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ABSTRACT

This report describes the research performed at the Center for Reactive Flow and
Dynamical Systems in the Laboratory for Computational Physics and Fluid Dynam-
ics, at the Naval Research Laboratory, in support of the NASA Microgravity Science
and Applications Program. The primary focus of this research is on investigating fun-
damental questions concerning the propagation and extinction of premixed flames in
earth gravity and in microgravity environments.

Our approach is to use detailed time-dependent, multispecies, numerical models
as tools to simulate flames in different gravity environments. The models include a de-
tailed chemical kinetics mechanism consisting of elementary reactions among the eight
reactive species involved in hydrogen combustion, coupled to algorithms for convection,
thermal conduction, viscosity, molecular and thermal diffusion, and external forces.
The external force, gravity, can be put in any direction relative to flame propagation
and can have a range of values. Recently more advanced wall boundary conditions such
as isothermal and no-slip have been added to the model. This enables the simulation
of flames propagating in more practical systems than before.

We have used the numerical simulations to investigate the effects of heat losses and
buoyancy forces on the structure and stability of flames, to help resolve fundamental
questions on the exdstence of flammability limits when there are no external losses
or buoyancy forces in the system, to understand the interaction between the various
processes leading to flame instabilities and extinguishment, and to study the dynamics
of cell formation and splitting.

Our studies have been able to bring out the differences between upward- and
downward-propagating flames and predict the zero-gravity behavior of these flames.
The simulations have also highlighted the dominant role of wall heat losses in the case
of downward-propagating flames. Details of the flame-extinguishment process during
downward propagation at the flammability limit have been elucidated. The simulations
bave been able to qualitatively predict the formation of multiple cells and the cessa-
tion of cell-splitting. Our studies have also shown that some flames in a microgravity
environment can be extinguished due to a chemical instability and without any exter-
nal losses. However, further simulations are needed to more completely understand
upward-propagating and zero-gravity flames as well as to understand the potential

effect of radiative heat losses.



A

INTRODUCTION

In this report we describe the research performed at the Naval Research Labo-
ratory in support of the NASA Microgravity Science and Applications Program over
the period February 1989—September 1991. This work has been performed at the
Center for Reactive Flow and Dynamical Systems in the Naval Research Laboratory
by Drs. Gopal Patnaik, K. Kailasanath and Elaine Oran.The emphasis of our research
has been on investigating fundamental combustion questions concerning the propaga-
tion and extinction of gas-phase flames in microgravity and earth-gravity environments.
Our approach to resolving these fundamental questions has been to use detailed time-
dependent, multispecies numerical models to perform carefully designed computational
experiments. The basic questions we have addressed, a general description of the nu-
merical approach, and a summary of the results are described in this introduction.
More detailed discussions are presented in the next two sections and in the appendices
to this report.

It is well known from fammability studies in Earth gravity that a lame propagat-
ing upward in a tube propagates in a wider range of mixture stoichiometries and dilu-
tions than a flame propagating downward. This means that the apparent flammability
Limits of upward-propagating flames are broader than those of downward-propagating
flames. Various explanations for this phenomena are based on factors such as buoyancy
forces, preferential diffusion, lame chemistry, conductive and radiative heat losses, the
aerodynamics of burnt gases, and flame stretch [1-8] . Furthermore, instabilities are
often observed in the propagation of flames, especially near the flammability Limits.
One certainty is that gravitational acceleration (buoyancy) is very important and may
also be interacting with and influencing other physical processes.

A systematic study which isolates the various processes that could lead to flame
instabilities and extinction is needed to gain a better understanding of flammability
Limits in general and more specifically, the role of gravity on flame propagation and
extinction. Numerical simulations, in which the various physical and chemical processes
can be independently controlled, can significantly advance our understanding of flame
instabilities in a microgravity environment and flammability limits on earth and in a
microgravity environment. In the past three years, we have addressed a number of
basic issues aimed at resolving some of the important aspects of flame structure and

propagation. There are still many questions left unanswered and, as such, this final



report is also a progress report on a continuing investigation.

The basic issues we have addressed are: the effects of heat losses and buoyancy
forces on the structure and stability of flames, the existence of flammability limits in
the absence of external losses or buoyancy forces in the system, and the extinguishment
process at the downward-propagation limit.

Our current numerical simulations of hydrogen-air flames in a two-dimensional
channel have been able to bring out some of the differences observed between upward-
and downward-propagating flames and predict the zero-gravity behavior of these flames.
The simulations have also highlighted the dominant role of wall heat losses in the case
of downward-propagating flames. Details of the flame-extinguishment process during
downward propagation at the flammability limit have been elucidated. The simulations
have been able to qualitatively predict the formation of multiple cells and the cessation
of cell-splitting. Our studies have also shown that some flames in a microgravity envi-
ronment can be extinguished without external losses. However, further simulations are
needed to more completely understand upward- -propagating and zero-gravity flames as
well as to understand the potential effect of radiative heat losses.

In the research described here, we have used both one-dimensional and two-
dimensional numerical simulations to systematically isolate and evaluate the impor-
tance of various processes that might be controlling the dynamics of flames, particularly
near the flammability limits, and to evaluate the relative unportance of these processes
in normal gravity and xmcrograv:ty Both the numerical models are time-dependent
and solve the multispecies coupled partial differential reactive-flow equations. These
models include a detailed chemical kinetics mechanism coupled to algorithms for convec-
tion, thermal conduction, viscosity, molecular diffusion, thermal diffusion, and external
forces. The external force, gravity, can be in any direction relative to flame propagation
and can have a range of values. Eneigy sources and sinks may also be prescribed as a
function of time. The models are described in greater detail in the next section.



COMPUTATIONAL TOOLS

Two computational models developed at NRL, FLIC2D and FLAMEID, have
been used in the work reported here. FLIC2D has been used in the past to study
the tendency of hydrogen-air mixtures to exhibit cellular structure [9] and to model
diffusion flames [10]. Here, we are using it to study the effects of gravity and heat losses
on structure and stability of multidimensional lames. Many submodels in FLIC2D are
based on FLAMEID, a one-dimensional, time-dependent Lagrangian model which bas
been tested extensively and applied to various studies of flame phenomena including
calculations of burning velocities [11,12], minimum ignition energies and quenching
distances [12,13], effects of curvature and dilution {14}, and Sammability limits [15].
Here, this one-dimensional model is used to further explore the rich-flammability limit

of hydrogen-air mixtures. Both models are briefly described below.

FLAME1D

This is a time-dependent model [12] which solves the compressible, conservation
equations for mass, momentum and energy [16,17] in one spatial dimension. Since it
was developed specifically to study the initiation, propagation, and quenching of lami-
par flames, it consists of algorithms for modelling convection, detailed chemical kinetics
and energy release, thermal conduction, molecular and thermal diffusion of the individ-
ual species, and various epergy deposition mechanisms. The model has a modular form
and the algorithms representing the various chemical and physical processes are com-
bined using an asymptotic timestep-split approach in which the individual processes
are integrated separately and then coupled together [17,18]. The model also permits a
variety of initial and boundary conditions.

The convective transport terms in the equations are solved by the algorithm AD-
INC, a Lagrangian convection algorithm which solves implicitly for the pressures [19)].
Since ADINC communicates compression and expansion across the system implicitly,
it overcomes the Courant time-step limit. Since it is Lagrangian, it can maintain steep
gradients computationally without numerical diffusion for a long period of time. This
is important in lame calculations where the diffusive transport of material and energy
can govern the system evolution and therefore must be calculated accurately. An adap-
tive regridding algorithm has been developed to add and delete computational cells.
For the flame calculation, cells are added in the region ahead of the lame so that the



front always propagates into a finely zoned region. Cells are removed behind the flame
where the gradients are very shallow,

The chemical interactions are described by a set of nonlinear coupled ordinary dif-
ferential equations. This set of equations may be stiff when there are large differences
in the time constants associated with different chemical reactions, and are invariably
stiff for combustion problems. These equations are solved using VSAIM, a fully vec-
torized version of the selected asymptotic integration method CHEMEQ [20,21]. In
VSAIM, the stiff equations are identified and solved using a very stable asymptotic
method while the remaining equations are solved using a standard classical method.

The diffusive transport processes considered in this model are molecular diffusion,
thermal conduction and thermal diffusion. These processes are crucial to the description
of flame phenomena since they are the mechanisms by which heat and reactive species
are transported ahead to the unburned gas. An iterative algorithm, DFLUX, is used to
obtain the diffusion velocities without the cost of performing matrix inversions [17,22].
This method has been vectorized and is substantially faster than matrix inversions
when four or more species are involved.

Problems can be set up in either planar, cylindrical, or spherical coordinates as
well as a variable power series coordinates which can model one-dimensional nozzle-like
geometries. The model can also be configured with either an open or closed boundary

‘at one end. The open boundary simulates an unconfined system.

FLIC2D . ,

FLIC2D is a time-dependent, Eulerian, implicit, compressible, two-dimensional
flame model. In FLAMEID, a Lagrangian method was chosen for convective transport
because eliminating the advection term in effect means eliminating numerical diffusion
from the calculation. Extending this Lagrangian approach to multidimensions would be
extremely difficult and expensive, requiring many years of algorithm development and
testing. Therefore, we felt that we would have more success in multidimensions with an
Eu]eri@ method. However, most Eulerian methods are either more numerically diffu-
sive than what is acceptable in a flame model, or they are explicit and hence extremely
inefficient at the very low velocities associated with laminar flames. To circumvent
these numerical problems, we developed BIC-FCT, the Barely Implicit Correction to
Flux-Corrected Transport [23,24]. BIC-FCT combines an explicit high-order, nonlinear
FCT method [25,26] with an implicit correction process. This combination maintains
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high-order accuracy and yet removes the timestep Limit imposed by the speed of sound.
By using FCT for the explicit step, BIC-FCT is accurate enough to compute sharp
gradients without overshoots and undershoots. Thus spurious numerical oscillations
that would lead to unphysical chemical reactions do not occur. The development of
this new algorithm has made it possible to model multidimensional flames in detail.
However, because there is always some residual numerical diffusion, even in high-order
Eulerian aféérithms, we need to inoniit;;:tﬂculationé to ensure that numerical diffusion

never becomes larger than the physical diffusion processes we need to resolve.

In generalizing the flame model to two-dimensions, simplifications were made in
the diffusive transport calculations in order to reduce the cost of computations. In
FLIC2D, thermal conductivity of the individual species is modeled by a polynomial
fit in temperature to existing experimental data. Individual conductivities are then
averaged using a mixture rule [12,27] to get the thermal conductivity coeflicient of the
gas mixture. A similar process is used to obtain the mixture viscosity from individual
viscosities. Heat and momentum diffusion are then calculated explicitly using these

coefficients.

Mass diffusion also plays a major role in determining the properties of laminar
flames. Binary mass-diffusion coefficients are represented by an exponential fit to exper-
imental data, and the individual species-diffusion coefficients are obtained by applying
mixture rules [12].The individual species-diffusion velocities are determined explicitly
by applying Fick's law followed by a correction procedure to ensure zero net flux [27].
This procedure is equivalent to using the iterative algorithm DFLUX [22] (used in
FLAMEI1D) to second order.

The chemical reaction-rate equations are modelled and solved as before using a
vectorized version of CHEMEQ), an integrator for stiff ordinary differential equatigns
[21]. Because of the complexity of the reaction scheme and the large number of com-
putational cells in a two-dimensional calculation, the solution of the chemical rate
equations takes a large fraction of the total computational time. A special version of
CHEMEQ called TBA was developed to exploit the special hardware features of the
CRAY X-MP and Y-MP.

As in the one-dimensional code, all of the chemical and physical processes are
solved sequentially and then coupled asymptotically by timestep splitting [17,18]. This

modular approach greatly simplifies the model and makes it easier to test and change



the model. Individual modules were tested against known analytic and other previously
verified numerical solutions. One-dimensional predictions of the complete model were
compared to those from the Lagrangian model FLAME1D which has been benchmarked
extensively against theory and experiment.

In summary, all of the chemical and diffusive-transport algorithms are essentially
the same in FLIC2D as in FLAME1D. Thus given the input data concerning the species,
their transport coeflicients, and the reactions among the species, either the one- or two-
dimensional model can be run. The major differences between the two models are in the
costs of running them and the algorithm chosen for convective transport. In general,
we use the results of one-dimensional calculations as initial conditions for the two-
dimensional calculations in order to reduce the cost of computations. A report on the

code discusses more details than what is presented here [28].
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SUMMARY OF RESEARCH

In this section we briefly describe the research performed for the Microgravity
Science and Applications Program. The research can be broadly divided into five
categories: (a) dynamics of cellular flames, (b) eflects of gravity on flame instabilities
and structure, (c) role of heat losses and viscosity on flame structure (d) extinguishment
process at the lean-flammability Limit and (e) instabilities near the rich-lammability
limit. Each of these categories are d;irscuss;d below.

Dynamics of Cellular Flames

Our initial simulations [29] of cellular flames were in qualitative agreement with
experimental observations on the stability of flames in lean and rich hydrogen-oxygen-
nitrogen mixtures [30]. However, the vigorous cell-splitting observed in the experiments
in the NASA drop tower [31] were not observed in these simulations. This difference
could have been due to the small system size of 2 cm used in the simulations. Therefore,
we repeated some of the earlier simulations but with a larger system size of 5.1 cm.
This particular size was chosen because it corresponds to the diameter of the standard
flammability limit tube and one of the eventual aims of these simulations is to calculate
flammability Lmits..

-* The early time history of the lame in a 1.5:1:10 mixturein a 5.1 cm channel is the
same as that observed earlier for a flame in a 2 cm channel. However, for longer times,
the cells present in the center of the wider channel grow larger and split into smaller
cells. Then, these smaller cells grow larger and continue the splitting process.

After this demonstration of the ability of the code to simulate multiple cell-splits,
we investigated the “cell-split limit” postulated from experimental observations [31].
The cell-split limit refers to Ronney's experimental observation that for mixtures leaner
than 5.5 % hydrogen (in air), the cells that form do not split. He has also attributed
this limit to radiative or other heat losses from the system. If heat losses are essential
for this limit, then these calculations should not observe such a limit.

We simulated the structure and dynamics of flames in a series of mixtures with
15% or less hydrogen in air. We observe brisk formation of cells and their subsequent
splitting in lean mixtures with more than 11% hydrogen. In leaner mixtures with
- 9.5-11% hydrogen, the formation and splitting of cells is less vigorous. For mixtures
with 9% or less hydrogen, a single cell is formed which does not split at all. For these
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mixtures, even calculations for very long times (0.4 seconds) in larger systems (10.2 cm
channel width) did not show any indications of cell-splitting.

