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Nonpremixed Flamelet Statistics at Flame Base of Lifted
Turbulent Jet Nonpremixed Flames®

Susumu NODA**, Hisaya MORI**, Yusuke HONGO*** and Makoto NISHIOKA**

Nonpremixed flamelet statistics at the flame base of lifted turbulent nonpremixed flames
are investigated experimentally using a planar temperature Rayleigh scattering method. A
methane/hydrogen mixture is supplied from a tube of 3.2 mm L.D. into the surrounding air
flow so as to form two lifted turbulent nonpremixed flames having exit velocities of 50 m/s
(Re =4200) and 80 m/s (Re =6 700), respectively. Temperature data are related to maximum
temperature at several flame positions based on the instantaneous flame base tip as contain-
ing information on the reaction region of each nonpremixed flamelet at each position. The
statistics in terms of maximum temperature, thermal dissipation rate, scalar dissipation rate,
and flame brush are discussed with reference to the modeling of the flame base structure.
The scalar dissipation rate has log-normal statistics and the quenching scalar dissipation rate
is lower than the critical value predicted using the uniformly strained counter nonpremixed
flame. These statistics are compared to those obtained using a model proposed by Miiller et
al.'", which combines the flamelet model and the scalar field variable to predict lifted turbu-
lent nonpremixed flames. The comparison has shown that the model can qualitatively predict
lifted turbulent nonpremixed flames, but modification is required in order to obtain more ac-
curate quantitative prediction taking into account the edge flame structure, the statistics of
scalar dissipation rate, and the statistics of flame brush.
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L Introducti bulent nonpremixed flames'” | providing evidence that
. Introduction - . .
lifted turbulent nonpremixed flames have the characteris-

Lifted turbulent nonpremixed flames have received
considerable attention, and many studies of flame stability,
including the pioneering study by Vanquickenbone and
Van Tiggelen®, have been performed. Pitts® reviewed
important theories proposed in terms of the flame stabi-
lization mechanism. The problem of whether flame sta-
bility is determined by flame stretch™ or the balance be-
tween premixed turbulent burning velocity and average

5)-(6) Recent laser mea-

flow velocity remains unclear.
surements may have revealed the existence of each triple
flame. consisting of a nonpremixed flame, a rich premixed

flame, and a lean premixed flame at the bases of lifted tur-

* Received 12th May, 2004 (No. 04-4121)
Department of Mechanical Engineering, Toyohashi Uni-
versity of Technology, [-1 Hibarigaoka, Tempaku. Toyo-
hashi 441-8580. Japan. E-mail: noda@mech.tut.ac.jp
Graduate student. Department of Mechanical Engineering.
Toyohashi University of Technology. 1-1 Hibarigaoka.
Tempaku. Toyohashi 441-8580). Jupan

JSME International Journal

tics of premixed combustion, such as flame propagation at
the flame base. The bases of lifted turbulent nonpremixed
flames are now thought to be subject to both flame stretch
and partial premixing. Here, the term “partial premixing”
is used to denote that fuel mixes partially with an oxidizer
(air) in the proximal region between the nozzle rim and
the flame base.

Lifted turbulent nonpremixed flames are also inter-
esting from the viewpoint of NOx reduction, which was
confirmed on a laboratory scale!!'””. Similar phenomena
had been observed in lifted turbulent nonpremixed flames
formed in high-temperature coflowing air!!-'2, Such a
reduction phenomenon should be strongly associated with
the partial premixing. To put the reduction phenomenon
to good use, the flame base structure should be clari-
fied. Unlike rim-stabilized turbulent nonpremixed flames,
however, this phenomenon includes new and complicated
problems, such as transient processes from unburned to
burned structures and from the premixed/partial premixed
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combustion to the nonpremixed combustion. As a first
step toward the clarification of the flamelet structure at the
bases of lifted turbulent nonpremixed flames, we focus on
the statistics of nonpremixed flamelet in terms of maxi-
mum temperature, thermal dissipation rate, scalar dissi-
pation rate, and flame brush that are useful in the model-
ing of lifted turbulent nonpremixed flames. Temperature
data measured by a planar Rayleigh scattering method are
discussed in relation to maximum temperature at several
flame positions based on the instantaneous flame base tip
containing information on the reaction region of each non-
premixed flamelet at each position. The flamelet statistics
on the basis of each flamelet at the base to our knowledge
have never been experimentally clarified. These statis-
tics have also been compared to a model proposed by
Miiller et al.l’, which combines the flamelet model and
the scalar field variable to predict lifted turbulent non-
premixed flames.

