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Abstract

Time-series measurements of OH, as related to accompanying flow structures, are reported using picosecond
time-resolved laser-induced fluorescence (PITLIF) and particle-imaging velocimetry (PIV) for turbulent, swirling,
nonpremixed methane–air flames. The [OH] data portray a primary reaction zone surrounding the internal recir-
culation zone, with residual OH in the recirculation zone approaching chemical equilibrium. Modeling of the OH
electronic quenching environment, when compared to fluorescence lifetime measurements, offers additional ev-
idence that the reaction zone burns as a partially premixed flame. A time-series analysis affirms the presence of
thin flamelet-like regions based on the relation between swirl-induced turbulence and fluctuations of [OH] in the
reaction and recirculation zones. The OH integral time-scales are found to correspond qualitatively to local mean
velocities. Furthermore, quantitative dependencies can be established with respect to axial position, Reynolds
number, and global equivalence ratio. Given these relationships, the OH time-scales, and thus the primary reaction
zone, appear to be dominated by convection-driven fluctuations. Surprisingly, the OH time-scales for these nomi-
nally swirling flames demonstrate significant similarities to previous PITLIF results in nonpremixed jet flames.
© 2006 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Swirl in reacting systems can provide an increase
in flame stabilization, as well as a reduction in flame
length, owing to back-mixing with hot products. The
resulting enhancement in ignition has been an im-
portant research topic for many years, especially
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as related to fundamental mechanisms controlling
swirling flows. For swirling flames, many variables
can affect underlying interactions between turbulence
and chemical reaction. The response of the flame
to swirling flow is influenced by whether liquid or
gaseous fuels are used, by the burner geometry, the
method of swirl generation, fuel injection geometry,
exit nozzle design, swirl number, Reynolds number,
and the fuel-to-air momentum ratio.

A significant consequence of strong swirling flows
is the establishment of a recirculation zone, which
contains mean negative axial velocities. A nondimen-
Published by Elsevier Inc. All rights reserved.
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sional swirl number, S, can be defined as a ratio of the
axial flux of swirl momentum to a product of the ax-
ial flux of axial momentum and a characteristic length
scale. A theoretical swirl number based solely on geo-
metrical considerations can also be derived from this
definition in order to obviate experimental informa-
tion. For guide vanes in an axial tubular flow, which
describes the configuration of this study, the theoreti-
cal swirl number, Sth, is [1]

Sth = 2

3

[
1 − (Rh/R)3

1 − (Rh/R)2

]
tanα,

where R is the swirler radius, Rh is the swirler hub ra-
dius, and α is the vane angle with respect to the axis.
Typically, S and Sth display adequate agreement, de-
spite the fact that the above expression assumes thin
vanes of constant chord and a uniform axial velocity
distribution [1].

Beér and Chigier [1] claim that, for nonreacting
swirling flows, S > 0.6 is necessary to establish an in-
ternal recirculation zone. However, with the addition
of heat release, recirculation zones can be established
in flows having significantly smaller swirl numbers.
Chen and Driscoll [2], for example, report a recircula-
tion zone within a swirling flame with S = 0.2. Simi-
larly, Tangirala et al. [3] find that a flame is necessary
to induce recirculation in a flow with S = 0.7. The
significant conclusion is that heat release increases the
susceptibility of a flow to recirculation, as can be ex-
plained by considering the effects of density changes
on pressure gradients [3].

The current study is aimed at utilizing picosecond
time-resolved laser-induced fluorescence (PITLIF) to
measure time series, and thus temporal statistics, of
OH in nonpremixed, methane–air swirling flames. In
this way, we add dynamic measurements of a reac-
tive scaler to recent laser-induced fluorescence and
Raman studies [4–6] in similar swirling flames. Our
premise was that this first application of PITLIF to
reacting flows with recirculation might lead to im-
proved understanding of flame behavior in swirling
flows. In general, the hydroxyl radical has been used
extensively as a flame marker in nonpremixed and
partially premixed flames; similarly, it is employed
here to investigate in an approximate fashion the com-
plex relation between chemical reaction and turbu-
lence. In particular, temporal statistics for OH are in-
vestigated within regions of high turbulence intensity
in swirling flames. Similarities are thus revealed be-
tween results from initially nonpremixed flames with
recirculation and those from previous nonpremixed
jet flames. To aid in understanding these OH measure-
ments, mean and instantaneous flow structures are
also investigated by implementing particle-imaging
velocimetry (PIV).
Fig. 1. Swirl burner of current investigation.

