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A B S T R A C T

Multiphase fuel combustion was carried out in a swirl-stabilised combustor with the aim of expanding the
fuel flexibility of the gas turbine for, at least, land-based applications. Improved capability of the gas turbine
in this regard will not only augur well for energy security but also could be useful in tackling harmful emis-
sions. In the study, varying amounts of syngas was premixed with air and swirled into a burning diesel spray,
the flowrate of which was altered to maintain the same overall heat output at all times. Across the several
heat outputs tested, the range of stable flame operation was found to reduce as gas content of fuel mix
increased. Moreover, for a combined heat output of 15 kW and a global equivalence ratio of 0.7, a steady
increase in flame stability was noted and NOX emissions were found to decrease while CO emissions
increased as syngas content in fuel mix increased from 10% to 30%. The increase in flame stability, achieved
at the cost of lower heat release rate, was attributed to the changes in reacting flow dynamics evinced by the
C2* and CH* species chemiluminescence intensity variation as well as chemical kinetics analysis. The NOX

and CO emissions trend was ascribed to decreasing combustion efficiency due to poorer spray quality
obtained from the pressure atomiser as liquid flow rate reduces and further worsened by the lower heat
release rate and decreasing adiabatic flame temperature as gas ratio of combusted fuel increases.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Research into multiphase fuel combustion in internal combustion
(IC) engines where a carbon-rich fuel like diesel is partially replaced
by low-carbon fuels like natural gas is gaining traction not only
because of the need to cater to environmental concerns but also the
improved fuel flexibility of the IC engine bodes well for energy secu-
rity. Commonly, multiphase combustion tests are carried out in diesel
engines by ‘fumigating’ the intake air with gaseous fuel then igniting
the premixed charge with diesel spray [1]. As well as typical diesel
engine performance parameters (brake torque, thermal efficiency,
specific fuel consumption etc), post combustion emissions � notably
NOX, CO and CO2 � from the dual fuel tests are measured and com-
pared with conventional diesel engine operation [2-4]. Whereas
there exists some disparity regarding the impact of dual fuel burn on
diesel engine performance, understandable because of the consider-
able variation in materials, equipment and methods amongst pub-
lished studies, there is no doubt about the feasibility of the co-
combustion process. This is evident from the extensive range of fuel
combinations trialled including diesel/natural gas [5], diesel/hydro-
gen [6,7], diesel/biogas [8], biodiesel/biogas [9], primary alcohols/nat-
ural gas [10].
However, the scope of dual fuel burn in continuous combustion
engines like the gas turbine is limited. The focus has been on co-
combustion of blends of fuels in the same phase like the liquid
phase fuel combinations in [11�15] and the gaseous ones in
[16�22]. Multiphase fuel combustion experiments in gas turbine
conditions are rarer. Flame structure and local extinction character-
istics of ethanol/methane co-combustion in a swirl-stabilised gas
turbine combustor was studied by Sidey and Mastorakos [23] pro-
viding some fundamental understanding of dual-fuel combustion
in continuous flow devices. Subsequently, replacing ethanol with a
non-oxygenated liquid fuel � n-heptane � but still utilising CH4 as
the gaseous fuel, Sidey and Mastorakos [24] showed how spray
flame behaviour and stabilisation characteristics are altered as a
consequence of multiphase combustion in the same burner. Addi-
tional characterisation of the swirling dual fuel flame of [24] in the
form of temperature and reaction zone imaging was provided in
Evans et al. [25]. Further, at high (600 K) combustion air inlet tem-
perature, [26] investigated biodiesel co-combustion with natural
gas in a radial swirl burner at low equivalence ratios comparing the
emissions results with equivalent natural gas and kerosene co-
combustion. The characteristics of palm biodiesel and natural gas
co-firing in a model swirl flame burner with a combustion inlet air
temperature of 523 K was investigated by [27] and compared with
neat biodiesel combustion in terms of OH* and CH* radical intensity
as well as post combustion emissions.
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Fig. 1. Burner configuration for diesel/syngas co-combustion. (a) emissions probe slot
(b) quartz window (c) axial swirler (d) liquid fuel line (e) inlet plenum (f) combustion
air/gas fuel inlet (g) pressure atomiser. All dimensions in millimetres.
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Like in the diesel engine studies, the goal of these experiments in
simultaneous combustion of different fuels is to combat environmental
pollution and, by expanding the fuel flexibility of the engines, tackle
the problem of energy security. To more realistically move towards
this goal of improved fuel flexibility in the context of multiphase com-
bustion for the gas turbine, practical fuels needs to be employed in the
experiments. It is to this end that the present study trialled diesel and
syngas co-combustion in a swirl-stabilised gas turbine burner. Syngas
is an alternative fuel that has been satisfactorily employed in gas tur-
bine combustion studies such as [19,20,28]. It is generally composed of
H2, CO, CO2, CH4, N2 and steam; the presence and concentration of
each constituent depending on the feedstock and synthesizing tech-
nique employed. The inert nature of N2 and the diluting effects of CO2

