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HIGHLIGHTS

¢ 2D unsteady computations of laminar hydrogen added methane-air flames are performed to capture flashback dynamics.

e Higher wall temperature increases the boundary layer flashback propensity.
e H2 addition to CH4+Air premixtures increases the flashback propensity.
e Flashback dynamics shows asymmetrical flame propagation.

ARTICLE INFO

ABSTRACT

Article history:

Received 14 March 2022
Received in revised form

19 May 2022

Accepted 24 May 2022
Available online 22 June 2022

Keywords:

Laminar premixed flames
Flame flashback
Hydrogen

Methane

Numerical simulations
OpenFOAM

Injecting hydrogen into the natural gas network to reduce CO, emissions in the EU resi-
dential sector is considered a critical element of the zero CO, emissions target for 2050.
Burning natural gas and hydrogen mixtures has potential risks, the main one being the
flame flashback phenomenon that could occur in home appliances using premixed laminar
burners. In the present study, two-dimensional transient computations of laminar CH,.
+ air and CH, + H, + air flames are performed with the open-source CFD code OpenFOAM.
A finite rate chemistry based solver is used to compute reaction rates and the laminar
reacting flow. Starting from a flame stabilized at the rim of a cylindrical tube burner, the
inlet bulk velocity of the premixture is gradually reduced to observe flashback. The results
of the present work concern the effects of wall temperature and hydrogen addition on the
flashback propensity of laminar premixed methane-hydrogen-air flames. Complete se-
quences of flame dynamics with gradual increases of premixture velocity are investigated.
At the flame flashback velocities, strong oscillations at the flame leading edge emerge,
causing broken flame symmetry and finally flame flashback. The numerical results reveal
that flashback tendency increase with increasing wall temperature and hydrogen addition
rate.
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Introduction

The interest in welcoming hydrogen as an energy carrier in-
creases worldwide for combustion and fuel cell applications to
decrease global CO, emissions. For combustion applications,
however, the use of 100% hydrogen is still technologically and
logistically immature and requires significant changes in
related infrastructures and appliances for hydrogen combus-
tion. Therefore, hydrogen-enriched natural gas applications
could be a preliminary approach to facilitate the introduction
of hydrogen [1-6].

The addition of H, to CHy-air alters the key combustion
parameters as laminar flame speed, flame thickness, flam-
mability limits and adiabatic flame temperature. Presently,
there is no homogenized regulation, for example at the EU
level, for hydrogen and natural gas blending rates, the so-
called gas quality. Therefore, it is essential to determine the
safe hydrogen concentration limits in the existing natural gas
transmission and distribution networks, together with this
mixture's safer combustion and better performances [7].

Premixed combustion of hydrogenated mixtures presents
the risk of upstream flame propagation into the premixing
section, which is known as the flame flashback phenomenon.
Flashback limits depend on various parameters that can be
divided into three main categories based on: (1) flow and
combustion physics, (2) operating conditions, and (3) flame
configuration [8]. Flashback mechanisms and limits are
different for laminar and turbulent flames. Flow and com-
bustion physics cover laminar or turbulent flow characteris-
tics, the effects of the fuel composition and the laminar flame
speed [9]. Operating conditions include parameters such as
pressure, burner material, wall and unburnt gas temperatures
[10]. Flame configuration includes parameters such as burner
diameter, rim temperature, burner material, and flame
confinement [8,11,12]. Lewis and von Elbe studied the burner
diameter effect in their pioneering work [11], while Duan et al.
[12] investigated the effect of burner confinement on turbulent
flashback. These studies show the strong effect of burner wall
temperature on flashback propensity, higher temperatures of
the burner rim resulting in higher flashback risk. Kurdyumov
et al. [13] stressed the importance of modelling the wall heat
losses correctly by comparing laminar flashback computa-
tions using adiabatic and cold wall conditions.

