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(ABSTRACT)

A rapidly scanning directionally-sensitive three-
velocity - component laser Doppler anemometer has been de-
veloped. It permits scans through 3-dimensional flows to
obtain space-time velocity information. Since it has lower
signal-averaging bias than pointwise measurements, only short
record times are required to obtain sufficient data for sta-
tistical averages and, hence, it enables rapid mapping of the
U, V, and W velocities in such flows.

A flexible optical system allows for easy variation of
the fringe spacings as well as the location and the size of
the measurement volume. The optical paths are egqualized
without use of any additional optical components. A Ronchi
Ruling is employed to create a horizontal stationary £fringe
pattern, and a dual Bragg cell is used to produce sets of
moving vertical fringes. It is also shown that a scheme
proposed by other workers, relying on a fringe pattern moving

in the on-axis direction, will not work.



The Doppler frequency is independent of the position of the
receiving optics, and only one photomultiplier tube is needed
to receive the signals for all three velocity components.
Measurements made on a stationary solid object as well as in
a dispersion of particles in water show that signals with low

noise level and high fringe wvisibility are obtained.
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INTRODUCTION

The Laser Doppler Velocimeter (LDV) has become a wvalu-
able tool for experimental investigations in fluid mechanics.
The obvious advantage is its high frequency response and its
ability to measure direction and magnitude of the velocity
accurately and nonintrusively under conditions where other
instruments provide questionable results or cannot be used
at all.

Although commercial pointwise LDV systems are available,
there is still a definite need for further instrument devel-
opment. In order to obtain more detailed features in certain
complicated flows, such as turbulent separated flows, "in-
stantaneous" velocity profiles should be obtained. Therefore
scanning LDV systems are needed because they yield nearly
instantaneous velocity profiles and, concurrently, reduce the
acquisition time of wvelocity information in at least one di-
rection. Furthermore, three-dimensional measurements should
be made so that important space-time flow-structural infor-
mation can be obtained.

This work is concerned with the development and use of
a rapidly scanning three-velocity-component laser Doppler

anemometer.



Previous Work

A brief description of few scanning LDA systems developed
and used so far, is given by Chehroudi [1l]. Bendick [9] de-
scribed an on-axis scanning LDA that used a translational
oscillating mirror. The operation of this design is limited
to scan speeds of 0.4 m/s due to the inertia of the moving
optics.

A two-colour dual-beam backscatter LDA system accom-
plishing a scan by translating a lens in the direction of the
optical axis, was reported by Grant and Orloff (1973). Scan
rates were limited to 1.5 m/s because of inertial consider-
ations. More information concerning the application of this
design is given by Orloff and Biggers [10] and Orloff et al.
[11].

A backscatter scanning system was reported by Rhodes
[12]. It is able to scan a distance of 30 cm at a frequency
of 30 Hz, and measures velocities at 16 discrete positions
using a large rotatiné wheel containing 16 ports. For more
information on this design, see Gartrell and Jordan [13] and
Meyers [14].

An optical system capable of measuring true instantane-
ous velocity profiles was reported by Nakatani et al. [15].
Instead of using a moving scanning device it employed a cy-
lindrical lens to form a vertical measurement volume along a
straight line. The design is relatively impractical and ex-

pensive because a series of optical fibres connected to



photodetectors is needed to collect data over a large scan
range with good resolution.

The design of Durst et al. [16] uses a relatively large
rgtationally oscillating mirror in front of a conventional
LDA optical system to scan the measurement volume perpendic-
ular to the optical axis along an arc. Mean and RMS velocity
profiles agreed well with pointwise measurements for low scan
frequencies. The inertia of the oscillating mirror limited
the scan frequency to about 15 Hz.

Owen [17] developed a single velocity component scanning
LDA and made measurements in both water and air flows. A
six-sided rotating mirror was used and the scan rate was
limited to 125 Hz due to restrictions on the data acquisition
rates and the number of points required for one profile.
Improvements were suggested for a second phase of the work
which will enable two-component real-time scans through high

speed air flows.

Objective of this work

Chehroudi and Simpson (1983) have developed a single-
velocity-component rapidly scanning LDA that can scan up to
150 Hz over distances of 40 cm. This is the most rapid scan
frequency reported to date. The proper operation of this
design and its usefulness was demonstrated in a separated
flow studied in a wind tunnel. Very good mean and RMS ve-

locity profiles and profiles of the fraction that the flow



moves downstream, are reported. Space-time correlations of
recirculation flow regions were possible.
The objective of the present work is to modify and im-

prove the optical system of Chehroudi and Simpson to measure

three velocity components.



CHAPTER |. DESCRIPTION OF THE OPTICAL CONFIGURATION

As shown in Figure 1, the incoming beam from an Argon
ion laser goes through a pair of focusing lenses (L3,L4) and
is incident onto a 500 lines per inch Ronchi Ruling (R). As
discussed in Chapter 2, the Ronchi Ruling with horizontai
lines produces a series of diffracted beams in a vertical
plane due to Fraunhofer diffraction. These beams go through
a transmitting lens combination (L1,L2) and only the zeroth
order (m=0) and the two first-order diffracted beams (m=+1,
-1) are retained, the higher orders being masked (S1). The
first order diffracted beams are reflected (mirror M2) onto
the scanning mirror (M5) and cross to form the measurement
volume. The undiffracted beam (zeroth order) is reflected
(mirrors M3,M4), and goes through a dual Bragg cell where it
is split and frequency shifted. The outcoming unshifted beam
is masked (S2), whereas two of the shifted beams, one by +15
MHz and the other by -25 MHz, are deflected by the scanning
mirror onto a combination of vertical mirrors (M6,M7,M8,M9).
These mirrors make the beams cross in the measurement volume
(M.V.) at the desired angle. No additional optical compo-
nents are necessary to equalize the optical path lengths in
this arrangement.

In total, four beams cross to form the measurement vol-

ume: two first order diffracted beams from the Ronchi Ruling
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M5
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and two frequency shifted beams from the Bragg cell. This
results in the formation of six fringe patterns (Fig.2), of
which four are employed to make three-component velocity
measurements.

