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“Without theory,
practice Is but the routine of habit.....
Louis Pasteur
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Flames, burning velocity and surface area
2-D Mechanisms

Rayleigh Taylor Effect
Baroclinic Effect

1-D acoustics

1-D extinction effects

Normal flow
Strained flow

1-D Weakly compressible flames
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Flames, burning velocity and surface area
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e 2-D Interactions

Rayleigh-Taylor Effect
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Further Shock

Ignition

Reflected
Wave

Pressure
Wave

Obstacle

Pressure Interaction Effects during the early stages of Ignition
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Mass burning  pgass /
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M
-
£
w
i



| | ||m Pressure Waves and Premixed Flames

Flame front
~ /
4_H_| | | > Unburnt Reactants
which undergo
Expansion Wave Vent secondary ignition
Burnt —
Unburnt

Schematic of vented explosion showing the flame front
near the vent and decompression wave passing through.
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(u, p, p, t and space coord. are here dimensional)
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Schematic of the Rayleigh-Taylor Instability
applied to Premixed Flames
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M=0001 [g=2 2ixL1Fmm. [LQ'EQQCP]
~ .

Temperature contours of a rippled flame undergoing interaction with a
1 atm m pressure gradient, after 0.98ms (Edwards, Mcintosh and
Brindley, CST 99,179-200, 1994).
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Temperature contours of a rippled flame undergoing interaction with a
1 atm m* pressure gradient, after 1.28ms (Edwards, Mclintosh and

Brindley, CST 99,179-200, 1994).
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e 2-D Interactions

Shock-Waves & Generation of Turbulence
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Pl Density gradient Np

Pressure e
Wave e e
Flame Vorticity
Ball

v Pressure related

Force - Np

~ A 3/ _ s _ 3/ nn
Dt P P ¢ o
Baroclinic generation of vorticity due to a shock wave passing
through a curved flame.
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General 2-D Equations including viscosity

p_pT Assume (as in 1-D)
fp:tl (pu)=0 pDx<T (as ).
ft B
P %+pu Nu=- yl\il 7 &p+:i—;& Q@) 2nd order Godunuv scheme used
0 f_T+pu KT - —N (:DRT)pOR to find numerical solution.
ft Le —
(- v'1)§%+g&pr2 ma: Mu]u

p—C+p_& _R.(oDRC )= pR: RYACe /7
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igare Ji Thie Luibint Evalution of The Densitr atribatiog Deting T) Figeree B The Bvolotion of The Deasity Distrization efwaren & w 1.5mz
aleraction Hetween o Fositive Pressurs Step with Practinpad Avaplitys awitl = 2.5ms during Tun 1, which Bimutated the Benaviour of bae Slowest
:f acd A Cylindrical Flamee Bal! of Radivs Jue. Girid Size do o dy Flame with Low Viseesity (Fr = £, GrAd Size dx « dy = .4mm

A

The effect of a shock wave of strength 0.3 bar propagating a flame ball with

local laminar flame speed 1 ms-i. The flame is in atube closed at one end.
Proc. Roy. Soc. A452, 199-221, (1996).
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e 1-D Interactions

General Considerations
& Important Ratios
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Reaction Zone

Pressure Wave

- > U
Combustion ox=x1
Scale Acoustic N

— -
Combustion Zone

N ~ number of typical combustion lengths in one acoustic length.
t ~ ratio of typical combustion (difusion time) to acoustic time.

Typical length and time-scales for pressure interactions with flames.
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e Three Important Ratios

. 1, diffusiontime K ¢ ug
acoustic time | ¢/ag
acoustic wavelength ¢
N 2 —
diffusion length K¢ug
M 1/4 % ? T:i

ag ' NM
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Reaction Zone Reduced Activation Energy 0

Pressure Wave——» Acoustic Scale X

drodynamic Zone \\ Combu}stion cole o Hydrodynamic Zone

T
O) @\@ @

—> <4+—
Kl
Combustion Zone ¢ = —
Uoy
X1 : mass-weighted coordinate following the flame. N ~ number of diffusion “lengths” in one typical length of pressure wave
(usually large) = ¢ /¢,
X : re-scaled coordinate to describe effects driven by _ -1 _ ) I L 1Y _ : /¢ /a
spatial pressure gradients (usually away from the T=(NM) i.e. ratio I(\)/]; t19|ffu5|on time {c/Un  to typical time ¢/ag

(D Long length-scale (@ Medium length-scale (@) Short length-scale (@) Ultra-short length-scale
N>>M_1,T<<1 N:M'1’~c:1 NZB-ZM_l,T:ez N::|_’~|;:M'1
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4 Main Cases
. Long length-scale : N fiM™ " t&d

Relevant to thin fast flame with low frequency acoustics : Flame
totally quasi-steady.

e Medium length-scale : N=M"", t=1

Relevant to a wide range of flames - Audible Acoustics.
Combustion zone unsteady, reaction zone quasi-steady.

