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Uncertainty Analysis of Laser-Doppler-Velocimetry
Measurements in a Swirling Flowfield

Venkatraman A. Iyer* and Mark A. Woodmansee*
General Electric Global Research Center, Niskayuna, New York 12309

A statistical analysis of instantaneous laser-Doppler-velocimetry (LDV) measurements acquired in a swirling
flowfield is performed. Instrument uncertainties associated with each velocity realization propagate into the en-
semble statistics. Integral quantities such as the integrated mass flow rate and swirl number are susceptible to
precision uncertainties associated with the instrument’s optics, lasers, and electronics. In this study, experimental
data are used in conjunction with an analytical model to determine the precision uncertainty of the first three ve-
locity moments. With this analysis, the effects of ensemble size and probe volume location within the flowfield are
accounted for. The statistical model is applied to LDV data acquired downstream of an aircraft engine combustor
swirler. We show that the precision uncertainties associated with these swirler measurements bound the amount

of information that can be extracted from the profiles.

Nomenclature
G axial thrust, N
G, = tangential thrust, N
K = Kkurtosis
k = turbulent kinetic energy, m?/s?
n = number of samples
T = split radius, m
S = skewness
S’ = skewness including instrument uncertainty
U = axial velocity, m/s
W = tangential velocity, m/s
X = instantaneous laser-Doppler-velocimetry measurement
A = measurement error or bias
- = mean value
Subscripts
i = ith instantaneous measurement
rms = rms value

Introduction

ASER Doppler velocimetry (LDV) is a nonintrusive technique

employed by the combustion community to acquire spatially
resolved gas-phase velocities in turbulent reacting flowfields. Inter-
estedreaders are readily referred to Adrian' fora detailed description
of the LDV technique.

In short, a pair of monochromatic laser beams (typically from an
argon-ion laser) is focused to a point in the flow. The waists of the
two beams are crossed, creating a fringe pattern at their intersection.
Small seed particles introduced into the flow via fluidized bed or liq-
uid atomizer pass through the fringe pattern and scatter the light via
Mie scattering. Two filtered photodetectors and associated spherical
lenses collect a portion of the scattered light for processing.

The frequency of the scattered light, often referred to as the
Doppler frequency, is dependent upon the spacing of the fringes
in the probe volume as well as the velocity of the entrained parti-
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cle as it crosses the fringes’ maxima and minima. Having a priori
knowledge of the fringe spacing, the particle’s velocity can be cal-
culated. Similarly, knowing that the particle faithfully” follows the
flowfield, instantaneous gas velocities can be deduced.

In practice, thousands of realizations are collected at each spatial
location, allowing ensemble-based statistics such as the mean and
rms velocities, to be calculated. In the swirler design community,
LDV and other experimental techniques® are used to validate new
swirler designs. Metrics* such as swirl number, split radius, mass
flow rate, and recirculation zone strength are used to differentiate
swirlers before their implementation into a combustor. Differences
between swirlers are subtle, forcing the researcher to draw conclu-
sions from near-inconclusive data.

To assist in these situations, this study estimates both the ac-
curacy and precision of the instantaneous velocity measurements
obtained using a two-color, dual-beam LDV system. A number of
previous studies™® have performed rms analyses of the individual
optical/electronic/photonic components that comprise an LDV sys-
tem. However, here we use a known velocity gauge to incorporate the
uncertainties into a single scalar. Similarly, the uncertainties asso-
ciated with the instantaneous velocity measurements are integrated
into physically tractable parameters such as the velocity mean, rms,
skewness, and kurtosis. Complementing this effort, the uncertainty
of our translation system is estimated, allowing the addition of er-
ror bars to both the independent (probe volume position) and de-
pendent (velocity) axes of the plots containing the swirler velocity
profiles.

Previous studies on this topic have focused primarily on the sta-
tistical bias in the mean and rms velocities obtained from LDV
measurements.”>”-® To the best of the authors’ knowledge, the cur-
rent study is the first to estimate uncertainties in higher-order statis-
tics (rms and skewness) derived from these data as well as those
found in swirling flowfields.

