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Diffusive-thermal instabilities in unstrained H2O-diluted syngas 
diffusion flames 

Elie Antar *, Etienne Robert 
Department of Mechanical Engineering, Polytechnique Montréal, Montréal, Québec H3T 1J4, Canada   

A R T I C L E  I N F O   

Keywords: 
Unstrained 
Diffusion flame 
Diffusive-thermal instabilities 
Syngas 
H2O dilution 

A B S T R A C T   

A new version of the unstrained diffusion flame burner that can be operated with gaseous fuels containing high 
vapor content is introduced. Being a good approximation of the classical chambered diffusion flame solution, the 
flames generated are nominally unstrained, unlike common research burners where hydrodynamic effects are 
significant. This permits quantitative comparison with theoretical models that are often based on this simple 
configuration, and paves the way for fundamental experimental studies with vaporized fuels. In this paper, the 
capabilities of the new burner design are exploited to study diffusive-thermal instabilities (DTIs) in H2O-diluted 
H2-CO-CH4-CO2 mixtures. H2O dilution can be significant in biomass-derived syngas mixtures that are not cooled 
prior to combustion, and that are often burned directly to lower losses as waste heat and pollutant emission in 
practical combustors. Flammability limits are first presented for a broad range of fuel blends, where the 
destabilizing effect of H2O dilution is discussed. Instability maps in terms of the Damköhler number are then 
provided to illustrate the different types of superimposed cellular-pulsating instabilities that onset from the 
simultaneous presence of H2 with high diffusivity, and CO/CH4 with much lower mobility. The characteristics of 
these peculiar instabilities are highly dependent on the H2O dilution fraction, which increases both the fuel blend 
and oxidizer Lewis numbers. The degree of cellularity superimposed in the pulsating multi-fuel flame is reduced 
at higher water content, as the number of observed cells decreases. The opposite effect is observed on the pul
sation frequency, which increases at higher water concentrations.   

1. Introduction 

The urgency to reduce greenhouse gas emissions has contributed to a 
surge in alternative energy carriers research over the past decades, 
particularly hydrogen-rich fuels such as syngas. Composed mainly of H2 
and CO, syngas can be produced via different thermochemical processes 
such as gasification or pyrolysis, and from a multitude of renewable and 
potentially carbon-neutral biomass feedstock such as wood chips or 
agricultural waste [1]. However, the diversity in sources often leads to 
variable proportions of H2 and CO, along with the inclusion of other 
hydrocarbons in syngas such as CH4, and inert species such as H2O and 
CO2 [2]. This variability in fuel composition can significantly affect the 
combustion process of syngas, specifically diffusive-thermal instabilities 
(DTIs) which are the focus of this work. 

DTIs are intrinsic combustion phenomena that result from unequal 
thermal and molecular diffusivities, and that generally lead to cellular or 
pulsating flames [3]. DTIs are favored at high dilution levels [4], which 
render them relevant to many low-emission combustors, including 

burners in biomass conversion systems that typically feed on low calo
rific value syngas [5]. DTIs also play a key role in the 
extinction/re-ignition dynamics of non-premixed flames [6], and 
therefore, pollutant formation of locally quenched flames interacting 
with the walls of compression ignition engines or gas turbines [7]. While 
fundamental studies on DTIs have been mostly conducted using ideal
ized laminar flames due to their inherent simplicity, as discussed next, 
the effect of DTIs on real flames with much higher strain rates and 
shorter residence times remain significant. Yang et al. [8] demonstrated 
that in the wrinkled and corrugated flamelets turbulent regimes, 
intrinsic cellular instabilities significantly modify the propagation 
characteristics of the turbulent flame. Also, DTIs that scale with the 
flame thickness are often filtered out by Large Eddy Simulations of 
turbulent combustion which exhibit desperate scales [9]. A proper 
description of these small-scale cells could be incorporated into the 
sub-grid models for improved accuracy without compromising compu
tational efficiency. 

DTIs have been reported in both premixed and non-premixed flames 
[6] using various fuels. However, when it comes to syngas, the majority 
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of the published studies rely on premixed configurations such as flat 
flame McKenna [10,11] or Bunsen burners [12,13], as well as spheri
cally expanding flames [14,15], in which aerodynamic effects have a 
significant influence on the flame. The instabilities reported are often a 
combination of hydrodynamic, buoyancy, and diffusive-thermal effects, 
and are mainly wrinkled flames, with scarce reference to any potential 
DTI pulsations from CH4, CO, or any other large Lewis number species, 
which could lead to extinction. 

As a result, to diminish the parasitic hydrodynamic effects and put 
the spotlight on DTIs, we aim to experimentally replicate the idealized 
one-dimensional chambered diffusion flame configuration. This 
approach was first introduced by Kirkby and Schmitz [16] as a theo
retical construct, and is shown in Fig. 1. The fuel is assumed to be 
supplied at a constant velocity via a semi-permeable membrane into the 
bottom of the straight-duct combustion chamber, which is exposed to 
constant conditions at the top. The latter are ensured by a sufficiently 
fast flowing transverse stream that uniformly removes the combustion 
products and supplies the oxidizing species, which counter-diffuses to
wards the flame against the bulk flow. Therefore, given that the flow is 
uniform throughout the combustion chamber in this theoretical 
construct, the resulting flame is unstrained. 

Due to its simplicity, the idealized one-dimensional configuration 

has been previously used to develop DTIs models, such as the theoretical 
work of Metzener and Matalon [17]. Their linear stability analysis 
showed that DTIs arise when preferential diffusion of mass or heat 
(non-unity and unequal Lewis numbers) lead to excess or deficiency in 
available enthalpy (hf ∕= 0) at the flame sheet with a Damköhler num
ber (Da) below a critical value (D∗

a). Da is the ratio of the characteristic 
diffusion time over the chemical reaction time. Unlike premixed flames 
where a single effective Lewis number is sufficient to predict the char
acteristics of the DTIs, it was shown that both the fuel and oxidizer Lewis 
numbers (LeF and Leo) must be considered in diffusion flames. Funda
mental scaling laws were also obtained for different instability param
eters such as cell size or pulsation frequency. 

In a later study, [18] it was also demonstrated that unlike in pre
mixed flames, the ubiquitous hydrodynamic effects from thermal 
expansion play a secondary role in the stability of diffusion flames, with 
diffusive-thermal effects being the main protagonist. A constant-density 
linear stability analysis of the one-dimensional diffusion flame was 
compared to a case where thermal expansion was taken into account, 
and qualitative agreement in terms of the predicted instability types was 
obtained. The Lewis number maps of the different instability patterns 
were similar, highlighting the major role played by diffusive-thermal 
effects in diffusion flames, which further motivates their use in the 
current study. 

The introduction of an experimental implementation that can mimic 
the idealized one-dimensional diffusion flame by Lo Jacono et al. [19] 
(mark I unstrained burner), which was subsequently enhanced by 
Robert and Monkewitz [20] (mark II unstrained burner) has enabled DTI 
theoretical models to be validated for the first time against experimental 
data obtained in essentially unstrained conditions [21]. The planar 
flames generated were estimated to have a residual strain rate as low as 
0.05s− 1. The characteristics of the stationary cells in the small Lewis 
number H2-CO2 flames, and the pulsating instabilities of the CH4-CO2 
flames with a relatively larger Lewis number were in agreement with 
theoretical predictions. 

