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Dynamic Properties of Outwardly Propagating Spherical
Hydrogen-Air Flames at High Temperatures and Pressures

Oh Chae Kwon*
School of Mechanical Engineering, Sungkyunkwan University,
300 Chunchun-dong, Jangan-gu, Suwon, Kyunggi-do 440-746, Korea

Computational experiments on fundamental unstretched laminar burning velocities and flame
response to stretch (represented by the Markstein number) of hydrogen-air flames at high

temperatures and pressures were conducted in order to understand the dynamics of the flames

including hydrogen as an attractive energy carrier in conditions encountered in practical
applications such as internal combustion engines. Outwardly propagating spherical premixed
flames were considered for a fuel-equivalence ratio of 0.6, pressures of 5 to 50 atm, and tem-
peratures of 298 to 1000 K. For these conditions, ratios of unstretched-to-stretched laminar
burning velocities varied linearly with flame stretch (represented by the Karlovitz number),
similar to the flames at normal temperature and normal to moderately elevated pressures,
implying that the “local conditions” hypothesis can be extended to the practical conditions.
Increasing temperatures tended to reduce tendencies toward preferential-diffusion instability
behavior (increasing the Markstein number) whereas increasing pressures tended to increase
tendencies toward preferential-diffusion instability behavior (decreasing the Markstein num-

ber).
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1. Introduction

Hydrogen is an attractive energy carrier, which
can be used as a fuel in combustion of hydro-
gen-air mixtures for the applications such as
auto- and aero-propulsion systems, or as an en-
ergy source without combustion for the applica-
tions such as fuel cells. The burning of hydrogen-
air mixtures offers the potential of reduced pol-
lutant formation and improvement in perform-
ance due to the wide flammability limits and the
high flame propagation speeds, compared to the
burning of traditional hydrocarbon-air mixtures
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(DeLuchi, 1989 ; Poulton, 1994). In addition, hy-
drogen is preferred to methanol or hydrocar-
bons for fuel cells due to a simpler design with
direct hydrogen storage onboard vehicles {(Ogden,
1999). Thus there have been various studies on
hydrogen combustion and hydrogen economy
(DeLuchi, 1989 ; Mathur et al, 1992; Ogden,
1999 ; Verhelst and Sierens, 2001).

While those studies demonstrated that hydro-
gen could be advantageously used as a fuel in the
near future, there exist some concerns about di-
rectly using pure hydrogen : e.g. the problems of
storage and safety and the technical problems
such as engine knocking. In order to avoid such
the possible problems of using pure hydrogen as
a fuel, more efforts have been made to use hydro-
gen in a somewhat passive way, e.g. as an addi-
tive to hydrocarbon fuels. Recently, there have
been considerable studies on the feasibility of
such the hydrogen use (Kyaw and Watson, 1992 ;
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Bell and Gupta, 1997) and the related funda-
mental studies on the burning of hydrogen-
added hydrocarbon-air mixtures {Yu et al., 1986 ;
Yamaoka and Tsuji, 1992; Gauducheau et al,
1998).

Although the use of hydrogen as an additive
to the traditional hydrocarbon-air mixtures ob-
viously improves the performance in applica-
tions, it is not enough considering recent and
future higher pollution standards : more direct use
of hydrogen is expected in the near future. Thus,
the expected extensive use of hydrogen in the
near future requires for more understanding of
the fundamental dynamics of the hydrogen-air
flames.

