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a b s t r a c t

The elevated temperature of hydrogen combustion increases the formation of thermal

NOx. Moderate or intense low oxygen dilution (MILD) combustion is known to reduce NOx

emissions and increase thermal efficiency. Pressure is often also used for increasing

thermal efficiency. The impact that pressure has on fluid dynamics and chemical kinetics

is especially relevant in MILD combustion conditions. Hydrogen jet flames issuing into a

hot and vitiated coflow were imaged using OH* chemiluminescence at different pressures

(1e7 bar) and oxygen levels (3e9% by vol.). Laminar flame simulations complemented the

experiments. The observed mean radial OH* width increased with increased pressure, but

only at O2 content less than 9%, suggesting that pressure has greater influence on kinetics

when oxygen is reduced. The integrated OH* signal strength remained constant at 3%

coflow O2, despite an apparent increase in flame width, suggesting a spatial broadening of

the flame with pressure. Numerical results indicate that at 3e6% O2, conditions for MILD

combustion of H2 are met across a wide range of strains and pressures, supporting the

experimental observations for 3% O2.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction
Combustion of carbon-free fuels, such as hydrogen, has

become more of a focus as society shifts away from fossil

fuels. Hydrogen is noted for its high specific energy, as well as

zero carbon products. These characteristics make hydrogen

ideal for use where electrification is not a viable alternative,

instead taking advantage of advanced combustion concepts.

However, at the elevated temperatures achieved from burning

hydrogen with air, thermal NOx becomes more prevalent [1].
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Throughout the transition from fossil fuels, advanced

combustion concepts are being employed to help reduce

emissions from existing fuels, and to increase thermal ef-

ficiency. Moderate or intense low-oxygen-dilution (MILD)

combustion is one such concept. Reductions in NOx and

peak temperatures were observed in previous studies of

MILD combustion, showing promise when combined with

fuels such as hydrogen [2e5]. Similarly, recent findings

have indicated that reduced oxygen and elevated pressure

reduce NOx formation in CO/H2 laminar flames [6].

Combining MILD combustion with hydrogen fuel shows
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promise for reducing the thermal NOx production of

hydrogen-air combustion.

There are several definitions of MILD combustion, such as

(i) well-stirred reactor (WSR) temperature rise [7]; (ii) no net

negative heat release rate [8,9]; (iii) and monotonic S-shaped

curve [10]. The conditions required for MILD combustion are

generally achieved through lean combustion of fuel upstream

of the test section, or through exhaust gas recirculation (EGR)

[11e13]. The result of these conditions is a distributed reaction

zone, with elevated average temperature, but reduced peak

temperatures [14]. Given that thermal NOx formation (from

high temperature combustion processes) is heavily tempera-

ture dependent, reduced peak temperatures reduce NOx pro-

duction [1,2,15,16].

Chemical effects of low oxygen combustion can be analysed

using a jet in hot coflow (JHC) burner configuration. The JHC

configuration decouples the chemical kinetics from the fluid

flow, emulating the conditions of EGR without the complex

flow patterns, to enable advancement of fundamental-level

understanding. H2/CH4 (1:1 by vol.) jet flames in a JHC burner

have been studied, finding that with 3% O2 in the coflow, the

peak temperature, OH concentration, and NO concentration

were significantly reduced compared with 9% O2 [2]. Subse-

quently, concentrations of O, H, OH, andOH* have been used to

determine heat release computationally for H2/CH4 jets in the

JHC configuration [17]. It was found that the optimal method of

heat release rate determination was dependent on both oper-

ating conditions and fuel chemistry, indicating a lack of uni-

versal method for different flame types [17].

Addition of hydrogen into methane jets in a JHC configu-

rationwas found to increase the stability, and decrease lift-off

height [18]. Apparent lift-off height also tends to reduce with

an increase in O2 from 3% to 9% by volume in a JHC configu-

ration, using n-heptane as fuel [9]. This is in contrast to ob-

servations using ethanol, methane, and ethylene as the fuel in

the same apparatus, where non-monotonic variation in lift-

off height with coflow O2 concentration was noted [9,12].

Similar observations have been made using diluted acetylene

jet in a JHC configuration, whereby a decrease in O2 of the

coflow resulted in a transition from an attached to a lifted

flame [9,19]. The separate observations imply increasing hy-

drocarbon chain length results in a reversal of lift-off height

behaviour [9,19].

Lift-off height was found to be affected by the external

confinement of the flame for a methane jet in vitiated coflow,

with an increase in the downstream confinement resulting in

reduced lift-off height [20]. Hydrogen jet flames in Ar, N2, and

CO2 diluted hot coflows have shown dependence on diluent

species and coflow temperature for lift-off height character-

istics [21]. Addition of hydrogen into a parallel methane jet

combustor at 15% O2 was found to decrease stability overall,

after first reducing the lift-off height of the flame [22].

A vitiated coflow burner (VCB) using H2 diluted with N2 in

the jet was used to identify that autoignition contributes to-

wards the stabilisation of lifted H2 flames in hot and vitiated

coflows [23]. Modelling of H2/CH4 JHC flames in MILD condi-

tions has shown that heat release increases significantly with

an increase in O2, and that addition of hydrogen tends to

reduce the reaction zone volume, and the radial spread of the

flame [24]. There is also a greater sensitivity of the turbulence
decay and flame entrainment to oxygen level when the

hydrogen content is increased [24]. Addition of hydrogen to a

methane EGR burner was found to result in reduced ignition

delay and greater reactivity [25]. Increasing oxdidiser velocity

in this configuration supported the transition to MILD com-

bustion [25]. Comparisons of dimethyl ether (DME) and

ethanol flames at varying low oxygen conditions have shown

that the H2/O2 oxidation pathways play important roles in the

oxidation of both fuels, despite their different decomposition

pathways [26]. However, whilst a significant amount of

research has focussed on low oxygen, elevated temperature

combustion, less has been focussed on pressurised combus-

tion in these conditions.

An increase in fluid pressure before a combustion process

typically results in an increase in thermal efficiency [27e29].

Compression stages in a gas turbine utilise this concept before

the combustion stage to increase efficiency. This is effective in

contemporary engines as the chemical and fluid timescales

are significantly different, and oxygen content is significantly

higher, minimising the chance of reaction quenching [30].

However, in MILD combustion, oxygen content is low, and the

fluid and chemical timescales are very similar, indicated by a

Damk€ohler number of unity [31e33]. Hence, increasing pres-

sure has a marked influence on the combustion processes

from both a fluidic and a chemical kinetics perspective [32,33].

