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ABSTRACT

A laser homodyne principle has been applied
to measure turbulence within an engine cylinder.
This method features a direct detection of
relative fluid motion in a turbulent flow
without relying upon the time-sequential data.
Because of this advantage, cyclic variation
biases that may be encountered at ordinary methods
may be removed. The intensity fluctuation of
laser light scattered from tracer particles has
been measured using a photoelectron correlation
technique by a high-speed digital correlator.
Tests have been conducted at several engine
speeds and swirl ratios at a motored engine.
results are satisfactory supporting the feasi-
bility of the proposed method in measuring the
turbulence intensity and the length scale.

It has been shown that swirl not only enhances
the turbulence intensity but also

increases the length scale at the compression

end. In addition, a discussion is given of the

in-cylinder measurement of the swirl velocity by
the present laser homodyne method.

The

INTRODUCTION

The motion of gas in the engine cylinder
greatly affects performance and pollutant forma-
tion in both spark-ignition and compression-
ignition engines. For this reason, much effort
has been expended in attempts to clarify the
details of in-cylinder flow. Several measuring
methods including hot-wire anemometry and laser
Doppler anemometry have been applied for this
purpose. Although these methods are well-suited
to the measurement of mean velocities, diffi-
culties are met when turbulence is measured.
This is mainly because the time-sequential data
obtained by these methods do not allow the
complete discrimination of fluctuations due to
turbulence from those in the main flow. Fluctua-
tion relative to ensemble average does not give
turbulence intensity because of cycle-to-cycle
variations.

Removal of cyclic variation biases from the
obtained velocity data has been attempted using
several techniques during the data processing
stage(1)-(5). Dent(l) used a high-pass filter to
obtain net fluctuation from the hot-wire anemo-
meter signal. Lancaster(2) proposed a non-sta-
tionary time-averaged analysis on the assumption

that velocity fluctuation due to turbulence
during a time interval is obtainable from the
instantaneous velocity fluctuation around the
ensemble average, subtracted by the time-average
of the velocity fluctuation during the interval.
Rask and others(4) employed window-implemented
ensemble averaging with smoothed-ensemble data
analysis to interpret their laser Doppler anemo-
metry results. They also proposed a cycle-by~
cycle analysis that eliminates the cyclic varia-
tion from the smoothed-ensemble data. A reasona-
ble degree of success has been achieved in each
method, but the assumptions included hamper the
acquisition of reliable results of turbulence
intensity and scale.

To eliminate these difficulties, there is a
need for a new technique that allows the detec-
tion of turbulent motion directly without relying
on time-sequential signal analysis. The present
authors have explored the possibility of using
the laser homodyne principle in measuring turbu-
lence. This method features direct detection of
relative fluid motion in the measuring volume by
finding the light-intensity fluctuation due to
beating from a scattering pair. This principle
was first used by Bourke and others(6), but they
gave no quantitative result. In a previous
report(7), the present authors extended this meth-
od to obtain the theoretical background for meas-
uring both turbulence intensity and spatial inte-
gral scale. They have also discussed the
sources of errors and the accuracy of measure-
ment. The present study applies this laser
homodyne technique to the engine situation, to
investigate the intensity and length of turbu-
lence for various engine speeds and swirl ratios.

PRINCIPLE AND THEORETICAL BACKGROUND

Principle

Suppose a homodyne optical system in which
scatterer particles suspended in a flowfield are
illuminated by a thin laser beam, as is indicated
in Fig.l. The scattered light is collected by a
photomultiplier tube placed in the direction of a
measured from the direction of the incident beam.
In this situation, random particle motion due to
turbulence causes a Doppler shift in frequency of
the light scattered from an individual particle.
Once the scattered light from two particles denot-
ed by j and k is mixed when collecting light, a
beat will be produced, and this frequency will
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Fig.l

represent the relative velocity of the scattering
pair. Thus the photomultiplier signal will repre-
sent the statistical average of the light beat
over all pairs existing in the measuring volume.
In other words, information on relative velocity
may be obtained.

A practical method of processing the light
beat received by the photomultiplier tube is to
use either a digital correlator or a frequency
analyser. In the present study, the former was
used, yielding autocorrelation of light intensity
fluctuation directly.

