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Abstract

To investigate three-dimensional flame structures of turbulent premixed flame experimentally, dual-plane planar la-
ser induced fluorescence (PLIF) of CH radical has been developed. This dual-plane CH PLIF system consists of two
independent conventional CH PLIF measurement systems and laser beam from each laser system are led to parallel
optical pass using the difference of polarization, and CH PLIF is conducted in two parallel two-dimensional cross sec-
tions. The newly-developed dual-plane CH PLIF is combined with single-plane OH PLIF and stereoscopic particle
image velocimetry (PIV) to clarify the relation between flame geometry and turbulence characteristics. The laser sheets
for single-plane OH PLIF and stereoscopic PIV measurement are located at the center of two planes for CH PLIF. The
separation between these two planes is selected to 500 wm. The measurement was conducted in relatively high Rey-
nolds number methane-air turbulent jet premixed flame. The experimental results show that various three-dimensional
flame structures such as the handgrip structure, which has been shown by three-dimensional direct numerical simula-
tions (DNS), are included in high Reynolds number turbulent premixed flame. It was shown that the simultaneous
measurement containing newly-developed dual-plane CH PLIF is useful for investigating the three-dimensional flame
structures. To analyze the flame structures quantitatively, the flame curvature was estimated by using the CH and OH
PLIF images, and the probability density function (pdf) of the curvatures was compared with the results of DNS. It was
revealed that the minimum radius of curvature of the flame front coincides with Kolmogorov length. However, the
feature of pdf of the flame curvature is slightly different from result of DNS, if the curvature was estimated from ex-
perimental results in two-dimensional cross section. On the other hand, the feature of pdf of mean curvature that calcu-
lated from triple-plane PLIF results is similar to that obtained from three-dimensional DNS.
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Three-dimensional flame structures, which are caused
by strong fine scale eddies in turbulence, appear even
in laminar flamelet regime in the turbulent combus-
tion diagram. The importance of these structures

1. Introduction

In the recent three-dimensional direct numerical
simulations (DNS) [1-6], characteristics of the turbu-

lent premixed flames have been investigated exten-
sively, and local flame structures which are hardly
expected from theoretical classifications such as the
turbulent combustion diagram [7] have been reported.
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should be investigated by experiment.

To investigate turbulent flame structures experi-
mentally, planar laser-induced fluorescence (PLIF) [8,
9] of molecules and radicals produced in chemical
reactions, such as OH [10], CO [11], CH [12-14] and
CH,O [15], are commonly used. Since OH radicals
show high concentration in the burned gas, OH PLIF
measurement is useful to separate the unburned mix-
ture and the burned gas. Although the edges of OH
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Fig. 1. Schematic diagram of the simultaneous dual-plane CH PLIF, single-plane OH PLIF and stereoscopic PIV measurement.

radical distribution may correspond to the flame
fronts for low Reynolds number turbulent flames,
there is a possibility that the flame fronts do not exist
at the edge of OH radicals in high Reynolds number
cases in which flame front is significantly distorted
and multiply folded. On the other hand, CH PLIF
measurement has been used to investigate characteris-
tics of the flame fronts in turbulence because CH
radicals are produced at the flame front and have very
narrow width enough to represent the reaction zones.
However, only from the CH PLIF measurement, it is
hard to distinguish the unburned gases from burned
gases. To overcome these defects in single radical
PLIF, simultaneous OH and CH PLIF measurement
has been developed and applied for turbulent non-
premixed flames [16].

In addition to the PLIF measurement, particle im-
age velocimetry (PIV) has been adopted to measure
the turbulence characteristics near the flame [17, 18].
Recently, simultaneous CH, OH and velocity meas-
urement has been reported [19, 20] for investigate the
flame structures. Furthermore, to investigate the dy-
namics of turbulent premixed flame, CH double-
pulsed PLIF measurement [21] and simultaneous CH
double pulsed PLIF/OH PLIF and stereoscopic PIV
measurement [22] and simultaneous stereo PIV and
double-pulsed acetone PLIF [23] were developed.
However, almost all studies were restricted to meas-
urement in two-dimensional cross section. Although
reconstruction of the three-dimensional flame struc-
ture has been reported [24], it is difficult to investi-

gate the instantaneous three-dimensional flame struc-
tures.

In this study, to investigate three-dimensional flame
structures of turbulent premixed flame, dual-plane
PLIF of CH radicals has been developed. The newly-
developed dual-plane CH PLIF is combined with
single-plane OH PLIF and stereoscopic PIV, which
can investigate the three velocity components, to in-
vestigate the relation between flame geometry and
turbulence characteristics.

