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Abstract

An application of numerical methods to the studies on gas combustion processes has been considered
including the tracer method employed in numerical simulation. Basing on the analysis of numerical data
obtained, conclusions have been drawn concerning the problem of the explosion safety connected with the
inhibition and the experimental determination of the rich flame propagation limit as well as the determination
of the final pressure under self-ignition within a closed vessel.
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INTRODUCTION

When the Institute of Chemical Kinetics and
Combustion of the Siberian Branch of the
USSR Academy of Sciences was founded in
1957, it was supposed, that one of the main-
streams of the Institute’s activity will be pre-
sented by the studies on the processes of burn-
ing for the needs of chemical industry. Corre-
sponding Member of the USSR AS A. A. Ko-
walskiy, the founder and the first director of
the Institute, Academician of the USSR AS
V. V. Voevodsky attached a great importance
to this research field. In this connection the In-
stitute took an active part in the fire and ex-
plosion proofing for a number of manufactures.

In particular, detailed studies were carried
out concerning the safety problem for a large-
scale formalin manufacture on the basis an ox-
ide catalyst. Some results of these activities are
presented in [1]. The authors concluded that the
reliable solution of the fire and explosion safe-
ty problem should imply a close interaction of
the experts in different fields such as chem-
ists, technologists, power engineering special-
ists, designers, etc., which interaction should
be carried out at a design stage, rather than
after a routine accident. In addition, the au-

thors of [1] emphasize that the solution of the
explosion safety problem could be economically
sound due to an increase in the productivity of
an individual process vessel, improvement of the
product quality, reduction of a process flow-
sheet for obtaining and purifying a product.

The solutions should always be based on a
clear-cut understanding of the technological pro-
cess itself and the laws of combustion process-
es. However, if everything is more or less obvi-
ous for technological processes, for combustion
processes the situation is different. In spite of
the fact that these processes were studied for a
long time, many questions remain as yet unex-
plored using either experimental or theoretical
methods. In this case numerical simulation could
become a promising way to solve this problem.

Numerical studies of combustion processes
always received much attention, which is con-
nected with several factors. One of them is rep-
resents a complexity of such systems for ex-
perimental investigation, in particular of mul-
ticomponent systems consisting of several com-
bustibles or oxidizers. Another important fac-
tor consists in the transience of processes. Nu-
merical investigation with a detailed kinetics
allows one to answer many questions insoluble
by means of experimenting.
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It is reasonable that the results of numeri-
cal simulation should be experimentally veri-
fied. On the other hand, there are experimen-
tal data those have not received reliable enough
interpretation till now, and with the help of
numerical research this problem could be solved.
The present work demonstrates some examples
of the successful application of numerical meth-
ods to the studies on self-ignition and flame
propagation processes as well as shows some
potentialities of these methods.

Numerical simulation is based on the appli-
cation of blocks of chemical reactions, ther-
modynamic data, and the data concerning dif-
fusion coefficients and properly a method for
solving the set of equations those describe a
real process. There are several modifications of
such blocks presented in the literature those
differ from each other by the number of reac-
tions, by the number of species participating
in the reactions, by reaction rate constants, by
the values of thermodynamic quantities, by the
data on diffusion coefficients. All these modifi-
cations have been optimized basing on numer-
ous experimental data concerning normal flame
propagation velocity, induction period (break-
down time) values and concentration profiles for
primary, final and intermediate species. In this
connection, the application of various modifi-
cations to particular conditions would be either
their interpolation or extrapolation.

In the case of interpolation one could ex-
pect that the data obtained from numerical sim-
ulation would insignificantly differ from the data
obtained by means of an experiment. Howev-
er, in the case of extrapolation the data ob-
tained from simulation can be out of all pro-
portion to a real situation. Nevertheless, the use
of numerical simulation in such a case can be
also justified, since this promotes the develop-
ment of the numerical simulation base itself
due to supplementing it with new reactions or
changing the values of parameters in corre-
sponding blocks. The present work is devoted
to considering some results of numerical simu-
lation being of interest from the standpoint of
knowledge concerning new aspects of already
known phenomena such as self-ignition and
laminar flame propagation as well as from the
standpoint of explosion safety.

SELF-IGNITION PROCESSES
Chain explosion at high burnout level

There is an interesting result presented in
[2—4] concerning the application of numerical
simulation. The case in point is chain explosion
during hydrogen oxidation at high burnout level.
This result is not obvious; there were no
corresponding theoretical or experimental data
for the assumption concerning the possibility
of chain explosion at almost full burnout of
reagents. The simulation was carried out for
isothermal conditions, the pressure value of
0.1 MPa and 70 % hydrogen-air mixture.
Comparative analysis of elementary reactions
rates has demonstrated that immediately prior
to an abrupt increase in the rate of water
formation the concentration hydrogen atoms
could be presented by the equation

‘ji_i’ ~ n, +[2K,(0,) - K, (M)(O,)

+ K, (HO,)](H)
where K, is the rate constant for reaction
H+ O,— OH + O;

K5 is the rate constant for reaction

H + HO, — 20H,;

K, is the rate constant for reaction

H+ O,+ M— HO, + M;

n, is the chain initiation rate; M is the third
particle.