Autocorrelation of Light Intensity Fluctuation

To establish the foundation of this method,
the autocorrelation of the light intensity fluctu-
ation R_(T) where T denotes time difference was
obtalnAé theoretically based on the theory of
light beating and on the fluid mechanics of turbu-

lence. The result of the analysis is outlined
below. For details see the Appendix and previous
report(7)

The autocorrelation of the scattered-light
intensity fluctuation may be written as

R(T) = <152 (146(1T )} (1)

where <I> denotes the average intensity of light
and G(T) the normalized signal part which can
readily be read out from the correlator store.
The problem is now reduced to formulating G( T )
by taking into account the turbulent fluid
motion. To do this, the following assumptions
were made.

(i) The scatterer particles have the same size
and track the flow faithfully.

(ii) The turbulent flowfield is uniform and isotro-
pic, at least within the measuring volume.

(iii) The probability density function of relative
fluid position due to relative-turbulent diffu-
sion is Gaussian.

(iv) The ensemble average of the square deviation
of the distance between two particles having an
initial separation by r after the time T elapses
is(8)

<Ar2> =2u'2

7?2 {1-exp(-r_/L)} (2)

where u' denotes the root-mean-square velocity of
turbulence, or simply turbulence intensity, and L

1.0
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Fig.2 Theoretical autocorrelation coef-
ficients for various ratios of /L

the integral spatial scale of turbulence.
tion (2) would hold if T is very small.
(v) The measuring volume has a rod-like shape of
length 7 which is sufficiently large compared
with the beam diameter d.

On the above assumptions G(T ) was calcu-
lated for various ratios of the measuring length
to the turbulence scale /L. The complete form
may be found in the Appendix. Figure 2 shows the
results against non-dimensional difference time

Equa-

™ = {(2/y1) Ku't (3)
where K denotes the magnitude of the scattering

vector K. Using light wavelength ), we find

K= (4m/ ) sin{ a/2) (4)

As may be seen from Fig.2, G(T*) is close to a
Gaussian distribution and the spread in T* direc-
tion increases with the decrease in I/L. At a
very large 1/L, the spread tends to be constant.
The broken curve represents the non-dimensional
integral characteristic time defind by

==}
134 =f G( 1) drt* (5)
0
This value is close to unity at large /L. To
analyze the obtained data, it is convenient to

use the fluctuation velocity as follows.
= ' *
v =u'/ T

W/

dat (6)

In Fig.3 the v/u' value calculated is shown
against /L (See c=0). As 7 increases, v/u'
first increases to 1/2 power and then approaches
unity at a large 7/L. This inclination coincides
well with the results of experiments made for a
pipe flow by Bourke and others(6) in a similar
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Using the obtained theoreti-
cal relation between v/u' and 1/L, one can deter-
mine the turbulence intensity u' and the length
scale L. The former may be found by obtaining v
at a large 1, say at twenty times the length scale
L. The length scale L may also be determined by
curve-fitting around point A in the figure. This
method of finding u' and L turned out to be satis-
factory judging from experiments made at a turbu-
lent flow behind a grid in a steady pipe flow, as
has been reported elsewhere(7).

homodyne technique.

Effect of Swirl

When a swirling motion is present, the fluc-
tuation velocity at large value of I no longer
gives the turbulence intensity, if a forward scat-
tering is employed. This is attributed to the
fact that the gradient in the bgam direction of
the velocity component in the K direction af-
fects the frequency of light beat from the scat-
tering pair. This effect can be assessed theo-
retically(7). If the incident beam passes the
center of a forced vortex having an angular veloc-
ity w, and if the scattered light is received in
a purely forward direction (0=0°), then the
gradient is equal tow. To describe the effect
of swirl, we use a parameter defined as

c = wlL/u'

(7)

In Fig.3 the v/u' curve in the case of ¢=0.01 is
shown as an example. At point B the asymptote for
the swirl effect intersects v/u'=l. As the angular
velocity increases, point B shifts towards point
A, and finally the two points overlap. 1In such a
case, this technique for measuring the turbulence
is no longer possible. However, if the swirl
velocity is not so high when the points are well
separated, the turbulence intensity u' can be
estimated to some extent by curve-fitting around
point A in the v versus [ relation. In addition,
measurement of the mean swirl velocity may also
be possible using the above principle, as will be
discussed later.

