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ABSTRACT

Difficulties of intrinsic and environmental origins are still being experienced in the use
of ocean currentmeters. The recently developed laser-Doppler technique of flow measure-
ment offers advantages over existing techniques and the application of the laser-Doppler
technique to ocean flow measurements is proposed. In particular, a laser-Doppler system
which has been used in the laboratory and which is suitable for ocean applications is described.
This system is capable of an accuracy of a few percent even for very low speed flows (~ o.1
cm/sec), a spatial resolution of about 0.5 cm and a temporal resolution of about o.5 hz and
these resolutions can be improved by simple design changes. A design for a cable-mounted,
ocean current-meter based on this system is presented. The advantages and disadvantages
of this currentmeter with respect to existing currentmeters are discussed.

1. Introduction. The laser-Doppler technique for fluid flow measurement
was first demonstrated by Yeh and Cummins (1964). These authors showed
that the Doppler shift of laser light scattered by tiny particles in moving water
could be detected by mixing (heterodyning) the scattered light with some of the
original laser radiation. The amount of literature on aspects of the laser-Doppler
technique and its applications is substantial; bibliographies and reviews are
available (Disa, 1972; Durst, Melling and Whitelaw, 1972; Van Dyke and
Vincenti, 1973). Since problems of both fundamental and applied origins are
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Figure 1. A schematic drawing showing the essential geometry of the dual-scatter laser-Doppler

system.

being experienced with existing ocean currentmeters and since the laser-
Doppler technique offers advantages over existing techniques, the authors are
proposing the use of the laser-Doppler technique for ocean flow measurements.
In this paper a laser-Doppler system which has been used in the laboratory and
which is suitable for ocean applications is described (Fowlis and Martin). The
additional requirements for using the system in the ocean are discussed and a
currentmeter design is presented. The advantages and disadvantages of this cur-
rentmeter with respect to existing currentmeters are discussed.

2. Description and Principles of the Laser-Doppler System. Figure 1 is a
drawing showing the essential geometry of the system. This arrangement was
chosen because of the ease with which it can be aligned. The original laser
beam is split into two parallel beams by the beam splitter. A lens then focuses
these beams to a common point within the fluid. This cross-over point defines
the position of the measurement and the volume of intersection of the
beams is related to the spatial resolution. On emerging from the fluid
region the beams are terminated on an iris. Light scattered by particles in the
beams passes through the iris to a second collecting lens which focuses the
scattered light onto a pinhole. By adjusting the distance between the lens and
the pinhole and the pinhole diameter, only scattered light from the cross-over
volume passes through the pinhole and reaches the photodetector. This arrange-
ment is known as the dual-scatter or fringe system (Rudd, 1969).

A particle passing through the cross-over volume scatters light from both
incident beams. Because of the angle between these beams (27), the scattered
light from each beam is Doppler shifted by a different amount. Heterodyning
of these two frequencies by the photodector produces the difference frequency.

2.7 sin 6

A

Vp =

Z (1)
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wh?re_ n is the refractive index of the fluid, A is the wavelength of the laser
radiation (in vacuo) and / is the component of the flow perpendicular to the
optic axis of the system and in the plane of the laser beams. Actual values for
the laboratory system were: laser beam power ~ 5 milliwatts, 4 = 6.33 x 10-5
cm (He-Ne laser), focal length of focusing lens ~ 17.5 cm, focal length of
collecting lens ~ 7.5 cm and 26 = 5°20". These values give in water,
27 sin /4 = 1960 cm~* and hence for low flow speeds vp was in the audio
range. The overall length of the laboratory system was about 1 m.

If we assume the focusing lens (focal length f) to be diffraction limited, the
cross-over or scattering volume is determined from the diffraction-limited spot
sizes of the focused beams (Adrian and Goldstein, 1971; Edwards, et al., 19713
George and Lumley, 1973). The original laser beam has a Gaussian intensity
profile described by exp (— 872/d2) where r is the spatial variable in the plane
perpendicular to the beam axis and 4 is the distance between the 1/e? points of
the intensity profile. The scattering volume is an ellipsoid whose center is on the
optic axis and in the focal plane. Surfaces proportional to constant intensity
are given by,

2 2 2
I=E§exp[—(x2+ 'y2+z—2],
| \2et 2e gal|

(2)

where (x,y,%) is a cartesian system with y along the optic axis, x is the plane
of the beams, and z perpendicular to the plane of the beams. E, is the maximum
amplitude of both beams and o1 = ¢/)/2 cos 6, a2 = o/)/2sin 6, o3 = 0)/2
where ¢ = |/2 A f|zd. The dimensions of this volume and hence the spatial reso-
lution of the system can be defined as the distances between the 1/e* points of
the ellipsoid, i.e., 401, 402 and 40;. Using the laboratory system values of 4 =
0.065 cm, f=17.5cm and 20 = 5°20" we obtain 40: = 0.022 Cm, 40, =
0.47 cm and 403 = 0.022 cm. The rather large dimension, 40, can be re-
duced by increasing 6.

