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ABSTRACT

The structure of premixed turbulent flames in
a constant volume vessel was investigated using a
micro-probe method that was developed in this
work(l). The experimental results suggest the
existence of ‘''reactant-islands' and the flame
structure changing from a wrinkling pattern at low
u'/Sto0  ratios to an islands-like one at high
u'/Ste ratios, where u' is the turbulence intensi-
ty and S0 is the laminar burning velocity. Based
on the experimental results, a model for the flame
structure has been developed, where a turbulent
flame was separated into two parts: a wrinkled
flame front and some island flamelets behind it.
The fractions of them were supposed to change
continuously according to a proposed function of
u'/Sto . The model provides the turbulent burning
velocity, St, a characteristic time and a charac-
teristic thickness for turbulent flames, and was
examined by comparing the predicted St/Si0 ratios
with the measured ones.

INTRODUCTION

Experimental studies on the turbulent flame
structure may be divided into two aspects: the
local structure of the flamelets and the whole
geometry of them.

Experimental evidence shows that reaction in
premixed turbulent flames at low to moderate tur-
bulence intensities is confined to thin flamelets
(1-3). In fact, for premixed propagating flames at
high as to the ratio of u'/Sig being of order 10,
the electric potential signals detected from them
showed sharp spikes similar to those from premixed
laminar flames(1l), implying that thin flamelets
remain in the flame even at rather high turbulence
intensities.

Many of the geometric properties of the flame
surfaces have been clarified recently by the
schlieren photography(4,5), micro-probe method(1),
and particularly, by the laser tomography(6,7).
Obtained by the laser tomography, two-dimensional
images of turbulent flames show that the turbulent
flame surfaces have fractal properties(7,8).

The fact that the turbulent flame surfaces
have fractal properties receives more and more
attention in recent theoretical studies. The first
model. based on the fractal properties of turbulent
flame surfaces, for calculating St/Si18 ratios, has
been made by Gouldin(9). But, in Gouldin's model,

no details were given on how to deal with the
flamelets separated from the flame front(6-8).

In this work, the experiments were focused on
how the turbulent flame structure changes with the
u'/St0  ratio. Based on the experimental results,
the modeling work was focused on: (a) how to
describe the flame structure changing from a wrin-
kling pattern at low u'/Swg ratios to an islands-
like one at high u'/SL0 ratios quantitatively? (b)
how to calculate the turbulent burning velocity
with the flame structure model? (c) how to define
a characteristic time for a turbulent flame, which
is analogous to the transition time, 2§p/Swo, for
a laminar flame, where §i¢g is the laminar flame
reaction zone thickness.

EXPERIMENTAL APPARATUS AND MIXTURES

Combustion Chamber and Turbulence Field

The combustion chamber used in this experi-
ment was a constant-volume vessel having a ball-
like inner space(l). An ignition plug was located
at the center of the chamber. The turbulence field
created by four fans cooperating with four
perforated plates surrounding the inner space was
steady and approximately isotropic. The turbulence
intensity was controlled by the fan speed. The
characteristics of the turbulence field had been
measured and reported in reference (10). Some of
the results are given in Fig.l, where Lf is the
longitudinal integral length scale, and 7 is the
Kolmogorov length scale for air.

Micro~-Probe and Measurement Circuit

A micro-probe method called flame-potential
probe method was developed and used in this work.
The method is similar to the Langmuir probe

method, but the probe works on a different
4 10.2
= A~ €
%_3 -o- Lt £
— x
2+ Il 101%
1k
1 1 [ O
0 1 2 3 4
u' m/s

Fig.l1 Characteristics of the turbulence field
in the combustion chamber
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Table 1 Properties of mixtures used

