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ABSTRACT

In this paper a model for local extimction in tur-
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™ time scale for the finme structure regions
™ bulk mixing timescale

bulent flow is developed The model is based on the

Eddy Dissipation Concept (EDC) for chemical reactiem in
turbulent flow developed by Magnussen (1981). A review
of this concept is included in the paper. The (EDC) is

a reacror concept which is unique in that it takes into
account the intermittent behavicur of the smailscale
structures of turbulence, as well as the effect of the
fine structures on the chemical reactions. Both fast and
siow chemical reactions can be treated simultanelously
and consequently the extinction process. In this paper
the extinction is assumed to take place in the fine
structure. The lift=-off and blow-out conditions for tur—
bulent diffusion flames are calculated and compared with
experimental data. The turbulent flame propangation velo-
city is also discussed with regards to the same concept.

NOMENCLATURE

ey concentration (kg/m3)

Sp specific heat

D nozzle diameter

F fiatness factor

F characteristic fine structure flatness factor

AHg reaction enthalpy difference

k turbulence kinetic energy

L% characteristic length scale of fine structures

L' characteristic turbulence length scale mixing
length

1", 1! characteristic turbulence length at different
structure level

fh exchange rate of mass with fine structures

REA turbulence Reynolds number

r gtoichiometric oxygen requirement to burm 1 kg
fuel

T temperature (K)

AT excess temperature of reacting fine structures

Ug turbulent flame velocity
mean, flow velocity

u¥* characteristic velocity of fine structures

u' turbulence velocity

u",ul  characteristic turbulence velocity at different
structure level

% axial coordinate

Y fractional conversion parameter

¥ laceral coordinace '

p density

£ rate of dissipation of turbulence
kinetic energy

e effective turbulent viscocity

v kinematic viscosity

Yy intermittency factor

Yy mass fractiom occupied by fine structures
mass fraction occupied by fine structures
regions

INTRODUCTION

Local extinction in a practical turbulent combust-
ion situation can influence important combustion
characteristics like scabilicy, noise genmeration, flame
propangation, fuel consumption and heat transfer. These
characteristics are of main impertance for the perform-
ance and operation of combustion engines, combustion
chambers, flare burners and fire fighting equipment.

From a fundamentzl point of view the extinction
characteristics of chemical reactions in turbulent flow
¢an give some new information about the geametry and the
dynamics of the small scale turbulent structure and the
interaction berween the structure and chemical reacrions
which is some of the main problems inm turbulence. The
classical way to treat extinction phenomena is to apply
Karlovitz-Kovasnays crizerium resently used in a tur-
bulent combusticn situation by Chomiak (1982)2, Turbulent
structure models have been developed and used by
Lockwood and Megahed (1978 and Tabaczynski (1981)°.
Common for these models is that the chemical kinetical
properties of the fluid is expressed through the
laminar flame speed. ~

Recently Peters {1982) treated the extinetion
process in turbulent flow by considering the quenching
of diffusive flamelets where both cthe intermittant be-
haviour of turbulence and chemical kinetics were taken
inte account.

REVIEW OF EDC

Chemical reactions take place when reactants are
mixed at molecular scale at sufficiently high tempera-
teral. In turbulent flow the reactant censumption is
strongly dependant on the molecular mixing. It is knowm
that the microscale processes which are decisive for
the molecular mixing as well as dissipation of turbu-
lence energy intc heat are severely intermictent i.e.
concenttated in isolated regious whose entire volume is
a small fraction of the volume of the fluid.

These regions arz occupied by fine structures
whose dimensions are small in one or two dirvectioms,
however not in the third. These fine structures are
believed to be vortex tubes, sheets or siabs whose
characteristic dimensions are of the same magnitude as
he Kolmogorov microscale, 8.7,8,9,10

The fine struccures are responsible for the dissi-~
pation of turbulence into heat. Within these structures
one can therefore assume that reactants will be mixed
at molecular scale. These structures thus create the
reaction space for non-uniformly distributed reactants.
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In a modelling context one can assume that the
reactants are homogeneously mixed within the fine struc—
tures. Thus, in order to be able teo rtreat the reactions
within this space, it is necessary to know the reaction
volume and the mass transfer rare between the structures
and the surrounding fluid.

The following describes a concept for treating
chemical reactions in turbulent flow which include basic
features of the preceeding.

Turbulence energy dissipation

In turbulent flow energy from the mean flow is
transferred through the bigger eddies to the fine struc=
tures where mechanical energy is dissipated into heat.
This process is schematically described in Fig. 1.

