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Abstract Two-point OH time-series measurements using
a high-speed, laser-induced fluorescence system have been
performed in a turbulent nonpremixed jet flame to obtain
both radial and axial space–time correlations. Turbulent OH
structures in such flames are found to undergo convection
both axially and radially, but OH convection does not sat-
isfy the ‘frozen-turbulence’ hypothesis owing to various tur-
bulent interactions and chemical reactions. While axial OH
convection occurs at approximately the local mean bulk ve-
locity, radial convection is largely compromised by strong
turbulent mixing along the same direction. The hydroxyl in-
tegral length scale can be interpreted as the typical dimen-
sion of a convective OH structure, which is axially elongated
and becomes more isotropic in the post-flame region. The
hydroxyl integral time scale can be interpreted as approxi-
mately the ratio of an axial integral length scale to a corre-
sponding local mean flow velocity. In general, macroscale
fluctuations of OH are dominated by large-scale turbulence,
with little contribution from small-scale turbulence and OH
chemistry.
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1 Introduction

Hydroxyl is an important intermediate species during com-
bustion owing to its role in oxidation reactions as well as
in formation of pollutants, such as NO and soot. As OH
is strongly associated with high-temperature regions and
is characterized by a strong fluorescence yield, it is often
treated as a flame marker when studying turbulent com-
bustion. Qualitative OH planar laser-induced fluorescence
(PLIF), for instance, has been used to identify transitions
from unburnt to burnt components [1], the fuel-lean side of
reaction zones in diffusion flames [2], and flame–vortex in-
teractions [3]. While OH is formed rapidly during combus-
tion, it is consumed by relatively slow three-body recombi-
nation reactions and can thus survive for a fairly long time in
low-temperature regions. For this reason, OH concentrations
typically occur at superequilibrium levels [4] and exhibit
larger spatial dimensions than actual flame zones [5], which
is particularly the case for downstream locations within tur-
bulent reacting jets. While this feature certainly compro-
mises the utility of OH as a flame marker, the wide range
of temporal and spatial scales for OH implies strong inter-
actions with fluid turbulence [6]. The objective of this paper,
therefore, is to characterize experimentally OH fluctuations
and to provide a quantitative understanding of the associated
turbulence–chemistry interactions.

Temporal fluctuations of OH have been previously inves-
tigated by our group for a number of turbulent nonpremixed
jet flames [7]. The measurements [8] were obtained us-
ing a high-speed laser-induced fluorescence (LIF) tech-
nique called picosecond time-resolved laser-induced fluo-
rescence (PITLIF). PITLIF can capture concentrations of
radical species at rates of up to 20–40 kHz, thus resolv-
ing temporal macroscales of most laboratory-scale turbulent
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flames. Temporal statistics for OH, including temporal au-
tocorrelation functions, power spectral densities (PSDs) and
integral time scales have been reported in previous work
[7, 9]. The temporal statistics of OH were found to exhibit
self-similarity in the far field of turbulent nonpremixed jet
flames so that its integral time scale proved to be a good
measure of macroscale fluctuations in OH concentration.
By invoking time-series simulations based on state relation-
ships for strained laminar flamelets, measured OH time se-
ries were used to derive integral time scales for mixture
fraction, a very useful conserved scalar for turbulent non-
premixed combustion [9].

Though PITLIF has proven to be a powerful tool, as a
single-point technique, it provides no information on the
spatial features of a turbulent scalar field. Recently, however,
we developed a two-point version of PITLIF which permits
measurements of both spatial and temporal fluctuations in
OH concentration by simultaneously monitoring two probe
volumes [10, 11]. In the first implementation of this new
approach, we used a single horizontal laser beam; hence,
the separation between the two probe volumes was limited
along the beam, which was typically the radial direction in
the case of a round jet. A full characterization of OH fluc-
tuations obviously requires two-point statistics along other
directions. Considering the axisymmetry of the round jet,
the remaining direction of importance is the axial direction,
which necessitates a different laser configuration.

High-speed OH PLIF is another technique capable of
monitoring fluctuating OH structures within turbulent
flames. Recently, repetition rates of several kHz have been
demonstrated, thus revealing dynamic flame phenomena, in-
cluding local extinction and re-ignition [12–14]. Compared
to two-point PITLIF, high-speed PLIF offers much richer
information on two-dimensional OH distributions, such as
orientation and thickness. Moreover, as a surrogate for
the reaction zone, this OH PLIF technique can be ap-
plied simultaneously with two-dimensional velocity mea-
surements, using particle image velocimetry (PIV), to inves-
tigate turbulence–flame interactions [15]. However, despite
these advantages, high-speed OH PLIF is often hampered
by its prohibitive cost and complexity. Furthermore, high-
speed PLIF remains largely qualitative as corrections for
collisional quenching are typically necessary on a shot-by-
shot basis.

