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� 2D unsteady simulations of H2-

enriched flames with detailed ki-

netics to estimate flashback.

� Conjugate Heat Transfer funda-

mental to predict flashback.

� Flame quenching instead of flash-

back, for low hydrogen contents.

� Different flashback regimes for

different H2 contents.

� Critical flashback velocity much

different from laminar flame

speed at high H2contents.
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a b s t r a c t

Hydrogen has been identified as a potential tool for decarbonizing various industrial sec-

tors by replacing natural gas while maintaining the combustion-based conversion system.

However, due to its high reactivity, hydrogen is prone to flashback, making it essential to

implement safety measures for its efficient use in practical appliances. This study in-

vestigates the flashback of different H2/CH4 mixtures at an equivalence ratio 4 ¼ 0.8 and

proposes a numerical model to predict the critical flashback velocity for laminar premixed

flames. The model considers the conjugate heat transfer between the gas phase and the

burner plate. To overcome the computational cost needed to resolve both gas and burner

heating, different time steps are employed for the fluid and the solid domains. Two

flashback regimes are identified depending on the H2 content. The results suggest that

using the laminar flame speed alone is inadequate for designing the safe operation of

practical premixed burners.
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Introduction
The recent EU Fit for 55 program highlights the urgent need for

a 55% reduction in carbon dioxide (CO2) emissions by 2030

compared to 1990 levels to ensure a climate-neutral Europe by

2050 [1]. Achieving this goal requires a significant increase in

the use of renewable sources of energy to reduce dependence

on fossil fuels, as outlined in the REPowerEU action [2]. The

residential sector accounts for approximately 30% of final en-

ergy consumption, and to meet the aforementioned targets, at

least two-thirds of this energy in Europemust be obtained from

electricity by 2050. However, the current heating systems pri-

marily rely on gas boilers, making electrification a costly and

difficult upgrade [3,4]. To further promote decarbonization, the

International Energy Agency has recommended that only zero

carbon-ready gas boilers be sold after 2023 [5e7]. This means

that these boilers should operate using green hydrogen pro-

duced through water electrolysis, using excess wind and solar

power. Hydrogen can serve as an energy vector to be burned in

gas boilers, utilizing the same technologies and limiting the

costs associated with upgrading heating systems [8,9]. More-

over, hydrogen will soon be injected into the existing gas

network, up to a 20% concentration, enabling the storage and

distribution of renewable energy through existing infrastruc-

ture [10e14]. It is anticipated that pipelines able to handle 100%

H2will be developed, particularlywith the creation of regionally

integrated hydrogen ecosystems, known as “Hydrogen Val-

leys”, although this will require significant efforts and will

occur gradually [15]. It is estimated that hydrogen, either in the

form of H2-admixture from the gas network or as pure H2 in the

hydrogen valleys, could provide up to 18% of the energy needed

for domestic heating by 2050 [16].

However, hydrogen exhibits properties that are vastly

different from natural gas [17e19]. In particular, the laminar

flame speed increases from SL ¼ 0.3 m/s to SL ¼ 2.5 m/s, or

approximately six times, when switching from natural gas to

hydrogen under stoichiometric conditions. The laminar flame

speed, SL, is defined as the speed at which a flame front

propagates relative to the unburnt gas for a freely propagating

premixed flame in one dimension.When the flow velocity and

the flame front propagation velocity are locally equal on the

flame front, the flame is stable. However, if the flow velocity is

lower than the flame front propagation velocity, the flame

front propagates upstream looking for a new stable configu-

ration. When a stable configuration cannot be found, the

flame propagates toward the burner and upstream compo-

nents, resulting in an undesirable phenomenon called flash-

back [20e22]. Flashback has the potential to cause hazardous

situations; hence, devices involving premixed flames must be

designed to operate under conditions that prevent the flame

frommoving upstream into unsuitable zones. Thismay pose a

significant challenge, hindering the application of hydrogen in

domestic end-user devices, such as condensing boilers, since

modern types of boilers operate in a premixed configuration.