 Short length-scale : N=0°*M", t=6°
Sharp pressure changes. Combustion zone and reaction zone
both unsteady.

e Ultra-short length-scale : N=1,t=M"*

Shocks. Two separate events; Shock passage followed by severe
distortion of the flame - possible extinction.
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p—pT)\ TSc 8?1
TOl

1 Jfp mfp p’ fu

NM ft N fX Nl\/l R
1 fT,mfT p fZT

NM ft fo N’Le fX?

1 f_p m, fp dy Yfu®
ol )QNM £ Np £R IN? gfx %H
1 fC mfC_ p fC_
NM ff N fX N? f%°
1 fu®, m fu® 1 fp_ 4f2u""
NM? ft "NM & yNM? f& 3N2M f%2

= R:RYACe T

g is acoustic distance — %

where, IS
combustion distance N
Xll/%adx 1.e. mass-weighted.
(0]
f is acoustic time :Ntl\/l where ¢ is

combustion time.

N : number of "diffusion lengths" in 1
characteristic pressure length-scale.

M : Mach Number of flame propagation 1, U

ag

m, . Mass burning rate :%@wa)
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e 1-D Interactions

Acoustics and Flames

Medium wavelength N =M " /t=1
small amplitude
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Practical Applications :

e Flame Buzz - very much geometry dependent

e Domestic Boilers/ Power Station Furnaces
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Low amplitude Acoustics and Flames

p= T01 qu Sc=1

1 fp . mfp, p° fu®_
NM FE N fR NM R

L T mfT p T _
NM ff N fx N’Le fX°

p=1+Mp: ; M.uOl ;u""...u cu .2

, o—
Aoy Ap,

T =T, + MT2
P =ps + Mpj
u® = ud(O(M)) + Mui ~ Mu , order of combustion zone velocit

je. u=u, +ul and ud Uu,

Thus the small combustion velocities

1 fp,m fp, 4 ¥u’ % (~ 0.3 ms?) regarded as a flow velocity
ol v )gNMp ff Np f% 3N gfx 2l perturbation of a low-amplitude acoustic field.
1 fC.mfC p f2C = R:RYACE 04 This leads to Wave Equations:

NM ff N fX N? f%°
1 fu® LM fu® 1 fp 4 f2ua Upstream & Downstream
NMZ ff NM fX INMZ X 3N?M f%C o5 _£768 f2p2 1 e

~ ~9 ~y n
frr X 2 Ty R
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COMBUSTION EQUATIONS - Asymptotic matching of combustion zones to

acoustic zones f N f
JoyN L

R fx
f_T+mOfT_1f2T=QR !
1t fx,  Le fx2

1t FC g
f X fX12

_6
R ...ACe /T

with continuity integrated across the combustion region:

u
/P + mof—p + p° / =0
ft X X
Combustion Zone expansions :
p =1+ Mp,
T=T,+T,
P=Ps + Py

U=uUg+U, (= U +U)
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Fluctuating heat loss
to burner : Impedance IX|

' X¢ .
< > Acoustic Zone aZ?
Acoustic Zone al \
B . g

ux
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Wave equation upstream Wave equation downstream
fopd _ fed fepd _ 1 f*pg
IS S fE& Ty fX°
Assume Harmonic disturbances : p} =p7e“....etc
Jump conditions Py - By = YIX Uy
0y = 2V
TO
_ 1 -(%+r)<f
where VE-T,- (1,T°X2+r)5 SHEZV GRS

O\ C

e -2rx (03]
2gre "' +
g TelT,)

comes from asymptotic analysis of small combustion zone diffusion-
driven disturbances. ( T, is the ratio of upstream to downstream temp.)