Pressure plays a considerable role on both the fluid dy-

namics and the chemical kinetics of a combusting flow, as

well as the coupling between these two components. An in-

crease in pressure increases density, affecting the turbulence

field and increasing the number density of reactants. Subse-

quently, mixing characteristics and reaction rates are directly

affected [34,35]. Increasing pressure also changes the fluid

timescale, as flow speed reduces, allowing for longer resi-

dence times and hencemore complete reactions [36]. Changes

in pressure directly impact on the reaction rate constants

through the activation volume property, and contribute to-

wards changes in preferential reaction pathways [37e39]. The

result is a complex influence of pressure on combustion,

which is particularly prevalent where fluid and chemical

timescales are of a similar order, such as in MILD combustion

[7]. Hence, to effectively implement MILD combustion in

pressurised conditions, these flames require in depth

investigation.

A FLOX® burner oriented horizontally using CH4 and

heated air at 8 bar demonstrated an asymmetric OH distri-

bution in the vertical plane, with flame stabilisation driven by

intense recirculation [40,41]. Hydrogen jet flames at 12 bar

have been studied, finding that differential diffusion is

particularly important in accurately modelling these flames

[42]. The effect of molecular diffusion in CH4eH2 flames was

found to be extremely important in other work, due to the

presence of H2 [43e46]. Differential diffusion has also been

indicated to be especially important in other dual-fuel

hydrogen combustion modelling [47]. A H2/CH4 jet in pre-

heated crossflow at elevated pressures (10 bar and 15 bar) has

shownminimal impact on themean distribution of OH* signal

and flame structure with a change in pressure [48]. The con-

ditions were not low oxygen, and hence do not have the same

balance between chemical and fluid timescales that pressure

will have a marked effect on. Recent work investigating high
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injection pressure, elevated temperature, confined hydrogen

jet combustion has indicated that reduction in ambient O2

increases lift-off height, whilst an increase in ambient tem-

perature results in earlier onset of autoignition [49]. Despite

large bodies of work dedicated to hydrogen combustion at

pressure, there has been minimal investigation of hydrogen

jet flames and the effect pressure has on combustion in low

oxygen, high temperature conditions.

As discussed, characterisation of turbulent hydrogen

flames in both elevated pressure and low oxygen conditions is

limited, despite work focussed on the two components sepa-

rately. To address this gap, OH* chemiluminescence has been

imaged in a pressurised JHC configuration, at various pressure

and oxygen conditions. The experimental observations are

accompanied by opposed-flow laminar flame calculations

across a significant range of conditions, to gain better insight

into the characteristics of these flames.
Method

Experimental setup

Images of OH* chemiluminescence were taken from turbulent

hydrogen jet flames within a confined and pressurised JHC

(CP-JHC) burner. The CP-JHC allows independent control of

coflow temperature, O2 concentration, and bulk flow veloc-

ities [50]. The central fuel jet has a 4.6 mm inner diameter,

with hydrogen as the fuel. The temperature of the fuel at the

exit of the jet is <350 K. The coflow surrounds the jet, and has

an inner diameter of 100 mm. The coflow consists of lean

combustion products from H2/CH4 (1:1 by vol.), and air. The

products are assumed to be in equilibrium, noting the long

distance and residence time between the burner used to

generate the coflow and the exit plane of the central fuel jet.

Equilibrium calculations were used to determine the compo-

sition of the major species at the given pressures and exper-

imental temperatures for use in the chemical kinetics

simulations, with the species mole fractions presented in

Table 1. The use of H2/CH4 rather than pure H2 for the coflow

fuel is for consistency with other JHC experiments [2,9,10,26],

and with other experiments performed with the same CP-JHC

apparatus [50]. As such, the composition was kept consistent

for comparability. The air flow rate is varied to achieve desired

O2 content of 3%, 6%, and 9% by volume whilst maintaining a

constant heat input into the flow. While this does affect the

jet-coflow momentum ratio, the bulk velocity of the coflow is

two orders of magnitude smaller than that of the jet, making

this impact relatively negligible. Pressure in these experi-

ments is increased to a maximum of 7 bar, at coflow tem-

peratures of 1100 K (refer Section Experimental Conditions).
Table 1 e Mole fractions of major species for each coflow
composition.

Oxygen content O2 N2 H2O CO2

3% 0.03 0.72 0.19 0.06

6% 0.06 0.73 0.16 0.05

9% 0.09 0.74 0.13 0.04
OH* chemiluminescence was imaged through a quartz

window perpendicular to the flow. A diagram of the experi-

mental setup can be found in the Supplementary Material

Section 1. OH* is the electronically excited OH radical,

releasing a photon during the de-excitation process. OH* is a

strong indicator of reaction zones in combustion, as primary

production pathways are through the combination of the

combustion intermediates, atomic H and O, and CH with O2

[51]. OH* releases light primarily with a central emission

wavelength of ~308 nm resulting from the transition from

state A2Sþ to X2P [52]. This was imaged using an intensified

charge coupled device (ICCD) camera, fitted with an optical

bandpass filter centred at 310 nm, with a bandwidth of 10 nm.

The images analysed have been time-averaged over a 10 s

period. OH* chemiluminescence is a qualitative diagnostic

and so will primarily be used to analyse trends rather than

present quantitative data for directmodel validation or theory

development. As this study involves the initial characterisa-

tion of H2 jet flames in MILD and pressurised conditions, OH*

chemiluminescence is the primary diagnostic being presented

here, with supporting analysis using the laminar opposed-

flow diffusion flame simulations for chemical kinetic anal-

ysis, discussed in Section Chemical Simulations.

Experimental conditions

Table 2 shows the experimental cases undertaken in this

work. The stoichiometric mixture fraction (Zst) reported in

Table 2 is calculated based on the fuel (H2) and oxidiser

composition for each coflow condition (presented in Table 1).

The jet consisted of hydrogen (a 99.5%), at a constant mass

flow rate across all cases. The jet mass flow rate corre-

sponded to a bulk mean Reynolds number of approximately

10,000 for all pressures, in order to maintain similar turbu-

lence characteristics. Three pressures were investigated:

1 bar, 5 bar, and 7 bar absolute. The coflow O2 contents were

3%, 6% and 9% by volume. The coflow was kept within a

range of 1010 Ke1100 K across the cases. The naming

convention in Table 2 refers to the fuel type (e.g. “H” for

hydrogen), coflow O2 content by mole (e.g. “3” for 3% O2), and

operating pressure (e.g. “P1” for 1 bar), resulting in a name of

H3eP1 for this example case.

The pressure was held within ±0.01 bar. Fuel and coflow

flow rates are controlled via digital mass flow controllers

(MFCs), with errors of ±0.5% of the reading. Temperature of

the coflow is monitored with an R-type thermocouple.