Indeed, domestic end-user devices are typically equippedwith

perforated cylindrical or flat burners which inject a premixed

mixture into the combustion chamber and generate short-

length flames that fit in the compact volume between the

burner and the heat exchanger coils. Recent works, such as
the ones by Najarnikoo et al. [23], Lamioni et al. [24,25], and

Schiro et al. [26], provide some examples of perforated cylin-

drical burners. However, the design of burners ismainly based

on the manufacturer's experience with conventional fuels,

such as natural gas [26]. Thus, it is crucial to carefully analyze

the impact of adding H2 to domestic devices to develop de-

signs that can prevent any flashback phenomena, which could

cause serious safety issues [27].

The assessment of flashback velocity in real-world devices

can be challenging due to the complex nature of the phenom-

enon.While laminar flame speed can provide a rough estimate

of flashback velocity, other factors such as the physical prop-

erties of the fuel (e.g., hydrogen content, reactivity, Lewis

number) and flame-wall interaction can significantly influence

flashback onset. The laminar flame speed, which is typically

measured for freely propagating flames, may not be a reliable

indicator of actual flashback velocity in real devices, as

demonstrated by experimental studies conducted by de Vries

et al. [28] and Aniello et al. [29]. Research on flame stabilization

and flashback/blow-off limits of premixed flames dates back to

the early 1940s when Lewis and Von Elbe proposed the first

flame stabilization theory [30]. However, their “Critical velocity

gradient” theory for boundary flashback is only valid for flame

holders with negligible thickness [31], and a comprehensive

understanding of the phenomenon for real-world applications

is still lacking. Factors such as flame curvature, preferential

diffusion effects, stretch rate, and conjugate heat transfer be-

tween the flame and the burner are critical for flame stabili-

zation [32e42]. In particular, flame-wall interactions play a key

role in the flashback dynamics. Kurdyumov et al. [43] showed

the importance of wall heat losses by comparing adiabatic and

cold wall conditions. Kiymaz et al. [44] studied the wall tem-

perature effects on the flashback propensity in Bunsen-type

burners. Both these works highlighted the importance of the

conjugate heat transfer (CHT) between the flame and the solid

burner. Vance et al. [45] studied the flashback limits of pre-

mixed hydrogen flames in multi-slit burners, modeling both

fluid and solid zones and including CHT in their investigation.

Recently, Pers et al. [46] evaluated experimentally the impact of

wall temperature on flashback for H2-enriched methane-air

flames, by investigating the possibility of autoignition as a

flashback initiation mechanism.

This study aims to numerically investigate the flashback

phenomenon in perforated burners by assessing the flashback

velocities of various H2/CH4 mixtures to quantify their pro-

pensity to flashback. The investigation employs 2-D transient

numerical simulations with detailed kinetics to characterize

the flame coming from a slit commonly found in perforated

burners. Due to the small dimensions of the slit and the low

velocities, the problem is completely laminar, and no turbu-

lence model is needed. Symmetric boundary conditions are

employed to mimic the actual pattern of the slits. As the

interaction between the burner plate and the mixture is

crucial in flame stabilization, the numerical model encom-

passes the corresponding solid domain and the conjugate heat

transfer between the flame and the burner. To account for the

significant differences between the chemistry and heat con-

duction time scales, a solid time step is introduced. Addi-

tionally, the model considers radiation and thermo-diffusive

effects. The predicted flashback velocity is compared with the
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laminar flame speed, which is estimated through 1-D simu-

lations of freely propagating flames.
Numerical model

In this study, we investigate a multi-slit configuration repre-

senting a portion of a real burner commonly used in domestic

condensing boilers. Preliminary 1-D free-propagating flames

are simulated using the CANTERA [47] kinetic open-source pro-

cessor, to analyze the flame characteristics for different H2

content from 0% to 100% by vol. and equivalent ratio 4 from

0.5 to 1.5, where the equivalence ratio is defined as 4 ¼ nf =nox

ðnf =noxÞst
with nf and nox representing themolar flow rate of the fuel and

oxidizer, respectively. The st subscript denotes the stoichio-

metric conditions. Subsequently, a 2-D model is developed

with computational fluid dynamics (CFD) techniques in un-

steady conditions to capture the flashback phenomenon for

different contents of H2 in the range 55e100% by vol. at 4¼ 0.8.