In summary, a complete cessation of cell splitting is observed in mixtures between
9 and 9.5 % hydrogen in air, indicating that a cell-split limit also exists in our numerical
simulations. However, the mixture at which this imit occurs is higher than the 5.5 %
mixture found in the experimental observations. The reasons for this discrepancy are
not yet known and may be due to many differences that exist between the experimental
set-up and the numerical simulations. For example, the experiments were carried out in
a spherical vessel, in which the cellular phenomena is three-dimensional. The numerical
calculations simulated cellular flames in a two-dimensional channel. Also, the effect of
the halon additive on the cellular structures in the experiments is not fully understood.

Heat Josses have been postulated as a mechanism that can cause a cell-split limit.
However, the simulations in this study do not include any loss mechanism; yet such a
Limit is still observed. This suggests that external loss mechanisms are not required and
that the cell-split limit is actually an intrinsic feature of the lean hydrogen-air mixture
itself. However, the actual mixture at which cell splitting ceases may be affected by
losses.

Details of this work have been presented at the 1989 Eastern States Combustion
Institute Meeting [32] and the 1990 ATAA Aerospace Sciences Meeting and is published
as AIAA Paper No. AIAA-90-0041 [33]. This paper is included in this report as
Appendix A.

Effects of Gravity on Flame Instabilities and Structure

We have investigated the effects of gravity on flames in both a narrow 2 cm channel
as well as a wider 5.1 cm channel. Only the phenomena observed in the wider channel is
discussed here. Our earlier calculations can be found in Ref. [34,35]. In this systematic
series of simulations, the effects of gravity on a sequence of hydrogen-air mixtures from
15 % hydrogen to 7.5 % hydrogen was studied. N

The calculations show that the effects of gravity become more important as the
lean flammability limit is approached. In mixtures with 12% or more of hydrogen in
air, gravity plays only a secondary role in determining the multidimensional structure
of the flame, with the stability and structure of the flame controlled primarily by
the thermo-diffusive instability mechanism. However, in leaner hydrogen-air mixtures

11



gravity becomes more important. Upward-propagating flames are highly curved and
evolve into a bubble rising upwards in the tube. Downward-propagating flames are
flat or even oscillate between structures with concave and convex curvatures. The
zero-gravity flame shows only cellular structures. Cellular structures which are present
in zero gravity can be suppressed by the effect of buoyancy for mixtures leaner than
11% hydrogen. These observations have been explained on the basis of an interaction
between the processes leading to buoyancy-induced Rayleigh-Taylor instability and the
thermo-diffusive instability.

The thermo-diffusive instability was found to be present in all the mixtures studied
and at both orientations of gravity and is responsible for the small, cell-like structures
which are observed in the early stages of all these simulations. However, the presence of
the buoyancy-induced instability alters the large scale structure of the flame. The effect
of buoyancy on the cellular structures formed by the thermo-diffusive instability is small
in mixtures which have greater than 11% bydrogen. In a 11% mixture, a downward-
propagatiﬁg flame is flat with small cells that repeatedly split. In leaner mixtures,
the effect orfrgravity is more dramatic. In these mixtures, the upward-propagating
_ flame has the characteristic bubble shape observed experimentally and the downward
° propagating flame has oscillations characteristic of the Rayleigh-Taylor instability and
does not have any cellular structures. These results agree with the theory [36] that
~ indicates that the influence of gravity is greater for lower flame speeds and that such
oscillatory behavior is possible. These results indicate that the instability mechanisms

. can interact in a quite complex manner, and even though one mechanism can mask the

other, in certain regimes, both can be equally important.

Calculations for still leaner mixtures are needed to address the actual extinction
behaw’pr of upward and downward-propagating flames. Loss mechanisms such as heat
and radical losses to the walls as well as radiation might also play a role in determining
the detailed extinction behavior of these flames. These effects are being systematically
. considered in further calculations some of which are discussed pext.

These results have been presented and published in the Proceedings of the Twenty-
third Symposium (International) on Combustion [37) and is enclosed as Appendix B.

12



Role of Heat Losses and Viscosity on Flame Structure

In many practical applications as well as in the determination of flammability
limits, lames are confined. Heat and radical losses will occur to the confining walls
and the flow will also have to come to rest at the surface of the walls. All these processes
may significantly affect the structure and dynamics of flames.

As a first step, detailed two-dimensional numerical simulations have been carried
out to investigate the effects of heat and momentum losses (due to viscosity) to the
walls on the structure and dynamics of flames in a 10% hydrogen-air mixture. The
simulations of flames in zero-gravity show that momentum losses to adiabatic walls
result in flames with very éomplex shapes in which the portion of the flame near the
walls moves significantly faster than the central portion of the lame. This phenomena
occurs because of the slower flow velocities near the walls. However, viscous effects
play only a secondary role when the walls are assumed to be isothermal. In this case,
heat losses to the walls play a dominant role resulting in the formation of additional
cellular structures near but slightly displaced from the walls. This dnsplacement from
the walls is a key factor in the secondary role played by viscous effects because it moves
the flame to the outer edges of the viscous boundary layer.

We also investigated how gravity modifies the structure and dynamics of flames in
an isothermal, two-dimensional channel. Heat losses are found to sxgmﬁcantly modify
upward- and downward-propagating flames. In the upward-propagating case, instead
of a single bubble rising in the tube, a two-fingered flame is observed. This flame has
some features similar to experimentally observed flames in lean hydrogen-air mixtures.
The downward-propagating flame is also quite different when the effect of heat losses
are considered. In this case, a flame is “visible” only in the central portion of the chan-
nel. Again, this flame is qualitatively similar to some near-mit flames in experiments.
Further calculations described below provide valuable insights into the dynamical be-
havior observed experimentally in flames near extinguishment. Details of this work
bave been presented and published as ATAA paper No. 91-0784 [38] and is enclosed as
Appendix C.

Extinguishment Process at the Lean-Flammability Limit

The experimentally observed flammability limit is between 9 and 10% for down-
ward flame propagation in lean Hydrogen-air mixtures. Therefore further simulations
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including the effect of wall heat losses were carried out for flames in 10%, 9.75%, 9.5%
and 9% hydrogen-air mixtures. The computational results show that a downward prop-
agating flame in an isothermal channel bas a lammability limit of around 9.75%. The
details of the extinguishment process in this mixture has been analysed and found to
be in excellent agreement with experimental observations.

In experiments, the flame is first observed to halt its downward propagation and
then actually move back up into the burnt products. From the simulations we can
understand the reason for this observed behavior. The simulations indicate that the
flame is quenched at the walls and tongues of colder gases, comprised mainly of burnt
products flow down the sides. At the same time, there is an upward motion of the
gases at the center of the channel, causing the flame to rise up into the burnt products.
Further simulations also indicate that the dilution of the unburnt mixture with the
products of combustion is an essential step in the extinguishment

Our earlier simulations have shown that a flame can propagate downward in a 9%
mixture in a channel with adiabatic walls and cellular flames occur in this mixture in
a zero-gravity environment. These observations taken in conjunction with our current
simulations indicate that both heat losses and gravity are simultaneously required to
cause the observed limit. A general conclusion from this work is that detailed numerical
simulations that include wall heat losses can adequately simulate the dynamics of the
e;ctingujshment process in downward-propagating lames. Further details of this work
are given in Appendix D where a paper presented at the 30th Aerospace Sdences

Meeting is enclosed [39].

Instabilities Near the Rich-Flammability Limit

As discussed in the previous section, we have a detailed description of the behavior
of flames at the downward-propagation limit. At the upward-probagation limit, the
flames are highly three-dimensional and therefore must await the development of a
three-dimensional model for a complete description. Meanwhile, we have also been
studying the issue of fundamental lammability limits in a zero-gravity environment.

Even in the absence of buoyancy forces, there are many competing factors such as
preferential diffusion, flame chemistry, conductive and radiative heat losses, the aerody-
namics of burnt gases, and flame stretch that can cause lammability limits. Numerical

simulations provide an ideal way to systematically isolate and evaluate the role of var-
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ious factors. In an earlier study (supported by the MSAP) on the effects of curvature
and dilution on flame propagation (14], it was shown that a flame can be extinguished
with less dilution in one geometry than in another, even in the absence of external heat
losses and buoyancy effects. Specifically, we showed that a planar flame can propagate
steadily in a dilute mixture which does not support a spherically expanding flame.
Because this behavior is related to the effects of flame stretch and Lewis number, it
raises the fundamental question of whether there is an extinguishment Limit in the
absence of stretch effects. This question can be addressed by carefully studying the
behavior of planar flames in the absence of external heat losses and gravitational ef-
fects. Our preliminary results [15] showed that there is such a limit. However, a more
recent numerical study of methane flames suggests that there may not be any limit for

methane-air mixtures in the absence of heat losses [40].

Therefore, we conducted a more systematic study of flames in rich hydrogen-air
mixtures. Because these flames are nearly one-dimensional, we conducted these investi-
gations with the FLAMEID code. Results from the numerical simulations indicate that
a steady burning velocity is not obtained for very rich hydrogen-air mixtures. As the
amount of hydrogen is increased, at first a damped oscillation is observed in the flame
and burning velocities, and then with further increase in the amount of hydrogen, an

undamped oscillation with a complex set of frequencies is observed. Simulations with

a simplified one-step irreversible chemical reaction do not show these oscillations, sug-

gesting that chemical kinetics plays a strong role in inducing these oscillations. Further -

analysis shows that the oscillations are due to a competition for H atoms between chain
branching and chain-terminating reactions. However, the limiting mixture predicted
by these simulations is beyond the experimentally observed limit. These differences

may be because of the neglect of phenomena such as stretch and radiative heat losses.

Slmu]atxons of spherically expanding flames suggest that stretch effects (due to
curvature) will cause the oscillations to occur in less rich mixtures than that observed for
planar flames. Further calculations including multidimensional effects and radiative and
conductive heat losses are needed to quantitatively determine the flammability limits
in zero-gravity as well as to more fully understand the significance of the instability

induced by chemical kinetics.

This work was presented at the 13th ICDERS meeting [41] and is described in |

greater deta.ﬂ in Appendxx E.
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FUTURE DIRECTIONS

The calculations discussed above have lead to a better understanding of the struc-
ture and propagation of flames. We now understand the reasons for some of the ob-
served differences in the structure of upward and downward propagating flames. We
also have a detailed description of the extinguishment process in downward-propagating
flames and rich hydrogen-air flames. However, these simulations have also brought up
a number of unresolved issues which need to be examined. Four major issues which
need to be addressed are: (1) What is the role of radiation in near-limit flame phe-
nomena, especially for hydrocarbon flames ? (2) Will the extinguishment process and
the relative importance of various instability mechanisms be the same for hydrocarbon
flames as for hydrogen flames ? (3) Are burner-stabilized flames significantly different
from freely propagating flames ? and (4) How does three-dimensionality modify the
observations from the two-dimensional simulations ?

The issues raised above are ideal for being studied cost-effectively using numerical
simulations. However, they have not been studied systematically due to the lack of a
three-dimensional, time-dependent flame model and adequate sub-models for hydrocar-
bon flames (especially radiation models). Detailed reaction mechanisms are available
for some hydrocarbons but the cost of including such mechanisms in time-dependent,
multidimensional simulations is very high. The solution of the chemical rate equations
takes a significant portion (60 - 70 %) of the computer time because of the large number
of species and the large number of rate equations involved in a mechanism consisting
of elementary reactions. One approach to reducing the cost of multidimensional flame
simulations is to use a greatly simplified reaction mechanism. However, a satisfactory
simplified reaction mechanism does not exist currently, even for methane. Although,
we have reduced a 108 reaction-rate mechanism for methane to about 50 rates [42], this
is still too expensive to use in a multidimensional flame calculation. Currently there
are many ongoing efforts to find ways of easing the burden of integrating full chemi-
cal reaction-rate mechanisms [43-46]. Using such simplified approaches in FLIC2D is
straightforward and will enable us to simulate multidimensional flames in bydrocarbon
mixtures.

Another approach to reducing the cost of chemistry calculations is to develop
faster chemical integration algorithms. We are continually finding ways to make the

algorithms we use faster. In addition, there are some new approaches to sorting stiff
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equations [47] which are promising. However, it is unlikely that reducing the computer
time required by using faster algorithms alone will be sufficient to allow us to perform
detailed calculations of complex hydrocarbon flames cost-effectively.

The major advances being made in parallel computing will probably be the crucial
factor enabling us to simulate the ﬁydroéubon flames to the same level of detail as we do
with the hydrogen flames. Currently, we are working on an increasingly more paralle]-
processing approach for doing our multidimensional flame simulations. Meanwhile,
additional efforts are also being made in developing simplified chemistry and radiation
models.
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Abstract

Detailed, time-dependent, two-dimensional numerical
simulations of premixed laminar flames have been
used to study the initiation and subsequent develop-
ment of cellular structures in lean hydrogen-air flames.
The model includes detailed hydrogen-oxygen combus-
tion with 24 elementary reactions of eight reactive
species and a pitrogen diluent, molecular diffusion of
all species, thermal conduction, viscosity, and convec-
tion. This model has been used to study the non-
linear evolution of cellular flame structure and shows
that cell splitting, as observed in experiments, can be
predicted numerically for sufficiently reactive mixtures.
The structures that evolved also resembled the cellular
structures observed in experiments. The present study
s§owa that the “cell-split limit” postulated from ex-
perimental observations is an intrinsic property of the
mixture and that external factors such as heat losses
are not necessary to cause this limit.

) ]_Introdyction

The structure of flames, especially near Bammability
li_r_niu, is usually multidimensional. To investigate such
rqultidinnmiond effects, we have developed a time-
dependent, two-dimensional model that can simulate
either premixed or diffusion flames. In this paper,
we present results of calculations using this model to
study the structure of premixed laminar flames in lean
hydrogen-air mixtures. These results are discussed in
terms of the formation of cellular structure, and the
existence of a “cell-split® limit as observed experimen-
tally in a microgravity environment!. In this study we
restrict our sttention to lean hydrogen flames in zero
gravity, thus eliminating the effects of gravity.

Cellular structures in flames have been observed in
the microgravity experiments in the NASA drop tower?
and Lear-jets®. Ronney bas recently reported some de-
tailed experimental observations of cellular structures
of lean hydrogen flames in microgravity®. Be describes
the formation of numerous cells which split vigorously
in hydrogen-air mixtures with greater than 5.5% hydro-
gen. For mixtures close to 5.5%, fewer cells are formed
which then subsequently split. For leaner mixures be-
low 5.5% cells form, but do not undergo division. He
has observed the supression of cell division in a 7% mix-
ture to which a halon flame retardent has been added.