There were sufficient scatterers in tap water to yield a Doppler signal but the
signal-to-noise ratio was improved by adding scatterers. Polystyrene spheres of
0.5 micron diameter in a concentration of about 1 part in 3.5x105 (0.0003%
or 4.5x107 particles/cm?) were used. This concentration gives an average
number of about 5,500 particles in the 1/ez diffraction-limited scattering
volume.

An analysis of the above system shows that the output of the photodetector
for a single particle passing through the scattering volume consists of an ac and
a dc part (Adrian and Goldstein, 1971; Edwards et al, 1971; George and
Lumley, 1973). For a speed /7 in the x-direction the ac part consists of a fre-
quence vp with a Gaussian amplitude modulation. For many particles within
the scattering volume, the output consists of the random phase addition of the
individual particle signals. This randomness arises because we have no control
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over the times at which individual particles enter and leave the scattering vol-
ume. This results in amplitude and frequency modulation of the output and
hence in a frequency broadening which is known as transit-time broadening
(see below).

The velocity component / is determined from a measurement of the fre-
quency vp. Several different methods have been employed. The laboratory
system used a zero-crossing counter preceded by a bandpass filter to remove
the dc part of the signal and unwanted high frequency signals. The temporal
resolution depends upon the sample time of the counter and vp. For a flow
speed of 1 cm/sec, vp = 1960 hz, and for a sample time of I sec a frequency
of 0.5 hz could be resolved. This resolution can be improved by increasing 6
to increase vp and reducing the sample-time.

In order to detect the audio frequency output, all sources of frequency
broadening must be relatively smaller. Broadening can be due to: (1) Brownian
motion of the scatterers, (2) velocity gradients across the scattering volume,
(3) flow fluctuations within the scattering volume, and (4) the finite record
from each scatterer as it passes through the scattering volume. The laser line
width is not significant because the heterodyning of the scattered light is car-
ried out with light from the same original laser beam but optical path lengths
must be kept similar. Mixing of the longitudinal laser modes (Lengyel, 1971)
produces frequencies in the 10%® hz range which were removed by the filter.

Brownian motion of the scatterers results in Doppler broadening of the
scattered light. For the above system, the results of Dunning and Angus (1968)
give for the Doppler broadening for 0.5 micron diameter spheres dispersed in
water a value less than 1 hz. Velocity gradient and flow fluctuation broadening
are discussed by a number of authors (Goldstein and Adrian, 1971; Edwards
et al., 1971; George and Lumley, 1973; these sources are only important for
tiny eddies whose scales are close to the spatial resolution and for fluctuations
more rapid than the temporal resolution. Such scales do not exist for most
ocean flows.

For most applications the largest source of broadening will be that due to
the finite record in time from each scatterer; it is known as transit-time
broadening or the Doppler ambiguity (Pike et al., 1968). The Fourier trans-
form of the signal for a single particle yields a Gaussian curve centered on vp
with a standard deviation //g:. This is the well-known wave uncertainty
principle. The transform of the many-particle signal is also a Gaussian curve
centered on vp with the same standard deviation (Adrian and Goldstein, 1971;
George and Lumley, 1973). For the above values and for # = 1.0 cm/sec,
V]ox = 180 hz and this corresponds to a standard deviation in velocity of
0.092 cm/sec. An analysis of the accuracy of the zero-crossing-counting tech-
nique for the many-particle signal is given by Adrian (1971). In general, for
relatively long sample-times and for a large signal-to-noise ratio, this error is
much less than the standard deviation.
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Figure 2. Measurements of the azimuthal velocity component generated in a cylinder of water by
a change in the rotation rate of the turntable. Rotation rate change, from 18 to 20°/sec;
position of scattering volume, radius 4.74 cm, height above cylinder base 3.00 cm; cylinder
dimensions, diameter 18.970 cm, depth 5.987 cm.

