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EOPEXORD

Under support of the Oifice of Sea Grant Projects, the Koeds Hole Oceano- ~?4
; graphic Institution conducts an educaticnal summer program in oceanographic 3
% engineering. This program, in its second year, encompasses lectures on E
. cceanographic instrumentation, seminars and lunchtime talks'on oceanographic
. subjects. Additionally, student projects involving field and laboratorv
- experience are performed. Four second year and two entering graduate students

from the WHOI/MIT joint program in ccean engineering registered for the 1971

summer program. The results of their work appear as two reports to which this

foreword is appended. Professor icbert L. Miller of the University of Chicago %1fﬁ
supexvised and collaborated with Jay M. Cohen, Carl S. Albro, and James K. é,
O'Sullivan on a study of sedimentation in Great Harbor (VHOI reference 72-12).
I supervised and coliaborated with Richard J. Jaffee, Peter F. Poranski, and
Paul J. Simonetti in the construction and deployment of a tuwed geomagnetic-

electro kinetograph (WHOI reference 72-13).
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ABSTRACT

The construction of a bottom mounted electrcmagnetic current meter
which would measure the vertically-averaged conductivity weighted horizon-
tal velocity is necessary for the detemmination of the true horizontal
velocity vector by electrcragnetic techniques. A towed surface instrument
which is the first prototype for the bottom mounted instrument was con-
structed and tested during the course of the summer. A salt bridge used

ir conjunction with a valve switching arrangement permitted the induced

electromotive force and the electrode offset potential to be r:asily deter-

*

mined. Extensive laboratory tests and several field experiments p}oved the

*

£
reliability and effectiveness of this design. Field tests included tow- " -
L Y
- - - - L} - "
ing the instrument at the ccean surface and implantment of the instrument f

%

\‘
[

on the bottem in shallow water.
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= ; INTRODUCTION

f s The Geomagnetic Electro-Kinetograph (GEK) measures tne electri: fields

induced in itself and in the sea due to motion through the earth's magnetic

2 field. In all previous electromagnetic current meters a serious problem

RPN T
e

§ has been the determination of the offset potential of the electrodes in
the sea water. The effect of this problem is to have limited the conveniernce

and accuracy of some such current meters. The usefulness of other electro-

TRF s

magiletic current meters, such as the free-£z11 GEK (Drever and Sanford, 1970),

_* _*
has been limited by the fact that V is an unknown,where V is the vertically-

L e Y

averaged conductivity weighted horizental velocity in the entire water column.
_*x
Sirce the free-fall GEK measures V(z)-V , only the relative horizontal ocean

currents as a function of depth can be determined. Thus, there is a strorg

basbatatliong i

R o AR P SRR

_*
need for the development of a bottom mounted GEK which would measure V . g

s

This summer a new type of tewed surface GEK has been constructed which

o

is the first prototype for the bottom mounted GEK. The problem of deter-

mining “ne electrode offset potential has been solved by a valve mechanism ;
whiuh switches the salt bridge connections to the electrcdes.

This paper is divided into three parts: a discussicn of the physical

Nt A

principles upon which the operaticn of the instrumernt is based, a descrip- :

tion of the instrument itself, and an analysis of the data obtained from

RS RN ) WP S DI T R o WS 30

the instrument during the ccurse of the summer.
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i SECTION A
%5 Background of Mctional

) £, Electric Field Measurements

P
g I. Basic Physical Principles Which Govern the Operation of the Geomagnetic ;'
£ 1
23 Eiectro Kinetograph {GEK) 33
% The GEK is a device capable ¢f continuously providing a2 detailed )
] i
3 Xinematic description of the mean and turbulent horizontal motions of the 3
é sea at a given depth or in prefile from top to bottom. It accomplishes 3

£ ¥ this task indirectly by measuring the electric fields induced in the sea

water by the movements of this water through the geomagnetic field. The
; velocities of these water movements are rigidly related to the eleciric
fields measured by the instrument through certain physical principles which

are here presented.

1) ILLUSTRATION OF ELECTRIC FIELDS IN THE SEA BY MEANS OF SINPIE PHYSICAL
3 REASOING

ey

W We

The induced fields arise as a direct consequence of Faraday's Law of

o

- Magnetic Induction, which stated in words says that the EMF indiced in a

N v o o AR o, g, SR
. S
ekl Bl St

it s irany S aBASTRER 59 5 vk stdaakidiadi i X i na S A

s

circuit moving with respect to a magnetic field is equal to the negative

time rate of change of magnetic flux (¢B) through the circuit.

In equation form this is:

A5 ROISERANET WL RO SKRE N v

EMF = -d¢B/dt
2 Consider a conducting bar of length D moving at a constant velocity V
23 .

with respect to a uniform magnetic field B, which is directed into the paper

as shown in Fig. 1.