2. Experimental Apparatus and Methods

2.1 Burner description and flow conditions

Experiments were conducted in a coflow configura-
tion. The burner consisted of a fuel pipe of d =3.2mm
I.D. (0.2 mm lip thickness) located at the center and a con-
centric air tube. The fuel was composed of a mixture
of 38% methane and 62% hydrogen by volume, which
was developed by Dibble and Hollenbach for determin-
ing the constant Rayleigh cross section and has an er-
ror of approximately 5% before and after reaction!!3- (4,
The bulk fuel exit velocities were 50 m/s (Re =4 200) and
80m/s (Re = 6700); hereafter referred to as cases 1 and
2, respectively. Fuel jets were surrounded by a slow and
room-temperature air coflow of 1 m/s. The surrounding
air was filtered to remove particles larger than 3 um for
the Rayleigh scattering system to prevent interference due
to Mie scattering.

2.2 Planar temperature Rayleigh imaging system

Nonpremixed flamelets at bases of lifted turbulent
nonpremixed flames are investigated using a planar tem-
perature Rayleigh imaging system. A pulsed Nd:YAG
laser (Spectra-Physics GCR-170) was used to generate
single-shot energies of 450 mJ/pulse at a wavelength of
532 nm. The beam was converged into a 0.9-cm-high laser
light sheet using a cylindrical lens having a focal length
of 1000 mm. The maximum thickness of the sheet was
0.2mm in the image. Rayleigh scattering light was im-
aged using an intensified charge-coupled device (ICCD)
camera (Hamamatsu Photonics C5909) having F/1.8 col-
lection optics. The ICCD camera has 768 x493 pixels and
yields 0.08-mm spacing between pixels in the present ex-
periment. A 5-nm band-pass width, 532-nm centered in-
terference filter was used to reject luminosity. A gating
with a short gate width of 40 ns was used to reduce noise.
In the present system, the effect of chemiluminescence
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was negligible because no noticeable light was emitted
from the flame without the laser shot relative to Rayleigh
scattering light. To refine signals involving noises such
as thermal noise through intensification, the obtained im-
ages were processed using a median filter of 5x5 pixels
to suppress errors of up to 4.5% at room temperature. The
signal-to-noise ratio of the ICCD camera is proportional
to the square root of the light intensity received. The in-
crease in temperature in flames decreases Rayleigh scat-
tering light intensity and degrades the s/n ratio. In the
present study, however, this is not considered. Scattering
light from helium gas was also measured as background
noise!!¥. The ratio of scattering light from the helium
gas to scattering light from air was evaluated to be 10%.
This noise was removed at the first stage of image pro-
cessing. The spatial resolution of the system was 0.4 mm
after the median filter process, matching 2.1 -2.5,. Here,
n is the Kolmogorov scale and the estimates are obtained
in cold flows at the bases of the lifted flames reported
here (at x/d = 10 for case 1, and at x/d = 17.2 for case
2, respectively, as described later). The Kolmogorov scale
is expected to have larger values due to heat release by
the flames. Namazian et al.'> reported that a spatial res-
olution of 57 should be sufficient for capturing 60% of
the scalar dissipation rate. The present resolution conse-
quently should be sufficient to record the thermal dissi-
pation rate, which is transformed to the scalar dissipation
rate under some assumptions described later.