The accuracy of this system, especially for low speed flows, is demonstrated
by the following measurements (Fowlis and Martin). The system was mounted
diametrically on a turntable and the beams crossed within a cylinder of water
(see Figure 1). A small time-dependent relative azimuthal flow was generated
by a small increase in the rotation rate of the turntable after the water had
come to solid-body rotation. The results for an initial linear flow speed change
of less than 0.2 cm/sec are shown in Figure 2. The relative flow decreases with
time as the fluid spins up and the oscillations are real, being the natural inertial
modes of the rotating fluid cylinder excited by the spin-up process (Greenspan
and Howard, 1963). The sample-time for this experiment was 1 sec and for
V = 0.1 cm/sec the standard deviation = 18 hz or 0.009 cm/sec. The “smooth-
ness” of the curve in Figure 2 indicates a relative error of about + 0.001 cm/sec
or about + 1% which is less than the standard deviation.

The system described above is sensitive to one flow component only. Rota-
tion of the beam splitter in Figure 1 by 9o° about the optic axis would make
the system sensitive to the other flow component in the plane perpendicular to
the optic axis. Alternatively, this could be achieved by having a duplicate system
mounted with optic axis parallel to the original system but rotated by go® with
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respect to it. It would not be necessary to duplicate the laser since the original
beam could be split and used for both systems. The above systems involve tem-
poral and spatial separations, respectively, for the measurements of the flow
components; however, such separations could be made negligible for most ocean
flow measurements. Multi-component laser Doppler systems in which the
components are measured simultaneously at the same position in space have
been devised (Fridman et al., 1968), but the experimental arrangements are
complicated.

The system described above is sensitive to the magnitude of the velocity com-
ponent but not to its direction. To obtain directional sensitivity, it is necessary
to introduce a known, fixed frequency shift in one of the laser beams. If this
frequency shift is vg, the difference frequency will appear as vr +vp, instead
of vp, depending on the flow direction. Several methods for frequency shifting
laser beams are available (Stevenson, 1970; Gordon, 1966) and directionally
sensitive systems have been constructed (Denison and Stevenson, 1970). The
method which consumes the least power and which is also the least expensive
is to rotate a radial diffraction grating in one of the beams. The frequency of
the diffracted light is shifted up or down by a constant multiple of the original
frequency depending on which diffraction order is observed. The phenomenon
responsible for this frequency shift is the Doppler effect due to the motion of
the grating lines. The frequency shift of the first order diffracted light is
given by,

QN
’E>

(3)

VR =

where £ is the rotation rate of the grating and N is the total number of lines
on the grating. For typical values of 2 = 60 rpmand N = 5,000, vr = 5,000 hz.

3. Requirements for Ocean Applications. For immersion in the ocean the for-
ward-scatter arrangement of Figure 1 will require two water-tight enclosures
which are maintained in strict alignment. Figure 3 is a drawing of a proposed
assembly which could be mounted on a cable and used to measure the horizontal
flow vector. A cable-mounting assembly has been chosen for the purposes of
discussion since it presents the greatest number of requirements and problems.
The two horizontal flow components are determined by rotating the beam
splitter and the flow direction by rotating the single circular radial diffraction
grating which is arranged so that it intercepts one beam for each of the two
splitter positions. For line mounting a simple internal compass and tilt-meter
are required to determine the instrument orientation. Back-scatter systems also
have been used in the laboratory and for atmospheric measurement (Farmer
and Brayton, 1970). A back-scatter system would require only one enclosure
but would require a more powerful laser.

He-Ne lasers with beam powers of a few milliwatts and a total power con-
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sumption of less than 10 watts which

can be operated from low voltage bat- @
teries are commercially available. The
laboratory system used a photomultiplier
for a photodector but photodiodes can
be used; they are small, inexpensive and
consume very little power. The elec-
tronics required to amplify, filter and

count the photodiode output can be re- TmmiECECTHONCS
latively simple with low power con-
sumption. The equipment required to (g4 CICDETECTER
| COLLECTING LENS ) —IRiS
average and store the count can be sim- VR ccR BEANS
. 5 ) =
ilar to standard current-meter systems. ANSPARENT FomT

Scatterers in the water are required
for the Doppler technique. A sample of
surface sea water taken from several
hundred yards offshore in the Gulf of
Mexico was added to the laboratory POWER SUPPLY__||
system container and an excellent signal
was obtained. However, because data on
the natural distribution of particles in )
the oceans is scarce, it cannot be said
with certainty that over all the oceans

RADIAL GRATING

FOCUSING LENS [__BEAM SPLITTER

— LASER

Figure 3. Drawing of proposed laser-Doppler
ocean currentmeter. This meter is

sufficient scatterers exist to insure suc- for cable mounting and horizontal
cessful operation of the Doppler tech- flow measurement, The beam split-

. N hel d f ter is rotated through go° for each
nigues evertheless, recent data Irom component measurement and the
Beardsley et al. (I 970) and Plank et al. radial diffraction grating is aligned

so that for both component beam

(1972) indicate minimum particle den- thapjtor
positions it intercepts one beam.

sities of order 103/cm3 for particle sizes
greater than 1 micron in diameter. Since
most evidence indicates an exponential increase of particle number density
with decreasing size, it appears that an adequate number density of scatterers
does exist over most ocean areas.

