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Abstract 8 

Due to the prohibitive financial expense and logistical difficulties of a wholesale changeover 9 

from natural gas to hydrogen, hydrogen-enriched natural gas (HENG) offers a more viable 10 

intermediate solution for offsetting the carbon dioxide output of domestic gas usage and 11 

reducing the blow-out susceptibility of natural gas flames. In order to formulate a practically 12 

useful description of the blow-out threshold, the present work addresses the minimum energy 13 

per unit volume of premixed gas required for the sustained combustion of HENG fuels with 14 

molar hydrogen concentrations between zero and 50 mol%. By considering a ring burner 15 

comprising circular burner jet apertures with diameters in the range 1.0-2.4 mm, this critical 16 

energy density was demonstrated to increase linearly with the mean velocity of the admitted 17 

gas premixture, approaching a value that was common to all of the investigated HENG 18 

compositions in the limit of zero flow. Furthermore, despite flame morphology varying 19 

substantially as a function of flow conditions, the visible surface area of critically stable flames 20 

consistently exhibited an empirical squared dependence on the power generated by combusting 21 

fuel. By combining these correlations, the onset of blow-out was shown to be well-22 
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approximated by a formula that relates the critical surface-averaged laminar burning velocity 23 

to the mean velocity of gas molecules at the burner jet. This model provides a simplified means 24 

of predicting blow-out conditions from measurable input parameters and could serve as an 25 

invaluable asset for the design of new HENG burner systems or the retrofitting of existing 26 

natural gas appliances. 27 
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velocity; Aperture diameter. 29 

1. Introduction 30 

As an intermediate step towards a pure hydrogen gas network, hydrogen-enriched natural gas 31 

(HENG) offers a valuable means of reducing domestic or industrial carbon dioxide emissions 32 

without necessitating a prohibitively expensive overhaul of existing end-use appliances[1]. 33 

Indeed, whilst several governments have declared a “climate emergency” due to the emerging 34 

threats of anthropogenic climate change, none have yet implemented wholesale disruptive 35 

modifications to energy infrastructure on a national scale. The rapid, expensive international 36 

changeover from coal gas to natural gas in the 1960s-70s[2] provides a useful precedent for 37 

such changes, but, due to both the increased global population and the relative ubiquity of gas 38 

appliances, an equivalent present-day operation would incur a far greater financial cost. For 39 

this reason, hydrogen-enrichment of natural gas offers a more viable option for the partial 40 

amelioration of gas networks; HENG mixtures of up to 20 mol% hydrogen have already been 41 

utilised locally at trial sites such as Keele University in the UK[3] and the Ameland 42 

municipality of the Netherlands[4], while lower concentrations have been introduced at the 43 

utility scale through power-to-gas installations such as the Thüga plant in Frankfurt, 44 

Germany[5]. 45 
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 Alongside the clear environmental benefits of partially substituting natural gas for 46 

hydrogen, hydrogen-enrichment also reduces the susceptibility of laminar flames to a 47 

destabilising phenomenon known as “lifting” or “blow-off”, wherein the base of the flame 48 

becomes detached from the rim of the burner jet[6]. This effect typically occurs when the 49 

air/fuel premixture introduced to the burner is insufficiently fuel-rich, and the instability 50 

typically culminates in the eventual extinction, or “blow-out”, of the flame. Since seminal 51 

investigations into the blow-off phenomenon by authors including Lewis and von Elbe[7], von 52 

Elbe and Mentser[8], and Putnam and Jensen[9], researchers have arrived at a consensus that 53 

the blow-out threshold is intrinsically dependent on the relationship between the burning 54 

velocity of reactants at the flame front and the jet velocity of the air/fuel premixture. In 55 

particular, the jet velocity and laminar burning velocity are commonly used to estimate 56 

characteristic flow and reaction times, respectively, for a given flame system[10-14]; the ratio 57 

of these two quantities is defined as the Damköhler number, which provides a qualitative 58 

indication of whether a flame is susceptible to blow-out and serves as a foundation for building 59 

a more quantitative understanding of the conditions required to induce flame extinction. 60 

However, the local laminar burning velocity at a given location on the flame surface is 61 

strongly influenced by flame stretch[15-21], which comprises the summed contributions of 62 

aerodynamic strain, caused by velocity deviations tangential or perpendicular to the flame 63 

front, and surface curvature. These stretching components are themselves dependent on various 64 

thermo-physical and chemical characteristics of the combusting air and fuel, such as the mass 65 

density, thermal conductivity, specific heat capacity and mass diffusion coefficient of the 66 

premixture, the activation energy and enthalpy change of the combustion reaction, and the 67 

temperature variation at the flame front[19-21]. It is therefore fundamentally difficult to 68 

formulate a general description of the blow-off onset in terms of the Damköhler number alone. 69 

Whilst thermal treatments provide an analytic basis for approximating the velocity profile of a 70 
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laminar flame system[21-32], these interpretations are often undermined by unrealistic 71 

assumptions regarding the kinetics of the underlying reaction mechanisms[33]. Consequently, 72 

modern researchers typically rely on computational techniques to simulate the reaction 73 

dynamics of a given flame system[34-45], thereby limiting the validity of their conclusions to 74 

a restricted range of fuel compositions, burner architectures and flow conditions. 75 

 In order to establish a more general relationship between jet velocity and laminar 76 

burning velocity at the onset of blow-out, the present investigation explores the instability 77 

threshold of a commercial cooktop ring burner as a function of HENG fuel composition, air-78 

to-fuel ratio, premixture flow rate and jet aperture diameter. A core ethos of this work is that 79 

the surface-averaged characteristics of a critically stable flame should be expressed in terms of 80 

measurable experimental quantities, without resorting to numerical simulations of the velocity 81 

flow field or reaction dynamics. Moreover, the analysis has been targeted towards real-world 82 

domestic applications by ensuring that the selected system parameters are representative of 83 

typical household burner configurations[46]: the study considers interchangeable circular jets 84 

with aperture diameters in the range 1.0-2.4 mm, whilst the combustion power output was 85 

limited to values of less than 80 W per jet. For HENG fuels with hydrogen concentrations 86 

between zero and 50 mol%, novel insights into the blow-out phenomenon are provided by a 87 

semi-empirical model that relates the critical energy density of combusting reactants to the 88 

volumetric premixture flow rate, alongside correlations between the visible surface area and 89 

total power output of critically stable flames. Since the applicability of the formulation is not 90 

limited by the highly disparate thermo-physical[47] and combustion[48] properties of natural 91 

gas and hydrogen, it is reasoned that formulae derived herein are potentially adaptable to other 92 

fuel mixtures and jet configurations, providing experimentalists with an invaluable template 93 

for investigating blow-out across a plethora of burner systems. 94 
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2. Materials and Methods 95 