In this paper, we describe substantial improvements to
the previous two-point PITLIF methodology so as to ac-
commodate both radial and axial two-point separations. This
improved two-point PITLIF technique is then employed
to study OH fluctuations in a well-investigated turbulent
hydrogen–nitrogen nonpremixed jet flame. When analyzing
the measured statistics, we emphasize, in particular, differ-
ences between the radial and axial two-point statistics, in-
cluding their underlying physics.

2 Experimental overview

2.1 Two-point PITLIF system

The laser system is nearly identical to that used in [7, 8,
10, 11]. In brief, the PITLIF technique employs a high
repetition-rate UV laser for excitation and detection of OH.
To produce such a beam, a mode-lock Ti:Sapphire laser at a
repetition rate of 80 MHz is pumped by a 532-nm diode-
pumped continuous-wave laser at 13.5 W; the generated
IR pulsed beam is then frequency-tripled into the UV. The
output UV laser pulse has a temporal width of 2 ps and
a spectral width of 0.3 nm. Its wavelength is centered at
306.5 nm to selectively excite multiple transitions in the
(v′ = 0, v′′ = 0) vibrational band of the A2Σ+ − X2Πi

electronic system of OH. This excitation wavelength of-
fers a minimal temperature dependence of the overall Boltz-
mann fraction over our temperature range (1500–2500 K),
so that quenching-corrected fluorescence signals can be di-
rectly converted to OH concentrations [8].

The optical detection system is the same as that used
in the first version of PITLIF [11]. Fluorescence generated
from two probe volumes are first collected by an aspherical
lens, then split by a UV beamsplitter, and eventually focused
by spherical lens doublets onto corresponding detector as-
semblies, with each consisting of a monochromator and a
photomultiplier tube. The monochromator serves as a nar-
row band-pass filter to accept fluorescence photons centered
at 306.5 nm with a bandwidth of 10 nm. The entrance slit of
each monochromator defines the location of the correspond-
ing probe volume; translating one detector while keeping the
other one fixed changes the separation distance between the
two probe volumes. This optical detection system offers an
overall magnification ratio of 1.19 and an f -number of 2.8.
The signal received by each detector is a pulse train, with
each pulse corresponding to a detected fluorescence photon
and the time-varying pulse rate representing the temporal
fluorescence decay. These signals are quantized using two
gated photon-counting systems and later post-processed to
produce concentration time series by correcting on-the-fly
for electronic quenching, as explained in detail in [8, 10].

While a single horizontal laser beam is sufficient for ra-
dial two-point measurements [11], axial two-point measure-
ments require either a single vertical laser beam or two hor-
izontal beams with adjustable vertical separation. For ease
of operation, we have adopted a two-beam configuration.
Figure 1 shows the experimental layout for implementing
such a two-beam system, together with the coordinate sys-
tem for a jet flame. A linearly polarized UV beam generated
from the laser system is first converted into a circular polar-
ized laser with a zero-order quarter waveplate (¼λ), and then
split into two beams (“P” and “S”) with different polariza-
tions within a 12.7-mm cube polarizing beamsplitter (BS).
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Fig. 1 Schematic of the two-beam system used for two-point PITLIF
measurements: ¼λ, zero-order quarter waveplate; M, mirror; BS, po-
larizing cube beamsplitter; BC, polarizing cube beamsplitter used as
beam combiner; PV, probe volume; L, lens; BD, beam dump. The red
and green arrows identify the polarization; “P” and “S” designate the

two split laser beams based on their polarizations. With this two-beam
configuration, two probe volumes (PV1 and PV2) can have an axial
offset �z (as shown here), a radial offset �r along one laser beam, or
both

Table 1 Mean and standard
deviation of hydroxyl
concentration, time-averaged
fluorescence lifetime (τ̄ ), and
sampling rate (f ) at
measurement locations. The
Batchelor frequency (fB ) and
length scale (λB ) are computed
in [11]. f/2 ≥ fB should be
satisfied in order to resolve the
Batchelor frequency

Location Mean [OH] σ[OH] τ̄ fB λB f

(10−8 moles/cm3) (%) (ns) (kHz) (µm) (kHz)
z/D r/D

10 1.19 1.78 82.6 1.38 7.5 263 12.5

20 1.53 0.92 109.6 1.52 6.0 363 10

30 1.57 0.75 108.2 1.53 4.1 514 8

30 0 0.41 133.6 1.54 5.5 514 6.25

33 0 0.59 114.2 1.51 3.9 631 8

35 0 0.67 99.2 1.50 3.1 727 10

40 0 0.56 94.0 1.34 2.2 830 8

45 0 0.26 130.7 1.20 1.5 982 6.25

The two split beams are subsequently folded with mirrors
(M2 and M3) and recombined with a beam combiner (BC)
to form two parallel horizontal beams across the flame. The
beam combiner is actually another polarizing cube beam-
splitter with an edge length of 25.4 mm. The axial two-point
separation can be continuously adjusted by translating mir-
ror M2. To assure consistent daily performance, all optical
components except the waveplate and lenses are mounted on
a 30 cm × 30 cm, vertically placed optical breadboard. This
arrangement of two horizontal laser beams offers freedom
for various two-point measurements, in that the separation
between the two probe volumes (PVs) can be either radial,
axial or both.

