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Definition L42(-5)

LUMINOUS AR ——= ]
ZONE FUEL———— O
AIR
MAIN REACTION
ZONE LAMINAR DIFUSION FLAME
AR —= 2
WICK —
¢ FUEL————— /O
AIR — ooV

TURBULENT DIFFUSION FLAME

(a) (b))

In diffusion flames, the source of fuel and oxidiser are
physically separated . The candle flame is an example. In
combustion of gaseous hydrocarbon fuels, fuel flows through
the inner pipe of the burner whereas the air flows through
the concentric outer pipe .
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Main Objective L42(:3)

STAGNANT
Temperature

SURROUNDINGS
JET SPREAD

—==""""FLAME ,

FUEL—)jD WQADIUS t

HOT GAS

X

\ REGION

FLAME LENGTH
Ly

( a ) LAMINAR BURNING JET

The main objective is to predict

@ Flame Length L;

@ Flame shape or rf (x)

in stagnant surroundings assuming SCR:

oxygen

u - velocity

FLAME
EDGE

fuel

(b) PROFILES

1 kg of fuel + Ry kg of oxidant air = (1 + Rs) kg of product.
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Governing Eqns L42(:)

dp
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Laminar Vel Prediction - 1 - L42(:%)

Main assumption: Properties are uniform

ou ov v
8_X+E+7 = 0 and
UL 0 w0 [0u
ox or  ror | or
r
v =vmxf(n) and n=C—
10y C?up {f]
u = - ——-= —
r or X n
r ox X n

Boundary conditions are: f(0) = f'(0) = 0 and f (o0) = 0.
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Laminar Vel Prediction - 2 - L42(:3)

Substitutions give similarity Egn

ff ff f2 d [, f
— ————— = — | ——| or
n n n dn n
CA/RE LA
dn non

Integrating from 7 = 0 to 1 and noting BCs f (0) = f (0) = 0,
wegetff =f —nf .Thesolnis

f_ o g 21 p_200-37/4)
1+02/4° (1+0?2/4)% (1 +n?2/4)
, _ Cm { 2 } ,_ Cvm { n—1°/4 }
x (1 +n2/4)R]7 x  [(1+n?/4)?
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Determination of C - L42()

Multiply momentum eqn by r and integrate fromr =0 to r = co.
Then

a o0
" [/ pmuzrdr] + {pmvur|s—pmvuri}
ox |Jo

r@| — r@|
Hm gy loo = Hm D510

From BCs, terms in curly brackets are zero.
Hence, substituting for u, we have

0

= ? T pm Ve C? = po US (% D?) = constant

¢ = Ypo(oyps_ 1 [Srn _ g, D
8 Pm v, T Pm Um
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Final Soln - L42(:%)

n = §<§—m)°5Re

ut = L;r: s%l?e2 [1+n2/4] 7 (5_:7)

G = s Re [T ()
U:ax - (1—|—7172/4)2 - unl;lax:%at ne = 1.287

Because at any x, u — 0 as y — oo, it is difficult to identify
the jet-width exactly. Hence, by convention, 7, » characterises
the jet half-width ( ry 2 ) Thus,

r1)?2 _ 771/2 —1 287 % \/’Re ( r(:])— _ 5'325 (pm) -05 _ tan o
where « is the jet-spread angle.

April21,2011  9/21



Prediction of L and r«(x) - 1 - L42(:3)
Assuming Le = 1 and SCR, all egns can be rendered in
conserved-property form

0 0 0 0P
ox PmUr e TG lomvr®) = [WW]

w u A
¢:qu_R_os);:hm+Achfu = UO — Rst:If—

To locate the flame, we define conserved scalar ¢ = f

b — Oy o (wry — wox/Ast) — (Wi — wox/Ast)
S — Dy B (qu - Wox/Rst)F - (qu - Wox/Rst)A
where subscripts A and F refer to Air and Fuel Streams .
Hence,

f

(qu - Wox/Rst) + 1/Rst
1+ 1/Rs

f= because wox oo = wir =1
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Prediction of L and ry(x) - 2 - L42(:3)
The flame is located where (ws — wox/Rst) = 0 . Hence,

f = fswoicn=1/(1+ Rs) (flame edge)
f = fstoich + wfu/(1 + 1/Rst) (inSide)
f = fsoich — (wox/Rst)/(1 +1/Rs) (outside)

OUTSIDE INSIDE
r

OUTSIDE 0
0 <f < fyich FLAME EDGE
f = fstoich W
'
v u
T v
- ™
f=0 fstoich f=10
(a) STATES OF MIXTURE FRACTION f (b ) STATES OF MASS FRACTIONS
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Prediction of L and ry(x) - 3 - L42(}3)
If we take ® = h* = h,, + AH, wy, then
(hm + AHC qu) - (hm + AHc qu)A
(hm + AH wiy)E — (hm + AH; wiy)a
cpm (T — T) + AHc wiy
CPm (To — Tw) + AH;
Thus, noting that r; corresponds to ns = C (r¢/x) and fspich,
andrr=0atx =L

f=~h

o u o 3 D L0 2
© = ==t =55 () (2 Re(t 4 2/a)?
05 0.5
LN AT YT
x  305Re 0 32 X" " Pm Tstoich
oo S (& — > Re(1+Ry) (2
D 32 (Pm) fstoich 32 ( St) (Pm)
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Turbulent Jet Flame - L42(]

@ In Laminar flames, L;
increases with U, ,

@ In Turbulent flames,
Ls ~ const.and

@ Radial distribution of u is LAMINAR
nearly uniform over greater

LENGTH

FLAME

TURBULENT

LIFT - OFF
BEGINS

part of 6.
Eqgns of slide 3 apply with

Heff

Sc; AIR — =

Pm De =~

NOZZLE VELOCITY

i
S

N\

Heff FUEL

Qeff AIR - |
pm Qe Pft

with S¢; = Pr; = 0.9
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Velocity Prediction - 1 - L42(3%)

