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Abstract

Combustion in hot and low oxygen environments, such as those encountered in
practical devices including inter-turbine burners and sequential gas turbines, is
not yet fully understood at a fundamental level, particularly in terms of the ef-
fects of pressure. To meet this gap in understanding, a confined-and-pressurised
jet-in-hot-coflow (CP-JHC) combustor has been developed to facilitate optical
diagnostics of turbulent flames in hot and vitiated coflows for the studies of
flame stabilisation, structure and soot formation at elevated pressures. The
CP-JHC burner has been designed for steady operation at 10 bar with internal
temperatures of up to 1975 K, with a water-cooled central jet issuing into a hot
oxidant stream of combustion products from a non-premixed natural gas/Hs
burner. This work describes the key features and operational capabilities of the
CP-JHC burner and presents a selection of experimental results showing char-
acteristics not previously available. Specifically, temperature measurements of
the hot coflow are used to estimate the enthalpy deficit of the stream, revealing
an increase in thermal efficiency with increasing heat input, and a decrease with
increasing pressure. Chemiluminescence imaging of OH* and CH* is performed
for turbulent jet flames to study the flame structure under various operating
conditions, and true-colour imaging results are also included to highlight the
change in soot formation under elevated pressures. The mean images indicate
a change in stabilisation behaviour with changes in pressure and jet Reynolds
number (Reje:), which is further investigated by a statistical analysis of the
short-exposure CH* images. This analysis reveals that an increase in Rejet
from 10,000 to 15,000 leads to an increase in the mean lift-off height (from the
jet exit plane) from approximately 1.5 to 6 jet diameters at atmospheric pres-
sure, while the flames at elevated pressures show significantly less variation and
tend to stabilise at the jet exit for P > 3.5 bar(a). The experimental findings
are complemented by numerical simulations of laminar opposed flow flames, pro-
viding additional insights into the fundamental chemical kinetics effects which
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influence these flames. In particular, a monotonic reduction in both the maxi-
mum and integrated OH* and CH* mass fractions is observed with increasing
pressure. This reduction is particularly pronounced at lower pressures, with a
reduction to 10% of the atmospheric-pressure value at 3 bar(a) for the inte-
grated OH* mass fraction. Additionally, this behaviour is shown to be related
to the combined effects of a shift in the formation pathways and the increased
impact of collisional quenching.

Keywords: Elevated pressure combustion, Mild combustion, Turbulent flames,
Jet-in-hot-coflow, Chemiluminescence

1. Introduction

The reduction of pollutant emissions, in conjunction with improvements in
efficiency and operational flexibility, are major challenges in the development
of new combustion devices. A promising technology in this regard is “mild”
combustion, which, in addition to describing the nature of the combustion pro-
cess, is an acronym for moderate or intense low-oxygen dilution combustion.
This mode of combustion, which is also referred to as flameless combustion and
flameless oxidation [1, 2], is characterised by a highly diluted oxidant stream
which is above the auto-ignition temperature of the fuel [3]. In practice, such
conditions are typically achieved via exhaust gas recirculation (EGR) or the
use of a secondary combustion stage. The use of exhaust gas heat allows an
increase in the thermal efficiency, while the low oxygen concentration results in
lower peak temperatures, thus limiting the production of NOy, a major pollu-
tant associated with combustion. Another important feature of mild combustion
is the reduced tendency for soot formation in this regime, which is attributed
to a shift in the heat release profile such that pyrolytic regions of negative heat
release are suppressed [4].

A potential application of mild combustion is in gas turbines, for both elec-
tricity generation and aerospace propulsion applications [1]. The most com-
mon approach for practical implementations of mild combustion is via the EGR
method, using either internal recirculation (e.g. with a high-momentum jet to
generate recirculation zones) or the external recirculation of flue gases. Another
potential option which is particularly relevant for gas turbines is the use of a
sequential combustion configuration, in which the exhaust products of a pri-
mary or initial combustor pass through to a downstream combustion zone into
which a secondary fuel stream is injected. Such a configuration—which is re-
ferred to as either a sequential gas turbine (SGT) or inter-turbine burner (ITB)
depending on the geometry [5, 6, 7, 8, 9]—may be beneficial as it can provide
additional fuel-flexibility while avoiding the issue of pressure loss, an inherent
challenge of EGR-based gas turbines [1]. There are, however, a number of com-
plexities involved in the implementation of mild combustion in a gas turbine,
largely due to the requirement of a variable output and the need to operate
at a range of pressures and temperatures. While mild combustion is relatively



well understood for the case of atmospheric pressure (such as in a furnace), the
impact of increased pressure on the formation of emissions and stability of the
mild regime requires further investigation [10], to enable the extension of its
application to devices such as gas turbines.

