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ABSTRACT

The parametric equations for gas velocitics and pressure, in
terms of the density ratio and wake width, for a flame spreading in a
rectangular duct from a point flamesholder, are reviewed. A series
solution for the cold gas velocity is proposed, evaluated, and its ape-
plicability to parametric values shown.

An attempt is made to determine the axial wake spreading rate,
through a fluld mechanics appreach utilizing the momentum equation
and later the moment of the mornentum eguation. Doth attempts are
unsuccessiul, for undetermined reasons.

The axial wake spreading rate is then approached, aftey deflning
an effective turbulent flame velocity, by cguating the rate of disappear-
ance of mass from cold stream with the rate of consumption of mass by
the flame. Comparison is then made with a few of the conclusions that

have been derived from experimental results.
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I. INTRODUCTION

Laminayr burning and the resultant wake spreading within chane
nels have been analyzed,and the results compare well with experimantal
results. The success of the analysis may be attributed in part to an
understanding of the phenomenon of laminar buraing and the construce
tion of an applicable analytic model. |

Unfortunately, most technically interesting and practical flames
are turbulent. The analysis of turbulent spreading rates has been sig-
nificantly less successful than for laminar burning. The very complexity
of the turbulent flame, involving changes in concentration due to diffu-
sion and chemical reactions, coupled with turbulence makes an analytical
model guite iavolved, and the solution even more forbidding. Analytical
models for the turbulent flame {ront have been proposed, but applica-
tions of theories to flame propagation in ducts have not been possible.

It has been experimentally cbserved that often the thickness of the {flame
front is small compared with duct dimensions. This has suggested
theoretical treatments based on the assumption of a discontinuity in the
gas density at the flame front. Results {rom this type of analysis by
Scarlack.“} and later, and movre simply, by Taienqa}. have lead to para=~
metric relations between wake width, gas velocities, pressure, and per-
cent of fuel consumed. ﬁpaldingé‘% more recently presented a theory of
turbulent spreading hased on a similarity between a spreading flame and
a turbulent jet in which the dependence of spreading rate on axial dis-
tance is given.

{5)

Experimental work by Weight and K&ﬂﬁ@ﬁ%k#%%, Satre®”’, and

ﬂmx’smn(é} has pointed up strong disagreement with Spalding's work
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and with resulis obtained by esxtending the parametric relationships of
Scurlock and Tslen with an assumption of a turbulent flame apeed pro-
portional to the laminar flame speed,

This paper is composed of three sections. The first section
includes a slight extension of Tsien's work and the development of a
series representation for gas velocity. A comparison is made of the
geries representation with values based on a theory similar to Dr.
Teien's which have been programmed on a digital computer., A come
parison with experimental work {s also included in this section. The
second section had been suggested as a logical extension of the first by
aﬁémpf:ing to bring the spreading rate {x dependence) inte the prablem
through the momentun egquation. Unfortunately, the method was not
successful, although several alternative approaches to the basic probe
lem were attempted. The third section discusses a crude analysis of
the problem based on the assumption that the turbulent flame speed de-
pends upon the sum of the laminar flame speed and a turbulent term
which is a fuanction of density ratio and velocity gradient. The resultant

spreading rates were compared to experimental values,
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li. DEVELCOPMENT AND DISCUSSION

A. Parametric and Series Representations of Gas Velocity

The physical model selecied for this analysis is a gross sime
plification of the physical processes of ‘ﬁ.%m practical problem, as
described in the introduction. In this meodel, we consider a steady,
two-dimensional flow condition, with the flame {ront propagating from
a point flameholder located on the centerline of a duct. The entering
velocity profile is taken to be uniform and the flow, before and after
the flame front, is assumed to be incompressible.

The flame front iz approximated by o line discontinuity of den=
gity, temperature, and vertical velocity component, with a constant
density on e‘zﬁé@r gide. In addition, no static pressure change occurs
across the duct in a dirvection perpendicular {0 the axis of the flow.