Under the assumption of a constant pressure for the
present low-Mach-number flows, the temperature T is in-
versely proportional to Rayleigh scattering light intensity
after the subtraction of the background noise I as

T=Ty—, (1)

where the subscript O indicates a reference value, for ex-
ample, that of the surrounding air, in the present study.
2.3 Evaluation of scalar dissipation rate
Information on the scalar dissipation rate reflecting
flame stretch is essential for evaluating of the structure of
the nonpremixed flamelet. The two-dimensional temper-
ature distribution obtained is related to the scalar dissipa-
tion rate y through the thermal dissipation rate y7 under
the assumptions of a Lewis number of unity and temper-
ature being a function of only mixture fraction'®. Here,
the differential diffusion effect attributable to the mixed
fuel of methane and hydrogen is ignored due to short res-
idence time of the fuel determined on the basis of liftoff
height for the present cases, being evaluated as approxi-
mately t,., =6.6x 107*s. Since the diffusion coefficients
of methane and hydrogen to air are Dcy, = 0.229 cm?/s
and Dy, = 0.787 cm?/s in cold flow, respectively, the dif-
ference between the characteristic diffusion distances Al
is evaluated on the basis of (Dt,.s)'/? as approximately
0.1 mm, being comparable to the present pixel spacing.
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The other estimation must be based on the diffusion dis-
tance —D(dY/dr) - t,., in consideration of the change in
concentration gradient induced by turbulence; here, D and
(dY/dr) are the diffusion coeflicient and radial concen-
tration gradient, respectively. Although the concentration
gradient data in the cold flows of the present lifted flames
are not available, the following estimation on the data of
Watson et al.""”, who examined cold flows at the bases
of lifted methane nonpremixed flames using a simultane-
ous CH-PLIF and Rayleigh scattering system, may be in-
structive. Their experimental conditions named cases |
and 2 are close to the present conditions in terms of exit
Reynolds number, but their fuel is methane and fuel nozzle
diameter is 5 mm. The exit velocities are 15.8 m/s for case
1 and 21.2 m/s for case 2. We now use the maximum scalar
dissipation rates of ym. =22.91s7" and 12.57s7" in the
cold flows of both of their cases to estimate the difference
in diffusion distance on the basis of the differential diffu-
sion effect of the present fuel. Under the assumption of the
axial mixture fraction gradient (3Z/dx) being smaller than
the radial mixture fraction gradient (0Z/dr), the maximum
concentration gradient (3Y/dr) . 1S approximated as

(Y0 )max = Ymax /4D) V2 (2)
Here, the identity between the mixture fraction and the
fuel mass fraction in the cold flow is used. The estima-
tion gives approximately A/=5.6x 10~  mm. Even though
10y max as the maximum scalar dissipation rate is used
in consideration of the cxit veloeity difference between
Watson et al. and the present study, the diffcrence is ap-
proximately 1.7x 107 mm. being again comparable to the
present pixel spacing.

Radiation heat loss may also become cause of error.
This heat loss is however ignored due to the neglgible
radiant fractions of the present cases being only approx-
imately 5.5x 107%. The radiant fraction &, is evaluated

(18

according to Turns'®" as

Erad = Q,.m,/(/iz/-Ah,), (3)
where Qm,, is the radiant heat-transfer rate from the flame,
mpAn,. the total heat released by the flame, i the mass
flow rate of the fucl and A/, the fuel heat of combustion.
respectively. The flame is considered to be a uniform heat
source for both heat release and radiation. The total heat
release rates mip-Ah, are evaluated to be 2.9kl/s for case
| and 4.6 kJ/s for case 2, respectively. The radiant heat-
transfer rate Q,.,,,/ is furthermore approximated as

QH,([ ~d, Vf(T/gT;l, (4)
where «,, is an appropriate absorption coeflicient for the
flame. V, the flame volume. oy the Stefan-Boltzmann
constant. and 7, the flame temperaturc. The Stefan-
Boltzmann constantis oy = 5.67x 107" [kJ-s Lm™2- K.
Furthermore, for the estimation of a larger radiant trac-
tion. the following data were used: a, =1.V, = 10y x
1077 m*]. T, = 1 800 K.
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The thermal dissipation rate yr is defined as
X1 =2a(VT), (5)

where « is the thermal conductivity. The rate y is eval-
uated on the basis of that reported by Everest et al.!'®),
namely,