A horizontal stationary fringe pattern is formed by the
two first- order diffracted beams from the Ronchi Ruling,
allowing the V-component to be measured by means of the ver-
tical scanning motion. The frequency shifted beams from the
Bragg cell cross with those diffracted beams from the Ronchi
Ruling and produce moving fringe patterns at 15 MHz, 25 MHz
and 40 MHz, due to optical beating. The latter yields a di-
rect measurement of the U-component while the first two are
fed into a frequency mixer and result in a signal around 10
MHz to give the W-component.

The focusing lenses (L3,L4) determine the size of the
measurement volume and optimize the fringe quality by ensur-
ing that the beams cross at their waists. This is partic-
ularly important for obtaining parallel fringes inside the
measurement volume. The transmitting lenses (L1,L2) define
the location of the measurement volume and allow the spacing
of the horizontal fringe pattern to be varied freely. The
choice of their characteristics is such that the lens errors
are reduced. The other fringe spacings are determined by the
angle 6 and the wavelength of light. For a scan frequency

of 54 Hz, a scan range of 40 cm and a horizontal fringe



View of the Optical Confiquration.

Figure 1b.




15MHz

25MHz
On-axis View of the 4 Beams forming the Meas-

urement Volume.

Figure 2.




spacing of 25 um, the V-component produces signals around 1
MHz.

Hence, using only one PM-tube, signals around 1MHz, 10
Mﬁz and 40 MHz are received and yield the V-, W-, and U-
velocity components respectively. Since a dual-beam config-
uration is employed (fringe-type LDA), the Doppler
frequencies are independent of the position of the receiving
optics. The Receiving Optics are configured in backscatter
mode and consist of a combination of two cylindrical lenses
(CL1,CL2), a long mirror (M10) and the photomultiplier tube.
The cylindrical lenses and the mirror construct an image of
the measurement volume on the PM-tube aperture for any posi-
tion of scan. They are assembled inside a light enclosing
frame and can move independently from each other in vertical

and horizontal direction.
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Characteristic Dimensions of Optics

Mirrors (front surface):

Scanning Mirror:
Ronchi Ruling:

Lenses:

Bragg cell

M1,M2,M4;

Mé,M7 ,M8,M9:

M3:
M10:

M5:
R:
L3:

L4:

L2:

L1:

CLl:

CL2:

B.C.:

@=43mm
250x32mm
10x8mm
381x5Tmm

39x26mm

500 1/inch; 53x24mm
double convex, FL=38mm,
P=9mm;

double convex, FL=119mm,
P=26mm;

double concave, FL=-103mm,
P=87mm;

plano convex, FL=254mm,
P=101Tmm;

cylindrical, FL=300mm,
60x200mm;

cylindrical, FL=86mm,
57x60mm,

transducers @ 25 mm,
frequencies 15.200 MHz,
24,550 MHz.

11



CHAPTER Il. THE FRINGE PATTERN CREATED BY A RONCHI RULING

2.1 DIFFRACTION

The term interference refers to the phenomenon that

waves, depending on how they add together, intensify or
weaken each other. There is no significant physical dis-
tinction between interference and diffraction but it has be-
come customary to speak of interference when considering the
superposition of only a few waves and diffraction when

treating a large number of waves. Diffraction occurs as a

wavefront of light passes by an obstruction and secondary
wavefronts are generated and interfere. Such a diffraction
pattern consists of regions of maximum and regions of minimum

light intensity. These regions are called fringes.

2.2 DIFFRACTION PHENOMENA IN A RONCHI RULING

A Ronchi Ruling is a transparent plate ruled with black
lines and clear, equal spaces. The Ruling used in the pres-
ent work contains 500 lines per inch, which corresponds to a
line'spacing of 50 um.

Aside from multiplicative factors, the Fraunhofer
diffraction pattern is the Fourier transform of the electric

field (i.e. the spatial distribution of amplitude and phase

12



of the light waves) across a diffracting aperture [3], and
can be obtained in the focal plane of a lens which is placed
behind the aperture.

One of the most remarkable and useful properties of a con-
verging lens 1is 1its inherent ability to perform two-
dimensional Fourier transformations. When a second lens is
positioned behind the diffraction pattern, at a distance
equal to its focal length, then an inverse Fourier transform
of this pattern is taken and will result in the formation of
an image of the diffracting aperture (Fig.3).

Since a Ronchi Ruling is used as a diffracting aperture, the
image will consist of alternating dark and bright bandé and,

hence, a fringe pattern is obtained.

2.2.1 |INFLUENCE OF GEOMETRY AND WAVELENGTH ON THE

DIFFRACTION PATTERN OF A RONCHI RULING

A Ronchi Ruling can be described as a one-dimensional
array consisting of N identical apertures of width b equally
spaced by a distance a. Since it is an array of similar
diffracting apertures its diffraction pattern can be repres-
ented by using the Array Theorem [4]. The intensity dis-
tribution of the Fraunhofer diffraction pattern is then found

to be:

I(8) = Io(sin Ne/sin u)z sinc2B (1)

13



Fraunhofer

diffraction
lens A plane lens B
] I
4-1ine | ”
Ronchi Image
Ruling plane

-

LIS

\4Lﬁ__ ._

fA /
\\\\“‘nh Fourier \\\\‘x\\hlnverse
Transform Fourier
Transform

Figure 3. Image of a Ronchi Ruling with 4 lines, using
only 3 diffraction orders: m=-1, 0, +1.
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where: 8 = pecsition angle in Fraunhofer plane

_ 2
IO = I(0)/N
a = k/2 a sin 8
B = %k/2 b sin 8
k = 2n/)

This intensity distribution 1is represented in Fig.4a.
Each slit on the Ruling would generate an intensity distrib-
ution given by sinczﬁ. Superimposed, the wvarious contrib-
utions yield a multiple wave interference system modulated
by the single diffraction envelope sinczﬁ.
In summary, the modulation 1is determined by the line width
(b/x), and the peaks within the envelope are determined by
the line spacing (a/i). From (1) we can readily deduce the
influence of geometry of the Ruling and the wavelength on the

diffraction pattern, as illustrated in Fig. 4b:

- increasing the line width (b) makes the envelope more
narrow but leaves the spacing between peaks, which depends
on a/\ only, unchanged;

- increasing the line spacing (a) moves the peaks closer
together, but the envelope remains the same;

- increasing the wavelength (1) makes the envelope

15



broader and moves the peaks further apart, but the
number of peaks within the envelope , which depends
on a/b only, does not change.
The intensity distribution of the diffraction pattern
for a Ronchi Ruling (i.e. a=2b) and the influence of the

number of lines is illustrated in Fig.5. . An increase in

the number of lines augments the maxima and makes them
sharper. Simultaneously, the subsidiary maxima decrease and

become of negligible intensity.

2.2.2 IMAGE FORMED BY A FINITE NUMBER OF DIFFRACTION ORDERS

If all diffraction orders are used (infinitely many)
then the resulting image would be identical to the
diffracting aperture. Using only a finite number of
diffraction orders 1is equivalent to truncating the Fourier
series to a finite number of terms and therefore the image
is not an exact duplicate of the Ronchi Ruling. An ex-
pression for the distribution in the image plane can readily
be developed since it is the inverse Fourier transform of the
diffraction pattern. Applying the Array Theorem to the
Ronchi Ruling, the amplitude distribution ER(X), assuming
unit incident amplitude, can be written (for N+1 lines) as:

N/2
ER(x) = L E(x) *# §(x - n.a)

n=-N/2

16



I(B)‘

(a=3b)

A |
0 y
sinc™g
:

a Z\/a 3x/a ;%n 0
™ 2m 3m -2
1 2 3 K

4a,

4b.

Figure 4. Fraunhofer Diffraction in a Ronchi Ruling.
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where: ER(x) amplitude distribution across Ronchi Ruling

E(x) = amplitude distribution across one slit
= 1 for |x|<b/2
0 for |x|>b/2
§(x) = Dirac delta function

* denotes convolution.

Then the Fraunhofer diffraction pattern is obtained by taking

the Fourier transform (denoted by ~ ):

Ep(£) = I E(§).5(3 - n/a),

and if only m+l diffraction orders are retained to generate
the image, by taking the inverse Fourier transform, the dis-

tribution in the image plane, Ei(x), becomes:

m/2
E.(x) = @ FE {E(f) . 8( - n/a))
n=-m/2
m/2
= z E(n/a) exp(-jxn/a sin 8) (2)
n=-m/2

where: E(%) b sinc (mbi)

b sinc B

18



This process is illustrated in Fig.6.

2.2.3 PERIODIC VARIATION OF THE FRINGE PATTERN

A significant difference in the fringe pattern occurs
depending on the number of diffraction orders that are re-
tained. Consider all diffraction orders in the Fraunhofer
plane being masked, except for two (e.g. m=+1 and m=-1).
Then the waves will be in phase all along the bisector of
their propagation direction, and interfere constructively
(Fig.7a). Hence, the fringe pattern will remain unchanged
along the optical axis (z-axis) and will merely be translated
perpendicularly to this axis. Moreover, it can easily be
shown from equation (2) that the intensity distribution is
sinusoidal in this case.

If more than two diffraction orders are retained (e.g.
m=+1, 0, -1) then these waves will be in phase along the op-
tical axis only if their optical path lengths differ by a
multiple of the wavelength. Hence, the fringe pattern will

change periodically along the optical axis, from locations

where the waves interfere constructively, vyielding distinct
fringes, to locations where they interact destructively (no

fringes). (Fig.7b)

19



= = Sin 8

Ronchi Ruling:

a=2b.
1R
“
\
A
\
\
\
\
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‘\ Increased number of lines:
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Figure 5.

Influence of Number of Lines on Diffraction

Pattern.
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E; (x)
E(x)=1 ER(x)

E | image
el E 1 lane
— _ i_ m=0 B a

E |
——— g |

Fourier Inverse
Transform Fourier
Transform
Figure 6. Fringe Pattern formed by a Finite Number of

Diffraction Orders.
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I=I(x)

VAV
N“

I=1(x,z)

m==

no fringes.

Figure 7.

Variation of fringe pattern with number of
diffraction orders:

(a) two diffraction orders (m=1, -1)
(b) three diffraction orders (m=1, O, -1).
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For this case it can easily be shown that the intensity dis-
tribution is not sinusoidal anymore but contains higher har-

monics.

Choice of Diffraction Orders

The above considerations are particularly important in ob-
taining a horizontal fringe pattern to make V-velocity meas-
urements with the Ronchi Ruling. Since we need a fringe
pattern which remains unchanged in space, we cannot use more
than two diffraction orders. Moreover, to guarantee high

fringe visibility as well as equal , equidistant fringes,

only two symmetric diffraction orders can be used. They have
equal intensity and do not introduce higher harmonics in the

fringe pattern. Therefore, in order to obtain maximum laser

power 1in the measurement volume, the 'two first-order
diffracted beams (m=-1, +l).are employed to produce the hor-

izontal fringes.

2.3 FRINGE PATTERN OBTAINED WITH A RONCHI RULING

2.3.1 FRINGE VISIBILITY
An important parameter in interference phenomena is the

fringe wvisibility (EV). It is the measure of the fringe

contrast and is of great importance for the quality of the

23



Doppler signals in LDV, since it affects the SNR greatly.

It can be defined as:

FV = (Inax™Imin)/ Cmax™Imin’
where: Imax = maximum fringe intensity
I . = minimum fringe intensity,
min

and, hence, must have a value between zeroc and unity.

2.3.2 EXPERIMENTAL VERIFICATION OF RONCHI RULING FRINGE
PATTERN

Instead of moving particles that scatter the 1light
waves, a relative motion between fringe pattern and detector
was introduced, with a scanner, such that an intensity vari-
ation results on the detector surface. This is achieved by
adjusting the fringe spacing and the photodetector aperture
so that the fringes are carried across the aperture by the
scanner.