Thevaluedf ¢’ = 2K, (0,) — K, (M)(O,) + K,(HO,)
represents the factor of branching in the pres-
ence of positive interaction between reaction
chains. One can see that with water formation
the concentration of molecular oxygen decreas-
es. Due to this fact the value of the negative
difference between the first and the second
terms decreases and could become equal to the
value of the third positive term. Thus, at cer-
tain values of O, and HO, concentration the
branching factor value ¢’ can become positive.
Indeed, the authors of [2] have demonstrated
that as the reaction proceeds the branching fac-
tor taking into account a square-law branching
reaction, becomes positive from negative reach-
ing a maximum and decreasing then up to zero.
In other words, the branching factor varies as
water is formed, and there comes a moment
when it becomes positive. Just this fact causes
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an abrupt increase in the rate of water forma-
tion. Depending on entry conditions the branch-
ing explosion could occur at different burnout
levels. It should be noted that in poor hydro-
gen-air mixtures when there is a lot of molec-
ular oxygen remaining among the products, the
phenomenon of explosion at high conversion
level values oughtn’t to take place.

The phenomenon of explosion at high burn-
out levels is possible due to the following two
reactions. The first reaction yields HO,, the sec-
ond reaction due to interaction between HO,
radical and H atom resulting in the formation
two OH radicals. It was shown in [2—4] that at
constant pressure this phenomenon exists within
the range between two initial temperatures T
and T
T

max- At the temperature values lower thr;nrrl1
min the branching explosion is impossible, since
¢! .. <0. The upper bound of the region of
two-stage non-steady state process is deter-
mined by the following conditions: ¢’ is always

more than zero or 2K, > K,M.

Structure of the third self-ignition limit
for hydrogen-air mixtures

The term self-ignition limit is usually taken
to mean a set of entry conditions those result
in spasmodic or abrupt transition from a slow
mode of reaction to a fast, explosive mode.
However, according to the continuity theorem
for the solution of differential equations depend-
ing on entry conditions, there should be a tran-
sition region with respect to initial parameters
with the change of reaction modes.

An attempt to prove the assumption that the
third self-ignition limit for hydrogen-oxygen
mixtures is of chain nature was undertaken in
[5]. However, the estimation method chosen by
the author of [5] appeared much less informa-
tive as compared to the method of numerical
simulation taking into account a detailed kinet-
ics. Indeed, the author of this work succeeded
in demonstrating only that at pressure values
about one atmosphere the limit is of chain na-
ture. However, as early as in 1984 the charac-
ter of the third limit, the nature of the limit
structure determined and the changes connected
with the increase in the initial temperature (or
initial pressure) under the transition through the

self-ignition limit have been described in [6]. As
it follows from the analysis presented in [6],
the transition region is characterized by an
abrupt growth of the contributions of both
square-law branching stage and the stages of
square-law chain termination via the reactions
such as

H + HO, » H, + O,

H + HO, » H,0+ O

HO, radical participates in both reactions, a
transformation chain such as

H - HO, » H,0,—-OH - H

taking place within a low temperature range.

In the transition region the transition to a
shorter chain such as H— HO,— OH — H occurs.

Within the range of high temperatures the
transition to a well-known chain for entirely
branched reaction (during the induction peri-
od) such as H —» (O, OH) —» 3H occurs.

The comparative analysis of the methods
used in [5] and [6] has demonstrated that the
numerical simulation with detailed kinetics is
much more informative.

PROCESS OF FLAME PROPAGATION
Role of hydrogen atoms diffusion

There are diffusion fluxes of components
occurring in the front of flame due to concen-
tration gradients which fluxes could be direct-
ed both towards the initial mixture and towards
reaction products. The maximal reactivity from
this standpoint is exhibited by atomic and mo-
lecular hydrogen. The authors of [7] demon-
strated that the velocity of flame propagation
is to a considerable extent dependent on the dif-
fusion coefficient of hydrogen atoms. The dif-
fusion of hydrogen atoms into a low-tempera-
ture region should result in changing the condi-
tions of a chain avalanche development, both
in this region and in the region of high temper-
atures. This topic is in detail considered in [8].

The authors of [8] demonstrated that for
55 % hydrogen-air mixtures at pressure of
0.1 MPa and temperature of 300 K the profile
for OH radical concentration demonstrates at
least two maxima (Fig. 1, curve 1). The numer-
ical data for the profile of OH radical presented
in [9], allow one to conclude that in the flames



284 V. A. BUNEV
0.0008 - ;
0.0006 £ s o,
e y
- y Y
Q © 3
« 0.00041 & 000000 Y
[} ¢
'_O‘ ... 4
000021 /¢ ] . %
; oo™ ” 6 e
0 //":.:."“"““t st “«ull"“..“ - 50 OO 00 7 Q2 *o Y, E=
400 600 800 1000 1200 1400 1600 1800 T, K

Fig. 1. Molar fraction profiles for OH radical in the flame front for the mixtures of 55 % H, + C;Hy + air (T, = 300 K,
Py= 0.1 MPa): 1 — with no C3;Hg addition, 2-7 — with C;Hg addition, %: 0.1 (2), 0.2 (3), 0.4 (4), 0.6 (5), 0.8 (6), 1.0 (7).

of stoichiometric hydrogen-air mixtures the
first maximum is much lower the than the sec-
ond one. For rich mixtures the first maximum
is much more pronounced being almost at the
same level with the second one. In addition, the
first maximum is exhibited in the low-temper-
ature heating zone, rather than at high tem-
perature values. The character of the profile
for O and H atoms differs to a considerable ex-
tent from the character of the profile for OH
radical. The increase in H and O atoms concen-
tration occurs within a wide temperature range,
the maxima being near the maximum flame
temperature, and there is only one maximum
for O and H atoms.