The temporal resolution of this improved two-beam sys-
tem is 2/f , where f is the sampling rate used during our
experiments. A higher sampling rate resolves more high-
frequency components within the turbulent field; however,
the cost is a degradation of the signal-to-noise ratio. In
practice, a compromise is made such that only the high-

est frequencies of interest are resolved for any experiment.
Typically, as listed in Table 1, we choose sampling rates
high enough to resolve the Batchelor frequency, the so-
called dissipative frequency for scalars (such as species con-
centration) in turbulence. While such a high sampling rate
is unattainable at some measurement locations, a slightly
lower rate still resolves macroscale fluctuations thus produc-
ing accurate space–time statistics [11]. A complete discus-
sion concerning the influence of sampling rate on our mea-
sured statistics can be found in [11].

The spatial resolution of any two-point system depends
not only on the size of the probe volumes, but also on opti-
cal aberrations of the collection optics. For our current sys-
tem, the dimension of both probe volumes is 350 × 350 ×
210 µm3, which is defined by the laser-beam diameter (e−2)

and the monochromator entrance-slit width. Unfortunately,
aberrations associated with the optical configuration can
lead to blurring of the focused images. The implication is
that images from two nearby probe volumes may partially
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overlap, thus generating artificial correlations in the mea-
surements and limiting the smallest measurable two-point
separation [11]. Even for two probe volumes having a large
separation, for which image overlap may not be an issue, a
detector may still receive a fluorescence signal other than
from its intended probe volume. By a judicious selection
of collection lenses, with the aid of software for optical de-
sign, we have minimized optical aberrations for this system
[11]. An aberration-limited blur spot of less than 180 µm
is achieved for a probe volume up to 6 mm away from the
primary axis; the blur spot may deteriorate to 400 µm when
the probe volume moves beyond 10 mm from the primary
axis [15]. For all measurements, both probe volumes are
kept within 10 mm of the primary axis; hence, the overall
spatial resolution is around 350 µm, which can resolve the
Batchelor length scale at most locations within our jet flame
(Table 1).

The current two-beam configuration warrants further
consideration concerning potential interferences between
these two laser beams. When the two beams are sufficiently
close, the fluorescence signal generated by each beam can
enter the same detector. As fluorescence is randomly polar-
ized, we have no means of rejecting photons generated from
the unwanted beam; the result is false correlation, the same
problem caused by excessive optical aberrations. Experi-
mentally, we can determine the range for possible two-beam
interferences by examining the change in time-averaged sig-
nal at a fixed detector while varying the axial two-point sep-
aration, �z, between the two laser beams. For all measure-
ments, the interference range beyond which the signal expe-
riences little variation is between −1.0 and 0.5 mm, where
the negative and positive signs correspond to upstream and
downstream directions, respectively.

Although reducing the entrance-slit height of the mono-
chromators can help narrow the interference range, we find
that too tight a slit risks missing focused signal owing to
beam steering effects within turbulent flames. To account
for potential two-beam interferences, we use only one laser
beam for radial two-point measurements; when two beams
are inevitable during axial two-point measurements, we re-
ject measurements within the interfering �z range. We note
that these rejected points correspond to small scales within
the flow, such as the Batchelor scale and the Taylor mi-
croscale. Fortunately, lack of information at these small
scales does not have a significant impact on measured inte-
gral length scales, with a typical uncertainty of less than 5%.
Such interferences could be avoided, by the way, if a simi-
lar two-beam alignment were adopted for Rayleigh or Ra-
man scattering measurements, as the generated signal pho-
tons possess the same polarization as the excitation laser and
can thus be conveniently differentiated by inserting a polar-
izer in front of the detector.

2.2 Combustor and flame configurations

The combustor for this study is a simple round-jet burner,
similar to that used by Bergmann et al. [5]. A long 8-mm
diameter tube with a thinned rim at the exit is used to supply
fuel and a concentric 140-mm diameter contoured nozzle is
used to provide co-flowing air at a velocity of 0.2 m/s. The
whole burner sits on a translation system and can be moved
in both the radial and axial directions to change measure-
ment location.

The flame under study has a fuel composition of 50% H2/
50% N2 (by volume) and a Reynolds number of 10,000.
Designated as H3, this flame has undergone many experi-
mental investigations in the past, including Raman [16], Ra-
man/LIF [17] and LDV/CARS/Raman measurements [18],
and has been chosen as a benchmark for the International
Turbulent Nonpremixed Flame (TNF) workshops [19]. Such
comprehensive single-shot data from past work lay a solid
foundation for our later interpretation of the two-point OH
time series of this investigation.

