Local Flame Structure and Turbulent Burning Velocity
by Joint PLIF Imaging

by

Kazuhiro YAMAMOTO, Shinji ISII, and Masahiro OHNISHI
Department of Mechanical Science and Engineering, Faculty of Engineering, Nagoya University
Furo-cho, Chikusa-ku, Nagoya-shi, Aichi 464-8603, JAPAN

(Abstract)

In this study, we have examined local flame structure by joint PLIF imaging, using simultaneous
OH/HCHO-PLIF and orthogonal OH-PLIF measurements. By considering the degree of flame wrinkling,
three-dimensional flame surface area is obtained from 2D images. We have used a cyclone-jet combustor to
establish turbulent premixed flames for propane/air mixtures in a wide range of turbulence, covering the
flamelet regime and thin reaction zones regime on combustion diagram. Results show that as the mean
velocity at the combustor exit is increased, more complex flame structure is observed with multiple flamelets.
Near the global extinction, peak OH concentration in reaction zone becomes almost zero whereas HCHO
concentration in preheat zone still remains. As a result, the large reduction of heat release rate occurs, resulting
in local extinction. The turbulent burning velocity determined by the mean flame shape is increased with
turbulence, and the bending effect is observed in thin reaction zones regime. On the other hand, different from
the flame perimeter, the flame surface area is linearly increased. Since the turbulent burning velocity is well
predicted by the classical formula in wrinkled flames, the bending is explained by the reduction of local
burning velocity. Thus, within the frame work in our measurement, the flamelet approach could be still valid
even in the thin reaction zones regime.
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Introduction

So far, for modeling turbulent combustion, numerous studies have been made [1-6]. It is considered
that the turbulence intensifies the fuel consumption rate due to the increased heat and mass transfer, compared
with laminar combustion. As for the turbulent buring velocity, Damkdhler [1] has proposed that, when the

flame only wrinkles with turbulence, the turbulent burning velocity, Sz, is expressed by

Sr = (AT /AL)SL )

where A7 is the surface area of the wrinkled flame front, A4, is the cross-sectional area of the front projected in
the direction of flame propagation, and S; is the laminar burning velocity. Although this classical hypothesis
has very simple formula, the idea is adopted in numerical models [6]. Based on this equation, the turbulent
burning velocity is intensified with turbulence due to the increase of the flame surface area. However, there is
a certain level of turbulence at which combustion is maintained. In reality, turbulent burning velocity is not
monotonically increased with turbulence, which is called bending. The local quenching could occur under
highly turbulent condition [7-9]. Many studies focusing on laminar flames have been conducted to show that
the local quenching is caused by the strain, curvature, and heat loss [10,11].

To discuss the flame structure, a phase diagram is useful [2,3,6]. If the turbulence is relatively low, the
local flame structure is that of a laminar flame with wrinkled flame front. However, in high intensity of
turbulence, it has been proposed that the reaction zone is still thin with thickened preheat zone in
thin-reaction-zones regime [3]. Then, the turbulent buring velocity predicted by Eq. 1 has not been well
validated, especially in the thin reaction zones regime. It is argued that the flame propagation speed is much
higher than the laminar burning velocity in this regime. Recent measurement has reported that its value is

much smaller than the laminar burning velocity [12]. On the other hand, it is difficult to obtain the flame



surface area by laser diagnostics of 2D imaging, and some advanced approaches have been proposed [13-15].
Thus, the further study is needed to investigate the turbulent burning velocity based on both the local burning
velocity and flame surface area [16].

In this study, the local flame structure is visualized by joint PLIF technique. In order to evaluate the
flame surface area by 2D LIF imaging, two approaches are applied. One is the simultaneous OH and HCHO
fluorescence imaging to evaluate the heat release rate [17-19]. The other is the orthogonal OH-PLIF
measurement to obtain the 2D images in both the vertical and horizontal planes, which is quite a new trial for
further discussion on 3D flame structure. The turbulent premixed flames are formed by a cyclone-jet
combustor in a wide range of turbulence [20-22]. It should be noted that the flame characteristics including
local buming velocity could be examined based on peak OH concentration in turbulent flames [23]. Then,

focusing on OH as well as HCHO, we discuss the local flame structure and turbulent burning velocity.