MIXTURE MOLAR FRACTION |® | Sw| o) mg |Ts  |vx10°

Callg] 02| Ng | He w/s|oe | mm | K 22/s
85-P10-14| 1.0 [5.0 | 12.0] 2.00]1.0].858].146 |.0284 | 2496 | 1.517
85-P10-18] 1.0 5.0 11.0]4.50{1.0|.846].177 |.0365 | 2472 1.715
79-P10-21] 1.0 !5.0 | 10.5]6.50[1.0].791.213 |.0454 | 2440 | 1.880
49-P10-20] 1.0 |5.0/17.0]0.36]1.0].494].198 |.0415 | 2329 | 1.411
50-P10-22| 1.0 /5.0 | 16.5]2.00{1.0].501{.219 |.0476 | 2310 | 1.511
49-P10-24] 1.0 5.0} 16.0 | 3.20]1.0].493].240 .0534 | 2299 | 1.587
46-P10-29] 1.0 |5.0 | 15.4 | 5.60]1.0|.464].289 |.0675 | 2262 | 1.741
33-P10-30| 1.0 {5.0{20.02.00/1.0.331/.298 |.0712 | 2168 | 1.508
22-P10-36{ 1.0 |5.0 { 24.0| 0.00{1.0}.224|.358 |.0898 | 2060 | 1.411
17-P10-45] 1.0 [5.0{26.0]0.00]1.0/].169].451 . 1190 | 1986 | 1.415

principle and was shown to have higher spatial
resolution. The probes as shown in Fig.2 were
inserted into the chamber through the window. Both
of them have the same sizes of 0.2mm in diameter
and 0.6mm in length. They were at first used to
demonstrate the difference in spatial resolution
between the Langmuir probe method and the flame-
potential probe method, and then used for the real
measurement as flame-potential probes.

There are two circuits shown in Fig.2, where
circuit I was used for the real measurements, and
circuit II is a typical one for the Langmuir probe
method and was used to obtain the ion current
signal for comparison. In the circuits, Rin is the
input impedance of the signal recording device; Ri
and R2 are variable resistances, usually being set
infinite to increase the S/N ratio.

Mixtures

There were ten propane/air mixtures used in
the experiment, whose compositions are given in
Table 1, where Sig is the laminar burning veloci-
ty; éLp is the thickness of laminar flame reaction

CIRCUIT | CIRCUIT 1T
Fig.2 Measurement circuits and probe
1~-Ignition plug; 2-Probe; 3-Combustion chamber;
4-Insulator; 5-Supporting tube
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Fig.3 Flame potential signal and ion current
signal from the same laminar flame

zone; ¢ is the equivalence ratio; Mg is the thick-
ness of laminar flame preheat zone; v is the kine-
matic viscosity; and Tb is the constant-pressure
adiabatic flame temperature, of the mixture. In
order to control the laminar burning velocity and
the laminar flame thickness, artificial air was
used.

MICRO-PROBE METHOD AND RESULTS

Principle
As the principle of the flame-potential probe

method has been reported in reference (1), here we
only indicate: (a) A flame-potential probe is
similar to a Langmuir probe in construction as
shown in Fig.2; (b) It detects a flamelet by the
electric potential signal instead of the ion cur-
rent signal of the flamelet; (c) It has a higher
spatial resolution than a Langmuir probe as shown
in Fig.3, where my was obtained by a flame-poten-
tial probe and m;, by a Langmuir probe; (d) It is
necessary to insulate any conductor from the flame
except the sensor of the probe; (e) Compared with
the Langmuir probe, it has little electrical in-
fluence on the flame structure.

Typical Flame Potential Signals and Number of
Flamelets in the Flame Zone

Typical flame potential signals are shown in
Fig.4, which were detected by a probe located at
25mm away from the chamber center, from the
premixed propagating turbulent flame of mixture
49-P10-20, at a turbulence intensity of 2.45m/s.

For a premixed propagating laminar flame,
there is only one spike shown in its flame poten-
tial signal since only one flamelet passed through
the probe. The fact that, from a turbulent flame,
more than one spike were detected as shown in
Fig.4, was interpreted as that more than one
flamelet existed in the turbulent flame zone as
each spike in the signal can be identified with a
flamelet passing through the probe. The same fact
might also be attributed to more than one time a
single flamelet passing through the probe, but
this is unlikely because the flame propagation
speed was much faster than the turbulence fluctua-
tion speed. As many of the signals showed three or
more spikes, particularly in the case of high
turbulence intensities, it is concluded that this
result suggests the existence of islands-like
flamelets in the turbulent flame zone. Some of the
measurement results of the number of spikes from
flames with different turbulence intensities are

Fig.4 Typical flame potential signals
from a turbulent flame



given in Fig.5, showing that the number of flame-
lets in the turbulent flame zone increases with
increasing the u'/Sig ratio.

Turbulent Flame Zone Thickness

So far the definition for turbulent flame
zone 1is ambiguous, partially owing to the fact
that the turbulent flame structure is still not
well understood. At the present case, we define
the turbulent flame zone as the space in which
flamelets exist, and the thickness of the zone as
the distance from the front edge of the first
flamelet to the rear edge of the last one. When
measured by a micro-probe, the flame zone thick-
ness was identified with the spatial distance
corresponding to the duration of At as shown in
Fig.6.

