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Abstract

The aviation industry has been improving aircraft performance and cutting back
emissions for decades now. The increasing urgency of climate change has been
pushing this effort to become more intense leading in recent years to the adoption
of the target of full decarbonisation by 2050. Significant reductions in non-carbon-

containing emissions have been targeted by the industry as well.

In that context, the use of liquid hydrogen (LH,) as a combustible fuel for aircraft
propulsion is a promising solution. Hydrogen guarantees carbon-free flights at mis-
sion level, yet, state-of-the-art aircraft combustor technologies are not suitable for
low-NQO, hydrogen combustion. Consequently, alternative combustion concepts and

technologies are under research, and micromix technology is one of them.

This thesis presents the design, development and deployment of a high-pressure
combustion rig for hydrogen micromix burners, and describes the process from con-
ception to testing of three different injector geometries. In doing so, it highlights
the challenges of designing the components and systems to operate with hydrogen,
whilst ensuring safety. Based on the experience gained through the deployment of
the experimental setup, potential problems have been identified and solutions have
been suggested to improve it. This aspect of the work contributes towards future

research efforts of developing larger-scale combustion rigs for testing hydrogen.

Within the context of the rig development, different design philosophies and man-
ufacturing routes are explored for micromix burners. The limitations and safety
considerations for the different approaches are detailed, and guidelines are offered
on how the setup may be improved. The successful implementation of a fabrica-
tion strategy that combines additive manufacturing with traditional machining of
features with sub-millimetre dimensions (0.3mm) is a significant contribution to
developing micromix burners. It further opens an area of research into the limita-
tions and potential effects of applying additive manufacturing to future micromix

combustors.

NQO, emissions measurements of three injector configurations with different mo-
mentum flux ratios (MFRs) taken at elevated pressures, air-inlet temperatures and
equivalence ratios are presented. The results denote the impact of these param-
eters on NO, emissions and the sensitivity of the emission to changes in MFR.
Comparisons with LES results further highlight the need to accurately represent

phenomena that affect the momentum flux ratio (MFR) in the simulations. Failure



v

to do so provides a misleading correspondence of NO, levels with MFR. When com-
pared to a state-of-the-art kerosene burner at similar pressure and inlet temperature

Y

conditions, hydrogen micromix yielded lower NO, by 50% for the "worst” injector

configuration.
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CHAPTER 1

Introduction

1.1 General Context

The consequences of climate change are already evident in the form of extreme
weather phenomena and have been driving most sectors of human activity towards

reductions of emitted greenhouse gases (GHGs), the most prominent of which is
COs.

Among these sectors, the aviation industry contributes approximately 2% of anthro-
pogenic C'Oy emissions [4]. With the predicted growth of air traffic (CHAPTER
ONE of [36]) and a potentially faster shift of other sectors such as power genera-
tion and automotive towards environmentally friendly technologies, this percentage

contribution of C'Oy from aviation may grow.

Until recently, the efforts of the aviation industry focused on emissions reductions
by technological improvements targeting the efficiency of the propulsion system or
aircraft-drug reduction. Such technological advancements positively impact the re-
duction of emissions but cannot meet the ambitious targets set recently by the in-
dustry (see Figure 1.1), as set out in the Waypoint 2050 document [71]. To achieve
the target of net-zero carbon emissions by the year 2050 [71], radical solutions are re-
quired such as the use of alternative fuels. To that end, non-fossil hydrocarbon-based
sustainable aviation fuels (SAF) and hydrogen are the most prominent solutions.
Hydrocarbon-based SAF fuels produced by sustainable feed stocks can offer high
reductions in life-cycle CO,y emissions (up to 80% according to [62]), while hydrogen
if produced by renewable energy sources, can eliminate carbon-related emissions.

Hydrogen for power generation and propulsion can be utilised in two ways: in fuel



2 Chapter 1 Introduction

cells where chemical energy is turned into useful electrical energy and the only emis-
sion is water (H20), and as combustible fuel in air where the products are water

vapour and nitrogen oxides (NO,).

2,500

Emissions reduction
contributions in 2050

2,000
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=
=
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COz emissions Imillions of tannes)
4

500

Net-zera = *-

0
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) TECHNOLOGY OPERATIONS AND INFRASTRUCTURE SUSTAINABLE AVIATION FUEL MARKET BASED
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FROM

FI1GURE 1.1: Predictive scenario of contributions towards net-zero by 2050. Tech-

nological contributions towards electrification and deployment of SAF play a ma-

jor role. The scenario stands for predicted traffic growth of 3.1% per annum till
2050. Image taken from [71]

The idea of hydrogen as combustible fuel for aircraft propulsion is not new. A series
of NASA studies from the 1950s to the 1970s were conducted to evaluate the poten-
tial of hydrogen mainly for military aircraft [19], [52]. More recently though, with
technological advances and the urgency of climate change towards carbon-neutral
aviation, interest in hydrogen has reemerged. Major companies have committed
to delivering hydrogen aircraft in the coming decades. Characteristic examples are
those of Airbus with the Zero-e project, planning to create a demonstrator by 2035
[3], ZeroAvia recently flew a twin-engine aircraft and is heading towards flight certi-
fication tests [72], and a Rolls Royce collaboration with easyJet that recently fired

a modified gas turbine engine running purely on hydrogen[44].

The potential of hydrogen to de-carbonise aviation lies in the fact that there is no
carbon in its molecule, hence, the elimination of all carbon-related emissions. Yet,
in the case of hydrogen combustion, the products (mentioned previously) still have
an effect on climate and human health. In brief, water vapour can have an impact
on climate in two ways: by acting as a greenhouse gas along with carbon dioxide

(CO9) or by the formation of cloud-like structures that are the condensation trails.

Contrail formation, expansion and residence time depend on the local atmospheric

conditions, as well as the particles present in the exhaust jet of an aircraft engine.



Chapter 1 Introduction 3

Persisting contrails and contrail cirrus clouds can have a negative impact on climate
through positive radiative forcing (RF). That is, heat radiated from the surface of the
earth towards space, is absorbed by these structures and reflected back to the earth,
thus trapped, increasing the temperature of the lower atmosphere. Radiative forcing
of contrails can have a reverse effect by reflecting solar radiation back into space,
depending on the characteristics of the contrails. Research denotes that contrails are
believed to primarily lead to positive radiative forcing, although the uncertainties

are high and further research is required [38].

Contrail formation by hydrogen combustion is believed to be much shorter in res-
idence time compared to kerosene engines, due to the lack of soot particles that
can act as nuclei for the formation of ice crystals. The amount of water produced
though is 9 times that of kerosene, denoting increased potential for contrail forma-
tion. Trajectory optimisation and cruising at lower altitudes can help tackle this
issue, having a positive effect on contrail formation, but with the disadvantage of

imposing a penalty on fuel burn.

NO, emissions, consist of NO and NO, and have an impact both on climate and
human health. NO, produced by aircraft engines around the vicinity of airports
lowers the air quality and can have adverse effects on human health, causing respi-
ratory problems. These are emissions produced during landing and take-off (LTO)
cycles and account for a small percentage of the total NO, produced during a typical
aircraft mission. Most of the engine NO, is produced at the cruise phase at alti-
tudes of about 10km. Those emissions affect the climate by potentially contributing
to global warming, although the uncertainties on their net radiative effect are high
(CHAPTER THREE of [36]). Moreover, NO, contribute to the depletion of the
ozone layer, allowing more harmful ultraviolet radiation from the sun to reach the

earth’s surface.

In hydrogen combustion, NO, emissions are produced primarily through the thermal
mechanism, using atmospheric nitrogen, due to the high temperatures of hydrogen

flames. The extended Zeldovich Mechanism is used to describe thermal NO pro-

duction:
O+N2==NO+N (R1)
N+0O2==NO+0O (R2)
N+OH==NO+H (R3)

According to this mechanism, for temperatures above 1800K NO forms at exponen-

tial rates with respect to the increasing temperature. The exponential increase in
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NO, production is attributed to the rapid dissociation of Oy and N, beyond 1800K.
Another factor that affects NO, formation is the residence time of the hot gases in
the combustor, since the chemistry of NO, formation is slow compared to the hydro-

gen/air combustion. Higher residence times thus lead to increased NO, formation.

Taking into account the above discussion, and the fact that hydrogen produces
flame temperatures of about 2600K at stoichiometric conditions?, it is necessary to
operate hydrogen combustors at lean equivalence ratios (®) and achieve very good
mixing, to avoid the creation of local zones of stoichiometric combustion, i.e., hot
spots. Moreover, shorter combustors and injection technologies that guarantee lower

residence times can further improve NO, emissions performance.

Regarding the operating equivalence ratio, the stability limits of hydrogen flames are
wider than those of kerosene (Figure 1.2) allowing for leaner combustion, hence lower
flame temperatures. State-of-the-art combustion systems utilise partial premixing

to achieve more homogeneous fuel-air mixtures and lower NO, emissions. Such
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F1GURE 1.2: Comparison of hydrogen and kerosene flame temperature against
equivalence ratio [10]

systems can give rise to auto-ignition and flashback issues, which can lead to flame
instability. These issues can be more pronounced with hydrogen as a fuel, given its

flammability and low ignition energy. Thus, the use of state-of-the-art technologies

IFor a given equivalence ratio, flame temperature is also dependent on combustor inlet pressure
and temperature (P3, T3)
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is not suitable for hydrogen. The utilisation of diffusion concepts for hydrogen is
more appealing, yet good mixing quality would be a major issue. In order to achieve
better mixing characteristics, researchers at Aachen University devised in the 1990s

the concept of micromix [17].

The basic idea behind micromix is to create a very large number of miniaturised
flames, in order to improve fuel and air mixing characteristics. It is based on the
jet-in-cross-flow (JiCF) principle, where a jet of fuel penetrates a cross-flow of air at
a 90° angle (Figure 1.3). The small spatial scale, along with the very good mixing
properties of the JICF allow more homogeneous fuel-air mixtures to form, lower-
ing the probability of the appearance of stoichiometric hotspots. Improved local
mixing leads to lower flame temperatures and lower NO, emissions. Moreover, the
multitude of flames creates the opportunity for radial fuel staging with high spa-
tial resolution and thus control of the temperature radial distribution. The potential
benefits of fuel staging include improvements in the life expectancy of the combustor
liner and the high-pressure turbine. In addition, a controlled temperature distribu-
tion can lead to reductions or even avoidance of dilution air, which in turn leads to
a shorter combustor. Finally, tuning the radial distribution of fuel flow could serve
as a means of control of thermoacoustic instabilities. The concept is also inherently
safe against flashback due to the injector geometry, and the fact that no premixing

of fuel and air is involved.

The ideal position for micromix flames is in the shear layer that forms between the
two interacting streams and the two recirculation zones (inner and outer vortices —
Figure 1.3) that form around the streams. This position avoids the flames entering
either of the recirculation zones, which could lead to merged flames and hence higher
temperatures, as well as increased residence time, both of which lead to higher NO,..
A key flow parameter that affects mixing characteristics, flame position and residence
times, and subsequently NO,, is the momentum flux ratio (MFR), denoted by J
and defined as

2
o;U;

Ooo U2,

J = (1.1)

where, o is the density and wu is the velocity. The subscripts j and co denote the
penetrating jet and cross-flow air, respectively. Geometric parameters such as fuel
injector size and air-supply channel dimensions (Figure 1.4) determine the momen-
tum flux ratio (MFR) by affecting flow velocities. Moreover, the offset distance
(Figure 1.4) has an effect on the size of the outer recirculation zones (ORZ) and
hence the created shear layer. The MFR is used to represent these effects and thus

determines the flame position and orientation by affecting the fuel-jet penetration
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FIGURE 1.4: Geometric parameters of a micromix injector [2]

depth in the air cross-flow (Figure 1.3). A low momentum flux ratio can lead to
penetration depth below a critical value, a downwash effect on the jet and hence
the presence of a reaction zone in the inner recirculation zone (IRZ) (Figure 1.3),
creating merged flames. With a high MFR, and subsequently increased penetration
depth, the jet can overshoot to the outer recirculation vortex (Figure 1.3) yielding
merged flames in that region. In both cases, the hot products enter recirculation
systems increasing their residence time in the combustor which leads to increased

NO, formation.

Numerical models can provide a qualitative understanding of how NO, changes with
the change of momentum flux ratio (Figure 1.5), yet such models require validation
through experimental results. Currently, there is a scarcity of experimental data
that allow the validation of numerical models. The research presented in this the-

sis aims to provide a data set for NO, emissions in order to assess the predictive
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capabilities of state-of-the-art (SOTA) numerical tools. The importance of such
an assessment is understood if one considers the suggested sensitivity of NO, pro-
duction with momentum flux ratio (J) (Figure 1.5): inaccurate predictions of NO,
for a certain value of J could imply that a design considered by numerical studies
as low-NO,, in reality, produces high amounts of NO,. This example highlights
the importance of producing experimental data sets that will help understand the

predictive capabilities of numerical models.
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FiGURE 1.5: Qualitative representation of the relationship between momentum
flux ratio (J) and NO, emissions. (Image taken from [67])

For the past four years, Cranfield University, with the ENABLEH2 project, has been
leading a consortium of academic institutes and industrial partners towards maturing
technologies that will enable the use of liquid hydrogen (L H,) for aircraft propulsion.
The present thesis describes the efforts of designing, building, and testing a new high-
pressure, high air-inlet temperature experimental rig for hydrogen-fuelled micromix
burners, as part of the ENABLEH2 project.

1.2 Scope and Objectives of the Work

The aim of this work was to design, develop and test an experimental rig for hydrogen
micromix combustion at high pressures and air-inlet temperatures, in order to assess
the impact of operating parameters and the momentum flux ratio on NO, emissions.

To that end, the following objectives were set:

1. Definition of the rig requirements, specifications - maximum operating pres-

sure, air-inlet temperature - and matrix of test conditions
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2. Design and manufacture of the test section components

3. Identification of suitable techniques for the manufacture of micromix burners
4. Design and implementation of said micromix burners

5. Development of the fuel supply and safety systems

6. Setup of the measurement and monitoring systems of the rig (emissions, ther-
moacoustics, pressure and temperature monitoring and control supply of fuel

and air)

7. Preliminary tests to ensure the safe operation of the system and identify po-

tential issues

8. Setup improvements wherever possible, with a focus on the emissions measure-

ment system

9. Tests of the main experimental campaign for NO, emissions results acquisition.
Experimentally measured NO, in conjunction with numerically derived results
are compared and used to help gain an understanding of the effects of the

control parameters on emissions.

1.3 Contribution to Knowledge

The contribution to knowledge of this research lies in the quantification of emissions
from hydrogen micromix combustion systems for the characterisation of the impact
of momentum flux ratio on NO,, at different pressures and air-inlet temperatures.
State-of-the-art numerical tools present deficiencies in their predictive capabilities
when it comes to hydrogen combustion, due to characteristics of hydrogen such as
its high diffusivity, and a lack of understanding of the behaviour of chemical kinetics
at higher pressures. These deficiencies highlight the importance of creating high-
quality experimental data sets. Such experimental data should cover a wide range
of operating conditions in order to allow validation and potentially the calibration

of numerical tools.

This work attempts to cover, in part, the scarcity of experimental datasets in the
public domain regarding hydrogen combustion, by producing such a data set for
NO, emissions. The specific contributions of the research can be summarised as

follows:
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1. NO, emissions results acquired at different operating conditions, for three dif-
ferent injector geometries provide insights into the increasing trend of emissions
with pressure, air-inlet temperature and equivalence ratio. The high sensitiv-
ity of NO, on flow phenomena associated with the effect of momentum flux

ratio is also suggested.

2. Comparison of experimentally measured NO, with values and temperature
contours derived from large-eddy simulations (LES), points out deficiencies
of numerical modelling. In particular, reliance on CFD can lead to the sub-
optimal design of low-NO, micromix burners. The reason for this is that the
dependency of NO, from the momentum flux ratio (MFR) as predicted by
CFD appears to be shifted on the MFR axis.

3. The comparison also identifies the requirement in CFD simulations to accu-
rately represent physical phenomena that affect the momentum flux ratio. In
experiments significant heat transfer from the flames towards the fuel chan-
nels of the micromix burner increases the fuel temperature, changing its density
and subsequently the momentum flux ratio. This was not captured by the LES
and is suggested as one of the reasons behind discrepancies of NO, (against

equivalence ratio) trends between experimental and numerical results.

1.4 Research Contributions

Further to the contribution to knowledge, this work also contributes to answering

the following research questions:

1. What are the main challenges when designing components for a high-pressure,

high-temperature hydrogen combustion rig?

2. What good practices can be followed towards safety when performing hydrogen

combustion experiments?

3. Are state-of-the-art manufacturing techniques suitable for the design of a safe

hydrogen micromix burner and its intricate fuel passages and injection holes?

4. How can emissions measurement setups cope with the high water content of

hydrogen combustion?
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1.5 Thesis Structure

The thesis is organised into four main chapters, presented below:

Chapter 2 -Literature Review: Here a review is presented of past work on the topics
explored in the thesis. A brief presentation of the more recent history of hydrogen in
aviation sets the scene. It is followed by a section that presents combustion facilities
and rigs around the world and discusses important design aspects and capabilities. A
focused discussion on past research around hydrogen micromix combustion follows as
micromix is the main topic of this thesis. The final sections argue the reasons behind
the development of a new experimental rig for hydrogen micromix combustion and

the research gaps.

Chapter 3 - Methodological Approach: The third chapter is a presentation of the
approach followed and the tools utilised towards the design of the rig and implemen-
tation of required measurements. The equipment used and measurement techniques
applied, are discussed too. It also presents the processing procedures for the acquired

results and the calculations for the presented metrics.

Chapter 4 - Design and Development of the Hydrogen Combustion Rig: The fourth
chapter discusses the design and development of significant components of the exper-
imental apparatus. It highlights key aspects of the process in the form of challenges
presented and lessons learnt during the different phases from initial design all the
way to the testing campaign. The limitations of the setup are discussed next and
the chapter concludes with a presentation of the limitations of the current setup and

suggestions to improve it.

Chapter 5 - Hydrogen Combustion Tests: In this chapter, the experimental cam-
paign is detailed, with an initial discussion on the realised test cases and micromix
configurations tested. This is followed by a short overview of the pressure drops
of different configurations, the presentation of NO, emissions and a comparison

between experimental and numerical results.
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2.1 Introduction

The potential advantages and disadvantages of hydrogen combustion and the char-
acteristics of micromix technology were briefly discussed in the previous chapter.
This chapter begins with a brief discussion of the reasons why current combustor
technologies are not suitable for hydrogen along with a presentation of emerging
concepts for hydrogen combustion. The literature review continues with a presenta-
tion of experimental combustion facilities around the world and their capabilities. A
review of past research on hydrogen micromix follows which highlights the scarcity of
experimental data at high-pressure and high-temperature conditions. Bringing the
discussion of the previous sections together, the final section argues the reasons for
developing a new combustion rig for hydrogen micromix, presents the requirements

for such a rig and finally points out the research gaps that this work addresses.

11
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2.2 Hydrogen Combustion for Aviation

The main advantage of hydrogen over hydrocarbon fuels, as already discussed, is
the elimination of carbon-related emissions, at mission level, yet its direct imple-
mentation in currently serving engines is not feasible. Even if other technical issues
such as tank sizing of an aircraft and fuel heat management could be overseen, the
use of current combustors and their technologies is prohibitive. The limitations are

imposed by design characteristics such as

1. the small number of large injectors designed for liquid fuels
2. the length of these combustors and the use of dilution air

3. the utilisation of premixing or partial premixing in some concepts

Large injectors for non-premixed flames do not promote the mixing of hydrogen and
air and would lead to large, high-temperature, near-stoichiometric flames and sub-
sequently high levels of NO,. On the other hand, the premixing of hydrogen and air
creates a high risk of autoignition and flashback, given the wide flammability range
of hydrogen and its high flame speeds. Flame arrestors would be required to avoid
flashback, or injector configurations with high bulk-flow velocities so that flames can-
not propagate upstream. Current combustors also utilise patterns of dilution holes
where the air is injected to cool the inner wall of the liner, lower the temperature of
the hot gases, or be used for lean combustion downstream of the primary zone (as is
the case for RQL combustors). The existence of dilution holes extends the required
length of the combustor, increasing residence time and thus favours further NO,
formation. The extra dilution air may not be necessary for hydrogen combustors
and instead, be used for combustion in significantly leaner mixtures. Combined with

the high flame speeds of hydrogen, shorter combustors should be expected.

Two technologies have emerged in the past three decades that could potentially be
implemented in aviation gas turbine combustors burning hydrogen. These are the
multi-point Lean Direct Injection (LDI) [46] and micromix [17]. More recently two
more suggested technologies, the HYLON burner [47] and the lean azimuthal flame
(LEAF) combustion technology [53] have been proposed, although at earlier stages
of development. The common characteristic of all these concepts is the effort towards

improving the mixing quality of fuel and air.
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Micromix has been briefly presented in the previous chapter, and past work on the
technology is in detail discussed in section 2.4 since it is the technology in focus for
this thesis.

Multi-point lean direct injection (LDI), is effectively a technology similar to mi-
cromix in some respect, as it relies on the creation of a large number of small flames.
LDI burners, depending on their design could implement short premixing zones, or
air swirling [46] towards lowering NO, emissions. Five such configurations were
tested by Marek et al [46] at a range of pressures, air-inlet temperatures and equiv-
alence ratios, with hydrogen and Jet A, for a comparison of NO, emissions on the
basis of the same temperature rise. All the configurations with hydrogen showed
levels of NO, very close to that of Jet A, but with no significant improvements.
The authors suggested that further numerical and experimental work along with
design optimisation could yield significant improvements. More recent work on LDI

appears to have shifted towards testing with liquid fuels [70].

The HYLON burner, currently under development by researchers at CNRS, imple-
ments swirled coaxial flows for both air and hydrogen, with the air surrounding the
hydrogen jet [47]. Atmospheric PIV testing at different momentum flux ratios of
air and fuel denoted the effect of geometry configuration - mainly the axial position
of the hydrogen injector - and swirl, as well as fuel injection velocity on the flame
stabilisation position and flame shape [47]. The researchers claim the burner can

provide great mixing characteristics of fuel and air.

