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Self-Similarity of Hydroxyl-Concentration Temporal Statistics
in Turbulent Nonpremixed Jet Flames

Michael W. Renfro,¤ Jay P. Gore,† Galen B. King,‡ and Normand M. Laurendeau§

Purdue University, West Lafayette, Indiana 47907-1288

Temporal statistics for hydroxyl concentrations in turbulent nonpremixed hydrogen/argon � ames have recently
been reported in the form of power spectral densities for a range of Reynolds numbers (2:8 £ £ 103–1:7 £ £ 104)
and axial locations (x/D = 1–20). In the present investigation these data are examined further, and the two-time
statistics are shown to collapse when scaled by the measured integral timescale. The resulting autocorrelation
function is shown to be closely approximated by an exponential decay, as previously reported for mixture fraction.
The measured integral timescales vary with Reynolds number and position within the reacting jet in accordance
with a simple similarity scaling. The implicationsof this unexpected statistical similarity are examinedwith respect
to the simulation of scalar � uctuations in turbulent nonpremixed � ames.

Introduction

S ELF-SIMILARITY in velocity and scalar cross-streampro� les
for nonreacting turbulent jets was established many years ago.

These pro� les provide a useful representationof mean velocity and
scalar � elds because, signi� cantly downstream of the jet exit, the
cross-streamvariations are found to depend only on a single length
scale anda singlevelocityscale.The appropriatescalingparameters,
such as the centerline velocity and jet width, display characteristic
decay and growth rates that are consistentwith fundamentaldimen-
sionalrelationships.The existenceof self-similarityfor higher-order
statistics, such as the variance, has also been observed suf� ciently
downstream of the jet exit.1, 2 However, these pro� les may still de-
pend on some details of the jet.1

Time-series measurements of velocity and mixture fraction in
nonreactingjetshavealsodisplayedself-similarbehaviorin termsof
thepower spectraldensity(PSD)and theautocorrelationfunction.2 , 3

In particular, these two-time statistics appear to collapse onto a sin-
gle curvewhennormalizedby a single timescale, such as the integral
timescale. However, as the jet Reynolds number increases, the en-
ergy bearingand dissipativescalesbecome furtherseparated.4 Thus,
a single timescalecannottrulybe adequatein describing� uctuations
at all frequencies, and the observed collapse of two-time statistics
when normalizing by the integral time scale is actually limited to
� uctuations suf� ciently above the Kolmogorov frequency.Alterna-
tively, a secondparameter,such as another timescaleor theReynolds
number, can be used to collapse the full spectrum.5

The existenceof self-similarityfor scalars in reacting� ows is less
clear owing both to the effects of source terms and to the interac-
tion between heat release and turbulence. Kounalakis et al.6 found
self-similarautocorrelationfunctions for mixture fractionand path-
integrated radiation in hydrogen jet � ames, but their results should
nothold for the mean concentrationpro� les of those reactingscalars
that depend strongly on detailed chemical kinetics. For example,
hydroxyl concentrations in turbulent jet � ames achieve maximum
values several times larger than those predicted by chemical equi-
librium low in the � ames and decay with increasingheightowing to
the relatively slow three-body recombination reactions responsible
for OH destruction.7 For this case the change in OH concentra-
tion through the jet represents much more than a simple mixing
process. On the other hand, some reactive scalars, including OH,
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display strong correlations with the local mixture fraction despite
their departure from a simple laminar � amelet description.7 Thus, at
a given location, instantaneousOH � uctuationsmay exhibita strong
dependence on the instantaneousmixture fraction � uctuations.

