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ABSTRACT

The effects of exothermicity of combustion on thésconfours
of gaseous, uncbnfined, p]anér and axi—symmetric, jet diffusion
flames, as well as on the structures of their fibw.fie]ds, afe '
ana]yzéd. For the:sake of clarity, the_prob]em is formu]ated'in
the simplest possible way. The f]ame is treated as'essehtia11y

laminar, the reaction rates are considered infinite, the medium

is assumed to behave as.a perfect gas with constant'specific»heats,

its Schmidt and Prandtl numbers being unity and viscosity propor-
tional to the temperature, while the buoyancy effects are neg]écted.
Under sqch circumstances the problem lends itself to treatment by
the Shvab-Zeldovich technique. The results, derived as an inverse

to self-similar solutions in the incompressible dbmain'obtained by a
Dorodnitsyn—Howarth transformation of the governing equations for
compfessib]e flow, are expressed in terms of a1gebraic formulae. In
app]ications to‘hydrogen4air and a number of hydrocarbon-air mixtures,
they‘tykn out to be in an amazing agreemenf with experimental data

under zero gravity conditions.



INTRODUCTION

The explicit purpose of our'study was to determine specifically
-the effect of exothermicity due to combustion on the shape of a gaseous'
jet diffusion flame. ' B

The subject of our interest has a rich scientific background,
thing been based on the classical pépers of Burke and Schumann (1),
Hottel and Hawthorne (2), Wohl, Gazley and Knapp (3), Shvab (4),
and Ze]dovich_(S), while currently it is of particular interest in
connection with fire research, as reviewed recently in a comprehensive
manner by Pagni'(G). of special relevance to the theory we developed
are the pub]icatiohs of Abramovich-(7) (8) (9)
Gb]dburg and Cheng (10),.wh11e,_w1th respect to its subject matter,v
aré the NASA reports of Edelman, Fortune and Weilrstrein (11),
(13) concerned with. the effects

» Vulis , Fay , and

Cochran (12), and Haggard and Cochran
of gravity on Taminar diffusion flames.

In all these publications, hoWever, the problems subjected to
analysis were formulated in such-a way that the exothermic effects
of combustion were eitherIOf negligible significance or they were
buried among others, obliterating their actual influence. It is then
for this reason that our study was undertaken.



FORMULATION

For the sake of clarity énd simplicity, our theory is cast

within a formidable set of idealizations, namely:

1.

7.

the flame is laminar, being established in an essentially
viscous flow field. '

the reaction rates are infinite so that the flame front
is infinitely thin

the f]oWTng substance behaves as a perfect gas with
constant specific heats

the Schmidt.and Prandtl numbers, and hence the Lewis number,
are all equal to one

the coefficient of viscosity is directly proportional to

‘abso1ute temperature

the effects of buoyancy are neglected, so that the analysis

’app]ies to an effectively gravitationless environment

the fueT Jet has initially a plug flow velocity profile

Under such. circumstances, the flow field of a diffusion flame at

an ‘essentially uniform pressure can be described in terms of the

continuity equation

o ,r! - J:{' .
52 () *or (7 v) =0

(1)

and the equation of motion

Loy oo o L o =),
Wiz Ty Vez T SFHT ) (2)



In the above = and 7 are the axial and radial space coordinates
respectively, W and V are the Corresponding components of the flow
velocity vector, y is the specific volume, and/il is the coefficient
of viscosity, all normalized with respect to théir_initial va1ues,23¢
is the initial Reynolds number based on the radius, while the 1ndexj

is -equal to O for planar-and 1 for axi-symmetric flow.

As a consequence of our jdealizations, all the transport equations,
that is the equations of the conservation of species and energy, can
be expressed in a form identical to (2) by the introduction of the Shvab-

(4)

Zeldovich (5) transport variable

)
T4

subscript i denoting the initial values, while dgzrﬁazé (K=1, 2, 3),
or élZ’ 0r‘é13, or 523, where 012 =-Qz.i'~

ébttg etc. Here

éﬁ‘k = C’Z_,Tv‘- O</<

while Q = 9;/77-7724§2 Cyf79 vhere G is the specific heat at constant
pressure, l77 is the ad1abat1c flame temperature, 7/'15 the mass ratio
of fuel initially in the jet and the corresponding stoichiometric amont
of oxygen, and SZ is the specific exothermic energy or the heat of
combustion per unit mass, (Cﬁ17f3447 z7-77) > and o =Y
or =y —ty = -—y/(jc,c z) , depending on whether A= 1
(for fuel), A=2 (for oxygen), or A= 3 (for oxygenated products).