1 éTad'TOL}I . . .. . . . .
Xf/‘”gﬁg is the "adiabaticity". © is the activation energy (non-dim.)
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N
Gauze  Flame Adiabaticityxfl/lngr T

ad 0
Impedance X, \ l T4-T, 7

— Downstream Temp T,

Temp. T,

\
InI(;?IFC:ow (
|
[

< > < >
by 2

Upstream burner port Downstream burner port

Simple Model for Flame in Rijke Tube
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1 D

1:ac — ;C 1:diff = U_g
cD
tac = tdiff gac = — 5

Similarity of time scales for
Burner Resonance
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Velocity Transfer Function for
Burner Resonance
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FREQUENCY CONDITION : TUBE OPEN BOTH ENDS

COSh(wEl) cosh/ \/7 cosh(w?, )coshp? \/7
sinh(w/, rsmh&f f%rx smh(mfl)smhgf \/73_

FREQUENCY CONDITION : TUBE CLOSED UPSTREAM

cosh o/, /T, kosh(w?, coshl/,\/T, )
V'\/ﬁ Smh&g \/7 smh(goj ) \/7| smhg@\/fg_



Pressure Waves and Premixed Flames

Growth Rate W
0.0027

Mode O : Impedance Xg:2 a2

Total tube length £1+ ¢, =8

0.0011

0.000[

-0.001
10 20 30 40 50 60 70 80

Position of flame/gauze 7,

Growth rate of gauze tone as a function of flame/gauze position
for simple model of flame in Rijke tube.
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e 1-D Interactions

Acoustics and Flames

Medium wavelength N =M ! t=1

Medium amplitude - Free Flames
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/ Reaction Zone
Acoustic Zone ua_y\ N Acoustic Zone
«—
Va
< >

Combustion Zone

_P _>X ]
P f _Po : N
mr;)spsaﬁ 3)!0n (JO Y }<O (M ) >
Equations to solve: fT fT P, f _QR+T01 Q )7
(E ): oT ft fx Le fx;
pO T01 fC fC f 2C _ . - /
“+m, P, =- R:RYACe T
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Using asymptotically derived jump conditions across the flame equations become :

ST T P f @ )Ldpo

ft fx Le X
2
I im, S p, LS =0 (x,<0);c=0(%,>0)
0 X
with jump conditions : [T]O' :O'[C]O' _
0+
&fT U _LeQe*T Ve g1 fCu -
e—u ’ —
éf 00 \/po gLefx leLb+
" 3/ ﬁ(l) A
Harmonic solution for perturbations mo=l+emuoe““;po=1+er‘3uoe“’tg=l+e e—“"e‘”t%
- — <
M= @'Y 1X6 Puo XZS' Q) where
uo 7 ~ =
4 4
g o[ Lo s}G-nF 2 6-r) L
8(0 (6)) S ... Le + 7
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. My
20 Q"Y '1x9 ﬁuO)
1.8 +

1.6 +

1.4 4 I
12 1 Le=0.1,Q=0.8
_— Tail x . Jw, /2

=

1.0 4
0.8
0.6
0.4
0.2 +

Le=1,Q0=0.8

Mokt @ v 2 JOP,o Woo, /2

0 1 2 3 4 5 6
Frequency w;

Amplitude of mass flux perturbation as a function of frequency
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e 1-D Interactions

Acoustics and Flames

Short wavelength N =0"*M~! 1= 6?

Medium amplitude - Free Flames
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Short wavelength N =6"°M~*,t=6°

Equations to solve:

T fT p f°T Al 1)\dp
. 62f—A+m - 2= —=QRH -2 (-y )2
p0¢)2$_T ff0fx Le i 0 b )F
01 2
0215 IS 0 L 5= RiRvace™
i g

Now have larger mass flux response :

my, = omM{°’ + mi{P + ...

Typical time scale of pressure wave now on a par with typical time of reaction zone
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Amplitude of unsteady part  ~ | r-nuo
of mass burning rate ME ) -
-1
191 0 Q 6-_ Y )puO
.-‘""l.ﬂ”
1.07 /
S
0.8 / P
/ .J.,-"*'# g=3
0.6[ /{ d
4 e 9=>
0.4} /,,n'" p ..-'""‘.. z o e q= 10
. -
e o)
0.2 '/" 1=
0.0 '

02 04 06 08 10 12
Frequercy W /¢

Variation of amplitude of mass burning rate ratio with frequency
and activation energy.
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True peak amplitude of - 1\n2 £\7 — my - 1
unsteady part of mass Q(1-y" ")o°M sl p, -1
burning rate 0 peak
70.0¢
Asymptotic limit
60.0f 031(14") 9
50.0¢
40.0f
30.0f
20.0f
10.0f i
| ,.-f“""#. w =19 Activation Energy 9
O-O-:-i'". [P BT B ENE A BT BRI R |