In the present investigationrecently compiled OH data are exam-
ined for self-similarity with respect to relevant two-time statistics.
The time-series measurements of OH concentrationswere made by
Renfro et al.8 via a gated-photon counting technique, termed pi-
cosecond time-resolved laser-induced � uorescence (PITLIF). All
data were obtained in a 78% H2/22% Ar (by volume) turbulent
jet � ame in still air. The � ame was stabilized on a straight tube
burner with an exit diameter of 5.5 mm with no co� ow. The laser
and detection system provided a spatial resolution of less than
100 l m in all three directions. Time-series measurements of OH
were made at 3–5 radial locations across the OH peak at axial
locations of x / D =1, 2, 5, 10, and 20 for Reynolds numbers of
Re =2.8 £ 103, 5 £ 103, 9 £ 103, 1.3 £ 104, and 1.7 £ 104, based
on the cold-� ow average velocity at the jet exit.

Nearly identical � ames have been studied experimentallyby sev-
eral other groups.7,9 ¡ 11 For example, simultaneous OH concen-
tration and mixture fraction measurements were reported for the
same fuel (5.2-mm burner) by Barlow et al.7 at Reynolds numbers
of 8.5 £ 103 and 1.7 £ 104 . These single-shot measurements per-
mitted determination of probability density functions (PDFs). Em-
ploying the same fuel, Chen and Mansour11 obtained simultaneous,
multipoint OH concentration and mixture fraction measurements,
thus allowing examination of radial scalar dissipation rates in a
4.8-mm jet at Reynoldsnumbersof 8.8 £ 103 and 1.76 £ 104. Many
experiments in other hydrogen jet � ames have also examined hy-
droxyl concentrations.However, the measurementsof Renfro et al.8

provide the only data that permit investigationof timescales for hy-
droxyl concentration � uctuations.

In the following section a suitable correction is derived to ac-
count for the effects of shot noise in PITLIF measurements of the
autocorrelation function. From the resulting quantitative correla-
tions the hydroxyl integral timescales are computed. Normalization
using these scales is shown to collapse the measured temporal cor-
relations for OH throughout each of the � ames studied. This result
implies that a single timescale is suf� cient to describe the measured
OH � uctuations, which is unexpected for reactive scalars owing to
the uncertain impact of those scalar � uctuations related to chemical
production and destruction. Finally, the evolution of the measured
OH integral timescales is examined for the present reacting jets and
compared to predictions of timescales for mixture fraction � uctua-
tions in both reacting and nonreacting jets.

Data Reduction
Signi� cant complicationsarisewhen attemptingtime-seriesmea-

surements of minor-species concentrations.The details concerning
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the measurement technique and the proceduresby which it is made
quantitative are fully discussed by Renfro et al.8 At each measure-
ment location in the � ames investigated, 50 separate time series of
4000 samples were taken at a sampling rate of 4000 Hz. Renfro
et al.8 present PSDs and PDFs computed from these times series. In
addition to these statistics, the present investigation makes use of
the autocorrelationfunction.

The autocorrelationfunction q and the PSD are formally de� ned
by12

q m ( D t ) =
[OH]0 (t )[OH]0 (t + D t)

([OH]0
rms)

2
(1)

PSDm ( f ) =
j {[OH]0 (t )}j 2

([OH]0
rms)

2
= {q m( D t )} (2)

where [OH]0 =[OH] ¡ [OH] is the � uctuating part of the time se-
ries [OH]0

rms =
p

[OH]0 2 and representsa Fourier transform.Both
Eqs. (1) and (2) are strictly de� ned for an in� nite amount of contin-
uous data. Because the measured OH time series represents a � nite
amount of discretedata, a working de� nition for the autocorrelation
function must be used, i.e.,12

q m( D ti ) =

PN ¡ i
j = 0 [OH]0

j [OH]0
j + iPN

j = 0([OH]0
j )2

(3)

where the discrete time series of N hydroxyl concentration mea-
surements is represented by [OH] j for the j th sample time t j .

