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Laminar Diffusion Flames

Basic Characteristics

* Propellants are supplied separately into the combustor

* In case moderate mixing in the shear layer between propellants, reaction takes place in the thin reaction layer

* Propellants are mainly transported by diffusion processes (concentration, temperature gradients)

* Few real applications (Bunsen burner, candle) studied in labs to measure specific flame features, i.e. laminar
flame velocity

laminar
turbulent
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Laminar Diffusion Flames

Basic Assumptions

* Fast chemistry = no details of chemical kinetics required

e |If characteristic time scales of flow and chemistry are similar
> problems with ignition and extinction and in formation of by-products (pollutants)

- Formulation required which includes main kinetic features ( reduced mechanisms )

— assume equal diffusivities of chemical species:

Le, = 4 =01,1=12...k Le == = A
(c,.PD;) D c,pD
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Laminar Diffusion Flames

1-D Planar Flame

ul a a
Pe=— Le, = Le, =—; Lo (75 eLep (X—%
o ¢ 0 " D, Y, 1- PeLeo (%% ) YF _l—ePLF( )
- ﬁ o VOMO YF,O [ YO . 1— ePeLeo (l_xf) YF,O 1— e—PeLeF)?f
L vieM . Y,
Flame Position x; ?: Let’s assume a 1-step reaction: v, fuel + v, oxidizer — products
at x = x,, the ratio of oxidizer and dY, v-M dY,
! - . pD,—= =+ pD,—%
fuel has to be stoichiometric; ax |._.,, VoM, dx |,
—(u/DF )x (u/DO)x
D.Y, " u (/D Yxp _ VM DyY; ' (u/Dy )xp :>
1— —(u/Dy )xf DF UOMO 1— (u/ Dy )(L—xf) DO
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Laminar Diffusion Flames

1-D Planar Flame: Flame Position

Yo v. M Y - )
: _ VL 0,0 PelLe ﬁfx))__ ( —PeLe.x )
) D, N = ) S(l—e o )=—l-e T
‘ Se' "o -, +e P = 941 no analytical solution possible, however

Solutions for Special Cases: mass transport << energy transport: Pe =0 since exp(Pe) ~ 1 + Pe

mm)  S(1+PeLe,(1-%,))+(1— PeLe, %, )~ S +1

1

- M. Y . L

sz(l_F LeFj:xf=l{l+UF £ 9.0 eFJ
voM, Y., Le,
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Laminar Diffusion Flames
1-D Planar Flame: Flame Position

Solutions for Special Cases: Le, = Le; = 1, diffusive transport of energy and mass identical for
both fluids

—5 - X —PeX —PeX
Seebeoli=xr) | gmPeler¥, _ S+1;, = (SePe +1)e T =8S+1 =>e 7 =

1+ S
1+ Se’™

1+.8 L 1+8
:D — Pex . =1n . =>x.=——1In
/ (1+Sef’ej d Pe (1+Sef’ej

Solutions for Special Cases: Pe—> oo, mass transport >> energy transport

GpleLeo (1-%,) 4o PeLer¥r _ gy . =

(l—ff)z I ln(ﬂj; —>x, =L 1- I ln(ﬂ)
Pele, S Pele, S
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Laminar Diffusion Flames

1-D Planar Flame: Temperature Profiles

Fuel Side: Oxidizer Side:
? T T
udT— A d];:O;T:TFO 1 =T, ud — A d2=O;T:TOO I =T,
dx pcp dx Y lx=0 X=X, dx pcp dx Mlx=L X=X,

1 e(u/a)x l_e(u/a)(x—xf)

T(X) T +(T T )1_ (u/a)xf = T()C) = Tf _(Tf _TO,O)I_e(M/a)(L—Xf) -
| — P& l_epe(x—yf)sa

— TF,O + (Tf _TF,O)I_ePe)ch — Tf _(Tf _TO,O) l_epe(l—sc‘f)

At flame front fuel and oxidizer side temperatures have to be identical

- Conductive heat flux away flame front has to equal on both sides and
equal as well to the local heat release
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Laminar Diffusion Flames

1-D Planar Flame: Temperature Profiles

Special Case Pe—>0:

1. Temperature independent on Pe number as expected
2. Decreasing Le number similar effect as increasing reactant concentration

= This is entirely different than for premixed flames where adiabatic flame
temperature is independent on Le number

Special Case Le; = Le, = 1: Special Case Pe—>oo:

1. Temperature independent on Pe number 1. with increasing convective transport,
- Convection doesn’t influence both influence of oxidizer and fuel Le
temperature at flame front position numbers decrease
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Laminar Diffusion Flames

Spherical Jet Flame

Assumptions:
Steady, axisymmetric, zero mean axial pressure gradient, convective
transport only in x-direction, diffusive transport only in r-direction

Continuity a(p”xr) i a(pu,,r) —0
Ox or
Momentum in x-direction

ou ou op O ( 8uxj
ou_r +pur—==—r—+ L

Oox or or Or or
Mixture fraction
0z | raz_a[yrazj
P Ox Py or or\Sc oOr

Details of the derivation in the Annex

flame length L

ANNANNN

N
N
air _ AN
220 /=1 .
u_X - ux,O UX"X, \
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Laminar Diffusion Flames

Spherical Jet Flame

Flame contour form the condition Z(x,r)=Z,w(n)=2,,

Flame length at Z(x,r=0)ifZ, = Z,

1+2Sc p Red
32 p, C ¢

Z,(x)=

flame length L

_1+2Sc p u, d?
327

L —a

P, C Vv

t

ANNANANN
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Laminar Diffusion Flames

Counter-Flow Flames

Experimental Setup to study the sensitivity of a Of special interest are phenomena like quenching or
flame to the application of shear forces. ignition.
Flame front position Solutions are only stable for the lower part of the
\ Oxidizer { in case of Le(fuel) % curve prior to ignition and the upper part prior to
Le(ox), i.e. H, and O, extinction.

T [K]

v

i
Quenching |
' Ignition

A 4

Xt [s]
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Laminar Diffusion Flames

Counter-Flow Flames

Assumptions: flow velocities large enough that the stagnation plane

far away from the nozzles, the flame establishes between two

potential flows and quite often on the ox-rich side.

Uy oo
Velocity gradient in the oxidizer a = dy )
yields velocities and mixture fraction
y—>or U, =-ay; u,_., =ax; Z =0

Equal stagnation pressures of both streams yields

yo>—otu, ,=— L= lay; u,_, = L= lax; Z=1

IO—oo IO—OO

Stagnation plane
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Laminar Diffusion Flames

Introduction of similarity transformations
Counter-Flow Flames

1/2 Y
Continuity, momentum and mixture fraction _ a dv
n= pay

equations Poo Moo
7

yields F = IF'dﬂ;

o(pu,)  olon,)

0
o ( / ’
ox 2 9 aFj+F8F+'O"O—F’2:0;
ou,  Ou _ dp 0 ou, on\ on on p
Poa T e T e My o(cC azj”az 0
o 2 oZ + o oZ 8 (pDa_z] on\ Sc on on
o o 5)/ 8)/ PH H
with C and Sc the Chapman- C =—"—; Sc=-—"——
Rubesin and Schmidt Poo Mo pD

number, respecivelly
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Laminar Diffusion Flames

Counter-Flow Flames

in terms of non-dimensional stream function F = 4 normalized tangential velocity [F' = —=1;
Jap, i, ax
with boundary conditions n=+w: F'=1,Z=0

1 =—00: F'z(poo/p_oo)l/z;Zzl

R PICOR ()
2 1(0)

9

S

with /(n) defined as cd”}d

1(7) j%{ A
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Laminar Diffusion Flames

Counter-Flow Flames

o ( . oF OF " ,
ForC=1, p =const, F=n satisfies —(C )+F + P —F'* =0
on\ 0on on p
1
and Z = EWfC(U/\/E)
2 2
the instantaneous scalar dissipation ¥y =2D 8_Z ) £ a 8_Z
rate is oy Sc on
q 1/2 Y
wit n:( ) [pay:  wma c= P oo i
Poolloo Pt PD
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Laminar Diffusion Flames

Counter-Flow Flames
Evaluation of scalar dissipation rate which led to 7 = l ei’fc(ﬂ / \/5)
2

yields 2 ="el-n"(2))="el-2Aerfc " 22)F)