Eichler et al. [9] studied the comparison of laminar and
turbulent flashback formation by using the micro-PIV tech-
nique. They observed that higher turbulence intensity and
therefore turbulent flame speed cause higher flashback pro-
pensity. For turbulent hydrogen-air flames, the effect of wall
temperature is previously studied extensively [12,14]. Duan
et al. also state that turbulent flame flashback is determined
by the burner rim temperature, and that it should be correctly
modelled. Later, they studied the effect of the burner material
on the flashback of turbulent hydrogen-air flames and
concluded that quartz burners are the more flashback prone
than metal burners [12,14].

The present work focuses on the laminar boundary layer
flashback phenomenon for a fixed burner diameter but vary-
ing fuel composition (by adding hydrogen to methane) and
wall temperature. Based on the past mostly experimental

work, the present work numerically investigates the flashback
dynamics for CHg-air and CHy—H,-air laminar premixed
flames. A numerical framework is chosen to determine
whether flashback occurs or not for a given combination of
fuel composition and bulk inlet velocity. For each of the
investigated wall temperature cases (300K and 600K), 10% and
20% volumetric hydrogen are added to methane. In addition,
an adiabatic wall case for 20% hydrogen addition rate is
investigated for comparison purposes. In total, seven different
cases are presented in this work. The computed flashback
limits are compared with the experiments of de Vries et al.
[15], the experimental correlations proposed by Lewis and von
Elbe [11], Putnam et al. [16] and the theoretical correlations of
Hoferichter [17].

Premixed laminar flame flashback
phenomenology

Household gas appliances, represented here by Bunsen type
burners, may experience flame flashback when the laminar
flame speed surpasses the bulk cold premixture velocity.
Flame flashback may cause severe damage in domestic gas
appliances since it can carry the flame to areas of the burner
system that are not designed to sustain high temperatures
[18,19]. Flashback can happen in different regimes such as
core flow flashback, boundary layer flashback and combustion
instability induced flashback. This study is focused only on
the boundary layer flashback regime.

Lewis and von Elbe [11] developed a comprehensive
phenomenological model based on the critical gradient concept
after conducting a series of experiments using laminar Bunsen
type burners. This model assumes a fully developed laminar
velocity profile of the cold premixture at the burner inlet and
introduces two critical parameters: the quenching distance (34)
and the penetration distance (3,), shown in Fig. 1. The
quenching distance is the distance from the burner inner wall
where chemical reactions are quenched due to heat losses to
the wall. The penetration distance is the distance from the wall
at which the local laminar flame speed is equal to the local
premixture velocity at flashback conditions. Based on the Lewis
and von Elbe's model, Putnam et al. [16] proposed that the
critical gradient concept can be interpreted by using the cold
flow and the flame Peclet numbers. Hoferichter et al. [17] pre-
sented a flashback correlation based on the critical gradient
concept with stretch effects by using the Markstein length.

In the present work the flashback limits calculated using
the aforementioned methods are compared with the flash-
back limits calculated using our two dimensional computa-
tions. To perform these comparisons, we calculated the
Markstein length following Bechtold and Matalon [20] which
can be used for lean and rich mixtures. The CH,, H, fuel
mixture's Lewis number (Le) is calculated by using the species
volumetric fractions. Using both the oxidizer and the fuel
Lewis numbers, the effective Le is calculated as in Ref. [20]. The
quenching distance is calculated by taking the quenching
Peclet number as 4.5 according to the experimental work of
Boust et al. [21] and assuming to be unchanged with H, addi-
tion [19]. The penetration distance is obtained following
Hoferichter et al. [17] based on study of Gruber et al. [22].
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Fig. 1 — Illustration of boundary layer flashback parameters
in a laminar premixed flame.

In our numerical work, we attempt to compute the laminar
flame flashback dynamics by solving the reactive flow equa-
tions and compare the results both with experiments and the
above summarized phenomenological and theoretical results.

