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Abstract

The principal objective of this research is to clarify the mechanisms of chemical inhibition
of methane-air diffusion lames by CF3Br and CF3H. An experimental, numerical and analyt-
ical study is conducted. In inhibited flames at conditions close to flame extinction significant
amount of oxygen is found to leak through the reaction zone. Therefore an asymptotic analysis
is performed to characterize the structure and critical conditions of extinction of uninhibited
methane-air diffusion flames. Later this analyses is extended to methane-air diffusion flames
inhibited with CF3Br. Critical conditions of extinction of the flame are measured over a wide
range with agents added to the air stream and to the fuel stream. Numerical calculations
with detailed chemistry are performed to calculate the structure and critical conditions of flame
extinction. The numerical results are compared with the measurements.

Introduction

The principal objective of this research is to obtain an improved understanding of the mechanisms
of chemical inhibition of methane-air diffusion flames by CF3Br. This research is conducted in
collaboration with Professor N. Peters at the Institut fiir Technische Mechanik, RWTH Aachen,
Germany. The results of this research are summarized in the publications and reports listed below

1. K. Seshadri and N. Hlincic, “The Asymptotic Structure of Nonpremixed Methane-Air Flames
with Oxidizer Leakage of Order Unity,” Combustion and Flame 101: 69-80 (1995).

2. K. Seshadri and N. Dincic, “The Asymptotic Structure of Inhibited Nonpremixed Methane-
Air Flames,” Combustion and Flame 101: 271-294 (1995).

3. D. Trees, A. Grudno, N. Ilincic, T. WeiBweiler, and K. Seshadri, “Experimental and Numerical
Studies on Chemical Inhibition of Methane-Air Diffusion Flames by CF3Br and CF3H,” paper



presented at the Joint Technical Meeting, Central and Western States and Mexican National
Section of the International Combustion Institute, San Antonio, Texas April 23-26 (1995).

These publications and reports are identified as Chapters 1, 2, and 3 in this report. These
chapters also give in detail the motivation, the experimental and analytical approach and the
conclusions of this study.



CHAPTER 1

The Asymptotic Structure of Nonpremixed Methane-Air
Flames with Oxidizer Leakage of Order Unity

K. SESHADRI* and N. ILINCIC
Center for Energy and Combustion Science, Department of Applied Mechanics and Engineering Sciences, University

of California at San Diego, La Jolla, CA 92093-0310

The asymptotic structure of nonpremixed methane—air flames is analyzed using a reduced three-step
mechanism. The three global steps of this reduced mechanism are similar to those used in a previous
analysis. The rates of the three steps are related to the rates of the elementary reactions appearing in the
C,-mechanism for oxidation of methane. The present asymptotic analysis differs from the previous analysis in
that oxygen is presumed to leak from the reaction zone to the leading order. Chemical reactions are
presumed to occur in three asymptotically thin layers: the fuel-consumption layer, the nonequilibrium layer
for the water-gas shift reaction and the oxidation layer. The structure of the fuel-consumption laver is
presumed to be identical to that analyzed previously and in this layer the fuel reacts with the radicals to form
primarily CO and H, and some CO, and H,O. In the oxidation layer the CO and H, formed in the
fuel-consumption layer are oxidized to CO, and H,O. The present analysis of the oxidation layer is simpler
than the previous analysis because the variation in the values of the concentration of oxygen can be
neglected to the leading order and this is a better representation of the flame structure in the vicinity of the
critical conditions of extinction. The predictions of the critical conditions of extinction of the present model
are compared with the predictions of previous models. It is anticipated that the present simple model can be
easily extended to more complex problems such as pollutant formation in flames or chemical inhibition of

flames.

INTRODUCTION

Rate-ratio asymptotic analyses using reduced
three-step and four-step chemical-kinetic
mechanisms have been successfully used previ-
ously to determine the structure and critical
conditions of extinction of nonpremixed
methane—air flames [1-6]. In these analyses it
is assumed that fuel is completely consumed in
the reaction zone and the oxygen leakage
through the reaction zone is of order ¢, where
€ is the characteristic thickness of an asymp-
totically thin reaction layer in which a major
fraction of the products are formed. For undi-
luted methane—air flames at conditions close
to flame extinction, the results of Seshadri and
Peters {1] and Yang and Seshadri {2] predict
that roughly 30% of the oxygen in the original
reactant stream leaks through the flame and
the results of Chelliah and Williams (4] predict
roughly 20% of the oxygen in the original
reactant stream to leak through the flame.
Therefore it appears that a better approxima-

* Corresponding author.
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tion of the flame structure in the vicinity of the
critical conditions of flame extinction would be
to assume that the oxygen leakage through the
reaction zone is of order unity rather than of
order ¢. This assumption is also consistent with
experimental measurements (7, 8] of the flame
structure which show significant leakage of
oxygen through the reaction zone at conditions
close to extinction. In view of these observa-
tions an alternative and simpler analysis of the
flame structure is performed here with com-
plete consumption of fuel in the reaction zone
and with oxygen leakage from the reaction
zone to the leading order. The results obtained
from this simple model are compared with the
results of the previous models {1, 2].

In a classical activation-energy asymptotic
analysis of the structure of nonpremixed flames
using one-step chemistry, Linan [9] identified
four different combustion regimes: (i) an igni-
tion regime at high values of the strain rates,
where there is extensive interpenetration of
fuel and oxygen through diffusion with the
reaction widely distributed over the flow field,
(i) an unstable partial-burning regime at lower
values of the strain rates, where there is a thin
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SSDI 0010-2180(94)00172-O



reaction zone with leakage of fuel and oxygen
through the reaction zone to the leading order,
(iii) a premixed-flame regime, where there is a
thin reaction zone with leakage of one of the
reactants through the reaction zone to the
leading order depending on the stoichiometry
of the overall reaction and the ambient tem-
perature of the reactants, thereby causing the
structure of the reaction zone in this regime to
resemble that of a nonadiabatic premixed
flame, and (iv) a diffusion-flame regime at the
lowest values of the strain rates, where there is
a thin reaction zone through which neither
reactant leaks to the leading order, causing the
profiles outside the reaction zone to be the
chemical—equilibrium profiles of the Burke—
Schumann limit [10]. The critical strain rate at
ignition was deduced by Linan [9] by analyzing
the structure of the diffusion flame in the
ignition regime and the critical strain rate at
extinction was deduced by analyzing the struc-
ture of the diffusion flame in the premixed-
flame regime and the diffusion-flame regime.
The structure of a steady diffusion flame at low
rates of strain can be expected to be repre-
sented by the diffusion-flame regime. As the
strain rate is increased leakage of the reactants
through the flame increases and the structure
of the flame can be expected to be represented
by the premixed-flame regime at conditions
close to flame extinction. For most hydrocar-
bon—air flames, the overall stoichiometry of
the one-step chemical reaction between the
fuel and oxygen is such that the activation-en-
ergy analysis of Linan [9] of the premixed-flame
regime predicts fuel leakage through the reac-
tion zone to the leading order, because only in
this case it is possible to match the inner
structure with the outer structure of the flame.
This is one of the principal deficiencies of
activation-energy asymptotic models because
measurements show oxygen leakage and not
fuel leakage from the reaction zone [7, 8].
The asymptotic analysis performed here em-
ploys techniques developed by Seshadri and
Peters [1] for analyzing the structure of
methane—air diffusion flames using a reduced
three-step mechanism. In this previous analysis
{1] the outer structure was presumed to be
similar to the outer structure of the flame in
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the diffusion-flame regime analyzed by Linan
[9] with complete consumption of fuel and
oxygen in the reaction zone to the leading
order. In the analysis developed here the outer
structure is presumed to be similar to the
outer structure of the flame in the premixed-
flame regime analyzed by Linan [9]. However,
oxygen rather than fuel is presumed to leak
from the reaction zone to the leading order.
Matching between the outer and the inmer
structures is still possible because multiple-step
chemistry is employed in the analysis and the
activation-energies of the elementary reactions
contributing to the rate of the overall reactions
in the reduced chemical—kinetic mechanism
are not presumed to be large. Thus one of the
principal deficiencies of activation-energy
asymptotic analysis is rectified by use of multi-
ple-step chemistry. The intent of the present
analysis is primarily to illustrate the technique
for analyzing the flame structure with oxygen
leakage through the reaction zone to the lead-
ing order. Therefore only the rates of the
principal elementary reactions contributing to
the rates of the overall reactions in the re-
duced mechanism are considered here. For
improved numerical accuracy the influence of
additional reactions can be readily included
using the techniques developed by Yang and
Seshadri {2].

REDUCED CHEMICAL-~KINETIC
MECHANISM

Peters and Rogg [11] have outlined a detailed
chemical—kinetic mechanism for describing the
oxidation of a number of hydrocarbon fuels
including that of methane. This mechanism
was used to predict the structure and critical
conditions of extinction of nonpremixed
methane—air flames over a wide parametric
range [12] and the results were found to agree
fairly well with measurements. Calculations
were also performed with a five-step and a
four-step reduced mechanism deduced from
this detailed mechanism and the results were
found to agree well with those calculated using
the detailed mechanism [12]. Therefore the
rate data used here are identical to those shown
in Table 1.1 of Ref. 11.



ASYMPTOTIC STRUCTURE OF NONPREMIXED FLAMES

Peters [13] has outlined a systematic proce-
dure for deducing reduced chemical—kinetic
mechanisms from detailed mechanisms. For
methane-air flames the principal path of oxi-
dation is found to be CH, » CH; — CH,0O
- HCO -» CO, H, = CO,, H,0 [12]. The
radicals H, OH, O, the unstable species HO,
and the stable species O, participate in chemi-
cal reactions along this principal path. If
steady-state approximations are introduced for
the species CH ;, CH,0, HCO, OH, H, O, and
HO, [1, 13], the three-step mechanism

CH,+0,-CO+H,+H,0, I
CO+H,0=CO,+H,, II
O, + 2H, —» 2H,0, I

is obtained. This three-step mechanism is iden-
tical to that used previously [1]. For simplicity
the overall reactions I and III are presumed to
be irreversible [1]. The overall reaction I is
effectively a chain-breaking step and repre-
sents the reaction between CH, and the radi-
cals to form the intermediate products CO and
H,. The overall reaction II represents the oxi-
dation of CO to form the final product CO,
and the overall reaction III represents the rad-
ical recombination steps and is also responsi-
ble for a major fraction of the heat released in
the flame. The principal elementary reactions
contributing to the rates of the overall reac-
tions I, II, and IIT are {1, 2, 12]

11.CH, + H - CH, + H,,
10. CO + OH = CO, + H,
5.H+0,+M - HO, + M,

respectively, where M represents any third body
and the elementary reactions are identified
using the same numbers as those shown in
Table 1 of Ref. 1 so that the results can be
easily compared with those obtained previously
[1). The rate of the overall reaction I is the
forward rate of the elementary step 11 and the
rate constant for this reaction is £, = 2.2 X
104730 exp(—4402/7T), where T is the tem-
perature. The forward and backward rates of
the overall reaction II are the forward and

backward rates of the elementary reaction 10
and rate constants for these reactions are &,
= 440 X 10°T'S exp(373/T) and Kk, =
4956 x 108T'> exp(—10796/T), where sub-
scripts f and b refer respectively to the for-
ward and backward steps of any reaction. The
rate of the overall reaction Il is the forward
rate of the elementary step 5 and the rate
constant for this reaction is ks = 23 X
10" T-°8, The concentration of the third body
is _calculated using the relation C, =
(pW/ARTIZY , nY./W, where subscript i
denotes the species i, p denotes the pressure,
W the average molecular weight, R the gas
constant, Y;, W,, and %, are respectively the
mass fraction, the molecular weight and the
Chaperon efficiency of species i. For simplicity,
only the mass fractions of H,0, CO,, and N,
are used to calculate the value of C,, and their
values are presumed to be equal to that for
stoichiometric combustion of methane and air
by a one-step reaction to form H,O and CO,.
The values of 7, used in the calculations are
6.5, 1.5, and 0.4, respectively, for H,0, CO,,
and N,.