Equipment and Facilities

All work was carried out at the General Electric Global Research
Center in Niskayuna, New York. Figure 1 is a schematic of the
two-component TSI LDV instrument used to acquire the data for
this study. The heart of the system is a Spectra Physics Stabilite
2017 5W argon-ion laser. The broadband laser is dispersed into two
wavelengths: 514 nm (green) and 488 nm (blue), which are trans-
ported to the transceiver via multimode fiber-optic cable. The LDV
transceiver emits the two beam pairs, where each pair is orthogonal
to the other. The two fringe patterns at the point of intersection form
the measurement volume. The setup is such that the green beams
(defined as channel 1) measure the streamwise (or axial) velocity
component U, and the blue beams (channel 2) measure the swirl



IYER AND WOODMANSEE 513

Argon lon Laser X Receiver
| T ow
swirler e @
— i
3D Translation; Plenum Data Acquisition
Stand jﬂ computer
{IAINn Manometer
LDV probe volume
v
Transceiver

Fig. 2 Optical chopper for LDV system validation.

(or azimuthal) velocity W downstream of the trailing edge of the
swirler.

Uncertainty of Velocity Realizations

As just stated, the characterization of a turbulent flowfield us-
ing LDV involves the acquisition of hundreds or thousands of in-
stantaneous velocity measurements at a fixed point in space. Prior
work® investigated the uncertainties of the individual components
that make up the entire instrument. However, in this study a direct
approach is used to estimate the uncertainty in the LDV system by
acquiring multiple measurements of a temporally steady gauge.

Here, an optical chopper wheel is used to generate the required
known velocity. As shown in Fig. 2, the chopper wheel has 30 slots in
its outermost ring. The wheel rotates at a specified angular velocity
controlled by the operator. When the LDV probe volume is focused
at the plane of the chopper wheel, the wheel’s perforations move
through the LDV fringes at a fixed linear velocity. This velocity is
the linear distance from the axis of rotation multiplied by the angular
velocity (in rad/sec) of the wheel. By controlling the rotational fre-
quency of the wheel, a range of simulated particle velocities, from
5 to 35 m/s, can be explored.

By focusing the probe at the two points A and B as shown in Fig. 2,
the velocity in channels 1 and 2 can be measured independently. At
point A, the velocity of the slot will be in the horizontal direction,
equal to the velocity measured in channel 1; at point B, the velocity
will be in the vertical direction, equal to the velocity measured in
channel 2. Figures 3a and 3b show the mean velocity of the LDV
system as a function of the gauge velocity for channels 1 and 2,
respectively. Each point in the figure is the average of an ensemble
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Fig. 3 Mean velocity.

of about 2500 velocity samples, where each sample is defined as the
velocity of a single shot of the chopper wheel as it passes through
the probe volume.

A second curve has been added to the graph to illustrate the
difference between the LDV and the gauge velocities. Ideally, the
difference, A = X450 — XLpv, should be identically zero over the
entire range of gauge velocities. The small nonzero values are caused
by the uncertainties in the LDV measurements. For channel 1, a
one-sample ¢ test’ on A vs zero yields a p value of 0.25, which
is greater than the statistically significant limit of p =0.05. This
implies that there is no evidence that A is different from zero with
95% confidence level. So the difference between the LDV and the
gauge velocity is not statistically significant.

For channel 2 shown in Fig. 3b, the difference data are biased
toward values less than zero. Thus, the LDV system is consistently
measuring a mean velocity that is greater than the gauge. A ¢ test on
the difference against zero yields a p value of 2 x 1071 Therefore,
the difference between the LDV system and the gauge is statisti-
cally significant. The 95% confidence interval of the difference is
[—0.3 m/s < A < — 0.1 m/s] with a mean value of —0.2 m/s. When
a constant value of 0.2 m/s is subtracted from the LDV mean of
channel 2, the p value for the difference becomes 0.43, which im-
plies that the LDV and the gauge are now statistically similar. This
bias of 0.2 m/s is hence subtracted from the LDV measurements of
channel 2.

Figures 4a and 4b present the rms velocity of channels 1 and
2, respectively. In this particular case, the rms velocity is a true
measure of the instrument’s precision because the gauge (chopper
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wheel) is assumed to be perfectly steady. The chopper wheel has a
frequency uncertainty of less than 2% of the instrument reading and
a phase jitter of 0.5 deg. The figure shows that for both channels
the standard deviation does not exhibit a coherent trend with respect
to the gauge velocity. Therefore the precision of the LDV system
is independent of the velocity being measured. Over the range of
velocities examined, the standard deviation for channels 1 and 2 is
estimated to be 1.08 and 1.22 m/s, respectively. These values are
used in estimating the bias and variance of the statistical quantities
discussed in the following two sections.