The lean azimuthal flame combustor was developed at Cambridge University and
is based on flameless combustion. It utilises azimuthally distributed fuel injection
points at the bottom of the burner, with the main air injected at an angle from a
number of points in the bottom plane. A number of high-speed jets of air are also
injected from the top of the burner [53]. The counter-flow creates an entrainment
of combustion products which favours mixing. Tested at atmospheric pressure, lean
azimuthal flames yielded ultra-low NO, and good stability characteristics [53]. Both
the HYLON and LEAF technologies are at a very early stage of development but

appear promising for future aircraft gas turbine combustors.

For all the aforementioned technologies, further development requires extensive ex-
perimental work that will allow researchers to understand the performance of such
combustors in terms of emissions and operability limits and perform design improve-
ments. Numerical work can also assist this process, but the current deficiencies of
numerical models when it comes to hydrogen combustion further highlight the signif-

icance of experimental testing. Reliable experimental data for hydrogen gas turbine
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combustion concepts are still scarce, especially at elevated or engine-representative
conditions (high pressures and high inlet temperatures). Yet such data can im-
prove our understanding of flow and chemistry interactions and have an impact on

improving the predictive capabilities of numerical models.

2.3 Experimental Combustion Rigs

A short literature survey covering combustion testing rigs and facilities is presented
here, in order to set the scene for the design and development of the rig presented in
this work. The intention for this part of the literature review was to understand the
process and design choices and find guidelines (or a methodology) on how to design
and develop a combustion rig. Some of the works presented here were useful for that
purpose, however, much of this literature was discovered after the ENABLEH?2 rig

design was settled.

Several combustion facilities and rigs are reported in the relevant literature, but, to
this author’s knowledge, only a few of them have the capability of testing at elevated
or high pressures (from 5bar all the way to 60bar), with pre-heated inlet air (400K to
1000K) and large air mass-flows (order of kg/s). In most cases, such facilities are also
equipped with three types of measurement instrumentation: devices for emissions
analysis, combustion dynamics and diagnostics, such as flame imaging, flow field
characterisation and in some cases, flame temperature measurements. Such rigs are
usually developed within larger facilities in national or international laboratories.
The reviewed facilities and the capabilities they offer in terms of testing conditions,
measurements and diagnostics, are summarised in Table 2.1. For a more complete
overview of combustion rigs around the world, the reader is referred also to the thesis
of Kroniger [40] and the paper of Slabaugh et al. [60].

What is evident from Table 2.1, is that for pressure capability of the order of 30bar
or above, the available maximum air mass flow does not reach the order of kg/s
and is significantly lower [11], [29]. Exceptions to this are the HBK-S rig at the
German Aerospace Centre (Deutsches Zentrum fiir Luft- und Raumfahrt - DLR),
combustion rigs at the facilities of NASA Glenn Research Centre (GRC), facilities
at the Office National d’Etudes et de Recherches Aérospatiales (ONERA) and the
facility at Zucrow Laboratory of Purdue University. The first three are laboratories
of national and international scale, while the latter is the only facility that belongs

to a university.
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P

Tair,in

Mair

Organisation/Ri Measurements
g /Rig  (MPa) (K) (ke/s)
NASA[9], [14], [33]
CE5 3.04 866 9 smoke, emissions (CO,CO2, NO,,)
CE9 3.04 839 16.8 Os, OH-PLIF, liquid droplet size,
ASCR 6.08 978 17.2 flame temperature
ONERA[13]
MICADO 1 3 900 3 gas analysis and soot
MICADO?2 4 900 4 optical diagnostics capability
smoke, gas analysis, flow velocity
M1 3 900 4 (LDV, PIV), PLIF (OH, kerosene
, CO), CARS (gas temperature)
DLR|20], [58], [61]
HBK.S 4 1000 1.3 OH'—C'hemllummescence,
emissions, PIV
PLIF (OH, CH, kerosene),
BOSS 2 o00 2.3  TDALDA CARS
Mie Scattering, emissions,
combustion dynamics
. . emissions, PIV, OH-PLIF,
Purdue University[60] 4 800 4 CARS
. . . OH-Chemiluminescence
Cardiff University[57], [69] 1.6 900 5! PIV, OH-PLIF, emissions,
(GTRC) . .
combustion dynamics
NETL/SimVal[59], [63] 2.31 §10 1923  Cmissions, combustion dynamics,
optical diagnostics capability
Virginia Tech.[28§] 0.93 650 1.27 PIV, visible flame imaging
Penn State Chemiluminescence (OH, CH),
. . 3.8 870 0.18 combustion dynamics, OH-PLIF
University[11], [43] .
emissions
Paul Scherrer Institut[29] 3 823 0.3 PIV, OH-PLIF

TABLE 2.1: Overview of major combustion testing facilities. Capabilities and
applied measurements summarised

What stands out in most of these facilities is the effort to combine measurements of

emissions, combustion dynamics and diagnostics, with a focus placed on the latter.

Optical access allows a range of diagnostics to be applied with spatial and temporal

resolution usually: from flow field velocities (eg. PIV), mixing characteristics of fuel

and air in reacting and non-reacting conditions (PLIF), reaction zone imaging and

temperature measurements (eg. OH*-chemiluminescence, PLIF, CARS).

An interesting observation is that in most cases of the surveyed literature, although

detailed descriptions are provided for the test section design features, a design

methodology is rarely presented and justification of design choices is usually omitted.
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Moreover, although the development of such an apparatus is an iterative process, the
complications and issues arising along the way (such as component failure, and setup
malfunctions) and the improvements required are almost never presented. The only
exceptions noticed by this author are by Slabaugh et al. [60] regarding the Purdue
University rig, Schneider et al. [58] for the BOSS rig at DLR and from Runyon [57].
In [60] Slabaugh et al. provide reasoning behind crucial design choices of the test sec-
tion. These can be summarised in the use of water cooling combined with a thermal
barrier coating for the hot sections and a two-window configuration that decouples
thermal and mechanical loads. This is common practice in most high-pressure com-
bustion rigs with optical access. The authors also present a methodology for the
calculation of loads on the test section and windows and the heat transfer analysis
for the required cooling water flows. Schneider et al. [58] discuss the design philoso-
phy of the Big Optical Single Sector (BOSS) rig at DLR. A double-wall configuration
was used for the whole test section with cooling airflow between the inner liner and
outer pressure casing. CFD and FEM simulations were utilised to inform the design
in terms of required cooling as well as for the evaluation of thermal and mechanical
loads on the hot components of the test section. Another good example of a detailed
presentation of a combustion facility, including the apparatuses used, aspects of the
design, instrumentation, data acquisition and control, is the Ph.D. thesis of Runyon

[57] which presents the combustion rigs of Cardiff University.

Most of the aforementioned publications describe the test sections, facilities, data
acquisition (DAQ) and control systems in some detail. Only in a few cases [57], [58],
[60] do they offer insights into the thought processes and methodology implemented

for the development of such systems.

One might argue that each combustion experiment has different characteristics and
requirements, and on that basis, the presentation of the design philosophy can be
considered of no particular value. It is this author’s view that however different each
experiment may be, an insight into the thinking that goes behind the design and
development process along with the challenges that are encountered and identified
best practices can be useful in guiding the prospective designer. To that end, this

thesis addresses such aspects of the new hydrogen micromix combustion rig.
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2.4 Hydrogen Micromix Combustion

The micromix concept was originally devised by researchers at Aachen University
in the '90s as part of research efforts within the Euro-Quebec Hydro-Hydrogen Pi-
lot Project (EQHHPP)[17]. The concept was suggested as a combustion mode for
alternative gaseous fuels such as hydrogen in an effort to reduce NO, emissions for
aircraft gas turbine combustors. From the late ’00s research at Aachen focused on
developing the concept for industrial gas turbines carrying out experimental and nu-
merical studies, in collaboration with Kawasaki Heavy Industries (KHI). Researchers
at Cranfield University also developed an interest in hydrogen micromix combustion
in the early 2010s with a range of numerical studies initially and more recently with
experimental work that is described in the present thesis. These two institutions
and their collaborators are, to the author’s knowledge, the ones to carry out inten-
sive research around JiCF type of micromix combustion. More recently numerical
studies from other institutions have emerged, such as [18]. This section reviews the
relevant experimental and numerical work that has been conducted for the JiCF

concept for hydrogen.

Work at Aachen University

Researchers at Aachen University have continued the development of the micromix
technology in the past almost 15 years, through numerical simulations and atmospheric-
pressure experimental tests, initially focusing on pure hydrogen micromix and sub-
sequently working on hydrogen blends too. In the early works of this era, burn-
ers featuring sub-millimetre hydrogen injectors (0.3mm diameter for the smallest)
were tested in a jet-in-cross-flow concept creating non-premixed, miniaturised flames.
From early on they identified flame patterns, arising from interactions between flow
and flame, that affect NO, emissions [22], [23]. By testing micromix configurations
with different air-gate and fuel injector sizes - achieving different energy densities -
they noticed that the increase in energy density led to a shift of the flames towards
the hydrogen segments and a sudden increase in NO, with increasing equivalence
ratio [23]. This was attributed to flame-to-flame interaction and increased residence
times due to hot gases recirculating in the inner recirculation zone (IRZ). Change
from an air-gate configuration to an open gap led to a smoother increase in emissions
with equivalence ratio. In [22] the effect of momentum flux ratio (MFR) was studied
by varying the area of the air-gate panel (AGP) in two case studies. It was concluded

that above a critical value of MFR, the fuel jet penetrates the recirculation zone in
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front of the AGP increasing unmixedness, and residence time and subsequently lead-
ing to a sudden increase in NO,. This phenomenon though did not appear to be
affected by pressure drop or energy density changes. Hence, momentum flux ratio

was identified as an essential design parameter for micromix combustors.

Research efforts at Aachen subsequently focused on increasing the energy density
of micromix injectors while keeping very low NO, values. Funke et al. tested con-
figurations with increased fuel injection sizes and wider injector spacing. It was
shown experimentally that no flame lifting or merging of flames occurred even in
high equivalence ratios [21]. In conjunction with numerical results, it was suggested
that in some cases cool air penetrates the region between adjacent flames, keeping
low temperatures and low NO,. These campaigns led to the establishment of design
laws for geometric parameters of the micromix burners that allowed significant up-
scaling of the energy density, while the flame position and stabilisation were retained,
leading to very low NO,. Increased injector size and lower number of injectors were
also presented as an advantage towards less complex manufacturing. A numerical
study by Haj Ayed et al. [30] in 2014 showcased the potential of such design laws.
CFD simulations at atmospheric pressure and elevated air-inlet temperature showed
flames separated in all directions and cool air penetrating the regions around the
flames in an improved burner design. At increased equivalence ratios, the generation
of a hot streak was reported due to the cool air reducing the reaction rates and lead-
ing unburnt hydrogen to be consumed further downstream. Still, NO, emissions

remained low at the increased energy density conditions.

In 2015 further advancements were presented with a burner bearing fewer fuel injec-
tors of larger size (1mm diameter) [24]. The configuration followed the design laws
for upscaling taking into account a parameter called blockage ratio (BR) and the
normalised injector circumferential distance. The hydrogen segments of the burner
incorporated a heat shield and temperature measurements at a number of points
along the shield. Experimental results confirmed the application of design laws, as
NO, emissions were observed to be at similar levels to those of injectors of smaller
fuel injection diameters and the observed flames did not appear to merge. More-
over, it is reported that the heat shield yielded acceptable material temperatures. A
further improvement in NO, emissions was attempted by Haj Ayed et al. with atmo-
spheric tests on three micromix configurations: a reference configuration taken from
[22] was compared to two improved designs [32] of varying energy density and jet
penetration depth. All three designs presented sudden increases in NO, beyond the

design point equivalence ratio (the design point was considered at & = 0.4). Both
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the two improved designs showed reduced NO, compared to the reference configu-
ration and their behaviour was quite similar, though the configuration of increased
energy density performed marginally better. Numerical simulations employed for
an explanation of the better performance of the increased energy density burner
denoted that the increased air-gate height allowed cool air to effectively surround
the flame from the outer sides, leading to significant reductions in the temperature
field, which explained the lower NO, emissions. Building on their previous work,
compiling the different design laws developed, the Aachen group presented effec-
tively a design methodology for low NO, hydrogen micromix burners at different
energy density levels, with different geometric characteristics [25]. To that end, a
number of configurations were explored numerically and two of them were tested
experimentally, showcasing the applicability of the methodology towards burners of

different sizes yielding similar, low levels of NO,.

In [41], Kroniger studied experimentally the effect of pressure on NO,, as well as
on flame initiation and anchoring using a micromix geometry with an injector size
of 0.8mm in diameter. The experiment was complimented by a numerical cam-
paign (RANS) with simulations at high pressure comparing two different models for
turbulence-chemistry interaction, namely the Laminar Flame Concept (LFC) and
the Eddy Dissipation Concept (EDC). The experimental results showed an increase
in NO, with pressure and a closer matching with the LFC model. A derived corre-
lation of NO, with pressure yielded NO, oc P%5, which seems to fare well with the
experimental results. According to the CFD results, pressure appears to drive the

flame upstream, towards the fuel injection point.

A novel micromix configuration was proposed in 2022 by Kroniger to extend the op-
eration of micromix combustors to mixtures of hydrogen with natural gas [42]. This
design brings the hydrogen injection point to a lower level compared to the air-gate
exit, inside a "horse-shoe” type, two-step configuration. OH-Chemiluminescence
tests were performed at atmospheric pressure and accompanied by RANS and LES
simulations. It was shown that this configuration in comparison with the standard
micromix design, retains flame stability even when hydrogen concentration goes
down to 60%woal..

Micromix combustor integration studies have also been performed by the research
group. A Honeywell/Garrett GTCP 36-300 Auxiliary Power Unit (APU) gas tur-
bine, was fitted with a hydrogen micromix combustor and the results were compared

with kerosene, performing at idle and full load tests and measuring NO, emissions



20 Chapter 2 Literature Review

and noise levels [26]. The micromix combustor yielded significantly reduced emis-
sions at all operating points, and a much smoother increase with load compared to
kerosene. In terms of noise, although micromix did not produce significantly higher
pressure levels compared to kerosene, the perceived noise was considered more an-
noying for hydrogen micromix. Moreover, Kawasaki Heavy Industries demonstrated
in 2021 continuous, smooth operation of a power-generation M1A-17 gas turbine
incorporating a hydrogen micromix combustor, which achieved a peak power output
of 1635kW and 65ppm NO, emissions (corrected to 15%0; and humidity of 60%)
[34].

It can be seen from the previous discussion that the development of hydrogen mi-
cromix for industrial gas turbines, placed the focus of research mainly on achieving
high energy density from the burners while retaining very low NO, characteristics,
and more recently in fuel flexibility. Scaling up the energy density leads to increas-
ing the size of the fuel injectors, which from an industrial gas turbine perspective, is
advantageous when it comes to contamination/particles in the incoming fuel/air (a
smaller injector can get blocked easier), especially when fuel flexibility is required.
For an aircraft gas turbine combustor though, such increased energy densities may

not be necessary and contamination is less likely when only hydrogen is considered.

Numerical work at Aachen mainly utilised RANS simulations coupled with simplified
combustion models as described in [5], [21], [22], [24], [25], [30]. Such simulations,
are limited in their predictive capabilities of flame temperatures, mixing character-
istics and eventually NO, predictions. Yet, they are useful at the early stages of
development of concepts such as micromix, for qualitative comparisons with exper-
imental results and for providing a general insight as to the physical phenomena
that might take place within and around the flames. The limitations are mainly due
to the turbulence-chemistry interaction models used and the simplified, one-step
hydrogen /air reaction mechanisms. Although usually dismissed, it is important to
note that in such simulations, only the thermal NO, is taken into account (Zel-
dovich mechanism) and other routes, such as the NNH are usually omitted, which
further reduces the predictive capability of the models. Of course, in the high tem-
peratures of hydrogen micromix combustion, the thermal mechanism is dominant
and the simplification of only accounting for this mechanism is not irrational. When
numerically-derived temperature fields were compared with experimental flame im-
ages (at visible wavelengths), flame patterns and dimensions did not seem to be
accurately represented in the simulation results [21], [31]. Of course, it can be
argued that neither the temperature field nor the visible-flame photos necessarily

depict the reaction zones accurately. OH ~ concentrations for both the CFD and the
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experiment - through OH*-Chemiluminescence as in [42] or OH-PLIF - would be
better metrics of flame shape and size comparisons. Slightly more complex reaction
mechanisms and turbulence-chemistry interaction models, used in [31], [32], [41],
[42] showed improved accuracy in terms of NO, when compared with corresponding
experimental results. Such simulations though are certainly useful as, at least at
atmospheric pressure, seem to capture the trends in NO, changes. The discrepan-
cies of numerical models in NO, prediction are more pronounced with changes in

parameters such as pressure, as evident in [41].

Work at Cranfield University

Research on hydrogen micromix at Cranfield University has focused primarily on
developing the micromix technology for aircraft gas turbine combustors. Until re-
cently only numerical work had been conducted. In the early stages of the work,
different, simplified injector geometries were explored and compared [37], [39], [51].
In [39] Khandelwal assessed two cases of a micromix configuration with four inlets
in the same plane at 90° to each other injecting in a cross-flow of air. In the first
case, all four inlets injected hydrogen while in the second case, fuel in two of the
inlets was replaced with air. The second configuration showed better mixing and
lower temperatures, improving the NO,, levels predicted. In a similar study, Murthy
suggested two slightly different geometries: one bore a diverging, tapered main-air
inlet, while the second has the fuel inlets distributed in different axial planes imple-
menting a two fuel-inlets/two air-inlets strategy [51]. The tapered geometry denoted
better temperature and flow characteristics, yielding lower NO,. In both of these
publications, the authors also observed very short high-temperature regions imply-
ing short reaction zones, leading to the suggestion that micromix combustors could
potentially be significantly shorter than kerosene ones, and avoid the requirement for
cooling air. Karakurt employed one of the designs of Khandelwal[39] and performed
simulations for hydrogen, kerosene and methane for a range of equivalence ratios
[37]. Hydrogen showed the highest temperatures for corresponding equivalence ra-
tios between the fuels and produced higher levels of NO, compared to methane.
The authors suggested that further improvements are required for the micromix

geometry to improve mixing quality.

More recently, interest shifted to exploring numerical models that may be more
suitable for primarily non-premixed hydrogen combustion, within the context of the
work on micromix. The micromix geometries used resembled those of the Aachen

studies. The focus was mainly on NO,, emissions predictions [6] and work to identify
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appropriate reaction mechanisms [2], [6] as well as appropriate estimations of the
thermophysical properties of hydrogen/air mixtures [8], [45], [68]. Moreover, numer-
ical studies were conducted exploring the effect of design parameters on micromix
flames and emissions [2], [65], and the potential thermoacoustic issues in micromix
combustors [1], [48], [64].

The study by Babazzi et al. compared four reaction mechanisms coupled with the
Flamelet Generated Manifold (FGM) combustion model in RANS simulations. The
four mechanisms provided similar temperature and flame-shape results, with small
discrepancies [6]. For NO, predictions, the researchers followed two approaches:
a CFD post-processing tool against coupling of CFD with a Chemical Reactors
Network (CRN). These were then compared with experimental results by Aachen
University as given in [32]. The hybrid CFD-CRN approach was closer to the ex-

perimental results [6].

In a 2018 study, RANS simulations were performed to investigate the effect of diffu-
sion parameters (Schmidt and Lewis numbers), as well as turbulence, on the flame
lengths, shape and temperature [8]. Hydrogen micromix flames were found to be
highly sensitive to changes in these parameters, denoting the limitations of RANS
modelling in predicting flame shapes and temperatures. Such results also point out
the need to properly calibrate such values in order to improve the predictive capabil-
ities of CFD tools that offer lower computational costs (compared to tools of higher
computational requirements such as LES). Lopez-Juérez et al. in another study at-
tempted to calculate the values of these diffusion parameters (Lewis and Schmidt),
for a range of pressures, temperatures and equivalence ratios using correlations from
the literature [45]. They subsequently mapped the potential flame regime concluding
that hydrogen micromix flames can be considered transition flamelets and combus-
tion is always dominated by mixing. Using the calculated parameters the researchers
performed RANS simulations of a single flame for different turbulent Schmidt num-
bers (S¢;), validating against an LES case and choosing S¢; = 0.2 as the best
estimate for the combustion model that compromises between NO, predictions and
flame structure accuracy. It was also concluded that the resultant flame tempera-
tures and structure strongly depend on the combustion and turbulence models. Sun
et al. though, found that non-premixed regions dominate hydrogen micromix, with
only small, marginally premixed regions existing, and suggested that such mapping
of the flame regimes as is done by Lopez-Judrez ([45]) cannot be used to categorise
the micromix flames[68]. Moreover, the results of their sensitivity study of turbulent
Lewis (Le) and Schmidt (Sc) numbers ([68]) act as further evidence that turbulent

mixing dominates JiCF hydrogen micromix.
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In terms of injector configurations, the geometries researched by Cranfield are similar
to those of Aachen, since the potential of such configurations was shown in a number
of studies as discussed already. Based on such a geometry, Agarwal et al. performed
a preliminary design space exploration, varying the size of the air-gate and hydrogen
inlet diameter, using CFD simulations at high pressure and air-inlet temperatures
[2]. The analysis concludes that improved NO, emissions can be achieved with a
small fuel injector size (suggested 0.3mm diameter) and appropriate air-gate size,
although the effect of other geometric parameters needs to be investigated further.
A more detailed investigation of the influence of geometric parameters on flame char-
acteristics and NO, production was published by Sun et al [65]. This work took into
account parameters such as offset and mixing distance, vertical and horizontal injec-
tor distance and air gate and fuel injector dimensions. The simulated configurations
were selected in order to cover different regimes of flame shape, length and degree
of flame interaction. The analysis showed that geometric parameters can strongly
influence flame shapes, positions and interactions and subsequently residence time
and NO, production. Besides the momentum flux ratio (dependent on geometry)
that regulates injection depth, air-gate dimensions and offset distance also affect
flow characteristics, such as the size and position of the recirculation zones and the
flow of cooler air around the flames as researchers at Aachen also noted [24], [32].
Further to this, a number of different air-gate shapes were also simulated at con-
stant MFR in the same publication [65]. Flatter and wider shapes were shown to
produce significantly lower temperatures and subsequently NO,. This is attributed
to the cool air entrainment in the recirculation zones and around the flames, keeping

adjacent flames separate.