It is widely recognized that flame/stretch in-
teractions, due to preferential diffusion of var-
ious species and heat, can significantly affect the
propagation velocities and structure of premixed
flames (Markstein, 1964 ; Strehlow and Savage,
1978 ; Clavin, 1985; Law, 1988 ; Dowdy et al,
1990 ; Bradley et al., 1998 ; Sun et al.,, 1999), inclu-
ding laminar premixed hydrogen-fueled flames
(Aung et at., 1998 ; Kwon and Faeth, 2001) and
strongly turbulent premixed hydrogen-fueled fla-
mes typical of practical applications {Aung et al.,
2002). However, the previous studies of flame/
stretch interactions for the hydrogen-fueled fla-
mes are limited to combustion at normal temper-
ature and normal to moderately elevated pres-
sures although conditions encountered in prac-
tical applications such as internal combustion
engines are of high temperatures and pressures.
Thus, the objective of the present investigation
was to consider effects of pressure and tempera-
ture variations to understand the dynamics of
the flames including such the attractive energy
carrier in the practical conditions with the fol-
lowing specific objectives. The first is to numeric-
ally measure the burning velocity/stretch inter-
actions of the outwardly propagating hydrogen-
air flames at high temperatures and pressures,
and thereby to explore a linear correlation be-
tween the burning velocities and stretch based on
the “local conditions” hypothesis of Kwon et al.
(1992), which will be discussed in the next sec-
tion. The second is to extract the laminar burning

velocities from the flame/stretch interaction data,
based on the “local conditions” hypothesis. The
third is to measure Markstein numbers (represen-
ting the sensitivities of flame response to stretch,
and related to the flame surface instabilities) to
understand the dynamic behavior of the flames.

The results for the burning velocity/stretch in-
teractions, the Markstein numbers and the la-
minar burning velocities will be subsequently
discussed, following the discussion of the com-
putational methods used during the present in-
vestigation in the next section.

2. Computational Methods

The outwardly propagating spherical flame was
adopted as the model flame for the present inves-
tigation. Fundamentally, the flame is relatively
easy to generate and its global configuration and
dynamics are also well defined. Practically, it is
the phenomenon that is most relevant to combus-
tion in the spark ignition engines and accidental
explosions (Kwon et al., 2002).

The outwardly propagating spherical laminar
premixed flames were simulated using the algo-
rithm for the unsteady one-dimensional laminar
flame (RUN-1DL), developed by Rogg (1991).
This algorithm allows for mixture-averaged multi-
component diffusion, thermal diffusion, variable
thermochemical properties, and variable transport
properties. The CHEMKIN package (Kee et al.,
1992a, 1992b, 1993) was used as a preprocessor to
find the thermochemical and transport properties
for RUN-IDL. Transport properties were found
from the transport property database of Kee et al.
(1992b); thermochemical properties were found
from the thermodynamic database of Kee et al.
(1992a), except for HO; where the recommenda-
tions of Kim et al.(1994) were used. Before com-
puting flame properties, all these properties were
checked against original sources. Radiative heat
losses were small (typically less than 0.4%) due
to the large flame speeds of hydrogen-air flames
and hence were neglected. Flame propagation
was allowed to proceed sufficiently far (typically
up to 30 mm) so that effects of initial conditions
were small. Present measurements were limited
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to flames having radii larger than 8 mm to avoid
ignition disturbances, especially due to the stron-
ger disturbances at higher pressures. Also, mea-
surements were limited to the ratio of flame
thickness to radius less than 2% so that effects
of curvature and transient phenomena associated
with large flame thicknesses were small. Finally,
the computational grid in space and time was
varied to ensure numerical accuracy within 1%.
The flame position was taken at the point where
gas temperatures were the average of the hot and
cold boundaries. Due to stringent flame thickness
limitations, however, the results were not affected
significantly by the criterion used to define the
flame position.

For the above conditions, the local (stretched)
laminar burning velocity and flame stretch are
given as follows (Strehlow and Savage, 1978):

Sc=(ps/0u) dr/dt, K=2/r)dr/dt (1)

where 7, t and ps/p. are the flame radius, time
and the density ratio of burned to unburned
gases, respectively. The density ratio needed to
find S; from Eq. (1) was computed assuming
adiabatic constant-pressure combustion with the
same concentrations of elements in the unburned
and burned gases. These calculations were carried
out using the adiabatic equilibrium algorithm of
Reynolds (1986). The computational results were
analyzed to find flame/stretch interactions. At
the aforementioned thin-flame limit conditions,
the relationship between laminar burning velocity
and flame stretch can be conveniently represented
by combining an early proposal of Markstein
(1964) and the “local conditions” hypothesis of
Kwon et al.(1992), to yield :