50 10.0 150 20.0 25.0 30.0 35.0

Harmonic oscillations of burning rate. True variation of the peak
of unsteady fluctuations plotted against activation energy . Peak
frequency is also marked.
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There is thus a natural high frequency resonant mode for a given premixed

flame and one can predict a dimensional high frequency natural resonance at
approximately

\ Y.
wCE(07" 08) =K Q LT

R¢Fb¢¢ ugs

for a 1-step overall reaction, where 6 is the activation energy of overall
reaction, R’ is the Universal gas constant, T, is the flame temperature, K °
Is the thermal diffusion and u,,’ is the steady burning velocity.

This is awaiting verification by experiment.
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e 1-D Interactions - Flat flame, normal flow

Effect of Pressure Pulse

Short length scale - Medium length scale
N=0°*M"'e M*' 1=0"¢1
Medium amplitude - Free Flames : Numerical
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e Three Important Ratios

. 1, diffusiontime K ¢ ug
acoustic time | ¢/ag
acoustic wavelength ¢
N 2 —
diffusion length K¢ug
M 1/4 % ? T:i

ag ' NM
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Reaction Zone Reduced Activation Energy 0

Pressure Wave——» Acoustic Scale X

drodynamic Zone \\ Combu}stion cole o Hydrodynamic Zone

T
O) @\@ @

—> <4+—
Kl
Combustion Zone ¢ = —
Uoy
X1 : mass-weighted coordinate following the flame. N ~ number of diffusion “lengths” in one typical length of pressure wave
(usually large) = ¢ /¢,
X : re-scaled coordinate to describe effects driven by _ -1 _ ) I L 1Y _ : /¢ /a
spatial pressure gradients (usually away from the T=(NM) i.e. ratio I(\)/]; t19|ffu5|on time {c/Un  to typical time ¢/ag

(D Long length-scale (@ Medium length-scale (@) Short length-scale (@) Ultra-short length-scale
N>>M_1,T<<1 N:M'1’~c:1 NZB-ZM_l,T:ez N::|_’~|;:M'1
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KC

=1. 1 /¢ =—
Suppose N=1, i.e. ¢ 9

Then length scale of pressure disturbance is of the order
of the flame thickness.

Define t ¥ (time with respect to “diffusion

time”) K ¢/ UG'ZL
Then durlng passage of pressure wave

ty e - &1ak _KOUGRG ;. zo(m)
K

¢/u@?1 K(I:/u@,zl K(I:/u@,zl
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On this time scale no diffusion effects take place.
Combustion effects take place on longer time scale

with tEo@‘z) " tEO(1)

( 0% £4 non-dimensional activation energy).
RAL
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K¢
For N=6-2M-1 i.e. (¢ =——0-2M1

U
Then length scale of pressure disturbance is small, but
greater than the order of the flame thickness.

Again using t ¥ (time with respect to “diffusion

K¢/U@%

time”), then during passage of pressure wave, the time is n

t¢ _/¢/ag _6°M kGufag _ .
tV,—2 = -2
kWuf «Gug k& ug €. tEO@ )

Combustion effects take place on longer time scafeo(t)
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1.2 7 Temperature T Immediately after

‘‘‘‘‘ pressure wave
i04 Final

Initial
0.8 T
06 e TEET.GpE
0.4 -
0.2 |
Distance X

0.0 T T I I I T

-100 -80 -60 -40 -20 0 20

The effect of a pressure wave on temperature profiles of a premixed flame
(Le=0.9, 6=10, p,=1.5)
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"Residual” 1-D Equations after pressure
wave has passed through

T T Py 7T T dp,
T m L =QR+( - o
M e i = kodt

2
£+moﬁ- pof Sz- R; Rl/zACe'% , A\,pD prop. to T? pA prop. to p
LS DT P
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miMass Burning Rate}
MMass Burning Rate)

@]
\

@]
\

a
\

rieaction peak Frame 1-D interaction between a steep
o pressure pulse and a premixed flame.

== o e

\
.0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

t (Diffusion Time)

.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

t (Diffusion Time) t (Diffusion Time)
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e 1-D Interactions - Flat flame, normal flow

Effect of Pressure Drop - Extinction Behaviour

Short length scale - Medium length scale
N=0°*M"'e M*' 1=0"¢1
Medium amplitude - Free Flames : Numerical
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Reaction Zone

- Pressure Wave
N, P .
\ Mass expelled Mass expelled

Local mass burning

N~ rate at very low values

S
.