In the interest of simplifying the calculations, the velocity pro-
file is taken to be uniform in the unburnt Dow, and is chosen to be
linearly increasing from the unburnt value at the ﬂéme front to a masi-
mum value at the duct centerline.

The flow discussed herein is depicted schematically in E“{g‘w@ 1.
The assumption of incompressibility is valid for a low Mach number
flow; that of constant static pressure is justifiable for a flame front at
a srnall angle to the axis of the duct, as is the assumption of a continuous
axdal velocity at the flame front. The assumption of the velocity profile
within the hot gas is open to guestion. Comparison with measured pro-
files, e.g. Ref., 7, show that, although the velocity profile in ézais region
may have a good deal of detall, they can be reasonably represented by a

linsar profile, unless the detailed velocity gradients are important. In
g i
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this case, the simple linear velocity profile may lead to serious errors.
The final assumption so far postulated is the representation of the flame
front as a discontinuity. Detalled study of Schiieren photographs of ture

bulent ﬂa.measw’ 6)

show that the "flame" thickness may be as much asg
one centimeter. Further indication of this is glven by examination of
maé.autem@nﬁs of temperature and combustion efficiency within the
flame. These likewise show a region, about a centimeter thick, of
change rather than a thin discontinuity. Since duct widths of only fif-
teen centimeters are common in experiments, which are compared to
the analytical vesuls, it is evident that, although difficult to estimate,
some degree of error must be induced by the discontinuity assumption.
Thus far, the g‘smbiam as poged is exactly analogous to that dis-
cugsed by T@i@:ﬁﬁz}. As formulated, the problem can now be solved to
give a parametric solution for flow velocitles and pressures in termas
of wake width with arbitrary density raties. The wmtiam is obtalined
through the utilization of three equations; Bernoulli's in the cold gas,
and the equations of continuity and momentum integrated across the
duct. These three equations involve five unknowns) cold gas speed,
maximum burat gas speed, pressure, wake width, and density ratio.
Therefore, for arbitrarily selected values of density ratio, the fivst
three variables may be given as a function of the wake width. In the
following paragraphs, this process is shown briefly, and a simple
representation in terms of a series expansion in the density ratio is
given for the cald gas velocity. The vesulting profiles ave compared

with experimental resulis.



ﬁg';ﬂ

{1} Development of General Equations., - The assumed ve=

locity profile is given by

2 oW
ws ) o (1)
%ﬁ%;{;i%ﬂ-uﬁ y<w

The eguation of contlnuity may be written as an integral across

the entire channel ag

L& ¥
fr r
\i pu dy = j pc u@ dy .
& 1+

Substituting the veloeity profile and integrating as indlcated gives for
oy |
w, = % %IH% - uc{H-w)]- u, . ’ {2)
The momentum equation in the axial direction is givén by:
u%+v%z-%%%§%€%}. {3}
Adding u times the differential form of the continuity equation to

equation 3 and rearranging, one gets:

2
Blu”) . Ou _ 1 8{r/p)
Bt ayv} = - S = {4)

Writing this as an integral across the duct gives

;"mphugg B, uv) %? Mpcua) ﬂ M@aw}}ﬁ .
S i v ;I T
] W

w H

) W

From congideration of symmetry and physical arguments, the
shear must be zero on the centerline, and since the velocity profile is

considered to be uniform in the cold gas, the shear must be everywhere
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zero in thiz region. Hence, shear at centerline and the duct wall is
zero., Likewise, from symmetry, the vertical component of velocity
is zero at the centerline and is also zero at the solid boundary of the
channel wall. Hence, equation b may be written, aiter manipulation

to put the differentials outside the integral, as

W H
F}E ‘j phﬁ dy - Qhﬁ {W’} va-;g- + @hﬁ{‘W;VhLW; +~5-§ Qg pc‘ﬁ. ﬁy + @ﬂu {w}m
0 w
v i
g - E - 6 - [ 2 d‘@v A a i - o ‘;’ @W A
- ?cu{WEVC{W,z = 5= J pdy +§1W;~§'§ i pdy = P{Ws"z&-f* {6}

The four terms outside of integrals on the left-hand side of equation 6
may be written as

li{W}r snr oAy b . Hep o g
f= phuéwjdw + phwil{w}dx + gyﬁuiwfﬁw - @cvegw,edxfi .