An important point to be noted, besides the typical limitations of the RANS ap-
proach stated by most researchers, is that careful consideration is required when
choosing the reaction mechanism to be coupled with the combustion model when
performing simulations at high pressure. When pressure increases the chemical ki-
netics of the reaction are affected and discrepancies in predicting the OH-fraction
occur between different mechanisms [2]. Such discrepancies also highlight the neces-
sity of performing experiments at elevated pressures and inlet temperatures that will
provide a better understanding of the effects of the operating conditions on flame

shape, reaction zone temperatures and NO, emissions.

Another topic of study for micromix has been that of thermoacoustic instabilities.
Typically combustion dynamics are explored at a later stage of the development of
a combustor since such instabilities are dependent on the geometry. McClure et al.

and Sun et al. having performed RANS and LES simulations in order to derive
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flame transfer functions (FTFs) suggested that hydrogen micromix may be more
susceptible to higher frequency instabilities compared to kerosene [48], [64]. Sun et
al. also point out that different instability regimes may be related to the geometric
characteristics of the micromix configuration and that injector design choices may
positively impact thermoacoustics. Similar conclusions were reached by Abbott et
al. who simulated a sector of a conceptual micromix combustor at different engine
representative conditions by CFD and lower-order acoustic modelling networks [1].
The latter study also claims that due to the similarity of FTFs derived, different
operating conditions may have an insignificant effect on the predicted behaviour of

the micromix combustor [1].

2.4.1 Summary of Findings on Experimental Hydrogen Mi-

cromix

Experimental testing, with the exception of [26], [34], [41], was limited to testing at
atmospheric pressure and elevated air-inlet temperatures, measuring NO, emissions
and imaging the visible flames. With regard to [26], [34], where tests are performed
with an actual gas turbine at different operating conditions, no insight is provided
into the exact pressure, air-inlet temperature and equivalence ratio values of the
tests. NO, emissions are only reported against the operating point expressed as
engine load. In [41] NO, emissions experimental results are presented for different

pressure levels (up to 1.1M Pa) and the effect of pressure is discussed.

Moreover, some of the Aachen studies present experimental results at atmospheric
pressure, considering the effect of injector geometric parameters and momentum
flux ratio on NO, emissions. Yet the impact of these parameters on NO, is not
explored in any of the high-pressure experiments. The burner configurations that
are used in most of the experimental studies carry enlarged fuel injection points
(0.5mm, 0.8mmandlmm in diameter) and the shape of the air gates differs from the

corresponding air gates of the configurations presented in this thesis.

During the efforts to design and manufacture the micromix burners for this work, it
was noticed that the relevant literature around micromix did not provide information
on manufacturing aspects. This led to providing recommendations for state-of-the-
art manufacturing techniques that are suitable for micromix combustor fabrication

considering the tolerance requirements, as well as the safety requirements.
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2.5 Rationale and Research Gaps

2.5.1 Rationale of the Experimental Work

The necessity of performing experimental tests at different pressures, air-inlet tem-
peratures and equivalence ratios for hydrogen combustion is justified if we consider

the following:

o The overall scarcity of experimental data sets on hydrogen combustion at dif-

ferent operating conditions

e The limitations of state-of-the-art numerical tools in terms of their predictive
capabilities for hydrogen combustion. Numerical models are adapted primarily
for hydrocarbon fuels. Thus, the particularities of hydrogen, such as its high
molecular diffusivity, or the effect of operating conditions such as pressure and
reactant temperature in chemical kinetics of the Hs/air mixture as well as on

NO, formation, can bring these models to their limits.

To that end, a new rig for hydrogen micromix combustion was designed, developed

and deployed at Cranfield University.
Rig Requirements

An experimental apparatus for such tests should have the capability of providing a
multitude of measurements under a range of operating conditions. For low technol-
ogy readiness levels (TRL), as in the case of micromix, such a rig shall be capable of
testing burners with a small number of injectors and a variety of injector geometries.
In addition, results shall be acquired at a wide range of conditions for operating tem-
peratures, pressures, and equivalence ratios. Such data can be used to improve the
predictive capabilities of or validate numerical models that in the case of hydrogen

present deficiencies as already discussed.

NO, emissions measurements are significant on the basis of verifying that the pro-
posed concept performs within, or outperforms currently serving technologies, po-
tentially acting as proof of concept at such early stages of technology development.
NO, data at high-pressure and temperature conditions can also be used for the

validation of numerical models.

Optical access is also of high significance: it can allow a range of diagnostics to

be applied that can provide information on flame structures and temperatures, as
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well as information on mixing. Flame imaging data can prove invaluable in under-
standing the behaviour of micromix flames. They can provide insights into the flow
and physics underlying hydrogen micromix at different operating conditions and for
different geometric configurations. Moreover, the depicted flame patterns, as well
as flame temperatures, can be employed to validate, as well as calibrate numerical

models.

In a similar fashion data on thermoacoustics, such as the derivation of FTFs can
improve the predictive capabilities of lower-order codes for thermoacoustics by means

of calibration.

2.5.2 Research Gaps

The research gap identified by the literature review, which this work attempts to

address, is the following:

The lack of experimental data that captures the impact of momentum flux ratio
(MFR) on NO, emissions of hydrogen micromix combustion systems at a range of
operating conditions. NO, emissions appear to be highly sensitive to changes in
momentum flux ratio (see section 1.1 and [65]). This means that small changes
in certain geometric features of the configuration, or changes in equivalence ratio,
both of which change the MFR, can have a big impact on NO, emissions. Such
experimental data sets are needed in order to improve the predictive capabilities
of numerical models so that such models do not produce designs that appear to

produce low-NO, but in reality, prove high-NO,.

Further to this gap, two areas were identified where research contribution is made,
although they do not represent gaps in knowledge. The following points summarise
these contributions that provide valuable information to prospective researchers of

experimental hydrogen micromix combustion:

1. Providing the public domain with a detailed account of the challenges, best
practices identified and recommendations for the design of a high-pressure,
high-temperature hydrogen combustion rig, since the rig described in this work

was designed and built from scratch.

2. Providing information on the design and manufacture of a micromix burner
with respect to safe fuel delivery, considering the increased risk of hydrogen

leakage. A one-piece component produced by additive manufacturing (AM)
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minimises the potential leak paths compared to a modular design. Size limita-
tions on the produced features by AM impose the use of traditional techniques

for the full fabrication of the component.
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3.1 Introduction

In this chapter, the approach followed for the development and testing of the experi-
mental setup is presented. The discussion initiates with aspects of experiment design
and provides details on the control parameters and the matrix of proposed test con-
ditions. The selection of the micromix configurations tested is briefly discussed. An
overview of the NO, and flow metering measurement techniques is given and details
regarding the instrumentation used and the testing procedures are provided. The

chapter concludes by detailing data-handling processes.

3.2 Overview of the Combustion Rig

The rationale behind the need to develop a high-pressure, high-temperature hydro-
gen micromix combustion rig has been discussed in section 2.5.1 of this thesis. This
section gives a brief overview of the experimental apparatus so that the following
sections are easier to contextualise. Moreover, explanations are provided with regard

to specifications such as the domain size and maximum operating conditions.

The experimental apparatus was developed for combustion tests with different mi-
cromix injector configurations at high pressures (up to 15bar,) and high temper-
atures for the air-inlet (up to 600K). Based on the requirements, as set out in
section 2.5.1, a small number of micromix injectors per burner configuration needed
to be tested. Maximum achievable pressure was limited by the facility capabilities
to 15bar,. The maximum air-inlet temperature for the tests was set to 600K . This
upper limit for air inlet temperature was imposed by the use of a modified immer-
sion heater which was originally proposed to serve as the heating device for inlet
air. Although at a later stage, the idea was abandoned for the sake of using the
Pebble Bed Heater (Appendix A), rig design had progressed to a point where chang-
ing the maximum air inlet temperature was not possible. Maximum air mass-flow
through the rig was 142¢g/s at the 15bar, case at an air-inlet temperature of 300K
(see Section 3.4).

Measurements for the current setup are limited to NO, emissions. The rig is also
equipped with sensors for pressure dynamics for thermoacoustics measurements and
has optical access provisions for flame imaging through O H*-Chemiluminescence or
OH-PLIF.
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A CAD model representation of the test section provides a brief description of its
characteristics (Figure 3.1). The design choices and challenges of its critical compo-

nents are described in more detail in a dedicated chapter (Ch. 4).

Acoustic Driver housing

Static Pressure/Temperature Monitoring
Flow conditioning perforated plate

Two upstream TA positions (on purple

Back-Pressure Valve Assembly Combustion Chamber component)
* Regulates pressure in the test section * Houses bellows and micromix burner
* Design avoids choking at the throat * Upstream compartment — fuel chamber
* Compressor supplied air used for downstream compartment — combustion
cooling valve head ¢ 3circular windows — 30mm field-of-view
* Water injection downstream of valve — flame imaging
head cools gases before exhaust * 1downstream TA sensor and glow-plug

ignitor also housed

Air and fuel mix and burn In diffusion flames
Liner insert in the downstream compartment of
Gases Chamber H, combustion chamber — sacrificial component

+ 2" downstream TA sensor Bellows assembled in compression —

* Triple-tee static pressure monitoring compensate the axial expansion of combustion
* 4type-B T/Cs at different radial positions compartment during operation

* Gas sampling probe position This allows sealing to be retained between the
two compartments

FIGURE 3.1: Overview of the designed rig (CAD representation) with brief de-
scriptions of the main components

3.3 Control Parameters

Combustor pressure (P), air-inlet temperature (7,.:,), equivalence ratio (®) and
momentum flux ratio (J) are the four control parameters in this experiment. These
parameters were chosen primarily on the basis of their potential impact on NO,
production since, their effect on mixing characteristics, flame structures and even-
tually NO, emissions is not well understood. The lack of experimental data under
such conditions should also be seen in conjunction with deficiencies of numerical
tools such as CFD (see 2.4) in predicting flame temperature and NO, production.
Momentum flux ratio (MFR) is another parameter that in different regions yields
different flame shapes and patterns which can have a significant effect on mixing,
flame temperatures, residence times and subsequently NO, emissions. The momen-
tum flux ratio is affected by the densities and velocities of the fuel and oxidiser. For a
specific operating point (of the rig), the density of each fluid (p) is determined by its
pressure and temperature. Velocities on the other hand are determined by the mass

flow and the cross-sectional area of the channel the fluid flows through(rm = guA,
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where u is the fluid velocity and A is the cross-sectional area). Hence, the momen-
tum flux ratio as a control parameter in this thesis is represented by different burner

geometric configurations.

3.4 Design of a Test Matrix

The test matrix is a set of operating points that are combinations of pressure, air-
inlet temperature and equivalence ratio values applied as test conditions for all the
tested injector configurations. An ideal test matrix covers the requirement for a
wide range of conditions, with a preference towards elevated pressure and air inlet
temperature, in alignment with the main aim of the rig as described in section
1.2. For this rig, it was derived using the upper limit values for pressure and air-
inlet temperature. The ideal requirement for a plethora of operating points was
balanced by the need to conduct the experiments in a reasonable time frame and
cost. Hence, combinations of four pressure levels, three air inlet temperatures and
three equivalence ratios composed the desirable test matrix (Table 3.1), intended
for three micromix configurations with momentum flux ratio values representing

distinct flame regions.
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P(bary) | Tairin | @
0.3
1 300 |04
0.5
0.3
) 450 | 0.4
0.5
0.3
10 450 |04
0.5
0.3
300 |04
0.5
0.3
15 450 | 0.4
0.5
0.3
600 | 0.4
0.5

TABLE 3.1: Proposed matrix of test cases

3.4.1 Mass Flow Calculations of the Test Matrix

Desirable air mass flow at the test conditions was calculated based on a reference
case, of P,y = 20bar, and T,.; = 860K air inlet temperature, considered represen-
tative of cruise for a Year-2050 ultra-high bypass ratio turbofan engine [2]. The total
air mass flow of the rig for the reference case was calculated based on the flow per
air passage as given in [2]. The total number of air passages was calculated based
on a sizing methodology, part of the ENABLEH2 work, presented in [66]. This was
taken as the reference air mass flow (7). The calculation of air mass flows for
the rest of the P, Ty, combinations is derived from the reference value and the
requirement to retain a constant Mach number (Ma) in the combustor. Thus the
mass flow of air for each case is

Oair | Lair

Tilgir = Myep il
air ref Ore Tref

(3.1)
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where densities (g) are calculated by the equation of state for ideal gases P = gRT.
R denotes the specific gas constant and T is the gas temperature. For different
equivalence ratios, air mass-flow was kept constant for a specific pressure/air-inlet

temperature combination and fuel mass-flow was regulated as per
my = 0.0294 - @ - 1iry,

where the value of 0.0294 denotes the stoichiometric fuel-to-air ratio (FAR) for
hydrogen /air combustion. The reason for changing fuel flow instead of air is that
fuel mass flow was easier and faster to control and could be regulated to better

accuracy and with less fluctuation around the set value.

3.4.2 Selection of Micromix Injector Configurations

We have seen already that the momentum flux ratio (J) is a parameter of interest
expressed through the injector geometric characteristics. Three micromix configura-
tions were chosen for experimental testing, representing a range of momentum flux
ratio values that according to CFD simulations produced distinct flame patterns and
were expected to produce different levels of NO, (Figure 1.5). The choice of the
three injector designs was based on a design-of-experiment procedure conducted in
the context of the ENABLEH2 project, as described in [65]. For this experimental
campaign, the fuel injection diameter was kept at 0.3mm for all the configurations.
Air-gate dimensions, offset and mixing distance and injector spacing varied between
the three designs. Two of the configurations represented lower values of J situated
in the region of the red rectangle of Figure 1.5 (denoted as low and medium J) and
the third design had significantly higher values of J, in the region of the blue rect-
angle in Figure 1.5. More details for the geometries of the injector configurations

are provided in Section 5.2.1.
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3.5 Measurements and Instrumentation

This section discusses the monitoring and measurement sides of the experimental
setup. The main parameters of interest are briefly presented, followed by the chosen

measurement techniques and instruments utilised.

3.5.1 Quantities of Interest

As outlined in the preceding discussion, the focus of the measurements of these
experiments is on NO, emissions produced by the micromix flames at different
operating conditions. Pressure dynamics upstream and downstream of the flames
for flame transfer function (FTF) measurements and flame imaging were also of

interest.

Static pressure, temperature and mass flow monitoring are essential primarily be-
cause they allow the experimenter to set the desired operating point of the rig.
Moreover, monitoring pressure both upstream and downstream of the flames pro-
vides information on pressure losses across the micromix burners. Temperature
measurement of the hot combustion gases contributes to safety, in cases where the
rig gets too hot or there is a flame-out event followed by a sudden drop in tempera-
ture. In the following sections, the measurement techniques along with the relevant

instrumentation are presented.

3.5.2 Measurement Techniques

This section presents the techniques implemented for the measurement of the main
quantities of interest, namely NO, emissions and mass flows of air and fuel, with
the focus steered to NO,. A portable gas analyser using the chemiluminescence
detection (CLD) method is employed to measure NO,.. Air flow is metered through

an orifice plate device and fuel flow through a thermal flow meter.

3.5.2.1 NO, Emissions

The CLD method is a widely used technique for NO, measurements, suggested
by Aerospace Recommended Practice (ARP) 1256D [55] and the Environmental
Protection Agency (EPA) Method 7E [50], as the technique to be used for total
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NO, measurements from aircraft or stationary gas turbines. CLD yields total NO,
as a sum of NO and NO,. The measurement is based on the reaction of NO
with O3, to produce NO,, part of which (approximately 10% - [55]) is NO; (R4).
The NOj spontaneously returns to its ground state emitting a photon (R5) the
light of which is then detected by a photodiode. Underlying this principle is the
proportional relationship between the concentration of nitric oxide ([NO]) present,

and the intensity of the emitted light when NO concentrations are low [55].
NO + 03 — NOj + 02 (R4)

NO§ — NO2 + v (R5)

where hw is the energy carried by the photon, with A being the Planck constant and
v the frequency of the photon. It can be seen from reactions (R4) and (R5), that
total NO, is measured as NO. This means that the NO, content of the sample
needs to be turned into NO before entering the chemiluminescence chamber. This

conversion can take place with the help of some catalyst.

Reaction (R6), where M is a third body, can be considered part of the system of
reactions defining the technique, as M can be a quenching factor for reaction (R5),

through collisional energy transfer, and can affect the measurement.
NOj +M — NO2 + M (R6)

The presence of H5O in the gas sample is also an important factor that affects the
measurement, of NO, by the CLD method in two different ways. The first is related
to HyO acting as a third body according to reaction (R6), which brings the NO;
to its ground state preventing the spontaneous photon emission. The second effect
of water on the measurement comes from the high water solubility of NOy which
means that condensation of H,O in the sample line leads to dilution of the NO,,
according to [27] through reaction (R7). In both cases, the measurement of NO,, is

biased towards lower values.

NO2 + H2O — HNO2 + HNO3 (R7)
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3.5.2.2 Mass-Flow Measurements

Air Mass-Flow Air-flow metering was achieved by the use of an in-house de-
signed and built orifice plate. The device was designed following the guidelines of
BS EN ISO 5167-1:2003 and BS EN ISO 5167-2:2003 standards. The COVID-19
pandemic, along with high lead times and costs, in a period where the supply of
instruments from a third party was difficult or impossible, led to the decision to
design and build the flow metering device in-house. The orifice plate was chosen for
its simplicity in terms of design, manufacturing and installation. It belongs to the
devices that measure fluid flows by pressure differential. Installed into a pipeline, the
orifice plate restricts the flow, reducing static pressure downstream and creating a
difference between its upstream and downstream. Knowing the fluid characteristics
and the pressure difference, the mass flow through the orifice plate can be calculated
according to BS EN ISO 5167-2:2003 [49]:

, C T o fox o

where m is the mass-flow, C' is a discharge coefficient, [ is a diameter ratio, € is the
expansion factor, accounting for the gas compressibility, AP is the pressure drop
across the plate and p; is the density of the fluid, measured upstream of the orifice
plate. Fluid density is calculated based on the upstream static pressure measure-
ment and the temperature measurement with the equation of state for ideal gases.
Equation (3.2) requires a static temperature value, yet thermocouples measure total
temperature. Due to the low Mach numbers though, total and static temperatures

do not vary significantly and the imposed error is negligible.

Fuel Mass-Flow Mass flow of fuel was measured and controlled by a third-party
supplied mass-flow controller (MFC) employing the thermal principle. In this case,
the instrument is a heated-tube flow meter where part of the flow is bypassed through
the sensor. In this configuration, the flow passes through an electrically heated tube.
Temperature is measured upstream and downstream of the heating element. The

heat transfer rate Q towards the gas is proportional to the gas mass flow:
Q = mC,AT (3.3)

where C), is the specific heat under constant pressure of the gas and AT is the

temperature difference measured at the two points.
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3.5.3 Instrumentation

3.5.3.1 NO, Emissions Measurement Setup

A schematic representation of the emissions setup is shown in Figure 3.2. The main
instrument is a Horiba PG-250 Portable Gas Analyser, accompanied by a drain

separator and an Electronic Cooler Unit (Horiba PS-200) to remove water vapour.

Drain
Separator
Positive "
Displacement  Filter —l
T Pump
TN N Electronic
-k 8 "7 Membrane Cooler || ©as
Venting Valve ‘ Dryer Unit Analyser
Heated line i J,
Drainage

Sampling
o probe

FIGURE 3.2: Schematic of the gas analysis setup and instrumentation

Sampling Probe A 1-hole, custom, in-house probe was inserted in the flow, to
extract the gas sample Figure 3.3a. The probe was made of Stainless Steel 316 and
included a water-cooling configuration. It was installed 9.5D downstream of the
micromix flames (Figure 3.5), with the sampling opening facing the hot gases head-
on. The hole was 0.5mm in diameter, to choke the sample flow, effectively bringing
the pressure down to levels acceptable by the gas analyser. Dropping the pressure,
while the sample was inside the probe, hence in the hot gas path, also ensured that

no condensation took place due to the expected temperature drop.

Heated Sample Line A heated line kept the sample at a temperature of 120°C
to avoid condensation, moving it from the extraction point to the pump, covering a
distance of approximately 6m. A type-N thermocouple was installed right upstream
of the heated sample line, ensuring that the hot gas temperature did not exceed the

line operating limits.



Chapter 3 Methodological Approach 39

(a) sampling probe

(b) components of the sampling setup

FIGURE 3.3: Details of the emissions measurement setup
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Drain
Separator
Gas
Analyser

FI1GURE 3.4: The gas analyser along with components for water removal

Pump and Dryer A small pump (Figure 3.3b) created suction through the heated
sample line, as the sample pressure had already been regulated at the choked probe
hole. The need for the pump was realised during preliminary testing, where it
was noticed that the gas analyser internal pump could not draw enough sample for
the measurements. A heated pump would have been more appropriate, to avoid
condensation, but its supply was not possible for this experimental campaign due

to high lead times.

A membrane dryer (Figure 3.3b) was also added to the line as an additional water
removal stage. Due to the high volume of water produced by Hs combustion, it
was realised that condensation could not be avoided along the lines and even after
the drain separator, water droplets were visible in the plastic tubing, meaning that
despite the use of 3 different devices for water removal - membrane dryer, drain
separator and electronic cooler unit - the amount of water in the sample was quite

high. These issues will be discussed in Section 4.6.4.