@ The simplest formula' is pier = 0.01 X pp |Use — Uax|

@ For stagnant surroundings u., = 0 and Uz = Upmax. Also,
from experiments, (6/r1,2) ~ 2.5 . Hence,
preft = 0.0256 pm Umax r1/2 # F (r)

© Thus, all laminar solns apply with ;. changed to ue . Hence

. Umax X 3 Po
Unax = ”;/a:] (32) Returb(ﬂm)
% _ 5.945 & —05

Returb Pm

0.0256 Pm Umax r1/2 PON_05

5.945 x [ s D } ) ence

Umax D po
= 6.57 (=) (— Combi ith

m 6.5 (x)(pm) or, Combining with uj, .,

'Spalding D. B. Combustion and Mass Transfer, Pergamon Press,

Oxford ( 1979
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Velocity Prediction - 2 - L42(33

Upmax o D? o
T = 3.662 —
( Uy ) (f1/2X) Pm
2 B 3.662 .
vl —(6.57)2 = 0.0848 constant

This result agrees very well with Expt data for (x/ D) > 6.5.
Replacing ry > and Upmax, we have

m

= 0.01426 (po pm)*° Uy D ~ constant
Also, since 711> = 1.287,

D
pon = 0.0256 pm x 657 Uy (=) (;’—0)0-5 x (0.0848 x)

-2
r r
Ty o L1 r04a1a (L
ri2 Umax r2

n=1.287(
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Prediction of L and ry(x) - 1 - L42(13

@ A turbulent flame is essentially unsteady and its edges
are jagged. Fragments of gas intermittently detach from
the main body of the flame and flare, diminishing in size.
Turbulence affects not only L; but also the entire reaction
zone near the edge of the flame. Compared with a laminar
flame, this zone is also much thicker .

@ This implies that if the time-averaged values @y, and wyy
are plotted with radius r, then the two profiles show
considerable overlap around the crossover point f = fgpich.

© Unlike the overlap in a laminar flame , which is caused by
finite chemical kinetic rates, however, in turbulent diffusion
flames, the overlap is caused by turbulence.

© In the presence of turbulence, Ry, actually experienced is
not as high as that estimated from Ry, x @}, @h,. This is
because the fuel and oxidant at a point are present at

different times - must allow for probability .
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Prediction of L and ry(x) - 2 - L42(}2)
Since all laminar solutions are applicable to time-averaged
quantities , we may write

u — D &) -2

U Pl [1+57.6(£)ﬂ

A -
T ot

i
3 |
(OIS " :
|
| 9= oy
- Tl P
A A
TIME f=0 ! fsmich\ fp f=!
f
(a) TIME VARIATION OF f (b) STATE DIAGRAM
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Prediction of L and ry(x) - 3 - L42(}2)

@ With reference to the figure, suppose that the value of f
truly fluctuates between a low value f and a high value 7.

@ Let us assume that the fluid spends equal times at the two
extremes and sharply moves from one extreme to the other

Q@ Then, f=1(fk+%) and f =1(%—T1)

©Q Thus, Wy = 0.5 (Ony + @rp) (filled circle ) > wy, (open
circle ) corresponding to f > fsich-

@ Likewise, Wox = 0.5 (Doxs + @ox.n) > wox ( Which is zero )
corresponding to f > fspion-

Q@ T7T=05 (7'/ + ?,,) < T corresponding to f > fspich.

@ The above observations will also apply when f < fsioh.
Thus, in general, finite amounts of fuel and oxidant are
found when f = fypich

Q |If fyicn does not lie between f, and f, then T, @,x and @y,
will of course correspond to .
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Prediction of L and r«(x) - 4 - L42(3;

fh = fstoich

A
f1 = f,

[ D o xit,ei,c_h_ _

FUEL

FLAME
ZONE

The flame zone will be a finite volume enclosed by the
fi=f—f = fyoicn (iNner)and f, = f + f = fsoion (OUter)
surfaces. The f = £, surface will lie between the

two surfaces.
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Prediction of L and ry(x) - 5 - L42(}3)
Thus

- 05

It out [ 1 657 . . D. . po

) — 1

x  |578 {\/(fsm,-ch 7 GG }
o [ 657 . .D. . po ]
_ — 1

X 57.6 {(\/fstoich+fl)(x)(Pm) }

_ 0.5
It stoich 1 6.57, D £0
—_— = 1
X _57-6 {\/( fsto:ch) (X) (pm) }]

where f is estimated from
, of of
fro~ Iy x |E|stoich =(0.1875 x I’1/2) X |_|stoich

0.5

_ Po 2 It stoich f.stoichy2] >
= 2407 (52 () () [1+57.6 (Y]
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Prediction of L and ry«(x) - 6 - L42(}2)

Setting r,in.out stwoich = 0, X = Ly can be estimated from

Lf,out _ i &)
D fstoich — '~ pm
Lf,in _ ﬂ &
D fstoich + f Pm
Ly 57
f,stoich  _ 6.5 (& =6.57 (1 + Rs) (&)

D fstoich Pm Pm

Thus, if Ly soich IS regarded as the mean flame length then,
knowing fswicn = (1 + Rs)~ 1, the flame length can be
estimated for any fuel. Although the above relations are only
approximate, they do embody the form of the experimentally
determined empirical correlations

Ltexo = F(D, Rst, &, &) — Lo Py in most cases
Poo Pm Poo Poo
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