Here, the bracketed term is merely the mass flow in to and out of a
differential area at the flame front, and hence the sum of these terms

is zero. Then equation &6 becomes
H
r 2

| {p 8 %:?MVJ =0 .

J

o
8 z ..
¥ [ I {pyu +pdy +
g w

Hence, the bracketed term in equation 6 is a constant aleng the azial

direction,and may be evaluated in terms of ite value at == 0, as:

H
r,.2 .- 2 '
dlpudpdy = Hip u "+p) . N
O
Bernoulli's equation in the cold stream may be writien asz
= 1 2 _ w8y
Py = zpple, =u )+, (&)

where the approximation is made that the component of aunial velocity

is 8o much greater than the vertical component that the magnitude of
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the velocity is given by the magnitude of the axial velocity alome. For
practical cases, this approxmation will result in a negligible error,
Equations 2, 7, and 8 can be combined to eliminate v, and p,
and introduction of the dimensionless variables,
Vo= opplege
go=wla,
o« = u fu_,
n o= y/H,
{=wfH
gives the parametric solution for the velocity ratio, «, in terms of
the dimensionless wake width, (.
T i ) L L S L S U

]
Solution for B is obtained from the continuity equation, equation 2;

written in terms of the dimensionless parameters, the equation is:
B o= (o (1= (1-k]-al. | (10)

Numerical calculations for arbitrary values of the density ratio
permit determination of dimensionless cold gas velocity, o, and hence
also dimensionless maximum hot velocity, § , and pressure distribution
for all values of nm;éimenﬁi@xmi wake widih, These resulis are shown
in Table I and also in Figure 2.

{2} Comparison with Experimental Results. - In experimental

work, a flameholder of finite size must be used to stabilize the fame
in a duct; such flameholders are not treated within the framework of
thiz analysis. However, the presence of thiz holder must be taken into

consideration when comparing the reogulis of theory and experiment.
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The flameholder will have its attendant recirculation zone which may
extend dﬁwmtmar;a a distance of five to ten flameholder diameters and,
meore significantly, may occupy up to thirty per cent of the duct height.
Meaningful comparison between theory and experimental work, then,
can only be made for experimental data beginning at the downstream end
of the recirculation zone. In order to make such a comparison, an
arbitrary beginning wake width must be gpecified for the theoretical
cape, In addition, it is noted that near the recirculation zone the vee
locity profile outside of the flame front is not flat, but has a slightly
higher velocity near the flame front. This non-uniformity disappears
further downetream, but must be taken into account, too.

Comparison is made in Figure Z betwesn theorvetical and ex-
perimental values of cold gas speed as a function of wake widih for
three sizes of ﬂm&h@m@mm). Both theory and results from the exe
periments are with o density ratio of about 0. 16. The effect of the |
flameholder iz seen as a significant deviation of the dimensionless
cold gas velocity from theory near the centerline, but all curves ap-
proach that of theory at points far downstream of the influence of the
flameholder and recirculation zone. This indicates that the analytical
model chosen and assumptions made were reasonable, ai least for the
determination of gas velocities and pressurcs within the duct.

The comparison made here ig typical of the agreement obtained
between experiment and theory for turbulent flames. In a few isolated
cases, complete velocity profiles have been obtained. Compayison is
shown in Figure 3 of such a profile, {rom Reference 7, with the theo-

retical curve baged on a value of wake width equal {0 55 per cent of the
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duct height. Deapite the lack of symmetry of the experimental resuits,
the curves agree reasonably in cold flow and in the hot flow near the
edge of the flame. However, the centerline velocity ervor appsare to
be appreciable. This may be due in part to the fact that the centerline
flow passed through the recirculation zone just downstream of the flame-
holder and thus may have a reduced total pressure.