2. Experimental method

2.1 Dual-plane CH PLIF measurement system

The schematic diagram of the experimental setup
for simultaneous measurement is shown in Fig. 1. By
combining two independent CH PLIF systems, the
dual-plane CH PLIF system is comprised. For CH
PLIF measurement, the (0;(7,5) transition of the By~
X°I70,0) band at 390.30 nm is excited and fluores-
cence from the 4-X(1,1), (0,0) and B-X(0,1) bands
between 420 and 440 nm is detected. CH radical is
excited by two laser systems. First dye laser (Lambda
Physik, Scanmate?) is pumped by a XeCl excimer
laser (Lambda Physik, LPX 1101, 308 nm, 200
mJ/pulse) with BiBuQ dye in p-dioxane solvent and
second dye laser (Sirah Cobra-stretch) is pumped by a
Nd:YAG laser (SpectraPhysics, Quanta Ray PRO-
230-10, 355 nm, 400 mJ/pulse) with Exalite389 dye
in p-dioxane solvent. These laser systems generate
laser pulses of about 18-20 and about 20-22 mJ/pulse,
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Fig. 2. Profiles of laser sheets for dual-plane CH PLIF and OH
PLIF.

respectively. Laser beams from each laser systems
have vertical polarization. The polarization of beam
from the XeCl excimer with the dye laser changed
into horizontal direction by using several mirrors.
These beams are lead to a polarizing beam splitter
(PBS) and parallel beams are generated. The parallel
beams are expanded into laser sheets by laser sheet
forming optics.

Fluorescence from excited CH radicals are detected
by two intensified CCD cameras (Andor Technology,
iStar DH734-25U-03, 1024 x 1024 pixels) fitted with
105 mm/f2.8 lens (Nikon, Micro-Nikkor) and optical
filters (SCHOTT, KV418 and BG39). These cameras
are located on the opposite side of the burner, and
optical axes are set to be perpendicular to the laser
sheet. Fig. 2 shows the intensity profiles for the lasers
of PLIF measurements. These profiles are measured
by traversing a photodiode with a 10 um pinhole. It is
found that the laser beams are shaped into about 250
pum thickness and the separation between the two
laser sheets that can be changed by regulating the
PBS is set to 500 um.

2.2 Single-plane OH PLIF measurement system

For single-plane OH PLIF measurement, the Q;(7)
transition of the A2 -X*71(1,0) band at 282.93 nm is
excited and fluorescence from the 4-X(1,1), (0,0) and
B-X(0,1) bands between 306 and 320 nm is detected.
The laser system consists of a Nd:YAG laser (Con-
tinuum, Powerlite9030, 532 nm, 200 mJ/pulse) and a
dye laser (Lambda physik, Scanmate2) with Rhoda-
mine 590 dye in p-dioxane solvent. Laser beam is led
to laser sheet forming optics and illuminate the meas-
urement region. The fluorescence from the excited
OH radicals were imaged onto the third intensified
CCD camera (Princeton Instruments, PI-MAX 51RB-

Gl, 512 x 512 pixels) fitted with UV lens (Nikon,
UV-Nikkor, 105 mm/f4.5) and optical filters
(SCHOTT, WG-305 and UG-11). The laser beam is
shaped into about 300 um thickness, and the laser
sheet located at the center of the two laser sheets for
CH PLIF as shown in Fig. 2.

2.3 Stereoscopic PIV measurement system

Stereoscopic PIV system consists of a double
pulsed Nd:YAG laser (New Wave Research, Mini-
Lase 111, 532 nm, 50 mJ/pulse), an optical system and
two CCD cameras (Princeton Instruments, MegaPlus
II ES4020, 2048 x 2048 pixel) with 200 mm/f4 lens
(Nikon, Micro-Nikkor). CCD cameras are located at
each side of the intensified CCD cameras for CH
PLIF with about 20 degree. To focus on all over the
measurement region clearly, the Scheimpflug condi-
tion [25] is applied. The double-pulsed laser sheets
which are located at the center of the two laser sheets
for CH PLIF illuminate the measuring region and
scattered light by tracer particles is recorded by the
CCD cameras. Al,O5; with 0.18 um diameter are used
for tracer particles.

