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Abstract
The use of hydrogen and ammonia in gas turbines,

either alone or blended with natural gas, poses vari-
ous technical challenges for combustion systems, in-
cluding ignition. Depending on the fuel composition,
the laminar flame speed and the ratio of unburned to
burned gas density (dilatation ratio) of hydrogen and
ammonia flames can be well outside the range seen
in natural gas flames. Previous studies in annular
combustion chambers have provided evidence of the
importance of these properties in determining the ig-
nition dynamics including light around times. So far,
these studies have mostly considered hydrocarbon fu-
els, have been limited to only a few runs, and have not
yet systematically investigated variations in the di-
latation ratio and the flame speed but rather have con-
sidered them as a lumped parameter. To investigate
these effects in more detail, experiments characteriz-
ing the light around times were carried out on an at-
mospheric annular combustor in which the dilatation
ratio and the laminar flame speed was independently
varied. This was achieved by varying the equivalence
ratio and employing a variety of different hydrocarbon
fuels (ethylene, propane, methane) and fuel blends
of methane-ammonia and methane-hydrogen. Light
around times were evaluated from global chemilumi-

∗Address all correspondence to this author.

nescence measurements obtained using an azimuthal
array of photomultipliers placed round the combus-
tor chamber as well as high speed imaging. To im-
prove statistical certainty, more than 3000 ignition
and light-around times were measured with 30 repeti-
tions obtained for each operating condition. To pro-
vide some insight into the light around dynamics in
specific cases, 900 of the 3000 sets included high-speed
OH* chemiluminescence images. Light around times
for premixed pure hydrocarbon flames showed a simi-
lar dependence on SL as reported in previous studies
. For the range of ammonia fuel blends investigated,
an increase in laminar flame speed leads to a pre-
dictable increase in the flame propagation speed, as in
the case of hydrocarbon fuel. Furthermore, collapse of
this dependence for all blends could be achieved when
corrected for an effective Lewis number, noting that
all Lewis numbers for these blends were above unity.
However, for hydrogen fuel blends, a decrease in di-
latation ratio was found to decrease the light-around
time counter to existing experimental results on the
ignition of hydrocarbon fuels for which we currently
do not have an explanation.

1 INTRODUCTION
Unlike ignition and stabilisation of a flame on an

individual injector, ignition in an annular combustor
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which has a uniform distribution of circumferentially
arranged injectors is more complex as the ignition
and stabilisation of a flame on one injector is followed
by the ignition and stabilisation of flames on all the
other injectors in a process known as light-around.
Light-around is characterised by the successful for-
mation of a flame kernel at the spark location lead-
ing to the ignition of one injector and spreads as two
propagating flame fronts one in the clockwise and one
in the anti-clockwise direction igniting each injector
before finally merging approximately 180○ away from
the initial flame kernel location. The characteristic
time-scale for the successful ignition of all injectors in
an annular combustor is referred to as light-around
time. Investigations into premixed combustors us-
ing gaseous hydrocarbon fuels have so far pointed to
key mechanisms affecting the absolute flame prop-
agation speed, dynamics and stochastic aspects of
light around which are: (1) laminar flame speed SL,
(2) ratio of the upstream unburned gas density to the
downstream burnt gas density, known as the dilata-
tion ratio ρu/ρb, and (3) turbulence effects.

Due to the unusual properties of ammonia-air and
hydrogen-air flames, it is not clear whether correla-
tions developed in previous studies of light-around
are applicable for fuel blends containing these fu-
els. Stoichiometric methane-air mixtures have flame
speeds of 0.35m/s whereas ammonia-air mixtures
have speeds of only 0.07m/s. On the other hand,
the flame speed of hydrogen-air is an order of mag-
nitude larger at 2.3m/s. Furthermore, a hydrogen-
air mixture with the same laminar flame speed as a
stoichiometric methane-air mixture has a dilatation
ratio that is only about half of that of a methane-air
flame. Previous correlations have not been tested at
these extremes.
In the first study of light around by Bourgouin

et al. [1], the laminar flame speed SL was identified
as a key parameter in determining the light-around
time and was supported by Prieur et al [2] in spray
flames who also observed a first order dependence of
the flame propagation speed on SL. Using a simi-
lar combustor geometry, Xia et al. [3] also found a
dependence between SL and the light around time.
Ciardiello et al. [4] considered pure CH4 and C2H4

when matching SL = 0.24, 0.30, and 0.36m/s across

different operating points. They found that for the
same laminar flame speed, the ignition light-around
time was almost identical and therefore independent
of the fuel. The authors reasonably concluded that
SL exerted a first order influence on the flame prop-
agation speed and proposed that the flame propaga-
tion is largely controlled by SL, and is more dominant
than dilatation effects. In all these studies, hydrocar-
bon fuels were used which limits the range of laminar
flame speed that could be achieved by varying the
equivalence ratio, ϕ. As such, identifying the rela-
tive contributions of ρu/ρb and SL in flame propaga-
tion for lean premixed hydrocarbon fuel-air mixtures
presents a challenge. However, this can be achieved
using fuel blends of methane-ammonia, methane-
hydrogen, and methane-ammonia-hydrogen.

