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AN ACOUSTIC SENSOR OF VELOCITY FOR BENTHIC BOUNDARY LAYER STUDIES*

A lb e r t  .1. Wi l l i am s  3rd and John S. Tochko

Woods Hole Oceanographic Institution

AB S T NA CT
-t

The techniques of flow measurement which have been successful in

laboratory studies of boundary layer turbulence are difficult to use in the

ocean; and the current meters generally used in the ocean are not suited to

measuring bottom boundary layer flow . A suitable sensor for bottom tur~
bulence measurements should measure vector components , respond linearly to

• these components , maintain an accurate zero point , d isturb the flow neg—

• ligibly or in a well  predicted way, and aense a small enough volume to

represent the important scales of the flow . We have constructed an acoustic

travel time sensor in a configuration that will allow vector components of

the flow to be measured with sufficient accuracy to compute Reynolds stress

at a point 50 cm above the bottom. This sensor responds linearly to hor i-

zontal and vertical flows in flume tests. IThen the flow is neither hori-

zontal nor vertical, the wake f r om one aco ustic transducer may interfere

with the measurement along one sensing path but there is sufficient re-

dundancy in the determination to reject this path and still resolve the

vector velocity. An instrument’ using four og these sensors is being de-

signed to measure Reynolds stress in the lower six meters of the ocean.

Velocity Sensor Requirements for Ocean Benthic Boundary Layer (BBL) Studies

The goal of BBL measurements is an understanding of interactions of

the flow with the benthic boundary; the flow being characterized by a time

series of relevant flow parameters at enough distances from the sea floor

to infer a profile. The time series must be long enough to sample the im-

portant processes in the flow—boundary in terac tions , p resumably bursting ’

be ing one of the most important ones, and the samp les must be frequent

enough to prevent aliasing of high frequency components of the flow.

Fur thermore , it is desirable that the series be long enough that many in—

de penden t samp les of the lowest frequency of interest in the flow might

*Woods Hole Oceanographic Institution Contribution Number 3843.
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be obtained and tile series might well be repeated at intervals over several

* days to detect tile flow variability with driving forces of longer periods

such as tides , mid—ocean eddies , and changes of internal sea state.

To prevent aliasing of h ig h f r eq uency componen ts of tile f l ow , tile

velocity must be sampled at twice tile maximum frequency tilat can be

sensed by the sensor. Converting tile Inaximurn frequency to a wavenumber

by dividing by tile expected advection velocity of the flow gives the

maximum wavenumber which can be sensed without aliasing. It is necessary

to make a spa tial average of tile f l ow veloc ity to preven t tile sensing of

highe r wavenumber compone nts than desired , and tile size of the averaging

volume or averaging length cannot be reduced without increasing the sam-

pling rate or risking aliasing. This minimum volume or maximum wavenumber

sets the limit on tile finest scale of turbulence which can be probed. As-

suming the scale of the most energetic eddy in a boundary layer f low is

the or der of the d istan ce from the wal l , the sen sor should be placed several

times its averaging length from the sea floor to sample the energetic por-

tion of the turbulence spectrum . Thus the first requirement of a velocity

sensor is that it be small enough to samp le the scales of turbulence of

interest and that the sensor be sampled often enough to avoid aliasing

considering its averaging length and the expected advection velocity .

The two most important flow parameters which should be measured are

the mean velocity and the Reynolds stress. If the Reynolds stress is to be

calcula ted from instantaneous vector velocities , the requirements imposed

on the veloci ty sensor by this measurement are more demandin g than those of

measuring the mean velocity . This will be assumed throughout.

Tilt of the measurement coordinates with respect to the actual mean

flow direction causes a false contribution to the Reynolds stress from

fluctuations in the component of current in the mean flow direction . A

digression is necessary to clarify the terms used for the coordinates. The

velocity components u, v, and w are the horizontal downstream, horizontal

cross—stream and vertical velocity components respectively in a flow along

a horizontal boundary. If the boundary is not horizontal , the terms

“horizon tal” and “vertical” are mislead ing b ut coul d be replaced b y tile

terms “parallel to the boundary ” and “normal to the boundary ” . The latter

terms retain the notion that the Reynolds stress is a measure of momen tum

exchange between the flow parallel to tile boundary and that boundary .