Almost at the initial temperature in the flame
front H atom yields HO, radical, and HO, radi-
cal mainly results in hydrogen peroxide forma-
tion. However, when the temperature slightly
(20—30 K) increases the main role is played al-
ready by the square-law branching reaction
resulting in fast growth of OH concentration.
The reaction of H,0O, dissociation into 20H also
contributes to OH formation OH within the
range of low temperatures in the heating zone.

Rich flame of 75 % hydrogen + 25 9% oxy-
gen mixtures stabilized in a porous torch was
numerically studied and experimentally inves-
tigated in [10] at a pressure of 10.6 Torr. It fol-
lows from the experimental data obtained in
this work that the concentration profile for OH
radical exhibits two maxima. The authors of

[10] concluded that in the low-temperature zone
of the front the formation of water occurs as
a result of the following three reactions:
chain termination reaction:
H+0,+M —> HO,+ M
square-law branching reaction:
H + HO, —» OH + OH
chain propagation reaction:
OH + H, > H,0 + H.

The first experimental maximum of OH
radical concentration is reached within low-tem-
perature region. This fact is in a good agree-
ment with the results of [11] where a conclu-
sion is drawn about the important role of the
reaction of HO, radical formation in the low-
temperature zone of rich H,~O, mixture flames.
However, according to the numerical calcula-
tions presented in [10] the two maxima should
not present in the OH radical concentration
profile. The data of numerical simulation from
[8] indicate that the conclusions concerning the
role of H atom diffusion of the square-law
branching in low-temperature regions drawn in
[10, 11], to all appearance, are valid not only
for low, but also for higher pressures.

There is a profile of the classical branching
factor, i.e. chain branching rate at unit con-
centration, in a flame front. It is obvious, that
for low-temperature regions this factor is neg-
ative. The factor becomes positive only within
a higher temperature region and at a certain
temperature it can intersect zero mark. At this



NUMERICAL SIMULATION OF GAS COMBUSTION PROCESSES AND THE PROBLEM OF EXPLOSION SAFETY 285

intersection point the value of chain branch-
ing rate is equal to the termination rate value.
With further temperature increasing there could
be a chain avalanche in the flame front.

In the flames of rich hydrogen-air mixtures
the fast growth of OH radical concentration
begins within low-temperature regions. Thus,
there is a diffusion transfer of the origin of
avalanche-like growth of reactive species con-
centration and, correspondingly, reactivity
transfer from a high-temperature region into
the low-temperature region of the flame front.
The branching factor ¢ becomes more than
zero already at almost the temperature 30—40 K
higher than the initial one.

Thus, within the framework of numerical
simulation it was shown that the diffusion of
hydrogen atoms into the low-temperature re-
gion within a hydrogen flame results in the for-
mation of HO, radicals and an avalanche-like
growth of OH radical concentration in the low-
temperature zone of the front due to the reac-
tion of square-law branching. The concentra-
tions of H or O atoms demonstrate an increase
within all the range of front temperature vari-
ation. There are no singularities in these de-
pendences, the maximum of concentration be-
ing reached at the temperature value close to
the maximum flame temperature.

To all appearance, due to the square-law
branching within the low-temperature region,
hydrogen flames exhibit propagation with the
velocity values an order of magnitude higher
than the normal hydrocarbon flame velocity.

It should be noted that these conclusions are
of fundamental importance for understanding
the phenomenon of superadiabatic tempera-
tures of hydrocarbon flames as well as the pro-
cesses of inhibition.

Nature of superadiabatic temperature
of hydrocarbon flame

It is well known [12—16] that the maximal
temperature in the rich hydrocarbon flame front
can be higher than the adiabatic equilibrium
temperature (Fig. 2). For the first time the hy-
pothesis about the nature of this phenomenon
has been stated by the author of [12, 13]. Ac-
cording to this hypothesis, molecular hydrogen
is formed in rich hydrocarbon flames as a prod-

TA
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X

Fig. 2. Temperature profile in the front of rich hydrocarbon
flame. X — coordinate, AT — superadiabatic temperature.

uct that “diffuses from the zone of its forma-
tion with no free oxygen content into the oxi-
dation zone of the flame where, in competi-
tion with carbon-containing components, it is
oxidized faster than the latter”. According to
the data of [14, 15], the nature of superadia-
batic flame temperature is caused by the fea-
tures of the kinetic scheme for hydrocarbon
oxidation. However, this viewpoint gives rise
to doubts, since in this case it is difficult to
explain the formation of water at early stages
of chemical transformation. A possible valida-
tion of either hypothesis on the nature of the
superadiabatic temperature effect could be pro-
vided by the data obtained from the studies on
the origin of water formation in the low-tem-
perature zone a flame. In the hypothesis by the
author of [12, 13] the main role is attributed
to molecular hydrogen diffusion. At the same
time the diffusion of hydrogen atoms as well
as their participation in the formation of wa-
ter are not impossible. Numerical simulation al-
lows one to answer this question. So, data anal-
ysis of the results of numerical simulation car-
ried out for the flame of 10 % C;Hg-air bor-
derline mixture [16], has demonstrated that the
general scheme of determining reactions with-
in the range of 300—685 K may be expressed
in the following form:

H+ O0,+ M — HO, (+HO,) —» H,0, (+M)

— 20H(+C;Hy) —» H,0

At the temperature of 685 K the concentra-
tion of water in the flame front reaches the
equilibrium value among the reaction products,
whereas the most part of oxygen reacted is in
water molecules rather than in CO and CO,.
After reaching the maximal temperature in the
flame front the atoms of oxygen from water
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molecules are redistributed to form CO and CO,
molecules. At the same time the concentration
of molecular hydrogen increases.

