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Preface

Thi s Manuscri pt Report is the result of a request from Dr Russ Davis at
Scripps Institution of Oceanography for a contribution to the NATO Ad-

vanced Study Institute on Instruments and Methods in Ai r-Sea Interaction

in USTAOSET, Norway, 16-28 April 1978. The result is too long for publ i-

cation in the proceedings and so we have issued it as a Manuscript Report

of the Institute of Oceanography, the University of Briti~~.~Colum bia, with
-
. 

a condensed version prepared for the conference proceedings. ~The objective ~~~ 

. -

~~~~~~ is to have as complete a description as possibl e of the characteristics of

the probe as we~see~them~now , and to make it ava i labl e to the oceanographi c
community so that they can understand the system of measurement in use,
and then i nterpret the results of the data take~) Along these lines there

is also Manuscript Report No 30 -(October 1977) discussing the free-fall
body used in the measurements. ‘~As ~~&~wi ll ,1 notice4in reading this Report,

there are gaps in .ei c~present knowledge and the work in progress e~~needed

to fill these gaps is outlined . 
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- - Introduction

The study of oceanic turbulence on the scale of tenths and hundredths of
metres is limited by the difficulty of measurement. Small-scale velocity
fluctuations are of interest for they demonstrate the presence of turbu-
lence and mixing . Temperature, salinity and density fluctuations can be

measured , albei t with difficulty , to the scale of a few centimetres and
-
. these data used to i nfer mixi ng and turbulence . Unfortuna tely, the measure-

ments of a scalar field like temperature or salinity do not give much in-
sight into the velocity field. Rather than belabor the point , we assume
the reader to be aware of, if not familiar with , the literature on what
is called ocean mi crostructure.

- . 

Atmospheric velocity measurements are usua ’ly made with heated anemometry,
hot wi res and films which are inherently non-linear. In water there are
added problems due to the higher heat capacity of the fluid and plankton
contami nation of the probes. Thi s paper d iscusses an al ternative sensor
- the airfoil probe - which has neither of those probl ems, and hence may
prove simpl er to use in the ocean. The probe is a pointed body of revo-
lution in which the lift force on the axisyrmietric nose is sensed wi th a
piezoceramic sensor. The probe measures the cross-stream component of
vel ocity , whereas heated anemometry usually measures the downstream com-
ponent - two crossed wires being needed to measure one cross-stream
veloc ity component. The original ideal for the ai rfoi l probe was due to
H S Ribner at the University of Toronto and developed there in conjunction

with I E Siddon.

Siddon and Ribner (1965) gave an account of the development of the early
probes in which the lift forces on small disks (1.8 mm diameter) and
planform airfoils of the same area were measured . That development work
is discussed in great detail by Siddon (1965). Rather than measure the
li ft forces on a small wing section, for thei r la ter work they use an
airfoil of revolution instead of the wing section . This work is outlined
by Siddon (1971) wi th a much more detai led discussion by Siddon (1969).
That paper describes a small pressure and veloc ity sensor that was bu i l t
i n an attempt to correct measured pressure fluc tuati ons for the error
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induced by the interaction of the flow with the probe. The discussion
provides considerable insight into the flow about the probe and the range
of validity for the assumptions involved in the probe ’s operation. There

are comparisons of the vel ocity probe’s response to that measured with

crossed , hot wi res in an air jet. Siddon (1974) describes further modifi-

cations to the probes for their use in water . Any reader interested in the

validity , operation , or possibl e uses of the airfoi l probes should read
the University of Toronto, Inst itute of Aeros pace Tec hn ical No te No 88

I
. and Report No 136 (Siddon 1965 and 1969). They contain much information

and detail that cannot be reproduced here without essentially reproducing

those two papers. Rather, what we will do now is briefly outline the

theoretical response of an airfoil of revolution and then report on and
discuss the characteristics of the probes as we know them to date .

Throughout this paper the reader should bear in mi nd the vehicle from which
we operate the probe. The instrument is used to measure fluctuations in
the curren t shear ~u/~a, av/ a~ over the ran ge of scales from 3 to 50 cm in
order to estimate the local rate of viscous energy dissipation . Figure 1
shows a schematic of the free-fall instrument we call the ‘Camel ’ . To date
its fall speed has been between 40 and 55 cm/sec and for the followi ng dis-
cussion can be considered independent of time or depth. The imperfect
behaviour of the Camel , such as change in fall speed , vibration , or oscil-
lation about the vertical direction , are ignored for the general discussion
and covered in detail at the appropriate points. The airfoil probe, a
thermistor and salinometer head are mounted at the lower end of the body .
The instrument has been used on three major cruises : June-July, 1974, along

the At l an tic Equa tor ial Un dercurren t on the ATLANTIS I I ;  Marc h , 1975 , on the
Azores Fi xed Acoustic Range ; and , October-November , 1975, on the Fine and

Microstructure Experiment (FAME) cruise arranged by Dr T Sanford of WHOI

on board the R V KN ORR. Several lo ca l cru i ses have been us ed for tes ti ng
and data collection on loca l inlet waters. 
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Behaviour of a Lift Force Sensor

The probe is an axisyninetric airfoi l of revolution (Fig 2)  mounted so that
the mean velocity (~) is aligned wi th the axis of revolution. In our appl i-

cation the mean velocity is due to the free-fall instrument, on which the

probe is mounted , sinking through the water column . Much of the literature

about forces on airfoils of revolution is related to derigible and missile
problems . Since our system operates in the subsonic range , the a i r sh ip

l iterature is more useful .

For a slender body of revolution in an inviscid flow of speed U and ang le
of attack a (assumed small), Allen and Perkins (1952) derive the cross force
per unit length due to the potential flew as

= (¼pu 2)~~~ sin 2a (1)

f ~ is the cross force per unit length due to the potential flow ,
p is the density of f l u i d ,

is the rate 0f change in body cross-sectiona l area wi th l ongitudinal
distance along the body .

This formula is correct to the second power in a for invisc id flow.

The au thors compare thi s theore ti cal resul t with the f orce observed on a
model of a der igi ble , and find that near the forward tip of the derigible ,
for a = 6°, the measurements agree wel l wi th theory, and viscous ef f e c t s
are small. At a = 12° and 180, the theory underestimates the forces
slightly. The forward portion of the derigible is very similar to the
tip of the shear probe. If equation 1 -is integrated along the length of
the shear probe from the tip to where ~~~is 0, then the tota l cross force

F = 
~½p U2)A sin 2a . (2)

There is a second cros s-force which is due to viscosity and/or flow separ-
ation . This force can be modeled as

f ’  p1/2 Slfl 2ct -.R.C
d ..,gOo (3)

f ’  is the force per unit length due to viscous effects,
R is the radius ,

is the lift coefficient for the body in flow normal to the
axis of revolution .
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This force is exerted all along the probe and not just at the tip where
$ 0. However, the aforementioned studies on the derigible model suggest

that this force is relatively unimportant at the front end of the body for
angl es of attack less than 18° because sepa ration does not occur until aft
of the station of maximum diameter. The increasing cross-sectional area,
the large axial velocity , and the finite distance upstream to the end of
the body, all tend to reduce the possible effects of separation .

The stud ies of Siddon (1965 , 1969) suc~qest the probe ’s response to be
linear for angles of attack below 15°. The measured dependence of the
response on angle of attack as determined in the calibration procedure to
be discussed , also appears to be in accord wi th the potential flow theory .
The non-l inear response of the probe is presently bei ng examined . Further
informati on will be availabl e frcm detailed calibrations by ~1owell , a re-
anal ys i s of some prev ious cal ibra tions , and a comparison with the wind
tunnel r esul ts.

The theoretical ability of the shear probe to measure the cross-stream
velocity u is ev ident if equation (2) is rewritten using the double angle

relation for sin 2a.

F = pAVu (4)
where V and u are shown in Fig 2. It can be seen that the force is linear
w i t h  u.

The problem of exceeding the maximum acceptabl e angle of attack for linear
respons e of the probe ar i ses i n re gi ons where there is lar ge curren t s~”ar - 

-

with depth. Shears as high as 60 cm/sec in 10 metres are reported at the
Equator by Bruce and Katz (1976). Calculations indicate that if the four-
metre-long Camel fell through a region of constant mean shear , a po int on
the body 1.5 to 2 metres above the probe tip would have the same horizontal
velocity as the surrounding water. Using the maximum shear value of Bruce
and Katz and a length scale of 2 m, the probe would see a mean horizontal
veloc ity of 12 cm/sec. For a fall speed of 43 cm/sec, that corresponds to

15.6° . Such a l arge an gle of attack probably exceeds the linear region for
our present probes and is into a region of higher sensitivity . Hence the

probe will overestimate the shear.- The simplest solution to the problem is

- —-.--—•—-—. ~~~~~~~ ~~~-
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to increase the fall speed of the vehicle assuming the position of zero
relative horizontal velocity stays the same. Tipping of the instrument

-: from the vertical is limited by the l arge righting moment inherent in the

weight and buoyancy distribution to 1° or less w i t h  a period of 5 seconds
or longer.

Cal ibra tions of the presen t pro bes ap pear l i near to at leas t 10° , with

departures from linearity appeari ng at 12½° or 15° (depending on the probe).
At the higher angles of attack the sensitivi ty increases with a faster

than the factor of sin 2cz. An appropriate and operationa l system for
measuring the mean a is the device u sed by Simpson (1972) to measure the

- 

- 
mean shear. His probe is in fact a mean angle of attack sensor. Compari-
son with data collected by that instrument on the Bermuda cruise may be
useful in determining the possibility of excessive mean angles of attack
in the Camel data set. At present we have no mechanism for monitoring the
mean angle of attack.

For manufac tur i ng reasons , the probes we have been us i ng have an extens ive
region of constant diameter aft of the nose and before the metal sting .
Since there could possibly be an effect of the flow in  this region , a model
of the probe has been manufactured and tested in the wi nd tunnel at UBC.

The model probe was manufactured out of plastic with 16 pressure taps
located at various radii and distances from the nose. The model was four
times the diameter of the oceanic probes with the outline determined from
an enlargement of the drill which cuts the mold for the oceanic probes .
Pressure distr i bution measurements were taken in the small wi nd tunnel of

the Mec han i cal En gineer i ng Depar tment of UBC. The measuremen ts were made
wi th a pressure transducer- connected to a computer—controlled stepping
valve and digital voltmeter. Determination of ½p U2 is by a Pitot tube