2.3 Experimental procedure and data analysis

Both axial and radial two-point measurements of hydroxyl
concentration are obtained at the same locations as [11].
These include three radial peak [OH] locations and five axial
locations, with z/D ranging from 10 to 45, where z/D = 35
corresponds to the time-averaged stoichiometric flame tip.
At each measurement location, separation distances between
the two probe volumes typically varied from −6.0 to 6.0 mm
for radial two-point measurements (�r), and from −10 to
10 mm for axial two-point measurements (�z). A larger
range for �z is used because scalar structures within jet
flames have been found to be slightly elongated along the
axial direction [20]. At each two-point separation, fifty time
series of 8192 samples each were collected to build reliable
statistics. The measured data are converted to concentrations
and fluorescence lifetimes using the method developed by
Renfro et al. [21], thus accounting for nonlinear operation
of the discriminators at high photon-count rates. The result-
ing concentration time series are then analyzed to compute
relevant statistics, where corrections for the effects of ran-
dom noise are made via the method previously developed
by Zhang et al. [11].

A number of statistics having practical significance can
be derived from two simultaneous time series of OH con-
centration. The Eulerian space–time correlation is given by

fST(��r,�t; �r) = c′(�r, t)c′(�r + ��r, t + �t)

[c′(�r, t)2 · c′(�r + ��r, t + �t)2]1/2
, (1)

where c′(�r, t) is the fluctuating component of OH concentra-
tion at location �r and time t . This particular function char-
acterizes the correlation between two scalar values at spatial
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separation ��r with temporal delay �t ; ��r takes the form
�r or �z for radial or axial two-point separations, respec-
tively. The space–time correlation contains information con-
cerning both length and time scales. As special cases of the
space–time correlation, the spatial autocorrelation function,
given by

fS(��r; �r) = fST(��r,�t = 0; �r), (2)

and the temporal autocorrelation function, given by

fT (�t; �r) = fST(��r = 0,�t; �r), (3)

retain only spatial and temporal information, respectively.
Integral length and time scales, characterizing the most en-
ergetic fluctuations, are defined from these autocorrelation
functions as

lI (�r) =
∫ ∞

0
fS(��r; �r) d(��r) (4)

and

τI (�r) =
∫ ∞

0
fT (�t; �r) d(�t), (5)

respectively.

3 Results and discussion

Table 1 lists measured mean OH concentrations and fluo-
rescence lifetimes at all measurement locations. The current
radial positions corresponding to peak [OH] locations are
slightly different from those reported in previous measure-
ments [11]; the deviations, all within 1.5 mm, arise from the
uncertainty in determining radial peaks from time-averaged
radial [OH] profiles. In general, the mean OH concentration
decreases with downstream position at the peak radial [OH]
locations. This behavior is consistent with the observations
of Drake et al. [22] and represents the combined result of
reduced superequilibrium and more agitated flame motion
at downstream locations. Along the jet centerline, the mean
OH concentration peaks at z/D = 35, which corresponds to
the stoichiometric flame tip.

3.1 Radial and axial two-point statistics

Typical two-point time series for [OH] are shown in Fig. 2
for the H3 flame at 10 jet diameters downstream from the
nozzle (z/D = 10). In Fig. 2(a), the two probe volumes are
separated by 0.42 mm along the radial direction of the jet. As
expected, these two time series show a certain degree of re-
semblance, indicating a spatial correlation. A similar resem-
blance is observed for the axial two-point time series, but
at a much larger separation distance of 1.5 mm (Fig. 2(b)),

Fig. 2 Sample [OH] time series at z/D = 10 for the H3 flame from
(a) radial and (b) axial two-point measurements. Positive �r and �z

represent two-point separations along the air side and the downstream
direction, respectively

suggesting a longer correlation range than for the radial co-
ordinate. For both directions, the similarity between simulta-
neous time series disappears at large two-point separations.

The corresponding space–time correlations derived from
the axial two-point time-series measurements are shown in
Fig. 3. The general trend for the Eulerian two-point, two-
time correlations is a reduction from one to zero as �t and
�z increase, with one being perfectly correlated and zero
being totally uncorrelated in concentration fluctuations. Sev-
eral features can be identified from these space–time corre-
lations. First, for nonzero �z, i.e., for the non-fixed probe
volume located either upstream or downstream of the fixed
probe volume, the maximum of each correlation curve oc-
curs at nonzero time delay. A similar phenomenon has been
observed for streamwise space–time correlations of velocity
[23] and temperature [24] in nonreacting flows and for those
of temperature in premixed jet flames [20], both considered
characteristic of turbulent structures under convection along
a given direction. In our case, this same feature occurs be-
cause OH structures are convected downstream. Hence, the
convection time between the two probe volumes is closely
related (if not equal) to the time delay corresponding to the
maximum correlation.

