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Laminar burning velocity of lean hydrogen + air flames at standard conditions is still a debated topic in com-
bustion. The existing burning velocity measurements possess a large spread due to the use of different mea-
surement techniques and data processing approaches. The biggest uncertainty factor in these measurements
comes from the necessity to perform extrapolation to the flat flame conditions, since all of the previously
obtained data were recorded in stretched flames. In the present study, laminar burning velocity of lean hy-
drogen + air flames and its temperature dependence were for the first time studied in stretch-free flat flames
on a heat flux burner. The equivalence ratio was varied from 0.375 to 0.5 and the range of the unburned gas
temperatures was 278-358 K. The flat flames tended to form cells at adiabatic conditions, therefore special
attention was paid to the issue of their appearance. The shape of the flames was monitored by taking OH*
images with an EM-CCD camera. In most cases, the burning velocity had to be extrapolated from flat sub-
adiabatic conditions, and the impact of this procedure was quantified by performing measurements in H, +
air mixtures diluted by N,. The effect of extrapolation was estimated to be of negligible importance for the
flames at standard conditions. The measured burning velocities at 298 K showed an important difference to
the previously obtained literature values. The temperature dependence of the burning velocity was extracted
from the measured results. It was found to be in agreement with the trends predicted by the detailed kinetic
modeling, as opposed to a vast majority of the available literature data.

© 2015 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Since the early studies comparing measurements of the flame
propagation in hydrogen + air mixtures and model predictions, e.g.,
[1,2], it was observed that even when a model agrees well with ex-
perimental results over a wide range of equivalence ratios, important
disagreement remains for very lean near-limiting flames. Significant
spread in the experimentally determined burning velocities obtained
before 1980’s was attributed to the impact of stretch and curvature,
because all popular methods for measuring burning velocities, such
as Bunsen burner or spherical flames, explored non-planar flame con-
figurations. Nowadays, the importance of stretch correction in the in-
terpretation of experimental data obtained in spherical or counter-
flow flames is well recognized, yet alarming disagreement is still not
resolved [3,4]. This remaining disagreement in experimental deter-
minations means that evaluation of the kinetic models at these con-
ditions is highly uncertain.

Remaining scattering of the stretch-corrected burning velocities,
S;, obtained in lean hydrogen + air flames is illustrated in Fig. 1,
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which shows available data [5-23] at standard conditions, i.e., pres-
sure of 1 atm and unburned gas temperature T = 298 K, and mod-
eling results obtained with two recent hydrogen models [24,25]. The
color codes denote the measurement method and stretch-correction
model implemented: green - spherical flame, linear model [26]; blue
- spherical flame, non-linear model of Kelley and Law [27]; red -
counterflow burner, linear model (LM) originated from [28]; orange
- counterflow burner, non-linear extrapolation (NLM) based on the
study of Tien and Matalon [29] for the data of Das and Sung [22], and
on the work of Wang et al. [30] for the data of Park et al. [23].

It is well known that lean hydrogen flames, even subject to stretch,
are highly unstable. Bradley et al. [11] go as far as questioning the
utility of S; for these unstable flames, especially at high pressures.
Formation of flame balls, an extreme limit of evolution of cellular
instability, was suggested [31] to explain flame propagation beyond
the theoretical 1D flammability limit, that was substantiated in mi-
crogravity experiments [32]. In contemporary experiments designed
for measuring burning velocity in closed vessels (bombs), the onset
of cellularity can be identified using shadowgraphy [11], Schlieren
or tomography [18] techniques, and the propagating cellular flames
are not considered in the data processing. The occurrence of cellu-
larity limits the range of available raw data from these experiments
to flames with relatively low radii and high stretch. This and other
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Fig. 1. Laminar burning velocity of H, + air flames at standard conditions (T, = 298 K,
p =1 atm). Symbols: experiments, lines: calculations using models from [24,25]. The
source of experimental data: green - Taylor [5], Karpov et al. [6], Aung et al. [7], Kwon
and Faeth [8], Lamoureux et al. [9], Verhelst et al. [10], Bradley et al. [11], Burke et al.
[12], Hu et al. [13], Kuznetsov et al. [14], Krejci et al. [15], Sabard et al. [16]; blue -
Dayma et al. [17], Varea et al. [18]; red - Egolfopoulos and Law [19], Vagelopoulos et
al. [20], Das et al. [21], Park et al. [23]; orange - Das et al. [22], Park et al. [23]. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

experimental challenges discussed by Egolfopoulos et al. [33] could,
at least partly, be responsible for the large data scattering depicted in
Fig. 1.

Proper stretch-correction is probably the most important issue af-
fecting the burning velocity derived from counterflow or spherical
flames. Direct comparison of the measurements performed in coun-
terflow configuration by Das et al. and processed using linear [21] or
non-linear model [22] shows that non-linear extrapolation yields S;
about 32% lower when equivalence ratio, ¢, equals 0.3. At ¢ = 0.4,
however, these models produced results closer to each other and to
the measurements of Vagelopoulos et al. [20], see Fig. 1. In the most
recent study of H, + air flames using counterflow technique, Park et
al. [23] demonstrated that non-linear extrapolation lowers the S; val-
ues significantly in lean flames with ¢ = 0.32 and 0.45 as compared
to the linear model.

The situation in analysis of spherical flame experiments is even
more upsetting. As was shown in the recent study of Wu et al. [34],
all existing methods for stretch correction in the spherical flame con-
figuration, which was employed to get the vast majority of data in H,
+ air flames, overestimate the laminar burning velocity, and for the
classical linear model [26] the difference can reach up to 60%. Other
effects related to highly diffusive nature of H, and applicability of the
calculated density ratio between cold reactants and products to con-
vert flame displacement speed into burning velocity were addressed
by Varea et al. [18]. The authors used the technique for direct mea-
surement of the local instantaneous unburned gas velocity [35,36]
(denoted “direct” in Fig. 1) and compared the results obtained to S;
determined with a common approach by assuming jump conditions
across the flame (denoted “indirect” in Fig. 1). It was clearly demon-
strated that these two methods lead to different values of S;, with
the discrepancy increasing when equivalence ratio decreases, even
though the numerical simulations predict similar values for the two
formulations.