moun ted adjacent to the model . The Reynolds number based on probe diameter

and mean f ree  stream spee d was 2. 5 x lO~1 , a bout 10 times the value f o r  the
ocea n ic a pp li ca ti on. Va l ues of C = were recorde d for nom i na l an glesp 2p U~,,
of attack from 0° to 18° in 3° increments In the horizontal plane , the

probe was then rotated 15° a bout its axis of synmietry and the measurements
repeated . The resolution in angle of attack is 3° and the resolution of the

pressure distribution about the probe is 15°. 

- -  -- -- - “ --
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The values of can be used to determine the horizontal and vertical
components of the transverse force using the probe dimensions and the
slope of the probe surface. The slope is determined from a computer fit

— to the measurements of the diameter at the position of the pressure ports
along the probe. Figure 3 shows the plots of ~~F1 where is the hori-

zonta l componen t of the transverse force versus x for the var ious angl es
of attack. Note that the first panel which is nominall y 00 has a non-zero
lift; in fact, the analysis shows the angle of attack to have been about
-1.8°. Thus all the other va l ues of angle of attack must be reduced by

1.8° .s ince the rela tive an gl es are accura te to .10 and the offset is in the
origina l alignment of the probe to the mean flow. Exami nation of the verti-
cal component of the transverse force shows that the model probe was also

- 

- tipped slightly nose-down about 1.8°. During analysis , one pressure por t
was found to have been defective so the data from that port have been
deleted from the analysis. The positi ons on the x-axis corresponding to
the two lengths of probes in use have been marked on the figures for easy
reference. Pressure ports were included to study the region aft of the
long oceanic probe. Separation of the flow is quite visibl e at the high

angles of attack for the later stations on the straight portion of the
mode l .  Care ful measuremen ts of the pro be model show a sl ight decrease i n
the radius of the probe at the joint between the constant diameter section

and the nose piece (Arthur Nowel l , personal communications) and this dis-
continuity in diameter might induce vortex separati on to occur sooner than
otherwise. By integrating from 0 to x~, one can study the variation of
the transverse force with angle of attack for probes of varying lengths .
F igure 4 shows the resul ts where each x~ correspond s to the position of
one of the pressure ports . Note the increasing slope to the lift force
curve with i ncr eas i ng length of the probe. Even near zero angle of attack
the slope of the lift curve increases slightly wi th increasing length of
the probe even when the i ncreasing l ength is due to the cyl i ndrical portion
of the probe where = 0.

For the pressure ports in the reg ion of increasing diameter , the variation
wi th angle of attack is linear within the accuracy of the data . For the
probe length, that incl udes substantial straight sections , non-linear

1~
.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

j
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-: contributions to the transverse force become apparent as the angle of

attack increases. From these data there appear to be two useful conclu-

sions:
(1) The transverse force depenus on angl e of attack in a manner

determined by the shape and total length of the probe. There is
a non-linear contribution to the lift force due to the viscous

effects. The results indicate that reducing the length of the

cylindrica l section reduces the non-linearity .
— (2) The cyl i ndrica l part of the probe contributes to the total

transverse force at all angles of attack in a non-tri vial fashion.

This result gives some insight i nto the question of spatial reso-
lution.

At this point it is worth estima ting the variation in angle of attack
that is associated with the turbulence velocity fluctuations responsible

for the energy dissipation. For a large value of the d~s~.’~ ation rate ~~,

say 10-2 cm2/sec3, in an isotropi c field

c = v (1~~
2 

= 10-2 cm2Jsec3
then

10-1 sec 2
r az J

If the turbulent velocity fluctuations were a sinusoidal function of depth

U = U sin~~ -~0 x
2ll Uo 2riz

= 
~ 

cos —~—
4~~2U02 I -

for c = 10-2 cm2/sec2

2 _  X2

o — 20n2

An excess ivel y lar ge value of A for suc h a hig h d i ss ipa tion would be 10 cm ,
giving

U0 = .7 cm/sec
and for a fall speed of 50 cm/sec the angle of attack varies between ± .8°.

The turbulence is of course more peaked than a sinusoidal , but the length 

~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---~ - - - —
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S scale chosen was delibera tely chosen to be excessively large .

-

. 

Thus, w h i l e  the sensi t iv i ty  may depend non-linearly on the mean angle of

- attack , the var ia t ion  of a due to the small-scale turbulent vel ocity

fluctuations is quite small.

1~

I - I
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Cons truc tion Techniques

The general requirements for an oceanic velocity sensor are that i t
(1) have sufficient sensitivity , (2) be pressure proof, and (3) be water-
proof. The last two requirements suggest a robust construction that Is In-
compatible wi th the first requirement.

The transducing element used to sense the aerodynamic lift force on the
probe tip is a piezoceramic crystal of length 13 nun, width 1.6 mm , and

• thickness .5 mm . As received from the supplier , it cons ists of two la yers
of piezoceramic with a thin metallic center l ayer and a conductive surface
deposited on the two outside faces . These faces form the two electrodes
for sensing the output (see Fig 5). The applied force puts the top side
of the sensing element in tension and the l ower side in compression.
Since the two crystals are of opposite polarization the vol tages add to
produce a non-zero output of voltage. Axial forces put both halves in
tension or compression and , due to the opposite pol ar izat ion , the outputs
cancel . A piezocerami c bending moment sensor is an a.c. device . It can
be modelled as a voltage source in a series with a capacitor or a charge
source in parallel with a capacitor. We find the vol tage source model
more useful and use it exclusively for the electronic circuit analysis.

Two perpendicular beams are used to sense the two components of the lift
force. They are glued with a five-mi nute hard epoxy onto a square brass
pin while held at right angles by a jig machined out of teflon. The actual
degree of orthogonality cannot be determined visually by any system to
which we have access . Hence we chec k this feature during calibration. The
two faces of the two beams which are glued to the brass post are then con-
nected to it electrically with silver paint. The entire assembly is mounted

in a hollow stainless steel tube , epoxy filled from the back end for pressure
proofing, and finally a nose piece molded on with PRC 1201-Q (Med), a poly-

sulfide rubber. The nose material has a hardness of 40 on the Shore A
scale. There are four requirements on the epoxy, or whatever mater i al is

used f o r  the seal ing compound : it must be (1) soft ; (2) Imperv ious to
water; (3) incompressIble; and (4) adhere to adjacent materials. The con-
struction procedure requires it to flow wel l through restricted passages

and to be bubble-free. The PRC 1201-Q has been sel ected for its ease of 
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use in that the nose is bubble-free , has good adhesions to the stainless
steel for waterproofing , and is soft to allow sensitivity . In thi s last
regard the material must be stiff enough not to deform due to the lift
force, but be as soft as possible so that the force is taken by the piezo-
cerami c element and not the epoxy adjacent to the beams .

• The actual tip on the probe is 19 mm long from the stainless steel forwar d .
The change in cross—sectional area is limited to the 7.5 nun region at the
end. Shorter probes (14 nun) have been built by inserting the probe sting
further into the mold when casting the nose piece. They exhibit approxi-
mately 20% less sensitivity in calibration . We made the first short probe
because of some questi ons about the spatial averaging of the longer probes.
Upon examining the short probe, we noticed a shrinkage of the epoxy which
resulted in an abrupt change in diameter between the epoxy and the stain-
less steel. This effect had not been apparent on the longer probes. In
order to avoid this probl em we will try some silicon rubbers with lower
shrinkage coefficients . Oakey (1977) discusses construction techniques

used at the Bedford Insti tute of Oceanography for making single component

ai rfoil probes.

A problem arose from the use of silver paint in the construction process.
Due to the small size of the probe it was possible for the paint to flow j
undetected and short out one-half of a beam . Even when exami ned under a

microscope, the path of the s hor t canno t alwa ys be f oun d . The effect,
once one i s aler t to l ook for it, is easily detected by measuring capaci- —

tance. A normal beam has 600-800 pf capacitance at 1 kHz. A beam wi th

one side shorted has about twice that value. As the later discussion of

the elec tron ic ci rcu itry show s , this effect does not change the sensi-
tivity of the beam to the cross-forc e , for doubling the capacitance makes
up for halving the voltage output. However , the thermal shock effect is
significantly worse . We found the problem by looking for some c ommon
characteristi c probes with large responses t thermal shock. Sufficient
care and knowl edge of the probl em - we check capacitance after the paint
has dried - serve to avoid this problem.

1] 

-~~~~~~~~~~ --—
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Signal Handling

In order to discuss the probe behav iour it is necessary to have some knowledge
of the associated electronics. The electronic circuits before July 12, 1974 ,
utilized a high impedance preamplifier located near the shear probe, and a

differentiating amplifier in the main body of the Camel . Calibrations per-
formed on the early cal ibrator allowed the probe and preampl ifi er to be
calibrated together. The present calibrator to be described shortly was
completed at the beginning of the ATLANTIS II cruise and required a pre-
amplifier to be wired permanently into it.

During free-fall profiles at the equator , the low-frequency thermal sensi-
tivity of the probe generated a voltage in the probe sufficiently large to
saturate the preamplifier. To reduce the low-frequency voltage output of
the preamplifier , a differentiating preamplifier was constructed for use

during free-fall profiles (called a fiel d preamplifier) and a band pass

amplifier wi th uniform gain over the frequencies of interest was used in
the Camel. The calibration preamplifier was unchanged. The circuits are
all shown in Figure 6.

The output vol tage from the calibration preamplifier is defined as

V = ½p S . W  . (5)
1 1

where S1 is the sensitivity of channel 1. From the circuit analysis

v = ~~Z~~~~
l?1_ . V  (6)Cl l +jU )

~ CR 1 ~

for channel 1, and a simi lar expression is valid for channel 2. From the
values of R1 and C1 it can be seen that for frequencies above 1 Hz, an
excellent approximation is

v~.1 = ~~22 .-~~ (7)
ic

and the gain is uniform at frequencies of interest.

The output of the field preamplifier

v = 
-j ~~ IF Cp R 5 ~ 

R&1 V.  (8)
F! (1+juRipC1~

) L R
5 

j  ~

I 
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and the output of the calibration preamplifier may be combined to eliminate
the capacitance of the shear probe C~ which is an unknown .

v ~~~~~IFCIC { R
5 

# R
6 1 vFl (l# j oil?IF CIF) [ p~ ] Cl

Using the derivative of equation (5)

iwVci = ½pS 1V~~
gives

RI~CIC [ R 5 # R6 1 1 1 au —

VF1 = Ti#j R
I~~

,CIC) L R 5 j  1
5~V

j
~~~1 (9) —