This paper is declared a work of'the U.S. Government and
is not subject 1o copyright protection in the United States.

He proposes a “cell-split limit” below which cells still
form, but do not undergo any cell splitting. This limit
has been attributed to radiative or other heat losses!.

Multidimensional structures are often formed as
the result of the instability of a one-dimensional flame
to pertubations. Linear stability analyses can provide
information on the roles of various processes at the on-
set of instability. Bowever, the prediction of the growth
of this instability to the final form is beyond the scope
of these analyses. Numerical calculations can be used
to belp understand both the onset of the instability
and the evolutionary process that produces the mul-
tidimensional structure. The numerical simulations of
flames presented here include as input s multireaction
mechanism for hydrogen combustion, molecular diffu-
sion between the reactants, intermediates, and prod-
ucts, thermal conduction, and convection. Such a de-
tailed mode! allows us to investigate the multidimen-
sional structure of flames and to evaluate the impor-
tance of various contributing physical processes. We
bave already used simulations to show that, in the
absence of gravity, cellular structure is caused by the
thermo-diffusive mechanism®.

The thermo-diffusive instability investigated by
Barenblatt and Zeldovich®” is the major mechanism
that gives rise to cellular structure that can occur in
premixed flames in zero gravity. This instability mech-
anism involves a competition between mase diffusion of
the deficient reactant and diffusion of heat in the mix-
ture. For lean hydrogen-air mixtures, hydrogen is the
limiting reactant and its mass diffusivity significantly
exceeds the thermal diffusivity of the mixture, and the
Bame is predicted to be unstable. Because our numer-
ical model of the premixed hydrogen Bame includes all
the physical mechanisms that give rise to this instabil-
ity, it provides an ideal test-bed to study the evolution
of cellular structures.

The goal of this paper is to investigate the cellular
structure arising from flame instability and, in partic-
ular, to determine if the cell-split limit is an intrinsic
feature of lean hydrogen mixtures which exists even in
the absence of heat losses. Below we describe the nu-
merical model, show its results in simulating very lean
hydrogen-air flames with different stoichiometries. de-
termine a cell-split limit, and show that it is an inhcrent
property of the mixture.
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A detailed model of a flame must contain accurate rep-
resentations of the convective, diffusive, and chemical
processes. The individual importance of these pro-
cessas varies from rich to lean flames, and is especially
‘notable near the fammability limits® where the exact
behavior of these flames depends on a delicate balance
among the processes. The reactive-flow conservation
equations are solved for density, p, momentum, PV, to-
tal energy E, and the number densities of individual
species, ny k= 1,...,n,, according to:

% +v. (W) =0,

)
——+V-(pVV) = —OP+F-VxuyVxV+V(§uV V),

OF
Bt

OpV
ot

= 4V (EV)= -V .(PV)+ V. (xVT)-

Ny

v (u.h.t’.)+20n

k=) rxl
5% Lo (V)= =V (Vi) 4w
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Mere V is the fluid velocity, P is the pressure, u is
the coeflicient of viscosity, F is the body force due to
gravity, « is the thermal conductivity of the mixture of
gases, h, is the entha.lpy of species k, V; is the diffusion
velocity of species k, Q, is the heat released from reac-
tion r, and w, is production of species k by chemical
reaction. These equations are solved assuming that the

Jndividual species are ideal gases obeying the thermal
“équation of state,

Fﬁ::n.kT,

and that the differential relation between internal en-

ergy u and pressure P is given by

P
bu=— T
where v, the ratio of specific heats of the mixture, is
a function of its temperature and composition. In the
rest of this section, we briefly describe the algorithms
and input data used to model and couple the various
phbysical processes. Full details of the numerical scheme
can be found in Reference 9.

The fluid convection algorithm must be able to
maintain the sharp gradients present in flames. Nu-
merically this means that the numerical diffusion in
the calculation must be considerably less than any im-
portant physical diffusion effect. Many explicit algo-
rithms now exist that treat sharp discontinuities in
flow variables accurately, but these methods are ex-
tremely inefficient at the very low velocities associated
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with laminar flames. The Barely Implicit Correction
Flux-Corrected Transport (BIC-FCT) algorithm!® was
developed specifically to solve low-speed flow problems
with high accuracy. BIC-FCT combines an explicit
bigh-order, nonlinear FCT method!!? with an im-
plicit correction process. This combination maintains
high-order accuracy and yet removes the timestep limit
imposed by the speed of sound. By using FCT for
the explicit step, BIC-FCT is accurate enough to com-
pute with sharp gradients without overshoots and un-
dershoots. Thus spurious numerical oscillations that
would lead to unphysical chemical reactions do not oc-
cur.

Thermal conductivity of the individual species is
modelled by a polynomial fit in temperature to existing
experimental data. Individual conductivities are then
averaged using » mixture rule!3' to get the thermal
conductivity coefficient of the gas mixture. A similar
process is used to obtain the mixture viscosity from in-
dividual viscosities. Heat and momentum diffusion are
then calculated explicitly using these coefficients. All
viscous terms in the compressible Navier-Stokes equa-
tion bave been included. In the problem considered
in this paper, the timestep imposed by the explicit
method for the diffusion terns is comparable to that
used in the fluid transport step. Thus, there is no loss
in efficiency sometimes associated with explicit meth-
ods.

Mass diffusion also plays & major role in deter-
mining the properties of laminar flames. Binary mass
diffusion coefficients are represented by an exponen-
tial fit to experimental data, and the individual species
diffusion coefficients are obtained by applying mixture
rules!3. The individual species diffusion velocities are
solved for explicitly by applying Fick’s law followed by
s correction procedure to ensure zero net Sux'¢. This
procedure is equivalent to using the iterative algorithm
DFLUX!® to second order. This method is substan-
tially faster than one that uses matrix inversions and
is well suited for a vector computer.

Chemistry of the hydrogen-oxygen flame is mod-
elled by a set of 24 reversible reaction rates describing
the interaction of eight species, Hy, O3, H, O, OH,
HO;, BH;0,, H;0, and N, is considered a nonreacting
diluent!®. This reaction set is solved at each timestep
with a vectorized version of CHEMEQ, an integrator
for stiff ordinary differential equations'?. Because of
the complexity of the resction scheme and the large
pumber of computational cells in a two-dimensional
calculation, the solution of the chemical rate equations
takes a large fraction of the total computational time.
A special version of CREMEQ called TBA was devel-
oped to exploit the special hardware features of the
CRAY X-MP vector computer.



All of the chemical and physical processes are
solved sequentially and then are coupled asymptoti-
cally by timestep splitting'®. This modular approach
greatly simplifies the model and makes it easier to test
and change the model. Individual modules were tested
against known analytic and other previously verified
numerical solutions. One-dimensional predictions of
the complete model were compared to those from the
Lagrangian model FLAMELD which has been bench-
marked extensively against theory and experiment!?.

[IL Resul { Discussi

Initial conditions for the two-dimensional calculations
were obtained by performing a one-dimensional calcu-
lation to provide the conditions for steady, propagat-
ing flames. Figure 1 shows the configuration under
study and gives the boundary conditions of the com-
putational domain. Fresh unburned gas flows in from
the left, and the products of chemical reaction at the
flame front flow out to the right. If the inlet velocity
is set to the burning velocity of the flame, the flame
zone is fixed in space and there is a steady, propa-
gating flame. Thus, the transient effects arising from
the ignition process can be eliminated and the one-
dimensional solution provides the initial condition for
the two-dimensional calculation. The computational
-domain for the two-dimensional calculation was 5.1 cm
.X 12 cm, which was resolved by s 144 x 128 vari-
“ably spaced grid. Fine zones were clustered around the
flame front. Calculations bave been performed for sev-
eral bydrogen-air mixtures, ranging from 15% hydrogen
down to 7.5% hydrogen. Bowever, only calculations for
»some representative hydrogen-air mixtures will be dis-
“cussed in detail.
rogen-Air Mixt

The results of our calculations for the various hydrogen
air mixtures can be grouped roughly into three regimes,
according to the cellular structures that are formed.
The first gegime consists of vigorously burning flames
in mixtures which bave greater than 12% hydrogen.
The burning velocity for these lames exceeds 10 cm/s.

The first calculation which will be presented in de-

tail as representative of flames in this regime is for a
12% hydrogen-air mixture, a flame that clearly exhibits
cellular structure. The initial condition described by
Fig. 1 is perturbed by displacing the center portion of
the flame against the direction of the flow. The first
set of frames in Fig. 2 show isotherms just after the
perturbation, and their subsequent evolution in time.
The second set of frames show the OH radical concen-
trations at these times. In each of these frames the
- fresh, unburnt mixture flows in from the left, and the
combustion products low out at the right. The entire
width of the channe] is shown in this and subsequent
figures. By 30 ms, the Jarge central cell which is formed
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early in the calculation shows signs of splitting and sev-
eral small cells flanking it have appeared. By 45 ms,
pumerous small cells can be seen. By 60 ma, the central
cell has undergone mulitple divisions and well defined
cells are observed along the entire flame front. The
mixtures in this regime can be considered quite reac-
tive when their burning velocities of 10-30 ¢m/s are
compared to the 0.5-2 cm/s observed in flames that do
pot split!.

This pext regime of mixtures consists of less vigorously
burning Bames which have burning velocities between
2.5 and 10 cm/s. A Same burning in & 10% hydrogen-
air mixture will be examined closely, as it is represen-
tative of the flames in this regime. The first fact that
is apparent from Fig. 3 is that the evolution of cellular
structure is much slower thao in the 12% mixture, with
the large central cell becoming prominent at 40 ms.
This cell begins to split after 80 ms and by 160 ms has
clearly split into two. In comparison to the previous
regime of mixtures, the cells are larger and far fewer
in number. Even by 180 ms only two cells are clearly
discernable, but there is indication from the OH con-
centration at this time that these cells are in the process
of splitting. In this regime the formation and splitting
of cells is slower and fewer cells are formed.

In Fig. 4, the temperature and OH concentration pro-
files are shown for a flame in a 9% bydrogen-air mix-
ture. Flames in mixtures still leaner than this also
exhibit similar bebavior. These flames have burning
velocities less than 2 cm/s. As expected from the trend
seen in the other regimes, the cellular structure evolves
very slowly. However, the most striking feature of this
flame is the fact that only one large cellular structure is
formed. This structure, which becomes clearly visible
by 40 ms, continues to grow very slowly in size as time
progresses. Even by 280 ms, this single cell remains in-
tact, and even the OB concentration at this time does
not provide any indication that this cell will split. Cell
splitting also does not occur in the still leaner mixtures
which have been modelled.
-Split i

The three regimes identified above agree qualitatively
with the observations from experiments done in micro-
gravity by Ronney!. In these experiments, cells formed
but did not split further in mixtures with less than 5.5%
of hydrogen. From the numerical modelling presented
in this study, it appears that flames in mixtures with
9% or less hydrogen form stable cellular structures that
do not split. As in the experments, this cell-split limit
is sharp, as can be seen in Fig. 5. In this figure, the
OB radical concentrations are presented for flames in
8 9.5% and a 9% hydrogen-air mixture. By 80 ms, the



central cell has a more pronounced structure in the 9%
mixture. By 200 ms in the 9.5% mixture, this central
cell begins to divide and by 280 ms bas completely split
in two. Indeed, there are signs that these cells are in
turn ready to split. In the 9% mixture, however, the
central cell remains intact even up to 280 ms.

The temperature contours for the 9% mixture
(Fig. 4) indicate that the single cell can grow quite
large. This gives rise to the speculation that the con-
finement of the cell in the 5.1 cm channel might bave
lead to the supression of cell splitting. So if this spec-
ulation were correct, cell splitting might occur for the
9% mixtute in a slightly wider channel.On the other
band, from the OH concentration contours at 280 ms
in Fig. 5, the size of the cell is not much greater than
that of the cells in the 9.5% mixture, suggesting that
the channel width is close to being adequate. Further-
more, it is also possible that 280 ms is too sbort a time
for cell splitting to occur in this mixture. Both these
issues can be resolved by simulating the evolution of
the cellular flame in this mixture for a longer time in a
larger channel. Therefore, we have repeated the calcu-
lations for the 9% mixture in a 10.2 cm channel, using
a computational mesh of 144 x 256 grid points. These
calculations have been carried out up to 400 ms and
are presented in Fig. 6. Though the single central cell
grows larger, it does not split, even though the channel
is fully twice as wide as in the other calculations. Also,
these calculations have been carried out to a much later
time, allowing a longer time for the structure to evolve.
We conclude that the cell-split limit obtained here is in-
dependent of the size of the channel and the length of
time of of simulation.

V. ar nclusi

A detailed two-dimensional pumerical simulation of
multi-dimensional flame structures in lean hydrogen-
air mixtures has been carried out for a range of mix-
tures between 7.5 and 15% hydrogen. Physical pro-
cesses included in the model are: fluid convection,
detailed hydrogen-oxygen chemistry, species diffusion,
thermal conduction, and viscosity. The simulations
show the characteristic cellular structure observed in
experiments and predicted by theory. Brisk formation
of cells and their subsequent splitting has been found
in lean mixtures with greater than 11% hydrogen. In

leaner mixtures with 9.5-11% hydrogen, the formation

and splitting of cells was less vigorous. For mixtures
with 9% or less hydrogen, a single cell is formed which
does not split at all,

A complete cessation of cell splitting was observed

between 9 and 9.5%, indicating that a cell-split limit
also exists in our numerical calculations. However, the
mixture at which this limit occurs is higher than the 5%
mixture found in experimental observations. The rea-
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sons for this discrepancy are not yet known and may be
due to the many differences that exist between the ex-
perimental set-up and the numerical simulations. For
example, the experiments were carried out in a spher-
ical vessel, in which the cellular phenomena is three-
dimensional. The numerical calculations simulated cel-
lular flames in a two-dimensional chabnel. Also, the
effect of the balon additive on the cellular structures in
the expriments is not fully understood.