Indeed, as will be discussed in Section 3.4, no flashback was

observed with lower hydrogen contents for the given

geometrical configuration.

Computational domain and grid

The computational domain is represented by a 2-D slit, as

shown in Fig. 1, where the burner is depicted in black. To avoid

the influence of boundary conditions and to enclose the flame

even in flashback conditions, the domain extends 10 mm

downstreamand 6mmupstreamof the solid. Thewidth of the

slit isW¼ 0.8mm, and the distance between two adjacent slits

is 1 mm, resulting in a total domain width of D ¼ 1.8 mm. The

thickness of the burner is 0.6 mm. The structured computa-

tional grid was generated using g-mesh [48]. The size of the

grid cells in the reaction front region was chosen to be 25 mm

based on preliminary 1-D simulations of freely propagating

flames conducted using the open-source code CANTERA [47].

Specifically, the cell size was chosen such that at least 15

nodes were contained within the thermal flame thickness lT,

which was calculated using the temperature profiles as [49].

lT ¼ Tb � Tu

jdT=dxjmax

; (1)

where Tb and Tu are the temperatures of the burnt and fresh

gases, respectively, and dT/dx is the temperature gradient. A

grid independence study was performed under both steady
Fig. 1 e Computat
and transient conditions with 100% H2, as this mixture re-

quires higher mesh resolution due to the lower thermal flame

thickness.

Physical model

The problem may be described by conservation equations for

mass, momentum, and energy, and the transport/reaction

equations for the chemical species in the gas phase under

steady and unsteady conditions. As the problem is entirely

laminar, and the maximum jet Reynolds number across all

investigated cases is approximately Re ¼ 120, a turbulence

model is not utilized. The system of governing equations is
vr

vt
þ V,ðrvÞ ¼ 0 (2)

v

vt
ðrvÞ þ V,ðrvvÞ ¼ �Vpþ V,ðt̄ Þ (3)

v

vt
ðrEÞ þ V,ðvðrEþ pÞ Þ ¼

V,

0
@kVTþ

X
j

hj

�
rDm;jVYj þ DT;j

VT
T

�1
A�

X
j

hjuj þ Srad

(4)

v

vt
ðrYiÞ þ V,ðrvYiÞ ¼ V,

�
rDm;iVYi þ DT;i

VT
T

�
þ ui; (5)

where r is the density, v is the velocity vector, p is the pressure

and t
̄
is the stress tensor. The ideal gas equation of state is

used for the density. hj, Yj and uj are the enthalpy, the mass

fraction, and the net rate of production of the jth species

respectively, and E ¼ P
jhjYj � p/r þ v2/2. k is the mass-

weighted thermal conductivity of the mixture, Dm,j and DT,j

are the generalized mass and thermal diffusion coefficients of

the jth species [50e52]. Finally, Srad is the energy source

associated with radiation. In both 1-D and CFD models, we

employed the Kee-58 mechanism with 17 chemical species

and 58 reversible reactions [53]. The latter model, although

skeletal, has been widely used for H2NG blends (50%H2/50%

CH4 by vol.) [54]. Besides we bench-marked this model against

the complete GRI3.0model in Refs. [24,55] for the simulation of

a multi-hole burner of domestic boilers. Full multicomponent

diffusion is modeled through the definition of generalized

Fick's law coefficients derived by the Maxwell-Stefan equa-

tions [50e52]. Soret diffusion is modeled using an empirically-

based formula provided by Kuo [56]. Radiation is modeled

through the Discrete Ordinates (DO) method [57], with
ional domain.
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Table 1 e Parameters of steady and transient simulations
for the different H2/CH4 mixtures.