Experimental setup
Cyclone-jet combustor

Figure 1 shows a cyclone-jet combustor (C-J combustor). It consists of a combustion chamber with a
main jet nozzle and two cyclone nozzles for pilot flames. The diameter of the main jet nozzle is 12.7 mm and
that of the cyclone combustor is 21 mm, with two cyclone nozzles of 2.4 mm 1.d. Due to a circular pilot flame
inside the combustor, the flame is stabilized at the combustor exit, and hence, it is easy to obtain the flame
image by PLIF. In the experiment, we varied the mean exit velocity, U,,, and the equivalence ratio, ¢, of the
main jet, with a fixed condition of pilot flames for U, = 20 m/s and ¢, = 0.7. The fuel is propane. In our
previous measurements by LDV and PIV, the turbulent Reynolds number, Rer, is from 96 to 448 for U,, =5
to 30 m/s, ¢,, = 0.75 and 0.9 [20,21]. On the phase diagram, the condition of U,, < 15 m/s for ¢,,, = 0.75 or U,,,

<20 m/s for ¢,, = 0.90 belongs to the flamelet regime, and that of U, > 20m/s for ¢,, = 0.75 or U,, =30 m/s
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for ¢, = 0.90 belongs to the thin reaction zones regime. The flame is completely extinguished slightly above
30 m/s at ¢, = 0.75. Before that, the global quenching [9] does not occur.
Typically, an imaging area by PLIF is at Z = 13.75 to 26.25 mm and Y =-7.5 to 17.5 mm, where Z

represents the axial distance from the combustor exit and Y is the horizontal axis.

OH/HCHO PLIF system

The experimental setup for PLIF system is shown in Fig. 2. As for the simultaneous OH and HCHO
fluorescence imaging, two laser sheets were used to excite OH and HCHO species simultaneously. The
wavelength-tuned laser beam was expanded to thin laser sheet (its thickness is less than 0.4mm) by spherical
lens and cylindrical lens, then exposed to the flames. For OH, a frequency doubled (532nm, 10Hz) Nd:YAG
laser (GCR-230, Spectra Physics Inc.) pumped a Dye laser (HD-300, Lumonics Inc.) whose frequency was
doubled to 283.2nm to excite the Qy(7) line of (1,0) band in A’S"<X°I1 transition, ensuring that the
fluorescence signal is less dependent on temperature [23]. The total energy per pulse was about 10 mJ. For
HCHO, the third harmonic of a Nd:YAG laser (355 nm, PRO-230, Spectra Physics Inc.) was used to excite a
weak rotational transition in the A4, — X4, 4, vibronic manifold [24]. The pulse energy is 375 mJ. The
calibration to determine absolute concentrations is conducted based on PLIF measurement and simulation of
laminar flames. In our preliminary studies, it is confirmed that OH and HCHO fluorescence signals are
proportional to these molar species concentrations [22,23], and the error is within 10%. On the other hand,
orthogonal OH-PLIF measurements were applied to visualize the vertical plane by laser sheet 1 and
horizontal plane by laser sheet 2. Since the same excitation line was used for both imaging, time delay of 100
ns was set to distinguish these fluorescence signals.

For the vertical imaging, two intensified CCD cameras with an array size of 1000 x 500 pixels were

used. For OH signal, an interference filter centered at 307 nm (12 nm bandwidth) was placed in front of the
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105-mm /4.5 UV-Nikkor lens. For HCHO signal, a combination of a 395-nm high-pass and a 450-nm
low-pass filter was used. Each capture area is 25 mm x 12.5 mm, and the spatial resolution is 25 pum/pixel. On
the other hand, in horizontal plane, imaging area is 18.3 mm x 18.3 mm, and the corresponding pixel number
is 680 x 680. The spatial resolution is about 27 pum/pixel. A set of 1000 images was obtained for statistical

analysis.