Heat losses have been postulated as a mechanism
that can cause a cell-split limit. However, the simula-
tions in this study do not include any loss mechanism;
yet such a limit is still observed. This suggests that
external loss mechanisms are not required and that the
cell-split limit is actually an intrinsic feature of the lean
bydrogen-air mixture itself.
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EFFECT OF CRAVITY ON THE STABILITY AND STRUCTURE
OF LEAN HYDROGEN-AIR FLAMES

C PATNAIK® anD K. KAILASANATH

laboratory for Computational Physics and Fluid Dynamics Noval Research Loboratory
Washington, D.C. 20378

Detailed. time-dependent. two-dimensional numerical simulations with full hydrogen-oxy-
gen chemistny are used to invesligale the effects of gravity on the stability and structure of
laminar flames in lean. premised hydrogen-air mixtures. The calculations show that the ef-
fects of gravity becomes more important as the lean flammability limit is approached. In a

12% hydrogen-air mivture. Eravity playvs only
mensional structure of the flame with the stab

3 secondany role in determining the multidi-
ility and structure of the flame controlled pri-

marily by the thermo-diffusive instability mechanism. However, in leaner hydrogen-air miax-
tures gravity becomes more important Upward-propagating flames are highly cuned and
evohve into a bubble rising upwards in the tube. Downward-propagating flames are flat or
even oscillate between structures with concave and convex cunatures. The zero-gravity flame
shows only cellular structures Cellular structures which are present in zero gravity can be
suppressed by the eflect of buovaney for mixtures leaner than 11% hydrogen. These obser-
vations are explained on the basis of an interaction between the processes leading to buoy-
ancy-induced Rayleigh-Taylor instability and the thermo-diffusive instability.

Introduction

Multi-dimensional structures are often observed
in propagating flames, especially near the flamma-
bility limits. These structures arise from the various
instabilities that can occur in premired flames. In
this paper, we examine these instabilities and use
numerical simulations to isolate and study their ef-
fect on the flame structure. The emphasis of this
paper is on the eflects of gravit on flame instabil-
ities and structure in gases of premixed hydrogen
and air

Linear stability analvses provide information on
the roles of various processes at the onset of insta-
bilih . However, the prediction of the growth of this
instability to the final form is bevond the scope of
these analyses. Numerical calculations can be used
to help understand both the onset of the instability
and the evolutionary process that produces the
multidimensional structure. The two-dimensional
numerical simulations of flames presented here in-
clude a multi-reaction mechanism for hydrogen
combustion, molecular diffusion between the reac-
tants, intermediates, and products, thermal con-
duction, convection, viscosity, and gravity. This de-
tailed model allows us to investigate the
multidimensional structure of flames and to evaly-

*Berkeley Research Associates, Springfield, VA

22150.

ate the relative importance of various instability
mechanisms in normal earth gravity and zero-grav-
ity conditions. Three-dimensional simulations may
be required for a detailed quantitative determina.
tion of the cellular structure. However, three-di-
mensional simulations with the same level of detail
as in these two-dimensional simulations are beyond
the capability of current computers.

The three major instabilities that can oceur in
premixed flames are. the hydrodynamic instability,
independently proposed by Landau! and Darrieus.!
the thermo-diffusive instability investigated by
Barenblatt® and Zeldovich.* and the buoyancy-in-
duced instability, genenlly called the Rayleigh-Tay-
lor instability.* Our numerical mode! of the hydro-
Eﬂ Rame includes all the physical mechanisms that

od to these instabilities and provides an idea) test-
bed for studying fame instabilities. Bydrodynamic
instability was the Brst kind of flame instability
studied theoretically. The analvses of Landau and
Dasrieus showed that a planar flame, considered as
8 density discontinuity that propagates at a constant

. is unstable to wavelengths of all sizes. Hy-
odynamic instabilitics can be expected to occur
in all lames in the absence of stabilizing mecha-
nisms. This instability is expected to become im-
portant in large systems \dlicr:re much luger than
the flame thickness. In the study presented here
the hydrodynamic instability is not expected 1o be
important because of the relativeh sm system size.

The thermo-diffiusive instability mechanism pro-
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posed by Zeldovich.* Barenblatt er of 3 and
Siashinsky® invohes a competition between mass
diffusion of the deficient reactant and diffusion of
heat in the mixture. For a simple onc-step reac-
tion. this mechanism predicts instabilty whenever
the thermal diffusivity of the mixture is sufficiently
smaller than the mass diffusivity of the reactant. For
lean hydrogen-air mixtures, as examined in this
study, hydrogen is the deficient reactant and its mass
diffusivity significantly exceeds the thermal diffusiv-
ity of the mixture. In rich hydrogen-air mixtures,
oxygen is the deficient reactant and its mass dif-
fusivity is nearly the same as the mixture thermal
diffusivity Hence this theory agrees with early ex-
perimental observations’® of unstable lean hydro-
gen-air mixtures and stable rich mixtures.

The Rayleigh-Taylor instability occurs when a
heavier fluid is accelerated into a lighter fuid. On
carth, this acceleration is provided by gravitational
attraction. In an upward-propagating flame, the light,
hot burmed matenial is on the bottom, and the dense,
cold unburmed material is on the top, resulting in
instability. In a downward-propagating flame, the
light material is on the top, and the Rayleigh-Tay-
lor mechanism stabilizes the system. The physical
mechanisms causing the thermo-diffusive instability
and this buoyancy-induced instability can be im-
portant simultaneously so that under certain con-
ditions, this interaction appears to suppress the for-
mation of cellular structure.® Dimensional
arguments'® and theoretical analysis! indicate that
the importance of the buoyancy-induced instability
increases as the flame speed decreases, and hence
is more important when the mixture is near its
flammability bimits.

Cellular structures in flames have been observed
in the microgravity experiments in the NASA drop
tower'*!? and in aircraRt in ballistic trajectones. !4
These flames in mi vity are essentially free from
any buoyancy-indmnsubibty.

We have used numerical simulations to show that,
in the absence of gravity, cellular structure is caused
by the thermodiffusive mechanism.!® In this pa-
per, we investigate the eflect of gravity on flame
instability and, in particular, focus on the interac-
tion between the processes leading to thermo-dif-
fusive instability and the Rayleigh-Taylor instability
and their effect on flame structure.

Mulbdimensional Flame Model

Our numenical simulations of ﬁremixed flames
contain detailed models™ of the physical processes
that cause the various instabilities. The reactive-Bow
conservation equations are solved for density, mo-
mentum, energy and the species number densities.
In the rest of this section, we brieflly describe the
algorithms used to model and couple the various

physical processes. Full details of the numerical
scheme can be found in Ref 16

The fluid convection algorithm must be able to
maintain the sharp gradients present in flames This
means that the numencal diffusion in the aalculs-
tion must be considcrably less than any imgorw\t
physical difiusion. The BIC-FCT algorithm'’ was
developed specifically to solve low-speed flow prob-
lems with high accuracy. BIC-FCT combines an ex-
plicit high-order, nonlinear FCT method'® with an
implicit correction process. This combination main-
tains monotonicity and high accuracy but removes
the timestep limit imposed by the speed of sound.
By using BIC-FCT, spurious numerical oscillations
that would lead 1o unphysical chemical reactions do
not occur.

Thermal conductivity of the individual species is
modeled by a polynomial it in temperature to ex-
isting experimental data. Individual conductivities
are then averaged using a mixture rule’®® 1o get
the mixture thermal conductivity. A similar process
is used to obtain the mixture viscosity from indi-
vidual viscosities. Heat and momentum diffusion are
then calculated explicitly using these coefficients.
All viscous terms in the compressible Navier-Stokes
equation have been included.

Binary mass diffusion coefficients are represented
by an exponential fit to experimental data, and the
individual species diffusion coeficients are obtajned
by applying mixture rules.'® The individual species
diffusion velocities are solved for explicitly by ap-
plying Fick's law followed b‘l corTection proce-
dure to ensure zero net flux ®

Chemistry of the hydrogen-orygen flame is mod-
elled by a set of 2 reversible reactions describing
the interaction of eight species, Hy, Oy, H, O, OH,
HO;, H;0,, H;0, and N, is considered 3 non-
reacting diluent.™ This reaction set is solved at each
timestep with TBA, a vectorized version of
CHEMEQ, an integrator for stiff ordinary differ-
ential equations.®

AD the chemical and physical processes are solved
sequentially and then are coupled asymptotically by
timestep splitting.® This moguhr approach greatly
simplifies the model and makes it easier to test and
change the model. Individual modules were tested
sgainst known analytic and other previously verified
numerical solutions. One-dimensional predictions of
the complete mode! were compared to those from
the Lagrangian model, FLAMEID, which has been
bencht{u.aried extensively sgainst theory and exper-
iment.

Results and Discussion
Initial conditions for the two-dimensional calcula-

tions were obtained by performing a one-dimen-
sional calculation to provide the conditions for a
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steady. propagating flame. If the inlet velocity of
the unburned mixture is set to the burning velocity
of the flame, the flame is fixed in space and there
is 8 steady, propagating flame. Thus, the transient
effects arising from the ignition process can be
eliminated and the one-dimensional solution pro-
vides the initial condition for the two-dimensional
calculation. The computational domain for the two-
dimensional calculation was $.1 em X 12 em, which
was resolved by 8 144 x 128 variably 5 gnd.
Fine 20nes were clustered around the flame front.
Calculations have been performed for several Hy-
air mixtures, ranging from 15% hydrogen down to
7.5% hydrogen. However, only calculations for 12,
11, and 10% hydrogen-air mistures will be pre-
sented in detail.

12% Hydrogen-Air Flomes:

The first series of calculations described here are
of flames in a fuel-lean mixture of 12% hydrogen

in air. Flames propagating upward and downward
in normal gravity and flames propagating in 2 zero-
vity environment are simulated. The initial con.
ition is obtained by displacing the center portion
of the planar flame against the direction of the flow.
A smaller initial disturbance merely delayed the
formation of the structures. In each case, the eflect
of the disturbance on the planar flame and the sub-
sequent evolution of 3 multidimensional structure is
shown in Fig. 1. This figure presents the OH rad-
lcal concentrations for upward-, zero-gravity, and
downward-propagating flames at 3 sequence of times.
For the three cases in this figure (and in Fig. 3),
the sequence of frames at various times are aligned
such that time advances from the bottom to the top
and the fresh, unburned mixture Bows in from the
top in each case. This convention in presentation
has been adopted for ease in comparing the relative
rate of changes in the three cases although this re-
sults in the apparent reversal of the direction of
propagation of the downward-propagating flame.

Plas’ D P}
womsht® B Le? T 4a meae,;
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s00ms e e ]
22.5ms LEQ,&L__. e e
Progagating Zero Gravity Propagating

Fic. 1. OH radical number density contours for flames in 8 12% H,-air mirture, contour Jevels scaled

by 10°%.
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The first observation we make from this figure s
that 1n alt three cases, the planar flame is unstable
and cvolves into multidimensional structures and
exhibut the characteristic features of cellular flames.
To highlight the diflcrences due to the effect of
gravity, it is helpful 1o cxamine the shapes of the
flames at two diffcrent length scales. The longer
length scale is on the order of the size of the chan-
nel while the smaller length scale is on the order
of the thickness of the flame. Using this perspec-
tive, the multidimensional structure of the flame can
be described as a large-scale curvature of the flame
front on which is supcrposed small scale cell-like
structures. These small cells are due to the thermo-
diffusive instability and are present in any gravity,
independent of the direction of propagation. The
shape and size of these cells appear to be largely
unaflected by gravity. .

However, gravity aflects the large-scale shape of
the flames. In the upward propagating flame, where
the buoyancy forces ase also destabilising in addi-
tion to the thermo-diffusive instability mechanism,
the flame has a more curved shape than the zero-
gravity flame. The downward-propagating flame has
a flatter overall shape, with the large-scale curva-
ture of the flame suppressed by the stabilizing ef-
fect of buoyancy. The most pronounced effect of
gravity can be seen between 37.5 and 45 ms Dur-
ing this period, the upward propagating flame

30 _ « 50 60

undergoes a bubble-like growth. For the downward
propagating flame, the flame front Natiens out.

An interesting feature of this mixture 15 that the
cells which form grow and then splt nto two These
newly formed cells grow and subsequently split. This
indicates that there is a preferred size for the cells.
as has been observed in experiments.

The fact that a planar flame is unstable in all three
cases and evolves to a cellular structure is consis-
tent with our previous results'® that show that cel-
lular structure is due to a thermo-diffusive insta-
bility mechanism. Our current calculations show that
in this mixture, the eflect of buoyancy is not sub-
stantial

11% Hydrogen-Air Flomes:

As expected, the 11% mixture exhibits a stronger
effect of gravity. primarily on the overall large-scale
shape of the flame and to a lesser estent on the
evolution of the small scale cell-like structures. The
upward propagating flame is highly curved and at-
tains the appearance of a large, corrugated bubble
rising up the channel. The zero-gravity is much
less curved, without the bubble-like formation. The
downward propagating flame has a flat overall shape
throughout the calculation. The small scale cell-like
structures are still present in all gravities. These
cellular structures attain a larger size than in the

e
.‘%n
——

100

M

Fic. 2. OH radical number density contours for & downward propagating flame in » 11% H,-air mixture,

contour levels scaled by 10°%.
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12% mnture prior to splitting. The cffect of gravity
on the cellular structures is obsernved 1o be signif-
want for this mixture.

Downward propagating flames are of special in-
terest because their cellular structures have been
investigated experimentally.* Therefore we have
extended the calculations for this case up to 160
ms. as shown in Fig. 2. The flame is seen to be
flat, with distinct cellular structures. These cellular
structures split in two when they grow beyvond »
critical size. The newly created cells grow and split
in turn. Again, s preferred cell size is established.

10% Hydrogen-Air Flames:

Figure 3 shows the OH: contours for 10% hydro-
gen-air flames. The results for this mixture are very
similar to those observed in the 11% mixture for
both upward and zero-gravity flames. The evolution

‘EN AIR FILLAMES

of the structures is slower than in the less lean mix-
tures, with the effect of gravity becoming dominant
later, at B0 ms The cvolution of the cellular struc.
tures and their splitting in zero gravity is also de-
layved. Other than the delay. both the large-scale
and small.scale structures that evolve are quite sim-
ilar to the 11% mixture.

Howcver, a marked difference can be seen in the
downward propagating flame. In this mixture, no
small cells are formed. and the flame is quite
smooth. The initial central cell is completely sup-
pressed by the stabilizing eflect of buoyancy, and
unlike the less lean mixtures, no new cells are
formed. The large scale structure of the flame
undergoes a slow oscillation about its planar posi-
tion. Extended calculations show that this oscilla-
tion is damping out. For the downward propagating
Bames in this mixture and in still leaner mixtures,
the structures caused by the thermo-diffusive insta.