The intense reaction process at low temper-
atures (at almost initial temperature values in
the heating zone) one could explain by the pres-
ence of profound H, and H diffusion fluxes. In-
deed, the comparative analysis of the temper-
ature values corresponding to the beginning of
the formation of main products (H,O, CO u
CO,) under the conditions of flame and self-
ignition of propane-air mixtures at atmospheric
pressure (the self-ignition temperature being
about 750—900 K [17]) allows one to conclude
that so considerable distinction is caused by dif-
fusion fluxes of the lightest chemical transfor-
mation products into the heating zone.

The work [18] devoted to the studies on the
nature of superadiabatic temperature of meth-
ane flames demonstrated that the diffusion of
H atoms plays an important role in the occur-
rence of superadiabatic flame temperatures.
Second, the diffusion of molecular hydrogen
from the region of combustion products into
the low-temperature zone does not result in the
occurrence superadiabatic temperature effect.

Recurring to the hypothesis of the role of
the diffusion of reactive combustion products
in the formation of superadiabatic temperatures
[12, 13], it should be noted that it is based on
the two following ideas: first, the diffusion of
an active participant of superequilibrium wa-
ter formation and second, the participation of
molecular hydrogen in this process. The rea-
sons and studies stated in [12—14, 18] indicate
that the role of diffusion can considerably con-
tribute in the formation of superadiabatic tem-
peratures; however H atom rather than H, op-
erates as an active participant. Thus, it ap-
peared that the hypothesis considered is valid
only partly, but it is certainly useful. To all ap-
pearance, both chemical and diffusion mecha-
nisms of superadiabatic temperature formation
should be considered not as alternative and
mutually exclusive hypotheses, but as two sides
of an interesting phenomenon under discussion.

Inhibition of flame propagation process

Under the inhibition of hydrogen-air mix-
ture flames the diffusion of hydrogen atoms

into the heating zone also determines the in-
hibitor action efficiency. The authors of [8] pre-
sented OH radical concentration profiles for the
flame of the mixture of 55 % H, with propy-
lene additions and demonstrated that with in-
creasing the amount of inhibitor the profile of
OH concentration is deformed in the following
manner: the first maximum decreases faster
than the second one to disappear completely at
propylene concentration of about 0.5—0.6 vol. %.
At these concentration the normal flame veloc-
ity (S,) three-fold decreases. To all appearance,
it is connected with the fact that with an in-
hibitor added the value of [HO,],,., is reduced
and the concentration of OH radical in the low-
temperature region of a flame front decreases
to a considerable extent. Against the background
of the decrease in the value of the second
maximum of OH concentration, its displace-
ment towards the region of higher tempera-
tures is observed.

The addition of propylene results in the re-
duction of maximal HO, and H,0,. concentra-
tion. At propylene concentration of 0.5—
0.6 vol. % HO, and H,0O, maxima reach a mini-
mum value and with the further increase in
propylene concentration almost do not vary.
These data to some extent confirm the hypoth-
esis of the fact that the action of an inhibitor
exhibits a saturation effect. In this case for
achieving the saturation effect it is sufficient
to add 0.5—0.6 vol. % of propylene into the ini-
tial mixture. Similar data were obtained using
propane as an inhibitor of hydrogen flames (see
Fig. 1). The analysis of numerical simulation
data has demonstrated that, due to hydrogen
atoms entering the zone of low temperature,
the formation of HO, radicals, and then of
H,0, occurs. OH radicals are formed in the
reactions of square-law branching and hydro-
gen peroxide dissociation. The OH radicals
formed due to these reactions reacts with pro-
pane. This reaction is a first step in the trans-
formation of propane molecules. It is just the
heating zone (low-temperature zone) where
chain termination occurs as the result of pro-
pane action as an inhibitor. The fraction of
propane reacting with OH radicals could be
as high as 40—50 %. Residuary propane reacts
with H and O already within the region of
high temperature (>1000 K).
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The further transformations of an inhibitor
added (propane, propylene) are also of a con-
siderable interest. Propane (propylene) repre-
sents a combustible component, therefore ad-
dition to a rich mixture of 55 % of hydrogen
with air should result in increasing the fuel ex-
cess coefficient and then the mixture composi-
tion would work for the boundary value. Hence,
propane operates not only as an agent lower-
ing the reactive species concentration, but also
as an additional fuel source that is oxidized
alongside with hydrogen. Reactive species tak-
ing part in the oxidation of propane are the
same as those participating in the oxidation of
hydrogen. The analysis of numerical data has
demonstrated that within the flame front pro-
pane is consumed completely by the moment
when the fraction of unexpended oxygen
amounts to 50 %, and the fractions of H,O,
CO and CO, formed are at about 30—60 %. Thus,
in rich hydrogen-air mixtures propane operates
both as a chemical agent influencing the re-
duction of reactive species concentration due
to increasing the chain termination rate, and
as an additional fuel that causes the fuel ex-
cess coefficient to increase. With the increase
in propane concentration its role as an addi-
tional fuel grows in proportion to its concen-
tration, and the inhibition effect due to the re-
duction of reactive species concentration is lim-
ited to the inhibition level. Hence, at the con-
centration higher than 0.5 vol. % propane op-
erates mainly as an additional fuel source that
requires for a certain fraction of initial oxygen
to be oxidized.

Tracer method in numerical simulation

The tracer method [19] has appeared effec-
tive enough for studying the mechanisms of
chemical reactions. With the help of the kinet-
ic tracer method developed last century by
M. B. Neumann et al. it was possible to establish
the sequence of transformations of some sub-
stances into others [19]. The essence of this
method consists in adding either isotope-con-
taining substance into reacting system during
initial or another moment of time, which al-
lows one to establish the sequence of chemical
transformation stages for substances in the re-

action as well as the transformation rates for
the substances under investigation at various
moments of time in the reaction course. Iso-
topes of either atom are used in the method.