Tt

Original
Combustion
Zone

Transient flame dilation after a sharp pressure drop.
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T

J :
//./’ Initial Temp. Profile
PN
Temp. Profile immediately
after pressure wave. T9=70p§" ")
X

Schematic of the effect of a pressure change on the
temperature profile of a premixed flame

Starting condition for residual _ t-v )
combustion time-scale investigation : T(x) =Ts(x)Pg
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m, in inflection point frame of reference
2 J—

t - diffusion time
H H H H
0 1 2 3 4 5 6 7
The evolution of the inflection point mass flux of a flame with activation
energy 0=30 and Lewis number Le=1.0, during negative pulses of the form
p=1+4al " - 2-2°" ] with b=0.3

i P % i e e e o b i [N TR U [
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m, in reaction peak frame of reference
5 —

0.9 | Lmin t - diffusion time

u |
0 1 2 3 4 5 6 7
The evolution of the reaction peak mass flux of a flame with activation

energy 0=30 and Lewis number Lg=1.0, during negative pulses of the form
p:j|_+4aé"°t - D~ 2bt j with b=0.3.

M
-
£
w
i
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my
1.5
6 =10
=0.8
1.0 - Q
mo (pmin:0-4)
05 - g Recovery
T my (pmin:O-z)
0.0 —\ 5 e #___Extinction
| l | l l Time
0 5 10 15 20 25 30

The mass flux response of a premixed flame to a sudden
decrease in pressure.



1.0

0.8

0.6

0.4

0.2

0.0

Pressure Waves and Premixed Flames

N m, (dp,/dt=-0.04)
i Recovery

m, (shock-wave) ™ " -
__________________________ xtinction

I I | | | | | 1

0 5 10 15 20 25 30 35 40

Time

The mass flux response of a premixed flame to a
decrease in pressure - the effect of time rate of change.
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Final pressure p,,

027 T e f(:|)-O8
026 1  Recovery .- Q =0.
0.25 7 ///
/ _ .

0.24 ~ / Extinction

/
0.23 //
0.22 T
o Rate of change of
2 | | ' ' pressure -dp,/dt

0.0 0.5 1.0 1.5 2.0

The boundary between extinction and recovery in (p,.., ,» dp,/dt)
parameter space.
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e 1-D Interactions

Accelerative effects

Short length scale - Medium length scale
N=0°*M"'e M*' 1=0"¢1
Medium amplitude - Free Flames : Numerical
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miMass Burning Rate}
MMass Burning Rate)

@]
\

@]
\

a
\

rieaction peak Frame 1-D interaction between a steep
o pressure pulse and a premixed flame.

== o e

\
.0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

t (Diffusion Time)

.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

t (Diffusion Time) t (Diffusion Time)
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1000 -

100 -

10 -

0.1

Mass Flux relative (M -1)
response amplitude v Xpo- 1) Reaction peak
behaviour

Inflection Point
behaviour

(N>>M-1) (N~M1) (N~0-2M-1)  (N~1)

1 10 100 1000 Time ratio T

1<<1) (T-1) (T~62) (T~M1)
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e 1-D Interactions - Flat flame, strained flow

Effect of Pressure Drop
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NSO NN NN

Strained Pre-mixed Flame



| | ||m Pressure Waves and Premixed Flames

K¢
ugL

Length scale of pressure disturbance is of the order of the
flame thickness.

N=1, i.e. (g =

Define t ¥ (time with respect to “diffusion
K ¢/ u@zl

time”)
Then durlng passage of pressure wave

ty e - &1ak _KOUGRG ;. zo(m)
K

¢/u@?1 K(I:/u@,zl K(I:/u@,zl
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On this time scale no diffusion effects take place.
Combustion effects take place on longer time scale

with tEo@‘z) " tEO(1)

( 0% £4 non-dimensional activation energy).
RAL
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T

J :
//./’ Initial Temp. Profile
PN
Temp. Profile immediately
after pressure wave. T9=70p§" ")
X

Schematic of the effect of a pressure drop on the
temperature profile of a premixed flame

Starting condition for residual _ t-v )
combustion time-scale investigation : T(x) =Ts(x)Pg
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Assumption - Not only does the combustion take place on a
longer time scale, but the natural time for the effect of the

pressure drop on the strain is also considered to be on a
time scale which is longer still. Thus