2.1.    Measurement of the blow-out onset 96 

To emulate the stability behaviour of real-world natural gas appliances for different 97 

compositions of HENG fuel, the threshold of blow-out was investigated using a JP21 Phoenix 98 

ring burner (JP Burners Ltd.) equipped with twenty-one interchangeable brass burner jets; 99 

circular jet apertures were employed exclusively throughout the study, with diameters of 1.0 100 

mm, 1.3 mm, 1.5 mm, 1.7 mm, 2.0 mm or 2.4 mm. All burner jets were drilled in-house using 101 

drill bits with a stated tolerance of 0.05 mm, which has been assumed equal to the standard 102 

uncertainty in the stated aperture diameter values. As illustrated schematically in Fig. 1, bottled 103 

G20 natural gas (identical to pure methane) and hydrogen were premixed at rates of 0-5 L min-104 

1 and 0-2 L min-1, respectively, with the volumetric flow rate of each gas maintained at a desired 105 

value by a designated Aalborg mass flow controller (MFC). A third Aalborg MFC was 106 

similarly used to premix the HENG fuel with up to 50 L min-1 of compressed air, and the 107 

resulting air/fuel premixture was introduced to the burner ring via a quarter-turn ball valve and 108 

resettable flash-back arrestor (FA). Flames were initiated at the outlet of each burner jet through 109 

use of a handheld piezoelectric igniter.  110 

 After setting the composition and flow rate of the HENG mixture, stable combustion 111 

was achieved by premixing compressed air into the fuel at a sufficiently low rate of flow. With 112 

the flow rates of hydrogen and G20 natural gas held constant, flame stability was monitored 113 

continuously upon increasing the total air flow rate stepwise in increments of 0.1 L min-1, 114 

allowing approximately five seconds of observation at each step. The onset of blow-out was 115 

deemed to coincide with the first flame extinction event, and the reliability of this threshold 116 

value was improved by repeating the estimation process at least three times for each flow 117 

combination of hydrogen and G20 natural gas; in the case of an anomalous result, such as 118 
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premature flame extinction due to the presence of an air draught, further repeat cycles were 119 

conducted as required. Over the course of the investigation it was discovered that threshold air 120 

flow rate estimates within a given set of triplicate tests typically encompassed a range of up to 121 

0.4 L min-1; accordingly, the standard uncertainty in the mean flow rate has been assigned a 122 

value of 0.2 L min-1 in all cases. Despite gas introduction taking place at a single point on the 123 

outer circumference of the burner ring, no preferential ordering was observed in the sequence 124 

of flame extinction and all twenty-one flames were visually equivalent in size and morphology. 125 

For this reason, it has been assumed throughout the investigation that gas flow was distributed 126 

approximately equally between the burner jets.  127 

 128 

Fig. 1. Illustration of the ring burner setup employed to investigate the onset of blow-out in 129 

laminar HENG flame systems. Arrows in the diagram indicate the flow directions of 130 

compressed air, hydrogen and G20 natural gas, which were introduced to the burner ring via a 131 

resettable flash-back arrestor (FA) at rates controlled independently by designated mass flow 132 

controllers (MFCs); volumetric flow rates were displayed in units of L min-1 to a precision of 133 

0.1 L min-1 in the case of compressed air and 0.01 L min-1 for both hydrogen and natural gas.  134 

In addition to varying the aperture diameters of the burner jets, the hydrogen content of 135 

the HENG fuel was adjusted between zero and 50 mol% at intervals of 10 mol%, with nine 136 



7 
 

values of fuel flow rate investigated for every HENG composition. These values of fuel flow 137 

rate were addressed in a staggered order rather than sequentially, thereby facilitating 138 

identification of any systematic error within each dataset. Between testing of different HENG 139 

compositions, all burner jets were removed from the burner ring and cleaned by ultrasonication 140 

in dilute sulphuric acid for several minutes, before being rinsed in deionised water, dried under 141 

flow of air and remounted in the burner ring; this protocol ensured that subsequent 142 

measurements were not affected by accumulated combustion products.  143 

2.2.    Estimation of visible flame surface area and mean laminar burning velocity 144 

Whilst investigating the instability characteristics of HENG flames associated with jet aperture 145 

diameters of 1.3 mm, 1.7 mm and 2.4 mm, an individual flame profile was photographed at the 146 

onset of blow-out for all combinations of HENG composition and fuel flow rate; it should be 147 

noted that flame imaging at this critical threshold was possible due to the time differences 148 

between extinction events at different burner jets. Photographs were recorded using an 8 149 

megapixel iSight camera clamped at a fixed position relative to the burner ring, and the camera 150 

was set to maintain a constant focal length so that the distance between pixels was 151 

approximately invariant between consecutive images. 152 

For each photographed flame, a MATLAB program was implemented to approximate 153 

the position and orientation of the central flame axis by locating the half-maximum cumulative 154 

intensity of the blue component within every row of image pixels. The program subsequently 155 

performed a preliminary estimate of the flame edge pixel locations with respect to this axis by 156 

maximising the function 157 

𝑔(𝑥, 𝑦) = 𝐼(𝑥, 𝑦) |
d𝐼(𝑥,𝑦)

d𝑥
| + 𝐼(−𝑥, 𝑦) |

d𝐼(−𝑥,𝑦)

d𝑥
|,                                   (1) 158 

where I denotes the blue component of pixel intensity at an axial coordinate distance y, which 159 

is zero at the aperture rim and increases to a value ytip at the visible flame tip, and a radial 160 
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coordinate distance x, which has its origin at the flame axis. In order to obtain a more accurate 161 

representation of the visible flame surface, the variation of x at the photographed flame edge, 162 

xedge, was fitted as a function of y by applying a non-linear regression protocol to the 163 

preliminary edge position estimates in conjunction with a fitting function of the form 164 

𝑥edge = ±(𝑐2𝑦2 + 𝑐1𝑦 + 𝑐0)√ln (
𝑦tip+𝑦0

𝑦+𝑦0
) ;                                  (2) 165 

here, the constants c0, c1 and c2 are independent fitting variables and y0 is a constant, positive-166 

valued y-offset that prevents xedge behaving asymptotically at the aperture rim. The overall 167 

uncertainty in xedge was approximated by calculating the standard deviation of the preliminary 168 

edge position estimates from the edge function defined by Eq. (2). A typical result of the 169 

outlined fitting procedure is illustrated in Fig. 2a, which depicts the photographed profile of a 170 

critically stable HENG flame with the estimated flame axis and edge function overlaid onto the 171 

image; this particular example corresponds to a total premixture flow rate of 12.46 cm3 s-1 per 172 

jet, a jet aperture diameter of 1.7 mm, and a hydrogen fuel concentration of 30 mol%. 173 