Due to the relevance of the topic to practical applications, the effect of pres-
sure on combustion has remained an active area of investigation for some time.
An inherent challenge associated with experiments at elevated pressure is the
difficulty in obtaining data relating to flame structure and stabilisation, since
the need for confinement tends to limit optical access for diagnostics. A use-
ful technique in this regard is chemiluminescence imaging, which facilitates the
investigation of flame structure and reaction zone features through a single view-
ing window. This imaging is typically focussed on the excited-state OH and CH
species (termed OH* and CH*), as they tend to be correlated with regions of
high heat release and radical concentrations [11]. One of the challenges associ-
ated with chemiluminescence imaging is the difficulty in extracting quantitative
information (such as heat release rate) from the measurements, since several
factors—including pressure—can influence the excitation and subsequent relax-
ation of the species [12, 13]. Recently, laser diagnostic measurements have been
performed for turbulent flames at pressures up to 12 bar for turbulent non-
premixed flames with a CO/Hz /N2 fuel mixture issuing into a coflow of air [14].
Imaging of the near-field reaction zone revealed both a narrowing of the OH
layer and a reduced probability of local extinction with increasing pressure [14].
The formation of soot is also known to be particularly sensitive to pressure, with
previous studies suggesting a linear relationship between soot volume fraction
and operating pressure [15], as well as a shift in the onset of the sooting region
further upstream for elevated pressures, even when velocity is held constant [16].
Although mild conditions are known to suppress soot formation, this is primar-
ily based on observations at atmospheric pressures; it is therefore imperative to
explore the competing effects of pressure and dilution by exhaust products on
the formation of soot.

There have also been a number of important studies based on conditions
relevant to mild and sequential combustion at elevated pressures. A particular
configuration that has been studied in-depth is the FLOX® combustor [17, 18],
which is based on a high-momentum, recirculation concept. Optically accessi-
ble experiments with the FLOX® combustor highlighted the importance of the
jet exit conditions on the mixing processes and the resulting emissions char-
acteristics, with OH* chemiluminescence and OH-PLIF reaction-zone imaging
confirming the existence of distributed reaction zones (typical of mild combus-
tion) in the low-emissions operating range [17]. Turbulent jets issuing into a
hot cross-flow of combustion products under pressurised conditions have also
been investigated, with high-speed imaging revealing that the flame stabilisa-
tion process is particularly sensitive to the addition of natural gas to hydrogen,
as well as highlighting the importance of isolated ignition kernels on the overall
autoignition process [19]. The ignition and stabilisation features of flames in
conditions relevant to sequential gas turbines have also been studied, with a nu-
merical analysis involving both 1-D simulations and LES modelling by Schulz



and Noiray [20] identifying a range of possible combustion modes which can
co-exist in such a configuration. Additionally, Guethe et al. [21] provide a
comprehensive overview of the potential of chemiluminescence to aid in the de-
velopment, control and optimisation of gas turbines, including as a diagnostic
tool to further understand the flame dynamics in sequential combustors. While
these studies provide valuable insights into the behaviour of flames under hot
and low-oxygen conditions at pressure, they tend to feature relatively complex
geometries which—although beneficial in terms of demonstrating the viability
of the technology—leads to coupling between boundary conditions and limits
the applicability of the results for model validation [10].

In contrast to the aformentioned studies at elevated pressures, there have
been several studies performed in open-flame burners at atmospheric pressure
which facilitate the decoupling of chemistry, mixing and flow-field effects. Many
of these experiments have been carried out using so-called jet-in-hot-coflow
(JHC) burners [22, 23], or similar designs such as the vitiated coflow burner
[24, 25]. In these burners, mild combustion conditions are achieved using an
additional burner upstream of the main combustion zone, with the primary fuel
jet issuing into the hot and low-Os coflow of combustion products. This con-
figuration emulates EGR conditions, or the secondary stage of an SGT or ITB.
The advantage of the JHC and similar designs is the fact that the upstream
combustion zone can be controlled independently of the jet, allowing the coflow
properties, such as Oy concentration and temperature, to be varied while main-
taining constant jet boundary conditions, such as Reynolds number and fuel
type.

To enhance the fundamental understanding of mild combustion in conditions
relevant to devices such as gas turbines, the current investigation is focussed on
the structure, stability and sooting behaviour of turbulent flames at elevated
pressures, in a hot and low-Oy coflow. Experiments have been performed using
a unique burner which combines the advantages of the well-studied JHC config-
uration with the ability to operate at pressure. The design and operation of this
“confined and pressurised jet-in-hot-coflow” combustor (CP-JHC) is described
in this paper, along with a series of experimental results. This includes a charac-
terisation of the coflow, in terms of the effect of pressure, equivalence ratio and
heat input on the downstream temperature of the coflow stream. Chemilumi-
nescence and true-colour imaging is performed to examine the effect of pressure
on the characteristics of jet lames with Reynolds numbers of 10,000 and 15,000
issuing into a 9% Os coflow. These results are supplemented by laminar flame
simulations, which facilitate the detailed analysis of the change in chemical
kinetics with increasing pressure, and its implications regarding chemilumines-
cence intensity. This is of particular importance to guide future research efforts
in developing the ability to extract quantitative information from chemilumi-
nescence imaging, which will in turn aid in the development and validation of
CFD models.



2. Methods
2.1. Burner description

A cross-sectional schematic which highlights the key features of the CP-JHC
combustor is shown in Fig. 1. The jet flame and hot coflow are contained within
a 100-mm-diameter cylindrical quartz tube, which is surrounded by a section of
DN300 (O.D. of 324 mm), 304 stainless steel seamless pipe with a wall thickness
of 12.7 mm. The void between the quartz and the pipe wall is filled with thermal
insulation to allow steady operation at 10 bar with internal temperatures up to
1975 K without a requirement for cooling the main pressure vessel walls. This
configuration minimises heat losses in the system, allowing for the investigation
of hotter coflow conditions and with minimal thermal boundary layer. The hot
combustion products from the jet and coflow are then cooled via water jackets,
allowing the pressure in the vessel to be controlled via a back-pressure regulator
(cooling/exhaust system is not shown in Fig. 1).