One has therefore six equations of the form identical to (2) where
the velocity gradient is replaced by the gradient of the appropriate
transport variable. The Shvab-Zeldovich technique we employed for
this purpose is described in Appendix A, while its consequences,
associated with the fact that at the flame front Y —7{;/ , or‘)/- 0
and )/ = 0, while <= 1, are presented in Table 1, uhere subscr1pt.2;
| denotos conditions at the flame front. The normalized specific volume



at the flame front, )}, , and the normalized flow velocity at the
flame front, lﬂf/.,, are constants for a given fuel. Their values
for hydrogen and for a number of hydrocarbons are listed, together
with their other relevant properties, in Table 2. ’

Our problem involves thus the solution of Egs. (1) -and (2),
subject to the following initial and boundary conditions:

@ =z=0

. Ay = > |
@=z>0 o 5
=* 00: \/2=/V2m {r\/:: = :y;yg..

v
S
B



SOLUTION

Dorodnits yn-Howarth Transformation

The awkward effects of density variation are first eliminated
by the use of thevDorodnitsyn—(14) Howarth (15) transformation. This
is executed by the introduction of the following variables:

. r
~ ~g+L o 1+L
and ~ o, ’ j.
o (a
1 Mor| y
where o
gf—.i
F
Equations (1) and (2) become thens respectiVe]y,
5 ""‘J"\l 5 'VJ'NI
== ) +—={(F =
and . N . N
oy OW 4 R _!2’__,_ il ~-/ O (4)
4 &% 2r E?(, gv oF
while the initial and boundary conditions are
r< i w=A1 é%g' V=0
ABNE A V=0
@D Q ~a -~ .
=>0 - T oo W:O ; r=O: 'JW/AF:D

It should be noted that the specific volume is completely elim-
inated if, as specified at the outset, one has iy==)2. Since for
the planar case _j = 0, Eq. (4) is independent of %g and the situation
is straightforward. This is not so, however, in the axi-symmetric
case, a circumstance that led to the belief that there is no solution
in this case, as succinctly stated by Goldburg and Cheng (10) when
they wrote: "a complete analytical solution of the cylindrical



Taminar jet of varying density does not exist."* Although we are not
denying the absolute truth of this statement, we wish to show that
there exists not only a possibility of obtainfng a set of particular
solutions, but also they lend themselves to a most satisfactory
approximation which can be expressed in a closed algebraic form,
demonstrating with great clarity the role played by exothermicity

-~ the prime objective of our study. It is, in fact, this aspect

of our work that may be regarded as one of its most interesting

features.

* viz. ref (10), p. 268



Momentum integra] Equation

If (3), multiplied by W , is added to (4), the resulting
expression can be integrated immediately, yielding the momentum

integral equation:

T . . ..
.—g ;\‘N_/N..ed_w NJi./\,ﬁ _»__/_’ ‘:")Jw_/ 9/://
pE) SN AN TR E T [55). (5)
o) ' o 4; '

~where the variables at the upper Timit of integration are denoted
by an asterisk subscript, whiTe, it should be recalled, at Z= 0,

V = 0and oW/O7 = 0, as a consequence of the last idealization
on our list. Moreover, since by virtue of the initial conditions

at = 0 one has there also, for ?lg.i R w=1 , while, for
;3;>_1 , =0, Eq. (5) for z;}=cx: yields the momentum integral
constant in the following form:

N "\/2 . K’Jf |
/ /7 / L/ - L (6)
J+L [
_, S+t

o]



Self-Similar Solution

In the spirit of the boundary layer theodry, let

~~ —~ o~ ~~ ~
wi(=,r )= 1/\%(2)7/('7)
“where

) ~— P v o —~
?Elvﬁf , 5=5[2J,
The momentum integral equation yieids then for é::: co