{
3
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In a cercain time dc; the bar moves forward s distance dx. Tre magnetic

Lg

4

flux d¢B through the surface area swept by the bar during this time is

d#s = BaxP

The time rate of change of £lux and hence the ianduced voltage is egual to

-

jemMFl = i-e¢3/at| = BLdx/dt = BDY

R i

Lenz's Law demands that the current arising from this EMF flows from

right to left as indicated in Fig, 1 in order that flux te decreasing in

B R

the srea over which the bar has passed.

.y

If the bar were electrically connected te some external resistance

-

which is stationary witli respect tou the magnetic field, one would have a

. e

c_rcuit which is a first crude analogy to the flow of electric current in
response to motional electric fields in the ccean.
Sea water is a collection of highly ionized salts ard hence an
5 electrical conductor. If a horizontal ocean curreat having a rectangular
cross-section of width D were flowing with a constant velocity V with re-
spect to the vertical ccmponent of the earth's magretic field FZ, it would
produce effects similar to those associated with the previously mentioned
. conducting bar. That is, as it flowed it wouid generate a constant EMF

propertional to VFZD and the return circuit wouid be closed through the

ey, v
V.

rest of the water colymn wi-ich was ncot in motion nad ¢he bottom sediments.

AT -
R

In constructing a circuit analogy, the constant motional EMF and the mov-

b+
v

LY

ing water section are replaced by a battery E and a resistance R 4 and the
}
return circuit of motionless water and bottem s:f)iments by a resistance RR’

The complete circuit is pictured in Fig. 2.
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While this simpiified circuit iz crude in its approximation, it does
serve tc point up a few important aspects which are of iatercet in evalu-
ating the results of any GEK experiments. Considcr an idealized ocean
curreat. Lst its width be D and the depth of the water be designated as h.
Lings of electrical current density J for this idealized stream would appear

in the sea roughly as shown below in Fig. 3.

“igure 3. Electrical Current Density Lines For an Idealized Ocean Current.

}
- :
Let the stream extend uniformly to the bottom and let thd resistivity of

the bottca and the water be pg and p respectively.
The resistance RD of the water will be approximately

Ry = o, B/h

For such a streém, ifie electric current extends down inte the bottom
to a distance approximately equal to D, the width of the ocean current and

hence RB the bottom resistance is approximately

R. =

g = PgD/D =

Py

(P RO TR s

sl

IR
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The equivalent circuit for such a case is pictured in Fig. 4.

-p L -
Ry= Py b | €= VF,D
VW —i}-
A9 B
> VWA
I Raz_pa

Figure 4. Equivalent Circuit For Ocean Current in Figure 3.

The electric current flowing around the circuit in Fig. 4 is

L= umliRa+RB) tan,

The potential difference between points A and B is given by
E
B
- =1 =
A% T R T TR

or in tems of the physical parameters
VED

O =~ O = ST
A B 1+pHD/th

As will be seen later, an important quantity of interest in GEK studies
is the horizontal component of potential gradient in the sea which is here

roughly given by
VF
z

For a given flow at a certain place in the earth's magnetic fieid,
8 p 4

B e a0 st s St A il 2

V¢ is dependent on the ratio p D/o h. The quantity & /p, can vary between
P w/'®B L w'PB

unity and 2.5 x 107, The quantity D/h is of course dependent on the cross-

D AN PP

zion of the flow itself. For a current such as the Gulf Stream, D/h is

VNS .

approximately 199 s the potqugal radient vary greatly depending |
on the shape of the flow and the electrical properties of bottoen bgneaghkm' 2
it. In general, flow in the deep occan does not extend to the bottom as v owg
i

the foregoing exercise has assumed but is instead confined to the upper 3
X

layers. Thus the return circuit consists not only of the bottom but also £
“\\i

k..

R R L L T e e
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of the fairly large section of motionless 37a water beneath the Slow. Thz

simplified circuit of Fig. Z rust thus bz changed to correspend more fully

]
|

Ay e Ry e o

with reality in the ocean. This czn be accomplished by repiacing tlie single

34

o P
o

battery Eza and resistor RQ with an array of a batteries Em and series

resistors R, connected in parallel to represent the values of induced

s

o , =

voltages and resisvances at n levels in the ocean. Suck a concept is shown
schematically in Fig. 5.
Since the velocity prefile in the ccean varies continuously with depth,

n should appreach infinity. The strength of the individual batteries E

ANV i st g Eds

will now be Vii-‘j) where \ii is the flow velocity at the ;i.dl level. Assuming
k-3

AT
LT,
R

that the sea water ccenductivity is constant with depth, each resistor RD
will have z resistance of wa/ds as n approaches infinity. In this notaiio‘n
ds is the differential element of depth. Since ¢A - ¢B is the potentiail
difference between points A and B, the current flowing in each levei dIi

wiil be given by

{
¥
b
?
§
i
1
3
H
g:_
;
4
i
]
?-
i
i
i
{
E.