Ste/Se=1+MaKa (2)

where Sie is the unstretched downstream la-
minar burning velocity, Ma the Markstein num-
ber (representing the sensitivity of flame response
to stretch) and Ka the Karlovitz number (the
normalized flame stretch), which is defined as
KD,/S} where D, is the binary mass diffusivity
of hydrogen into the diluent (nitrogen). The
small stretch limit is also of interest, to connect
present results at finite levels of stretch to classical

asymptotic theories of laminar premixed flame
propagation, as follows (Kwon and Faeth, 2001):

Si/Ste=1—Ma@=Ka-, Ka.<1 (3)

Fortuitously, both existing measurements and
numerical simulations at normal temperature and
normal to moderately elevated pressures yield a
linear correlation between Si./S: and Ka, for
values of Ka not too near quenching conditions,
which implies constant Markstein numbers for
each reactant condition (Kwon et al., 1992 ; Aung
et al., 1998, 2002 ; Hassan et al., 1998 ; Kwon et
al., 2000 ; Kwon and Faeth, 2001). In view of the
complexity of laminar premixed flames a general
proof of this constant Markstein number property
is unlikely, however, once established for given
conditions this behavior provides a very concise
and helpful way of summarizing preferential-dif-
fusion/stretch interactions. Thus, it is of major
interest to explore the linear correlation at the
present high temperature and pressure conditions.

Numerical simulations were conducted for hy-
drogen-air flames of fuel-equivalence ratio ¢=
0.6, which was a typical condition chosen through
trade-offs among thermal efficiency, emission
and power of hydrogen-fueled internal engines
{McLean et al,, 1977; Poulton, 1994), at pres-
sures of 5 to 50 atm and temperatures of 500
to 1000 K, which were chosen based on James
(1987), Abraham et al. (1985) and Gauducheau
et 21.(1998). In addition to these engine-like
practical conditions, a simulation for the 5 atm
and 298 K hydrogen-air flame was conducted as
a reference data though this condition was out of
the engine-like conditions. The test conditions
and major results (which will be discussed later)
are summarized in Table 1. All the calculations
were carried out with the detailed hydrogen oxi-
dation mechanism by Mueller et al.(1999), in-
volving 9 species and 19 reversible reactions. This
reaction mechanism was chosen based on a pre-
vious investigation {Kwon and Faeth, 2001)
which showed good agreement between predicted
and measured unstretched laminar burning veloc-
ities and Markstein numbers using the reaction
mechanism for various conditions (including
even various diluents).
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Table 1 Summary of test conditions for hydrogen-air flames at high temperatures and pressures

Oh Chae Kwon

a

b T 0u/ s D, St Kamax Ma
(atm) (K) (—) (mm?/s) (mm/s) (=) (=)
$=0.6
5° 298 5.57 14.6 450 0.033 —4.8
5 500 3.61 356 1,610 0.015 —2.5
5 750 2.65 70.7 5,710 0.007 -—0.1
5 1000 2.17 112.7 16,380 0.003 4.4
30 500 3.62 5.9 540 0.008 —4.8
30 750 2.66 11.7 2,220 0.003 —-2.9
30 1000 2.18 18.8 7,650 0.001 -09
50 500 3.62 3.6 360 0.006 —5.1
50 750 2.66 7.0 1,530 0.002 —36
50 1000 2.18 11.3 5.310 0.001 0.0

® Computations based on Mueller et al.(1999) mechanism.
® A reference data at normal temperature ; this condition is out of engine-like practical conditions.