In order to measure the flame zone thickness,
three methods including the so-called constant
flame propagation speed method, double-probe me-
thod and graphic method, have been used(1l).

The results shown in Fig.7 were obtained by the
double-probe method, where P(dy< X) represents the
probability of the flame zone thickness, dy, being
not greater than X, and pdf is the probability
density function. It is shown that the flame zone
thickness increases with increasing the u'/Sio
ratio.

Average Flamelet Separation

The term "average flamelet separation" (abbre-
viated to AFS) refers to the average separation
distance between two successive flamelets in the
flame zone. It was obtained from the average dura-
tion between two successive spikes in the flame
potential signal and the separation distance of
two probes in a way as shown in Fig.8. When the
first spike in signal b occurred at the time close
to that of the ith spike in signal a, the AFS
value was estimated by:

ars= —X{tina=l1,a) (1)
(i=1)(t1,h—tyra)
where X is the separation of the two probes. But,
any data not satisfying [tisa=t1,bl&(t,b—t1,a)
were abandoned.
The AFS values obtained in this way for three
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mixtures at various turbulence intensities are
given in Table 2, where 0 is the standard
deviation from AFS, the Damkohler numbers Dan and
Da§ as well as Reynolds number Re were defined as

Dan=L{ S0 /(4u'fNg) , Das=LiSip/(4u'édio), (2)
Re=u'L{/V . (3)

From the table, one can see that all of the AFS
values are about two times the turbulence longitu-
dinal integral length scale, Lf.

The AFS value is a characteristic of the flame
structure and was regarded as some quantity
relative to the mean size of initially generated
reactant-islands(1).

Combustion Regimes

One of the ways to describe the structure of
various turbulent flames is to sort the flames
into different combustion regimes in a Re -Da
plane(11) or a u'/Sio -Li/ng plane(12) according to

Table 2 Average Flamelet Separation

KIXTURE | u’ | Ly | Rel|Dang |Das |AFS| o
/s | sa [TINY]
46-P10-29 | 1.56/3.55]32213.86/0.80/5.3]1.5
79-P10-21 | 3.67]3.60]703 |4.27/0.91(6.6]2.1
49-P10-20 | 2.14]3.56(54014.95/1.0315.8/1.8
46-P10-29 | 2.663.56(550]2.30]0.54]6.8]2.5
79-P10-21 | 2.88(3.57/5445.40]1.15(6.2]2.2
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some critical conditions such as Da =1, u'/Sip=l,
Ng/Mgk=1, etc. Indeed, these conditions have ob-
vious physical meanings, but it is preferred that
the flame structure be described in a geometrical
way if possible.

" In a previous work(13), the authors proposed
a simple combustion regime model, making an at-
tempt to describe the flame structure in a geome-
trical way. According to the model, the premixed
turbulent propagating flames are sorted into three
regimes. In regime I, the flame 1is supposed to
have a single continuous wrinkled flamelet because
of low turbulence intensities; In regime II, some
island flamelets behind the flame front are gener-
ated because of high turbulence intensities; And,
in regime III, the turbulence intensities are so
high that some flamelets begin to extinguish
locally owing to high strain rates.

In this work, an attempt was made to identify
the boundary between regime I and regime II using
the micro-probe method. The identification of the
boundary between regime II and III can be expected
to be done by laser tomography or other techniques.

According to the definition of regime II,
when a flame in regime II is observed using a
micro-probe, some of the obtained signals should
show three or more spikes. If such signals are not
found among a number of samples, the flame should
belong to regime I. As a turbulent flame can show
three or more spikes in its flame potential signal
even in regime I owing to a corrugated flame
front, the critical turbulence intensity, only
above which can a signal have three or more spikes,
is the lowest turbulence intensity of the boundary
between regime I and II. Such critical turbulence
intensities for ten mixtures have been determined
in this work and are shown in Fig.9 with solid
circles. The boundary determined in this way is in
fact the one between "two spikes'" and "three
spikes or more". At the real boundary between
regime I and II, the critical u' values are
expected to be higher than but close to these u'
values. In a similar way, the critical u' values
at the boundary between "single spike" and 'two
spikes or more" were also determined and are shown
in Fig.9 with open circles.