£ dz . 3
= e - - )|

: dly = 55 (9p - o - V5F,D 3

| :

i total current I in the n levels is given by g

i E

! o ¢
k =21 g V.F_D)dz

P P=sn I Oa- 8- YF, ;

é q "g

f \a =__h__(¢ - ¢, - VE_D} %

! “ T DA z g

! _ 3

wiiere V is the vertically averaged velocity 3

4

=1 ° :

V=g I V.dz g

h * 3

It is thuas seen that the n levels of batteries and resistors is equivalent ff

£ 1

to a single battery of voltage VFED in series with a resistor ED = wa/h. 3

For ocean currents where flow is confined to the near surface waters,

the batteries near the bottom {Em where i is large) are of zero value.
i

LI E e/ A S
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in trying to measurc any Em by neans of a GEK, it would be desirable to
i
minimize the voltage developed in the returit circuit through rhe levels of

LA
iR (XY

¢

motionless water and the bottom. This is accomplished if the return shunt

resistance RR of these areas is small where

),‘:.‘“m{"“{’"rﬂ\l’ AN

l/RR = 3/wa + }./P.B

.

and 2 is the thickness of motionless wat=r. =

AP 2T B W,

; It is thus seen that Ry will e least for largest s. The condition -

.
o

of large z is most often found in open ocean currents where the#fow is

o

. largely confined to the top levels near the surface, yi-‘it is here that the

GEK technique finds its best use.
- -’ »
One might very well ask why the varisix parallel branches of the’ circuit

s ‘ are not conneécted by some resistan}cf.fin the vertical directioen instead of with

-
-

8 -

N

i
ey YN

)
A

5 - be denoted as R" where B 4 = p d3/D. ‘Then the total vertical resistance "?
v 4
1 / i

short circuits as pictured in 1‘/ schematic of Fig. 5. Let such a resistance

I

L 5 _ a2 . e T T 2,2
is givea by R‘J = § pwds/D = pwn/D , 50 that R‘J,fRD = h"/D

AN BRI AR T

o’

For a current like the Gulf Streem with an approximate width of 50 km.

Y e

(SR L

* and in a depth of 5 km. of water, the ratic is ’?Tv,fz’u
B

ence P
Hence R

£ 2
AT

= 5%/50% = 1/100.

can be negliected for most work in large scale ocean currents, »

)
~"A'

2) ACTUAL ELECTRIC FYZLDS MEASURED BY THE GEX

A J

.

g I, PR T RR

Returning again to the simple circuit of Fig. 2, Kirchoff's Law arcund it
’ 3 yie E -IR = § where +

P yields 0 re R = RD RR
) For e sea water segment, this statement of Chm's Lew is more conveniently

T written in temms of the gradient of the electrostatic potential in the sea Vg,

the induced electric field vector E, and the current density J as

E-j/c = Vd

o i - where ¢ is the conductivity of the water segment.

e e Pt Pt =~ e e A L L Wy
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For the sea water segment as with the bar of Fig. i,

the induced electric field is equzl to £ = VxF where ¥V is the vect®wyelocity
of tite wilfer segment relative to'f, the earth's magnetic field vector.
Since tpe.EEK pertinent to this report is usually towed, a few words
about what quantities are actuaily measured during such a procedure are in
order. (The following 2iso applies to the verticcl free-fall GEK which is
in a sense "rowed" in, reverse by being advected by the horizontal velocity
of the current it is f%lling through. The operation of this instrument
will be described later in another section.)®
3) ANALYTIC RELATIONS FOR .'Gf.K MEASUREMENTS
Fig. 6 shows a ship moving with velocity Vs with respect to the water

T . . .
and the towed GEK s¢reaming behind. V is the velocity of the water with re-

spect to the earth at ilic ievel of the instrument.

— P TOWING SHiP\
) V+V

Fiqure 6. Towed GEK

The distance OR can either be an interelectrode distance as in earlier

L d

GEK's or it can be the lergth of salt bridge which is attached to the instru-

ment in the present study.

in the zbsence of sideways disturbances, the absolute velocity of the
-

segment OR eguals the absolute velocity of the ship which is

b +_~=+’+
Vor = VsV

The voltage measured in 9K will consist of two terms: the vuliage in the sea

betweer points O and R, minus the voltage induced in OR by virtue of its motion

through the magnetic field of the earth.
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Thus,

{Voltage) = [V¢-(§S¥$)£%]-fﬁ§

measured

> &
However, V_xF is perpendicular to OK and hence

(st'f) -0R = 0.
Therefore, the voltage measured by a tewed GEK will be

(Voltage) = (V4-VxF)-OR.

measuxed
This says that the measured voltage is independent of the towing
velocity of the ship once a state has been reached in which there are no
sideways or up and down disturbances acting on the lipe containing OR.
Since— vé = ‘?xF-:f/o, the measured voitage may be written as
{Voltage) measured = {-3/6) DR

and hence the towed GEK measures the component of electric current demsity

J/o in the direction of the towed iine OF.