In swnmary, it appears that the values of velocity and pressure
estimated for a given wake width for the simple model proposed here
do give a reagonable approximation of the flow field downstream of the

flameholder and recirculation zone.

(3) Series Representation. - Unfortunately, the parametric
results obtained from equation 10 are unwieldy to use in an attempt o
obtain analytically the dependence of wake width, and hence other varie
ables, on the awxial distance frorm the point flameholder. Examination
of equation 10 shows that it depends strongy upon the density ratio. In
fact, as the density ratio goes to zero, l.e., ) # §, the equation hag

the particularly simple solution

G,=-I~%~?~.

This result ie merely a statement of the continuity equation in none
dimensional form, showing that for A = 0, no mass ls contained within
the wake width., This suggests that a power series expansion in )} may
lead to a convenient representation foy the velocity in terms of the

wake width, Decause of the gquadratic nature of 10, a series of the
form

i 3/2

3.2' %,
a:m{:i»%fAI 4+ g) + hy 4+ eoe ] {11}

was proposed. The coefficiente £, g, and b were evaluated by



B §1 28
substitution of the series into equation 19, and then squating like
powers of the density ratio, ) , within the resulting equation. The
procedure ig straightforward, but algebraically tedious; therefore, the

details are omitted here. The results yield

- ,3/a
¢

é“g"g} ’

g:&-“

{1-C)"

E‘l m\/};{gli,?; (-ﬁ} “5'“’%?5@ - z;:ﬁ;yge?*‘ 3@€%}}
K 48(1-¢)°

These coefficients can be evaluated for arbitrary values of { , the

normalized wake widih, and ave given in Table II for selected values.
Note that once tabulated, celculation for dimensionless cold velocity,
and hence other variables, for selected values of the density ratio is
rapid. Moreover, the seriss gives a convenient analytical representa-
tion for the velocity 28 a function of { and 3 . |

Convergence for the series for all values of wake width and
density ratio ie not guaranteed or implied. Comparison of values of «
computed from nwnerical solution of eqguation 10 with values obtained
ueing the first four terms of the geries is given in Pigure 4 for a den-
sity ratio of 0. 24, Close agreement is obtained out to ( = 0.6 for this
rather large density vatio: betier agreement is obtained for smaller
values of the density ratio. Since this range of density ratio and wake
widths embraces the regions of practical interest, the series vepresen-

tation is a convenient and useful tool.
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B. Attempted Development of Axial Dependence

In this section, an outline is presented of an attempt to obtain
the dependence of wake width, and hence other variables, on the axial
distance from the point initiation of the flame. The approach used was
to assume that the flame spreading process iz governed primarily by
turbulent mixing between hot burat gas and cold combustible material.
From this point of view, mixing processes are assumed to be slow in
comparison with the chemical processes leading {0 combustion of the
fuel-air mixture, and hence these mixing processes are the rate doms-
inating step in the process. The latter point of view is suggested by
the lack of dependence shown experimentally by the spreading rate on
chemically dominated parameters such as the laminar flame speed.

Application of the assumption is made by carrying out integrals
of the momenturn equation in a manner such that the axial coordinate
appears explicitly in the result. In order to do this analytically, the
series representation derived in the previous section is used to elimi= "
nate gas velocities and leave the momentum equation in terms of a dif-
ferential equation involving the axial coordinate and wake width.

To caryvy out this procedure, the shear term must be given e~
plicitly. This is accomplished through use of the mixing length hypoth-
esis first formulated by Prandtl in 1925, and is based to a great extent
upon physical reasoning. Rasically, it is argued that the average value
of the random fluctuations of axial velocity, u', is ér@p@rﬁ@nai to o
characteristic length times the change in the mean value of axial ve-
locity in the vertical direction, i.e., u'~1 %% . Further, the ase

sumption is made that the average value of the random fluctuations in
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the vertical l‘iit&’@ﬁﬁ@ﬁ; v', is proportional to the same guantity,

du - "
LA o Then the expression for the Reynolds stress becomes

2 duyd : . :
7 ~pd g;if%g’? . In our case, the cholce of velocity profile gives

#uh-u yw , and farther, the only characteristic or mixing di-
mension within the problem is the wake width, w ; hence, the form for
shear in our analysis becone g

¢ = k Ph wﬁm = @ }«3-@ @333

where k is an m&e&érmim&d proportionality constant. This particular
form for the shear has been chosen to give 7 = 0 outside of the flame
zone and is consistent with the assumed velocity profile.