2.4 Experimental apparatus

Fig. 3(a) shows a turbulent jet burner used in this
study. This burner has a main jet nozzle and a sur-
rounding nozzle for flame holding. The inner diame-
ter of the main and the surrounding nozzles are 10
mm and 70 mm, respectively. Fig. 3(b) shows CH
chemiluminescence images and OH PLIF images.
Note that these images are combined images obtained
at different measurement positions (x/D = 5, 10, 15).
Table 1 shows experimental conditions and turbu-
lence characteristics of inert flow at center of the jet
nozzle. Here, x is distance from the jet exit, Rep is
Reynolds number based on the nozzle diameter (D)
and mean axial velocity at the jet exit, Re,; is Rey-
nolds number based on Taylor microscale A and
r.m.s. of velocity fluctuation (u'.,), u, iS mean ve-
locity, / is integral length scale and 7 is Kolmogorov
length. S; (= 0.399 my/s) is laminar burning velocity
and J (= 41.2 um) is laminar flame thickness which
is defined based on kinematic viscosity and S; [7].
The characteristics were measured by a hotwire con-
stant temperature anemometer with x-probe (Ka-
nomax Japan, Model0250R, tungsten, @5 pm) in
preliminary experiments. These conditions are classi-
fied into the corrugated flamelets in the turbulent
combustion diagram by Peters [7]. In this study,
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Table 1. Experimental conditions.

U, [m/s] x/D Rep Re; Uy [M/S] | wyps [m/s] | I[mm)] A[mm] 77 [um] 123 /St
10 5 6667 93.4 11.40 1.15 6.21 0.998 58.0 150.8 2.88

J/Surrounding(CH4+Air)
Main Nozzle(CH4+Air)

(@ (®)

Fig. 3. Schematic of a turbulent jet burner (a) and a CH chemiluminescence image and OH fluorescence image of turbulent jet pre-
mixed flame (b).

Atpry ;

Stereoscopic PIV

CCD Camera Exposure
Double Pulse Nd:YAG Laser

OH PLIF m AIEOH
/\

1CCD Camera Exposure
Nd:YAG Laser

Atsen [y

ICCD Camera Exposure
XeCl Excimer Laser

AfcnpLir

[crir )] ==
ICCD Camera Exposure ECH
Nd:YAG Laser

e

Fig. 4. Timing diagram of the simultaneous dual-plane CH PLIF, single-plane OH PLIF and stereoscopic PIV measurements.

simultaneous measurement of dual-plane CH PLIF, From turbulence and flame characteristics, the pixel
single-plane OH PLIF and stereoscopic PIV is con- resolutions are set to 28.8 um/pixel for CH PLIF,
ducted for U, = 10 m/s. Equivalence ratio ¢is fixedto ~ 57.5 pum/pixel for OH PLIF and 8.8 um/pixel for
1.0 for the main flame and 0.86 for the surrounding stereoscopic PIV and the measurement regions are
flame. PLIF and PIV were conducted at axial distance 29.5 mm x 29.5 mm for CH and OH PLIF, 18 mm x
of x/D =5, where the turbulence is fully developed. 18 mm for stereoscopic PIV.
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Fig. 5. Typical three-dimensional flame structure. (a), (b) and (c) represent different realization.

2.5 Timing control for simultaneous dual-plane CH
PLIF, single-plane OH PLIF and stereoscopic
PIV measurements

Fig. 4 shows the timing diagram of the simultane-
ous dual-plane CH PLIF, single-plane OH PLIF and
stereoscopic PIV measurements. In this study, to take
CH images on each plane by different camera, CH
PLIF on two planes was conducted with short time
difference of 50 ns. This time difference is short
enough for the turbulent flame to maintain its struc-
ture. After the first CH PLIF, OH PLIF was con-
ducted with 25 ns delay. These PLIF measurements
were conducted between the first and second frame
for stereoscopic PIV. From the turbulence character-
istics in measurement region, time interval of PIV
(4tpry) is set to 4.1 ps. For rejecting flame radiation,
exposure time for PIV is set to about 250 ps by con-
trolling liquid-crystal shutters. To optimize signal-to-
noise ratio, gate time of image intensifiers for dual-
plane CH PLIF and single-plane OH PLIF are set to
30 ns [20]. Timing control of this system is conducted
by two pulse generators (Stanford Research Systems,
DG535 and LabSmith, LC880) and delay generators
inside of intensified CCD cameras.