N B Y AT T A RIS LI s Ay ol st i AR (o

This is an important result for it now tells the GEK :zer exactiy what

B D
T S A T PR

R e

he is measuring, which in texms of the measured electric field is,

-»

< -»> > 5 oy
Emeasured = -Jfo = (V¢-VxF) = -(VxF-V$).

. - . . . . -
In the above relation, the item of oceanographic intervest is of course V,

o

the current velocity. Values of ¥ are readily available from tables and if
the components of V¢ were known, V could be found by measuring the voltage
(-3/0) ~0R on two courses at an angle to each other and transforming these
vectors to detexmiac 37, the horizontal current velocity vector. However V¢,
the gradient of e¢lactrostatic potential in the sea, is not initially known
and so the meassured voltage, and hence the calculated current 37, is deficient
by a factor.

From the earliest GEK operations, it became necessary to cope with the

lack of knowledge about the value of potential gradient (V¢) in the sea, in

DIPTSR AR SN SN 2 PGS S S g e

order to calculate current velocities from GEK measurements. Thus it became
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expedient to define a "K" factcr which is equal to

aa i) ava

_ __|fo| .
| (VxE5 -v4]

Thus the K factor is simply the ratio of the desired or expected signal

A AN et B\ LAY o s

(-{'x-f), from which the current velocity v may be divectly calculated, to

5 ddal

the actual signal received which contains the trcublesome quantity V¢

S

ebout which nething could be said. The K factor in effect is proportional

A
o e A BY ¢ VR p IV GV VAR :f;;.umvm'},ltﬁ.\y’,f,’ﬁ,\‘ e

t
Y

o

- to the strength of the potential gradient in the sea V¢. As was previously
) seen in the rough phvsical arguements pertaining to the sea water-bottom

equivalent circuit of Fig. 4, Vé roughly depends on the ratio of the sez :

water to bottom resistivities, the width of the current and the depth of -

3 . the water. The K factor for a particular area of the sea was either

sl

estimated from a knowledge of these factors in the locale or calculated

. .
£00 Shric b

d from thie ratio of water speeds observed by non-electromagnetic and magnetic

devices. The average open sea value of K was placed at 1.04 whereas on the

contineatal shelf it averages less than 2.0 and in shoal watex maV-.range

.

from 1.5 to 15.0. Once a K factor had be2n decided uvpon for a particui'zi:-‘.\

‘e

Ty e e

SN
Ato: Ak KA

set of data, the signal received [-(Vx—ﬁ-%) *OR] and the calculated velocity

‘ N
TP L R IO

was then scaled up by a factor of K to give its "true" value. Even though

P SR RN

¥ results of such calculations were an important breakthrough for eiectro-

magnetic method, the continued use of such a quantity was to perpetuate one

okl oy

of those nasty, empivical factors, iacking both aesthetic and scientific

2

SR RA T AT

elegance. Moreover, it served tc point out a fundamerntal lack of knowledge

{
|
i
¥
}
about an important quantity in the sea, namely V$, the gradient of electro- i
%

static potential existing there.
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Recently, Sanford [1971] has analytically solved for the quasi-static
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electric field in the sea for an idealized model of the ocean and earth.

His analysis shows that in an ocean current which is broad compared with
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the ocean's depth, the potential gradient is independent of depth 2nd a
function of ? » the vertically-averaged horizontal velocity in the entire
water column. The horizontal components of the potential gradient in the

3ca are given by

?—?.:Fv
3x zy
*
¢ = -F .V where
r ZXx
y
%& 1 0

-
= m -é VHdZ and

D = water depth

T = Vy» V,,,0)

o = ratio of the conductance of bottom sediments to
that of the ocean.
With this in mind a new expression for the actual electric field
measured by the GEK technique may now be put forth. Recailing that

< -3/0 = - (VxE-V$)

measured
-
where V= (Vx,v&,O)
-5
and F = (0,F,F),
the components of Emeasured are
_*
Eneasured x ~ 'Fz(vy'vy)
Eneasured y - F, (V=Y

These expressions say that if the x and y components of the measured

electric field are found, the horizontal components of the absolute water

—* .—*
velocity (bevy) at any given level, can be calculated if Vx and Vy, the

conductivity weighted, vertically averaged components of horizontal velocity,

are known. One might think that this leaves the GEK user in no better position
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—k _*
than vefore since Vx and Vy, like the potential gradient V¢, are initially

measured.

