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1. Introduction

The flame stabilization by a flame holder
has often been utilized in practical combustion
devices, and extensive experimental and theor-
etical studies on the mechanism of flame stab-
ility have been published®~?,

In most of them, the mechanism is discussed
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based on the time-averaged values of turbulent
exchange or of heat balance. On the other
hand, some observations pointed out that large
scale fluctuations of a flame {ront domin-
ate the blowout or flashback behavior of fla-
mes“‘"“”.

Although the discussions based on the time-
averaged values may be applicable when the
flame is stably stabilized it is essential to know
the structure of turbulence and fluctuations of
scalar properties because instantaneous condit-
ions should be considered for the discussion of
limiting processes such as blowout. Some expe-
rimental studies concerning the measurements
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of fluctuations have been reported recently i1,
and more extensive studies to elucidate the
structure of turbulent flames are expected.

In the present study, to obtain the fundam-
ental information about the structure of prem-
ixed flames stabilized by a cylinder, flow vis-
ualization and time-resolved measurements of
fluctuations of temperature and ion concentra-
tion have been made, and statistical properties
have also been examined.

2. Experiments

Figure 1 shows the main parts of experime-
ntal setup. Optical observations were carried
out through vycor side walls of combustion
tunnel of a rectangular cross section(100mm X
30mm) provided with a water cooled(ca. 330K)
cylindrical flame holder of 20mm in diameter.
The stabilized flame is two dimensional in
macroscopic, and x-y coordinates are settled
having their origin at the center of the cylinder
as shown in Fig. 1. All measurements were
made in the central plane between two vycor
walls. Approach turbulent intensity can be
varied by changing the turbulence grid (Type
I : Wire screen, Type I : Perforated plate)
inserted 145mm upstream of the cylinder.
A regulated town gas (natural gas)/air mixture
of equivalence ratio ¢ is supplied as the
combustible mixture. Nominal flow velocity U
is defined as the value of volumetric flow
rate divided by the actual area of x=0mm cross
section.

A conventional schlieren arrangement, consi-
sting of two concave mirrors and a knife edge,
and spark photographs (<ius) or high speed
movies(max. 5000fps) were used to record the
images.

The measuring system is shown in Fig. 2.
The thermocouple employs 25um plutinum/
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Fig. 1 Experimental apparatus

plutinum 13% rhodium bare wire combinations.
The deterioration in frequency response caused
by the effects of thermal inertia is compensated
electrically. In order to determine the local
time-averaged time constant ¢ of compensation,
several methods such as a heat balance meth-
od!®> or a step response method“® are found
in the literature. However, each of them has
merits and demerits when local properties of
flow conditions are not known or taking mto
account the inaccuracy in the measurements of
local time-averaged time constant. In the present
study, the method was adopted in which time
constant was selected such that the distributions
of the PDF of temperature fluctuations be app-
ropriate®®, because a lot of attention will be
focussed on the shape of probability density
function which characterizes the flame structure.

For the measurements of fluctuating ion con-
centration, an elecirostatic probe of 0.1lmm in
diameter and 0.5mm in length was used. Sim-
ultaneous measurements of temperature and ion
concentration were carried out keeping the dis-

tance between two probes 2mm. The output
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Fig. 2 Measuring system and probes

signals were recorded by a data recorder and a
signal analyzer was used for statistical treatm-
ents of them.

Flow conditions of the studied flames are
tabulated in Table 1, which shows the variat-
ions in velocity, approach turbulence intensity,
and equivalence ratio reference to the flame
No. 1.

3. Results and Discussion

3.1. Flow Visulization

Since the local turbulence intensity in flames
is not measured in the present experiment, only
the approach turbulence intensities without
cyliner and combustion are shown for the
reference in Table 1, which were measured
by a hot wire anemometer at the cross section

of x=0mm.

