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Summary: In the present paper, a gasdynamic analysis is made on the counter-flow
diffusion flame established in the forward stagnation region of a porous cylinder, from
the surface of which the fuel gas is ejected uniformly into the uniform air stream, and
the effects of the aerodynamic and chemical parameters upon the location of the flame
are examined. The flow, concentration and temperature fields are analyzed on the flame
sheet model and by the boundary layer approximation. The general analytic expression
for the relation between the location of the flame and the fuel ejection rate is obtained,
and the location of the flame is determined for various combinations of reactants by a
simple calculation. Some of these theoretical results are compared with the experimental
results observed by the present authors. It is found that the theoretical results are
qualitatively consistent with the observed results, and therefore, the flame sheet model is
useful to evaluate the effects of the aerodynamic and chemical parameters upon the
location of the flame, although the blow-off limit of the flame observed in the experiment
can not be predicted by the flame sheet model in which the infinite rate of reaction is
assumed in the flame zone.

1. INTRODUCTION

In an investigation into the burning rates of liquid fuels, it was first observed by
Spalding that the diffusion flame which entirely surrounded a liquid fuel sphere
suspended in an air stream was suddenly converted into the so-called wake flame
as the air stream velocity reached a critical value [/][2]. This extinction phe-
nomenon of the counter-flow diffusion flame appears to result from chemical limi-
tations on the combustion rate, and the theories to explain the extinction of such a
flame were presented by Spalding [2] [3], and recently by Fendell [4].

In recent years, Potter and his co-workers developed a novel experimental
method in which the reactant flow velocity at blow-off of a diffusion flame estab-
lished in the zone of impingement of two directly opposed gaseous jets of fuel and
oxidant was used as a measure of the reaction rate, and the apparent flame strength
was measured for various oxidant-fuel combinations [5] [6] [7]. Owing to velocity
variations across the burner mouths and other incidental effects, such flames are
not flat and blow-off is deemed to occur when the central portion disappears and
only a ring of flame remains. The theory of such a flame, or rather an idealization

[95]
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96 H. Tsuji and 1. Yamaoka

of it, was considered by Spalding, and the flow conditions under which blow-off
could be taken as a criterion of reaction rate were deduced [8].

Pandya and Weinberg studied the detailed aerodynamic and thermal structure
of a large flat diffusion flame in the counter-flow regime of opposed jets of two
gaseous reactants and showed that the establishment of such a flame could con-
siderably extend the range of applicability of flame-kinetics studies by structure
analysis [9] [10]. However, the aerodynamic structure of this flame is rather com-
plicated, and two stagnation points and two planes which particles cannot cross
occur when the centers of the reaction and aerodynamic systems are made to
coincide.

An experimental study has been conducted by the present authors on the laminar,
two-dimensional, counter-flow diffusion flame established in the forward stagnation
region of a porous cylinder, from the surface of which fuel gas is ejected uniformly
into the uniform air stream. The effects of the aerodynamic and chemical para-
meters, such as the air stream velocity, the fuel ejection velocity, the cylinder
diameter and the fuel composition, upon the location of the flame, the blow-off
limit, the temperature distribution and the flow pattern of the flame, have been
examined in detail. These experimental results and discussions are reported else-
where, and it is suggested that this counter-flow diffusion flame can be used to
study the flame strength and will also extend the range of applicability of flame-
kinetics studies by structure analysis [17].

In order to evaluate the effects of the aerodynamic and chemical parameters
upon the location of the counter-flow diffusion flame established in the forward
stagnation region of a porous cylinder, a theoretical analysis has also been per-
formed on a simplified model, and the concentration and temperature profiles across
the flame and the flow pattern have been calculated. Such a calculation on a
simplified model is presented in this paper. On completion of the analysis for the
general system, numerical results are given for some representative reactions, and
some of these theoretical results are compared with the observed results.