@ =(0.20cm?/s)(T /300 K)"*. (6)
xr at ecach pixel position (i, j) is evaluated as
x7.0j= 20 j{l(Tiys.;—Ti-s.;)/(20h)
+(Tiys.j-s = Ti=s.j+5)/(40h)
+{(Tiys, 45— Tis.5)/(40h)]
+2[(T; jus—T;j-5)/(20h)
+(Tis jes—Ti-s.-5)/(40h)
+(Tio5 us = Tivs j-5) (A0}, )

Here, the central differentiation algorithm is used and £ is
the pixel spacing. The azimuthal term is handled as being
equal to the radial term. Equation (7) is corrected from the
corresponding equation of Everest et al. with misprints.
The scalar dissipation rate y is
x=2D(VZ), (8)

where Z is the mixture fraction and D is the diffusion co-
efficient. Thus, the scalar dissipation rate is re-expressed
as a function of thermal dissipation rate and temperature

gradient with respect to the mixturc fraction as!'®

Y=x7/(dT]dZ) . 9)

For the investigation of the nonpremixed flamelet, scalar
dissipation rate at stoichiometry y, should be cvaluated.
For the near-equilibrium assumption. d7T'/dZ at stoichiom-
etry must be represented by the corresponding value at
the maximum temperature 7y,,x. We have thus approx-
imated dT/dZ as the arithmetic mean of the gradients
(Tmax—T0)/Z,;: on the lean side and (T =T 1m0 ) /(1 =Z,,) on
the rich side on the basis of the nonpremixed flame struc-
ture. Here, Z,, is the stoichiometric mixture fraction. This
approximation for the rich side may lead to an overestima-
tion, because the temperature gradient with respect to the
mixture fraction on the rich side near stoichiometry has a
steeper negative slope''”. Moreover, if the triple flame at-
tributable to the partial premixing in the proximal region
is considered, the present approximation may also overes-
timate dT /dZ. because the triple flame decreases the tem-
perature gradient at stoichiometry. Nevertheless. consid-
ering a small Z,, of 0.048 for the present fuel as well as the
lower flame temperature at the bases of lifted flames, the
above approximation is used for the evaluation of dT/dZ.

To evaluate the structure of the nonpremixed flamelet,
only data based on the maximum temperature are used in
the following discussion. These data are collected for four
flame positions: (a) the instantaneous flame base tip of a
lifted flame. (b) 1.6 mm downstream of the tip. (¢) 3.2 mm
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perature region

4() 15 mm downstream of
mean tip location

£ 1(c) 3.2 mm downstream of tip
1.6 mm downstream of tip
instantaneous flame tip

e Burner

Schematic diagram of measurement locations. The
dashed line denotes the maximum temperature ridgeline.
Positions (a), (b), and (c) are located on the ridgeline of
each flamelet and are not fixed spatially.

Fig. 1

downstream of the tip, and (d) 15 mm downstream of the
mean tip location shown in Fig. 1. Hence, positions (a),
(b), and (c) are on each flamelet, and are not fixed spa-
tially. Here, the tip is determined as a position 0.16 mm
(2 pixels) downstream of the location where the Rayleigh
scattering intensity has decreased approximately by 9%
from its value in the cold flow. This corresponds to a
temperature increase of approximately 30 K. Data at po-
sition (d) include the variation in temperature caused by
the flame movement, because the tip of the lifted flame
is not specified at the position over one laser sheet width.
Consequently, the data acquired at position (d) are used
as reference data. Two-hundred data are collected for the
statistics at each position.

3. Results and Discussion

Lifted turbulent jet nonpremixed flames were visu-
alized by the Schlieren method and the planar tempera-
ture Rayleigh scattering method, as shown in Figs.2 and
3. The mean liftoff heights are approximately x = 32 mm
(x/d=10) for case 1 and x=55mm (x/d =17.2) for case
2. The fuel jets collide with the flame bases of the lifted
flames and produce small-scale turbulence, compared with
turbulence downstream, dominating the flame bases, as
shown in Fig.2. The increase in exit velocity lifts the
flame up and increases flame width. From the 2D temper-
ature distributions, flamelets tend to be deformed strongly
by the turbulence induced by the increase in exit velocity.