To avoid the impact of stretch correction, independent measure-
ments of the laminar burning velocity of H, + air mixtures using flat
non-stretched flames could be most useful. This was the first goal
of the present study, since no measurements with hydrogen burning
in air and stabilized on the heat flux burner were performed so far.
There are, however, several investigations of S; in diluted H, flames.
The first experiments in Hy + O, + N, mixtures were done by Her-
manns et al. [37]. The authors compared the data obtained in flat
flames to the earlier counterflow measurements of Egolfopoulos and
Law [19]. The amount of O, in the oxidizer, O, + N,, was from 7 to
11%, and the equivalence ratio was varied in the range ¢ = 0.65-3.1.
Ratna Kishore et al. [38] also used the heat flux method and studied
the effect of dilution by Ar, N, and CO, on H; + O, flame propagation.
They found that lean and stoichiometric CO,-diluted flames (65% in
the total mixture) become cellular, whereas Ar and N, -diluted flames
remained flat. For N,, the dilution ratios were similar to [37] and di-
rect comparison to 7.7% O, flames of [37] showed good agreement in
S;. Voss et al. [39] studied diluted H, flames, adding N, to the fuel
and mixing it with air. If expressed the same way as by Hermanns
et al. [37], the studied range covered O, content from 6 to 17.7%, and
¢ was varied from 0.45 to 1.5. In the absence of stretch, hydrogen
flames stabilized on the heat flux burner are prone to cell formation,
especially at higher pressures. Goswami et al. [40] measured burning
velocities of syngas and hydrogen up to 10 atm, and had to use O,
+ He oxidizer mixture to suppress cellularity in lean flames. Yu [41]
showed numerically that for a typical burner geometry and operat-
ing conditions, lean (¢ = 0.56) H, + O, + N, flame with 18% O, in
the oxidizer is subject to thermal-diffusive instability. Yu et al. [42]
further concluded that in order to increase the stability and obtain
an adiabatic flame on a heat flux burner, the flame has to be brought
closer to the burner surface below what was called “a critical stand-
off distance”. For a mixture of given composition, this can be achieved
by decreasing the unburned gas velocity and moving to sub-adiabatic
conditions. In the present work, special attention was paid to the cell
appearance in the premixed hydrogen flames due to its possible ef-
fectonS;.

In addition to the spread in S;, observed in Fig. 1, another serious
issue related to lean H; + air flames was identified in our recent study
[25]. It concerns the temperature dependence of the laminar burning
velocity, commonly evaluated in the form of an empirical power law:

Sp = SX(Ty/To)“, (1)

where S? is the burning velocity at a reference temperature Ty, and
o is the power exponent. It was found that for very lean Hy + air
mixtures (¢ < 0.5), all available data obtained in spherical vessels
fail to confirm the rise of the temperature exponent « anticipated
close to the flammability limit and predicted by kinetic modeling.
Only power exponent « extracted from the measurements of Das et
al. [21,22], a single counterflow study performed at elevated temper-
ature, followed the modelling trend, however, with rather high un-
certainty, since this study [21] was not aimed at revealing the tem-
perature dependence due to very narrow temperature range (25 K).
Thus the second goal of the present work was to study the tempera-
ture dependence of S; in lean H; + air flames with the aim to resolve
the discrepancy observed in [25], and in addition, to identify whether
the temperature exponent « can serve as a criterion of reliability and
consistency of the burning velocity measurements.

2. Experimental details

The laminar burning velocity of lean H, + air mixtures and its
temperature dependence was determined with the heat flux method
covering the equivalence ratios of ¢ = 0.375-0.5 and unburned gas
temperatures Ty = 278-358 K. The latter range is conditioned by
the use of water as a temperature controlling agent. The range of
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Fig. 2. Schematic of the experimental setup, not to scale.

unburned gas velocities, where the flame geometry remains one-
dimensional, for the burner configuration employed in the present
study was evaluated to be 10 cm/s < V; < 50 cm/s [43], or below
40 cm/s [44]. Hermanns [45] specified this range to be < 60 cm/s in
relation to the measurements in [37]. These recommendations are as-
sociated with the tolerated increase of the flame surface, typically by
0.5%, as discussed by Goswami et al. [46]. In the present work, gas
velocities from 9 cm/s up to 55 cm/s were considered in the deter-
mination of S; of H, + air mixtures, corresponding to the boundary
values of equivalence ratio of 0.4 and 0.5, respectively. H, + air mix-
tures diluted by N, with 0,/(05 + N;y) = 0.1077 were also studied in
the range of equivalence ratios of ¢ = 0.77-0.97 and unburned gas
temperatures Tg = 298-358 K.

The measurements were performed on the experimental setup
shown in Fig. 2. The essential parts of the current installation are sim-
ilar to those described by Bosschaart and de Goey [43], while with
notable differences in the data processing procedure, as will be eluci-
dated in the following. The gases, H, and air (AGA Gas AB, air compo-
sition 21% 05, 79% N, Hy purity 99.9%), are fed from the central sup-
ply system, and flow rates are set by Bronkhorst mass flow controllers
(MFC), operated from a computer through a LabView interface. Di-
luted mixtures were obtained by mixing air with respective amount
of N, (AGA Gas AB, purity 99.996%). Buffering vessels are installed up-
stream of the MFCs, damping possible fluctuations in the inlet flows.
For the convenience of ignition and flame control, methane (CHy) is
added to the mixture at the first stage and is gradually removed be-
fore the start of the actual measurements. For the reliable transfer
between the equivalence ratios in the flames that can not be directly
observed, it is performed by a slow step-wise change of the flow rates
controlled by the LabView script.

The gases are fed into the plenum chamber of the burner through
a long teflon tube allowing time for complete mixing. The required
unburned gas temperature is set by a thermostatic water bath which
creates a circuit around the plenum chamber. For the low temper-
ature measurements at 278 K, the water in the bath was externally
cooled using ice and liquid nitrogen. A second water bath keeps the
temperature of the burner plate at 368 K, through a heating jacket on
the burner head, as shown in a schematic of the burner in Fig. 3.

In a single measurement of the burning velocity, the unburned gas
speed is varied in a certain interval, and when it is increased, start-
ing from some value the flames become corrugated. Since H, flames
do not emit in the visible region, this process cannot be directly ob-
served. Therefore, the shape of the flames was monitored by imaging
the OH* emission using an EM-CCD camera (Andor Luca DL-604M-
OEM) sensitive at A = 310 nm and a bandpass filter. The transmittance
window of the filter was ca. 250-400 nm, therefore all H,0 radia-

burner plate

burner head heating jacket

thermocouples

thermocouples 0.7

gy
w O
< §'> Qs
(T

Fig. 3. Cross-section and top view of the heat flux burner head.

tion in the product zone was effectively blocked, making it possible
to resolve the flame front. The images were recorded from an angle of
30° (see Fig. 2), so that the instability region could be located on the
burner plate. Due to relatively low signal, the resulting images were
accumulated over about 10-20 s. Such procedure was possible since
the cells forming in the flame structure were stable in time.

The configuration of the burner used for the present measure-
ments is shown in Fig. 3. It largely repeats the design introduced in
[43]. A 2 mm perforated burner plate is attached with thermal glue
to the burner head, which is kept preheated by a water jacket. The
top part of the burner head is insulated from the bottom part and the
plenum chamber with a ceramic ring. The temperature distribution
in the burner plate is monitored by a set of 0.13 mm unshielded T-
type thermocouples (TC), directly attached to the holes of the burner
plate.