The response of the amplifier is

- r — h R 2 1 1 R3 1 ~ 
R7 + R8 1 V 10

Al — 

~ 
1 ~~l+j~~iR

3
C

3
~~ f R8 Fl

[ j~~~R~~~C2J  

L J L J

The FM telenietering system froi the Came l to the surface system steps down

the voltage by 1~4~4 When Taylor ’s hypothesis is invoked , the final ex-

pressi on for the shear is

= [
~

] 
[

(1+
~~~2c2 )(:+i

~
r? 3C

3.] 
[R7~~ R81 

(11)

x [ i  + j wRi~Cip 1 { R~ 11 ~ 1L Ri~~ic j  
[1?5 + R6j [½ps 1V2j V~

for channel 1.

The three circuits in use now ( two preamplifiers and the amplifier) were
tested by measuring the input and output voltages at various frequencies
and by a white noise test utilizing the PDP-12 computer at the Institute of
Oceanography . Each channel of each individual circuit was tested separately;

the probe was simulated by an a C power supply and a capacitor in series.

The best fit of the results is given

= 
[1 + (1 + .0022jw ) (1 + .OO3ljw ) V~ (12a )

= 

~~~ 
[1 + .r~ ] (1 + .0024,1w) (1 + .0025jw ) v2 (12b) 

~~~--~~~~~~~~ - - -— --- - - ~~~ ~~~~-
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where the constants 1.80 and 1.75 have units of (sec~~), and are accurate
- to about ± 5%. The low-frequency roll-off , given by the ratio 1/ .l7jw has

been determined from the nomi nal values of R2 and C2 , each accurate to ± 5%
-

~ and not from the tests descri bed above. This roll-off is about -3 db at
1 Hz. The low pass filters in each channel combined to attenuate the dif-
ferentiated signals as double pole filters , half power (-3 db) at 30 Hz
and 33 Hz for channels 1 and 2, respectively. In addition , the FM telemetry

— attenuates at high frequencies , and has half-power frequencies of 80 Hz and
60 Hz for channel s 1 and 2 , respectively.
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Cal ib ra ti on Techn ique

- 

- 

Two water flow dev ices for cal i bra ti on of the shear pro bes have been used .
One operates at flow speeds of 100-150 cm/sec , and has been described by

Osborn and Siddon (1975). A flow is directed at the probe by a rotating
nozzle inclined at 5° to the axis of the probe. This calibration device
operates poorly at flow rates below 100 cm/sec and rotation rates less
than 16 Hz; and it gi ves no check of linearity of response with the
cross-stream velocity .

A second cal ib ra tor , s hown i n F i g 7 , incor pora tes major changes to al low
slower flow speeds and l ower rotation rates. A jet is discharged vertically
into a tank of water, wi th the tip of the probe mounted just above the center
of the outlet at an angle cz. hater for the jet passes through a mesh and
honeycomb arrangement to reduce the scale size and intensity of turbulence
The honeycomb also reduces l arge-scale vorticity which would produce disas-
trous effects when advected through the reducer. A design of Smith and
Wang (1944 ) is used for the reducer to create a un iform fl ow at the nozz le.
The diameters at the wide and nozzle ends of the reducer are 10 cm and 2 cm ,

respectively, to give an area reduction ratio of 25.

The probe is tilted successively at 2½° intervals from 10° left to 10° right ,
and rotated about its axis , generating sinusoidal vol tages from each beam
which are carried to the preamplifiers mounted behind the probe. Slip rings
bring positive and negative supply voltages from the preamplifier , and tap
the signals from the two channel s of the preamplifier. A fifth ring is for
ground . The output signals are sent through a low pass (-3 db at 10 Hz) unity
gain filter to an oscilloscope to chec k for any bumps or spikes in the output
vol tage. The filter is required to remove high-frequency noise generated by
the vibrations of the slip rings and of the electric motor used to rotate
the probe . A rotation rate of 2.5 Hz was used for calibrations. An in-
creased ra te of 5 Hz p roduce d no change of outpu t vol tage magn itude.

The s i nuso idal outpu t vo ltages from the filt ers were measured with a true
rms meter (Disa Model 55 D35) which was calibrated with a 2.5 Hz sinusoidal
signal whose ampl i tude was determi ned with a well-calibrated oscilloscope .
In terms of the rms vol tage , the peak vol tage output for channel 1 of the 