Using the dilatation ratio, the density ratio of cold
unburnt gaseous reactants ρu to hot burnt gas prod-
ucts ρb across a flame front, to scale the flame prop-
agation speed was proposed by Ruetsch et al. [5].
In annular and multi-injector combustion systems,
ρu/ρb is often reported [1, 2, 4, 6, 7], but its contri-
bution to flame propagation/light around has been
generally qualitative. This is because changing ϕ
changes both ρu/ρb and SL simultaneously in pure
hydrocarbon-air flames. A recent Large Eddy Sim-
ulation (LES) study performed by Töpperwein et
al. [8] on the MICCA annular combustor has pro-
vided detailed insight into the effect of ρu/ρb. The
evolution of ρu/ρb during light-around showed that
the volumetric expansion of hot burnt gases leads
to an increase in azimuthal flow velocity of up to
400% during the initial light-around process greatly
enhancing the azimuthal flame propagation speed. A
peak flame speed was observed to occur around a
quarter through the light-around phase, followed by
a gradual decay due to the continual increase in ρb
value (and thus, a decrease in ρu/ρb) as the freshly
burnt gases are continually cooled by the cold com-
bustor walls.

Turbulence can also have a significant effect on the
ignition process by enhancing the flame speed. Many
turbulent flame speed studies have been performed in
spherical fan-stirred bombs summarised in the review
papers of [9, 10]. Various proposed correlations ex-
ist for ST, such as the empirical ones from Bradley et
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al. [11], Kobayashi et al. [12], and the analytical equa-
tions of Zimont [13], and have been utilised in annular
ignition studies of Bourgouin et al. [1], Xia et al. [3],
and Zhong et al. [14]. In general, there is reasonably
good agreement between the fitted ST equations and
the measured propagation speeds in annular combus-
tors which may be due to the similarities of flame ker-
nel formation and expansion in spherical bombs and
the present annulus geometry [1]. However, uncer-
tainties remain as to whether turbulent flame speed
correlations from fan-stirred bombs are generally ap-
plicable to annular combustion chambers which con-
tain varying regions of high shear and recirculation
zones depending on the number of injectors [15,16].

Ignition studies have also focused on the impact of
injector spacing in both annular and linear combus-
tor arrays. Barré et al. [6] performed a parametric
investigation in which a linear multi-injector array
was configured to have ls/dinj= [4.5, 13] with ls be-
ing the separation distance between adjacent injec-
tors and dinj as the injector exit diameter. It was
found that for ls/dinj ≤ 8, the swirling flame rapidly
propagates via a spanwise mechanism while larger
values of ls/dinj results in a slower, and more stochas-
tic axial propagation mode. Ciardiello et al. [4] ob-
served a mixed propagation mechanism (axial and
spanwise azimuthal mode) for a 12-injector and 18-
injector annular configuration, which corresponds to
ls/dinj = 2.34 and 1.56 respectively1. The reported
ignition times suggested minimal impact of injector
spacing on propagation speed, at least in the range
of ls/dinj values considered.
This paper investigates the ignition dynamics and

light around times for a variety of different hydro-
carbon fuels (ethylene, propane, methane) and fuel
blends of methane-ammonia and methane-hydrogen
in the annular combustor at NTNU operating under
atmospheric conditions and in premixed mode. Using
different combinations of these fuel blends and vary-
ing the equivalence ratio, the dilatation ratio and the
laminar flame speed could be independently varied to
isolate their component contributions. Injector spac-
ing is also further examined to complement previ-

1In an annular configuration, ls refers to the arc distance
between adjacent injectors.

ous investigations by Machover and Mastorakos [7,17]
and Ciardiello et al [4], to gain new insights on how
it influences ignition dynamics. A large number of
experiments were carried out (over 3000) as each ex-
perimental condition was repeated a minimum of 30
times. Next, the experimental procedure and oper-
ating conditions are presented which is followed by a
presentation and discussion of the results.

2 EXPERIMENTAL SETUP
2.1 The annular combustor

In the current study, two different geometric con-
figurations of the NTNU atmospheric annular com-
bustor (Fig. 1) are considered:
(1) a 6-injector combustor in which flames are sta-

bilised by means of a bluff body with the injector
geometry shown in the inset of Fig. 1.

(2) A 12-injector with the same bluff body configu-
ration.