Numerical simulation of combustion process-
es (flame propagation, self-ignition, etc.) allows
one to use the tracer method as well, and the
potentialities of the method in this case could
appear of the same productivity. This method
allows one to use as a label not only an isotope,
but also a labeled atom with the same physical
and chemical parameters as those for an unla-
beled atom. A simple modification of the trac-
er method in numerical simulation was used,
for example, in [20]. The authors of this work
studied the role of CO, added into methane
flame and demonstrated that CO, additive par-
ticipates in the reactions and its role being not
reduced to the role of an inert diluent. Two
cases were considered, In the first case CO,
species participated in corresponding reactions
was added; in the second case the CO, species
added was designated as FCO, and did not take
part in the reactions. However, this variant of
the method does not allow one to trace the fate
of CO, species and to establish how, with what
rate and what species were formed with the
participation of atoms redistributed from CO,
among other combustion products.

In [21] we investigated the mixtures of CH,
and hydrogen with air. The label was inserted
in a hydrogen molecule, i.e. the flame propa-
gation velocity and all the profiles were calcu-
lated for the mixtures such as H*H*—CH,—air.
In this case the H* and H atoms were consid-
ered to be identical both physically and chemi-
cally. With the occurrence of a label at one of
the components in the initial mixture a neces-
sity arose to modify the GRI Mech-3 kinetic
scheme [22] assumed as a basis. Among cur-
rently available full kinetic schemes for hydro-
carbon oxidation, this scheme is the most suit-
able for studying the processes of combustion.
The modification of this scheme consisted in
the incorporation of new species those could
be formed as the result of labeling the hydro-
gen atoms in the initial hydrogen molecule and,
consequently, the incorporation of new reac-
tions with their participation. New species were
attributed with the properties corresponding to
unlabelled species. Rate constants for the reac-
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tions with the participation of labeled species
correspond to reaction rate constants for unla-
belled species. In the case that the reaction of
labeled species resulted in the formation of dif-
ferent products, we corrected for the rate con-
stant of each forward reaction according to the
reaction probability. The probability of either
product formation due to a particular reaction
was determined by the structure of the mole-
cules participating in the reaction. For exam-
ple, if the product is formed due to hydrogen
atom abstraction out of CH;H* molecule the
probability of the formation of a H*-contain-
ing product is equal to 0.25 since all the H at-
oms in the CH;H* molecule are equivalent in-
cluding H*. The corresponding constant correc-
tion factor for such reaction is equal to 0.25.

The modification of the GRI Mech-3 kinet-
ic scheme has resulted in a considerable increase
in the number of reactions: instead of 325 re-
actions involving 53 species the modified kinet-
ic scheme includes 2015 reactions with the par-
ticipation of 131 species. The block of reac-
tions involving nitrogen-containing components
was not considered, since their concentrations
are to a considerable extent low. In addition,
the reactions with the participation of such
species as C, C;Hy and C;H; were not taken
into account.

As against rate constants of forward reac-
tions those were prescribed the rate constants
of reverse reactions were automatically calcu-
lated within the framework of the software
using the expression for the equilibrium con-
stant. Within the software package [23, 24] the
equilibrium constant the 7th reaction Kpi at con-
stant pressure is defined as

AS?  AH!
K, = exp[ - ]

R RT

Here AS? is the entropy change in the ¢-th re-

action, AH! is the enthalpy change in the same

reaction due to the transition from the initial
reagents to products. The entropy and enthalpy
of the k-th component are determined from
the following formulae:

Sy T T

—=a, nT+a,T+a, —+a, —
R 1k 2k 3k 9 4l 3

4
+ a;, Z + Qg

0 2 3
B v Tra, Tve, T
- Yk 2k 3k 4k
RT 2 3
T  aq

+ay, — + %
b) T

The coefficients aj, for two temperature re-
gions are given in the thermodynamic database
of GRI Mech-3 (14 values for the same reac-
tant). With the label at H atom occurring it is
necessary to introduce corrections in order to
calculate rate constants for reverse reactions. The
correction for changing the equilibrium constant
was introduced into the value of coefficient a;,
in the expression for the entropy of the kth com-
ponent (in the case when the label is present
one needs to add the Napierian logarithm of
the quantity describing the increase in the num-
ber of states for the kth component).

The analysis of numerical simulation data
for the process of flame propagation in rich
methane-hydrogen mixtures with air with a
label at hydrogen molecule has demonstrated
that oxygen is consumed mainly for the forma-
tion of water from hydrogen molecules and of
hydrogen atoms from methane. The concentra-
tions of CO and CO, are to a considerable ex-
tent lower than equilibrium values (Fig. 3). The
formation of superequilibrium water amount
among the products is caused by the phenome-
non of superadiabatic temperatures. Moreover,
the concentration of labeled water at the point
corresponding to T, appeared to be higher
than its concentration in equilibrium products
(see Fig. 3). On the basis of these data one may
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Fig. 3. Schematic diagram for the distribution of oxygen atoms
in equilibrium products and in the flame of 21 % H, + 10.5 %
CH, + air mixtures at the point with maximal temperature.
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conclude that a selective, paramount oxidation of
hydrogen can occur in complex multicomponent
mixtures. The selectivity level depends on meth-
ane and hydrogen concentration ratio and on the
remoteness of the mixture from the boundaries
of a flame propagation region. The superadiabatic
temperature phenomenon itself is determined by
the contributions from all components.