The subscript m in Eqs. (1–3) indicates that these are computed
directly from the measurements. However, in our measured time
series, signal � uctuationsoccur from both real hydroxyl concentra-
tion � uctuationsand from shot noise in the photon countingsystem.
The autocorrelationfunction is affectedby both � uctuationsources.
Fortunately, Gaskey et al.13 have found that, because shot-noise
� uctuations are uncorrelated with concentration � uctuations, any
measured power spectrum is a weighted sum of the contributions
from both � uctuation sources considered separately. Furthermore,
the shot-noise � uctuations are uncorrelatedwith themselves so that
the shot-noise PSD is uniform over all frequencies. Thus, a shot-
noise corrected PSD can be computed from the measured PSD by8

PSDOH( f ) =
PSDm ( f ) ¡ C2 ê fc

1 ¡ C2
(4)

where C = r SN / r is the shot-noise � uctuation intensity normalized
by the total � uctuation intensity (rms) and fc is the high-frequency
cutoff in the PSD, which is equal to half the sampling rate. The frac-
tion C can be found by averagingthe PSD at high frequencieswhere
shot noise is dominant.8 The preceding PSD correction was found
to work well for the present OH measurements by Renfro et al.8

Because the autocorrelation function is the inverse Fourier trans-
form of the PSD, the shot-noise corrected autocorrelation function
becomes

q [OH]( D ti ) =
¡ 1{PSDm( f )}

1 ¡ C 2
¡

C2

(1 ¡ C 2)
¡ 1

»
1
fc

¼

=
q m( D ti )

1 ¡ C2
¡

C2

1 ¡ C2
d D ti ,0 (5)

Equation (5) shows that the autocorrelation function for the shot-
noisecontributionis a delta functionat zero.This feature is expected
because shot noise is uncorrelated for all nonzero time delays. The
factor fc in the second Fourier transform is a result of the data being
discrete, i.e., the delta function is � nite in width.

Figure 1a shows the autocorrelation functions for OH � uores-
cence and concentration as measured in the Re =9 £ 103 � ame at
x / D =20, 2 mm to the fuel side of the maximum [OH]. As de-
termined from the PSDs, the shot-noise factor is C =0.30 for the
� uorescencemeasurement and C =0.81 for the concentrationmea-
surement at this location. As discussed by Renfro et al.,8 the effects
of shot noise are worse for concentration,which must be corrected
for � uorescencelifetimevariations,as compared to the � uorescence

Fig. 1 Hydroxyl concentration and � uorescence autocorrelation func-
tions measured 2 mm to the fuel side of the [OH] peak at x/D = 20 in the
Re = 9 £ £ 103 � ame. The shot-noise corrected autocorrelation functions
(½[OH]) are computed from the measured functions (½m ) via Eq. (5).

signal, which is directly measured. The uncorrected concentration
correlation (q m ) drops off much faster than that for � uorescence
owing to the shot-noise delta function at zero. Without correcting
for shot noise, the correlation functions for concentration and � u-
orescence differ. In comparison, Fig. 1b shows the autocorrelation
functionsfor concentrationand� uorescenceaftercorrectionfor shot
noise (q [OH]). These are nearly identical, consistent with the PSDs
already reported.

The accuracy of the noise correction is affected by both the mea-
surement of C2 and the signal-to-noise ratio. For each of the mea-
surements reported here, C 2 is determined with an uncertainty of
only §4% (95% con� dence interval)8 owing to the large amount of
data (50 independent series) collected at each location. The signal-
to-noise ratio (SNR) for both the PSD and autocorrelationfunction
is simply the ratio of the intensity of � uctuations arising from con-
centration to those arising from shot noise. From rearrangement of
Eq. (4), the SNR is found to be equal to 1/ C 2 ¡ 1. For each of the
presentmeasurements,the SNR is always greater than 3 and is often
as large as 20.

In the next section the integral timescale s I for these measure-
ments is examined.The integral timescale representsapproximately
the largest time over which � uctuationsare correlatedand is de� ned
by

s I =
Z 1

0

q [OH]( D t) dD t (6)