Results and discussion
Turbulent burning velocity
Experimentally, we determined the turbulent burning velocity, Sy, which is the normal velocity of the

mean flame cone of the time-averaged shape:

S, =U, sin@ 2)

where @ is the mean apex angle of the flame cone. Here, we obtained Sy based on direct photographs of
flames. Figure 3 shows the variations of SZ/SLO with u’/SLO, where SLO is the unstrained laminar burning
velocity, and u’ is the root-mean-square (rms) velocity fluctuation. As already mentioned, for ¢,,, = 0.75, the
global extinction occurs when the mean exit velocity is slightly above 30 my/s. Initially, Sy linearly increases
with turbulence at u7S;” < 2. Then, the increasing rate starts to decrease. That is, the bending effect is

observed. In the next session, we visualize the instantaneous flame structure.

Flame structure

Figure 4 shows HCHO and OH profiles in turbulent flames, which are simultaneous single-shot
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fluorescence images. The conditions are for (a) U,, = 10mvs, ¢, =0.75, (b) U,, = 30m/s, ¢, =0.75, and (c) U,
= 30ms, ¢, =0.90. It is known that HCHO exists mainly in the preheat zone whereas OH exists in relatively
high temperature region in reaction zone and burned gas. As seen in Fig. 4a, there is one continuous flame
front and the flame is wrinkled by turbulence. In Fig. 4b, the flame structure becomes more complex at higher
exit velocity. Also, the width of HCHO region is thicker, corresponding to the thickened preheat zone in thin
reaction zones regime [3]. OH region is distorted and collapsed, which could be local extinction. When
equivalence ratio is larger at the same exit velocity in Fig. 4¢, OH region is relatively smooth with its
concentration higher.

Next, we examine the heat release rate based on the product of OH and HCHO concentrations. Results
are shown in Fig. 5. At the mean exit velocity of 10 m/s in Figs. 5a and 5b, since the profile of heat release
rate is continuous, it is considered that typical wrinkled laminar flames are formed. However, for U,, = 30m/s,
¢, =0.75 in Fig. Sc, the heat release rate becomes extremely low in a dotted circle. When the equivalence ratio
is increased to 0.9 in Fig. 5d, the local extinction is seldom observed. Interestingly, the value of flame front
that is convex to unburned gas is much smaller than that in the concave part. In case of lean propane/air
mixtures, Lewis number is larger than unity. Thus, the above phenomena are explained by Lewis number
consideration [7,10,11,19,25].

For further discussion, we investigated the variation of OH and HCHO concentrations in flames. In
each PLIF image, the peak values of OH and HCHO concentrations obtained at Z =20 mm were recorded
and analyzed. Figure 6 shows the frequency profile based on 1000 images. As for HCHO concentration, its
concentration is higher at ¢ ,, = 0.90. As the mean exit velocity is increased, the profile becomes broadened,
corresponding to the larger variation in concentration. As for OH concentration, these tendencies are the same,
but in some cases for U,, = 30m/s and ¢, =0.75, even peak OH concentration becomes zero. When there are

not enough radicals in reaction region, the chain reaction may not be sustained, resulting in an incomplete
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reaction or local quenching. Thus, as observed in Fig. Sc, the large reduction of OH in reaction zone occurs at
local extinction where as HCHO concentration in preheat zone still remains.

We have focused on OH concentration in the flame region. It has been reported that the flame shape
detected by OH-PLIF well corresponds to the flame front by simulation [26] or CH region [27]. Although the
positions of peak OH and the maximum heat release rate are not the same [28], the flame structure can be
discussed based on peak OH concentration [29]. Figure 7 shows OH images in horizontal plane at different
conditions. The sliced flame structures are well observed. As the mean exit velocity is increased, more
wrinkling of the flame front is observed. Interestingly, at the lower equivalence ratio, the flame front could be
distorted due to the turbulence. From the vertical and horizontal flame images in Fig. 8, it is confirmed that
this disconnected flame region is not the pocket of isolated unburmed gas or surrounding air but the local
flame extinction.