The current work was conducted using bluff-body
stabilised flames in order to minimise flow complex-
ity and because bluff-body stabilised flames are more
resistant to flash back than swirling flames when op-
erating with hydrogen. The 6-injector bluff body
stabilised flames is taken to be the reference geo-
metric case where the bulk of experiments are con-
ducted. It has a larger injector-to-injector spacing of
ls/dinj = 4.67, where ls is the arc distance between
injectors and dinj is the injector exit diameter, com-
pared to the typical 12-injector (ls/dinj = 2.34) used
in previous studies of the Cambridge/NTNU com-
bustor [18, 19]. This results in relatively large recir-
culation zones where the gas velocities and velocity
gradients are significantly lower than near the injec-
tors. The movement of flame front is better resolved
in these regions and changes in the propagation ve-
locity around the chamber can be measured more ac-
curately. There is also a better isolation of the flame
propagation dynamics, minimising the effect of any
flame interaction between injectors as the flame ker-
nel travels around the annulus. In both configura-
tions, the inner and outer combustor walls are of the
same height at 200mm, since it was pointed out in [8]
that the mass outflow of burnt gases is an important
parameter affecting flame propagation. A quartz sec-
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tion of 50mm is placed on the outer combustor wall
for optical access. The short quartz height captures
the full stabilised flame but limits the field of view
and serves to block high intensities from the spark ig-
nitor avoiding saturation in the PMTs and intensified
cameras. The spark electrode is positioned 55mm
above the combustor dump plane, mid-point between
injector sectors I-1 and I1 as depicted in Fig. 2. To
minimise any potential flow disruption, the electrode
tip is almost flush with the inner combustor wall. The
spark is powered via a Danfoss EB14 transformer,
identical to that used in [1,20]. Continuous sparks of
50mJ are produced every 20ms.

2.2 Diagnostics and measurements
To characterise the light around times and dy-

namics, several diagnostic approaches were used si-
multaneously. To quantify the light-around time-
scales, an azimuthal array of six Hamamatsu H11902-
13 photomultipliers (PMTs) with a spectral response
of 185 to 700 nm were fitted with UV filters cen-
tred at (310 ± 10) nm. A schematic of the PMT ar-
ray is shown in Fig. 2. These provided line-of-sight
1D time-series of the global heat release sampled at
51.2 kHz. Extension tubes and slits with adjustable
apertures were used to adjust the field-of-view (FoV)
at each injector. The FoV at the injector exit mid-
plane was kept constant at 26.6mm for the minor
axis, and 54.9mm for the major axis. Two high-
speed Phantom V2012 cameras each equipped with
a LaVision High-Speed Intensified Relay Optics unit
and a UV filter centred at (310 ± 10) nm were used
to image the flames at 10 kHz from both the side and
overhead via an air-cooled mirror as shown in Fig. 1.

2.3 Ignition procedure
The ignition procedure used in all the experiments

was as follows: (1) The combustor was cooled to room
temperature to ensure that the thermal state at ig-
nition was repeatable and minimise additional vari-
ability in the light-around process [8, 21, 22]. It also
ensured that comparisons could be made with other
studies. (2) The combustion chamber was filled with
the premixed reactants for 5 s to ensure a homoge-
neous volume of gasses when ignition occurred not-
ing that the residence time is approximately 1.25 s

for 6-injector configuration under cold flow conditions
when the injector exit velocity U = 4m/s, . (3) The
transformer was then triggered for 0.5 s to produce
multiple sparks, with each spark duration at about
7.5ms. It was observed that in all instances of the
910 runs for which high-speed imaging was recorded,
the successful light-around always originated from a
flame kernel at a single time instant, and not flame
kernels formed at different time instants. For each op-
erating condition, at least 30 runs are performed to
ensure a good statistical convergence so that reliable
conclusions may be drawn concerning the stochastic
behaviour of ignition light-around behaviour [7].

2.4 Operating conditions
Table 1 summarises the different fuels used and key

combustion properties obtained from laminar flame
calculations using Cantera [26] over a range of operat-
ing conditions. The injector exit velocity is kept con-
stant at U = 10m/s for all cases. Ignition and light-
around times for conventional hydrocarbon gases,
ethylene (C2H4) and propane (C3H8) were tested as
baseline cases to compare with the literature. As
done in previous experiments [2–4,7], the equivalence
ratio is changed to observe the dependence of light
around times. Changing the equivalence ratio alters
both SL and ρu/ρb which form a lumped parame-
ter that can be considered an approximation of the
absolute flame propagation speed in the absence of
turbulence.

In an effort to isolate the component effects of
SL and ρu/ρb, different fuel blends of CH4 with H2

and/or NH3 were used. The fixed quantities are high-
lighted in blue in Table 1.
1. To isolate the effect of varying ρu/ρb, blends of

CH4-H2 were used to fix SL at ≈ 0.35m/s by ad-
justing the H2 volume fraction and equivalence
ratio. This enabled ρu/ρb to be varied between
4.10 to 7.51.