TURBULENT ENERGY TRANSFER
CLASSICAL CONCEPT

FROM MEAN FLOW
HORK TRANSFER

BIG EDDY /J % SHALL EDDY

HEAT GENERATION

v

CHARACTERISTIC SCALES: w', L', w'

Fig. 1. Turbulent energy transfer

In general, high Reynolds number turbulent flow
will comnsist of a spectrum of eddies of different sizes.
Mechanical energy is mainly transferred between neigh-
bouring eddy structures as indicated in Fig. 1. For the
same reason the main production of turbulence kinetic
energy will be performed by the interactions between
bigger eddies and the mean flow.

The dissipation of kinetic energy into heat, which
is due to work done by molecular forces con the turbulence
eddies, on the other hand mainly takes place in the
smallest eddies.

Important turbulent flow characteristics can for
nearly isotropic turbulence be related to a turbulence
velocity, u', and a turbulent length, L'. These quanti-
ties are linked to each other through the turbulent eddy
velocity:

Ut=u' = Ti¥ (1)

Modelling interstructural energy transfer

Figure 2 schematically illustrates a model for the
transfer of mechaniecal energy from bigger to smaller
turbulent structures!?,

The first structure level represents the whole
spectrum of turbulence which in an ordinary way is
characterized by a turbulence velocity, u', a length
scale, L', and vorticity, or characteristic strain rate

w' = u' /L' (2)

The rate of'dissipation can for this level be ex-—
pressed by

u' w2

g’ = ;2(12 v -u't + 15 . v(%T)z) (3)

where { 1s a numerical constant.

TURBULENT ENERGY TRANSFER
MODELLING CONCEPT
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Fig. 2. A modelling concept for transfer of energy from
bigger to smaller turbulent structures

The next structures level represent part of the
turbulence spectrum characterized by a vorticitcy

"

w' = 2w’ (&)

velocity, u", and length scale, L". The transfer of
energy from the first level to the second level is
expressed by

=™ e = u (5)

Similarly the transfer of energy from the second
to the third level where

LIJ"' = w’l (6)

is expressed

v =% 12 v u 2 (7

The part which is directly dissipated into heat is
expressed

. "
g = EZ . ISU(%w 2 (8)

The turbulence energy ballance for the second
structure level is concequently given by

2 u! .2 w2

SRER +159@EDY ()

"
= :2(12 %w - u il
This sequence of turbulence structure levels can be con-
tinued down to a level where all the produced turbulence
kinetic enmergy is dissipated into heat. This is the fine
structure level characterized by, u%, L*, and w*.

The turbulence energy transferred to the fine

structure is expressed by

2

2 u
wk = r° . 4 T® *u* (10)
and the dissipation by
2
w2
g% = z% - 15y (&) (11

According to this model nearly no dissipation of
energy into heat takes place at the highest structure
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level., Similarly it can be shown that 3/4 of the dissi-
pation takes place at the fine structure level.

Taking this into account and by introducing £ =0.18
the foilowing three equations are obtained for the dissi~
pation of turbulence kineric energy for nearly isotropic
turbulence: .

3
€= 0.2 £ (12)
u*3
g = 0.267LT (13}
2
*
e =0.67v () (14)
Introducing the Taylor microscale a fourth equation
is obtained
1
g =15 v (%—) (15}

By combination of equatiomns (13) and (14) the
following characteristics (scales) for the fine struc-—
tures are obtained

/b

u* = 1,74 {e-v)1 (16)

and

3/&,51/¢

L = 1,43 v an

where u* is the mass average fine structure velocity.
The scales are closely related to the Kolmogorov scales.

The fine structures

The tendency towards strong dissipation inter-—
mittency in high Reynolds number turbulence was dis-
covered by Bacchelor and Townsend**, and then studied
from twe points of view; different statistical models
for the cascade of energy starting from a hypothesis
of local invariance or selfsimilarities berween motions
of different scales, and then by consideration of hydro-
dynamic vorticity production due to stretching of vortex
lines. ‘

It can be concluded that the smallscale structures
who are responsible for the main part of the dissipaticn
are generated in a very localized fashion. Tt is assumed
that rhese structures consist typically of large thin
vortex sheets, ribbons of vorticity of vortex tubes of
Eandom extension folded or tangeled Chroughout the fiow

Fig. 3).

"

DEVELOPMENT OF FINE STRUCTURES
ON A CONSTANT ENERGY SURFACE

Schemacic illustrarion of fine structures
developed on a constant energy surface

Fig. 3.

The fine structures are localized in certain fine
structure regions whose linear dimensions are consider-—
ably larger than the fine strucrures therein' These
regions appear in the highly stained regions between the
bigger eddies.

10.