Spark schlieren photographs of lames tabul
ated in Table 1 are shown in Fig. 3. A recirc-
ulating flow of high temperature aurnt gas is
formed in the wake of the cylinder. Two dim-
ensional vortices of coherent structure dominate
the shear layer formed between the recirculating
flow and the unburnt mixture separated from
the cylinder. The coherent structure appears
both sides of x-axis symmetrically, and mixing
and combustion proceed by the motion of engu-
Ifment of vortices. Sizes of vortices increase
with distance first, and the growth of vortices
and the engulfment become insignificant down-
stream. As the coherent structure breaks down,
propagating flames in threee dimensional random
turbulence come out. In upstream region several
coherent vortices form a group and behave an

irregular periodic motion as is seen in Fig. 3
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(a), which is also thought to be an effective
factor of blowout judging from the records of
high speed schlieren movies, though it is sugg-
ested that the motion of coherent vortices play
an essential role in the process of blowout®,

From the observations mentioned above, fla-
mes are devided into two categories; one is a
flame with coherent structure which appears in
the shear layer around the recirculation zone,
the other is a propagating flame in random
turbulence of downstream region.

The spread of flame decreases and coherent

structure breaks down slightly earlier as flow
velocity increases, but other tendencies described
above do not change. The coherent structure
breaks down quite earlier, when approach turb-
ulent intensity increases, and the spread of
flame increases in the downstream. The effect
of coherent structure remains considerablly in
the downstream region when the equivalence
ratio approaches the lean blowout limit, because
combustion reaction in downstream becomes
weak.

Table 1 Flow conditions of flames

No. 1 2 3 4
U m/s 5 11 5 5
3 0.8 0.8 0.8 0.65
Turbulence grid Type 1 Type I Type 1 Type I
u'/U % 1.01 0.82 1.24 1.01
Re No. 6.4x10° 1.4x10* 6.4x10° 6.4x10°

(c) flame No.3 @ flame No.4

Fig. 3 Schlieren photographs of flames

3.2. Temperature and Ion Concentration

In order to investigate the structure of two
types of flames classified in the previous section,
measurements of fluctuating temperature and
ion concentration have been made. From the
measurements using Na* flame reaction techni-
que, the length of the recirculation zone was
found to be approximately 50mm for any flames
in Table 1. Therefore, two reference cross
sections with and without recirculation zone are
selected for the comparison; one is x=40mm
and the other is x=100mm, respectively.

Figure 4 shows time-averaged temperature
profiles and RMS values in the two cross sect-
ions. As for the flame No. 1, the time-averaged
temperature profile shows a saddle shape in x=
100mm owing to the heat loss from the burnt
gas around the symmetry axis in the up stream.
On the other hand, it reaches its maximum at
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the symmetry axis in x=40mm. However, its
maximum level is slightly lower than that in
x=100mm, which is ascribed to the imperfect
combustion in the recirculation zone depending
on the state of turbulence there. The profiles
of RMS values have a peak in both cross sect-
ions around the center of the time mean reaction
region, where the time-averaged temperature
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For the flame No. 2, the same trends are
observed, though the width of mixing layer and
the spread of flame are decreased. The tempe-
rature difference around the x-axis in the two
cross section diminishes for the flame No. 3.
This is achieved by the reactedness of the rec-
irculation zone because the increase in approa-
ches turbulent intensity accelerates the coherent
structure to break down earlier and changes the

gradient reaches its maximum.
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Fig. 4 Time-averaged temperatures and RMS values of fluctuations
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state of mixing in the recirculation zone. Since
the flame No. 4 becomes unstable and often
blows out when measuring probes are inserted
into the recirculation zone, measurements were
made only in the cross section of x=100mm,
In this case, considerable temperature fluctua-
tions exist even around the symmetry axis,
which suggests that unburnt mixture is often
drawn deep into the recirculation zone and un-
mixedness remains around the axis.
Probability density functions (PDF) of tem-
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perature fluctuations for the reference flame No.
1 are shown in Fig. 5. PDF exibits a bimedal
profile having its peaks corresponding the room
temperature and burnt gases in the reaction
region, though a single peaked PDF appears in
both fully burnt and unburnt side. A careful
comparison between the two cross sections rev-
eals that the probabilities of intermediate temp-
erature are quite low in x=100mm, and that
the moderate probability of intermediate temp-
erature, however, appears in x=40mm, although
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Fig. 5 PDF of temperature fluctuations for flame No. 1

the underlying profiles of PDFs are bimodal.
Accordingly, the flame structure of propagating
flame in random turbulence of downstream
region is that gaseous parcels of unburnt mixt-
ure and burnt mixture and burnt gas get in
touch with each other having a thin reacting
layer between them, that is, a wrinkled laminar
flame or laminar flamelets. On the other hand,
another structure in which fine eddies of various
reactedness as well as burnt and unburnt gases
are included appears in the flames with coherent
structure in the upstream shear layer. Since
high speed schlieren movies show that there is
the part subjected a strong stretch around the