The use of various variants of the label lo-
cation in initial molecules allows one to deter-
mine, for example, the degree of participa-
tion of the added “inert” water in the reac-
tions. It is commonly supposed that water, as
well as CO, exhibits the properties of an inert
diluent. However, it was shown in [20] that car-
bon dioxide takes an active part in the reac-
tions under the conditions of flame propaga-
tion. Hence, the total effect of CO,addition is
not equivalent to the effect of inert dilution.
Adding water with labeled hydrogen atoms into
the mixture, one could trace the further trans-
formations of this additive. Figure 4 demon-
strates concentration profiles of some molecular
components in the flame of 16 % H, + 8 9% CH,

+ air mixture diluted with 10 % of H;O.

One can see that almost 80 % of an “inert”
water addition disappears, and water with one
labeled hydrogen atom HH*O (54.7 % of initial
labels in the products), hydrogen atom H*
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(6.7 %) as well as hydrogen HH* (19.08 %) ap-
pear in place of water with two labeled hy-
drogen atoms. The fraction of residuary water
with two labeled hydrogen atoms amounts to
19.4 % with respect to the initial labeled water.
Thus, labeled hydrogen atoms from the labeled
water added mainly are transferred into the
molecules of water with one label such as HH*O
and into the molecules of hydrogen with one
label such as HH*. The fraction of labeled hy-
drogen atoms in the molecules containing car-
bon atom is <1 %. From the data presented in
Figure 4 one can see that the molecules of
water added to rich hydrogen—methane mix-
tures actively participate in the reactions. More-
over, using these data one can determine how
many labeled hydrogen atoms were redistrib-
uted from water molecules and what species
were entered by them.

The authors of paper [20] devoted to the
role of CO, in flames, mention only the fact
that added CO, takes part in the reactions in-
asmuch as the authors considered only two vari-
ants: CO, either participates in the reactions,
or does not participate. The numerical results
for normal flame propagation velocities in these
two cases appeared different. The addition of
CO, results not only in exhibiting thermophys-
ical effect connected with the variation of the
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Fig. 4. Molar fraction profiles for transformation products with labeled hydrogen atom in the flame of
(16 % Hy + 8% CH, + air) + 10% H;O mixture: 1 — HH*O, 2 — HH*, 3 — H*H* 4 — CH;H* 5 — H*H*O.
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Fig.5. Molar fraction profiles for transformation products with labeled oxygen atom in the flame of
(16 % H, + 89% CH, + air) + 10 % COZ mixture: 1 — H,0* 2 — CO*, 3 — COO* 4 — CO*O*

thermal capacity and heat conductivity of the
system, but also carbon dioxide actively par-
ticipates in the reactions in flames. The use of

a label at CO; molecule has allowed the au-

thors to trace the transfer of this label to oth-
er components as the result of the molecule
taking part in the reactions. So, in products of
a flame the labeled oxygen atoms in flames were
distributed from product to product as it follows
(Fig. 5): 14.5 % of the label remained at the ini-

tial CO; molecule, 17.56 % of the label has been

transferred to CO* molecule, 20.78 9% — to COO*
molecule, 47.14 9% — to H,0O* molecule.

The application of the tracer method in nu-
merical simulation has allowed us to trace the

level of interaction between the hydrogen oxi-
dation scheme and the scheme of methane ox-
idation. It is an important point since it is con-
nected with the question concerning the inhi-
bition mechanism of flame propagation. The
tracer method in numerical simulation allows
one to exclude in part or completely the inter-
action of the two schemes, except for the ther-
mal interaction. Figure 6 demonstrates temper-
ature profiles in the flame of 21 % H, + 10.5 %
CH, + air initial mixture for three variants of
interaction between the two oxidation schemes.
Under full interaction of the schemes the nor-
mal flame propagation velocity is equal to
10 cm/s, the temperature profile is stretched,
the maximum temperature value for the flame
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Fig. 6. Temperature profiles in the flame of 21 % H, + 105 % CH, + air mixture: 1 — full
interaction of oxidation schemes, 2 — interaction of oxidation schemes only through O and O, as

well as thermal interaction, 3 — only thermal interaction.
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front amounting to 1749 K. In the case of im-
posing exclusion on the reactions between la-
beled and unlabeled species and proposing atom-
ic and molecular oxygen to be common for the
two oxidation schemes, the velocity of flame
propagation exhibits an increase up to 54.4 cm/s,
and the temperature profile becomes more
abrupt. The maximum temperature would al-
ready amount to 1764 K, being 15 K higher than
in the case of full interaction. Under full exclu-
sion imposed on the interaction of the oxida-
tion schemes, except for thermal interaction,
the maximum temperature gradient in the flame
front becomes even higher, the value of nor-
mal velocity being as high as 62.7 cm/s. In spite
of the fact that imposing either exclusion re-
sults in reducing the concentrations of some
components within isolated systems and in re-
ducing the rates of corresponding reactions,
the normal flame propagation velocity grows.
To some extent the data presented demonstrate
the range of methane effect on the process of
flame propagation in hydrogen—air mixtures. It
is evident that the methane added reacts with
H, O, and OH species more actively as com-
pared to molecular hydrogen. Just this is the
fact determining the role of hydrocarbon as
an inhibitor. It is enough “to isolate” the schemes
of methane and hydrogen oxidation to make the
reactivity of hydrogen in the presence of meth-
ane sharply increased. This fact indicates that
the reactivity of hydrocarbons in the presence
of hydrogen in non-isolated oxidation schemes
is higher than the reactivity of hydrogen.