Congider again %he momentum equation coupled with the equation

of continuity given in the first section,

Op D
(Pu)*‘g‘wm’) -5 F@‘%’f) .
In order to keep the xn dependence in the equation, it is necessary to

integrate this equation over only a pazrt of the wake width. Here, it is

@

chosen to integrate {rom the centerline to one«half the wake width.
Carrying out this integral and utilizing the Bernoulli assumption in

cold gas for pressure d@p@nieﬁce. one gets

[ WE e i)
3 oy My + pulw/2)viwi2} & | - p —S— dy = rlw/2),
o 3

where equation 12 can be used to express values of v . The vertical
velocity component, v, is eliminated by use of an integral of the cone

tinuity squation, as

viw/2} = -

€l
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Manipulation of these equations in order to get all differentiation out-

side of the integrals results in 5

w2 w/2 : 3<£§”) /2]
z & c oW 2 el{wid
dy » ulw/2 U Ay e =

ki i u;w! } ‘g;% “é N4 @h - 2 ph

o
b=

©Comy

Evaluating the shear, -, as suggested above, substituting foxr

|

u{y} , and vewriting in non-dimensional form gives, finally:

d { 4 ( 2 (1-0y® +2@’~u C)+4n’] +of Z20U=C) 2004, 28
f;

BE |22 2 {; =
b ” (i aw
TSR Y REME R 7L<

= -2{-5%{i-ﬂmif?&}z‘%“*ﬂﬁi}&}% %}\‘Z{xz} . {13)

This equation involves the dimensionless variables, wake width ¢ ,
axial distance &, and cold velocity o . Thus, solution of this equa-
tion will give a value for vate of flame spreading in the axial direction,
providing only that &0/47 and o may be obtained as functions of [ .
This requires cither the use of the series representation for o,
equation 11, or a numerical solution utilizing computed tables of gas
velocity versus wake width obtained from equation 1G.

To obtain an analytical seolution, the series solution for o was
substituted in eguation 13, The resultant differential equation was then
separated into a number of separate equations by equating coeificients
of equal powers of the demsity zatic, X . Again, the process is esgen~-
tially straightforward but extremely tedious, and details ars omitted
here.

'%/
The results were that equations of the coefficlents of the : seros ’



one-half, and first powers of the density ratio were identically satis-
fied. The first non-trivial relation occurred in coefiicients for the

cube of ) and is given, after reduction, by

29 19 ¢ A0 -
[ L7 ;i vl ‘%‘%T‘”ﬂw s .
Examination of the bracketed term indicates that a change occurs when
¢ =1/3. This result is physically unrealistic. The second non-trivial
relation exhibits a like behavior.

It was fivst thou ht that this behavior might be a result of the
use of the series expansion for o . To test the validity of the use of
the series representation in the solution, a numerical solution of equa~
tlon 13 was perioymed using parametric values of gas velocity and
wake width given in Table I. This calculation also exhibited a change
in sign of 47/df in the vicinity of one~-third the wake width. Al-
though effectively removing the series representation from the doubt
of credulity, this does not provide any fasight into the reason for the
apparent fatlure of what appears to be a plausible approach.