Despite the numerous fundamental studies on DTIs over the past 
decades, the focus was mainly on single-reactant fuels such as H2 or CH4. 
The characteristics of the instabilities in multi-fuel mixtures such as 
syngas are different, whereby we recently showed [22] that the com
bined presence of H2 with a high diffusivity, and CO/CH4 with much 
lower mobility could result in superimposed cellular-pulsating flames. 
Despite the novel insight, only CO2 was used for dilution in the afore
mentioned study, since the mark II version of the unstrained diffusion 
flame burner was limited to dry gaseous fuels. With distinctive 
diffusive-thermal properties, the effect of H2O on the instability type and 
size in syngas remains unknown, and cannot be reliably predicted by 
existing theoretical models as they are based on single-reactant fuels. 

Nomenclature 

B: Arrhenius pre-exponential factor (m3/mol s) 
cp: Specific heat at constant pressure (J/kg K) 
Da: Damköhler number (-) 
Dth: Thermal diffusivity (m2/s) 
DTI: Diffusive-thermal instability 
E: Activation energy (J/mol) 
f : Pulsation frequency (1/s) 
lD: Diffusion length (m) 
L: Length of the one-dimensional combustion zone (m) 
Lei: Lewis number of species i (-) 
LeF,eff : Effective fuel Lewis number (-) 
Ncells: Number of cells (-) 
p0: Ambient pressure (Pa) 
q: Heat release per unit mass of fuel (J/kg) 

R: Ideal gas constant (J/kg mol) 
Ta: Adiabatic flame temperature (K) 
U: Bulk velocity (m/s) 
W: Mean molecular weight (kg/kmol) 
xf : Normalized flame position (-) 
XH2O: Molar fraction of H2O relative to CO2 (-) 
Xi: Molar fraction of species i = {H2,CO,CH4} relative to the 

other combustible species in the fuel stream (-) 
XF: Total fuel concentration (-) 
λ: Thermal conductivity (W/m K) 
λc: Cell size (mm) 
νi: Stoichiometric coefficient of species i 
σ∗: Instability wavenumber (-) 
ϕ: Initial mixture strength (-)  

Fig. 1. The idealized one-dimensional chambered diffusion flame theoret
ical construct. 
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Therefore, a modified burner design that is compatible with vaporized 
fuel mixtures, and more experimental data are needed to gain a deeper 
understanding of the peculiar instabilities that form in multi-fuel flames. 

H2O is a major diluent in biomass-derived syngas in addition to CO2, 
and our recent model of a small-scale biorefinery [5] predicts that its 
total concentration could reach 70% in some cases before the combus
tion stage. H2O leads to non-trivial dilution effects, whereby higher 
flame temperatures are attained relative to CO2 dilution, however, with 
an increased risk of extinction due to chemical effects [23]. Although 
H2O can be readily condensed from syngas mixtures in biorefineries, we 
showed in [5] that a 35 percentage point total efficiency penalty could 
be incurred by cooling the gas to atmospheric conditions to condense the 
water. In fact, adopting hot gas handling techniques where thermal 
energy losses are reduced plays a key role in enhancing the economic 
viability of biomass conversion systems [24], especially for small-scale 
decentralized applications that are inherently well suited to the 
distributed nature of biomass resources. In addition, burning with steam 
at lower flame temperatures is often favored in different practical 
combustors to reduce NOx emission [25], soot formation [26], and 
radiative heat losses [27]. 

The goal of this paper is to introduce a new version (mark III) of the 
unstrained diffusion burner that can be operated with wet gaseous fuels, 
and utilize this research facility to investigate DTIs in H2O-diluted H2- 
CO-CH4-CO2 mixtures. In the subsequent sections, the design of the 
burner is discussed, followed by a characterization of its ability to pro
duce unstrained diffusion flames through comparison with an idealized 
one-dimensional flame model. This is followed by results covering the 
stability and extinction limits of a broad range of humid syngas mix
tures, before characterizing the instabilities that form beyond the mar
ginal stability limit, with a strong emphasis on the effect of H2O dilution. 

2. Unstrained diffusion flame burner 

2.1. Mark III design 

Fig. 2 shows a schematic representation of the mark III version of the 
one-dimensional unstrained diffusion flame burner. The combustion 
chamber is a straight quartz glass duct with a 77.5 × 77.5 mm cross 
section and a length of 53.8 mm (Lgeom), and is supplied from the bottom 
with fuel at a constant bulk velocity and at nearly atmospheric pressure. 
The oxidizer stream (pure O2) is fed from the top, with O2 counter- 
diffusing downwards against the combustion products to reach the 
flame. The flow rates of the gasses are controlled using flow controllers 
(Hastings, model HFC-202). 

Similar to the mark II version of the burner, the conditions at the top 
of the chamber are kept constant by supplying the oxidizer stream using 
31 × 31 hypodermic needles (ID: 0.8 mm), and allowing the products to 
evacuate via an interlaced set of 32 × 32 thin curved stainless steel tubes 
that are exposed to atmospheric pressure at the outlet. The needles array 
is placed inside an insulated plenum, which is fitted with heaters and 
thermocouples to control the top boundary temperature of the com
bustion zone and to avoid condensation within the exhaust stream. To 
shield the central part of the flame where the experiments are conducted 
from the temperature and species gradients of the colder windows, a 1 
mm thick quartz cylinder with a 43.5 mm inner diameter is inserted in 
the middle of the combustion chamber. This divides the flame into a 
pilot outer portion that shields the inner planar flame from the windows, 
where the measurements are taken, as shown in Fig. 2c). 

Particle Image Velocimetry (PIV) reported in [28] revealed that the 
nature of the oxidant supply into the combustion chamber creates a thin 
layer below the top needles array in which the flow is locally 
three-dimensional, and where a portion of the supplied oxidizing species 
is directly evacuated upwards with the combustion products. This in
jection layer is represented schematically in Fig. 2b), and was 

Fig. 2. Schematic representation of the mark III unstrained diffusion flame burner. Cross-sectional views showing a) the reactants injection and exhaust systems, and 
b) the injection layer and the one-dimensional combustion zone. c) Flame samples captured from positions 1 and 2. 
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conservatively measured to have a thickness (Δ) below 3.0 mm using 
laser Doppler anemometry (LDA) [29]. Below the injection layer, species 
concentration becomes highly uniform across the combustion chamber, 
as revealed by mass spectrometer measurements, where variations in O2 
concentration just below 10% were limited to the region near the inner 
cylinder due to the inevitable wall effects [28,29]. Consequently, this led 
the temperature across the central part of the flame to agree to within 
3% with the adiabatic solution. Therefore, the effective combustion 
chamber length that mimics the idealized one-dimensional chambered 
diffusion flame configuration is L = Lgeom − Δ = 53.8 − 3 = 50.8 mm. 