H2 [% by vol.] CH4 [% by vol.] eVin [m/s] Dt [ms] Dts [ms]

55 45 0.8 5 1

62.5 37.5 1.0 4 1

75 25 1.4 3 1

87.5 12.5 2.0 2 1

100 0 3.2 1 1
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weighted-sum-of-gray-gases model, assuming the emissivity

of radiation of the fluid-solid interface to be 0.85. The burner

emissivity has been analyzed to determine its effect on burner

temperatures and flashback velocity. Various sources in the

literature [45,58e60] place the emissivity range of steel

burners between 0.75 and 0.95. Our analysis, reported in the

Supplementary Material, showed that only minor differences

are observed within this range.

The conjugate heat transfer between the fluid and the solid

zones ismodeled to take into account the interaction between

the flame and the burner plate, as this mechanism plays a

major role in flame stabilization and, we expect, in triggering

flashback. The CHT is modeled by using Fourier's Law to

compute the heat flux through the fluid-solid interface [50].

q ¼ k
vT
vn

����
wall

þ qrad (6)

where q is the heat flux, k is the thermal conductivity of the

fluid,n is the local coordinate normal to thewall and qrad is the

heat flux due to radiation, responsible of the radiative heat

losses of the burner to the surroundings. In the solid domain,

representing the burner plate, we resolve the energy equation,

i.e.

v

vt
ðrshsÞ ¼ V,ðksVTÞ (7)

where rs, ks and hs ¼
R T

T0
cp;sdT are the density, the thermal

conductivity, and the sensible enthalpy of the solid material.

Here, the properties of the stainless steel typically used for

this kind of burner are employed, i.e density rs ¼ 7719 kg m�3,

specific heat cp,s ¼ 461.3 J kg�1 K�1, and thermal conductivity

ks ¼ 22.54 W m�1 K�1. The inclusion of CHT is necessary since

there is no straightforward method to predict the burner

temperature for a particular mixture at a specific inlet veloc-

ity. The burner temperature has a significant influence on the

flashback dynamics due to the substantial impact of the fluid

velocity on its density, and the fresh mixture preheating on

the flame speed. A comprehensive investigation of these ef-

fects, as well as a comparison of CHT with other modeling

techniques such as isothermal and adiabatic walls, is pre-

sented in Effect of flame-wall interaction.

Boundary conditions

Uniform velocity and uniform temperature of Tu ¼ 300 K are

set at the inlet, while a pressure outlet with p ¼ 1 atm is

imposed at the exit of the domain. The external edges of the

domain are modeled as symmetry boundaries to account for

the interaction with flames from nearby slits. Specifically,

zero normal velocity and zero normal gradients of all variables

are imposed at the symmetry plane. At the fluid-solid inter-

face, a no-slip boundary condition is given for velocity, while

no thermal boundary conditions are needed since heat fluxes

are computed directly using the CHT model.

Solution methodology

Initially, steady-state simulations are performed to obtain a

stable and developed flame configuration for different H2
contents, specifically 55%, 62.5%, 75%, 87.5%, and 100% by vol.,

at a fixed equivalence ratio of 4¼ 0.8. The governing equations

are solved using the pressure-based coupled algorithm avail-

able in ANSYS-FLUENT 22.1 [50], with a second-order upwind

scheme. The inlet velocity eVin utilized in the steady simula-

tions for each mixture is provided in Table 1. To investigate

flashback, transient simulations are performed using a

second-order implicit method with the PISO solver. Starting

from the stable flame obtained in steady-state conditions re-

ported in the Supplementary Material, the inlet velocity is

gradually reduced until flashback occurs. The inlet velocity is

reduced in steps of DVin ¼ 0.1 m/s, with an additional refine-

ment ofDVin¼ 0.01m/swhen approaching the flashback limit.