As shown in Figure 8, a beam from a 5 mW He-Ne laser
goes through a beam expander (BX1l) before being incident onto
the Ronchi Ruling (R). A finite number of diffraction or-
ders, formed with a lens (L1l), are retained by using an iris

(D2) and deflected by a scanning mirror (M1l). These

24



diffracted beams are recombined with a lens (L) and focused
onto the slit of the PM-tube by means of an objective (BX2).
Figure 9 clearly illustrates the phenomena described above,
using a 100 lines per inch Ronchi Ruling. Signals with
fringe wvisibility of 95% are obtained. The envelope is
Gaussian due to the Gaussian intensity distribution of the
laser beam itself, as shown in Figure 9a. The fringe pattern
produced with only two identical diffraction orders results
in a sinusoidal intensity distribution (Fig.9b), whereas more
diffraction orders generate higher harmonics, as shown in
Figure 9c¢c. When using the zeroth and first order diffracted
beams (m=-1, 0, 1), the fringe pattern changes periodically
along the optical axis, and destructive interference is
present. In that case the fringe visibility will tend to

zero, as shown in Figure 9d.

25



PM-tube

D2
R CIIT

]

BXT‘;

\ scanning

5mW, HeNe laser

Figure 8. Optical Configuration to study Ronchi Ruling.
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Figure 9.

(a)

Fringe visibility=95%

(b)

Sinusoidal distribution
using diffraction
orders m=-1,+1

(c)

Higher harmonics when
using more than two
diffraction orders

(d)
In case (c) the fringe
visibility can tend
to zero along the
optical axis
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___AMAMJLJ%UU Ju v UUU'\JWM

Fringe patterns obtained with Ronchi Rulings.
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2.4 OPTICAL CONFIGURATION FOR V-COMPONENT MEASUREMENTS
WITH A RONCHI RULING

2.4.1 INFLUENCE OF LENS ERRORS

The lens imperfection that led to the most difficulties

is spherical aberration . In terms of geometrical optics it

means that rays incident on the lens parallel to its axis
cross the axis at different points, and that the focal point
of a beam depends on the distance, h, of that incident beam
to the lens axis. (Fig.1l0a)

This causes errors in the measured Doppler frequencies when
beams do not cross at their waists, since the measurement
volume then contains non-parallel fringes (Fig. 10b). Par-
ticles Pl crossing the measurement volume nearer the lens
will result in a higher frequency than particles P2 with the
same velocity crossiﬁg at the other end.

Another error that occured was due to diffraction at the

focus of a lens . Due to the wave nature of light there ex-

ists a deviation from the strict straight line propagation
assumed in geometrical optics. This means that even a per-
fect lens cannot bring a parallel beam to a true point of
focus, and therefore the beam waist was located nearer the

lens than the focal plane (F). (Fig. 10c)
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The deviation was greater the smaller the diameter of the
incident parallel beam.
Therefore appropriate steps were taken to reduce these

lens errors and ensure an optimum beam intersection. This

was achieved by using two particular lens combinations: the

focusing lenses and the transmitting lenses.

2.4.2 FOCUSING LENSES AND TRANSMITTING LENSES

These two lens combinations are used in order for the
beams to cross at their waists, and to form a measurement
volume of desired fringe spacing at the desired location in
space.

The focusing lenses are positioned between the laser and

the Ronchi Ruling and consist of a pair of double convex
lenses L3 and L4. (Fig.1l) They allow the location of the
beam waists to be wvaried freely and, hence, determine the
size of the measurement volume. Therefore they also influ-
ence the fringe wvisibility and the laser power density in the
measurement volume.

The transmitting lenses produce the measurement volume

by forming an image of the Ronchi Ruling. They determine the
fringe spacing and gquality, as well as the location of the
measurement volume. The configuration which was first tried
consisted of one double convex lens. The magnification of

the image, M, is given by:
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(a) Spherical Aberration

(b) Non-parallel fringes

when beams do not cross at waists
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(c) Diffraction at focus of lens

Figure 10. Illustration of Lens Errors.
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M= si/so

=
o
U}
La]
(0]
0
Il

distance from object to lens

0
Il

distance from image to lens,

and where S, and s; are related to the focal length, £,

through the thin lens formula:
1/f = 1/50 + 1/s:.L

There were several restrictions to this configuration. To
obtain both large image and magnification factor less than

one, the object distance has to be greater than the image

distance:

This implies that the focal length of the lens has to be large
and, hence, the overall dimensions of the optical configura-
tion become wvery large. Moreover, the lens error cannot be
reduced in this set-up.

Therefore another configuration was used (Fig.l), con-
sisting of a combination of a double-concave and a plano-
convex lens, L1 and L2. This arrangement offers several

advantages. The beams cross at their true waist by making
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them divergent with a concave lens in front of the plano-
convex lens. The error due to spherical aberration is re-
duced since a plano-convex lens shows substantially less

spherical aberration than a double-convex lens. The fringe

spacing, determined by the magnification factor of this lens
combination, and the location of the measurement volume can
be varied easily without the overall dimensions of the op-
tical system becoming large. This can be shown by consider-
ing the design criteria and equations for the transmitting

lenses L1 and L2.

Design Criteria

(a) The distance between the last lens (L2) and the
measurement volume should be at least 225 cm.
(b) The horizontal fringe spacing should equal 25 um.

(c) The fringe visibility should be maximized.