2. To isolate the effect of varying SL, blends of CH4-
NH3 were adjusted to keep ρu/ρb approximately
constant (≈ 7.39 to 7.51). SL was varied by ad-
justing the blend ratios and equivalence ratio. In
some cases, H2 was added at 5% or 10% of the
total reactant flow rate volume fraction to the
blends of CH4-NH3 to further increase the range
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Table 1: Table of operating conditions. Flame properties which are kept constant are highlighted in blue.

Fuel (blends) Chem mechanism SL [m/s] ρu/ρb [-] (ρu/ρb) ⋅ SL [m/s] Leeff [-] ϕ [-]

Cases for comparing effect of (ρu/ρb) ⋅ SL

C2H4 Wang [23] [0.347 to 0.685] [6.85 to 8.43] [2.38 to 5.77] [1.15 to 1.27] [0.70 to 1.16]
C3H8 Qin [24] [0.329 to 0.409] [7.63 to 8.25] [2.51 to 3.38] [1.37 to 1.54] [0.87 to 1.09]

Cases for comparing effect of ρu/ρb
CH4-H2 Sandiego [25] 0.342±3.54% [4.64 to 7.51] [1.53 to 2.59] [0.61 to 1.04] [0.44 to 0.95]

Cases for comparing effect of SL

CH4-H2 Sandiego [0.345 to 0.687] 7.51 [2.59 to 5.15] [1.04 to 1.20] [0.95 to 1.08]
CH4-NH3 Sandiego [0.109 to 0.345] 7.44±0.90% [1.21 to 2.59] [1.03 to 1.04] [0.95 to 0.98]
CH4-NH3 –H2 Sandiego [0.164 to 0.687] 7.39±2.43% [2.66 to 5.15] [1.11 to 1.40] [0.95 to 1.08]

of SL up to 0.69m/s.

2.5 Estimation of an effective Lewis
Number

As both NH3 and H2 were used, the effect of pref-
erential diffusion on flame propagation and there-
fore the light around times was considered. To es-
timate an effective Lewis number, a two-reactant ap-
proach is adopted [27]. This involves computing the
Lewis number for both the fuel (LeF) and the oxidiser
(LeO). Since multi-component fuel blends are used,
a weighted LeF is constructed. Although there is no
agreed approach to characterising the Le of multi-
component mixtures, two main approaches can be
adopted [28]: (1) volume-based [29], or (2) heat re-
lease (mass)-based [30].

The volumetric weighted expression, defined in
Equation 1 below, has been used to provide qualita-
tive estimates of Leff and Markstein lengths M with
reasonable confidence for H2-CxHy blends at moder-
ate turbulent intensities [28].

LeF =
N

∑
i=1

xiLei,
N

∑
i=1

xi = 1 for i = 1st, ..., N th fuel species

(1)

where xi refers to the mole fraction of each fuel
species and Lei is the Lewis number of the ith fuel
species.

The heat release approach proposed by Law et
al. [30] has been applied to premixed reactants com-

posed of 3 different fuels [31,32] and is defined as:

LeF = 1 +
∑N

i=1 q
∗

i (Lei − 1)
∑N

i=1 q
∗

i

for i = 1st, ..., N th fuel species

(2)

where q∗ is the normalised heat release rate evaluated
by:

q∗i =
QYi

cpTu
(3)

where Q is the heat of reaction (kJ/kg), Yi is the
species mass fraction (upstream), cp is the heat ca-
pacity of the mixture (kJ/(kgK)), and Tu is the un-
burned mixture temperature (K).

These approaches allow us to estimate an effective
Lewis number Leeff following the approach of oth-
ers [28,33–35]:

Leeff = 1 +
(LeE − 1) + (LeD − 1) ⋅A

1 +A (4)

Here, LeD refers to the Lewis number of the defi-
cient reactant which is the fuel under lean premixed
conditions, thus LeD = LeF and LeE for the excess
reactant. The parameters A, Φ and β are defined
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as [36,37]:

A = 1 + β(Φ − 1) (5)

Φ =
⎧⎪⎪⎨⎪⎪⎩

1
ϕ
, if ϕ < 1

ϕ, otherwise
(6)

β = E

R

(Tb − Tu)
T 2
b

, where
E

R
= −2d ln(ρuSL)

d(1/Tb)
(7)

where A is a measure of the strength of the reactant
mixture, Φ is a parameter related to the equivalence
ratio defined to be ≥ 1, β is the Zel’dovich number,
a dimensionless activation energy, E is the activation
energy, R is the universal gas constant, and Tb is the
burned gas temperature. To the best of the authors’
knowledge no empirical data exist for the Le for NH3

and H2 blends used in this study.