2. Experimental setup and procedures

The swirl burner employed for this study has the
same geometry as that used by Cooper et al. [7] for
heptane spray flames, but with a different fuel injec-
tor. The injector utilized here issues methane radially
outward through 12 identical holes with diameters of
1.5 mm, as shown in Fig. 1. The swirler is an annular
vane type, with vane angles of 45◦, an overall vane
radius of 11.5 mm, and a hub radius of 5 mm. The
theoretical swirl number for this configuration is cal-
culated to be Sth = 0.75. A 40◦ converging/diverging
nozzle forms the exit of the burner, with a throat di-
ameter of 12.7 mm.

Six atmospheric-pressure flames were consid-
ered in the present investigation. These nonpremixed
flames were over-ventilated, with overall equivalence
ratios (Φ) between 0.70 and 0.85 and Reynolds num-
bers (Re) ranging from 12,600 to 42,100, based on
total flow rates (methane and swirl air) and the noz-
zle throat diameter. These conditions were chosen so
as to parametrically vary Re and Φ while maintaining
stable operation for our specific burner configuration.
Table 1 gives the mean total velocity at the nozzle
exit, U , for the flames considered in this investiga-
tion.

The flow structures within the swirling flames
were obtained using cross-correlation, particle-imag-
ing velocimetry (PIV). The PIV system arrangement
and configuration are similar to those used by Ji et
al. [8]. The CCD camera possesses frame-straddling
capability, thus permitting times between two suc-
cessive frames to be as short as 200 ns and provid-
ing up to 15 frame-straddled pairs per second, each
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Table 1
Hydroxyl concentration statistics at locations of [OH]max, as determined from time-series measurements in the six swirling
flames

Re Φ x

(mm)
rp
(mm)

[OH]max
(10−8 mol/cm3)

[OH]rms
(%)

τavg
(ns)

I

(%)

12,600 0.70 15 27 12.6 123 1.92 38
(U = 15.8 m/s) 30 31 10.6 163 1.90 38

45 26 8.87 216 1.87 57
60 22 5.69 288 1.86 82
75 20 3.27 345 1.87 94
90 0 0.88 262 1.89 99

16,800 0.70 15 31 10.9 125 1.90 39
(U = 21.1 m/s) 30 35 10.3 169 1.89 44

45 37 10.3 227 1.89 72
60 36 9.49 265 1.83 81
75 28 6.06 328 1.81 91
90 29 3.56 335 1.83 95

21,000 0.70 15 29 8.74 121 1.87 43
(U = 26.3 m/s) 30 36 9.48 143 1.83 32

45 37 7.73 216 1.81 61
60 35 5.46 293 1.72 83
75 34 1.95 340 1.51 94

21,000 0.80 15 33 7.20 141 1.84 53
(U = 26.3 m/s) 30 42 7.73 170 1.89 50

45 41 7.62 217 1.91 65
60 40 6.04 274 1.88 85
75 30 1.34 298 1.74 99

21,000 0.85 15 34 5.97 160 1.84 64
(U = 26.3 m/s) 30 38 6.32 189 1.87 64

45 40 6.67 230 1.93 77
60 34 6.64 276 1.89 88

42,100 0.70 15 36 6.37 189 1.89 68
(U = 52.6 m/s) 30 42 6.33 228 1.88 65

45 42 4.66 277 1.93 72
60 40 3.83 344 1.94 89
75 42 3.22 382 1.88 96

Note. The mean exit velocity, U , is determined by the total flow rate at the nozzle throat diameter. [OH]rms has been corrected
for shot noise, as described in Ref. [11]. The parameters rp, τavg, and I indicate the radial location of peak [OH], the mean
fluorescence lifetime, and the intermittency, respectively.
with an 8-bit output encompassing 1000 × 1016 pix-
els. A double-pulsed Nd:YAG laser (400 mJ/pulse)
with a wavelength of 532 nm operating at 10 Hz
was used as the light source. An optical system with
a planoconvex lens and a cylindrical–concave lens
transforms the round laser beam into a laser sheet of
about 1 mm thickness at the center of the measure-
ment window. The CCD camera is oriented perpen-
dicular to the laser sheet. A notch filter with a wave-
length of 532 ± 3 nm was used to minimize interfer-
ence from flame radiation. A host computer captured
more than 200 pairs of image frames continuously,
with each frame covering a flow area of about 119 mm
(width) × 121 mm (height). Aluminum oxide (A2O3)
particles of 1–3 µm were added to the air flow via a
fluidized bed seeder. The captured particle images are
processed using a two-frame cross-correlation func-
tion computed by fast Fourier transforms (FFT), with
an interrogation box of 32 × 32 pixels and a 50%
overlap in each direction. The resulting spatial res-
olution for the flow-structure measurements is about
3.8 × 3.8 mm.