The overall reaction rates for the reduced
mechanism contain the concentration of the
hydroxyl radical Coy. The value of Cgyy is
calculated assuming that the elementary reac-
tion

3.0H+H,=H,0+H

is in partial equilibrium {1, 2, 12]. Thus Cyy =
CuCy,0/(K;Cy.), where K, = (.232
exp(7537/T) is the equilibrium constant of the
elementary step 3. To express the rates of the
overall reactions in terms of the species ap-
pearing in the three-step mechanism, it is nec-
essary to obtain an explicit algebraic expres-
sion for Cy. The steady-state concentration of
the radical H can be obtained by equating the
net rate of the reversible chain-branching step

1.H+0,=0H+ O

to the sum of the rates of chain-breaking steps
11 and S. The rate of the elementary step 1
contains the concentration of the radical O,
which is calculated assuming that the re-



versible elementary reaction
22H,+0=0H+H

is in partial equilibrium [1]. Thus C, =
Cu.oCu’/(K,K;Cy?), where K, =

2.277exp(—963/T) is the equilibrium constant
of the elementary step 2. The steady-state con-
centration of the radical H can now be written
as [1]

/2 172 32, 172
KI/KZ/KBCK-Iz/ Coz/

C =
: Cu,0
172
k,,C k.C
x 1— n>F — SWM , (1)
kiCo, ki

where subscript F refers to the fuel, ,, = 2.0
X 10'¢ exp(—8456/T) and K, = 12.76
exp(—8032/T) are the forward rate constant
and the equilibrium constant of the elementary
chain-branching step 1.

THE BASIC STRUCTURE

Figures 1a and 1b show a schematic illustration
of the basic flame structure. Figure 1a shows
the overall outer structure with the infinitely
thin flame located at Z = Z,, where Z repre-
sents the mixture fraction and its definition is
similar to that employed by Peters [14] and the
subscript p denotes condtions at the infinitely
thin reaction zone. The ambient oxidizer
stream is at Z = 0 and the ambient fuel stream
at Z = 1. The outer structure is similar to the
outer structure of the nonpremixed flame in
the premixed-flame regime of Linan (9] with
leakage of oxygen through the reaction zone to
the leading order. The maximum flame tem-
perature 7, in the limit of infinitely fast chemi-
cal reactions is less than the adiabatic flame
temperature 7, calculated in the chemical-
equilibrium Burke-Schumann limit [9, 10]. In
the outer structure of the flame, the region
Z > Z, represents frozen flow and the region
Z < Z, represents equilibrium flow with Y, =
0 in the leading order.

The inner structure of the flame is presumed
to be identical to that analyzed in Ref. 1 and
consists of a thin fuel-consumption layer of
thickness of order § and a thin oxidation layer
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of thickness of order e. The water-gas shift
reaction II is presumed to be in equilibrium
everywhere except in a thin layer of thickness
of order v. The ordering §<v<e< 1 is
used in the analysis. The relative location of
these layers with respect to each other in terms
of n is shown in Fig. 1b, where 7 represents a
stretched independent variable used in the
analysis of the oxidation layer. Due to finite
rates of the overall reactions the maximum
flame temperature T° is less than T, and it
is the characteristic temperature at the fuel-
consumption layer. The fuel-consumption layer
is presumed to be located at Z =Z, and in
this layer the fuel reacts with the radicals in
accordance with the overall reaction I to pri-
marily form CO and H, and some CO, and
H,0. Oxygen leaks through the fuel-consump-
tion layer to the leading order. In the oxidation
layer the concentration of the fuel is presumed
to be zero and in this layer CO and H, are
oxidized to form H,O and CO,. In the region
Z > Z, the concentration of radicals is zero,
therefore this region is chemically inert.

THE OUTER STRUCTURE

The outer structure of the flame is presumed
to be governed by the overall one-step reaction
CH, + 20, —» CO, + 2H,0 and the Lewis
numbers L; = A/(pc,D,) of the species ap-
pearing in the one-step reaction are presumed
to differ from unity by a quantity of order e.
Here A, p, and ¢, denote the coefficient of
thermal conductivity, the density and the heat
capacity of the gas mixture and D, is the
coefficient of diffusion of species i. If the heat
capacity is presumed to be a constant, then the
coupling relations between the temperature
and the mass fractions of CH,, O,, H,0, and
CO, can be written as

Y/ W,
= Y;,Z/Wy = (T = T(Z))c,/(-AHD),
Yo,/ (2Wo )
= Yo, ,(1 - Z2)/Q2W,.)
~(T - T(Z)e¢,/(~AH),
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Fig. 1. (). Schematic illustration of the outer structure. (b). Schematic illustra-
tion of the inner structure showing the fuel-consumption layer, the layer where
the global reaction II is not in equilibrium, and the oxidation layer.

Yﬂzo/(ZWH:o)
= Ycoz/ Wcol

= (T - T(ZNe,/(-AH), @)

where (— A H) denotes the heat release in the
one-step reaction, T(Z) =T, + (T, - T,)Z
and the subscripts 1 and 2 refer to conditions
at the ambient fuel stream and the ambient
oxidizer stream respectively. In the Burke-
Schumann limit, which corresponds to the dif-
fusion-flame limit of Linan [9], the adiabatic
flame temperature 7, and the flame position
Z,, determined by setting Y = Y5, = 0 in Eq.

2 are
Z, =1+ 2% Wo /Yo, Wp)] ™,
T, =T(Z,) + YF.lZst(—AH)/(CpWF)' (3)

At the position of the thin flame z,, the
mass fraction of the fuel Y; = 0. Thus it fol-
lows from Egs. 2 and 3 that

T, = T(Z,) + (T, - TAZNZ,/Zy,
Yo, , = Yo,.(1 = Z,/Z),
Yi,0.p/ 2Wy,0) = Yco,.,/ Weo,
=YrZ,/ Wk, 4



where the quantity Y, , represents the leak-
age of oxygen through the reaction zone to the
leading order. For simplicity the definitions
{1, 2]

X, =YWy /W, 1=(T-TA(Z)/ér,

or = (T;( - n(zsx))WF/(YF.lstWNz)’ &)

are introduced. With a =Y, W /W and b
= Yo, :Wn,/(2W5.Z,,), the coupling relations
shown in Egs. 2 can be written as

Xo, + 27 = 2bZ,(1 - Z),
XHzo/z = Xcoz =T. (6)

Xp + 1=aZ,

In the region Z < Z,, there is equilibrium
flow with X = 0. Hence from Eq. 6 the rela-
tions

drv/dZ = a,

dXo,/dZ = =2b, forZ<Z, N
are obtained. In the region Z > Z, there is
frozen flow and the profiles of 7 and X are
linear functions of Z [9]. Hence the relations

dr/dZ = a —d,

dXp/dZ =d, forZ>2Z, (8)
are obtained, where d = b(1 ~ Z,)/(1 — Z,).
Equations 7 and 8 provide the necessary
matching conditions.

The structure of the flame is influenced by
the value of the scalar dissipation rate y =
2AA/Cpc NIVZI? [6, 11, 14]. The value of this
quantity varies across the flowfield and its value
at Z =2, denoted here by y, affects the
inner structure of the flame where all the
chemical reactions occur. The quantity x, is
employed in the definition of the Damkohler
number. The strain rate influences the flame
structure mainly through its influence on x,.
Although the value of the critical strain rate at
extinction depends on the flowfield the value
of y, at extinction is relatively insensitive to
the flowfield.

THE INNER STRUCTURE

The inner structure is governed by finite rates
of the global reactions I, II, and III in the
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reduced chemical—kinetic mechanism. In the
reaction zone, the convective terms in the
species and the energy balance equations can
be neglected because they are of a lower order
in comparison to the diffusive and source terms.
Hence the equations governing the inner struc-
ture of the flame with x; = X,/L; can be writ-
ten as [1]

(x,/d*xz/dZ*? = w,

(X,/2)d’xy /dZ? = —w; — oy + 20y,
(X,/Dd*xc0/dZ% = ~w; + @y,

d*(4xp + xy, + Xco — 2%0,)/dZ* =0,
d*(2xp + xy, + xy,0)/dZ% = 0,

d*(xp + Xco + Xco,)/dZ% = 0,

d*(xp + g2y, + gy¥co + TV/dZ2 =0, (9)

where w,, k=1, II, and HI represent the
reaction rates of the global steps of the re-
duced chemical—kinetic mechanism. The quan-
tities g, = @y /2 and g, = Qy + Qyy/2
where Q, = (-0Q,)/(-AH) and (-Q,) rep-
resents the heat release in the global step %.
By definition Q, + @), + Q;; = 1.0. The prin-
cipal reaction rates of the global steps I, II,
and III of the reduced chemical—kinetic mech-
anism are equal to the reaction rates of the
elementary steps 11, 10, and 5 and can be
written as

w; = pkllXHLFxF/WNz’
Wy = pklOfXHzOXHLCO
X(xco — axy,)/(KsWy,Ly,xy,),
oy = pksCyXo, Xu/ Wy, (10)

Where a = K3XCOZLH3/(K10XH30LCO) and
K is the equilibrium constant for the elemen-
tary step 10.

The Fuel-Consumption Layer

The structure of this layer is presumed to be
governed primarily by finite rates of the global
step I of the reduced chemical-kinetic mecha-
nism. Following previous analyses [1, 2] the
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variations in the values of the quantities X, ,
Xy,0» and X¢o, which are of order unity and
in the values of the quantities X and X¢q
which are of order ¢ are neglected. The values
of Xy, and X¢q at the fuel-consumptlon layer
are denoted by X, ° and Xo° respectively.
Also the influence of temperature variations
on the structure is neglected because the rele-
vant activation energies are not large [1, 2]. In
order to analyze the structure of this layer the
expansions 8, = (Z — Z,) and x; = ddy, are

0
_ 20°(kuK( K, K ) Le(Xo, )X

fa»
o

introduced. A plausible definition of & follows
from Eq. 1 and can be written as [1, 2, 6].
8=k Xo, ,/(ki'Led), (11)
where the superscript 0 over the rate con-
stants denotes that their values are evaluated
at the characteristic temperature of the fuel-
consumption layer T°. If the expansions are

introduced into the first relation in Eq. 9 and
Egs. 1, 5, 10, and 11 and the definition

0)3/2

XpWNZXHZO.p

is used, then Egs. 38, 40, and 41 of Ref. 1 are
obtained. Here p° is evaluated using the ideal
gas law at T = TP Solution to the equation
governing the structure of the fuel-consump-
tion layer yields [1]

D, = 15/8. (13)

Equation 13 relates the scalar dissipation
rate to 7° and Xy’ which will be determined
from the followmg analysis of the oxidation
layer.