For small Z d—Z— ld[ I d[ 4 —ﬁFZ

dn~ 2dn I(©) dp [(©)—I(n) C .
C
hence, in terms of velocity gradient, the scale dissipation rate becomes X =2aFZ ( C j

which means that for small Z, the dissipation rate increases with Z?

oT 7., 0°T ZQI qR 1 op

Neglecting the unsteady term in P — ,O
6t 252 /=1 C Cp Cp at

yields
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Laminar Diffusion Flames

Counter-Flow Flames

Steady State Combustion/Quenching with One Step Chemistry, large activation energy, constant
pressure and negligible radiative losses

2T Y —E,
—PZ“@ =Q @ with a):B'OYF'OOzeRT

20Z° ¢, W. W,

T [K]

Analyzing the upper branch of the strain rate curve for
large Damkohler numbers and activation energies
which corresponds to a complete combustion in an v A

e : hi |
infinitely thin flame sheet around Z=7. Quenching |
Ignition

Xyt sl

x* [s]
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Laminar Diffusion Flames

i - _ Y, Z
Counter-Flow Flames: | eanside T(Z)=T (Z)+ Q’ i’y _oy -y, |1-Z
Burke-Schumann Solution Vi, Wen, > Z,
(1-step chemistry)

P Y : : QYO2 2 Z—-Z,
Large activation richside 7(Z£)=1,(Z)+ ’ (1 _Z)»Y02 == YCH4 = YCH4,1
c,Vo,Wo, 1-Z,

energy, constant
pressure and
negligible radiation
losses

For c,= const.,
temperature, and
fuel, oxidizer, and
product mass
fractions rare
piecewise linear
functions of Z

T,

YHZO

0 Z, 1
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Laminar Diffusion Flames

Counter-Flow Flames

Ye PYo, f T, -T,)v\W,
With the reaction rate w=2B Plr 2 e RT and 0 — ( st u) F'UF
We W, c, Y. .2,
o°T
we can show that — P Z“—z = g 0] is able to describe quenching of a diffusion flame.
20Z c
p
let T,=T7,=T, we obtain , e
/ ~ a
d T :_ZBVF(]—;Z _E)Y YO eﬁ
2 F
dZ ZYF,IZstWOZ :
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Laminar Diffusion Flames

Counter-Flow Flames

Expand temperature, fuel and oxygen mass fraction around Z,, to with € as small parameter

T=T,—&(T,~T,)y
Y, = YF,lg(Zsty_l_é:)
Yy = Y02’28((1—Zst)y—§)

The exponential term of the reaction rate can be expanded to

~-E, —F,
- RT —
e RT =gl = 7@
E\T —-T
where Ze is the Zeldovich number: Ze = a( - 5 u)
RT,
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Laminar Diffusion Flames

Counter-Flow Flames
—FEa

RT i
YFYoze around their value at T,

d°T _ 2Bv,(T,-T,)

de %YF,IZMWO

Expansion of all quantities in

—Ea
RT

2 Bp v.Y,
ields L opagd (7, 4 ENA-Z,)y - with Da=—— 0
A& 2 W (1-2,)

the Damkohler number

This equation can be transformed into one similar to Linan’s diffusion flame regime using
Z = zy(l_Zst)Zst

_ d’
y =22, }1 to finally yield i = Dag’ (22 — 52 )e(_ﬁg(zﬂ/g))
B = © dg

2Z,.(1-Z2)
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Laminar Diffusion Flames

Counter-Flow Flames

Setting either Da83 =1 large Damkohler number expansion
or IBg =1 large activation energy expansion
with o =Da/ B =0(Q)
d’z 2 _ g2 ), (=67 (z+5E))
to finally get Linan’s equation for the diffusion flame regime > = (Z — 5 )e
dg
Z
Boundary conditions: d_ —1 5 —> 00
dg
dz
—1 E—> —©

g
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Counter-Flow Flames

With 6 being finite, a critical value ¢, can be 7.+
. . . s
determined for which quenching occurs.