 Having determined the pixel coordinates of the visible flame edge, calibration 174 

photographs were prepared to estimate the absolute radial distance to the flame edge as a 175 

function of axial distance from the aperture rim. As shown in Fig. 2b, these calibrations were 176 

conducted by first setting a Vernier calliper to a distance of 10.00 mm and positioning it normal 177 

to the jet aperture, before using ImageJ software to calculate the number of pixels, Nscale, 178 

between the rim and the base of the calliper body. Provided that the Vernier calliper was 179 

photographed from the same position and at the same focal length as the imaged flame profiles, 180 

the absolute axial or radial distance between pixels was calculable as the product of the 181 

corresponding coordinate distance and a scaling factor given by 182 

𝐶pix =
10.00 mm

𝑁scale
.                                                           (3) 183 
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In order to account for small changes in camera position during data acquisition, Nscale was 184 

averaged over seven calibration photographs for every value of jet aperture diameter; these 185 

photographs were recorded prior to changing the HENG composition in preparation for the 186 

next sequence of nine flame images.   187 

 188 

Fig. 2. Photographed HENG flame profile at the onset of blow-out (jet aperture diameter = 1.7 189 

mm; fuel hydrogen concentration = 30 mol%; total flow rate = 12.46 cm3 s-1 per jet) (a), 190 

alongside one of a group of seven calibration photographs used to determine the distances 191 

between image pixels (b). A line through the centre of the flame profile (coloured black within 192 

the region of the flame and white elsewhere) marks the estimated flame axis, whilst two 193 

axisymmetric black curves depict the edge fitting function generated using Eq. (2). 194 

 The visible flame surface area, ABO, was computed from Eq. (2) via the approximation 195 

𝐴BO ≈ π𝐶pix
2 ∑ (𝑥edge,i+1 + 𝑥edge,i)√(𝑥edge,i+1 − 𝑥edge,i)

2
+ 𝛿𝑦2𝑁−1

𝑖=1 ,             (4) 196 

which arises from subdividing an axisymmetric flame profile into N-1 trapezoidal area 197 

elements (1,000 elements were used for all flame profiles) of axial height Cpixδy; the surface 198 

area associated with element i corresponds to the trapezial area of its lateral face, which is 199 
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bounded by circular top and bottom faces of radii Cpixxedge,i+1 and Cpixxedge,i, respectively. For 200 

simplicity, area contributions from the small volume of “dead space” between the burner rim 201 

and the base of the visible flame were included in each ABO estimate, even though there is 202 

insufficient energy density within this region for combustion to occur[9, 49]; however, as the 203 

volume of the dead space region was observed in all cases to be much smaller than the total 204 

volume of the visible flame, it was deemed reasonable to neglect this source of systematic error. 205 

Following summation over all N-1 area increments, the mean laminar burning velocity 206 

with respect to the unburned air/HENG premixture, SL,BO, can be calculated by recognising that 207 

the condition 208 

𝑆L,BO ≈
𝑄tot

𝐴BO
                                                           (5) 209 

must be invoked to satisfy mass conservation[17, 44, 45, 50], where Qtot denotes the volumetric 210 

premixture flow rate; here it has been implicitly assumed that gas density was approximately 211 

constant throughout the flame, whilst acknowledging that SL,BO is defined as the velocity 212 

component normal to the flame surface. It should be further noted that whilst SL,BO represents 213 

the mean laminar burning velocity averaged over the entire visible flame front,  the laminar 214 

burning velocity at a given surface location may locally deviate from SL,BO due to 215 

aforementioned stretching effects. 216 

2.3.    Parameter fitting and estimation of uncertainties 217 

Provided that it is possible to define a function f in terms of a set of independent variables, the 218 

associated standard error in f, σf, can be calculated using the formula   219 

𝜎f = (∑ (
∂𝑓

∂𝑎i
𝜎i)

2

i )
1 2⁄

 ,                                                   (6) 220 
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where σi is the estimated uncertainty in variable ai and summation is performed over all of the 221 

independent quantities that influence f. The form of Eq. (6) is generally valid, and thus it was 222 

applied throughout the present work without further justification. 223 

In addition to the uncertainty estimates discussed in Sections 2.1 and 2.2, a standard 224 

uncertainty of 8.3x10-2 cm3 s-1 was assumed in the measured volumetric flow rates of both 225 

hydrogen and natural gas, consistent with a standard uncertainty of 4.0x10-3 cm3 s-1 per jet. 226 

This estimate is based on an assumption of 95% confidence that the value measured by the 227 

relevant MFC was accurate to within the final significant figure displayed, equal to 1.7x10-1 228 

cm3 s-1 for both fuel gases. As reasoned in Section 2.2, the rate of primary air flow to the burner 229 

ring was assigned a standard uncertainty value of 0.2 L min-1, equivalent to 1.6x10-1 cm3 s-1 230 

per jet. Where required, conversion between volumetric and molar quantities was achieved 231 

through application of the ideal gas law, with standard values of 25 ˚C and 1 atm assumed for 232 

the gas temperature and pressure, respectively. 233 

The overall uncertainty in flame surface area was estimated by applying Eq. (6) in 234 

conjunction with Eq. (4); within this calculation, uncertainties in the radial flame edge 235 

coordinates, xedge,i, were included alongside the uncertainty in the scaling factor Cpix. It should 236 

be noted that the uncertainty in a given xedge,i measurement was dependent on the edge fitting 237 

function defined by Eq. (2), which was in turn constructed from the combination of all N radial 238 

coordinates. Consequently, the xedge,i values were correlated through the form of the fitting 239 

function, and thus they cannot be regarded as independent variables in Eq. (6); for this reason, 240 

it was considered preferable to estimate the combined uncertainty in the N radial coordinates 241 

by calculating the product of the standard deviation in xedge,i and the root mean squared 242 

derivative of ABO with respect to xedge,i.  243 

During analysis of the measured relationship between volumetric flow rate and the energy 244 

density of combusting fuel, independent linear fits associated with different HENG 245 
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compositions but identical jet aperture diameter appeared to intersect at a common energy 246 

density, U0, at zero flow. In order to estimate the value of U0 from a plot of energy density as 247 

a function of flow rate, the weighted mean of the y-intercept was calculated with weighting 248 

factors set equal to the reciprocal of the fitted gradients. Correspondingly, the standard 249 

uncertainty in U0 was estimated by adopting the same weighting factors to compute the 250 

weighted standard deviation from the mean. 251 

3. Results and Discussion 252 

3.1.    Relationship between combustion energy density and premixture flow rate 253 

In order to model the blow-out limit of a premixed HENG flame in terms of the surface-254 

averaged laminar burning velocity normal to the flame front, SL,BO, and the mean velocity of 255 

reactants at the jet aperture, uJ, it is instructive to first consider how the onset of instability is 256 

related to the energy generated by complete combustion per unit volume of the gas premixture. 257 