It will be necessary to prevent algae or other plants and animals from at-
taching themselves to the transparent ports of the enclosures through which the
laser beams and scattered radiation must pass. The local presence of some copper
and perhaps the strong laser light itself will reduce the presence of such growths.
Fish are not sensitive to red light and hence will not be attracted by laser light
in the red range.

4. Advantages and Disadvantages of the Laser-Doppler System. The laser
Doppler system has advantages over conventional currentmeter systems. For
the purposes of comparison let us consider the proposed currentmeter shown 1n
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Figure 3. We shall compare this laser Doppler currentmeter (LDCM) with
the Savonius rotor type of currentmeter (SRCM) (Richardson et al.,, 1963),
with the electromagnetic currentmeter (EMCM) (Capart, 1969) and with the
ultrasonic-Doppler currentmeter (UDCM) (Wiseman et al., 1972). In this
paper we shall concentrate only on the essential differences which convey an
advantage or disadvantage with respect to the LDCM.

The SRCM has serious problems associated with the response characteristics
of the rotor and the direction vane. It has non-linear responses. There is a
flow threshold of several cm’s/sec below which the rotor does not rotate. Also
oscillating movements of the meter can be rectified by the rotor. The EMCM
is a recent development which awaits detailed studies. It has a very low thres-
hold speed and a linear response over a wide speed range. However, its elec-
trodes are mounted on a disk which is mounted in the flow and hence will
cause some disturbance to the flow being measured. Another problem with the
EMCM is the sensitivity versus power to excite the field coil. The UDCM
has similarities to the LDCM but has not performed well for low speeds around
1 cm/sec. There is a problem of inadequate scatter of acoustic energy due to the
relatively small number of particles of adequate size in clear open water. The
beat frequency is lower than for the LDCM.

The LDCM has an exceedingly low speed threshold and its response is in-
trinsically linear. The results of Figure 2 show that flow speeds of 0.1 cm/sec
and less can be accurately measured. Its spatial and temporal resolution are
extremely good and it is capable of high sampling rates. In principle, it does
not require calibration. Flow disturbances caused by the struts maintaining the
two enclosures in alignment could be eliminated by mounting a vertical fin on
the currentmeter in a position with respect to the struts such that when the fin
aligned the meter with the flow, the struts would not be upstream or down-
stream of the scattering volume. The low flow speed capability of the laser-
Doppler technique suggests its suitability in a design for a vertical flow current-
meter.

An important requirement for currentmeters is to operate unattended in a
marine environment for weeks at a time. The failure rate of SRCM'’s under
these conditions is high. Generally, reliability increases with a decrease in the
number of moving parts, especially moving parts in contact with the sea water.
The rotor and vane of the SRCM are subject to fouling and “freezing”. The
internal mechanisms required by the rotor and vane also add problems. The
EMCM has no external moving parts, however, it does have electrodes which
must be in electrical contact with the sea water. It is possible that these elec-
trodes could become corroded. The internal moving parts of the EMCM are
two gimbal-mounted flux gate magnetometers and a tilt-meter. The LDCM
has no external moving parts; its internal moving parts are the beam splitter,
the grating, a compass and a tilt-meter.

The LDCM could be easily manufactured to withstand shipboard handling.
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Its absence of external moving parts is an asset. The required transparent ports
could be small in diameter and thick. Small “ruggedised” lasers for field work
are available. The optical components could be assembled into modular units.
Although the scattering volume results of Section 2 were based on the assump-
tion of diffrz_xction-limited optical components, the results presented in Section
2 were obtained using cheap low-quality lenses and the cylinder was made of
moulded plexiglass; thus, the use of expensive diffraction-limited lenses and
optical quality ports is not necessary. The essentially simple form of the photo-
dector output means that the signal processing electronics can be minimal.

A disadvantage of the LDCM is the relatively high power required to
operate the laser. The rotation of the beam splitter and radial grating could be
accomplished by motors with power consumption smaller than the conventional
recorder motor. The lifetime of a LDCM could be increased by intermittent
rather than continuous operation. Improvements in batteries and laser effi-
ciencies can be expected.

Preliminary estimates indicate that the cost of the LDCM could compare
favorably with other meters.

Acknowledgements. The authors wish to thank Dr. James Baker, Dr. Tony
Sturges and Dr. James O’Brien for helpful discussions.