Data processing

Chemiluminescence imaging results in a line-of-sight inte-

grated image. Line-of-sight images are useful for under-

standing the typical flame appearance, however, the

underlying flame structure is not readily determined without

transforming the original image. In the case of a JHC type

burner, the flame is axisymmetric about the jet centre, and so

an inverse Abel transformation can be conducted to better

visualise the reaction zone of the flame. The inverse Abel

transform, applied in this work, is where a line-of-sight inte-

grated image is converted into the equivalent three-

dimensional object, or the 2D cross-section of that three-

https://doi.org/10.1016/j.ijhydene.2023.02.053
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Table 2 e Experimental cases analysed. Bulk mean jet Reynolds numbers all approximately 10,000.

Name Pressure (bar) Coflow O2 (% vol) Coflow Temp (K) U
̄

coflow (m/s) U
̄

jet (m/s) Zst (�)

H3eP1 1.0 3.0 1110 2.1 240 0.0044

H6eP1 1.0 6.0 1100 2.5 240 0.0088

H9eP1 1.0 9.0 1010 2.8 240 0.0131

H3eP5 5.0 3.0 1050 0.41 49 0.0044

H6eP5 5.0 6.0 1080 0.50 49 0.0088

H9eP5 5.0 9.0 1070 0.61 49 0.0131

H3eP7 7.0 3.0 1100 0.30 35 0.0044

H6eP7 7.0 6.0 1100 0.36 35 0.0088

H9eP7 7.0 9.0 1100 0.45 35 0.0131
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dimensional object. A 2D cross-section view allows a clearer

picture of the structure of the flame. As such, the experi-

mental analysis presented in Section OH* Spread onward has

been performed for the inverse Abel transformed data rather

than the data presented in Section Typical Appearance. It

should be noted that the general observations discussed in

Section Typical Appearance are still applicable with the

transformed images.

The Basis-Set Expansion Abel transform method was

implemented in this case, building off of a Python imple-

mentation of this theory [53]. This method involves creating

an analytically integratable basis set for a two dimensional

image, based on the number of pixels along the radial axis.

Linear algebra is then applied to perform the Abel, or inverse

Abel transforms, depending on the desired direction. Depen-

dence only on the image pixels makes this method agnostic to

the actual radial profiles, making it highly versatile. As the

resolution is maintained, sharp features of the image d ones

that may otherwise be filtered out using different trans-

formation methods d are generally still well preserved. The
Fig. 1 e (a) Relative intensity of original image and inverse Abe

features. (b) Radial profiles at 5, 10, and 15 diameters downstre

normalised by peak intensity. Data presented is for case H9eP7

plane, with centreline at jet centre.
result of applying this transformation is shown in Fig. 1, both

as a two-dimensional comparison in Fig. 1(a), and as the

change in radial profiles at several locations in Fig. 1(b). The

radial profiles are normalised by the peak OH* intensity value

five diameters downstream of the jet exit, for both the original

and inverse cases, respectively.

Chemical simulations

The software CHEMKIN Pro was used to analyse flames in

conditions similar to those presented in Table 2. A total of 7500

laminar opposed-flow diffusion flame calculations are per-

formed, across a parametric study with the following three

variables:

� Pressures from 1 bar to 13 bar (50 equi-spaced increments).

� O2 concentration in the oxidiser from 3% to 9% (3 in-

crements). Note that when the O2 concentration is

changed, the other oxidant stream concentrations change

d refer Table 1.
l transformed image demonstrating difference in OH*

am for original and inverse Abel transformed image,

(refer Table 2). Bottom border corresponds to the jet exit

https://doi.org/10.1016/j.ijhydene.2023.02.053
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Fig. 2 e Comparison of line-of-sight OH*

chemiluminescence intensity for all cases in Table 2,

normalised to the peak value in the 9% 1 bar case. Images

are 20D by 5D, with the bottom border edge corresponding

to the jet exit plane.
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� Global strain rate from 1 s�1e1000 s�1 (50 logarithmic

increments).

The global strain rate was defined as a ¼ �
Ufuel þ Uoxid

��
LD,

where LD is the length of the domain. The OPPDIF routine in

CHEMKIN was used to calculate the opposed flow laminar

diffusion flames in these conditions. Velocities at each inlet

were defined such that the momentum of each stream was

equal, resulting in a stagnation plane approximately at the

midpoint of the domain. When pressure is increased, density

increases and hence, for identical velocities at different

pressures, the mass flow rates will differ. In the experiments

presented, the mass flow rates are constant with changes in

pressure. In the simulations, the strain rate is varied by con-

trolling the inlet velocities. For constant mass flowrate, as the

pressure is increased the lower velocity will reduce strain rate.

This is counteracted by increasing the velocity, and hence the

mass flow rate. Hence, the strain rate and mass flowrate are

coupled with pressure. When reporting the results as a func-

tion of strain rate (e.g. Figs. 11e13) lines of constant mass

flowrate are also shown. The fuel stream is assumed to be

entirely H2, whereas the oxidant stream consists of equilib-

rium O2, N2, CO2, H2O, OH, NO, CO, O, and H at each operating

condition. These equilibrium products result from the com-

bustion of CH4 and H2with excess air at 1050 K, approximately

the midpoint of the measured experimental temperatures.

A modified version of the GRI-Mech 3.0 kinetic mechanism

for methane combustion [54], including reactions for forma-

tion of both CH* and OH*, was implemented in the laminar

flame calculations. Themodification adds the species C2, OH*,

and CH*, as well as 26 elementary reactions, resulting in a

mechanism of 56 species, and 351 reactions [51,55e57]. These

modifications are made as OH* concentration is not neces-

sarily coincidentwithOH concentration, which is a commonly

used marker for combustion in laser diagnostic techniques

[58,59]. As such, to accurately compare the trends of the

chemiluminescence images with those of the flame calcula-

tions, incorporation of the excited form of this combustion

radical is necessary. OH* has been found to coincide with lo-

cations of peak heat release in laminar flames in low oxygen

combustion [58e60]. Heat release rate, dominant reactions,

and temperatures can be extracted from laminar flame cal-

culations to help explain observations from the experimental

OH* chemiluminescence.

Two definitions of MILD combustion were investigated in

relation to H2 flames in lowO2 conditions using CHEMKIN. The

Perfectly Stirred Reactor (PSR) definition states
�
Tfinal � Tinitial

�

<Tai, where Tinitial > Tai [7]. The autoignition temperatures for

the oxygen and pressure conditions analysed were deter-

mined from transient PSR simulations, also using CHEMKIN,

rather than assuming a constant value across all conditions.