and steam diminishes, oftentimes significantly, the heating value of
syngas compared to natural gas. The reduction in heating value causes
an increase in volume of syngas combusted if similar power output is
to be achieved. Combustor chamber modification will then be required
in order to accommodate this increased fuel volume resulting in a per-
turbing of combustion zone properties and associated operational
issues like blowout and flashback [28]. Therefore, in order to avoid
wholesale changes to a burner setup previously tested with methane
and diesel co-combustion [29], a syngas mixture of 10% H2, 10% CO
and 80% CH4 � having comparable adiabatic flame temperature, lami-
nar flame speed and volumetric heat release rate as CH4 �was used in
the present study. Increasing amounts of syngas was premixed with
combustion air then passed through a swirler and into a burning diesel
spray. With overall power output held constant, C2* and CH* chemilu-
minecscence imaging as well as post combustion emissions measure-
ment were carried out for three different multiphase cases at the same
power output and equivalence ratio. The results were compared with
neat diesel combustion with chemical kinetics studies adding to the
analysis. Also, the stable flame operating range for different combina-
tions of the two fuels were established and contrasted with the range
obtainable for neat diesel combustion in the burner.

As noted previously, studies on multiphase fuel combustion in gas
turbine engines are limited and tests utilising the fuel combination in
this study, as far as the authors know, is non-existent in published lit-
erature. Consequently, this study fills that gap and provides data per-
taining to multiphase fuel combustion dynamics, stability and
extinction issues in swirl-stabilised gas turbine combustors. Apart
from the potential of utilising multiphase fuels in staged combustion,
at least one OEM, at present, have combustion turbines with dual fuel
capability allowing for continuous operation even as fuels are
switched with plans for further expansion [30]

2. Method

2.1. Experimental setup

Diesel spray via a Delavan 0.4 GPH 600W pressure nozzle was com-
busted in air premixed with syngas. The diesel flow rate across the noz-
zle was controlled by means of a Bronkhorst mini Cori-flow mass flow
controller (MFC) having an accuracy of §0.2% of indicated reading. Die-
sel supply to the MFC was achieved using a Walbro GSL 392 inline fuel
pump delivering the fuel at a constant pressure of 0.85 MPa measured
upstream of the MFC. Combustion air was metered by means of two
variable area flowmeters. One was of range 30 � 150 l/min with an
accuracy of §1.25% and the second had a range between 40 �
440 l/min with an accuracy of §5%. Air flow was split between the two
meters to avoid operating close to the limits of the device thereby mini-
mising associated errors. Syngas flow rate was controlled by means of a
Bronkhorst El-flow Prestige MFCwith a rated accuracy of§0.5%. As ear-
lier mentioned, the gases � combustion air and syngas � were pre-
mixed prior to combustion by introducing them simultaneously into
the burner inlet air plenum. The charge undergoes further mixing as it
passes through the swirler (see Fig. 1).
The swirler sits flushwith the nozzle orifice plane and has five swirl
vanes, a tip diameter of 50mm and a hub diameter of 16 mm. The geo-
metric swirl number is calculated from Eq. (1) to be 1.24. In Eq. (1), Ds

refers to the tip diameter while Dh is the hub diameter and u, the angle
of swirl, is 600. The combustion chamber has a square cross section of
side 180 mm and height 450 mm. Quartz windows on each side of
dimension 100 £ 145 mm allows multiple optical access albeit the
base of each window is 23 mm from the dump plane of the burner.

