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Abstract

Spatial resolution effects in laser-based scalar measure-
ments in turbulent flames is investigated. Scalar measur-
ments in a reverse flow reactor (RFR) are made using a Ra-
man/Rayleigh technique with two different probe volumes.
In addition, estimates of the errors in the variance are in-
vestigated based on the scalar spectrum of Pao-Corrsin.

Predictions show that the errors depend on the sensor
length relative to the integral and scalar length scales which
are related by the turbulent Reynolds number. These pre-
dictions agree generally well with the experimental data.
The data show that spatial averaging reduces any sharp
peak of a monomodal pdf and reduces the peaks and fills
in the gap in a bimodal distribution. Also, it reduces the
variance and may change the mean.

INTRODUCTION

Laser-based measurement techniques have become a
owerful tool for nonintrusive measurements in turbulent
Eames and flows with relatively small turbulence scales.
With advanced laser diagnostics such techniques offer higher
spatial-and-temporal resolution over traditional techniques.
In turbulent combustion flows, velocity, species concentra-
tions and temperature have been measured with great suc-
cess by different laser techniques such as: Laser Doppler
Velocimetery (LDV) (see Durst et al. 1981), Spontaneous
Raman Scattering (SRS) (see Eckbreth 1988) and Rayleigh
Scattering (RS) (see Dibble and Hollenbach, 1981).

Spatial-and-temporal resolution is usually assumed to
be high enough, so that problems regarding this matter
have been ignored. This assumption is often based on
comparison between the length of the probe and the Kol-
mogorov length scale, Lg. It is often argued that signifi-
cant contribution to turbulent fluctuations occurs only at
probe lengths > 10Lg. Typically measurements are made
in flows with a Kolmogorov length scale of 0.1 mm and a
velocity of 50 m/s, using a probe of length 1 mm and laser
pulse interval of 3 us which allowing convection through
0.15 mm. The probe cannot spatially resolve flow quanti-
ties with turbul%nce scales smaller than the probe volume
dimensions. In many cases the turbulence Reynolds num-
ber in flames is low and the probe is commensurate with
the integral scales of the turbulence, so that errors in mea-
sured statistics may be significant.

Although great contributions have been made by these
laser measurements in most aspects of turbulent combus-
tion studies, the problem of spatial averaging effects has
not yet been quantified.

Here, estimates of the spatial averaging effects on the
measured variance are made based on the scalar spectrum
for isotropic turbulence, giving results for a wide range of
turbulent Reynolds numbers. These are compared with
experimental data. The experimental data are based on
scalar measurements of the'species concentration and tem-
perature by the Raman/Rayleigh technique at Sandia Na-
tional Laboratories, Livermore, California (see Dibble et
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al. 1987) with two different probe volumes. The errors
associated with these measurements due to spatial aver-
aging on the mean, rms and on the shape of the pdf are
presented and discussed. The data presented are for the
species number densities of Nz and H;0 and for Rayleigh
signal which is the basis for temperature measurements.
The information provided should prove useful in the appli-
cation of laser-based measurements in turbulent flows.

ANALYTICAL ESTIMATES
OF THE ERRORS

A. Errors in the Mean: The scalar quantity, ©,
such as temperature or species concentration, may be rep-
resented by its ensemble mean, ©, and fluctuation from
this mean, 8, where © = © + 4. The measured ensemble

average, é(g), in three dimensions, incorporating spatial
averaging effects, can be derived (see Mansour et al. 1989a)

8(g) = [ [ [ Bla+9his) dudsadss. (1)

where, h(s) is normalized measurements response function.
Hence the error in the mean can be obtained by assessing
the effect of the response function on the mean distribu-
tion. It will depend on the size of the measurement probe
volume relative to the spatial variation in the mean field.
In an ax]?'mmetric mean field spatial averaging effects are
minimized if the measurement length is aligned tangent to
the mean scalar contours. Some errors remain due to vari-
ation along the finite length of the probe which is a chord
in the circular distribution patterns. So,

Oz +s,9)= O(z,y)+ R+ (V- 1](§)R+

SR+ G -Gt (2)
From using Eq. 2 in 1, with # = r/R, we get:
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where, C,, and C,, may be called the first and second or-
der error coefficients respectively, which are given for small
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These coefficients are calculated for the present measure-
ments to be in the order of 107* and 10~° respectively,
showing that the errors are mainly dominated by the first
order gradient. However, these errors are estimated to be
< 1% in the present investigation for most of the species
and Rayleigh signal.