In the heat flux method, the adiabatic conditions are achieved
when heat loss to the burner from the flame, necessary for its sta-
bilization, is compensated by a heat gain to the unburned mixture
when it enters the preheated burner plate. Van Maaren et al. [47] de-
veloped analytical expression for the temperature distribution in the
burner plate, which was later presented [48] in a simplified form:

Tp (1) = Teenter — ﬁrz’ (2)

where Teencer is the temperature of the central point, q is the net heat
transfer per unit area to (from) the burner plate, A is the thermal con-
ductivity of the burner plate in radial direction and h is the width of
the plate. The net heat transfer q is a difference between the heat gain
to the burner plate from the flame (q. ) and the heat loss to the pre-
heating gas (q.), i.e.:

q=4+—q-. (3)

The quantity —q/(4Ah) is called the parabolic coefficient, C, and it
is the key parameter of the method. It is obtained from the measured
temperature distribution in the burner plate. Consequently, when the
flow rate of the cold mixture is adjusted, it affects g, and adiabatic
conditions, i.e. ¢ = 0, can be identified by observing constant tem-
perature profile in the burner plate (see Eq. (2)). The laminar burning
velocity, Sy, is then calculated from the total flow rate set by the MFCs.
The flow surface area A, required to convert the total flow rate into gas
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Fig. 4. Temperature distribution in the burner plate for H, + O, + N, flame (0,/(0, + N;) = 0.1077) at ¢ = 0.91, T, = 318 K and V,; = 33.5 cm/s (black), V; = 43.9 cm/s (red).
Symbols: experimental, line: parabolic fit with Eq. (2). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Determination of S; from the (V) dependence for two H, + O, + N, flames with 0,/(0; + N,) = 0.1077 at ¢ = 0.91 and Ty = 298 and 318 K.

velocity, was defined as the area covered by the perforation pattern,
and this area was found to be 5.25% smaller than the upstream burner
cross section area (ID = 3 cm). In the data processing, the surface area
of the perforation was used.

3. Data processing and error analysis
3.1. Determination of S

A typical procedure for measurements of the burning velocity in
flat flames stabilized at adiabatic conditions consists of determin-
ing the parabolic coefficient C as a function of cold gas velocity V.
To illustrate this procedure, Fig. 4 shows two temperature profiles
for a diluted mixture with O,/(0; + N;) = 0.1077 at ¢ = 0.91 and
Ty = 318 K. All mixtures with 10.77% O, in the oxidizer are denoted
“Hy+0,+N,” in Fig. 4 and following Figures. The profiles correspond
to sub-adiabatic conditions (Vg = 33.5 cm/s, C = -5.64 K/cm?) and
conditions near adiabatic (Vg = 43.9 cm/s, C = -0.08 K/cm?). The lines
in Fig. 4 represent the fits of the experimental temperature profiles to
Eq. (2) made with a linear regression in T-r? coordinates. Note that at

the edge of the burner plate, i.e. at r = 1.5 cm, both lines are close to
T = 95° C, which is the set temperature of the heating water jacket.

In a typical heat flux experiment, after recording the C(V) depen-
dence, the location of C = 0, Vg = S; is found by linear interpolation
of the points in the vicinity of these conditions. Figure 5 illustrates
the process for the same mixture as in Fig. 4 at two temperatures:
Ty = 298 K and Ty = 318 K. The points used for S; determination are
fitted linearly, as shown by the thick green lines. At Tg = 298 K, S is
obtained by interpolation. At 318 K, the flames started to become cor-
rugated around adiabatic conditions, therefore, the super-adiabatic
point Vg = 45 cm/s was not included into the fitting domain, and S;
was obtained by extrapolation. However, the last sub-adiabatic point
lies very close to C = 0 (see also Fig. 4), i.e., closer than the distance
between two measured points. The general method of S; determi-
nation is still valid, and in Fig. 5 it is referred to as “transitional” to
extrapolation. Green dot lines show extrapolation of the fitted line to
all recorded points with the aim to visualize the behavior of (V) in
sub-adiabatic conditions.

A local linearity of ((Vg) is always assumed, with the parabolic
coefficient sensitivity s, which is the slope of the line, being one of
the main parameters determining the accuracy of the measurements
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[43]. While it is known that s varies with burner plate material [48],
geometrical parameters (Eq. (2)), and with equivalence ratio [49], it
was also found to be weakly dependent on the type of the fuel for
the case of lower alkanes [49]. The exact functional dependence C(Vy)
for wider sub- and super-adiabatic domains will be presented below,
however, the assumption of local linearity is sufficient for S; determi-
nation provided that the flame is stable. However, as can be inferred
from Fig. 5, as well as from the results presented by Bosschaart and
de Goey [43] and by Knorsch et al. [50], (V) becomes non-linear at
some point below the adiabatic conditions, with the decreasing sen-
sitivity s. From Fig. 5 it is evident that if only the lowest sub-adiabatic
velocities were available, S; would be significantly overestimated.

Thus, the non-linearity of (V) becomes important when the lam-
inar burning velocity of H, + air flames is measured, since for most
of the measured cases (¢ and Tg), the flames at adiabatic conditions
were cellular, or were even never observed due to a break in C(Vg)
linear dependence and noticeable decrease in s. This change occurred
at a point where cells became fully developed and then merged to-
gether to form a labyrinth-like structure (For examples, see images in
Supplemental material). Therefore, the burning velocity had to be ex-
trapolated from sub-adiabatic conditions where the flames were flat.
A notable observed difference of H, flames from the hydrocarbon fu-
els was a decreased value of sensitivity s for the same range of gas ve-
locities (s = 0.4-0.5 K/cm? for H, + air flames at 298 K, which can be
compared to s = 1-2.5 K/cm? from, e.g., [49,51], obtained on burners
with the same geometrical parameters).Therefore, the extrapolation
had to be performed to a comparably larger interval of velocities, and
non-linearity in (V) might have had a significant effect on extrapo-
lated values of S;.

Bosschaart and de Goey [52] developed an analytical expression
for s based on Zeldovich theory of flame propagation [53], and it was
found to be dependent on several flame and burner plate characteris-
tics including adiabatic flame temperature 7% and Zeldovich number
Ze. In the following, (V) and s will be determined based on the ap-
proach of the pioneering work of Botha and Spalding [54], who pro-
posed that the heat transfer to the burner is equivalent to pre-cooling
of the initial mixture if no reactions occur upstream of the burner
surface. From Eq. (2), the total amount of heat transferred to the
burner, Q:

Q= —-4AhA-C, (4)

where A is the burner surface area. Q is equal to the heat released by
cooling the initial mixture by temperature AT:

p
Q= —R—YZVgA‘c; -AT, (5)
where cy is the mixture molar heat capacity, po is ambient pressure

and R is the gas constant.

At the same time, the non-adiabatic flame with the heat loss Q
to the burner, as proposed in [54], is equivalent to adiabatic flame at
temperature Tg’ =Tz + AT, therefore, Eq. (1) can be used to write:

o

T, + AT

Sp =51 (ﬁ) , (6)
Tg

where S; and S; are burning velocities at temperatures Tg and T, re-

spectively. Finally, since the total mass flow is constant, then:

s/
S Ve 7)
T,+AT T,

Combining Eqs. (5)-(7), the parabolic coefficient C becomes equal
to:

—Po oy &)alﬁ_
C=Zmr vV [(SL 1]’ ®
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Fig. 6. Determination of S; from the ¢, dependence for H, + air flame at 318 K and
¢ = 0.475 (blue) and H, + O, + N, flame with 0,/(0, + N;) = 0.1077 at 318 K and
¢ = 0.91 (red). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

and the sensitivity s at Vg = 5;:

. dc . Po v 1
=, ~ a5 (1) ®

The decreased sensitivity s in H, + air flames, according to
Eq. (9), is due to increase of «. As will be shown in Section 4.4, for the
studied H, + air flames, = 3-4, compared to a value around 1.5 in
stoichiometric hydrocarbon flames. Eq. (9) also explains the decrease
of s in lean or rich hydrocarbon flames observed in, e.g., [49].