Defining the total power production from complete combustion, Pr, as 258 

𝑃r ≡ 𝐻𝑛V𝑄f,                                                            (7) 259 

where H denotes the molar enthalpy change of the combustion reaction, Qf is the volumetric 260 

fuel flow rate and nV is the molar density of gas molecules at standard temperature and pressure 261 

(25 ˚C and 1 atm), the critical energy density at the blow-out threshold, UBO, is given by 262 

𝑈BO ≡ (
𝑃r

𝑄tot
)

BO
= 𝐻𝑛V (

𝑄f

𝑄tot
)

BO
,                                           (8) 263 

where Qtot is the total volumetric flow rate of the premixture and the suffix “BO” signifies the 264 

condition of critical stability. It follows from Eq. (5), which relates SL,BO to the critical surface 265 

area of the visible flame front, ABO, that 266 

𝑆L,BO ≈
𝑃r

𝐴BO𝑈BO
=

𝐻𝑛V𝑄f

𝐴BO𝑈BO
,                                               (9) 267 
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indicating that the properties of SL,BO may be understood by considering how the variables ABO 268 

and UBO vary in terms of the fuel composition, primary air content and jet aperture dimensions. 269 

As acknowledged in the Introduction, whilst a phenomenological understanding of SL,BO may 270 

be formulated by using numerical simulations to model the reaction dynamics and temperature 271 

profile of a flame, discrepancies between experiment and theory typically arise from the 272 

reaction-specific nature of this approach. Instead, the present analysis is founded on a more 273 

rudimentary but general method of approximation based on the balance of energies at the flame 274 

front. 275 

 As the travelling premixture approaches the combusting fuel downstream, it eventually 276 

heats to a temperature that is sufficient for reaction to commence. The region of space in which 277 

it is possible for combustion to take place is defined as the “reaction zone”, whilst approaching 278 

air and fuel that has yet to overcome the reaction barrier occupies a “preheat zone” at the core 279 

of the flame. If one assumes that from a total energy U generated per unit volume of combusting 280 

premixture, an amount Uheat is imparted to incoming reactants and the remainder, U0, is released 281 

to the system surroundings, energy conservation demands that 282 

𝑈 = 𝑈heat + 𝑈0.                                                         (10) 283 

In order for combustion to be sustained, the energy per unit volume transferred to incident 284 

reactants must exceed the total energy density needed to overcome the reaction barrier, EA, and 285 

from this consideration it follows that the minimum power required for continuous reaction is 286 

equal to the product of EA and Qtot. Defining ωr as the overall volumetric rate of premixture 287 

combustion in the reaction zone, it is therefore necessary that a stable flame obeys the condition 288 

(𝑈 − 𝑈0)𝜔r ≥ 𝐸A𝑄tot,                                                  (11) 289 
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where it should be recognised that no assumptions have been made regarding the functional 290 

dependences of ωr or EA. Hence, the onset of blow-out can be described by an expression of 291 

the form  292 

𝑈BO = 𝜉r𝑄tot + 𝑈0,                                                    (12) 293 

where EA and ωr have been combined to generate a new reaction parameter, ξr. For the purposes 294 

of the present investigation, the occurrence of flame flash-back[51] is to be ignored; flame 295 

stability is practically infeasible at very low values of Qtot as a consequence of this 296 

phenomenon, which is characterised by the flame front propagating backwards into the preheat 297 

zone of the unreacted premixture. 298 

The validity of Eq. (12) was investigated by measuring UBO as a function of Qtot for 299 

HENG fuels of molar hydrogen fraction, XH2, between zero and 0.5 and burner jets with 300 

aperture diameters, DJ, in the range 1.0-2.4 mm; these data are presented in Fig. 3. The H 301 

estimates used to calculate UBO have been computed from tabulated lower heating values 302 

(LHVs) of methane, HCH4, and hydrogen, HH2, through application of the compositionally 303 

weighted formula 304 

𝐻 = (1 − 𝑋H2)𝐻CH4 + 𝑋H2𝐻H2,                                         (13) 305 

where standard LHVs of 802.54 kJ mol-1 and 241.85 kJ mol-1 have been assigned to HCH4 and 306 

HH2, respectively[52]. One should note that the LHV of a combusting gas is defined as the 307 

enthalpy change under standard initial conditions (25 ˚C and 1 atm) assuming that all products 308 

remain in the gaseous state; this measure is deemed appropriate in the present circumstances, 309 

as the water product was released as vapour into the surroundings. It is evident from Fig. 3 that 310 

UBO exhibited a linear dependence on Qtot over the measured parameter space of DJ and XH2 311 

values, in turn indicating that either a direct proportionality existed between EA and ωr or that 312 

both of these variables were approximately independent of Qtot. Linear fits applied at constant 313 



15 
 

DJ are shown to intersect at a common value of U0, which suggests that the energy per unit 314 

volume of combusting premixture released to the flame surroundings was not significantly 315 

influenced by the value of XH2. However, since Eq. (8) imposes the condition that UBO cannot 316 

exceed the product HnV, the linear trends in Fig. 3 must become physically invalid above a 317 

particular value of Qtot. There is similarly no justification for extending the observed trends 318 

below the experimental Qtot range, and one cannot reasonably assume that the observed 319 

constancy of ξr persists in the limit of zero flow. For these reasons, caution should be applied 320 

when extrapolating the fitted relationships beyond the scope of the present measurements.  321 

The invariance of U0 for a given configuration of burner jets is an intriguing result, as 322 

it indicates that all dependence of UBO on the particular reaction or flow characteristics of the 323 

HENG fuel are comprised within the gradient function, ξr. Moreover, further examination of 324 

Fig. 3 reveals an approximate inverse proportionality between U0 and DJ: as shown in Fig. 4, 325 

the measured relationship between U0 and the reciprocal of DJ is well-characterised by a linear 326 

trend that passes through the origin of the plot, exhibiting a coefficient of determination, R2, of 327 

0.97. From this result one may infer that the product U0DJ is not significantly influenced by 328 

XH2 or DJ, and thus it may be regarded as a universal property of the burner system. It is 329 

nevertheless important to recognise that since the present investigation solely addresses the 330 

stability of flames anchored above brass jets with circular apertures, the empirical results 331 

presented in Figs. 3 and 4 cannot be applied directly to alternative jet types. Indeed, research 332 

has shown that modification of the aperture shape can significantly affect the morphology and 333 

stability thresholds of a laminar flame[53, 54]. 334 
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 335 