Fig. 3a plots the Leeff for a fixed ρu/ρb for a range
of CH4-NH3 mixtures with 0%, 5%, and 10% H2 en-
richment by volume (the corresponding values of ϕ
are reported in the caption). Estimates of Leeff using
both the volume fraction or heat-release (mass) frac-
tion methods are shown in black and red respectively.
Using the heat release based method shows a signif-
icant increase in the Leeff for different levels of H2

enrichment, from Leeff = 1.05 to 1.4, compared with
the small changes using the volume based method.
However, for all volume fractions of NH3 > 0, fix-
ing ρu/ρb results in an approximately constant Leeff.
Fig. 3b plots Leeff for a fixed SL (achieved by decreas-
ing ϕ) for a range of CH4-H2 mixtures from 0−100%
H2 by volume (values of ϕ are reported in the cap-
tion). The heat release based method shows little
change in Leeff up to 60% H2 volume fraction which
is expected as the corresponding change in mass is
minimal. On the other hand, a quasi-linear decrease
in Leeff is predicted using the volume based method.
Overall, the figures indicate that fixing ρu/ρb also
fixes the Leeff for the CH4-NH3 blends investigated,
which enables the effect of SL on the light around
times to be isolated. However, fixing SL using differ-
ent CH4-H2 blends results in variation in Leeff which
needs to be taken into account when evaluating the
light around times due to its impact on the flame
propagation speed (as will be shown in Fig. 7).

3 Results
3.1 Determination of light around

times
Two methods were used to determine the light-

around times. The first method used an azimuthal
array of PMTs which measure the 1-D time-series
of the global heat release rate of the flame as it
propagates around the annulus and can be used to
evaluate global time-scales. The second method was
high speed OH* chemiluminescence imaging from
overhead which provides line-of-sight imaging of the
flame as it propagates around the annulus and can
be used to evaluate global time-scales as well as pro-
vide insight into the dynamics of flame propagation
around the annulus. The 1-D PMT signals cannot
provide detailed insight into the spatial evolution of
flame propagation around the annulus but can pro-
vide global information with a spatial resolution de-
termined by the FoV of the PMTs. By dividing the
annular chamber into sectors according to the num-
ber of injectors, the time delay between ignition of
the first and last injector could then be determined
by an intensity threshold as shown in Fig. 4. High-
speed imaging was performed for 900 of the 3000 ex-
perimental runs. The flame propagation speed can
also be evaluated from these high speed chemilumi-
nescence images and is discussed in the next section.

Using the PMT time-series data, the light-around
time is defined as the characteristic time-delay be-
tween the first and last PMT that detects 15% of
the normalised maximum OH* intensity as illustrated
in Fig. 4. The same approach was used in [20] and is
similar to the threshold approach used in [38]. In [38],
the threshold chosen was the maximum detected OH*
emissions between adjacent PMTs. It is important to
note that although there is some arbitrariness to the
choice of threshold, there is good repeatability in the
light-around times.

Fig. 4 shows typical PMT data of a light-around se-
quence in the 6-injector configuration. The blue lines
correspond to PMTs viewing injectors in the clock-
wise direction and the red lines in the anti-clockwise
direction as denoted in Fig. 2. The figure shows that
ignition of each injector is characterised by a slow in-
crease in heat release rate which then rapidly grows
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and spikes before levelling off to a constant value.
The chosen threshold in these experiments is shown
by the shaded grey region, which is once the rapid
growth in heat release has started. The figure also
shows the light-around time, denoted by the arrow
τign, which can also be evaluated for both the CW
and ACW branches.
Fig. 5 shows two typical light around sequences

viewed from overhead for the 6 and 12 injector con-
figurations. In the 6 injector configuration (top),
the CW flame branch propagates slightly faster than
the ACW flame branch. As the flame reaches each
burner, a peak in the intensity occurs (circular re-
gions of bright orange/yellow) which corresponds to
the peak observed in the PMT time-series data. This
is due to the volume of gas above the injector being
ignited. The flame then stabilises which is shown by
a reduction in intensity to lower but constant val-
ues on average. This process is illustrated by the
injector I5 which is circled in white. It is important
to note that the light-around time is defined as the
characteristic time it takes for the flame to propagate
around the annulus and not the time taken to achieve
flame stabilisation which would be the time taken for
the OH* signal to reach steady state conditions. A
reference start time is taken as the successful igni-
tion of the first injector as used in [8, 38] and not
the formation of the initial flame kernel which has
been shown in previous studies to have considerable
variability [2,8,38,39]. The averaged (absolute) prop-
agation speed, Sa is then computed in the same man-
ner as [4] by assuming that each flame branch travels
approximately half the annulus circumference. This
approach is relatively robust as the vast majority of
light-around sequences show that the CW and ACW
flame branches merge near the mid-point. Variations
in the merging point occur when the initial flame ker-
nel and early stages of propagation lead to the igni-
tion of I1 ahead of I−1 as seen in Fig. 5. This results
in one of the flame branches leading the other.