Second, the correlation peak falls progressively below
unity with an increasing magnitude in axial two-point sep-
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Fig. 3 Space–time correlations of [OH] fluctuations for axial
two-point separations at the radial peak [OH] location and z/D = 10.
Negative �z corresponds to the upstream direction and vice versa.
Data points are included only for �z = 0 to avoid cluttering of cor-
relation curves

aration. This behavior indicates that the OH structures are
transported in a “non-frozen” manner since frozen turbu-
lence, or Taylor’s approximation, will lead to constant max-
ima in the two-point, two-time correlations. In general, re-
ductions in peak Eulerian correlations can be caused by
turbulent mixing at various length scales, namely, distor-
tion of turbulence by mean shear, local production of tur-
bulence, turbulent diffusion, and viscous dissipation [25].
For reactive scalars, such as OH, chemical reactions can act
as either source or sink, and are thus another complication
whose significance might be evaluated using similarly de-
fined Damköhler numbers [4]. Whatever the exact mecha-
nism, the scalar OH structure can be imagined as a pocket
of “property particles” [25], which undergoes modification
during convection and thus changes from its original form;
the longer the distance traveled, the greater the difference in
evolving structure.

Comparisons of space–time correlations between those
having positive and negative �z’s suggest that this correla-
tion is generally not symmetric with respect to spatial sep-
aration. Nevertheless, over short distances compared to the
correlation length,

fST(�z,�t; z) ≈ fST(−�z,−�t; z), (6)

Fig. 4 Space–time correlations of [OH] fluctuations for radial
two-point separations at the radial peak [OH] location and z/D = 10.
Negative �r corresponds to the fuel side and positive �r to the air
side. Data points are included only for �r = 0 to avoid cluttering of
correlation curves

as shown in Fig. 3. This approximate symmetry is remnant
of the relationship

fST(�z,�t; z) = fST(−�z,−�t; z + �z), (7)

which may be proved by switching the two probe volumes
of (1).

Figure 4 shows radial space–time correlations deter-
mined at the same location as for Fig. 3. Features similar
to the axial space–time correlations are observed, including
asymmetry between positive and negative �r’s and a shift-
ing maximum correlation at nonzero �r’s. The latter sug-
gests an overall radial convection of fluctuating OH struc-
tures from the fuel side to the air side. In comparison to the
axial direction, radial OH convection is less obvious, with
the correlation curves peaking very close to �t = 0. More-
over, the correlation peak demonstrates more drastic decay
with increasing two-point separation, suggesting a greater
departure from frozen turbulence. Further discussion con-
cerning this difference is deferred to Sect. 3.2.

From Fig. 4, we also note that a significant negative cor-
relation exists for large two-point separations on the fuel
side, e.g., �r = −2.1 mm at �t = 0, which is not found
at other downstream locations. This negative correlation in-
dicates that OH concentrations at such displacements gen-
erally fluctuate in the opposite manner for the two probe
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Fig. 5 Schematic of proposed
interactions between the OH
layer and inner coherent vortices
at low flame heights. The red
dashed and blue solid arrows
identify inward and outward
fluid motions with respect to the
OH layer, respectively. The
dashed lines show the boundary
of the shear layer

volumes. Such negative correlations have been previously
found for lateral correlations of longitudinal velocity [26]
and temperature [27] in plane jets, which is typically at-
tributed to spanwise vortices arranged on the opposite sides
of the jet centerline. In a similar fashion, we propose that the
negative correlation in our case is caused primarily by coher-
ent vortices located on the fuel side of the flame front, the
existence of which has been corroborated by planar reactive-
Mie-scattering within various turbulent jet flames [28].

As shown schematically in Fig. 5, for a fixed probe vol-
ume at the mean [OH] peak, an inward motion of these
coherent vortices with respect to the [OH] peak introduces
fluid parcels with low OH concentrations, thus causing neg-
ative concentration fluctuations at this fixed probe volume.
Likewise, an outward motion results in positive concentra-
tion fluctuations some distance away. Therefore, fluctuations
in OH concentration become negatively correlated as the
probe volume shifts sufficiently far away from the [OH]
peak. The fact that these organized vortical structures are
only present near the flame base within a turbulent jet flame
also explains the absence of negative correlations at other
downstream locations. Clearly, our proposition of coherent
vortices requires further tests, possibly via jet flames with
varying Reynolds number.

3.2 Taylor’s hypothesis and convection of OH structures

Convection of turbulence and any associated scalar struc-
tures stems from Taylor’s original hypothesis on grid turbu-
lence. According to Taylor [29], at low turbulence levels the
spatial pattern of fluctuating velocity is rigidly translated to
other locations at the mean-flow velocity; hence,

fST(�z,�t) = fST(�z + VCτ1,�t + τ1), (8)

where the convection velocity, VC , is assumed to be equal
to the mean velocity. This hypothesis, the so-called “frozen-

Fig. 6 Space–time correlation maps of [OH] fluctuations for two-point
separations along the axial direction at (a) the radial [OH] peak for
z/D = 10 and (b) the jet axis for z/D = 45. Negative �z corresponds
to the upstream direction and vice versa

turbulence approximation,” is only accurate for grid gener-
ated turbulence at small turbulence intensities, and is not
strictly valid for free shear flows, such as jets [30]. Indeed,
space–time correlations based on measured OH concentra-
tions in our investigation demonstrate non-frozen transport
of OH structures within a jet. To explore this idea further,
we exploit a constant space–time correlation map.