2. BRIEF DESCRIPTION OF EXPERIMENT. APPEARANCE OF
OBSERVED FLAME [/]]

Before the model to be adopted in the present analysis is proposed, the appear-
ance of the diffusion flame observed in the experiment is presented briefly. The
experiment was performed using a rectangular combustion chamber of 3 cmx 12 cm
cross section and four kinds of uncooled porous cylinders of 3 cm long. The air
was supplied from a blower through a settling chamber and a converging nozzle to
the combustion chamber, and the air stream entering the combustion chamber
presented a uniform velocity profile. The diameters of porous cylinders (sintered
bronze) were 1.5, 3.0, 4.5 and 6.0 cm. The fuels used were propane and city gas.
The location of the flame was measured by taking direct photographs and the flow
pattern was recorded by photographing the tracks of small particles introduced into
the air stream. The temperature distributions were measured with a Pt/Pt-Rh
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A Gasdynamic Analysis of the Counter-Flow Diffusion Flame 97

thermocouple.

For appropriate conditions of the uniform air stream velocity V and the fuel
ejection velocity v ,,, a thin, laminar, two-dimensional blue flame was stabilized at
some distance y, from the cylinder surface in the forward stagnation region
(Figure 1). As the fuel ejection velocity was decreased or the air stream velocity

(a) Direct photograph. (b) Instantaneous schlieren photograph.

Fic. 1. Counter-flow diffusion flame stabilized in the forward stagnation region of a
porous cylinder. Propane-air flame. Cylinder diameter D, 3.0cm. V=150 cm/
sec. vy,=3.1cm/sec.

was increased, the flame approached the cylinder surface, and finally the flame blew
off from the stagnation region and was suddenly converted into the so-called wake
flame. Cn the contrary, with the increase of v, or with the decrease of V, Yy
increased gradually. However, if v,/V was greatly increased, large scale defor-
mations appeared in the flame front and the laminar, two-dimensional flame was
established no further.

In the spzcial case when V' was very small and »,, was comparatively large, the
flame thickness increased remarkably and the flame showed luminous yellow inner
(fuel side) and blue outer (air side) zones. In the limiting case of small V, the
luminous yellow flame and the blue flame separated completely. In another extreme
case when V was very large, the flame could not be stabilized in the forward
stagnation region, however large the fuel ejection velocity was, and it was found
that there exists a critical stagnation velocity gradient, (2V/R),, beyond which
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FiG. 2. Flame stability diagrams for propane-air and city gas-air flames. D=3.0cm.
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98 H. Tsuji and I. Yamaoka

the flame can never be stabilized. This critical blow-off limit due to chemical
limitations on the combustion rate was clearly discriminated from the blow-off due
to thermal quenching of the flame.

An example of measured blow-off limits of propane-air flame and city gas-air
flame is presented in Figure 2, in which the nondimensional ejection parameter
—f. defined by —f,=(v,/V)(R,/2)} is plotted against the stagnation velocity
gradient 2V/R(R,=VR/v: the Reynolds number, v: the mean kinematic viscos-
ity across the boundary layer with flame in the stagnation region). In this figure,

the limits at which the luminous yellow zone begins to appear in the flame are
also plotted.

3. FORMULATION OF THE COMBUSTION PROBLEM

As the Reynolds number R, is comparatively large and the flame is very thin
except in the case when the luminous yellow zone appears in the flame, the flow
and temperature fields may be analyzed approximately on the flame sheet model
and by the boundary layer approximation. The flame sheet model of chemical
reaction in the boundary layer has been considered by several authors [12]~[17].
In this model chemical reaction is confined to one or more discontinuity surfaces
which are located within the boundary layer by requirements on the composition
and/or temperature at the sheet, and the combustion process is completely con-
trolled by the rate at which fuel and oxygen may diffuse to the flame front. Thus
the flow is effectively frozen except at the sheet. Although the blow-off limit of
the flame can not be predicted on the flame sheet model in which the infinite rate
of reaction is assumed, this simple model has been used to predict the location of
the flame in the boundary layer. ’

The model adopted in the present analysis is schematically shown in Figure 3.
The fuel gas is ejected uniformly from the surface of a porous cylinder situated in
the uniform air stream of velocity V, and a flame sheet is established within the
boundary layer in the forward stagnation region of the cylinder. In this case the
fuel gas is present in the region between the cylinder surface and the flame sheet,
while oxygen is present only in the outer region of the boundary layer. The inert
nitrogen and the combustion product will be present throughout the entire boundary
layer.