The autoignition condition was defined as the temperature of

the mixture at which an ignition delay of less than 0.5 s was

observed, consistent with previous studies [61e64]. Determi-

nation of the ignition delay is performed by assessingwhether

there is a positive change in heat release at themaximum rate

of change of temperature, i.e. the system is in thermal

runaway [61,65,66]. The net negative Heat Release Rate (HRR)

definition implies thatMILD combustion can only occurwhere
there is no net negative heat release occurring [8,58]. The net

heat release rate can be retrieved directly from the OPPDIF

simulations.
Results and discussion

Experimental flames

Typical appearance
Fig. 2 presents line-of-sight images of OH* chem-

iluminescence from the nine combinations of pressure and

coflow O2 concentrations in this work (refer Table 2). The

images are normalised against themaximumof case H9eP1. It

is important to note that the images are time-averaged tur-

bulent flames, and hence there is a significant contribution of

turbulence to the appearance of the flame. Whilst an increase

in pressure decreases the impact of small-scale eddies, the

https://doi.org/10.1016/j.ijhydene.2023.02.053
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Fig. 3 e Lines of best fit for peak OH* signal for 1 bar cases.

Fig. 4 e (a) OH* spread angle (b) OH* concentration virtual

origin.
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larger scale eddies generated by the coflow impact on the

overall flame shape, especially when time-averaged. Ideally,

the coflow is considered as laminar, and so these effects are

minimal, but they will still be present. Two initial trends can

be observed in Fig. 2 in regards to peak OH* intensity d

reduction in OH* with increased pressure, and a reduction in

OH* as O2 is lowered. The latter trend is to be expected, as

production of OH* relies on the presence of O2 in the coflow,

however, the former observation requires a more in depth

analysis from both a fluids and a chemical kinetics perspec-

tive. With an increase in pressure, diffusion of H2 begins to

play amore significant role in the flame structure, as turbulent

transport reduces with the velocity, and residence time in-

creases. The impact of H2 diffusion is explored in more detail

in Section OH* Spread and Section H2 Laminar Flame Char-

acteristics. In Fig. 2, the uniformity of the chemiluminescence

signal appears to increase in the flame zone when pressure is

increased, with less noticeable peaks. This suggests a thick-

ening of the flame, contributed to via higher diffusion of H2,

investigated further in Section Axial OH* Profiles, and greater

impact of large scale turbulent eddies. A thickening of reac-

tion zone with a decrease in OH* intensity is also suggestive of

a broadening flame, discussed in Section H2 Laminar Flame

Characteristics and Section MILD Combustion in Laminar H2

Flames.

Increases in coflow O2 concentration also appear to affect

the OH* signal uniformity presented in Fig. 2. The core of the

jet diminishes in OH* intensity significantly when O2 is

reduced from 9% to 3%, especially in the 7 bar cases. This

reduction in intensity suggests that pressure has a more sig-

nificant influence on the chemical kinetics in extremely low

O2 conditions (3%), than it does at higher O2 conditions (9%).

Analysis of the chemical kinetics in these conditions is per-

formed in Section Profiles in Mixture Fraction Space and

Section Production of OH* to better understand this behaviour.

At 9% coflow O2, an increase in the pressure shows a signifi-

cant drop in OH* intensity between 1 and 5 bar, but very little

variation in intensity between 5 and 7 bar. However, more

noticeable reductions in intensity are observed at 6% and 3%

coflow O2 concentrations when pressure is increased. These

trends suggest an asymptotic reduction in OH* intensity when

O2 content is increased, again indicating that pressure is more

influential at very reduced coflow O2. These trends are

explored further using laminar flame calculations in Section

Production of OH*.

OH* spread
OH* production is at its peak at the stoichiometric mixture

fraction (to be discussed in Section Profiles inMixture Fraction

Space), allowing visualisation of the spatial location of this

mixture fraction. The peak of the time-averaged OH* signals

from the Abel-inverted line-of-sight images can be used to

help differentiate the impact of pressure and coflow O2 on the

characteristics of the flame. Fig. 3 presents sample OH* im-

ages for the 1 bar case at three O2 levels, overlaid with the

locations of peak OH* at four heights and a linear fit through

the data points. Plots of these lines for all experimental cases

can be found in Figure SM2.1 of the Supplementary Material

Section 2.
Key characteristics of the peak mean OH* signal obtained

from the data points in Fig. 3, such as the slope of the line, and

the axis intercept, can be quantitatively compared through

the spread angle, and the virtual origin, respectively. The

virtual origin is an indicator of the self-similar zone of the jet,

corresponding to a momentum point-source analogue of the

jet, or in this case, the OH* concentration point source [67].

The spread angle helps to differentiate the effect of pressure

as compared to O2 content on the OH* concentration profile. In

fixed coflow O2 cases, if a change in pressure alters the spread

angle, it indicates there is a change in the balance between the

fluid and chemical timescales. OH* virtual origin and spread

angle are presented in Fig. 4.

At 3% coflow O2, Fig. 4(a) shows that elevated pressure in-

creases the spread angle of the peak mean OH* signal. With a

decrease in flow velocity, the residence time of the species

increases, allowing more time for diffusion to occur despite

the reduction in length scale of the molecular mean free path.

Reduced oxidant availability at 3% coflow O2 (relative to 6%

and 9%) also contributes to the capacity for greater H2 diffu-

sion across the flame. Assuming that entrainment in a react-

ing jet follows similar trends as a non-reacting jet, the
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Fig. 5 e (aec) Axial profiles of integrated OH* intensity,

normalised by peak value across the cases. (def) Full-width

at half-maximum of OH* for all cases.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 2 0 0 5 9e2 0 0 7 6 20065
elevated pressure should not have an impact, as the mo-

mentum ratio is constant [68]. However, turbulent transport

will reduce, as the eddy scales will be smaller. The result is

that molecular diffusion of H2 becomes more dominant as

pressure increases. When there is 3% coflow O2, the flame is

weaker as compared to 6% and 9%, and the peak temperatures

are lower, resulting in a comparatively low thermal gradient,

and lower reactant energy. As a result of the lower thermal

gradient andmore dominant diffusion, someH2 is able to pass

through the flame more readily, pushing the stoichiometric

mixture fraction away from the jet centreline, and hence the

OH* peak value, as noted previously [9,69]. The shift inmixture

fraction, and the increased presence of H2 are discussed

further in Section Production of OH*. Similar observations

have been noted at 3% coflow O2 in atmospheric jets, where it

has been shown that the most reactive mixture fraction, as

well as the stoichiometric mixture fraction, lie far into the

lean side of the flame, rather than within the jet-coflow shear

layer [70]. The increased spread in the flame is also contrib-

uted to through the increased impact of turbulence in-

teractions with the jet as pressure is increased. From laminar

flame calculations discussed in Section Profiles in Mixture

Fraction Space, the OH*mixture fractionwidth decreaseswith

an increase in pressure, opposing the spatial shift observa-

tions here, and hence indicating that turbulence plays a large

role in the change in spread angle in addition to the diffusion

effects.