3. Results and Discussion

3.1 Burning velocity/stretch interactions

Results for finite flame radii involve finite
values of flame stretch so that the laminar bur-
ning velocity at the largest » computed, Siw,
still differs from the fundamental unstretched la-
minar burning velocity of a plane flame, Si.
Thus, values of S;. were found from Eq. (2) by
plotting Si./Sy as a function of Ka. This yielded
linear plots so that extrapolation to Ka=0 gave
Six/S. and thus Si., as summarized in Table |
for the computations. Then given Si, plots of
Si=/S;. as a function of Ka could be constructed
for a given reactant mixture, pressure and tem-
perature, as suggested by Eq. (2). Typical plots
of this type are illustrated in Figs. 1 and 2 for
hydrogen-air flames at 5 and 50 atm, respectively.
The plot for 30 atm flames is not illustrated due
to the very similar behavior to the 50 atm flames ;
results for the 30 atm flames are summarized in
Table 1. Results at conditions that are stable
(unstable) with respect to preferential-diffusion
effects, corresponding to Me>0 (Ma<0) and
decreasing (increasing) burning velocities with in-
creasing stretch, are indicated by open (darkened)
symbols on these plots.

Results of simulations illustrated in Figs. 1 and
2 exhibit the linear relationship between Sie/S:

L.10 T T T T T T T
H2-Air Flames of ¢ = 0.6
B @p=5atm & T=500-1000 K ]
1.05 -
Stable
1000K=T
¢ |
Ty 1.00 Too - A ooy 750K -1
A TN
~o-a_
= L T -
‘\‘\
® 500K
095} -
Unstable
0.90 1 1 1 1 I 1 1
0.000 0.005 0.010 0.015 0.020

Karlovitz Number
Fig. 1 Laminar burning velocities as a function of
Karlovitz number and temperature for ¢=
0.6 hydrogen-air flames at 5 atm

and Ka that was exploited to find Si. well
within computational uncertainties ; similar be-
havior was observed during earlier work for nor-
mal temperature and normal to moderately ele-
vated pressures (Aung et al., 1998 ; Kwon and
Faeth, 2001) . Thus, the slope of each plot, which
is equal to the Markstein number according to
Eq. (2), is independent of Ka over the range of
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Fig. 2 Laminar burning velocities as a function of
Karlovitz number and temperature for ¢=
0.6 hydrogen-air flames at 50 atm

the computations on these figures (which in-
volves Ka<0.015). Similar behavior was observ-
ed over the entire test range, which involves
Ka<0.033. This observation indicates that the
local conditions hypothesis is still valid for the
present high temperature and pressure test con-
ditions, and thus can be extended to the con-
ditions in practical applications such as internal
combustion engines. However, quenching effects
as extinction conditions are approached (where
Ka would be on the order of unity, see Law
(1988)) would probably yield a more complex
response to stretch.

For the present small values of Ka, effects of
flame stretch on S; were not significant : over the
entire test range, Siw/S: varied in the range of
0.95—1.02. Considering that the present tests
were conducted for Kq<0.033, which is much
smaller than a typical value of 0.15 for hydro-
gen-fueled flames at normal temperature and
pressure (Kwon and Faeth, 2001), however, the
variation of S;=/S: could be significant at mo-
derate levels of stretch that are still far from the
extinction conditions. For example, according to
Keck (1982), Abraham et al.(1985) and Thomas

(1983), stretch K can be estimated to be 2000 s™*
for a typical engine condition : the engine speed
as a characteristic velocity scale, V:=100m/s
and the inlet valve diameter as a characteristic
length scale, L.=0.05 m. For this stretch level,
the present relationship between Si/S: and Ka
yields that the burning velocity can be changed
up to 28% (Sr==360 mm/s and S;=502 mm/s).

As discussed earlier, a linear variation of S/
St with increasing Ka yields a constant Mar-
kstein number for each flame condition over the
present test range. The properties of preferential-
diffusion/stretch interactions are seen most con-
cisely from the Markstein numbers, which are
considered next.