After reducing the inlet velocity, the flame and the burner

temperature are allowed to stabilize before reducing the ve-

locity again. Once the critical velocity is reached, flashback is

observed. This method allows for the estimation of the

flashback velocity for each mixture. We point out that no

thermodiffusive instabilities are observed in all simulations.

We define the cold-flow bulk velocity at the slit entry as

VS ¼ Atot

Aslit
Vin; (8)

where Vin is the uniform inlet velocity. VS is the velocity we

would have for a cold flow, i.e., neglecting the density varia-

tions of the mixture due to the high burner plate tempera-

tures. We define the flashback velocity VFB as VS when

flashback occurs

VFB ¼ VSjFB ¼ Atot

Aslit
VinjFB: (9)

The time steps employed for each mixture are determined

based on their characteristic chemical timescale, and their

values are presented in Table 1. Since the characteristic

timescales for the reactive flow in the fluid domain and the

heat conduction within the solid domain are significantly

different, with the burner temperature stabilization time

typically in the order of seconds, a uniform time step across

the entire computational domain cannot be used for compu-

tational efficiency reasons. To expedite heat conduction

within the solid while maintaining the accuracy of the flow

solution, a different time step is used for the solid zone, with

Dts z 103 � 104Dt. The solid time step values used for each

mixture can be found in Table 1. The uniqueness of the so-

lution in stable regimes and consistency of flashback veloc-

ities are verified using different solid time steps of 0.01 ms,

0.1 ms, and 1 ms for the 100% H2 case. No variations are

observed in the burner plate temperatures of stable configu-

rations or the estimated flashback velocity.

https://doi.org/10.1016/j.ijhydene.2023.04.252
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Results

1-D preliminary analysis

We conduct a preliminary analysis using Cantera [47] to

examine 1-D freely-propagating premixed flames and assess

their characteristics under different operating conditions in

terms of equivalence ratio (ranging from 0.5 to 1.5) and H2

content (varying from 0% to 100% by volume). We perform

simulations under the same mixture conditions (T ¼ 300 K,

p ¼ 1 atm) as those used in 2-D. Fig. 2 illustrates the laminar

flame speed SL, adiabatic flame temperature Ta, and thermal

flame thickness lT, calculated as lT ¼ Tb�Tu
jdT=dxjmax

[49], as a function

of the equivalence ratio 4 for different H2 contents. It can be

seen that as the H2 content in the mixture increases, the

adiabatic flame temperature rises, while the flame thickness

declines. Moreover, the laminar flame speed substantially

increases, indicating a higher propensity for the flashback.

2-D transient simulations

Initially, steady-state simulations on the 2-D slit domain are

performed for each H2 content, i.e., 55, 62.5, 75, 87.5, and

100% by vol. at fixed equivalence ratio 4 ¼ 0.8. Then, tran-

sient simulations are carried out using the steady-state so-

lutions as initial conditions. The procedure details are
Fig. 2 e Laminar velocity SL (a), adiabatic temperature (b) and the

and H2 volume fractions in the mixture, computed for 1-D plan
available in Solution methodology. Fig. 3 displays the tem-

perature field for three simulation snapshots taken at

different inlet velocities, or equivalently, different VS, for

55% H2 content. The first two snapshots depict the stable

flame configurations obtained at the corresponding veloc-

ities. The third snapshot is taken as the flashback occur-

rence (and hence does not represent an equilibrium

solution), and the corresponding velocity VS is considered

the flashback velocity VFB. For this mixture, we observe a

“core flow” flashback: the flashback occurs smoothly, with

the flame front moving toward the slit entry, flattening,

heating up the burner, and then passing through the slit

symmetrically. The same dynamics can be observed for

62.5% and 75% H2, whose temperature fields are reported in

a similar way in Figs. 4 and 5 respectively. It is worth noting

that increasing the H2 content leads to a higher velocity

onset of flashback, with VFB ¼ 0.40 m/s at 55% H2,

VFB ¼ 0.47 m/s at 62.5% H2, and VFB ¼ 0.74 m/s at 75% H2.