As for the autocorrelationfunction, Eq. (6) is de� ned for an in� nite
and continuoustime record; thus, s I can only be estimated from the
discrete autocorrelation function by using a numerical integration.
However, for the relativelylong time series consideredhere, the dis-
crete representationfor s I is close to that de� ned in Eq. (6).12 With-
out correcting for shot noise, the measured integral timescales will
be systematicallyreducedby a factor of roughly1 ¡ C2 . The impact
of this correction can be observed by comparingFigs. 1a and 1b for
which the areas under the concentration autocorrelation functions
are notably different. Hence, the preceding shot-noise correction
has been applied to each of the statistics reported in the remainder
of this paper.
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Renfro et al.8 have also used this shot-noise correction to de-
termine relative [OH] rms values with an uncertainty of §10%
(95% con� dence interval). The relative [OH]rms values are normal-
ized by the mean [OH] values, which have a §18.5% uncertainty
(95% con� dence interval) arising from the � uorescence calibration
procedure.8 We have further examined the accuracy of this noise
correction by repeating the integral timescale measurements nine
times over seven days, each with a different level of noise. The un-
certainty in the integral timescale was found to be §22.2% (95%
con� dence interval).

Results
Figure 2a shows the autocorrelation function for each � ame at

the radial location of peak [OH] for x / D =5, 10, and 20. The ex-
act location for each of these measurements is tabulated by Renfro
et al.8 The integral timescale decreasessigni� cantly with increasing
Reynolds number. As a result, the autocorrelation functions show
signi� cant variations in width. However, Fig. 2b shows the same
data normalized by the measured integral timescale. The normal-
ized autocorrelation function is the same for each measurement,
independentof the Reynolds number and axial height. The autocor-
relation functions for x / D < 20 in the Re =2.8 £ 103 � ame are not
shown in Fig. 2. At these locations signi� cant periodic � uctuations
are present, similar to those reported previously in the near � eld
of diffusion � ames.14 These � uctuations manifest themselves as a
strong frequency in the PSD8 and equivalently as a sinusoid in the
autocorrelation trace. These PSDs do not collapse with the others,
but this behavior is, of course, not unexpected as the statistics for
large-scale oscillations are not represented by a purely turbulent
autocorrelationfunction.

When autocorrelation functions for x / D =1 and 2 are consid-
ered in addition to those in Fig. 2, the collapse is still observed, but
signi� cantly more scatter is present.For example,Fig. 3a shows OH
concentrationautocorrelationfunctions for three radial locations at
each axial height in the Re =9 £ 103 � ame. Near the burner exit the
autocorrelation functions show considerable correlation for large
time delays (large-scale, low-frequency� uctuations). Nevertheless,
for small time delays (small-scale,high-frequency� uctuations), the

Fig. 2 Autocorrelation functions for [OH] at the radial locationofpeak
OH concentration in each � ame.

Fig. 3 Autocorrelation functions for [OH] in the Re = 9 £ £ 103 � ame.
Measurements are reported for the radial location of peak [OH] and for
locations relative to the peak on both the air side (AS) and the fuel side
(FS).

autocorrelationfunctions for x / D =1 and 2 are quite close to those
for the downstream locations. However, the measurements toward
the air side of the peak concentrations at x / D =1 and 2 show in-
tegral timescales signi� cantly larger than any of the other measure-
ments.At these low heightsthe hydroxylpeaksare locatedoutsideof
the turbulent � ow and may undergo signi� cant laminarization.15, 16

Hence, these autocorrelation functions are more representative of
a laminar � ow for which all time delays are perfectly correlated.
Figure 3b shows the scaled autocorrelationfunctions.The two near-
laminar measurement locations are not shown in Fig. 3b as they do
not collapse with the remaining measurements. It may be possible
to account for laminar � ow effects by including an intermittency
parameter, but this is beyond the scope of the present investigation.

The scatter in the normalized autocorrelationfunctions in Fig. 3b
is worse than that in Fig. 2b. Several measurement locations (e.g.,
the peak [OH] location at x / D =1 and 2) display a noticeable sinu-
soidal � uctuation in the autocorrelationfunction. This is indicative
of a single-frequencyoscillation, as with buoyancy;however, these
� uctuationsare at » 360 Hz, which is far too large to be a buoyancy-
induced oscillation.17 The PSDs from these locations also show a
strong component at » 360 Hz (e.g., Renfro et al.,8 Fig.7); however,
the width of this peak in the PSD is very narrow so that the intensity
of the [OH] � uctuationsresultingfrom this oscillationis quite small.
Hence, this feature is likely either a noise artifact or a large-scale
periodic � uctuation,14 which is apparent at these locations because
of the reduced [OH] � uctuations. Away from the peak concentra-
tion and further downstream, the OH concentration� uctuations are
several times larger than those at the peak concentrationat x / D =1
and 2 (Ref. 8), such that this small artifact is no longer visible.