Fig. 3. Measured relationships between the combustion energy density at the onset of blow-336 

out, UBO, and the total volumetric premixture flow rate per jet, Qtot, for molar fuel hydrogen 337 

fractions, XH2, between zero and 0.5; the plotted data-sets correspond to jet aperture diameters 338 

of 1.0 mm (a), 1.3 mm (b), 1.5 mm (c), 1.7 mm (d), 2.0 mm (e) and 2.4 mm (f), and linear fits 339 

have been constructed in accordance with Eq. (12). 340 

 341 
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Fig. 4. Variation of U0, the y-intercept of the UBO(Qtot) fits depicted in Fig. 3, as an inverse 342 

function of the jet aperture diameter, DJ; the form of this relationship is approximated by a 343 

linear fit that intersects the origin the plot. 344 

To illustrate how the onset of blow-out varies for different premixed gas flows, 345 

researchers commonly evaluate the primary air fraction at this threshold[55-57], λBO, by 346 

combining the measured molar air flow rate, Qa, the molar flow rate of fuel, Qf, and the 347 

stoichiometric molar ratio of air to fuel, nst according to the definition  348 

𝜆BO ≡
1

𝑛st
(

𝑄a

𝑄f
)

BO
,                                                       (14) 349 

which equals unity in the special case of a stoichiometric air/fuel premixture. Combining Eq. 350 

(8) and Eq. (12) to eliminate UBO generates the quadratic equation 351 

𝜉r𝑄tot
2 + 𝑈0𝑄tot − 𝑃r = 0                                                 (15) 352 

with the physical solution 353 

𝑄tot =
𝑈0

2𝜉r
(√1 + 4

𝜉r𝑃r

𝑈0
2 − 1),                                              (16) 354 

whereupon Eq. (14) may be used to show that  355 

𝜆BO =
𝑈0𝐻𝑛V

2𝑛st𝜉r𝑃r
(√1 + 4

𝜉r𝑃r

𝑈0
2 − 2

𝜉r𝑃r

𝑈0𝐻𝑛V
− 1) ;                                (17) 356 

in order to derive Eq. (17) from Eq. (16) one must first note that Qtot is by definition equal to 357 

the sum of Qf and Qa. In contrast to Eq. (14), which expresses λBO in terms of two variable flow 358 

rates, the inclusion of U0 and ξr in Eq. (17) reduces the dependence of λBO at given DJ and XH2 359 

to a single variable quantity, Pr.  360 

The efficacy of the present treatment is further explored in Fig. 5, which depicts the 361 

variation of λBO as a function of Pr for multiple combinations of DJ and XH2. The fitting 362 

functions supplied by Eq. (17) provide a satisfactory representation of the plotted experimental 363 



18 
 

trends, and they are closely consistent with comparable λBO(Pr) relationships derived previously 364 

by the present authors from a meta-analysis of published empirical models[46]. A remarkable 365 

feature of the plotted data-sets is the near-convergence of λBO(Pr) at constant DJ in the limit of 366 

zero flow, which may be quantitatively understood by considering the behaviour of Eq. (17) 367 

within this regime. In particular, as Pr goes to zero and Eq. (17) becomes 368 

lim
𝑃r→0

𝜆BO =
1

𝑛st
(

𝐻𝑛V

𝑈0
− 1),                                                 (18) 369 

the effect of changing nH2 is almost negated by a counteractive variation in H. However, it is 370 

once again important to recognise that since the form of Eq. (12) has not been verified for this 371 

limiting case, Eq. (17) is not necessarily reliable below the experimental range of Pr values. 372 

 373 

Fig. 5. Experimental and fitted variations of the critical primary air fraction, λBO, with respect 374 

to the power generated from complete fuel combustion, Pr, for jet aperture diameters of 1.0 375 

mm (a), 1.3 mm (b), 1.5 mm (c), 1.7 mm (d), 2.0 mm (e) and 2.4 mm (f) and molar fuel 376 

hydrogen fractions, XH2, between zero and 0.5. 377 

 378 



19 
 

3.2.    Surface-averaged laminar burning velocity at the onset of blow-out 379 

Based on the form of Eq. (9), the functional dependences of SL,BO on the parameters of a flame 380 

system can be derived by combining the results of Section 3.1 with knowledge of the 381 

relationship between Pr and ABO. To facilitate this analysis, ABO estimates were obtained from 382 

the fitted surfaces of 162 flame profiles encompassing various combinations of DJ, XH2 and Qf; 383 

all of these images are provided in Figs S1, S2 and S3 of the Supporting Information, 384 

corresponding to DJ values of 1.3 mm, 1.7 mm and 2.4 mm, respectively, and, for ease of 385 

reference, a sample of photographs from Fig. S2 is reproduced in Fig. 6. From the pictured 386 

profiles it is evident that the flames deviated from the straight-sided form of an ideal Bunsen 387 

flame, and that the magnitude of this divergence was enhanced by reducing the hydrogen 388 

content of the HENG fuel or by increasing the total volumetric flow rate of the premixture. For 389 

this reason, it is fundamentally difficult in the present case to approximate the form of the 390 

velocity flow field from a simplified description of the flame morphology[18]; instead, all 391 

formulations presented in this section are justified through empirical relationships between 392 

SL,BO and measurable system variables. Whilst qualitative arguments are proffered when 393 

discussing the physical origin of experimental correlations, the development of more rigorous 394 

phenomenological explanations are left to future studies. 395 
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 396 

Fig. 6. Surface-fitted HENG flame profiles anchored above a brass jet of 1.7 mm aperture 397 

diameter, photographed at the onset of blow-out; these images correspond to images 1-6 (a-f), 398 

25-30 (g-l) and 49-54 (m-r) in Fig. S2 of the Supporting Information, with the total premixture 399 

flow rate, Qtot, increasing down the figure (all values of Qtot and the constituent flow rates are 400 

detailed in Table S1 of the Supporting Information). The fuel hydrogen fraction, XH2, was set 401 

to a value of zero (a, g and m), 0.1 (b, h and n), 0.2 (c, i and o), 0.3 (d, j and p), 0.4 (e, k and q) 402 

or 0.5 (f, l and r). The central axis of each profile is marked by a line coloured black inside the 403 

flame region and white elsewhere.  404 

 In Fig. 7, the measured variation of ABO is plotted as a function of Pr for all combinations 405 

of XH2 and DJ; in each case, the observed correlation is well-described by the empirical equation 406 