140 ms
\

120 ms
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Fic. 3. OH radical number density contours for flames in a 10% H,-air mixture, contour levels scaled
by 107",
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bility are overwhelmed by those anising from buoy-
ancy. Any ccllular structures which form early are
overtaken by buoyancy effocts with the result that
the upward-propagating flame evolves into a bub-
ble-like surface rising in the channel and the down.
ward-propagating flame oscillating between mildly
concave convex flame shapes.

Conclusions

Detailed two-dimensional numerical simulations
of flame instabilities in lean bydrogen-air mixtures
have been carmied out for upward and downward
propagating and zero-gravity flames near the flam-
mability limit. Pbysical processes included in the
model are: fluid convection, detailed bydrogen-ox-
ygen chemistry, multi-species diffusion, thermal
conduction, viscosity, and gravity. The simulations
show the characteristic cellular structure observed
in experiments and predicted by theory. The
thermo-diffusive instability was found to be present
in the mixtures studied and at both orientations of
gravity and is responsible for the small, cell-like
structures. However, presence of the buoyancy-in-
duced instability alters the large scale structure of
the flame. The eflect of buoyancy on the cellular
structures formed by the thermo-diffusive instabil-
ity is small in mixtures which have greater than 11%
bydrogen. In a 11% misture, 2 downward propa-
gating Dame is flat with small cells that repeatedly
split. In 10% or leaner mixtures, the effect of grav-
ity is more dramatic. In these mixtures, the upward
propagiting flame Bad the characteristic bubble
sbape observed erperimentally®™ and the downward
propagating flame bad oscillations characteristic of
the Rayleigh-Taylor instability and does pot have
any cellular structures. These results agree with the
theory’! that indicates that the influence of gravity
is greater for lower flame speeds and that such os-
cillatory behavior is possible. Our results indicate
that the instability mechanisms can interact ip a quite
compler manner, and even though one mechanism
can mask the other, in certain regimes, both can
be y important.

ulations for still leaner mixtures are needed
to address the actual ertinction bebavior of upward
and downward-propagating flames. Loss mecha-
nisms such as heat and radical losses to the walls
a5 well as radiation might also play & role in de-
termining the detailed estinction behavior of these
Bames. These effects will be systematically consid-
ered in further calculations. Since the erperimen-
tally observed cellular flames are three-dimen-
sional, some threedimensional calculations will have
to be carried out to assess the role of other modes
of instability that can grow in the third dimension.

Howcver, further advances in computers are re-
3m’red before three-dimensional simulations can be
onc with the same amount of detail as in the two-
dimensional simulations presented in this paper. The
numetical methods used in this study can be ex-
tended readily to three dimensions.
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Abstract

The eflects of viscosity and heat losses to walls on the
cellular structure of flames have been investigated us-
ing detailed numerical simulations. The simulations
have been performed using a time-dependent, two-
dimensional model that includes hydrogen-oxygen com-
bustion with 24 elementary reactions involving eight
reactive species and a nitrogen diluent, molecular dif-
fusion of all species, thermal conduction, viscosity, con-
vection, gravity and heat losses to the confining walls.
The simulations of flames in zero-gravity show that
wall heat losses act as an additional perturbation on
the flames and can promote the formation of multiple
cells. The effects of viscous losses to the walls creates
dramatlc changes in the structures of flames confined
lnthm adiabatic walls. However, the effects of viscosity
are found to be secondary and can be neglected when
more realistic pon-adiabatic walls are used. Heat losses

{to the walls are also found to significantly alter some

of the previous observations on the effects of gravity on
flames. :

.!' _Intro

!Planar flames in many fuel-air mixtures are unstable to
guturbancu and evolve into multidimensional flames

ith complex structures. One such flame, known as a
cellular flame, has a distinctive cell-like structure. The
underlying mechanism responsible for the formation of
these cellular structures has been identified by sim-
plified theoretical analyses’™ and detailed numerical
simulations* to be a thermo-diffusive instability mech-
apism. This instability mechanism involves a compe-
tition between mass diffusion of the deficient reactant
and diffusion of heat in the mixture; that is, it depends
on the effective Lewis number. For lean hydrogen-
air mixtures, bydrogen is the deficient reactant and
its mass diffusivity significantly exceeds the thermal

_ diffusivity of the mixture and therefore planar flames

are predicted to be unstable in such mixtures. Indeed,
cellular flames are observed in lean mixtures both in
experiments®® and in numerical simulations®’.

Recent experiments in a microgravity environment
have shown that the structure and dynamics of cellular
flames in lean hydrogen-air mixtures is quite complex
and interesting phenomena such as multiple cell split-
ting and cessation of cell-splitting have been observed®.

These experiments were conducted in a microgravity
environment in the NASA drop tower and used a large
spherical combustion chamber to minimize the effects
of confinement. However, gravity and confining walls
are frequently encountered in most practical situations,
and thus the understanding of these effects on the flame
structure is important. An ideal way to isolate and
study the effects of individual processes on the struc-
ture and dypamics of complex fames is by detailed nu-
merical simulations which include all the relevant phys-
ical and chemical processes found in the flame.

The structure and dynamics of cellular fames have
been studied using a two-dimensional flame model®
that includes detailed hydrogen-oxygen combustion
with 24 elementary reactions of eight reactive species
and a nitrogen diluent, molecular diffusion of all
species, thermal conduction, viscosity, gravity and con-
vection. Previous simulations with this model has
shown cell splitting for sufficiently reactive mixtures
and the existence of a “cell-split limit mixture” even
in the absence of heat loases”. We have reported in a
more recent paper® the results of a systematic series of
simulations on the effects of gravity on cellular flames
in Jean hydrogen-air mixtures. In this work, we now in-
vestigate the effects of viscosity and heat losses to the
walls confining the lame in a two-dimensional channel.
We also discuss how gravity modifies the structure and
dynamics of flames in a isothermal, two-dimensional
cbannel. We restrict our attention to a 10% Hj-air mix-
ture, a mixture which clearly exhibits cellular structure
and in which ;nv:ty can alter these structures signifi-
cantly.

I1. Multidimensional Flame Model

A detailed model of s lame must contain accurate rep-
resentations of the convective, diffusive, and chemical
processes. The individual importance of these pro-
cesses varies from rich to lean flames, and is especially
notable near the lammability limits'® where the exact
behavior of these flames depends on a delicate balance
among the processes. The reactive-flow conservation
equations are solved for density, p, momentum, pV, to-
tal energy E, and the pumber densities of individual
species, mp k= 1,..,n,, according to:

or

B +V. (pl7)
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a—"‘-/+v»(pﬁ") = —CP+F-CTxuTxV+T(§uT V),

ot
oF - -
ﬁ+\"-(£1)=-V-(P¥)+Vv(xVT)—

ey Ny

YV (nhV)+ Q.

kxl r=l
% +v. (n,V) =-V. (ﬂ.‘?g) + wy.
Here V is the fluid velocity, P is the pressure, uis
the coefficient of viscosity, ; is the body force due to
gravity, « is the thermal conductivity of the mixture of
gases, Ay is the enthalpy of species k, V, is the diffusion
velocity of species k, Q, is the heat released from reac-
tion r, and w; is production of species k by chemical
reaction. These equations are solved assuming that the
individual species are ideal gases obeying the thermal
equation of state,

Pj =N kT,

and that the differential relation between internal en-
ergy u and pressure P is given by

5P
-1

' fu=

‘where 7, the ratio of specific heats of the mixture, is
‘s function of its temperature and composition. In the
rest of this section, we briefly describe the algorithms
and input data used to model and couple the various
_physical processes. Full details of the numerical scheme
.can be found in Reference 9.

T

- The fluid convection algorithm must be able to
‘maintain the sharp gradients present in flames. Nu-
merically this means that the numerical diffusion in
the calculation must be considerably less than any im-
portant physical diffusion effect. Many explicit algo-
rithms now exist that treat sharp discontinuities in
flow variables accurately, but these methods are ex-
tremely inefficient at the very low velocities associated
with laminar flames. The Barely Implicit Correction
Flux-Corrected Transport (BIC-FCT) algorithm'! was
developed specifically to solve low-speed flow problems
with high accuracy. BIC-FCT combines an explicit
high-order, nonlinear FCT method!?!® with an im-
plicit correction process. This combination maintains
high-order accuracy and yet removes the timestep limit
imposed by the speed of sound. By using FCT for
the explicit step, BIC-FCT is accurate enough to com-
pute with sharp gradients without overshoots and un-
dershoots. Thus spurious numerical oscillations that
would lead to unphysical chemical reactions do not oc-
cur.

Thermal conductivity of the individual species is
modelled by a polynomial fit in temperature to exper-

imental data. Individual conductivities are then aver-
aged using a mixture rule!*!® to get the thermal con-
ductivity coefficient of the gas mixture. A similar pro-
cess is used to obtain the mixture viscosity from indi-
vidual viscosities. Heat and momentum diffusion are
then calculated explicitly using these coefficients. All
viscous terms in the compressible Navier-Stokes equa-
tion have been included. In the problem considered
in this paper, the timestep imposed by the explicit
method for the diffusion terms is comparable to that
used in the fluid transport step. Thus, there is no loss
in efciency sometimes associated with explicit meth-
ods.

Mass diffusion also plays a major role in deter-
mining the properties of laminar flames. Binary mass
diffusion coeflicients are represented by an exponen-
tial fit to experimental data, and the individual species
diffusion coefficients are obtained by applying mixture
rules!*. The individual species diffusion velocities are
solved for explicitly by applying Fick's law followed by
s correction procedure to ensure zero net flux‘®. This
procedure is equivalent to using the iterative algorithm
DFLUX!'® to second order. This method is substan-
tially faster than one that uses matrix inversions and
is well suited for a vector computer.

Chemistry of the hydrogen-oxygen flame is mod-
elled by a set of 24 reversible reaction rates describing
the interaction of eight species, Hy, O;, H, O, OH,
BO,;, H;03, H;0, and N; is considered a nonreacting
diluent!”. This reaction set is solved at each timestep
with a vectorized version of CAEMEQ, an integrator
for stiff ordinary differential equations’$. Because of
the complexity of the reaction scheme and the large
pumber of computational cells in a two-dimensional
calculation, the solution of the chemical rate equations
takes a large fraction of the total computational time.
A special version of CHEMEQ called TBA was devel-
oped to exploit the special hardware features of the
CRAY X-MP vector computer.

All of the chemical and physical processes are
solved sequentially and then are coupled asymptoti-
cally by timestep splitting!®. This modular approach
greatly simplifies the model and makes it easier to test
and change the model. Individual modules were tested
against known analytic and other previously verified
numerical solutions. One-dimensional predictions of
the complete model were compared to those from the
Lagrangian model FLAME]ID which has been bench-
marked extensively against theory and experiment!?.

Wall Boundary- diti

A variety of wall boundary conditions were used in this
study to determine the effect of heat loss and viscosity
on the cellular structures found in the flame. Our pre-
vious studies*™® ignored all effects at the wall other
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than confinement of the flow. The boundary conditions
used in those calculations correspond to an adiabatic
slip wall. that is. one at which no heat or momentum is
transferred. For the present study, the wall boundary
conditions were generalized to allow any combination of
adiabatic or isothermal, slip or no-slip walls. Thus it is
possible to investigate either individually or jointly, the
effects of heat loss or viscosity at the walls. If isother-
mal walls are used, the wall temperature is held fixed
at the inlet temperature of the unburnt gas. Because
we are interested in the time-dependent dynamics of
the flame, these boundary conditions are imposed such
that the simulations correspond to a flame propagat-
ing in a steady manner in a channel with adiabatic slip
walls and at time ¢ = 0 enters a region where the walls
are isothermal and/or no-slip.
. Result iscussi

Initial conditions for the two-dimensional calculations
were obtained by performing a one-dimensional calcu-
lation to provide the conditions for steady, propagat-
ing flames in a channel with adiabatic slip walls. Fig-
ure | shows the configuration under study and gives
the boundary conditions of the computational domain.
Fresh unburned gas flows in from the right, and the
products of chemical reaction at the flame front flow
out to the left. If the inlet velocity is set to the burn-
i};\g velocity of the flame, the flame zone is fixed in
space and there is a steady, propagating flame. Thus,
the transient effects arising from the ignition process
ean be eliminated and the one-dimensional solution
provides the initial condition for the two-dimensional
calculation. The computational domain for the two-
c!'unensional calculation was 5.1 em x 10 ¢m, which
was resolved by a 144 x 128 variably spaced grid.
Fine zones were clustered around the flame front. Cal-
culations have been performed for several hydrogen-
air mixtures. However, only calculations for a 10%
hydrogen-air mixture will be discussed in detail.

ames in Channels with Isothermal, No-slip W

The first talculation which will be presented in detail
is representative of flames in the multiple cell-splitting
regime and is for 3 10% hydrogen-air mixture. The
initial condition described by Fig. 1 is perturbed at
t = 0 by displacing the center portion of the flame
against the direction of the flow. The top set of frames
in Fig. 2 show isotherms just after the perturbation,

and their subsequent evolution in time. The second set’

of frames show the OH radical concentrations at these
same times. In each of these frames the fresh, unburnt
mixture flows in from the right, and the combustion
products flow out to the left. The entire width of the
channe! is shown in this and subsequent figures.

The large central cell which is formed early in the

47

calculation shows signs of splitting by 100 ms. and by
140 ms, has clearly split in two. Even as early as 60 ms.
a thermal boundary layer has developed at the cold
walls. At this time, a small cell begins to form near
where the lame meets the wall. This cell grows quickly
and is well developed by 140 ms. At 180 ms, the cells
formed at the wall closely resemble those in the middle
of the channel.

Let us now compare these results to those from a
case in which the walls are assumed to be adiabatic and
free-slip. At first glance, the temperature and OH con-
centration contours in Fig. 3 look quite different from
the corresponding contours in Fig. 2. However, they
are quite similar if the central portions (away from the
walls) are compared. For example, at 140 ms, the cen-
tral cells in the two cases are quite similar, but no dis-
tinct cells are formed near the walls in the case without
wall losses. Again, in both cases, the central cells split
into two by 180 ms. So the first conclusion of this study
is that the effect of heat and momentum losses to the
walls appear to affect only the region the near wall and
leave the basic cellular structure and dynamics unaf-
fected. That is, the walls effects do not seem to couple
strongly with the processes occuring in the middle of
the channel and modify them.