The downstream shift in virtual origin for 3% coflow O2

observed in Fig. 4(b) results in part from the higher diffusivity

and low thermal gradient. Due to the high jet-coflow mo-

mentum ratio ðrjetU2
jet =rcoflowU

2
coflowÞ, ignition is slightly delayed

from the development of a fluidic bluff body before mixing

becomes dominant, leading to a flame that appears to be lifted

several millimeters above the jet exit. Coupling the apparent

lift off with the higher spread angle leads to the elevated vir-

tual origin of the OH* signal.

As the coflow O2 level increases, the effect of pressure

shows differing effects on the virtual origin and spread angle

of the peak OH* signal. At 6% coflowO2, both virtual origin and

spread angle appear to be minimally affected when the pres-

sure is increased. The lack of variation with an increase in

pressure suggests that while turbulent transport reduces in

intensity, and residence time increases, the higher tempera-

ture of combustion minimises the molecular diffusion of H2.

The 6% O2 flames share similar characteristics across the

different pressures. Increasing the coflow O2 concentration to

9%, the spread angle remains constant, however, the virtual

origin is pushed upstream. As will be discussed further in

Section H2 Laminar Flame Characteristics, an increase in

coflowO2 results in higher combustion temperatures from the

jet. With the higher jet combustion temperatures in the 6%

and 9% coflow O2 cases relative to the 3% coflow O2 cases, the

larger scale jet motion is restricted, as the lower density

products are convected towards the jet centre to conserve

mass. As a result of the greater convection, the lower O2,

higher pressure cases are observed to have the greatest OH*

spread. The increased combustion temperature likely con-

tributes to a reduction in diffusion of H2 across the flame due

to the increased reactant energy. These factors contribute to a
narrowing of the overall jet, reducing spread angle slightly,

and pushing the virtual origin downstream.

Axial OH* profiles
In the case of time-averaged OH* chemiluminescence, which

is correlated to the heat release rate, it is useful to determine

the “intensity” of the flame by integrating the OH* signal

across radial slices. This gives a measure of the overall OH*

chemiluminescence between the jet centreline, and the flame

edge. In addition to the flame intensity, the width of this zone

is insightful to the distribution of reactants, and the impact

that both coflow O2 concentration, and pressure, have on the

flame. The full-width at half maximum (FWHM) in this

context, is a measure of the mean flamewidth, as determined

by the time-averaged presence of OH*. As such, it includes the

time-averaged effects of turbulence on the transport of OH*.

On either side of the peak OH* signal, such as those shown in

Fig. 1(b), there is a location that is half of this signal strength.

The FWHM is the distance between these two points. Fig. 5

presents both the integrated intensity (aec), and the FWHM

(def) for each axial location of the experimental cases, with

±10% uncertainty of the FWHM.

Fig. 5(a) indicates that overall OH* intensity decreases as

pressure increases, however, at elevated pressure there is a
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more consistent profile downstream. At 3% coflow O2 con-

centration (Fig. 5(d)), there is a noticeable increase in the

FWHM as pressure is increased, especially far downstream of

the jet exit. So, not only does the OH* spread increase with

pressure (refer Fig. 4(a)), but the flame width increases whilst

maintaining overall apparent flame intensity. Additionally,

there is a decrease in the OH* intensity with an increase in

pressure, both experimentally, and in laminar flame calcula-

tions (refer Section Production of OH*). Combining the three

features of intensity, spread, and FWHM, indicates that

increasing pressure at low O2 results in a transition towards a

broader flame. At 6% coflow O2, there is similar transitional

behaviour that can be observed as pressure is increased,

however, the increase in FWHM is less prominent, as is the

decrease in OH* intensity. Contrasting the 3% O2 cases in

Fig. 5(a), the most uniform intensity profile is at 1 bar of

pressure in Fig. 5(b), although all three pressures show little

variation downstream. Comparatively, at 9% coflow O2

(Fig. 5(f)), there is minimal effect of pressure on the flame

width. There is, however, a significant reduction in the OH*

intensity in Fig. 5(c), as in the 6% and 3% O2 cases. This

reduction, along with the consistent FWHM with increased

pressure, suggests that while the flame appears to weaken as

pressure increases for a coflow O2 of 9%, it is strong enough to

prevent the levels of H2 diffusion suggested by the 3% O2

cases.

Laminar flame calculations

Profiles in mixture fraction space
The results of laminar flame calculations, while not directly

applicable to the images captured of the CP-JHC flames, can

give insight into the chemistry and structure of the flame

[10,23,61,71]. Turbulent nonpremixed flames d such as those

in this study d can be represented as a continuum of laminar

nonpremixed flamelets along the flame sheet, being trans-

ported by turbulent fluid motion, and as such, a combination

of experimental approaches and laminar flame calculations is

often employed to better understand turbulent flame struc-

ture [2,9,50,61]. The use of opposed flow laminar flame cal-

culations in this work can provide insight into the behaviour

of the flames observed experimentally through the OH*

chemiluminescence. Parameters such as species mole frac-

tions, temperature, and heat release rates can be extracted

from flame calculations. Laminar opposed-flow diffusion

flame calculations at evaluated pressures from 1 bar to 13 bar,

3e9% O2 content in the oxidiser, and varying global strain rate

(1 s�1 to 1000 s�1). The concentration of OH and OH*, along

with the net heat of reaction and the temperature are pre-

sented in Fig. 6 for several pressures. The strain rate in the

chemical simulations presented in Fig. 6 varies such that the

inlet velocities decrease with increased pressure, as the mass

flow rate remains constant (refer Section Chemical Simula-

tions). However, the influence of changing strain rate or

pressure individually, while not directly relevant to the

experimental cases that the simulations herein emulate, is

still an important factor in characterising the flame behaviour.

These trends are discussed further in Section H2 Laminar

Flame Characteristics by looking at the peak values of some

variables across the 7500 cases analysed. However, as this
does not necessarily demonstrate the mixture fraction based

phenomenology of the flame subjected to only a change in

pressure, or only a change in strain, a similar analysis as to

that which accompanies Fig. 6 can be found in Supplementary

Material Section 3 for the constant strain conditions.

Fig. 6 indicates there is correlation in the mixture fraction

location corresponding to the peak of the heat release rate and

the peak concentration of both OH and OH*. Across all cases,

the mixture fraction location of the peak heat release rate is

within ±3.6% of the OH peak, whereas it is within ±9.4% of the

OH* peak. Similar observations have been made with both

premixed and non-premixed laminar flame calculations for

CH4-air flames [72,73]. While the correlation in the location of

the peak OH* and peak heat release rate appears to decrease

with increased O2, it is proportional to the width of the reac-

tion zone in mixture fraction space. However, there is still

some variation in the correlation. In particular, there is a shift

in the peak OH* number density from the rich to lean side of

the reaction zone, while the location of the heat release rate

peak remains lean for all cases. Two reasons may contribute

to the shift in OH* peak from the rich to lean flame zone.