For simplicity, the following assumptions are made for the analysis:

1. The flow is two-dimensional, steady and laminar.

2. Viscous dissipation and radiation are neglected.

3. The specific heat ¢, at constant pressure is the same for all relevant chemi-
cal species and constant.

4. The chemical species in the boundary layer are the fuel gas (subscript 1),
oxygen (subscript 2), nitrogen (subscript 3) and the combustion product
(subscript 4).

5. The density p and the transport properties such as the viscosity u, the
thermal conductivity A and the diffusion coefficient D of gas mixtures are constant.

.
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F16. 3. Schematic diagram of counter-flow diffusion flame stabilized in the
forward stagnation region of a porous cylinder.

6. Combustion process is completely diffusion controlled and results in a zero
mass fraction for the fuel gas and oxygen at the flame sheet.

7. The correct proportions of the fuel gas and oxygen arrive at the flame sheet
to provide a stoichiometric mixture.

A simple analysis of combustion in the boundary layer on the flame sheet model
and under these assumptions was performed by Hartnett and Eckert in order to
study the influence of combustion upon the mass transfer cooling of the skin of
re-entering vehicles and the walls of rocket nozzles [/4]. Their problem is sub-
stantially the same as the present problem of the counter-flow diffusion flame
established in the forward stagnation region of a porous cylinder, except that the
temperature of air at the outer edge of the boundary layer is very high. Therefore
the analysis by Hartnett and Eckert may be adopted to the present problem without
any substantial modification. In their analysis, however, the iterative method was
used to determine the location of the flame, and therefore, the numerical calcu-
lation is somewhat troublesome. In the present paper, an improved method is
presented, in which the general analytic expression for the relation between the
location of the flame and the fuel ejection rate is obtained, and the location of the
flame is determined for various combinations of reactants by a simple calculation.

4. GOVERNING EQUATIONS

Let the origin of the coordinate be at the stagnation point on the cylinder surface
and the z- and y-axes be along and perpendicular to the surface, respectively.
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100 H. Tsuji and 1. Yamaoka

The air of temperature T, outside the boundary layer, flows at a velocity U,
(=2Vz/R) parallel to the z axis (Figure 3). Denoting the velocity components
in the z and ¥ directions by % and v, respectively, the mass concentration (i.e.,
weight ratio) of 4'th species by Y, and the local gas temperature by T, the result-
ing boundary layer equations may be written as follows:

Global continuity equation:

ou . ov

—+—=0. 4.1
o + 3 4.1)
Momentum equation:
ou ou dU o*u
w4 _p G 2 4.2
ox oy dx i oy? (4-2)
Diffusion equation for each species:
Y, Y 'Y, .
U—=t4p—it=D o 1=1,2,3 4.3)~ (4.5
L =D ) (4.3)~(4.5)
4
VY. =1. (4.6)
i=1
Energy equation:
@7 0T _ o'T 4.7

In these equations v(= p/p) and £(=2/c,p) are the kinematic viscosity and the ther-

mometric conductivity of gas mixtures, respectively. The term u-gp— has been neg-
x

lected in the energy equation, because the kinetic energy is very small compared to

the thermal enthalpy.