Furthermore, looking motre closely at the OH con-
centratiop contours in Fig. 3, two small cells seem to
be developing away from the central cell by 180 ms.
It is possible that after sufficient time, these cells will
grow into larger ones, and the two cases may eventu-
ally resemble each other. Hf this were to happen, the
effect of wall losses is primarily to act as an additional
perturbation and enhance the rate of formation of new
cells pear the walls, but this aspect of the simulations
needs further study. From the above two cases, the
relative importance of heat and momentum losses is
also not clear. Therefore, additional simulations were
performed in which the two loss mechanisms were con-
sidered individually.

Effects of Viscosity

The effect of viscosity alone acting at the walls is seen
in the upper frames in Fig. 4, in which temperature
contours are shown at a sequence of times. The effect at
first glance is quite dramatic. Again, a cell is formed at
the wall, but this cell grows very rapidly and is already
as big as the central cell by 60 ms. These cells near the
wall begin to split by 140 ms and form numerous cells
by 180 ms. Also quite apparent is that the wall cells
move upstream faster than the cells in the center of the
channel. This is due to the fact that these cells are in
the slow moving fluid within the boundary layer at the
wall, and thus the apparent flame speed, which is the
burning rate including the fluid motion, is higher.
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Effects of Heat Insses

The effect of heat loss alone, without viscosity acting at
the wall is examined in the lower half of Fig. 4. Viscous
eflects are still included in the flow within the channel.
This case should be contrasted to the comprehensive
case including viscosity as presented in Fig. 2. The
temperature contours are remarkably similar, indicat-
ing that heat losses dominate the behavior at the wall
and that the role of viscosity, despite the dramatic ap-
‘pearance of the upper half of Fig. 4, is only secondary.
The reason for the secondary role played by viscosity
when there is heat loss, is that the cells near the walls
are displaced away {rom the walls due to heat loss. In
this and in the case with heat and momentum losses
discussed previously, careful examination reveals that
this displacement of the cells near the walls places them
just above the leading edge of the boundary layer, and
not fully embedded in the boundary layer itself. There-
fore when heat losses to the wall are included, the effect
of the momentum loss to the wall is only minor.

eat

flects of Gravity an

One of the on-going goals of our research on flames is
;%he simulation of flames in a flammability-limit tube.
Experimental studies of near-limit flames in this tube
" have observed that the flame structure is different de-
'pending on whether the flame is propagating upwards
or downwards. This has been attributed to gravity act-
ing viathe Rayleigh-Taylor instability mechanism. We
“have also observed this dramatic difference in our nu-
*merical simulations®. Fig. 5 shows the OH concentra-
tions in the absence of heat loss for upward-, zero grav-
‘ity, and downward-propagating flames. A large corru-
gated bubble-like structure forms in the upward props-
gating flame, while the downward propagating flame is
essentially flat and oscillates about its planar position.
The zero gravity flame exhibits the cell-like structures
seen in the earlier calculations.

In order to more closely simulate the flamma-
bility tube, we repeated the calculations, this time
with isothermal walls. In view of the results we dis-
cussed in the previous section of this paper, viscous
effects at the walls were neglected. The results for this
case are presented in Fig. 8. Again, results are pre-
sented for upward-, zero gravity, and downward prop-
agating flames. The 2ero gravity flame exhibits cel-
lular structures, with both near-wall and central cells.
The upward-propagating flame initially exhibits a large
bubble, but is quite smooth, unlike in the previous
case(Fig 5). The near-wall cells, which are promi-
nent between 60 and 100 ms, disappear completely by
180 ms. Also by 180 ms, we observe that the flame
is no longer a completely closed surface like & bubble
but is actually composed of two hot fingers of gas. It
qualitatively appears to be a two-dimensional version
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of multi-fingered flames observed in experiments with
. - 3
lean hydrogen-air mixtures®®.

The downward-propagating flame is quite flat, and
both the central cell and the wall cells all but disappear
by 100 ms. At later times the flame takes on a shape
slightly convex to the flow. Unlike the case without
heat losses, no oscillations are seen, even when the cal-
culations are carried out to a longer duration. While
difficult to discern from the figure, the peak OH con-
centration in the downward case is only half that in
the other cases, indicating that the flame is “weaker™.
The “visible” flame is present only in central portion
of the channel. The appearance of the flame is again
similar to those observed experimentally in near-limit
mixtures?!.

n

V. Summar s

Detailed two-dimensional pumerical simulations have
been carried out to investigate the eflects of heat and
momentum losses (due to viscosity) to the walls on the
structure and dynamics of flames in a 10% hydrogen-
air mixture. The simulations of flames in zero-gravity
show that momentum losses to adiabatic walls result in
flames with very complex shapes in which the portion
of the flame near the walls moves significantly faster
than the central portion of the lame. This phenomena
occurs because of the slower flow velocities near the
walls. However, viscous effects play only a secondary
role when the walls are assumed to be isothermal, a
more realistic boundary condition. In {his case, beat
losses to the walls play the dominant role resulting in
the formation of additional cellular structures close to
but slightly displaced from the walls. This displace-
ment from the walls is a key factor in the secondary role
played by viscous effects because it moves the flame to
the outer edges of the viscous boundary layer.

Heat losses are found to significantly modify
upward- and downward-propagating flames. In the
upward-propagating case, instead of a single bubble
rising in the tube, a two-fingered flame is observed.
This flame has some features similar to experimen-
tally observed flames in lean hydrogen-air mixtures.
The downward-propagating flame is also quite differ-
ent when the effect of heat losses are considered. In
this case, a flame is “visible” only in the central por-
tion of the channel. Again, this flame is qualitatively
similar to some near-limit flames in experiments. Fur-
ther calculations will provide valuable insights into the
dynamical behavior observed experimentally in flames
near extinguishment.
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Slip/No-slip, Adiabatic/Isothermal

Figure 1. Initial and boundary conditions for the two-dimensional flame calculations.
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LEAN FLAMMABILITY LIMIT OF DOWNWARD PROPACATING HYDROGEN-AIR FLAMES
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Abstract

Detailed multidimensional numerical simulstions that
include the effects of wall heat losses have been per-
formed to study the dynamics of downward flame prop-
agation and extinguishment in lean hydrogen-air mix-
tures. The computational results show that s down-
ward propagating flame in an isothermal channe! has s
flammability limit of around 9.75%. This Is in excellent
agreement with experimental results. Also in excellent
agreement are the detailed observations of the flame
behavior at the point of extinguishment. The primary
conclusion of this work is that detailed numerical sim-
ulations that include wall heat losses and the effect
of gravity can adequately simulate the dynamics of
. the extinguishment process in downward-propagating
£ hydrogen-air flames. These simulations can be exam-
“ined in detail to gain understanding of the actual ex-
;tinction process.

L_Introduction

Over the years, the structure and dynamics of upward-
_and downward-propagating flames have been exten-
“sively studied in the laboratory and a number of re-
:.view articles provide a comprehensive summary of the
empirical observations!'2, More recently, microgravity
-experiments have also added to our knowledge of the
effects of the absence of gravity on near-limit flames®.
Theoretical studies® have examined the stability of
these flames and give some insights into structure of
the flame near extinguishment. In spite of all these
studies, a-detailed understanding of the mechanism or
mechanisms of flame extinguishment and the role of
factors such as gravity, stretch, chemistry and heat loss
is not available from either experiment or theory alone.

Detailed multidimensional numerical simulations
which include all the processes of relevance provide an
jdeal way to further our understanding of near-limit
flames. Such numerical simulations are & valuable tool
to investigate the relative importance of various pro-
cesses and to identify the primary mechanism respon-
sible for flame extinguishment under specific situations.
In order to study these near limit flames several physi-
cal processes need to be included and have to be mod-
elled to a sufficient level of detail. These processes in-
clude detailed chemistry, multi-species diffusion among
many chemical species, thermal conduction, and fluid

convection. Body force due to gravity is important
for these low speed flames and must be considered.
Both bouyancy and fluid expansion will drive flow in
the fluid, so an accurate mode! of compressible fiuid
flow is needed. Other physical processes such as radi-
ation and soot formation are also important for many
hydrocarbon fuels. The development of s numerical
model which adequately includes all these processes is
s formidable challenge, and this paper presents a look
at our continuing efforts to solve this problem.

In the past, we have used s detailed two-
dimensional numerical model to identify the primary
mechanism responsible for the formation of cellular
flames in hydrogen-oxygen-nitrogen mixtures®. The
model used in that study included detailed hydrogen-
oxygen kinetics with 24 elementary reactions involving
eight species and a nitrogen diluent, molecular diffusion
of all species, thermal conduction, viscosity, and fluid
convection. Soot formation does not occur in hydrogen
flames and was not included. Radiation does not play
a large role in these low temperature hydrogen flames
and was neglected.

Later, buoyancy driven eflects were added to the
mode! and this revised model was used to study the
effects of gravity® on the cellular structure and dynam-
jcs of lean hydrogen-air Rames. This study showed that
gravity plays a significant role in these lean flames and
alters both the structure and the stability considerably.
The behavior of the flame simulated by our numerical
mode! agreed qualtiatively with many experimental ob-
servations and theoretical predictions. However, quan-
titative agreement was not obtained, and this was due
in part to the absence of heat Josses in the model.

Our next study concentrated on the effect of heat
losses and viscosity” on Jean hydrogen-air flames. At
this stage, conductive heat Josses and viscous effects
at the confining walls were included in the model. We
showed that heat losses alter the structure of these lean
flsmes considerably. However, while viscosity acting
at an adisbatic wall alters the shape of these flames
dramatically, it was found to be unimportant in the
presence of heat losses.

Experimental observations have shown that near-
limit, upward-propagating flames are highly three-
dimensional whereas downward-propagating flames are
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more ncarly two-dimensional; thus the use of a
two-dimensiona! mode! is adequate for downward-
propagating flames. Currently, the model is restricted
to two-dimensions but extensions to three are planned.

In this paper, we report the results of our study on
the structure and dynamics of downward-propagating
Rames near and at the lean-limit of hydrogen in air.
Afer a brief description of the numerical mode! and
the boundary conditions used, we describe a series of
simulations of near-limit lames. These simulations in-
clude both the effects of buoyancy and heat loss to
the wall. Finally, the observations from the various
simulations are summarized and their implications on
the mechanism responsible for the extinguishment of
downward-propagating flames are discussed.

11. Multidimensional Flame Model

A detailed model of a flame must contain accurate rep-
resentations of the convective, diffusive, and chemical
processes. The individual importance of these pro-
cesses varies from rich to lean flames, and is especially
notable near the flammability limits® where the exact
behavior of these lames depends on a delicate balance
A%ong the processes. The reactive-flow conservation
equations are solved for density, p, momentum, pV, to-
tal energy E, and the number densities of individual
species, n,, k = 1,...,n,, sccording to:

Z4+9-(p7) =0,

. P
’_PE‘ZW.(,,W) = ~VP+F-VxuVxV+V(§uv-¥),

&

%+V-(EV) ==V - (PP)+ V- (xVT)-
3oV )+ 350,
k=] rm}

P4V (V)= -V (V) + s

Here V is the fluid velocity, P is the pressure, u is
the coefficient of viscosity, i'l is the body force due to
gravity, = is the thermal conductivity of the mixture of
gases, h, is the enthalpy of species k, V, is the diffusion
velocity of species k, Q, is the heat released from resc-
tion r, and w, is production of species k by chemjcal
reaction. These equations are solved assuming that the
individual species are ideal gases obeying the thermal
equation of state,

Pg = ﬂng,
and that the differential relation between internal en-
ergy u and pressure P is given by
P

6‘“377‘.

where v, the ratio of specific heats of the mixture, is
s function of its temperature and compasition. In the
rest of this section, we bricfly describe the algorithms
and input dats used to model and couple the various
physical processes. Full details of the numerical schemne
can be found in Reference 9.

The fluid convection algorithm must be able to
maintain the sharp gradients present in flames. Nuy.
merically this means that the numerical diffusion in
the calculation must be considerably less than any im-
portant physical diffusion effect. Many explicit algo-
rithms now exist that treat sharp discontinuities in
flow variables accurately, but these methods are ex.
tremely inefficient at the very low velocities associated
with lsminar flames. The Barely Implicit Correction
Flux-Corrected Transport (BIC-FCT) algorithm!® was
developed specifically to solve low-speed flow problems
with high accuracy. BIC-FCT combines an explicit
high-order, nonlinear FCT method’! with an implicit
cortection process. This combination maintains high-
order accuracy and yet removes the timestep limit im-
posed by the speed of sound. By using FCT for the
explicit step, BIC-FCT is accurate enough to com-
pute with sharp gradients without overshoots and un-
dershoots. Thus spurious numerical oscillations that
would lead to unphysical chemical reactions do not oc-
cur.

Thermal conductivity of the individual species is
modelled by a polynormial fit in temperature to exper-
imental data. Individua! conductivities are then aver-
sged using s mixture rule'?!3 ¢o get the thermal con-
ductivity coeficient of the gas mixture. A similar pro-
cess is used to obtain the mixture viscosity from indi-
vidual viscosities. Heat and momentum diffusion are
then calculated explicitly using these coefficients. All
viscous terms in the compressible Navier-Stokes equs-
tion have been included. In the problem considered
in this paper, the timestep imposed by the explicit
method for the diffusion terms is comparable to that
used in the fluid transport step. Thus, there is no Jom
in eficiency sometimes associated with explicit meth-
ods.

Mass diffusion slso plays & major role in deter-
mining the properties of laminar flames. Binary mass
diffusion coefficients are represented by an exponen-
tial fit to experimental data, and the individual species
diffusion coefficients are obtained by applying mixture
rules'?. The individual species diffusion velocities are
solved for explicitly by applying Fick's law followed by
a cortection procedure to ensure zero net Sux!®. This
procedure is equivalent to using the iterative algorithm
DFLUX to second order. This method s substan-
tially faster than one that uses matrix Inversions and
Is well sulted for a vector comnputer,
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Chemistry of the hydrogen-axygen flame is mod-
clled by a sct of 24 reversible reaction rates describing
the interaction of eight species, Hy, 05, H, O, OH,
HO3, H30;, H30, and N; is considered a nonreacting
diluent!®, This reaction set is solved at each timestep
with & vectorized version of CHEMEQ, an integrator
for stifl ordinary differentia! equstions'®. Because of
the complexity of the reaction scheme and the large
number of computational cells in a two-dimensional
calculstion, the solution of the chemical rate equations
takes a large fraction of the total computational time.
A special version of CHEMERQ called TBA was devel-
"oped to exploit the special hardware features of the
CRAY Y-MP vector computer. The current version of
TBA is also capable of running in parallel on multiple
processors of the CRAY Y-MP.