~~~~--~~~~~~~~~ -- - - - - - -- ‘~~~~~~~ -~~~~~~~~~~~~~ - - - —-~~ - -— - •~~~~ -- - -
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probe and calibration preamplifi er is

12 —~~~~~~. 2 51fl2a
• Cl — rms - 2P 1 2

= ½p S 1U2 siflaCOSa

= ~ pS1Vu (13)

where S1 is the sensitivity of channel 1 of the probe, which depends not

only upon the nature of the probe, but also upon the gain of the calibra-
tion preampl i f i er. A s imi lar express ion i s found for channel 2.

- On board ship, a pump is used to drive the jet, the water recirculated
through the system. On land , an over flow ing buc ket on the roof of one of
the Oceanography huts at UBC provides a uniform pressure head to drive
the jet. The use of thi s calibrator to provide accurate values of sensi-
tivities requires the consideration of several factors .
(a) Grav ity
The probe tip is more dense than water. When the probe is rotated with the
tank full of water , but with no jet flowing , the force of gravity downward
on the probe produces a sinusoidal vol tage at the output terminals. This
force is present when the jet flows past the probe. It is 180° out of
phase with the force of the jet. The ratio of the voltages from the probe

caused by these forces at 40 cm/sec flow speed in the calibrator is

Lj is the lift due to the jet (always upward),

Lg is the grav itational force (always downward).
- .  The ratio varies with 1,2 . This l arge effect was not foreseen in building

— 
• - - 

the calibrator. With the jet flowing the net lift 1 s 1,1 - r,g . With no
- jet flowing, but the probe immersed in water, the net lift is L g .  The

correspond i ng output rms vo l tages were measured at various angles and
- 

added together to produce the vol tage expected from Lj alone. This pro-
- cedure is sati sfactory for sinusoidal signals, but any noise or stray
- signals generated woul d be added doubly by this method. As the flow speed

is increased to 70-80 cm/sec , where ~L j/ Lg~ 10, the stray noise becomes

much less troublesome . Most calibrations are done at these higher flow
speeds. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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(b) Boundary layer in the nozzle

-~ It would appear at first that the flow speed through the nozzle would be
the volume flow rate in cm3/sec divided by the area of the nozzle. The
flow rate can be measured easily, but a boundary layer in the nozzle may
reduce the effective cross-sectional area of the flow. This area must be

-
- known to calculate the flow speed U. The sensitivity varies as the square

of this speed, and the variance of the velocity fluctuations varies as the
square of the sensitivity. Thus , the energy dissipation which we want to
estima te from the veloci ty shear variance depends on the 4th power of
effective cross-sectional area of the flow . Small boundary layers or

— bubbl es on the walls of the nozzle can cause lar ge errors in the estimates
of dissipation .

Some method is required to accurately measure the speed . The most satis-
factory solution found is to measure the dynamic pressure ½pU2 in the jet
wi th a manometer and pitot tube . This system has the advantage of measur ing
U2 directly. A large bore inclined manometer gives accurate readings of the
height of the wa ter column. For a pitot tube, a plastic pipet is used , wi th 11
part of the tip cut away to leave a 4 nun end to be directed into the flow.
The dynamic pressure is uniform acr oss the core of the jet. Pressures out- 

9

side the jet are uniform also. Abramovich (1963 ) states that observed
static pressures in a su bmerged je t suc h as observed here are the same ]
inside and outside the jet. Therefore , the difference in the pressure

observed is the dynamic pressure of the flow in the core of the j et.
Figure 8 shows the flow speed for various volume flow rates. The value of
U2 given by the manometer should be accurate to better than 1% (Bradshaw ,
1964). The repeatability of results was within 2% to 4% and should be
the error in measurements . There is no reason for the fit to be linear ,
but the line drawn does fit the points well. It is also noted that the
flow speed increases slowly in time during a steady vol ume flow rate, due

to an accumulation of bubbles in the nozzle. Flow speeds could be increased
by 5% due to this effect. During the ATLANTIC II cruise , no chec k was made

on this accumulation of bubbles , and resulting errors in sensitivity can be
up to 10%. For more recent calibrations, the nozzle has been brushed clean
of bubbl es .

L~. - ~~--~~~~~ -- - - --
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Cc) Turbulence
The large scale turbulence is reduced by using packing material in the
bottom of the ca librator , and alumi num honeycomb or straws . The honeycomb,
manufactured by Hexel Corporation , was 3 mm cel l diameter and 50 mm deep.

It is mounted 9 cm below the reducer . The inf low of water below the honey-
comb is turbulent. The Reynolds number for the flow through eac h cel l  of
the honeycomb is U = 3 cm/sec

R e = ~~~~~= 6 4  d —  0.3 cm
v = 0.014 cm2/sec

Laminar flow in each cell may occur , which is not the optimum situation for
the generation of low intensity turbulence . The turbulent flow in each cell
would be preferred , giving lower intensity turbulence beyond the honeycomb.
For laminar cell flow , Luml ey and McMa hon (1967) predict for the decay of
turbulence beyond the honeycomb

0.03 d (14)

u’ turbulent veloci ty
U average velocity
d honeycomb diameter

d i stance down stream —
r2

From the honeycomb to the reducer is 30 diameters and 
~~~~~~~~ 

should be 0.001
at the reducer. Pankhurst and Hol der (1952) give u ’2 as roughly constant in

a reducer , and U2 increases by (25)2 , pushing turbu l ent intensities even

lower.

The shear probe i tself is a good detector of turbulence. With jet flowing

and the probe inclined at 10° to the flow , the rms vol tage observed with
the probe not rotating was 2% of the rms vol tage observed during rotations.

The signal from the rotating probe varies as U sin~20)~ . The non-rotating

probe wi l l  not detect the mean cross flow because signals at frequenc ies
less than 0.1 Hz are filtered by the preamplifier . The output signal will

only contain the higher frequencies of cross flows , due to turbulence ,
which vary as Vu ’~u1Ju’ . The rati o of the signals is

-1 
~~~~~ - - - - -.•-~~~~~~~~--- -—--~~~——~~~~~~~~~~~~ -- - -  - -  
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~~~~~~~~ ~~~
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U2sin2O° 
— 0.02

2
from which /W2/u~O 3% wh ich indi cates low l evel s of tur bulence at sca les
and frequencies which the probe and filters will pass.
(d) Wa ter tunnel blockage effects
In the ocean the probe falls through the ocean at speed V. In the calibra-
tion tank an open j et of water 2 cm across is directed at the probe. The
defl ection of streaml ines in the j et is not the same as in the ocean. The
jet streaml i nes sprea d more eas i ly around the probe , reducing the effective
dynamic pressure. If the probe is inclined in the jet, the lift is not the
same as experienced in the ocean. Pankhurst and Holder describe the follow-
ing corrections for these effects for wi nd tunnels.