To exhaust
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Figure 1: CP-JHC cross section with main components labelled. Note: the exhaust section
of the combustor has been omitted from this figure.

The hot and low-Os coflow is produced using a ring burner, via the non-
premixed combustion of a natural gas (NG) and Hy fuel mixture with an air
stream which enters upstream of the ring burner. The ring burner is initially
ignited with a pilot flame, which is then extinguished following stabilisation.
The flowrates of NG, Hs and air can be independently varied to provide a range



of coflow conditions, with the option of diluting the air stream with Ny to ob-
tain specific Os concentrations and temperatures with constant coflow velocity
[22, 23]. The main fuel stream issues into the coflow of combustion products
from a 4.6-mm-diameter jet, which is readily interchangeable to facilitate mea-
surements with other jet diameters. The central jet is water-cooled to avoid
structural damage or thermal decomposition of the fuel, and the length of the
jet is nearly 300 times its internal diameter to ensure fully-developed flow at
the exit plane. The combustor has the capability for 8 windows to be installed
at two different heights (as shown in Fig. 1), although the current configuration
features a single quartz window (48 mmx107 mm) positioned level with the
jet exit plane, with the others blanked-off with thermal insulation. This view-
ing window facilitates the optical analysis of the jet flames issuing into the hot
coflow of combustion products. An annulus composed of porous silicon carbide
foam is positioned below the viewing window, upstream of the jet exit plane in
order to improve the uniformity of the flow. It is worth noting that the CP-JHC
is a research burner developed for the investigation of flame structure and sta-
bilisation in a specific location within the burner; consequently, the emissions
characteristics—which are a global feature of the combustor—are not a focus of
the experiments.

2.2. Boundary conditions and experimental techniques

Turbulent flames were stabilised in a hot and low-O5 coflow in the CP-JHC
burner. The ring burner fuel is NG blended with Hs in a 1:1 volumetric ratio to
improve stability and reduce formation of soot at increased pressures. Air was
used as the oxidant, and the air-fuel ratio and total fuel flowrate were modified
to provide a range of coflow Oz concentrations (Xo,) and heat inputs (Q;y,), re-
spectively. Coflow temperatures (T),eqs) were monitored in-situ with an R-type
thermocouple which was located level with the jet exit plane, halfway between
the central axis and the inner wall of the insulation. As mentioned previously,
the insulation surrounding the combustor walls minimises the prominence of
the thermal boundary layer. Similarly, the water-cooled jet is covered with an
alumina sheath to minimise heat transfer. With these features, the impacts of a
thermal boundary layer are ameliorated. Additionally, the temperature across
the core of the coflow is homogenised by the silicon carbide foam which is posi-
tioned upstream of the jet exit. Ultimately, the spatial variations in the coflow
temperature are at most 10%, and the effect of these variations is reflected in
the experimental uncertainty that is reported throughout the paper. Presented
temperature measurements for coflow characterisation were taken without a
jet flame to minimise additional incident radiation on the thermocouple. The
coflow characterisation results presented in this paper correspond to equivalence
ratios (®) ranging from 0.3-0.85 (excess Og of 3 to 14% vol.), with heat inputs
ranging from approximately 4-22 kW; these two variables in turn correspond to
variations in the temperature, Oy concentration and velocity (U) of the coflow.

Turbulent jet flames with a 1:1 (by volume) blend of NG (> 92% CHy)
and H issuing into the hot coflow were also investigated. Two different jet



Table 1: Coflow boundary conditions and equilibrium species concentrations (X) for the
NG:H> jet flame results.

Pbar(a)] U [m/s] Tmeas [K] Tua [K] Qin [kW]  Xo, [B]  Xco, (%] Xwyo [%]  Xn, [%)]

1.1-7 3.6-0.57  1025%25 1595 8.7 9.0 4.3 13 73

Reynolds numbers (Reje:) of 10,000 and 15,000 were used throughout the in-
vestigation; these were maintained across the different pressures to examine the
effects of pressure and Rej.; independently. The chemiluminescence imaging re-
sults presented for the turbulent jet flames herein correspond to constant coflow
conditions at the various pressures; these are shown in Table 1.

Images of the jet flames were captured using both a DSLR camera and an
intensified CCD camera with a UV lens. The DSLR camera was fitted with a
430 nm bandpass filter (FWHM of 10 nm), enabling the imaging of CH* chemi-
luminescence. True-colour photographs (i.e. without the filter installed) were
also captured with the DSLR camera to study the broadband luminescence.
The UV-ICCD camera was also fitted with a bandpass filter, centred at 310 nm
with a FWHM of 10 nm to target the chemiluminescence from OH* radicals.
Both cameras were manually focussed, and images were captured with a range
of exposure times, f-numbers and ISO-speeds/gains—these settings are reported
in this paper where appropriate, and consistency is ensured when directly com-
paring images from different flame cases. A series of short-exposure CH* images
were also captured with the DSLR camera, facilitating the statistical analysis
of the flames in greater detail.