The flashback dynamics undergo significant changeswhen

transitioning to higher H2 concentrations. Figs. 6 and 7 present

the temperature field at three different time steps and three

distinct inlet velocities for 87.5% and 100% H2, respectively.

The typical dynamics of a “boundary layer” flashback can be

observed, with the flashback being initiated suddenly and

asymmetrically at the burner wall. Additionally, the flashback

velocities increase even more rapidly, with VFB ¼ 1.64 m/s at
rmal flame thickness lT (c) for different equivalence ratios 4

ar flames with CANTERA.

https://doi.org/10.1016/j.ijhydene.2023.04.252
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Fig. 3 e Temperature field for decreasing inlet velocity - 55% H2 and f ¼ 0.8.

Fig. 4 e Temperature field for decreasing inlet velocity - 62.5% H2 and f ¼ 0.8.

Fig. 5 e Temperature field for decreasing inlet velocity - 75% H2 and f ¼ 0.8.
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87.5% H2 and VFB ¼ 4.99 m/s at 100% H2. This transition from a

“core flow flashback” regime to a “boundary layer flashback”

regime may be due to the higher reactivity of the mixtures,

which could promote the ignition of fresh gases at the hot
wall. Another factor could be the effect of the low effective

Lewis number of hydrogen-rich mixtures, which could

disfavor the flame stability in the positive curvature region at

the flame base, near the wall. It is worth mentioning that the

https://doi.org/10.1016/j.ijhydene.2023.04.252
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Fig. 6 e Temperature field for decreasing inlet velocity - 87.5% H2 and f ¼ 0.8.

Fig. 7 e Temperature field for decreasing inlet velocity - 100% H2 and f ¼ 0.8.

Fig. 8 e Average burner temperature as a function of VS for

different H2 content at f ¼ 0.8.
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flashback velocity for 100% H2 is consistent with the results

obtained in a similar configuration by Vance et al. in their

recent work [45].
Fig. 8 depicts the average burner temperature as a function

of the velocity at the slit entryVS for the five differentmixtures

investigated in this study. The last point on the left of each

curve represents the flashback limit of the corresponding

case. It can be observed that the burner temperature generally

decreases with decreasing hydrogen content under stable

operating conditions (high velocity). For mixtures containing

87.5% and 100% H2, which fall under the “boundary layer”

flashback regime, the burner temperature exhibits a quasi-

linear relationship with the inlet velocity until the flashback

limit is reached. In contrast, mixtures containing 55% H2,

62.5% H2, and 75% H2, which fall under the “core flow” flash-

back regime, exhibit a significant deviation from the linear

trend, with the burner temperature increasing steeply as the

flashback limit is approached. This effect can be attributed to

the fact that the “core flow” flashback regime allows for stable

flame configurations that are located in close proximity to the

slit exit, leading to the overheating of the burner. It should be

noted that our model is not capable of predicting flashback

resulting from the autoignition of the combustible mixture

near the hot wall inside the burner, which typically occurs for

https://doi.org/10.1016/j.ijhydene.2023.04.252
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Fig. 9 e Flashback velocity, laminar flame speed, and their ratio as a function of H2 content at f ¼ 0.8.

Fig. 10 e Flashback velocity for 100% H2 and f ¼ 0.8 with

different flame-wall interaction models: isothermal walls,

adiabatic walls, and CHT.
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the same range of hydrogen content and burner temperatures

found in the “core flow” regime [46].