Numerical modelling

The transient, compressible reacting flow solver 'reactingDNS'
developed for OpenFOAM by Zhang et al. [23,24], is used for
the laminar flame computations. This solver has a built-in
multicomponent species transport model. The finite volume
solver employs the PIMPLE [25] algorithm, which combines the
PISO (Pressure Implicit with Splitting of Operator) and its
extension SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) algorithms. The reaction terms are computed
using a reduced GRI-Mech 3.0 mechanism with 218 reactions
involving 36 species [26]. Chemical reactions are treated with

the Tabulated Dynamic Adapted Chemistry method [27],
which is a combination of two run-time reduction methods,
namely the In Situ Adaptive Tabulation [28] and the Dynamic
Adaptive Chemistry [29]. An adjustable time step is employed,
limiting the maximum Courant number to 0.1 to ensure a
stable solution, which leads to a time step of the order of
107 s. N, is the inert species in the computations.

The governing equations in the solver are written in con-
servative form; they are presented below.

Continuity equation:

dp
&*VWPU):O )

Momentum equation:

9

P (pU)+V + (pUU)= —Vp + V7 2

with the viscous stress tensor © where the bulk viscosity is
neglected.
Energy equation:
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where hq is the sensible enthalpy, K is the kinetic energy, and

R, is the heat release term due to chemical reactions.
Species transport equation:

ot (BY) 7 (AUY) £V - ) =K, @
R; represents the reaction source term and the diffusion flux J;
contains only Fickian diffusion. R; is calculated using Arrhe-
nius equations defined for each chemical reaction modelled in
the reduced GRIMECH 3.0 mechanism. R, is calculated using
the R; and h; for species i.

A logarithmic third order polynomial fit is used as in
CHEMKIN [30,31] to calculate the detailed transport properties
as a function of temperature. This method is also used for
modelling the transport properties in turbulent wall flashback
studies such as in Eichler et al. [9] and Gruber et al. [32].
Further details on the equations used in the ‘reactingDNS’
solver can be found in Ref. [24].

Numerical setup
Computational domain

The experimental setup of de Vries et al. [15], a quartz tube
burner with 10 mm inner diameter and 1 m length, is chosen
as the geometry for the computational domain. A two-
dimensional modelling approach is used for the burner and
the surrounding ambient air. This assumption does not
strictly represent the axisymmetric geometry of the experi-
mental case, it is however chosen to capture asymmetrical
flame behavior that result in boundary layer flashback of
laminar flames. The last 30 mm of the tube length is consid-
ered for the computations where the fully developed flow
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conditions are attained (see Fig. 2). This also allows observing
the upstream flame propagation dynamics from the exit.

A total number of 102,050 fully structured cartesian cells
make up the mesh system which is uniformly confined at the
vicinity of the flame front. Since resolving the boundary layer
with enough detail is critical in computing flame flashback,
the cell size in the radial direction is set to 0.066 mm, giving
y* = 0.33 for the highest bulk inlet velocity case. This cell size
is also of the order of the flame thickness for the investigated
mixtures. The mesh resolution is further validated by 1D
laminar flame speed calculations with the same resolution as
the two-dimensional mesh used in OpenFOAM computations.
The comparison of one-dimensional computation results with
the quasi-steady flame speed analysis using the Cantera
solver are in good agreement within ~1% accuracy (see Table
1). Therefore, for unsteady computations our mesh system is
considered to provide accurate results for the flame flashback
dynamics [33].

Boundary conditions

The computational domain with boundary conditions is
shown in Fig. 2. The cold premixture enters the domain inlet
with a fully developed Hagen-Poiseuille flow velocity profile as
in the considered experimental work [15]. The initial tem-
perature and pressure are taken to be 300 K and 100 kPa,
respectively. The domain outlets are assumed to be adiabatic
for the temperature boundary conditions. Wave transmissive
pressure outlet boundary condition is used at the outlet sec-
tion to prevent any instabilities caused by incoming waves.
The reference pressure for the outlet is set at atmospheric
pressure (100 kPa) and the velocity boundary condition at the
outlet prevents any backward flow. We implemented both
adiabatic and two constant wall temperature conditions.
Experimental burner wall temperature measurements are not
reported in the work by de Vries et al. [15]. Therefore, we

Burner Exit

performed the computations for a cold isothermal wall at
300K and a hot isothermal wall at 600K. The two wall tem-
perature values were chosen to ensure the experimental
flashback limits are within the estimates of these two sets of
computations. The effect of burner temperature is studied by
Kurdyumov et al. [13]; they state that one can expect the
experimental conditions would be in between the adiabatic
and cold isothermal wall conditions. Our computations show
that the flame attaches to the wall for adiabatic wall condi-
tions since there is no heat losses to the burner walls. Thisis a
non-realistic phenomenon, modelled here for demonstration
purposes and therefore only constant wall temperature re-
sults are presented below in detail.