An autocorrelation function can be computed free of the 360-
Hz oscillation by taking the inverse Fourier transform of the PSD
with the value at 360 Hz set equal to the average of that at 359 and
361 Hz. For the measurements at x / D =1, this procedure still does
not cause the autocorrelation functions to collapse as q [OH] is sig-
ni� cantly above zero for large time delays. Thus, the larger scatter
observedfor the normalizedautocorrelationfunctionsof Fig. 3b ap-
pears to be a result of both small single-frequencycomponents and
the location of the OH layer in a laminar regime at these heights.16

Figure 4 shows the same autocorrelationfunctions as Fig. 3 except
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Fig. 4 Same data as Fig. 3 without air side and peak measurements at
x/D = 1 and 2.

with the air side and peak data removed at x / D =1 and 2. The col-
lapse of all remaining measurements is observed to be equivalent to
that in Fig. 2. Hence, the autocorrelationfunctionshape is indepen-
dent of Reynolds number, axial height, and radial location in these
jet � ames for all locationsexcept those very low in the � ames where
the OH pro� le resides outside of the turbulent � ow. This result is
remarkable because the Dahmköhler number varies by two orders
of magnitude over the conditions x / D =5–20 and Re =2.8 £ 103 –

1.7 £ 104 (Ref. 7). Thus, whereas the relative timescale for chemi-
cal reactions changes signi� cantly, the normalized autocorrelation
function remains the same.

Because the PSD and autocorrelation function are Fourier trans-
form pairs, a similar collapse of the measured PSDs is expected
when scaled by the integral timescale. This collapse is shown in
Fig. 5 for measurements at the [OH] peak for x / D =20 in each
� ame. The same integral timescales as computed from Fig. 2 are
effective in collapsing the PSDs. Because each measurement was
takenat a samplingrate of 4 kHz, the highestdimensionalfrequency
resolved in the PSDs is 2 kHz. However, the integral timescale de-
creases as the Reynolds number rises such that the measurements in
the higher-Reynolds-number� ames resolve lower nondimensional
frequencies.

The increased frequency of the OH � uctuations at higher
Reynolds numbers can also be discerned directly from the mea-
sured time series. Figure 6 shows 0.1 s of OH data from the
Re =2.8 £ 103 , 9 £ 103, and 1.7 £ 104 measurements used to com-
pile Fig. 5. These time serieswere selected randomly and are typical
of the full 50 s of data collected at each location.Each of these time
series has been normalized by the appropriate mean [OH] values,
which are tabulated by Renfro et al.8 All three time series in Fig. 6
display a similar range of values about the mean despite the large
change in � uctuation timescales.

Because the frequenciesof the OH � uctuations increaseat higher
Reynolds numbers, the sampling rate shouldobviouslybe increased
as the Reynolds number rises. Unfortunately, this is only possible
up to the point at which shot-noise � uctuations become dominant.
For each of the measurements reported here, the PSD begins to
� atten at high frequencies as a result of shot noise (e.g., Renfro
et al.,8 Fig. 3). It is unlikely that higher frequencies can be directly

Fig. 5 Power spectral densities measured at the location of peak [OH]
at x/D = 20 in each � ame. Integral timescales used to normalized the
PSDs were computed from the autocorrelation functions of Fig. 2.