Due to the mixing that happens in the injection layer, the oxidizer 
boundary of the one-dimensional zone is diluted with CO2 and H2O. The 
species concentration at this location is measured using a mass spec
trometer, calibrated for major species (H2, O2, CO2 and H2O) at a rela
tive accuracy of 5%, which is estimated to increase to 10% if inserted in 
the flame sheet itself due to the relatively higher concentration of rad
icals [30]. The gas is sampled using a fused silica capillary with a 0.1 mm 
internal diameter and an extraction flow rate of 0.2 mL/min. The 
capillary is inserted into the combustion chamber via the top needles 
array and sheathed in a thin stainless steel capillary with a 0.4 mm outer 
diameter. For a given flame, the sampling is stopped only after obtaining 
a steady signal, which typically required a few minutes. The whole 
sampling line is heated to 180◦C to prevent condensation, and the po
sition of the probe is precisely controlled by a micrometer, and verified 
optically from outside the chamber. 

The main difference between the current and the mark II version 
[28] of the unstrained diffusion flame burner is the former’s ability to 
operate with fuels having a very high vapor content. As a result, the fuel 
injection system had to be redesigned. As illustrated in Fig. 2a), an 
aluminum injection chamber (81-mm long) is used, which is uniformly 

heated by 76-mm long plate heaters from the sides and the bottom. On 
the top, a 36-mm thick aluminum block is placed and sealed by gaskets, 
through which an array of 18 × 18 2-mm diameter holes are made to 
uniformly supply the fuel into the combustion chamber at 142◦C. This 
block is also uniformly heated from all sides using four PID-controlled 
plate heaters. The temperature variation across the outlet of the fuel 
injection block was measured to be less than 2◦C, using 
multispectral-infrared camera (Telops MS-350) as shown in Fig. 3a). 

To add humidity to the fuel stream, a syringe pump feeds water to a 
CO2 carrier stream at 100◦C, which is circulated through a 20-cm long 
tube heated to 200◦C and filled with 1-mm glass beads, for uniform 
evaporation, before being mixed with the remainder of the hot fuel 
stream of H2/CO/CH4 upstream of the injection chamber. Mass spec
trometer measurements inside the injection chamber are shown in 
Fig. 3b), using a binary CO2-H2O mixture for illustration. The four jumps 
represent the transient phase when the flowrates and hence, the pro
portions of the gasses change. After these transient periods lasting on the 
order of one minute, it can be seen that the water vaporization and 
mixing processes are steady. 

2.2. Burner characterization - stable flames 

Fig. 4a) shows the structure of a stable H2 flame generated in the 
mark III burner, and compares it with the idealized one-dimensional 
diffusion flame solution at an initial mixture strength of ϕ = 0.5. The 
latter is defined as the ratio of the fuel to oxygen boundary mass frac
tions, normalized by their stoichiometric proportions. Consequently, ϕ 
can be considered as an equivalence ratio based on the supply condi
tions, as stoichiometry is always respected at the flame sheet in diffusion 
flames. Strong agreement between the produced flame and the idealized 

Fig. 3. a) Temperature of the fuel injection block holes, and b) temporal variation of the gasses volume fraction within the mixing chamber. A cross-sectional view of 
the latter is shown in c). 
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solution can be seen in terms of the flame position, and major reactants 
mass fraction profiles, which are scaled by their respective boundary 
concentrations. The distance along the combustion chamber is normal
ized by its length. 

The idealized diffusion flame solution is implemented on Python 
using Cantera software package [31]. The flame is modelled as a stack 
(Sim1D) containing from left to right an inlet of the advected flow 
(Inlet1D), an adiabatic one-dimensional flow field (UnstrainedFlow), 
and an outlet reservoir with constant boundary conditions (Out
letReservoir1D). The steady one-dimensional finite-difference mo
mentum, energy, species and overall continuity equations are solved by 
the Cantera solver, which uses a hybrid Newton’s method and 
time-stepping scheme for convergence, along with adaptive grid 
refinement, as detailed in [31]. The flow is assumed to be an ideal gas 

mixture, while taking into account Soret diffusion effects, and using the 
GRI-3.0 reaction mechanism. This one-dimensional diffusion flame 
model has been used and validated previously in various works [21,22, 
28]. 

In Fig. 4b), the temperature profile of a H2 flame in the mark II 
burner [28], which adopts a similar quartz combustion chamber as in 
the mark III burner, shows strong agreement with the idealized 
one-dimensional diffusion flame model. This shows that radiation heat 
loss effects do not play a significant role in such configurations, unlike in 
an open flame, as here the combustion chamber is completely enclosed 
and the burner is well insulated, except for windows for optical access. 

Analytical treatment [20] dictates that the position of a stable 
one-dimensional diffusion flame is a function of Ũ, LeF , Leo, and ϕ, with 

Fig. 4. a) Structure of a H2 flame diluted with 70% CO2 at ϕ = 0.5 and U = 7.6 mm/s evaluated at the inlet conditions. b) Temperature profile of a H2 flame with 
65% CO2, ϕ = 0.5 and U = 13 mm/s in the mark II burner, highlighting very small heat loss effects. (○): Experimental data, and (—): one-dimensional diffusion 
flame model. 

Fig. 5. Comparison between experimental and modelled flame positions under different conditions.  
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Ũ being the non-dimensional bulk velocity Ũ = U/(Dth /L). Given that Ũ 
is affected by the flame temperature, we use the flame position in Fig. 5 
as another proxy to demonstrate the general agreement between flames 
generated in our burner and idealized one-dimensional diffusion flames. 
The positions of the maximum visible light and OH* chemiluminescence 
signals are compared with the location of the maximum temperature 
from the idealized model for a range of fuel blends, initial mixture 
strengths, and inlet bulk velocities. The error bars in the experimental 
measurements represent the reproducibility of the results through their 
minimum and maximum values, and the acquired noise that is amplified 
by the image intensifier. The OH* chemiluminescence measurements 
are conducted using a 310-nm optical filter (10 nm bandwidth), a UV 
lens, an image intensifier (UVi model 1850–10), and a high-speed 
camera (Photron AX-200). The latter is placed perpendicular to the 
burner axis as shown in Fig. 2 (Pos. 1). The light signals are normalized 
by their peak values, and averaged laterally over the flat flame surface, 
along with temporally over multiple images to reduce noise. 

As can be seen from Fig. 5, the flames studied were limited to xf >

0.8, to avoid buoyancy–driven Rayleigh–Bernard convection cells that 
could arise from the temperature stratification in the fluid layer between 
the flame and the colder top boundary. These instabilities onset when 
the dimensionless Rayleigh number (Ra) is above a critical value, 1708 
for a fluid layer sandwiched between rigid boundaries, and 657.5 for 
free boundaries according to analytical predictions [32]. Given Ra ∼

(1 − xf )
3 [29], we made sure that the flame is positioned sufficiently 

high in the chamber to avoid these undesirable effects, where it is esti
mated that Ra < 400. Upon their onset, buoyancy-driven instabilities 
were easily distinguishable through the dramatic flame curvature that 
they caused. They are distinctively larger in size and amplitude 
compared to the stationary cells induced by diffusive-thermal in
stabilities, and always grew unsustainably with time, causing the flame 
to collapse on the bottom needles array of the burner. A visual illus
tration of Rayleigh–Bernard convection cells forming in the mark II 
burner is provided in the supplementary material of our earlier work 
[22]. 