To illustrate the propensity for flashback in each mixture,

we normalize the flashback velocities with the corresponding

laminar flame speeds, which were obtained from 1-D simu-

lations performed using CANTERA under standard conditions

(T ¼ 300 K, p ¼ 1 atm). Fig. 9 displays the estimated flashback

velocity VFB, the laminar flame speed SL, and their ratio VFB/SL
as functions of the hydrogen content in the fuel. As expected,

VFB increases significantly with increasing hydrogen content.

The laminar flame speed also increases with the hydrogen

content, but this increase is more uniform across the entire

composition range. Consequently, the VFB/SL ratio increases

monotonically with the hydrogen content, exhibiting a very

strong dependence at high H2 contents. Notably, the slope of

the VFB curve shows a sharp increase in steepness when

transitioning from the “core flow” flashback regime to the

“boundary layer” flashback regime. We note that the model

tends to overestimate the heating rate of the burner plate

during flashback, i.e., when the flame front moves back and

crosses the slit, due to the difference in time steps between

the solid and fluid zones. Specifically, the burner temperature

rapidly increases from approximately 900 K to around 1300 K

within a time span in the fluid zone of 1 ms following the

onset of flashback. This observation suggests that the heating

rate is overestimated as the flame front crosses the slit.

However, this is the normal consequence of the much larger

solid time step that is set to avoid an unfeasible computa-

tional cost. Nonetheless, themodel is capable of capturing the

onset of the flashback phenomenon, which is sufficient for

estimating the flashback velocity.

Effect of flame-wall interaction

In this section, we compare the results obtained by modeling

the conjugate heat transfer between the fluid and the solid

phases and two different modeling approaches commonly

found in the literature for flashback analysis, i.e., isothermal

and adiabatic walls [43,44]. To this end, we apply the
procedure described above to compute the flashback velocity

of the 100% H2 and 4 ¼ 0.8 mixture for the same geometry but

solving only the gas phase and imposing four different

isothermal boundary conditions (Twall ¼ 700 K, 800 K, 900 K,

1000 K) and an adiabatic (zero heat flux) boundary condition at

the fluid-solid interface. Fig. 10 shows the flashback velocity

estimated as a function of wall temperature for isothermal

walls (black solid line) and two horizontal lines representing

the flashback velocities computed with adiabatic walls (blue

dashed line) and CHT (red dashed-dotted line). The plot in-

dicates that the flashback velocity VFB is highly dependent on

the isothermal wall temperature. Specifically, VFB is almost

five times larger for Twall ¼ 1000 K compared to Twall ¼ 700 K.

However, since the burner temperature at the flashback limit

is not known and depends on the hydrogen content, as

pointed out in Fig. 8, a fixed wall temperature cannot be used

to estimate the flashback velocity accurately. Moreover, the

result obtainedwith the CHT approach is approximately twice

the value obtained with adiabatic walls, indicating that the

latter approach is also not suitable for accurate calculations.
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Fig. 11 e Temperature and velocity profiles inside the slit for 100% H2 and f ¼ 0.8 at VS ¼ 2.3 m/s.

Fig. 12 e Field of heat release rate normalized to the maximum value for decreasing inlet velocity - 40% H2 and f ¼ 0.8.
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To investigate the impact of unburnt mixture preheating

inside the slit resulting from the hot burner walls, tempera-

ture and velocity profiles are analyzed. Fig. 11 presents the

profiles along a line going from one wall to the other and lying

halfway between the exit and the entrance of the slit, for the

100% H2 and 4 ¼ 0.8 mixture at VS ¼ 2.3 m/s. In addition, the

velocity profile for the cold fully developed Poiseuille flow

expected in the absence of preheating are plotted as a refer-

ence. The results show that mixture preheating plays a sig-

nificant role in increasing the flow velocity by reducing the

mixture density, thereby reducing the risk of flashback. On the

other hand, themixture preheating has an important effect on

increasing the flame speed, thus favoring flashback. The

complex interplay between these opposing effects is critical to

understanding flashback dynamics. Therefore, we believe

that an accurate model for flame-wall interaction using the

CHT approach is essential to estimate flashback velocities in

multi-slit burners.