As a result of the need for extrapolation, a modified method of
the data processing was used in the present study. Instead of directly
plotting C as a function of Vg, a normalized relative quantity ¢, = (/Vg
was used. The approach is based on the work of Botha and Spalding
[54], who used a porous plug burner and determined S; by recording
the amount of heat transferred from the flame to the cooling water.
The data were then extrapolated to zero loss conditions. They plot-
ted the heat loss normalized over a volume of fuel and found that the
obtained curves were linear in very wide ranges of cold gas veloci-
ties. For the case of the present study, this quantity is equivalent to ¢
since C ~ q and Vg is proportional to volumetric fuel flow for a given
¢ and T,. However, Botha and Spalding [54] did not have a possibility
to check the linearity assumption, since an adiabatic flame would not
stabilize on their burner. In the current work, the issue of ¢, linearity,
and consequently, the influence of extrapolation on the obtained S; of
H, + air flames were investigated by performing additional measure-
ments in stable diluted flames and linking the two sets of mixtures
with an approach described in detail below.

Examples of the procedure of S; determination from the mea-
sured ¢, data is illustrated in Fig. 6 for two cases: H, + air flame
with ¢ = 0.475 and H; + O, + N, flame with 0,/(0, + N,) = 0.1077
and ¢ = 0.91, both at Ty = 318 K. In the latter mixture, denoted by
red circles, a point at conditions very close to adiabatic is available,
which is not the case for H, + air flame (blue squares). No super-
adiabatic points (¢, > 0) exist due to corrugation of the flame and
subsequent decrease of the slope of the ¢, dependence. Therefore, the
points where the flames are not flat had to be filtered out, and based
on the remaining points, S; had to be obtained by fitting the extrap-
olation line. The filtering was done using the corresponding images
of OH* emission recorded simultaneously to the parabolic coefficient
measurement. Figure 7 gives an example of these images for the H, +
air flame of Fig. 6. The position of the holes blocked by the thermo-
couples is seen on the images as “dips” in the flame front on the radii
located at 60° to each other. Generally, the instabilities start to grow
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{a)- Vo= 38.9 cm/s

(b)- Vo=39.9 cm/s

(e)- Vo* =41.0 cm/s

(d)- Vg* =42.0 cm/s

Fig. 7. Images of the OH* emission in the H, + air flames at ¢ = 0.475 and T, = 318 K for different cold gas velocities V,. The asterisks denote velocities filtered out due to growing

corrugation.

at the right side of the burner (Fig. 7c), possibly because the thermal
contact between the burner plate and burner head can not be made
ideally uniform for the present burner design. At that time, most of
the flame is still undisturbed, while with further increase of Vg, the
corrugation spreads over the whole flame front (Fig. 7d). In the data
processing, points with small localized instabilities were considered
in the measurements, since they did not affect the parabolic coeffi-
cient. For instance, in Figs. S9, S10 of the Supplemental Material it can
be seen that ¢; is linear from 31 to 42 cm/s for the flame at ¢ = 0.5,
Ty = 278 K, covering flat, locally corrugated and corrugated condi-
tions. The conditions with developed corrugation were filtered out.
For the case of H, + air flame in Figs. 6 and 7, the points correspond-
ing to Fig. 7a,b (Vg = 38.9 and 39.9 cm/s) were kept and higher veloc-
ities were removed (Fig. 7c,d, Vg = 41 and 42 cm/s). Note that the last
point for the diluted mixture (Vg = 45 cm/s) was also removed due
to the grown instabilities. The noticeable change of the slope in H, +
air flame occurs at ca. 45 cm/s where cells start to merge with each
other.

In Fig. 6, similarly to Fig. 5, points used for S; determination in H,
+ air mixture are fitted with thick green line, which is further extrap-
olated to ¢; = 0 (dash-dot green line). For H, + O, + N, mixture, the
extrapolation back to sub-adiabatic flames is denoted with green dot
line to visualize the linearity of ¢, dependence. Comparing Figs. 5 and
6, it can be seen that the relative parameter ¢, shows a linear depen-
dence much longer than the original C(Vg). This also follows from the
behavior of Eq. (8), since it can be easily shown that for any a > 0, a
dependency of the form x+(x?-1) has a larger curvature than (x4-1) at
x =1, where x = V,/S; from Eq. (8).

The extrapolation was typically performed using 4 experimental
points (if available), which was found to be sufficient to reduce ran-
dom scatter occurred in the recorded c. On the other hand, in a wider
range c; start to deviate from a straight line due to a systematic non-
linear behavior (see the red symbols and dot line in Fig. 6), therefore,
the lower velocities were also removed from the extrapolation do-
main. In the Supplemental material, the procedure of c; filtering and
S; determination is presented for all considered flames, and the evo-
lution of the cell structure is illustrated by OH* images.

For the H, + air flame in Fig. 6, the corrugation began ~3 cm/s
before the noticeable change of the slope of (V). Generalizing over
all H, + air mixtures, it occurred at velocities about 10-15% above
the last value where corrugation was still localized, i.e. the last point

used for S; determination. These higher velocities of the linear part
of the curve were removed at the data processing stage. Neverthe-
less, it does not affect significantly the slope of the extrapolation line,
as evident from Fig. 6. If these points were considered in the data
processing, the corresponding S; values would increase generally by
about 2-4%.

3.2. Error analysis

Two major sources of uncertainty are generally associated with
the burning velocity measurement using the heat flux method: the
accuracy of Vg, which is dependent on the uncertainty in the flow
rates and the unburned gas temperature, and the accuracy of the de-
termination of the parabolic coefficient C, characterized by the scat-
tering in the recorded temperature profiles. In the current study, an
additional source of error is present, arising from the extrapolation
procedure. In the following, each of the three contributions will be
discussed separately.

The total errors in cold gas velocity V; and equivalence ratio orig-
inate from the accuracy of the flow rate measurement, and they
constitute from errors in the flow rates of each mixture compo-
nent. The MFCs were calibrated prior to measurements, with air and
H,, respectively, using MesaLabs DryCal Definer 220 positive dis-
placement flow meter for air and Defender 530 for H,. Calibration
curves in the form of third or fourth degree polynomials were intro-
duced into the LabView operating program and used for the correc-
tion of the flow rates before they are sent to MFCs. Therefore, the
uncertainty in each flow rate is a sum of +1% accuracy of Definer
220 or +1.2% for Defender 530 plus the stated flow repeatability of
the MFC, which equals to 0.2%. Combined in a square sum for H,
and air flow rates, it results in a total error in ¢ of about 1.8%. For
Vg, since air is a major component in the mixture, the total error
was comparable to the error in the air flow (+1%). The accuracy of
Vg is indicated by horizontal error bars in Figs. 5 and 6. After the
measurements, the calibration of the air MFC was repeated with a
Ritter TG10 drum-type gas meter in order to check for possible sys-
tematic drifts from the stated flow repeatability. The difference be-
tween calibration curves from Definer 220 and Ritter TG10 drum was
found to be well within the stated uncertainty interval of £1% for the
Definer 220.
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The uncertainty in S; caused by the temperature of the unburned
gas Tg was also evaluated. Since the gas velocity Vg is not measured
directly but calculated from the mass flow, it is proportional to T,
which is set by the controller of the water bath. The uncertainty in
T, affects S in the same way as the uncertainty in Vg caused by the
MECs. At the same time, S; ~ (Tg)* (see Eq. (1)), therefore, the burn-
ing velocity at the desired temperature T, is proportional to Tg(l‘“).
Consequently, the uncertainty in the burning velocity is AS; /S, = (1-
a)*ATg/Tg. As will be shown in Section 4.4, in the lean H, + air flames
considered, « is about 3-4. The sensor of the water bath has a scale
of 0.1 K, yet, even if the uncertainty is about +0.5 K, its influence on
S, does not exceed 0.5%. Therefore, it was not considered in the total
error estimation.