3.2 Estimating the flame propagation
speed

Estimates of the absolute flame propagation speed,
Sa, can be obtained using either the PMT data or
the high speed OH* imaging. To compare the two

Table 2: Summary of the flame propagation speed Sa

computed using 1-D PMT signals and 2-D integrated
OH* overhead images. The difference in speed from
the different methods is shown as ∣∆Sa∣. All speeds
are reported in m/s.

Fuel mixture ϕ Sa(PMT) Sa(Image) ∣∆Sa∣
CH4 (40%)-NH3 (60%) 0.97 2.35 3.45 1.10
CH4 0.95 5.52 6.53 1.01
H2 0.44 6.76 7.85 1.09

approaches, several tests were run using three differ-
ent operating conditions which were: CH4(40%) −
NH3(60%) blend at ϕ = 0.97, CH4 at ϕ = 0.95, and
H2 at ϕ = 0.44. For each blend, Sa was estimated by
dividing half the circumference by the measured ig-
nition time and taking the average over 45 runs with
the PMT data and 10 runs from the imaging data.
The results are presented in Table 2.

The relative change in values estimated from both
sets of data, Sa(PMT) and Sa(Image), are equally
consistent as illustrated by the fact that ∣∆Sa∣ ≈ 1.
This means that estimating the absolute value of
Sa is a challenge but both methods provide a ro-
bust reference velocity to identify the dependence
of light around time and propagation speed on the
laminar flame speed and dilation ratio for different
fuel blends. For purposes of statistical convergence
we therefore use Sa(PMT) as the reference method.
However, the imaging data will be used to ensure
we only compare ignition sequences which originated
from a single spark instant and discard spurious runs.

3.3 Effect of laminar flame speed
The correlation between Sa and SL is plotted

in Fig. 6 for the pure hydrocarbon fuels ethylene and
propane. In these experiments, varying ϕ varies both
ρu/ρb and SL as a lumped parameter. Reasonably
good collapse is found. The strong linear correlation
between Sa and (ρu/ρb) ⋅SL is consistent with previ-
ous studies [2–4].

To investigate the effect of SL on Sa, a series of
CH4-NH3 blends with increasing NH3 volume frac-
tions are used to fix ρu/ρb. A wide range of SL is
achieved by varying the equivalence ratio and the ad-
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dition of H2 as listed in Table 1.
Fig. 7 plots the variation of Sa with SL for CH4-

NH3-H2 blends and varying Leeff corrections. Fig. 7a
corresponds to no Leeff correction whereas Fig. 7b
and Fig. 7c correspond to Leeff corrections by vol-
ume and heat release rate respectively. Overall, the
values of Sa show a linear decrease with the product
of ρu/ρb and SL for mixtures with increasing volume
fraction of NH3. This is consistent with the expec-
tation that increasing NH3 volume fraction decreases
SL. This linear dependence is maintained for fixed
levels of H2 volume fraction of 5% to 10%. However,
when both ρu/ρb and SL are fixed, small increases in
the H2 volume fraction increase Sa as shown by the
approximately uniform offset. This suggests that the
inclusion of H2 increases the flame propagation speed
during light around.
Thermo-diffusive effects have yet to be considered

in light-around studies since most studies have con-
sidered pure hydrocarbon fuels. Furthermore, as
noted by Lancien et al. [38], the effects of local cur-
vature and Markstein length M, Lewis number Le,
and Zel’dovich number β, on flame propagation are
usually of an order of magnitude lower than tur-
bulent flame speed effects. However, measurement
of turbulent flame speeds in fan-stirred bombs have
demonstrated significant impacts of thermo-diffusive
effects [9,10,27]. Therefore, due to the highly thermo-
diffusive nature of H2, an attempt to scale Sa with
an effective Leeff was made using the Leeff definitions
described in Section 2.5.
Plots including the Leeff determined by the vol-

umetric and heat release rate methods are plotted
in Fig. 7b and Fig. 7c respectively. Incorporating
Leeff using the volume-based approach makes little
difference. However, it is evident that an Leeff com-
puted using the heat release approach scales Sa with
(ρu/ρb) ⋅SL ⋅Leeff for all blends with 5% and 10% H2

enrichment by total air-fuel volume. Overall, a very
good collapse is achieved and it is worth noting that
the Leeff are greater than unity for all of these op-
erating points. This suggests that the Lewis number
effects significantly influence the flame propagation
speed in the case of fuel blends containing H2. How-
ever, blends without H2 still exhibit a constant offset
and the authors do not currently have an explanation

for this. Although it is worth mentioning that there
is no agreed consensus on the formulation of Leeff and
that it may be related to the unique properties of H2

as a fuel compared with standard hydrocarbons. The
authors also wish to emphasise that the unity expo-
nent factor of Leeff and the definition of Leeff adopted
in this work is simply empirically fitted to illustrate
the point that thermo-diffusive properties need to be
considered.