2.3. Burner characterization - stability and extinction limits 

Fig. 6a) presents the stability limits of different syngas fuel blends, 
with emphasis on 75–25% and 60–40 H2-CO% ratios, as these are 
typically encountered in biomass-derived syngas [5]. The total fuel 

concentration (XF) is defined as: 

XF = Ṅ˙
H2 +

Ṅ˙
CO + Ṅ˙

CH4

Ṅ˙
H2 + Ṅ˙

CO + Ṅ˙
CH4 + Ṅ˙

H2O + Ṅ˙
CO2

(1)  

with Ṅ˙
i being the molar flow rate of species i in the fuel stream. For a 

given fuel blend, the total fuel concentration of a stable planar flame is 
gradually reduced in XF = 0.25% decrements until the first instability is 
observed in the flame. The initial mixture strength is kept on average at 
ϕ = 0.58, by controlling the flow rate of the oxidizer stream. The inlet 
bulk velocity is fixed at U = 11 mm/s for the results presented. The fuel 
species notation first indicates the volume fraction of H2 relative to CO, 
followed by the fraction of CH4 relative to the two other combustible 
species. For the two inert species, the H2O molar fraction relative to CO2 
(XH2O) is indicated: 

XH2O =
Ṅ˙

H2O

Ṅ˙
H2O + Ṅ˙

CO2

(2)  

For instance, a 75–25% H2––CO + 15% CH4 mixture diluted at XF =

30% with XH2O = 20% is composed of a tertiary fuel containing 85% 
H2+CO at a relative ratio of 0.75 and 0.25, and 15% CH4, and a binary 
diluent containing CO2+H2O at a ratio of 0.8–0.2. The fuel to diluent 
ratio is 0.3–0.7, yielding a global reaction for the combustion of 100 mol 
of this fuel mixture: 

19.1H2 + 6.4CO + 4.5CH4 + 21.75O2→ 10.9CO2 + 28.1H2O (3) 

Data on the stability limits of syngas are scare in the literature, and 
the results of Fig. 6a) show that replacing CO2 with H2O for the same 
total fuel concentration renders the flame more susceptible to in
stabilities, for the broad range of fuels considered. For instance, with 
75–25% H2-CO + 15% CH4, instabilities are first observed at XF =

21.0% when the mixture is dry. However, as water replaces 20% of the 
CO2 by volume, instabilities onset at XF = 23.0%, which becomes XF =

24.75% at XH2O = 40%. Comparing different fuel blends at a given XH2O, 
the measured stability limits show that the flame becomes most prone to 
instabilities when the CO content in the fuel mixture is increased. For 
instance, as CO is increased from 75 to 25% H2-CO to 60–40% H2-CO at 
XH2O = 40%, the fuel concentration at which instabilities onset increases 
from XF = 25.25% to 26.0%. At 45–55% H2-CO, instabilities are 
observed at XF = 26.75%. In addition, the results show that flame sta
bility is enhanced when the CH4 content in the fuel is increased. As 15% 

Fig. 6. Flame a) stability and b) extinction limits as a function of the water dilution fraction for different fuel blends. The inlet bulk velocity is U = 11 mm/s. The 
error bars indicate maximum variation in the measurements, and in a) account for the deviation of the initial mixture strength from its mean value of ϕ = 0.58. 
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CH4 is added to a mixture of 60–40% H2-CO with XH2O = 20%, the onset 
of instability is delayed from XF = 24.75% to XF = 23.75%. When 30% 
CH4 is added, the stability limit is further pushed to XF = 20.75%. The 
characteristics of the instabilities are discussed in detail in the next 
sections. 

Fig. 6b) shows the dilution-induced extinction limits, which are fuel 
concentrations below which no flame could be maintained. Here, the 
combustion is excessively weak, whereby the chemical reaction time is 
very large relative to the residence time. The instabilities that develop 
are always unsustainable and rapidly extinguish the flame, no matter the 
boundary oxygen concentration or initial mixture strength. Experi
mental data on the extinction limits of syngas diffusion flames are 
scarce, and numerical studies often consider a limited range of syngas 
composition. The data presented herein for a broad ranges of syngas 
mixtures could be useful for flamelet modelling of turbulent non- 
premixed flames, which could be represented by an ensemble of 
laminar diffusion flamelets with a one-dimensional inner structure [33]. 

As shown in Fig. 6b), the extinction limit trends are similar to the 
stability limits, where it can be seen that higher H2O volume fractions 
relative to CO2 render the flame more prone to extinction, for all fuel 
blends. To explain this behaviour, we dissect the different dilution ef
fects, i.e. inert, thermal/diffusion, and chemical effects, by introducing 
four artificial species (XH2, XCO, XCO2, and XH2O) into the chemical 
reaction mechanism of our one-dimensional flame model, similar to the 
approach by Shih and Hsu [34]. The artificial species are chemically 
inert, but have the same physical properties as their counterparts, and 
75–25% H2-CO fuel is used for demonstration. The inert effect simply 
highlights the consequences of the reduction in the reactants concen
tration, by assuming that the diluents are chemically inert, and have the 
same thermal and diffusive properties as the fuel. Consequently, the 
mixture is diluted with 75–25% XH2-XCO, yielding a XF = 16.75% 
extinction limit, as can be seen from Fig. 7. 

The thermal/diffusive effect, hereafter referred to as thermal, illus
trates the consequences of changing the thermal and transport proper
ties of the diluted mixture. For these purposes, a chemically inert XCO2- 
XH2O diluent is used, with a composition equivalent to XH2O. From 
Fig. 7, it can be seen that the thermal effect promotes extinction at all 
XH2O considered, and this can be attributed to the fact that both diluting 
species have higher volumetric heat capacities compared to the fuel 
species, leading to lower flame temperatures. For instance at 1227◦C, 
cp,CO2 = 58.3 kJ/kmol.K, and cp,H2O = 51.4 kJ/kmol.K, while cp,H2 = 32.0 
kJ/kmol.K and cp,CO = 35.2 kJ/kmol.K. 

While it can also be seen that from a thermal effects point of view, 
replacing CO2 with H2O tends to delay extinction to lower fuel con
centrations (cp,H2O < cp,CO2 ), this is outweighed by the enhanced 

chemical effects at higher water fractions, which overall, promotes 
extinction as shown in Fig. 7. Such H2O/CO2 dilution effects are 
consistent with the numerical simulations of Shih et al. [23] in 
low-strain 50–50% H2-CO diffusion flames, but to our knowledge, are 
confirmed experimentally for the first time in this work for different 
syngas mixtures. As detailed in [34], water vapor addition increases the 
OH radical pool, which on one part favors the main exothermic re
actions: OH + H + M→H2O + M (R43 in GRI-3.0), H2 + OH→ H2O + H 
(R84), CO + OH→CO2 + H (R99), and OH + HO2→O2 + H2O (R287), 
which happen to be however, either chain terminating (ex: R43 and 
R287) or H2O/CO2-producing (R84 and R99) reactions. Consequently, 
H2O dilution leads to flames with higher temperatures, which none
theless extinguish at higher fuel concentrations as shown in Fig. 7. 