REFERENCES
ADRIAN, R. J.

1971. Statistics of laser Doppler velocimeter signals: frequency measurement. J. phys. e:
sci. Instrum., 2: 55—58.

Apriax, R. J. and R. J. GOLDSTEIN
1971. Analysis of a laser Doppler anemometer. J. phys. e: sci. Instrum., 4: 505—511.

BEARDSLEY, G. F., H. Pak and K. CARDER
1970. Light scattering and suspended particles in the Eastern Equatorial Pacific Ocean.
J. geophys. Res., 75: 2837-2845.
CaPArT, G.
1969. Description of an electromagnetic oceanographic currentmeter. Technical Report
No. 50, NATO Subcommittee on Oceanographic Research, Brussels.

DENISON, E. B. and W. H. STEVENSON
1970. Oscillatory flow measurements with a directionally sensitive laser velocimeter. Rev.

sci. Instrum., 41: 1475-1478.
Disa, S. and B., INC.
1972. Bibliography of laser-Doppler anemometry literature. DISA Appl. Serv. Dept.,
Franklin Lakes, N.J.
DUNNING, J. W. and J. C. ANGUS
1968. Particle-size measurements by Doppler-shifted laser light, a test of the Stokes-
Einstein relation. J.appl. Phys., 39: 2479-2480.

DursT, F., A. MELLING and J. H. WHITELAW )
1972. Laser anemometry: a report on Euromech 36. J. fluid Mech., 56: 143-160.



102 Fournal of Marine Research [32,1

Epwarps, R. V., J. C. ANcus, M. J. FRENCH and J. W. DUNNING s
1971. Spectral analysis of the signal from the laser Doppler flowmeter: time-independent
systems. J.appl. Phys., 42: 837-850.
FarMER, W. M. and D. B. BRAYTON
1970. Analysis of atmospheric laser-Doppler velocimeters. Appl. Opt., 10: 2319-2324.

Fowtis, W. W. and P. J. MARTIN
A rotating laser Doppler velocimeter and some new results on the spin-up experi-

ment. Accepted by Geophys. fluid Dyn.
FrIDMAN, J. D., R. M. HUFAKER and R. F. KINNARD
1968. Laser Doppler system measures three-dimensional vector velocity and turbulence.
Laser Focus, Nov., 34—38.
GEeorGE, W. K. and J. L. LUMLEY
1973. The laser-Doppler velocimeter and its application to the measurement of turbu-
lence. J. fluid Mech., 60: 321-362.
GoOLDSTEIN, R. J. and R. J. ADRIAN
1971. Measurement of fluid velocity gradients using laser-Doppler techniques. Rev. sci.
Instrum., 42: 1317-1320.
Gorbpon, E. L.
1966. A review of acoustooptical deflection and modulation devices. Proc. IEEE, 54:
139I—1401I.
GREENSPAN, H. P. and L. N. HowarRD
1963. On a time-dependent motion of a rotating fluid. J. fluid Mech., 17: 385—404.

LENGYEL, B. A.
1971. Lasers. 2nd Ed. Wiley-Interscience, Inc., New York. 386 pp.

PENNER, S. S. and T. JERSKEY
1973. Annual review of fluid Mechanics. Use of laser for local measurement of velocity
components, species densities, and temperatures, Vol. 5, 9—30. M. Van Dyke and
W. G. Vincenti, Editors. Annual Reviews, Inc., Palo Alo, California. 443 pp.

PikE, E. R., D. A. JacksoN, P. J. BoURKE and D. I. PAGE
1968. Measurement of turbulent velocities from the Doppler shift in scattered laser light.
J. phys. e: sci. Instrum., 2: 727-730.
Prank, W. S., H. Pak and J. R. ZANEVELD
1972. Light scattering and suspended matter in nepheloid layers. J. geophys. Res., 77:
1689-1694.
RicHARDSON, W. S., P. B. StimsoN and C. H. WILKINS
1963. Current measurements from moored buoys. Deep-Sea Res., 10: 369—388.
Rupp, M. J.
1969. A new theoretical model for the laser Dopplermeter. J. phys. et sci. Instrum., 2:
55-58.
STEVENSON, W. H.
1970. Optical frequency shifting by means of a rotating diffraction grating. Appl. Opt.,
9: 649—652.
Wiseman, W. J., R. M. CrosBY and D. W. PRITCHARD
1972. A three-dimensional current meter for estuarine applications. J. mar. Res., 30:
153-158.
YEH, Y. and H. Z. CuMmMINS
1964. Localized fluid flow measurements with a He-Ne laser spectrometer. Appl. phys.
Letters, 4: 176—-178.