For an ideal Taylor’s model, constant space–time correla-
tions satisfying (8) would be depicted in the (�z,�t)-plane
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Table 2 Axial and radial turbulent intensities, mean axial velocity and
OH convection velocity at measurement locations. Turbulent intensi-
ties are computed from [18] but are not available at some locations ow-
ing to a lack of rms velocity data. V and W are axial and radial veloci-
ties, respectively. The convection velocities are determined from (9)

Location Vrms/Vmean Wrms/Wmean Vmean VC

(m/s) (m/s)z/D r/D

10 1.19 – – 12.4 14.5

20 1.53 0.46 1.65 13.7 15.1

30 1.57 – – 13.2 13.8

30 0 0.24 – 17.6 17.2

33 0 0.26 – 15.5 15.7

35 0 0.29 – 14.1 15.1

40 0 0.29 – 11.4 13.3

45 0 0.30 – 9.2 11.7

as parallel lines with a slope equal to the convection speed,
VC , indicating rigid convection of scalar structures at con-
stant velocity. Figure 6 presents axial space–time correla-
tion maps of OH concentration at two locations within the
H3 flame: one at the mean [OH] peak for z/D = 10 and the
other at the jet axis for z/D = 45. For both locations, these
correlation maps retain some features of Taylor’s hypothe-
sis. The constant correlation lines are approximately parallel
to each other over a narrow range of two-point separations;
however, they eventually close within the large �z region,
confirming a non-rigid convection of OH structures within
reacting jets.

Compared with the radial peak [OH] location at z/D =
10, the space–time correlation on the jet axis for z/D = 45
shows a greater resemblance to an ideal Taylor’s model
(Fig. 6). In fact, for all measurements of this study, axial
space–time correlations along the jet axis more closely ap-
proach Taylor’s ideal case than those away from the center-
line. As mentioned earlier, non-frozen transport of turbulent
OH structures arises from a number of factors, including
turbulent mixing and chemical reactions. The intensity of
turbulent mixing can be evaluated from the axial turbulent
intensity, defined by Vrms/Vmean. From the limited velocity
data available in the literature [18], we find that this turbu-
lent intensity is indeed greater at radial [OH] peaks as com-
pared to the jet centerline (Table 2). Axial transport across
the radial [OH] peaks should also experience more vigorous
chemical reactions involving OH, as compared to transport
along the jet centerline, since the mean radial [OH] peaks are
located close to the stoichiometric contour. We should point
out, however, that while time-averaged fluid advection at the
jet axis is predominantly in the axial direction, that at the ra-
dial [OH] peaks includes a minor radial component, which
should produce a further departure from the ideal Taylor’s
case for OH transport.

Fig. 7 Space–time correlation maps of [OH] fluctuations for two-point
separations along the radial direction at the radial [OH] peak for
z/D = 10. Negative �r corresponds to the fuel-side direction and pos-
itive �r to the air-side direction

Figure 7 depicts radial space–time correlation maps at the
radial [OH] peak for z/D = 10. In contrast to correlation
maps for axial two-point separations, as shown in Fig. 6,
the correlation maps for radial two-point separations are de-
void of any convective pattern and show more symmetry
between positive and negative �r values. As indicated by
Table 2, axisymmetric jets typically display larger radial ve-
locity fluctuations (Wrms) as compared to mean radial veloc-
ities (Wmean), thus producing strong radial turbulent intensi-
ties (Wrms/Wmean). Consequently, OH structures under ra-
dial convection would be expected to undergo much stronger
turbulent mixing than those under axial convection.

Even though Taylor’s hypothesis is not strictly correct,
steady convection of turbulent eddies and accompanying
scalar structures is apparently a prevalent concept. The con-
vection velocity, which may not necessarily be the mean-
flow velocity, can be defined here as the two-point separa-
tion divided by the time delay corresponding to the maxi-
mum correlation, i.e.,

VC = �z

τd

, (9)

where the delay time τd can be described mathematically as

∂fST(�z,�t)/∂(�t)
∣∣
�t=τd

= 0. (10)

A cubic spline can be fitted to the correlation curve
fST(�z,�t) to find the delay time, τd , through (10). Cal-
culated convection velocities at the radial peak [OH] loca-
tion for z/D = 10 are shown in Fig. 8 for various two-point
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Fig. 8 Convection velocity of OH structures estimated from
space–time correlations for various two-point separation distances at
the radial peak [OH] location and z/D = 10. The effective convection
velocity is defined as an average (the dashed line) after discarding the
first and last three points to avoid errors resulting from truncation and
curve-fitting

separations. Clearly, the convection velocity depends some-
what on the choice of two-point separation. This ambiguity
in convection velocity has been noted previously for veloc-
ity measurements in nonreacting jets [23]. Variable choices,
including the wavenumber, have been proposed to achieve
consistency; however, such procedures shed little light on
the underlying physics. For this investigation, we define the
effective convection velocity as the average of convection
velocities at different two-point separations. However, val-
ues are discarded at small and large separations, as such cal-
culations are likely contaminated owing to truncation errors
at small separations and errors associated with curve-fitting
at large separations.