Flame quenching for low hydrogen contents

The hydrogen percentage range investigated in this study,

specifically 55e100% by volume, is selected because we do not

observe any flashback for hydrogen contents below 55% at a

stoichiometric ratio of 0.8 for our configuration. For lower
hydrogen contents, our model predicts that the flame will

extinguish as the inlet velocity is reduced. This phenomenon

is illustrated in Fig. 12, which shows the normalized heat

release rate of the 40% H2 mixture at four different inlet ve-

locities during the transient simulation. As the flow velocity

decreases, the flame front moves closer to the slit until the

heat losses to the burner surpass the heat production from the

reaction, leading to flame extinction as indicated by the sharp

drop in the heat release rate.
Conclusions

In this study, we present a numerical model for estimating the

velocity at which flashback occurs. The model incorporates

both fluid and solid domains using the conjugate heat transfer

approach, as the flashback is initiated by the interaction be-

tween the flame and the burner plate. This interaction pre-

sents amajor challenge since solid heating is characterized by

temporal scales that are significantly larger than those of the

fluid, leading to a high computational cost. To overcome this

challenge, we used different time steps for the fluid and solid

zones. The model is applied to a 2-D geometry that simulates

an array of slits, commonly found in practical perforated

burners.

https://doi.org/10.1016/j.ijhydene.2023.04.252
https://doi.org/10.1016/j.ijhydene.2023.04.252


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 3 1 7 9 0e3 1 8 0 1 31799
Our results indicate that the behavior of flashback differs

based on the hydrogen content, when keeping the equiva-

lence ratio fixed at 4 ¼ 0.8. For low amounts of hydrogen, a

“core flow” flashback is observed, where the flame gradually

moves back through the slit, preserving its symmetry with

respect to the slit axis. However, increasing the hydrogen

content results in a loss of symmetry, and a “boundary layer”

flashback is observed, where the flame attaches more to one

side of the slit than the other while returning back to the

entrance. This transition from “core flow” to “boundary

layer” flashback occurs between 75% H2 and 87.5% H2. To

further clarify our model, we compared the conjugate heat

transfer approach to numerical models for flashback calcu-

lation based solely on the treatment of the gas phase and pre-

assigned boundary conditions, such as fixed temperature or

adiabatic condition. We observe that the use of a fixed tem-

perature at the burner plate leads to a critical flashback ve-

locity that is highly dependent on the chosen temperature

values. Conversely, the adiabatic condition leads to very

different results from the conjugate heat transfer, such as a

critical flashback velocity that is much lower (about 50%).

Furthermore, our results highlight that the laminar flame

speed can only provide a limited indication of the flashback

velocity. This is due to the strong dependence of the flash-

back velocity on the flame-wall interaction, which is not

considered in the conventional estimates of flashback ve-

locity using the laminar speed obtained from 1-D freely

propagating flames. We demonstrate that the ratio between

the flashback velocity and the laminar flame speed increases

with the hydrogen content. Specifically, for 100% H2, flash-

back occurs at a velocity that is nearly three times the

laminar flame speed, indicating that a simplistic estimation

based on SL cannot be relied upon to determine the condi-

tions for safe operation.

We believe that our model, with its reasonable computa-

tional cost, can assist in the design of burners for the efficient

and safe use of hydrogen. In the future, it would be of interest

to apply the samemodel under different operating conditions

and geometrical configurations, such as varying 4 and the slit

width W, as we expect this could affect the flashback veloc-

ities. Although our model is 2-D, it can be readily applied to 3-

D problems with manageable computational efforts. This

approach may enable virtual prototyping to be used to find

solutions that reduce the flashback tendency of novel fuels.
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