Firstly, the reactions that contribute most greatly to heat

release in the higher oxidant cases involve the reactants that

contribute significantly to the quenching of OH*, most prom-

inently, O2, H2, and CO. As such, their participation in the

dominant heat release reactions both increases heat release

rate at this mixture fraction, and decreases quenching of OH*,

resulting in the lean-ward shift in peak OH* as O2 increases.

Secondly, in the higher O2 cases, the higher combustion

temperatures promote the dissociation of H2 into H, which

diffuses across the stoichiometric mixture fraction, reacting

with O2 to form O and OH (refer Section Production of OH*).

This both increases the number density of OH and presents

additional atomic oxygen on the fuel-lean side of the flame to

react with atomic hydrogen to form OH*. This shifts the pro-

duction of OH* in favour of the fuel-lean flame, where H, OH,

and O radicals are present from the coflow as well. Production

of OH* and the associated trends are explored further in Sec-

tion Production of OH*.

Peak OH* number density (Fig. 6(a), (e), and 6(i)) is close to

the stoichiometric mixture fraction (±1.8%), which could be

used to help infer the locations of stoichiometric mixture

fraction from OH* chemiluminescence in experiments. In

comparison, peak temperature does not correlate strongly

with fluorescent species, nor with OH number density, mak-

ing it difficult to infer further information from the experi-

mental results. Beyond the shift in stoichiometric mixture

fraction, there is little change in the morphology of the flame

when O2 content of the oxidiser is increased. As O2 content is

elevated, the temperature rise increases, as oxidant avail-

ability rises, and the range of mixture fractions where there is

heat release increases. However, at higher pressures, the peak

temperature displays an asymptotic approach to a limiting

temperature.

The peak OH* number density at 1 bar in Fig. 6(a), (e), and

6(f), appears to show an increase in value with increased

coflow O2 content, however, it decreases significantly with

increased pressure. This trend is noted in experiments aswell,

with the relative chemiluminescence intensity decreasing

tenfold as pressure is increased (refer Fig. 2). At both 6% and
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Fig. 6 e Calculated species number densities, temperatures, and net heat release profiles for different pressures and oxidant

levels. (aed) 3% O2 cases; (eeh) 6% O2 cases; (iel) 9% O2 cases. Dotted lines indicate stoichiometric mixture fractions.
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9% oxidiser O2, it is interesting to note that while OH* number

density decreases with pressure, OH number density, heat

release and temperature all rise. However, at 3% O2, the OH

number density shows non-monotonic peak behaviour with

increased pressure. These phenomena are explored further in

Section Production of OH*.

It is also of note that the domain volume based heat release

rate shows different trends to the molar based heat release
rate presented here, the differences for which are discussed in

the Supplementary Material Section 4.

Production of OH*

To better understand the observations of trends in OH*

number density, as well as its relationship to the stoichio-

metric mixture fraction andmaximum heat release discussed

in Section Profiles inMixture Fraction Space, the production of
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OH* was analysed. In the kinetic mechanism implemented,

ten reactions involving OH* are present:

OþHþM#OH* þM (R1)

OH*/OHþ hn (R2)
OH* þN2#OHþN2 (R3)
OH* þO2#OHþO2 (R4)

OH* þH2O#OHþH2O (R5)

OH* þH2#OHþH2 (R6)

OH* þ CO2#OHþ CO2 (R7)
OH* þ CO#OHþ CO (R8)
Fig. 7 e Calculated rate of production of OH* from eight key reacti

reactions. Dotted line indicates stoichiometric mixture fraction
CHþO2#OH* þ CO (R9)

OH* þ CH4#OHþ CH4 (R10)

where h is Planck's constant, and n is the photon frequency of

emitted light. With no hydrocarbon fuel in these flames, the

presence of CH and CH4 is negligible aside from the small

carbon flux from the fuel mixture in the coflow. In previous

investigations, it was found that production of OH* shifts be-

tween R1 and R9 with change in oxidant [60], however, this

involved using methane as the fuel. With hydrocarbon/

hydrogen fuels, the production pathways of OH* are likely to

be impacted significantly as the radical pool contains a larger

proportion of CH, but changing the oxidiser appears to have

limited effect in a pure H2 flame. As a result, R9 and R10 are

neglected throughout this discussion.

The rates of production from reactions R1 through R8, as

well as the net rate of these reactions are shown for 3e9% at

1 bar, 9 bar and 13 bar in Fig. 7. The cases shown are at a
ons at different O2 and pressures, as well as the net of these

.

https://doi.org/10.1016/j.ijhydene.2023.02.053
https://doi.org/10.1016/j.ijhydene.2023.02.053


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 2 0 0 5 9e2 0 0 7 6 20069
constant mass flow rate, as with the experimental work. As

such, the strain rate varies with pressure to meet this condi-

tion, resulting in lower strain at elevated pressure. All re-

actions show an increase in magnitude with increased

oxidant content, although at varying rates. In particular, both

R3 and R7 have marginal changes in magnitude compared

with the other reactions, regardless of changes in O2 content

and pressure. These minimal changes are to be expected,

given that both N2, and CO2 are present in similar quantities

across all of the assessed cases.

An increase in pressure decreases the mixture fraction

ranges where OH* reaction rates are elevated. As a result,

overall production of OH* and subsequently the emission of

OH* chemiluminescence is decreased, a trend that is in

agreement with the experimental observations (refer Fig. 2).

There is a decrease in the overall production of OH* when

pressure is increased, across all O2 conditions, while an in-

crease in O2 results in a significant increase in OH* production.

With an increase in pressure, the mixture fraction range for

OH* production narrows significantly around the
Fig. 8 e Rates of reaction involving H, O, OH, H2O, and HO2 that

forward reaction is considered positive here. The dotted black l
stoichiometric mixture fraction. A contributing factor to this

reduction is the greater effective contribution of the quench-

ing reactions of R3, R5, and R7 as opposed to the R1 away from

the stoichiometric mixture fraction, resulting in a narrowed

net production. However, the overall range for R1-R8 de-

creases with an increase in pressure, a trend that is also noted

in Fig. 6 for heat release rate and OH number density. The

range reduction results from a shift in the reaction rates of

intermediates such as OH, O, and H to form H2O and HO2,

rather than OH and OH*, as indicated in Fig. 8. In particular,

the production of OH* decreases in magnitude through

OþHþM#OH* þM, while H2O and HO2 production increase

significantly through OH þ H2 #H þ H2O and H þ O2 þ H2O

#HO2 þ H2O, especially when the oxidiser O2 is below 6%.