B. Errors in the Variance: The error in the mea-
sured variance may be obtained from analysis of the scalar



spectrum. The relationship between the true variance,
< 6% >, and one-dimensional scalar spectrum, 1(k; ), is

<@>= ju = p(ky) dhy (4)

with k; the wave number in the 1-com: onent direction.
The one-dimensional scalar spectrum is obtained from the
three-dimensional spectrum, F(k), for isotropic turbulence

(see Hinze 1975) as:
Mm:L%HW&. (5)

The problem of a reacting mixture with non-isotropic tur-
bulence is rather complicated. For simplicity, estimates
are made for a nonreacting mixture with isotropic turbu-
lence. Accordingly, the spectrum used here is that given
by Corrsin (1964) and Pao (1964,1965) for the dissipative
and inertial subranges:

Fk) = nxe'llsk"sfae:cp[—gnDe_1/3k4/3] (6)

where k is the wave number, n a universal constant taken
as 0.59 (Gibson and Schwarz 1963),x the molecular dissi-
pation rate of the scalar variance, e the dissipation rate
of turbulent kinetic energy, and D the thermal diffusivity.
In an early study by V&}?Jngaa.rd 31968, 1971) the probe
length effect on the measured one-dimensional scalar spec-
trum was established. If the probe volume is set with the
long dimension lying in the k; direction, the relation be-
tween the true and measured scalar spectrum is given by
(Wyngaard, 1971):

Pk = [sin gD/ (kg Do) ()

The scalar rate of dissipation, y, may be modelled as:
%= By <@ By e 8
X = H(E’)< == s(m)< > (8)

where R, is the time scale ratio of the turbulence kinetic
energy dissipation to the scalar dissipation, which can be
taken (Beguier et al. 1978) to be 2, L; is the integral
length scale, and kr is the turbulent kinetic energy. For
I << Ly most of the contribution due to spatial averaging
on the measured scalar spectrum comes from the inertial
and viscous subranges, so that the error in the variance
can be estimated as:
<@ >m o r coi2f3i—
<@ - L= nlyfy, = [y, KK
s k
[1- -iﬁ?] ezpl—2n(Le) /2R3 dkdRy  (9)

where by = I/L;; ky = 1 x ky; k = [ x k, with k as the
wave number; and Ly is the scalar microscale. The scalar
microscale is related to the Kolmogorov length scale, Ly,
as Ly = Pr=3/4 Ly, with Pr the Prandtl number and Ly =
S{:a/e V4~ L;/R,** with v the kinematic viscosity and
., the turbulent .!Reynolds number. Therefore, the errors
in the measured variance depend on the length of the probe
realtive to both the integral length scale, L, and the scalar
microscale, Ly, which are rela,teg by the turbulent Reynolds
number and Prandtl number. The above equation can be
solved numerically and the results are illustrated in Figure
1 for Pr = 0.7. The solid lines represent high tu.rbu?f-:‘nt
Reynolds number, Re; > 500, where the theory is expected
to be valid while the dotted lines represent low turbulent
Reynolds number, Re; < 500. The error increases as R.,
decreases for a constant [/Lg (i.e. as [/L; increases) while
it decreases as R,, decreases for a constant [/L; (i.e. as
/Ly decreases). In Wyngaard’s studies (1969, 1971) the
length of sensors for x and e are only related to the scalar
microscale and Kolmogorov length scale respectively: the
x sensor should not be longer than 2L, and € sensor no
longer than 4Ly for a 10% error in y and e respectively.
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Fig. 1 Scalar variance response with the sensor length.

