormanPD., Lister DH., Lecht M., Madden P., Park K.,
Penanhoat O.,etal. “Development of the technicalbasis
for a new emissions parameter covering the whole
aircraft operation.” NEPAIR, Final Technical Report.
(NEPAIR/WP4/WPR/01). 2003



SPACE

https://dspace.org/

Numerical investigation into the impact of operating
boundary conditions on NOx formation in hydrogen

micromix combustion system
Singh, Gaurav; Zghal, Malika; Sun, Xiaoxiao; Gauthier, Pierre; Sethi, Vishal

2023-09-28

American Society of Mechanical Engineers (ASME)

https://doi.org/10.1115/GT2023-103111

Singh G, Zghal M, Sun X, et al., (2023) Numerical investigation into the impact of operating
boundary conditions on NOx formation in hydrogen micromix combustion system. In: ASME
Turbo Expo 2023: Turbomachinery Technical Conference and Exposition, 26-30 June 2023,
Boston, USA. Volume 2: Ceramics and Ceramic Composites; Coal, Biomass, Hydrogen, and
Alternative Fuels, Paper number GT2023-103111

Downloaded from a DSpace repository. https://dspace.org/


https://dspace.org/
https://doi.org/10.1115/GT2023-103111
https://dspace.org