The Oxidation Layer

The analysis of this layer is performed for
large values of the Damkohler number of the
global step II in the reduced chemical-kinetic
mechanism. In this limit the water-gas shift
reaction is in equilibrium and it follows from
Eq. 10 that xco = axy,. Also in this layer
Xy =0 and for simplicity, it is assumed that
9. = g, = q = 0.33 [1]. With the use of Egs. 9,
the equations governing the structure of this
layer can be written as

(x,/2d*[(1 + @)xy,|/dZ = 2wy,

d*[q(1 + edxy, + }/dz* =0. (14)

(12)

The quantity « is treated as a constant in
this layer with the equilibrium constants ap-
pearing in the expression for a evaluated at
T =T° and the concentrations set equal to
their values calculated from the outer struc-
ture at Z = Z,. The expansions

Z-Z,=en, 1+ a)tz = 2dez,

T— 17, =¢elan - 2dgz), (15)
are introduced, where € is a small parameter
and z and n are presumed to be of order
unity. With z —» 0 as 7 - — the expansion
for 7 automatically satisfies the coupling rela-
tion of Eq. 14 and the matching conditions to
the outer structure given by Eq. 7. The source
term w;; shown in Eq. 10 in terms of the
expansions shown in Eq. 15 can be rewritten
using Egs. 1 and 5 as

- £3/2 3/2
@y = € DUIXpdz 2/2,

(16)
where the ratio k;C,/k,, appearing in the
expression for Cy in Eq. 1 is neglected. The
quantity D;;, appearing in Eq. 16 is the charac-

teristic Damkohler number and is given by the
expression

252821342 ks Cu K, VK,V KS) X,

= 372

Wl + @) Xu,0.p

where the values of the rate constants are
evaluated at T=T° and the values of X,
and Xy,o are set equal to those calculated

, 17

from the outer structure at Z = Z,. The small
expansion parameter € is chosen such that
D e/? = 1. (18)



Using Egs. 16 and 18, the first of Eq. 14 can
be written as d’z/dn? = z%2 This equation
must satisfy the conditions dz/dn =0 and z =
0 as 7 = —= and the matching condition to
the fuel-consumption and the nonequilibrium
layers which can be written as dz/dnp =1 at
n = 0 [1]. A first integration of the differential
equation for z yields the value of this quantity
at 1 = 0 given by the expression

2% = (5/8)%°. (19)

Equations 15 and 19 overpredict the value
Xy, at the fuel-consumption layer. To improve

l-«a

172 0
2324V %/2(2%) / LHzI/ZLco(Pkwall/ZKzl/z) Xo i
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the accuracy of the predictions, nonequilib-
rium of the water-gas reaction should be taken
into account [1). Following the analysis of the
nonequilibrium layer outlined in Ref. 1, it can
be shown that the corrected value of x,; at
the fuel-consumption layer is i

o 2dez’
M, =17 a —dv, (20)

where the quantity » represents the character-
istic thickness of the nonequilibrium layer and
is given by the expression

172

22 ) (21)

v =
a+ a)*

RESULTS AND DISCUSSIONS

XPWNz

The characteristic temperature at the fuel-consumption layer 7° can be calculated by rewriting
Eqg. 13 with the use of Egs. 11, 12, 15, 17, 18 and 20 as

0

2
() Xonp“”yz[
- 1
2ez

ek CRk,"dL

v1+a)]P? 15
_ =,

(22)

where it follows from Eqs. 5 and 15 that € = (T, — T%)/(2¢;dgz®). The value of y, can be

determined by rewriting Egs. 17 and 18 as

0
Ly "*( pksCy K, *K,°K;) on,;/z(Tp - T°)

5/2
(23)

Xp =

Calculations are performed at fixed values of
p=lam, Z, =005and T, =7, = 298 K.
The Lewis numbers are presumed to be con-

Wy dg* (Y1 + ) Xy,

stant with Ly =097, Ly, =03, and Lo =
1.11 {1, 2]. Resuits are obtained for values of
Yy,,2 between 0.233 and 0.14 and the value of

0.34
2400.0
- 0.33
2200.0
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X
E - 0.32 g
< 2000.04 80
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&= =
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1800.0 _— -~
1600.0 - 0.30
1400.0 . . . : : : 0.29 Fig. 2. The adiabatic ﬁame: tempera-
012 0.4 0.18 0.18 6.20 6.22 0.24 ture T; and the heat capacity ¢, as a
Y function of Yy, , for Z; = 0.055.
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Y:, is chosen such that the value of Z is
unchanged. The corresponding values of T,
and c, are shown in Fig. 2.

Figures 3 and 4 show the dependence of T°,
T, Z,/Zy, and X,_, on x,”', calculated for
Yo.,»=0233 and Y, = 1.0 and they all ex-
hibit the classical C-shaped behavior [9, 10].
Stable solutions for 7° T, and Z,/Z, are
represented by the upper branch of the C-
shaped curve and for X, , by the lower
branch. Solutions were not obtained for )(p'l
< 0.125 s; hence it represents the critical value
of x, at extinction and is denoted here as yx,.
Figure 3 shows the values of T, and T° to
decrease with increasing values of . Figure 4

2400.0+

2100.0

T (K)

1800.0

1500.0 4

1200.0 S e
10° 10" 10 10 ¢ 180 100 1o
x,”'6)

Fig. 5. The dependence of 7, and 70 on Xp_l calculated
for Y5, » = 0.233 and ¥ ; = 1.0.

shows that with increasing values of x, the
oxygen leakage represented by X, , increases
and the value of Z,/Z, decreases or the flame
moves towards the oxidizer stream. These qual-
itative observations are similar to those found
in the previous analysis {1, 2]. Figure 5 shows
the value of the scalar dissipation rate at ex-
tinction x, to decrease with decreasing values
of Yy, », hence the flame becomes weaker with
increasing dilution of the reactant streams.
Figure 6 shows the characteristic thickness of
the fuel-consumption layer &, of the nonequi-
librium layer v and of the oxidiation layer ¢ as
a function of Y, at the critical conditions of
extinction. The results show that the thickness
of the various reaction layers satisfies the pre-
sumed ordering 6§ < v < e <1 except at
Ys,.2 = 0.14 where v has nearly the same value
as d.

It is of interest to compare the results ob-
tained using the present model with the pre-
dictions of the previous models [1, 2]. In the
previous models the scalar dissipation rate at
the position where the fuel is consumed [1, 2]
appears in the analysis and these models pre-
dict its value at extinction. An approximate
relation was then employed to calculate the
corresponding value of the scalar dissipation
rate at Z = Z [1, 2]. In the present model x,
represents the value of the scalar dissipation
rate at the fuel-consumption layer at extinc-
tion. To facilitate comparisons with the previ-

0.15

1.004

0.85

11

r 0.10

xOl.P

- 0.05

Fig. 4. The dependence of X,, , and
Z,/Zy on x,”" calculated for Yo, , =
0.233 and Y¢; = 1.0.
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Fig. 5. The scalar dissipation rate at extinction at the
fuel-consumption layer x, as a function of Yo, .

0.2

ous models 1, 2], the scalar dissipation rate at
extinction at Z = Z is calculated using the
relation x, , = x, expl2(1 — Z,/Z )11, 2, 15).
Figures 7-10 show the values of x, ,, the
characteristic temperature at the layer where
the fuel is consumed T°, the oxidizer leakage
through the reaction zone and the position of
the layer where the fuel is consumed as a

0.016

£, 6,

0‘?03
L=2)

0.000

T T T T

042 014 016 048 020 022 024
YOI.Z
Fig. 6. Values of the characteristic thickness of the fuel-
consumption layer §, the characteristic thickness of the
nonequilibrium layer for the global reaction I » and the
characteristic thickness of the oxidation layer ¢ as a func-
tion of Yo, , at extinction.
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Fig. 7. The scalar dissipation rate at extinction at Z = Z,,
Xs.o @ a function of Y, . The solid line represents
results calculated using the present model, the dotted line
represents results calculated using the model of Seshadri
and Peters [1] and the chain line represents results ob-
tained by Yang and Seshadri [2] (in the limit w — ®).

function of Y, , at extinction. In these figures
the solid lines tepresent results calculated us-
ing the present model, the dotted lines repre-
sent results calculated using the asymptotic
model of Seshadri and Peters [1] and the chain
lines represent results obtained by Yang and
Seshadri [2] (in the limit w — ). Seshadri and
Peters (1] had reported resuits only for Y,,_, =
0.233. Hence the results of their analysis [1]
were used to calculate the values of these
quantities as a function of Yy, , using the rate
data shown here. In the analysis of Yang and
Seshadri [2] the layer where fuel is consumed
is called the inner layer. In this layer and in
the oxidation layer the influence of a number
of additional reactions were included [2]. Also,
water-gas equilibrium was not imposed in the
oxidation layer.

Figure 7 shows comparisons between the
values of x, , calculated using the various
models. The prediction x , = 1342 s™' at
Y5., = 0233 by the present model lies be-
tween the values of 31.83 s™! calculated using
the model of Seshadri and Peters [1] and the
value of 7.04 s™! obtained from the more
accurate model of Yang and Seshadri [2]. It is
interesting to note that the prediction of the
present model agrees very well with the value
Xst.o = 14.70 s™! obtained by Chelliah et al.
[16 for ¥, , = 0233 and Z, = 0.055 from
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numerical calculations employing a detailed
chemical-kinetic mechanism. Figure 7 shows
that all models predict the values of x;, .
decrease with increasing dilution of the reac-
tant streams and the agreement between the
models improves with decreasing values of
Yo,

Figure 8 shows the values of T, calculated
using the present model and the values of T°
predicted by the various models as a function
of Yy, ,. The values of 7, and T° decrease
with decreasmg values of Yy, , and the values
of T° predicted by the present model are
lower than those predicted by the previous
models (1, 2]. Figure 9 shows comparison be-
tween the values of X, , calculated by the
present model and the values of X,." obtained
from the previous models [1, 2]. These quanti-
ties represent the amount of oxygen leaking
through the reactlon zone. In the previous
models [1, 2] X, ° was the amount of oxygen
in the region where the fuel is consumed. It is
interesting that although X, ® was assumed to
be of order € and Xo . of order unity, the
numerical value of Xo is slightly larger than
that of X, ,. From Figs. 6 and 9 it can be
observed that the value of X, , is consider-
ably larger than the value of ¢ for all values of
Y0 » and at Y, , = 0.233 the value of X, ,
is roughly four times larger than the value of

2000.0

1500.0

T, ), T° (K)

1000.0 Y u T T T T
0.12 0.14 0.18 a.18 0.20 0.22 0.2¢

Y

0s.2

Fig. 8. Values of 7, and T as a function of Y, . at
extinction. The solid lines represent results calculated us-
ing the present model, the dotted line represents results
calculated using the model of Seshadri and Peters [1] and
the chain line represents results obtained by Yang and
Seshadri {2] (in the limit o — ).
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Fig. 9. The characteristic oxidizer leakage as a function of
Yo,.2 at extinction. The solid line represents results for
Xo,,p calculated using the present model, the dotted line
represents results for on calculated using the model of
Seshadri and Peters (1} and the chain line represents
results for X, ° , obtained by Yang and Seshadri (2] (in the
limit w — =),

€. Therefore it is justified to treat X, , as a
quantity of order unity. At Y, , = 0.233 the
previous models [1, 2] predict the value of X, o

to be roughly three times larger than the value
of € at conditions close to flame extinction,
therefore there is some inaccuracy in treating
Xo as a quantity of order e. Figure 9 shows

10
0.9
~
K] —————— _._/_.‘“
~N
-3
N oe
5 0.8 7./1
%
o~ -l (13
N <~
&
™
0.7+
0.8 r . - . : ,
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Fig. 10. The position where the fuel is consumed as a
function of Yy, , at extinction. The solid line represents
results for Z, /Zsl calculated using the present model, the
dotted line represents results for Z%/Z, calculated using
the model of Seshadri and Peters {1} and the chain line
represents results for Z%/Z, obtained by Yang and
Seshadri [2] (in the limit » — =).



that all models predict the level of oxidizer
leakage through the reaction zone to decrease
with increasing dilution of the reactant streams.

Finally Fig. 10 shows the value of Z, to
increase slightly with increasing dilution of the
reactant streams. Therefore the position of the
fuel-consumption layer moves toward the fuel
stream with increasing dilution of the reactant
streams. The quantity Z° shown in Fig. 10 is
the position of the fuel-consumption layer and
the inner layer respectively in the models of
Seshadri and Peters [1] and Yang and Seshadri
[2]. Figure 10 shows that the value of Z is
relatively insensitive to the level of dilution of
the reactant streams.

SUMMARY AND CONCLUSIONS

An asymptotic analysis is performed to predict
the structure and critical conditions of extinc-
tion of methane—-air diffusion flames. The
present analysis differs from the previous
asymptotic analysis of Seshadri and Peters 1]
and Yang and Seshadri [2] in that oxygen is
presumed to leak through the reaction zone to
the leading order. This approximation consid-
erably simplifies the present analysis and nu-
merical estimates of the amount of oxygen in
the reaction zone, calculated using the results
of the present model, show that this approxi-
mation is reasonably accurate. The predictions
of the critical conditions of flame extinction of
the present model agree reasonably well with
the results of previous numerical calculations
using a detailed chemical-kinetic mechanism
[16] and fall between the predictions of the
previous models {1, 2. Also a number of quali-
tative observations of the present model con-
cerning the flame structure are similar to those
found from the results of the previous asymp-
totic analysis [1, 2]. It is anticipated that the
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present simple model can be used to resolve
other relatively complex problems such as pol-
lutant formation in flames and chemical inhibi-
tion of flames.