When an airfoil is introduced into a wind tunnel , the solid bl ockage at the
mid-point along the length of the airfoil is conveniently expressed by j

= UT(L+E B) (15)

UT 
tunnel speed far from the model ,
tunnel speed at the mid-point of the chord of the model .

For the case of the s hear pro be , one wishes to find the blockage near the
tip of the probe, where 0 ( i .e., where the probe is most sensitive to
the cross—flow) . One poss ib le way to exam i ne the b locka ge near the pro be
tip is to consider only the rubber portion of the probe as the airfoil , and
the stainless steel tubing behind the probe as a solid wake. Thi s distinc-
tion is rather arbitrary , and the resulting fineness ratio of 5 is higher
than the val ue derived if only the sensitive portion of the probe is con-
sidered as bei ng an airfoil. Pankhurst and hol der have cited results of
Lock and Johansen (1931) who found the effect of wake blockage small when
compared to the solid blockage of an airfoil. In the absence of better
information , this assumption is hel d to be valid here, and we proceed wi th
the f ineness ra ti o of 5. -4

Pankhurst and Holder have published values of c
~~ 

for var ious f lo ws. For an
open axisynunetric jet blocked by an axisyninetric body, c

8 
-is given by

T
N
A
A 
(A.)3/2 (16) 

-- - --- ——-—- --~~~~~~~- -
~~ 

-
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ratio of cross-sectiona l area of probe to cross-sectional
area of nozzle.

T
N 

constant characteristic of nozzle = -0.206 for open circu-
lar jet.

constant characteristics of airfoil. This is chosen as 5
which is the value for a Rank ine Ovo id of fi neness ratio 5,
and corresponds to the assumed fineness ratio of the probe
as noted above .

This gives 3/2 -

C
a 

= (-O.206)(5) [-~-) 0.02 (17)

which has been neglected .

The second tunnel interference effect is a change in lift. Pankhurst and
Hol der show that for a finite width airfoil in an open jet, the measured
lift will be less than encountered in a flow of infinite extent. This
effect is diminished at the forward and trailing ends of the airfoil , so
for the case of the airfoil shear probe whose lift is concentrated near
the forward tip, this effect may not be large. The corrections given by
Pankhurst and Holder apply only to an airfoil whose l ength is much
smaller than the jet width , and do not apply in the cas e where the probe
length is much longer than the jet width.

To determine the magnitude of these two tunnel interference effects, a
probe was cal ibrated us ing two different nozzl es , of diameter 1.92 and
3.00 cm, and for s imi lar flow speeds the outputs with the larger nozzle
were about 4% to 5% greater. The ratio of the nozzle areas is .41. The
bloc kage effect varies i nversely as the three-halves power of the area of
the nozzle (equation 16) and the lift effect varies inversely as the area
(Pankhurst and Holder) and an upper l imit of the total error due to these
two effects in the smaller nozzle is found by assuming the sum of these
two errors to vary i nversely as the nozzle area. In such a case, for the

smaller nozzle, this total error is 6% to 8% of the measured lift. All
cal ibrations were done wi th the smaller nozzle, and no correction has
been made for this error. The possible effect of this correction will

be more apparent in the discussion on spatial resolution . 

-~~~~~~~~~~~~~ -~~~~--~~~~~~ -- -—--~~~~-~~~- - —~~~~~~~~~~~~~~~~
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Probe Sensitivities

As the probe rotates in the jet , the lift on the probe remains constant
but the lift on the individual beam varies sinusoidally. The peak output

• vol tage is for channel 1:

V — 
S (3- U2)~~~~~~~~~

2a (18)
Cl — 

1 2P 2
In practice , the rms voltage is measured and the peak voltage derived .
To find S1 and S2,  the values of Vrms/pU2 are plotted versus s in 2a as
in Fig 9. The flow rate is measured easily by trapping the overflow from

• the tank. The speed U is determined from the flow rate and the graph in
Figure 8. For this probe the output voltage appears to be linear with
sin 2c& beyond a = 2.5° but is higher at small angles. This deviation is
due to non-perfect alignment of the axis of the probe wi th the axis of the
jet, such that a = 0° cannot be achieved . The relative ang le of the jet

can be measured accurately (better than 0.2°) but the absolute angle , as
shown in Fig 9, was out by 10. That is , the reading at 100 to the right

was actually at 11°, and the reading at 10° to the left was actually at 9°,

etc. One woul d expect that because sin 2a is not a linear function of a

at angles near 10° , an error would result from mis labelling the angles in
this way; however , the error is small (<1%) .

A l arger error results from a tilt of the entire plane of inclination
relative to the jet axis. This angle is checked before a calibration , but
one cannot be sure that it is less than 1°. If the plane of inclination
is tilted fo rwa rd at an angl e of say 1° , then a true angle of 1° is present
for a nominal angle of 0°. The effect of this tilt is diminished at larger
angles; the true angle is 2% l arger for a nominal angle of 5°, 1% at 7½°
and 0.5% at 100 . To calculate sensitivities , most weight was put on the
values at these three higher angles , and the expected error in sensitivity
is 2%.

The largest errors result from uncertainties in the flow rate in the cal i-
brator dur ing the ATLANTIS II cru ise , and the tunnel interference effec ts.
The probes were recalibrated u pon our return to Vancouver , but variations
of about 10% are found in the two sets of calibrations. It may be that
the values of the sensitivities determined during the ATLANTIS II cruise

— p 
- -~~~~~~~~~~~~~ ~~ •- —- - -~~ -~~ -- —— •~~~ —~ --
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are up to 10% too high because of bubbl es in the nozzle during the cruise ,

and 6-8% too low because of the tunnel interference effects. Other errors,
such as uncerta i nties in the flow rate, in the angle of tilt and in the

change of sensitivity with temperature may contribute to a lesser extent

to the overall uncertainty in the value of the sensitivity . The overall
error may be up to 20%. Errors in the probe sensitivities are smaller for

recent calibrations.

I

’ - 
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Temperature Effects

The sensitivity of the probe is temperature dependent. Operational temper-
atures have ranged from as low as 4°C in the sur face waters dur i ng the B C
winter , to 26°C in the Equatorial Atlantic. Because of the complexity
and the uncer tainties of the cal ibra tion procedure , no deta i led knowl edge
of the temperature dependency of the calibration is available. Several
sets of cal ibra tions have been performed at both ends of the operational
temperature range and the results are consistent with a sensitivity change
of +1%/C° of the sensitivity at 26°C. This factor is a few times larger

• than one woul d predict from the general temperature sensitivity of the
pi ezoceram i c mater ia l .

Fortunately, one does not encounter the entire temperature range in any
given cruise and so judicious choice of the calibration temperature can
limit the amount of correction required for a given set of data . Having
said that, one must realize that calibrations in the wi nter are biased
toward lower temperatures by the fact that the tap water in Vancouver is
co ld.

A more serious temperature-induced problem arises in the low-frequency
voltages generated in the beams due to temperature changes . Figure lOa
shows the vol tage versus time plot for the output of the calibration pre-
amplifier when a probe was moved from a cup of water at 15.1°C to a cup
of wa ter at 30.4 °C and back again. The lower trace is the transition from
hot to col d on an expanded time scale. There i s a chara cter is ti c s hape
to the thermal response that is the same in both channels. The small
amount of high-frequency variation at the start of the thermal response
is due to the insertion of the probe into the cup of water and varies
between the traces; the high speed trace (Fig lob) is especially clean in
this regard. The major response to heating is first toward negative volt-
age for a fraction of a second fol lowed by a trend toward positive vol tage,
an d then a decay back towar ds , but not to, the prev i ous zero level . All
pro bes show the same charac ter i s tic s ignature to the thermal response curve.
There is one variation and that is that the curve can be inverted . Checking - *

the directional response of probes with inverted thermal response shows them 
-

to have inverted output relative to the l i f t force , i.e. opposite beam 
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- 
- polarization. Thus, we conclude the thermal response curve is a character-

istic of the beams and the wey they are mounted in the probes for the sig-
nature of the curve can be predicted from the sign of the temperature
change and the beam polarization.