@ o2 Rgid
/f v o’/‘:_""_____F
o j

In view of  (6) this yields immediately a direct relationship
between the center line velocity, Pﬁi, and the half-width of the
jet, é; , namely '

2 ~ g2t —t

”“ = (8)
WZ o) = F

and, as demonstrated in Appendix B, the momentum integral equation
is reduced to the following relatively simple form, an equation
governing the decay of the center line velocity,

;Vv — C///VZ C?T :§‘2J'
& &= }P@“ .
where ¢ X (9)

<;; = J/:Z/:i ?2vj 54/?2/
/4?7{////432/o¢7 éy?7 ;,

f
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As one should expect, a significant simplification is obtained
by adopting for74%2)the Schlichting solution for a laminar jet (16),
namely

L= Fonss ;7 fér =0 :
7[/7/ ; g (10)

{/747 fOr‘./’:.l

In both cases the functions /4 and & are reduced to constants
which can be expressed comprehensively as follows:

=2t __ .8 )
3 g 32

The governing equations (9) and (8) yield then, respectively,
- the following straightforward expressions:

- 4 | o
/’é T et dng__n _;8___5 S (12)
a = 5‘:/’?@5‘ X o
and , '
2:/./‘* . )
Q - j;'i.._‘fﬁz (13)
2 v
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Planar Flame (,;= 0)
2
In this case §§ = 1, so that Ea. (12) can be integrated
immediately. Noting that, according to the Dorodnitsyn-Howarth

03 N N -
transformation, & =< and W= 4, one obtains thus

A /
_ § = 73
W, = = (14)
Z /i/-¢~ = /Eb.’)

£

/\ .
where = =Z -Z_ denotes the coordinate of the jet corresponding
to self-similar solution in the transformed plane.

Since at the flame tip é%i==

= = -
£ = =(n. "-21) (15)

s flame height is hence given
by '

Re,

a cdnstant for a given fuel independent of Y , i.e. unaffected by

the exothermicity of the combustion process.

In order to evaluate the radial coordinate of the flame front,
the Dorodnitsyn-Howarth transformation has to be inversed:

This involves the quadrature |

_ g |
. fﬂ::///)7cyfx
» (o

where, as a consequence of the Shvab-Zeldovich technique (viz. Table 1),

P = e/ ’f:-‘-/k’;;
/= AL e

In terms of the Schlichting solution for _J =0

W= 17 (2) (L~ Fnk)
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“while f'==53;7 , where, according to (13),

> _ 3

=2
2/4’7

4

remains constant in the process of quadrature} Noting finally
that, as a particular consequence of the above Schlichting solution,

74573/5;7 =) /= {221
~ Péé

while W= ~v , the inverse transform yields

[/~W)a/cfm/;//~”’: /V~J)/«f//- / (16)

o=
~ 2//-,ww

comp]eting the solution. The shape of the flame front is obta1ned
by evaluating P&% from (14) and then 5} from (16).

Typical results are depicted in Fig. 1. Shown on the right-is
a typical case of a hydrocarbon for which, as indicated in Table 2,
Lxg,=10.06. On the left are corresponding results obtained for a
diluted fuel, for which the fuel/oxygen ratio, /r; is larger

(viz. Eq. (A.9)). = The corresponding values of Y= are modified
in order to satisfy the fuel dilution invariant, Eq. (A .10).

In both cases the flame height is not affected by the exothermic
effects expressed in terms of 5;.
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Axi-Symmetric Flame (j = 1)

Here %ggq: ;;;2,>. 1, and the inverse Dorodnitsyn-Howarth
transformation is required even for the evaluation of the axial
coordinate of the flame. This involves now the fo]]owingv
1ntegrat10n o v 4

2 Y-/

Verr s Jr o N A __,ﬁ;_,yf

/ // ' /—m"y‘.”" yayvady g°’ //Jd7 (17)
F “

Since in this case the Schlichting solution is

#l)=

it follows that
"2
2

7
A
Jr =k

and, noting that §?§7;i=;fz » Eq. (17) yields the following expression
for the dilation factor