3.1 Maximum temperature probability density
functions

The maximum temperature data were collected at
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(I) Case 1 (II) Case 2
Fig. 2 Schlieren photographs of lifted flames
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Fig. 3 Planar temperature distributions
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Fig. 4 Pdfs of maximum temperature

each position and used to generate probability density
functions (pdfs), as shown in Fig.4. The maximum tem-
perature should be related to the progress variable by nor-
malization in terms of the fully burned and frozen val-
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ues?”. Although the chemistry of the present fuel is not
elucidated, laminar tubular calculations by Yamamoto and
Onuma®®" did not show that the combustion of a mixture
of methane and hydrogen generates two flames, as indi-
cated by two temperature peaks attributable to the two
fuels. Therefore, the maximum temperature position is
considered as the center of the reaction. For both cases,
pdfs at positions (a), (b), and (c) are very similar. At
flame tip position (a), a high probability exists at approx-
imately 1000 K, whereas a flat and low probability exists
in the range from room temperature, 300 K, to 750 K, cor-
responding to the temperature in the frozen reaction re-
gion where the reaction does not proceed and the tem-
perature is markedly decreased from that in the rear re-
action region®®. The high probability at approximately
1 000 K should be due to the reaction region, because the
profiles are similar to the pdf profiles of positions (b) and
(¢). showing near-Gaussian profiles. Near-Gaussian pdfs
may indicate that flamelets at the flame base are subject to
homogeneous turbulence in the cold jet. Therefore, a large
degree of signal processing should lead to the Gaussian
statistics of temperature, as predicted by the central limit
theorem. The mean flame temperature at position (a) tends
to decrease slightly to 990 K from 1 050 K with the exit ve-
locity, and tends to increase by approximately 40 K at po-
sitions (b) and (¢). The temperature rms values are evalu-
ated as approximately 120 K at the three positions for both
cases. without the data of the frozen reaction region. Al-
though the slight decrease in the mean flame temperature
at position (a) may be caused by the increase in turbulence
intensity reflecting the flame stretch effect. a compartson
between these cases does not reveal any notable ditler-
ence. This similarity may imply that lifted nonpremixed
flames are anchored under proper conditions for stabiliza-
tion, even though the jet exit velocity is changed. The
mean maximum temperature at position (d) increases to
approximately 2 000 K.

3.2 Joint probability density functions of max-
imum temperature and thermal dissipation
rate

Figures 5 and 6 show the joint probability density
functions (jpdfs) of the maximum temperature and ther-
mal dissipation rate at each position. These jpdfs indi-
cate statistics before the scalar dissipation rate obtained
through the approximations mentioned above. By defini-
tion, thermal dissipation rate increases with temperature
gradient: more generally. the decrease in flame tempera-
ture leads to a decrease in thermal dissipation rate. This
is in contrast to the phenomenon whereby the increase in
scalar dissipation rate decreases flame temperature'>*.

The jpdfs at positions (a). (b). and (c) are again
very similar for both cases. The jpdf profiles at position
(a) are near-Gaussian upon the elimination of the data
of the frozen reaction region. whereas the jpdt profiles
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Joint pdfs of maximum temperature and thermal
dissipation rate (case 1)
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Fig. 6 Joint pdfs of maximum temperature and thermal

dissipation rate (case 2)

downstream of the flame tip tend to spread to a lower
thermal dissipation rate reflecting the increase in flame
width. Note that the mean thermal dissipation rate in-
creases slightly at position (a) as exit velocity increases
(case 2), together with the decrease in maximum tempera-
ture mentioned above.
3.3 Pdfs of scalar dissipation rate

Figure 7 shows the pdfs of scalar dissipation rate con-
ditional on maximum temperature. Although the pdfs of
scalar dissipation rate contain the same information as the
jpdfs of thermal dissipation rate and maximum tempera-
ture, the statistics of scalar dissipation rate are more im-
portant for the modeling of turbulent nonpremixed flames.