Modelling characteristics of rhe fine structures

It is assumed that cthe mass fraction occupied by
the fine structures, on the basis of consideration of the
energy rransfer to these structures {egs. 12 and 13) can
be expressed by

yro= @7 (18)

u

If it is assumed that the fine structures are local~
ized in nearly constant energy regions, then che mass
fraction occupied by the fine structure regions can be
expressed by

u*, 2
giving the following expression
uk
Yy 4T (200

Assuming nearly isotropic turbulence and intro-
ducing the sturbulence kinetic energy and its rate of
dissipation the following expressions are obtained:

we. /4
Yk = 9.7 @Lé? (21)
and
vee 1/6
YA = 2.13‘(—2—) (22)
k

Similarly by introducing the turbulence Reynolds
number

3/2

Y* = 40.2 - Rey (23)

and

1/2

T, m 3.42 - Re; (24)

Kuo and Corrsin8 have given some results for the
flatness factor of Ju/3t as a function of Re, {Fig. 5).
In order to compare the above results with téese results
an empirical expression has been developed for the rela-
tionship between the flatness factor and the intermittency
factor:

F = ¢25)

" 1.5°(1 + 1/v)

Figure 4 shows a comparison between some axperi-
mentai results'd and the given empirical expression.

0.4
0.3 |a
0.2 {.
[
S
-
0.1 |
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1] 0.2 0.4 0.6 0.8 1.0
Y
Fig. 4. Comparison between experimental results and

empirical expression for the flatness facror as
a2 function of the intarmittency factor.



When eq. (25) is applied the following expression
for the flatness factor for the fine structures is
obtained.

0.5

F, = 1.5 + 0,44 - ReA (26)

X

Equation (26) is compared with the experimental
results of Kuo and Corrsin? in Fig. 5.
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Fig. 5. Flatness factor of du/3t as a function of Re

. compared with theoretical flatness factor for
the fine structures.

From this comparison it can be concluded that the
overall features of the physics seem to have been taken
care of by the suggested expressions.

On the basis of simple geometrical considerations
the transfer of mass per unit of fluid and unit of time
between the fine structures and the surrounding can be
expressed as follows

(1/s) (27)

Expressed by k and ¢ for nearly isotropic turbulence
eq. (27) turns into
1/4

Ve

m=23.6 - (5 (1/s) - (28)

K]

Molecular mixing and reaction processes

The rate of molecular mixing is determined by the
rate of mixing between the fine Structures and the
surrounding fluid.

The mean mass transfer rate between a certain
fraction, ¥, of the fine Structures and the rest of the
fluid, R,, can for a certain specie, i, be expressed as
follows: .

o
. ci ci*
Ri =m-x-(§ -—p—*) (29)

where * and © refer to conditions in the fipe structures
and the surrounding.
The mass transfer rate can also be expressed per

unit volume in the fine structure fractionm, y, as
*

. o]
samepk a0l
il (;Jo“} T (30)

Finally, the concentration of a specie, i, in the
fraction, ¥, of the fine structures and in the surround-
ing is related to the mean concentration by:

EZ c,* - cio
5_1=Fk_.y*.x+—o_.(1-7*.x) (31)
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reacting fine structures and the surrounding fluid
including chemical kinetic rate expressions.

Combustion rates
xombustion rates

If the rate of reacrion between fuel and oxygen 1is
considered infinitely fast, the rate of reaction will be
limited by the mass transfer between the bulk and the
fine Structures. In this case the concentration of fuel
Or oxygen will be very small within the reacting fine
Structures,
Structures, the rate of combustion would be expressed
by:

(32)

where Cpin 1S the smallest of g, 2nd Eozlrfu, where

Efu and EOZ are the local mean concentrations of fyel

and oxygen, and L the stoichiometric oXygen require-
ment,

Not all the fine structures will be sufficiently
heated to react. This is obviously the case in com—
bustion of premixed gases where both fuel and oxXygen are
Present in the fine structures.

The fraction of the fine Structures which reacrs

c__/((1+r_ )y
y =BEL__  ful % (33)

Cpr/(?+rfu) * Sty

vhere ¢ .. is the local mean concentration of reaction
Products. Equation (33) implies the assumption that

the reaction products are kept within the fine structure
region until a concentration is reached which yields y
equal to unity.

By combination of equations (32) and (33) the
following general equation is obtained for the rate of
combustion at infinite reaction rate between fuel and
oxygen:

=moe—X_ _ =
Rfu S i Y*  “min (34)

The reacting fine Structures under these conditions
will have a temperature, AT, in excess of the local mean
temperature:

AT = —— —°0 (35)

where AHp is the heat of reaction and ¢, the local speci-
fic heat capacity. The temperature, T*, of the reacting
fine structures is consequently:

T = T 4 AT (36)
and the surrounding temperature:
Y o x

Lo Y~ A . I I
R (37)

where T is the local time mean temperature.