As for the turbulence, there are positive and negative effects on the flame front. The former is that the
flame surface area (A7) is enlarged to increase the turbulent burning velocity. The latter is that A7 is reduced by
the local flame extinction. To evaluate these effects, the flame perimeter is examined based on the 2D OH
image in horizontal plane in Fig. 7. It may be noted that OH exists in both the flame zone and burned gas.
Thus, using the threshold, the flame perimeter is calculated. The threshold value is 0.009 mol/m’, where the
burning velocity determined by the peak OH concentration becomes zero [23]. Results are shown in Fig. 9.
At the equivalence ratio of 0.9, the flame perimeter (L) is always increased as the mean exit velocity is higher.
At the lower equivalence ratio of 0.75, L,is increased until 20 m/s, but it is conversely smaller for U,, > 20
mss.

Next, we try to estimate the flame surface area. We take following two steps. Firstly, the increasing
ratio of R due to the flame wrinkling is obtained, which is the ratio of flame perimeter to the circle length of

mean flame radius of Ry.
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where k is the number of the image, Ryis the mean flame radius in each image. That is, R corresponds to the
degree of flame wrinkling to enlarge the flame surface area. The mean flame radius is calculated using
instantaneous OH image. Results obtained at Z = 10, 20, 30, 40 mm are shown in Fig. 10. Derivation bars
show the maximum and minimum values. For both equivalence ratios, the increasing ratio of R is always
larger than unity, and it is increased as the mean exit velocity is increased. It should be noted that this value is
almost constant when the mean exit velocity and equivalence ratio are chosen.

Next, based on the axisymmetry, we calculate the flame surface area in the vertical plane. To consider

the flame wrinkling in the vertical plane, multiplying it by R, the flame surface area is finally obtained in Eq.

4,
1 1000
A =—— Rx2x|\ L, (Z2)dZ 4
. 1000; [L.(2) (4)

where L is the radial location of flame front determined by the position of maximum heat release rate. The
flame surface area is calculated based on the flame on the right hand side in Fig. 5. When multiple flamelets
are observed at higher turbulence, this integration is conducted for all flames.

Results are shown in Fig. 11a for ¢,, = 0.75 and 0.90 to see the change of flame surface area with
respect to the mean exit velocity, U,,. For comparison, turbulent burning velocity is shown in Fig. 11b, which

is re-plotting of Fig. 3. First of all, the profile of Fig. 11a is not similar to that of the flame perimeter in Fig. 9.

Fig.10

Fig.11




That is, three-dimensional effects are substantial [15], and it is not appropriate to discuss the flame surface area
based on 2D flame length. At the higher equivalence ratio, the flame surface area is smaller. Additionally, it is
found that A7 is monotonically increased at the higher exit velocity, corresponding to the linear dependency to
the turbulence [15,30]. However, the turbulent burning velocity in Fig. 11b can not increase linearly. If Eq. 1
is still valid, the local burning velocity must be decreased [23].

Therefore, we validate the formula proposed by Damkohler [1]. Results are shown in Fig. 12. The local
burning velocity is estimated by the peak OH concentration [23,31], and the solid line shows the predicted
value by Eq. 1. As seen in Fig. 12, it is found that the measured turbulent burning velocity is slightly lower.
However, the difference is small. Therefore, the turbulence affects the local flame structure to decrease the
local burning velocity, causing the bending in turbulent burning velocity. Thus, within the frame work in our
measurement, the similar flamelet approach applied in wrinkled and corrugated flames could be still valid

even in the thin reaction zones regime.