MODELING OF THE TURBULENT FLAME STRUCTURE

Assumptions

1. In the turbulent flame zone there exist a
wrinkled continuous flame front and some sepa-
rated island flamelets. The mixture in a unit
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Fig.9 Combustion regimes

volume in the flame zone, consumed by the island
flamelets within their characteristic time, 7y , is
fo, and that by the wrinkled flame front within
its characteristic time, 7y, is fw. By definition,
T =28/St0 , where 8.0 is the laminar flame thick-
ness, and Tp=Xc/(2Sc), where Xc is the mean size
of the initially separated reactant-islands, as-
sumed as L{, and Sc is the burning velocity in the
radial direction of the island. fp is assumed to
take the form of

fp=exp(-CSig /u'), (4)
thus, fw=1-fp, (5)
where C is a constant greater than zero.

2. The flamelets are strained by the eddies with
the Taylor microscale Ag, and the local laminar
burning velocity SL can be estimated by a formula
proposed by Law(9). When the lewis number of the
deficient reactant species is unity for stoichio-
metric mixtures, it is reduced to

Sy =Stg (1-Ka) (8)
where Ka is the Karlovitz number. By definition,
Ka=7v/(Prsio® ) (7)

where Pr is the Prandtl number; vy=u'/Ag is the
strain rate; v is the kinematic viscosity of the
mixture. Both v and Ag were estimated at the
temperature of the unburned mixture in this work.

3. The preheat =zone of the flamelets is thick-
ened by the Kolmogorov vortices and the thickness
of the thickened preheat zone, 17, can be estimated

by
n="g+ Ct vg(g/S10) (8)

where €1 is a constant of order one, vg is the
Kolmogorov velocity scale, and Ng/Swo is the tran-
sition time of the preheat zone. 7 1is called
locally thickened preheat zone thickness.

4, All flame surfaces involved in a turbulent
flame are fractal surfaces with an outer cutoff,
€ , being equal to L¢, and an inner cutoff, €; ,
being determined by the Kolmogorov length scale,
Nk, as well as the locally thickened preheat zone
thickness, 5, in the following way.

e =(nE+n2)/(ng +1) (9)

This is because the value of 7  becomes

Fig.1l0 Wrinkled flame burning velocity and
local laminar burning velocity



smaller than that of 7 at high turbulence intensi-
ties, and the inner cutoff 1is presumed to be
influenced not only by the Kolmogorov length
scale, but also by an appropriate thickness scale
of the flame, for which, the locally thickened
preheat zone thickness seems to be a good choice.

Formulation
The dissipation rate of turbulence energy €.
€ is often estimated by e=dAou 3/t , where Ao

is a constant of order one (15). In this work, €
is based on the results obtained from the energy
spectrum(10), and can be estimated by

¢ = Ar(u'3/Le) (k/Lt) (10)
where A) is a constant of 11(14).

The Kolmogorov length scale 7x. From Eq.(10)
and the definition of N we have

ne=Li/ (8102 re%®) (11)

The Taylor microscale Ag. For the isotropic
turbulence, Ay can be calculated by(15)

e = 150u'? /142 (12)
thus, AngTELf/(A94Rél2) (13)

The Karlovitz number Ka. According to the
definition of 7g, ng=0v/[PrSwo) . Substitution of
Egs.(11) and (13) into Eq.(7) yields

Ka=(Pr/}/18) (Mo/7k ¥ (14)

The wrinkled flame front burning velocity Sw.
As all flamelets in the turbulent flame are as-
sumed to have an inner cutoff of ¢; and an outer
cutoff of ¢, after the reasoning of Gouldin(9),
the flame speed Sw as shown in Fig.1l0 can be
estimated by

Sw=Sc=S| (€ /€ P2 (1s)

where Si is the local laminar burning velocity,
and D3 is the fractal dimension.

The fractal dimension D3. Based on the mea-
sured results of the fractal dimension obtained
from the flames of stoichiometric mixtures by
Mantzaras et al(8), the fractal dimension D3 is
approximated by

D3=2+0.5exp) _—0:53 16
= exp‘ IOS'(U'/SLO""],)} (26)

2.5
Experimental Data
24 } O=10
5 =059 %
=
23
2.21
210 Ds=2+0.5 exp{ﬁ/ﬁgﬁ:ﬁ}
2.0 (TP i,
10! i 10 10
U/Sw

Fig.11 Comparison of Eq.(16) with
experimental data(8)

133

The values of D3 calculated by Eq.(16) are plotted
in Fig.1ll and compared with the measured results
of reference (8).