3. Experimental results

Fig. 5 shows typical three-dimensional flame struc-
tures of turbulent premixed flame obtained by the
simultaneous dual-plane CH PLIF, single-plane OH
PLIF and stereoscopic PIV measurements. In this

figure, the isolines drawn by blue and white represent
fluorescence intensity distributions of CH radicals in
each plane, and the yellow area represents the un-
burned mixture obtained by fluorescence intensity
distribution of OH radicals. The visualized distance
between two measured planes is twenty times the real
scale for easy understanding. This simultaneous mea-
surement can investigate flame structures from a
three-dimensional perspective as shown in Fig. 5(a).
Fig. 5(b) shows that engulfment of burned gas near
the centerline of the jet and the burned gas forms
complicated three-dimensional structure. Fig. 5(c)
shows that flame is split and an isolated pocket of
unburned mixture is generated. Fig. 6 shows more
complex flame structure. From the distribution of CH
radicals in the rear plane, flame front is connected to
the main flame (indicated by white arrows). On the
other hand, the pocket of unburned mixture is gener-
ated in the center plane (white circle) and annular
flame front is produced in the front plane (yellow
circle). This structure may represent the handgrip
structure, which has been suggested by DNS [6]. The
present results show that the simultaneous dual-plane
CH PLIF, single-plane OH PLIF and stereoscopic
PIV measurement is useful for investigation of the
three-dimensional flame structures. In this study, to
analyze flame structure quantitatively, the flame front
curvature is estimated from the present experimental
results and is compared with previous three-
dimensional DNS. The curvature of the flame front is
defined by
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Fig. 6. An example of handgrip structure.
k=V-n, (1

where n denotes normal vector with respect to the
flame front. If the principal curvatures can be esti-
mated as k; and £, & is represented by

k=(k +k)/2. )

In the analysis of three-dimensional DNS, the princi-
pal curvature of three-dimensional flame surface can
be estimated. However, from the experimental results,
it is quite hard to estimate those. Therefore, in the
present study, the curvature is evaluated by the fol-
lowing procedure.

(1) The flame front is identified on the three paral-
lel planes from CH and OH PLIF images.

(2) On the center plane (OH PLIF plane), the cur-
vature of the flame front () is estimated from Eq. 1.

(3) A plane perpendicular to the center plane in-
cluding the flame front position on the center plane is
defined.

(4) Intersection point of the above-mentioned plane
and flame front on the CH PLIF planes are identified.

(5) From the flame front position on the OH PLIF
plane and two flame front positions on the CH PLIF
planes, the flame curvature (k) is estimated by find-
ing a circle that have the three flame front points on
the circumference.

(6) The mean curvature is calculated by k. = (ky +
ke)/2.
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Fig. 7. Probability density functions of the curvature of the flame
front (a), probability density functions of the mean curvature (b).

In Fig. 7(a), probability density functions (pdf) of the
flame curvature obtained in OH PLIF plane (k) are
compared with the results obtained by previous study
of simultaneous CH OH PLIF and stereoscopic PIV
measurements for turbulent premixed flames at swirl
burner [26] and three-dimensional DNS [27]. Equiva-
lence ratio is 1.0 both for the experiment and DNS.
Note that the curvature of the flame front for DNS
represents mean value of principal curvatures of
three-dimensional surface. The curvature is non-
dimensionalized by the Kolmogorov length (7). Two
experimental results coincide with each other. The
maximum values of |k7j| are about 1.0 both for the
experiment and DNS. Therefore, the minimum radius
of curvature is the Kolmogorov length. However, the
shapes of the pdf obtained by the experiments are
slightly different from those by DNS. This will be
caused by the curvature estimation only from two-
dimensional cross section in the experiments. It
should be noted that curvature of the flame front has
been reported by many previous studies [3, 23], whe-
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reas all studies reported those in dimensional form or
non-dimensionalized by laminar flame properties. In
Fig. 7(b), the mean curvature (k.) is compared with
that from DNS. For comparison, pdf of 4 is also
presented. Probability for small curvature decreases
for k, compared with k. This feature is similar to that
obtained from DNS. However, the separation of PLIF
planes determines the largest curvature and should be
reduced to improve the results.

4. Summary

In this study, simultaneous dual-plane CH PLIF,
single-plane OH PLIF and stereoscopic PIV meas-
urement was developed. It was demonstrated that
three-dimensional flame structures can be investi-
gated by this newly-developed simultaneous meas-
urement in methane-air turbulent premixed jet burner.
This simultaneous measurement revealed that the
minimum radius of curvature of the flame front coin-
cides with Kolmogorov length. The feature of pdf of
mean curvature obtained by the present measurement
is similar to that obtained from DNS.
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