Scattering in the recorded temperature profiles results in the un-
certainty of the parabolic coefficient C, and subsequently in c;, as in-
dicated by vertical error bars in Figs. 5 and 6. Note that even though
¢r = (/Vg also includes the gas velocity, its uncertainty does not affect
the intersection with the zero line ¢, = 0, since for a constant rela-
tive uncertainty in Vg, as it is defined above, the uncertainty interval
of ¢, will be converging to a single point when c, approaches zero.
Also, the relative uncertainty in Vg is at least one order of magnitude
smaller than in C. Therefore, it affects S; only through the horizontal
error bars as in Fig. 6.

The observed thermocouple (TC) scattering from the fit to Eq. (2)
generally exceeded the instrumental accuracy, therefore the uncer-
tainty in the parabolic coefficient, o ¢, could not be calculated with
the original method of [43] and was estimated with an approach re-
cently presented by the authors [51]. Since C is obtained from linear
regression of the measured burner plate temperature as a function
of the squared radius r? (Eq. (2)), the standard error of C was con-
sidered as its uncertainty, oc. This quantity is a characteristic of the
burner, since it was found to be practically constant. It also corre-
sponds to the values measured with this burner in hydrocarbon fuels
(as was concluded based on series of measurements in CH4, CH;0H
or C;H5O0H as well as on previously reported data [51]). The differ-
ence therefore comes from the slope of ¢, curve, the sensitivity of the
parabolic coefficient, whose decrease was found to be the main rea-
son for increased error bars compared to other fuels. The influence of
the TC scattering on S; is depicted in Fig. 6 by gray lines. Since the er-
rors from TC scattering in each point are dependent, the errors were
added/subtracted to/from c;, and the resulting values were used for
S, extrapolation. This resulted in asymmetrical errors in S, larger on
the negative side. Also, since o was close to constant, the errors de-
creased with increasing S;.

The influence of the third source of uncertainty, the extrapolation
of S;, was estimated as the following. According to Eq. (8), the C(Vg) in
stable flat flames on a particular burner depends on the burning ve-
locity Sy, temperature exponent « and molar heat capacity c;. There-
fore, if two arbitrary mixtures have all these parameters in common,
then the shape of ¢ as a function of V can also be expected to be
similar. For the case of lean H, + air flames, such a counterpart was
found in diluted flames. The five H, + air mixtures measured in the
present work were associated with corresponding H, + O, + N mix-
tures (O,/(0, + Ny) = 0.1077), which had the same mole fraction of
Hj, and their properties are listed in Table 1 for Ty = 298 K. The heat
capacities of Hy, N, and O, are similar, therefore, there is no differ-
ence in ¢ for all mixtures. Burning velocities and temperature expo-
nents are calculated with the detailed mechanism for H, combustion
[25]. It can be seen that all quantities are very similar for the two sets
of mixtures.

The resemblance of the counterpart mixtures in terms of shape
and location of the ¢; curves in Vg-c coordinates can be assessed from
Fig. 6. It can be seen that the slope of the two ¢ dependencies is iden-
tical and the velocity range is similar. The corresponding figures for
other mixtures are presented in the Supplemental material. Here it

Table 1
Comparison of the properties for the H, + air and Hy + O, + Ny (03/(02 +
N,) = 0.1077) mixtures at 298 K.

N  mixture ¢ %H, S,,cm/s « ¢p, J/(mol-K)
1 H, + air 0.4 144 23.8 2.79 29.12
H, +0, +N, 077 142 219 285 2910
2 H, + air 0.425 151 30.6 2.62 29.12
Hy + 0y + Ny 0.82 15 284 271 29.09
3 H; + air 0.45 15.9 38.1 2.54 29.11
Hy, + 0, + N, 0.86 15.6 34.0 2.59 29.09
4 H; + air 0.475 16.6 46.3 241 29.11
H,+0,+N, 091 164 415 245 2909
5 H, + air 0.5 17.4 55.0 2.32 29.11
Hy + 02 + N, 0.97 17.3 50.8 2.30 29.09
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Fig. 8. Determination of the AS; originating from extrapolation. The symbols are:
Sii(c/') - red diamonds; real S; of H, + 0, + N, mixture - green square; the position
of ¢, of the H, + air mixture - blue circle. The error bars correspond to S; uncertainty
from TC scattering. The distance AS corresponds to the extrapolation uncertainty. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

has to be emphasized that the proposed method was not intended to
“correct” the obtained S; for extrapolation, the aim was to estimate
the degree of introduced uncertainty.

The influence of extrapolation is illustrated in Fig. 8 for the two
flames of Fig. 6. The experimental ¢, dependence for the diluted
mixtures was used, where the real value of S; is known. First, the
"sub-adiabatic" burning velocities of H, + O, + N, mixture were
determined by extrapolation from sub-adiabatic data points. For each
point ¢,/ of the dependence in Fig. 6, the higher values, i.e. ¢; > ¢;; Vg
> Vg!, were removed and the corresponding burning velocities were
determined by extrapolation. The obtained function, S;'(c,!), is shown
in Fig. 8. The real burning velocity of the H, + O, + N, mixture is plot-
ted with the error bars representing uncertainty of the TC scattering.
Then, the ¢, value of the last available experimental point from the
corresponding H, + air flame, ¢, is found on the obtained curve
by linear interpolation. The ¢,™* is shown in Fig. 8 with a circle, and
the error bars of the H, + air S; are also given for comparison. Assum-
ing that the shape of ¢; curves in H, + air and H, + O, + N, mixtures
is not significantly different, the extrapolation uncertainty in S; can
be estimated by looking at S;! values in the domain ¢,™™ < ¢, < 0.
This extrapolation uncertainty, denoted in the figures as AS;¢, was
estimated as the difference between the maximum and minimum
observed S; . For the higher unburned gas temperatures, T, = 338 K,
358 K, where the real burning velocity in H, + O, + N, mixtures itself
was in fact "sub-adiabatic" and found by extrapolation, an additional
error, AS; %4 was added to AS; € (see figures in the Supplemental Ma-
terial). Based on all available S;’ dependencies, it was estimated that
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if the highest available value of ¢! is larger than -0.1 K s/cm3, then
AS;994 ~ 0.5 cm/s, for ¢,/ ~ -0.15 K sjcm3, AS;%d ~ 1 cm/s, for ¢!
~ -0.2 K s/cm3, AS;%d ~ 1,5 cm/s. In the same way, the extrapola-
tion uncertainty was estimated for the H, + air mixtures at 278 K,
where no measurements in H, + O, + N, mixtures were performed
due to short or zero extrapolation interval in H, + air mixtures. The
procedure of the estimation of the extrapolation uncertainty for all
mixtures is illustrated in the Supplemental Material by figures simi-
lar to Fig. 8.