—>— 7?7 oW
at ug U@}_Z[/K(t

where o' has units of secs,
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Strained Flow with Prescribed Velocity [

If the velocity field u =
ar ., v 3 ;
Ar T By

all is prescribed so that V.U =
={} {and ?:,l_l —1. Ij—rl' = 1. we have

o dp )
{}; T u!’, rf:l".:l' — {}
. ag 14 e
— +all— — ——(pD = =T,
Bt oz pdet” Bx’
a1 ar 1 & . ar7 +— 1, 0p
niis § potaa] SO M 57 | cioal, SRS PR R et
Plgr telgy) ~ Teap Mg | = PR+ Tul=—)5
where D '
pBe,
Le= L To ===
¢ kY ] T
]:I';'t..:IIiEI_'_"_.lli.l' T 'l'rll]r':.l:lll' ||".
k= ,|'J . pdz, =1,

my = apl L

) dr*
I!'.l:l 24(4Y 4 = .!'_:" = ’
[FETY . i it
we have
& = |my — apll — ai)d; + 4;,
i o
8, =p0;, —+al
it ]

O

= & + (tny — ax)d:.

Fuel & Energy / Applied Mathematics, University of Leeds
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With pD = A and pA = p, the equations in the mass-
welghted co-ordinates become

oC ac 8§ C

e e i o — A=

5 + (mg — az) = 8:.-:“:"3 R, R=ACe ),
or oT  p 0*T L T'dp
gt Tlme—aZ)gr — 1o =R+ (-7 ]p di’

We will only consider the half-space x < 0 due to its sym-
metrical property of the counter flow. The related boundary
conditions are

C=0, T=T, for 2<,
C=0, T=T.(or Ty for a=0), for & — & .

Fuel & Energy / Applied Mathematics, University of Leeds %*"
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Perturbations and Stability

@-{-{m_ ]ﬁ— 3_'3(?_[}
or 0T ey " Paz T
oT oT p 8*T _i.Fdp
gt Vi —edies = 1w ~ L=
T3 =0, [C]3=0,
[3—T - LEQE +=0, [HT]I " e2(T+-1),
0z s Oz v/ Poc

By assuming that € < a < 1, the perturbations in term of
€ give

T=T+eTV +... O=C.+eCV +...,

mg = m, + em'V + s p=pe+ep + .., (p. =1),

W n

Fuel & Energy / Applied Mathematics, University of Leeds %
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Effect of Pressure Perturbation

The pressure response 1s i
: : mﬁﬁl—ﬂf_l—%],
(1—77")(fpu)(25 — Q) .
S S O S I
G- Lely — )+ (5 #)] — B — )] rEJetD Sty

Thus, the full expression for my is
my = Mg + €My, 5p = €Py-

For o < 1 and w — 0 (or 7 — 1/2), we have (for t — c0)

me = m, + (1—7*1)2(Ti<52p)(1—62>

, (0p = epy)

l.e.

—~1 —
my & 14 0200=0) o1 — Q)1 — (1 — 4~')(08p)(1 - Q)

Perturbation of mas burning rate due to pressure change, in

presence of strain . Eaﬂ

T
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Dispersion relation

The new dispersion relation is

4m,s 1. @ afQ)(Le—1),. 1
= [r—?}— J-m{p[ Ql‘___} ]I][[r—i

with
m,=1—all —Q,/2),

= ||-.r.-1 SE\JiJ—E

4’ Le " 4
Rewritten in term of [; = @{Le — 1), it becomes

8’1 — a(l — Q1/2)] Qh[i _ )@z _ g
which becomes McIntosh's (1984) relation when a = 0
s_g—r‘f+ e L_.;J-—RJ— Q{i_r"_ __
0or

: : ; 5 1
SivashinskyRelation : 8r* — E;Q[:} —r) = 1.

Fuel & Energy / Applied Mathematics, University of Leeds
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mass buming rata mit)

Recovery due to pressure change (@ = 08,8 = 10,y =
1.4, Aa = 0.01) and Py, = 0.4
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Conclusions -

As strain rate increases, the susceptibility to extinction by
a pressure drop increases.

Lewis number decreasing (or A/p'D'c, increasing) also

causes the extinction boundary to be more accessible.
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e 1-D Weakly compressible combustion fronts

Acoustics and weakly compressible
combustion fronts in a tube.
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* Long wavelength acoustic oscillations interacting with a
weakly compressible combustion front.

e The structure of the front is not a priori assigned.