SN ¼ 2
3

1� Dh=Dsð Þ3
1� Dh=Dsð Þ2

" #
tanu ð1Þ
2.2. Emissions acquisition

Two forms of emissions were of interest in the study � optical
emissions from two intermediate combustion species (C2* and CH*)
as well as pollutant emissions, namely NOX and CO. The setup to cap-
ture optical emissions included an LaVision CCD Imager Intense cam-
era, a high speed IRO intensifier and a 60 mm focal length AF Micro-
Nikkor (f/2.8) lens coupled to each other in the order listed and
directed towards the centreline of the burner. The focus was on a
plane §50 mm in the radial direction and 140 mm in the axial direc-
tion resulting in a resolution of 0.124 mm/pixel. Chemiluminescence
emissions of C2* and CH* species were acquired by fitting bandpass
filters centred at 515 nm and 430 nm respectively at the end of the
lens; each filter had a full width at half maximum (FWHM) of 10 nm.
The species targeted - C2* and CH* - were selected because, not only
are they good indicators of heat release rate in hydrocarbon flames
but also their emission spectra are prominent in liquid fuelled com-
bustors with clearly identifiable peaks at the selected bandwidths
[31-35]. With optimal intensifier settings determined by preliminary
studies, 250 chemiluminescence images at 10 Hz were captured for
each test point per species. The images were then temporally



Fig. 2. Limits of stable flame operation.
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averaged and background corrected. Finally, to obtain the images
presented in Section 3.2, Abel inversion was carried out on the aver-
aged and background corrected image by adapting the Matlab code
used and described by Runyon et al. [36].

The post combustion emission measurements of NOX and CO were
done using Testo 350 XL emissions analyser with the emissions probe
situated at the centreline of the burner, 300 mm from the nozzle ori-
fice plane. The emissions analyser was programmed to sample flue
gas for a duration of twominutes at a measuring rate of three seconds
for each test condition resulting in a total of forty readings per experi-
mental run. Reported NOX measurements are made on a dry basis.
The Testo draws the flue gas through the probe into the gas prepara-
tion unit where it is suddenly cooled to 4 � 8°C precipitating conden-
sation. The dry gas is subsequently filtered and passed to the gas
sensors which then issue a signal. It was noted that both emissions
readings stabilised well before the last twenty readings; the average
of the last twenty readings is reported in this work. A rinse time of
five minutes followed the completion of each programmed run of the
device prior to commencement of a new run. For the emissions
reported, the equipment has a measurement uncertainty of §5 %. The
oxygen reference was set at 15% for the tests.
2.3. Fuels and operating conditions

In Table 1 are physical and chemical properties of the fuels tested
whereas in Table 2, the fuel/air combinations of the four different test
cases and the bulk swirling gas velocities for each are presented. The
diesel used in the study is of the BS EN590 standard. The syngas com-
position was 10% hydrogen, 10% carbon monoxide and 80% methane.
Based on mole fraction composition, the density, lower heating value
and stoichiometric fuel/air ratio for the syngas shown in Table 1 were
determined. The liquid/gas ratio of combusted fuel was altered based
on energy share ratio from 100/0 to 70/30. A 90/10 liquid/gas ratio
(LGR), for example, implying that 90% of the total heat output is sup-
plied by the diesel and 10% by syngas.

This method of splitting combusted fuels in multiphase burning
was used in [7,8,10] and advantageous for this study because it means
a fairly constant air flow rate for all test conditions (Table 2) being that
both fuels have similar heating values. Consequently, cold flow charac-
teristics are more or less maintained across the different test cases.
Furthermore, given that a pressure atomiser was employed for diesel
injection and that the pressure upstream of the MFC was maintained,
trials conducted at flow rates corresponding to liquid/gas ratios below
70/30 were of very poor spray quality thereby adversely affecting com-
bustion efficiency. Consequently, the chemiluminescence and emis-
sions tests were limited to the LGR range given in Table 2.
Table 1
Fuel properties.