Results and discussion

Equivalence ratio and laminar flame propagation speed
calculations

In the experimental work of de Vries et al. [15], the premixture
equivalence ratio changes with hydrogen addition due to their
experimental procedure. To compare the numerical results
with the experiments, the changes in the equivalence ratio are
calculated accordingly, as shown in Table 1. The mass frac-
tions are subsequently calculated to adjust the reactive
mixture composition to the experiments. Table 1 also com-
pares the laminar flame velocities computed using Cantera
and the present OpenFOAM 1D computations using ‘reac-
tingDNS’ solver. Both computations are performed using
GRIMECH3.0 mechanism. The 1D OpenFOAM simulations
have the same mesh refinement as in 2D computations. It is
observed that the 1D numerical simulations of S; present a
maximum deviation of about 1% compared to Cantera calcu-
lations; they are therefore assumed to be accurate enough for
flame flashback computations.

Domain Outlets

/" U: Back-Flow Restricting
T: Zero Gradient
P: Wave Transmissive

100 kPa
Burner Walls

7 U No-Slip
T: Adiabatic or

Uniform Temperature
P: Zero Gradient

Domain Inlet

U: Fully Developed
Hagen-Poiseuille Flow

T: Uniform Temperature
P: Zero Gradient

Fig. 2 — Computational domain and boundary conditions.
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Table 1 — Initial values for species concentrations.

H2% [mol] (6] YH2 YCH4 Yo2 YN2 S]_ SL
Cantera [m/s] OpenFOAM [m/s]

0 1.3 0 0.071 0.216 0.713 0.237 0.240

10 1.258 0.00093 0.067 0.217 0.715 0.311 0.315

20 1.216 0.0019 0.063 0.217 0.716 0.388 0.393

Temperature and velocity profiles of the stationary flame

Combustion is initiated by imposing a homogeneous tem-
perature field set at 2000K at the burner exit. For a stable CH,
-air flame with no H, addition and a bulk inlet velocity of
0.40 m/s, Fig. 3 show the flow streamlines colored by the
temperature (Fig. 3a) and by the velocity magnitude (Fig. 3b).
When the cold flow reaches the flame front, the streamlines
are deflected in the flame local normal direction, and the ve-
locity jump is well observed.

Flashback dynamics

Flashback dynamics and limits are analyzed by conducting
numerical simulations of the same premixture composition at
the same wall temperature for varying bulk inlet velocities.
The computations were started for a stationary flame far from
flashback conditions; the inlet velocity is then gradually
reduced until flashback occurs. Flashback is considered to
take place when the flame front begins to enter the burner
tube and travels in the upstream direction. For all cases, the
flashback dynamics analysis starts with a stable flame corre-
sponding to the lowest bulk inlet velocity that is not causing
flashback for the explored conditions. The bulk inlet velocity
of the laminar flame is then reduced (at the time labeled t = 0)
by a percentage of the laminar flame speed to investigate the
flashback dynamics.

An example of the method adopted for the flame flashback
dynamics computational analysis is described below for a
CH,-Air mixture at ® = 1.3 with the wall temperature condi-
tion set to 600K (Fig. 4). In the following flashback sequences,
the flame front is represented using the normalized heat
release rate i.e. the ratio of the computed heat release rate to
its maximum value. At the start of the computations, a stable
laminar flame far from the flashback point is simulated for a

2259
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bulk inlet velocity of 0.48 m/s, twice the computed S;, (0.24 m/
s). The bulk inlet velocity is then reduced gradually until
leading edge formation is observed. The velocity reduction
step values correspond to ~5% of the laminar flame speed. In
this example, this corresponds to the ratio of the bulk inlet
velocity reduction step (0.012 m/s) to the calculated laminar
flame speed (0.24 m/s). For this case, the bulk inlet velocity
reduction from 0.38 m/s to 0.368 m/s results in flashback. Once
flashback is triggered, the bulk velocity is kept constant and
the temporal flame dynamics is computed.