3. Diffusive-thermal instabilities 

The characteristics of the diffusive-thermal instabilities that are 
observed beyond the stability limits are presented next. We start by 
discussing the effect of water dilution on the instability type in sub
Section 3.1, followed by its effect on the characteristic length and time 
scales in subSection 3.2. For a given fuel, the diluent composition is fixed 
through XH2O, and the total fuel concentration is gradually decreased, 
going through marginal stability where DTIs first onset, towards the 
extinction limit. For every state, the flame properties are extracted, and 
the instability characteristics are reported as a function of the Dam
köhler number, initial mixture strength, and fuel and oxidizer Lewis 
numbers. Dispersion relations derived by linear stability analysis of 
unstrained diffusion flames [35] are a function of these four parameters, 
in addition to the temperature difference between the two boundaries 
(ΔT). Given its relatively minor influence compared to the other pa
rameters, ΔT is kept approximately constant in our experiments at ΔT =

700◦C using the plenum heaters. 
Given that we are dealing with fuel mixtures, an effective Lewis 

number (LeF,eff ) for the fuel mixture is considered: 

LeF,eff = XH2 LeH2 + XCOLeCO + XCH4 LeCH4 (4)  

where the Lewis number of each fuel species (Lei) is weighted with its 
relative fraction in the fuel stream (Xi). The Lewis numbers of each fuel 
species, along with that of the oxidizer, are calculated at the flame sheet 
using the one-dimensional diffusion flame numerical model supplied 
with experimentally-measured boundary conditions. The molecular 
diffusivity used in the computation of Lei is a mixture-average one, since 
the highly-diluted flames studied here are abundant in both CO2 and 
H2O. The initial mixture strength is calculated from the boundary con
ditions measured using the mass spectrometer, and the Damköhler 

Fig. 7. Variation in flame temperature with fuel concentration at different water fractions, and dilution effects analysis for a 75–25% H2-CO mixture at ϕ = 0.5 and U 
= 11 mm/s. 
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number is estimated as per the following equation: 

Da =
(
λ
/

ρacpU2)( R0Ta
/

E
)3( νxcpW

/
qR0Wf

)
BYf ,op0exp( − E/RTa) (5)  

where the values of the activation energy E and the Arrhenius pre- 
exponential factor B are assumed constant for a given fuel blend, 
owing to the lack of suitable empirical data. The values for these two 
parameters are selected such that Damköhler number at the marginal 
stability state for a given fuel blend is equal to unity [21,22]. This means 
that the Da calculated in this paper is a relative one, with respect to the 
marginal stability: Da = Da,actual/D∗

a. 

3.1. Effect of H2O dilution on the instability type 

For completeness, we first show the instabilities that are promoted 
by each of the three fuel species individually in Fig. 8. These maps are 
generated by gradually reducing the fuel concentration of a strongly 
burning flame down to the extinction limit, going through the marginal 
stability state where instabilities are first observed. This is conducted at 
bulk velocities that vary between U = 8 and 24 mm/s (calculated at the 
inlet), to maximize the mapped Damköhler number space for each fuel. 

Starting with the H2 flames at XH2O = 0 and 40%, travelling waves 
are the first pattern observed at both XH2O in the vicinity of the marginal 
stability state (Da = 1, by definition). These instabilities involve cells 
that vary in number between 4 and 5, corresponding to a cell size be
tween 18.5 and 29.7 mm, and that rotate around the central axis at 
approximately 3 Hz. Details on the optical diagnostics used to measure 
the instabilities can be found in [22]. This mixed cellular-rotation 
instability mode, which is sometimes referred to as oscillatory cells, is 
shown in Fig. 9a), where the images are taken using a digital still camera 
(Nikon D5300) with a 30̊ upward angle (Position 2 in Fig. 2). At lower 
Damköhler numbers, the rotation stops and holes appear for the first 
time in the flame sheet, turning it partly cellular, as shown in Fig. 9b). 
Fuel is detected to escape through these holes, as revealed by the mass 
spectrometer measurements shown in Fig. 9d), where the sampling 
probe was placed above the hole that forms in the flame. The degree of 
cellularity keeps increasing as the Damköhler number is further reduced, 

where fully cellular flames form with stationary cells that vary in 
number and spacing between 12 and 17 and 8–10 mm, respectively, as 
shown in Fig. 9c). Unlike partly cellular flames, fully cellular in
stabilities involve cells that are completely detached from their neigh
bours, and that take on a similar circular shape. Fuel leakage between 
the cells considerably increases near the extinction limit, a behaviour 
which was also predicted by theoretical models [36]. 

The behavior of H2 flames is consistent with the results from the 
linear stability theory [36], as was also reported in our experiments with 
the mark II version of the burner [22] using dry H2 flames. As shown in 
the Lewis number map of Fig. 10, at relatively large Da, LeH2 is located 
outside the theoretical stationary cells zone and below the planar in
tensity pulsations zone. Under such conditions, mixed instability modes 
such as travelling waves are predicted. However, as Da decreases, the 
region where stationary cells onset expands, and eventually engulfs the 
Lewis numbers of our H2 flames. Such a behaviour is observed for all 
XH2O tested (0% ≤ XH2O ≤ 40%). However, as can be seen in Fig. 8, the 
transition from travelling waves into partial and then full cellularity is 
delayed to lower Damköhler numbers relative to the marginal stability 
state, as the water fraction is increased. This is because the Lewis 
numbers of both H2 and O2 increase from 0.22 to 0.88 to 0.27 and 1.0, 
respectively, as H2O replaces 40% CO2 by volume, as shown in Fig. 10. 

Fig. 8 also presents the instabilities of CO and CH4 flames at various 
Damköhler numbers. The initial mixture strength is varied between ϕ =

0.5 and 3, and XH2O between 0 and 40%, although for CO, a minimum of 
XH2O = 10% is maintained as pure-CO flames were never sustainable, as 
also reported in [23]. As indicated by the solid circular symbols, only 
planar intensity pulsations with no cellular instabilities form for these 
fuels for the wide range of conditions tested. An illustration of the 
typical periodic variation in flame position resulting from planar in
tensity pulsations is shown in Fig. 11 for CO and CH4. The observed 
instabilities is again consistent with previous experimental work [21, 
22], and with the theoretical stability map of Fig. 10, where pulsations 
are predicted for high fuel and oxidizer Lewis numbers. The CO pulsa
tion frequency varies between 0.7–1.2 Hz, and is lower than that of CH4 
at 1.2–2.0 Hz. Besides the nature of the fuel, the pulsation frequency also 
depends on the operating conditions, particularly the fraction of water 

Fig. 8. Flame instability patterns of single-fuel H2, CO and CH4 mixtures diluted in H2O and CO2. The initial mixture strength is kept approximately constant at 0.4 
for H2 (XH2O = 0 and 40%), and varies between 0.5 and 3.0 for the CO and CH4 flames. 
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dilution, which renders the pulsations faster as explained in subSection 
3.2. 