2.8. Numerical simulations

Numerical simulations were performed for 1-D, laminar opposed flow flames
under a range of conditions, using the OPPDIF code available in CHEMKIN-
PRO. The GRI-Mech 3.0 chemical kinetics mechanism was used to model the
combustion of a 1:1 mixture of CH4 and Hs, with a hot and low-O- oxidant
stream (T = 1050 K, Xo, = 0.09) to match the experimental conditions. GRI-
Mech 3.0 is a well-established detailed kinetics mechanism available for natural
gas combustion under a range of conditions, including pressures up to 20 atm
[26]. The rate constant parameters for GRI-Mech are informed by laboratory
experiments and theoretical formulations, with the resulting mechanism sub-
jected to a series of sensitivity analyses and parameter optimisations, and the
final parameter set then checked against validation datasets available in the
literature. This mechanism has been used extensively in the context of CFD
modelling, to reproduce the behaviour observed for JHC flames at atmospheric
pressure [27, 28, 29], as well as in laminar flame simulations [30]. It is also
worth noting that GRI-Mech 3.0 is a more sophisticated version of its predeces-
sors in GRI-Mech 2.11 and GRI-Mech 1.2, which have also been used previously
in combustion models involving hot and low-oxygen conditions, including stud-
ies based the JHC configuration [31], and similar burners such as the vitiated
coflow burner [32, 33]. These mechanisms have also been used to develop reduced
mechanisms such as DRM19 and DRM22 [34], as well as in comparisons against



other, less detailed mechanisms such as KEE [35]. These reduced mechanisms—
particularly DRM19—have again been used successfully to model combustion
under similar hot and low-oxygen conditions [36, 37, 38, 39], further validating
the use of GRI-Mech 3.0 in the current study.

The strain rate was held constant for the simulations at different pressures,
with a mean normal strain rate of approximately 40 s~!. In order to compare
against the experimental observations, additional reactions for OH* and CH*
formation were included in the kinetics mechanism. The sub-mechanism used
for OH* formation is based on the following two formation reactions, with rate
coefficients obtained from Hall & Petersen [40]:

H+O+M+— OH +M (R1)
CH + Oy +— OH" + CO (R2)

The CH* sub-mechanism is based on the following two reactions, with rate
coefficients from Elsamra et al. [41]:

Cy 4+ OH +— CH" 4+ CO (R3)
CoH + Oy +— CH™ + CO, (R4)

Additionally, quenching reactions were included in the model, using the rate
coefficients from Tamura et al. [42]. For the OH* sub-mechanism, an additional
reaction was included in order to model the spontaneous emission process, that
is:

OH" — OH + hv (R5)
For this reaction, a spontaneous emission rate of 1.45 x 10° was assumed [43].
It is worth noting that R5 is the mechanism by which light is emitted and
therefore corresponds to the experimental chemiluminescence imaging, so its
inclusion provides additional insights in comparing the numerical and experi-
mental results.

Although GRI-Mech 3.0 is valid at elevated pressures, the excited-state OH*
and CH* sub-mechanisms have only been validated at atmospheric pressures.
Nevertheless, it is still of interest to investigate how the model behaves as the
pressure is increased, particularly in terms of the underlying species which par-
ticipate in the excitation reactions. Additionally, the simulations enable the
modelling of heat release rate (HRR) as a function of pressure. Since OH*
and CH* chemiluminescence are often used as indicators for regions of intense
heat release in a flame [13, 44], it is useful to compare the trends in HRR with
pressure—based on the simulations—with the experimental observations relat-
ing to chemiluminescence.

3. Results and discussion
3.1. Coflow characterisation and operational limits

To facilitate the precise control of the coflow conditions for the current and
future experiments, it is important to characterise the behaviour of the coflow



under a range of operating conditions. To ensure that the coflow exhibited
a consistent and predictable behaviour, temperature measurements were per-
formed for a range of equivalence ratios, heat inputs, and operating pressures.
In addition to these measurements, qualitative observations via the viewing win-
dow were made to assess the stability of the coflow, in addition to monitoring
the integrity of the combustor itself in the form of wall-temperature measure-
ments. Fig. 2 maps the measured coflow temperatures at 1 and 5 bar(a) to
combinations of coflow heat input (calculated using the lower heating value of
the fuel mixture) and equivalence ratio, producing an “operational window” for
the coflow burner. This window is limited by: (i) the requirement for a lean,
soot-free coflow; (ii) minimum temperature to ensure self-ignition of the jet; and
(iii) maximum operating temperature to avoid overheating the pressure vessel.
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Figure 2: Temperature maps for combinations of coflow heat input and equivalence ratio at 1
and 5 bar(a).

The temperature maps shown in Fig. 2 highlight some interesting results
regarding the behaviour of the coflow, particularly when comparing the two dif-
ferent pressures. First of all, both maps show a general increase in the coflow
temperature from the bottom-left of the map to the top-right. The increase
from left-to-right is expected, since the adiabatic flame temperature increases
the closer the equivalence ratio is to unity. The increase in coflow temperature
with increasing heat input is due to heat losses to the walls of the combus-
tor, since—despite the insulation surrounding the combustion zone—there is
expected to be a departure from the adiabatic flame temperature, emphasising
the importance of characterising the coflow. Based on Fig. 2, it appears that



the heat loss is in general greater under the elevated pressure conditions, with a
lower coflow temperature for corresponding locations on the map in comparison
to the atmospheric case; this is most apparent at low heat inputs and equivalence
ratios.

To investigate the heat loss from the coflow under different operating con-
ditions, it useful to quantify this behaviour using the enthalpy deficit (Ah),
defined by the following:

Ah = CP X (Tad - Tmeas) (1)

where Cp is the specific heat capacity, T,4 is the adiabatic flame temperature,
and T},eqs the measured coflow temperature. Fig. 3 displays the enthalpy deficits
calculated using Eq. 1 as a function of operating pressure, from 1-5 bar(a). The
values were calculated for three different coflow initial conditions, corresponding
to three different heat inputs, all with an adiabatic flame temperature of 1595 K
and an equilibrium Oz concentration of 9% by mole.
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Figure 3: Enthalpy deficits based on measured coflow temperatures, for coflows with three
different heat inputs at operating pressures from 1 to 5 bar(a).