The laser and optical systems for the PITLIF mea-
surements were identical to those used by Renfro
et al. [9]. Briefly, a mode-locked Ti:sapphire laser,
with an 80-MHz repetition rate and a pulse width
of 18 ps, is frequency-tripled to a wavelength of
309.33 nm, which excites the Q1(8) line within the
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Fig. 2. Ensemble-averaged flow structures for three selected operating conditions.
(0,0) vibrational band of the X2Π–A2Σ electronic
system of OH. The incident laser beam is focused
to a waist diameter of 108 µm, which defines the di-
ameter of the probe volume. The length of the probe
volume is 125 µm, as determined by the monochro-
mator entrance slit and the detection optics. A 0.25-m
monochromator filters the OH fluorescence at 309 nm
with a 10-nm window. A PMT after the monochro-
mator, in conjunction with a gated photon-counting
system, permits determination of time series for the
OH fluorescence lifetime, OH concentration, and
background signal. The raw data from the photon-
counting system are processed using a correction
algorithm to account for system nonlinearities and
saturation [10].

Radial profiles of mean OH concentration, fluores-
cence lifetime, and background emission were aver-
aged over 3–8 s at a 10-Hz sampling rate. Time series
were obtained by sampling 4096 data points at 25 kHz
for all flames. Quantitative OH concentrations were
calibrated against a well-characterized lean premixed
CH4 (Φ = 0.8) flame on a McKenna burner [9]. Fifty
consecutive time series were taken at each location,
permitting suitable averaging of the temporal statis-
tics. Probability density functions (PDFs) and auto-
correlation functions were calculated for all data in
each time-series set. Shot noise corrections were also
performed for the autocorrelation functions, as de-
scribed in Ref. [11].
3. Results and discussion

3.1. Flow structure

Ensemble-averaged flow structures within the
swirling flames for three selected operating condi-
tions are shown in Fig. 2. Only half of the PIV
measurements are displayed, owing to the symmetry
produced by the swirl burner and its system arrange-
ment. The magnitude of the velocity within the flow
fields is color indexed in units of m/s. The inter-
nal recirculation zone can clearly be observed near
the rim of the swirl burner in all three cases, as for
the recent work of Weigand et al. [5]. Peak vortici-
ties exist just outside the recirculation zone near the
exit of the swirl burner. This toroidal recirculation
zone becomes larger at higher Reynolds numbers.
Moreover, the center of the recirculation zone shifts
slightly away from the burner axis as the Reynolds
number increases from 12,600 to 21,000. The cen-
ter of the recirculation zone also moves downstream
as the equivalence ratio (ER) rises from 0.80 to 0.85,
while its radial location remains nearly fixed.

While ensemble-averaged flow structures gives
some insight into flame stabilization in swirling com-
bustion, instantaneous flow structures play a more
crucial role in determining combustion stability, mix-
ing enhancement, entrainment, ignition, and flame
blowoff. In contrast to only a single internal recircu-
lation zone for the ensemble-averaged velocity fields,
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multiple but smaller vortices can be identified within
the instantaneous velocity fields [8]. Furthermore,
the highest magnitudes for the instantaneous velocity
fields are much larger than those for the ensemble-
averaged velocity fields of Fig. 2. Indeed, small in-
tense but dynamic vortices are a dominant feature of
swirling flows. At some locations, sudden enhance-
ments in magnitude occur within the instantaneous
velocity fields, which are not found for the mean ve-
locity fields [8]. Strong flows normal to the measure-
ment plane are necessary to support such enhance-
ments, according to the requirements of mass conser-
vation.

3.2. Mean hydroxyl profiles

Fig. 3 shows time-averaged radial profiles of hy-
droxyl concentration at axial heights ranging from 15
to 90 mm in the Re = 21,000, Φ = 0.70 swirling
flame, which are typical of all the flames of Table 1.
Peaks in [OH] occur at locations between r = 30
and r = 40 mm from the burner centerline, consis-
tent with the locus of peak mean temperatures along
the outer dimensions of the recirculation zone [4],
as shown in Fig. 2. Similarly, Masri et al. [4] previ-
ously established that the mean reaction zone, defined
by Φmean = 1.0, usually lies along the outer edge of
the internal recirculation zone. The peak [OH] loca-
tions vary depending on the axial location in a given
flame, but most remain far from the burner centerline.
In comparison, toward the tip of the visible flames
(x = 75 to x = 90 mm), the [OH] peaks approach the
burner centerline, as also found by Masri et al. [4].