The boundary conditions of these governing equations are as follows:

at y=0:u4=0, v=v,, Y,=Y,, Y;=Y;,, T=T,,
as y—>0° :u—'_)Uonn Y‘Z_>Y2003 Y3_—’Y3°°9 Tv.)TOO’ (4'8)
at y=1v, (at flame sheet):Y,=0, ¥,=0, T=T,.

The above equations and the boundary conditions are sufficient to determine the
velocity, concentration and temperature profiles, if v, Y,,,, T ,and y, are specified.
As is well known, however, in the boundary layer problem with foreign gas injec-
tion, Y, cannot be specified independently of v,,[/8] [/9]. and the flame tempera-
ture and the location of the flame are also functions of v,, and the fuel composition
[714]. Y,,, v, and T, are determined respectively by the following conditions.

In general, the velocity v, in the ¥ direction of the i’th species is composed of a
diffusion velocity —(D/Y,)(@Y;/dy) and a convection velocity v, i.e.,

9
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A Gasdynamic Analysis of the Counter-Flow Diffusion Flame 101
Y,

Yw,=—D (_aJ_) Y. @.9)
Y

It is reasonable to put the physical condition that there is to be no net flow of the

gas components except the ejected fuel gas through the cylinder surface. Therefore,
Vg, and v,,, are O and the relations

D(aYK/ay)w = Yawvw (4. 10)
and

D(ayi/ay)w: Y4w/vw (411)

exist for the inert nitrogen and the combustion product. Substituting for Y, the
expression obtained from Equation (4.6) and noting that no oxidizer appears at
the surface, Equations (4.10) and (4.11) may be combined to yield

—D(ayl/ay)w:(l_Ylw)vw' (412)

The resulting convection velocity v,, at the surface of the cylinder is the velocity
associated with the momentum equation and, therefore, Equations (4.10)~(4.12)
give the relationship between the ejection velocity and the concentration of each
species at the cylinder surface, i.e., Y,, is determined when the ejection velocity
is specified.

Since at the flame sheet fuel and oxygen are in stoichiometric ratio and since the
diffusion coefficients are assumed to be the same for all relevant chemical species,
it follows that at the flame sheet

(_a"l) Z_Jr(acz) , (4.13)
ay Yx 1 ay Y+

where ¢; and ¢, are the mole concentrations (number of moles in unit volume) of
fuel and oxygen, respectively, and ¢ is the number of moles of oxygen required to
burn 1 mole of fuel to effect complete combustion. If j is the number of grams of
oxygen required to burn 1 gram of fuel to effect complete combustion, the condition
(4.13) can be rewritten as

(ayl) :_}_(Wz) , (4.14)
oY /s ] oY /ve

in which j=1m,/m; and m, and m, are the molecular weights of fuel and oxygen,
respectively. Equation (4.14) gives the relationship between the ejection velocity
and the location of the flame.

The temperature T , at the flame sheet is determined by the requirement that the
énergy generated by the combustion process must be equal to the heat flow away
from the flame sheet by conduction, i.e.,
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(21 (%) :—D(—BZL) H, (4.15)
ay Tx ay (33 ay Y=

in which T; and Ty are the local gas temperatures for the region between the
cylinder surface and the flame sheet (say, region 1) and for the region outside the
flame sheet (say, region II), respectively, and H is the heat of combustion per
unit volume of fuel. The first term in Equation (4.15) represents the heat flow
away from the flame sheet toward the cylinder surface, while the second term is the
heat conducted toward the outer edge of the boundary layer.

Introducing these additional conditions (4.10), (4.11), (4.12), (4.14) and
(4.15), the specification of the ejection velocity v,, and the composition of fuel
uniquely determines the problem.