The plots shown in Fig. 3 display a clear trend in the enthalpy deficit with
both operating pressure and heat input. A consistent decrease in the coflow
temperature can be seen with increasing pressure, leading to an approximately
linear relationship between enthalpy deficit and operating pressure for all three
heat inputs. The increase in heat loss is likely a consequence of the greater
residence times as pressure is increased, since the coflow velocity is inversely
proportional to operating pressure for coflows of equivalent heat input. This
also explains the reduction in enthalpy deficit with increasing heat input, noting
that the coflow fuel composition is the same for all three heat inputs, such that
the mass flowrate—and therefore the coflow velocity for a given pressure and
equivalence ratio—is directly proportional to the heat input. Referring back to
Fig. 2, a reduction in equivalence ratio (that is, an increase in the amount of
excess air) can actually be seen to lead to an increase in coflow temperature for
equivalent heat inputs for certain regions of the map, for example when moving
directly right-to-left from ® = 0.8 to 0.65 with a heat input of approximately
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10 kW in the case of the 1 bar map in Fig. 2. This again indicates that the heat
losses are related to the coflow velocity, such that the excess air can lead to the
heat from the coflow being more effectively transferred downstream despite the
reduced flame temperature under certain conditions.

3.2. Mean chemiluminescence imaging

To examine the effect of pressure on the behaviour of turbulent flames is-
suing into the hot coflow, chemiluminescence imaging of OH* and CH* was
performed. Fig. 4 displays the results of this imaging for Ho /NG flames with
Rejey = 10,000 and Reje; = 15,000, at operating pressures ranging from 1.1
7 bar(a). The flames shown in Fig. 4 correspond to a coflow of constant heat
input and equivalence ratio across the various operating pressures, producing
the conditions shown in Table 1. It is worth noting that, although Fig. 3 shows
that the operating temperature tends to decrease with increasing pressure if the
heat input is held constant, it is possible to exploit the large thermal mass of
the system to maintain quasi-constant temperature for the short duration of
each individual measurement at different pressures. This is useful as it enables
the effect of pressure to be examined for a coflow of constant momentum.

1.1 bar 2.0 bar 3.5 bar 5.0 bar 7.0 bar

c H*max

Re =10,000

Re = 15,000

OH*min

Figure 4: Chemiluminsecnece imaging of 10,000 and 15,000 Reynolds number CHy/H> flames
(1:1 blend) at 5 different operating pressures, showing CH* (left) and OH* (right). All flames
correspond to a 9% O2 coflow and a nominal coflow temperature of 1025 K (£25 K). Note:
jet exit is located at the bottom of the images, issuing towards the top.
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Some interesting changes in flame structure and stability with increasing
pressure can be seen from the chemiluminescence imaging results in Fig. 4. For
the Reje, = 10,000 case at near-atmospheric pressure (i.e. at 1.1 bar), the
flame can be seen to be slightly lifted from the jet exit, by approximately half a
jet-diameter, based on the OH* image. It is worth noting that this behaviour is
consistent with previous observations based on a flame of equivalent Re;c, fuel
mixture and coflow Og concentration in an open JHC burner [23]. At 2.0 bar,
the flame again appears lifted at first glance; however, upon closer inspection a
very faint flame front can be seen to extend to the jet exit. It should be noted
that the images shown correspond to long exposure times (20 s in the case of the
OH* images), such that it represents the mean rather than the instantaneous
flame structure. The statistical features relating to flame liftoff and stabilisation
are presented and analysed in §3.3, in addition to a series of short-exposure OH*
images which are included in Fig. S1 of the Supplementary Material.

The Rejer = 15,000 case displays a similar behaviour to the Reje; = 10,000
case at 2.0 bar in Fig. 4, although the faint region appears to extend further
downstream for the higher Rej., case. At 1.1 bar, the Reje; = 15,000 case shows
a significant departure, with a less clearly defined flame structure and lift-off lo-
cation in the near-field which suggests a change in flame stability; this is explored
further in §3.3. Interestingly, the 10,000 and 15,000 Re;; flames studied in the
open JHC burner both exhibited similar structures, with no noticeable change
in stability or lift-off in the near-field [23]. It should be mentioned that the
CP-JHC flames presented in Fig. 4 correspond to an approximately 75 K lower
coflow temperature to that of the JHC, as well as an increased coflow velocity.
These differences—in addition to the absence of entrainment of surrounding air
in the confined configuration—are likely responsible for the increased sensitivity
to Rejet. For P > 2.0 bar, a shift to a flame that is stabilised at the jet exit can
be seen for both the 10,000 and 15,000 Rej.; cases; this is evident from both
the OH* and CH* images.