Table 1 provides radial locations (rp) for time-
averaged [OH]max, as determined from 10-Hz mea-

Fig. 3. Time-averaged radial [OH] profiles for the Re =
21,000, Φ = 0.70 swirling flame (closed symbols) and mean
fluorescence lifetimes, τavg, for all flames (open symbols).
surements at each axial height for the six swirling
flames. In general, the radial location correspond-
ing to [OH]max expands with higher Reynolds num-
ber, in line with stronger pressure gradients created
from larger toroidal vortices at greater swirl veloc-
ities, as shown in Fig. 2. The flames are typically
stabilized near the burner exit, upstream of the recir-
culation zone near the forward stagnation point, as
postulated for both premixed [12] and nonpremixed
[2,13] swirling flames. The forward stagnation point
results in a localized low-velocity region with large
pressure gradients that greatly enhances mixing. Pla-
nar laser-induced fluorescence (PLIF) images of OH
in similar flames arising from annular fuel injec-
tion display a diverging OH zone immediately above
the burner exit, consistent with rapid mixing along
the high-temperature shear layer defining the edge
of the internal recirculation zone [14]. Locations of
[OH]max in the present flames also diverge from x =
15 to 30 mm, indicating that combustion is occurring
around a central recirculation zone that is expand-
ing from the burner exit. However, this divergence
eventually decreases at downstream axial locations.
Birouk and Gupta [15] present comparable OH PLIF
images for lean-premixed swirling flames. Their im-
ages similarly suggest that the reaction zone largely
surrounds the central recirculation zone, with stabi-
lization again occurring very near the burner exit up-
stream of the recirculation region.

The mean OH concentration is essentially constant
near the centerline, and typically 5–10 times smaller
than at its radial peak for a given axial height (Fig. 3).
The OH PLIF images of Cheng et al. [14] show some
presence of OH in the recirculation zone for cer-
tain fuel-to-swirl-air ratios. The images of Birouk and
Gupta [15] also indicate the presence of OH within
the recirculation zone. Hydroxyl near the burner cen-
terline might indicate either (1) an instantaneous reac-
tion zone undergoing very large spatial fluctuations,
or (2) a recirculation zone that provides, on average,
a well-mixed environment of hot intermediates and
products. The latter is more probable owing to the
considerable amount of OH that mixes into the recir-
culation zone, as well as the rather slow three-body
recombination reactions that subsequently eliminate
OH [16]. Cheng et al. [14] report mean temperatures
of up to 1600 K within the internal recirculation zone
of similar swirling flames, which could be responsi-
ble for sustaining OH within this region despite its
removal from the main reaction zone. Cooper et al. [4]
report NO measurements in the same burner when us-
ing heptane introduced through a spray nozzle. The
mean NO concentrations are constant near the burner
centerline, again suggesting a uniformly mixed recir-
culation zone. At x = 15 mm, OH is present along the
centerline for the present flames, but only at the low-



16 W.A. Guttenfelder et al. / Combustion and Flame 147 (2006) 11–21
est Reynolds number. The forward stagnation point
of the recirculation zone is closer to the burner exit in
this case because of its lower overall exit velocity, as
depicted in Fig. 2.

The maximum hydroxyl concentration typically
decreases as Reynolds number increases from Re =
12,600 to 42,100. For our conditions, this increase
in Re occurs at the same fuel-to-air ratio (Φ = 0.70)
and thus the overall flame structure expands out-
ward, as previously explained by the increased size of
the toroidal vortex. The resulting expansion in mean
structure (see Fig. 2) leads to an increase in mixing
with the surrounding, nonswirled air, providing a dilu-
tion effect at larger radial locations. At heights below
x = 45 mm, [OH]max also drops as Φ increases from
0.70 to 0.85.

3.3. Basic hydroxyl statistics

Table 1 includes [OH]rms values, mean OH fluo-
rescence lifetimes (τavg), and intermittencies (I ) for
the six swirling flames. The intermittency is defined
here as the percentage of time OH is absent in the
probe volume during the time-series measurements
and is calculated using the measured PDFs. For all
six flames, a strong inverse correlation exists between
[OH]max and intermittency, implying that increased
intermittency is partially responsible for the reduc-
tion in mean [OH]. However, the decrease in [OH]max
with rising intermittency is less than that observed
for jet flames [9], suggesting that both flame be-
havior and peak instantaneous [OH] values are also
changing with axial height. Furthermore, peak instan-
taneous [OH] values are typically at least twice that
of [OH]max, with the largest [OH]max values occur-
ring lower in the flames. In particular, for the four
Φ = 0.70 flames, [OH]max decreases steadily from
x = 15 to 90 mm. At greater overall equivalence ra-
tios, however, [OH]max is nearly constant from x =
15 to 60 mm, despite an increase in the accompany-
ing intermittency. The implication is that local sto-
ichiometric regions persist farther downstream with
increasing overall equivalence ratio.