Fig.4 Cylinder head and piston arrangement

It should be noted that a backward-
scattering optical system is entirely free from
the effect of swirl. However, this system could
not be used because of the limitation of the
processing speed, as will be discussed later.

EXPERIMENTAL APPARATUS AND PROCEDURE

Test Engines and Optical System

The proposed method was applied to study
turbulence in a single-cylinder four-cycle, 102
mm bore, 106 mm stroke test engine having a flat
piston and a compression ratio of 8.2:1. Four
cylinder heads having different suction ports
were used to produce various induction swirl
ratios. The ratio denoted by r was determined
by an ordinary steady-flow rig Test according to
a proposed procedure(9). All measurements were
conducted under motored conditions at two engine
speeds of 400 and 800 rpm.

In Fig.4 the details of the engine head are
shown. Optical access was made by inserting a
spacer between the cylinder head and the liner.
Two 40 mm diameter optical windows made of fused
quartz were mounted in the spacer block having 50
mm in thickness. To compensate for the spacing,
the piston was elongated by installing a metal
disk on the original piston, thereby keeping the
top clearance at 14.7 mm.

Figure 5 shows the schema of the experimen-
tal setup. A Spectra-Physics Model 164 argon-ion
laser having a total light power of 2 W was used
as the light source for the homodyne system. The
beam passes through the quartz windows in the
spacer. All optical equipment is installed on a
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Fig.5 Experimental apparatus

flat movable bed. The bed is mounted on a
traversing device which allows three-dimensional
adjustment. Air-cushion mounts insulate the
optical bed from engine vibration.

A laser beam was focused through one of
quartz windows by a lens at the measuring posi-
tion on a diametral line of the engine cylinder.
Scattered light from tracer particles was detect-
ed in the forward direction of & ranging from
2.7° to 8.3° . The length of measuring volume [
was determined by an aperture placed just behind
the window. The relation between the measuring
length I and the aperture diameter da was

1= da/sin o (8)

To achieve the condition of coherency, the dia-
meter of pinhole d_ placed in front of a photomul-
tiplier should satgsfy(lo)

da dp/R < A (9)

where R denotes the distance between the aperture
and the pinhole and A the wavelength of the
laser beam. R was set at 1.30 m.

To seed scatterer particles in the inlet air
uniformly, a cyclone-type mixer was placed in a
surge tank with a capacity of 50 L. The particle
concentration was regulated by the flow rate of
compressed air. The particles should be small
enough in size to faithfully track the turbulent
motion yet not so small as to produce an error
owing to Brownian motion. For this reason, a
titanium oxide powder having particle sizes be-
tween 0.2 ym and 0.4 um was used.

To prevent the windows from being contami-
nated, the quantity of splash lubricant was mini-
mized by keeping the oil-level in the crank case
much lower than normal. In addition, the gas was
evacuated from the crank case with a vacuum pump
during tests to suppress the splashing of oil.

Signal Processing

A Hamamatsu Photonics R464 type photomulti-
plier tube was used to detect scattered light.
The scattered light signal from the photomulti-
plier tube was passed to a digital correlator in
the form of pulse train after amplification and
discrimination by a LeCloy MVL10OTB type 170 MHz
wide-band preamplifier. The correlator devised
was a 12 bit 128 channel single-clipped digital
correlator with a maximum clock speed of 50 MHz.

This calculated directly the autocorrelation coef-
ficients of the light intensity fluctuations(11),.
To sample data at a specified engine crank angle,
input pulses to the digital correlator were gated
during a crankangle window of 4° using a crank-
angle marker from the flywheel. To obtain each
ensemble-averaged correlogram, ten cycles or more
were necessary under typical measuring conditions,
The autocorrelation data acquired by the
digital correlator were stored temporally in a
Nihon-Kanomax 5211-1 type 256 kilobyte fast-
access memory, to minimize the time of acquisi-
tion. This enabled measurements before the
windows became contaminated. To extract the
signal part from each autocorrelogram obtained,
data reduction was made on a processing system
consisting of a micro-computer and a Mitsubishi

Melcom 70/20 mini-computer. A routine for a
least-square fit to a Gaussian profile was
included in the data processing.