In general, the OH* and CH* imaging results both show a similar flame
structure for the various cases, with a consistent jet spreading angle of ~ 7°
from the jet centreline. It is, however, important to note the change in intensity
of the images at different pressures shown in Fig. 4. Specifically, a reduction in
intensity with increasing pressure is apparent for both the OH* and CH* imaging
results in Fig. 4, with a particularly noticeable shift from 2.0 to 3.5 bar for both
Reynolds numbers. This is also evident for the Rej.; = 10,000, 7 bar case,
which displays very faint CH* and OH* signals which are difficult to distinguish
from the background. Interestingly, the Reje; = 15,000 case at 7 bar shows
a stronger signal, and there does not appear to be a significant reduction in
intensity from 3.5 to 7 bar for the higher Rej.; flames. This suggests that
changes due to flow effects and flame stability have at least a partial impact on
the chemiluminescence detected, although the much stronger signal at 1.1 and
2 bar hints at a fundamental change in behaviour at elevated pressures. The
change in chemical kinetics behaviour with increasing pressure is examined in
§3.5.
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8.8. Statistical analysis of short-exposure images

The statistical behaviour of the flames can be examined in greater detail by
analysing the short-exposure CH* images. A series of greater than 200 video
frames for each case were included in the analysis, enabling the calculation of
the mean and variation in the liftoff height. An adaptive thresholding algorithm
was applied to each individual frame, which effectively isolates the flame base
such that the liftoff height can be determined. This process, in-turn, enables
the mean location of the liftoff height above the jet exit to be calculated, as well
as the standard deviation. These results are plotted as a function of pressure
in Fig. 5, with the standard deviation (o) about the mean represented by the
vertical bars; these values are also included in Table 2. The minimum and
maximum liftoff heights (following removal of outliers) from the series of images
are also displayed in Fig. 5 on the same set of axes.
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Figure 5: Mean liftoff height (indicated by red boxes) as a function of pressure for Reje; =
10,000 (a) and Reje; = 15,000 (b) flames, with vertical bars representing the standard devia-
tion from the mean. Minimum and maximum liftoff heights from the series of images are also
shown by the green markers, noting that the same axis limits are used for subfigures (a) and
(b). Statistical values were calculated from a series of > 200 CH* video frames for each case.

Table 2: Standard deviation values of liftoff height based on CH* video frames.

oy, [x/D]
P [bar] | Rejer = 10k  Reje; = 15k
1.1 0.35 2.4
2.0 0.21 0.23
3.5 0.06 0.40
5.0 0.03 0.06
7.0 - 0.02

In the discussion surrounding the mean images shown in Fig. 4, the lack
of a clearly defined flame base for the Re = 15,000, 1.1 bar case was noted.
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The statistical results shown in Fig. 5 and Table 2 confirm the hypothesis that
this is related to fluctuations in the liftoff height, with this case displaying not
only an increased liftoff height, but significantly greater variation in this value
in comparison to the other cases. This is also evident in the short-exposure
(1-2.5 ms) OH* images which may be found in Fig. S1 of the Supplementary
Material. It has previously been observed that flames in the transition from
the attached to the lifted regimes can show a sudden change in liftoff location
with changes in the jet and coflow velocity [45], so it is possible that small
fluctuations in the relative velocity are responsible for the variability of the
flame base. It has also been observed previously that inhomogeneities in the
temperature profile can have a significant effect on the liftoff height of JHC
flames [46], which could also be responsible for this variability. Regardless of
the mechanism, it can be seen that increasing the pressure from 1.1 to 2 bar has
a significant effect for the Re = 15,000 flames, with the 2 bar case displaying a
very similar liftoff behaviour to the corresponding Re = 10,000 flame. As the
pressure is increased beyond 2 bar, the flames become stabilised at the jet exit,
with a tendency for less fluctuation in the flame base; again, the instantaneous
OH* images shown in Fig. S1 support this. This change in stabilisation with
pressure can be explained by the reduced velocity of the fuel stream at higher
pressures, since velocity is inversely proportional to pressure for the flames with
constant Reje;.

8.4. Broadband flame imaging

To compare the broadband appearance of the flames at different pressures,
true-colour images are shown in Fig. 6. These images correspond to jet flames
with Reje; = 10,000 and a coflow of 9% O, similar to Fig. 4, although with
an increased coflow temperature of 1200 K. The typical flame photographs at
Rejer = 15,000 show very similar features and trends with pressure to those
presented in Fig. 6 and are not included for brevity. All photographs were
captured with an exposure time of 1/250 s in order to capture the turbulent
sooting behaviour, and two photographs are shown for each operating pressure.
Reduced ISO-speed settings on the camera were required to avoid saturation
as the operating pressure was increased; these values are also displayed in the
figure.

The true-colour images in Fig. 6 display a noticeable change in the sooting
behaviour of the flames as the pressure is increased. For the 1.1 and 2.0 bar
cases, a very faint blue/violet outline can be observed, while there is no evidence
of soot formation. The lack of soot at 1.1 bar is consistent with observations for
similar flames at atmospheric pressure, whereby soot formation is suppressed
within the coflow-controlled region (which extends approximately 120 mm from
the jet exit); this is true for flames of 1:1 NG:Hjy [23] as well as for unblended NG
in a 9% O coflow [47]. Notably, soot can be seen to form well within this region
for the 5.0 and 7.0 bar cases shown in Fig. 6, which is a significant departure from
the behaviour observed for low-pressure flames, particularly considering the fuel
mixture being used. This is likely a result of a shift towards pyrolytic reactions
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Figure 6: True-colour images of Rejo; = 10,000 CH4/Hg flames (1:1 blend) at 5 different
operating pressures. All flames correspond to a 9% Oz coflow and heat input of 15 kW.

at elevated pressure, which is examined further via laminar flame simulations
in §3.5.