In an attempt to vary the approach slightly, the moment of the
momentumn equation was used in lieu of the momentum eqguation as a
starting point for the calculation. That is,

Op

2 2
§lu™/2) 8{u"/2)
@ i + v B5Y

was used.
Manipulation of this equation along the same lines as suggested
in the previous calculation and then intograting from the centerline to

the edge of the wake yields
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9 }3 u“?‘ @ cm ";-f 5
T J “ - ««Z‘——}é‘y + (3 - m)mc ; hg udy = -k (uh-gag .
¢ 9

Evaluating the integrals, rewriting in dimensionless form, and ma-

nipulation yields:
3
8 legf{ler lea{le? da 1
| e }Zﬂ (-5 g glt-0-0d]
3 3
= -k [1-»&@-5«:-@1;}] : (15)

Again, making the series substitution for o, then multiplying
through by L~ {or convenience, and equating like powers of %, ifis

found that the first non-trivial expression is

5 3¢ 1
- 16 - wry ey <
which i almost identical to that obtalned previcusly from the momentum
equation, and which also exhibits the peculiarity of 40/ e changing
sign at a walke width of one third. The equation from the next higher
power of )\ also shows this behavior. |

“

o satisfactory explanation has been found ag yet for this une
realistic behavior of the solutions. However, it may be due to speci-
fying a straight<dine velocity profile, or any velocity profile satislying
a-similarity relation of the type used in the parametric analysis of the
first section. 7This, and the infinitely thin flame front, arye the rmost
dubious assumptions made within the analysia. Validity of the other
agsumptions might be guestioned in a quaniitative sense, but should not

mpair the behavior of the solution.

e

Fa

C. Turbulent Flame Velocity Concept

Previous analyses have assumed the urbulent flame speed (o
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be simply proportional to the laminar flame speed. These theories do
not agree well with experimental results obtained with turbulent flames.

In this section, we shall use an approach analogous to the ture
bulent mixing hypothesis. The average turbulent fluctuation in vertical
velocity v' has been described by Prandtd and von Harman, from
purely physical reasoning, as proportional to a characteristic length
times the rate of change of axial velocity in the vertical divection.
.&cmaﬁv. the argument is made for the average turbulent fluctuation in
the axial direction, u', and then it is asgumed that u' and v' are of
the same ordery. In our specific example, the rate of change in axdal
velocity in the burnt gas is merely {wh-ucww . and gince w is also
the characteristic length, the average turbulent fluctuation in the hot gas
iz proportional to W, ~d . From our eariler analysis it was shown that
the vertical components of velocity were discontinuous at the fame
front and were inversely proportional to the density ratio acvoss the
flame {ront. Hence the fluctuating vertical component of velocity on
the cold side is proportional to Muh-uc} . ‘Than the mass consumption
rate would be given merely by pcxiﬁéuh-ua) » where XK is an unspecified
proportionality constant,

Hence, the mass consumption rate is glven by %m{,({%}»uc} ’
where }.;%‘i{z%—uﬂ} may be construed as a flame veloeity. The overall
flamme velocity would also seem to require a consideration of the laminay
flame velocity as well, In fact, if the laminar component is not cone
gidered, the turbulent component would lead to a flow which could never
be started, since at the origin the velocity differences do not exist.

Accordingly, an efliective turbulent gas velocity was defined as
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P T . £
Vf = Vé.+ Mﬁéuh ua) o {16)

The axial coordinate can now be introduced in a natural manner
by equating the rate of disappearance of mass from the cold gas stream
to the rate at which the flame front advances timeg the density. This
mass balance is given by

d

v
providing the angle between the flame front and the axial divection is
small. In general, this approximation is 2 valid one for practical
problems.
Equation 17 may be rewritten in dimensgionless form as

g%[m{i-i}] = - tm[«; +8 - a] . (18)

where y=v,/ {Ran) .
For numerical computations utilizing Table I, this equation
becomes:

&fofi-C)]
Yhp e

= - HQAE . {19}
Using this form, axial coordinates were calculated from Table I
for A = 0. 16 with arbitrary values of v varying from nearly 0 to 0. 2..
The results are presented in Figure 5. Due to the form of the eguation,
the calculation byreaks down near the origin for values of v approaching
zevo, and the development from the point source will never ocecur. To
avoid this difficulty in presentation, the results are also given in Fig-
ure 6, where the common origin has been chosen as the point where the
flame front touches the channel wall. This removes the arbitrariness in
starting for values of y approaching mero. Note that the profile for all

the curves is very nsarly linear in that poriion of the duct from about



0. 2 to 0. 8 of the duct helght, and are not very sensitive functions of y.