Thus, the tracer method offers outstanding
possibilities in the field of numerical simula-
tion as applied to studies on the processes of
combustion. Using this method it can be possi-
ble to answer many questions connected with
the features of flame propagation within com-
plex multicomponent mixtures.

NUMERICAL SIMULATION OF COMBUSTION PROCESSES
AND THE EXPLOSION SAFETY PROBLEM

The results of numerical simulation have
raised some important issues connected with the
problem of explosion safety. It is connected
mainly with determining the rich flame propa-
gation limit. It turned out, that a numerical so-

lution exists for the mixtures with the combus-
tible concentration exceeding an experimental-
ly measured limit to a considerable extent. For
example, in the case of dimethyl ether-air mix-
tures a numerical solution exists for 60 %
CH,OCH; mixtures, whereas the experimentally
measured concentration limit makes amounts
to only 26.7 9% CH;0CH;. In the case of pro-
pane—air mixtures a numerical solution exists
for 15 9% propane concentration, whereas the
experimental limit of concentration is as low
as 10 % C;Hg. A question arises: either the so-
lutions for the mixtures beyond the limit rep-
resent a mistake of the numerical simulation
connected with the uncertainty of the kinetic
scheme for superrich mixtures ignoring any
physical processes (for example, a radiation-
caused heat loss from the flame front), or the
experimental limit measurement is restricted by
the experimenter’s ability and skill in the initi-
ation of a combustion wave? May be, the last
assumption is more correct. The fact is that ac-
cording to the results of numerical simulation,
as the concentration of combustible in the mix-
ture increases the thickness of the flame zone
grows. For example, for 10 % propane the
thickness of flame front amounts to ~1 cm. For
superrich dimethyl ether mixtures (80 %
CH,;0CH,, T, = 400 K) it can be as thick as 10
cm at a normal flame propagation velocity ap-
proximately equal to 0.7 mm/s. Unfortunately,
the experimenters did not use such sources (or,
perhaps, they did not raise a question concern-
ing such sources) those would allow one to cre-
ate great volumes of heated gases with the life-
time sufficient for the formation of a combus-
tion wave. On the other hand, a considerable
influence is exerted by the presence of gravi-
tational field. At low values of normal flame
propagation velocity under the conditions of the
Earth’s gravitational field the centre of flame
will be deformed and it can not be known
whether the flame exist under such circum-
stances. So, under the conditions of weight-
lessness the rich limits obtained under terres-
trial conditions could appear underestimated
with corresponding consequences for space ob-
jects. The experience gained demonstrates [25]
that incombustible (as it was considered earli-
er) mixtures with air can support flame propa-
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gation if the combustion wave is initiated by a
volume ignition source.

Another important result of the application
of numerical simulation consists in data acqui-
sition concerning superadiabatic temperatures
those can be achieved under the conditions of
self-ignition in the case when diffusion processes
are absent. In rich combustible-oxidizer mixtures
under self-ignition conditions the maximum
temperature could be several hundreds degrees
higher than the adiabatic equilibrium temper-
ature value. The increase in pressure for a closed
system is connected with the growth of temper-
ature, therefore under the condition of supera-
diabatic temperature values pressure can appear
higher as compared to the pressure calculated on
the basis of the known heat of combustion.

It is interesting to note that according to the
biblical plot about the Burning Bush (Book of
Exodus 3: 2) this bush can exhibit a bright lu-
minescence that could be mistaken for a flame.
At the same time the bush does not burn, i.e. it
is not scorched. According to the results of the
experiments carried out in 1960 by Polish bot-
anists [26], such bush named also “the bush
of Moses” (Diptam, Dictamnus Fraxinella) re-
ally exhibits the property to flash. The authors
of [26] observed a bush lighted up with a blu-
ish-red flame. The energy was mainly evolved
as light quanta. This feature is connected with
the fact that this bush evolves ethers. When
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the weather is windless and sunny, ethers are
abundantly accumulated in the bush itself, a
cloud of ethers being formed around the bush
to result in partly transforming into ether per-
oxides under light. By the way, peroxides rep-
resent highly reactive compounds those, in
turn, can initiate reactions with a pronounced
chemiluminescence. It is just this glow that is
mistaken for a flame. Such a flame can exist
for a long time enough. As a matter of princi-
ple, a fireball could be of the same nature.
Thus, the mixtures of ethers with air exposed
to light could represent a special hazard con-
nected with the formation of peroxides those
initiate cold flame, and then hot flame, too. The
results of numerical simulation for the processes
of flame propagation in the mixtures of meth-
ane or dimethyl ether with air and peroxide
additions indicate that peroxides at sufficiently
low concentration are capable to support prop-
agation of cold flames with the temperature
ranging within 800—1000 K (Fig. 7).

CONCLUSION

The analysis of numerical simulation results
has demonstrated that, besides traditional data
on normal flame propagation velocity values,
concentration profiles of various components in
reacting systems, induction periods, etc., one
can obtain the answers of many questions of

400 & : : :
10.0 102 104 106

108 11.0 X, em

Fig. 7. Temperature profiles in the flame front for 309 CH;OCHj; + air mixture with various
additions of ether peroxide: 1 — with no ether peroxide addition, 2—=5 — with the addition

of CH;0CH,O0,H, %: 1.5 (2), 2 (3), 25 (4), 3.5 (5).
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interest from the standpoint of the knowledge
of the nature of some phenomena in the field
of combustion, the statement of new prob-
lems for experimental research as well as solv-
ing the problems of explosion safety.