Gas Analysis System The gas analysis system consisted (Figure 3.4) of the main
unit, a Horiba PG-250 portable gas analyser, a drain separator and an electronic
cooler unit (ECU - the Horiba PS-200). The drain separator and ECU are both de-

vices required to remove water vapour from the sample before it enters the analyser.

The PG-250 is a unit that can measure NO (or total NO,), SO, (or total SO,),

CO, CO,, and O,, simultaneously. It was chosen as it was a readily available
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solution, with a small cost and it was considered to provide accurate measurements
for different ranges. The main limitation was the fact that the sample needed to
cool down before entering the analyser (mainly for the C'Oy sensor), which partly
contributed to the problem of water condensation. The gas analyser was connected
to a PC via an RS-232 connection where data was logged and saved through Horiba
EDA-2000 software.

3.5.3.2 Pressure and Temperature Measurements

Pressure Monitoring Gauge pressure transducers with Voltage output were em-
ployed to monitor air and fuel static pressure. For the air-line, Omega PXM 319-
020G 10V transducers were placed, upstream (10D) and downstream (6.5D) of the
flames (Figure 3.5), in triple-tee configurations (Figure 3.6). This configuration en-
sures a smooth, averaged pressure value from three tappings on the wall, at 90° angle
between them. A sufficient length of tube also allows the hot gas to cool down to

temperatures acceptable by the transducers. Similar transducers (PXM 319-070G

Sample Tgas
Probe T

—

i I i

P, 12D
gas 8D

FIGURE 3.5: Section view of the rig, denoting the positions of monitoring equip-
ment

10V) were installed along the fuel line at points of interest and at the fuel cham-
ber. Monitoring the latter helped ensure that pressure in the fuel chamber remains
higher than the combustion chamber at all times, and no hot gases flow towards the
fuel lines. Atmospheric pressure was monitored with a PX 309-030A 10V absolute
pressure sensor positioned inside the test house, close to the data acquisition (DAQ)

system.
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F1GURE 3.6: CAD representation of the triple-tee configuration for static pressure
monitoring (right) and the realised setup (left). The red arrows denote the path
of the tubing towards the sensor.

Temperature Monitoring Thermocouples (T/Cs) were used to measure the to-
tal temperature upstream and downstream of the flames (Figure 3.5). Upstream, a
type-K device immersed in the airflow, approximately 12D off the micromix burner,
monitored temperature, which was defined as the air-inlet temperature of the test
section. This position was chosen far from the burner, to allow space for the ther-
moacoustics setup to be installed in between and avoid disturbance of the thermoa-
coustics signals. Four type-B thermocouples were installed about 8D downstream
of the micromix burner, to monitor the hot gas temperature. Installation was at 90°
angles between each other and different immersion depths, to allow monitoring of
the radial temperature distribution. In cases where optical access was unavailable,
the hot gas temperature also acted as an indicator of the existence of flames in the

combustion chamber.

3.5.3.3 Mass Flow Metering

Air Flow Air mass flow was measured as already mentioned by a custom-made
orifice plate (Figure 3.7). Instrumentation for the orifice plate consisted of two
pressure sensors and a thermocouple. A differential pressure sensor (Omega PXM
419-070HDWU10V) read pressure drop between the upstream and downstream sides
of the orifice plate (pressure tappings - Figure 3.7) and a gauge sensor (PXM 319-
020G) measured static pressure on the upstream side, its tap positioned at the same

axial position as the tap of the differential, at a 90° circumferential angle. The gauge
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sensor value, along with the atmospheric pressure value was used to calculate the
density of the fluid, as well as absolute pressure values, as required by the mass
flow calculation formula [49]. The value from the thermocouple was also used in the
density calculation.

Temperature
tapping

l

1 I

Downstream tube Upstream tube
~0.75m ~2.5m

FIGURE 3.7: Section view of the orifice plate assembly (CAD model)

Fuel Flow A Bronkhorst IN-FLOW Select Series mass-flow controller (MFC) was
employed to measure and control the flow of hydrogen. The instrument consisted
of an F-113AI flow meter and an F-002AI control valve, calibrated to measure from
0.026g/s up to 1.3g/s of Hy. The instrument was connected to the test house PC
through USB, from which the set-point of the MFC could be controlled straightfor-

wardly by choosing the desirable mass flow.

3.5.3.4 Instrumentation Specifications

Specifications of the instruments and sensors described in the previous paragraphs

are provided in this section.

The Horiba PG-250 gas analyser was calibrated by the supplier before use, and the

measurement-related specifications for the CLD sensor are given in Table 3.2

Error Value(% FS)
Linearity +0.68
Repeatability +0.5
Zero drift +0.08
Span drift +0.92
H,0 interference +2

TABLE 3.2: Error specifications of the PG-250gas analyser
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The mass flow meter of the Bronkhorst mass flow controller (MFC) system, an F-
113AI, was calibrated to a range between 0.026g/s to 1.3¢g/s with an accuracy of
+0.5%Rd and £0.1%FS.

The PXM 309 series pressure sensors used, are supplied with calibration certificates
denoting a "total error band” of £1%F'S, where FS denotes the full-scale value of
the sensor. The term "total error band” stands for the measured value deviation
when all known error sources are accounted for according to the supplier. For the
PXM 409 series, a value of £0.08% off the best straight line (BSL) is determined by

the supplier representing combined linearity, hysteresis and repeatability.

Type-K thermocouples used along the rig, operate with an error of £2.2°C' or
+0.75%Rd (Rd stands for Reading), whichever is greater. Type-B thermocouples
have an accuracy of £0.5%Rd.

3.5.4 Data Acquisition System

The gas analyser, as already discussed, was connected straight to a test-house PC
and data logging was done through the supplier’s own software. For the rest of
the equipment, National Instruments (NI) hardware and software (LabView) were
employed. The general measuring chain for this equipment was: Sensor - ADC -
c¢DAQ chassis (transmitting buffer) - PC (receiving buffer) - LabView.

On the monitoring side, pressure and temperature sensors, including the air mass-
flow metering instrumentation were connected to a compact data acquisition chassis
(cDAQ) NI 9174, through the analogue-to-digital converter (ADC) modules. For
pressure sensors, the NI-9205 module was used, while for temperature, the NI-9212.
A custom graphical user interface (GUI) - called a virtual instrument (VI) - was
developed in NI LabView and allowed continuous monitoring and logging of fuel
and air pressure, temperature and mass flow (including fuel) data. The fuel MFC
was also controlled through the same VI. The logged data were saved into LabView

"lvm” form that can be accessed through Microsoft Excel.
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3.6 Experimental Procedures

This section presents the procedures for the preparation of the experimental setup

as well as practices followed during testing for safe operation and data acquisition.

Preparatory work on a testing day mainly refers to important procedures to ensure
the safe operation of the rig and reliable measurements from the instrumentation.

The steps listed below were followed:

e powering on the instrumentation early enough to bring it to steady state op-

eration before testing

« calibration of the gas analyser. Zero and span calibration of the gas analyser

was performed just before setting up the rig for testing

« LabView interface for monitoring and fuel-flow control was tested for normal

operation

e hydrogen and nitrogen bottled gases were set to an initial outlet pressure at
least 2.5 times the targeted combustion pressure. Nitrogen was always set to
0.5bar, to lbar, higher than hydrogen to ensure purging flow through all the

fuel system lines

« visual and audio checks for the operation of air-circulating fans of the safety

system

3.6.1 Daily Preparations for Testing

Ignition Sequence

With all the systems set up, airflow was initially introduced in the rig. At increased
pressure and inlet temperature tests, the air was at a pressure of about 3 — 4bar,
in the rig in preparation for ignition. Air mass flow was allowed a few minutes
time to settle before initiating the ignition sequence. For ignition, the fuel flow
controller was set to provide a mixture of equivalence ratio of about 0.5 to make
the process a bit easier. Ignition was achieved with the use of a glow plug and
was considered successful when a significant rise in temperature was observed, by
the thermocouples downstream of the combustion chamber. In case of unsuccessful

ignition (no temperature rise) after 30 seconds when the glow plug timed out, fuel
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flow was shut down and purging gas was introduced in the whole system, to avoid

any undesired deflagration or detonation.

Operating Conditions Setup

After successful ignition, due to the high-temperature rise and subsequent density
drop in the hot gases, a sudden drop in air mass flow was noticed (implying chocked
operation of the back-pressure valve). This was accounted for by setting slightly

higher air and fuel flows before ignition.

With established flames and operating conditions stabilised, the next step was to
get to the targeted test point. Increasing the inlet conditions involved a stepped
approach of slowly building pressure and increasing the mass flows in the system. It
involved coordination between manually increasing compressor supply pressure (in
the compressor house) by 0.5bar — 1lbar intervals, bottled gases outlet pressure by
2bar — 4bar intervals and flow regulation for both air and fuel from the control room
of the test cell. This process was done carefully and at such small intervals to avoid

potential flame-out events by a sudden rush of air in the test section.

3.6.2 Data Acquisition and Repeatability

Data Sampling and Logging

The developed LabView VI interface allowed monitoring of air and fuel pressures
along the system and air temperature at different points. It also allowed monitoring
of air and fuel mass flows and control of the fuel. Sampling was performed continu-
ously for both pressure and temperature at a rate of 36 Hz. The refresh rate at the
monitor was 4Hz (every 0.25 seconds). Since bulk flow, static pressure, tempera-
ture and mass flows were monitored, and interest in data acquisition was focused on
steady-state! conditions for these parameters, there was no requirement for higher
sampling rates. The refresh time of 0.25s was considered fast enough to monitor
changes in operating conditions. The VI also allowed logging data in real-time with
the same refresh rate including a timestamp. The parameters recorded were: static
pressure upstream of the orifice plate, the differential pressure across the orifice plate,

air static pressure upstream and downstream of the micromix burner, fuel pressures

IThese parameters are not time-invariant even at a specific operating point, yet their fluctuations
are small and mainly attributed to noise or imposed by the compressed-air supply system.
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across the main board of the fuel system and in the fuel chamber, air and fuel mass-
flows (along with some relevant calculated parameters like Reynolds number for the
airflow), temperatures, downstream of the orifice plate, upstream of the micromix
burner on the air side, downstream of the burner measuring hot gas temperature,

and at two points on the inlet of the heated sample line and equivalence ratio.

For NO, emissions, as already mentioned, data monitoring and logging were done
through the software supplied by the supplier of the gas analyser. The software
allowed a minimum time of 15s between samples recorded. In order to retain good
experimental practice but also minimise the time of operation for each testing condi-
tion, 20 samples were acquired, as a minimum requirement for statistical processing
for each point, with the recording period lasting 5 minutes. NO, emissions data
were recorded in one file from the initiation of combustion till the shutdown of the
rig. To extract the 20 samples for each point, the timestamps of this file and the file
containing monitoring data for the specific condition were compared. It should be
noted that after steady conditions were reached at a test point, the gas analyser was
allowed at least 1 minute of time to settle to the new condition (the response time

for the CLD sensor is 45s) and this was accounted for when selecting the samples

of NO,.

Repeatability Tests

To ensure that test results were not a product of chance but rather, have significance,
test cases were repeated on separate dates. Although repeats in short time intervals
would have been more appropriate to ensure the soundness of the experiment, time
pressure and the need to cover as many test cases as possible during a testing day, led
to conducting the test repeats at different dates. Moreover, it shall be noted that
test conditions could not be reproduced on the exact values of pressure, air-inlet
temperature, and equivalence ratio, due to the difficulty in regulating air pressure

and mass flow.
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3.7 Data Handling

3.7.1 Review and Filtering of Raw Data

NO, emissions data gathered were reviewed after the experimental campaign was
concluded. For each case on a testing day the 20 values of measured emissions, along
with the rig parameters corresponding to the same time frame, were transferred to
a new file to facilitate statistical processing. The monitoring parameters included
in the new file were pressure upstream and downstream of the micromix burner,
barometric pressure of the day (measured by a small weather station), inlet-air
temperature, mass flows of fuel and air, equivalence ratio, hot gas temperatures and
the temperature readings at the inlet of the heated sample line. Data that were taken
on days when setup malfunctions were observed, such as condensed water appearing
to block the capillary tubing of the gas analyser or unexpectedly low temperature
at the inlet of the heated sample line, were discarded fully or partly, depending on

the point in time that the issue presented itself.

3.7.2 Statistical Processing

Following the first step of filtering out data, for each of the remaining cases, the
sampled values for NO, and monitored parameters were averaged. For repeated
cases, the samples of corresponding test points from different dates were merged and
then averaged. Standard deviation values were also calculated from these extended
samples. With regards to operating conditions, these averaged values of pressure, air-
inlet temperature and equivalence ratio, are the ones used in the plots presented in
Chapter 5. Custom scripts were developed in Python to perform the aforementioned

operations.

3.7.3 Metric for the Presentation of NO, Emissions

This section discusses the calculations and underlying assumptions applied to the
averaged NO, values, after the initial processing that was described in Section 3.7.2.
Slightly different calculations are applied to the experimental and numerical results,
leading in both cases to the metric that is utilised for the presentation of NO,

emissions in a subsequent chapter. This metric is the energy emission index (EEI).
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3.7.3.1 Derivation of the EEINO, for Experimental Results

The metric that is utilised for the presentation of NO, emissions is an energy-based
index (EEINO, in g of NO,/MJ) derived from the emission index (EINO,), mea-
sured in g of NO,/kg of fuel. The EINO, is currently used widely in regulatory
documents and the ICAO Aircraft Engine Emissions Databank and serves the pur-
pose of emissions comparison between different engines and operating conditions
for kerosene fuels such as Jet A-1. When it comes to hydrogen, given its different
density and significantly higher lower heating value (LHV) (1200 J/kg) compared
to kerosene (43M J/kg) a comparison on the basis of emissions per mass of fuel is
not appropriate. A more fair basis for comparison can be given by expressing emis-
sions per unit of energy released by the fuel, which is effectively the energy-based

emissions index.

EINO, |g/kgfuel]
LHV [MJ/kgfuel]

EEINO, [g/MJ] = (3.4)
Calculation of the energy-based index requires a number of other quantities to be
calculated beforehand and for these calculations, assumptions need to be made, as

outlined below.

The first step is to correct the NO, concentration ([NO,|) measured from the gas
analyser on a dry basis (water vapour fully removed) and account for the window
cooling air® (correction to the local ®) to allow comparison with the numerically

derived results.

Hence, if nyo, is the number of moles of nitrogen oxides in the sample and nggmpie

is the total number of moles reaching the gas analyser,

N0 108 = o, = [NOu]nsampte 10 mol (3.5)

Nsample

[NO,| = yno,10° =

where yno, is the molar fraction of NO,. Since the gas analyser measures total
NO, as NO, there is no problem in assuming a number of moles of NO, (instead of
separately calculating moles of NO and NO,). For the total moles in the sample, one
needs to consider that it is a mixture of gases that consists of combustion products
that are partly dried (remember the drying stages of the sampling system), excess
air, and the air introduced for window cooling. Here, the following assumptions are

introduced:

2The cooling air for the windows is explained in the next chapter (Chapter 4)
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e the number of moles of reactants and products is calculated based on the

global, one-step hydrogen/air combustion reaction (RS8)

e minor species, such as NO and NO, are considered negligible compared to the
concentrations of the major species and, hence are omitted from the calculation

of total moles in the sample

o although the water content after drying is unknown, it is assumed that it

amounts to 4% of the water initially present in the sampling line

1—-® 3.78
PH2 +0.5 (02 + 3.78N2) — $H20 + —— 02 + “ = N2 (R8)

Taking into account the above discussion, and with the help of (RS),
ny = 0.5 Ny, (® +4.78)
are the moles of the combustion products,
nmo = (1 —0.04) & Nyy;
are the moles of water remaining in the sample after the drying process and
ne = 0.5 (Nag — Ninj) 4.78

are the moles of cooling air. The total moles in the sample that goes in the gas

analyser are:
Nsample = e + Ny — N0 = 2.39 NAG —0.46 ¢ Ninj (36)

where N, is the number of air gates and V;,; is the number of injectors for each
of the configurations. From (3.6) and (3.5) the moles of NO, are calculated. The

next step is to get the molar fraction on a dry, no-cooling air basis, that is

nyo,

YNO ,corr =
Ny — Ny

with n,, = Nj,; ®, which yields

nNo, moles of NO,

(3.7)

YNOz corr = % Ninj® moles of mixture

Having the corrected value of the molar fraction allows the calculation of the mass

fraction of NO, (xno, corr) and subsequently enables the calculation of the EINO,
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and FETNQO, metrics. For the calculation of the mass fraction, the molar masses of

NO, and of the mixture are required. Here, two important assumptions come into

play.
 the molar mass of NO is considered for NO, as the gas analyser turns all NO,
into NO before the measurement.

e minor species in the mixture, such as NO,, are neglected and the dried mixture
only consists of oxygen and nitrogen. This is a fair assumption since NO,
concentration is two to three orders of magnitude lower than that of oxygen

and nitrogen.

Molar mass of NO, is then given by
Mnyo, = Mo = 30 (g/mol)

. For the mixture, the molar mass is the weighted average of the contributions of

oxygen and nitrogen

Mz = 32 yo, + 28 (1 — yo,), where (3.8)
n
Yo, = 92
Nmiz

From reaction R8, and neglecting the HO term since the calculation is on a dry

basis,
_1-9
Yo: U8~ o
The mass fraction, expressed in 22L Y% can now be calculated as
g of mix

B Mnyo,
xNOm7corr - yNOz,corr M

(3.9)

To express the mass fraction of NO, in the dry mixture, in terms of mass of NO,

per mass of fuel (EINO, in %), the mass of dry products per unit mass of

fuel is required. This can be calculated based on equation 8, and yields the dry

(oxygen and nitrogen only) mixture mass produced (g of miz) per unit mass of
hydrogen (g of Hs):

478 — P

m=———

13 (3.10)
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where M,,;, is the molar mass of the oxygen /nitrogen mixture in the products, given

by the expression

32(1-9)+28-3.78 13784 -32d ¢

M = = miz 3.11
4.78 — @ 4.78 — @ [mol] (3:11)

. 34.46 — 8P g of mix
3.10 2 m = 3.12
m o Coor i (3.12)

Subsequently, the emission index (EI) can be expressed in %) as
478 — ¢

EINO, = m 30, corr 1000 = ~—=—= Myniz 20, corr 1000 (3.13)

The FEINOQO, is then calculated from equation 3.4.

3.7.3.2 Derivation of the FEINQO, for Numerical Results

Numerically derived results, produced in the context of the ENABLEH2 project,
were provided as ppmv concentrations corrected to 15%0, content (denoted as
[INO.|15%0,). A similar process was followed as with the experimental results, cal-
culating the mole fraction on a dry-sample basis. First the mole fraction of NO, in

the products is calculated and is then corrected to dry-sample, as follows:

2.9 —yo, - 102 . .
=[NO, 2 10°° 3.14
yno, = | J15%0- 209 — 15 ( )
Nmix
YNOy,corr = YNO, where (315)
Nomia,dry
D +4.78
N = —75 and
2
4.78 — o
Nmix,dry = T

Similarly to the previous section, the mass fraction of NO, in a dry mixture is given
by equation 3.9 and the molar mass of the mixture by equation 3.11. FINO, and
EFEINQO, are given by equations 3.13 and 3.4 respectively.
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3.7.4 NO, Uncertainty Estimation

3.7.4.1 Measurement Uncertainties

Uncertainties were estimated for the measured NO, emissions in order to assess the
quality of the measurements. The uncertainty analysis presented here is based on
estimates of both systematic and random errors. Random errors are calculated from
the acquired samples while a number of sources contribute to the systematic error.
It is noted that not all of these sources could be quantified in the context of this
work. The total uncertainty can be then calculated, in terms of absolute error (in
ppmv) denoted U, as

U? = s2 + b, (3.16)

where s denotes uncertainty stemming from random errors and b denotes uncertain-

ties from systematic error sources.

The reason for the uncertainty estimation as already stated is to provide the reader
with an idea of the quality of the measurement setup in terms of quantifying emis-
sions. In other words, it is good experimental practice. An example of uncertainty

estimation on the gathered data is given in Appendix B.

Random Error

The random error varies during a measurement period and is attributed to sources
for which the variability limits are not known precisely, such as electronic interfer-
ence or minor fluctuations of the measured quantity (when measuring steady-state
phenomena). The random error from all potential sources is estimated, for a mea-

surement point, as the standard deviation of the mean value of the sample:

Sg = \jﬁ (3.17)

where s is the sample standard deviation and n is the sample size.
Systematic Error

Errors that do not vary during the measurement period are characterised as system-

atic. For this setup, the sources of systematic error are as follows:
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o Instrument errors (linearity, repeatability etc)
 Calibration error

e NQO, dilution due to water condensation

Intrument Errors

Instrument errors are associated with the specifications of the measuring device.
Linearity (g;), repeatability (e,.,), zero (¢, 4,) and span (g54,) drifts, water vapour
content (g,4,) and NOy converter efficiency (b.,) are the factors contributing to
this error source. Instrument uncertainty as a percentage of the instrument full-

scale (FS) is calculated as:

Ein = €l2 + 812”61) + 8z,dr + €z,dr + 6121ap (318)
and the error value is
bin = ﬁzn + ﬁcon = ngS + scon[NOQ] (319)

Econ 18 the error arising from the NO, converter efficiency being < 1 and is expressed
as the efficiency percentage of the NOy fraction of the sample, and [NOs] is the
concentration of NO,. This efficiency is certified by calibration to be > 95%. FS is

the full-scale (range) of the instrument, chosen by the experimenter.