Fig. 6 Sample time series measured at the peak [OH] location for
x/D = 20 in the Re = 2:8 £ £ 103; 9 £ £ 103, and 1:7 £ £ 104 � ames. These
time series represent the � rst 0.1 s of data collected at each location
and are representative of the full 50 s.
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resolved in these � ames without a signi� cant increase in signal,
say by improved laser technology or by reduced spatial resolution.
On the other hand, the good collapse of the measured autocorrela-
tion functions and PSDs in these � ames suggest that the measure-
ments at lower Reynolds numbers can be extended to the � ames at
higher Reynolds numbers. In other words, because the dimension-
less Re =1.7 £ 104 PSD matches that at lower Reynolds numbers
up to a frequencyof » 1/ s I , the low-Reynolds-numberPSD couldbe
assumed to be valid up to higher frequencies,effectively increasing
the temporal resolution of the Re =1.7 £ 104 PSD. However, this
approach can cause problems because use of the integral timescale
for collapseof the PSDs does not considerthe separationbetween s I

and the Kolmogorov timescale (or Batchelor timescale for scalars)
as a function of Reynolds number.4 In other words, the normalized
spectrum that appears to describe adequately each of the PSDs of
Fig. 5 is valid only up to timescales for which dissipation becomes
signi� cant, and this will occur at different normalized frequencies
for each Reynolds number.5

In summary, each measured OH time series for x / D =5–20 and
Re =2.8 £ 103 –1.7 £ 104 is observed to collapseonto the same nor-
malized autocorrelationfunction,or equivalentlyPSD, at least up to
the frequencies resolved by these measurements.These nondimen-
sional curves are shown in Fig. 7a for the autocorrelation function
and Fig. 7b for the PSD. Also shown for comparison is an ex-
ponential autocorrelation function and its power spectral density.
Mixture fraction � uctuations in both nonreacting jets3 and jet dif-
fusion � ames6 have been found to be closely approximated by an
exponential autocorrelation function. The agreement here is very
similar to that noted by Kounalakis et al.6 for mixture-fractionmea-
surements in turbulent CO/H2 � ames. In particular, the exponential
function is adequate for low frequencies (large time delays) and
captures the general shape of the PSD. However, the exponential
autocorrelationfunction does not capture the correct curvature near
D t =0, where the � rst derivative should be zero because the auto-
correlation function is even and in� nitely differentiable.4 Thus, for
very small time delays the exponential decays too quickly as com-
pared to the measured [OH] correlation. At intermediate time de-
lays (0.5s I < D t < 2.0 s I ) all of the measureddata are less correlated
than predicted by an exponential decay. Both of these observations

Fig. 7 Comparison of collapsed statistics with those of an exponential
autocorrelation function. The individual data points represent each of
the measurements from Figs. 2, 4, and 5.

are consistent with the mixture fraction correlations of Kounalakis
et al.6

For the PSD the measured data decay with a much steeper slope
than that predicted by the exponential autocorrelation function at
large frequencies.On the other hand, the data available for f > 1/ s I

are limited to the two lowest Reynolds-number � ames. This steep-
ening of the power spectra could be a result of the effects of dis-
sipation near the Batchelor scale. As just mentioned, use of the
integral timescale for collapse of the PSDs should not extend to the
dissipation range of the spectra.

Having demonstrated the effectiveness of the integral timescale
in collapsing the measured autocorrelation functions and PSDs at
low to moderate frequencies,we now examine the evolutionof s I as
a function of Re, x , and r in these � ames. The integral timescale is
proportional to some relevant length scale divided by some relevant
velocity scale. Taking the local velocity and jet width as the appro-
priate scales, the velocity integral timescale would be expected to
follow

s I »
L

U (x , r)
»

³
1

Ue

´³
LUe

Ucl(x)

´³
Ucl(x)
U (x , r)

´

»
³

1
Re

´³
x

D

2́

f

³
r

x

´
(7)

where L is the integral length scale,which grows linearlywith axial
distance,4 U (x , r) is the local velocity, Ue is the average velocity
at the burner exit ( » Re), Ucl(x) is the centerlinevelocity ( » Ue / x),
and f (r / x) is some function of the normalized radial coordinate.
This scaling procedure is also discussed by Magre and Dibble.10

For nonreacting jets, where the mixture fraction develops simi-
lar to velocity, the integral timescale for mixture fraction should
also scale as in Eq. (7). This scaling has indeed been observed.3, 18

Figure 8 shows s I for OH � uctuations at x / D =20 in each � ame
(as a function of only Reynolds number). Somewhat surprisingly,
the hydroxyl timescales have the same linear dependence on 1/ Re
as the velocity and mixture fraction timescales.