However , if the boundary is not even flat . these terms may he inadequate

and one must go hack to defining the downstream direction , x, as the

direction that produces zero mean in the velocity along the two orthogonal

~ 
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directions y and z, i.e. V w = 0. This defines x but not y or z. If

tile mean flow changes direction , tile old and new mean flow directions de-

fine tile xy p lane and the z direction is the normal to this p lane. Op-

erationally, this is a convenient definition of tile measurement coordinates .

To summarize: z is tile direction along which tile average velocity , w, is

zero for any direction of mean flow ; y is the direction perpendicular to z

along which the average velocity, , is zero; and x is the direction per-
pendicular to y and z along which tile mean flow , u, is measured . Errors

in tilt are sufficientl y serious that one should verify that tile mean

velocity in the direction assumed to be z is zero. If it is not , an in—

strumental or coordinate rotation should be performed to achieve this

result.*

Zero point uncertainty in tile Z axis is indistinguishable from a tilt

error and thus prevents verification of the alignment and interferes with

rotating the coordinates to remove tilt. Tile zero point error should not

exceed tHe allowed deviation from zero of the mean of the w component of

velocity. A zero offset in w of 111 of the mean velocity is equivalent to

a tilt error of 1/20 and is probab ly the largest error acceptable .

ieakage of u signal into the w channel contributes an error directly

to the calculated Reynolds stress. Three sources of leakage are possible:

non—orthogonality of the channels , flow disturbance by the sensor , and

electronic cross—talk in the samp ling circuitry . Geometric controls may

not necessarily ensure tile orthogonality of the channels and this should

he checked in a tow tank or f l ume by rotating the sensor 90
0 

and verifying

tile null in the u channel. This test will not detect flow disturbance by

tile sensor as the flow in use will not be in these orthogonal directions .