When it comes to blends of H2, CO and CH4 fuel species, 

superimposed instability patterns can form [22], whereby CO/CH4 in
tensity pulsations onset simultaneously with the cells from H2. Next, we 
discuss the effect of H2O dilution on these instabilities which can be 

Fig. 9. a) Travelling waves, b) partly cellular, and c) fully cellular H2 flames at ϕ ≈ 0.4. d) Mole fraction of leaked H2 between the cells.  

Fig. 10. Effective fuel and oxidizer Lewis numbers for the unstable flames generated in our burner (markers). The instability zones are extracted from the theoretical 
findings of Cheatham and Matalon at ϕ = 1/3 [36]. The effect of decreasing the Damköhler number is qualitatively shown by the dotted lines. 
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categorized as: 1) pulsation-induced, or 2) inherently cellular. 

3.1.1. Pulsation-induced instabilities 
Fig. 12 shows the instability patterns that occur in 75–25% H2-CO 

flames at different XH2O. The effect of adding CH4 or varying the CO 
content is discussed later. It can be seen that pulsation-induced super
imposed instabilities occur at relatively large Damköhler numbers. As 
the 75–25% H2-CO flame transitions into instability beyond the mar
ginal stability state Da = 1 at XH2O = 0%, spatially-homogenous per
turbations in its chemical reaction rate develop at a CO-attributed 
frequency of 0.8 Hz across the planar flame front. Within a few seconds, 
the intensity of these CO-driven planar pulsations dramatically grows, 

and the combustion intensity at the lowest point of the instability cycle 
becomes sufficiently low to momentarily provide the low Damköhler 
number conditions where completely detached H2-attributed cells form, 
as shown in Fig. 13a) (pos. 2). As the burning intensity increases along 
the pulsation wave, the amplitude of the cells grows in-phase (pos. 3), 
and they eventually merge together as the highest intensity point of 
pulsation is approached, after which the flame is temporarily no longer 
cellular (pos. 4), before the repetition of the cycle. Therefore, given that 
the pulsations control the instability frequency and the appearance of 
cells, these superimposed effects were labelled pulsation-induced 
cellular flames, as shown in supplemental video 1. 

When the water fraction in the diluting stream increases from XH2O =

0 to 20%, the cells that are induced by the pulsations at Da = 1 are no 
longer completely detached from each other. Such a partly cellular 
pulsation-induced flame is shown in Fig. 13b). Upon further increasing 
the water fraction to XH2O = 40%, no cellular instabilities of any degree 
are observed in the vicinity of the marginal stability state, as the pul
sations become essentially planar as shown in Fig. 13c) and supple
mental video 2. The addition of H2O as a diluent, replacing part of the 
CO2, has therefore suppressed the cellular character of the superimposed 
instability mode observed at marginal stability for 75–25% H2-CO. 

A similar reduction in the propensity of cellular instabilities forming 
as H2O replaces CO2 can also be noticed at other Damköhler numbers in 
Fig. 12. For instance, at Da ≈ 0.9, the pulsations result in travelling 
waves when XH2O is set to 40%, instead of forming fully cellular flames 
when XH2O ≤ 20%. The reduction in the degree of pulsation-induced 
cellularity at higher water fractions is attributed to the increase in the 
fuel and oxidizer Lewis numbers. As XH2O increases from 0 to 40% in 
75–25% H2-CO, LeF,eff increases from 0.38 to 0.44, and Leo from 0.86 to 
0.98, as reported in Fig. 10. 

Fig. 12 also shows that cellularity increases as the Damköhler num
ber decreases when moving further from the marginal stability state, 
which is consistent with the behaviour of H2 flames that was discussed 
earlier. For instance, at XH2O = 40%, the instabilities in 75–25% H2-CO 
flames transition from planar intensity pulsations at the marginal sta
bility state, to pulsations-induced travelling waves at Da ≈ 0.9, to 
pulsations-induced fully cellular flames at Da ≈ 0.8. Eventually how
ever, as the combustion intensity is rendered sufficiently weak, the 
flame transitions into the second category of superimposed instabilities: 
inherently cellular. 

Fig. 11. Illustration of the typical planar intensity pulsations for CO (0.92 Hz) and CH4 (1.62 Hz).  

Fig. 12. Variation in the instability patterns with H2O fraction relative to CO2 
at different Damköhler numbers for 75–25% H2-CO. The symbols indicate the 
shape of the instability: (●): planar intensity pulsations, (✬): travelling waves, 
(✪): partly cellular, and (◻): fully cellular. The mean initial mixture strength is 
0.55 with 0.13 standard deviation. 
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3.1.2. Inherently cellular instabilities 
At sufficiently small Damköhler numbers, intensity pulsations are no 

longer required to turn the H2-rich fuel mixture cellular. Fully cellular 
stationary flames with no intensity pulsations similar to those of Fig. 9c) 
are observed at Da ≈ 0.73 for 75–25% H2-CO with XH2O = 0%. However, 
as the CO chemical reaction rate perturbations grow when Da is reduced 
in the now inherently cellular multi-fuel flame, they become super
imposed locally within each detached cell, instead of uniformly across a 
connected flame sheet, resulting in pulsations that are out-of-phase 
across a fragmented flame. Relative to the previously discussed 
pulsation-induced cellular flame that forms at larger Damköhler 
numbers, the oscillations are now minimally dampened, with relatively 
fast frequencies that exceed 3 Hz, and with intensities that always grow 

unsustainably with time, leading to temporary extinction areas within 
the flame as shown in Fig. 14. The extinct cells are then replenished with 
ones undergoing earlier stages of the same pulsation cycle. Such inher
ently cellular pulsating flames occur near the lean extinction limit, and 
are compared to pulsation-induced cells in supplemental video 3. 

Increasing the fraction of H2O dilution decreases the Damköhler 
number range where such inherently cellular instabilities form, as can be 
seen from Fig. 12. Lower Damköhler numbers are as a result required to 
transition from the pulsation-induced mode to the inherently cellular 
one. For instance, at XH2O = 20%, inherently fully cellular flames first 
form at Da ≈ 0.63, instead of Da ≈ 0.73 when no water is added. At 
XH2O = 40%, their onset is further pushed towards the lean extinction 
limit, Da ≈ 0.56. Fig. 15 shows the typical chemiluminescence of a single 

Fig. 13. Effect of the H2O dilution fraction on the pulsation-induced instabilities at 75–25% H2-CO, Da = 1.0 and ϕ ≈ 0.55 (supplemental video 2).  
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cell at the transitioning point into the inherently cellular instability 
regime. It can be seen that at XH2O = 40%, the inherently cellular flames 
are never stationary and always exhibit pulsations, unlike at XH2O ≤

20% (LeF,eff ≤ 0.4) where the light signals are relatively stable. Sta
tionary cells are also never observed at XH2O = 0% when 15% CH4 is 
added to 75–25 H2-CO, or when CO is increased to 60–40% H2-CO. 
Pulsations always accompany cellular instabilities for these blends. 
Although their composition is different, these mixtures have LeF,eff ≥

0.45 (Fig. 10), the significance of which is highlighted next. 