The [OH]rms values reported in Table 1 are very
large, ranging from 100 to nearly 400% of the mean.
A strong correlation exists between the reported
[OH]rms and intermittency values in Table 1, with
the highest rms and intermittency values occurring at
greater axial locations. The larger OH intermittency
can be attributed to two factors. First, the swirling
flow exiting from the nozzle might lead to burning in
the wrinkled-flamelet regime, as hypothesized to exist
for turbulent diffusion flames and even in certain tur-
bulent premixed flames. Convected flamelet behavior
of this type would surely result in intermittent OH
statistics, as OH is only measured when the flamelet
passes through the probe volume [9]. Alternatively,
the intermittency could be a product of large-scale
mixing that occurs within instantaneous flow struc-
tures [8]. Long, thin filaments of fuel could be rolled
up between air and hot products into the internal re-
circulation zone [2]. Such instantaneous large-scale
mixing would result in intermittent statistics, either
from OH in the reaction zone or from OH in the hot
products.

Further evidence for burning as thin filaments,
possibly in the wrinkled flamelet regime, comes from
recent OH- and CH-PLIF measurements by Weigand
et al. [5] in stable swirling flames at Φ = 0.55–0.75.
First, hydroxyl images show that [OH] occurs within
and up to the inner edge of the internal recirculation
zone, as expected for reactive or hot-gas mixtures.
Second, single-shot OH and CH images indicate the
existence of thin wrinkled reaction zones. In partic-
ular, the CH images identify clear fuel-consumption
layers (<0.5 mm), which are strongly corrugated and
evidence flame extinction, similar to those of turbu-
lent jet diffusion flames. In this case, however, lo-
cally unburned and extinguished regions within the
recirculation zone probably originate from radial lo-
cations closer to the co-flow air [4]. Hence, the cor-
rugated flame sheets persistently announce domina-
tion by the random turbulent flow field. Third, single-
shot Raman measurements by Meier et al. [6] pro-
duce excellent correlations between temperature and
[H2O], in agreement with strained laminar flame cal-
culations. Similarly, Raman-derived scatter plots vs
mixture fraction compare well with results from coun-
terflow laminar flames [4]. Therefore, while not con-
clusive, evidence from this study, along with that from
Refs. [4–6], strongly suggests laminar flamelet behav-
ior.

The OH fluorescence lifetimes within the swirling
flames of this investigation are approximately con-
stant, independent of flame conditions (Re and Φ)
and spatial location (r, x). Fig. 3 displays mean OH
fluorescence lifetimes measured in the six flames at
all locations. Table 1 provides such lifetimes at po-
sitions of [OH]max. The average of all measured OH
lifetimes is 1.87 ns with only a 4% standard deviation,
which compares favorably with a mean repeatability
in lifetime of 5% at a given location [17]. The few life-
times that are smaller occur only in the Re = 21,000,
Φ = 0.70, and Φ = 0.80, flames at greater axial
heights. We strongly suspect, however, that the worst
case, τavg = 1.51 ns at Φ = 0.70 and x = 75 mm, is
an outlier, as explicitly indicated in Fig. 3.

Because burnout occurs in a relatively short length
for swirling flames, entrainment of air cannot re-
duce OH temperatures sufficiently to produce larger
quenching cross-sections and thus smaller fluores-
cence lifetimes. A similar quenching environment
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was found for NO in swirling heptane–air flames us-
ing the same burner [7]. However, the NO measure-
ments were obtained over a narrower radial region,
typically within the internal recirculation zone where
strong mixing tends to produce a constant quench-
ing rate coefficient. The present OH measurements
exist over a much broader region, well outside the
internal recirculation zone and even extending be-
yond the visible reaction zone. For such conditions,
we would expect within nonpremixed flames a varia-
tion in mean fluorescence lifetime of ±15% (0.01 �
Z � 0.12) [18]. As a constant OH lifetime across
all measured locations cannot be attributed to well-
mixed conditions, we intuitively suspect the existence
of partially-premixed combustion.