5. ANALYSIS

5-1. SoLuTiON OF MOMENTUM EQUATION

As is well known, the global continuity equation and the momentum equation
may be transformed to an ordinary differential equation by introducing the stream
function y, defined by the usual relations

u:_@_‘l’_, v:—-.@i, (5.1
oy ox

as well as the following dimensionless variables
(@, =AUz (@), n=JU.vx¥. (5.2)
Equations (4.1) and (4.2) then become

Fr £ = () +1=0, (5.3)
in which primes denote differentiation with respect to . The appropriate boundary
conditions are as follows:

R, .
2 (5.4)

at 7=0 :f/=0, f=f,=—22
| %4
as p—oo: fl—1,

in which R, = VR/v. The solution of Equation (5.3), subject to the imposed bound-
ary conditions, has been reported in several references and recently in more detail
by Hayasi for a range of ejection rates, f. [20].

5-2. SOLUTION OF DIFFUSION EQUATION FOR EACH SPECIES.
LocATIiION OF FLAME SHEET

In order to determine the concentration profile of each species, it is necessary to
solve three diffusion equations (4.3), (4.4) and (4.5) with the boundary con-
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A Gasdynamic Analysis of the Counter-Flow Diffusion Flame 103

ditions (4.8) and the subsidiary conditions (4.10), (4.12) and (4.14). But the
location of the flame is not determined previously, so that one of the boundary
conditions is indeterminate. Hartnett and Eckert used the iterative method to
determine the location of the flame sheet, and therefore, the numerical calculation
is rather troublesome. This difficulty, however, can be easily overcome by the
following simple device which was first proposed by Burke and Schumann and has
been used by many authors for the studies of diffusion flames [21].

As 7 is grams of oxygen required to burn 1 gram of fuel to effect complete com-
bustion, Y,/j represents the equivalent fuel concentration. Since at the flame
sheet fuel and oxygen are in stoichiometric ratio and since the diffusion coefficients
are assumed to be the same for all relevant chemical species, it follows that

) {32
oY /.« oy g ver
Thus, in Figure 4 the reflected or mirror image curve —Y,/j connects smoothly

with the fuel concentration curve at the flame sheet; and since the fuel concentration
curve and the reflected curve are both determined by the same diffusion equation,
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FI1G. 4. Schematic diagram of concentration profiles across the flame.
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104 H. Tsuji and 1. Yamaoka

the reflected curve may be considered, for mathematical purposes, to represent
negative concentrations of fuel having a maximum value (largest negative value)
at the outer edge of the boundary layer and a value of zero at the flame sheet.
The diffusion problem of fuel and oxygen then reduces to the diffusion of a single
gas, namely fuel gas. Therefore the diffusion equations to be solved to determine
the concentration profile of each species are

NG S Y0 )

4.3
ox oy oy* “-3)
and
w9Ys 4 Yy _p Y, (4.5)
ox oy oy*
The boundary conditions of these equations are
at y=0:Y,=Y,,, Y,=Y,,, (5.5)

as Y-—oo! Yl‘_’_Yzao/j, Ys“‘*Ysao-

The location of the flame sheet %, can be immediately determined by the condition
that Y, is zero.

If we put
Y+
G OP)=—— (5.6)
Y+ 2
and
— Ys“‘Yaw 5.7
¢3(77)—‘““—'—"—Yam__yaw ’ 5.7
Equations (4.3) and (4.5) are transformed to the ordinary differential equations,
¢ +Sf¢=0, (5.8)
and
¢y +Sfp;=0, (5.9)

respectively, in which S(=v/D) is the Schmidt number. The boundary conditions
are

at =0 : ¢,=1, ¢,=0, } (5.10)
as y—oo: ¢,—0, ¢;—1.

The solutions of these equtions which satisfy the boundary conditions are

[rexp(— [ Sfdndy

5 5.11
[exp(— [ Sfdnydy e

951:1—

and
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[rexp(— [ Sfdpydy
[“exp(—["Sfdpdy

b= (5.12)

respectively. The numerical integration of ¢; has recently been carried out by
Hayasi and values of ¢; are presented in detail for a range of f, and for S of
0.9 and 1.0 [20]. Substituting Equation (5.12) into Equation (4.10), the concen-
tration of nitrogen at the cylinder surface, and accordingly the concentration profile
of nitrogen within the boundary layer can be determined, i.e.,

Y At G139
and
vl el ©-19
in which
4.7, £ = exp(—{'stanay, (5.15)
and
Ay(o0, fu)= S: exp(— S:Sfdip)dry . (5.16)

It is easily found that the concentration profile of nitrogen depends on the Schmidt
number S and the nondimensional ejection parameter f, only and is independent
of the composition of fuel.