* The combustion front front has a mass burning flux which is
sensitive to pressure.

* Pioneering work of Alexander Ni :-

NI, A.L. and Goel, B. (1995) “Stability of a deflagration front in
compressible media”, Z. angew. Math. Phys. (ZAMP) 46, 328-
338.
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Flame

Cold Hot
Inlet Flow Outlet Flow Temp ratio T,
—> —> >
Mach No. My, Mach No. M,

Zonel Zone 2

- > < >
f1 ty

Upstream Downstream

Fig. 1. Schematic of compressible combustion front within a tube
which can undergo acoustic interactions.
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The usual Rankine-Hugoniot relationships across a compressible
front can be expressed as

p,=p,+y m3 (v,- v,) Rayleigh Line

17 ) _
V1 - PV ZEQ_- Y 1Xv1 +vo)pr - p2) - Q Hugonlot curve
Q" ¥Qd/ cfTg

U~ Be = U2 By e Mass continuity
A V, ~  fX
Ya f
P e

In acoustic zones have

pul — Ale(l)x 4+ Ble— X

Dyo = AZe(JoX/«/T82 - |32e—(JL)X/1/TS2

X 1/4X—¢ : t1/4t | S P 1/4&
¢ L¢ T4
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Jump conditions across combustion front :
(- 2Moyx )Puto = Puzo

1- M = pyog - Myre——ael - = =ull &
( 01X)I0u10 Pu20 01800 0l 0 df log
For input from the hot side, the coefficients are :
A- 1+ ] ~ M
KR — I\,{I 1 X KT: ,\ZM M]_/MOZ
M+1- « M+1- % 01

For input from the cold side, the coefficients are :

L _X+1—|\7| LT:A 2
R M- » +1 M+1- %

All modes unstable



| | ||m Pressure Waves and Premixed Flames

Multiple acoustic waves In tubes - open tubes

cosh(o 1) L (012/\Te2) _
sinh (o fl) Slnh(ﬂ) fz/r)

C Is the sensitivity of mass burning to pressure ¢ %

£ Q86 My
ChTdh Pdio

YyQ mg
Ps2 Pu1o

Approximate form :

Using pp=PstPet 1 FEF we then obtain
VPs2Ps2 \/pszpsz Ps2

cosh(mfl)+ cosh(oofz/r )
sinh( ¢;) rsmh(oofz/r)
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Frequency o, n both en
|,+1,=20
1.27 c=0.5
1 N T,=5
0.8 + Mode 2
\
0.6 +
Mode 1 _
0.4 +
B Mode 0 -
0.2 + ~
0 | | | | Position I,
0 Coldend 5 10 15 Hotend 20

Fig. 2. Frequency variation for the first three modes of oscillation of
a fast combustion front as It progresses down a tube length 20.
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l,+1,=20
1M
Growth rate w, c=0.5
0.03 - T =5
0025 — /Yy o~ N N
/ /X\D O VIR 0, ? o ECIL = 0.025
R A \
002y '/ j 1 / "(\ i
fll \ l' -l- I I\ I‘
0015 +, /v Voo 4 i ; V| Mode2
i . v/ v Do \
I Loy v / Mode 1 !
0.01 ”l"l || x "\II I o
0.005 Vo e / O\
' ;i b \ /' Mode0 \_\
| N . -
0 Y] \/ \/ ~~~~~~~~~~ Position |,
0 coldend 5 10 15  Hotend 20

Fig. 3. Growth rate variatio

n for the first three modes of oscillation

of a fast combustion front as it progresses down a tube length 20.
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For o Eing+o

tan(nozzl\/'l'siz)+\/'r?2tan(m0€1)20 0 E /, A
o) s o 4T)
Minimum growth rate Wl = Mt wolo [ [Tsp =Ny
N

L- 41 napyTso

Maximum growth rate wolq :%+n1n wlg [ 4/Ts :%+n2n

51 n +3

e e =
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Frequency o;
4T n both en

35 + ,+1,=20
c=0.5

3T T,=5
25 +

27 Mode 10
15 +
1
05 —+
0

| | | Position I,
0 5 10 15 20

Cold end Hot end

Fig. 4. Frequency variation for the 10th modes of oscillation of a fast
combustion front as it progresses down a tube length 20.
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Growth rate o,
0.03