Consider a GEK device mounted on the bottom of the sea where both

V. =0

X

v =0 -
y

Thus the components of eléctric field measured by such ar instrument would be

*

<l

Emeasured x - Fz y

<4

Emeasured y = I:z x ? -
and so V: and ?; are easily determined in tewms of the measured electric
field. If now a towed GEK were concurrently dsploved over the came site,
the components of horizontal velocity could thea be calculated since Vi
and V; vould be known. Therefore the motivation for a bettom mounted GEX
design is very acute as it would allow current velocities tc be calculated
in a way consistent with theoretical analysis 2nd would further free the
electromagnetic method from the empiricism which necessarily marked its
early development,

4) REMARKS ON GEK USE IN AREAS GF SUBSTANTIAL VERTICAL MOTION SUCH AS
TIDAL CURRENTS THROUGH NARROW STRAITS

All aspects of the previous analysis have assimed that the vertical
component of current velocity V, has been small enough to be neglected,
This is very well justified fcx the open sea which is much wider than its
depth but in narrow, vioiently flowing passages over an irregular bottom,
substantial short-temm vertical motions often occur. This may lead to an
erroneous value for the horizontal velocity vector in the fnllowing way.
Taking into account the vertical component of velocity V., a GEK device

would see the following components of electric field.
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x = Ry RY,
E, = F,(V,-V)

Thus the x component of electric field has a tem Fyvz du2 to the vertical
coaponent of current velocity which could be significaat in certain shoal
areas. Also the value of the potential in the water in such an area is not
clear and hence the physics must again be looked at for 2 true attempt at

2 realistic measurement.

I1. Previous Efforts and Devices Empioyed to Measure Flows in the Sea

Using the Electromagnetic Method

In order to better appreciate the wcrkings of the particular instru-
ment which is the subject of this repert, it seems wise to review the ef-
forts of others who have suceeded in the use of this method of measurement.
A brief historical ocutline will first be presented in order to both show
a progression in the ways people have mzasured induced electric fields in
the past, and to iiluminate some of the major problems encountered in pre-
vicus devices. Following this, two recent GEK instruments will be ex-
amined in some detail in order to better pave the way for a compariscn
with the present instrument as a working piece of hardware.

1) BRIEF HISTORICAL OUTLINE

Michael Faraday, who discovered the laws of electromagnetic induction,
was tne first to predict the presence of induced electric fields in sea
water. nNot having been hamstrung by the rigid thinking resulting fram
years of fommal education, this great geometrical thinker could easily
victure a moving segment of sea water cutting the lines of force of the
earth's magnetic field as easily as he saw a wire loop cutting those of
a bar magnet (itself quite a feat). However, when Faraday set out to
measure the induced fields across the Thames River, he discovered one of

the single most important effects in the operation of any type of GEK

e st g e i e
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device; one which must be suppressed if the tecnnique is tc yield meaning-

ful results at all. ie found that when he placed copper electrodes op-

Maih i s T

posite each other across the river, there developed at each 2lectrode an

g

offset or bias potential by virtue of the fact that the copper electrode

and the river weter forured a metal-electrolyte junction. If the copper

YT T

electrodes were of icéentical physical properties and the two sections of

water they were immersed in were the same in every coaceivable way, then

the two offset potentials would be egual and opposite and buck each other

o wﬁsf.‘q{:.w«sh R

out. However, such conditions are unlikely at any time and hence the

rduced potentials which Faraday sought to measure were obscured by the

WAMR R P b e 3
=D

A~ me =

offset which was much larger than the expected signal. The suppression

PR Y L)
N A

of electrode bias camnot be ignored and will be enccuntered again in o

lajer section when investigating recent GEK instruments as well as the

Y TR

o

present instrument wnder study.

After Faraday's effort, electromagnetic effects in the sea were ob-

MR

served on long lengths of broken telegraph cable after the middle of the

9 }\_,{?i': PYTTATRIT s

19th century. Serious scientific investigation began in 1918 when Young,

ot i

Gerrard and Javons (1520} measured voltages induced by tidal motions in *

Dartmouth Harbor by means of moored and drifting electrodes.

¥ In more recent times further measurements using submarine cables

I8

have been done by Stommel (1954) and Runcorn (1964). However, in rela-

15" PR, S
L .

tion to the present instument under study, it is well to look at two

recent GEK devices so as to see common problems inherent in all such de-

]
$

A

A

vices and different methods of operation and measurement.