Of instrument-related errors, the contribution of the NO5 converter efficiency cannot

be estimated as the fraction of NO, in the sample is not known.
Calibration Error

The calibration error arises from the uncertainty in the exact contents of the calibra-
tion gas cylinders, against which the instrument zero and span values are checked.
Oxygen-free N, is used for the zero check and NO balanced with nitrogen for the
span check. The calibration bottled gas for NO comes with a certificate regarding
the concentration of its contents with a percentage uncertainty of that value, while
the N, cylinder has a concentration of 99.998%. During the day-to-day calibration?,
the instrument is checked at its zero and span values. Since the zero check is done

with a high-purity, oxygen-free nitrogen bottle, the uncertainty of zero calibration

3The process is actually a check on instrument drift and corrects what is measured, to the
nominal concentration value of the bottled gas. Technically calibration refers to a similar procedure
where the instrument is compared against another instrument of at least an order of magnitude
higher accuracy.
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A

NO, true Calibration line :
Error at nominal

/ value of cg

Measurement +

calibration error lines
>

NO, measured

Ficure 3.8: Quantitative graph for the derivation of error due to uncertainty of
the calibration gas (cg) cylinder

is negligible. On the span value, the uncertainty is that of the gas bottle for NO.
Thus, as can be seen in Figure 3.8 the calibration uncertainty has a linear depen-
dence on the instrument reading, within the set range, and the slope of the line is

the percentage uncertainty of the bottled NO gas:
beg = cqlRd (3.20)

where €, is the percentage uncertainty of the NO bottled gas and Rd is the instru-

ment reading.
NOy Dilution

Condensation of water vapour in the sample lines presents another source of error
in the measurement. Condensed water dilutes NO, affecting its contribution to the
measurement, and biasing it towards an underestimation of the total NO,. Heated
components were used along the gas sampling line wherever possible along with
drying stages as already described in Section 3.5.3.1, but the problem of condensation
persisted. The amount of water in the sample line is not known, hence its effect on

NO; and subsequently, the imposed uncertainty could not be estimated.
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Estimated Systematic Error

Based on the preceding discussion, the summation of the instrument and calibra-
tion uncertainties b = b;, + b, provides an estimate of the systematic uncertainty
expressed in ppmv. This estimate, cannot be considered good as it neglects a po-

tentially significant source of error, which is NO, dilution, as already mentioned.

Total Error

The estimation for the total error is given by equation 3.16. It shall be noted that
the created error bars are bilateral, U = &4/s2 + b2, potentially overestimating the

contribution of the considered sources of error.

3.7.4.2 Uncertainty Propagation for the EEINO, Metric

The EEINO, metric is derived from measured and calculated quantities as discussed
in the previous section. As such, the uncertainty estimation for it is conducted by
applying the Taylor Series method for the propagation of uncertainties, as described

by Coleman in [15].

The definition of the energy-based emission index is given by equation (3.4), EEINO, =

EINO,
LHV

to a form that can be useful for the analysis, i.e., a form that expresses EEINO, as

. To allow for a calculation of the uncertainties, Eq. 3.4 needs to be brought

a function of variables for which the uncertainties are known or can be calculated.

Starting from equation 3.13:

478 — P
EINOm = T Mmzm TNO,,corr 1000
478 — &
2 EINO, = 10° = =—Yn0,.corrMno,
478 — P nyNo,

2 EINO, = 103

4p  Niny® TNO:
2

35 4.78 — @ _
= E]NOm = 103261)27]\%[]\[0%]”5(177@1610 GMNO.r
(4.78 — $)(2.39N 4 — 0.46®N;,,,)[NO,] Myo,

3 EINO, = 1073

202N,
Given the assumption of My, = 30g/mol we get:

(4.78 — ®)(2.39N 4 — 0.46DN;,,;)[NO,]

EINO, =151073
2Ny,

(3.21)
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This expression (Eq. 3.21) combined with equation 3.4, yields:

(4.78 — ®)(2.39N 4 — 0.46DN;,,;)[NO,]
®2N,,;, LHV

EEINO, =15-107° (3.22)

In this expression, the simplifications described for the measurement uncertainty
of the previous paragraph are still valid. Namely, these are My, = 30g/mol and
the consideration of NO, as minor species, not considered in the total moles of the
sample. The number of air gates, Na¢, and injectors, N;,;, are constants that do
not affect the uncertainty. The lower heating value of hydrogen (LHV) is also a
constant and the uncertainty in its specification does not require consideration for
this calculation. Hence, the variables that affect the uncertainty calculation are, the

measured NO, ([NO,]) emissions and the equivalence ratio (P).

The Taylor Series Method then suggests that the uncertainty for the energy emission
ndexis: d(EEINO,) d(EEINO,)
UBEING, = (a—q)x)QU?p (a[N—OZ]i)QU?vox (3.23)

From 3.22, the partial derivatives of equation 3.23 are given as:

d(EEINO,) 2.20N;,; + 2.390 Ny — 22.84N 4

0P = BEINO. - D(4.78 — ) (2.39N ¢ — 0.46DN,,; (3.24)
d(EEINO,) EEINO,

— 3.25

N0 NOJ (3:25)

The [NO,| uncertainty (uyo,) is estimated as described in the previous section.
The uncertainty of the equivalence ratio (ug) requires some further derivations and
application of the Taylor Series Method, as ® is calculated based on other measured

and calculated values, which further require estimations of their uncertainties.

From the definition of equivalence ratio, and with the stoichiometric fuel-to-air ratio

for hydrogen (FAR)s = 0.0293, ® = (5 = 505 + e

Thus, the uncertainty for the equivalence ratio is given as:

oo ., , ov ., 5

)"tz (3.26)

2
Uy = (—— .
* = Gy Brirgsy) i

where,

o® 1
Oy 0.029317,,
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o> iy
O 0.0293102

air

The uncertainty of the fuel mass flow can be easily calculated by the specifications of
the mass-flow controller (as given in 3.5.3.4 for the systematic error and the logged

values for the random error (eq. 3.27).

Uy = /0%, + 57, (3.27)

where, by, = 0.5%Rd + 0.1%F'S is the systematic error and s, is the standard
deviation of the sampled values of the fuel mass flow over the square root of the

sample length, that gives the random error.

To estimate the uncertainty of the air mass flow, the guidance of BS EN5167-1:2003
and BS EN5167-2:2003 standards is followed. According to the standards:

umair UC 2 ue 2 264 2 uD 2
— = (F) () () ()
Mair C; ¢ 11 b b 1 (3.28)
2 (Ydy2 | L UAPyy o ya]?
+(1_B4) (d)+4[(AP)+<Ql)]
where % = 0.5% + 0.9(0.75 — 3(2.8 — 2)% = 0.64% with 8 = 0.55 and D =

50.8mm the inner diameter of the tube of the orifice plate. The uncertainty of the
compressibility factor is also given by the standard as “ = 3.5%, where AP is the

pressure drop across the orifice plate and P; is the value of the absolute pressure.

The uncertainty of the inner diameter of the tube of the device (up) was considered to
be represented by the dimensional tolerance of the diameter. Since no tolerance was
specified by the supplier, standard BS EN10297-2:2005 was consulted. According to

the standard, for cold-finished stainless steel tubes, the following tolerances apply:

o for the outer diameter (OD = 63.5mm) £0.75% or =+ 0.3mm, whichever is

greater

o for the wall thickness (t = 6.35mm) +10% or =+ 0.2mm, whichever is greater

Since D = OD — 2t, then applying the Taylor series Method we get:

up = upp + du; = [(0.75%)63.5* + 4[(10%)6.35]*> = 1.84 = up ~ 1.36mm (3.29)

Hence, 42 = &35 — 2 68%.
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Regarding the uncertainty of the diameter of the orifice plate itself (u4), the tolerance
according to the manufacturing drawings is +0.15mm, which leads to a value of

ug _ 0.15 __
vg — 015 _ () 54%.

Calculation of the “¢£ term is based on the specifications of the differential pressure
sensor and the DAQ analogue-to-digital converter (ADC), as well as the logged
values of the sensor (for the random error). Specifically, u4p = b4 p + sap, where
bap = Bsensor + Bpag is the systematic uncertainty and sap is random uncertainty,
and is calculated based on the logged data. From the sensor specifications, Bsensor =
0.08% Rd and from the specifications of the ADC card (N19205) Spag = 0.062%F'S,
with FS referring to the 10V full-scale output of the card. Since the conversion of
the voltage into pressure is a proportional relationship, the 8pag can be applied to

the sensor’s full-scale pressure value.

The last term at the right-hand side of eq. 3.28 also requires the application of
the Taylor Series Method, since density is calculated based on the measurements

of pressure upstream of the orifice plate and temperature downstream of the orifice

Py
RTy

plate: o1 = So, we get:

Pla 2 92

_ 2,2
ugl - (ﬁ) 'U/Pla + <_RT22) UTQ

The absolute pressure value is calculated by the measurements of the gauge sensor
positioned upstream of the orifice plate and the ambient pressure sensor, P, =
Piy + Py, which means that the uncertainty is calculated as, u3, = u%;lg +up .
The systematic and random uncertainty components of up,,, up,, and ug, are
estimated as always based on sensor (and DAQ) specifications (see 3.5.3.4) and the
logged data. Here, it should be noted that, for the ambient pressure sensor, data
was not logged, so the random error can’t be estimated and is not considered. This
does not affect the overall uncertainty significantly. Moreover, for the temperature

ADC card, the systematic error component is Spag = 0.118% Rd.

Having estimated all the different uncertainty terms for the air mass flow, the un-
certainty of equivalence ratio can be estimated and finally, the overall uncertainty
for the EEINQO, results, using equation 3.23.
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4.1 Introduction

This chapter presents the design and development of critical systems and components
of the combustion rig including the micromix burner. The main aim is to outline
the challenges associated with the effort of developing a small-scale combustion
rig for hydrogen and the considerations to be taken into account during such a
process. These are presented in the form of a discussion around design choices
for critical components, the implementation of safety features, improvements in the
setup and its current limitations. In that context, the successful application of a

hybrid manufacturing process for the creation of the micromix burner is also detailed.

4.2 Facility Overview

The experimental setup consists of three main systems. The air supply, the fuel
supply and the test section (Figure 4.1) along with its instrumentation. High-
temperature inlet air for combustion is provided by the Pebble Bed (PB) heater.
The PB is a regenerative heat exchanger and is described in Appendix A. The fuel
system enables control and safe delivery of fuel towards the rig and implements
safety-related characteristics as described in the following section (4.3). The main
test section, briefly presented in section 3.2, consists of components that bear in-
strumentation upstream and downstream of the flames. In this chapter, the focus is
placed on the critical components which are the combustion chamber and micromix

burner.



Chapter 4 Design and Development of the Hydrogen Combustion Rig 63

Q&R | S.W.L1000 Kg.

\
Fuel System

Controls fuel and purging l ‘
gas flow towards the test

Air Side - Pebble Bed
Provides high temperature,
high pressure non-vitiated
inlet air

FI1GURE 4.1: Overview of the main systems of the micromix combustion experi-
mental apparatus

4.3 Key Systems and Components

Handling hydrogen can be a challenging task, due to its wide flammability limits (4%
to 74% volumetric in air), and low energy required for ignition. It calls for a design
approach where safety requirements and rig performance requirements sometimes
contradict and need to be bridged. In this section, the design and development of
the fuel delivery system, the combustion chamber, and the micromix burner, are

discussed.

4.3.1 Fuel Supply System

Hydrogen was stored in a pallet of compressed-gas cylinders connected with a man-
ifold, at a pressure of 175bar and positioned outside of the Test House. The fuel
supply system was tasked with safely delivering hydrogen from the cylinders to the
fuel chamber of the test section. A schematic of it can be seen in Figure 4.2. Stain-
less steel 316 is used for all the tubing, fittings, filters and non-return valves. The

solenoid valves are made of brass with PTFE seals. Stainless Steel 316 and brass
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are compatible for operation with hydrogen and show good embrittlement behaviour

7].

Swagelok stainless steel 316 fittings are used for tube and pressure sensor connections
as according to their specification they are tested for leaks at high pressure with
helium. Particulate filters (90um) are used at the inlet of each of the lines to remove
potential impurities from the bottled gases (Figure 4.2). To ensure the safety of
operation, nitrogen gas is used to purge the system of any leftover hydrogen and air,
before and after the operation of the rig. Non-return valves are employed to prevent
the back-flow of hot gases, air and any potential flashback event. The hydrogen
mass-flow controller (MFC) is positioned along the main hydrogen line and allows
regulation of the fuel flow. Since nitrogen is used only for purging flow metering and

control were not necessary.

The system comprises two inlet and three outlet lines and is operated in five distinct

modes, briefly described below (S2 to S6 denote the solenoid valves - see Fig. 4.2):

o Standby: S2 (Figure 4.2) is only open and fuel flows up to the MFC. This is

the initial mode to prepare the system for operation.

» Bypass: S2 and S4 are open. Hydrogen flows through a mimic injector, used
to simulate pressure losses of the system in the main line. This mode helps
the MFC stabilise to the requested mass flow. Fuel through this line is vented

in the atmosphere outside the Test House.

Atmosphere To Test
Section

Mimic
Injector

Mass-Flow
Controller

( @ Particulate
Pressure Regulator ——
g Filter (90um)
>
DDQ Solenoid Valves @ Pressure Gauge

and Sensor
—CO——  Non-Return Valve

FIGURE 4.2: Schematic of the fuel supply system
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o Pre-start/Purge: As in Bypass, with S3 and S6 also open. In this mode,
nitrogen flows through the main line and the test section, purging it, to ensure

safe fuel delivery when this is requested.

o Start/Run: S3 and S4 close and S5 opens. The flow of nitrogen through the
rig stops and hydrogen switches from the venting line, to the test section. The

ignitor runs for 30 seconds.

o Shutdown: S2 closes while the other solenoids and the MFC are open. Nitrogen
flows through all the lines and the test section to purge any remaining or

pooling hydrogen to remove any risk of undesirable ignition.

The different modes are selected by the use of an electromechanical system con-
trolling the solenoid-operated valves through a distinct-position knob (Figure 4.3b).
The solenoid valves isolate the different lines and enable the control of the system in
different modes. Pressure measurement served monitoring purposes, as well as safety
reasons: an unexpected pressure drop between subsequent sensors could indicate a
fuel leak along the lines. As a form of redundancy in case the digital monitor-
ing interface (in LabView) stopped working, the pressure was monitored both with

transducers and analogue gauges (Figure 4.3a - in green ellipse).
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(b) Fuel system control interface

FIGURE 4.3: The main board and mode controller of the fuel system
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4.3.2 Combustion Chamber

Requirements and Criteria

The starting point for the design of the test section was the combustion chamber as
it is the main component of interest: it carries the micromix burner and facilitates
the combustion process. It is a component that is subjected to high mechanical and
thermal stresses and is required to facilitate measurement and diagnostics equip-
ment. The rest of the components were designed around it. The requirements for

the combustion chamber were as follows:
« safe ignition and operation at high pressures and temperatures
o dome geometry to allow micromix representative flame patterns
o facilitation of different micromix burner designs
o provisions for ignition device, optical access and instrumentation
The design criteria applied were simplicity of the geometry and ease of manufacturing

in an effort to minimise cost and turnaround times by retaining the manufacturing

process in-house.

Design Challenges and Choices

Finding the best solution between a simple, cost-effective design, and safety, pre-

sented the main challenge and entailed the following aspects:

« enhanced protection against the potential effects of undesirable detonation.
Due to the peak thermal power of ~ 150kW, in an enclosed space at high pres-
sure, the possibility of a potential deflagration to detonation event had to be
dealt with, with a robust combustion chamber, which meant more complexity

in machining.

o safe fuel supply towards the micromix burner.
Close to the micromix burner, inside the combustion chamber component, the

main risks were:

— that of hydrogen leaking towards the combustion compartment through

routes other than the micromix injectors
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— hot gases from the combustion compartment leaking backwards towards

the fuel delivery system, which could lead to undesirable effects

o the design of optical access.
Positioning the optical material close to the inner wall so as not to compromise
the representative micromix flame patterns meant high thermal stresses for the
material. Moreover, for a given small domain size, a large field of view can

impact the structural integrity of the component and complicate sealing.

Initial concepts of different domain sizes and cross-section geometries with and with-
out cooling configurations were modelled via computer-aided design (CAD) tools.
CFD studies were also carried out by the ENABLEH2 team and provided informa-

tion on the flow and flame characteristics of the different concepts.

Cooled configuration suggestions implemented a double-wall layout with cooling
and combustion air supplied from the same source. Coupled with a test section of
rectangular cross-section, these appeared to be the most promising in terms of flow
and flame characteristics. In such a configuration, thermal and mechanical loads
are decoupled, which benefits the optical material. Double wall, rectangular rig
designs were discarded due to higher complexity in facilitating instrumentation, the
limitation of in-house manufacturing and increased associated costs. A single wall,
cylindrical geometry of 42mm dome (internal) diameter, with no active cooling, was
decided. In order to cool the optical material of the windows, part of the air sent
in the combustion compartment served as a form of cooling for the windows. The
material selected for the combustion chamber was stainless steel 316L, a low-carbon
grade of stainless steel that can cope with the high mechanical and thermal loads

expected.
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ments

FI1GURE 4.4: The combustion chamber

The designed component featured two compartments(Figure 4.4b), with the up-
stream compartment serving as a fuel chamber, and the downstream one facilitating
combustion. The two compartments were separated by the micromix burner and
a metal bellows expansion joint (Figure 4.5). The combustion compartment wall
thickness was 100mm and its weak points were the circular windows where fused
silica glass was installed. The large wall-thickness of the combustion compartment
was considered enough to contain a possible small-scale detonation, although no
such scenario was simulated. Potential damage to the combustion compartment’s
inner wall posed a risk of rendering it useless and requiring re-machining the whole
combustion chamber component, thus delaying the experimental campaign signifi-
cantly. To avoid such a scenario, a liner insert made of the same material was used

as a sacrificial component (Figure 4.5).

Air and fuel flowed through the upstream compartment but were kept separate by
the use of the bellows. Moreover, appropriate sealing was required between the
combustion and fuel compartments. The metal bellows expansion joint, connected
on one side to the micromix burner, and on the other side to the outer flange of
the combustion chamber, served both purposes of keeping the fluids separate and
compartment sealing (Figure 4.5). Air followed the axial direction coming from the
upstream piping and flowed through the bellows, while fuel entered the fuel chamber
radially and flowed around the bellows. The fuel flow path from the chamber to the
injectors can be seen in Figure 4.8. More details for the fuel path are provided in

section 4.3.3.



70 Chapter 4 Design and Development of the Hydrogen Combustion Rig

Optical Access

Fuel In

FIGURE 4.5: Section view of the combustion chamber. The liner, micromix
burner, bellows and windows are denoted

The high thermal gradients between the hot combustion compartment and the cooler
fuel chamber were expected to produce an axial expansion of the hotter part (Fig-
ure 4.6) that could compromise sealing between compartments. Simplified transient
thermal and static structural analyses were performed with ANSYS Workbench
(within the ENABLEH2 team) to provide information on the expected temperature
distribution in the component and its deformation. For the thermal analysis con-
vective heat transfer was used, with a temperature of 600K in the fuel chamber and
a ramped profile from 600K up to 1350K in the combustion chamber and simu-
lated operation for 40 minutes. The static structural simulation took into account
a pressure of 15bar, inside the two compartments of the chamber, remote forces of
the support of the rig and utilised the results of the thermal analysis. The axial
expansion of the sealing face was calculated to be about 1.5mm (Figure 4.7). Thus,
the bellows were installed in a compressed state (by 3mm of their normal length)

that allows retention of sealing at all conditions during operation.

For optical measurements, three circular windows, at 90° angles to each other, pro-
vided access to the flame front. Such a configuration allows the application of flame

imaging techniques such as O H*-Chemiluminescence and OH — PLIF'. Figure 4.9
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FIGURE 4.6: Temperature distribution of the combustion chamber from a tran-

sient thermal analysis on ANSYS Workbench. The red rectangle denotes the area

of the optical access. Note: The direction of flow is opposite to what is presented
in other figures to provide a view of all 3 windows.

shows aspects of the window assembly and its position relative to the injectors so that
the flame stabilisation position can be visible. The optical material was positioned
in such a way that the inner face of the glass and the inner wall of the chamber liner
were at the same level. Fused Silica glass was the choice for the optical material.
Its high chemical purity makes it ideal for imaging applications at a broad range of
wavelengths, from ultraviolet (UV) all the way to infrared (IR). Moreover, it dis-
plays great mechanical strength at elevated temperatures, with continuous operation
limits in the range of 1000°C'".

Based on the results of the thermal analysis, the expected metal temperature in
the region of the windows was between 700K — 900K in an axial gradient (Figure
4.6) at the most extreme condition of the rig and after 40 minutes of operation.
Given that fused silica has a specific heat capacity (C,) that is higher compared
to that of stainless steel, the optical material was not expected to reach such high

temperatures.
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FIGURE 4.7: Deformation in the axial (z-axis) direction for the combustion cham-
ber (half section). The sealing face is highlighted in the red curve.

With regard to the structural integrity of the optical material, some simplified cal-
culations were performed in order to ensure that loads did not exceed the material
limits. In the direction of its thickness, the glass is in compression and the compres-
sive strength of fused silica is approximately 1150M Pa. The maximum mechanical
load (that of pressure difference if the mounting load is ignored) is 1.5M Pa (see
Table 3.1). The thermal stress in that direction, assuming a flat plate with uniform

temperatures across the inner and outer faces, and a temperature difference between

FIGURE 4.8: Fuel flow path from the compartment towards the injectors
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the faces of 800K (extreme case) can be approximated by [56]:

o = 2(11_V)E04AT (4.1)
with Young’s modulus E = 72.5M Pa, coefficient of thermal expansion o = 4.8 -
107K ! and v = 0.17 Poisson’s ratio for fused silica. Equation 4.1 yields a stress of
approximately 16.8 M Pa. The combined stresses in the direction of thickness are far
from the material strength. It must be noted though that the assumptions for the
calculation, such as uniform temperature across the faces of the glass do not hold
true for this case (see Figure 4.6), and the calculation is a rough approximation.
In the axial direction, where tensile stresses could occur, a temperature difference
could be assumed to be roughly 300K, in accordance with the thermal analysis on

the metal chamber (red rectangle in Figure 4.6), according to [56]

1
oy = —FEaAT ~ 13M Pa (4.2)

(1-v)
a value which is lower than the tensile strength of 42M Pa of fused silica. A cal-
culation for the minimum thickness of the optical material, able to sustain tensile

stresses was performed, taking into account only mechanical loads [35] as follows:

K,SFAP

Odes

fin = (5 D0)] K (13)
where t,,,;, is the minimum thickness for the supported part of the optical material,
Dy is the aperture of the glass (30mm for our field of view), K, is a constant
regarding the mounting situation of the glass, SF' is a safety factor and o4 =
25M Pa is the allowable design stress, taken as half of the tensile strength of fused
silica in this case. This calculation, with a safety factor SF = 2, yielded t,,;, =
4.5mm. Since the calculation did not account for thermal stresses, the calculated

supported thickness was doubled to 9mm for safety.