Property Diesel Syngas

Lower Heating Value, LHV (KJ/kg) 42600 43860
Density at 15°C (kg/m3) 850 0.671
Stoichiometric fuel-air ratio 0.070 0.068

Table 2
Flame fuel combinations.

Flow ratesLiquid/gas fuel
proportion
(based on
energy share)

Diesel (g/s) Syngas (l/min) Air (l/min)

Bulk swirling
gas velocity

(cm/s)

100/0 0.35 0.0 352 365
90/10 0.32 3.1 352 368
80/20 0.28 6.1 352 371
70/30 0.25 9.2 352 374
The operating conditions for the optical and pollutant emissions tests
were a constant power output of 15 kW and a global equivalence ratio
of 0.7. As earlier mentioned, the total heat output is the sum of the heat
contribution of each fuel based on the LHV of the fuels and the flow rate
according to Eq. (2) where _m represents the mass flow rate of fuel and
the subscripts l and g stand for liquid and gas respectively. With the
same denotations as in Eq. (2) and with ’global referring to global equiva-
lence ratio, the relevant combustion air mass flow rate is given by Eq. (3).

THO ¼ LHVl � _mlð Þ þ LHVg � _mg
� � ð2Þ

_mair ¼
_mg � AFRStoic;g þ _ml � AFRStoic;l

’global
ð3Þ

The method utilised to define the stability limits in Section 3.1 is
based on Lefebvre and Ballal [37] and involved carrying out a series
of flame extinction tests at different heat outputs and noting the lean
and rich extinction points. At each heat output, for the respective fuel
combinations, a stable flame was established then the air flow rate
was gradually increased until flame extinction occurred � the lean
stability limit. The corresponding rich limit was determined by re-
establishing the flame at the same heat output and then gradually
decreasing the air flow rate until flame extinction occurred. These
limits are presented in Section 3.1 for the neat diesel case and two
blends of diesel/syngas. The power outputs used in the flame stability
range study were 6 � 18 kW in steps of 2 kW for the 100/0 case; 8 �
18 kW in steps of 2 kW for the 90/10 case; and 10 � 18 kW in steps
of 2 kW for the 80/20 case. The reduction of liquid flow rates as LGR
decreases made it impractical to test, for instance, the 80/20 case at 6
and 8 kW. The reason being that, in the manner utilised, the
employed pressure type nozzle is known to experience considerable
variation in spray atomisation quality as liquid flow rates change
[38].

2.4. Chemical kinetics modelling

To numerically explore diesel/syngas co-combustion in gas tur-
bines, the reduced chemical kinetics mechanism created by Lawrence
Livermore National Laboratory [39] was utilised in CHEMKIN-PRO for
adiabatic flame temperature, laminar flame speed, heat release rate
and pollutant emissions estimation [40]. Fuel combinations and oper-
ating conditions were set as in the experimental campaign with solu-
tions based on an adaptive grid of 1000 points. The reaction
mechanism comprised 323 chemical species with n-C7H16 selected as
diesel surrogate. However, the mechanism did not account for NOX

emissions and therefore was modified to predict NOX emissions by
adding the Zeldovich’s reactions for NOX formation to the reduced



Table 3
NOX forming reactions [39].