The authors especially wish to thank Professor
F. A. Williams for many helpful suggestions and
discussions. This work was supported by NIST
Grant Number 60NANB3D1435.
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CHAPTER 2

The Asymptotic Structure of Inhibited
Nonpremixed Methane-Air Flames

K. SESHADRI* and N. ILINCIC
Center for Energy and Combustion Research, Department of Applied Mechanics and Engineering Sciences,
University of California at San Diego, La Jolla, CA 92093-0411

An asymptotic analysis is performed to determine the influence of CF;Br on the structure and extinction of
nonpremixed methane-air flames. The inhibitor CF;Br is added to the air-stream of the diffusion flame. A
reduced four-step mechanism is used to describe the chemistry taking place in the reaction zone. The outer
structure of the flame, in the limit where the rates of the chemical reactions are infinitely fast, is found to
consist of two infinitely thin nonpremixed reaction zones which are separated by a chemically inert region.
Previous analysis has shown that these reaction zones must merge at conditions close to extinction. Therefore
only the asymptotic structure of the merged flame is analyzed here. In the inner structure of the merged
flame chemical reactions are presumed to take place in three distinct layers which are identified as the
“fuel-consumption-layer,” the “oxidation layer” and the “CF;Br-consumption laver.”

The asymptotic analysis predicts the value of the scalar dissipation rate at extinction to decrease and the
corresponding value of the maximum flame to increase, with increasing concentration of CF;Br in the
oxidizing stream. However the inhibiting effect of CF;Br predicted by the asymptotic model is found to be
weaker than that measured previously. The differences between the predictions of the asymptotic model and

the measurements are attributed to the neglect of inhibition chemistry in the oxidation layer.

INTRODUCTION

A number of experimental, numerical and ana-
Iytical studies [1-6] have addressed chemical
inhibition of flames by bromotrifluoromethane
(CF;Br) because this agent has been found to
be very efficient in quenching unwanted fires.
However the mechanisms of inhibition of
flames by this agent are not clearly understood.
Recently restrictions have been placed on the
manufacture and use of CF;Br because this
agent is found to contribute to the depletion of
ozone in the stratosphere. A search is in
progress to identify inhibiting agents that are
not harmful to the ozone in the stratosphere
but are effective in quenching unwanted fires.
Here, the mechanisms of chemical inhibition
of counterflow methane-air flames by CF;Br is
addressed with the hope that the knowledge
could be used in the search for suitable alter-
nate inhibiting agents. Asymptotic analysis us-
ing reduced chemistry is performed to predict
the influence of CF;Br on the structure and
critical conditions of extinction of non-
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premixed methane-air flames and the results
are compared with previous measurements [3].

For uninhibited nonpremixed methane-air
flames detailed chemical-kinetic mechanisms
have been proposed for predicting their struc-
ture and critical conditions of extinction [7].
Also, for these flames reduced five-step and
four-step chemical-kinetic mechanisms have
been proposed. The structure and critical con-
ditions of extinction obtained from numerical
calculations using detailed and reduced chem-
istry were found to agre¢ reasonably well [8].
Rate-ratio asymptotic analyses using reduced
three-step [9-11] and four-step [11, 12] chemi-
cal-kinetic mechanisms have been successfully
employed previously to predict the critical con-
ditions of extinction of these flames. The tech-
niques employed in these asymptotic analyses
are fundamentally different. The analyses of
Seshadri and Peters [9] and Yang and Seshadri
[12] assumed that fuel is completely consumed
in the reaction zone to the leading order and
the oxygen leakage through the reaction zone
is of order €, where € is the characteristic
thickness of an asymptotically thin reaction
layer in which a major fraction of the products
are formed. However at conditions close to

0010-2180,/95/59.50
SSDI 0010-218((94)00212-B



flame extinction resuits of asymptotic analyses
[9, 12] as well as measurements of the flame
structure [13, 14] show significant leakage of
oxygen through the reaction zone. In view of
these observations an alternative analysis of
the flame structure was performed with com-
plete consumption of fuel in the reaction zone
and with oxygen leakage from the reaction
zone to the leading order [10). This analysis is
simpler and a better representation of the
flame structure in the vicinity of the critical
conditions of extinction {10}, especially for in-
hibited flames because of enhanced leakage of
oxygen through the reaction zone in the pres-
ence of the inhibitor. Therefore the techniques
developed by Seshadri and Ilincic [10] for ana-
lyzing the structure of uninhibited flames are
extended here to inhibited methane—air flames.

Milne et al. [3]) have performed experiments
on inhibited, laminar counterflow diffusion
flames stabilized in the forward stagnation re-
gion of a porous cylinder. The fuels employed
in the study were methane, propane, and n-
butane. Measurements were made of the mini-
mum concentration of CF;Br required in the
air-stream or in the fuel-stream to extinguish
the flame. It was found that CF;Br was consid-
erably more effective than the inert agents N,,
CO,, or Ar in extinguishing the flame [3]. In
the present study, only the influence on the
flame structure arising from addition of CF;Br
to the air-stream is considered.

Hamins et al. [15] performed an experimen-
tal and numerical study to elucidate the influ-
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ence of CF;Br on the structure and mecha-
nisms of extinction of diffusion flames burning
heptane. This study was performed with the
inhibitor added to the oxidizer stream {15]. The
experimental results showed CF;Br to be con-
siderably more effective than N, in extinguish-
ing the flame [15]. The results of numerical
calculations using detailed chemistry showed
that the fuel and the inhibitor CF,;Br were
consumed in two separate regions of the flame
which were referred to as the “fuel-consump-
tion zomne,” and the “CF;Br-consumption
zone,” respectively [15]. The region between
these zones was referred to as the “product-
formation zone” [15]. The predominant reac-
tions in the fuel-consumption zone were found
to be those between the fuel and the radicals
and in the CF;Br-consumption zone those be-
tween CF;Br and the radicals [15]. Hence the
CF;Br-consumption zone is a sink for radicals
and this could be responsible for flame inhibi-
tion [15]. The concentration of CF;Br in the
fuel-consumption zone was negligibly small as
was the concentration of fuel in the CF,Br-
consumption zone [15]. These qualitative ob-
servations of the flame structure are also con-
sistent with experimental measurements of the
structure of heptane~air diffusion flames in-
hibited with CF;Br [16]. Since the asymptotic
structures of uninhibited heptane—air diffusion
flames and uninhibited methane-air diffusion
flames are similar [11], the qualitative features
of the structure of inhibited methane—air dif-
fusion flame can be expected to be similar to

TABLE 1

Elementary Reactions and Associated Rate Data Used in the Asymptotic Analysis

B, E,
No. Reaction (mole, cm?, s) o, (kJ /mole)
1f O,+H-OH+O 2.000E + 14 0.00 70.30
1b OH+0-0,+H 1.568E + 13 0.00 3.52
2f H,+0O-OH+H 5.060E + 04 2.67 26.30
2b OH+H-H,+0 2.222E + 04 2.67 18.29
3f H,+OH-H,0+H 1.000E + 08 1.60 13.80
3b H,O + H - H, + OH 4312E + 08 1.60 76.46
4f CO+OH-CO,+H 4.400E + 06 1.50 -3.10
4b CO,+H-CO+CH 4.956E + 08 1.50 89.76
5 O,+H+M-HO, +M 2.300E + 18 -0.80 0.0
6 CH, + H - CH, + H, 2.200E + 04 3.00 36.60
7 H + CF,Br — CF, + HBr 2.188E + 14 0.00 39.58

16



INHIBITED NONPREMIXED METHANE-AIR FLAMES

that of the inhibited heptane-air diffusion
flame. Therefore the results of this previous
numerical study of inhibited heptane—air dif-
fusion flames [15] are used as a guide for the
following asymptotic analysis.

REDUCED CHEMICAL-KINETIC
MECHANISM

Peters [17] has outlined a systematic procedure
for deducing reduced chemical-kinetic mecha-
nisms from detailed mechanisms. Table 1 shows
the elementary reactions which are presumed
to be the principal contributors to the rates of
the overall steps of the reduced chemical-
kinetic mechanism used in the asymptotic
analysis. The reaction rate coefficient &, of
these principal reactions is calculated using the
expression k, = B,T % expl —E, /(RT)], where
T denotes the temperature and R is the uni-
versal gas constant. The quantities B, «,, and
E, are the frequency factor, the temperature
exponent, and the activation energy, respec-
tively, of the elementary reaction n. In the
following asymptotic analysis it is not neces-
sary to resolve the structure of the CF,Br-
consumption zone to determine the critical
conditions of extinction. Therefore the rate
data for the elementary reaction 7 is not shown
in Table 1. The rate data for the elementary
steps 1-6 shown in Table 1 are those recom-
mended by Peters and Rogg [7).

For uninhibited methane-air flames the
principal path of oxidation is found to be CH,
- CH; -» CH,0 - HCO —» CO, H, —»
CO,, H,O0 [8]. The radicals H, OH, and O, the
unstable species HO, and the stable species
O, participate in chemical reactions along this
principal path. Steady-state approximations are
introduced for the species CH;, CH,0, HCO,
OH, O, and HO, and they are used to elimi-
nate, respectively, the reaction rates of the
elementary steps CH; + O = CH,0 + H,
CH,0+H=HCO+H, HCO+M=H
+CO+M H,+OH=H,0+H H,+0
= OH + H, and HO, + H = H, + O, from
the balance equation for the remaining species
along the principal path [8, 17]. Starting from
the elementary reactions 6, 4, 5, and 1 and
using these steady-state approximations the

17

following overall steps

CH, + 2H + H,0 - CO + 4H,, (1)
CO + H,0 = CO, + H,, ar)
H+H+M-H,+M, i)
O, + 3H, = 2H + 2H,0, v

are obtained [8, 17], where M represents any
third body. The overall reaction I’ is effectively
a chain-breaking step and represent the reac-
tion between the fuel and the radicals to form
the intermediate products CO and H,. The
overall reaction II' represents the oxidation of
CO to form the final product CO,. The overall
reaction III" represents the three-body recom-
bination steps and is also responsible for a
major fraction of heat released in the flame.
The overall reaction IV’ represents the chain-
branching steps. For simplicity the overall steps
I’ and III’ are presumed to be irreversible [9,
101.

Westbrook [5] has proposed a detailed
chemical-kinetic mechanism for describing the
influence of CF;Br on the structure of pre-
mixed flames of hydrogen, methane, methanol
and ethene. This mechanism was also em-
ployed by Hamins et al. {15] to predict the
influence of CF;Br on heptane—air flames. The
results of the previous numerical calculations
{15] show that the principal path of decomposi-
tion of CF,;Br is CF;Br - CF;, HBr —» CF,0O
— FCO, HF — CO. The stable species H,O0,
H,, and F, and the radicals F, H, OH, and O
participate in chemical reactions along this
principal path. In addition to introducing
steady-state approximations for the radicals
OH and O, steady-state approximations are
also introduced for CF;, CF,0, FCO, F,, and F
and they are used to eliminate, respectively,
the reaction rates of the elementary steps CF;
+ O = CF,0 + F,CF,0 + H = FCO + HF,
FCO+M=F+CO+M, F, + H=HF +
F,and F+F+M —>F, + M from the bal-
ance equation for the remaining species along
the principal path [17]. Starting from the ele-
mentary reactions 1 and 7 and using these
steady-state approximations the overall steps



IV’ and
CF,Br + 6H + H,O—

HBr + 3HF + 2H, + CO (v")
are obtained [17]. Again, for simplicity the
overall step V' is presumed to be irreversibie.
The overall step V' is a net chain-breaking
step because it consumes six radicals and forms
relatively stable compounds and the chain-
breaking effect of CF,Br is greater than that of
CH, because only two radicals are consumed
in the overall step I'. This chain-breaking ef-
fect of CF;Br is responsible for the chemical-
inhibition of the flame. Also it is noteworthy
that O, does not directly participate in the
decomposition of CF;Br.