√𝐴BO =
1

𝑝′
𝑃r + 𝐿0,                                                     (19) 407 
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where L0 and pʹ are XH2- and DJ-dependent constants with units of distance and power per unit 408 

distance, respectively. Whilst the physical origin of this relationship between Pr and ABO is 409 

unclear, it is qualitatively instructive to recognise that the quotient Pr/ABO, which is equivalent 410 

to the mean magnitude of power flux, Jr, required for stable combustion, diminished as the size 411 

of the flame was increased. A possible rationale for this effect is that an enlarged flame affords 412 

a greater average distance between the jet aperture and the flame front, thereby suppressing the 413 

rate of heat extraction by the thermally conductive burner jet[49].  414 

 415 

Fig. 7. Linearly fitted experimental relationships between the square root of visible flame 416 

surface area at the blow-out threshold, ABO, and the total power released from complete fuel 417 

combustion, Pr, for jet aperture diameters of 1.3 mm (a), 1.7 mm (b) and 2.4 mm (c) and molar 418 

fuel hydrogen fractions, XH2, between zero and 0.5.  419 

Despite the ABO and Pr measurements adhering closely to the correlation predicted by 420 

Eq. (19), it is important to emphasise that this empirical description is not necessarily consistent 421 

with physical first principles. Indeed, a particularly problematic feature of Eq. (19) is that Pr 422 

becomes negative when ABO is less than the square of L0, which implies that flames below this 423 

size threshold are stable for all positive values of Pr and hence immune to blow-out. To 424 

illustrate the implausibility of this result, Fig. 8 shows the variation of Jr with respect to ABO; 425 

the solid-line fits to each dataset have been generated from the expression 426 
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𝐽r ≡
𝑃r

𝐴BO
= 𝑝′ (

1

√𝐴BO
−

𝐿0

𝐴BO
),                                            (20) 427 

which is obtained directly from combining Eq. (19) with the definition of Jr. Although the form 428 

of Eq. (20) yields an adequate approximation of the Jr threshold over the experimental range 429 

of ABO estimates, extrapolation to lower values implicitly assumes that the temperature profile 430 

of a sufficiently small flame can be sustained even if there is zero power density at the flame 431 

surface. Eqs. (19) and (20) therefore contravene energy conservation requirements when ABO 432 

is less than or equal to the square of L0, and thus it follows trivially that any other functional 433 

relationship between Pr and ABO must be deemed unphysical unless Pr is greater than zero for 434 

all positive values of ABO.  435 

In order to improve upon Eq. (19) whilst maintaining the observed linearity of the 436 

plotted relationships in Fig. 7, one may introduce exponential correction factors into Eq. (20) 437 

to generate an alternative fitting function, 438 

𝐽r = 𝑝′ (
1−exp(−𝛾1𝐴BO

𝑛 )

√𝐴BO
−

𝐿0(1−exp(−𝛾2𝐴BO

𝑛+
1
2))

𝐴BO
),                              (21) 439 

where γ1, γ2 and n are constants. From Eq. (21) it can be shown that Jr vanishes at zero ABO 440 

provided that n is greater than a half, while the condition 441 

𝛾1 > 𝛾2𝐿0                                                        (22) 442 

is imposed by the physical requirement that Jr is never negative for positive values of ABO. The 443 

dashed lines in Fig. 8 correspond to fitting curves constructed using Eq. (21), with the constant 444 

n arbitrarily assigned a value of 1.5 in all cases.  445 

Within the limits of the data displayed in Fig. 8, it is evident that the descriptions 446 

provided by Eqs. (20) and (21) offer a similar quality-of-fit despite differing markedly at lower 447 

values of ABO due to the asymptotic behaviour of Eq. (20). The expected convergence of the 448 
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two fitting equations typically occurs within the experimental range of the measurements, 449 

although it should be noted that the discrepancy between each pair of solid and dashed curves 450 

is strongly dependent on the magnitude of n, with greater consistency between corresponding 451 

fits achieved by increasing the value of this parameter. However, since the restricted range of 452 

the present data prohibits meaningful estimation of n, one cannot reasonably use Eq. (21) to 453 

approximate the form of the Jr(ABO) relationship as ABO approaches zero; this limitation means 454 

that Eq. (21) presently offers no greater predictive power than Eq. (20), despite comprising 455 

three additional fitting parameters. Consequently, Eq. (20) is henceforth adopted as the 456 

preferable model for the Jr(ABO) relationship, albeit with the important caveat that its form is 457 

not physically justifiable in the limit of zero surface area. 458 

 459 

Fig. 8. Experimental variation of the surface-averaged power flux, Jr, with respect to the total 460 

surface area of the visible flame at the onset of blow-out, ABO, for jet aperture diameters of 1.3 461 

mm (a), 1.7 mm (b) and 2.4 mm (c) and molar fuel hydrogen fractions, XH2, between zero and 462 

0.5. Alternative fitting functions are provided by Eq. (20) and Eq. (21), depicted as solid and 463 

dashed lines, respectively.  464 

 By combining Eq. (19) with previous formulae, it is possible to derive an empirical 465 

relationship between SL,BO and the mean jet velocity of premixture molecules, uJ: using Eq. (8) 466 
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to eliminate Pr from Eq. (19), substituting for UBO by recalling Eq. (12), inserting the resulting 467 

expression for ABO into Eq. (5), and finally invoking the trivial relation 468 

𝑄tot = 𝐴J𝑢J,                                                          (23) 469 

where AJ is the cross-sectional area of the jet aperture, one arrives at the approximation  470 

𝑆L,BO ≈
𝑝′2

𝐴J𝑢J

(𝜉r𝐴J
2𝑢J

2+𝑈0𝐴J𝑢J+𝑝′𝐿0)
2,                                              (24) 471 

which incorporates all of the fitting variables from Eqs. (12) and (19). A notable characteristic 472 

of Eq. (24) is that it exhibits no explicit dependence on the shape or curvature of the flame 473 

surface, as all four fitting parameters are approximately invariant with respect to uJ despite the 474 

marked morphological differences between the flame profiles pictured in Fig. 6 and Figs. S1, 475 

S2 and S3 of the Supporting Information. Remarkably, this result implies that whilst local 476 

burning velocity is dependent on the variation of flame stretch as a function of flame surface 477 

position, the structural dependence of SL,BO is defined exclusively by the straightforward 478 

Pr(ABO) description provided by Eq. (19). 479 

 In Fig. 9, SL,BO estimates obtained through application of Eq. (5) are plotted against the 480 

corresponding values of uJ for all combinations of DJ and XH2, while fitting curves have been 481 

produced in each instance by inserting the relevant values of ξr, U0, pʹ and L0 into Eq. (24). All 482 

of the measured SL,BO(uJ) trends are characterised by an asymmetric peak function that is well-483 

described by the empirical fits, with the only significant anomalies occurring towards the lower 484 

limit of the measured uJ range. These discrepancies may be rationalised by recalling that as a 485 

consequence of the unphysical asymptotic behaviour of Eq. (20) in the limit of zero flow, Eq. 486 

(19) deviates substantially from the true ABO(Pr) relationship as Pr approaches zero. 487 