Reactions A n Ea

N + NO = N2 + O 3.50E13 0.00 3.30E2
N + O2 = NO + O 2.65E12 0.00 6.40E3
N + OH = NO + H 7.33E13 0.00 1.12E3
N2O + O = N2 + O2 1.40E12 0.00 1.08E4
N2O + O = 2NO 2.90E13 0.00 2.32E4
N2O + H = N2 + OH 4.40E14 0.00 1.89E4
N2O + OH = N2 + HO2 2.00E12 0.00 2.11E4
N2O( +M) = N2 + O( +M) 1.30E11 0.00 5.96E4
HO2 + NO = NO2 + OH 2.11E12 0.00 -4.80E2
NO + O +M = NO2 +M 1.06E20 -1.41 0.00E0
NO2 + O = NO + O2 3.90E12 0.00 -2.40E2
NO2 + H = NO + OH 1.32E14 0.00 3.60E2
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mechanism. As shown in Table 3, and similar to Feng [41], 12 addi-
tional reactions involving 4 elements were added to the mechanism
with the first 4 reactions being the most significant.

The reaction rate k was calculated according to Eq. (4) in which A
is the pre-exponential factor; T, the temperature in Kelvin; n, the
temperature exponent of the ith reaction; Ea, the reaction activation
energy and R, the universal gas constant.

k ¼ ATne�Ea=RTð Þ ð4Þ
3. Results and discussion

3.1. Limits of stable operation

In Fig. 2, the limits of stable flame operation for two different die-
sel/syngas blends � 90/10 and 80/20 � are presented alongside the
stability limits of neat diesel flame in the same burner. Under test
conditions, the region of stable burning for the different test condi-
tions � the area under each curve of Fig. 2 � reduces as LGR decreases
from 100/0 to 80/20 particularly in the fuel-lean section. The increas-
ing momentum of the swirling stream of air/syngas as air flow rate is
increased eventually causes the rate at which diesel spray particles
are being swept away from the combustion zone to exceed the rate
of recirculation of hot combustion products necessary to sustain the
flame. As LGR decreases, this occurs sooner as the comparatively
larger diesel spray particles require longer evaporation timescales
and hence the hot combustion products are not as rapidly formed as
in the finer spray of the 100/0 case.

While the aforementioned variation in spray quality might be a
dominating factor, alteration in reacting flow dynamics as syngas is
introduced into the diesel spray may also be contributing. Although it
represents a single equivalence ratio, the distribution of the interme-
diate combustion species, C2* and CH*, in Fig. 3, suggests that with
syngas present, combustion reactions commence and end faster with
greater reactivity away from the burner centreline and more towards
the edges of the burner. With that being the case, the diesel spray
that is initially concentrated within a 60° cone angle around the
burner centreline would have to quickly diffuse from the centre in
order to participate in the reaction. The finer spray particles in the
100/0 case would be superior in this regard compared with the 90/10
and 80/20 cases.

Consequently, the range of stable flame operation as defined in
Fig. 2 gets narrower as the liquid fraction of fuel mix decreases. The
noted contraction in the range of air-fuel ratios over which stable
flames exist as fuel LGR changes must not be misconstrued as being
same for flame stability at a particular operating point. In fact, as
shown later, diesel flame stability improves when co-combusted
with 20% or 30% syngas. Nevertheless, the reduction in stable flame
operating range is undesirable for gas turbine combustors and, given
the explanation offered, a different injection strategy for the liquid
fuel that does not significantly alter atomisation quality as flow rates
change like the air blast nozzle may yield improved results.

3.2. Optical emissions

A false colormap representation of the distribution of C2* and CH*
species in diesel and diesel/syngas flames at 15 kW and equivalence
ratio (ER) of 0.7 is shown in Fig. 3. The images are normalised to the
highest intensity for each species across the entire range of fuel
blends shown. Although both sets of chemiluminescence images
appear similar, their known formation pathways are different. From
[35] the main formation reactions for the intermediate species CH*
are C2H + O2 ! CO2 + CH* and C2H + O ! CO + CH* whereas that of
C2* is CH2 + C! C2* + H2. Also, as will be discussed later, the chemilu-
minescence intensity levels of both species are different.

Whereas both species have a U-shaped distribution about the cen-
treline of the burner for the 100/0 case; in the multiphase cases, the
distribution of C2* and CH* species assume more of a V-shape with
the species spreading further away from the burner centreline
towards the edges and all but separating in the middle for the 80/20
and 70/30 cases. A possible explanation for this, and supported by
[42,43], is that the central recirculation zone is weakened while the
outer recirculation zone is strengthened as the local equivalence ratio
of the of the swirling flow increases with a rise in gas fraction in fuel
mix.