2_r7 Venl -/ wmyg

=1L _ = = ' F Z
= —_—

. ) =
r /= AL /"‘//ﬁ_ /+7

(18)

Now, in order to evaluate the axial coordinate, Eq. (12) has to
be integrated for a set of intermediate values of 7Z=2;_using (18).
The flame height is then obtained for Pwi::/g; as a function of -
The algebra is somewhat involved and for this reason its details
have been delegated here to Appendix C.. The results, presented
in Fig. 2, demonstrate that, irrespectively of the value of i;,
expressing the extent of exothermicity, the f]ame height, j%y , 18
- quite insensitive to the particular choice of ;7 , remaining at a
remarkably constant level for OK e < 0.8, wh1]e the axial
flow velocity, whose variation is displayed by /szj falls down to
as much as one third of its value at the center line.

This suggested to us that a very good approximation can be
obtained by assuming in (18) ;7;2= 0, so that 5§J2 becomes a straight-
forward linear function of #v, . Under such circumstances the situation

Z
is vastly simplified and Eq. (12) can be integrated without much ado,
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yielding
= == ',.____.""4'[ "0 g Rl ) MR ) ] (19)
e L Wy LA )iy
whence the flame height, corresponding to f%£==ﬁ¢,, is given by
A _ _
- B A Y R
L s = L E £ 4 2= Lo F .
e 8 }7—/*\2_[ A ,;__._/1,/__ ,»,{:-7 (20)
The evaluation of the flame radius is now particularly simple.
Noting that
7 ~ <
) =/~ ) S = )
L =(FIE=8 7
- .
while, according to the Schlichting solution for \j =1,
2
7 :., hg 4
- a7
and, by virtue of (13),
> 3
Q = - P
T2,
&
whereas from Eq. (18)
§2____ Ve =% L~r sy
S—- A . 2
“ s e Iy
one obtains immediately
2 =3 L 2 W—r . ; :
== (25)([ 0 )l ey ) (21)
AR M s R e

As before, the flame shape is expressed in an algebraic form,
now Eqs. (19) and (21), with the center line velocity, }22 , as a
parameter.
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To compTete'the solution, we obtained a very simple expression
for maximum flame width.by noting that it occurs when

7 g e
corresponding to the condition cY/‘i/tvzr-'() eVa]uated from
Egs. (19) and (21). The latter yields then the following expression
for the maximum flame width '

~ 9//—7 2

; 7
' Qﬁ‘)f;)a 5(- ,‘_ 5 }1//‘"/ /

while the former, combined with Eq. (20), specifies its location as

Y N 11
=z x 0.6 Z
‘ g
Farox :

in excellent agreement with results of numerical computations of

Edelman et al. (11).



~ Cochran
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RESULTS AND CONCLUSIONS

In contrast to the case of planar flames presented in Fig. 1,
the height of axi-symmetric flames is distinctly dependent on the
exothermic effects expressed in‘terms of a;,as depicted in Fig. 3.
The diagram shows also the remarkable similarity between the results
obtained for ;;'= 0.8 by the methoq’described in.Appendix C, and
those of Eqs. (19) and (21), demonstrating the excellence of the °
approximation they provide. v

Figure 4 presents the axial velocity profiles in the axi-symmetric
case when ¢;= 7and = 0.06. For the sake of clarity they
are here normalized with respect to the center line velocity,while
the corresponding radius is normalized with respect to its value at
a section where the axial velocity is one quarter of jts maximum
at the center. " Vertical dashes at each profile denote the position
of the flame. The graph demonstrates c]early that the velocity profile
of the flow field around a diffusion flame ié definitely not self-

(2)

results are based on a self-similar solution on the transformed plane.

similar, as pointed out by Hottel and Hawthorne However, our

The corresponding flame structures at its initial section and
at one tenth of its height are shown in Fig. 5. They are described
in terms of the axial velocity profiles denoted by /v , the
specific volume, 4?2 , representing in effect the temperature
variation, and the concentrations of fuel, oxygen and oxygenated
products marked respectively by-)/l’ay2’ and j/3.