To gain further insight into the mixing field and
the resulting quenching environment for the current
swirling flames, predictions of the electronic quench-
ing rate coefficient were made using simulated major
species concentrations and quenching cross-sections
from Paul [19]. The one-dimensional opposed-flow
flame code OPPDIF [20] was employed, using GRI-
Mech 3.0 [21], to simulate nonpremixed to partially
premixed methane–air mixtures (ΦB = ∞ to 0.77)
flowing against air at a global strain rate of 150 s−1.
At the location of peak [OH], mole fractions for the
major collisional quenching partners were used as in-
puts to the quenching model. The fit parameters for
the species cross-sections were taken from Ref. [19],
except for H2O, whose fit parameters were deter-
mined by more recent simulations and measurements
in laminar flames [22]. These H2O cross-sections are
about 15 to 25% larger than the cross-sections rec-
ommended by Paul [19], but they result in predicted
fluorescence lifetimes that are in significantly better
agreement with the experimental lifetimes of this in-
vestigation.

Fig. 4 shows the predicted fluorescence lifetimes
at the location of peak [OH] based on the simu-
lated species mole fractions and modified H2O cross-
section parameters. The predicted lifetimes decrease
considerably with increasing burner-tube equivalence
ratio (ΦB) above the lean blowout limit, from 1.95
to 1.69 ns between ΦB = 0.77 and ΦB = 1.06. This
strong reduction when approaching ΦB = 1.0, as
well as that when approaching from the rich side,
can mostly be attributed to enhanced quenching via
greater [H2O]. In contrast, for ΦB � 1.2, the pre-
dicted fluorescence lifetimes show little variation,
ranging between 1.77 and 1.88 ns, which comports
well with the measured lifetimes of 1.87 ± 0.08 ns.
The relative invariance in predicted lifetimes for par-
tially premixed flames (1.2 � ΦB � 5.0) hints at the
structure of the reaction zone in swirling flames. In
particular, although the fuel is injected upstream of
the exit nozzle and the region of flame stabiliza-
Fig. 4. Predicted OH fluorescence lifetimes at the location
of peak [OH] for varying partially premixed flames. Life-
times are determined using the “harpoon” mechanism for
OH 2Σ+ collisional quenching [19], with mole fractions of
major species predicted using OPPDIF [20] with GRI-Mech
3.0 [21].

tion, the constant measured lifetimes together with
the above predictions suggest that full premixing is
unachievable at the flame front. Moreover, laminar
flamelets with varying degrees of partial premixing
apparently duplicate the measured trends in OH fluo-
rescence lifetime.

The implication of partial premixing based on flu-
orescence lifetime measurements in this investigation
is substantiated by the recent work of Weigand et al.
[5] and Meier et al. [6] on similar swirling flames.
In their studies, partially premixed combustion was
ascribed to flame stabilization above the nozzle, as
verified by OH-PLIF images. Evidence comes from
single-shot Raman measurements, which were found
to produce mixture fractions less than unity (0 � Z �
0.2) below the region of flame stabilization. Strong
support also comes from the large number of Raman
samples at 300 K, despite their being near stoichio-
metric conditions. According to Meier et al. [6], par-
tial premixing in swirling flames can be attributed to
a combination of local extinction and significant igni-
tion delays owing to the large range of eddy compo-
sitions upon turbulent mixing. Therefore, from both
laser Raman and PITLIF measurements, we conclude
that partial premixing dominates in swirling flames,
similar to that in turbulent jet flames with downstream
stabilization.

3.4. Hydroxyl statistics from time series

Intermittency is clearly observable for most time
series in these swirling flames, similar to previous
OH measurements in nonpremixed jet flames [9].
Ultimately, for the latter, a flamelet concept was in-
voked to explain the resulting time series and their
associated PDFs in terms of turbulent convection,
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Fig. 5. PDFs for [OH] determined from time series in the
Re = 21,000, Φ = 0.70 swirling flame at an axial height of
45 mm on either the air side (AS) or the fuel side (FS) of the
radial location for peak OH.

including predictions of the measured OH temporal
statistics [23]. The OH intermittency in the present
partially premixed flames suggests similar behavior.
However, based on the mean [OH] profiles (Fig. 3),
OH presumably exists away from the ensemble-
averaged flame front and well into the internal re-
circulation zone. Furthermore, the instantaneous OH
structures of Ref. [5] support OH intermittency within
the recirculation zone; i.e., rapid large-scale mixing
apparently produces the observed nonhomogeneous
environment.

Fig. 5 shows PDFs calculated from the measured
OH time series at a height x = 45 mm above the
burner surface in the Re = 21,000, Φ = 0.70 flame.
The PDFs at [OH]max and at 8 mm to either the
reactive recirculation side (RS) or the entrained air
side (AS) show similar distributions. In fact, the
PDFs at the [OH] peak and at 8 mm to the air side
have most probable values of [OH] that are nearly
identical. Similar results were observed in previous
nonpremixed jet flames across their mean [OH] ra-
dial profiles [9], thus providing further evidence for
the presence of a convective flamelet structure. The
PDFs near [OH]max are also comparable among these
swirling flames, with absolute probabilities differing
only because of changes in intermittency at a particu-
lar location within the flames.