0.025
0.02 -
0.015
0.01
0.005 -+

0

0, 21y ECIL =0.025

Coldend §5

Open both ends
|,+1,=20
c=0.5

Mode 10

; Position |,
Hotend 20

Fig. 5. Growth rate variation for the 10th mode of oscillation of a fast
combustion front as it progresses down a tube length 20.
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Multiple acoustic waves in tubes - hot end closed

cosh((ofl) smh(wﬁz/r)
sinh(w #1) rCOSh(MZ/F)

Analysis produces

COt((Dofl)- @taﬂ@)ofz /@): 0 o E / - [,

L+
sin’(,/,) * cos (oo / /\/7)
Maximum growth rate Wol1 = % M wolp [ [Tsp =N
1
6. _ MY

L- /1 npyTso
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Frequency w; c=05

09 ¢
0.8 +
0.7 +
0.6 +
0.5
04 +
03 +
0.2 |
0.1 +

0 | | | " Position |
Id end ] 1
Cold en 5 10 15 Hot en 20

Mode 0

Fig. 6. Frequency variation for the first three modes of oscillation of a
fast combustion front as it progresses down a tube length 20, closed at
the hot end.
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Growth rate w,

0.03 +

0.025 | A

0.02 [/
0.015 [/
0.01 ]

0.005 i

Closed at hot end
l,+1,=20

c=0.5

T,=5

®, 2, EC/L = 0.025

Mode 1

Mode 2

0
0

Cold end

Position I,
10 15

Hot end

Fig. 7. Growth rate variation for the first three modes of oscillation of a
fast combustion front as It progresses down a tube length 20, closed at

the hot end.
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Estimating the sensitivity of mass flux 1, ¥Q mg
with pressure X P2 Pulo

¥ ES @ - 1)2- 1/T32)(e|\/|01)6(”+(%+r)/2/T32)

from classical flame analysis

diffusion time _ « ¢/ u@?l
1 1 Ya =
where /a0 +7 " 7F acoustic time 4. 1 agy
o _ 1 Eg
Note t =0 implies : Y =50 - (- UTSZ)MOlR—TgI
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Frequency o, Open both ends
0s |, #+,=20
T,=5

0.35 1
03 +
0.25 +
0.2 +
0.15 +
0.1 +
0.05 +

0 | | | ~ Position |
0 coldend 5 10 15 Hotend 20

Fig. 8. Resonant frequency for a fast combustion front in a tube as a
function of position. Effect of complex ¢ on fundamental mode.
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Growth rate w, n both en
0.025 #1720
t=1.0 T82_5
0.02 -
0.7
0.015 + Mode 0
0.5
0.2
0.01 - : .
VY / A A\ ©=0:w,? ECc/L=0.008
0.005 +
0 | | ‘ _Position |
Cold end S 10 15 Hot end 20

Fig. 9. Growth rate for resonance of a fast combustion front in a tube as
a function of position. Effect of complex ¢ on fundamental mode.
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Growth rate o, Open hoth ends
|, +1,=20
0.035 | <
t=1.0 T52—5
0.03 |
0.7
0025 Mode 1
0.5
0.02 +
0.015 0.2
1 0.1 :
0.01 NN NN 100,20, EclL=0008
0.005 -
0 | | | —  Position |
O coldend 5 10 15 Hotend 20

Fig. 10. Growth rate for resonance of a fast combustion front in a
tube as a function of position. Effect of complex ¢ on 2nd mode.
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Concluding remarks on growth rate

In reality for the turbulent flame, the value of ¢ will be substantially more
than the laminar formula used here, but the form will be similar for the

thick turbulent case.
Note Nl = \/pslpsl 1 \/ 2 & /—
VPs2Ps2 \/ Ps2Ps2 Ps2

~ X 1 E¢ 1
and o] S Ol E5 0 - DA- 1/ Tep Moy —=- =
(by using the classical flame approximation)
. ES af
: : 1
Thus dimensionally ., E50 - - T¢/T$ )Moy == T L¢
E¢ U@

e, |ofi. E50 - )L T8/1$)

RTS LG
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The main conclusions are that

* For a given tube geometry, and acoustic interactions with a fast weakly
compressible combustion front, there Is near constant maximum growth
rate of the oscillations.

* Depending on the mode, there are locations in the tube where the growth
rate IS zero.

 The maximum growth rate Is inversely proportional to tube dimension,
and directly proportional to the sensitivity of the mass flux of the
combustion front to pressure.

e For a tube with the hot end closed, the higher modes become more
dominant as the weakly compressible combustion front reaches the cold
end of the tube.