Measuring-volume Geometry

To optimize the optical setup under several
restrictions imposed, care had to be taken in
selecting the scattering angle @& and the incident
beam diameter d. The latter might be determined
by a compromise between the minimum measuring
length and the transit time error. To alleviate
the transit time effect, a 500 mm lens was used
to focus the beam having a waist diameter of 0.27
mm. When we consider a typical in-cylinder flow
having a mean velocity of 20 m/s and a turbulence
intensity of 4 m/s, the average transit time
across the beam is 14 ys, while real characteris-
tic time defined by the integral of G( T) is 0.2yus
at 0=4.9°. In this case, the transit time error
is sufficiently small because the characteristic
time is an order of magnitude smaller than the
transit time. The scattering angle o was decided
primarily by the maximum clock speed of the cor-
relator. In fitting the obtained correlogram to
a Gaussian function, the necessary characteristic
time would roughly be ten times the clock
interval to remove a sampling error. If the
fluctuation velocity is again 4 m/s for example,
the scattering angle o should be less than 5° at
the highest clock speed of 50 MHz for the men-
tioned situation. For this reason, o was typical-
ly selected to be 4.9 ° in the present experi-
ments, and under some marginal conditions scat-
tering angles o from 2.7° to 8.2° were used.

The use of such a small scattering angle and
a finite beam diameter could cause an error due
to a large discrepancy in the shape of the measur-
ing volume from what we assumed in the theory.

To see if this was not the case, the effect of
these two factors on the probability density
function of the inter-particle distance was asses-
sed for the selected scattering angle and the
beam diameter, based on a numerical calculation
using a Monte Carlo method. The results show
that even at a very small scattering angle of o
=4.9° , the deviation in the pdf of the inter-
particle distance is insignificant as long as the
measuring length 7 is maintained at ten times
the beam diameter d. In other words, the 0.27 mm
beam might safely be used to measure the velocity
fluctuation at a measuring length down to 1=2.7
mm.
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EXPERIMENTAL RESULTS

Obtained Correlogram

Most of turbulence measurements in the
engine cylinder were carried out at a depth of 10
mm measured from the cylinder-head surface. The
horizontally-oriented measuring volume was cen-
tered on the cylinder axis throughout the study.

In Fig.6 a few examples of the obtained auto-
correlograms are given in the normalized form of
G( Tt ) for various measuring lengths 1. They were
collected at the above mentioned position under
the no-swirl condition (r_=0) at the top dead
center of compression (6 =360°ATDC) at engine
speed of 800 rpm. Each correlogram is close to a
Gaussian profile as may be seen from a comparison
with the Gaussian-fit curve in a solid line. It
may also be noted that the spread of the curve in
the T direction decreases with 7 in accordance
with the theoretical prediction.

Similar measurements for various [ may give
a set of correlograms for a single position and
crankangle, thereby bringing about the relation
between the fluctuation velocity v defined in
Eq.(5) and the length 7. In Fig.7 such relations
are given for several crankangle 8 under the
no-swirl condition at n=800 rpm. The results are
quite consistent with the prediction that v first
increases with 7 and then approaches a constant
value that equals the turbulence intensity u'.
Each line in the figure is the best fit to the
theoretical v/u' versus l/L relation already ap-
pearing in Fig.3. This curve fit will give the
integral scale of turbulence.

In Fig.8 similar results for swirled cases
are shown. They were obtained at the top dead
center of compression at 800 rpm. The tendency
of v against 1 coincides well with the predicted
effect of the swirl on the fluctuation velocity.
In both cases, the presence of a swirl only
affects v at a very large measuring volume, so
that the turbulence measurement is possible.