{1} Comparison with Experimental Results. - A typical flame-

holder and its attendant recirculation zone may influence the flow for
from five to ten flameholder diameters downstrearm, and the wake width
at the end of the recirculation zone may be as much ag 30 per cent of
the duct height. The velocity profile at the end of the reciveulation
zone 1s not that postulated for the hot gas, but has been found to ap=
proach this within & shoxt distance. Thus, the flame studied experi-
mentally usually starts off with an apprecisble width and with a velocity
profile different from that postulated in this analysie,

a2

Since the flame holding region is fixed primazrily by geometric

4.5
aﬁﬂr%idﬁx’a@fmgg ay 3 é}’

the starting width will not change appreciably
with elther gas tempervature, fucl-air ratio, or approach stream gpeed.
Thus, in cormparing theoretical with experimental resulis, it is appro-
priate to consider theoretical curves with arbitrary values of original
wake width at the axiel origin of the problem. This is shown in Figures
7 and 8 for density ratios of 0. 16 and 0. 24 and with starting wake widths
of 0.1 and 0, 3 of the duct height.

"he selection of arbitravy values of y varying frowm U to 0. 2,
to be presented as typical, was predicated upon the fact that the laminay
flamme speed was small in comparison with initial flow conditions. To
justify this assumpilon, it is necessary to evaluate the proporiicnality
constant, generated by the mixing length concept of FPrandtl, This can
not be done from a theoretical polut of view. Ience, an esiimate for the

» >

appronimate magnitude of ¥ {9 sought by a comparison of sxpsrimental
& tid &5

Ly

and theoretical regults. Comparison between Figure 8, Ref. 4 and
[+
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Figure & gives a value for I approximately equal to one third,
Typical vrlues for laminar flame speed, approach speed, and density
ratio give values for y which are in the range 0 to 0. 2.

Two of the conclusions reached by Wright and Eu?mskﬁ-{%}.whmh
summarize as well the results of Refs. 5, 6, and 7, were that: {l1) the
flame spreading rate ig independent of approach flow speed, and {2} that
the density ratio is not very important in fixving the flame spreading
rate. It is now desired to compare the results of this apalysis with
conclusions reached from experimental work, Within this analysis,
the only effect of changing the approach speed would be to change the
value of the parameter y . A doubling of the approach speed would re-
sult in y being reduced by a factor of one half, Comparing values of
flame spreading rate {slope of the curve) for valuse of vy = 0.2 and
vy = 0.1, it is noted that theze is, at most, a change of a percent oz
two. A comparison of actual wake width as a function of an arbitrary
axial distance from Pigure 7 indicates a varviation of six or seven per
cent, when an initial wake width of ten per cent is used. For the 30
per cent initial wake width, the variation is less. Thus, the theoretical
dependence of spreading rate on velocity agrees well with the experi-
ments; the actual wake width variation iz somewhat larger for the theory.
This may be partly attributed to the artificiality of the starting condi-
tion, since it would be expected that slope and dstance would be nearly
matched in atariing in both cases. The glight variation in spreadiag
rvate is felt to be more significant, since the slope condition ig inherently
the more demanding problem. This extremely small variation is felt to

bhe comsistent with experimental conclusions, since such a slight effect
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could be masked by the turbulent nature of the flame structurve itself,