Nevertheless, the form of Eq. (24) ensures that SL,BO vanishes at zero flow, thereby satisfying 488 
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the continuity requirement that mass is conserved between the jet aperture and the flame 489 

surface.  490 

 491 

Fig. 9. Fitted variations of the surface-averaged laminar burning velocity at the blow-out 492 

threshold, SL,BO, as a function of the mean premixture jet velocity, uJ; the plotted data 493 

correspond to jet aperture diameters of 1.3 mm (a), 1.7 mm (b) and 2.4 mm (c), with the molar 494 

fuel hydrogen fraction XH2 set to values between zero and 0.5. 495 

As a final consideration, Fig. 10 addresses the variation of SL,BO with respect to the 496 

equivalence ratio at the blow-out threshold, ϕBO, which is by definition equal to the reciprocal 497 

of the primary air function, λBO. Fits were constructed for the plotted data-sets by formulating 498 

SL,BO(ϕBO) relationships that are consistent with the corresponding λBO(Pr) and SL,BO(uJ) trends 499 

depicted in Figs. 5 and 9, respectively. This task was achieved by first combining the 500 

definitions of Pr, λBO and Qtot, given respectively by Eqs. (7), (14) and (23), to show that 501 

𝑃r = 𝐻𝑛V
𝐴J𝑢J

𝑛st𝜆BO+1
,                                                      (25) 502 

whilst rearrangement of Eq. (17) yields the expression  503 

𝑃r = 𝐻𝑛V
𝐻𝑛V−𝑈0(𝑛st𝜆BO+1)

𝜉r(𝑛st𝜆BO+1)2 .                                              (26) 504 

By equating Eqs. (25) and (26) and replacing λBO with the reciprocal of ϕBO, one obtains 505 

𝐴J𝑢J =
(𝐻𝑛V−𝑈0)𝜙BO−𝑈0𝑛st

𝜉r(𝜙BO+𝑛st)
,                                              (27) 506 
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whereupon SL,BO may be expressed in terms of ϕBO by substituting for the product AJuJ in Eq. 507 

(24). Through inspection of Fig. 10, it is evident that the fitting functions generated from Eqs. 508 

(24) and (27) consistently provide a close approximation of the measured correlations between 509 

SL,BO and ϕBO.  510 

A shared feature of the SL,BO(ϕBO) relationships is that the value of ϕBO at maximum 511 

SL,BO is close to unity, which accords with literature measurements of the unstretched laminar 512 

burning velocity, SL,u, of HENG flames with respect to the equivalence ratio, ϕ, of the 513 

premixture[38-43, 50, 58]. However, the aforementioned effects of velocity-induced strain and 514 

flame curvature had a marked influence on the SL,BO estimates plotted in Fig. 10; one should 515 

recall that these stretching phenomena are visually apparent from the flame profiles pictured in 516 

Fig. 6 and Figs. S1, S2 and S3 of the Supporting Information, which progressively diverged 517 

from the straight-sided morphology of an ideal Bunsen flame with increasing jet velocity. 518 

Indeed, there are significant differences between the plotted SL,BO(ϕBO) trends and SL,u(ϕ) 519 

relationships from the cited literature; for example, whilst a comparison of these studies reveals 520 

that SL,u(ϕ) is approximately independent of DJ for a given HENG fuel, aperture enlargement 521 

within the present experiments caused all of the SL,BO maxima to increase in magnitude and 522 

shift towards lower values of ϕBO. Furthermore, the peak values of SL,BO are lower than 523 

corresponding estimates for an unstretched flame; in the case of methane, for instance, SL,u has 524 

been shown to exhibit a characteristic maximum in the range 35-40 cm s-1, whereas SL,BO did 525 

not exceed 13 cm s-1 for any of the methane flames investigated herein.  526 

It is worth noting that in the case of a slot burner setup, the presence of flame stretch 527 

makes it impossible to measure SL,u directly. Instead, the limiting case of zero stretch is 528 

typically approximated from the measured laminar burning velocities of stretched flames by 529 

formulating appropriate correction factors[15, 21]; to this end it is necessary to formally 530 

evaluate the local stretch rate as a function of frontal position by computing the constituent 531 
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strain and curvature components, which in turn requires a numerical treatment to determine the 532 

form of the surface velocity profile. As detailed previously, however, such considerations are 533 

beyond the specified scope of the present analysis, which is aimed exclusively at relating the 534 

surface-averaged properties of critically-stable flames to measurable system conditions.  535 

 536 

Fig. 10. Fitted experimental relationships between the mean laminar burning velocity at the 537 

blow-out threshold, SL,BO, and the premixture equivalence ratio, ϕBO, for jet aperture diameters 538 

of 1.3 mm (a), 1.7 mm (b) and 2.4 mm (c), and molar fuel hydrogen fractions, XH2, between 539 

zero and 0.5.  540 

4. Conclusions 541 

By circumventing the problematic and often unrealistic assumptions employed in previous 542 

phenomenological treatments of the blow-out phenomenon, the model developed herein 543 

provides a useful and experimentally justified basis for predicting the onset of instability in 544 

laminar HENG flame systems. The formulation offers novel insights into the causative factors 545 

of flame extinction in the case of premixed HENG fuels admitted to a ring burner with circular 546 

jet apertures, elucidating the relationship between the blow-out threshold and the energy 547 

density of combusting reactants. In particular, for aperture diameters in the range 1.0-2.4 mm, 548 

molar fuel hydrogen fractions between zero and 0.5, and energy flow rates of up to 80 W per 549 

jet, it has been demonstrated experimentally that: 550 
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 the critical energy density of the air/fuel premixture, which corresponds to the minimum 551 

energy per unit volume required for sustainable combustion, varies linearly as a 552 

function of the total molar flow rate; 553 

 in the limit of zero total flow, the energy generated per unit volume of premixture at the 554 

onset of blow-out is independent of the fuel composition and exhibits an approximate 555 

inverse proportionality with respect to the jet aperture diameter; 556 

 over the measured experimental range, the square root of the visible flame surface area 557 

varies in direct proportion to a change in the output power of combusting fuel; 558 

 and the mean laminar burning velocity of reactants scales linearly as a function of the 559 

mean jet velocity under low-flow conditions but diminishes with increasing jet velocity 560 

in the case of fast-flowing premixtures.  561 

Based on these results it has been shown that the surface-averaged laminar burning velocity 562 

can be expressed in terms of the mean gas jet velocity and the cross-sectional area of the jet 563 

aperture via a straightforward relationship characterised by four independent empirical fitting 564 

parameters. The derived formula is closely consistent with the measured correlation between 565 

mean gas velocities at the burner jet and the flame front, and, despite surface stretch acting to 566 

