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THE MEASUREMENT OF UNSTEADY FLOW WITH THE BURST PROCESSOR LASER
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ABSTRACT

It is shown that the burst processor LDA signal is properly inter-
preted as a time series and that this implies keeping tract of the time
a particle is in the measuring volume. Applications of the so-called
residence-time weighting technique derived from this analysis are used
to obtain alias- and bias-free statistical measurements in a turbulent
jet. Of particular interest are the correlations and spectra which were
obtained with mean data rates well below the Nyquist frequency. Errors
that result from alternative modes of signal processing are discussed
and illustrated.

INTRODUCTION

The Doppler signal generated by a single particle arriving in the
measuring volume can be represented [1], %2] as

i(t) = w(x) cos K * x (1)

where K is the scattering wave vector, x is the location of the scatter-
ing particle at time t and w(x) is a weighting function which turns on
the signal when the particle enters the volume. For burst processor
LDA's, the weighting function w(x) is simply on or off; i.e.,

1 inside volume

(2)

W(X) = o outside volume

A typical LDA setup, measuring volume, and scattering geometry are shown
in figures 1 and 2.
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Figure 1 Optical Configuration of typical LDA.
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Figure 2 Wave Vector Diagram
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We can represent the signal that would be generated by randomly

arriving particles as



uy(t) = [ W) ulx(@,t)] g (x.t) a3 (3)

where .
x=a+ [ g (a)
_ o 171
and the statistics of 91(£st) are given for uniform seeding by
g] ist S u
G(X:t) g (XL ET) = wp(xt | x',t') + w2 (5)

where p(x, tlx ,t') is the probab111ty that the particle at x at time t has
moved to x' at time t' and u is the expected number of particles per unit
volume. An excellent approximation to p(x,t|x',t') for all practical pur-
poses is: )

p(x,t]x',t') + 8(x'-x-Ut) + w2 (6)

A typical ug(t) is shown in figure (3).
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Figure 3 Typical uo(t)

MEAN VALUES

It is straightforward from the above [1], [2] to show that
uolti = uf u(x,t) w(x)d3x (7)

To understand the implications of this consider the simple case where

u(x,t) is independent of x,t and w(x,t) = 1 within the volume and zero out-
side. Assuming this, we have )

uoitf = uV uix;tf (8)

Thus the measured mean velocity is directly proportional to the desired
Eulerian mean. It should not be inferred from this that one needs merely
average realizations to achieve reasonable averages. Equation (8) assumes
that the velocity has been measured during all of the time the particle is

1ntthe volume and the factor nV accounts for the portion of time that it is
no




To see this, assume that we are determining the mean values by time-
averaging. T

, 1
ﬁ;({j =7 Io uo(t)dt (9)
where it is assumed that T is sufficiently long. Egn. (8) implies that
T _ T
] = 1 I dt = uV u(x
.. t)dt = wv u(x,t)dt = wV uix,
o =1 jo (£t = ¥ T | TWET) o

where Elg,t) is the information we desire. Then it follows that

S
u(x,t)= --——-[ u (t)dt (11)

But uVT is exactly the fraction of t1me that the signal u_(t) is non-zero.
Thus, the correct mean is given by averaging only during hose periods where
there is a signal.

Most real processors measure the average velocity during the burst; this
implies that the velocity must be approx1mate1y constant during its traversal
of the volume. Moreover, since there is only a single realization during
each particle passage, then the realization must be weighted by the time the
particle would contribute to the integra:; that is, the residence (or transit)
time. This is easily seen by approximating u_(t) as constant while there is
a signal and writing the integral as a sum:

T zu (t )At
1
(x,t) = — t dt = ——/———
i

(12)

where u (t ) represents the ith realization and st, the residence time of that
part1c18 "Note that the direction of the particle 'and its velocity are irrel-
evant; only its x-component and residence time matter.

TURBULENCE INTENSITIES

Straightforward extension of the analysis [1], [2] above leads to the
following formula for the mean square fluctuating velocity

2lult;)-ul%at (13)
77 =]

IAt,
| i
where |j is computed from equation (12).
CORRELATIONS AND SPECTRA

It is tedious but straightforward to show [2] that the autocorrelation

of the signal represented by equation (3) consists of two parts: the desired
autocorrelation of the turbu]ent velocity field and a spike at the origin.



The latter can be eliminated in practice by eliminating self products of the
velocity from the analysis. It is then easy to show that remaining part
yields oy

u (thu' (t+1) = (uV)'z' Jf fu(')(t) ug (t+r) dt (14)
Q

Thus, if we consider the particle to contribute to the signal while it is
in the volume, all of the desired statistical information can be obtained.

Figure 4 Computation of the autocorrelation from burst processors using only
the overlap times for different particles. The middle trace is the
upper trace displaced by amount t as shown.

As a consequence, the autorcorrelation for a lag t can be computed only when
there is a particle in the volume at t and one at t+r.- This is illustrated
in Figure [4]. The interpretation of this analysis leads to the following
approximation to equation (13):
] ]
iz' u (ti) u (tj) Atij
U'(t) U'(t+1) = 2 - (]4)
T At,.
id M
where T = t,-t., i<j and At,. is the overlap time of the ith realization and
the jth realizdtion disp]acéa by time t. The denominator is essentially the
total overlap time corresponding to realizations of u(t) u(t+7%) since
(uV)2T = ¢ At,..
iy M
Similar considerations can be applied to single and joint probability
densities, and to cross-correlations of different signals. Again the algorithm
must be determined by the time the one or more signals actually contribute to
the appropriate time integral expression.

It is shown in reference [2] that a convenient approximation to equation
(14) is given by
L u; u, Ati At

. i, ' 9 J
R'() =3 Aty at, ; T = lti‘tjl (15)
>3 ’ th th
where At. and at. are the individual residence times of the i~ and the j

particles.



EXPERIMENTAL DATA

A11 of the above relationships have been confirmed by experiment[3],[4].
Detailed measurements in a turbulent jet were taken with singlie and multiple
hot-wires and a LDA tracker for comparison. In addition, the errors intro-
duced by arithmetic averaging of uncorrected data and application of the
McLaughlin and Tiederman [5] one-dimensional correction were shown to be
. substantial (~50%) at high turbulence intensities,
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