The reaction rates w,, k =I', II', IIl", IV',
and V', of the overall steps of the five-step
reduced chemical-kinetic mechanism are re-
lated to the rates of elementary reactions de-
scribing the structure of the inhibited flame.
For simplicity, following previous analyses [9,
10] only the rates of the principal elementary
steps are used to calculate the rates of the
overall steps. Thus

Wp = Wss  Wppe = Wap = Wy,
War = Ws, Wiy = Wiy = Wi, (0
Wy = Wy,

where w, represents the reaction rate of the
elementary step n shown in Table 1. The sub-
scripts f and & refer to the forward and back-
ward rate of any elementary step n.

To further simplify the analysis the H-
radicals are also presumed to be in steady-
state. If the reaction rate of the elementary
step 1 or the overall step IV’ is eliminated
from the balance equation for the remaining
species in the five-step mechanism I'-V’ using
the steady-state approximation for H, then the
four-step mechanism

CH, + 0, - CO + H, + H,0, N
CO + H,0 = CO, + H,, an
0, + 2H, — 2H,0, (I11)
CF,Br + 7H, + 30,

5H,0 + HBr + 3HF + CO, %)
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is obtained. The overall steps I, II, and III of
this four-step chemical—-kinetic mechanism are
identical to those used in previous asymptotic
analyses of uninhibited methane flames [9, 10].
It is interesting to note that H, and O, are
consumed in the overall step V. The rates of
the reduced four-step mechanism are

w; = wp., Wi = Wi, Wi = Wi

(2)

The reduced four-step chemical—kinetic
mechanism consisting of the overall steps I, II,
III, and V is used in the asymptotic analysis.
The reaction rates of the reduced chemical-
kinetic mechanism contain the concentration
of the radicals OH, O, and H. Therefore it is
necessary to determine the concentrations of
these radicals in terms of the concentrations of
the species appearing in the four-step mecha-
nism I, II, III, and V. Following previous
asymptotic analyses [9, 10] partial-equilibrium
assumptions for the elementary steps 3 and 2
are used to express the concentration of OH
and O in terms of the concentration of H
which can be written as

Con = CuCu,o/(K;Cy,),

WV = WV"

Co = Cut,oCi™/( KoKsC,'), 3)
where C; denotes the concentration of species
{ and K, is the equilibrium constant for the
elementary step n. Steady-state approximation
for H implies that w;. + wy;. + 3wy, = wy.
Using the principal rates for the four-step re-
duced chemical-kinetic mechanism the con-
centration of H can be calculated from the
expression

-

C., =
" Cu,o
kg klfCOz klfCo2

4

The concentration of the third body C,, is
calculated using the relation C,, = [ pW/(RT)]
L mY,/W,, where p denotes the pressure, W
is the average molecular weight and Y, %,, and
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W, are the mass fraction, the Chaperon effi-
ciency and the molecular weight of species i.
For simplicity the average molecular weight is
presumed to be a constant and only the mass
fractions of H.O, CO,, and N, calculated for
stoichiometric combustion of methane and air
by a one-step reaction are used to calculate
C,. The values of n; used here are 6.3, 1.5,
and 0.4 for H,O, CO,, and N, respectively.

THE OUTER STRUCTURE

Figure 1 shows a schematic illustration of the
overall outer structure in the limit where the
rates of the chemical reactions are infinitely
fast [18). The quantity £ in Fig. 1 is a con-
served scalar {11, 18, 19] and is defined as
E=(Zc = Zc )2y — Z¢,), where Z,
represents the mass fraction of the element
carbon at any location in the flow-field [19] and
the subscripts 1 and 2 denote conditions in the
ambient fuel stream and the ambient oxidizer
stream respectively. It follows from this defini-
tion that & = 1.0 in the ambient fuel stream
and ¢ = 0 in the ambient oxidizer stream. In
the limit where the rates of the chemical reac-
tions are infinitely fast, CH, and CF,;Br are
consumed in different infinitely thin zones lo-
cated respectively at &, and ¢;. Fuel is com-
pletely consumed to the leading order at ¢,
and the chemistry is represented by the global
step ‘

CH, + 20, — CO, + 2H,0. (GI)
TP
T, / /T
']'“‘
0
N 5o
CF,B
T > 0, T
HBr
0 & 8 3 1

Fig. 1. Schematic illustration of the outer structure.
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The global step GI can also be deduced
from the overall steps I, II, and III by introduc-
ing steady-state approximations for the inter-
mediate species H, and CO. At ¢, CF;Br is
completely consumed to the leading order and
the chemistry is represented by the one-step
reaction

CF,Br + 2H.O — HBr + 3HF + CO,.
(GID)

The global step GII can also be deduced
from the overall steps II, III, and V by intro-
ducing steady-state approximations for the in-
termediate species H, and CO. It is notewor-
thy that the global step GII does not involve
O,. It is interesting to compare the outer
structure of the flame shown in Fig. 1 with the
outer structures of partially premixed flames
analyzed by Peters [19] and Hamins et al. [20].
Peters [19] analyzed the structure of counter-
flow partially premixed flames where both re-
actant streams contain fuel and oxygen. The
activation energy characterizing the one-step
chemical reaction between the fuel and oxygen
was presumed to be large [19] and the reac-
tions were presumed to occur in a thin non-
premixed flame and in two premixed flames
one on each side of this nonpremixed flame
[19]. These flames were presumed to be sepa-
rated by chemically inert regions {19]. Hamins
et al. {20], emploving large activation energy
asymptotic techniques, analyzed the structure
of counterflow partially premixed flames where
one stream was fuel and the other was a mix-
ture of fuel and oxygen. In this case chemical
reactions were presumed to occur in a thin
nonpremixed flame and in a premixed flame on
the oxidizer side of this nonpremixed flame.
These flames were again separated by chemi-
cally inert regions. The outer structure shown
in Fig. 1 is different from the outer structure
of these partially premixed flames [19, 20].
Here the reaction zone located at & Is a
nonpremixed flame where chemical reaction
between fuel and oxygen takes place as illus-
trated by the global step GI. Also the reaction
zone located at & is a nonpremixed flame
where chemical reaction takes place between
CFE;Br and a product formed in the reaction
zone located at £, as illustrated by the global



step GII. These reaction zones are again sepa-
rated by chemically inert regions.

The reactant and product distributions
around § = £, shown in Fig. 1 are similar to
the structure of a nonpremixed flame in the
“premixed-flame” regime analyzed by Linén
[21] and to the structure of the uninhibited
flame analyzed by Seshadri and Ilincic [10].
Fuel is completely consumed at §, whereas
oxygen leaks through the reaction zone into
the ambient fuel stream to the leading order.
The maximum value of the flame temperature
T, is attained at §,. The gradients of tempera-
ture and concentration of CH,, O,, CO,, and
H,0 are discontinuous at §,. The region §, <
£ < 1 represents frozen flow because both fuel
and oxygen coexist in this region. At §,, CF;Br
is completely consumed and the value of the
flame temperature is denoted by 7,. Also at
this position the gradients of temperature and
concentration of CF,Br, H,0, CO,, HF, and
HBr are discontinuous but the gradient of O,
is continuous because oxygen does not partici-
pate in the chemical reaction as illustrated by
the global step GII. The region 0 < £ < ¢
represents frozen flow because CF;Br and H,0
coexist in this region whereas the region §, < ¢
< §, represents equilibrium flow.

For simplicity the Lewis numbers L;=
A/Cpc,D;) of the species appearing in the
global steps GI and GII are presumed to be
equal to unity. Here A, p, and ¢, denote the
coefficient of thermal conductivity, the density
and the heat capacity of the gas mixture re-
spectively and D, is the coefficient of diffusion
of species i. In view of the global step GI the
coupling relation between the mass fractions
of O, and CH, can be written as [18-23]

Yo, Y

2W,, W

YOw 2
=222 -1+
-

where the subscript F denotes the fuel and the
subscripts 1 and 2 denote conditions in the
ambient fuel stream and the ambient oxidizer
stream respectively. The value of £, at which
there is no oxygen leakage through the reac-
tion zone is denoted by &, which can be deter-

2¥, W,
__F_‘l__o_-)g], (5)
Yo, .Wr
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mined from Eq. 5 by setting Yz = Y, = 0 and
is given by the expression i

& =1+ 2¥, Wo /(Yo W] (6)

Using the stoichiometry of the global steps
GI and GII additional expressions relating the
mass fractions of H,O, CO,, HBr, and HF to
the mass fractions of CH, and CF;Br can be
written as

We W W’
Yoo, 1 Y
WCO VVI WF (7)
_(Yea _Yiz), Mz
We W W’
Y Y _ Yu Y
Wage W, Wy W

Y2

where the subscript / denotes the inhibitor.
From the first expression in Eq. 7 the mini-
mum value of £, determined by setting Y, =
Y =Yyo =0 is (£ =1 + Y W/
(Y, ;)71 If the heat capacity is presumed to
be constant, then the coupling relation be-
tween the temperature 7 and the mass frac-
tions of CH, and CF,Br can be written as

c [T - T,(&)]

(-AH.,))
= ’—WFG—I'[YF,lg— YF]
(-AHg,,)
+-—-—E,1—G£-[Y/.z(1 - ¢)-vl,

(8

where (—AH;,) and (—AH;;,;) denote the
heat release in the global steps GI and GII,
respectively, and T,(£) = T, + (T, — T,)&. At
£E=¢ the value of 7;, can be determined
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from Eq. 8 by setting Yy = Y; = 0. Thus

CP[Y}, - T §p)]

(CAHG Y6,
- e

+ (=AHg )Y, ,(1 - &) .

W, 9

The maximum value of T, is achieved when
there is no oxygen leakage through the reac-
tion zone and is denoted here by 7,, which can
be determined from Eq. 9 by setting &, = &;.

For partially premixed flames Peters [19] has
shown that the premixed and nonpremixed re-
action zones merge at conditions close to ex-
tinction. For uninhibited methane-air diffu-
sion flames, the rate—ratio asymptotic analysis
of Yang and Seshadri [12] has shown that the
effective activation energy of the global step
GI is large. If the effective activation energy of
the global step GII is also presumed to be
large, then in view of the results obtained by
Peters [19] the reaction zones at £, and & can
be expected to merge at conditions close to
flame extinction. Since the primary focus of
the present analysis is to determine the critical
conditions of extinction, attention is restricted
to the merged structure obtained by setting
§ = §, to the leading order. For convenience
the definitions [9-12]

YWy, (T - T(OY;, Wy &
X; = > TS ’
4 [Tst - Tu( ‘fst)]WF
_ Yo, Wy, _ YWy,
b= ——, = , (10)
ZWOZ ‘fst u/.lgst
y o LE M & - &)/[5(-AH)(1 — £)¢)]
are introduced. For the merged flame located  the region &> &, are
at £, the amount of oxidizer leakage through
the reaction zone and the concentrations of  ZXF =bp -4 ar = —bh¢ 176
the products deduced from Egs. 5-7 and 10 by d¢ 1-¢° d¢ P1-¢,°
setting ¥ = ¥; = 0 are dX; dXo )
— =0, = -2b—>.
dé a¢ 1-¢,
(12)

Xo,.p = 2b6,(1 — £,/&),
Xu,0,, = 26(1 = §)¢, — 2c¢£,(1 = &),
Xeo,.p = b(1 = £E, + c&(1 = &),
Xupe,p = Xur,,/3 = c&(l — £).
D

For the merged flame the slopes of Xy, 7,
X;, and X,, deduced from Eqgs. 5-8 and 10 in
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For the merged flame the slopes of X, T,
X;, and X, deduced from Egs. 5-8 and 10 in
the region § < §, are

dX; dr

—d'g =0, d_{f =bh(l - &),

g{ _ —cé dX,, — 13)
i~ %% T '



Equations 12 and 13 provide the appropriate
matching conditions between the outer and the
inner structures.