The 3% O2 and 9% O2 show opposing trends for both R1 and

R5 as pressure is increased in Fig. 7. At 3% oxidiser O2, both R1

and R5 decrease in magnitude with increased pressure, how-

ever, this trend reverses at 9% oxidiser O2. R1 is dependent on

the presence of atomic O and H, whereas R5 is dependent on

the presence of H2O. However, most of the production of H2O
are significantly affected by an increase in pressure. The

ines indicate the stoichiometric mixture fraction.
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Fig. 9 e Calculated number densities of H2 and O2 at select

pressures and oxygen concentrations. Dotted lines

indicate stoichiometric mixture fraction.
Fig. 10 e Emission of light and production of OH via R2, OH*

/ OH þ hn, at different O2 and pressures. Dotted lines

indicate stoichiometric mixture fraction.
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comes from combination of O and H to form OH, and a sub-

sequent combination of H2 and OH to form H2O. The atomic H

tends to originate from a decomposition of H2. Hence, in the

lean flame zone, there is a dependence on the presence of H2

for OH* production, as opposed to O2 in the rich zone. As such,

there is an intrinsic relationship between R1 and R5 through

the presence of O2 and H2 across the flame.With decreased O2

content, the lower temperatures may contribute towards the

lack of production of atomic O, and hence reduces the overall

rate of production of OH* through R1 and R5.

Fig. 9 shows the number density of both H2 and O2 as

pressure increases for all O2 levels around the stoichiometric

mixture fraction. At 6% and 9% oxidiser O2, number density of

H2 at elevated pressure is slightly higher than at atmospheric

pressure condition, owing to the higher residence time

allowing H2 to diffuse. However, away from the stoichiometric

mixture fraction towards the lean side, there is a significant

reduction in number density of H2 at elevated pressure when

compared to atmospheric pressure, pointing towards the lean

flame edge. Comparatively, in the 3% oxidiser O2 cases, an

increase in pressure results in an overall increase in H2

number density across the lean flame zone relative to the

atmospheric case. The characteristics of the number density
of O2 in the rich flame zone are similar across the different

oxidiser O2 conditions. An increase in pressure results in an

initial increase in number density on the rich side of the

stoichiometric mixture fraction, before a more sudden

decrease away from this mixture fraction. For 3% O2, an in-

crease in pressure increases the diffusion of O2 across the

reaction zone, leading to a wider region of potential OH* pro-

duction. The lower temperature and higher residence time of

the elevated pressure 3% O2 cases allows the H2 to diffuse

across the reaction zone, rather than dissociate into H. The

combination of these two diffusion processes may be the

cause of the wider OH* spread observed in Figs. 2, 3 and 5,

when pressure is elevated at 3% coflow O2.

Fig. 10 shows the rate of production of OH þ hn via R2, the

chemiluminescence reaction, at pressures from 1 bar to 13 bar

and 3e9% O2. As pressure is increased, a non-linear reduction

in the peak OH rate of production is observed at all O2 levels.

As O2 content is increased, the increase in pressure appears to

have a reduced effect on the emission of light from OH*. This

correlates with what was observed in Fig. 2, whereby the in-

tensity of OH* signal at 9% O2 varies little between cases
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H9eP5 and H9eP7, as opposed to the variation in 3% O2 cases,

H3eP5 to H3eP7. This asymptotic behaviour is likely due to

the limited production of atomic O in the fuel rich environ-

ment as O2 becomes more limited, governing the OH* avail-

ability. The intensity of OH* chemiluminescence in case

H3eP7 compared with H9eP1 (refer Fig. 2), is close to two or-

ders of magnitude, which is also represented in Fig. 10.

Interestingly, the range of mixture fraction where OH* is

emitted tends to reduce with increased pressure, contrary to

the physical space expansion discussed in Section Axial OH*
Fig. 11 e Maximum magnitude of net negative heat release rate,

dashed lines indicate lines of constant mass flow rate.
Profiles, and to the presence of both H2 and O2 presented in

Fig. 9. Also notable is the fact that increased pressure tends to

shift the location of the peakOH* chemiluminescence towards

the rich side of the flame. This observation is also in direct

contrast to the experimental observations (refer Section

Typical Appearance). However, the influence of turbulence is

not captured in the laminar flame calculations. Fig. 2 is a time-

averaged view of a turbulent flame, averaging out any turbu-

lent fluctuations, including turbulent transport of the flame-

lets. As such, turbulent transport of themixture fraction range
net positive heat release rate, and temperature rise. White
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where OH* chemiluminescence occurs may contribute to-

wards the experimental observations after averaging.

H2 laminar flame characteristics
By simulating a range of non-premixed opposed flow laminar

flames, trends in the peak values of low O2 combustion with

pressure can be inferred. Fig. 11 shows the peak magnitude of

net negative heat release rate with pressure and strain rate,
Fig. 12 e Peak mole fractions of OH and OH*, as well as peak ra

indicate lines of constant mass flow rate.
alongside the peak positive net heat release rate, and peak

temperature rise. In the figures presented in this section,

isolines of constant mass flow rate are superimposed onto the

regime diagrams. These isolines represent the equivalent

strains required to achieve a constant mass flow rate as the

atmospheric cases, scaling with pressure. As mentioned in

Section Profiles inMixture Fraction Space, the peak values can

be used to infer characteristics of the flames by looking at the
te of reaction from R2, OH* / OH þ hn. White dashed lines
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Fig. 13 e MILD combustion based on PSR and negative HRR

definitions. White dashed lines are contours of constant

mass flow rate.
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trends in Figs. 11 and 12 only vertically (for constant strain and

varying pressure), or only horizontally (constant pressure and

varying strain), rather than just the isolines presented in

white. It is interesting to note that an increase in pressure

shows a reversal in trend for the magnitude of the negative

heat release, as opposed to the positive heat release.

The absence of a net negative heat release zone is indica-

tive of MILD combustion [8,58]. Fig. 11 indicates that elevating

pressure does tend to increase the magnitude of the negative

zone. Contrary to observations using hydrocarbon fuels,

increasing O2 in a pure H2 fuel mixture appears to increase the

range of negative heat release cases, rather than decrease

them, indicating that MILD combustion is unlikely to be ach-

ieved at O2 levels above 6% for H2 flames, nor at higher pres-

sures, at least at lower strain rates [58]. However, with

increased strain rate, the negative heat release zones disap-

pear. This transition is likely due to the reduced fluid time-

scale favouring faster oxidation reaction pathways, and hence

a net exothermic reaction occurs.