Fig. 4a shows the flame at 0.38 m/s; it is clearly observed
that the flame front is not attached to the burner rim. Time is
set to t = 0 at the instant when the bulk inlet velocity is
reduced from 0.38 m/s to 0.368 m/s 0.195 s after the decrease of
the bulk inlet velocity to 0.368 m/s, the flame symmetry is lost
(Fig. 4b) and the flame front on the left side of the burner rim
becomes parallel to the rim. In Fig. 4c, a leading flame edge is
formed, and the flame front starts to propagate in the up-
stream direction. The quenching distance can be observed
near the left wall, where the heat release rate decreases
(Fig. 4c and d). The emergence of the penetration distance is
also clearly visible in these figures. The tip of the flame front is
shifted to the right and the flame becomes a tilted flame
(Fig. 4c and d) The tilted flame shape, also observed in the
experiments [11,14,15,34] and numerical study by Vance et al.
[35], is caused by the adverse pressure gradient in the up-
stream of the leading edge and the resulting deflection of the
streamlines in the opposite direction to the flame [10]. Fig. 4d
shows the start of the upstream propagation of the flame
front.

In this example, flashback occurs at 0.368 m/s bulk velocity
which is 53% higher than the laminar flame propagation
speed (0.24 m/s). A flashback initiation delay time of 0.195 s is
observed (Fig. 4b). The leading edge formation is observed at
0.278 s (Fig. 4c) and upstream flame propagation at time 0.292 s

2:2
£
g
15 8
=
B
1 <
=
z
—05 g
S
0.0

(B)

Fig. 3 — Streamlines colored by (A) temperature, (B) velocity magnitude.
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a) t=0

b) t=0.195 s

¢)t=0.278 s d) t=0.292 s

Normalized Reaction Heat Release Rate

0 0.2 0.4
L |

-_—

0.6 08 1.0
| |
.

Fig. 4 — Flashback dynamics represented by the normalized reaction heat release rate contours for the methane-air mixture

at & = 1.3 for Tyay = 600K

(Fig. 4d). We define the characteristic flashback time as the
difference between the leading edge formation and the
flashback initiation times, which is 83 ms in this case. These
characteristic flashback times are two orders of magnitude
larger than the laminar flame characteristic chemical time,
estimated to be about 0.5 ms for this flame condition, using
the flame thickness and the flame propagation velocity values
calculated with Cantera.

Similar flame flashback dynamics behavior is observed for
the investigated mixtures with hydrogen addition at both
600K and 300K wall temperature cases. However, in the case of
CH,-air mixture with ® = 1.3 for 300K constant wall temper-
ature, the flashback dynamics is different.

In this case, the shape of the flame front looks like a flat
flame due to low inlet velocity. After decreasing the bulk inlet
velocity from 0.180 m/s to 0.165 m/s, the flame front takes a
concave shape towards the upstream direction (Fig. 5b) and
propagates inside the burner tube (Fig. 5c). Flame quenching
can be first seen near the left side of the burner wall. Finally,
the flame front fully enters the burner tube from both sides, as
seen in Fig. 5d. The characteristic flashback times are about
two times larger than the previous case. It can also be noted
that in this case, flashback occurs at 0.165 m/s bulk inlet ve-
locity, about 30% lower than the laminar flame propagation

a) t=0

b) t=0.08 s

speed (0.24 m/s), confirming the effect of the burner wall
temperature.