The structure of the flame is influenced by
the value of the scalar dissipation rate y =
2[A/Cpc,)XVE) (18, 19, 22, 23]. The value of
X varies across the flowfield and its value at
the inner structure of the merged flame is
denoted by x,. The strain rate a influences the
flame structure mainly through its influence on

Xp-

INNER STRUCTURE

Figure 2 shows a schematic illustration of the
profiles of CH,, CF;Br, H,, and H in the inner
structure of the merged flame. Chemical reac-
tions are presumed to occur in three distinct
layers which are identified as the “fuel-con-
sumption layer” of thickness of order 8, the
“oxidation layer” of thickness of order ¢ and
the “CF;Br-consumption layer.” In view of the
results of previous numerical calculations of
the structure of inhibited heptane flame [15],
CH, and CF;Br are presumed to be consumed
in different regions of the flame and the con-
centration of CH, is presumed to be nonnegli-
gible only in the fuel-consumption layer and
the concentration of CF;Br is presumed to be
nonnegligible only in the CF;Br-consumption

vy
o8
H
2
CP)Br /
CH,
A
0 n

Fig. 2. Schematic illustration of the inner structure show-
ing the fuel-consumption layer, the layer where the global
reaction II is not in equilibrium, the oxidation layer and
the CF;Br consumption layer.

22

K. SESHADRI AND N. ILINCIC

layer. The water-gas shift reaction represented
by the overall step II is presumed to be in
equilibrium everywhere except in a thin
nonequilibrium layer of thickness of order .
The ordering d < v < e < | used in the
present analysis is similar to those employed in
the previous asymptotic analyses of uninhib-
ited flames [9, 10]. The thickness of the
CF;Br-consumption layer is not marked in Fig.
2 because in the analysis developed here, it is
not necessary to resolve the structure of this
layer to determine the critical conditions of
extinction. The relative location of these layers
with respect to one another in terms of 7 is
shown in Fig. 2, where 7 represents a stretched
independent variable used in the analysis of
the oxidation layer. The structures of the fuel-
consumption layer and the non-equilibrium
layer are presumed to be identical to those for
the uninhibited methane—air flames analyzed
previously [10]. The structure of the oxidation
layer of the inhibited flame analyzed here is
different from that of the uninhibited flame
due to the presence of the CF;Br-consumption
layer which is a radical sink.

In the fuel-consumption layer which is lo-
cated at §, the fuel reacts with the radicals in
accordance with the overall step I to primarily
form H, and CO and some CO, and H,O [9,
10]. Following previous analysis [10] oxygen is
presumed to leak through the fuel-consump-
tion layer to the leading order. The maximum
value of the flame temperature is attained at
the fuel-consumption layer and is denoted by
T® and due to finite rates of the chemical
reactions its value is less than 7. The quantity
T also represents the characteristic tempera-
ture at which the rates of the chemical reac-
tions that take place in the fuel-consumption
layer are evaluated. In the oxidation layer the
concentrations of CH, and CF;Br are pre-
sumed to be zero and in this layer CO and H,
are oxidized to form CO, and H,O. In the
CF;Br-consumption layer the inhibitor reacts
with the radicals to form CO, HBr and HF in
accordance with the overall step V.

In the inner structure the convective terms
in the species and the energy balance equa-
tions can be neglected because they are of a
lower order in comparison to the diffusive and
the source terms. For convenience the defini-
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tions
X; Wi
X[ = E, W, = ‘_p;—,
(-AH,)
Q. = £ (14)

(—AHG[) + C(—AHG")/b ’

are introduced where (—~AH,) is the heat re-
lease in the overall step k& of the reduced
four-step mechanism. It follows that Q, + (1
+¢/b)Q, + (1 = 3¢/B)Qyy; + (c/B)Qy = 1.
The equations governing the inner structure
written in terms of the variables defined in Eq.
14 are

(x,/Dd%xp/dE* = oy,
(x,/Dd%xy /dE*

—w; — Wy + 2wy + Toy,

(,\rp/Z)dzxco/d‘f2 = —w + oy —

(xp/Ddx,/dE* = wy,

2xo, + 4xp)/dE* = 0,

d*(xy,0 + Xy, + 2XF = 2x;)/dE% =

d*(xco, +Xco + Xp +x,)/dE* =0

d*(xyp, +x,)/dE? =

d*(xye + 3x,)/dE =

d*(7 + quxu, + GyXco + 4cXr + qa%)/
dgt =

Wy,

2
d (tz + Xco —

(15)
where q, = Qy1/2, 9, = Qu + Qi/2, 9. =
O+ Q0+ Quy and g, = Qy — 30, + Q.

Thermochemical calculations show that the
value of Q;, is small, thus for simplicity the
approximation g, = g, = g = (Qy + Qy)/2
which was employed in previous asymptotic
analyses [9, 10] is also used here.

Fuel-Consumption Layer

The influence of the overall step V on the
structure of the fuel-consumption layer can be
neglected because the concentration of CF;Br
is negligibly small. Also following previous
asymptotic analyses [9, 10] the influence of the
overall steps II and III on the structure of the
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fuel-consumption layer is neglected to the
leading order. Thus the structure of this layer
is governed primarily by the finite rate of the
overall step I. In the fuel-consumption layer
the quantities X, Xy o, and X, are of
order unity hence their values are evaluated at
¢, using Eq. 11. The quantities Xy, and X¢q
are of order ¢; hence their values at the fuel-
consumpnon layer which are denoted here by
X, ° and Xcoo respectively are evaluated us-
ing the results of the asymptotic analysis of the
oxidation layer. With these approximations, the
equations governing the structure of this layer
become identical to those derived previously
[9, 10] for the uninhibited methane—-air flame
and the results of these previous analyses can
be written as

i 0 R 32
ZPo(kﬁKll/nKzl/-KS) LFXO:-pm(XHzo)
XPWNzXH:O-P

(16)

where the superscript 0 over the rate constants
and the equilibrium constants denotes that
their values are evaluated at the characteristic
temperature T° of the fuel-consumption layer.
Also the quantity p° is evaluated using the
ideal gas law at T = T° It has been shown
previously [9, 10] that the characteristic thick-
ness of the fuel-consumption layer 6 can be
evaluated from the expression

8= kl,"on,p(l - §P)/[k6°bL,.-(l - §sx)]~
an

Equation 16 relates the scalar dissipation
rate to 7° and Xy ®. These quantities will be
determined by analyzing the structure of the
oxidation layer.

Oxidation Layer

The asymptotic analysis of the oxidation layer
is performed with the overall step II of the
reduced chemical-kinetic mechanism pre-
sumed to be in equilibrium [9, 10], which
implies that the elementary reactions 4f
and 4b shown in Table 1 are in partial equili-
brium. Thus using Eq. 3 the concentration of
CO can be related to the concentration of H,
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using the expression xco = axy,, where a = (A + a)xy, =2b(1 - &,)ez/(1 - £,),
[KBDXCO:.pLH:/(K:]XH:o’PLco)] to the lead-
ing order and the equilibrium constants ap- T~ % = €5 (19)

pearing in the expression for a are evaluated
at 7% In the oxidation layer the concentra-
tions of fuel and the inhibitor are presumed to
be negligibly small, hence the influence of the
overall steps I and V on the structure of this
layer can be neglected. Introducing these ap-
proximations into the second, third, and the
last expressions of Eq. 15, the equations

are introduced, where € is a small parameter
and a measure of the thickness of the oxida-
tion layer and z, ¢, and 7 are of order unity. A
relation between ¢ and z cam be obtained by
integrating the last expression of Eq. 15 once
across the fuel-consumption layer where o, =
0 and matching the result with the gradients of
r and X, shown in Eq. 12. This gives the
result dlr+ gl + alxy 1/dé=b(1 - &) -

2 2
O/ Dd [(1 * a)tz] /d§ ¢q, in the oxidation layer. This result can also

= 2w, =2 p0k5°CM° Xo,. p Xu/ Wy, be obtained by integrating the last e@remion
2 ) of Eq. 15 across the CF;Br-consumption layer
d*[7+q(1 + a)xy [ /dE? = 0 where w; = 0 and matching the result with the

(18)  gradients of v and X; shown in Eq. 13. If the

expansions shown in Eq. 19 are introduced

are obtained, where the values of the density, ~ into this expression and integrated, the result
the concentration of the third body and the ¢ =[6(1 = &)~ cqaln — 2bg(1 - £)z/(1 -
rate parameters are evaluated at 70 and their &) IS Obtained, where the constant of integra-
variations with temperature are considered to 1100 IS set equal to zero. The value of Xy

b bl all [9, 10]. Th . appearing in Eq. 18 can be evaluated using
e negligibly small [9, 10]. The expansions Egs. 4 10, 14, and 19 which gives fo the

E-& = en, leading order

0
€3/223/2p3/2(1 — §sx)3/2(K11/2K2V2K3) LHf/zXOz.pl/z

z¥?, (20)
1+ a1 - £ Xy 0.,

H

where the term k;Cy/k,, appearing in Eq. 4 is neglected because it is small in comparison to
unity {11].
If the small expansion parameter e is chosen such that

25/2171/2(1 - §st)1/z( pksCMK11/2K21/2K3)0LH23/2X02»P3/2

e’/ = 372 172

) @D

then from Eqgs. 18-21 the differential equation V on the structure of the fuel-consumption

layer is neglected then from Eq. 15 the cou-
d’z/dn* = 2%/, (22)  pling relation d*(xy, + xco + 2x)/dE% =0

is obtained. Integrating this expression once
is obtained. Boundary conditions for Eq. 22  and matching the result with the outer solution
must be obtained by matching the solutions in the inert region £ > ¢, shown by Eq. 12 the
in the oxidation layer with those in the fuel-  result d(xy, + xco + 2x7)/d¢ = 26(1 —
consumption and the CF,Br-consumption lay- &:)/(1 — £,) is obtained. Matching this result
ers. If the influence of the overall steps Il and ~ with the solution in the oxidation layer and

24
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using the expansions shown in Eq. 19 gives the
boundary condition dz/dn = 1at n = 0.

If the influence of the overall steps I and III
on the structure of the CF,Br-consumption
layer is neglected then from Eq. 15 the cou-
pling relation d*(xy, +xco ~ 6x,)/d§* = =
is obtained. Integrating this expression once
and matching the result with the outer solution
in the inert region § < §, shown by Eq. 13 the
result d(xy, +xco — 6x,-)/d§ 6c&. /&, is
obtained. Matchmg this result with the solu-
tion in the oxidation layer and using the expan-
sions shown in Eq. 19 yields the boundary
condition dz/dn = 3(c/b)¢,(1 — £)/1£,(1 ~
EN at p=n=(§ ~ £)/e In addition at
1 = 7, the concentration of H, is zero to the
leading order which implies that z = 0 at 7,.
Integrating Eq. 22 once and using the bound-
ary conditions at 7 = 0 and 7 = %, gives

,_[s wsaia-gr]” (23)
i 4 4bz§p2(1 - §st)2 ’

where z° is the value of z at = 0. Equations
19 and 23 can be used to calculate the value of
Xy, O at the fuel-consumption layer. Previous
studies have shown [9, 10] that the presence of
the non-equilibrium layer for the water-gas
shift reaction adjacent to the fuel-consumption
layer mtroduces significant corrections to the
value of xy, ® and the corrected value of this

quantity is given by the expression

5 0
21 - §p)2(1 — §st)l/Z§st>/2( kaCMK11/2K21/2K3) LHf/ZXOZ,;/Z(T _

x| =2ebz%(1 - £)/[(1 + )1 - £)]
- vb(1 - £)/(1 - &), (24)

where the quantity v represents the character-
istic thickness of the nonequilibrium layer and
is given by the expression [9, 10]

el — a)
1 + @)’
[2k5°c,,,°K3°LHZXO:,P }” 2

(25)
Leo k4foXH20,p

An equation for calculating the characteris-
tic temperature at the fuel-consumption layer
can be obtained by eliminating x, from Egs.
16 and 21 and also using Egs. 17 and 24 which
gives the expression
(k) - £ X, (2

bk C, kL (1 — &)
[ r(l + a)
x|1 - ———

¥ 15
=— (26)

0

2€z

Using Egs. 19, 6, and 10 the quantity €
appearing in Eq. 26 can be related to T as

(T, - T - )4

2q2°[T, — T(E 27)

The value of y, can be obtained by rewrit-
ing Eq. 21 and using Eq. 27 which gives the
result

5/2
;= T°)

Xp =

For known composition of the reactant
streams and for an appropriate value of ¢,
Egs. 6 and 9 are used to calculate &, and T,.
For a chosen value of £, Egs. 9-13 are em-
ployed to calculate the value of 7, the concen-
tration of various species and their gradients.