The heights of axially symmetric flames evaluated from our
theory are compared in Fig. 6 to experimental results measured

under zero-gravity conditions by Cochran (12)

(13). With the'exception of propylene,the agreement is

and Haggard and

indeed amazing, taking especially into account the formidable extent
‘of idealizations on which our solution is based. The corresponding
comparison of maximum flame widths is depicted in Fig. 7. Our solution
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is independent of the f]ow rate, while the-experimentally observed
variation Seems to occur primarily at low flow rates tending towards
assymptotes in fair agreeﬁent with our theory. In view of the
intrinsic difficulties 1n experimental measurements this agreement
should be considered as qu1te satisfactory.

To sum up, we have derived analytic solutions for planar and axi-
symmetric gaseous jet diffusion flames. Our results are expressed
in terms of straightforware algebraic expressions where the influence
of exothermicity is c]ear1y evident. They are.shown to be in good
agreement with experimental data obtained under zero gravity
conditions to which, for the sake of clarity andAsimp]iéity;vour theory
has been restricted. In doing this we have obviated,by means of a '
most satisfactory approximation, an essential difficulty reqistered
clearly in the 11terature, undoubtedly the pr1nc1pa1 reason why the
solution we present here has not been obtained before. '
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APPENDIX A

Reduction of Transport Equations by the Shvab-Zeldovich Technique

The equations of the conservation of species and energy, are,
in terms of our variables, respectively, as follows:

y«j édy ” /"/. 2\ /8 & '
v =L < /"/—'A wrles (A.1)

—_— N —= —
y oz /. 2, ,aarJ;U,» 4 -
e /‘, o< //f i (A.2)
——-%4/——— —_—Y— = ——-'—— — .
y 22§ er Reerlp, (,,«)*"“"Q :
where

L7 j c;,
TS = = 'T'
B )7JAQZ< and _§f2 §5[7"771) CC

dszzldenoting the mass rate of the generation of species 4 per
unit volume, while J¢  and )%? are the Schmidt and Prandtl
numbers respectively. ‘
The flame is established at the stoichiometric contour where
gms. of fuel (4 = 1) react with 1 gm. of oxygen (& = 2) pro-
ducing (7( + /) gms. of oxygenated products (& = 3) and generat-
1ng;€g calories of exothermic energy ("heat"). One has therefore

_ a-;-h/fzea;ézag,/&’;/j=dﬂ | (A.3)
where | @/Z""ZI) Moco | \
a=l—="= S
A S | (A.4)

the Tlast equation expressing the overall energy balance. Thus,



A2

introducing the Shvab-Zeldovich variable
5?/(— AL+,

where | v /Af for -y | | (A.5)
C&ﬁ(:: Ve~ Mocsn for k=2
"}_/5 S+ /J for 4£=3

one obtains by a linear combination of (A.1) and (A.2) specified
by (A.5), assuming ,S'c;e==.P/'-=J,,

. 25N | ‘
2 (s’ 2B (A.6)
Q
where
In the above (52 (%-k ( A = 13233)3 or 6123 or 613, or é

where 4512 = C%r1 -
respective initial values.

23°
C;TZ etc, while subscript i denotes the

Equation (A.6) is identical to Eq. (2) and in our problem
their initial and boundary conditions with respect to the appropriate
variables are also identical. Hence, everywhere in the field

W=/o7, | (A.7)



A3

Thus, except for the a priori unknown variation of density,
the problem is governed by the fluid mechanics,equations (1) and (2),
so that, once the velocity field is determined, all the other '
'dependent variables of the problem can be evaluated. The algebraic
relationships one can use for this purpose are listed in Table 1.
They were obtained as follows. Taking

:.6?/—‘/)2—2. — &, =y
2 ' A —_
’ sy ~ Ot % ~ Hay

and sUbétituting the appropriate expressions of qizas per (A.5),
it follows that '

o y"/y;» "’L/yzm

W=

(A.8)
/77 Y200
At the flame front )/1 =;¥:&%, as we]] as j/l = 0 and )/2 = Q.
One has therefore .
/4 . W
NF=-——-£°2- or /y = — (A.9)
[+ S 20 1 = A4y
In view of the fact that at constant pressure :;i//fZ? ::%ér s
the above, combined with the energy balance expressed by (A.4),
yields ‘
! e
fa - 7/200 (A.10)