3.2 Markstein numbers

Markstein numbers are independent of Kar-
lovitz numbers for present conditions and are
summarized in Table 1 as a function of reactant
conditions. Predicted values of Ma for ¢=0.6
H>-air flames are plotted as a function of pres-
sure in Fig. 3. Significant reductions of Ma with
increasing pressure are observed in the figure. In
particular, Ma for T=1000 K become zero and
negative from a positive value at p=35 atm with
increasing pressure, which enhances flame sensi-
tivity to preferential-diffusion/stretch instability.
It is very similar to past observations for hydro-
carbon-air flames at normal temperature and
normal to moderately elevated pressures (Hassan
et al., 1998; Kwon et al., 2000) whereas this
observation is somewhat different from that for
hydrogen-fueled flames at normal temperature
and sub-atmospheric to moderately elevated pres-
sures (Aung et al., 1998 ; Kwon and Faeth, 2001)
that exhibit a small effect of pressure on Ma
(though still the same tendency, decreasing Ma
with increasing pressure, was observed for the
lean hydrogen flames). Considering all the above
observations, however, the behavior of decreasing
Ma with increasing pressure seems to be general,
at least, for both hydrogen- and hydrocarbon-
fueled flames at the high temperature and pres-
sure conditions in the practical applications such
as internal combustion engines. The increased
sensitivity for unstable behavior appears to be
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Fig. 3 Markstein numbers as a function of pressure
for ¢=0.6 hydrogen-air flames at T =500,
750 and 1000 K

caused by reduced radical concentrations in the
reaction zone and by reduced positive-stretch-
generated stabilizing effects and enhanced baro-
clinic-torque-generated destabilizing effects due
to reduced flame thicknesses (Kwon et al., 2000 ;
Kwon and Faeth, 2001 ; Kwon et al., 2002).

In order to investigate the effects of initial mix-
ture temperature on preferential-diffusion/stretch
interactions at the high temperature conditions,
Markstein numbers for ¢=0.6 Hr-air flames are
plotted as a function of temperature in Fig. 4. In
contrast to the pressure effects, Ma progressive-
ly increase with increasing temperature, which
reduces flame sensitivity to preferential~diffu-
sion/stretch instability. This observation is very
similar to that for hydrogen-fueled flames at nor-
mal temperature and pressure (Kwon and Faeth,
2001). However, the observed general behavior
of progressively increasing Ma with increasing
temperature is somewhat different from an ear-
lier experimental observation for heavy hydro-
carbon-oxygen-nitrogen flames through an indi-
rect method increasing flame temperature by in-
creasing oxygen concentrations (Kwon et al.,
2000), for which the Markstein numbers asymp-
totically approach Ma=0 with increasing tem-
perature. Considering that the indirect method to
increase flame temperature is actually different

10
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2
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Temperature (K)
Fig. 4 Markstein numbers as a function of tempera-
ture for ¢=0.6 hydrogen-air flames at p=5,
30 and 50 atm

from the present method to increase the tempera-
ture of the whole mixture field, however, the
different behaviors were somewhat expected. For
example, the present method yields significantly
enhanced binary mass (and thermal) diffusivities
of hydrogen into the mixture than those for the
indirect method ; the different values of transport
parameters may affect positive-stretch-generated
stabilizing effects and baroclinic-torque-generat-
ed destabilizing effects on the preferential-diffu-
sion/stretch interactions.

Finally, the results in Figs. 3 and 4 suggest that
though it depends on a specific condition whether
the opposing effects of increased temperatures
and increased pressures enhance or retard the in-
stability of practical flames due to preferential-
diffusion/stretch interactions compared to labor-
atory experiments at normal temperature and
normal to moderately elevated pressure, the stabi-
lizing effect due to increased temperatures is gen-
erally more dominant for the present test range
(T=298~1000K and p=5~50 atm}. For ex-
ample, compared to Ma=—4.8 for the flame at
normal temperature and p=35 atm (Table 1),
Ma=:4.4 and —5.1 for T=1000 K and p=>5 atm
(max. T and min. p), and T=500K and p=50
atm (min. 7" and max. p) flames respectively,
which shows that the former stabilizing effect due
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to T dominates the latter destabilizing effect due

to p.