Linan defines for pre-mixed flame regime to:

5q = e(1 —‘7/‘)

With the definition of Damkohler, a maximum
dissipation rate x, can be determined:

_ SBpszvé)z YF,IZ; (I_Zsz )2 -

eRT

o SW.Ze s Z—> 1

Let’s think of x,, as an inverse diffusion time. For large x., heat conduction from the flame isn’t outbalanced by
local heat production and as a result local temperature decreases until finally at y,, = x,.
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Non-Premixed Flames

TUTI

Laminar Diffusion Flames

: pPA/c
Time and Length Scales , o, £
: : Zzt (1 —Z t ) Chemical time scale at extinction P st
Chemical time scale at f =—2 S A
extinction ¢ 4 for stoichiometric pre-mixed flame ¢ 2(,0 SL )2t
q u s
2Bp:R* 1, 1-7
with 0,5, = Ps i . 2“’) RTbK
c,(T,-T,) E,
( VYo s
= or <<1
MO2 Jor ¢
’ ’ ’ 2 ’ ’ 2
. VYo s N Vo, Ye s N 2v, vie, RT, . 2vy, vie, RT, for =1
M, M, (—AH)E (—-AH)E,
Vo, Y,
o or >> ]
M, Jor ¢
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Laminar Diffusion Flames

Counter-Flow Flames

This is a clear hint of a fundamental relation between a premixed flame and a diffusion
flame at extinction.

1. For a diffusion flame, the heat conducted from the reaction zone towards the lean and the rich side just
balances the heat generated by the reactions.

2. In apremixed flame, heat conducted towards the unburnt mixture is such that it balances the heat
generation by the reaction for a particular burning velocity.

Diffusion flames can exist at lower scalar dissipation rates and therefore at lower characteristic flow times. The
flow time in a premixed flow is fixed by the burning velocity, which is an eigenvalue of the problem. Hence,
diffusion flames are easier to control and more stable since they allow to choose the Damkbdhler number.

—FEa
RT

4
BpstV02 Y,

Da = e
ZstWF (1 o Zst)
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Laminar Diffusion Flames

Counter-Flow Flames

. Zszt (1 — Zst )2 a -1 2 . e .
With ¢, = and ¥y =—el—2[erfc (22)] ) time scales for diffusion flames become available:
Xq 7

1.34 for hydrogen-air flames with Z.,=0.0284
1.13 for methane-air flames with Z, = 0.055

erfc(2Z,,) = {

14260/s  for hydrogen-air

Extinction occurs at strain rates a, of :
420/ s for methane-air

N 0.64-107 for hydrogen-air
029-10° for methane-air
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Turbulent Diffusion Flames

Circular Jet Flame 1 laminar transitional ~ fully turbulent flame

Depending on the injection velocity, the flame stays laminar
and flame length increases with injection velocity.

Due to increase mixing when jet becomes transitional, the
flame length decreases drastically while for fully developed
turbulent jets the flame length stays constant until flame lift-
off conditions are reached.

v

Envelope of flame lengths

Empirical Correlation for flame length:

1/2 L. flame length
P ! -
23 f d;: fuel injection diameter n-=--5 - R
! 0. p/P,.density ratio of fuel to oxidizer Elow rate
Lf = % Yo stoichiometric fuel mass fraction

f,st
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Turbulent Diffusion Flames

Circular Jet Flame

Assumptions:

Stationary, axisymmetric boundary layer flow without buoyancy,
negligible molecular transport, Sc,= v,/D,, Favre-averaging

Continuity @('ngr) + 8(,517/) =0
ox or

Momentum in x-direction

__ oW, __ oW a(_ aa“xj

pu r—-+ pur = PV, r

Ox or or or

Mean mixture fraction

. oZ __ o7 a(ﬁvt aZj

U r——+ pu.r = s
px@x pr@r or\ Sc. oOr

t

flame length L

ANNANANN
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Non-Premixed Flames

Turbulent Diffusion Flames

Circular Jet Flame

Laminar

olpu,r)  olpur) _

OXx or

r@uer r@ux__r8p+8
P 5 TP, or  or

oz raz_a[uraz
P TP e T e Use ar

J

Turbulent

V, requires solution of k and € equations

olpu,r) , olpi,r) _
Ox or

_graﬁx_l__gr@ﬁx_@[_vr@ﬁxj
px@x pr@r 8rpt8r

ur—-+ pu.r =
p X p r SC ar

__ 0Z __ oz 0O ,(_)vtréf
Oox or Or

t
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Turbulent Diffusion Flames