Figure 9 shows effective axial convection velocities at
various measurement locations. Previously measured mean
axial velocities in the same flame [18] are plotted for com-
parison. In general, the OH convective velocity is quite con-
sistent with the mean bulk velocity, particularly at z/D =
30–35. The biggest discrepancy occurs at the jet centerline
in the post-flame region (z/D = 45). Consistency between
the convection velocity and mean-flow velocity has previ-
ously been found for thermal structures within premixed jet
flames [20]. Compared with temperature, the OH concentra-
tion is obviously a more reactive scalar and thus has usually
been considered to be a relatively faster scalar. Therefore,
we should not be too surprised that large-scale OH varia-
tions along the vertical direction appear to be largely con-
trolled by the dynamic flow field.

Previous measurements of the scalar dissipation rate have
often evoked Taylor’s hypothesis and assumed that the scalar
gradient, or a specific component, can be reconstructed from
a single-point time series as [31, 32]

∂c

∂z
� 1

Vmean
· ∂c

∂t
, (11)

Fig. 9 Comparison of OH axial convection velocity (VC) and mean
axial dynamic velocity [18] at measurement locations corresponding
to the mean radial [OH] peak and the jet centerline

Table 3 Hydroxyl integral length and time scales. The ratio between
the axial and radial integral length scales provides a measure of the
aspect ratio for convective OH structures

Location lI,z lI,r lI,z/ lI,r τI

(mm) (mm) (ms)z/D r/D

10 1.19 3.1 0.7 4.4 0.40

20 1.53 3.2 1.4 2.3 0.37

30 1.57 3.9 1.9 2.1 0.43

30 0 4.7 2.8 1.7 0.32

33 0 4.4 2.7 1.6 0.34

35 0 4.1 2.7 1.5 0.32

40 0 5.3 4.2 1.3 0.65

45 0 8.4 7.7 1.1 1.16

where c is the measured scalar. In the context of our study,
this assumption should obviously be used with caution, as
the scalar convective velocity may not be the same as the
corresponding mean flow velocity. Similar two-point, time-
series measurements of the scalar of interest are clearly nec-
essary to evaluate the validity of (11).

3.3 Integral scales for OH

The spatial and temporal integral scales for fluctuating OH
concentration, as listed in Table 3, are computed according
to (4) and (5). Measurements of the radial integral length
scale, lI,r , and the integral time scale, τI , are not unique
to the improved two-beam PITLIF technique and have been
reported previously using a single-beam setup [11]; never-
theless, they are included here to provide a complete picture
of OH fluctuations. We note that the axial length scales are
consistently greater than the radial length scales, especially
near the flame base. Beyond the flame tip, the two length
scales start to approach one another.
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We have shown earlier that fluctuations in OH concentra-
tion for turbulent jet flames can be interpreted as the con-
vection of turbulent OH structures accompanied by various
alterations from turbulence and chemical reactions. From
this perspective, the integral length scale, which character-
izes the most energetic fluctuations, can be taken as the
characteristic dimension of the OH structures under con-
vection. Hence, the difference between the integral scales
along the axial and radial directions suggests that the OH
structures tend to be axially elongated, as for thermal struc-
tures in a similar round-jet system [20]. Moreover, near the
flame base, these structures have a very high aspect ratio,
with lI,z/ lI,r > 4 at z/D = 10, which is consistent with
prior observations of thin OH filaments via PLIF imaging
[5, 33]. Marching downstream, the OH structures become
more isotropic in the r–z plane, which comports well with
the observed thickening, wrinkling, and eventual merging of
OH zones [33].

Hydroxyl integral length scales along the axial and ra-
dial directions display distinct trends within the jet flame.
At mean [OH] peaks, lI,r has been observed to rise almost
linearly with increasing z/D [11], while lI,z exhibits a very
modest rise with increasing distance from the nozzle (Ta-
ble 3). In view of the corrugated OH layer near the flame
front, we can interpret the radial integral length scale as
the typical lateral dimension of a corrugated OH layer. Be-
low the flame tip, corrugation of the OH layer is primarily
controlled by local turbulence [34]; hence, the lateral length
scale is dictated by the average eddy size, which is propor-
tional to the jet width δ and thus to the axial distance in a jet
flame; i.e.,

lI,r ∼ lOH ∼ δ(z) ∼ z/D, (12)

where lOH is the lateral OH corrugation scale and the ef-
fect of a virtual origin has been intentionally neglected. Al-
though lI,z can be similarly treated as a typical vertical di-
mension of the OH structures, a similar scaling relation can-
not be easily obtained, especially considering the continu-
ous pattern of OH structures along the vertical direction.
As we found earlier in Sect. 3.2, large-scale variations in
[OH] along the axial direction are primarily determined by
the bulk flow, so that lI,z is probably closely related to the
longitudinal integral scale for axial velocity.