3.3 Unstretched laminar burning velocities

Effects of pressure on unstretched laminar bur-
ning velocities are summarized in Table | and are
illustrated in Fig. 5. As discussed earlier, there
was a linear relationship between Si./S: and
Ka so that linear extrapolation to Ka=0 gave
Stw. Similar to the observations for hydrocar-
bon-air flames at normal temperature and normal
to moderately elevated pressures (Hassan et al.,
1998 ; Kwon et al., 2000), the figure shows a
progressive reduction of Sr. with the increasing
flame pressure due to increased rates of three-
body recombination reactions. However, this ob-
servation is somewhat different from the small
pressure dependence of S« for the hydrogen-air
flames at normal temperature and sub-atmos-
pheric to moderately elevated pressures (Aung
et al.,, 1998). Based on numerical simulations at
various fuel-equivalence ratios and pressures for
laminar premixed hydrogen-air flames, Sun et al.
(1999) showed that the pressure dependence of
St for these hydrogen-fueled flames is some-
what complicated, e.g. the pressure exponent de-
pends on the mixture compositions as well as the
pressure range ; therefore, it is difficult to find
a general relationship between laminar burning
velocities and pressure over a wide range of
pressures {(covering from sub-atmospheric to high
pressures) .

Effects of initial mixture temperature on un-
stretched laminar burning velocities are summa-
rized in Table 1 and are illustrated in Fig. 6.
Similar to the observations for heavy hydrocar-
bon-air and hydrogen-oxygen-diluent (argon or
helium) flames at atmospheric conditions (Kwon
et al., 2000 ; Kwon and Faeth, 2001), increasing
the mixture temperatures yields a corresponding
increase of Si.. This behavior follows because
increased flame temperatures at a fixed pressure
tend to increase radical concentrations in the
reaction zone of the flame. Then, based on the
proportionality between radical concentrations
in the reaction zone and laminar burning veloci-
ties (Kwon and Faeth, 2001), laminar burning
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Fig. 5 Unstretched laminar burning velocities as a
function of pressure for $=0.6 hydrogen-air
flames at T"==500, 750 and 1000 K
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Fig. 6 Unstretched laminar burning velocities as a

function of temperature for ¢=0.6 hydrogen
-air flames at p=35, 30 and S0 atm

velocities increase accordingly.
4. Conclusions

Dynamic properties (preferential-diffusion/
stretch interactions) of hydrogen-air flames were
studied computationally. Outwardly propagating
spherical premixed flames were considered for
a fuel-equivalence ratio of 0.6, pressures of 5 to
50 atm, and temperatures of 298 to 1000K in
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order to understand the dynamic properties at
conditions encountered in practical applications
such as internal combustion engines. The major
conclusions of the study are as follows:

(1) Effects of flame/stretch interactions for
predictions could be correlated based on the local
conditions hypothesis according to Sie/S.=1+
MaKa to obtain a linear relationship between
Stw/S: and Ka, yielding constant Markstein
numbers for given reactant conditions, implying
that the local conditions hypothesis can be ex-
tended to the practical conditions.

(2) Effects of flame stretch on laminar burning
velocities were substantial, yielding the burning
velocity changed up to 28% from the unstretched
value for a typical engine condition ; the corre-
sponding Ma was —5.1.

(3) Opposing effects of increased temperatures
and increased pressures on the instability of
practical flames due to preferential-diffusion/
stretch interactions were observed: increasing
Ma with increasing T, while decreasing Ma
with increasing p. Compared to laboratory ex-
periments at normal temperature and normal to
moderately elevated pressure, however, the stabi-
lizing effects due to increased temperature are
generally more dominant for the present test
range.

(4) Unstretched laminar burning velocities in-
creased with increasing temperatures and de-
creasing pressures.
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