The effect of hydrogen addition on flashback is shown in
Figs. 6 and 7. Fig. 6a represents the stationary flame for the
CH,—H, mixture with 20% hydrogen addition at Tyay = 600K.
For this case, the onset of flashback is observed when the bulk
inlet velocity is decreased from 1.1 m/s to 0.99 m/s i.e. using
the 5% of the laminar flame propagation speed reduction step
value as previously. The flame front starts to wrinkle in Fig. 6b.
In Fig. 6c, the leading edge is formed, and the flame front starts
to travel upstream (Fig. 6d), after a characteristic flashback
time of 15 ms.

Fig. 7a represents the same fuel mixture with the wall
temperature set at 300K. Under such conditions, it is
computed that flashback occurs when the cold flow bulk inlet
velocity decreases from 0.46 m/s to 0.44 m/s, i.e., with the
same imposed bulk velocity reduction step value of 5% S as
previously. The flame front is highly asymmetrical in Fig. 7b
and it starts to travel in the upstream direction in Fig. 7c,
giving a flashback characteristic time of 15 ms, similar to the
600K Tyan case. Fig. 7d shows the complete flashback for this
case. The leading edge oscillates near the burner rim close to
the flashback limit, also observed for all the investigated
cases.

c)t=0.20's d)t=0.30's

Normalized Reaction Heat Release Rate

0 0.2 04

- '

0.6 0.8 1.0

; ©o—

Fig. 5 — Flashback dynamics represented with the normalized heat release rate contours for CH,-air mixture with & = 1.3 for

Twall = 300K wall.
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a) t=0 b) t=0.329 s

¢)t=0.344 s

Normalized Reaction Heat Release Rate
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Fig. 6 — Flashback dynamics represented with the normalized heat release rate contours for methane-air flame at ® = 1.216

with 20% H, addition for T,.; = 600K

a) t=0 b) t=0.035 s

¢)t=0.05s

d)t=0.27s

Normalized Reaction Heat Release Rate

0 0.2 0.4

——

0.6 0.8 1.0

: ©—

Fig. 7 — Flashback dynamics represented with the normalized heat release rate contours for methane-air flame at ® = 1.216

with 20% H, addition for T,.,; = 300K

Hydrogen addition effect on the quenching distance

There are various methods in the literature to estimate the
quenching distance. Some examples include using iso-
contours of %50 of maximum OH* concentration or %50 of
maximum CH* concentration or the temperature that corre-
sponds to the maximum gradient of the heat release rate [36].
We selected the normalized reaction heat release rate to
investigate 3; and 3y, since it gives a direct information about
the reaction rate. Therefore, the quenching distance is chosen
as the nearest point to the wall where the normalized reaction
heat release rate is 0.5. Fig. 8 illustrates the quenching and
penetration distances, and the leading edge from an instan-
taneous snapshot of flashback for 20% H, blend case with
Twan = 600K. Normalized reaction heat release rate iso-
contour at 0.5 is also indicated on Fig. 8 with a black line.
The midpoint of the burner exit is selected as the origin of the
coordinates in Figs. 8 and 9.

For each mixture composition, after the leading edge
travels 3 mm upstream from the burner exit, ten consecutive
snapshots of the normalized heat release rate are collected
with 1 ms time step. Calculated quenching distances are
averaged and presented in Table 2. It is observed that the

quenching distance decreases with H, addition which agrees
with previous studies [8, 35 37]. The mixture with 10% H,
yields 33% reduction in the quenching distance. A further 10%
increase in the H, content of the fuel induces a smaller
reduction of the quenching distance, indicating a diminishing
effect. Hydrogen has faster kinetics and higher reactivity
compared to hydrocarbon fuels [8,38]. These properties of
hydrogen lead to smaller quenching distances than for hy-
drocarbon fuels. Thus, even a small amount of hydrogen
addition contributes significantly to reduce the quenching
distance and hence to increase the flashback propensity.