Figure 5 shows the skewness of the LDV system for channel 1 as
a function of the gauge velocity. The positive skewness implies that
the uncertainty in the LDV measurement is not normally distributed
about the mean value but is skewed toward velocities greater than the
mean. The skewness is higher for small velocities and decreases to a
value of about five for large velocities. The continuous line shows the
trend in the skewness as a function of the gauge velocity. Clearly, this
skewness, which is inherent to the system, will influence the bias and
uncertainty of the data acquired in the turbulent flowfield. Equally
important, in our application the streamwise skewness is used to
determine the radial split between two coswirling airstreams issuing
from the inner and outer swirl vanes. The instrument’s contribution
to the skewness will affect the determination of the split radius.
Because the skewness in channel 2 is not used in our data reduction,
this parameter is not presented here.
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Fig. 5 Skewness.

Estimation of Bias

Bias is the deviation of the expected value of a statistical estimate
from the quantity it estimates. The instrument’s contribution to the
bias of the collected data can be estimated using the uncertainty
analysis of the instantaneous velocity measurements presented in
the previous section. Clearly, this precision (or imprecision) of the
LDV system should be presented when plotting different flowfield
profiles and features. Here, the statistical quantities of interest are the
mean velocity, rms velocity, and the skewness of the data acquired
in the swirler flowfield.

Bias in Mean Velocity
The mean velocity of a sample of n particles is given by

i:ix,v/n 1

i=1

where x; is the instantaneous velocity measured for the ith particle.
If there is a perturbation Ax; in an individual velocity measurement
x; introduced by the instrument, then there will be an error Ax in
the mean velocity as stated by

4+ AF = Z(x,- + Ax,-)/n 2

i=1

Subtracting Eq. (2) from Eq. (1), we get

Ax = Z(Ax,-)/n 3)

i=1

The right-hand side (RHS) of Eq. (3) is the mean deviation of the
instantaneous LDV measurements from the true value as observed
during the calibration process. Clearly, as n increases the effect of
the instrument perturbation Ax; is minimized. Moreover, if all of
the LDV measurements are centered about the true value (as was
observed during the calibration), then the bias in the mean velocity
is zero.

Bias in rms of Velocity Fluctuations

The rms of velocity fluctuations in a turbulent flow is a measure
of the variations in the individual fluctuations. For brevity, the term
rms velocity is used to denote rms of the velocity fluctuations. For
an LDV measurement of an ensemble of n particles, the rms velocity
is defined as

Ky = [Z(x,» - %) / (n— 1)] 2 )

i=1
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Perturbing the rms velocity in a manner consistent with the pre-
ceding mean velocity analysis, the bias in the rms velocity can be
related to the perturbation of the instantaneous measurements by the
following expression:

- i — X)AX; - AI-Z%
I D PR RO W N

i=1 i=1

If the turbulence statistics are independent of the LDV error statis-
tics, then the first summation on the RHS of Eq. (5) goes to zero

because
Z AX,‘ =0

The second summation on the RHS is the Variance in the velocity
measurements as a result of the LDV system o2. Thus the bias in
X 1s equal to the variance caused by the LDV system. The variance
of the LDV system has to be subtracted from the measured mean
square velocity fluctuations to get the expected value of x>, :

Xems = \/ Xmps — 02 (6)
where x.,s and x; . are the expected and the measured values of the
rms velocity, respectlvely

Bias in Skewness
The skewness of the velocity distribution is defined as

(xl - x)?
= Z (n— x3 ™

rms

A positive skewness describes an ensemble of velocity realiza-
tions that, if plotted as a histogram, would have a longer “tail”
toward higher velocities. When S <0, then the histogram tail fa-
vors lower velocities. A skewness of zero represents a symmetric or
balanced velocity histogram. In this study, the evolution'® of the ve-
locity skewness is used to locate boundary between two coflowing,
coswirling freestreams.