Turbulence Intensity

To reveal the in-cylinder turbulence, meas-—
urements were carried out using this method for a
variety of crankangles. First, the changes in
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Fig.8 Fluctuation velocity against measur-—
ing length for different swirl ratios

the turbulence intensity u' with crankangle 8
were investigated over whole cycles. The measu-
ring length I was 35.1 mm as a tentative choice.
This made it possible to read out u' directly
from the fluctuation velocity v, but a 10% error
would be inevitable in the swirled cases. In
Fig.9 the results obtained with and without swirl
are shown for the engine speeds n=400 rpm and 800
rpm. In every case, just after the intake valve
opens at § =710° ATDC, the turbulence intensity
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crankangle at two engine speeds for
the cases with and without swirl

u' increases rapidly as air flows into the cyl-
inder. Between 70° and 80° ATDC when the piston
velocity is the greatest, u' reaches the maximum.

After the peak, u' quickly declines, possibly
because of the quick change in the direction of
the jet flowing through the intake valve as the
piston moves downward. The turbulence intensity
u' decreases slowly with the crankangle, until
only a slight increase occurs when the intake
valve closes at 8= 210° ATDC. At this stage, a
highly directed flow passing through the intake
valve would damp completely. During the compres-—
sion and expansion strokes, u' decreases gradual-
ly showing oscillations, and finally reaches a
small peak again when the exhaust valve opens at
§=500° ATDC. In general, the observed changes
are similar to those reported earlier(12).

Figure 9 indicates the effect of engine
speed n on the in-cylinder turbulence. Except
for the exhaust stroke, u' is almost doubled at
every crankangle both with and without swirl.
That the turbulence intensity is proportional to
the engine speed is in accordance with the
results reported by Witze(3).

It is striking to note from Fig.9, that the
swirl largely increases u' at the same engine
speed except for the later part of expansion
stroke and the exhaust stroke. During the intake
stroke, the turbulence intensity u' produced by
an in-flow jet through a valve is much higher
in the swirl case than in the no-swirl case.
Especially in the swirl case, the decay of u'
during the compression and expansion strokes is
retarded so that a high level of turbulence inten-
sity remains even after TDC during the expansion
stroke. On the other hand, in the no-swirl case
u' decreases monotonically with crankangle 6.
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Presumably, this is partly because heterogene-
ously-distributed turbulent eddies are formed due
to the complicated three-dimensional flows during
intake period, and partly because of a large
shear friction created by the swirl near the wall.
Further measurements were carried out focus-
ing on turbulence intensity and length scale
during the period around the end of compression.
Figure 10 shows the obtained results for three
swirl ratios r_at n=800 rpm. As may be seen
from the figure, the turbulence intensity u' is
largely dependent on r_ and increases with r
While u' decreases mondtonically with crankangle
8 in the no-swirl case, the turbulence intensity
begins to increase after TDC in both swirl cases.
Presumably, this results from the fact that a
stronger turbulence is produced near the wall due
to swirl and is conveyed to the measuring posi-
tion as the piston recedes from the cylinder head.

Since the one-point measurement did not
indicate such a local production of turbulence
near the wall of the cylinder head, measurements
were made at several different distances from the
cylinder head z. The obtained results are sum-
marized in Fig.ll. In the no-swirl case a mono-
tonic decrease in u' with crankangle is seen at
every position. On the contrary, at swirl ratio
r =2.1, a peak is seen in the u' curve after TDC
a% each position. As the measuring position is
located closer to the cylinder head, the peak in
u' after TDC is advanced and its peak level in-
creases. This inclination may suggest that a
wall-generated turbulence is conveyed downwards
from the cylinder head with the piston motion.
Having an irregular surface because of the ex-
haust and intake valves, the cylinder head might
be a strong source of turbulence, in the case

when a swirl is given. A similar effect was
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reported by Dent(13), who pointed out that the
wall shear flow plays an important part in turbu-

lence production near the compression end.