Substituting Equation (5.11) into Equation (4.12), the concentration of fuel
at the cylinder surface can be determined, i.e.,

— 8fud, (0, fo)— Y;w

Ylw: .
1'—wa/13(°°7 fw) (5‘17)

The value of f,, is negative in the case of gas ejection from the surface. Therefore
Y., becomes zero at a small, finite value of —f,. This condition corresponds to
stoichiometric combustion immediately on the surface. If the ejection velocity of
fuel is smaller than this critical value, the combustion occurs directly on the surface
but in the presence of excess oxygen. Such surface combustion was considered by
several authors. As the ejection velocity of fuel is increased, and if

—Sfud(eo, f)>Tam, (5.18)

7
Y., becomes positive, and the flame front lifts off the surface and the flame sheet
is established within the boundary layer. As shown in Figure 2, however, the
surface combustion does not occur actually in the experiment, because the flame
blows off from the stagnation region due to thermal quenching as the flame ap-

proaches the cylinder surface.
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' ¢
Substituting Equations (5.11) and (5.17) into Equation (5.6), the concen-
tration profile of fuel within the boundary layer can be obtained, i.e.,
Y’)oo
—Sfu{di(oo, f) = A, f)} — == {1—8f, 4, (p, f)}
Y, = J . (5.19)
1 —waAs(oo > fu')
If we put Y, =0, the location of the flame sheet, 74> can be determined immediate-
ly from the relation,
—Sfu{A(0, F) = A,(par Fu)} — Y;w {1=Sfud,(n,, fO} =0,  (5.20)
i.e.,
(oo, f) + YSZ;/J
A (s f)= — (5.21) 9
. o
7 *

It is easily found that the location of the flame sheet depends on the reaction
parameter j as well as the Schmidt number S and the nondimensional ejection
parameter f,. Substituting Equation (5.21) into Equation (5.14), the concen-
tration of nitrogen at the flame sheet can be obtained, i.e.,

Y,.

7
It must be noticed that at the flame sheet the concentration of nitrogen and accord-
ingly the concentration of the combustion product depend on the reaction para-

meter § only and are independent of f,,.

5-3. SoOLUTION OF ENERGY EQUATION

The solution to the energy equation (4.7) is required if the temperature distri-
butions within the boundary layer are to be determined and the heat transfer to
the surface is to be examined.

If we put
T,-T
0,(p)=-"——2 5.23
/() T,-T, ( )
for region I, and
T,,—T
g =_J -7 5.24
11(7) Too—Tj ( )

for region II, and if we assume that , and ¢,, are functions of 7 only, Equation
(4.7) can be transformed to the ordinary differential equations,

8, +of8;=0 (5.25)
for region I, and
0, +afb;;=0 (5.26)
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for region II, in which ¢(=v/¢) is the Prandtl number. The boundary conditions
are

at )7:0 . 0120,
at 0:v*: 01:1, 01[:0, (5-27)
as 77~—>OOI 011_)1.