EXPERIMENTAL

The measurements have been conducted in a reverse
flow reactor (RFR). Details of the reactor design and its
design parameters and characteristics can be found in Ref.

Mansour et al. 1989b). The measurements have been
carried out at two shear layers in the flame.

Simultaneous time-and-space resolved measurements
of the species concentrations of CO,, 0,, CO, N,, CH,,
H,0 and H, and temperature are made by a Raman/Rayleigh
technique, which is fully described by Dibble et al. (1987).
The laser qulse is 3 ps time interval with beam width of 0.5
mm. The length of the probe volume, I, is varied betweer
1 mm to 1/3 mm. Variation of the length of the probe is
made by changing the inlet slit, which collects the Raman
and Rayleigh scattered light at 3 x magnification factor.
So, the corresponding inlet slit width is 3 mm and 1 mm,
denoted as slit settings S3 and S1 respectively.

RESULTS AND DISCUSSION

The measurements have been carried out with two dif-
ferent probe volumes in a flame with 40 m/s mean exit jet
velocity and 0.7 mean equivalence ratio at two shear lay-
ers. The data presented here are for the species number
densities (molecules/em®) of N, and H,0 and a calibrated
Rayleigh signal. Mean, rms fluctuation, higher moments
(skewness and kurt.osisj and probability density functions
(pdfs) are used to illustrate these data. Compensating the
effect of the errors in the mean and variance (as shown
later) on the shape of the pdf can be made by plotting

——1/2 —=1/2 ;
(@ — @_)/@’2] versus p(@) x ©7 ', where p(©) is the
prbability of ©. The J)agta.)a.re represented ixf (Fi)gs. 2-5
for a calibrated Rayleigh signal, Rg, (Figs. 2 and 3), and
number densities of H;0 (Fig. 4) and N, (Fig. 5). The
ensemble mean, rms fluctuations (standard deviation), co-
efficient of variation, C,,, moment coefficients of skewness
and kurtosis are listed in these figures. The coefficient of
variations, C,,, is defined as the standard deviation nor-
malized by the mean value. The moment coefficients of
skewness (az) and kurtosis (a4) are defined as ma/rms®
and my/rms® respectively, with m, and m, the third and
fourth central moments respectively. Spatial averaging ef-
fects on these coefficients &3 and a4) are discussed later
with the effects on the shape of the pdf.

. From Figs. 2-5, the ensemble means of the scalar quan-
tities measured with setting S3 are found to be in error rel-
ative to those with setting S1. The average error is ~ 2%.
The errors in the mean can be attributed in part to the
standard error with random sampling and in part due to
a possible chan&e of the optical collection efficiency. The
standard error due to random sampling, which is equal to
the ratio of the rms fluctuations to square root of N, where
N is the total number of samples, is estimated to be in the
order of 0.7 % of the mean, with 5000 shots. Also, part
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Fig. 2 Normalized single pdfs of the calibrated Rz-zyleigh
signal, Rp, at the inner shear layer: continuous
ligtr: for S3'and dotted line for S1.
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Fig. 3 Normalized single pdfs of the calibrated Rayleigh

signal, Rg, at the outer shear layer: continuous
line for S3 and dotted line for S1.
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Fig. 4 Normalized single pdfs of the number density
H;0O at the inner shear layer: continuous line
for S3 and dotted line for S1.

of these errors may be attributed to the spatial ave:,ra.ging
effects as estimated above. where the errors are estimate
to be < 1% in the present investigation for most of the
species and Rayleigh signal.