The bias in the skewness as a result of the LDV system uncertainty
can be estimated using the same procedure as for the mean and the
rms velocities:

(x; — X)*Ax; " (x; — X)Ax?
AS =3 3 -
Z n—1)x3 + ; (n—1)x3

+Z n—l)x3 ®

ms

Assuming statistical independence between the turbulence and
the LDV system, the first two summations on the RHS of Eq. (8)
can be expressed as a product of summations that go to zero because

ZAx[:O, Z(x,-—i):O

The third summation on the RHS of Eq. (8) can be expressed as

. Ax} . Ax? o\’ N }
Z (l’l — l))C:SmS - [; (i’l - 1)03]<m> =5 (xrms) (9)

where S’ is the skewness attributed to the LDV system, as estimated
from Fig. 5. With these data, it is clear that the LDV system will
influence the skewness acquired in the swirler flowfield. Knowing
this, the instrument bias should be subtracted from the measured
skewness to obtain the expected skewness value:

§'(0/%ms)’ (10)

Sexpected = Smeasured -

Estimation of Variance
Here, the principle of propagation of errors'! is used to quan-
tify the variance in statistical quantities derived from instantaneous
measurements. If x; represent i independent measurements and if
y is related to them by the relation y = f(x;), then the variance in
y, represented as Uf, is related to the variance in the independent

measurements O’le_ by the following expression:

n 2
of
=y (37) o2 an

i=1

If o2 is independent of x; (as was ev1dent in the preceding LDV
uncertamty analysis), then by replacing <7 - with o2, Eq. (11) reduces

to
=0 Z <8x,) (12)

i=1

Using Eq. (12), the variance associated with the mean, rms, and
skewness scalars can be estimated. The application of this principle
is presented next.

Variance of the Mean Velocity

The mean of n velocity measurements is given by Eq. (1). Ap-
plying Eq. (12) to Eq. (1), the variance of the mean velocity is given
by

- 1 g o?
2_ 2 L
2= (;) =% a3

i=1

According to Eq. (13), the uncertainty in the mean velocity di-
minishes as the sample size n increases. Therefore, the influence of
stochastic noise introduced by the LDV system can be minimized
by increasing n.

Variance of the rms Velocity
The rms velocity can be rewritten as
2

) 2\ (= %) N xR
= = 14
=TT = T (14)

i=1 i=1

Using propagation of errors, Eq. (12), the variance in the rms ve-
locity is given by

) "\ 4x%0? n g )
= —t = 15
e, ;(n—l)z—’_(n—l) % (13)

Simplifying Eq. (15) with some algebraic manipulations, the vari-
ance of the rms velocity for n — oo becomes

o? X :
02 = [1+< ) } (16)
m n—1 Xrms

From Eq. (16), the variance in the rms velocity decreases as the
sample size is 1ncreased Note that 02 also depends on mean ve-
locity x. Interestingly, o increases as‘velocity maxima or minima
are approached.

Variance of the Skewness

Applying Eq. (12) to Eq. (7) and with a significant amount of
algebraic manipulation, the variance in the skewness S for large
values of n can be expressed as

2 _ _ 2 _ 4
0l =9 — | |45 +6[ =) +2( =
s Xrms (n - 1) Xrms Xrms Xrms
2 % 2
+K +4} +9<XX"‘“) [s2+4(x ) } (17)
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where K is the kurtosis® given by

n —\ 4
1 X —X
K = -3 (18)
I’l—l i—1 Xrms

Again Eq. (17) is valid for large n. Similar to the variance in the
mean and rms, the variance in skewness decreases with increasing
sample size. Equally important, both x and o, play an integral role
in determining 2. Regions of the flowfield where the mean and rms
velocities are high will be subject to elevated levels of uncertainty
in the velocity skewness.

Estimation of Spatial Uncertainty

The LDV positioning system, composed of three linear trans-
lations stages, also plays a role in the uncertainty of the velocity
profiles. In our system, the LDV transceiver and receiver move in
tandem; the alignment of these optic does not change regardless of
the X, Y, or Z position. The translation stages are mounted orthog-
onally such that the table and hardware can move to any location
within the limits of the stage.