At radial locations farther from [OH]max, the dis-
tributions of Fig. 5 shift toward much lower values of
[OH]. On the air side of [OH]max, this change can be
attributed to mixing with ambient air. The shift in dis-
tribution on the recirculation side arises from some-
thing different, at least at lower locations in the flame
where little ambient air has been entrained into the
internal recirculation zone. This lack of air entrain-
Fig. 6. Typical autocorrelation functions for the investigated
swirling flames at the location of [OH]max, normalized by
their respective integral time-scales.

ment within the recirculation region has been shown
by Chen [24] through visualization, and by Landen-
feld et al. [25] through velocity measurements and
Reynolds stress correlations. Hence, at such locations,
OH tends to persist because of high temperatures,
while being removed via slower three-body recombi-
nation reactions [16]. Therefore, the shift in OH dis-
tribution on the recirculation side likely results from
[OH] approaching chemical equilibrium, consistent
with longer residence times in the internal recircula-
tion zone. For this reason, the OH shift is probably
unrelated to flamelet motion into this zone.

Most autocorrelation functions determined from
measured OH time series in the swirling flames dis-
play an approximately exponential decay. Upon inte-
gration, this simple shape provides a single computed
integral time-scale, τI [9], with a typical standard de-
viation of ∼10% [11]. Moreover, the autocorrelation
functions are found to collapse when their respective
time axes are scaled by these local time-scales, as
shown in Fig. 6. This feature was previously observed
for OH temporal statistics in turbulent nonpremixed
jet flames [9], although the collapse for these swirling
flames is not as complete at greater time delays. Nev-
ertheless, because of the resulting self-similarity, scal-
ing via integral time-scales appears warranted for
most nonpremixed turbulent flames, whether jet or
swirling.

A few autocorrelation functions, found only at
x = 30 mm in the Re = 12,600, Φ = 0.70 and Re =
21,000, Φ = 0.85 flames, exhibit much longer decay
times and are not self-similar. These long correla-
tion times indicate that [OH] is fluctuating relatively
slowly. Along the centerline (r = 0), relevant loca-
tions may correspond to slowly oscillating stagnation
flow associated with the internal recirculation zone.
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Fig. 7. (a) Radial profiles of OH time-scale for the Re =
21,000, Φ = 0.70 swirling flame; (b) axial velocity profiles
for the Re = 21,000, Φ = 0.80 swirling flame. The arrows
indicate the locations of [OH]max for each axial location.

Chen and Driscoll [2] and Halthore and Gouldin [12]
suggest such behavior as a possible flame stabiliza-
tion mechanism for their nonpremixed and premixed
swirling flames, respectively. Farther from the center-
line, long correlation times could correspond to lower
mean velocities, as indicated in Fig. 2, while not nec-
essarily being associated with the forward stagnation
region. Larger correlation times may also be asso-
ciated with broader OH distributions caused by en-
hanced vorticity or perhaps slower termolecular reac-
tions promoting OH removal in the recirculation zone.

Fig. 7 displays radial profiles of the calculated
integral time-scale for the Re = 21,000, Φ = 0.70
flame and of axial velocity for the Re = 21,000,
Φ = 0.80 flame. Consistent dips appear in the in-
tegral time-scale for OH, which do not necessarily
coincide with downstream peaks in axial velocity, as
denoted by the arrows in Fig. 7a. The velocity pro-
files in Fig. 7b show that the mean axial velocity
peaks near the ensemble-averaged flame zone at each
downstream location, as would be expected from gas
expansion [14,25,26]. More accurately, however, all
dips in integral time-scale appear to be located outside
their respective velocity peaks and nearer the location
of peak mean [OH]. As usual, the smaller OH time-
scales, corresponding to the primary reaction zone,
result from enhanced turbulent convection, including
a more frequent occurrence of OH intermittency.

The dependence of integral time-scale on radial
position becomes more complicated nearer the cen-
terline for all swirling flames of this investigation.
Fig. 7a, for example, shows that OH time-scales at
heights beyond the recirculation zone (x � 45 mm)

remain quite constant near the centerline; in compar-
ison, an increase or decrease in integral time-scale
occurs at lower heights. Specifically, at x = 30 mm,
a significant reduction in time-scale is evident near
r = 0 mm, where, as noted above, long correlation
times are apparent for at least two swirling flames.
Furthermore, considerably smaller time-scales are
found toward the centerline at x = 15 mm for all
flames. At such lower heights, the integral time-scale
corresponds to the upstream boundary of the recircu-
lation zone, which approaches the forward stagnation
point, as apparent from the mean [OH] profiles in
Fig. 3. The forward stagnation region likely produces
increased intermittency, thus introducing smaller in-
tegral time-scales.