Also, it appears that in the multiphase combustion cases, the reac-
tion zone is closer to the nozzle orifice plane compared to 100/0 case.
Thus introduction of syngas into the burning diesel spray causes a
quicker onset of C2*/CH*-forming reactions as higher concentrations
of these species are evident well before the 20 mm axial position in
the multiphase cases compared to the 100/0 case. Moreover, the
reactions forming the intermediate combustion species, appear not
only to start sooner but also to end quicker in the multiphase cases in
relation to the 100/0 case as evident in the axial distribution of the
species in Fig. 3. This assertion is corroborated by the flame speed
trend in Fig. 4(a) obtained from chemical kinetics analysis. One impli-
cation of this � higher flame speed hence shorter residence time �
for diesel/syngas fuel burn compared to neat diesel burn is that rela-
tively lesser time is available for liquid fuel evaporation and subse-
quent combustion. Bear in mind that the lower liquid flow rate at
70/30, for instance, is expected to have poorer spray quality than the
flowrate at 100/0 given the atomiser operating strategy employed
thereby requiring a longer evaporation timescale. Consequently, the
volumetric heat release rate decreases as gas content of fuel mix
increases as shown by chemical kinetics analysis (Fig 4b) as does the
adiabatic flame temperature (Fig. 4c). C2* and CH* species chemilumi-
nescence are reasonably good indicators of heat release rate and the
intensity variation of these species from Fig. 3 appear to generally
support the trend of Fig. 4(b).

Further, assuming that the heat release rate at a particular
instance is a function of the integral intensity (II) of either the C2* or
CH* radicals at that instance, the temporal variation of the rate of
heat release from the flames were determined. This approach is simi-
lar to that in Ballester et al. [44] and as samples, the variation of C2*
species integral intensity across the duration of the 250 captured
images is shown for the 100/0 case in Fig. 5(a) and for the 70/30 case
in Fig. 5(b).

The corresponding CH* species integral intensity is shown in Fig. 5
(c) and Fig. 5(d). The thick solid horizontal line represents the average
integral intensity of the 250 images. As this average value varies
across fuel blends, a simple standard deviation of each data set is
inadequate to enable comparison of the temporal variability of heat
release rate across the tested fuel compositions. Instead, the coeffi-
cient of variation, the ratio of the standard deviation of each data set
to the corresponding mean value has been utilised as shown in Fig. 6.
Interestingly, apart from the 90/10 case with the greatest variability



Fig. 4. Diesel/syngas (a) flame speed (b) volumetric heat release rate and (c) maximum flame temperature from chemical kinetics analysis.

Fig. 3. Abel deconvoluted images of C2* (left column) and CH* (right column) species normalised to the highest intensity in each category. Flow is from bottom to top.
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Fig. 5. Temporal variation of C2* species integral intensity for (a) 100/0 (b) 70/30 and CH* species integral intensity for (c) 100/0 (d) 70/30 diesel/syngas flames.
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in heat release rate across all the test cases, diesel/syngas combustion
of up to 70/30 combination by energy share ratio, results in lesser
fluctuation in the rate of heat release compared with neat diesel fuel
combustion. Lesser fluctuation in heat release rate promotes a more
stable flame and potentially reduces combustion noise. From Fig. 6,
then, a 70/30 combination of diesel/syngas that delivers the same
power output as 100% diesel combustion demonstrates about 7% bet-
ter performance in terms of flame stability.
Fig. 6. Comparison of the temporal variability of heat release rate across tested fuel
compositions.
3.3. Post combustion emissions

The flue gas emissions of CO and NOX from the experimental tests
are presented in Fig. 7 and Fig. 8 respectively. Each is accompanied
by the chemical kinetics estimation of each pollutant presented in
emissions index (EI) form. The chemical kinetics simulation results
are shown not for value comparison but to demonstrate the fairly
similar trend with experimental results suggesting that changing
reacting flow chemistry contributes to the emissions variation. From
Fig 7, increase in CO emissions is recorded as gas ratio of fuel compo-
sition increases. From experimental data, there is a 48% increase in
CO emissions as fuels change from 100/0 diesel/syngas to 90/10 and
by a further 50% from 90/10 to 80/20. Thereafter, there is a 66% incre-
ment in CO emissions from the 80/20 case to the 70/30 case. The
gradual and then rapid rise in CO emissions as diesel fuel fraction
decreases is attributable to several inter-related factors.