Design Equations

For a combination of two thin lenses, L1 and L2, separated

by a distance d, the image distance is given by [4]:

sy 19~ FoSarfy (511

d-fa-501F1 / (sq1-F4)
(2)

where: fl = focal length of first lens
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f2 = focal length of second lens
Sq1 = distance from object to first lens
Si5 = distance from last lens to image (Fig.11)

The magnification of the image is given by the product of the

individual magnifications of the lenses, and becomes:

f1542
N = (3)
Fooodisy=f) = sqpfy

Design Values

The image formation of the Ronchi Ruling through the lens

pair L1,L2 will yield the desired fringe pattern. It in-

volves 6 parameters (fl' f2, d, 501’ siZ' MF) and is de-
scribed by 2 equations (2,3). The design criteria specify
the parameters Sio and MF:

from (a): Sip, = 225 cm

from (b): MF = 0.5, since the Ronchi Ruling has a line

spacing of 50 uym and the fringe

spacing should equal 25 um.

Using lenses with focal lengths f1=-10.3 cm, fz=25.4 cm

and solving equations (2) and (3) yields:
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s 150 cm

ol

d 19 cm

1l

The additional advantage of this optical configuration is its

flexibility in adjusting the fringe spacing as well as the

size and location of the measurement volume. This is par-
ticularly useful in correcting for discrepancies that occur
between the actual values and the design values. These dif-
ferences are due to the thin lens approximations used in the

calculated wvalues

e.g. measured: Sq1 = 110 cm
d = 19 cm
si2 = 340 cm
ka = 25 um
calculated: S = 110 cm
ol
d = 19 cm
si2 = 239 cm
ka = 36 um
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Figure 11. Side View of Transmitting Lens Configura-
tion.
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Figure 12.

o T

L

1 ¥

View of Focusing Lenses (L3,L4), Ronchi Rul-
ing and Concave Transmitting Lens (L1).
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CHAPTER I1l. V-COMPONENT MEASUREMENTS USING A RONCHI RULING

3.1 INSTRUMENTATION

3.3.1 SCANNER

The scanner serves two purposes. It performes rapid
scans in the vertical direction , thereby allowing nearly
instantaneous velocity profiles to be obtained. Concur-

rently, it introduces a relative motion of the horizontal
fringes with respect to a stationary scatterer and, hence,
permits directional discrimination of the V-velocity.

The G300PDT scanner from General Scanning Inc. 1is a
moving iron galvanometer with a position transducer designed
specifically for 'closed-loop operation. This transducer op-
erates by detection of capacitance variation between the ro-
tating armature and a set of stationary electrodes. The
controller includes a heater control regulating the temper-
ature of the scanner. The mirror is a front surface mirror
with AlSi0O coating, and is flat to one wavelength per cm.
The shaft wobble is typically below 5 arc-seconds and the
signal response time is 10 ns. Chehroudi tested the linear-
ity of the sawtooth generator which drives the scanner [1].

It was found that this voltage was linearly proportional to
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the angular position of the mirror, and consequently to the
measurement volume position, with a correlation coefficient

of .999956
3.1.2 RECEIVING OPTICS

The recéiving optics consist of two cylindrical lenses

(CL1,CL2), a long front surface mirror (M1l0), and the
PM-tube, all assembled inside a black box having a side door
for any adjustment. (Fig.14)
The first cylindrical lens (CL1) gathers light and enlarges
the image of the measurement volume in the streamwise direc-
tion. The mirror deflects the light onto the second cylin-
drical lens (CL2) which constructs the image of the
measurement volume on the PM-tube aperture for any positions
of scan. Both lenses and mirror can be moved independently
from each other in vertical and horizontal direction. The
receiving optics were positioned in backscatter mode for the
present work.

Figure 15 shows the ray tracing for the cylindrical
lenses. CL2, working in a vertical plane, and CL1l, working
in a horizontal plane, can both be described by the thin lens

equations:

for CL2: 1/(Z + X ) + 1/X, = 1/F,
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View of Scanning Mirror.

Figure 13.
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0,/1; = (2 + X )/X,

for CL1l: 1/X, + 1/X; = 1/F,

where: z = distance between CL1 and CL2
Xl = distance from measurement volume to CL1
X; = distance from CL2 to PM-tube
Xi = distance from CL1 to PM-tube
01 = scan range
If = image of scan on PM-tube slit
F1 = focal length of CL1
F2 = focal length of CL2

A design procedure based on these equations is described by

Chehroudi [1]. For F.=300 mm, Ol=381 mm and If=30 mm, one

1
could determine F, to equal 86 mm for X,=485 mm.
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(b) SIDE VIEW

Figure 15. Ray Tracing for the Receiving Cylindrical
Lenses, from Chehroudi (1983).
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3.2 HORIZONTAL FRINGE ANALYSIS AND VELOCITY BIAS
CONSIDERATIONS

Chehroudi [1] derived an equation to represent the num-

ber of fringes crossed by a particle entering the measurement

volume. The analysis is based on the assumption that the
measurement volume is two-dimensional and circular in shape,
and the particle motion is dominated by its streamwise ve-
locity. From a practical point of view, the maximum number
of fringes crossed is of interest, and it was shown to de-
crease as the scan speed increased. Using a counter type
processor which needs 32 cycles per signal burst would limit
the scan speed to approximately 200 m/s to insure that there

were enough vertical fringes crossed. This upper limit for

the scan speed was much greater than the one obtainable with
the oscillating mirror. In the present design a dual Bragg
cell is used, which results in a higher fringe velocity in
the U-direction (at 40 MHz). This allows much higher scan
speeds.

A similar analysis can be performed for the horizontal

fringes. The time for a particle to travel one horizontal

fringe is given by:

by = ).E.v / (V - vs) £d)

where: XFV = horizontal fringe spacing
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\" = vertical particle velocity component

\Y = scan velocity (vertical)

As indicated in Figure 1l6a, the residence time of a particle

in the measurement volume is given by:

t =AB / V
res r
= d cos (8+¢-7) / {U2 + (Vs—\)')z}l/2 (2)
where: Vr = relative velocity of particle with respect to
measurement volume
d = diameter of measurement volume
U = horizontal particle velocity component.