In order to avoid disturbance in the flame shapes and characteristic micromix pat-
terns, the total thickness of the material was 15mm, bringing the inner face of the
optical material almost flush with the inner wall of the liner, as already discussed
(Figure 4.9b). In an effort to protect the inner surfaces of the optical material,
the air channels at the circumference of the micromix burner (Figure 4.10) do not
bear fuel injectors, creating a film of inlet air on the inner side of the windows. A
chamfered step, machined on the inner wall of the combustion compartment sup-
ported the optical material. On the outer side, a thin-walled insert bolted on the

outer surface of the chamber kept the glass in place (Figures 4.5 and 4.9a). Careful
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FIGURE 4.9: cAD representation of the window assembly with micromix flames
depicted.

consideration was required in the choice of gasket material. Glass-to-metal contact
must be avoided and adequate sealing is critical to avoid hot gas leaks. The gasket
used closer to the flame, on the bottom side of the glass, was made of Thermiculite®
870 sealing material. Although it showed great sealing characteristics and stability
at high temperatures, its brittleness requires careful handling. Between the glass
and the top insert, Thermiculite® 815 was used, as a less expensive, temperature
resistant and easier-to-handle alternative. The reason the 815 was not used in both
cases, is that when positioned closer to the flame, hot gas leaked and scorching marks

were observed on the gasket.
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FIGURE 4.10: Front view of the combustion chamber in section. The micromix
burner is visible. Red ”X” symbols denote the no-fuel supply channels.

4.3.3 Micromix Burners

The main challenges presented for the micromix burner design were the following:

« safe fuel delivery to the injectors
The small size of the combustion dome and the restricted space inside the
fuel compartment made installation and ease of assembly /disassembly of fuel

delivery equipment to the burner difficult.

o machining of sub-millimetre features
As already mentioned, the fuel injection points for the tested burners were
0.3mm in diameter. From a manufacturing point of view, machining holes of
0.3mm in diameter, with consistent dimensional and positional tolerances, is

a challenge in itself.

Two approaches were considered for the micromix burner design: that of a modular,
multi-piece part and the alternative of a one-piece component. A modular design
(Figure 4.11), allowed for traditional, material-removal methods to be applied and

had the potential of keeping the cost low. The design featured a split between the
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air channels and the fuel injectors into two panels (Figure 4.11), where the hydrogen
panel was also made up of smaller welded components. A modularised hydrogen
panel had the benefit of accommodating the application of electrical discharge ma-

chining (EDM) for the sub-millimetre injectors with no specific problems.

Although it appears to be a simple solution, the modular design involves several
machining processes including welding in areas of the part with limited accessibility
(Figure 4.11). The presence of weld beads would affect the flow characteristics and
moreover, potential imperfections on the bead could create leak paths for hydrogen.
Residual stresses from welding could also create shape distortions on the thin-wall
sections. An alternative to welding was bolting the injector component to the air-
channel component at 4 points, but again the risk of hydrogen leaks was high as bolt

pressure distribution along the interface between components would not be smooth.

Fuel delivery to the injection points was complicated too, as homogeneous fuel dis-
tribution was required for all injectors. In order to achieve that a fuel line would
be necessary from each side. Moreover, leak-free and easy-to-assemble connections
were required, but as already mentioned, space constraints did not allow for a neat

solution.

A similar alternative was that of a one-piece hydrogen panel not requiring the welding
of small bits together with EDM applied for the micromix injectors. This solution
was applied to create a test piece injector plate. The main issue observed was that
the EDM tool needed to perform line-of-sight machining through the full length of
the part. Such a thin tool can break when going through the metal, or deviate from
the straight-line axis, and produce hole sizes different to the desirable (Table 4.1 -

EDM case), as was the case for the created test piece.

A one-piece design for the full burner implementing metal additive manufacturing
(AM), avoids many of the issues mentioned above, with regard to the different
machining processes and sealing issues. More importantly, by implementing channels
internal to the body of the component, fuel delivery is simplified and potential fuel
leak paths are significantly reduced. The flow of cooler fuel on the inner side of
the wall close to the flames (injector-side channels-Figure 4.12a) also assists with
cooling the component. On the downside, the design needs to be adapted for AM
and this can have implications for the flow characteristics of both the fuel and air.
Surface roughness is high in as-printed components and post-processing of the part
is required to smooth external faces, especially when it comes to wetted surfaces.
Finally, the cost of AM-produced parts can be significantly higher compared to

traditionally machined components. On the side of the fuel injection points, such
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FIGURE 4.11: CAD section of a modular version for the micromix burner. The
blue lines denote weld beads.

features are on the limits of the capabilities of AM machines and dimensional quality

is not guaranteed.

In order to identify the possibility of creating a complete (with air channels and fuel
injectors) one-piece burner with additive manufacturing, test plates with through-
holes of different sizes (from 0.3mm to lmm) were created. Two additive manu-
facturing techniques were applied, and the results can be seen in Table 4.1). Tt is
evident in pictures taken with the help of an optical microscope of the features of
interest that AM produces unacceptable dimensional and geometric tolerances for
0.3mm features. The big dimensional deviations of AM-produced holes may be at-
tributed to the building orientation of the components and further research would

be required on that aspect.

A potential solution for the injectors was micro-EDM, an EDM technique by which
very small features can be created by the use of miniaturised electrodes that allow
machining without line-of-sight, a characteristic which was crucial for this design.
Test pieces with the featured holes provided the best results (Table 4.1) with di-
mensional tolerances of £10pm. These tolerances were considered acceptable for
the micromix concept at this stage of development. The cost associated with the
application of micro-EDM though is high, especially when a small number of parts

is produced.
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Representative
. Tolerances
. . . Image of inspected il
Material Technique Test Piece nominal 0.3mm on nomina
diameter
hole
Alloy —30m to
625 DMLS 39 pm
Stainless
Steel BJT —figmnfo
316L n
Stainless
Steel EDM N/A N/A
316L
316L EDM 10pm

TABLE 4.1: Comparison of 0.3mm diameter holes, fabricated with different
processes. DMLS=Direct Metal Laser Sintering, BJT=Binder Jetting Technology,
EDM = Electrical Discharge Machining

The one-piece approach was adopted, in a hybrid manufacturing process combin-
ing AM and material removal machining and the selected material was Stainless
Steel 316L. The main body of the burner was produced by Direct Metal Laser Sin-
tering, an AM technique and excluded the 0.3mm holes from the process. The
sub-millimetre features were produced by micro-EDM. The result was a compact

design with reduced potential paths of leakage (Figure 4.12).

The suggested design and manufacturing strategy also have drawbacks. The total
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FIGURE 4.12: Prototype micromix burner

thickness of the component results in lengthy air gates that yield increased pressure
loss along the burner. This was a compromise between retaining easy fuel access
(through the inlet channels - Figure 4.12a) and avoiding complex support structures
during the additive manufacturing process. Moreover, the internal channel structure
complicates powder removal (necessary after the AM process) from the injector side
channels (Figure 4.12a) since the only exit points are the fuel inlets (Figure 4.12a).
The latter was not an issue in the low and medium momentum flux ratio (MFR)
designs. For the high MFR design though, because the injector-side channels were
smaller in diameter, these were left open on their sides (Figure 4.14) for easier

powder removal and were welded with filler material afterwards. Further to that,
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a number of fuel injectors could not be opened by the micro-EDM process. It is
suggested that the internal channel was not printed properly, or partly collapsed.
This theory should be checked by non-destructive-method testing, such as X-ray
imaging. Subsequently, this configuration was tested with 27 out of 32 fuel injectors
(Figure 4.13).

F1GURE 4.13: Propane test for the high MFR design. Red rectangles point out
the blocked fuel injectors
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channels

FIGURE 4.14: Detail of open-ended channels for powder removal of high MFR
design

4.4 Health and Safety Considerations

4.4.1 Approach to Health and Safety

The main risk posed by hydrogen is that of undesirable deflagration, which can
occur at a very wide range of concentrations in air. In combination with the high
diffusivity of the molecule, and the ease with which it escapes through the tiniest
available paths, the risk of creating flammable concentrations in the atmosphere can
be high if appropriate measures are not taken. In a laboratory installation where
storage and transfer are necessary, creating a safe environment can be challenging.
Some safety measures have already been presented in the sections describing the
fuel supply system (4.3.1), the combustion chamber (4.3.2) and the micromix burner
(4.3.3). A broader view of the approach around hydrogen safety is presented here.
This approach was based on the implementation of safety features on three different

levels:

1. prevention of undesirable leakage

2. early detection and action in case of leakage
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3. prevention of build-up of dangerous concentrations

Measures to avoid a potentially dangerous occurrence start with preventing fuel
leakage. The selection of appropriate materials and components and installation by
experienced personnel can guarantee a leak-free setup. Due to the elevated pressure
at which hydrogen was stored and transferred in this application, stainless steel 316
and brass were selected for the components in contact with hydrogen. Moreover, the
one-piece, compact burner design minimised potential leak paths and undesirable

fuel/air mixing before the combustion compartment.

On the second level, in case a hydrogen leak occurs, one needs to keep in mind the
low value of the lower flammability limit of hydrogen (4%wol. in air). In such a
scenario it is very important to be able to detect it early and act fast to prevent
the buildup of lammable hydrogen mixtures. For the experiments described in this
thesis, detection relied on two hydrogen leak detectors installed in the test house.
These were positioned high on a side wall nearest the rig and set off an alarm if
concentrations of hydrogen at 25% of the lower flammability limit were detected.
In such an event, quick action meant a cut-off of the fuel flow and a purge of
the system with nitrogen. Fuel cut-off and nitrogen purging were achieved by the
normal operation of the fuel system control, switching to a shut-down mode or two
emergency stop buttons, one of which was installed close to the rig and one inside
the control room. It should be noted that the stop buttons only shut down the fuel
but did not activate the purge line. Thus, the preferred route was to perform a

normal shutdown.

As a third level of protection, in case of a fuel leak that wasn’t detected early on
or continued(e.g. ruptured fuel-line tube) build-up of flammable atmospheres was
avoided. This was necessary, particularly for restricted spaces where hydrogen could
pool on a low ceiling. Prevention of flammable concentrations was achieved through
natural and forced ventilation of the test house. Natural ventilation meant that
the doors of the test house were kept open at all times during testing. Forced
ventilation was achieved by the use of fans circulating the air, forcing it away from
the ceiling of the building, or certain enclosed spaces inside the test house (Figure
4.15). Operationally, the procedure instructed that staff were to assume the potential
existence of an invisible flame. The approach to the test cell should be done with
caution and it was advised that a wooden stick (or similar object) be held in front

of the person approaching, to allow the detection of a potential flame.
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FIGURE 4.15: Fan-forced ventilation of the area close to the ceiling

4.4.2 Lessons Learned

The experience of working with high-pressure gaseous hydrogen teaches some valu-
able lessons, to be considered in further experimental studies. Safety for hydrogen
shall be considered in all aspects of an experiment, from component design and

material selection to operational procedures, and human factors.

Overall, in terms of health and safety, some of the key takeaway lessons are:

o design-wise, the minimisation of potential leak paths is crucial. This refers
to the design and manufacture of rig components (e.g. one-piece designs for
critical components), as well as the fuel supply system design (e.g. minimising
the use of tube-connecting components). Material selection is also crucial for
hydrogen-related components, as these need to be resistant to embrittlement,

as well as able to operate at extreme temperatures (in the case of a combustion
rig)
o standard operating and emergency procedures need to be adapted to the use

of hydrogen

— Under normal operation, hydrogen needs to be introduced to the rig grad-

ually and the process must be monitored for stable ignition
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— The time required to ignite varies for different inlet conditions. Failure to
ignite shall lead to a cut-off of the fuel supply and purging of the whole
system before ignition is re-attempted. An attempt to re-ignite without

purging bears the hazard of an undesirable detonation

— in an emergency, stopping the fuel supply is not enough and again, purg-

ing the whole system is advised

— in terms of human factors, operators should always proceed with cau-
tion after an emergency stop/leakage occurrence as there may be flames

present that are invisible

o developement of appropriate standard operating procedures and familiarisa-
tion of the personel with such procedures can significantly lower the risk of a

hazardous event happening

o commencement of the operation of a new rig should start with the lower risks
possible. Without combustion and at low pressures and temperatures initially,
and then graduaally increasing the testing complexity. Such a process reduces
the chances of dangerous situations occuring and allows time for the operating

procedures to also be tested and be improved

o leakage occurrences at high fuel supply pressure, during testing, showcased the
successful operation of the safety system and procedures but also highlighted
the fact that even some of the most trustworthy, commercially available com-
ponents (tubing, fittings etc.) may not be suitable for operation with gaseous
hydrogen at high pressures. In such applications, close collaboration with the

supplier of such components is required

o safety requirements for hydrogen and desirable measurements (along with their
safety aspects) can sometimes contradict each other and lead to compromises.
For example, the requirement to keep open the test cell doors for natural
ventilation, clashes with the requirement to isolate and interlock the test cell
when applying laser-based measurements with high-power lasers. Of course,
there are solutions to such issues, but one needs to keep in mind such potential

compromises.
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4.5 Preliminary Testing and Setup Improvements

Prior to commencing the main experimental campaign, a period of rigorous testing
is always necessary. Starting with low intensity, at atmospheric inlet conditions,
without combustion the behaviour of the rig was observed. A gradual increase in
pressures and temperatures and the introduction of combustion provided a smooth
and low-risk process of ensuring the safe operation of the rig. Moreover, it allowed the
operators to understand the complexity of the system, familiarise themselves with
the procedures in place, and make improvements to these procedures. Preliminary
testing also allowed the detection of flaws and omissions in the original setup at an

early stage and provided an opportunity for improvements.

In the case of this rig, the preliminary testing campaign revealed several issues
regarding the emissions measuring setup and the optical access equipment. In the
case of the emissions measurements, some improvements were applied but further
changes are still required to achieve the desired measurement accuracy. For the

optical access, the issues could not be solved in the available time frame.

4.5.1 Emissions Setup

The emissions setup during early combustion tests proved insufficient for measure-
ments. It consisted of a 3-hole (2mm diameter each) sampling probe, the heated
sample line, a venting needle valve, the drain separator, and the electronic cooler

unit and gas analyser. This setup presented issues with:

1. the position of the original sampling probe and sample dilution The proximity
of the sampling probe to the back-pressure valve cooling configuration had
an effect on the measurement, consistently yielding very low NO, values. It
was discovered that the closeness of the probe to the back-pressure valve cool-
ing configuration affected the measurements although it was not completely

understood in what ways.

2. sample quantity and pressure regulation At lower pressure cases, the pumps
of the gas analyser and electronic cooler unit could not draw enough sample
quantity for the analyser to measure. At higher pressure tests, the venting
valve was used to regulate sampling line pressure to levels acceptable by the
gas analyser. The venting of part of the sample caused an increase in flow

through the heated sample line, leading to its overheating.
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3. the high concentrations of water vapour and lack of heated equipment led to
condensation being formed in the tubing and to the water removal devices
(drain separator and electronic cooler unit) being unable to remove all the

amount of water.

The first issue was tackled by a 1m tube section that was introduced between the

probe and the back-pressure valve.

The pressure and sample quantity issue was dealt with by replacing the 3-hole probe
with a new, 1-hole probe and introducing a pump downstream of the heated sample
line. The revised probe, bearing only one hole of 0.5mm in diameter choked the flow
at the inlet, regulating the pressure at that point. Since the pressure drop occurred
inside the probe, the subsequent sample temperature drop which could lead to water
condensation was compensated by the heat of the surrounding gases. Downstream
of the probe, sample suction and pressure regulation were achieved by the installed
pump. This configuration significantly reduced overheating incidents of the heated

sample line.

Avoidance of water condensation was attempted by introducing an extra drying stage
(membrane dryer) right downstream of the pump. The dryer assisted the other two
water removal devices in an effort to reduce the condensation in the tubing, by re-
moving an amount of water vapour right after the pump. This setup was adequate
for lower pressure and inlet temperature cases, but at higher inlet conditions, con-
densation was still evident in the tubing between the non-heated components. Time
restrictions and high lead times on components required did not allow for further
improvements, and this setup was used during the main experimental campaign as

already mentioned in Chapter 3.

4.5.2 Optical Access

The configuration of the optical access, along with the cooling provisions has already
been described in a previous section. Despite the existence of a form of cooling for
the windows, the lifespan of the fused silica glasses proved to be short. Small surface
cracks appearing after a few hours of operation, were the first sign which eventually
led to the removal of layers of the material and subsequent loss of transparency and

visual access to the flames (Figure 4.16).
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(a) inner view of glass. Layers of the (b) outer view of damaged glass
material have broken off

FIGURE 4.16: Damaged windows in the installation position. Removal of layers
is evident.

It is believed that the cooling configuration was not as effective as had been expected
and extreme gas temperatures developed near the optical material. Moreover, ther-
mal cycling attributed to the operating procedure in place is believed to have signif-
icantly reduced the life expectancy of the fused silica glasses and is believed to have
been the main reason for their failure. The operating procedure dictated immediate
shutdown and nitrogen purging of the rig at the end of a day’s tests or for safety rea-
sons leading to abrupt cooling and, in cases of shut-down and re-ignition, reheating.

The temperature differences in small time intervals must have been extreme.

A suggested and temporarily applied solution was to move the optical material at a
distance from the flames to reduce the cyclic thermal loading. This though created
recirculations within the empty space left by retracting the glasses. These recircu-
lations destabilised the flames and created distorted patterns not representative of

micromix.

A more appropriate solution is to redesign the window assembly and hence the
combustion chamber to include active cooling, as well as improve the operating
procedure. A redesign and manufacture of the whole combustion chamber were not

feasible within the available time frame and are left for future work.
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4.6 Limitations of the Experimental Setup and

Suggestions for Improvement

4.6.1 Control of Inlet Conditions

Precise control of the air pressure, mass flow and inlet temperature was a challenge,
due to fluctuations in the supply, caused by the compressor. The control of these
parameters relies on the compressor pressure setting and the position of a control
valve in the air-line primarily, and to a lesser degree on the position of the back-
pressure valve. Hence, they all depend on each other and a change in supply pressure
for constant valve positions leads to mass flow and temperature changes. Compressor
operation, as already stated causes small, low-frequency pressure fluctuations around
the set value, which translate to mass-flow fluctuations. These fluctuations can be
neglected when the compressor supplies at 2kg/s. But when by regulating the valves,
the supply is limited to flows of the order of 0.1kg/s, these fluctuations become
important. This imposes a limitation on how accurately the inlet conditions can be

controlled and the effect is apparent when repeats of a case need to be performed.

Potentially, the introduction of a flow settling chamber right upstream of the test
section could reduce the magnitude of such fluctuations and improve control of the
inlet parameters. A more appropriate, lower flow capacity air supply system could

also help alleviate the problem, although that is a much more costly solution.

4.6.2 Design Imposed Limitations

Fuel Temperature Monitoring

One of the limits of the current setup is that fuel injection temperature cannot
be measured. Although no fuel preheating was part of the experiment, the design
configurations of the fuel chamber and the micromix burner certainly led to increases
in fuel temperature. The feature of fuel flowing around the bellows expansion joint
that carries the inlet air leads to an increase in fuel temperature when the inlet air
is hot, due to heat transfer through the bellows. Moreover, the internal channels
of the burner that distribute fuel along the injectors are separated by the flames
through a thin metal wall. Given the high flame temperatures, it is believed that
heat transfer rates from the flames to the hydrogen channels were high, and fuel

temperature increased even further. In many cases the operation of the rig was
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transient, meaning that the fuel temperature potentially fluctuated throughout the
experiment even at a certain operating point. This may imply an effect of changing

fuel temperature on NO,, and further research is required to assess such a scenario.

The current design of the burner for fuel delivery does not allow easy measurement
of the fuel temperature. A potential estimation could be provided by incorporating
thermocouples on the wall of the hydrogen segments from the side of the flame
and estimating the fuel temperature through heat transfer calculations. Positioning
thermocouples in extreme-temperature regions though carries the risk of damaging
them and not getting measurements. It also adds design complexity in terms of

instrumentation installation in the combustion chamber.

(a) side view of the liner (b) cross section of the liner at optical
access mid-plane

FIGURE 4.17: Limitations on the field of view. Red circles denote the weak points
on the liner.

4.6.3 Flame Imaging

Flame imaging data collection was significantly limited, due to the optical access
issues described in section 4.5.2. This meant that OH*-Chemiluminescence could
only be applied in a small number of cases at the lower end of inlet conditions

(atmospheric pressure and inlet temperature) that are not presented in this thesis.

From a design aspect, the field-of-view was limited to 30mm in diameter, although
at certain low-pressure conditions, flames of approximately 50mm of length were
expected. This limitation is related to the shape of the optical access and the size
of the combustion domain. Circular windows, compared to rectangular, allow for
lower stress concentration and are easier to machine. Given that the inner wall of the
liner is 42mm in diameter, 3 consecutive openings of 30mm create thin-walled areas
between them (Figure 4.17) that can compromise structural integrity. Anything

larger than 30mm would create one large open space, and disturb the flow field.
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A redesign of the combustion chamber would be required, with a cooled configuration
for the optical access material, in order to improve the chances of survival of the
optical access and enable the applications of diagnostics such as flame imaging.
Further to that, a change in operating procedures can have a significant positive
impact on the life of the windows: A smooth heating procedure of the rig till a
steady state is achieved, before initiating combustion, and a smooth cool down
before shutdown, to avoid extreme thermal cycling. The latter suggestion though will
require a significant amount of time and may restrict the number of tests performed
in a day. Moreover, rectangular windows could be designed with rounded edges, a
small height and extended length, to improve the field of view without compromising

the structural integrity.