By inspecting integral time-scales at locations of
[OH]max (rp), a general trend can be observed for τI
vs x, Re, or Φ . Fig. 8 displays τI at [OH]max plot-
ted against axial position (x) for various equivalence
ratios at Re = 21,000. A near-linear relationship oc-
curs between τI and x for all three global equiva-
lence ratios. A linear trend is also found if the same
time-scales are plotted against equivalence ratio, per-
haps owing to reductions in spatial OH width with
rising Φ . According to Beér and Chigier [1], the max-
imum axial velocity in a swirling jet scales with x−1.
Although data are sparse, axial velocity profiles re-
ported for nonpremixed swirling flames [14,15] indi-
cate similar decays in maximum velocity with axial
position. However, because of combustion, entrain-
ment of ambient air is less [24,25], and thus a smaller
decay would not be surprising (see Fig. 7b).

As expected, the OH integral time-scale decreases
with increasing Reynolds number. This behavior fol-
lows qualitatively convective scaling in turbulent
flows. At most axial heights, a quantitative trend for
time-scale vs x at the location of [OH]max can be
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Fig. 8. Integral time-scales for OH determined at the location
of [OH]max plotted vs axial position for the Re = 21,000
swirling flames.

reasonably approximated by a power law relation-
ship, with a power index of approximately −0.7. This
Reynolds number scaling is less than that reported for
nonpremixed jet flames [9] or expected in nonreact-
ing, convectively dominated flows. Hence, although a
complex relationship exists between the OH integral
time-scale and radial location, a reasonable approxi-
mation can still be made for the dependence of τI at
[OH]max on Re, x, and Φ .

Finally, we have previously demonstrated that in-
tegral time-scales for OH can be directly related to
those for mixture fraction through flamelet relation-
ships [23]. These relationships make OH a suitable
marker for mixing time-scales even though such time-
scales are quantitatively different owing to the effects
of intermittency [23]. For this reason, correlations of
OH time-scales with Reynolds number, position, and
equivalence ratio can be valuable as targets for un-
steady flame simulations, including perhaps valida-
tions of large-eddy simulations [27].

4. Conclusions

Time-series measurements of OH have been ob-
tained for reacting flows with recirculation by em-
ploying picosecond time-resolved laser-induced flu-
orescence (PITLIF). Based on accompanying flow-
structure measurements, the swirling flames include
an internal recirculation zone, with peaks in mean
OH concentration just outside this region. In addition,
nonzero [OH] is found within the internal recircula-
tion zone. Therefore, the measured OH arises from
creation of [OH] near the edge of the recirculation
zone, within the primary flame front, combined with
sustenance of [OH] in high-temperature regions, de-
spite three-body recombination reactions that act to
slowly remove the hydroxyl radical.

The measured OH fluorescence lifetimes indicate
a constant quenching environment wherever OH is
present, including across the mean reaction front and
throughout the entire internal recirculation zone. Rel-
atively short flame lengths prevent substantial mixing
with cooler surrounding air, which would decrease
fluorescence lifetimes. Quenching predictions based
on OPPDIF simulations suggest that while all flames
are over-ventilated with swirling air, local burning
preferentially occurs as partially premixed flamelets,
in agreement with recent laser Raman and PLIF mea-
surements [5,6].

Intermittency is observed throughout all swirling
flames, as indicated by the time series and the PDFs.
This intermittency reflects flame motion, through both
OH creation and sustenance. On this basis, thin in-
stantaneous reaction fronts must exist at the edges and
within the internal recirculation zone [5,6], which in-
duce large-scale mixing of OH as its concentration
approaches chemical equilibrium.

Nearly all autocorrelation functions calculated
from the measured time series display an exponen-
tial decay; thus, they collapse to a single curve when
normalized by their respective integral time-scales.
Typical correlation times range from one to three
milliseconds. A few autocorrelation functions exhibit
significantly greater time-scales, typically at the for-
ward stagnation point or near the center of the recir-
culation zone, where mean convective velocities are
near zero.

The measured integral time-scales appear to be
dominated by convection rather than by chemical re-
action. In particular, the OH time-scales minimize
axially at the peak of the mean [OH] profiles, just be-
yond the maximum velocity associated with the mean
reaction zone. As expected, such time-scales increase
with decreasing Reynolds number. Furthermore, inte-
gral times-scales measured at the location of [OH]max
display a positive linear dependence on both axial lo-
cation and global equivalence ratio.
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