VAT

-- an invariant for a given fuel at a specific initial temperature,
irrespectively of its dilution. At the same time, using (A.9) to
eliminate 7(%§bofrom (A.8), one obtains

(A.11)

W=y =Fy ) (I =) + 4



A4

Since inside the f]ame_y2 = 0, while outside )/i = 0, the
above yie]ds_jfl =jy1227as well as j/z =Jy79(/, as shown in
Table 1.

Simi]ér]y, taking

/3_ //7(' “ /w/-ll 3
one gets
_ A+l |
\/5— 7 [ﬂ»/*-y,) (A.12)
whereas, taking o
aTry /S ‘
o ,/é%:j .5/9[ 712& Jﬁ

and noting that at the flame front Z = 1 while j/& = 0, so that
Ffa= Ay, it follows that

. = . o
CT= — — _X_ | (A.13)
4/ /%

Equations (A.11) and (A.13) provide the expression; for_)/3 =j//}gj
and Z"=T (#v) presented in Table 1. Finally the variation of )’
with &y is obtained from that of € by noting that, for a perfect
gas with constant specific heats, one has, in a process at constant
pressure,. '

Y=+ -1 (A.14)
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APPENDIX B

Momentum Integral Equation for a Self-Similar Jet
The task is to perform the integration of

7 |
ey .
< ‘ 2 ~ J ~ / ‘2J‘ ' ")N
L ~3 . - r~ - 14’4
. FHlRetr + 70N = ——-g o (%)
ez o X D 2 x joF
o ' ‘ s
. *

subject to the similarity transformation

W(EF)= n; (2)/¢7)

where
p=fy/& , &= (=)

This is done term by term as follows:

First Term
; )
o * 2 o 2 . *
- Y (\’J‘N ~ J*r
o5 WNdar = —

Since from the total momentum integral for a self-similar jet
Ry —t ' — o oy
h,’é_; ST = where /4 ;%/(?ja// (8)
‘ (3

it fo]]ows that -

.
. “’J“' /e, 2 o dZM /E"y .
£ "7i/’[(7}/d’)d5 /Z// (81



Second Term B2

By virtue of the cOntinuity equation, (1),

~de ~J~
In terms of.zcvth1s becomes

~ e~ / .-/ '
Vi mEL //@/M AL /////"7" //%5
‘whence

r v F*’vw/( =L _aé_;f ///f//a’f /?}/7 (8.2)
“y d |

X +x £ L

where, it should be noted, the last term is identical to the first
term and has an opposite sign, causing its cancellation

Third Term
FJ’.E_{?-"J;‘: Z’/{y} /‘ ~/ '\, h-/" / /
Y4l Z> 5
where, in view of Eq (8), & can be e11m1nated y1e1d1ng
- I——/ = - ! r / )
/’/ VW—- F/H el 7j d#/ (B.3)
er € 4 ‘
Je

Substituting (B.1), (B.2) and (B.3) into (5), one gets thus

' r—y

' % & ! i i ~
_1: f”f”z /(Z ) /[//f/d/ = '5? ;‘ E'Z/ZZ /

AFiw o=
4
whence
Z . N
~ = e v 2
PRV e _ :EE:EES 7
o= XE%; :
where

G =/ uf’ " q///}
| /fy//%)d/ /
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APPENDIX C

Centerline Velocity Decay and Flame Height in Axi1§ymmetrichase (,; = 1)

One has to distinguish between here three cases:

(a): ig%,>;t; while £:<({; » where the integration is performed
inside the flame

(b): A{z_‘)"fr while )i'); , where the integration crosses the
flame, and

(c): W, < H,_ while ;';)/';_ , where the integration is performed
‘ ~outside the flame ' o
" The last case is of interest only for the determination of the flow
field above the flame; hence it is of no concern to the analysis of
the flame shape.