Setting the cosine term in egn.(2) equal to 1, which phys-
ically means that the particle passes through the center of
the measurement volume, we can obtain an expression for the

maximum number of horizontal fringes crossed:

(N_) = (t ) P =

v 'max res max v

and write it in a non-dimensional form as:

_ 2 3.172
\pe Ny /@ = (VL GO/ (1Y) (3)
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Particle as Function of <\<m and G\Cm.
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Figure 16b shows the maximum of )\ / d plotted vesus U/VS

Fv Nv
for different values of V/Vs ratio.

Using a counter which needs 32 cycles per signal burst, we
can calculate the necessary horizontal fringe spacing XFV'
For example, with a maximum streamwise velocity of 17 m/s, a
measurement volume diameter of 3/4 mm viewed by the slit and

a scan speed of 60 m/s, we get from egn. (3), assuming |V/Vs|

<< 1

XFV = 22.5 um

Velocity bias occurs because, according to the analysis

of McLaughlin and Tiederman [5], the data rate is propor-
tional to the magnitude of the instantaneous velocity of the
fluid. Therefore, the velocity amplitude probability dis-
tribution is biased towards higher velocities. This biasing
error, however, decreases using a scanning LDA in comparison
with a pointwise LDA, considering the fact that the mean
relative velocity of the fluid with respect to the measure-
ment volume (scanning) is always greater than the mean ve-
locity of the fluid (pointwise). It is also interesting to
note that the bias decreases as the scan velocity is in-

creased.
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3.3 EXPERIMENTAL RESULTS

V-component measurements were made using the Ronchi
Ruling optics and the scanner. Two different types of meas-
urements are performed:

- on a stationary solid object, consisting of a thin

horizontal wire;

- in a dispersion of neutrally buoyant particles in water.
Since the size of the wire and the particles influences the
signal greatly, an appropriate fringe spacing needs to be
chosen. An increase in particle size does not necessarily
yield an increase in SNR as might be expected from the in-
crease in light intensity with particle diameter. The modu-
lation of the Doppler signal depends on the particle size and
on the fringe spacing as is illustrated in Fig.17 . A par-
ticle Pl with a diameter equivalent to one fringe spacing
will always accomodate one half-dark fringe and one half-
bright fringe. Hence, a position change of Pl inside the
measurement volume only rearranges the position of intensity
distribution over the particle cross section, but does not

vary the scattered light intensity.
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Figure 17. Influence of Particle Size on Doppler Signal
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3.3.1 MEASUREMENTS ON THIN STATIONARY WIRE

A 25 um wire 1is installed horizontally as a light
scatterer. Since it is stationary and it is being scanned
in a vertical direction, the measured velocity V should equal
the scan velocity. The scan motion 1is generated by a
sawtooth voltage to the scanner, hence, two different Doppler
frequencies will be produced, one for the upward velocity
'(Vu), and another for the downward velocity (Vd)‘ These
frequencies are given by:

£ = Vu/)\Fv

u
= 4y fscan/n ka
£a =AY £5an/(170) Apy
where: XFV = horizontal fringe spacing
Ay = scan distance
n = fraction of scan period T, corresponding
to upward scan motion
fscan = scan frequency

Hence, for a scan distance of 40 cm, scan frequency of 54 Hz,

with a 25 um horizontal fringe spacing, the upward velocity

is:

v, = 27.9 m/s,

and the corresponding frequency:

49



f = 1.00 MHz

However, since the wire diameter is 25 um, a horizontal
fringe spacing of 50 pym was desired. This was obtained from
the Ronchi Ruling by means of the transmitting lenses (L1,L2)
as described earlier. The arrangement is shown in Fig.18.
Doppler signals of very good quality were obtained with this

configuration. Figure 19 shows the fringe visibility to be

as high as 94j,. Very low noise levels are obtained.

3.3.2 MEASUREMENTS IN DISPERSION OF NEUTRALLY BUOYANT
PARTICLES IN WATER

The same arrangement is used to make velocity measure-
ments in water, using Polyaphrons as scattering particles.
Added to water they will form a dispersion of individual
Aphrons which are colored and have density equal to that of
water. Using Aphrons of 25 um diameter and configuring the
receiving optics in backscatter mode under an angle of 45°,
the effective length of the measurement volume as seen by the

PM-tube, becomes:

gMV = dPM Fl / F2 sin ¢

]

2.45 mm
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Figure 18. Arrangement for V-component Measurements.
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(a)

Horizontal Stationary Wire,
Fringe Visibility=94%

(b)

Low noise level (detail)

(c)

Moving Polyaphrons in water

Figure 19. Doppler Signals for V-component.

52



where: d PM-tube slit width (0.5 mm)

PM
Fl = 300 mm (cylindrical lens CL1)
F2 = 86 mm (cylindrical lens CL2)

A Doppler signal of good quality was obtained with this
configuration, as shown in Fig.19c . It was particularly
modulated due to the high concentration of particles which
led to the presence of more than one particle simultaneously
present in the measurement volume. The SNR was proportional
to the laser power in the measurement volume. It showed
little dependence of the PM-tube slit width, although too

small a slit attenuated the signal too much.

Sources of Error

An alignment error occured when the view of the PM-tube did
not coincide with the measurement volume. Then light from
different regions illuminated by the beams reached the de-
tector. With low particle concentrations the misalignment
is obvious since the production of a Doppler signal requires
at least one particle in each of the regions simultaneously.
In situations with high particle concenﬁration however, a
weak continuous signal was obtained. This was related to the

velocities in the illuminated regions in the field of view
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and not to the velocity of a particle crossing the measure-
ment volume.

Another source of error was stray light from re-

flections. This occured when measurements were made near a

wall, and when the particle concentration was high.
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CHAPTER IV. FRINGE ANALYSIS FOR MEASURING U- AND W-

COMPONENTS

If there 1is a relative motion between interference
fringes and the photodetector, the fringes are carried across
the detector aperture and result in signals of variable light
intensity. In a differential LDV system the two scattered

light waves will interfere and yield a beat signal which has

a frequency equal to the difference of the frequencies of the
waves Av = vy TV, - The main advantage of the differential
LDV is that the frequency of the resulting signal is inde-
pendent of the direction of light collection, and that there
is no coherence limitation on the PM-tube slit width since
the scattered waves that interfere are generated by one par-
ticle. Hence, large apertures can be utilized for the
photodetector, resulting in higher SNR.