The best check on flow disturbance probab ly remains checking of cosine

response for each vector cilannel . Electronic cross—talk is evidenced as a

sig nal appearing in a channel wi th a dummy source present in p lace of the

*The Reynolds stress is ~~~~~~ The quantities ~~~~~ anci ~~~~ ca n also

be computed. They would represent momentum transport that could not be

extracted from a mean flow that was homogeneous in tile y direction and

in the x direction and thus they should he small in prac t i ce .  This

suggests an a l ternate w ay to  define the coordinates. The y axis is

chosen so that the covariance of the flow along that axis with the flow

along any ax is  perpendicular to y is minimum. Then z is chosen perpen—

dicu lar to y so th at w — 0. Finall y x is cho s en perpendicular to

y an d z .  

~~~~ - - - ..-
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normal sensor while another channel is normally connected and measuring

flow .

Non—linearity is unacceptable in measurements used in calculating

Reynolds stress and for this reason we believe only inh eren tly linear de—

vices are suitable for deep sea Reynolds s t ress  sensors . Sensitivity re—

quirements are high for  low veloci ty f l ows, an approximate limit being 1%

of the mean flow. Failure of the w sensor to detect small flow components

wil l  se riously underestimate the stress.

Classes of Sensors — Advantages and Limitations

Two classes of sensors deserve consideration (and indeed are suitable)

for BBL stud ies by virtue of their inherently linear response and minimized

interference with the measured flow . The first class is scattering sensors

such as acoustic dopp ler and laser dopp ler velocimeters . The second class

is volume averaging sensors such as electromagnetic and acoustic travel

time velocimeters.

Scattering sensors actually measure the velocity of particles suspended

in the fluid. Though these may not have the same velocity as the fluid , in

open ocean water the majority of the scatterers are very small and the dif-

ference between their velocity and tile fluid ’s velocity can usually be

neglec ted . The exception is when the settling velocity of the particles is

more than a small fraction , say iT , of the measured vertical component.

The advantages of scattering sensors are great , the principle ones

being an accurate zero point; a sensed volume that is remote from struc-

tures ; reduced cross—talk ; and in the case of the laser dopp ler velocimeter ,

a very small sampling volume . The fac t  that the signal is in the form o f a

frequency shift is convenient for dig ital sam p ling while the dependence of

sensitivity on geomet ry alon e makes flume calibration unnecessary.

The chief disadvantage of the scattering sensors is signal dropout due

to the intermittant presence of particles in the volume hence complexity of

the signal processing necessary to overcome the dropout problem. A second

disadvantage is a loss of direction sense without an added fre quency sh i f ter ,

an expensive complex ity in laser dopp ler velocimeters and so far unexp lored

option in acoustic dopp ler velocimetera. A third disadvantage , that the

scattering is weak and req uires high power levels , is probab l y not so serious

for moa t BBL s tudies wh ich can have b r i e f  dep loyments. Because the sca t—

taring volume is very small, possibly much smaller than tile smallest scale

of interest , the rapid samp ling necessary to avoid aliasing will require

excessive data storage capacity unless on—line processing is performed .

~ 
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This  adds additional complexity. However , for the nost demanding ap—

p licationa , such as very near tile bottom or very slow flows , laser dopp ler

or acoustic dopp ler velocimeters are probably necessary . 1•aser doppler

velocimeters are about 100 tives as sensitive as acoustic dopp ler velocim—

eters and can form much smaller scattering volumes. Thus these will

probably become the standard against which other sensors are compared.
- - One of tile advantages of volume averag ing sensors is tile simple sam—

• - pling which is allowed when tine sampling volume corresponds to tile smallest

length scale of interest in the flow. This volume in the EM sensor is re-

lated to the volume over which the field is solenoidal or a length scale

- 
‘

• approximately tile diameter of tile field coil. Unfortunatel y,  the non—

uniformities in flow In regions outside tile solenoidal field contribute to

tile measurement but in a complicated way . i)ucted EM sensors avoid the com—

plicated volume average but suffer a reduced range over which a cosine

response applies . Still , under many conditions , the measOremeots of EM

sensors uppear to represent tile flow averaged over the length scale of the

sensor diameter. Acoustic t~svel time sensors average the flow over tile

acoustic path between the transducers . Except when the wake of one trans-

ducer disturbs the path , this average is a simple one.

An important advantage of the EM and acoustic sensors is the relative

availability of the technology . Several generations of each have been made

and experience has been accumulated with the techniques .

The volume averaging techniques have a linear response to the velocity

component along a single axis but they do not have perfect zero points .

Their sensitivities may differ from those which are calculated from phys i-

cal dimensions and electronic component values so Ihey must be calibrated

In a tow tank. However, direction sense is not a problem as the signal

changes sign when the flow reverses.

If care is taken with the design, the flow that is sensed is little

disturbed by the physical structure of the sensors. This helps reduce

cross—talk as well as minimizing disturbance to the natural flow .