All of the chemical and physical processes are
solved sequentially and then are coupled asymptoti-
cally by timestep splitting!?. This modular approach
greatly simplifies the model and makes it easier to test
and change the model. Individual modules were tested
against known analytic and other previously verified
numerical solutions. One-dimensional predictions of

_the complete model were compared to those from the
"Lagrangian model FLAMEID which has been bench-
“marked extensively against theory and experiment!2.

A variety of wall boundary conditions can be im-
posed to determine the effect of heat loss and viscos-
ity on the cellular structures found in the Aame. The
boundary conditions used in these calculations corre
spond to an isothermal no-slip wall, where the wall
temperature is held fixed at the inlet temperature of
the unburnt gas. Because we are interested in the
time-dependent dynamics of the flame, these bound-
kry conditions are imposed such that the simulations
correspond to s flame propagating In a steady man-
ner in & channel with adiabatic slip walls and at time
t = 0 enters & region where the walls are isothermal
and no-slip.

In this study we restrict our attention to hydrogen
flames propagating downward in a flammability tube
and near the lean extinction Limit. These flames have
very low burning velocities which drop further during
the extinction process. This makes it difficult to en-
sure that the flame is always in s well resolved portion
of the numerical grid. Two important improvements
were made to the numerical model in order to more ac-
curately track these flames near extinction. The first is
a switch to s coordinate system attached to the flame;
this ensures that the flame Is always within the com-
putational domain and also inside the well resolved
zone. The second is the use of an automatic regrid-
ding scheme. This scheme will concentrate grid points
into regions of interest, based on various derivatives
of temperature and species concentrations. This tech-

nique can ensure that the lame is well resolved even
when it no longer remains planar. In this study, grid
sdaption is performed only in the Row direction.

[11. Results and Discyssion

Initial conditions for 2D calculations were taken from
1D calculations giving conditions for steady, propagat-
ing flames. Fig. 1 describes the configuration stud-
ied, and gives the boundary conditions of the computa-
tional domain. Unburnt gas flows in from the left, and
reaction products of the flame flow out at the right.
If the inlet velocity equals the apparent burning veloc-
ity of the flame, the flame is fixed in space yielding
a steady solution. Thus, transient effects from igni-
tion can be eliminated, and the one-dimensiona) solu-
tion provides initial conditions for the two-dimensional
calculation. The two-dimensional computational do-
main was & 51 mm channel with no-slip walls held at a
constant lLemperature of 298°K. A 144 x 128 variably
spaced grid with finely spaced zones clustered around
the flame was used for all the simulations. Previous
grid-resolution studies have shown that this resolution
is adequate for the problem at hand.

Effect of Wall Hest Losses

In a previous paper®, we have discussed the dynamics
of downward- propagating fames in a two-dimensional
channel with adiabatic walls. In this case, the effect
of buoyancy was to suppress the tendency of the mix-
ture to exhibit a cellular structure. Furthermore, the
long-term evolution of the flame was a slow oscilla-
tion between s slightly convex or concave shape. The
overall disc like appearance associated with near-limit
downward-propagating flames was not observed in that
simulation. This flame is compared in Fig. 2 with a
downward-propagating flame in a channel with isother-
mal walls. The flames are represented by their OH con-
centrations at a sequence of times. The effect of wall
heat losses is to quickly extinguish the flame near the
walls and the extinguishment process spreads inwards
for a while until a balance Is attained with the heat
generated by the fame. Even at the early times, the
flame is quite flat and both the cellular structures at
the center and near the walls disappear by 100 ms. At
later times, the fame takes on a shape slightly convex
to the flow. Unlike the case without heat losses, no cs-
cillations are seen, even when the calculations are car- -
ried out to a longer duration. The overall appearance
of the flame Is similar to those observed experimentally
in near-limit mixtures'®,

Effects of Fuel Concentration

Since the above simulation with heat Josses shows that
simulations including the effect of wall heat losses can
correctly depict the experimentally observed shape of
near-limit flames, further simulations were carried out
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for 10%, 9.5% and 9% hydrogen - ait mixtures. Fig. 3
compares flames in 10%, 9.5% and 9% hydrogen - air
mixtures. The top set of [rames presents temperature
contours, the boltom set presents OH mole fraction
at 0.245 after initiation. The OH contours provide a
useful indication of the strength of the reactions in the
Aame. The flame can propagate without difficulty in
the 10% Hydrogen - air mixture. A high concentration
of OH is formed in a thin 2one which corresponds to
the high temperature gradient region in the Rame. The
apparent bumning velocity of the flame Is higher than
that of an adiabatic one-dimensional lame in the same
mixture. In the 9.5% mixture, the flame initially does
burn normally but just shortly after the time shown
in the figure, the apparent flame velocity goes to zero
and the flame extinguishes. It can be noted in the
figure that the OH concentration is much lower and
the flame is thicker, indicating a much weaker flame.
The last mixture presented in Fig. 3 is 9% hydrogen -
air. In a channel with adiabatic walls, s flame can burn
in this mixture. However, in the the two-dimensional
calculation with heat loss, the flame does not bum.
The apparent flame velocity is always negative and very
little OH is produced. The low levels of OH in the
figure is the residue from the initially adiabatic flame.
In this mixture the “fame” is very thick and resembles
8 thermal wave.
t inguishme

Since the 9.5% hydrogen-air mixture appears to be at
or just past the lammability limit, further studies were
made on a 9.75% hydrogen-air mixture, in order to un-
derstand the dynamics of the extinguishment process.
In Fig. 4, the centerline temperature is shown at a se-
quence of times for this mixture. If a flame is prop-
agating at a steady rate, the temperature profile at
successive times will fall on top of each other because
of the coordinate system used which moves with the
flame. Indeed for the first 160 ms, the flame appears
to be steadily propagating. It then slows down and the
temperature profile begins to spread out. After about,
240 ms, the characteristic “flame” profile is Jost and
the sharp distinction between the burnt and unburnt
gases disappears. This is again in agreement with ex-
perimental observations. 7

Next, the cause of this rapid change in the tem-
perature profile is investigated. Fig. 5 takes a detailed
look at the 9.75% hydrogen - air mixture. Contours of
the mole fraction of water (in white) are superimposed
on the OH radical contours. In the first frame, which is
at an early time, 0.08 sec., these two indicators deplct
8 “normal” flame. By 0.16 sec., water adjacent to the
walls moves ahead of the rest of the flame. By 0.24 sec.
these contours clearly show tongues of cooler gas mov-
ing down toward the unburnt mixture, in accordance
with the experimental observations. At later times, af-

ter 0.24 and 0.32 sec., significant amounts of water can
be scen well ahead of the flame. By 0.32 soc. the low
levels of OH indicate that the iame has extinguished.
When the mole fraction contours of hydrogen radical
and water were superposed, again large amounts of wa-
ter were observed in front of the hydrogen radica! con-
tours, and H radical also decreses dramatically as the
flame extinguishes.

These observations indicate that products do in-
deed get in front of the flame and contribute o its ex-
tinguishment. From, the above simulations, it appears
that heat losses to the walls, first extinguish the flame
near the walls and this creates a lower temperature
(higher density) region near the walls when compared
to the central regions. Buoyancy acts on this difference
in densities and can cause the central regions to rise
up while the mixture near the walls flows down. This
should result in a recirculstory flow pattern near the
walls. In Fig 6, the instantaneous streamlines at 320
ms are shown superpased on the water mole-fraction
contours. Large recirculation zones are clearly appar-
ent and such a flow pattern is sufficient to move the
burnt products into the unburnt mixture ahead of the
original flame. One-dimensional calculations confirm
that & self-sustained flame does not propagate down-
ward in the diluted fuel-air mixture observed in the
two-dimensional simulations. '

V. Summary an ncl

The computational results presented here show that a
downward propagating flame in an isothermal channel
has & flammability limit of around 9.75%. The exper-
imentally observed value is between 9 and 10%. This
is in excellent agreement with our results. Also in ex-
cellent agreement are the detailed observations of the
flame behavior at the point of extinguishment. Indeed,
the description of experimental results could apply ver-
batim to the the simulation of the 9.75% mixture. For
example, the flame is first observed to halt its down-
ward propagation and then actually move back into the
burnt products. The flame is quenched at the walls
and tongues of colder gases, comprised mainly of burnt
products flow down the sides. At the same time, there
is an upward motion in the gases at the center of the
channel, causing the flame to rise up Into the burnt
products. So the primary conclusion of this work s
that detailed numerical simulations that include wall
heat losses can adequately simulate the dynamics of
the extinguishment process in downward-propagating
hydrogen-air flames. Such simulations can now be used
to further explore the relative importance of various
competing mechanisms that cause the observed behav-
for.

Further simulations indicate that a flame props-
gates downward steadily In & 9% mixture in a channd

60



with adiabatic walls and propagating ccllular Rames
are obscrved in & zero-gravity environment. Thercfore,
our detailed simulations indicate that both heat losses
and gravity are simultaneously required to cause the

observed limit.

Even in the 10% mixture, heat losses to the walls
shorten the flame and differential buoyancy should
cause the gases near the wall to have a downward mo-
tion relative to the gases near the center. This does
occur but a figure such as Fig. 6 shows that the water
does not get ahead of the flame. Therefore, we con-
clude that the dilution of the unburnt mixture with
the products of combustion is an essential step in the
‘extinguishment process.
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Figure 1. Initial and boundary conditions for the two-
dimensional flame calculations.
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20 ms 20 ms
60 ms 60 ms
80 ms 100 ms

Figure 2. Comparison of flames in 10% H, - air mixture propagating downward with hest Josses (right) and
without losses (left).
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10% H2 - Air — ~ " , 95% H2 - Air
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Figure 3. Temperature (top) and OH mole fraction (bottom) in flames in 10%, 9.5%, and 9% H, - air mixures at
0.24 sec. after initiation.

Figure 4. Centerline temperature profiles at various times in 9.75% H; - air mixture.
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Figure 5. H,0 mole fraction contours superposed on OH mole fraction contours in a 9.75% H; - air mixture.



(0.2 sec) in 9.75%

Figure 6. Instantaneous streamlines superposed on H;O mole fraction contours at late time

H; - air mixture.
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Abstract

Flames near the rich-8ammability limit of bydrogen-air mixtures are stud-
ied using a detailed, time-dependent, one-dimensional Lagrangian model.
Results from the numerical simulations indicate that a steady burning ve-
locity is not obtained for very rich bydrogen-air mixtures. As the amount
of hydrogen is increased, at first a damped oscillation is observed in the
flame and burning velocities, and then with further increase in the amount
of bydrogen, an undamped oscillation with a complex set of frequencies is
observed. Simulations with a simplified one-step irreversible chemnical reac-
tion do not show these oscillations, suggesting that chemical kinetics plays
a sirong role in inducing these oscillations. Further analysis shows that the
oscillations are due to a competition for H atoms between chain branch-
ing and chain-terminating reactions. Simulations of spberically expanding
flames suggest that stretch effects (due to curvature) will cause the oscil-
lations to occur in less rich mixtures than that observed for planar flames.
The implications of these oscillations op the rich-Sammability limit as well
as the role of chemical kinetics in creating a fundamental lammability limit

is discussed.
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Introduction

Flammability limits can be defined as the limits of concentration or
pressure beyond which a fuel-oxidiser mixture does not support flame prop-
agation. A difficulty with this definition is that there are significant varia-
tions in the observed limits depending on the experimental set-up as well as
the method of observation. After reviewing the early empirical observations
of lammability limits, Coward and Jones! proposed a “standard” appara-
tus and procedure for determining the limits. They defined a mixture as
flammable if the flame propagates all the way to the top of the tube when
ignited at the bottom. If the flame fails before it reaches the top, the mix-
ture is considered nonflammable. Since then, this procedure and apparatus
have been used to obtain “standard” Bammability limits. However, it must
be remembered, that there are mixtures beyond these standard limits which
can sustain a flame under specific conditions. In this paper, we investigate
the characteristics of flames propagating in hydrogen-air mixtures near the
standard rich-limit. |

Various explanations for the observed flammability limits have been
based on factors such as buoyancy forces, preferential diffusion, flame chem-
istry, conductive and radiative heat losses, the aerodynamics of burnt gases,
and flame stretch?-%. In practical situations, many of these factors are
present simultaneously and may interact with each otber, making it very
difficult to evaluate the actual role of these individual factors. Numerical
simulations provide an ideal way to systematically isolate and evaluate the
role of various processes.

In an earlier study on the effects of curvature and dilution on flame
propagationd®, it was shown that a flame can be extinguished with less
dilution in one geometry than in another, even in the sbsence of external
heat losses and buoyancy effects. Specifically, we showed that a planar
flame can propagate steadily in a dilute mixture which does not support a
spherically expanding flame. Because this behavior is related to the effects
of flame stretch and Lewis number, it raises the fundamental question of
whether there is an extinguishment limit in the absence of stretch effects.
This question can be addressed by carefully studying the bebavior of planar
flames in the absence of external heat losses and gravitational effects. Our

preliminary results!® showed that there is such a limit. Bowever, a more
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recent numerical study of lean methane-air.ﬂames suggests that there may
pot be any limit in the absence of heat losses'!.

In this paper, we present results of a systematic study of flames in
rich hydrogen-ait mixtures. First, we simulate the propagation of planar
adiabatic-flames in mixtures with different amounts of hydrogen. We ob-
serve unsteady flame propagation in certain very rich bydrogen-sir mix-
tures. After investigating the source of these oscillations, we consider the
effects of stretch (due to curvature) on the near-limit behavior of flames
by simulating spherically symmetric flames. Finally, we discuss the effects
of other processes such as heat losses and buoyancy, ob the propagation of

pear-limit fiames and flammability limits.

The Numerical Model

The results presented here are derived from numerical simulations using
a time-dependent, one-dimensional, Lagrangisn model'? which solves the
cornservation 'equations for mass, momentum, eDergy and individual species
densities coupled to equations describing the detailed chemical kinetics re-
actions, molecular diffusion, thermal conduction and thermal diffusion of
the various species involved in hydrogen-air combustion. The model per-
mits a wide variety of geometric, initial, boundary, and time-varying energy
input conditions and was specifically developed to study the various time-
de#pendent physical and chemical processes which control flame initiation,
pr;:’pagation and extinction. An adaptive gridding technique is used to
ensure adequate numerical resolution and resolve the details of the flame
structure.