The extrapolation underpredicts S;, therefore, the value of AS;®
was added to the positive side of the combined error bar from TC scat-
tering and MFCs. Since the latter factors are independent and each of
them is centered around the mean, they were added together as a
square sum, so that the final expressions become:

ASf = ((A&:{G)2 + (Asyfc)z)o‘s +ASE, (10)

05
2 2

as; = ((AS[)+ (asp™)’) (11)

where superscripts "+" and "-" denote the positive and the negative

sides of the corresponding error bars, respectively, AS; € and AS;MFC

are the contributions from TC scattering and flow rate measurement,

respectively.

3.3. Uncertainty of the temperature dependence

The temperature dependence in the form of the power exponent
« is extracted, by using Eq. (1), from individual burning velocities at
several temperatures, SZ”, as a linear least-square fit in logarithmic co-
ordinates. Since « is a function ofSLTf. ie.o = f(ST1 e 5{”), its uncer-
tainty can be estimated with the error propagation rule. For a simple
linear regression in logarithmic coordinates, the uncertainty in « is
derived as:

0.5
(2 [(inf, - inF)- AS?]Z)
i To To Sl'i

o = ) 5 (12)
Yl g —n- (ln%)

where n is the number of data points, AS{"is the uncertainty of the

burning velocity at temperature T; and lnT% is mean logarithmic nor-

malized temperature:
T;

T, 2 Ing

In—- =
nTo n

(13)

The error bars for the power exponent o were obtained using
Eq. (12) both for the values measured in the current study and for
those based on S; data from the literature as described in [25]. For

the present experimental data, ASZi are asymmetric and consist of
the positive and negative components, ASZ"+ and ASZ"_. The posi-
tive and negative error bars of o were determined by the follow-
ing method. First, the values of ASZ"’and the random components
of ASZ”, i.e. without extrapolation error AS;¢ (see Eq. (10)), were
regrouped based on whether they increase or decrease «, which is

determined by the sign of the difference T; — lnr%. Then, Eq. (12) was
applied to determine the positive and negative side of the error bar
of . Finally, a quantity Aa® = a(SZ" + (AS]),) - a(S{"), which rep-
resents the systematic term in o uncertainty due to S; extrapolation,
was added to the positive side of the error bar, since (AS}); are bigger
at larger T;, and therefore, A€ acts to increase «.
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Fig.9. S; of H, + O, + N, flames at T, = 298 K measured in the present study (black
diamonds), taken from the literature: Egolfopoulos and Law [19], Hermanns et al. [37],
Taylor [5], Qiao et al. [55], Paidi et al. [56], Voss et al. [39], Ratna Kishore et al. [38] and
obtained by kinetic modeling (lines) using reaction schemes from [24,25]. The dilution
for the current measurements is O, /(0 + Ny ) = 10.77%. The symbols in green were ob-
tained at dilution ratios outside 10.7-10.8% range. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

4. Results and discussion
4.1. Reference case: Sy of H; + O, + N, flames

Since the diluted mixtures were used in the data processing for
H, + air flames, as explained in Section 3.2, thus the laminar burning
velocities of Hy + 0, + N, mixtures were also determined. The results
at T; = 298 K are presented in Fig. 9 in comparison to the available
literature data [5,19,37-39,55,56] and kinetic modeling. The S; values
from the present work were obtained by interpolation of the ¢, data.
In some of the previous studies presented in Fig. 9, the dilution ratio
was slightly different from the one considered in the present work, or
was varied with ¢. These data are shown in green color, and specific
dilution ratio is given next to the symbol.

Different dilution ratios at which S; were obtained for different
datasets in Fig. 9, to some extent explain the differences between
them and in comparison to the present study. Having in mind the
influence of dilution on Sj, it can be seen that the current measure-
ments are in agreement with most of the literature data. However,
there is some difference between the four sets of experiments per-
formed on heat flux burners: the present, Hermanns et al. [37], Ratna
Kishore et al. [38] and Voss et al. [39]. Hermanns et al. [37] show
higher values than the other three, even though the agreement be-
tween [37] and [38] was observed for lower dilution ratios (O,/(0,
+ Ny ) = 7.7%). The reason for this disagreement is difficult to assess,
even though it can be partly explained by uncertainties in equiva-
lence ratio caused by indirect procedure of the MFC calibration im-
plemented in [37].

4.2. Laminar burning velocity of H, + air at standard conditions

Figure 10 presents laminar burning velocities of H, + air flames at
standard conditions (1 atm, 298 K) determined in the present work
together with selected set of literature data. The color code is identi-
cal to that in Fig. 1. As was discussed in Section 1, the existing scatter
in the S; data at standard conditions can possibly be explained by the
data processing methods. For the measurements performed in spher-
ical flames, the results from [17,18] obtained with non-linear stretch
correction, are plotted. For the counterflow measurements, since it
was shown that burning velocity also varies non-linearly with stretch
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Fig. 10. Laminar burning velocity of lean H, + air flames at standard conditions
(Tg =298 K, p = 1 atm). Symbols: experiments, lines: calculations using models from
[24,25]. Experimental: black - current measurements; blue (spherical flame, NLM) —
Dayma et al. [17], Varea et al. [18]; orange (counterflow, NLM) - Das et al. [21,22], Park
et al. [23]. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

[29,30,57], the data from Das et al. [21,22] and Park et al. [23] obtained
with the non-linear models of Tien and Matalon [29] and Wang et al.
[30], respectively, are shown in the figure. Symbols represent exper-
imental data, while lines show detailed kinetic modeling performed
with two contemporary mechanisms for H, combustion: the mecha-
nism from our group [25] and the scheme of Keromnes et al. [24].

The S; values measured in flat flames are generally located below
the values obtained in stretched flames for leaner mixtures. This is
in agreement with conclusions of Wu et al. [34], who found that for
spherical flame configuration, all extrapolation models overpredict
S1, and the effect increases with decreasing ¢. The present data, how-
ever, were found to be in a good agreement with a dataset from the
recent experiments in spherical flames by Varea et al. [18]. They pre-
sented two sets of data: one was obtained using a technique for direct
measurement of the fresh gas velocity before the flame front [58], the
second set was obtained by a common method utilizing the density
ratio (“indirect” method). The current measurements agree better
with the “direct” set at ¢ = 0.45, and with “indirect” at ¢ = 0.5. At the
higher ¢ one can note that the difference between the two methods
of [18] is smaller compared to lower ¢. For leaner mixtures, ¢ < 0.45,
there are two datasets available, by Das et al. [21,22] and Park et al.
[23], performed in the counterflow configuration. The flat flame mea-
surements are found lower than both datasets, and the difference is
beyond the evaluated uncertainty for the present results. Moreover,
S, from the present measurements at ¢ = 0.4 is only slightly above
the point of [23] obtained at ¢ = 0.32. Considering that the stretched
flame results processed with the linear model are generally located
above non-linear data (See Fig. 1), the flat flames show lower S; at
¢ < 0.45 than any of the available literature data. Concerning the
comparison with the modeling, experimental results from flat flames
disagree with predictions of both mechanisms, which are found to be
close to the measurements of Das et al. [21,22].