The solutions of these equations which satisfy the boundary conditions are

6,= A fu) (5.28)
Aa(”*’fw)
and
0” — Aa(77: fw) _Aa(ﬁ*; fw) (529)

Aa(oo’ fw) —Aa(v*> fw) ’
respectively, in which

A2, 1) = lexp ([ otanay. (5.30)
A, (745 fw):S:'exp ( —SZ(H‘ dp)dy, (5.31)
and
Adoo, f={exp (—loranay. (5.32)
If we put
_ A.(p, o)
Ly, f)y=-201wl 5.33
(1 f) Ao 1) (5.33)
and
_ A, f)
L'y, [o) =20t Twl | 5.34
(D> Fu) Ao 1) (5.349)
6, and ¢,, can be expressed as
6,= Fa(77: fw) , (5'35)
[1,,(77*, fw)
and
0”: F‘,(U, fw)_”ra(ﬁ*s fw) , (536)
I—F,(y*, fw)
respectively.

Substituting Equations (5.11), (5.35) and (5.36) into Equation (4.15), the tem-
perature T, at the flame sheet can be determined, i.e.,

T, =T+ Tu—T ) (e, fu) + 2 (Y1w+ Yoo )r.,(v*,fw)
PCp J
Iy fo)
1— I (g, fu)} L, L6 x> Tw) (5.37)
XA Pl B gy =)

In the case when the Lewis number L,(=g¢/S) is 1,
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L Psl(ﬂ*, fw) :1

e 5.38)
Fa,(’y*’ fw) (
Therefore the flame temperature becomes
Tf: Tw+ (Too_— Tw)Fl(v*ﬂ fw) + H (Y1w+ Y;.w )Fl(v*’ fu‘)
: » /
X A{1=1"(nss fu)} s (5.39)
in which
NCXP(- Svfdv) dy
T\, f) =20 T) S ’ (5.40)

Ay(oo, f.) S:exp(_ngdv)dv .

The heat flow to the cylinder surface with combustion occurring in the stagnation
region may be determined from the relation,
qzz( o7, )w (5.41)
oy
in which ¢ is the heat flow per unit area and time. Substituting Equation (5.35)
into Equation (5.41), we obtain

q-R ( de, ) _r)o, f.,) _ 1

AR, (T,—Ty) \dple T ye fo) Al fo)

In the preceding section, the location of the flame sheet was determined as a
function of f,. It then follows from the above equations that the specification of
T, and T_ completely determines the temperature distribution throughout the
boundary layer and the heat flow to the cylinder surface.

(5.42)

6. NUMERICAL EXAMPLES

The present analysis has been applied to the combustion situations shown in
Table 1 and numerical calculations have been carried out by manual computation
for S=¢=1. In this calculation, the numerical solutions of f() and 4,(y, f.)
obtained by Hayasi have been used, and the concentrations of oxygen and nitrogen
in air, i.e., Y,,, and Y,_, have been assumed to be 0.233 and 0.767, respectively.

The resulting location of the flame sheet, designated as 5,, is shown in Figures
5 and 6. In Figure 5, 7, is presented as functions of —f,, 7 being the parameter,
while in Figure 6, 7, is presented as functions of j, —f,, being the parameter. The
location of the stagnation point 7, is also presented in Figure 5. It is seen that the
value of 5, starts with a zero value at a finite fuel ejection velocity for each of the
reactions considered. As already pointed out, this condition corresponds to the
stoichiometric combustion immediately on the surface. A small increase in the
ejection rate of fuel above the value required for stoichiometric surface combustion
causes an appreciable movement of the flame sheet into the boundary layer.
74 increases with increasing —f,, and 7, and the flame sheet lies always on the air
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TABLE 1.
Fuel Chemical reaction i ny my | myfm i
H, H,;+%0,-H,0 0.5 2 32 16 8
C C+0,—-CO, 1 12 32 8/3 | 2.667
C C+30,—-CO 0.5 12 32 8/3 1.333
CcoO CO+30,—-CO, 0.5 28 32 8/7 |0.5714
CH, CH,+20,—CO0,+2H,0 2 16 32 2 4
C;H, CyH+340,—2C0,+3H,0 3.5 30 32 16/15 | 3.733
CsHg C3;Hg+50;—3C0,+4H,0 5 44 32 8/11 | 3.636
0 O C,H, C.H,;+240,—2C0,+H,0 2.5 26 32 16/13 | 3.077
® )
City gas City gas+0.908 O,—aCO.+ H,0 0.908 17.05 32 1.877 | 1.704
? | H
j=8 o
6 <
My 4 /*CsHa
2
" / <CITY GAS
5 | A
) / )
// / L
STAGNATION POINT
S =
%0 05 o
~Fu

/7 3

ns as functions of fuel ejection rate —f,,.