Length Scale of Turbulence

Next, we see the length scale of turbulence
in Fig.10. Since a forward-scattering system
was used, the length scale L obtained was close
to the transverse scale. Therefore, L was trans-
lated into a longitudinal scale namely

Lf,

=
]
n

f L (10)

to enable comparison of the result with that
gained by ordinary hot-wire anemometry. As may
be seen from the figure, L_ decreases with 6
until TDC and then increasées again. A minimum
is reached at TDC and the L_ profile after TDC
looks roughly symmetrical against the TDC posi-
tion excluding the case of rs=2.l. This would
imply that the scale is affected by a change in
volume due to compression and expansion. It is
also interesting to note that L. increases consi-
derably with r_; the minimum scale at r =2.1 is
roughly twice fhat in the no-swirl case. It may
be postulated that bigger turbulent eddies would
postpone the decay of turbulence, causing a
stronger turbulence to remain at later crank-
angles. This might be responsible for the fact
that the turbulence intensity is high when the
swirl ratio is high. The reported values of L
near TDC vary depending on the engine size and
the measuring method. Among them, the effect of
the presence of swirl is reported possibly only by
Lancaster(2), who observed that not only the
turbulence intensity but also the length scale
increased with the swirl produced by a shrouded
intake valve. In spite of the swirl being pro-
duced in a different way, the obtained scales are
almost identical in both experiments, suggesting
that the turbulence near TDC is only slightly
dependent on the intake process.

In-Cylinder Swirl Measurement
In the previous chapter, it has been shown
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Fig.12 Oscillation due to swirl at
a large measuring length

that the present homodyne method detects not only
turbulent fluid motion but also a swirling
motion. Based on this argument, we now consider
the possibility of determining the swirl angular
velocity. Two methods were conceived for this
purpose in the forward-scattering homodyne mode
in which the beam passes the center of the swirl
having a rigid-body rotation. One is to detect
the deviation point in the v versus ] curve at a
large measuring length (See point B in Fig.3).
For the cases of rszl.O, 2.1, and 2.7 in Fig.8,
this method gave swirl ratios of 0.55, 1.17, and
1.61, respectively, at 800 rpm. These ratios
correspond to 55 %, 56 %, and 60 % of the nominal
swirl ratio, respectively, as determined by the
steady-flow rig test.

The other method is more direct, making use
of the oscillation superimposed on the correlo-
grams. In Fig.l2, such a correlogram is exempli-
fied, each being obtained at a measuring length
1=70.2 mm that is closer to the cylinder bore.
The period of this oscillation may be related to
the swirl angular velocity w as may be seen
below. Since the velocity fluctuation due to
turbulence is negligible compared to that of the
swirl at such a large measuring length, the pro-
bability density function of the inter-particle
distance r + Ar after a time difference T for
initial separation r, is described by a simple
Delta function, namely

pl Ar,r , 1) = 5 Ar-wr 1) (11)
Using Eq.(A3) in the Appendix, we obtain
Gl 1) =[:droQ(ro)£w6( Ar-wr 1)
X exp(-i K Ar) d Ar (12)

Inserting Eq.(A7) into Eq.(12), we finally reach

(KmZT/2)2

G(1) (13)

This indicates that the correlogram is modulated
by the oscillation having a period of 2T/ (Kwil).
Thus, we can estimate w from the first minimum
point in the correlogram, and accordingly the
in-cylinder swirl ratio is defined by



(14)

rs' 0w/(mn)
where n is engine speed expressed in rpm. When
turbulence was taken into consideration,the period
of oscillation did not differ much from that ob-
tained assuming a laminar swirl. It turned out that
for the port of r =2.1 the r ' at the compression
end was 1.50 and $.72 at AOOsrpm and 800 rpm re-
spectively. The port of rs=2.7 gave 2.3 and 2.0 at
400 rpm and 800 rpm, respectively. Each in-
cylinder swirl ratio is 15 % to 30 % lower than
the nominal value of steady-rig test presumably
due to the effect of wall friction. In the case
of the port of r =1.0, it failed to measure the
swirl velocity bécause no clear oscillation
could be obtained at any measuring length.

There is a considerable disagreement between
the swirl ratios obtained at two different
methods. The reason is not clear, but probably
the former method has underestimated the swirl
ratio because of poor accuracy in determining the
point at which swirl begins to affect fluctuation
velocity when [ is increased. The present
authors are convinced that the latter method of
using oscillation is more reliable than the
fluctuation-velocity method to determine the
in-cylinder swirl ratio.