This optical beat phenomenon allows moving fringe pat-

terns to be created. The fringes move with velocity Ve given

by:
vf = RF Av
= X Av/(2 sin (8/2))
where: A, = fringe spacing

>
]

wavelength of light
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8 = angle of intersection of the beams

The PM-tube sees moving fringes and gives an output signal

at the beat frequency Av
4.1 THE DUAL BRAGG CELL

The most commonly used techﬁique for directional dis-
crimination involves frequency shifting of one or both of the
crossing beams, which produces a moving fringe pattern. A
particle moving in the same direction as the fringes will
lower the signal frequency, whereas movement in the opposite
direction will increase it.

In a Bragg cell acoustic waves through a transparent
medium generate alternate layers of compression and expansion
and, hence, change the index of refraction of that medium
accordingly. If the angle of incidence of the incoming light
wave 1is such that all reflections from the acoustic waves
reinforce by interference, the resulting 1light beam is
greatly enhanced. This angle is known as the Bragg angle.
Diffracted beams are produced, but by orienting the cell to
the Bragg angle most of the light can be concentrated in the
first order of diffraction. If the index of refraction can
be changed sinuscidally by the acoustic waves, at some fre-
quency fB ( Bragg frequency), then the outcoming light is

phase modulated at fB (Debeye - Sears effect) (Fig.20).
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Hence, crossing such a beam with an unshifted beam produces
moving a fringe pattern at frequency fB' and the velocity of
a particle (vp) in the measurement wvolume can then be ob-

tained from:

Vp = AF (fB - fp)
-~ lF'fD
where: XF = fringe spacing
fp = frequency due to particle velocity
fD = measured Doppler frequency

The dual Bragg cell used in the present system has dis-
tilled water as medium for the acoustic waves, and employs
transducers with nominal frequency of 5.042 MHz and 8.036
MHz. Their natural frequencies were measured to be 5.067 MHz
and 8.183 MHz respectively. Driven at their 3rd overtone
they produce Bragg frequencies of 15.200 MHz and 24.550 MHz
for U- and W-velocity measurements. The driver unit of the
Bragg cell transducers consists of Heathkit C.B. radio
transmitters, Model DX-60 and DX-60B, using crystals of na-
tural frequencies 7.600 MHz and 8.183 MHz amplified at their
2nd and 3rd harmonic respectively. The output of the trans-
mitters is matched to the input impedance of the transducers

through impedance matching networks.
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Figure 20. Frequency Shifting in Single Bragg cell.
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It can be shown that the angle of deviation, o,0f the

outcoming shifted beams is given by:

sin a/2 = k/2kA

where X 1is the optical wavelength and )\ is the acoustic

A
wavelength in the medium [7]. A difficulty that can arise

from the large difference between X and .\, is that the angle

A
of deviation is small and separation of the diffracted beams
is difficult. In our configuration however, Bragg frequen-
cies of 15 MHz and 25 MHz are obtained with R.F. power of 1
to 2 Watt. At these frequencies and power level the

diffraction angles were sufficient to allow easy separation.

4.2 FRINGE PATTERNS FOR U- AND W-COMPONENTS

We are interested in the intensity distribution result-

ing from the interference of three light waves of unequal

frequencies.

Notation:

A plane light wave can be described as a real quantity E as

follows:
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-+ -

E = E0 cos (2mvt - k.r + ¢)
where: EO = amplitude of light wave

v = frequency

—

k = wave vector

—

r = position vector

) phase at origin at t=0
By introducing complex notation, E can be written as the real
part of an analytical signal e:

E =R (e}

where: > A exp(iZ2mvt)

- =

and: A EO expl[-i(k.r - ¢)]

The light intensity is defined as the time average of the

square of the electric field E
i3
I=2/T | g2dt
0
T
= 1/27T L] (e + ¢ )2 dt

(* denotes complex conjugate).
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Interference of Three Light Waves of Unequal Frequencies

The waves can be considered coherent, i.e. path length dif-
fgrences << coherence length of the source. Therefore the
variations due to phase differences A¢ cannot be detected
and, hence, we can ignore the phase ¢ in the expressions for

the waves. Representing the three waves as in Fig.22,

i.e. e; = Eoi exp [(wit - kej)] = A eJuit (1)
where: w = 2mv
k = 2n/),

the resulting fringe patterns can be found by superposition:

= * * 2
I = ]/ZT JT (El+€l+cz+ez+53+53) dt (2)
0
T 3 * * * *
- g 4 A* + /7 Jg nE (Enem+encm+enem+gn£m)2 dt
n=1 "N nl
n#m
5 2
since: 1T JT e2dt = 1/7 jT e* dt =0 (3)
0 0
T o = AA*
and: 1/T | ee* dt = A (4)
0
Now let: vl = v
v, = v + 15 MHz
Vg = v - 25 MHz

62



Figure 22.

Interference of Three Light Waves of Unequal
Frequencies.
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Then the integral reduces to:

. )

/T JT AA, exp(-j2n15t) + A,A; exp(j2n25t) + A,A; exp(j2ni5t)
0

. - . (5)

+ AjAjexp(-j2n25t) + A,A; exp(j2n40t) + A,A; exp(-j2n40t)

since all other terms contain oscillations of order v, which
integrate to zero because the frequency response of the PM-tube is

too slow (T >> 1/v).

Now, since: AHA; - iEOnEOm] exP[jk(En = Em)] (6)

the remaining terms can be written as:

* = t +* Jt N - ;
AA e Ut g p et = |EQE ] 2 cos [k(g-g)) +ut] (7)

and the resulting intensity distribution in the (x,y)-plane

becomes:
I(x,y,T) = C +
8
& J; HE1 QIEOHEOm] cos [k(g, = &) + (up - wy)t] ¢ (%)

n#m
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* * -
where: C = AJA; + AA; + AjA3 = const
51 = X cos B - y sin 6
£, = X%
£3 = X cos B8 + y sin @

The fringe pattern can then be found by calculating the
minima and maxima of this intensity distribution.