Acoustic Travel ‘rime Sensor

As we have the greatest experience with the acoustic trave l time sen-

sor, we are exploiting that technique for BBL studies. Our experience has

been with a two-axis free—fall velocity shear meter designed by Trygve

Cytre (Gytre , 1975) at Christian Michelson Institute , Bergen. The analog

signals were low passed at 0.2 Hz and samp led at 5 Hz. The acoustic path

between transducers was 15 cm . Two horizontal paths at right angles were 
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used which operated In undisturbed w a t e r  due to tile ve r t i ca l  sinking of

tile instrument. Figure 1 shows t h e  instrument , i r iMi’ (iIilliac ~~, 1974) ,
with tile acoustic sicearmeter mounte~ vert i-a il y , its transducers at tile

end of tile tetrapod projecting below tile short vertical cy linder wi lici

louses the electronics. SCIMP ~,as equi pped with a record ing CTI) as

8S tile silearrieter to measure mi crostructure associated wi th  ve loc ity  shear .

:-

Frrt’RE 1: Free—fall instrument , SC IMP , containing acoustic velocit y sensor
as a shearmeter.
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Figure 2 showa one such correlation as an example , principal l y,  of

tile performance of tile acoustic travel time sensor. A shear sileet located

at the density interface is recorded a,, a silarp Increase of 2 cm/sec for

tile time during which the velocity sensor is in the lower layer but the

• ‘ center of drag of the instrument still in the upper layer. Tile velocity

returns to zero as tile center of drag (50 cm above tile velocity sensor)

enters the lower layer. \‘e locity structure is also apparent in the layers

on either side of the interface .

12.0

- SCIMP VII 8 
-

l i e-  - 2 0  N

TEMP
-

VELOCITY

(.1 116 10 
~• lb ‘b

-

11.2 — - 27i ~
DENSITY

-

lie I I i 2?0’~720 730 740
DEP TH (meters)

FIGURE 2: Profile of temperature , density, and horizontal velocity dif-
ference over 50 cm vertical separation.

The air backed piezoelectric crystal transducers used in the shear—

meter were sa t i s fac to ry  to 2000 M depth but for deep ocean work we prefer

pressure compensated transducers. Figure 3 shows the epoxy encapsulated

crystal we now use which pe r fo r ms well aco ustically and is not depth

limited .

The geome try of the sensor head used in the silearmeter would disturb

tile flow in a stationary moun t so tile geometry illustrated in Figure 4 was

devised which includes four acoustic paths and senses an undisturbed flow

~
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if tile flow is approximately horizontal or vertical. Four oaths provide

sufficient redundancy for a vector velocity measurement that one can be

discarded if necessary. If the flow is neither horizontal nor vertical ,

tile wake of one transducer may lie along or near one acoustic path. Tilis

path will then be discarded in determining ti e  velocity vector. Tice wake

may cross another path but cannot lie along or near it for any significant

distance so will not disturbe it to any great extent.

PVC Mount
N

Piez O e leCtr lC
Crysta l

1.0 cm d iamete r
I 3 mm thick

FIGURF 3: Epoxy—insulated pressure—exposed piezoelectric acoustic
transducer.

Tow tank tests have been made on the model of Figure 5 and ‘lave veri-

fied the expected cosine response for horizontal and vertical fiows and

for diagonal flows up to about 200 from the axis of the acoustic path .

A di cussion of the electronic arrangement should start wi th tile gen-

eral principle of the acoustic travel tirte sensor. As illustrated in

Figure 6, two piezoelectric transducers separated a distance d are excited

simultaneously. The component of flow along the intertransducer axis de-

creases the travel time of tile acoustic pulse propagating with t i e  current

and increases the travel time of tile pulse propagating against the current.

The difference in travel time is It 2dv/c 2 to first order where c ~ 1500 m/s

is the speed of sound in the medium. Refraction due to current shear near

the transducers does not effect this result directly because the path ,

thougil bent , is the same for each propagation direction and tile time dif-

ference is a line integral between the transducers . An indirect effect may

occur , however, through amp litude reduction .

L~ (c —i
FIGURE 6: Fluid velocity component , v, along patil between transducers A anih /B separated by distance d retards one pulse and advances tile other.

L. • •~~~~~~_ • •  •• • ~~~• —•t._ • ~~~~~
• 
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~ : Acoustic sensor si ti four diagonal sensing paths .

FICI RE i: iwo—path  ‘o ld  (used in tot~ t e s t s ) .

l i e  puises are generated by app lying a Iligh vol tage transient to tile

cr”stais which changes their thickness and produces a conpressional wave

in the fluid . tt is d i f f i cult  to deliver enoug il energy to t i e  crystal in-

stantaneously to achieve a measurable acoust ic  pulse so in pract ice t i e

c rvs tal forms tile capaci tance of  a tuned circuit , tile tu ned c ircuit  b u i l t —

ing up acp l it u Ie  during t i e  f i rs t  quarter cycle of its resonant period and

producing a m cli higher vo l tage transien t on t ie  second quarter cyc le  than

can i e obtained instantaneously .  This is t i e  pulse that is actua l l y s e .

It is , however , delave l liv o n e — b a i t  cyc le  f ro m  tile trigger pulse. f im i —

larlv , t h e  received pulse ex it ’ s t i e  t ine~ c ircuit Sc’ that the second

quarter cycle la s  a greater  antp lil ude than the f irs t and t h e  comparator is

set  to trigge r on t h is  edge. ‘1 11115 , tIex ,’ are l eo  delays due to t i e  periods

— .~~~~ •~~~~~~~~~ --. 
• •  -• •
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-• — -  •• . • - - --- 