Numerical simulation has allowed us to re-
veal some features of the inhibition process. So,
it has been established that an inhibitor comes
into play already at early stages of reagents
transformation within the low-temperature zone
of a flame front. An inhibitor appeared more
reactive as compared to molecular hydrogen.
This conclusion is not trivial at all, since earlier
it was considered that hydrogen is the most re-
active component. The numerical simulation has
confirmed the conclusions that an inhibitor ex-
hibits a limited ability in suppressing branch-
ing-chain processes, i.e. it possesses a certain level
of inhibition. Moreover, with the use of numer-
ical simulation it was demonstrated what a rad-
ical and in which place could an inhibitor react.

An important result was presented by the
conclusion concerning the presence of selective
oxidation in multicomponent systems drawn due
to the use of the tracer method in numerical
simulation. With the use of the tracer method
a question has been solved concerning the trans-
formations of seemingly inert water and car-
bonic gas added to gas mixtures.

One could consider establishing the nature
of superadiabatic temperature values in hydro-
carbon flames to be the most interesting result.
It has been revealed that this phenomenon is
based alongside with kinetic features on the
diffusion of hydrogen atoms. The presence of
superadiabatic temperatures results in a con-
siderable extension of the flame propagation
region which extension is important from the
standpoint of explosion safety. The data ob-
tained cast some suspicion on the reliability
of experimentally obtained values for rich
flame propagation limit, which is of funda-
mental importance for the explosion proof-
ing of chemical technologies and, probably,
of space objects.

REFERENCES

1 V. S. Babkin, V. A. Bunev, V. I. Gritsan, Khim. Ust.
Razv., 9 (2001) 353.

2 V. I. Babushok, V. A. Bunev, V. S. Babkin, L. A. Lovchev,
Fiz. Gor. i. Vzryva, 3 (1974) 372.

3 V. I. Babushok, V. A. Bunev, V. S. Babkin, L. A. Lovchev,
Ibid., 5 (1975) 684.

4 V. S. Bashurova, V. A. Bunev, V. I. Babushok,
V. S. Babkin, Ibid., 4 (1976) 530.

5 V. V. Azatyan, Zh. Fiz. Khim., 1 (2006) 82.

6 V. I. Babushok, T. V. Krakhtinova, V. S. Babkin, Kinetics
and Catalysis, 1 (1984) 5.

7 H. Wang and C. K. Law, Paper No. 100, Technical Meeting
of the Eastern States Section of the Combustion
Institute, Hilton Head, SC, Dec. 9-11, 1996.

8 V. A. Bunev and V. S. Babkin, Mendeleev Commun.,
2 (2006) 104.

9 J. Varnatz, U. Maas, R. Dibble, Physical and Chemical
Fundamentals, Modelling and Simulation, Experiments,
Pollutant Formation [Russian translation], Fizmatlit,
Moscow, 2003.

10 K. H. Eberius, K. Hoyermann and G. G. Wagner, 13th
Int. Symp. on Combustion: The Combustion Institute,
Pittsburgh, Pennsylvania, 1971, pp. 713—721.

11 C. P. Fenimore and G. W. Jones, 10th Int. Symp. on
Combustion: The Combustion Institute, Pittsburgh,
Pennsylvania, 1965, pp. 489—494.

12 A. I. Rozlovskiy, Dokl. AN SSSR, 2 (1969) 373.

13 A. I. Rozlovskiy, Osnovy Tekhniki Vzryvobezopasnosti
pri Rabote s Goryuchimi Gazami i Parami, Khimiya,
Moscow, 1980.

14 F. Lui, H. Guo, G. Smallwood, O. Gulder, 29th Int. Symp.
on Combustion, Pittsburgh, Pennsylvania, 2002,
pp. 1543—1550.

15 E. Meeks, R. J. Kee, D. S. Dandy, M. E. Coltrin,
Combustion and Flame, 92 (1993) 144.

16 V. A. Bunev, V. S. Babkin, L. A. Lovchev, Fiz. Gor.
i Vzryva, 5 (2006) 14.

17 M. G. Zabetakis, Flammability Characteristics of
Combustible Gases and Vapors, Bureau of Mines,
Bulletin 627, 1965.

18 F. Liu, O. L. Gulder, Combustion and Flame, 143 (2005) 264.

19 V. N. Kondratiev, Kinetika Khimicheskikh Gazovykh
Reaktsiy, Izd-vo AN SSSR, Moscow, 1958.

20 F. Liu, H. Guo, G. J. Smallwood, Combustion and Flame,
133 (2003) 495.

21 V. A. Bunev, A. V. Baklanov, I. G. Nametov et al., Fiz.
Gor. © Vzryva, 43, 6 (2007) 3.

22 G. P. Smith, D. M. Golden, M. Frenklach et al., GRI Mech
30 (1999). URL: http://wwwmeberkeleyedu/gri_mech/

23 R. J. Kee, J. F. Grecar, M. D. Smooke and J. A. Miller,
PREMIX, Sandia National Laboratories Report
No. SAND85-8240.

24 R. J. Kee, F. M. Rupley, J. A. Miller, CHEMKIN-II:
A Fortran Chemical Kinetics Package for the Analysis
of Gas Phase Chemical Kinetics, Sandia National
Laboratories SAND 89-8009B.

25 V. N. Krivulin, L. A. Lovachev, E. A. Kudryavtsev,
A. N. Baratov, Fiz. Gor. i. Vzryva, 6 (1975) 890.

26 Bolshaya Entsiklopediya Znaniy. Khimiya, Russkoe
entsiklopedicheskoye tovarishchestvo, Moscow, 2006.


http://www.me.berkeley.edu/gri_mech/