While both channels show the same shape of response in Fig 10, the lower
channel has an essentially positive vol tage response to a temperature

- 
- i ncrease and the other channel has significant response of negative

vol tage as well as the positi ve vol tage response. The negative voltage
response is the quicker but the positive response l asts much longer . What
would the Came l elec tron i cs show in this s ituat ion? For thi s di scuss ion we
can treat the frequency response characteristics of the calibrating pre-

- 

- 
amplifier as bei ng the same as the band pass amplifier in the Camel and
say that the output of the Camel ‘ s shear circuits to a step change in
temperature would be the same as the der ivative of the curves shown in
Fig 10. The derivatives of the two curves would not be as similar as the
curves themselves; i n fact, the max imum shears coul d wel l be of oppos ite
sign.

At the southern edge of the Atlantic Equatorial Undercurrent the thermocline
is quite sharp. Figure 11 shows a 10-metre span of data. The temperature
difference is about 4.2 °C between 52 m and 53 m depth . The probe ’ s low-
frequency thermal response is qu ite evident. The noise spikes marked with
arrows are seen in some probes when ex posed to thermal shock while some
other probes never develop this problem . The spi kes can be removed and
the data points replaced but we retire probes as soon as possible after
they show these spikes. The two channel s display different responses, the
second channel responding sooner but with less ampl itude and in the opposite
di rec tion to the f i rs t channel . The response to the thermocl ine shown in
FIg 11 is consistent with the response to a step change shown in Fig 8.
Admittedly, it is difficult to compare the two traces for the step response
must be convolved with the thermocline profile and then differentiated . The
reader will note ch 2 of Fig 11 has a quicker time response to the start of
the thermocl ine, but the net effect is only half as large . That situation
is consistent wi th the upper trace of Fig lOa where the response is quicker 
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-; but the initial voltage swing is cancelled by the later trend of opposite
sign, whereas i n the lower trace the res ponse i s essen tial l y of one s ign
but delayed in time by the small deflection of the opposite sign at the

start.

In looking for an explanation for the large l ow-frequency response of the
probes to changes in the mean temperature there are several sources that
can be examined . First is the pyroelectric effect of the beams themselves.
Recall that the transduc i ng elements are formed as a sandwich of two layers

of piezoceramic material wi th opposite polarization (Fig 2). If the dimen-
sions of the two pieces are identical and the temperature change for each
s ide the same , then the i nduced vol tages should cancel . Cl evite Corpora—
tion literature gives

{~-) -2 x 108 coulombs/cm2/C°
‘~ stress

where p is the polarization for one side of beams
- ~~ -2x10’8 cou l/ cm 2/C0(.18cm2)
— 

C 1400x1O ’2 farads

~ 2.6voltsfC° = 39volts/15C°

So, the response in Fig 9 is a small fraction of the voltage change in each
half of the beam and cou l d resul t from a sl ight m i sma tch of the d imens i ons
of the two halves or of the rate of heating . The beams are formed by sawing
up a large plate of material that was created by bonding two layers on oppo-
s ite s i des of a metal substra te. Thus , there i s no reason to expect the two
layers in the beam to have the same thickness (i.e., the same capacitance).

The two-beam probe that we use is inherently axymmetric with one side of the
beam closer to the edge of the probe than the other (see Fig 2). Thus the 

- 

-

temperature c hange affec ts one s ide before the other , possibly imposing a
mechanical strain in addition to the direct i nduced temperature effect.
This mec hanical strain can in turn cause a voltage output. A poor cho ice
of substrate or epoxy can induce further strain by differential thermal
expansion .

Further tests are needed on the beams themselves to better j udge what is

happening. We have purchased some specially made beams from Gu lton •

_ _ _ _  -— - --- -- --- ---- -- — ----- •m —-s — ---  - - -- - ~~- --
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Industries in the hopes that close matching of the two halves will reduce
the net pyroelectric effect and that their choice of epoxy and center sub-
strate will reduce the differential heating probl em. We plan on testing
the beams alone to determine how much of this effect is inherent in the
transducer itsel f and what portion is due to the configuration of the probe.

Turn now to the question of the high-frequency response of the probes to
temperature fluctuati ons. Are the signals that we interpret as vel ocity
fluctuations contaminated by the high frequency temperature fluctuations?
Figure 12, which is data from 28°01’W , O°18’S, shows a large temperature
change just above 70 metres depth with several small—scale temperature
gradient fluctuations associated with it , yet no corresponding small—scale
ve loc ity shear fluc tuations. The mean res ponse to the net temperature
change is visible. This temperature features is interesting. It appears
to be close to the depth of the salt core in the undercurrent. Several
of these features have been observed by various temperature microstructure
instruments at UBC (Laurent Bilodeau , personal communi cation). They are
disti nctive by their one-sided gradient profile , s ince the temperature
grad ient does not change s ign, they may not be turbulent but rather a mani-
festation of the convection associated with double diffusive processes.
They appear to occur in regions where we never have sufficient data to un-
equivocally rule out the likelihood of salt fingering. There must be some
source of motion to produce the fluctuations in temperature gradient shown.
However , horizonta l velocities do not seem to be the source. For assessing
the possible effect of small-scale temperature effects, it is very useful
to have suc h a large temperature change wi th no associated velocity fluctu-
ations. Figure 13 shows some data col lected on the Azores Fi xed Acous tic
Range. The temperature and temperature gradient traces both show a well-
mi xed regi on between 110 m and 155 m, but the velocity shears show the
turbulent regi on to be nearly conti nuous through this regi on. Here we see
velocity fluctuations wi thout any associated temperature fluctuations , pre-
sumably because the flui d is wel l mixed and the temperature inhomogeneities
have all been dissipated by thermal diffusion . (Note that the full-scale
values of the shear are 10 times those of Fig 12.) Figure 1 of Osborn and
Siddon (1975) showed velocity fluctuations and the associated temperature
fluctuations for the different patches over 60 m depth intervals. There

—• - - —.--—- — •—---- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • - - -~~~~~~~
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the temperature fluctuati on ’s intensity appeared to be inversely correlated 
-

to the velocity fluctuations unless one accounted for the variation wi th

depth of the mean temperature gradient.

Considering the effort necessary to get temperature sensors wi th reasonable -

thermal response it is unl i kely that the velocity probes, being much larger
than the thermistors generally used and with their construction of insulating 

-

- rubber , can respond at the high frequencies associated wi th the temperature
gradient fluctuations . The most likely source of trouble is wi th the

-

• spiking observed in Fig 11. Big spikes are obvious but a bad probe can

also generate small spikes . Experience generally assists one to tel l good

data from bad . The spikes in Fig 10 at 75.5, 79.5 and 82 metres are con- -

- 
sidered to be faulty data because of their asymmetric shape and lack of

— associated temperature grad i ent fluctuations. The data at 65 m are accepted -

because of the association between temperature and velocity fluctuations. -

The velocity shear spike at 72 m is suspect because of its isolation although 
--

it could possibly be real. There are considerably fewer problems wi th spikes

in the Azores data than the Equatorial Undercurrent data , perhaps because

the Azores data were all taken with one apparently excel l ent velocity probe

(15 drops). -

I 
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• 

- 

Accelerati on Sensitivity
• The airfoil probe is sensitive to accelerations. Being a force sensor the

probe interprets a latera l accel eration as a force due to the inertial
loading of the probe tip. Figure 14 shows the acceleration sensitivity

s9 (f )  as a function of frequency of a short-nosed airfoil probe as measured
on a shaker table. The output was measured wi th electronics equivalent to

that in the Camel except for telemetry and is given in millivolts per mi lli-g.

• These data were provided by A Nowell of the Ocean Mixing Group at Victoria ,
B C. He also ind i cated that the output ratio was independent of the magni-

tude for the acceleration as determined by varying the ampl itude of the
vibration at selected frequencies from 50 milli-g ’ s to 250 milli-g ’s.
These data are for a probe vibrated in air. In water the added mass effect

(Lamb 1945) shoul d not doubl e the output since the probe tip is denser
- 

- than water and the added mass is less than the displaced volume of water.