8.5. Laminar flame simulation results

To determine whether the changes in chemiluminescence intensity (§3.2)
and sooting behaviour (§3.4) are a result of mixing/flow-field effects or purely
chemical phenomena, laminar opposed-flow simulations were performed. Al-
though the OH* and CH* sub-mechanisms that were used in the simulations
are tailored for atmospheric-pressure combustion, they can be implemented in
combination with the underlying kinetics mechanism, which is valid for elevated
pressures. This facilitates comparisons against the experimental chemilumines-
cence results, to assess the suitability of the model in regard to predicting the
underlying trends with increasing pressure. Fig. 7 displays the variation in the
mass fraction of both OH* and CH* as a function of pressure, with strain rate
held constant for the different pressures. Both the maximum and integrated
values over the simulation domain are shown in Fig. 7, in order to account for
the narrowing of the reaction zone as pressure is increased.
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Figure 7: Variation in OH* (top) and CH* (bottom) for pressures ranging from 0.5 to
20 bar(a). Results are shown for the maximum mass fraction (in red) and integrated mass
fraction (in blue) over the simulation domain.

Both OH* and CH* show a noticeable reduction with pressure based on
the simulation results presented in Fig. 7. The reduction is particularly pro-
nounced at lower pressures, in particular for the integrated OH* values up to
P =~ 3.0 bar, at which point the mass fraction is reduced by a factor of 10 from
the atmospheric-pressure value, after which further increases in pressure appear
to be less significant. This generally supports the experimental observations,
in which the most noticeable reduction in intensity was from 1.1-3.5 bar, al-
though the 7 bar case was also seen to be of significantly lower intensity for
the Re = 10000 case. The fact that there is a monotonic decrease in both the
maximum and integrated values indicates that this reduction is not a direct con-
sequence of a narrowing of the reaction zone, suggesting instead that it could
be related to a change in the consumption and/or formation pathways as the
pressure is increased. For OH*, this can be investigated by studying the rates of
the two reactions which lead to OH* formation—that is, R1 and R2 (§2.3)—as
a function of pressure, as shown in Fig. 8.
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Figure 8: Variation in the formation rates of OH* for pressures ranging from 0.5 to 20 bar(a).
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bution from R1 and R2 shown separately.

The plots shown in Fig. 8 show that reaction R2 is the main contributor to
OH* formation at all pressures (in terms of both the maximum and mean for-
mation rate), although R1 becomes more significant as the pressure is increased.
Despite the clear reduction in the OH* mass fraction with pressure shown in
Fig. 7, the maximum formation rate is seen to increase with pressure for both
reactions; this is also the case for the mean rate of R1, while the mean rate of
R2 shows a non-monotonic behaviour. These results indicate that, although the
pressure does have an impact on the OH* formation pathways, this does not
explain the reduced mass fractions observed in Fig. 7. It is important to note
that, due to the short-lived nature of excited-state radicals such as OH* in a
flame, the formation rate does not completely capture the overall behaviour in
terms of the steady-state species concentrations. Therefore, it is important to
understand the total or net rate of production (ROP), which in this analysis
includes both formation and consumption (largely due to collisional quenching).
The trends in net ROP as a function of pressure are shown in Fig. 10, along
with the values of heat release rate (HRR) and OH* concentration ([OH*]),
noting that the mass fraction and not the concentration was shown in Fig. 7.
As mentioned in §2.3, the spontaneous emission process and associated relax-
ation to the ground state was included in the OH* sub-mechanism; this emission
rate is also shown in Fig. 10. To facilitate comparison in terms of the trends
with pressure, all of the values are normalised against their respective maxima
across all pressures in Fig. 10. It should also be mentioned that the HRR values
correspond to specific (i.e. density-normalised) heat release, to account for the
increased mass flow as the pressure is increased.

The normalised values shown in Fig. 10 provide a number of interesting
insights regarding the chemiluminescence behaviour. First of all, it is worth
noting that the plots for the OH* decay rate and the OH* concentration are
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Figure 9: Normalised results displaying OH* concentration and spontaneous decay rate, as
well as net ROP and heat release rate (HRR), for pressures ranging from 0.5 to 20 bar(a).
Results are shown for the maximum values (left) and integrated values (right). Note that for
ROP, the integrated values are calculated over the regions of positive net ROP only.

essentially coincident, both in terms of the maximum and integrated values;
this is expected, since a constant rate coefficient was prescribed for reaction Rb5.
The increase in the maximum OH* concentration at low pressures (P < 1.5)
suggests that there are competing effects taking place in terms of the effect of
pressure, noting that higher peak values of species concentrations are expected
as the pressure is increased due to the narrowing of the reaction zone and the
increase in density. This initial increase with pressure can also be seen for the
maximum and integrated net ROP values, with the maximum ROP showing a
significant increase up to approximately 7 bar and then decreasing slightly, while
the integrated ROP only shows a slight increase from 0.5 - 1.0 bar. Interestingly,
the maximum OH* concentration and the integrated ROP both show a similar
trend with pressure. Since the formation rates show a general increase with
pressure (at least for lower pressures in the case of R2) as shown in Fig. 8, it
follows that the more rapid reduction in the net ROP—and the corresponding
reduction in [OH*]—is related to the increased impact of collisional quenching
at higher pressures. Indeed, the mixture-fraction-space profiles of formation and
consumption—included in Figs. 2 and 3 of the Supplementary Material-—show
that an increase in formation is accompanied by an increase in consumption via
quenching, which ultimately leads to a reduction in the net ROP at elevated
pressures.