~~~~~~
•
~
•--



92
1~

of two tuned circuits added to tile trave l times. ‘lie transmitt ing circuit

adds elements not present in tite receiving circuit so reciprocity does not

quite hold and tile differences in transmitting periods and in receiving

- -‘ periods produce a zero point error. Careful tuning of tile induetors to

• tile crystals can reduce this error . Temperature and pressure terms in tile

resonance must be similarly matched.

Tile receive d signals are detected by a pair of comparators. These

make c. TTL level transition a short but fixed time after the voltage from

the crystal  exceeds a threshold which is set to re jec t  noise and the weak

- •‘.~~ precursor pulse. Tile fixed delay is not the same for tile two comparators

and this introduces a second potential zero point error. This can he re-

moved by interchanging tile crystals between the two comparators in tile

scheme illustrated in Figure 7.

• 

•= 

~~~~~~~~~~~~~~~~~~~~~~~~ 
ONE uOT~~

F T U
~~

cFr
~~~

I R EC ORD E~~~~~~~~~~~~~~~,~ j ~~~~ 
‘ 

~~~ ~~~
FIGURE 7: Block diagram of acoustic veloc~ tv sensor wi th transducer trans-

position for zero drift correction .

The difference in detection times is tile measure of velocity . The

transition of the lower comparator may occur before or after tile transition

of the upper comparator so a one—shot timer is triggered by tile upper com-

parator to add a delay somewhat longer than the greatest expected tine dif-

ference . Constant current ramp thtegratora are started by each comparator

and stopped by the one—shot timer. Variations in the interval of tile one—

silot time r do not effect the measurement directl y since they simp ly extend

both ramps by tile same amount. However , non—linearities in the ramp or

________________________________________________________________________________________
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differences in ramp shape between tie two integrators can produce a zero

point error witil one—shot timing variations. A gain this can he removed by

interchanging the transducers i,etween the comparators. The only error

which remains is the second order error due to jitter in tie one—allot

interval and th i s  will appear as noise .

Two cycles of transmission are required for the measurement. Tite

first cycle is performe d with transducer A connected to the upper colipars—

- 
~~
.. tor and transducer B connected to tite lower comparator . Tile sequencer

- 
~• tri ggers tile transmit pulse and tile received pulses are detected by the

comparators. Cating (not silOwn) prevents premature detection and sup-

presses detection of tile echoes of tile firs t pulse . Tile integrators charge

and are clifferenced in an operational amp lifier , tile output being stored in

one samp le and hold circuit. Then the transducers are interchanged and it

connected to the upper comparator and A connected to tile lower comparator.

Tile se iuencer triggers another transmit pulse and the measurement is made

again, tile result being stored in the ottler samp le and ilold circuit.  Tile

two sample and hold circuits are differenced and tile output of the dif-

ference amp l if ier is di gitized and recorded. Any errors introduced in the

electronics between tile comparators and the first difference amp lifier which

have remained the same for the two cycles are nulled while tile time dif-

ference signals from tile transducers are doubled .

In the four path sensor described before , tile transducer pairs will

be serviced sequentially,  transducers 3 and 4 replacing 1 and 2 as the A

and B channe ls , etc .  A cycle requires 2 ma for the echoes to die and a

recording of a samp le takes 15 ma , thus there is amp le time to obtain the

velocity along the first pattI , switch to tile second pair of transducers ,
and so on , recording the four velocity components in 60 ma. In fact , four

separate four—patil sensors can be multip lexed to a sing le receiver and re-

corded in 21:0 ma.

i:lectronic cross—talk between the received signals is a prob lem as the

risetimes are short and large currents are needed to cilarge even small

capacitances. The comparators are voltage sensing devices so induced volt-

ages or common ground voltages present on the signal leads change the detec-

tion time . If two paths are samp led simultaneously, velocity components on

one path will change the arrival times of tile signals which then cross—talk

into tile otiler path signals to cause an apparent change in arrival time on

tha t channel. Sequentiall y connecting only one pair of transducers at a

time in a multi p lexe r remove s this e r ro r .
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Cross—talk between channels A and B still occurs and is difficul t to

detect , generally causing a lower sensitivity than calculated ; in our shear—

meter tile decrease in sensitivity amounted to 157. A carefull y laid out

prototype recently tested was mucil improved. TIRe concern with cross—talk

between channels A and B is not so much that this introduces an error in

- • tile Reynolds stress calculation per se but that the sensitivity might vary

with acoustic signal amplitude and thus be affected by changes in alignment ,

fouling, and battery voltage.

Benthic Acoustic Stress Sensor (BASS)

We plan to construct an instrumen t using four of tile acoustic velocity

sensors to study benth ic boundary layer flows on tile deep continental shelf ,

continental slope , and continental rise . The free stream velocity in these

areas is expected to be the order of 10 cm/sec. In this case, a viscous

sublayer will pr obab ly not exist. The constan t stress layer will be ap-