There i s a second as pect to the probe ’s acceleration sensitivity and that
is due to the fact that a vibrating probe sees a varying angle of attack

of the mean veloctiy vector. Thu s even a set of crossed wi res which have
no acceleration sensitivity , when v i brated perpendicular to a steady flow ,

would respond as if they were in a time-varying cross-flow. Similarly, a

hot film vibrated in the down-stream direction senses the apparent fluctu-
ation in the flow. Suppose an airfoi l probe is vibrated back and forth
perpendicular to the mean flow with an ampl i tude v,. and a radian frequency

w. We can calculate the velocity and acceleration of the probe tip.
= tsinwt (19a)

~~~ = = u tcoswt - (19b)
a = ~ =—u 2 tsinwt (19c )
tip

The apparent water velocity as seen by the probe tip is u = -v~1~, and the
shea r as sensed by the instrument is 

- 

-

= .
~*~,/~

z/Bt }~~
vtiP
,
~/

/’
v
f ii 

= (20)

Let us now compare the magnitude of the two contributions to the output due
to the probe’s v i bration . Assume for the data shown in Fig 14 that the probe
sensitivity was S 3.5 x 10~’volts /dyne cm2 , and = 50 cm/sec , the

A--
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voltage output of the probe due to the apparent velocity of the water ‘is

v t - 
pSv2 f a l l  -&tip 

-apparen -1.8 sec l u PSt’fali 
. a~~,f a l l

Vapparent 
= 17.5 mi llivo lts /milli— g 

21

tip
Thus, for frequencies below the peak of the curve of the acceleration sensi-
tivity shown in Fig 14, the major contribution to the output voltage is not
due to the inertial loading effect but rather inherent in the fact that it
measures the cross-stream velocity. Above that peak the problem of frequency
response and spatial resolution (to be discussed later) limit the above dis-
cussion which is based on steady-state rather than a time-dependent response.

Crossed wi res would have almost as much noise due to a vibration at the low
• frequencies (less than 20 Hz). While a hot film probe suffers a similar

contamination due to vibrations parallel to the directi on of the mean flow,

it is much less sensitive to cross-stream vibrations.

Figure 15 from Crawford (1976) shows a series of spectra from two-metre
vertica l sections of data. The dissipations have been estimated from the
variance of the shear signal. Note how the high frequency portion of the

spectrum has a consistent shape independent of the calculated dissipation.

This region contains the vibrations and the electronic noise, the turbu-

lence signal is at the lower frequencies, generally below 30 Hz. Especially

noticeable is the vibration peak at 23 Hz. The instrument was built so

that the vibrations would be out of the frequency band of interest (we
got rid of most of the 23 Hz noise eventually) because it is impossible to
build something that does not vibrate a bit at some frequency . From looking

at our da ta , a reasonable estimate for the ampl i tude would be io-~ cm. At

a frequency of 30 Hz the associated velocity from equation (1gb) is 2 mm/sec

and the acceleration is abou t 40 mi lli-g ’s. Clearly the apparent velocity 
- 

-:

does not cause any pro blem with res pect to the max imum angle of attac k
limi tations, nor does the ampl i tude cause any probl ems wi th respect to
mov ing the probe any s i zeabl e fract ion of i ts d i ameter and thus c hang ing
the potential flow characteristics. However, the ampl itude i s compara ble
to the boundary l ayer thickness on a sphere of this same diameter in a

flow of the same speed. Since the ampl i tude is small the potential flow

won s t be affected unless there is separation or ‘stalling ’ to modify the -

-l
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flow . Fortunately, axisyninetric bodies are not prone to sudden changes In
the slope of the lift curve until the angle of attack approaches 450 , wel l
above the region we want for operation of the probe. Separation occurs at

much lower angl es in the form of a pair of vortices which are fed by vortex
filaments originati ng at the separation lines (Nielsen 1960). As with a
delta wing airplane , breakdown of this system and loss of lift do not occur

until high angles of attack.

~~i.
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Pressure Effects 
-

There are two possibl e effects one must consider; pressure induced noise,

and a change in sensitivity wi th pressure. There is a noise spike that

occurs interm ittentl y on our ve loc i ty shear data records ; we cal l  it a
‘boing ’. It is one second long and has the form of an exponentially damped

high-frequency oscillation. To determine the cause we tested a probe up

in our pressure tank by itself and in conjunction with our Richardson-type

stretched pin releases. The noise appears only when the probe is pres-

surized with the release. Keepi ng the releases and all other moving parts

(the salinometer has several) greased has reduced the occurrence of these

noise spikes.

We also tested the probe for a change in sensitivity wi th pressure by

moun ting a 12.7 mm diameter bar .3 m in front of the probe tip on the

- 

- 
Camel . Drops were then made in excess of 200 m depth through isothermal 

-

water in Howe Sound (a local B C inlet). Preliminary analysis with an L
rms meter revealed no chan ge i n sens iti vity over that depth interval to
± 5%. Analysis of the data shows a l arge fluctuation (± 20%) in the L
spectral level between 5-rn intervals. When averaged over 50-rn intervals ,

the spectral l evel s are constant to ± 2%, but the errors in fall speed
make it impossibl e to determine if the sensitivity is constant to better I
t h a n ± 5 % .

Oakey (1977) has tested the pressure sensitivity by pressuring the probes

in a chamber with a magneti c stirrer and looking at the rms output. He
finds the sensitivity constant to better than ± 5% which is the estimated
accuracy of the test.
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Spat ial and Temporal Resol uti on

Measurements of the velocity shear can be used to estimate the local rate
of viscous energy dissipation. If one has all the necessary derivatives ,
the dissipation can be calculated exactly (Lamb 1945). Given the two terms
we get from the Camel data , and us ing the rel ation for isotropic turbulence

= 7.5v tj ~
2 , one can estimate the dissipation. Osborn (1974) suggests

that the value 7.5 could be replaced by 5 ± 2.5 to account for the distinct
possibility that oceanic turbulence is not isotropic. However, it is

probably better if the isotropic relation is used and people bear in
mind the assumption of isotropy rather than to have different groups
using different relationships to estimate the dissipation from their
velocity gradient measurements. A crucial question is whether the
variance of the velocity shear is completely resolved by the probe.
Just as in the situati on of estimating the turbulent heat flux from the
small-scale temperature gradient, spatial averaging of the signals at the

scale size of the peak of the spectrum can lead to seriously underesti-
mating the variance .

There are ac tually two problems being studied at once, the spatial reso-
lution problems in which a velocity fluctuation impinges on the probe wi th
a varying value of the cross-stream velocity , modulating the angle of attack,

at different pos iti ons on the probe. There is also a frequency response
problem simi l ar to the pitching airfoil (von Kármán and Sears 1938) in which
the angle of attack is uniform but the flow is not in equilibrium with the
instantaneous position of the airfoil. The response of the probe to any
real feature will be a combination of the two effects.

Siddon (1969) compared the airfoil probe to a set of crossed hot wires in
a jet. Unfortunately the intensity of the turbu lence was too high for the
behav iour of either the crossed wi res or the airfoil probe to be wel l under-

stood . The resul ts showed agreement between the two systems to wavel engths
as small as four times the diameter of the probe. One can calculate the
transfer function associated with averaging a sine wave of wavelength A
over an interval L. The result is the familiar sin(x)/x function with
x = 1TL/A. This relation impl i es a half-power point (minus 3 db) at
A = 2.25 £ and a minus 1 db point at x = 4L. Siddon ’s resul t shows the 

-
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. . . . . 
=crossed wire and airfoil probe Just starting to diverge at x 4d The

I - desired linear lift force due to the flow arises from the portion to the
probe where the diameter changes and is in fact weighted by the rate of

change of cross-sectiona l area. Thus the length over which the probe

changes diameter rather than the diameter itself might be a more appro-

priate length scale. The change in area occurs in about 1.5 diameters
for both of our probes and that described by Siddon (1969).

Crawford (1976) has analyzed the data col lected wi th the Camel along the
Atl antic Equatorial Undercurrent in order to study the energetics of the
current. In the course of that work it was necessary to estimate the
dissipation rates from the measured var~ance of the small-scale shears

- - measured by the airfoil probe. As a check on the measured variances the

velocity spectra were also computed by dividing out di gitally, in the

frequency domain of the spectra , the electronic time differentiation. The
velocity spectra were fitted against a universal spectra for cross-stream
fluctuations derived from the universal spectral shape for the downstream

spectra of Nasmyth (1970). The fitting was done in the fashion described

by Stewart and Grant (1962). Figure 16 shows the ratio of the estimated

dissipation from fitting to the universal curve (c~~
) to the estimate from

the measured variance (e ).m
The relative shapes of the measured and universal spectra suggest that the
probes have a poorer spatial resolution than the extrapolation of Siddon ’s
resul ts would l ead one to expect. The minus 1 db point occurs at about 4 cm
and the minus 3 db point at around 3 cm. These values suggest averaging
length , £ , of 1 cm and 1.3 cm, respectively, when used in the relations
for the linear running average. These lengths are longer than the .75 cm
over which the probe changes cross-sectional area or the .475 cm diameter.
But this result is consistent with the wind tunnel results where the slope
of the lift force curve increases and bec omes non-linear as contributions
from the straight section are included . The impl ication ‘s clear that a
shorter probe wou ld be better and an optimum shape would include no cylin-
drical section, terminati ng the rubber j ust aft of the region of increasing 

1

rad ius. 
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It should be noted that errors in the probe sensitivities affect the
accuracy of the curve fitting results. The ratio of the fits is linear

in the sensitivities ; the measured dissipation is quadratic and the
dissipation calculated from the curve fit is cubic in the sensitivity .
Also the validity of the curve fitting technique can be questioned since
the data do not contain an extensive -5/3 region and may not represent
isotropi c turbulence wi th the energy containing eddies wel l separated
in wave number space from the dissipation region .

One possible solution to determining the response of the probe is to simul-
taneously measure fluctuations with another cross-stream sensor, perhaps a

laser doppler system. This measurement is an extremely difficult experi-
mental problem in water. To some extent thi s comparison has already been
made by Siddon , albei t in an air jet. The differences in his directly

measured resul ts and our derived results are a factor of 2 or 3 in size
scale and that could wel l be due to the details of the different shapes.

An al ternative approach to solving the problem of spatial resolution has
been suggested by S Pond . It consists of making a probe that is smal l
enough to allow confidence in resolving past the peak of the dissipation
spectrum whi ch is at k .14K8 (see Fig 17) for the cross-stream velocity
component. Once past the peak of the dissipation spectrum it is reasonable
to assume that k2 4 22 (k) vs. k is a self-similar function. Thus , the
measured spectral s hape can be extended i n the reduced spatia l res ponse to
obtain an estimate for the dissipation corrected for the probe response.
Th i s method was employed by Pond et al. (1966) on the downstream velocity

component. So rather than fit the measured data against a universal
spectral shape for velocity fluctuations the comparison is performed at
higher wave numbers against a curve which is required to be monotonically
decreasing wi th positive . - •

Figure 17 shows the dissipation spectra (derived by Crawford (1976) from

the data of Nasmyth) for the cross-stream component in non-dimensiona l
coord inates k8 = (c/v 3)¼ . If we requ ire a probe to resolve to (i.e. be
down 1 db or less) at k/k 3 = .3. A maximum value for can be estimated

from a large value of e = 3 x 10-2 cm2/sec3 and a small va l ue for • 

--~~~ -— ~~~~~~~~~---~~~~~~~~~~-~~~ 
-~~~-
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v = .00918 cm2/sec (e=26°C).
£k = —~- t  = 14.03 cnr 1

8

Resolution is des ired to
k = .3 1<

3 

= 4.21 cm 1

The corresponding wavelength

A = = 1.5 cm

Our present probe is down 1 db at 4 cm so a probe 3/8 the present size
wi th no straight section woul d be down 1 db at 1.5 cm. Needless to say,
when a probe becomes this small it will be a single beam probe but that
will have the advantage of more symmetric heating and cool i ng as wel l as

* simpler construction . Table 1 shows A = 2111.3k and x = 211/.25k3 the wave-
length for 1 db depression in response as a function of ~ and v. A probe

wi th a 2 cm averaging scale is good to 1< = .3kg if c < 102 or 0 > 10°C.
At 1< = .251<3 a 2 cm averaging probe would be limited to o < 20°C or

c < 2 x 1O~ cm2/sec3. This table also shows an advantage to working in - -

regions away from the Equator where the high temperature and concomitant
low viscosities require better spatial resolution .

As a first step in using this method we plan to re-examine some of the
Equatorial Undercurrent data as wel l as some of the Azores data by plotting
the dissipation on linear-line ar axes. An attempt is being made by A Nowell
of the Institute of Ocean Sciences in Patricia Bay to ascertain the response
of the present probes as a funct i on of wave number by comparing a shear
probe wi th the hot film probes in the far wake regime of a cyl inder.

~~1
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Conclus ions

The airfoil probe is a very suitable and useful velocity sensor for oceanic

turbulence studies. It has advantages over heated anemometry due to its
rugged nature , lower susceptibility to fouling , and i nherent linearity .

Improvements are needed in the construction technique presently employed

at UBC to make the probes. Work is in progress to simplify construction
as well as to improve the characteristics with respect to the l ow-frequency
thermal response. Measurements wi th the probe can be used to estimate the

local rate of energy dissipation , which is a fundamental parameter that
can be used to unders tand the ener getics of ocean ic currents. This approac h

was especially successful for Crawford (1976) in his work on the Atlantic

Equatorial Undercurrent. From that work it is clear that the question of
the spatial resolution of the oceanic probe is an important unsolved

problem that needs investigation .
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TABLE I

— 2 2 —2
c 3x10 