The profiles of pdfs of both cases closely resemble
each other, but are slightly different at position (a). For
pdfs at position (a) for both cases, an increase in probabil-
ity of approximately Iny = —0.5 is attributable to the low
temperature in the frozen reaction region. With the elim-
ination of the data of the frozen reaction region. the pdfs
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mean=-4.3
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Fig. 7 Pdfs of scalar dissipation rate conditional on maximum
temperature. Solid lines denote log-normal profiles.

at each position may admit the log-normal approximation
indicated by solid lines in the figures. This indicates that
the statistics of the scalar dissipation rate at the base of tur-
bulent lifted nonpremixed flames are not strongly affected
by partial premixing in the proximal region. The quench-
ing scalar dissipation rate y, of the present fuel diluted to
70% by volume with nitrogen in a counterflow configura-
tion formed by a Tsuji burner is 17.2s7!, yielding Iny, =
2.842%_ Here, the present fuel did not allow the measure-
ment of quenching scalar dissipation rate in the counter-
flow configuration, because the flame was deformed like
a cellular flame when fuel flow velocity increased to pre-
vent the quenching effect of the burner. The present results
are distributed at much less than y, of the present fuel,
which is anticipated to have a larger value than above. The
low scalar dissipation rate at position (a) as the flame tip
is important because the flamelet model requires the ex-
tinction of the flamelet under a flame stretch condition of
more than y,. In other words, flamelets survive only be-
low x,-2%_ On the other hand, Buckmaster®® suggests
that the extinction strain rate of the flame edge is modi-
fied to reduce the extinction value obtained by a uniformly
strained counter nonpremixed flame due to the decrease in
the extinction Damkohler number at the edge. This mod-
ification is also confirmed by Shay and Ronney®” and
Noda and Tsubokura®®. The present results may pro-
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vide evidence of the prediction of Buckmaster. In addi-
tion, scalar dissipation rate increases at position (a) with
respect to exit velocity, whereas no large difference in pdfs
exists downstream. The statistics of scalar dissipation rate
indicates that the difference in turbulence in the unburned
mixture for both cases is damped rapidly in the flamelet.
However, this discussion does not suitably explain the ex-
tinction of the flame tip caused by the increased scalar dis-
sipation rate for case 2. The flame interaction and partial
premixing amplified by the exit velocity should be consid-
ered as probable causes.
3.4 Comparison to previous model

The present data are compared to a model proposed
by Miiller et al.(), which combines the flamelet model and
the scalar field variable G, to predict lifted turbulent non-
premixed flames. In the model, the G equation is used to
predict premixed flames specified by Gy, corresponding to
the triple flame. The flame base structure is determined by
the weighted sum of the burned flamelet and the unburned
mixture as the transient flame structure from the frozen to
flame regions. Flame brush, as the fluctuation of the flame
tip, is approximated by the Gaussian fluctuation of G. For
simplicity, the effect of flame stretch is represented only
by the mean velocity gradient.

The nonpremixed flamelet structure at the base of the
lifted flame is supposed to be modified from the counter
nonpremixed flame structure, because the extinction at
the flame tip occurs less extensively than the quenching
scalar dissipation rate predicted by the uniformly strained
counter nonpremixed flame y,. The log-normal approx-
imation for scalar dissipation rate statistics is applicable
to nonpremixed flamelets at the lifted flame base, which
Miiller et al. did not use. If the approximation is employed
in the modeling of lifted turbulent nonpremixed flames,
the following equation may be used according to the con-

ventional flamelet model to determine log-normal pdf pro-
files®).

qu%?i (10)

Here k is the kinetic energy of turbulence, & is the dissipa-
tion rate of k, Z”2 is the variance of the mixture fraction,
and c, is a coeflicient equal to 2. Here, the tilde indicates
the density-weighted mean. The variables &, k, and 7"
are given as solutions of the governing equations. Equa-
tion (10) is furthermore related to the mean u and the vari-
ance o2 of the log-normal pdf as