suppress the magnitude of laminar burning velocity, the model successfully reproduces the 567 

shape of the well-documented variation of unstretched laminar burning velocity with respect 568 

to the equivalence ratio of an air/HENG premixture.  569 

 Whilst the present investigation specifically addresses the blow-out characteristics of 570 

laminar HENG flames, the outlined formulation provides a consistent description of the 571 

stability threshold for a range of fuel compositions despite the notably disparate thermo-572 

physical properties (including characteristics such as mass density, viscosity, thermal 573 

conductivity and specific heat capacity)[47] and oxidation pathways[48] of the constituent 574 

gases. For this reason, it is argued that the outlined methodology is not inherently constrained 575 
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by the nature of the fuel employed, and that the resulting theory may be readily tailored to suit 576 

alternative air/fuel premixtures. This versatility is a consequence of the eschewal of complex 577 

factors such as the temperature profile of the flame, which typically encumber existing theories; 578 

instead, the simplified approach presented herein depends only on known fuel parameters and 579 

measurable quantities that are approximately independent of jet velocity. By approximating 580 

blow-out behaviour in this way, the model provides an invaluable predictive tool for 581 

researchers throughout the field of combustion dynamics.  582 

One caveat of the present approach is that since a single ring burner was used during 583 

the investigations, one cannot necessarily apply the same relationships to other burner 584 

architectures. Nevertheless, there remains significant scope for the analysis to be adapted to 585 

such configurations, whilst there are also opportunities to explore the phenomenological 586 

processes responsible for key results such as the relationship between the visible surface area 587 

of a critically stable flame and the power generated by combusting fuel. It would be instructive, 588 

for instance, to address how jet dimensions, fuel composition and flow conditions influence 589 

the distribution of local instabilities across the flame front, and to examine the fundamental 590 

roles of positionally variable factors such as flame stretch within the surface-averaged model. 591 

To this end, the formative insights offered by the present study provide a useful foundation for 592 

future theoretical treatments of the blow-out phenomenon. 593 

Nomenclature 594 

Symbols 595 

ABO Measured surface area of a visible flame profile pictured at the onset of blow-out; this 596 

threshold is defined as the first observed instance of flame extinction. 597 

BO Suffix used to denote the threshold of blow-out. 598 
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Cpix Conversion factor defining the distance between pixels measured along the flame axis 599 

in a photographed flame profile. 600 

DJ Diameter of the circular jet aperture. 601 

EA Activation energy of fuel combustion per unit volume of the gas premixture. 602 

g Function defined by the product of pixel intensity, I, and the derivative of intensity with 603 

respect to radial distance x from the flame axis; this quantity is used to estimate the 604 

location of the flame front in a photographed flame profile. 605 

H Molar lower heating value of HENG combustion at standard temperature and pressure, 606 

estimated by computing the compositionally weighted mean of tabulated standard 607 

molar lower heating values for hydrogen and methane. 608 

HCH4 Molar lower heating value of methane combustion at standard temperature and 609 

pressure. 610 

HH2 Molar lower heating value of hydrogen combustion at standard temperature and 611 

pressure. 612 

I Blue component of pixel intensity within a photographed flame profile. 613 

Jr Mean magnitude of power flux at the visible surface of a critically stable flame, defined 614 

as the quotient of the total power generated by fuel combustion, Pr, and the critical 615 

flame surface area, ABO. 616 

L0 Fitting parameter given by the y-intercept from a plot of the square root of critical flame 617 

 surface area, ABO, versus the total power generation from fuel combustion, Pr. 618 

nst Molar ratio of air to fuel in a stoichiometric premixture. 619 

nV Molar volumetric density of gas molecules at standard temperature and pressure. 620 
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Nscale Estimated number of pixels in a calibration photograph between the rim of a jet aperture 621 

and the base of a Vernier calliper set to a distance of 10.00 mm and positioned normal 622 

to the jet aperture. 623 

pʹ Fitting parameter given by the reciprocal of the gradient from a plot of the square root 624 

of critical flame surface area, ABO, versus the total power generation from fuel 625 

combustion, Pr. 626 

Pr Total power generated by the complete combustion of fuel molecules. 627 

Qa Measured volumetric primary air flow rate per burner jet. 628 

Qf Measured volumetric fuel flow rate per burner jet. 629 

Qtot Total volumetric gas flow rate per burner jet, given by the sum of the primary air flow 630 

rate, Qa, and fuel flow rate, Qf. 631 

SL,u Laminar burning velocity of an unstretched flame. 632 

SL,BO Mean laminar burning velocity at the threshold of blow-out, averaged over the entire 633 

surface of the visible flame. 634 

uJ Mean velocity of gas molecules at the aperture of the burner jet. 635 

U Volumetric energy density of the combusting premixture, assuming complete reaction 636 

of the HENG fuel. 637 

UBO Volumetric energy density of the combusting premixture at the onset of blow-out, 638 

assuming complete reaction of the HENG fuel. 639 

Uheat Energy per unit volume transferred from combusting premixture to unreacted primary 640 

air and fuel molecules entering the reaction zone.  641 
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U0 Extrapolated value of UBO in the limit of zero total flow; it is surmised that this quantity 642 

corresponds to the heat released to the surroundings per unit volume of combusting 643 

premixture. 644 

x Coordinate pixel distance in the radial direction from the central axis of a photographed 645 

flame profile. 646 

xedge Estimated radial pixel distance of the visible flame edge from the central axis of a 647 

photographed flame profile. 648 

XH2 Fractional molar concentration of hydrogen in the HENG fuel, alternatively referred to 649 

as the fuel hydrogen fraction. 650 

y Coordinate pixel distance parallel to the axis of a photographed flame profile, measured 651 

from the rim of the burner jet aperture. 652 

ytip Coordinate pixel location of the visible flame tip along the axis of a photographed flame 653 

profile, measured from the rim of the burner jet aperture. 654 

δy Infinitesimal interval of y used to define the thickness of a circular cross-sectional disk 655 

within a photographed flame profile. 656 

λBO Primary air fraction at the onset of blow-out, defined as the measured molar ratio of 657 

primary air to fuel divided by the stoichiometric molar air/fuel ratio, nst. 658 

ξr Gradient of the relationship between the critical volumetric energy density, UBO, and 659 

the volumetric premixture flow rate, Qtot. 660 

σf Estimated standard uncertainty in a variable f. 661 

ϕ Equivalence ratio of the air/fuel premixture, defined as the product of nst and the ratio 662 

of the volumetric fuel and primary air flow rates. 663 
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ϕBO Equivalence ratio of the air/fuel premixture at the onset of blow-out; ϕBO is identical to 664 

the reciprocal of the primary air fraction at the blow-out threshold, λBO.  665 

ωr Volumetric rate of premixture combustion. 666 
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