~~~ 
10

sec

0 1.5 2.0
(1.8) (2. 4)

- 
- 26°C .00918

20°C .010 5 1.7 2.2 -
(2.0) (2.6)

15°C .0120 1. 8 2.4 
-

(2.2) (2.9)

10°C .01 36 2.0 2.6
(2. 4) (3 .2)

F
A 211/k where k = .3k5 and .25 k5 

in parenthesis.

1.
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List of Figures

1 Schematic drawing of the Camel . This free-fall instrument body has
been used as the support vehicle for most of the work wi th the probes
to date .

2 Drawi ng of the probe wi th both longitudinal and cross-sectional views .
3 vs x where L is the lift force.

4 Lift vs ~ for different distances back on the probe . The distances
correspond to the position of the pressure ports shown in Fig 3.

5 Schematic drawing of the piezoceramic beams.
6 Circuit diagrams of the electronics used with the airfoil probe.

7 Line drawi ng of the present cal ibrator.
8 Calibration curve of the velocity at the jet of the calibrator as a

• function of the flow rate.
9 Typical calibration ~.irve for the probe.
10 Response of the probe to a change in the mean ambient temperature. The

lower pai r of traces is on an expanded time scale.

11 Data collected at 28°O’W , 1°21’S showing the probe ’s response to a
sharp thermocline.

12 Data collected wi th the Camel and airfoil probe at 28°01’W , O°18’S.
The probe response to the region above 70 m depth shows the lack of
sensitivity to small-scale temperature fluctuations.

13 Data col lected at 26°26.7’W , 36°58.4’N on 5 March 1975. This record
shows the presence of velocity fluctuations wi th and without detectable
temperature fi uctuati ons.

14 Data provided by A Nowel l of the sensitivity of the probe to acceler- -

ation. The measurements were taken in air.
15 Spectra of veloc ity shear showi ng the change in the spectra with

changing signal level .
16 Ratio of the dissipation estimated from the variance of the shear

signal to the dissipation estimated from the fit of the veloc i ty
spectrum to the universal curve for cross-stream velocity fluctu-
ati ons derived from the work of Nasmyth (1970).

17 Non-d imensional plot on linear axes of the dissipation spectrum for
velocity fluctuations.
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