3.4 Effect of dilatation ratio
In this section, data is presented in which SL

was kept constant while ρu/ρb is varied. This was
achieved by varying the equivalence ratio in CH4-H2

blends for varying H2 volume fractions up to 100%,
providing a range of ρu/ρb listed in Table 1. Experi-
ments were conducted for both the 6- and 12-injector
configurations and the results are plotted in Fig. 8.
Fig. 8a shows that Sa increases with increasing H2

content, despite a fixed SL and a decreasing dilatation
ratio. The direction of the trend is a surprising result
given previous results with hydrocarbon fuels and de-
tailed LES by Topperwein et al. [8] who demonstrated
that a decrease in ρu/ρb is strongly correlated with a
corresponding decrease, and not increase in Sa.

However, the LES also considered pure hydrocar-
bon fuel and not H2 which has significantly different
combustion properties that are likely responsible for
the inverse trend. This result indicates that the effect
of decreasing ρu/ρb is more than compensated by the
high diffusivity of lean H2 flames as well as the effect
of wrinkling/turbulence on the propagation speed as
found in the fan stirred bomb literature [27, 40, 41]
and a recent DNS study by Rieth et al. [42]. In an
effort to capture the thermo-diffusive effects, Sa is
re-plotted in Fig. 8b against (ρu/ρb) ⋅SL ⋅Leeff, using
Leeff based on the heat release rate method. Here
the mixtures get increasingly lean with increased H2

content, resulting in Leeff << 1. Despite the correc-
tion, the downward trend of Sa with varying ρu/ρb is
only marginally flattened. This again suggests that
the contribution of ρu/ρb in H2 flames and blends is
compensated by thermo-diffusive effects.

3.5 Geometric factors
Finally, the effect of injector spacing on the flame

propagation speed during light around is considered.
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Injector spacings of ls/dinj = 4.67 and 2.34, corre-
sponding to the 6- and 12-injector configuration were
investigated.

The choice of ls/dinj allows us to study the effect
of flame proximity on the flame propagation speed
during light-around noting that in the 6-injector case,
adjacent injectors are sufficiently far apart compared
to the 12-injector configuration as shown in Fig. 5. A
recent study by [4] in a similar geometry considered
12 and 18 injectors with spacings of ls/dinj = 2.34 and
1.56 but found little change in the flame propagation
speed. In these experiments the exit velocity of each
injector was kept constant at U = 10m/s.

(a)

(b)

(c)

Figure 7: Light-around speeds of CH4-NH3 blends
with different levels of H2 enrichment. ρu/ρb is kept
constant while SL is varied. CH4-H2 blends refer to
cases with 0% NH3 and are denoted with ’◯’. (a):
with no Le correction, (b) Leeff based on volume
weighting, (c) Leeff based on heat release weighing.
The Leeff in all cases is ≥ 1.
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The results are plotted in Fig. 9a and Fig. 9b for
hydrocarbon fuels and CH4-NH3 blends with fixed
ρu/ρb respectively. Since no H2 was added in these
experiments, no corrections for Leeff were made. In
both cases, a distinct increase in Sa in the 12-injector
case is observed compared with the 6-injector case
but all cases show a linear dependence of increasing
Sa with an increase in the product of ρu/ρb and SL.
There is a notable difference in Sa between the hy-
drocarbons and the CH4-NH3 blends. In the case of
the hydrocarbons, it is not possible to fix the ρu/ρb
and vary SL: both are varied together as a lumped
parameter. For the hydrocarbon cases, the small but
definite differences is not consistent with the findings
of [4]. In CH4-NH3 blends where ρu/ρb is fixed,
the magnitude of the variation of Sa with SL is al-
most exactly double which suggests a scaling with
power given that there are exactly half the number
of injectors. To test this, a third plot (blue dotted
line) representing the 12-injector cases of CH4-NH3

blends, whereby the total thermal power is matched
with those of the 6-injector cases, is shown in Fig. 9b.
It shows no collapse in the data noting that in this
case, we have matched the total thermal power. De-
spite a reduction in injector exit velocity U by half (to
match the total thermal power), the 12-injector cases
still have higher Sa values. These discrepancies may
arise from turbulence and flame interactions in the
12-injector configuration. This suggests that a num-
ber of factors such as a different injector spacing, a
non-homogeneous volume of reactants at ignition, or
different turbulence levels in the annulus can influ-
ence the ignition propagation speed.

4 Conclusions
This paper presented the effect of ammonia and

hydrogen blends on ignition and light-around in a
premixed annular combustor. In the first part of the
paper, previous findings relating the dependence of
flame propagation speed Sa on laminar flame speed
for hydrocarbon fuels were corroborated. A lumped
parameter, a product of dilatation ratio ρu/ρb and
laminar flame speed SL, was used to reflect the
change in both the laminar flame speed and the di-
latation ratio as equivalence ratio was varied, and a

strong correlation was found between Sa and (ρu/ρb)⋅
SL. This is consistent with past studies.