Unfortunately, the OH pro� le does not reside at the same radial
location (r / x ) at all axial heights, particularly low in these � ames.8

Thus, the axial scaling of Eq. (7) cannot be simply separated from
any radial dependenceof s I as re� ected by f (r / x). Figure 9 shows
all of the integral timescales of this study scaled for Reynolds num-
ber and axial location (assuming s I » x2) as a function of relative
radial location (r / x). The collapseof s I to nearlya singlecurve indi-
cates that the assumedaxial scaling is reasonablyvalid.On the other
hand, there is over a four order-of-magnitudevariation in these nor-
malized timescales, and the comparison in log coordinatesdoes not
provide a sensitive measure of the exact axial variation, i.e., an as-
sumed dependenceof x1.75 to x2.25 would visually look just as good.

Fig. 8 Integral timescales computed from the autocorrelation func-
tions of Fig. 2 for the locations of peak [OH] at x/D = 20 in each � ame.
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Fig. 9 Normalized integral timescale computed for every time series
of the present � ames. The expected integral timescales based on the
nonreacting-jet velocity correlation of Schlichting19 are also shown.

Similarly, Kounalakis et al.6 � nd that their mixture-fractionintegral
timescales collapse when normalized by only x . These authors pro-
vide data for only a few axial locations (as with our measurements)
and use a virtual origin in their normalizationsuch that the sensitiv-
ity of thecollapseto the exponentof xn is also weak.For nonreacting
jets a scaling of x2 for mixture fraction appears to be correct,3, 18

but improved measurements of mixture fraction in reacting jets are
needed to resolve this scaling issue in turbulent � ames.

Figure 9 also shows a comparison of the measured timescales
with those predicted based on a self-similar radial pro� le for ve-
locity in nonreacting jets.19 Once again, the OH timescales appear
to reasonably follow temporal statistics that are similar to those for
velocity in nonreacting jets.

Discussion
The self-similarity of OH PSDs for � ames with Reynolds num-

bers as low as 2.8 £ 103 is somewhat surprising in view of previous
work.15 , 16 Seitzman et al.15 measured OH spatial distributions in
hydrogen jet � ames at x / D =2.5–40 and found that OH exists in
a nearly laminar layer at Re =2.3 £ 103 . Likewise, Clemens and
Paul16 measured the OH structure in the near � eld (x / D < 2.5) of
hydrogen/nitrogen � ames and found completely laminarized thin
OH layers that were not perturbed by the fuel-stream turbulence.
However, in pure hydrogen � ames, Clemens and Paul16 found that
the OH distribution was thin below x / D =2.5 but slightly per-
turbed by the fuel stream as a result of the lower fuel density. At
higher Reynolds numbers and further downstream(x / D =2.5–40),
Seitzman et al.15 showed that the structure of the OH distribution
changes from thin � laments to both thin and diffuse distributions.
However, thesehigher-Reynolds-number� ameswere lifted,and it is
likely that their OH structureis inherentlydifferent than for attached
� ames. For all of our hydrogen/argon � ames, with a fuel density be-
tween the hydrogen and hydrogen/nitrogen cases of Clemens and
Paul,16 it is likely that OH exists in only a thin region.