7221 + @)Wy Xy 0,1 T, — TLEIT

(28)

Equations 23 and 25-27 are then used to cal-
culate T°. The value of y, corresponding to
the chosen value of §, is then calculated using
Eq. 28. The results are discussed in the follow-
ing section.
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RESULTS AND DISCUSSIONS

Calculations are performed at fixed values of
p=1latm, Y =10 and T, =T, = 300 K.
The Lewis numbers are presumed to be con-
stant with L, =097, Ly =03 and L =
1.11 [9-12]. Results are obtained for 0% to 3%
CF;Br by volume in air for which the corre-
sponding values of Y,, are between 0O and
0.14. For a given composition of the reactant
streams all calculations are performed with the
value of the heat capacity presumed to be
constant. The values of Y, ,, Y5, 2, &4 Tyis €,
and g used in the calculations are shown in
Table 2. For Y, , = 0.153 and for no leakage of
oxygen through the reaction zone, which im-
plies that ¢, = £, (see Eq. 11), the value of 2°
calculated from Eq. 23 is zero. Therefore the
asymptotic analysis developed here is not valid
for values of Y, , greater than 0.153.

Figures 3-6 show the values of 7,, T°%, X,_,
and (£, — &,)/&, as a function of x, ' calcu-
lated for 0%. 1%, 2%, and 3% CF,Br by
volume in the air-stream or for ¥, , = 0, 0.05,
0.095, and 0.138. The amount of CF,;Br is
constant along each curve. All the curves shown
in Figs. 3-6 exhibit the classical C-shaped be-
havior. Stable solutions for 7,, T°, and (£, —
&)/ &, are represented by the upper branch of
the C-shaped curve and for X, , by the lower
branch. Figures 3-6 show that for a given
amount of CF;Br in the air-stream there exists
a critical value of xp_’ below which no solu-
tions exist for the system of equations govern-
ing the structure of the inhibited flame. This
critical value of x, represents extinction and is
denoted here as x,. Figures 3-6 show the
value of x, to decrease with increasing
amounts of CF;Br in the air-stream. Since the
value of x, is proportional to the strain rate a

TABLE 2
Values of V) 1, Yo, 1. & Ty, €,» and g used in the
Asymptotic Analysis
7, ¢,

YI‘Z YO;,E §sx (K (kj/(kg -K)» q
0 0.2330 0.055046 2327 1.36346 0.32707
0.05 0.2215 0.052461 2301 1.33418 0.32262
0.095 0.2108 0.050061 2294 1.29534 0.31821
0.138 0.2009 0.047829 2279 1.26497 0.31382
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2400.0
2100.04 (———
Y,,=0.138
£
i-“ 1800.04 \
Y,,=0.095
1500.0+ Yl_2=0.05
Y,,=0
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107 107 16 1 1 ¢ 10 f

x,"'6)
Fig. 3. The dependence of 7, on y,”' calculated for 0%,
1%, 2%, and 3% CF,Br by volume in the air-stream or for
Y, =0, 005, 0.095, and 0.138. Along each curve the
amount of CF;Br is constant.

[23], these results imply that the value of the
strain rate at extinction which is denoted here
by a, decreases with increasing amounts of
CF;Br in the air-stream. The values of T,, T°,
Xo..p» (& — &)/&, and y, at extinction are
shown in Table 3. Also in Table 3 the values of
€, v, and & are shown.

Figure 3 shows that on the stable branch of

2400.0+

2100.0+

T° (K)

1800.0+

Y,,=0.085

M&:o.os

Y.=0

1500.0+

o
1200, 0~ T T

10" 100 10 10 1 1@ 10t 10
X,
Fig. 4. The dependence of 7° on y,” " calculated for 0%,
1%, 2%, and 3% CF;Br by volume in the air-stream or for
Y;, =0, 0.05, 0.095, and 0.138. Along each curve the
amount of CF;Br is constant.

26



INHIBITED NONPREMIXED METHANE-AIR FLAMES
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Fig. 5. The dependence of X, , on xp'l calculated for

0%, 1%, 2%, and 3% CF;Br by volume in the air-stream

or for ¥;, =0, 0.05, 0.095, and 0.138. Along each curve

the amount of CF;Br is constant.

10 10

the C-shaped curve the value of 7, asymptoti-
cally approaches T, as x, — 0. Also on the
stable branch of the C-shaped curve the value
of T, decreases with decreasing values of Xp".
From Fig. 3 and Table 3 it can be observed
that with increasing amounts of CF,Br in the
oxidizer stream the value of T, at extinction
increases and the difference between the val-
ues of T, and 7, decreases. Figure 4 shows
that the dependence of 7° on x, and ¥}, is
qualitatively similar to the dependence of T,
on these quantities. With increasing amounts
of CF;Br in the oxidizer stream, Fig. 4 and
Table 3 show that at extinction the value of T°
increases and the difference between the val-
ues of 7, and T° decreases. The increase in
the value of 7° at extinction with increasing
amounts of CF,Br in the air-stream is consis-
tent with the results of previous numerical
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Fig. 6. The dependence of (£, — &,)/&, on Xp'l calcu-
lated for 0%, 1%, 2%, and 3% CF;Br by volume in the
air-stream or for Y, , = 0, 0.05, 0.095, and 0.138. Along
each curve the amount of CF;Br is constant.

calculations [15] and measurements of temper-
ature in the vicinity of extinction of inhibited
heptane—air flames [16]. These observations
clearly illustrate the inhibiting effect of CF;Br
and is attributed to the rates of production in
and removal of radicals from the flame. The
rates of production of radicals in the flame
increases with increasing values of the flame
temperature and the rates of removal of the
radicals from the flame increases with increas-
ing amounts of CF;Br. Therefore with increas-
ing amounts of CF;Br the value of the temper-
ature at which balance between the rates of
production and removal of radicals from the
flame is achieved also increases. Hence the
value of the flame temperature in the vicinity
of extinction can be expected to increase with
increasing amounts of CF;Br in the oxidizing
stream.

TABLE 3

Values of Various Parameters at Extinction for Different Amounts of CF;Br in the Air-Stream

T, (K) £t } ;

Y2 T° (K) Xo, p* 10 £« X5~ € 10° v-10° 8-10°
0 1759 1464 5.7087 -0.28 7.7756 10776 72744 58132
0.05 1769 1486 52320 -027 7.0650 10840  6.7735 5.3158
0.095 1830 1598 4.4268 -024 47529 11649 47114 43833
0.138 2127 2029 1.4065 -0.08 0.12379 9597 04789 11612
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Fig. 7. Comparison between measured {3] and calculated
values of the critical conditions of flame extinction for
various amounts (volume percent in air) of CF;Br added to
the air-stream. The dotted lines represent the measure-
ments and the solid line represents the asymptotic results.

Figure 5 shows that on the stable branch of
the C-shaped curve the value of X, , in-
creases with decreasing values of XP". Also in
the vicinity of extinction the oxygen leakage
increases rapidly with increasing values of .
Figure 5 and Table 3 shows the value of X, ,
at extinction to decrease with increasing
amounts of CF;Br in the air-stream. From
Egs. 9 and 11 it can be observed that the
oxygen leakage through the reaction zone is
proportional to the difference between the val-
ues of 7, and 7,. The decrease in the value of
T, — T, at extinction with increasing amounts
of CF;Br in the air-stream is responsible for
the corresponding decrease in the value of
Xy, p- Figure 6 shows that on the stable branch
of the C-shaped curve the position of the fuel-
consumption layer of the flame moves towards
the oxidizer stream with decreasing values of
X, '. Also Fig. 6 and Table 3 show the abso-
lute value of (&, — £&,)/&, to decrease with
increasing amounts of CF;Br in the oxidizing
stream.

Figure 7 shows comparison between the
measured [3] and calculated values of the criti-
cal conditions of flame extinction for various
amounts of CF;Br added to the air-stream.
The dotted line in Fig. 7 represents the mea-

K. SESHADRI AND N. ILINCIC

surements and the solid line represents the
results of the asymptotic analysis. For counter-
flow methane—air diffusion flames Milne et al.
[3] had measured tlie velocity of air (in arbi-
trary units) at extinction for various amounts
of CF;Br in the air-stream. In Fig. 7 the ratio
of the velocity of air at extinction for the
inhibited flame to that for the uninhibited
flame is plotted as a function of the volume
percent of CF;Br in air, where the subscript u
refers to the uninhibited flame. It has been
shown previously [24, 25] that the velocity of
air is proportional to the strain rate in the
inviscid oxidizer flow, therefore the measured
results shown in Fig. 7 roughly represent the
ratio of the strain rate at extinction for the
inhibited flame to that for the uninhibited
flame. The asymptotic results shown in Fig. 7
represent the ratio of the value of y, for the
inhibited flame to that for the uninhibited
flame. The measurements and the calculations
show the value of the strain rate at extinction
to decrease with increasing amounts of CF;Br
in the air-stream. In comparison to the mea-
surements, the asymptotic results show a
weaker inhibiting effect and the differences
are probably due to the approximations intro-
duced in the asymptotic analysis, in particular
the neglect of inhibition chemistry in the oxi-
dation layer. Westbrook [5] has shown that the
recombination of H radicals following from
their reaction with HBr and catalyzed by Br
atoms plays a significant role in inhibiting the
flame. Therefore the HBr formed in the over-
all step V is likely to enhance the rates of
recombination of H radicals in the oxidation
layer thus providing stronger inhibition than
that predicted by the present model.

SUMMARY AND CONCLUSIONS

An asymptotic analysis is performed to deter-
mine the influence of CF;Br on the critical
conditions of extinction of nonpremixed
methane-air flames. The analysis considered
addition of the inhibitor to the oxidizer stream
of the nonpremixed flame. A reduced four-step
mechanism consisting of the overall reactions
I, I1, 111, and V is derived to describe the flame
structure. Chemical reactions are presumed to
occur in three distinct layers which are identi-
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fied here as the fuel-consumption layer of
thickness of order 8, the oxidation layer of
thickness of order € and the CF;Br-consump-
tion layer. The asymptotic analysis is per-
formed for 6 < € < 1. The presumed struc-
ture is consistent with the results of previous
numerical calculations of the structure of non-
premixed heptane—air flames [15]. In the anal-
ysis of the inner structure of the flame, the
concentration of CH, is considered to be of
order 8, the concentration of H, and CO of
order € and the concentration of the remain-
ing species in the four-step mechanism of or-
der unity. The fuel and the inhibitor are pre-
sumed to be consumed in different regions of
the flame. The CF;Br-consumption layer is
found to be a sink for radicals and it decreases
the concentration of radicals in the oxidation
layer. This is the reason for flame inhibition.

The results of the asymptotic analysis are
used to calculate the critical conditions of ex-
tinction of the flame with various amounts of
CF,Br added to the oxidizer stream and they
are compared with previous measurements [3].
The inhibiting effect of CF;Br predicted by the
asymptotic model is found to be weaker than
that measured (3]. However the predicted in-
crease in the value of the maximum flame
temperature at extinction with increasing
amounts of CF;Br in the air-stream is qualita-
tively in agreement with the results of previous
numerical calculations [15] and measurements
[16].