The errors in the measured variance can be attributed
in part to its standard sampling error, which is approx-
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Fig. 5 Normalized single pdfs of the number density
N, at the outer shear layer: continuous line for
S3 and dotted line for S1.

imately equal to (#)"/? of the variance (i.e. 2% of the
variance for 5000 shots), while the major contribution is
due to spatial averaging effects. These later errors are esti-
mated a%ove from scalar spectrum analysis. The errors in
the mean are largely due to calibration errors, which also
affects the variance. Hence, the coefficient of variation, C,,,
is more appropriate to use in our comparison between the
errors in tﬁe measurements and the estimated ones. The
comparison is illustrated in Table 1, where ®,, and ®, are
the measured and predicted ratios of the coefficient of vari-
ation with S3 to tﬁat with S1 respectively. It shows that
the predictions are slightly lower than the measurements.
This can be attributed in part to the sampling errors and
most likely to the assumptions made in the predictions. In
general, however, the predictions are quite consistent with
the measurements.

TABLE 1
Comparison between measured and predicted response of
the coefficient of variation, C,,.

Species | Flame Pr | Ly | Rn | Ry
or Region pum | % %
Rp
N, inner layer | 0.73 | 86 | 98.2 | 92.6

outer layer | 0.70 | 122 | 97.6 | 94.1
H,O | inmer layer | 1.02 | 67 | 93.0 | 92.1
Rp inner layer | 0.81 | 80 | 92.7 | 92.4
outer layer | 0.77 | 110 | 95.8 | 93.9

In the present measurements, spatial averaging effects
are not large enough to change the overall shape of the
pdf greatly, as shown in Figs. 2-5. However, within the
range of the operating conditions here, some effects have
been observed and can be discussed, based on the higher
moments of the pdf (e.g. skewness and kurtosis), as:

1. For a monomodal distribution, as shown in Fig. 2,
%?atial averaging effects reduce the sharp peak, while in
ig. 4 no much effects can be detected. The moment coef-
ficients of skewness, as, and kurtosis, a4, are increased by
spatial averaging. The kurtosis is less than 3 and increases
towards 3 (i.e. towards Gaussian distribution) in all cases.
The increase of a; towards Gaussian for a4 < 3 may imply
that sg\atia.l averaging shifts the shape of the pdf to Gaus-
sian. This needs more data, especiﬁly with a4 > 3, to be
quantified.

2. For a bimodal distribution, as shown in Figs. 3 and
5, skewness, a3, and kurtosis, a4, are increased by spatial
averaging. In Figure 3, spatial averaging effects reduces
the peaks and fills the gap in between them, which we may
say reduce its bimodality. In Figure 5 no effect can be
detected on the shape of the pdf of nitorgen, which also
shows equal skewness and kurtosis. A measure of bimodal-
ity can be made using a coefficient of segregation, C,, (de-
fined C, = ©%/(©, ng(g — ©,), where ©, ©; and ©
are the mean, lower limit and upper limit of the range c}



©). This coefficient is equal unity for a completely bimodal for a bimodal distribution, spatial averaging reduces the

distribution (i.e. with two delta functions) and zero for a peaks and fills the gap in between, while for a monomodal
monomodal one of vanishingly small variance. The lower distribution it reduces any sharp peak. The variation of the
and upper limits ©; and ©, are taken here at a value of skewness and kurtosis due to spatial averagm)g depends on
5% of the maximum of p(©). In all the above mentioned the original shape of the Pﬁg . For a flatter pdf distribution
figures, C, is less than unity. Figures 3 and 5 show values relative to a Gaussian, both the skewness and kurtosis are
OFUC:, around 0.4 where a quite bimodal distribution exists. increased. Useful correlations may be obtained between
Comparison of C, between its value with the 51 setting and those variations and the variation of the rms fluctuations
that with the 53 setting, it is seen that it is decreased by in the general case with more experimental data.

spatial averaging, especially for the bimodal distribution More work is required in order to quantify fully the
1 Flﬁ‘a.lai . Therefore, spatial averaging effects lead to less spatial averaging effects and their contribution to the form
bimodality of the pdf in the general case.
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