The results presented above contradict with previous measure-
ments, therefore, in the interpretation of the results it is important
to exclude the possibilities of any systematic biases introduced to
the data by specific features of the heat flux method. Egolfopoulos

et al. [33]in a recent review attributed the effects of radiation, flame-
burner interactions, catalytic effects and flame instabilities to such
features, apart from those already discussed in Section 3. For the case
of hydrogen flames considered in the present study, the effect of H
atoms loss on the burner surface and the influence of local flame cor-
rugation come to the fore. The radicals’ loss would lower the lami-
nar burning velocity. Hermanns et al. [37] performed kinetic analy-
sis demonstrating that the possible radical sink has very small effect
on the value of S;, by introducing an artificial scavenger of H atoms,
which consumed them at the level of the burner plate. Kinetic model-
ing in the present study shows that the amount of H atoms in the pre-
heat zone in the studied lean H, + air mixtures corresponds to that
in the mixtures of Hermanns et al. [37] with 0,/(O, + N,) = 0.0077
and ¢ ~ 1-1.7. The fact that S; for H, + air flames determined with
the heat flux method possess lower values than available data from
stretched flames can thus not be explained by radicals loss on the sur-
face of the burner. The effects of flame corrugation, apart from the fact
that they have received special attention in the present work, act to
overestimate S;, so that they can certainly be excluded from consid-
eration of the source of the difference between the flat and stretched
flame data. It can be concluded that the difference in the results at
298 K is of fundamental nature.

4.3. Sy at elevated and lowered temperatures

Table 2 presents the measurements performed in the range of
temperatures from 278 to 358 K and the extent of extrapolation
expressed as (S;-Vinax)/Vmax, where Vipgy is the maximal available ex-
perimental gas velocity. Also, contribution from extrapolation, AS;¢,
to the positive error bar is presented. For the S; uncertainty interval,
the positive error AS;* is given first, then the negative error AS; .

With the increasing unburned gas temperature, the tempera-
ture difference between the gas and the burner plate decreases and
consequently, the flame front moves further away from the burner
plate. The flames then become less stable, resulting in a decrease of
the maximum parabolic coefficient, ¢,;™¥*. The extent of extrapola-
tion therefore becomes higher, as evident from Table 2. Concerning
the extrapolation uncertainty, from Table 2 it is evident that up to
Ty = 318 K, the effect of extrapolation is negligible or constitutes a
minor fraction of the total positive error bar.

An additional set of measurements was performed at ¢ = 0.375
and Ty = 318-358 K with the aim to cover a wider range for analy-
sis of the temperature dependence. At this equivalence ratio it was
impossible to identify the “flat flame” region from the images due to
low OH* signal and the velocities were instead filtered based on the
shape of the ¢, curves. The same procedure was used for the point
¢ = 0.4 at 278 K. The effect of the instability, i.e. the change of the ¢,
slope, occurs at higher values of ¢, with decreasing ¢, therefore it can
be concluded that the adiabatic conditions for ¢ = 0.4 at 278 K are
still in the "flat flame region", as they are for ¢ = 0.425. For the data
at ¢ = 0.375 the extrapolation uncertainty was estimated based on
the corresponding values from the neighboring points at ¢ = 0.4 as
well as on available ¢, dependences at other equivalence ratios.

In the present study it is observed that flame stability for heat
flux experiments in H, + air flames depends mostly on the tempera-
ture difference between the burner plate and unburned mixture. This
temperature difference determines the distance between the flame
front and the burner, and the trend is in agreement with the conclu-
sions of the numerical studies of Yu et al. [42,59], who identified “a
critical stand-off distance” below which the flame can be stabilized
on the burner, and with experimental observations in cellular flames
of methane [60] and ethane [61] burning in O, + CO, oxidizer. These
previous results together with the experimental results of the present
work point to the possibility of having flat adiabatic flames of H, + air
at standard conditions for ¢p = 0.4-0.5. In the present work this was
demonstrated by stabilizing adiabatic flames at lower temperature
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Table 2

Laminar burning velocity (S;) of H, + air flames at different unburned gas temperatures, the corresponding extent of extrapolation (S;-Vimax)/Vmax and the extrapolation

uncertainty AS;°.

SLEAS, T|AS;~, cm/s

(SL'Vmax)/Vmax, % AS;¢, cm/s

) 278 K 298 K 318K 338K 358 K 278K 298K 318K 338K 358K 278K 298K 318K 338K 358K
0375 - - 17.2+3.0/34 221+3.7/12 258+3.9/05 - - 36 62 89 - - 10 30 35
04  11.7+28/47 17.9+24/36 23.0+22/24 274+37/11 320+38/05 0 7 22 45 52 0 02 05 29 33
0425 183+24/43 244+22/32 298+20/20 353+22/12 415+25/08 0 6 18 29 4 0 01 05 12 18
045 255+24/38 321+23/29 39.0+23/21 453+31/15 519+38/10 2 9 20 31 37 0 02 07 19 29
0475 340+3.0/3.7 413+£27/29 489+25/22 56.7+3.3/18 645+£43/15 8 12 22 32 40 05 06 08 18 30
05  444+32/36 554+31/34 648+28/2.6 757+3220 - 12 17 26 39 - 05 05 08 15 -
Presentwork: © ¢ =04,Hu + ¢ =04, Verhelst
< $=0375 =m ¢=04,Bradey -+ ¢ =05, Verhelst
1005 o ¢=04 = ¢ =0.5, Bradley
904 © ¢=0425 A =05, Krejci
o ¢=045
807 4 $=0475
s 704 F =05
= Ea.(1)
S 60
wJ
50
40
30
20 X =04, Das (NLM)

10

X ¢ =045, Das (NLM)
X__¢ =05, Das (NLM)

270 280 290 300 310 320 330 340 350 360 370 380

Tg, K

Fig. 11. S; as a function of unburned gas temperature T, for different H, + air mixtures from the measurements (symbols) and fit with Eq. (1) (lines). Color code: orange - ¢ = 0.375;
black - ¢ = 0.4; green - ¢ = 0.425; red - ¢ = 0.45; blue - ¢ = 0.475; magenta - ¢ = 0.5. The data are compared to Hu et al. [13], Bradley et al. [11], Krejci et al. [15], Verhelst et al.
[10], Das et al. [21,22]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of 278 K (see Table 2), i.e., with a larger temperature difference be-
tween the gas mixture and the burner plate. For higher Tg, burner
plate temperature had to be increased in order to obtain flat adiabatic
flames. The temperature range of the current experimental apparatus
is limited due to thermal control by water, which can be overcome by
changing the working agent to oil.

4.4. Temperature dependence of Sp.

Figure 11 presents the laminar burning velocities from Table 2
as a function of the unburned gas temperature for different equiva-
lence ratios (symbols) and fits of the S; values using Eq. (1) (lines).
Figure 11 indicates that the data does not deviate from Eq. (1), i.e.
each fit is located within the error bars. Also given in Fig. 11 are the
S; values from the literature obtained in spherical flames [10,11,13,15]
with linear extrapolation or in the counterflow burner [21,22] with
non-linear model. The colors correspond to a specific equivalence ra-
tio and allow to compare the results from the present work to the
literature values.