Fic. 5. Location of flame sheet 7, and location of stagnation point
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FiG. 6. Location of flame sheet 7, as functions of reaction parameter j.

side of the stagnation point except in the case of extremely small —f,. It has been
confirmed that the numerical results of the present analysis are completely
consistent with those obtained through the iterative method by Hartnett and
Eckert [14].

The concentration profiles and the temperature distributions across the boundary
layer are presented in Figures 7 and 8, respectively, for propane combustion with
the ejection rates, —f,, equal to 0.1, 0.5 and 1.0. It may be seen in these figures
that the flame sheet is located relatively far from the surface and close to the outer
edge of the boundary layer if the ejection rate is comparatively large. The non-
dimensional heat flows to the cylinder surface with and without combustion in the
stagnation region are presented in Figure 9.

7. COMPARISON WITH EXPERIMENTAL RESULTS

The measured locations of thin, blue flames of propane-air and city gas-air are
shown in Figure 10, in which the nondimensional distance y, is plotted against
the nondimensional ejection parameter —f, [I1]. It is found that the measured
distance », is completely correlated with — f,, independent of V and v, for a given
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Fi16. 7. Concentration profiles across the propane-air flame. — fw=0.1, 0.5 and
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combination of reactants and the cylinder of a fixed diameter, and the distance Ny
for propane-air flame is larger than that for city gas-air flame. The calculated
locations of propane-air flame, city gas-air flame and the stagnation point are also
presented in this figure. The theoretical results obtained in the present analysis are
found to be qualitatively consistent with the observed results.

Figure 11 shows an example of particle streak picture of the stagnation flow with
flame. The particles introduced into the air stream always passed through the
flame and the stagnation point was found to be on the fuel side of the flame. The
theoretical prediction that the flame should lie on the air side of the stagnation
point except in the case of extremely small —f, was strikingly confirmed for both
propane-air and city gas-air flames.

These experimental results suggest that the flame sheet model is useful to evalu-
ate the effects of the aerodynamic and chemical parameters upon the location of
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Fic. 8. Temperature profiles across the propane-air flame. -f,=0.1, 0.5 and
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the flame and the flow field, etc., although the blow-off limit of the flame observed
in the experiment can not be predicted on the flame sheet model in which the
infinite rate of reaction is assumed in the flame.

8. CONCLUDING REMARKS

In the present paper, the counter-flow diffusion flame established in the forward
stagnation region of a porous cylinder has been analyzed on the simple flame sheet
model and by the boundary layer approximation, and the effects of the aerodynamic
and chemical parameters upon the location of the flame have been examined. The
general analytic expressions of the location of the flame and the concentration and
temperature profiles across the flame have been obtained as functions of the fuel
ejection rate and the fuel composition, and the location of the flame has been

@
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FIG. 9. Heat flow to the cylinder surface with and without combustion.
Propane-air flame.

calculated for various combinations of reactants. It has been confirmed that the
theoretical results are qualitatively consistent with the experimental results and
the flame sheet model is useful to predict the location of the counter-flow diffusion
flame established in the forward stagnation region of a porous cylinder.

The authors would like to express their sincere thanks to Dr. N. Hayasi for his
kind advice in numerical calculation.
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Fic. 10. Measured locations of propane-air and city gas-air flames. D=3.0cm.

v

Fi16. 11. Particle streak picture of counter-flow diffusion flame. Propane-air flame.
D=3.0cm. V=80cm/sec. v,=8.6cm/sec.
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