trailing edge of the engulfment of coherent
vortex, as shown in Fig. 6 schematically, the

structure is supposed to be a “distributed reaction

Propagating flame or flamelets

Burnt gas Mixture

Distributed reaction zone

Fig. 6 Schematic image of a flame with coherent
vortex
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zone”® where fine scale eddies of various
reactedness prevail. Therefore, the flame with
coherent structure in the shear layer has the
structure consisting of a wrinkled laminar flame
and partly a distrubuted reaction zone.

Figure 7 shows PDFs of ion current fluctu-
ations. In the cross section of x=100mm, prof-
iles of y=17~22mm have three peaks corresp-
onding the unburnt gas (null), burnt gas(low)
and reacting zoneChigh), which are typical for
a wrinkled laminar flame. On the other hand,
such a profile with significant three peaks is not
seen in x=40mm. This is supposed to be one
of the proofs insisting that eddies of various
reactedness exist in this region. These facts are
consistent with those suggested by the PDFs of
fluctuations of temperature and ion current,
combustion reaction almost completes around
the symmetry axis in the downstream region.
In x=40mm, however, fairly high ion current
which means the existence of combustion reaction
is observed at y=>5mm in the recirculation zone,
and some unburnt mixture of low temperature
are detected at the same location. Accordingly,

1x10° A

(a) x=40mm

the recirculation zone is not always filled with
fully burnt gases, but combustion reaction takes
place intermittently in accordance with the eng-
ulfment of unburnt mixture into the recirculation
zone.

Power spectra of fluctuations of temperature
and ion current are shown in Fig. 8 and 9. In
x=40mm, a broad peak at a frequency of 350
Hz is observed at y=13mm in the shear layer.
The frequency reveals a periodic motion in large
scale, that is the coherent structure in the shear
layer. However, the broadness suggests the
randomness of appearance frequency of ccherent
vortices. Any pronounced peak does not appear
except in the shear layer and the dissipation in
high frequency region is almost uniform. It is
also supposed by the above considerations that
the mixing and combustion in the shear layer
formed around the recirculation zone are domi-
nated by the motion of coherent vortices and
the propagating flame in downstream region is
affected by the random turbulence.

Figure 10 shows cross correlation coefficients
Rz;(0,0) between fluctuations of temperature

y=10 mm

2
1x10" A

(b) x=100mm

Fig. 7 PDF of ion current fluctuations for flame No. 1
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Fig. 8 Power spectra of temperature fluctuations

for flame No. 1
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Fig. 9 Power spectra of ion current fluctuations
for flame No. 1

and ion current at the same point and the same
time. The measurements were carried out inse-
rting two probes into a flame simultaneously.
The cross correlation Rr,(dx, 4t) is defined by
the relation
Rii(dx, A)={T(x, t)-I(x+dx, t+ 48D}/
C{T%(x, D) - P(x+dx, D} V2]
where Jx is the distance between two probes
and 4t is the time lag. In the present study,
the cross correlation coefficients at the same
point and the same time were obtained by com-
pensating the small time lag caused from the
fact that dx equals 2mm. In the cross section
of x=100mm, the values of R::(0,0) are neg-
ative in the burnt gas side of the time mean
reaction region (¥y=10~15mm) and become pos-
itive in the unburnt side of it. This fact means

Byeong Ryun Choi, Masashi Katsuki and Yukio
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Fig. 12 PDF of temperature fluctuations for flame
No. 2

that the increment of ion current, that is com-
bustion reaction, is accompanied with plunging

cold gas parcels in the burnt side. If the flame
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structure is a wrinkled laminar flame or laminar
flamelets in which combustion reaction takes
place at the thin interfaces of parcels of burnt
and unburnt gases, as shown in Fig. 11 sche-
matically, it is quite comprehensible that the
measurements at two locations A and B exibit
the trend in correlation described above. In x=
40mm, the values of Rr;(0,0) always positive
and show a somewhat different trend in the
It is
supposed that unburnt mixture does not exist as

burnt side(the recirculation zone side).

parcels there and the imperfect mixing zone of
fine scale is formed. This is supported by the
local existence of distributed reaction zone in
Fig. 6. In order to confirm the above concept,
the same measurements were carried out for the
flame No. 2. The apparent tendences of the
cross correlation coefficients are quite the same,
though the higher velocity has changed the
position and width of time mean reaction zone.