The power exponent o was determined using the experimental
results from the present work, as explained in Section 3.3. The exper-
imentally derived power exponents are presented in Fig. 12 together
with the available literature data and kinetic modeling. The experi-
mental and modeled temperature intervals are given in the legend of
the Figure or specified explicitly for experimental points at ¢ = 0.375,
0.5, where they were different. It has to be noted that the presented
power exponents are valid within these intervals, since for lean H,
+ air flames « is temperature dependent itself, as discussed in our
previous work [25].

The vertical error bars on « from the present study are strongly
asymmetrical, higher at the positive side, as a result of larger neg-
ative S; error bars at lower temperatures, and positive error bars at
higher temperatures, the latter due to the increased extrapolation un-
certainty (See also Fig. 11). Both factors tend to increase «. The largest
error bars are at ¢ = 0.375, this is due to a relatively narrow temper-
ature interval of just 40 K visited at this equivalence ratio: the flames
were accessible from 318 to 358 K only. The horizontal error bars in ¢
were adopted from the S; data, since they solely depend on the flow
rates. The difference in S; itself is large, but due to decreasing gas den-
sity and increasing range of extrapolation at higher Ty, the flow rates
for each mixture changed in a relatively small range compared to the
MFCs full scales. Therefore, the uncertainty in ¢ for each mixture at
different Tg is non-independent and can be assumed constant.

Fig. 12 also presents power exponents « from the sources
where it was derived directly [10,62-65], and from the studies
containing only plots of S; at room and elevated temperatures
[11,13,15,16,21,22,66,67]. For these cases, the error bars were deter-
mined in the same way by using Eq. (12). More details on the proce-
dure can be found in our kinetic study of the temperature exponent
o in Hy + Oy + N, flames [25], where the difference between the
available data in other H, flames is also discussed.

Table 3 summarizes temperature exponents « for H, + air and
diluted flames with corresponding uncertainties, and, as in Table 2,
the positive error is given first. Comparing the counterpart mixtures,
the values were found to be close to each other, which confirms the
validity of the error estimation approach presented in Section 3.2.

The experimental results from the flat flames of the present study
provide support for the modeling trend, i.e. the rise of o as the
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Fig. 12. Temperature exponent «. Red points: present work; solid symbols and thick
lines: « taken from the literature: Heimel [62], lijima and Takeno [63], Liu and Mac-
Farlane [64], Milton and Keck [65], Verhelst et al. [ 10]; semi-open symbols: « acquired
by using S; data from Krejci et al. [15], Hu et al. [13], Koroll et al. [66], Bradley et al.
[11], Das et al. [21, 22], Desoky et al. [67], Sabard et al. [ 16]; lines: modeling using reac-
tion schemes from [24,25]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 3
Temperature exponent « of H, + air and N,-diluted flames determined in the
temperature range T.

H; + air Hy +0; + N,

¢ a Ty, K 13 o Ty, K
0375 34+23/1.0 318-358

0.4 39+18/08 278-358 0.77 3.7+17/0.8  298-358
0425 32+10/05 278-358 0.82 3.1+1.0/0.6 298-358
0.45 28+0.7/03 278-358 086 29+0.7/04  298-358
0475 25+0.5/03 278-358 091 2.6+0.5/03  298-358
0.5 2.7+0.5/03 278-338 097 24+05/04  298-358

mixture gets leaner. Even with comparably large error bars at lower
¢, as a result of increased relative uncertainty of low S;, and narrow
temperature interval for ¢ = 0.375, it is evident that « is significantly
larger compared to the commonly observed values of o ~ 1.5. Most of
the available experimental studies indicate & independent on ¢, ex-
cept the study of Das et al. [21,22], which is also the only source for «
obtained (a) from the measurements using the counterflow burner,
and (b) by performing non-linear stretch correction. For the point
¢ = 0.45, the agreement between the value extracted from the data of
[21,22] and the present experimental results is excellent, even though
a difference was observed for S;. The point ¢ = 0.3 cannot be com-
pared directly, since it was not accessible with our experimental ap-
paratus, i.e. the burning velocities would become too low to achieve
a stable flame, S; « 10 cm/s (see Fig. 10). In general, « from [21,22]
follow the same trend as values from the present study. This is ad-
ditional evidence of the deviations in spherical flame data obtained
with linear extrapolation model, since none of such studies were able
to reproduce the modeling trend in «. From Fig. 11 it is seen that S;
is overestimated in the spherical flame studies at room temperature,
and at elevated temperatures the results are in a better agreement
with the present work. This explains the observed difference in «.

5. Conclusions

Laminar burning velocity of lean H, + air flames and its temper-
ature dependence was for the first time measured in flat flames by
using the heat flux method. Equivalence ratio was varied in the range
¢ = 0.375-0.5 and unburned gas temperature was Tg= 278-358 K.
With the present experimental apparatus, flat adiabatic flames were
stabilized on the burner for ¢ = 0.4, 0.425 at Ty = 278 K, while in
other cases flame instabilities became significant before the adiabatic
conditions. The transition point where the flames become corrugated
was found to be dependent on the temperature difference between
the burner plate and the unburned mixture, therefore the possibility
of stabilizing flat adiabatic flames at standard conditions in the stud-
ied equivalence ratio range is anticipated if burner plate temperature
is elevated above 100 °C.

The onset of instabilities was monitored by imaging OH* emission
with a CCD camera, and the recorded dependencies of parabolic co-
efficient ¢, as a function of unburned gas velocity V; were filtered to
include only the values from the stable region, in most cases at sub-
adiabatic conditions. The laminar burning velocity was obtained by
extrapolation from sub-adiabatic flames with a method similar to the
approach of Botha and Spalding [54]. The linearity was validated by
application of the same procedure on stable H, + air mixtures diluted
by N, with thermophysical parameters similar to the corresponding
H, + air mixtures. The extent of extrapolation was analyzed and it
was found that for temperatures Ty < 318 K, its influence on S is
negligible.

Laminar burning velocity of lean H, + air flames at standard con-
ditions was compared to the available literature data and detailed ki-
netic modeling. The present results are generally located below the
values obtained in stretched flames and suggest a different value of
the lean flammability limit. This is in agreement with conclusions of
Wu et al. [34] who found that for spherical flame configuration, all ex-
trapolation models overpredict S;. The present data, however, corre-
lates well with most recent experiments in spherical flames of Varea
et al. [18] in the overlapping range of equivalence ratios ¢ = 0.45-0.5.
At ¢ < 0.45 the flat flames show lower S; than any of the available
literature data.

Temperature dependence of the laminar burning velocity was pre-
sented for the studied conditions in the form of power exponent «.
As opposed to a majority of the previous studies, the data from flat
flames supports the trend of increasing o with decreasing ¢, as pre-
dicted by kinetic modeling. It was shown experimentally that « can
reach values of about 3-5 at ¢p = 0.4-0.5. This observation also vali-
dates o as an important independent parameter for analysis of relia-
bility and consistency of S; measurements.
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