3.1.3. Fuel effective Lewis number 
Fig. 16a) shows the instabilities in 75–25% H2-CO mixtures to which 

15% CH4 is added. Even at XH2O = 0%, planar intensity pulsations form 
near marginal stability, before the formation of pulsation-induced cells, 

followed by inherently cellular flames at smaller Damköhler numbers. 
Such patterns are similar to the CH4-free case with XH2O = 40% (Fig. 12), 
which happens to attain a similar LeF,eff ≈ 0.45. 

In Fig. 16b), the quantity of CH4 relative to the other fuel species is 
increased to 30%. Superimposed instabilities are observed at XH2O = 0%, 
and to a lower extent at XH2O = 20%, where LeF,eff ≈ 0.51 and 0.55, 
respectively. As XH2O is increased to 40% and LeF,eff becomes approxi
mately equal to 0.6, only planar intensity pulsations form. Similarly, 
planar instabilities are also observed for CH4-free mixtures whose CO 
content is increased to 60–40% H2-CO (Fig. 16c) at XH2O = 40%, where 
the Lewis number is also LeF,eff ≈ 0.6. In fact, upon comparing Fig. 16b) 
and c), one can immediately notice the resemblance in the instability 
patterns for a given water fraction. As shown in Fig. 10, the two different 
fuel blends attain the same LeF,eff and Leo. 

As the CO content is increased to 45–55% H2-CO, or as 30% CH4 is 
added to the 60–40% H2-CO mixture, planar intensity pulsations 
become the only instability observed for all unstable Damköhler 
numbers, even at XH2O = 0%. For these blends, LeF,eff ≥ 0.59. Water 
dilution nonetheless affects the pulsation frequency of these non-cellular 
flames, as discussed in the next section. 

The aforementioned instability patterns were also reported at the 
same LeF,eff intervals in our previous experiments with the mark II 
version of the burner [22]. However, varying the relative amount of 
combustible species was the only way to control LeF,eff , as only CO2 was 
used as a diluent. The incorporation of a second diluting species in the 
current study offers additional means to control LeF,eff , and conse
quently, more evidence on its fundamental significance. 

It should be noted that unlike for single-reactant fuels, multiple Le 
formulations have been proposed in the literature to consider the 
diffusivity of each reactant in multi-fuel mixtures. Amongst these for
mulations is a molar-based Le, which is adopted in the current study, and 
a heat release-based approach, which weighs the Lewis number of each 
species by its non-dimensional heating value. These were recently 
compared by Lapalme et al. [37], where it was shown that for laminar 
H2/CO/CH4 flames, an effective Le based on the mole fractions of each 

Fig. 14. Development of inherently cellular pulsating instabilities at 75–25% H2-CO, Da = 0.56 and ϕ = 0.38.  

Fig. 15. Typical variation in the light intensity of a single cell in 75–25% H2- 
CO with a) XH2O = 0% (Da = 0.73), b) XH2O = 20% (Da = 0.63), and c) XH2O =

40% (Da = 0.56), at the transitioning point into inherent cellular instabilities. 
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species is the closest match to experimentally-extracted Le (evaluated 
using integral and asymptotic analyses). We compared these two defi
nitions and also conclude that the heat release-based Le does not capture 
the trends observed in our experiments data. For instance, such fuel Le 
formulation does not increase with the addition of 30% CH4 to syngas, 
failing to capture the reduction in the propensity for cellular instabilities 
that is observed experimentally. It is worth noting however, that this 
discussion pertains to laminar flames, and other Le formulations could 
become relevant in turbulent systems. 

Consequently, Fig. 17 shows a generalized instability map in terms of 
LeF,eff that is applicable to unstrained diffusion flames of any mixture of 
H2-CO-CH4 fuel species diluted in H2O and CO2 with the initial mixture 
strength being approximately ϕ ≈ 0.6 and the oxidizer Lewis number 
Leo ≈ 0.95. The effect of increasing the latter two parameters on the 
instability patterns is qualitatively shown by the dashed horizontal axis. 

3.2. Effect of H2O dilution on the instability size 

3.2.1. Number of cells 
Fig. 18a) presents a box plot of the number of cells (Ncells) observed in 

pulsation-induced cellular flames at different water vapor concentra
tions relative to CO2. The cells are measured at the lowest intensity point 
of the pulsation cycle, for all the unstable flames that are observed from 
marginal stability to the lean extinction limit. The data show that the 
number of cells induced by pulsations decreases as H2O replaces CO2. 
For the 75–25% H2-CO mixture, the median number of cells is 9, which 
decreases to 6 at XH2O = 20%, and down to 4 cells at XH2O = 40%. A 
similar trend is observed with the other H2-CO-CH4 blends, where it can 
also be noted that Ncells also decreases as the H2 content is reduced. 
Similarly, the reduction in Ncells with water fraction in inherently cellular 
pulsating flames is also presented in Fig. 18b). Compared to pulsation- 
induced ones, Ncells of inherently cellular flames is generally larger. 

In our circular cross-section combustion chamber, the cell spacing 
(λc) is the arc length of a circle that passes through the centroid of each 
of the outermost cell. Given that it is inversely proportional to the 
number of cells, λc exhibits the opposite behaviour with XH2O, as also 
shown in Fig. 18. Furthermore, in unstrained diffusion flames, the cell 
size is expected to scale as [36]: 

λc ∼ 2πlD/σ∗ (6)  

with lD = Dth/U being the diffusion length, and σ∗ the instability 
wavenumber, or the dimensionless instability wavelength, which is a 
fundamental parameter that has been shown to decrease with LeF in 
theoretical work [17]. This is confirmed experimentally after computing 
the instability wavenumbers of our inherently cellular flames, as shown 
in Fig. 19. The tendency of σ∗ to drop with LeF,eff is evident, for all the 
initial mixture strengths considered. Given that LeF,eff increases with 
XH2O, this provides an explanation for the increased cell spacing or 
reduced number of cells at higher XH2O. 

3.2.2. Pulsation frequency 
Fig. 20 shows the effect of the water dilution fraction on the fre

quency (f) of pulsation-induced unstable flames. Both cellular and 
planar pulsating flames are considered. Unlike the number of cells, the 
data show that the pulsation frequency increases as H2O replaces CO2. 
For instance, at 75–25% H2-CO with 15% CH4, the median frequency 
increases from 0.91 Hz at XH2O = 0%, to 1.04 Hz at XH2O = 20%, and 
eventually to 1.32 Hz at XH2O = 40%. This trend is observed for all H2- 
CO-CH4 fuel blends, across which the frequency is highest for a given 
XH2O at the highest CH4 content. This is consistent with our earlier dis
cussion with single-fuel flames, where CH4 is shown to pulsate faster 
than CO. 