In the second part of the paper, CH4-NH3 blends
were investigated for their impact on ignition dynam-
ics. CH4-NH3 blends with varying NH3 volume frac-
tions were used to fix ρu/ρb while varying SL. To
maximise the range of SL considered, volume frac-
tions of H2 were added at 5% or 10% of the total
reactant flow volume. It was found that thermodif-
fusive effects significantly influence the flame prop-
agation speed; applying an effective Lewis number
computed based on the heat release-based approach
results in good scaling for the cases with H2 added
to CH4-NH3 blends. However, it remains to be seen
why blends without H2 still exhibit an offset from
those with H2 added.

CH4-H2 blends were also considered in the current
work. The equivalence ratio and H2 volume frac-
tion were varied to keep the laminar flame speed SL

constant with decreasing dilatation ratio ρu/ρb. Con-
trary to expectations, it was found that Sa increases
with decreasing ρu/ρb. It is reasonable to expect that
the high diffusivity of lean H2 flames plays a major
role in this surprising finding. Ongoing efforts are
being made to explain this anomaly.
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(a)

(b)

Figure 9: Plots showing the (a) light-around propa-
gation speeds of hydrocarbon fuels (C2H4 and C3H8),
and (b) light-around propagation speeds of CH4-NH3

fuel blends which have constant ρu/ρb while SL is
varied. In both the 6-injector (plotted in black) and
12-injector (in blue solid lines) cases, the exit veloc-
ity at each injector is kept constant at 10m/s (con-
stant thermal power per injector) and no Leeff cor-
rection was applied as no H2 was added. The blue
dotted line represents 12-injector cases whereby the
total thermal power (so exit velocity is reduced to
5m/s) is matched with those of the 6-injector cases
(black line).

Finally, the effect of injector spacing on hydro-
carbon fuels, ammonia blends, and hydrogen blends
was evaluated. It was found that in all cases, the
12-injector configuration always have faster propaga-
tion speeds. The difference in propagation speed was
more distinct in the ammonia and hydrogen blends.
Matching either the injector thermal power or to-
tal thermal power did not produce similar ignition
propagation speeds, suggesting the role of turbulence,
flame interaction, and fuel concentration at play.

In conclusion, current investigations on ammonia
and hydrogen blends suggest that the unique ther-
modiffusive properties of H2 plays a significant role
in influencing the light-around of an annular com-
bustor. Therefore, using hydrogen as an alternative
fuel for decarbonisation requires careful consideration
of the thermo-diffusive effects which can significantly
modify ignition behaviour.

This project has received funding from the Euro-
pean Union’s Horizon 2020 research and innovation
program under Grant Agreement No 765998 (ANNU-
LIGhT).
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Figure 1: Schematic of the NTNU atmospheric an-
nular combustor and the relevant diagnostics. Inset
shows the injector with bluff body. Drawings not to
scale to maximise readability.
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Figure 2: Schematic of the PMT positions around the
annulus chamber for the detection of flames. Draw-
ings not to scale to maximise readability.

(a)

(b)

Figure 3: (a) Leeff for CH4-NH3 blends at a fixed
dilatation ratio ρu/ρb. The equivalence ratios of the
blends are between 0.95 to 1.08. (b) Leeff of CH4-H2

blends at a fixed laminar flame speed SL = 0.34m/s.
The equivalence ratio of the blend decreases from
ϕ=0.95 for 0% H2 to ϕ=0.44 for 100% H2. These
computed values of Leeff are used to compensate for
the thermo-diffusive effects of the fuel blends in Fig. 7
and Fig. 8.
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Figure 4: A typical time series of the light-around
sequence characterised using PMTs. Injectors ignited
by the CW flame branch are plotted in blue (I1, I3,
I5), while those ignited by the ACW flame branch are
plotted in red (I-1, I-3, I-5). The definition of light-
around time, τign, is based on a normalised threshold
of 0.15.
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Figure 5: Example of an ignition sequence. In the last three images, I5 is circled in white. The image
sequence shows the CW flame branch successfully propagating past I5 before reaching maximum OH*
intensity after a certain time delay. The intensity eventually decreases and stabilises after the successful
attachment and stabilisation on the bluff body.

Figure 6: Sa against (ρu/ρb) ⋅ SL for hydrocarbon
fuels.
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(a)

(b)

Figure 8: Light-around propagation speeds of CH4-
H2 blends. SL is kept constant while ρu/ρb is var-
ied. (a) without Leeff correction, and (b) with heat
release mass-based Leeff correction. In both the 6-
injector (plotted in black) and 12-injector (in blue)
cases, the exit velocity at each injector is kept con-
stant at 10m/s.
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