3.3. Effects of Velocity
PDFs of temperature fluctuations for the flame
No. 2 are shown in Fig. 12. The same features
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Fig. 13 PDF of ion current fluctuations for flame
No. 2

as the flame No. 1 are prominent in this case
of higher flow wvelocity. PDFs exibit typical
bimodal profiles in downstrean and considerable
provability of intermediate temperature is obse-
rved in upstream. Corresponding PDFs of ion
current fluctuations in Fig. 13 show single
peaked profiles in the shear layer and the reci-
rculation zone, although they have three peaks
in downstream reaction zone. The significant
eddies of intermediate reactedness in the recirc-
ulation zone are detected when the flow velocity
increses. This is because the increase shear force
in the shear layer creates more distributed rea-
ction zone and enhances the unmixedness in the

recirculation zone.

3. 4. Effect of Approach Turbulence
Intensity

PDFs of temperature and ion current fluctu-
ations in the cross section of x=40mm for the
flame No. 3 are shown in Figs. 14 and 15. As
mentioned in the section of flow visual zation,
the coherent structure breaks down rapidly and
loses its two dimensionality already in x=40mm
as the approach turbulence intensity is increased.
The features of PDFs in the outer part of the
shear layer(y=_8~15mm) reveals that the flame
structure is a like the one in propagating flames

All—

- =47 (VRS
S e
3

290 1000 1500 2000
T K

P(T)x10
AN
[77f‘

Fig. 14 PDF of temperature fluctuations for flame
No. 3
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in downstream. However, PDFs of temperature
and ion current at y=10mm indicate the exist-
ence with various reactedness. Profiles of PDFs
which indicate the existence of combustion rea-
ction or unburnt mixture are not observed inside
the recirculation zone and the reactedness of the
recirculation zone become higher comparing with
the flame No. 1. time-averaged
temperature inside the recirculation zone incr-
eases, which is expected to improve the stability

Accordingly,

of flames.

3.5. Effects of Equivalence Ratio

The spread of propagating flames in downs-
tream is obstructed by the deterioration in bur-
ning velocity when the equivalence ratio of
mixture approaches the learn blowout limit.
Although large scale vortex motions originated
in coherent structure are prominent even in the
downstream cross section of x=100mm from
the records of optical observations characteristics
suggested by the PDFs in Figs. 16 and 17 ind-
icate the same structure as those of other flames

in downstream, Therefore, the inner structure

~

o~

P(TYx10 °%/deg
()
™~
P
<

2[
1[ 1.4&»

S

|
R
S ]
zd
5w

PN
=)
pa

o —e N/ 5
290 1000 1500 2000
T K

Fig. 16 PDF of temperature fluctuations for flame
No. 4
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No. 4

of large vortices is considered to be a wrinkled
laminar flame or laminar flamels. Some unburnt
mixture or unmixedness remains around the
symmetry axis because of the weakness of com-
bustion reaction.

4. Conclusions

(1) A flame with coherent structure appears
in the shear layer formed around the recircula-
tion zone behind the cylinder, and a propagating
flame in random turbulence spreads in downst-

ream.
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(2) A bimodal PDF of temperature fluctua-
tions and a three peaked PDF of ion current
fluctuations are typical for a propagating flame
in dewnstream. The features correspond to the
flame structure of a wrinkled laminar flame or
laminar flamelets in Which' gaseous parcels of
unburnt mixture and burnt gas get in touch with
cach other having a thin reacting layer between
them.

(3) Macroscopic mixing of the flame with
coherent structure is deminated by the tehavior
of coherent vorties, and the flame has the stru-
cture consisting of a wrinkled laminar flame
and partly a distributed reaction zone which
appears at the part subjected a strong stretch.
An imperfect mixing of fire scale eddies of
various reactedness prevails the distributed rea-
ction zone.

(4) Higher flow velccity creates more distri-
buted reaction zone by a stretch of stronig shear
force Higher approach turbulence intensity acc-
elerates the coherent structure to break down
earlier. Low equivalence ratic cbstructs the
spread of propagating flames.
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