CONCLUDING REMARKS

In the present study, the feasibility of the
laser homodyne method for measuring the turbu-
lence intensity and the length scale in a recipro-
cating engine was demonstrated. In principle,
this method detects relative fluid motions
without relying upon time-sequential data.
Because of this advantage, some difficulties in
the use of ordinary methods may be eliminated.
However, the proposed method is not well-suited to
detect localized properties of turbulence because
a relatively large measuring volume has to be used.

The results obtained in a motored engine
using the proposed method have shown that the
course of the turbulence intensity with crank-
angle is close to results reported earlier. A
most interesting finding is that swirl not only
enhances the turbulence intensity but also in-
creases the length scale at the compression end.
It is suggested that turbulence produced near the
wall by a swirl motion can be conveyed downwards
by the piston motion during the expansion stroke.

In the present study, a high-speed digital
correlator was used to process the light-beat
intensity fluctuations. However, the processing
speed is not sufficient to measure strong turbu-
lence that may be usual at higher engine speeds.
Measuring such turbulence requires a faster cor-
relator having a clock speed one order of magni-
tude higher than that employed in the present
study. An alternate method of enhancing the
processing speed would be the use of either a
frequency analyser or a filter bank in place of
the digital correlator. If such a fast processor
is made available the proposed method may find
a wider utilization.
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APPENDIX

The electric field induced at time t at the
light detector by N particles is(14)

E(t) ! o i { K B(t)-w t}] {
= B s exp [ 1 5 Wy Al)
where E_ is the amplitude contributeg by each
scatterer, g the light frequency, r, t&e posi-
tion vector, 1 the imaginary unit, an K the

scattering vector (see Fig.l). The autocorrela-
tion of the scattered-light intensity fluctuation
is(10)

2

* *
RI(T) BT <E{t)E (t)E(t+T)E (t+T)> (A2)
where T denotes time difference, B the constant
for the optical system, < > the statistical
average, and * the complex conjugate. If N is
sufficiently large, the terms of scattering from
each particle at a time and the terms arising
from every particle pair during the time dif-
ference T can remain, while all other uncorre-
lated terms vanish statistically. Thus R_(T)
becomes the form of Eq.(l) consisting of %he d.c.
term due to simple radiation and the fluctuation
term due to light beat. The signal part G(T )
may be described once we take into consideration
the difference in relative position of each
particle pair during T (7). This leads to

G(T) = <exp{-i KAT(T)}> (A3)
where N N N
Ar(T) = Arj - An
> >
= gi(t+ T)- rj(t)
—{ T+ T)= T(0)} (a4)

According to the assumptions, the probability oi
finding a change in inter-particle distance in K
direction between Ars |Ar| and Ar+dAr, for the
particle pair having initial separation ro is
-1/2

p( Ar,ro,r) d Ar (27< Ar2>)

2 2
X exp { - Ar~/(2 < Ar® >)}dar (AS)
For an infinite measuring volume, insertion of
Eq.(2) and Eq.(A5) into Eq.(A3) gives

o o .
G(T )=[o dr‘of.mp( Ar,ro,'f Jexp(-i K Ar) dAr

j“’ ar_exp[-k7u'® T *{1-exp(-r_/L) }] (48)
o
For a finite length of measuring volume, the
probability of r, should be taken into considera-
tion. When the assumption (v) holds, namely d <«
1, the probability of finding an inter-particle
length between r and r +Ar for a given meas-

R .9 o o
uring length 1 is

Q(ro)dro (A7)

‘{2 ar (1-r /2% [0 sros?]

0 [ r>1

e}



Multiplying Eq.(A5) by Eq.(A7) and inserting it
into Eq.(A3), we have

G(T) = 2‘ﬁ§ d(ro/Z)(l—ro/Z) exp [—Kzu'2 T2

x{l~exp(—ro/L)}] (A8)

Rewriting r /7 as £, we reach the final form as

follows.

1
Zfo dg (1-£) exp [-—Kzu'2 TZ

x{1-exp(-E7/L)}]

G(T) =
(A9)

Clearly G( T ) is a function of the turbulence
intensity u', the integral scale of turbulence L,
and the length of the measuring volume 7. For
the same value of I/L, the term of u' in G(T)
may be factored out. Thus normalizing G( T ) by
the use of the non-dimensional time difference 1*
defined in Eq.(3), we can express the terms of u'
and /L separately.
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