The non-dimensional frequency is expressed as: 

f̃ = 2πfDth
/

U2 (7) 

Fig. 16. Variation of the instability patterns with H2O fraction relative to CO2 
for a) 60–40% H2-CO, b) 75–25% H2-CO + 15% CH4, and c) 75–25% H2-CO +
30% CH4. The symbols indicate the type of instability: (●): planar intensity 
pulsations, (✬): travelling waves, (✪): partly cellular, and (◻): fully cellular. 
The mean initial mixture strength is 0.61 with 0.17 standard deviation. 
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and theoretical results [17] show that ̃f increases with LeF, and therefore 
XH2O, as we confirm in Fig. 21, where a broad range of initial mixture 
strengths is considered. It can be seen that at a given ϕ, the larger the 
LeF,eff , the higher the non-dimensional pulsation frequency. Consistent 
with theoretical predictions, it can also be seen that the pulsation fre
quency increases with initial mixture strength. In fact, the trend appears 
to be highly linear over a given LeF,eff interval for the conditions tested, 
as seen from the three fitted lines. 

4. Conclusion 

This paper introduces a new version of the unstrained diffusion flame 
burner which is used to study the effect of H2O dilution on diffusive- 
thermal instabilities in H2-CO-CH4 fuels. Obtaining fundamental 

insight on such complex phenomena is considerably facilitated by the 
absence of significant hydrodynamic or buoyancy-driven disturbances, 
which are parasitic effects omnipresent in common research facilities. 
The counter-diffusion burner used adopts an evenly heated aluminum 
perforated injector, to uniformly supply the H2O-containing fuel mixture 
into the bottom of the combustion chamber. The nominally one- 
dimensional nature of the flow in the reaction zone is confirmed by 
measuring the major species concentration profiles and flame location, 
which are in excellent agreement with the one-dimensional chambered 
diffusion flame solution. 

Experimentally measured flame stability and extinction limits are 
provided for a broad range of fuel blends diluted at different H2O and 
CO2 proportions. Burning wet syngas while its still hot has the advantage 
of enhancing the thermal efficiency of biomass systems as heat losses are 
reduced. However, results show that as H2O replaces CO2 dilution, the 

Fig. 17. Illustration of the sustained instability patterns observed as a function of the effective fuel Lewis number for H2-CO-CH4 mixtures diluted in H2O and CO2 at 
ϕ ≈ 0.6 and Leo ≈ 0.95. The effect of increasing Leo or ϕ is qualitatively shown by the dashed horizontal axis. 

Fig. 18. Variation in the number and size of cells as a function of the water fraction for a) pulsation-induced cells and b) inherently cellular flames. Box: 25th and 
75th percentile, line within the box: median value, and whiskers: minimum and maximum values. The mean initial mixture strength is 0.59 with 0.18 stan
dard deviation. 
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low caloric value flame becomes more prone to instabilities and 
extinction, which must be taken into account in the combustor design. 
Dilution effect analysis using a one-dimensional diffusion flame model 
reveals that although the H2O-diluted mixtures exhibit higher flame 
temperatures relative to their CO2-diluted counterparts, due to thermal 
and chemical effects, the latter is responsible for the reduction in 
flammability limits as chain terminating and CO2-H2O forming reactions 
are favored. 

Beyond marginal stability, the cellular instabilities that onset due to 
the presence of H2 are seen to interact and compete with the pulsations 
from CO and CH4, leading to cellular-pulsating flames. These super
imposed diffusive-thermal instabilities can be categorized as: 1) 
pulsations-induced, or 2) inherently cellular. The former onset at rela
tively large Damköhler numbers, and spatially homogenous pulsations 

dictate the instability frequency and the in-phase appearance of cells. At 
sufficiently small Damköhler numbers, the H2-containing flame becomes 
inherently cellular, and as the pulsations now develop, they rapidly 
grow out-of-phase in each cell, leading to temporary extinction spots in 
the disconnected flame sheet. In addition, inherently cellular pulsating 
flames are minimally damped, and are attribute with a relatively fast 
frequency which exceeds 3 Hz, compared to the 1-Hz frequency of 
pulsation-induced instabilities. 

Increasing the fraction of H2O dilution relative to CO2 is shown to 
reduce the degree of superimposed cellularity, as the oxidizer and fuel 
Lewis number increase, rendering the pulsating instabilities planar at 
sufficiently high water content. In addition to the oxidizer Lewis num
ber, the instability types and patterns formed at various fuel composi
tions are highly dependent on a molar-based fuel effective Lewis 
number, which weighs the three fuel species Lewis numbers by their 
relative molar fractions in the fuel stream. The fundamental significance 
of this parameter is confirmed after obtaining the same instability pat
terns with different fuels whose LeF,eff is rendered equivalent by 
changing the proportion of H2O dilution. Consequently, we demonstrate 
that in syngas mixtures with 0.85 ≤ Leo ≤ 1.0, superimposed cellular- 
pulsating instabilities form in the vicinity of 0.37 ≤ LeF,eff ≤ 0.59. 
Above this range, planar intensity pulsations devoid of cellular struc
tures onset, and vice versa at low Lewis numbers. The number of cells 
that form in the unstable flames decreases with water content, and this is 
attributed to the fundamental instability wavenumber decreasing at 
higher LeF,eff . On the contrary, larger H2O dilution fractions increase the 
frequency of pulsations, as the fundamental non-dimensional frequency 
increases with LeF,eff . 

The successful realization of a vaporized fuel unstrained diffusion 
flame burner that is introduced for the first time in this paper paves the 
way for various interesting research opportunities. Plans are underway 
to investigate the unstable flame dynamics of liquid biofuels such as 
methanol and ethanol in this research facility. Another interesting op
tion would be to study the effect of H2O dilution on the morphology of 
soot formation in a one-dimensional flow field which facilitates the 
comparison with soot models. 

5. Novelty and significance statement 

An unstrained diffusion flame burner that can be operated with fuels 
containing high vapor content is introduced for the first time in this 
paper. Contrary to common research burners, where hydrodynamic 

Fig. 19. Instability wavenumber of inherently cellular flames as a function of 
the effective fuel Lewis number. The color map shows the initial mixture 
strengths of the flames. 

Fig. 20. Frequency as a function of water fraction in the diluting stream for 
different pulsation-induced unstable flames. Box: 25th and 75th percentile, line 
within the box: median value, and whiskers: minimum and maximum values. 
The mean initial mixture strength is 0.59 with 0.18 standard deviation. 

Fig. 21. Non-dimensional pulsation frequency as a function of the initial 
mixture strength at different effective fuel Lewis numbers. 
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effects play a significant role, nominally unstrained flames are produced 
in this burner. This paves the way for various novel research opportu
nities using vaporized biofuels, yielding fundamental insights that could 
be quantitatively compared to theoretical predictions based on this 
simple configuration. The focus of this study is diffusive-thermal in
stabilities that are prone to occur in H2O-diluted syngas. H2O dilution 
can be significant in biomass-derived syngas that is not cooled prior to 
combustion, and that is often burned directly to lower losses as waste 
heat and pollutant formation. However, with scarce data on diffusive- 
thermal instabilities in multi-fuel mixtures, the effect of H2O dilution 
on the peculiar superimposed cellular-pulsating flame dynamics that 
onset in syngas remains unknown. 
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