)2=exp(;1+ %0'2), an
where o2 is found to be approximately 2230,

The present results yield a o between 1.15 and 2.46
at positions (b) and (c). Furthermore, we implemented
a cold-fuel jet calculation for case 1 which is equiva-
lent to the flamelet calculation using the frozen structure
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Fig. 8 Pdf of liftoff height (case 1). The solid line denotes the
Gaussian profile.

to evaluate u using Egs. (10) and (11). The calculations
yielded pg=-2.8 at x/d =10 and Zy =0.048, correspond-
ing to the liftoff height and the flame position, respec-
tively, of case 1, where & =91.7 (m?/s%)/s, k = 0.9 m%/s",
and 2% = 0.78 x 107*. This value is probably overesti-
mated in comparison to the present data (u=—-5~ —2.8) at
positions (a), (b), and (c), even though measurement error
is taken into consideration.

The treatment of flame brush in the model of Muller
et al., which is approximated by the Gaussian G fluctua-

tion, has also been examined. The variance G2 is assumed
to be proportional to the square of the integral length scale
{, =k?/&. The proportionality factor is adjusted between
0.5 and 1.0, depending on the numerical grid size used to
obtain stable solutions. These relationships are related to
the brush width®" ¢, as expressed by

i

/2
(r,=20G"7) . (12)

The littofl height measured for case 1 fluctuates in a
Gaussian manner. as shown in Fig. 8. The mean height
is 33 mm, and the rms value is 2.6 mm. The brush width
for case | is 5.2mm. Thus, the brush width (;, predicted
by the above equations must be compared to the measured
flame brush width. The data of X and & at x/d = 10 pre-
dicted by the above calculation are again used to obtain £
values of 11 mm to 16 mm, which are larger than the mea-
sured value by a factor of two or three. This result suggests
the need to use of a low proportionality factor. The above
discussion reveals that the model proposed by Muller et
al. can qualitatively predict lifted turbulent nonpremixed
flames, but modification is required to obtain more accu-
rate quantitative prediction taking into account the edge
flame structure, the statistics of scalar dissipation rate, and
the statistics of flame brush.

4. Conclusions

Nonpremixed flamelet statistics at the base of lifted
turbulent nonpremixed flames were investigated exper-
imentally using a planar temperature Rayleigh scatter-

ing method. Temperature data measured by the planar

Rayleigh scattering method are discussed in relation to
maximum temperature at several flame positions based on
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the instantaneous flame base tip as containing information
on the reaction region of each nonpremixed flamelet at
each position. The present data are also compared to a
model proposed by Miiller ¢t al.'", which combined the
flamelet model and the scalar field variable G, to predict
lifted turbulent nonpremixed flames. The primary resuits
obtained are as follows.

( 1) The statistics in terms of maximum temperature,
thermal dissipation rate, and scalar dissipation rate are
very similar at the bases of lifted flames, with slight dif-
ferences at the flame base tip. This similarity indicates
that the present lifted nonpremixed flames are anchored
under suitable conditions for stabilization as determined
by flame stretch.

(2) The scalar dissipation rates of nonpremixed
flamelets at the bases of lifted nonpremixed flames fluc-
tuate in a log-normal manner similarly to the case of rim-
stabilized nonpremixed flames, and distribute less than
the quenching scalar dissipation rate predicted by the uni-
formly strained counter nonpremixed flame. These log-
normal statistics indicate that the bases of lifted turbulent
nonpremixed flames are not strongly statistically affected
by partial premixing. This result means that the con-
ventional flamelet concept is applicable to nonpremixed
flamelets at the bases of lifted nonpremixed flames with
the modification of quenching scalar dissipation rate.

(3) Liftoff height fluctuates in a Gaussian manner
and flame brush is statistically associated with the scalar
field variable. Consequently. the nonpremixed {lamelet
statistics at the flame base are found to be rebuilt on the
basis of the combination ol the flamelet concept and the
scalar ficld variable proposed by Miiller et al.'"". together
with consideration of the edge flame structure. the statis-
tics of scalar dissipation rate, and the statistics of flame
brush.
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