4.6.4 NO, Emissions Measurements

The limitations of the gas analysis setup in terms of hardware are associated with the
high degree of customisation of the setup and the inability to acquire more suitable

components on time. Specifically,

o the custom one-hole sampling probe could not guarantee a representative sam-
ple since the hot gases may not be fully mixed out and NO, may be distributed
in the chamber cross-section. Instead, a multi-hole probe with appropriate
cooling is suggested, as discussed in [54]. Care would need to be taken in the
design of a new probe with regard to its dimensions, as the available space in

the rig is limited and a big probe could impose significant blockage to the flow

o the use of unheated components, such as the pump, and long lengths of un-
heated tubing allowed further condensation of water vapour which is known
to affect the measured NO,

o the use of a membrane dryer is not suggested as with this type of dryer NO,
may be removed from the sample. Instead, an appropriate water removal
device shall be used. Another solution is that of a gas analyser that can
perform the measurement with the gases at high temperatures, although drying

the sample is still suggested.

» the main gas analyser unit is outdated and technical support and maintenance
were difficult. Moreover, as a portable instrument, it facilitates all sensors for
the different gases in a single unit. Hence, the sample needs to be dry and at

a low temperature, which is associated with the limitations discussed already.
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To that end, Cranfield University is in the process of acquiring a new emissions

measurement system.

In terms of measurement quality, high measurement uncertainties! are the limiting
factor in the gas analysis setup. The implication of such high uncertainties is that
a quantitative assessment of the performance of hydrogen micromix combustion
becomes difficult. Moreover, careful consideration is required before utilising the

data for the validation or calibration of numerical models.

The high uncertainties were a result of the incorrect selection of calibration gas and
instrument range. The initial estimation of expected NO, emissions from micromix
was of the order of a few hundred ppm for the higher end of testing conditions (high
pressure, high inlet temperature and high equivalence ratio). A range of 500ppmuv
was selected on the instrument and a NO calibration gas cylinder with a nominal
concentration of 400ppmwv and an uncertainty of £5% as it was the one closest
to the chosen range. Preliminary testing revealed that even for these conditions
the NO, produced were significantly lower. For the lower end of test conditions,
emissions were one, and in some cases two orders of magnitude lower. An effort
to obtain a more appropriate calibration gas cylinder of lower concentration and
lower uncertainty was unsuccessful due to the high lead times in the delivery of the
gas. To achieve lower uncertainties, the calibration gases need to be selected in the
appropriate nominal concentrations followed by suitable instrument range selection,

depending on the expected emissions values of different test conditions.

Another disadvantage of the setup was water condensation, which also had an effect
on the measurement uncertainty. The effect of water condensation though could not
be quantified (see Section 3.7.4). The alleviation of the water condensation issue

has already been discussed.

4.7 Chapter Summary

This chapter discussed important aspects of the development process of a hydrogen
combustion rig by presenting the experimental apparatus that was recently devel-
oped at Cranfield University. Focus was placed on critical systems and components
and the challenges of their design, implementation and operation. In the context
of the work, a hybrid strategy for manufacturing micromix burners was successfully

applied and the findings related to manufacturing are presented in detail.

!The method for uncertainty estimation was described in section 3.7.4.
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The most important points can be summarised in the following:

1. fuel systems for hydrogen require a careful selection of materials and equip-

ment, not susceptible to hydrogen embrittlement

2. the hot (combustion) sections of the rig should be designed for safety, which

may imply compromises with rig performance or design simplicity

3. the suggested fabrication route for micromix burners presents limitations. Fur-
ther research is required as to reliable and safe fuel supply to the injectors,
sub-millimetre injector manufacturing and the value of additive manufacturing

in future micromix burners

4. preliminary testing is a very important procedure, that in this case highlighted

design and operational issues

5. a number of further changes are still required in terms of components and
system setup in order to achieve the full capability of the rig with reliable

measurements of emissions, thermoacoustics and diagnostics.
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5.1 Introduction

This chapter presents the outcomes of the main experimental campaign. The tested
micromix configurations and realised test cases are presented initially followed by a
short discussion on the pressure drop characteristics of the different designs. NO,
emissions are subsequently presented in an energy emission index (EEINO,,) metric,
and trends of their change with operating conditions are compared with large-eddy
simulation (LES) derived results. The CFD simulations were conducted by Dr. X.
Sun in the context of the ENABLEH2 project.
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5.2 Overview of Tested Configurations and Test

Conditions

5.2.1 Micromix Injector Configurations

Three micromix configurations with different geometric parameters were tested (Fig-
ure 5.1 and Table 5.1). These configurations cover a range of values of the momentum
flux ratio (MFR) as described in Section 3.4.2. The penetration depth of hydrogen
depends on the hydrogen injection diameter (dg,) and momentum flux ratio (MFR
- J) as given in [22]:

Y, < dpg, - V'J (5.1)

The medium MFR design was used as a baseline and was the first design to be
implemented and tested, while the other two designs were produced at a later stage.
Due to manufacturing complexities explained in section 4.3.3, for the high MFR

design only 27 fuel injection points were open out of 32.
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J:@L 1.05mm v 2.16mm
- 1.5mm : CT
U © e

FIGURE 5.1: Geometries of the tested configurations. Medium (left), low (middle)
and high (right) MFR

Hydrogen Hydrogen
Offset Mixing  Aspect Typical No of H,

Design Distance Distance Ratio J Injectors
(mm)  (mm)
Low MFR 2.50 1.00 0.5 0.64 52
Medium MFR 1.50 1.50 1.5 2.06 32
High MFR 4.75 0.86 1.33 6.34 32(27)

TABLE 5.1: Hydrogen offset and mixing distances for the three micromix config-
urations.
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It should be noted that the typical values of J in Table 5.1 are taken for conditions at
10bar, pressure, 600K air-inlet temperature and ® = 0.4. Calculation based on fuel
temperature of 300K. Aspect Ratio refers to the ratio of air-gate height to air-gate

width as given in Figure 5.1.

5.2.2 Realised Test Cases

Tables 5.2, 5.3 and 5.4 show the test cases realised for each of the three designs.
Technical issues did not allow for the realisation of the full ideal test matrix presented

in Section 3.4.

Specifically, test conditions for the low momentum flux ratio (J) could not fully
replicate those of the other two designs. For the 10bar, and 600K case, equivalence
ratio of 0.5 was not tested as components downstream of the combustion chamber
were operating at extreme temperatures (glowing red) after several hours of contin-
uous combustion. At the 10bar, and 450K case a leak from the side of the optical
access and a subsequent alarm from the hydrogen leak detectors did not allow testing
at ® of 0.4 and 0.5. In both cases, the rig was shut down safely. A miscalculation
in the expected residual heat of the Pebble Bed led to testing at 315K air inlet
temperature at dbar, instead of 450K . The pressure of time did not allow an at-
tempt to repeat the missing test points. For the high J design, although tests were
performed at bbar, and 450K, the results are not presented here as the gas analyser
operation was deemed unreliable, due to the high concentration of condensed water
in the instrument.

Finally, tests at 15bar, and 600K were planned originally for all the configurations,
as more representative operating conditions of a modern turbofan engine at cruise.
These tests were not realised as attempts to reach these points led the rig to overheat

or hydrogen to leak from the supply line.

Although the test cases refer to pressure and temperature conditions that are round
numbers, e.g. P = Sbar, and Ty, ;, = 600K, the actual conditions achieved always
differ to a degree. This is a consequence of fluctuations in the air supply (see 4.6.1).
Specifically, the deviation of pressure from the targeted value was between —5%
to +3.8%, in inlet temperature between —6.4% to +5.3% and in equivalence ratio
between —3.5% to +4.7%. It should be noted that the values quoted here are not
directly related to measurement accuracy. They are derived as percentage deviations

of the averaged sample values of each quantity from the targeted value.
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Low MFR Design
P(bary) | Tin (K) | @ af
5.07 316 0.297 | 9.8%
5.02 315 0.401 | 9.9%

5.02 314 0.490 | 10.4%

4.92 290 0.308 | 7.5%
5.12 985 0.398 | 7.7%%
5.00 995 0.506 | 8.1%
10.0 457 0.302 | 8.4%
9.79 995 0.299 | 8.2%
10.0 276 0.407 | 7.8%

TABLE 5.2: Realised test cases and measured pressure drop for the low MFR
micromix configuration.

Medium MFR Design (Baseline)

P(bary) | Toirin (K) | @ ar
4.90 447 0.304 | 3.7%
4.90 446 0.403 | 3.9%
4.90 446 0.514 | 4.5%
4.78 074 0.304 | 4.0%
5.04 979 0.385 | 3.8%
0.12 o84 0.496 | 3.8%
9.74 439 0.307 | 4.8%
9.87 442 0.402 | 4.7%
9.87 440 0.490 | 4.7%
9.71 D72 0.300 | 3.7%
9.72 972 0.403 | 3.7%
9.60 o974 0.511 | 3.8%

TABLE 5.3: Realised test cases and measured pressure drop for the medium MFR
micromix configuration
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High MFR Design
P(bary) | Toirin (K) | @ af
5.00 582 0.303 | 1.2%
5.10 577 0.408 | 1.2%
5.06 581 0.517 | 1.2%
10.03 446 0.302 | 0.9%
10.03 442 0.406 | 1.0%
9.91 450 0.498 | 1.2%
10.1 580 0.302 | 1.1%
10.1 584 0.396 | 1.2%
10.0 589 0.507 | 1.2%

TABLE 5.4: Realised test cases and measured pressure drop for the high MFR
micromix configuration
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5.3 Owutcome of the Experimental Campaign

The analysis presented in this section is a collaborative effort between Dr. X. Sun,
Dr. V. Sethi and the author of this thesis, and was done as part of a deliverable
report for the ENABLEH2 project [67].

The main testing campaign provided data on pressure drop and NO, emissions
for each design at all operating conditions. Results showed that the configuration
yielding the lowest NO, also had the largest pressure drop, while the one with the
highest NO, presented the lowest pressure drop. These results are presented in the

following sections.

5.3.1 Pressure Losses Across the Micromix Burners

The pressure values given in Tables 5.2, 5.3 and 5.4 refer to combustor pressure,

while the % values represent pressure drop across the micromix burner

AP P, — Py,
P P

up

(5.2)

where P,, is the air pressure upstream of the burner and Py, is the pressure in
the combustion chamber. The high momentum flux ratio (MFR-J) design shows
the lowest pressure drop of about 1%, while the low momentum flux ratio design
presents the highest drop, ranging from 8% to 10%. This can be explained by the
size of the air gates for the different designs. The low MFR design has air passages
with the lowest cross-sectional area, while the high MFR design has air passages
with the highest cross-sectional area (Figure 5.1). Given that current combustors
do not exceed 3 — 4% in pressure drop, only the high MFR design abides by this
requirement, while the medium MFR burner is on the threshold. Yet, as will be seen
in the following section (5.3.2) the low MFR design yields the lowest NO,, with the
high MFR design giving the highest NO,. This points out a potential trade-off
between NO, levels and pressure drop that can be achieved. Further quantification

of this trade-off requires a design-space exploration.

In order to facilitate the AM process, without complicated support structures for the
component, the air passage length (5.2) had to be extended from 5mm to 19mm.
This likely resulted in much higher pressure losses within the air passage. The
potential of minimising the length to 5mm through a different design philosophy or

application of other manufacturing techniques should be explored.
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19 mm

FIGURE 5.2: Length of the air passages of the micromix burners

5.3.2 NO, Emissions Results

This section presents the results of NO, measurements for the cases and injector
configurations shown in Tables 5.2, 5.3 and 5.4, along with the estimated uncertain-
ties, which are presented and commented upon. The effects of equivalence ratio (®),
combustor inlet pressure and temperature are discussed, and the NO, emissions of
the three designs are compared. For each design, a comparison with results produced
by CFD using large-eddy simulations (LES) is provided, in an attempt to explain
the trends and the discrepancies between numerically and experimentally derived
values. With regard to the metrics presented here, it is noted that NO, emissions
for different engines and different operating conditions are currently compared on
the basis of:

1. mass of NO, per unit thrust (Dp/Foo — g/kN)(used to quantify NO, in the
Landing and Take-Off (LTO) cycle for engine certification)
2. emissions index (FINO, — g/kg of fuel)
These metrics are used by current legislation and by the ICAO Engine Emissions

Databank. Since all current engines use Jet A-1 as fuel, these metrics are a fair basis

for comparison. However, when changing to an alternative fuel such as hydrogen,
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the comparison is not fair anymore, due to the difference in the lower heating value
(LHV) between the two fuels: 43M.J/kg of kerosene compared to 120M.J/kg of
hydrogen. Thus, a more appropriate metric for presentation and comparison would
be an energy-based emission index (FEINO, — g/MJ).

EINQO, for a specific fuel can be converted to EEINO, by 3.4. The procedure
of turning the NO, values measured by the gas analysis system, into EEINO,
is described in section 3.7.3.1. EEINQO, is used here for the presentation of the
results of both the experimental campaign and the numerical simulations to allow a

fair basis of comparison of the NO, produced by Jet A-1 and H fuelled aircraft.

In the following section, these results are discussed. It is important to note that the
lack of reaction zone imaging data limited the calibration of the LES. Notwithstand-
ing this limitation, the results from the CFD simulations are still able to provide
some qualitative insights into the flow physics and combustion phenomena, thereby
helping to interpret the experimental results. To quantify the discrepancies, flame

visualisation data is essential and is highly recommended for future work.

In section 1.1 the importance of temperature on NO, formation was emphasised.
Thus, the temperature of the flame and post-flame zones, in conjunction with resi-
dence time are the most important factors affecting the production of thermal NO,
which is the only route considered here. Referring to Figure 1.2, it can be seen that
increasing equivalence ratio theoretically leads to increased flame temperature!, un-
til close to stoichiometric mixtures (® = 1). Combustion at the fuel-lean side, as
already discussed, means lower flame temperatures, hence lower NO,. In predomi-
nantly diffusion flames, such as micromix, although a global equivalence ratio may be
assumed based on a total fuel-to-air flow ratio, there is a limited premixing process
and this leads to a distribution of equivalence ratios, with regions of stoichiomet-
ric mixture creating hot spots of high NO, production. Thus, mixing quality is
a dominating factor in flame and product temperatures and subsequently in NO,
formation. The three injector configurations tested in this experimental campaign
represented different momentum flux ratios. Figure 5.3 - repeated here as it is im-
portant for the analysis of the results - shows, in a qualitative way, the expected
NO, emissions levels and different flame patterns for different momentum flux ratio
values (J). The low and medium MFR designs are in the region of the red rectangle.
As will be seen in the CFD results presented below, the low MFR configuration was
expected to produce flames stabilised in the inner recirculation zone (IRZ) and close
to the metal wall of the injectors, while the medium momentum flux ratio design was

expected to generate flames that stabilise in the same region, but further away from

LAt constant pressure and inlet temperature
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Simulations with FGM
and Thermal NOx model NOXx
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Promising designs
v
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* Reduced flame interaction by increasing —.~’.—
injector radial spacing S —

= With Without « Purely diffusion
“flashback” “flashback”
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Beyond ENABLEH2 — further design improvement] high jet penetration

Fi1GURE 5.3: Expected behaviour of NO, emissions with momentum flux ratio.
The qualitative graph is based on LES simulations. ([67])

the wall. The high MFR design is in the region of the blue rectangle. Due to the
high jet penetration, there is more interaction between the flames of neighbouring
injectors, which results in long flames merging downstream of the outer recirculation

zone (ORZ). This results in higher residence time and therefore higher NO,.

5.3.2.1 Estimated Uncertainties

The uncertainties of the energy-based emission index (EEINO,) are presented in
this subsection in tubular form, instead of being shown as error bars in the results
plots. The reason for this is the high level of uncertainties that would lead to large
error bars and would make the plots unclear and difficult to interpret. Instead,
the plots of the experimentally derived EEINO, including error bars are shown in

Appendix C. These plots also include the error bars for the equivalence ratio.

A look at tables 5.5, 5.6 and 5.7 reveals the large magnitude of the uncertainties.
As discussed in section 4.6.4, a number of factors contributed to the extremely high
measurement, uncertainties, the most important of which was the selected range
of the instrument, followed by the calibration gas concentration uncertainty. The
estimated uncertainty levels for the energy-based metric remain high since the de-
pendence of the index on the measured NO, values is directly proportional (see

equation 3.22).
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Low MFR Design
P(bar,) | Tairin(K) | ® | EEINO.(g9/MJ) | uggino,(g/MJ) gﬁfﬁgz
0.3 0.0043 0.0175 393%
315 0.4 0.0042 0.0130 291%
. 0.5 0.0046 0.0108 221%
0.3 0.0053 0.0169 308%
600 0.4 0.0069 0.0133 184%
0.5 0.0124 0.0109 82%
10 600 0.3 0.0208 0.0182 85%
0.4 0.0273 0.0141 49%

TABLE 5.5: Case for case EEINQO, values and their uncertainties for the low
momentum flux ratio design

Medium MFR Design (Baseline)

P(bar,) | Toirin(K) | @ | EEINO,(g/MJ) | uggivo,(9/MJ) | F5ne"
0.3 0.0086 0.0191 215%

450 0.4 0.0093 0.0146 150%

. 0.5 0.0116 0.0117 95%
0.3 0.0086 0.0191 218%

600 0.4 0.0115 0.0154 129%

0.5 0.0149 0.0123 78%

0.3 0.0121 0.0191 153%

450 0.4 0.0123 0.0148 116%

10 0.5 0.0132 0.0124 89%
0.3 0.0195 0.0200 99%

600 0.4 0.0257 0.0155 57%

0.5 0.0274 0.0126 43%

TABLE 5.6: Case for case EEINQO, values and their uncertainties for the medium
momentum flux ratio design
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High MFR Design
P(bar,) | Tairin(K) | ® | EEINO.(g9/MJ) | uggino,(g/MJ) %’E’ﬁgz
0.3 0.0255 0.0233 112%
5 600 0.4 00532 0.0178 70%
0.5 0.182 0.0149 42%
0.3 0.0276 0.0238 7%
450 0.4 0.0754 0.0187 51%
10 0.5 0.145 0.0169 38%
0.3 0.0340 0.0246 85%
600 0.4 0.0661 0.0196 56%
0.5 0.218 0.0163 49%

TABLE 5.7: Case for case EEINQO, values and their uncertainties for the high
momentum flux ratio design

Regarding the uncertainty on the value of the equivalence ratio, this ranges in all

the tested cases between 1% and 2% of the logged, averaged value of ®.

5.3.2.2 Low Momentum Flux Ratio Design

The low momentum flux ratio (MFR) design presents a relatively mild or insignifi-
cant increase in NO, with the rise in equivalence ratio (®), both for experimental
and numerical results. As expected, NO, increases with an increase in inlet tem-

perature and pressure.

According to the CFD predictions, in all cases for this design, the reaction zones are
positioned towards the shear layer, in the vicinity or within the IRZ. The flames are
surrounded by a cooler air/fuel mixture which reduces the temperature of the flame
and post-flame zones. For this design, it is believed that this cooling effect dominates
the increase of equivalence ratio and expected increased adiabatic flame tempera-
tures despite also the increased length of hot regions (7" > 2200K). Therefore, for
S5bar conditions, NO, emissions do not increase significantly with an increase in
equivalence ratio from 0.3 to 0.5. This may not be the case for the designs with
higher momentum flux ratios, as illustrated in Figures 5.5, 5.6. However, at 10bar
conditions, it can be seen from Figure 5.4 that the impact of flame separation (i.e.
less flame-flame interaction) is more dominant as the equivalence ratio changes from
0.3 to 0.4. Therefore, LES predicts a decrease in NO,.
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Figure 5.3 shows that NO,, first increases to a local maximum (point A) as a function
of MFR. It then decreases to a local minimum (point B) before significantly increas-
ing to point C. There exist uncertainties between the predicted position (i.e. the
MFR) for the transition points A and B by CFD and the corresponding experimen-
tal values. For the low MFR case, LES predicts a decreasing trend at high-pressure
conditions due to the dominant effect of flame separation, which corresponds to the
right side of point A, whereas for the experiment it is more likely that the corre-
sponding MFR is still on the left side of point A. However, as the local peak A is
situated in a region with relatively low NO,, the measured and predicted values are
similar even though they may be on different sides of point A. This requires further

validation beyond the scope of this thesis.
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Low Momentum Flux Ratio Design
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FIGURE 5.4: NO, against ® - experimental and numerical data (top). Temper-
ature contours from LES (bottom) for the low MFR configuration

5.3.2.3 Medium Momentum Flux Ratio Design

At 450K air-inlet temperature both at 5bar, and 10bar,, for the medium MFR
design, the impact of the equivalence ratio on NO, seems relatively small. LES
and experimental results agree well on trends (Figure 5.5 - top). This could be
attributed to the fact that the inlet temperature is not sufficiently high to generate
notably high NO, production. Both LES and experimental results show relatively
low levels of NO,. This can also be explained by interpreting the temperature

contours predicted by LES. For all 450K cases, the high-temperature flame zones
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(“hot cores”) are relatively separated by the inner recirculation zone flow. The hot
products are rapidly mixed and cooled down with the unburnt flow. This becomes
more evident as the equivalence ratio increases, due to higher MFR leading to higher
jet penetration. It is expected that there will be less flame-flame interaction, as
well as more hot-cold gas mixing, which partially offsets the effect of increasing
equivalence ratio (i.e. extended flame length and slightly higher flame temperature).

Therefore, this limits the amount of NO, produced.