The algebraic manipulations in the execution of the inverse
Dorodnitsyn-Howarth transformation are,in each case,as follows:

Case (a)
-‘,2 - . 2
7 x2 7
2 7 L /7 Y=/ : 2 Jep L2, ~z/ %
/“=/y'¢/r :[/:/*f——(/_;\/) oF = E ’F“-/Né; e
* /~hy ] It T lep £ 7[7/ 4
_ : . )

and since, according to the Schlichting solution,

one has
L2
AL Lt
(v} /,&.z(_
Hence
£ r2 ; //‘/
E= S The | %L £ (c.1)
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Case (b)
o2 ~=
2 ﬁ; . G:
* Z/~ 1:/’%5; ’ .~z‘/ ~ /t;’
Cw
~

and since as demonstrated in the section on the solution for the
axi-symmetric flame,

. V / .- 7
while Z,.:y}%é -/

Ve

.9
W=t
(+77

one gets now

= % [y ‘

~ where RN 2y

Case (c) is in all respects similar to case (a), except for the
use of the other expression for Q(pﬁ)in Table 1. Since, this is
of no concern to the flame shape, the prime objective of our study,
the explicit algebraic solution is not given here.

Now, the centerline velocity decay is determined by the
substitution of (C.1) or (C.2) for §§2 in Eq. (12). This leads
respectively to the following solutions

Case (a
Cfﬁ?' _ 3 c%?vg
—————— — — TR— 2 '— ) _ W'
~e. 8 ;yﬁz/.%: We _ Y=l -
A A N 1207
x-
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whence, since initially,at Z=0 w, = 1,
Y

E 5 Loy 2, GeMRY ) ]
Re 8 Q- bn T pmtey Tl rep% — (2 -2)
At r = ;i ~N4 7((7) , S0 that ﬂé /v{/-»/) ,
and noting that ===, one gets in this case
R TA
A )
3 1 y P o />7 /
= == L P —/v*i—/_”jf—é”ff”f) )] (C.3)
Re. 8w wt=p)” = EH (L4079~
Case (b)
gz 3 vy
=Y
A, 8 [‘,4 7;‘8/77’ ,,_C‘/

whence, since the initial conditions here are: /\(t:i\é*at Z=Z ,
it follows that .

%N

e TR IRV (c.0
where

%J'-‘i'*g*— a_,:_+2§;( 8@/’_&_@*_5 2—2(5‘7'5)5—&%
while

2&//382—-44C1

-- a quantity which is always positive.

The flame height is obtained from the above for —§=f°': s SO
that (C.4) yields
A 5 —~
Z = _ 5
= [ i) - /Jff/] p{) (C.5)

AL S
[4 ~
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- while in the particular case of 2 == 0 one gets immediately
*x
from (C.3)

P 3 | B "
PR e Y A ’g,,,i/' (20)
B, T8 sty T Ch



TABLE 1
/

C5.

| Consequences of the Shvab-Zeldovich Technique _.

Inside the Flame

Qutside the Flame

W, WY
W - oo '
"y _ ._..___....f (_) ’
i / - ,4,//—_
o o ! e —py
\/v O 7‘- S — “

\/ /.—- ad ( /+ /j 1\4/,__ —é/ fi //\/

Y, JonTOTF T

G- L= fa

4 J — V- /4;?

. J. 4 ‘ 7fu, Wl
;) ¢// (3 4/ ~ /1/ // f‘/;? ﬂé//t;
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TABLE 2

Relevant Properties of‘Hydrogeh,-Some Hydrocarbons, and Air

‘ at N. T P..

LM. fSC E C{;ﬁi( | ):)ﬁ. WF
_Hydrogen 2 | 1.53 0.71 | 1.089 | 78 | oo
Methane 16 0.77 | 0.7 o.1688 | 7.25 0.055
Ethylene | 28 | 0.56 0.90 | 0.0858 7.58 0.064
Propylene | 42 h o‘.37 0.74 10.0437 7.45 0.064
Air | 29 | —_— 0.71 _o-.259 : —_ —_—
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FIGURE CAPTIONS

Planar Flame Shapes
Dependence of Flame Length on
Axi-Symmetric Flame Shapes
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