-

2}  TWO RECENT GEK DEVICES

A.) The Towed Electrodes of von Arx (1950)

~r

T S0P e AT ey
B

This device was the fix"st of the GEK devices and consisted of

two towed electrodes situated a few tens of meters anart on a two conductor
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cable and a potentiometer attached to a strip chart recorder to register
the measured signal on board the towing ship. Since the voltage measured
along the electrode line is proportional to the component of the current
velocity verpendicular to this line, two measurements at right angles to
each other will detemmine two orthogcnal velocity composents from which
their vector sum, the surface current vector_ may be composed. The geo-
graphical direction of the currents can of course be determined by noting
the headings on the ship's compass for each componeﬁt measurement. Cur-
rents cualculated from data gathered by this instrument were obtained us-
ing the K factor previously mentioned. Each electrode was housad in a
strong formica cylinder (fitted with rounded end caps) through which the
twe conductor cable was passed and to which it was clamped. The electrode
was housed inside the formica tube in a chamber filled with tightly packed
glass wool. Electrical contact was made with the sea thirough holes drilled
in the formica case which allowed water to enter the chamber and contact
the electrodes.

Tests have found that silver-silver chloride electrodes are the type
best suited for use in a GEK instrument. However even the most careful
construction and attempts at matching cannot produce an electrode pair of
identical properties. Furthermore, values of salinity, pressure, tempera-
ture, aeration, and other factors, and the time rates cof change of these
quantities are in general not the same at the two sites of the physically
separated electrodes. All of these facr-rs all contribute tc mean that
at each electrode, bias or offset potentials (and time drifts i1 these
potentials) of the same type which hampered Faraday in his measurements
on tha Thames River, will appear. The towed ele:trode GEK of von Arx

deals with this problem in the following ways.
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Eh Trom the foreguing discussion it is cbvious that the veitage measured -
] :
e+ - - - - - 3
% by the potentizzsier on deck will consist of two parts: the difference
¥
2 " - . .
3 becween the offser potentials of the e electrodes and the moticnally
R
3' indzced voltage, the desired signal.
? Thus,
- £ _m {ELE)RE.
-. sensvred © P27 F1 Finduced
; whers El and E, are the total offset potentiazls develuped at electrodes
‘ 1 and 2 respectively. Since the offset difference camnct be eliminated,
]
T it would be helpful to at least be gble to xeasure itc valve and subtract
+* - -
‘ it out of the measured potential to yield the desired induced voltage.
: Une way to accomplish this is by means of a)towing course for a GEK
reasurement like the one indicpted in Fig. 7. .
A - gt
4 £ ) £
g &z
& oot .
i 3.:1 Pty
: v ’.‘%2 % )
| |} e |
- bt o |
; A 9
; i,
Figure 7. Typics) (,Gg.s*g{irfzs Fliminate Offset Potential.
i A 4 .
; K . .
: Once the wnit had been depiaw‘ﬂufid stresming properly, a 90° tum would
ca . e r
P 4 . R -4t
= : be made at a point . to B the deck recorder would measure
i
; a voltage of
H U P - Y R
- B M7 Yinduced AB
; At point B, at'180° turn ing.AfFZd v {oy disianse BC is made. The voltage
4_‘ <
?/ measured from € to D is - .
: i e s {7 B J4E, — . ;
i' mensured LD 271 Tinduced CD

£ the distance BC is small, the ocean current normal to AB can be expected

el Btk ek

to be for all intents equal in magnitude and direction to that normal to CD.
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Therefore, the electric fields induced in the sea by these velocities will R
v



kY
vt

TN ¥ NS A TR

oo ot

W

o

~

L e
ey

AR

N AN L gy TIPS N S

APRAL ¢ LR

X

'r':'\_fm'w.; N .,\'t‘.-;-{g‘»":;_ zw:,ﬁ;?y\\.‘v.\n-wwr\:‘-» St TR Ol B ‘*377#‘,\“?

<o
at

g

“1h

DR

&8

-

-

~

-

3 RN

)r

R

73

¥

Bk

“g)

AT
<5 W

i

&

R,

e

o

S

- figp

28

-19-

be equal in magnitude and dirsction {parailei to both AB and C) in
botk of these segments. ' However, in CD the positions of the two elec-
trodes relztive to these fields is i80° oppcsite to their pusition in
AB. ‘Tperefoxz, the induced yoltage moasured by ene electrede pair along

&5 will be equal in magnitude but opposite in sense to that along CB.

.
[ 2o

®induced AB = “induced CD
= {E_<-F. )}~
and (Ez El‘ E

E —_— . —
measurcd CR induced AB

Combining the total measured voitages along each leg and solving for the

cffset difference,

-

] - E o
_ _measuraqd ABt+ measured CD
(32"513 - 7]

This point may be identified on the recording of the data and the measured
potential with respect to this value is Einduced’ the desired quantity.

E; duceq B2y be measured this way along the segment PE [assuming the offset
(EZ'EI) remains constant during taat time] until point E is reached and the
offset difference is determined again and so on at given intervals. Another
advantage of such a towiang course is that it allows the current vector to
be periodically detemmined since orthogonal values of the induceé voltage
(and hance orthogonal components of current velocity) #ve obtained whenever
a 90° tumn is executed.