Wall temperature effect

The effect of burner wall temperature is discussed in this
paragraph more comprehensively. The heat transfer to the
wall and the resulting temperature distribution along the wall
is highly influential on the flashback limits as reported in
Ref. [13]. The change in the molecular transport rates and the
reactivity due to the near wall thermal boundary layer
strongly affects flame dynamics and, consequently, the flame
curvature. Numerical computations are conducted with con-
stant wall temperatures of 300K, 600K and for the adiabatic
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Fig. 8 — Representation of the quenching distance (3;) and the penetration distance (3,) at flashback for 20% H, blend for

Twan = 600K

wall condition. In Fig. 9a—c, heat release rate snapshots of the
methane-H,-air flame at ® = 1.216 with 20% H, during the
boundary layer flashback are shown for the three different
wall conditions.

For the 300K wall temperature case, Fig. 9a shows that the
reaction rate near the wall is substantially reduced compared to
the 600K case shown in Fig. 9b. Quenching and penetration dis-
tances were calculated as explained in the previous section. Both
dq and 3, decrease with the increase in wall temperature from
300K to 600K. The rate of decrease of 5, and 3, are close to each
other, 35%and 41% respectively. Although the laminar flame
speeds at corresponding conditions are the same, 35% decrease
in 34 results in 125% increase in the critical flashback limit from
0.44 m/s to 0.99 m/s. Thus, explaining the flashback limits using
only the laminar flame speed and the quenching distance is not
sufficient, especially for high burner wall temperatures. As evi-
denced in Fig. 9a—b, the curvature of the flashbacking flame near
the leading edge is increased. The curvature of the stretched
flameleads to a higherlocal flame speed close toleadingedge and
hence increases the flashback propensity.

In Fig. 9c where adiabatic wall condition is used, the
quenching distance and leading-edge formation are not
observed contrary to the constant wall temperature cases,
which is in agreement with Kurdyumov et al. [13]. A complete
sequence of flashback dynamics for adiabatic wall condition is
shown in Fig. 10, for which a significantly different behavior is
observed compared to the isothermal wall cases for the same
mixture (see Figs. 6 and 7). The flame front is attached to the
burner wall which is not the case for isothermal wall condi-
tions and the characteristic flashback times are much shorter.
These results reveal that the adiabatic wall temperature
condition does not represent the boundary layer flashback
phenomenon.

Flashback limits

The computed flashback limits are compared in Fig. 11 with
the measurements of de Vries et al. [15] and with the corre-
lations based on the critical gradient concept of von Elbe et al.
[11], Hoferichter et al. [17] and Putnam et al. [16]. In the ex-
periments, once the flame is stabilized, the bulk inlet velocity
is gradually decreased until flashback occurs. The experi-
mental flashback limit is defined as the bulk inlet velocity U
when the flame just enters the burner tube.

In Fig. 11, the curves limit the flashback region where the
flashback is observed below the curves. Fig. 11a presents the
absolute values of the critical flashback velocity. It is observed
that the flashback propensity is increased with the addition of
hydrogen to the mixture. This is related to the increase of the
laminar flame speed and to the decrease of the quenching
distance compared to pure hydrocarbon flames [8,35,37].

The predictions made by the critical gradient concept
model of von Elbe and the modified model of Hoferichter et al.
[17] are close to each other; the modified model predicts
flashback limits closer to the experimental results. The critical
gradient concept correlations diverge from each other as the
hydrogen addition to the fuel mixture increases since flame
stretch becomes more important. Putnam's correlation pre-
dictions are the furthest away from the experimental results.
One reason could be that Putnam's model constructed on the
Lewis and von Elbe's concept, is only validated with ethylene/
air and acetylene/oxygen mixtures. The Lewis and von Elbe's
model is based on the experimental data from natural gas and
hydrogen burning in air.

The experimental results lie in-between our numerical
results for constant wall temperatures set at 600K and 300K.
Comparison of numerical results for 300K and the critical
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Fig. 9 — Normalized heat release rate contours for different wall temperature conditions for the CH;—H,- air flame at

& = 1.216 with 20% H, addition.

Table 2 — Variation of the average quenching distance

with H, addition for T,.; = 600K.