At an air inlet temperature of 585K, both experiments and LES show a similar
increasing trend with increases in pressure and equivalence ratio (Figure 5.5). How-
ever, there is a considerable difference between LES and experimental results for the

S5bar cases with increasing equivalence ratio, especially at & = 0.5.

The LES temperature contours suggest that the average peak temperature increases
significantly compared to the 0.3 and 0.4 cases. Compared to 450K cases, as the
inlet air temperature increases, its cooling potential is reduced and the mixed gas
temperature in the inner recirculation zone therefore also increases. As the distance
between the flames remains similar, the size of the high-temperature (> 2200K)

region increases significantly, which results in the sudden NO, increase at ¢ = 0.5.

The possible reasons for the NO, discrepancies between the LES and experimental

results are as follows:

1. As discussed for the low momentum flux ratio design, for & = 0.5 there may
be discrepancies between the predicted position (i.e. the MFR) for transition
points B by CFD and the corresponding experimental values (refer to Figure
5.3). These discrepancies could arise e.g., due to inaccurate predictions in jet
penetration height, heat release rate or simplified assumptions such as constant

fuel temperature.

2. Since LES does not capture any heat transfer between the hot gas to the
surrounding test section, it predicts higher values of flame temperatures and

consequently NO, emissions.
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Medium Momentum Flux Ratio Design
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FIGURE 5.5: NO, against ® - experimental and numerical data (top). Tempera-
ture contours from LES (middle and bottom) for the medium MFR configuration



108 Chapter 5 Hydrogen Combustion Tests

5.3.2.4 High Momentum Flux Ratio Design

Experiments show consistent trends in NO, with equivalence ratio (Figure 5.6) for
the high momentum flux ratio design. The trend is similar for all the pressure and
temperature cases with a modest increase in NO, with ®. LES on the other hand
predicts a much steeper increase of NO, with increasing ®, and the slope becomes
steeper between ® = 0.4 and ® = 0.5. Observing the temperature fields produced
by CFD?, the increasing equivalence ratio leads to longer flames with higher peak
temperatures. Compared to previous designs, there is a significant change in the size
of regions > 2300K even between ® = 0.3 and ¢ = 0.4, which may explain the steep
change in NO,. Increasing jet penetration depth (with equivalence ratio) moves the
reaction zone towards the side downstream of the outer recirculation zone (ORZ).
The size of the ORZ is compressed with increasing penetration whereas the flames
downstream grow lengthwise. Eventually, the flames between neighbouring injectors
(represented by periodic boundary conditions) merge in the radial direction, leading

to excessively high NO, formation.

The significant discrepancies between the experimental NO,, results and those pro-
duced by the LES, especially at ® = 0.4 and ® = 0.5 are because, for the experi-
ments, the air gates on the outer circumference were designed without fuel injection
for rig cooling purposes. The “cooling flow” changes the shape of neighbouring
flames. There is much less flame interaction and merging effects than those pre-
dicted by LES, where all flames are assumed to have a neighbouring flame. The
NQO, is significantly lower due to lower downstream temperatures. These effects are
less evident for the low and medium MFR design. This is because, for these two
designs, the flames are positioned mainly in the inner recirculation zone and the
shear layer. Therefore the flame-flame interaction is less influenced by this “cooling

flow”, which primarily affects the outer recirculation zone.

In order to provide an idea of how hydrogen compares to kerosene at similar op-
erating conditions, the experimental results presented below are compared to the
EFEINO, produced by a LEAP1A35A engine (currently in service) at 7% Landing
and Take-Off (LTO) Thrust. The 7% LTO thrust point is chosen because the com-
bustor inlet pressure (P3) and air-inlet temperature (T3) are approximately 8bar,
and 550K respectively. The condition is close to those of the experimental tests

performed for hydrogen micromix combustion. The EINO, value was extracted

2For the high MFR LES, only one injector was simulated due to high jet instabilities occurred
for the 2-injector configuration. Details of this effect and explanations can be found in [64].
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from the ICAO emissions databank and the EEINQO, was then calculated, which is
approximately 0.11.

For all the designs, the measured NO, from hydrogen micromix is lower than the
presented value for kerosene (the only exception is the LES-derived points at & = 0.5
for the high MFR design). This is true even for combustor pressures and air inlet
temperatures higher than those of the kerosene case. For all the designs, yielded
NO, at all operating points is well below the kerosene threshold by at least 50%

less.

The main challenge in numerical modelling, even with LES, is to predict more ac-
curately the locations of transition points, such as those identified in Figure 5.3,
which are essential in determining low NO, designs. The NO, trend predictions
are also highly sensitive to these locations. Tuning numerical models for hydrogen
combustion will require good calibration for physical properties such as diffusivity,
as well as capturing temperature distributions and heat losses that are representa-
tive of the experimental set-up. Flame imaging is essential in providing detailed
information for this procedure, therefore, despite its high cost and challenges when
implemented in a high-pressure high-temperature combustion rig, it should still be

strongly recommended for any future experiments.



110 Chapter 5 Hydrogen Combustion Tests

High Momentum Flux Ratio Design
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5.4 Chapter Summary

In this chapter, the geometries of the three tested micromix configurations were
presented along with the matrix of test cases and the limitations imposed on testing
conditions. The experiments showed that the configuration with the lowest NO,
emissions produced the highest pressure losses, significantly higher than those of
state-of-the-art combustors. Further research is required and a trade-off may be

necessary between NO, and pressure drop.

The high MFR design produced the highest NO, denoting the importance of geo-
metric parameters on micromix burner performance. Air-inlet temperature, pressure
and equivalence ratio increase NO, emissions, although according to experimental
results equivalence ratio dives a milder increase compared to the other parameters.
This, for the low and medium MFR designs, can be attributed to reduced flame-
to-flame interaction and the flow of cool gas in the region of the inner recirculation
zone. For the high MFR though, where flames are positioned towards the outer
recirculation zone, it is attributed to heat transfer towards the "cooling air” of the
outer air gates. For the high MFR configuration, this is suggested to be the reason

for the large discrepancy between experimental and numerical results.

Although the experimental results are associated with high uncertainties, it is sug-
gested that hydrogen micromix can offer significant reductions in NO, compared to

state-of-the-art kerosene burners at similar conditions.
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6.1 Conclusions

A new, high-pressure, high-temperature experimental combustion rig was designed
and built at Cranfield University to test hydrogen micromix burners. This rig can
measure NO, emissions at elevated operating conditions and has provisions for ther-

moacoustics and optical access for diagnostics applications.

6.1.1 NO, Emissions of Micromix Burners

e NO, emissions production appears to be highly sensitive to momentum flux
ratio changes. Comparisons of experimental and LES data of NO, emissions

lead to the suggestion that the numerical tools mispredict the position of peaks

113
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and troughs of NO, on the MFR axis. This can have significant implications
when numerical tools are utilised to explore a design space in search of an

optimal low-NO, injector geometry.

Discrepancies between experimental and numerical NO, emissions occur also
due to the inaccurate representation of momentum flux ratio in the numer-
ical models. In the experimental tests, due to the design of the micromix
burner, hydrogen before injection flows in channels that are right upstream
of high-temperature flame regions. Consequently, the temperature of the fuel
increases, leading to a change in density and injection velocity, which results
in a different momentum flux ratio than the one calculated for ambient fuel

temperature. This phenomenon is not captured by the LES simulations.

Comparisons of measured NO, from hydrogen micromix with state-of-the-art
kerosene combustor at similar pressure and temperature showed potential re-
ductions of at least 50% for hydrogen micromix. Specifically, the kerosene
combustor at an inlet pressure of 8bar and air-inlet temperature of 550K pro-
duced levels of EEINO, = 0.11g/M J, while the high MFR hydrogen micromix
burner that yielded the highest levels of NO,, produced at 10.1bar, and 584 K
levels of EEINO, = 0.05g/M J.

Careful consideration is required for the design of micromix injectors as a

potential trade-off exists between pressure loss and NO, emissions.

6.1.2 Combustion Rig Design and Development Challenges

- Lessons Learned

The research contribution of the design and development work presented in this

thesis is found in the presentation of challenges and common blunders that can arise

during the development process of a hydrogen combustion experimental rig, as well

as recommendations of good practices and suggestions towards building a sound

experimental setup.

e The high diffusivity and the flammability characteristics of hydrogen in con-

junction with safety requirements, increase the complexity of the rig and sys-
tems design. The design philosophy for components and systems of a hydrogen

rig implements safety practices on three levels:

1. Hydrogen leakage avoidance
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— Careful selection of the equipment of the fuel delivery system and
installation by trained personnel to ensure leak-tight connections in

the fuel supply lines
— Materials with good embrittlement characteristics need to be chosen

— Events of back-flow of air towards the fuel system and flashback must
be avoided by the use of appropriate equipment (e.g. non-return

valves) and design practices (sealing arrangements and materials)

2. Early detection and action in case of leakage
Quick cut-off of fuel and purging with inert gas is necessary for normal

operation and emergency conditions

3. prevention of flammable concentrations from forming
Natural and forced ventilation is required to avoid hydrogen from pooling

and building dangerous concentrations

e The design of optical access for a pressurised combustion chamber requires
careful consideration between achieving the desired flow and flame character-
istics and the life span of the optical material. Close proximity of the glass to
the flames combined with cyclic thermal loading and rapid cooling significantly

reduces the expected life of the glass.

o The design of a single-wall combustion chamber with no external cooling should
be avoided where optical access is necessary. The combined, high thermal and
mechanical loads on the glass, led the material to fail in only a few hours of
operation. Instead, double-wall configurations with the cooling flow in between
walls should be preferred. The inner wall takes the thermal load and the outer

wall the pressure load in such configurations.

o The high water content produced by hydrogen combustion presents a challenge
for the emissions measuring setup. Drying equipment needs to be selected,
such that it removes the water vapour, before any condensation happens and
without affecting the NOy content in the sample. Heated components are
required upstream of the dryer and short lengths of line from the dryer to the
measuring device. A dry sample is also important as water vapour can have
an effect on the measurement inside the CLD cell (see 3.5.2.1). In cases of
incomplete water vapour removal, measuring the original water content in the
sample and the efficiency of the drying stage, are important. It is recommended
that guideline documents such as the Aerospace Recommended Practice (ARP)
1256D [55] are closely followed.
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6.1.3 Micromix Burner Fabrication

« Additive manufacturing (AM) combined with micro-EDM can be utilised for
the fabrication of micromix burners, although the process presents limitations.
AM offers the advantage of creating one-piece components eliminating poten-
tial leakage paths for the burner, thus contributing to the safety aspect of the

design.

e The limitations of AM are related to the sizes of features that can be pro-
duced through such techniques. Geometric features with sizes < 1mm chal-
lenge the capabilities of AM machines. Regarding the application of AM for
micromix burners, sub-millimetre sizes are encountered in the fuel injection
points (0.3mm in diameter) and the internal fuel delivery channels of the high
momentum flux ratio (MFR) design. In the case of the latter, the produced
high MFR burner appeared to have some of its internal channels blocked.

o Four different techniques were compared regarding the creation of 0.3mm-sized
holes: Direct Metal Laser Sintering (DMLS), Binder Jetting Technology (BJT)
both of which are AM techniques, Electrical Discharge Machining (EDM) and
micro-EDM. Micro-EDM offered the best results in terms of tolerances of the
nominal size (£10um) and the added advantage of machining without line-of-
sight. This technique presents its own limitations as care needs to be taken

when setting up the machining strategy, so as not to damage the component.

6.2 Suggestions for Further Work

6.2.1 Improvements to the Experimental Setup

In terms of the physical setup, the following work is suggested, in order to improve

the capabilities and reliability of the rig:

o Control of the airflow supply requires improvement. Due to the difference
between the supply capability of the compressor used (order of 1kg/s) and the
required flows (order of 0.1kg/s) the fluctuations imposed by the compressor
operation impacted the supplied airflow. The use of a settling chamber prior
to the flow measurement device is suggested as a potential solution. A costlier

option is to use a different compressed air supply for the same pressures but
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lower mass flows, which currently does not exist within the Gas Turbine Testing

laboratory of Cranfield University.

o Failure of the optical material of the windows is partly attributed to the lack
of cooling for the designed configuration. An easy solution here is not evident
and it is suggested that the combustion chamber has to be redesigned. In such
a case, it is strongly suggested that a double-wall configuration is implemented
with inlet air utilised for active cooling of the components bearing high thermal
loads. Moreover, a larger field of view can be achieved if rectangular windows

are implemented, increasing the observed field in the axial direction.

o Improvement of the NO, emissions measurement setup is necessary in order

to improve the quality of the measurements and reduce uncertainties.

1. A new, multi-hole probe should be designed or supplied externally for a

more representative gas sample.

2. Heated components (e.g. pump and valves if necessary) need to be used
along the sampling line and the unheated lengths of tube shall be min-

imised, to avoid condensation of water vapour

3. A drying stage that removes water vapour without affecting the NO,
concentration should be used downstream of the heated components and
before the inlet of the gas analyser. Water vapour removal is strongly

recommended to reduce interference with the measurement.

4. NO calibration gas concentration values for span calibration of the gas
analyser shall be chosen according to the expected emissions from the
tested burners at different operating conditions. Preliminary testing can
provide some insight into such expectations. For micromix burners, more

than one cylinder of different concentrations may be required

Removal of water vapour and more accurate calibration will significantly re-
duce measurement uncertainties. Cranfield University has already started the
process for the acquisition of a new gas analysis system and sampling-line

components, according to these suggestions.
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6.2.2 Suggestions for Future Research

Understanding the mixing in micromix

Since mixing quality appears to have the highest significance in the resultant tem-
perature of micromix flames, and subsequently, in the production of NO, emissions,
it is highly important to gain an understanding of the mixing characteristics of mi-
cromix burners. These studies can also provide insights into how mixing is affected
by operating parameters such as pressure and inlet temperature, as well as momen-
tum flux ratio. Gaining such an understanding can also inform future designs that
offer improved mixing quality and even lower NO, emissions. Hence, the following

studies are suggested as future work necessary for the development of the technology:

o Further experiments, similar to those described in this thesis are suggested,
with the inclusion of flame imaging techniques. The application of techniques
such as OH*-Chemiluminescence and OH-PLIF are of high importance. Re-
action zone visualisation can provide insights into the mixing quality achieved
by different micromix configurations at different operating conditions. If such
diagnostics are time-resolved, the evolution of chemical and flow phenomena
can be captured and can assist in the understanding of turbulence-chemistry

interaction and help improve the predictive capabilities of numerical models.

o Dedicated mixing studies (cold flow) can give an indication of the fuel dis-
tribution in the flow field of micromix configurations, by applying a PLIF
technique, where a substance such as acetone, mixed with hydrogen, is used as
a fluorescent tracer. It is understood though that such an application runs the
risk of undesirable deflagration of the mixture. Moreover, acetone is heavier
than hydrogen and thus its molecular diffusivity is different to that of hydro-
gen. Hence, the captured fuel distribution may not represent that of hydrogen

micromix.
Parameters that affect NO,

o The presence of the flames very close to the burner wall from which fuel is in-
jected increases the fuel temperature and affects the true momentum flux ratio
in experiments. As already discussed this causes a significant discrepancy with
the predictions of numerical tools that do not capture this effect. Paramet-
ric studies with different fuel injection temperatures can be performed and

reaction zone contours could be compared with experimental flame imaging
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results. The closest match between images could provide an indication of the
fuel injection temperature and subsequent momentum flux ratio. Another sug-
gested route is that of performing heat transfer studies from the burner metal
wall to the fuel, using estimates of the metal wall temperature. The result-
ing fuel temperature could be utilised as a boundary condition for subsequent

combustion simulations.

Experimentally, fuel temperature can be estimated by attaching thermocouples
to the front face of the hydrogen segment of a burner to provide an estimate
of the temperature of the metal, although this idea is complicated in imple-
mentation for the current setup. If metal temperature measurements can be
acquired, a heat transfer analysis can be performed to estimate the tempera-

ture at the injection point, as described above.

Micromix Burner Manufacturing

The one-piece AM and micro-EDM design, although successfully applied in two out

of three configurations presented in this work, requires deeper investigation into the

following aspects:

Exploration of the use of additive manufacturing for larger burners with a

compact, leak-free design.

the potential effects of as-printed roughness on the flows of fuel and air, both
for internal surfaces (fuel channels) and external faces (air gates, mixing surface

and flame attachment surfaces).
design optimisation for additive manufacturing that:

1. avoids complex support structures
2. accommodates the simplified fuel delivery of internal channels

3. has an optimal length of the air gates with reduced pressure losses

dimensional tolerances of micro-EDM for the fuel injectors and the potential
effect on fuel flow distribution between injectors. Cold flow experimental work
will be useful for this. PIV testing could reveal discrepancies in the velocity

field of injectors that ideally have the same velocity patterns.

the reasons behind the inability to open all the fuel injection points by micro-
EDM for the high MFR design. Non-destructive testing, such as X-ray imaging
could shed light on this.
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APPENDIX A

The Pebble Bed Heater

The Pebble Bed (PB) is a regenerative heater, built in the 1960s for the testing
facilities of the, then, Cranfield College of Aeronautics. It was originally designed to
provide high enthalpy air for supersonic combustion tests. It consists of a pressure
vessel made of carbon steel, with three layers of refractory lining for insulation and
a large portion of its internal volume is occupied by a bed of ~ 2tons of alumina

pebbles supported by an Inconel grid [16].

A kerosene burner sitting at the top of the PB (Figure A.1) is the source that deposits
heat on the pebbles. The hot gases pass through the pebbles and are exhausted
outside of the facility through the bottom of the bed. When sufficient heat has
accumulated on the pebbles, the kerosene burner stops. Temperature measurements
at the Inconel grid are used to estimate when heating needs to stop. Moreover, there
is provision for an infrared thermometry sensor to be installed, measuring pebble
temperature, although until now, this opening serves as an eye-hole (Figures A.1
and A.2). A valve isolates the exhaust, and air from the compressor facilities is
supplied, entering the PB from the bottom. This air is heated as it passes through
the pebbles and exits towards the test section (Figure A.1).

According to the original report, tests denoted that the facility can provide air at
8.27bar, 0.8kg/s of mass flow and 1850K [16]. The same report also suggests that
temperatures of 2050K, at 17bar and 0.9kg/s could be achieved. The temperature
and mass flow values given refer to the air passing through the bed. The mixing tee
(Figure A.1) provides compressed air that bypasses the PB and allows for signifi-
cantly higher mass flows (up to 4kg/s) to be supplied to the test section and better

control of the inlet-air temperature.
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FIGURE A.1: The Pebble Bed heater

More recently, for safety reasons and in order to get clearance for recommissioning,
48 thermocouples were installed on the skin of the Pebble Bed to monitor its external
temperature at four zones along its height. Moreover, an operating procedure was
developed for safely heating the facility over the course of three days [12]. This is
done in order to reduce the risk of quick and extreme thermal gradients that could

introduce damage to the internal lining or the frame of the PB.

Control and monitoring of the facility are done remotely from a separate control
room. Auxiliary air is used for the regulation of pneumatic valves that control
the supply of air towards the Pebble Bed and towards the mixing tee. Pressure is
monitored through gauges and temperature through digital displays positioned on

a board in the control room (Figure A.3).
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FIGURE A.2: Eye-hole that provides optical access to the pebbles. The pebbles
can be seen glowing hot (orange) at the centre of the picture
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HEE
£EOMEGA'

FIGURE A.3: View of the main board monitoring the pebble bed. The red rect-
angle highlights the displays of the 48 thermocouples and the blue rectangle high-
lights the gauge of the air supply pressure.



APPENDIX B

Example of Uncertainty Estimation

Based on the procedure described in section 3.7.4, this Appendix presents an example
calculation of uncertainty for measured NO, emissions of the high momentum flux
ratio (MFR) burner at 10.1bar, at 585K and ¢ = 0.51. The reason this point was
chosen is that the high MFR design at these conditions produced the highest NO,

value and hence has the lowest relative uncertainties.

The averaged value from the sample at this condition is [NO,| = 51.5ppmv. Random
error is calculated from the sample values as given by equation (3.17) and for this

case is sz = £0.06ppmu.

For the systematic error, first, the uncertainty of the instrument is calculated. The
values of Table 3.2 are placed in equation (3.18) and give ¢;, = £2.36%F'S. Hence
the error arising from the instrument, for a full-scale (FS) value of 500ppmuv is
by, = £0.0236 - 500 = £11.8ppmo.

The error from the calibration cylinder as given by equation 3.20, with €., = £5%
and the instrument reading being the averaged NO, value of 51.5ppmu, is b, =
+2.58ppmu.

The systematic error is the sum of the instrument and calibration errors, b =
+14.38ppmwv and the total error is U = ++v/b? + s2 ~ £14.38ppmu.

It shall be noted here that the random error is negligible compared to the systematic

and could have been omitted.

As a relative uncertainty, this total error value is approximately 28% of the reading,
which highlights the unacceptably high measurement uncertainties. The highest

relative uncertainty for the high momentum flux ratio design is for the 10bar,, 446 K
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Appendix B Example of Uncertainty Estimation

at ® = 0.3 case and is 81% of the reading. Figure B.1 is plotted to provide an idea

of the magnitude of the error bars.

I P =10.0bar; - T = 446K __
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F1GURE B.1: NO, against ®. As measured emissions for the high MFR injector

configuration including error bars based on the estimated uncertainties.



APPENDIX C

Energy Emission Index Plots with Uncertainties

This appendix shows the EEINQO, plots of the experimental measurements, includ-

ing the uncertainty estimations for both the emission index and the equivalence

ratio.
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Ficure C.1: EEINO, vs ® for the low momentum flux ratio design
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Ficure C.2: EEINO, vs ® for the medium momentum flux ratio design. Cases
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clarity.
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Figure C.3: EEINO, vs ® for the high momentum flux ratio design

Of course, it should be noted that the extension of the FEINO, error bars to

negative values in all 3 plots, has no physical meaning. Yet, the author decided to

retain this aspect in the plots in order to highlight the fact that the uncertainty,

especially in lower emission values, is orders of magnitude larger than the EEINO,

value itself.
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