At elevated pressure and lower strain, inhibition of the

oxidation reactions tends to occur, especially above the third

explosion limit for H2eO2 combustion, where chain-branching

of HeO2 shifts towards HO2eH2O2 branching [38]. The

increased residence time pushes the decomposition reactions

to dominate, resulting in the trend observed in Fig. 11,

whereby lower strain and elevated pressure cases show

increased magnitude of net negative heat release rate. In the

case of the positive heat release rate in Fig. 11, trends are

similar across the different oxidant levels. In the constant

mass flow scenario there is a slight increase in peak heat

release as pressure rises, but overall minimal variation.

However, for a given pressure, the net heat release rate shows

non-monotonic variation when strain is increased, with a

minimum along the constant mass flow line with a global

strain of 100 s�1 at 1 bar. This trend represents a larger scale of

what is observed in Fig. 6, and in Fig. 10.

Although maximum heat release rate peaks at elevated

strain and pressure, the peak temperature rise shown in

Fig. 11 follows a line of constant mass flow rate. The tem-

perature rise is lower at elevated strain and low pressure, in

line with conventional combustion observations. Trends are

consistent across O2 percentage, however, the range of

temperature values varies significantly. Peak temperature

rise is aligned with the cases of minimum heat release rate,

which is also in agreement with conventional laminar flame

characteristics [74,75]. However, there is little other correla-

tion between the heat release rate and the peak temperature

rise across the rest of the regime map in Fig. 11, making

inference of temperature information from the heat release

rate or the OH* chemiluminescence difficult. Peak mole

fractions of OH, and OH*, alongside the peak rate of reaction

of R2 (refer Section Production of OH*) are shown in Fig. 12

across the cases simulated, alongside the change in tem-

perature relative to the oxidiser.

While an increase in pressure at the same strain tends to

result in a monotonic decrease in both OH* mole fraction and

OH* chemiluminescence, changes in strain at constant pres-

sure shows non-monotonic variation of both variables. As

seen in the 3% O2 cases, increased pressure at high strain re-

sults in an overall reduction of OH mole fraction, likely due to
the increased number density resulting in a greater number of

recombination reactions. There is, however, a significant in-

crease in the intensity of OH* chemiluminescence at high

strain rate and pressure at both 6% and 9% oxidiser O2 that is

not reflected in the mole fraction of OH*. This suggests that

the influence of pressure at elevated strain inhibits to OH*

production, but favours de-energisation of OH* through R2. As

chemiluminescence requires no third body, the increased

number density of OH* is the likely contributor towards the

elevated chemiluminescence in the 6% and 9% oxidiser O2

cases. An increase in strain at constant pressure for OH* mole

fraction and OH* chemiluminescence results in non-

monotonic variation, characterised by a trough through the

middle of the regime diagram and peaks at the extremes of

strain. Often, a reduction in strain tends to increase the overall

reaction rates, however, this is not observed in these simu-

lations past 100 s�1 equivalent strain (accounting for pressure

effects) [76]. An increase in strain instead increases the mole

fraction of both OH and OH*, suggesting that the mechanism

for production of atomic O and atomic H d the primary re-

actants that form OH and OH* d changes. At 3% oxidiser O2,

there appears to be a strong inverse correlation between rate

of reaction of R2, with the peak temperature rise observed in

Fig. 11.

MILD combustion in laminar H2 flames
Several definitions for MILD combustion have previously been

proposed, including the perfectly stirred reactor conditions, as

well as the net negative heat release rate conditions [7,9].

Using the PSR calculations to determine autoignition tem-

peratures, locations of potential MILD combustion can be

identified from Fig. 11. Fig. 13 shows these conditions.
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At low O2 content (3e6%), capacity for MILD appears to be

limited primarily by the net negative heat release, whereas

at higher O2 (9%), the temperature rise is the limiting factor,

despite the increase in the magnitude and range of negative

heat release zones. As such, there is potential for local

zones of MILD combustion to have been observed in the

experiments, however, characterisation from OH* chem-

iluminescence alone is not feasible, despite the strong cor-

relation between OH* chemiluminescence and heat release

rate discussed in Section Profiles in Mixture Fraction Space

and Section H2 Laminar Flame Characteristics. In particular,

at 3e6% O2, a range of strains and pressures show the po-

tential for MILD combustion to occur, with some possibility

in the low pressure range for 9%. Given the low strain rates

however, it is unlikely that a realistic turbulent flame will

have low enough strain rates at these pressures to accom-

modate MILD combustion.
Conclusions

Hydrogen jet flames in a hot and vitiated coflow have been

characterised at pressures from 1 bar to 7 bar, using a com-

bination of experimental OH* chemiluminescence imaging

and laminar flame calculations. The main findings from this

work are summarised as follows:

� The mixture fraction location of peak OH* number density

correlates strongly with that of peak HRR and with the

stoichiometric mixture fraction, across the range of pres-

sures from 1 bar to 13 bar, especially when the oxidant has

<6% O2.

� Increases in pressure and reduction in O2 both decrease

OH* intensity in experimental flames, and in laminar

flame calculations, owing primarily to increased colli-

sional quenching of OH* (relative to production) and

preferential formation of OH, HO2 and H2O with increased

pressure.

� Higher flame temperatures were observedwith an increase

in pressure in laminar flame calculations, whereas heat

release rate (HRR) decreased.

� Themixture fraction rangewhereOH* is present in laminar

flame calculations decreases with increased pressure,

opposing the observed physical widening of the OH* signal

in experiments. The difference is attributed to the influ-

ence of turbulence in the experiments leading to a

smearing in the mean measurement.

� Changes in pressure have a more significant impact on

flame characteristics with a 3% O2 coflow, as compared

with 6% or 9%.

� At 3% O2, increases in pressure increased the full-width at

half-maximum (FWHM) of the OH* profile and the spread

angle, and shifted the OH* virtual origin upstream.

� At 3% O2, integrated radial OH* signal remained nearly

constant at high pressure, despite increases to FWHM,

indicating a shift towards a spatially broadened flame at

low O2 levels.
� Diffusion of H2 and O2 across the stoichiometric mixture

fraction is more prevalent at 3% O2 than at 6% or 9% as

indicated by laminar flame calculations, contributing to-

wards the wider OH* FWHM observed in the experiments.

� The perfectly stirred reactor and heat release rate criterion

for MILD combustion are met by laminar hydrogen flames

across a large range of pressures and strain rates for 3%

and 6% oxidiser O2, but not 9%.

The above findings indicate that as oxygen is reduced in

the oxidiser stream of a hydrogen jet flame, changes to the

environmental pressure have a more significant effect on the

flame characteristics. The result of lowering the oxygen level

and increasing pressure is a shift towards MILD combustion

conditions, however, further experimental work with more

advanced diagnostics would be necessary to better classify

these regimes. In summary, this work highlights the potential

for MILD combustion of hydrogen in high pressure devices,

such as advanced gas turbines.
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