The normalised plots of specific heat release rate shown in Fig. 10 are also
important to analyse, since chemiluminescence is commonly used as a practical
method of indicating heat release. While the maximum HRR is seen to increase
with pressure, the integrated values—which essentially represent the total heat
release across the 1-D flame zone—show a reduction with pressure due to the
narrowing of the reaction zone. It can also be seen that the integrated OH*
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concentration shows a similar trend with pressure to HRR, although the former
shows a more rapid reduction. These results highlight the importance of under-
standing the effects of pressure on chemiluminescence, particularly in terms of
developing a quantitative relationship between chemiluminescence and HRR. It
is also worth noting that it has previously been observed that changes in heat
release rate with pressure are heavily dependent on flow characteristics, par-
ticularly when comparing the behaviour of laminar and turbulent flames [48].
Therefore, further efforts in developing the relationship between chemilumines-
cence and HRR should consider these effects, which can be achieved using both
computational fluid dynamics (CFD) and more detailed experimental measure-
ments via laser diagnostics, for example.

In the photographs shown in Fig. 6, it was observed that there is a signif-
icant increase in soot formation near the jet exit as the pressure is increased.
Although the detailed chemistry relating to soot formation was not modelled in
the simulations, it is possible to analyse the presence of regions of negative heat
release; these regions are indicative of pyrolysis within the flame, which leads
to the production of soot precursors [4]. Mixture-fraction-space profiles of net
HRR are shown in Fig. 10, for five different pressures ranging from 1-7 bar(a).
At 1 bar(a), two distinct positive peaks are observed in the heat release pro-
file, which is typical of combustion with a high-temperature oxidant stream [4].
As the pressure is increased, this dual-peak behaviour is suppressed, with the
cases at 5 and 7 bar(a) displaying a “shoulder” feature rather than a distinct
secondary peak. The reaction-specific plots—which are included in the Supple-
mentary Material for 1 and 7 bar(a)—show that this is due to an increase in the
spatial overlap between the exothermic reactions as the pressure is increased,
accompanied by a general narrowing of the positive heat release region. This is
accompanied by an increased tendency for negative heat release as the pressure
is increased, both in terms of net HRR and the reaction-specific profiles.

The results of these laminar flame simulations highlight the importance of
understanding the effect of pressure on combustion under hot and low-O4 con-
ditions. The narrowing of the reaction zone and reduced chemical time-scales
which occur with increasing pressure appears to promote a transition away from
features typically associated with the mild combustion regime, such as a broad-
ening of the OH profile and an absence of negative heat release regions [4]. The
chemiluminescence behaviour is shown to be particularly sensitive to pressure,
with both the OH* and CH* maximum and integrated mass fractions displaying
a monotonic reduction with pressure. Further analysis of the OH* formation
reactions and net ROP rates suggests that there are competing effects present
leading to non-monotonic trends, particularly at lower pressures. Furthermore,
the analysis indicates that the general reduction in OH* with pressure is due
to a combination of a shift in the formation pathways and an increased impact
of collisional quenching at elevated pressures. These findings are particularly
important for informing future research directions, which will involve extend-
ing the 1-D simulations to a more realistic CFD model with geometry and flow
conditions matching those of the CP-JHC.

19



x108

18
—8—1 bar(a)
16 — & —2bar(a) |
—-©-—23.5bar(a)
14+ 5bar(a) |4
7 bar(a)
12 b

Net HRR [J/(m®x s)]
(o]

0 0.02 0.04 0.06
Mixture fraction

Figure 10: Profiles of net HRR as a function of mixture fraction, for pressures ranging from
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4. Conclusions

The characteristics of confined-and-pressurised, turbulent jet flames have
been investigated, using a novel burner configuration which facilitates the con-
trol of coflow conditions. The CP-JHC enables the parametric analysis of the
effects of coflow temperature and oxygen concentration, as well as turbulent and
chemical timescales and how these change with elevated pressure. A detailed
description of the key features and capabilities of the apparatus has been pro-
vided in this paper. Temperature measurements of the coflow stream indicate
an increase in enthalpy deficit as the pressure is increased, due to increased heat
losses to the combustor walls. Turbulent jet flames of NG/H; were examined in
terms of both targeted chemiluminescence and broadband imaging. Changes in
flame stability were observed for variations in both Reynolds number and pres-
sure, with an increased tendency for flame attachment at elevated pressures, as
well as a reduction in OH* and CH* and an increase in soot formation.

The effect of pressure on the chemiluminescence behaviour and heat release
rate was examined numerically via laminar flame simulations, which highlighted
a fundamental change in behaviour at elevated pressures. In particular, both the
OH* and CH* mass fractions were observed to show a reduction with pressure
in line with the experimental observations, suggesting that the atmospheric-
pressure chemiluminescence sub-mechanisms can provide at least a qualitative
indication of the trends with increasing pressure. Further analysis in regards
to the OH* behaviour indicates that this reduction is related to an increase in
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collisional quenching, which counteracts the increase in the rate of formation
at lower pressures. Additionally, a narrowing of the reaction zone and a more
prominent negative heat release region is observed with pressure, highlighting
the challenges associated with the adoption of mild combustion in practical
configurations such as gas turbines. This in-turn emphasises the need for further
investigation into the fundamental combustion behaviour under such conditions,
which the CP-JHC apparatus will facilitate.
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