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Abstract

The current study investigates the impact of fuel reactivity changes caused by the
gradual dilution of hydrogen with either methane or carbon monoxide. The impact
of nitrogen dilution is also considered. The experimental configuration was chosen to
investigate auto-ignition in a turbulent shear layer formed between the fuel jet and a
stream of hot combustion products. The study is thus complementary to conventional
investigations featuring ignition delay times in laminar mixtures and constitutes a step
towards a comprehensive assessment of fuel reactivity in practical systems. Ignition
delay times obtained under shock tube conditions are considered in a separate study
and comparisons will be presented in subsequent reports. The current results will also
be compared with turbulent burning velocity and detonability data obtained in an
obstructed shock tube.

The current study investigates binary fuel blends of Hy/CHy4 and H2/CO. The
H,/CHj4 mixtures cover the full range between the pure components and with inter-
mediate steps of 90/10, 80/20, 70/30, 60/40, 50/50, 40/60 and 25/75. The H2/CO
blends cover mixtures of 90/10, 80/20, 70/30, 60/40, 50/50, 40/60 and 30/70. For
each blend a range of hot combustion product temperatures was investigated and the
reactivity of the fuel blend determined by measuring the flame lift-off height from 1000
OH chemiluminescence images. The results show that the difference between dilution
with CO and C'Hy is notable with comparatively small amounts of added C H4 causing
a noticeable decline in mixture reactivity while a CO content of up to 50% has only a
modest impact.

The results obtained suggest that under the current condition the reactivity of
CHi/H> blends becomes increasingly reduced by the C'Hs component beyond the
50/50 mixture. By contrast, CO mixtures remain much more reactive over the entire
range of conditions. A strong impact of dilution has also been shown and the effect
is consistent with a reduced ability of the Hs component of the fuel blend to trigger
auto-ignition of the carbon containing components. The latter conclusion is further
supported by the appearance of twin reaction zones in some cases. It should also be
pointed out that the latter effect is more pronounced at lower temperatures. Overall,
the current results suggest that the quantification of the impact of different blends of
hydrocarbons with hydrogen on the fuel reactivity is distinctly possible and that the
current work has elucidated several key aspects.
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1 Introduction

The test strategy adopted as part of ETI project PE02162 features the initial
use of binary fuel blends of Hy/CH, and Hs/CO starting from the case of
100% Hs and with the gradual addition of the second component. The small
scale laboratory tests used as basis for future work work within the project
uniquely feature four complementary approaches covering a wide range of con-
ditions: (i) A fuel reactivity assessment through the use of ignition delay times
obtained from conventional laminar shock tube experiments, (ii) a fuel reactiv-
ity assessment via the study of auto-ignition in turbulent flow fields, (iii) the
determination of turbulent burning velocities and (iv) the determination of the
deflagration to detonation transition (DDT) potential in an obstructed shock
tube with optical access.

It must be noted that the actual conditions experienced in a practical device
present significant challenges in terms of deriving even a relative assessment of
the reactivity of different fuel blends. The exhaust temperatures encountered in
a practical scenario will be strongly dependent on the design of the gas turbine
and the degree of mixing of the unburnt fuel blend with pre-existing combustion
products at the exit plane of the combustor. Hence, the problem is not well-
defined and the sensitivity to the exhaust temperature is here considered as
an additional parameter. The implications for the project from the increased
workload of using a larger number of mixtures can to some extent be mitigated
by moderate changes in the overall work programme, notably by emphasising
the importance of detonability rather than detonation behaviour of mixtures.

The fuel blends investigated as part of the current study focus on the more
reactive end of the spectrum with mixtures ratios of hydrogen to carbon monox-
ide of 100/0, 90/10, 80/20, 70/30, 60/40, 50/50, 40/60 and 30/70 prior to di-
lution. The proposed range covers the majority of Hs/CO ratios identified as
part of the Literature Review performed as part of Work Package 1 [1]. A
narrower range of blends was proposed for the Ha/CHy blends encompassing
100/0, 90/10, 80,20, 70/30, 60/40 and 50/50 in line with the obtained mixture
information. The latter set of mixtures was subsequently extended, on a best
endeavours basis, to include 40/60, 25/75 and 0/100. In addition, a combustion
device dependent dilution factor was taken into account. For practical appli-
cation, it can be assumed that overall lean premixed combustion will be used
and/or that significant dilution of the fuel stream will take place prior to condi-
tions of relevance to the current investigation. Hence, it is likely that the overall
hydrogen concentration in the mixture prior to combustion will not exceed 25%
by volume in a fully premixed mode and, perhaps, less than half of that in the
context of a gas turbine combustor. With the further dilution expected in a
gas turbine engine, the proposed test matrix will therefore move the hydrogen
content towards the lower flammability limit.

The Cabra burner geometry [2, 3, 4, 5, 6] has been successfully used to study
the auto-ignition of high velocity fuel streams injected at ambient temperatures
in a co-flowing stream of dilute combustion products at temperatures down to
1045 K. Due to the nature of the shear layer driven mixing, the temperature
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at the point of ignition will be lower. In the current work, the geometry has
been used at as low a temperature as can be achieved while still covering the
fuel reactivity range of interest. Gkagkas and Lindstedt [7, 8] modelled the
auto-ignition of C'H4 and Hy mixtures using the transported probability density
function approach [9, 10, 11, 12] and clarified the ignition events leading to flame
stabilisation. Wang and Pope [13] showed that the auto-ignition chemistry
has a direct and significant influence on computed extinction and re-ignition
characteristics. The Cabra burner thus has a clear track record in terms of
both experimental and computational studies of direct relevance to the current
objectives and has been adopted with the intention of providing information
pertinent to item (ii) above.

The current report accordingly outlines experimental results aimed at clari-
fying changes in fuel reactivity caused by a reduction in hydrogen content and
covers an assessment via the study of auto-ignition of fuel blends in turbulent
flow fields. The latter is of fundamental importance in the context of risks asso-
ciated with the propensity of mixtures to form flame kernels that may grow into
high-speed deflagrations or detonation. Past studies also suggest that state of
the art computational methods can also be applied with confidence to elucidate
the flow field structure further should the need arise.
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Fig. 1: Schematic of the lifted flame burner test facility
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2 Experimental Configuration

2.1 Burner Configuration

The design of the current vitiated coflow burner is based on the Cabra burner [2]
and the current version is shown schematically in Fig. 1. Several modifications
were implemented to fulfil the safety requirements for the current experiments
and to ensure homogenised mixtures in the vitiated coflow and for the fuel-air
mixture in the central jet nozzle. Furthermore, the burner was modified to
permit a larger number of gas components used to create the hot combustion
products in the coflow and in the central core jet. The mixing of the reactant
streams used to create the combustion products was initially performed in a
primary mixing chamber with the resulting gas mixture subsequently passed to
a circumferential ring featuring 32 radial nozzles used to inject the gas mixture
into a secondary mixing vessel.

Fig. 2: Photograph of the lifted flame burner

A sintered plate with a maximum pore size of 76 pum [14] was used as a
flame arrestor and to separate the secondary mixing chamber from the reservoir



















































































































































































































































































































