With & comparison of density raties, it is necessary to note
that experimonta rwu&mw} ave given with extreme bounds on density
vatios of 0. 13 to 0. 22. These were effected by varying the approach
gpeed temperature fzrom 294°% to 520°K with resultant increases in
flame temperature from 2270°XK to 2370%%. @) The experimental re-
gults given in Figure 8, Reference 5, show a ratio of wake widih at high
density ratio to that at low density ratlo of approzimately 0. 9, }a‘i: a dig=
tance five duct helghts downstream from the flameholder. Now, this
change in initial temperature will also result in approximately a two-
f0ld increase in laminar flame speed. The extremes of density ratios
which have boen calculated from this analysiz are from 0. 16 to 0. 24,
if we compare the regults for a density ratio of 0. 24 and v of 0.2 with
a density rafio of 0. 16, we must select a vy of approximately 0. 15 to
take into account the change iun laminar flame speed which would be
engendered by change in approach temperature. From Figures ¥ and 8
it is seen that the ratio of wake widths, at aybitrary downstream dise
tances comparable to regions of mrpéz*imma;i results, has a rvange of
values from approximately 0,89 to 0. 93,

This close agreement between experimental results and analytical
results is not completely significant, since conditions were not com-
pletely the same, and there is an artificiality in selecting the rosulis
compared here. What is significant is that the theory does predict the
right sense of change compared to experiments, and the relative mage
nitude is approximately correctin contrast to sarlier theories.

It has bhean obgerved e&zﬁae rimentally that changing the fucle-alzr

ratio has only a slight effect on the flame spreading rate, but that the
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small effect observed is embodied by an increase in rate on either side
of the stolchiometric mixture., If the fuel-air equivalence ratio is de-
creased, the effect'is to increesse the density ratio ) , at the same
time decreasing the laminar flame velocity, thereby effecting s de-
crease in vy . This behavior would sugpest a flame spreading rate that
was greatest at the rich end of supportable combustion and that de-
creased with decreasing fuel-air ratio to the lean limit of combustion.

While the sense of this change agrees with experimental resulis
from stoichiometric to the fuel-rich portion, the sense is opposite from
experimental results in the fuel-lean region. This inconsistency with
experimental results suggests that ignoring the chemical effects may
lead to some difficulty. Despite this obvious shortcoming, the analysis
shows promise of utility through its agresment with other conclusions

that have been drawn {from experimental resulis.
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ol CONCLUDING REMARKS

The parametric relations between gas velocities and wake width
were reviewed, and comparisons made with experimental values. The
agreement is good for the area beyond the local influence of the flame-
holder. A series representation for the cold gas velocity in terms of
the demsity ratio and wake width was developed. Values have been com-
puted utilizing the first four terms of the series for representative
values of the density ratio. These values show excellent agreement out
to a dimensionless wake width of 0. 6; however, rapid divergence oc-
curs bevond 0.7 .

An attempt to develop the wake spreading rate in the axial direc-
{ion was made using the momentum equation. Solution of the integral
equation was possible using the series represecatation of the cold gas
velocity, but led to a physically inadmiseible result. The technigue was
varied by utilizing the moment of the momentum equation, also without
success. A numerical solution utilizing the parametric relations dee
veloped failed in a similar manner, indicating a weakness in the basic
approach rather than in the series representation.

A solution for the wake spreading rate was obtained, through a
continuity equation into the flame front, after defining an effeciive ture
bulent flame velocity. This was defined to consist of the laminar flame
velocity plus a component proportional to the local velocity gradient in
the hot gas. The constant of proportionality was evaluated by comparison
with experimental results. The wake spreading rate was found to vary
little with a change ia approach gas velocity. This appears qualitatively

consistent with experimentally derived results., A decrease in the density
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ratio predicts an increase in the wake spreading rate. A change of 50
per cent results in the same magnitude variation in theory and in experi-
rments. It has been experimentally observed that the spreading rate is

a minimum near a stoichiometric mivture. This is not found to be the
case from this analysis, if the assumption is made that increasing the
equivalence ratio results in-only an increase in the {lame temperature,
and hence an increase in laminar flame speed and a decrease in density
ratio. The prediction is for a monotonicelly=increasing flame spreading

rate for an increasing equivalence ratio.
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TARLE II. Coeifficiente of FPower Series for Cold Velocity
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