The important conclusion, however, is that there is no in-
tensity variation at 10 MHz. Therefore, a scheme relying on
a 10 MHz moving fringe pattern in the on-axis direction, as
was proposed by TSI [8], cannot be successful. The only

moving fringe patterns occur at 15 MHz, 25 MHz and 40 MHz

élong off-axis directions.
These fringe patterns will permit the measurement of U and
W, around frequencies of 10 MHz and 40 MHz, as will be ex-

plained in the next section.
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4.3 DOPPLER FREQUENCIES FOR U AND W

The interference phenomena described above allow us to
obtain Doppler signals around 40 MHz and 10 MHz to measure U

and W respectively, as will be shown.

A particle having three velocity components U, V and W will

yield five signals, due to the moving vertical fringes at 15,

25, and 40 MHz:

From Fig.23a,b:

XFw(f1-15) = =-U cos(8/2)cos a« = V cos(8/2)sin e« = W sin(6/2) (1)
ka(fz-IS) = =-U cos(08/2)cos a + V cos(8/2)sin « - W sin(68/2) (2)
XFw(f3-25) = -U cos(8/2)cos a« + V cos(8/2)sin a« + W sin(8/2) (3)
XFw(f4~25) = -U cos(8/2)cos a - V cos(8/2)sin o + W sin(6/2) (4)
From Fig.23b:
Apy (40 - £) = U (5)
where: ka = A/2 sin (8/2)

XFu = )\/2 sin 8

0 = half angle of intersection between frequency-

shifted beams

66



'u+15MHz

-

25MHz
40MHz
15MHz

v=-25MHz

% _‘ra _
o+15MHz 14 0;,/%\

On-Axis View

Figure 23.
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fi = frequency due to particle motion
Hence, feeding the bandpass filtered signals around 15 MHz
and the bandpass filtered signals around 25 MHz into a fre-

quency mixer, yields (1)+(2)-(3)-(4)

ka(fl*'fz-fB-f4 - 20) = -4W sin(68/2)

But, due to symmetry:

which gives an unambiguous way to measure W:

gy (£ = 10) / 2 sin(8/2)

where: £f=f, - £

= f f

S|

frequency resulting from mixing the bandpass

filtered signals around 15 and 25 MHz

Velocities in the U- and V-direction, however, cause the same
increase in the 15 MHz signal as they do for the 25 MHz sig-
nal, and the difference between the two will always equal 10
MHz . Therefore, signals around 40 MHz will vyield the U-

component, using equation (5).
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4.4 EQUALIZING OPTICAL PATH LENGTHS

The longitudinal (temporal) coherence of a light wave
is primarily determined by the time-varying phase angle ¢(t)

Its influence on the fringe wvisibility is important.

Considering the interference of two waves of equal frequency
and ignoring the amplitude variations, it can easily be shown
that the resulting intensity distribution is sinusoidal and
contains a phase term A¢(t), equal to the phase difference

between the phases of the two waves. The optical path length

(O0.P.L.) difference influences the relative phase of the two
waves at the screen, A¢, and, hence, determines the instan-
taneous position of the fringe pattern on the screen.

For nonzero, but small , path length difference, A¢(t) re-
mains small compared to 27 and the fringe movement is small
compared to the fringe spacing. The time-average fringe
visibility is still high, the coherence near unity.

However, as the path length difference approaches the co-
herence 1length for the source the displacements become so
great that the fringe pattern is 'washed out' and the time-
averaged fringe visibility goes to zero.

In the present optical configuration the difference in O.P.L.
arises from the difference in paths travelled by the un-
shifted beams from the Ronchi Ruling and the shifted beams
from the Bragg cell. However, by adjusting the position of

mirror M4 only (Fig.l), the O.P.L. can be equalized. Hence,
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no additional path length equalizing optics are needed in

this design.

4.5 LASER POWER EFFICIENCY

Different ratios can be defined and measured in order

to monitor the laser power through the entire optical con-
figuration.

For the Ronchi Ruling:

output power

= ] 9
"R1 © a5%
input power
- - _power of orders -1,0,1 _ 70
all diffracted power
For the Bragg cell:
Nay - _output power 939,
input power
nao - _power of 15MHz & 25MHz = 44

input power in Bragg cell
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Defining n = (Power in M.V.) / (Input Power), as an overall
power ratio, this was found to equal, approximately, 22%.

Although the Ronchi Ruling is rather inefficient due to re-
f;ection from its surface (an), the loss in power due to the
Bragg cell in this configuration is nearly as great. This
is because the unshifted beam coming out of Bragg cell is not

used in the measurement volume, but nevertheless contains a

large fraction of the laser power.
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CONCLUSIONS

A rapidly scanning three-velocity-component laser
Doppler anemometer was developed, to obtain space-time in-
formation in complicated 3-dimensional flows.

A horizontal fringe pattern for V-component measurements
was obtained with a Ronchi Ruling. Fringe visibility of 95%
and low noise level signals were obtained on a solid object
as well as in a fluid with scattering particles. For a scan
frequency of 60 Hz, a scan range of 40 cm and a fringe spacing
of 25 um, the Doppler frequency for V will be around 1 MHz.

Moving fringe patterns at 15, 25, and 40 MHz were
produced with a dual Bragg cell. Signals around 40 MHz are
a direct measurement of the U-velocity, and the difference
of signals at 15 and 25 MHz yields the W-velocity around 10
MHz . It was proven that there was no moving fringe pattern
in the on-axis direction at 10 MHz.

The optical configuration allows the size and location
of the measurement volume, as well as all fringe spacings to
be varied freely. Lens errors are reduced. No path length
equalizing optics are necessary. The Doppler frequencies are
independent of the position of the receiving optics, and only

one PM-tube is needed.
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A disadvantage is the inefficient use of laser power and
the requirements on mirror flatness and symmetry between the

intersecting beams.
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