However, frequent course changes can be troublesome and serve to delay
the ship. 1If considerations of this nature are important, another method
of dealing with the offset potentlals can be used. If the electrodes are
switched in position 180° to the induced electric field as before without
changing the course of the ship, the offset difference (E2°El) can be deter-
mined in fhe same way 25 the previous scheme but without ship delay. A plan

as pilstured in Fig. 8 is used,
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SHIP
ADVANCE

POSITION A (

: L o>
[

X\ 7 GEK CABLE
ELECTRODES

(\V]

1 2
- -
POSITION 2 (

Firure 8.

1 o—

tlectrode Reversing Scheme.

Measursments are taken in pusition A for a time and then the wire attached
to the farthest electrode astern is hauled in while the GEK cable is held
stationary. When the two electrodes are appreximately the same distance
astern, the wire iine is held stationary and the GEK cable is paid sut till
the electrode positions have reversed end for end #s seen in Position B of
Fig. 8. Thus the offset may be determined in the same way as the previous
towing plan whiie here the ship vemains undeflected from its course. How-
ever, since orthogonal components of velocity cannot be computed without
a 90° cuurse change, the current velocity vector cannot he determined with
such 2 scheme. A compromise is to physically reverse the electrodes along
5 zig-zag course over which velocity compenents can be found.

The first GEK device proved a success for the electromagretic method
and also served to show where areas for concentration were for future such
devices.

First, to avoid the effect on the offset potential of variations

in temperasure, salinity, airation, etc., at each electrode site, it seemed

<
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desiravle to place the electrodes closer together and yet kezp the in-

[ AT
M

v

duced voltage {whick is proportiorai to interelecirede distance), high.
Second, it would have been well if the offset potentials could bz

nmeasured by future GEK's in some manner iatrinsic to the device rather

Yy

3
-§

than by external means such as physical electrode xeversal er course
changes. Third, while the towed electrodes measure the horizontzl velscity
at a given level near the surface, an electromagnetic device 10 measure
horizontal velocity in profile fron top tc bottom was also to be sought

after. A more recent instrument which helps to answer some of these chal-

A e O VAN VR o R QM MR Y4 A DTS i
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lenges will next be described.

B.) The Free-Fall GEK (Drsver and Sanford, 1970)

$ l.x"x\“ " & e

The free-fall GEK copes with the serious matter of the electrode

Vi A T s W s et AR g £0

cifset potentials in an ingenious way while providing a vertical prefile f
of the shear in horizontal velocity in the deep sea in a rapid time. The 3\;
%
: instrument, shown below, is allowed to fall freely (1.25 m/sec) and the :
{

four constant-pitch fins cause tite instrument to rotate at approximately

0.15 Hz as it falls. (See Figure 9)
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figure 9. Free-Fall GEK,
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Inside two opposing fins is a salt bridge in which two clectredes

2h b iy K vkt i

are moimted as displayed ir Figure 10.

P

SILVER-SILVER CHLORIDE ELECTRODES
raaw 4

RN

itk oo

AL dbeads (3 i

i

TR

1

A et s b

— SALT BRIDCT ;
0 E
) _J N/ /. :
4 1 ::w:?:*p T
POROUS PLUG ELFLFRODE
' CHAMBER 3
i
% Fiauie 0. Free-Fall GEK Electrodes. 3
é :
i The porous plugs prevent air znd dirt from entering the sea water in the 3
: .
i amms of the salt bridgs while providing a gosd electrical connection with 5
i
t the sea. 3
. A
5 Apain, as with the towed GEK, this device mecasures an apparent electric é
i 1
i field £ , egual to ;
L ha -
E = -(§x§)+v¢ . 3
s m €
: Now, however, the vertical fail speed of tha jinstrument VZ is significant,
and must be considered. Thus the components of the measured electric field are ;
o 3
= fF __ - 2 '! =3
me [FZ(Vy vy) Fydz,
v .
Emy =F(V-V) .

7

In these egustions it is assumed that the speed of vertical ocern curreats
is insignificant compared with the vertical fall speed of the nstrument.
However, since the salt bridge arms are spinning, they will at an arbitrary

instant of time be aligned with the components of the induced field as such,
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joure 11. Salt Bridge Retation.

where vime t = 0 when L points Noith, and L is the length of the sait
bridge. Therefore, the measured induced voitage wiil be time vaxying:
=
Voitl s -{Ez(y -V )}-F ¥ ]L sin wt
(V2322 e asured { (4), y) i‘y“z.’l‘ *
—*
+E_(V_-V )L cos wt
Z' X X
w = anjular frequency = 2n(.15) rad/sec.
The temm involving F V., is of no interest siance V_, the vertical speed of
the instrument, is known and can be cancelled out of the measurement by a
spitable techmique. The signal may then be written as

Volt =
(Vo ‘)measured

*
-FZlVH-V'l sin {wt-6)
where 9 is the direction of Vy with respect to North. Again, the signal
received only engbles the absolute horizontal velgeity vy to be detemined
with respect to the quantity V’ whigh must be found by another means such
as a bottom mounted GEK imsiTument.