H,% [mol] dq [mm]
0 0.86
10 0.58
20 0.44

gradient concept correlations reveals that flashback limits are
close to each other. The results of de Vries et al. [15] are higher
than the model predictions for all hydrogen addition rates for
300K wall temperature. This may be related to the quartz
burner used in the experiment of de Vries et al. [15]. Because of
the low thermal conductivity of the quartz, the wall

temperature in the experiments may have locally increased at
the rim. This decreases the quenching distance, thus
increasing the difference between the actual quenching dis-
tance and the value used in the correlations.

Fig. 11b presents the same data normalized by the
computed laminar flame speed S; for each mixture condition.
It should be noted that all correlations and the 300K wall
temperature cases underestimate the normalized flashback
velocity for a pure methane flame, while the 600K wall tem-
perature computations overestimate it. The normalized crit-
ical flame flashback velocity is above 1 for the experimental
results and increases with the addition of hydrogen. All cor-
relations and computations for 300K wall temperature show
the same trend, especially above 10% molar H, addition rate.
600K wall temperature computations also follow the same
trend but with higher critical flame flashback velocities. This
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Fig. 10 — Flashback dynamics represented with the normalized heat release rate contours for methane-air flame at

& = 1.216 with 20% H, addition at adiabatic wall condition.
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Fig. 11 — Comparison of experimental and calculated flashback limits.

observation seems to challenge the simple definition of the
boundary layer flashback critical velocity as only related to the
laminar flame propagation speed for hydrogen added
methane flames and deserves to be further investigated.

Conclusions

This work investigated numerically the flame flashback limits
and dynamics of hydrogen added laminar methane-air flames
for the boundary layer flame flashback regime. The numerical
simulations were performed using the 'reactingDNS' solver in
OpenFOAM. The numerical work is compared to the experi-
ments of de Vries et al. [15]. Computations are performed for
CHy-air mixtures and different hydrogen addition rates.
Flashback limits are determined and compared to the exper-
imental data and the literature correlations based on the
critical gradient concept.

The wall temperature effect is investigated by conducting
computations for two constant wall temperatures of 300K and
600K. The flashback propensity is found to increase with
increasing wall temperature and the hydrogen addition rate.
The flashback limits are globally in accordance with the ex-
periments and past correlations.

The differences between the critical flame flashback ve-
locity results for two different isothermal wall temperatures
shows the importance of the wall temperature in the flash-
back phenomenon. The discrepancy between the experi-
mental flashback limits and the numerical ones can be
attributed to the use of inaccurate wall temperature condi-
tions. Assuming a uniform wall temperature may not repre-
sent the exact physics. Additionally, simplification of the
geometry to 2D may induce additional errors in computations.

The main contribution of the complete simulation of the
laminar flame flashback process in a simple burner configu-
ration is the detailed information that can be obtained con-
cerning the flashback dynamics without strong modelling
hypotheses. Owing to the inherent capabilities of numerical
simulations, the flashback conditions can be approached very
gradually. As such, the flashback limits can be accurately
determined. Here we claim a sensitivity of 5%, which can be
largely improved by performing computations for more
refined parameter variation ranges.

The numerical simulations of the boundary layer flashback
phenomenon under laminar flame conditions will be
continued in the future. This study has demonstrated the
need of the correct knowledge of the burner wall temperature.
Conjugate heat transfer approaches could help to solve this
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problem. Inclusion of the Soret diffusion effect into numerical
calculations would enhance the accuracy, especially for
higher hydrogen content mixtures. The ultimate aim is to
establish a detailed numerical data basis for various natural
gas and hydrogen blends in order to establish practically
important parameters such as the ratio between the flashback
critical velocity and the laminar flame speed, the various
characteristic time scales of flashback dynamics and their
relationship to flow and flame characteristic times. In addi-
tion, the dynamic interactions between the burner wall tem-
perature and flashback propensity should be clarified. The
observed leading-edge oscillations will be further investigated
to understand the dynamics of flashback initiation and
propagation. Detailed and systematic experiments should
also be performed to validate such a numerical data basis to
help establish safe operating ranges for home appliances for
various natural gas and hydrogen blending rates.
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