In the calculations presented below, the model was configured with an
open boundary at one end to simulate an unconfined system. Most of the
calculations were performed in 8 planar (Cartesian) geometry and gravits-
tional and non-adiabatic effects were ignored in all calculations. Some of
the calculations considered a spherically expanding one-dimensional flame.
The initial temperature and pressure of the mixtures considered were 208 K
and 1 atm, respectively. ' :

Tbe burning velocity of a flame is usually defined as the flame velocity
with respect to the unburned gases ahead of the flame. Therefore, it can be
calculated from the flame velocity if we know the velocity of the unburnt

gases ahead of the flame. For planar flames the velocity of the unburnt
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gases ahcad of the flame is constant. Hence the burning velocity can be
unambiguously determined as the difference betweeen the flame velocity

and the flow velocity ahead of the Aame,
Vlurn = V[lonu - V]lus‘ (l)

However, for spherically propagating flames of finite thickness, the fluid
velocity attains a8 maximum within the lame and then decreases ahead of
the flame (e g. see ref. 9). A minimum value for the burning velocity can
be calculated by subtracting the maximum fluid velocity from the flame
velocity. A definition more appropriate for comparison with the planar
case is to consider the fluid velocity at the foot of the flame. A convenient
definition for the foot of the flame is the first location where the temperature
reaches a value of 300 K. In the results presented bere, the burning velocity
of a spherical flame has been defined as the difference between the flame
velocity and the fluid velocity at the first location where the temperature

reaches a value of 300 K.

Results and Discussion

In these calculations, the amount of hydrogen in the mixture was sys-
tematically increased and with each cobcentration of bydrogen, the cal-
culations were carried out until a steadily propagating flame (if any) was
observed. The burning velocities were calculated as discussed above. The
simulations of plaar flames are presented first and then the spherically
propagating flames are discussed.

Rich Hydrogen-Air Flames

Fig. 1 shows the flame velocity, fluid velocity and the burning velocity
for a 78% bydrogen-air mixture. All the velocities are independent of time
and a steady burning velocity of sbout 30 ¢cm/s is obtained. When the
amount of hydrogen is increased to 79%, the burning velocity begins to
show very small amplitude oscillations but is essentially constant at about
23 cm/s. Bowever, for a 80% hydrogen-air mixture, well defined ocscillations
are observed initially for both the flame and fluid velocities as shownp in
Fig. 2. The oscillations are damped and for longer times (greater than
0.12's), a steady burning velocity of about 18 cm/s is observed. From the
simulations, the adiabatic fame temperature for this steady-state flame is

about 975 K.
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For a 81% hydrogen-air mixture, undamped oscillations are observed
which persist for very long times (Fig. 3). This calculation was catried out
to 60,000 timesteps to reach a physical time of nearly 1 sec and more than
ten “cycles” of the oscillations are observed. During each cycle, the burning
velocity drops from a peak of about 28 cm/s to a trough of about 6 cm/s.
When the amount of hydrogen is further increased to 82%, the burning
velocity goes nearly to zeto following a peak in the burning velocity oscil-
lations. However, after more than half a second, a second peak is observed
in the burning velocity indicating that a flame can still propagate in this
mixture. The burning velocities for the 80-82 % hydrogen-air mixtures are
summatized in Fig. 4. From a comparison of the flames in the three mix-
tures, it appears that as the amount of hydrogen is increased, the frequency
of the oscillations decreases rapidly and near-zero burning velocities can be

attained during the oscillations.

Oscillatory Flames in Detailed Simulations

Oscillations in the flame velocity have been observed in previous de-
tailed flame simulations!:!3. Carter et. al' noted that they could not
obtain a steady burning velocity for mixtures with more than 76% hydro-
gen and suggested that the onset of an instability may be & precursor of
flammability limits. However, there was some question if the numerical
resolution used in their studies was adequate. Furthermore, in a previous
study'®, we also observed oscillations in the mixtures simulated by Carter
et. al'?, but were able to get 1id of the oscillations by sufficiently increasing
tbe numerical resolution. In a more recent study of lean methane 8ames,
Lakshmisha et.al'! observed irregular oscillations in near-limit mixtures but
concluded that the oscillations were numerical in origin. Therefore, we did
8 number of studies to find out if the oscillations we observe are numerical
in origin.

The tests we did included varying the spatial and temporal resolutions
by upto a factor of three, changing the convergence criteria on the chemistry,
varying the ignition source, varying initial conditions, changing the size of
the system, cbanging the rezoning parameters and many more. In all cases
the results were perfectly reproducible, indicating that the oscillations are
indeed a result of the physics represented by the model and not s numerical

artifact.

71



Oscillatory Flames in Simplified Analyses

Since the oscillations are not numerical in origin, there must be 3 mech-
anism involving diffusive, convective or chemical processes or combinations
of these processes. The Lewis number (defined as thermal conduction di-
vided by mass diffusion) for the flames in which the oscillations are observed
is greater than one. Oscillations have been predicted by theoretical and nu-
merical studies'4~1® when the Lewis number is greater than one and the
activation energy of the single-step irreversible reaction used is very large.
The physical mechanism causing these oscillations has not yet been clearly
identified. It is not tberm&d@ﬂ'usive in nature because the thermo-diffusive
instability mechanism is stabilising for these Lewis numbers. To explore
if the oscillations we observe is due to the same mechanism, the simula-
tions for the B0% hydrogen-air mixture were repeated using a single-step
Arrhenius reaction which gives the correct steady-state burning velocity
and flame temperature. The technique of Coffee et al.!” was used to obtain
the parameters for the single-step reaction. Oscillations were not observed
in these simulations, suggesting that some aspect of the detailed chemical-
kinetic reaction mechanism used in our simulations may be responsible for
the oscillations. Further calculations were then done to isolate the reactions
which may be responsible for the observed behavior.
Chemical Instabilities

The flame temperature for a 80% mixture is just 975 K. With increases
in fuel concentration the temperature decreases further, but it is difficult to
define an adiabatic lame temperature for these flames because of the oscil-
latory behavior. Ap important set of reactions at these low temperatures is
the following in which there is 8 competition for H atoms between a chain

branching and a chain terminating reaction:

H+0;~0H+O @

H+0;4M —~HO; 4+ M 3)

At low t&nperatures (less than 950 K), it is possible that the H atoms
are consumed faster in chain terminating reactions than produced in chain
branching reactions. This could eventually lead to a situation where the en-

ergy teleased in exothermic reactions is not sufficient to balance the energy
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diffused by the transport processes and hence the flame velocity decreases
with time. However, over a sufficient period of time, it is possible that
enough H atoms accumulate for significant energy release to occur and
cause the flame velocity to increase again. Such a series of events can lead
to oscillations in the burning velocity. To test if this hypothesis can explain
the observed oscillations, a series of simulations were performed in which the
importance of the chain terminating reaction (Eqn. 3 above) was systemat-
ically varied by modifying its pre-exponential factor. The burning velocities
in three such cases are compared in Fig. 5. Either increasing or decreasing
the overall chain-termination reaction rate by even a small amount (10%)
bas a substantial effect on the time bistory of the burning velocity. When
the termination reaction rate is decreased by 10%, the frequency of the
oscillations increases and the amplitude decreases. When the termination
reaction rate is increased by 10%, the pattern of the oscillations changes and
consists of two peaks of different amplitudes. Furthermore, the minimum
value attained for the burning velocity is quite low (3 cm/s). This reuﬂt
suggests that increasing the termination reaction rate might bave the same

effect as increasing the amount of hydrogen in these near-limit mixtures.

To explore this possibility further, the termination reaction rate was
doubled. The resulting time bistory of the burning velocity is compared
to the actual time history of the burning velocity in a 82% hydrogen-air
mixture (Fig. 6). The striking similarity between the two results con-
firms the importance of the balance between the chain-branching and chain-

terminating reactions in near-limit bydrogen-air mixtures.

If the amount of hydrogen is further increased to 83%, the time between
the peaks in the burning velocity increases to more than 2 seconds and the
burping velocity is essentially zero between the peaks (Fig. 7). Note that
the flame continues to be convected along with the fluid when the burning
velocity goes to tero (see the plot of the time history of lame position in
Fig. 8). In non-burning cases, the flame position ceases to advance and then
recedes with increasing time as thermal conduction diffuses the temperature

prc;ﬁle.

In Fig. 9, the time histories of the flame and fluid velocities in a 84%
mixture are shown on an expanded scale. In this case, peaks in the burning

velocity are not observed and the flame and fluid velocities seem to be
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asymptotically approaching each other. When these two velocities become
equal, the burning velocity will become zero. The time taken to attain this
state depends on the amount of initiation energy added at the beginning
of the calculation. Further simulations in which the amount of ignition
energy is increased makes the flame propagate for a while longer but it
eventually appears to die. If the amount of hydrogen is increased further,
a zero burning velocity is attained earlier. These simulations suggest that

an intrinsic flammability limit might have been attained.
On Flammability Limits

Several interesting observations can be made from the results presented
above. First of all, the calculated limit is beyond the experimentally ob-
served standard rich-flammability limit under normal gravity conditions.
There are two major possibilities for the differences between the exper-
imental observations and these calculations. First of all, the calculated
limit may depend on the chemical reaction rates used. As noted in Fig. 5,
the frequency, amplitude and other characteristics of the oscillations are
noticeably aflected by even small changes in the termination reaction rate.
Furthermore, if large changes are made in the termination reaction rate,
the characteristics of the oscillation can be drastically modified. For exam-
ple, if the termination reaction rate is balved, the oscillations completely
disappear in the 81% mixture (see Fig. 10). This does not mean that the
oscillations are an artifact of the particular kinetic rates used. With the
termination rate halved, the oscillations will appear in a richer mixture.
Another example where the termination reaction rate is changed signifi-
cantly has been shown in Fig. 6. Here, the 81% mixture behaves like a 82%
mixture when the termination reaction rate is doubled. That is, when this
rate is increased significantly, the chemical instabilities occur in a less-rich
mixture. Therefore, we conclude that the observed instabilities are not an
artifact of the reaction rates used though the actual limiting mixture will
depend on the specific reaction rates used.

Another possibility for the differences noted between the numerical
and experimental observations may be due to the effects of gravity, stretch,
conductive or radiative heat losses in the experiments or multidimensional
effects. As mentioned earlier, these effects have not been included in these

numerical simulations. Further simulations in which these effects are sys-
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tematically included will provide valuable information on observed lamma-
bility limits. As a first step in this direction, the effects of stretch due to

curvature have been considered.
Spherically Propagating Flames

Figure 11 shows the time variation of the flame, fluid and burning
velocities for a spherically propagating flame in a 80% hydrogen-air mixture.
Recall that a planar flame in this mixture exhibited very little oscillations
and quickly attained a steady burning velocity of about 18 ¢cm/s. The
spherically propagating lame shows stronger oscillations which persist for
a longer time than in the planar case. A low burning velocity of about 6
cm/s is attained during the oscillations. Of course, at longer times, the
behavior of the spherically propagating flame is similar to that of a planar
flame since the effects of curvature diminish with increasing radii. The
stretch effect due to curvature can be minimized by increasing the radius of
energy deposition and the amount of energy deposited. For the simulation
presented in Fig. 11, 18 J of energy was deposited in a Gaussian profile
with a constant radius of deposition of 2 crn and over a period of 100
microseconds.

-Typical flame, fluid and burning velocities in a 81% hydrogen-air mix-
ture are shown in Fig. 12. Notice that a flame does not propagate for more
than 0.3 sec even when 200 J of energy are deposited in a volume with a
radius of 4 cm. Ab initial spike in the velocities is observed followed by a
rapid drop in the burning velocity to zero. Other initial conditions tried
also did not result in a propagating spherical flame in this mixture. This
suggests that a fammability limit is attained in a less rich mixture when

stretch eflects are included.

Concluding Remarks

The simulations presented in this paper have shown that a steady burn-
ing velocity is not attained even for planar lames in very rich hyarogen-air
mixtures. The unsteady bebavior observed in the flame and burning ve-
loc{ties have been shown o be caused by a competition between a chain-
branching and a chain-terminating reaction. These two observations imply
that time-accurate numerical simulations with multi-step kinetics are re-

quired to computationally study the rich-limit behavior of hydrogen-air
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mixtures.

In very rich hydrogen-air mixtures, the burning velocity goes to zero,
suggesting a flammability limit determined by chemical kinetics. The de-
tails of the observed oscillations and the actual limit depend on the specific
values used for the reaction rates. However, the observed features do not
depend on the actual values of the reaction rates but require that there be
two competing teactions. A similar limit which depends on two competing
reactions has recently been reported by Law and Egolfopoulos®.

The limiting mixture observed in the planar simulations is outside the
experimentally observed flammability limit. Simulations of spherical flames
show that stretch effects due to curvature can cause unsteady burning veloc-
ities in different mixtures and shift the observed limit to less rich mixtures.
Other effects not included in the current simulations such as radiative and
conductive losses may also modify the predicted Sammability limit. There-
fore further simulations are planned to investigate if including small amount
of heat losses or other factors will produce the experimentally observed
limit. A possibility is that during one of the oscillations, when a very low
burning velocity (less than 1 cm/s) is attained, a small amount of heat loss

will be sufficient to prevent the flame from further propagation.
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FIGURES CAPTIONS

Fig. 1 Flame velocity, fuid velocity and burning velocity in a 78%

Hydrogen-Air mixture.

Fig. 2 Time evolution of the flame velocity, fluid velocity and
burning velocity in a 80% Hydrogen-Air mixture.

Fig. 3 Time evolution of the flame velocity, fluid velocity and

burning velocity in a 81% Hydrogen- Air mixture.

Fig. 4 Oscillations in the burning velocity of a series of Hydrogen-

Air mixtures.

Fig. 5 The effects of modifying the termination reaction rate in a

81% Hydrogen-Air mixture.

Fig. 6 Comparison of the time evolution of the burning velocity
in a 82% Hydrogen-Air mixture to that in a 81% mixture with
the termination reaction rate doubled.

Fig. 7 Time evolution of the fame velocity, fluid velocity and
burning velocity in a 83% Hydrogen-Air mixture.

Fig. 8 Time history of the position of the 8ame in a 83%

Hydrogen-Air mixture.

Fig. 9 Time evolution of (a) the flame velocity and (b) tbe fuid
velocity in a 84% Hydrogen-Air mixture.

Fig. 10 Flame velocity, fluid velocity and burning velocity in a
81% Hydrogen-Air mixture when the termination reaction rate
is balved.

Fig. 11 Time evolution of the flame, fluid and burning velocities
of a spherically expanding flame in a 80% Hydrogen-Air mixture.

Fig. 12 Time evolution of the flame, fluid and burning velocities
of & spherically expanding flame in a 81% Hydrogen-Air mixture
when 200 J of energy are deposited with a radius of ¢ cm and
over a time period of 100 microseconds.
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