First, as mentioned previously, the reduction in diesel flow rate
as LGR is altered while maintaining pressure drop upstream of the
MFC results in poorer liquid fuel atomisation. Poor liquid fuel
atomisation results in relatively larger droplets which require com-
paratively more time for evaporation and combustion. The flame
speed trend shown in Fig. 4(a) implies a decreasing flame residence
time as LGR decreases, further adding to the adverse effect of
poorer atomisation. Additionally, the alteration in reacting flow
dynamics earlier discussed (section 3.2), exacerbates the CO prob-
lem as syngas partly replaces diesel in the fuel mix. Second, the
heat release rate trend of Fig. 4(b), supported by the intermediate
combustion species intensity variation in Fig. 3, suggests a reduc-
tion in adiabatic flame temperature as diesel/syngas ratio changes



Fig. 7. CO emissions from diesel/syngas flames (top) experimental (bottom) CHEMKIN
analysis.

Fig. 8. NOX emissions from diesel/syngas flames (top) experimental (bottom) CHEM-
KIN analysis.
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from 100/0 to 70/30. The chemical analysis simulation proves this
as shown in Fig. 4(c). The decreasing flame temperatures observed
as syngas ratio in fuel blend increases contributes to the noted var-
iation in CO emissions.

The conditions elaborated in the foregoing that prove unfavoura-
ble for CO oxidation, serve to lower NOX emissions. Lower adiabatic
flame temperature arising from reduction in heat release rate
together with shorter residence times occasioned by higher flame
speeds as gas ratio in fuel blend increases causes a steady reduction
in NOX emissions as shown in Fig. 8.

Conclusions

Three blends of diesel and syngas were combusted in a model
swirl-stabilised gas turbine combustor to experimentally study mul-
tiphase fuel burn in continuous flow engines. The utilised syngas � a
10% by volume mixture of each of CO and H2 with the balance being
CH4 � was introduced into the combustion air upstream of the burn-
ing diesel spray. Range of stable flame operation, flame stability and
post combustion emissions comparisons were made between the
neat diesel combustion and the diesel/syngas co-combustion cases.
Apart from the instance of determining the stable operating range,
the diesel/syngas and air combination was selected to deliver a
power output of 15 kW at a global equivalence ratio of 0.7. Also, a
numerical study was conducted using the syngas composition as in
the experiment and n-C7H16 as a diesel surrogate in CHEMKIN-PRO
to establish trends in flame speed, heat release rate and adiabatic
flame temperature. The main findings from the study were:

1. Co-combusting diesel and syngas in a swirl-stabilised gas turbine
combustor using the fuel injection procedure described in this
work reduces the achievable range of stable flame operation
compared with neat diesel combustion.

2. At the chosen operating point � 15 kW overall heat output at a
global equivalence ratio of 0.7 � flame stability, determined by
the extent of the temporal fluctuation of C2* and CH* species
chemiluminescence, improves by 7% when diesel flow rate is
reduced to allow 30% of the overall heat output to be supplied by
syngas. However, heat release rate is sacrificed as suggested by
chemical kinetics analysis as well the observed intensity varia-
tion of the aforementioned intermediate combustion species.

3. NOX emissions are steadily reduced whereas CO emissions are
increased as syngas partly replaces diesel in the combustion pro-
cess. While the emissions trend is mainly attributed to the loss in
spray quality from the pressure atomiser as diesel flow rates
change, the alteration in reacting flow chemistry as fuel composi-
tion changes might be contributing as indicated by the chemical
kinetics simulation.
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