The spatial uncertainty of the translation stage and position-
feedback system is estimated by calibrating the translation stage
against a machinist’s dial indicator with a precision of 12 um. For
this study, the calibration is performed for the Y-translation stage
because the system is moved in only one direction (radially) across
the trailing edge of the swirler. As the table is translated, posi-
tion measurements from the dial indicator and stage readout are
recorded.

Figure 6 is a plot of the stage readout multimeter reading for
different dial gauge readings. Also shown in Fig. 6 is the difference
of the dial gauge and the stage readout over a range of 1.27 cm.
Hysteresis in the stage readout is apparent as the stage is moved
away from then toward the origin. The difference is predominantly
negative when the stage is translated in the positive Y direction and
positive when the stage is moved in the negative Y direction.

Assuming that the dial indicator is the accurate gauge, a one-
sample ¢ test of the difference against zero yields a p value of 0.3,
which implies that the bias in the stage’s position is not statistically
significant. From this analysis, it can be concluded that the position
of the translation stage is “accurate.” The standard deviation of the
difference between the stage and the dial indicator is approximately
106 pm. These data will be used as an estimation of the precision
uncertainty of the LDV probe volume position in the following plots.

Application to Swirler Flowfield Measurements

Figure 7 is a schematic of the swirler flowfield; only half of the
flowfield is plotted. The flow exiting the swirl vanes is split by a
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Fig. 6 Translation stage calibration.
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venturi into a primary and secondary streams. The primary stream
flows through the inner region of the swirler where the fuel is nor-
mally introduced. The two streams come into contact at the exit
or trailing edge of the venturi, creating a region of high turbulent
kinetic energy (TKE) that aids in fuel air mixing. The swirling flow
is strong enough to create a vortex breakdown,* generating a cen-
tral toroidal recirculation zone at the trailing edge of the venturi.
The central recirculation zone is responsible for stabilizing the dif-
fusion flame in the engine. The strength of this recirculation zone
is proportional to the magnitude of the swirl velocity. There is also
a secondary recirculation zone above the venturi in the secondary
stream as the flow separates and expands at the exit of the swirl
vanes.

Here, the LDV measurements are acquired to characterize this
recirculation zone, which play a crucial role in determining the op-
erability of the engine. All of the LDV measurements are taken at a
plane downstream of the tip of the venturi as shown in Fig. 7. The
flow is seeded with 0.1-um TiO, particles.

Figure 8 presents a photograph of the swirler flow stand. A cylin-
drical quartz shroud (tube) is used to confine the flow exiting the
venturi and to simulate physical boundaries found in the engine
proper. Using the translation system, the LDV probe volume is tra-
versed across the trailing edge of the swirler, providing U and W
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velocity profiles as a function of radial position. Each ensemble
consists of 600-1000 realizations. Using Egs. (1) and (4), respec-
tively, the mean and the rms velocities are calculated from the data
ensemble via the TSI software for each radial position.

Measurements of the Mean Velocity

Figure 9 is a plot of the mean streamwise velocity as a function of
the radial location from the centerline (r/R = 0). The outer bound-
ary of the recirculation zone (U < 0) reaches r/R =~ 0.3, where R is
the radius of the quartz shroud. The maximum streamwise velocity
Upnax occurs at r/R =0.55 and then decreases to 1/10 Uy, at the
outer boundary in the secondary flow. The error bars in Fig. 9 repre-
sent 95% confidence limits obtained from the variance in the mean
velocity as given by Eq. (13). Also shown are the 95% confidence
limits on the radial location of the probe as estimated from the un-
certainty analysis of the positioning system. The uncertainty in the
mean velocity is approximately 0.2% of Upy,x. Correspondingly, the
vertically oriented error bars are not visible in Fig. 9. The work of
Herrin’ estimated the uncertainty in the mean velocity to be 1.2%
by propagating the worst-case uncertainties in the LDV optics to
the estimated mean velocity. Because that approach was based on
a worst-case scenario, the estimated uncertainties were greater than
our estimate based on a top-down approach.