The discrepancy that we see in our autocorrelation functions at
x / D < 5 is probably a result of the laminarized near-� eld behavior
of these turbulent diffusion � ames.16 Nevertheless, farther down-
stream, the perturbationsof the thin OH layer caused by fuel-stream
turbulence are apparently suf� cient to be measured by the time-
series technique and to yield a turbulence spectrum. At Re =70
the PITLIF technique gives � at PSDs20 arising from purely lam-
inar � ows. Hence, the unexpected collapse of the Re =2.8 £ 103

case at x / D =20 is not a measurement artifact, but is most likely
a result of thin OH � amelets that exist over the entire range from
Re =2.8 £ 103 to 1.7 £ 104. An additional complication is that our
� ames are signi� cantly affected by buoyancy,21 which can increase
the momentum � ux at downstream locations for lower Reynolds

numbers and may thus contribute to the collapse of the time-series
statistics.Thus, the interpretationofourresultsis presentlylimited to
moderate Reynolds numbers. Whether the observed self-similarity
will hold for higher-Reynolds-number � ames and for higher fre-
quencies than those resolved in the present experiments are inter-
esting questions for future work.

Nevertheless, for the range Re =2.8 £ 103 –1.7 £ 104 , which is
common to many laboratory experiments and practical � ows, the
self-similarity of OH temporal statistics at suf� ciently high x / D is
certainly intriguing. Transient models of turbulent combustion can
be evaluatedeffectivelybasedon their ability to predict such results.
In addition, the measured hydroxyl � uctuations are found to follow
approximately an exponential autocorrelation function. However,
the present measurements were limited to a sampling frequency of
4 kHz. For larger frequencies for which dissipation is signi� cant,
the autocorrelation functions should not collapse when scaled by
the integral timescale.

Because localOH � uctuationsin these� ames appearto followthe
same temporal statisticsas localmixture fraction� uctuations,a sim-
ple one-dimensional laminar � amelet approach to modeling of OH
PSDs may yieldgoodagreementwith measurements.22 On the other
hand,peakOH concentrationsas a functionof axial heightin similar
� ameshavebeenshownto dependstronglyon theDahmköhlernum-
ber owing to the existence of superequilibriumOH concentrations,7

which also affects the � ame temperature.10 Thus, matching the mea-
suredvariationin peakOH concentrationvia � amelet modelingmay
require different state relationshipsfor each height (or perhaps two-
dimensional state relationships).

This apparentdiscrepancyarises because the collapse of the tem-
poral statistics does not require a collapse of the associated PDFs,
which display various shapes in different regions of the present
� ames.8 Renfro et al.22 simulated minor-species PSDs for these
� ames using laminar � amelet state relationships and found that the
simulationswere sensitive to the mixture fraction statisticsand con-
centrationpro� le width, but were fairly insensitive to the exact pro-
� le shape and peak concentration. In contrast, the PDF depends
strongly on the pro� le shape and the peak concentration.PDFs and
PSDs describe separate information about the scalar � uctuations.
Although these statistics are computed from the same time series,
it appears that they are nearly independent of one another. We are
presently investigating means of incorporating realistic PDF and
PSD behavior into mixture fraction time-series simulations so that
critical comparisons can be made between predictions of different
combustion models, including the laminar � amelet model.

Conclusions
Recent hydroxyl time-series measurements obtained by Renfro

et al.8 have been examined for statistical similarity with respect to
autocorrelationfunctionsand PSDs. By normalizing these two-time
statistics by the measured OH integral timescale, a single normal-
ized autocorrelation function (and PSD) was found to describe all
of the data in the investigated � ames for Re =2.8 £ 103–1.7 £ 104

and x / D =5–20. The collapse of the measured statistics for mea-
surements at x / D =1 and 2 is worse than for measurements further
downstream. At these lower heights, measurements made toward
the ambient air side were found to display large variations, most
probably as a result of the nearly laminar � ow in these regions.

The observed collapse of the autocorrelation functions demon-
strates that hydroxyl � uctuations are adequatelydescribed by a sin-
gle timescale and thus a single normalizedautocorrelationfunction.
This is not an expected result for reactive scalars because both tur-
bulent mixing and chemical reaction can affect [OH] � uctuations,
and the timescales for these two processes are not the same. More-
over, multiple chemical timescales exist for species such as OH so
that Dahmköhler numbers both greater than and less than unity are
present in these � ames.7
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