proximately 2 meters thick and the logarithmic layer about 10 meters thick.

Tile four sensors will be spaced through these layers in an attempt to ob-

tain a profile. The lowest sensor will be 50 cm above the bottom , the next

1.2 M, the next 2.5 M, and the top sensor 6 M above the bottom . Figure 8

illustrates this instrument.

A staff rises from a weighted triangular frame , the sensors being

secured to the staff. The base contains the buoyancy , electronics package .

and batteries , thus the flow will be disturbed by this roughness element

for about 1 meter above the bottom. However, the upstream disturbance due

to the base should be minimal and the sensors are upstream for flow direc-

tions covering perhaps 2400. Except for the lowest sensor , tile flow is

only disturbed behind the staff. There will be periods of disturbed flow

when the measurements cannot be used; however, these will be infrequent

with luck. We feel a rigid mounting is necessary for measurements at this

scale and thus must su f fer  the consequences of interference by the struc-

ture. The bulk of the structure has been put low for stability. The in-

strument will be lowered by cab le. Tilt and a single velocity component

will be acoustically telemetered to the surface so the suitability of a

selected site can be determined before the cable is released . First , the

veloci ty  will be noted with the BASS near tile bottom. If the velocity is

reasonable , it will be lowered to the bottom and some slack paid out. If

the t i l t  is reasonable and tile velocity remains reasonable , the cable will

be released. Otherwise , BASS will be recovered and a new site selected .
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FIGURE 8: Benthic Acoustic Stress Sensor . The top velocity sensor is
6 M above the base.

Recovery of BASS by acoustic command will entail dropp ing the weighted

base of the frame . The instrument will be tracked to the surface acous—

tically where it will be recovered with the aid of a flashing light and

radio beacon .

A round of measurements will be made each 750 ms to avoid aliasing in

currents up to 10 cm/sec. Each round generates 192 hits of data which , 
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:jtii housekeep ing hits and interrecord gaps, allows something more than

12 hours of continuous recording witil a Sea Data digital cassette recorder.

Initially a single continuous run will be most useful as It will cover a

full tidal period . Subsequently, the sampling will be programmed to o h—

• - 1.’ ta m information over 3 days to note variations witil change in mesoscale

activity or internal sea state .

The program for processing the data is as follows : for eacil samp le

the velocity will be resolved into u, v, and w components using three

paths. If this vector is near one of tile patils used , it will be recomputed

substituting another path for the disturbed one . The w component will he

— checked for zero mean . If there is a systematic offset , tile data will he

transf ormed by a coordinate rotation transformation , it may be necessary

to do this separately for pieces of tile data where the flow is from tie

same direction.

Then for each sensor tile U and v components will he reduced to an

amplitude and azimuth. Averages of this amp litude will be taken for sec-

tions of the data between 10 minutes and 1 hour long, and variations from

this mean will be recorded along with the product of tile u variation and

w component at each samp le. Tills information will form tile time series

data for the experiment. It will contain the u magnitude and azimuth , tile

w velocity, the u speed variation , and a product corresponding to an in-

stantaneous Reynolds stress.

Pieces of the time series will then be selected which appear to behave

similarly ,  for  examp le , an accelerating tidal interval or a decelerating

tidal interval , and a set of frequency analyses will be performed on tile

data: the spectrum of u for each sensor, the cospectrum of u and w for

each sensor, and the coherency and phase of u velocity and of w velocity

be tween pairs of sensors ,

With this instrument we hope to extend benthic boundary layer velocity

observations deeper into the sea where mean velocities and shear stresses

are lower. We hope to observe mean profiles , Reynolds stress levels , and

transient phenomena in these environments.

Discussion

Discussion of this and another paper opened the question of ilow small

an acoustic travel time sensor migh t reas onably be made. As the size is

decreased , the time dif ference for any g iven velocity dec reases but the

timing errors remain fixed. This means the velocity uncertainty increases.

At the same time , the small scale eddies accessible with the smaller sensor
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have c h a r a c t e r i s t i c  ve lo c i t ies  tilat are less than those of tile large r
s edd ies. At some scale, the velocity uncertainty equals tile turbulent

veloc ity fluctuations one expects to see. This .~rossove r point depends on

tile dissipation constants one uses but an estimate of turbulent veloci ty

fluctuations of 5 mm/sec for an eddy scale of 3 cm seems about ri ght and

tilts matches a probable veloc i ty  uncertainty (1 lIz bandwidth) of 5 tan/sec

for a 3 cm path length. Thus a sensor smaller than 3 cm with our present

electronics will be unable to resolve the velocities associated with 3 cm

scale velocity fluctuations . A sensor with an acoustic path 5 cm long

• would be practical for oceanic work,
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