Chemical controlled reaction rate

On the basis of the precious there can be defined
characteristic mixing time scales:

The bulk mixing time scale

Ty = /m (38)

The fine structure time scales

Tk = y&/p (39)

T, = Yl/ﬁ (40)




These time scales can be compared with chemical
kinetic time scales in order to establish whether the
reaction is mixing or chemical controlled, and even
established criteriaz for extinction of flames.

MODELING FLAME EXTINCTION AND TURBULENT FLAME PROPAGATION
ACCORDING TO TEE EDC

Extinction

According tc the previous concept heat and mass
balance including chemical kinetics can easily be set up
for the fine structures and the surrounding fluid. Con-
sequently, knowing the chemical kinetics, 2 criterium for
the extinction of the fine scructures can be obtained.
When a typical timescale for the combustion reaction is
small compared to % the fuel consumption is independent
of chemical kinetics and is a purely hydrodynamic problem.
However when the residence time becomes smaller than a
typical chemical time scazle the reactior will not be com—
pieted in the fine structure and the fuel consumption is
strongly influenced by chemical kinetics. As the resi-
dence time decreases extinction will finally occur,

The chemical cime scale, however, is mot a uniquely
defined quantity. Many different expressions can be
found in the literature describing the various steps in
the reaction process. Im addition it is very difficult
to find relevant data for different fuels.

When studying turbulent extinction a common substi-
tute for the lacking chemical kinetic data has been time
scales based on the lamirar flame propagation behaviour
of the mixturad.? These time scales are, however, more
dependent on the diffusive properties of the fluid than
the chemical kinetics. Another time scale that has been
used 1s the chemical induction time or ignition delay
ctime. 7This time scale is usually measured in shock tube
experiments where the reaction starts from the very low
radical concentration level of the unheated gases. This
is not the case in flames and other reacting systems
where there exists a source of free radicals scmewhere
in the "system. Here the induction time is much shorter.
In a typical turbulent cowbustion situationm it is be-
lieved that radicals are already present in the regions
where the fine structures are located. When it is further
assumed that the internal mixing inside the fine struc-—
tures are fast then the fine structures can be considered
as a well stirred reactor.

On the basis of the previcus the fractional con-—
version parameter for the reactor is defimed as (cfr.
Fig. 6)

o
00 = et P
Y = “fu fu p*
. {41)
fu
Qr
Reactants J fj. Products
ST s T s m e il
H .
i . !
i Fine [ —
i I : structure : o
Pt reactor e
Cf 1 ! [
u ; ! fu
O A ok
QOT p T
Surrounding fluid
Fig. 6. Schematic illustration of & reacting fine

styugture

For a one step irreversible reaction the mass aand heat
balance for the fine structure can be expressed as
R S
fu ¥
[}
fu

[=]

(42}

e
il
3

<

e {T% - T%)p°
Yo el (43)

where the fine structure is considered to be adizbatic
and the specific heat of the fiuid is assumed to be
constant. The extinction time scale can then be found
from eq. (42) and (43) according to Fig. 7, where the
extinction time scale T:xt is indicated.

1.0

Eq. (42) ®

T Eq. {43) 3

Y

*
T _,_‘p
Schematic illustration of Extinction in the

fine structure t% > T* > 1%k
1 ext 3

Fig. 7.

Turbulent flzme propagation

The propagation of a plane flame in turbulent flow
can be expressed by

dc v, 3¢
fu T fu
% T5 7 " R (44
X
where U, is the rurbulent flame propagation velocity,

v, is tge turbulent viscosity and ¢ is the turbulent
Schmidec number. With R expressed according to Eq. (34}
the only physical meaningful soclution to Eq. (44) rteads

v, 1/2
UB =2 ( ;*EQ (45)
X
By introducing the turbulent viscosity from the k-e-
model this transforms into
Uy =2 JE (46)
[s3
In a typical shear flow situation k¥ =z u'” and o = 1.
This gives a turbulent flame propagation velocity
- '
Up = 2u (47}

This is generally in relatively close agreement with 14
the experimental data collected by Bradley et.a. (1981)

When the fine structere-time scale t* is reduced o
the same magnitude as the chemical time scale, the turbu-
lent flame speed is reduced due to local extinction in the
fine structures. At z critical value of the fine strue-
ture-time scale the flame will be quenched by the
curbulence. This leads to the follewing general qualita-—
tiv relatiom for the turbulent flame speed:

B *
= = E(Tghlf ) (48)
Due to the strong interaction between T* and t* /7%,

the flame quenching appears like a catastrophy as
indicated in fig. 8.
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- and predicted 1ift-off heights.