At a given radial location, the uncertainty of the probe-volume
position adds to the uncertainty in the mean velocity. Therefore, us-
ing the following expression the total variance of the mean velocity
can be expressed as the sum of the variances as a result of the LDV
instrument and the positioning system

2
U
Ulz/mw] = aéLDV + (W) Orz (19)

Figure 10 shows the total confidence limits on the mean axial
velocity calculated from Eq. (19). As expected, the magnitude of the
error bars grows inregions of high-velocity gradients. The maximum
uncertainty in the peak regions is 8% of Uy, The uncertainties in the
mean velocity are dominated by precision errors in the positioning
of the probe rather than the LDV system itself.

Figure 11 shows the mean swirl velocity as a function of the radial
location. Because the swirl velocity is measured in channel 2, the
instrument bias of 0.2 m/s as explained earlier is subtracted from the
measured mean velocity. The swirl is close to zero at the centerline
increases to about 90% of the maximum at /R = 0.55 after which
it slightly decreases and then again rises to the maximum in the
secondary stream. This bimodal profile is typical of a two-stream
swirl profile.!” The error bars shown are calculated from the total
variance inherent to the LDV instrument and the positioning system.
Similar to the axial-velocity profiles, the uncertainties in the swirl-
velocity distribution are dominated by the positioning system. The
maximum uncertainty is of the order of 5% of Wp.
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Velocity Bias Correction for the Mean Velocity

In turbulent flowfields, the correlation between the fluid velocity
and the particle seeding density can result in a bias of the mean veloc-
ity toward higher values.>8 Particles with higher velocities convect
through the probe volume at a higher rate and will be detected more
often than particles with lower velocities. The chopper-wheel cali-
bration process is not intended to capture this bias because it is based
on a constant angular velocity (rotation). Different methods for cor-
recting for the velocity bias have been suggested in the literature.®
One common method is to weight the individual velocities with the
interarrival time between data realizations so that lower velocity
particles that arrive slowly are weighted more.®

Figure 12 shows the unweighted mean axial velocity as a func-
tion of the radial location compared with the arrival-time weighted
mean velocity for six different radial locations as shown by the
square symbols in the figure. The difference between the weighted
(unbiased) and the unweighted (biased) means are less than 2% of
the maximum velocity and are certainly within the total uncertainty
of the measurement system. It can be concluded that the velocity
bias does not affect our measurements and will not be considered
further. However, the uncertainty analysis presented here is appli-
cable to flowfields where the velocity bias is important.

Measurements of the rms Velocity

The measured rms velocity consists of fluctuations both from
the turbulent flowfield and the uncertainties in the LDV measure-
ment. The rms velocity can be corrected for the instrument bias
with Eq. (5). The error bars on the rms velocity are obtained from
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Eq. (16). Figure 13 shows the corrected rms of the axial velocity as
a function of the radial coordinate. Again, as in Fig. 9, the position
uncertainty dominates the instrument uncertainty. The rms velocity
reaches a maximum at r/R = 0.45, radially inward of the mean ax-
ial velocity peak at r/R =0.55. The 95% confidence limits on the
axial rms velocity as a result of the LDV system are approximately
0.4% Upax.-

To complete this analysis, Fig. 14 presents Wy, as a function
of the radius. The rms swirl velocity embodies two subtle peaks.
There is a dominant peak at r/R =0.55 and a less dominant one
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Fig. 15 Turbulent Kkinetic energy.

at r/R =0.3. The precision uncertainty associated with the LDV
system comprises 0.5% Wp,, with 95% confidence. However, the
finite horizontal error bars in Fig. 14 show the uncertainty in the
radial position is still a dominant feature.

The TKE can be calculated from the axial and swirl rms velocity
data. Per previous efforts,* it is assumed that the rms of the radial
velocity is identical to the swirl rms velocity. Applying this assump-
tion, the turbulent kinetic energy k is defined as

k=3(U2+2W2,) (20)

The variance in the turbulent kinetic energy o2 can then expressed
as
of =Upop,  +4Wa o 21

ms

Figure 15 presents the turbulent kinetic energy k normalized
by the square of the maximum axial velocity. The error bars are
95% confidence limits obtained from the variance calculated from
Eq. (21). The maximum uncertainty in the turbulent kinetic energy
is of the order of 15% k/U2,..
Measurement of Skewness and Estimation of Split Radius

The radial location of the boundary between the primary and
the secondary flows, referred to as the split radius, is an important
metric for determining the variation in the recirculation zone size
for different swirlers. Here, the split radius, is used as an integration
limit for calculation of the primary and secondary swirl numbers.
The strength of the swirl in these two zones ultimately controls the
stability characteristics of the combustor flame. The split radius is
determined from the streamwise skewness in the same manner as in
Woodmansee et al.!?