Circular Jet Flame
Jet in quiescent air with a treatment of turbulent equation similar to the laminar case

Laminar Turbulent —
\/2jrdr ; \/2jprdr L
C=_ PH N 0 Po C — pVr
= ¢ - r n = ¢ t r
2/’loo_‘.prdr prvt,refjlardr
for C = const. ’ for C, = const. , 0
2 L 2Ct7/ Vt,ref .
u Lrv_ T e omy Ay
x 2 1+(yn) /4
A+’ /4) 2
— 7/2 3 p ux,Od 1 — 7/2 3 P u,. od
— : >
64 p. v, C? 64 P, C/ \ V,
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e Counter-flow Diffusion Flames
e Turbulent Diffusion Flames
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Laminar Diffusion Flames
Spherical Jet Flame

Boundary conditions
r—>ow:u =u,.=0;dp/dx=0;

—
similarity coordinate 7 =r/x <
a0
For situation where density isn’t constant, a transformation is E
helpful (a: distance of virtual origin of jet from nozzle exit) )
&
g/ ©
ZIﬁrdr 4=
Yo,
p=x+a; 1= .
’ %
for p = const.anda > 0 ¢ = x; ;721 /
X /
/|
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0

Non-Premixed Flames

Laminar Diffusion Flames
Spherical Jet Flame
Stream function ¥
oy oY
pPu.r = 8_; PU, T = En - .
d \/ZIprdr <
0 100 00
Apply transformation rules p=x+a; n= P E
V
8_877+6778. 0 o0n O %
ox O¢ oOx On Or Or on &=
to convective terms ?
in momentum and ou r£+pu 4 0 _ a77 5¢ 0 _8"11 0 /
mixture fraction Y Ox " Or or @77 OV a¢ @77 /
equations /)
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Non-Premixed Flames

Laminar Diffusion Flames

Spherical Jet Flame

8, 9,
the diffusive terms become _(,UV 5)

Ox

C: Chapman-Rubesin parameter

r
For constant density (with 77 =— and U = U, ): C=1

X

Assumption: C = f(¢,n); ¥ =n.0F(p,n);

_OF 1 p,

u_ = U, =—
onn p.¢

r

or on on
2

O PH ;
" o]0
2u, I prdr 3
0 P
=
©

on 0 0
w2 el

/)

1, (8F 5F} 7
+F—np—|

ro \ O¢ on ;
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Laminar Diffusion Flames

Spherical Jet Flame o6
C(yn) 1 )
If C=const. F = J =
1+ (

1+(mn) /4 yn) /4
2
C = const. holds if C = p;ur ;= C = _PH = const.
2 I pordrl Pt
0

and this is hardly fulfilled since £ ~ 7%  and O~ T

Integration constant y to be derived from condition that jet
momentum independent of @

2Cy*v > 3 P Ueod 1

=y’ = :
o1+ (m)’ /4] 64 p, v, C?

u, =

flame length L

ANV
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Laminar Diffusion Flames
Spherical Jet Flame

. ou ou, O ou
then the momentum equation . . = L ;
Ox or  Or or

OF 1 0 OF 8F88F1j a( 8F1j_i(c 88F1]

yields ¢( —
877778¢877 opononn) on\ onn) On

on on 1
a similarity solution exists only if [ # f(¢),

1

and then U, =X — = linear velocity decrease with 1/x+a

Recall that: u,=0 and u, =0 forn > eo
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Laminar Diffusion Flames

Spherical Jet Flame
5 8F 1 9, o0 OF 1
for the nondimensional stream function — — | CnFF ———
on 877 n) on on onn
Z(x,r)

2, (x)=Z(x,r =0);

and with w = 7 (x)

and transformation to w — equation

5 OF 0w OF 0w +¢6F aln(z) 0 (C ow
on 06 opon) on" of an ~on\sc ! on
similarity =2 _F ow — ofC n 0w
on on\Sc on
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