Maximum turbulent
flame propagation velocity
= -l
2.0
—: - -
S Extinetion f
= !
0 !
0 1.0
* *
* ch/T
Fig. 8. Schematic illustration of the turbulent flame

propagation velocity variationm.

The abrupt extinction has been shown experimentally by
Chomiak er. al. (1982)3. In these experiments extinction
for a methane mixture occured at a fine structure time
scale of approximately T* = 107%s  This in close agree-—
ment with the chemical time scale deduced fgomsthe global
reaction rate used by Bradley et.al.{igi'ﬁ)l )1 and is
also in reasonable agreement with the muitistep. kinetic
calcul?;ions for methane-air mixture reported by Martenay
(1970317, ‘

Lift-off and blow-off of turbulent diffusion flames

According to the extinction modei and the result for
the turbulent flame speed a lifred diffusion flame will
be stabilized near the position om the stochiomacric
contour where the fine structure time scale eguals the
chemical time scale. The reason why the stabilization
point is located at or near the stochiometric contour is
that the reactrion rate has its maximum near this contour.
This is shown in fig. 9. where also some calculated fine
structure time scales at the stabilizaciom points are
indicated. By gradually increasing the exit velocity the
stabilization point moves further downstreams. This
continues vnril the srabilization point is at a position
where the mean flow velocity 1s nearly equal to the
maximum flame propagation velocity, then the flame is
blown-off. This is shown in Fig. 9 where also some calcu-
lated fine structure timescales at the stabilization
points are inducated.

{tx+10% §) u'/T = 0.5
!. e
3 =
Blow=-off
bl point
2 i
Stoichiometric
1 contour
0 [ L 1 1 L 3 [l
g 10 20 30 40 50 60 70
E %/D
Fig. 9. Localiéation of lift-off and blow-off points

for a round free jet. Experimental data from
Horch (18) for D = 0.01 m.

The extinction model has been tested by performing
numerical calculations of the jet flow based on the k-¢
model of turbulence and then extracting the quenching time
- scales by comparison with the experimental data of Horch
219783 18]

) Figure 10 shows 2 comparisom between experimental
The predicrtions have

_-been based on a constant fine structure timescale, T#% =
20.56 - 407k g,

0.5
Predictions mmem—e—
Experimental data
0.3 by Horeh ooo
0.2 ™
E
=
0.1
0 i 1 ] I
0 20 50 60 80 100
U, (o/fs)
Fig. 10. Comparison between experimentzl and predicted

lift-off heights.

For a constant nozzle diameter the fine structure
timescale at the stabilization points was nearly constant
as shown both in Figs. 9 and 10, indicating that the fine
structures are of main importance in the extincction pro-
cess., The time scale did, however, decrease with in-
creasing diameter, as indicated in Table 1.

Mean structure time scale at the stabilisation
poinr for different nozzle diameters.

Takle 1.

D (mm) 4 6 8 10

1*-10a(s) 1.18 0.80 0.87 0.56

We assume thac this diameter effect is due to radi-
ative heat transfer between the fine structures at the
flame stabilization point and its surroundings. This
effect will tend to increase the fine structure tempera-
tures and consequently reduce the extinction time scales
for increased nozzle diameter. As such chis effect can
readily be handled by the deseribed concept. At the
blow-cff point the ratio of a typical turbulence velociry
to the mean flow velocity was nearly egual to u'/f = 0.5.
This is shown in Fig. 9 and table 2.

Table 2. Turbulence intensity at blow—off point for
different nozzle diameters.

D (mm) 4 6 8 10

u'/u 0.55 " 0.47  0.49 0.48

According to the previous, the mean velocity is
nearly equal to the maximum turbulent flame propagation
velocity at the blow-off point.

CONCLUSIONS

The previous have shown that extinction processes in
turbulent combustion can be treated by the eddy dissipa-
tion concept (EDC) of Magnussen. Predictions deduced
from the proposed extinction model compares well with
experimental data.

The flame stabilization point for lifted diffusien
flames is located at the stoichiometric contour and at
positions where the fine structure mixing time scale t*
is approximately equal to the chemical time scale T*

4n expression for the turbulent flame propagation
velocity is deduced from the EDC. Thig expression gives
results which are in close agreement with experimental
data. It is shown that blow-off for turbulent diffusion
flames cccurs at a point where the maximum turbulent flame
propagation velocity is egual to the mean flow velocicty.
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