The turbulent burning velocity Sy. As both
the wrinkled flame front and the island flamelets
are assumed to exist in the turbulent flame zone,
51 is then composed of the burning velocities of
these two parts. Consider, for a unit area, during
an infinitesimal time dt, the quantity of mixture
consumed by the flame front, dFw, and that by the
island flamelets, dFp, are,

dFw=B(fw/T¢)dt, dFp=B(fp/7p)dt, (17)

respectively, where B is a constant, being a char-
acteristic thickness of the turbulent flame zone.
This thickness is analogous to 241y for a laminar
flame and different from that defined in Fig.6.
The total quantity of mixture consumed for a unit
area is dFw+dFp, thus,

Sr=dFw/dt+dFp/dt
=B(fw/T¢ +f0/7p )
=B/ 77 (18)
where 71 =1/(fw/t; +fp/7p ) is a characteristic time
for the turbulent flame, analogous to Ty for a

laminar flame. As the burning velocity of the
wrinkled flame front equals Sw, we have

Sw=B(fw/7; ), (19)
B=Sw(7g /fw) (20)
10 18
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Fig.12 Comparison of model predictions
with experimental data(16)
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Prediction results and Discussion

In the above model, there are two constants
involved: constant C in Eq.(4) and C1 in Eq.(8).
As the mass burning ratio ST/S18 can be approxi-
mated by the ratio of (dp/dt)t/(dp/dt)L, the two
constant were such determined that the predicted
ST/S10 ratio fitted the measured (dp/dt)y/(dp/dt)t
ratios most for mixture 43-1A(18), where dp/dt is
the rate of pressure rise, subscripts T and L
refer to turbulent flame and laminar flame, respec-
tively. In this way, C=4.5 and C1=0.5 were deter-
mined. Although there are two empirical constants
involved in this model, if one assigns 2zero to
both of them and 2.37 to D3, this model is reduced
into Gouldin's model logically.

Some of the predicted S7/Si0 ratios for mix-
tures with different properties are given in
Fig.12, showing that they are in good agreement
with the measured (dp/dt)y/(dp/dt)L ratios for
most of the mixtures. But, for those mixtures
which have extremely large laminar flame thick-
nesses such as mixtures 43-84 and 43-9M, the
predicted values are too large. As such mixtures
are usually not used in the real engines, the
model is considered acceptable for practical use.

wWith this model, the flame zone thickness
and the characteristic time of a turbulent flame
can be calculated. The characteristic time is
analogous to the transition time of 28,p/Sw0 , and
so is the turbulent flame zone thickness to the
thickness of 28,5, for a laminar flame. The charac-
teristic time and the characteristic flame zone
thickness have been calculated and given in
Fig.13, showing that the characteristic time is
close to Tg¢ over a wide range of the u'/sw
ratio, but the characteristic thickness increases
with increasing u'/SlW0 ratio.

CONCLUSIONS

1. Experiment results imply the structure of
premixed propagating turbulent flames changing
from a wrinkled single flamelet at low u'/Sto
ratios to an islands-like pattern at high wu'/Sto
ratios.

2. The turbulent flame zone thickness increases
with increasing the turbulence intensity  for the
same mixture, and decreases with increasing the
laminar burning velocity, for different mixtures
at the same turbulence intensity.

3. The separation distance between two succes-
sive flamelets in the flame zone is of the order

ro 10 1.0 415
% MIXTURE |B/2510] TurTe| Su/Suo] i/ ithy/Ain dth
g, [BRE
0rE YT <408 s
& RN
g \’: 6"— 110 }:-
I 35 6 0.
5515 E%
0 g4t 04
ug 405
s 92 02
oL ¢ o

L L N " " . u
01t 2 3 4 5 6 7 8 810
u'/Sto
Fig.13 Model predicted influences of mixture
properties on the turbulent flame

43-1A: Sig =0.43m/s, 7g=0.0465mm, §1g=0.227mm
43-6A: Sig =0.43m/s, 7g=0.0752mm, &g=0.338mm(16)

of two times the turbulence longitudinal integral
scale for three mixtures measured in this work.

4, The turbulent flame structure model proposed
in this work can not only predict the S7/Sip
ratios with appropriate accuracy for most of the
mixtures except some with extreme properties, but
also provide the characteristic thickness and the
characteristic time of the turbulent flame.
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