Conclusions
We have examined local flame structure by joint PLIF imaging, using simultaneous OH/HCHO PLIF
and orthogonal OH-PLIF measurements. The cyclone-jet combustor is used to establish turbulent premixed
flames for propane/air mixtures in a wide range of turbulence, covering the flamelet regime and thin reaction
zones regime on combustion diagram. Following results are obtained.
(1) As the mean exit velocity is increased, the instantaneous flame shape becomes complex, with multiple
flamelets. Near the global extinction, there is a region where peak OH concentration in reaction zone
becomes zero whereas HCHO concentration in preheat zone still remains. The large reduction of OH

alters the flame structure with a decrease of heat release rate, resulting in the local extinction.
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(2) As for the turbulence, there are positive and negative effects on the flame front. The former is that the
flame surface area (4y) is enlarged to increase the turbulent bumning velocity. The latter is that Ay is
reduced by the local flame extinction. By considering the degree of flame wrinkling, three-dimensional
flame surface area is obtained from 2D images. Different from the flame perimeter, A7 is linearly
increased at the higher exit velocity, showing the substantial three-dimensional effects.

(3) The turbulent burning velocity is firstly increased at larger mean exit velocity, but the bending effect is
observed in the thin reaction zones regime. Since the turbulent burming velocity is well predicted by
Damkdohler’s formula, the bending is explained by the reduction of local burning velocity. Thus, within
the frame work in our measurement, the similar flamelet approach could be still valid even in the thin

reaction zones regime.
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List of figure captions
Fig.1 Cyclone-jet combustor.

Fig. 2 Joint PLIF Imaging system. Upper figure shows simultaneous OH and HCHO PLIF, and lower
figure shows orthogonal OH PLIF in vertical and horizontal planes.

Fig.3 Turbulent burning velocity as functions of rms velocity fluctuation for ¢,, = 0.75 and 0.9.
Fig.4 HCHO (upper) and OH (lower) fluorescence images.

Fig. 5 Product of fluorescence signals of OH and HCHO for (a) U,,=10m/s, ¢, =0.75, (b) U,,=10m/s, ¢,
=0.90, (¢) U,,=30mvs, ¢,,,=0.75, and (d) U,,=30ms, ¢, =0.90.

Fig. 6 Frequency of peak concentrations of HCHO and OH at Z=20 mm.

Fig.7 OH-PLIF images in horizontal plane.

Fig.8 OH images in (a) vertical plane, and (b) horizontal plane; ¢,,=0.75, U,=30nv/s.
Fig.9 Variations of flame perimeter with mean exit velocity for ¢,,,=0.75 and 0.9.
Fig. 10  The ratio of flame perimeter (Zy) to circle length of mean flame radius of Ry.

Fig. 11  Variations of (a) flame surface area, and (b) turbulent burning velocity with mean exit velocity for ¢,
=0.75and 0.9.

Fig. 12 Turbulent bumning velocity for ¢,, = 0.75 and 0.9, compared with predicted value by Eq. (1).
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Fig.1 Cyclone-jet combustor.
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Fig. 2 Joint PLIF Imaging system. Upper figure shows simultaneous OH and HCHO PLIF, and lower
figure shows orthogonal OH PLIF in vertical and horizontal planes.
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Fig.3 Turbulent burning velocity as functions of rms velocity fluctuation for ¢,,, = 0.75 and 0.9.

[Word Count] = (50+10)*2.2*1 + 17 (caption) = 149 words
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Fig.4 HCHO (upper) and OH (lower) fluorescence images.
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(¢) U,=30ms, ¢, =0.75, and (d) U,,=30r/s, ¢,,, =0.90.
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Fig.6 Frequency of peak concentrations of HCHO and OH at Z=20 mm.
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Fig.7 OH-PLIF images in horizontal plane.
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Fig. 8 OH images in (a) vertical plane, and (b) horizontal plane; ¢,,=0.75, U,=30m/s.
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Fig. 8 (enlarged)
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Fig.9 Variations of flame perimeter with mean exit velocity for ¢,,,=0.75 and 0.9.
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Fig. 11  Variations of (a) flame surface area, and (b) turbulent burning velocity with mean exit velocity for ¢y,
=0.75and 0.9.
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Fig. 12 Turbulent burming velocity for ¢,,=0.75 and 0.9,
compared with predicted value by Eq. (1).
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