Along the jet centerline, both lI,z and lI,r vary little below
the flame tip and increase rapidly beyond the flame tip. In
this region, the OH zone exists essentially as a diffuse field
resulting from the merging of convoluted OH layers. There-
fore, the lack of defined OH structures clearly requires a dif-
ferent interpretation for the OH integral scales other than the
previous corrugation scales. Furthermore, it is reasonable to
presume that OH has the same integral length scale as other
broadly distributed scalars in this region, such as temper-

Fig. 10 Comparison of measured OH integral time scale and its scal-
ing relation at positions corresponding to the mean radial [OH] peak
and the jet centerline

ature and mixture fraction, which are both closely related
to the dynamic length scale. However, with limited velocity
data available, it is beyond the scope of this paper to seek
such a scaling relation.

While the integral time scale based on velocity is the
turnover time for the most energetic eddies [30], the OH
integral time scale can be likewise interpreted as that time
taken by typical OH structures to sweep through the loca-
tion; hence,

τI ∼ lI,z/Vmean. (13)

Figure 10 compares the measured hydroxyl integral time
scale with its scaling relation based on (13). Not surpris-
ingly, this overly simple relation does not faithfully predict
the hydroxyl time scale; nevertheless, it provides a quite rea-
sonable estimation since it displays the same trend with re-
spect to axial location.

Having investigated the statistics of fluctuating OH con-
centrations, a question naturally arises about the relationship
between such fluctuations and those of the corresponding
flame front. As discussed previously, OH is always present
in the reaction zone within flames; however, it typically oc-
cupies a larger region than the actual stoichiometric contour.
Indeed, for this diluted hydrogen flame, the stoichiometric
contour comports closely with the region of maximum OH
concentration, as verified by laminar flamelet simulations
for a wide range of strain rates. For this reason, we attempted
to deduce the statistics of the flame sheet from measured OH
time series [15]. This was done by comparing the OH con-
centration to a preset threshold value and defining the pres-
ence of a flame sheet in terms of OH concentrations above
this threshold, thereby producing a time series for the flame
sheet. Statistics derived from these time series suggest that
the flame front motion and OH concentrations have almost
the same two-point statistics, which is not totally surpris-
ing as the method for constructing the time series for the
flame front essentially represents a low-pass filter. From the
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perspective of flamelet theory, the flame corresponds to a
stoichiometric mixture fraction and is mainly controlled by
large-scale motion within the jet shear layer [6]; our results
simply reaffirm the dominance of macroscale mixing in OH
fluctuations. Though a potentially useful technique, our ap-
proach has obvious drawbacks, as the choice of threshold
value is subjective, which becomes especially disputable in
downstream regions of the flame, where OH containing re-
gions are broad and are characterized by small gradients in
concentration.

4 Conclusions

We have implemented a new two-beam configuration for our
previous two-point PITLIF technique, which enables both
radial and axial two-point, time-series measurements of mi-
nor species concentration. The two-beam laser configuration
gives rise to signal interferences between the two probe vol-
umes for small separation distances, which prevents reso-
lution at the smallest spatial scales. However, the resolution
issue is quite negligible for determination of macroscale sta-
tistics, including integral length scales.

This improved system has been used to characterize fluc-
tuating OH concentrations within a standard turbulent non-
premixed jet flame. Both axial and radial space–time cor-
relations exhibit a maximum with shifting time delay for
different two-point separations, an indication of the overall
convection of OH structures. Taylor’s hypothesis does not
strictly hold for OH convection in such jet flames because
of various interactions, including turbulent mixing and com-
bustion. The space–time correlations suggest that locations
along the jet axis comport better with Taylor’s ideal model
than those off centerline, where turbulent mixing is more in-
tense and chemical reactions are more vigorous. Axial con-
vection velocities for OH structures are quite close to mean
local flow velocities. Radial convection of OH structures, in
contrast, is partly obscured by strong radial turbulent mix-
ing. Radial space–time correlations exhibit significant neg-
ative values near the flame base, hinting at the existence of
coherent vortices on the fuel side of the reaction zone.

By interpreting the axial OH integral length scale as a
characteristic dimension of convective hydroxyl structures,
we find that turbulent OH structures are axially elongated
throughout the flame, but become more isotropic in the post-
flame region. The radial OH length scale at mean [OH]
peaks can be scaled to the mean eddy size and are thus found
to increase proportionally with axial distance. The OH inte-
gral time scale can be approximately scaled as the ratio of
an axial OH length scale to a mean bulk velocity.

In summary, for the H3 flame, OH space–time correla-
tions prove sensitive to the effects of small-scale turbulence
and OH chemistry. Nevertheless, OH macroscale character-
istics, including the convection velocity, integral length scale

and integral time scale, are determined primarily by large-
scale turbulence.
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