Future research must focus on improving
the predictions of the asymptotic model. In
particular Westbrook [5] has emphasized the
importance of the elementary step H + HBr
= H, + Br in chemical inhibition of premixed
flames by CF;Br. Therefore this reaction must
be included in future asymptotic analysis of
chemical inhibition of diffusion flames. The
influence of this elementary reaction on the
flame structure can be illustrated by introduc-
ing steady-state approximations for Br and Br,
and eliminating respectively the reaction rates
of the elementary steps Br + Br + M — Br,
+ M and H + Br, = HBr + Br from the bal-
ance equation for the remaining species in the
five-step mechanism @', II', IIl’, IV’, and V'.
This procedure will give the overall step III". If
steady-state approximation is also introduced
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for the H-radicals then the net rate of the
overall step III is now the sum of the rates of
the elementary steps 5 and H + HBr = H, +
Br [17]. If this revised rate for the overall III is
included in the asymptotic analysis of the oxi-
dation layer, with the concentration of HBr
treated as a constant then the predicted in-
hibiting effect of CF;Br is found to be signifi-
cantly stronger than the measurements [3]. A
promising approach for improving the predic-
tions of the asymptotic model would be to
merge the CF;Br-consumption layer with the
oxidation layer and include the rate of the
elementary step H + HBr = H, + Br in the
asymptotic analysis of this merged layer. The
resulting asymptotic analysis would be consid-
erably more complicated than that shown here.
Research along these lines is currently in
progress.
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CHAPTER 3

Experimental and Numerical Studies on Chemical Inhibition of
Methane-Air Diffusion Flames by CF3Br and CF3H

D. Trees, A. Grudno, N. Hlincic, T. WeiBweiler, and K. Seshadri

Center for Energy and Combustion Research
Department of Applied Mechanics and Engineering Sciences
University of California San Diego, La Jolla, CA 92093-0411

Abstract

An experimental and numerical study was performed to characterize the influence of the
addition of the fire suppressants CF3Br and CF3H on the structure and critical conditions
of extinction of diffusion flames stabilized in the mixing layer formed between counterflow-
ing streams of methane and air diluted with nitrogen. The critical value the strain rate
at extinction was measured as function of mole fraction of CF3Br and CF3;H added to the
reactant streams. The inhibitor was added to either the oxidizer stream or the fuel stream,
and the results showed that the amount of CF3Br needed to extinguish the flame was signif-
icantly lower when mixed with the oxidizer. The experimental results were compared with
numerical calculations using a detailed chemical mechanism. The calculated values of the
critical conditions at extinction were found to agree well with the measurements.
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Introduction

Production of the commonly used fire suppressant bromotrifluoromethane (CF3Br) has been
restricted due to its high ozone depletion potential. Nevertheless it is useful to study the
mechanism of flame inhibition by CF3Br in order to find a suitable replacement for this com-
pound for firefighting. Literature on the use of CF3Br in extinguishing fires and on chemical
inhibition of flames has been reviewed by Ford [1] and Pitts et al. [2]. The counterflow-
ing configuration has been used previously for studying the effects of CF3Br on diffusion
flames [3, 4, 5]. A detailed chemical-kinetic mechanism has been developed by Westbrook [6]
to describe the structure of CF3Br inhibited premixed flames burning hydrogen, methane,
methanol and ethylene.

The present study focuses on elucidating the flame structure of laminar methane-air
counterflow diffusion flames inhibited by CF3Br. Extinction experiments where the agent is
added to the oxidizer stream are compared with experiments with addition to the the fuel
stream. Also, experiments are performed with the reactant streams diluted with nitrogen.
Similar measurements are carried out with CF3H as inhibitor. Numerical calculations using
detailed chemistry [6] are performed to help understanding in detail the chemical influence
of CF3Br on the flame structure.

Experimental Apparatus and Procedure

The Burner

The counterflow burner used here is described in detail elsewhere [7]. It consists of two oppos-
ing ducts with 22.2 mm inner diameter through which the gaseous reactants are introduced.
The distance between the ducts is 10 mm. A number of fine wire screens (150 mesh/inch)
are placed in the ducts to ensure laminar flow at the exit of the ducts. A steady, disk shaped
flame can be indefinitely stabilized in this apparatus. The combustion products are removed
through a heat exchanger surrounding the lower duct into the exhaust system. A flow of
nitrogen, streaming annularly around the upper duct shielded the flame from the influence
of ambient air and helped preventing afterburning in the exhaust system. All measurements
are made at a pressure p = 1 atm., and with the initial temperature of the reactants equal
to 293 K.

The flowrates of CHy, air, nitrogen and the gaseous agent are measured by use of cal-
ibrated variable area flowmeters and pressure gauges monitoring the inlet pressure at the
flowmeters, which is kept at 10 psig. The accuracy of the measurements is estimated to be
around * 3%.

To perform an experiment, a diffusion flame is initially stabilized in the burner at prede-
termined values of the flowrates and the concentration of the reactants in the counterflowing
streams. To ensure that the flame position which is typically close to that of the stagnation
plane, is approximately in the middle of the two ducts, experiments are performed such that
the rates of momentum of the counterflowing streams at the exit of the duct, represented
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by the product of the density and the square of the flow velocity, are nearly the same. The
agent is then added and the amount gradually increased, taking care that after each increase
of the flowrate of inhibitor, the flame reached again a stable condition. When the critical
amount of agent is added, the flame extinguished abruptly. The readings of the flowmeter
are then recorded and the flow momentum balance recalculated, now taking the agent flow
in consideration. The data are accepted only if the ratio of the two momentums is close to
unity. The measurements are repeated for the same percentage of CH, in the fuel stream
but at different values of the flowrates of the reactants. The entire set of experiments is then
repeated for another dilution ratio of the reactant streams, keeping the value

-1
vo,Mo,YcH, tu
Zs — 1+ 2 2 4. ) 1

‘ ( verMcn,Yo,.00 9

constant. Here v; represents the stoichiometric coefficient, M; the molecular mass, ¥; the
mass fraction of a species and the subscripts oz and fu refer to oxidizer and fuel stream,
respectively. If the Lewis number of all species is approximately equal to unity, then Z,,
is the stoichiometric mixture fraction [8]. It is noteworthy that even in the presence of the
inhibitor CF3Br Eq. 1 can still be used to calculate Z,; [9].

The characteristic strain rate at extinction a, is then calculated from the expression {10]

2|voc| ( I”fu|vpfu)
Qg = ——— | 1 + ——¥—— 2
g L lvozI\/Poz ( )

where L denotes the separation distance between the ducts, v the velocity and p the density
of the reactant streams at the exit of the duct.

Numerical Calculations

A recently developed computer code [11] is used to solve the governing conservation equations
under boundary conditions consistent to those in the measurements. Chelliah et al. {12] have
shown that at the exit of the ducts the radial component of the flow velocity although small
is not equal to zero. Since the numerical computations are performed by setting the value of
the radial component of the flow velocity to zero, small misalignments between the calculated
and measured profiles of the scalar quantities are to be expected.

Results and Discussions

Performing the experiments, when adding CF3Br to the oxidizer, a second, greenish flame
appearing on the oxidizer side of the CHg4-air flame can be observed. The two flames are very
well distinguishable at high CF3Br concentrations in the oxidizer stream and low reactant
velocities, apparently merging at higher reactant velocities. The effect can be attributed to
the reaction of CF3Br in a “CF3Br-consumption zone” similar to that described by Hamins
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Figure 1 Experimental (points) and numerical (lines) values of the strain rate a; and scalar
dissipation rate y, at extinction as function of the mole fraction of CF3Br in the oxidizer.
The reactants methane and air are not diluted.

et al. [5]. The addition of CF;Br to the fuel stream does not result in a second flame, as well
as the addition of CF3H.

Figure 1 shows experimental measurements (points) and numerical data (lines) for the
strain rate a, and the scalar dissipation rate x, at extinction as a function of of the mole
fraction of CF3Br in the oxidizer stream for undiluted reactants. The value of the strain rate
is calculated using Eq. 2. x, is evaluated by [13]

aq 3 (\/Poz/Pﬂ + 1)2

2 2r (2/peal st + 1)
-1

. exp{Q [erfc'l(QZst)]z} , (3)

Xq

with @, as defined in Eq. 2, py representing the density at the locus of the highest tem-
perature, p,; the density in the oxidizer stream and erfc™! the inverse complementary error
function. To estimate pj; for the experimental data, the density is assumed to be equal
to the density of the gas mixture at the adiabatic flame temperature. The region below
the curves represent flammable mixtures. The results in Figure 1 show that for increasing
concentration of inhibitor in the oxidizer stream, the value of the strain rate at extinction a,
decreases. a, can be interpreted as the inverse of a characteristic flow time, 7;. If the gas-
phase chemical reaction is approximated as a one-step process, activation energy asymptotic
theories [14, 15] can predict the value of the Damkéhler number at extinction &, which is
defined as the ratio of 7/ to a characteristic chemical time 7.. The value of 7. depends on
the relative concentrations of the reactants and the local gas temperature. For a constant
8., a decrease in the value of 7; (increase of a,) at extinction leads to a decrease of 7. and
therefore a faster chemical reaction. Thus, the concentration of inhibitor has to decrease.

Figure 2 shows results similar to those in Fig. 1 but for CF3Br addition on the fuel side.
The mole fraction of inhibitor needed to extinguish the flame is, roughly by a factor of ten,
higher than in the case of addition to the oxidizer. The numerical results, although not
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Figure 2 Experimental (points) and numerical (lines) values of the strain rate ¢, and scalar
dissipation rate x, at extinction as function of the mole fraction of CF3Br in the fuel. The

reactants methane and air are not diluted.

exactly predicting the critical conditions at extinction observed in the experiments, show a
similar behavior.

The flux of CF3Br reaching the reaction zone can be used to compare the effectiveness of
CF3Br in extinguishing the flame when it is added to the oxidizer with its effectivness when
it is added to the fuel. The stoichiometry of the methane-air diffusion flame is such that
the flame is located on the oxidizer side of the stagnation plane and the fuel diffuses across
the stagnation plane into the reaction zone. Assuming the chemical reaction CH4 + 20, +
ver, B-CF3Br —products, the quantity vop, B- can be used as a measure of the flux of CF3Br
and calculated by vor,sr = 2Xcr, 8-/ X0, in case of addition of CF3Br to the oxidizer side,
and vor,B» = XcrBr/ Xcn, in case of addition to the fuel side. The mole fractions X; refer
to the initial conditions in the reactant streams. Figure 3 replots the experimental data

6004

pl A addition to oxidizer side
500(a ,® b addition to fuel side

400} A A [ ]
als'l| 4 .

3c0F 4

200 =

100} ‘i‘ s

L X R I ¥ SN Y-S TR K
CF38¢

Figure 3 Comparison of the strain rate at extinction a, for addition of CF3Br to oxidizer
and fuel as function of the calculated relative CF3;Br-concentration at the flame location.

shown in Figs. 1 and 2 in terms of this quantity vcr,g-. It is visible that CF3Br is, roughly
by a factor of two, more efficient in quenching the flame when added to the oxidizer.
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In Figures 4 and 5, experimental data for pure and diluted reactant streams are plotted.
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Figure 4 Experimental (points) and numerical (lines) values of the strain rate a, at extinction
as function of the mole fraction of CF3Br in the oxidizer stream.
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Figure 5 Experimental values of the strain rate a, at extinction as function of the mole
fraction of CF3Br in the fuel stream.

For the case X¢r, - = 0, the value of the stoichiometric mixture fraction Z,; is kept constant
for all experiments at a value of 0.0554. The parameter Xo,; denotes the initial mole fraction
of O, in the oxidizer stream, without addition of CF3Br. The curves for the diluted cases
show a behavior similar to that in the undiluted case, only the amount of CF3Br needed to
quench the flame is reduced. The numerical results for the strain rate at extinction in Fig.
4 agree well with the experimental data. This shows that the chemical-kinetic mechanism
used in the calculations is capable of describing the processes in the CF3Br inhibited flame.

In Figure 6, experimental extinction results for flames inhibited with CF3H are shown.
Comparison of Fig. 6 with Figs. 1 and 2 shows that the mole fraction of CF3Br needed
to extinguish the flame is much higher than that of CF3Br. This result confirms that the
inhibition effect of CF3Br is mainly due to the chemical reaction of the Br atom.
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Figure 6 Strain rate at extinction a, for addition of CF3H to oxidizer and fuel as function of
the mole fraction of the agent in the reactant stream.

Summary and Conclusions

An experimental and numerical study is performed to characterize the critical conditions
of extinction and the structure of counterflow methane-air diffusion flames inhibited with
CF3Br and CF;H. The critical conditions of extinction of the flame are measured over a wide
parametric range. It is found that the chemical-kinetic mechanism employed is capable of
predicting the critical conditions of extinction of methane-air flames inhibited with CF;Br,
especially if the agent is added to the oxidizer side. The experimental and numerical data
show that the inhibition effect of CF3Br is much stronger when added to the oxidizer stream
of the counterflow diffusion flame. A comparison of the inhibiting effects of CF3Br and CF3H
verifies the supposition that the Br atom plays an important role in the mechanism of flame
inhibition.
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