For a mixing layer of two streams with different velocities, the
turbulent velocity distribution will be skewed to the left (S <0)
in the high-velocity side (primary stream) and to the right (S > 0)
on the low-velocity side (secondary stream). As the probe volume
transitions from the high- to low-velocity streams, S will transition
from negative to positive values. At the zero crossing (S =0), the
streamwise velocity histogram is bimodal and symmetric. The zero
crossing defines the spatial boundary between the two streams.

Figure 16 presents the skewness of the LDV measurements as a
function of the radius. Applying Eq. (8), the skewness is corrected
for the LDV system bias. The figure shows that between r /R of 0.55
and 0.65 the skewness changes from negative to positive when transi-
tioning from the primary high-velocity stream to the secondary low-
velocity stream. Thus, the split radius is 7,/ R = 0.6 for this swirler.

The variance in the split radius is the sum of the contributions
from the variance in the positioning system and the variance in the
skewness as given by the following equation:

2

o
2 2 s(r=ry)

—olp = 2

O =0 0S/0r)?/r =ry (22)
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The error bars, depicting the 95% confidence level of S in Fig. 16,
are determined from Eq. (17). Unlike the mean and the rms veloci-
ties, the variance in the skewness caused by the LDV system appears
to be more significant. This result is expected because skewness is
a higher statistical moment and is therefore more sensitive to uncer-
tainties than the mean and rms velocities. At the split location the
95% confidence interval in the skewness is about +0.13. Combining
this value with the variance in the radial positioning system, the vari-
ance in the split radius is obtained from Eq. (22). The measurement
of the split radius will be more precise if the gradient in the skew-
ness going though the zero crossing is sharper. For the swirler under
consideration, the normalized split radius is r/R = 0.6 £ 0.016 with
a 95% confidence interval.

Calculation of the Primary Swirl Number and Its Variance

The primary swirl number is an important parameter that char-
acterizes the ability of the swirler to stabilize a flame in a swirling
flow. According to Gupta et al.,* a swirling jet with a swirl number
greater than 0.6 creates a recirculation zone at the center of the jet
that helps stabilize the flame in the combustor. The primary swirl
number S, is defined as'®

Sp = Gt/(rsGm) (23)

where G, and G, are the tangential and axial thrusts, respectively,
given by

G,:/ 2122 pUW dr, szf 2nlr pUdr  (24)
0 0

The primary swirl number is a flow invariant,* so that the stream-
wise plane of acquisition is not important. The primary swirl num-
ber, calculated from the velocity profiles in Figs. 10 and 11, is
greater than 0.6, which is desirable for flame stabilization. The
variance in the swirl number is obtained by applying Eq. (11)
to Eq. (23):

2 2 2
2 2( % | %Gw |
o5 = sp< G to Ty 25

m s

The variances in the axial and the tangential thrusts are calculated
by summing the contributions caused by the uncertainties in the
mean axial and tangential velocity at each radial location. Using the
method just described, the 95% confidence in the swirl number is
calculated to be 40.031. Thus, the swirl number can be estimated
with a precision of £5%.

Summary

This paper presents a method to estimate instrument and position
uncertainty of instantaneous laser-Doppler-velocimetry (LDV) ve-
locity realizations. An optical chopper is used to provide a steady
velocity gauge for the calibration of the LDV system. The uncer-
tainty in the laser positioning system is also estimated using a dial
indicator as a gauge. The uncertainties in the instantaneous measure-
ments are then integrated into bias and variance calculations for the
mean, rms, and skewness parameters. The propagation of variances
is heavily relied upon to integrate the basic instrument uncertainties
into the more complex swirl number and thrust calculations.

The uncertainty analysis is then applied to measurement ac-
quired downstream of an aircraft engine swirler. Error estimates
are obtained for the primary/secondary split radius and the primary
swirl number. This process is very useful for comparing the in-
tegrated measurements between different (or similar) swirlers and
providing insight on whether the differences in the velocity data are
caused by part-to-part variations or uncertainties associated with the
instrument.
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