Only the alternating voltage is amplified and telemetered to the support
vessel (here by acoustic means) so the sigral consists onlr of the measursd

induced voltage while the iarge, undesirable potentials due to electinde

hias and temperature and salinity differences at individual electrodes is

ignored.
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: The uvnigue design aspect of the surface GEK describeé in this pzper %
i is a vaive switching arrangement which permits easy and efficient deter- 2
?‘ nination of the electrode offset petential. 7he two electrodes zye moimted '§
only three inches apart in z manifold imside the instrument. A solenoid é
3 <=

operated valve which is nomally ciosed separates the electrodes. A é
Pe
second solenoid operated valve vhich is nomislly open permils a se3 water ;”:
3
path between cne of the electrodes and the sea ncar tie case of the instru- :\i
ment, Figure 12 shows z schematic diagram of the surface GEK in rommal « ;'f
3
operation. waen the solenoids are both tumned on, the vaslves ccanect the ‘15

electrodes with a seawater short circuit and thus the electrode offset
potential appears betwsen them. This offset potential can then be sub-
tracted from the signal cbtained in ngrmal operation to realize the true

signal.

A schemnatic block diagram of how the surface GEK works is shown in

PRI PR W% - U CHPTRE AL A

‘

.

Figure 13. It is seen that surface support is essential to the operation

L O AP FIPE s N T WA )0 il s e R A Kraof g WD A FA Ay bt oo A AW A Lonihe X AE 0

of the instrument. External power is needed to operate the solenoids and %

3 the electronics, while the analog electrode and pressure output signals E
must be recorded at the surface. For the proposed bottom GEK, these func- ‘

tions would have to be performed internally within the instrument. :

2) FABRICATION 5‘

At the commencement of the project the design of the surface GEK had :

been completed by Br. Williams. In addition the electrode manifold had ;

been constructed with the solenoids, valves, and tubing emplaced. The final
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Table 1. Budget - Summer Project.

Ship-time (ASTERIAS) three 1/2 days @ $53/1/2 dav = 159.00

Ratteries 75.060
Vertical Stand 40.00
Electronic Components 12.00
Wire, Cable, Rope 30.00
Final Assembly 30.00
Miscellaneous 25.00

§ 371,00
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assemtly of the surface GEK which inciuded construction of the electronics
end integration of all connectors, fasteners, and miscellancous parts took
approximately 4 weeks. Laboratory and ficld testing of the instrument each
took approximately 4 weeks as weli, but each phase overlapped the previous
phase. Figure 14 shows the schedule that was followed during the course cof

sho.simmar The project budget for the summer is shown in Table 1.

RS

The instrument is approxi;l:;;‘)m&et long and weights 32 pounds in P
gir. It is shown with and without its polyvinyl chioride (PVC) housing in’ -
Figeres 15 and 16. In cperation, the electrods section is oil filled an:i
pressure compensated while the electronics section is air fi;ue’d’and pres-
sure protected. The pressure sensor, located in the /Qléé‘:ronics section, -

~
monitors the oil pressure of the pressure compensated electrode section.

o,
P

St ad e

3) ELECTRODFS

Figure 17 shows a picture of one of the silver-silver chloride

electrodes before it was put into the electrode mani-fold.. In.the electrode ‘/;:;
manifold the electrodes are placed close to each other to minimize the 2
temperature and salinity differences between them. A one degrez centigrade E
temperature differencc between the two electrodes causes an offset voltage §

A

of about 350 microvolts between the electrodes. A salinity difference of
one part per thousand ir the water near each electrode causes a voltage
difference of about 500 microvolts, (Drever and Sanford, 1970). Thus,
keeping the electrodes in close proximity, immersed in approximately ine
same water, reduces the offset potential between them. Although the
electrodes are close to each other, they measure the potential between the

ends of a salt bridge. The salt bridge consists of sea water filled tubes

. . : 24 Ny 1ot
N B b st et e S A A r stk s n A

extending from each electrode. One cenductive path extends from inside

el

the GEK out to the end of a'sea water filled Tygon tube, tens of meters

away, while the other extends just cut to the end of the instrument. The
b
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salt bridge has iow impedanrce through the sea water path aiong its

length and very high impedance 2croOss the Tygon wWalls of the tube. Thus,
as long as the impedance™of the measuring circuit remains high, thexe is
in

little voltage drop alenz the tube. Tiiei® zre nc large themal emf's
the sait bridge 2s there can be with the electrodes and the concentration

emf’s are less serious in the salt byxidge =1so. “hys, the electrodes can

e placed close together inside tine housing of the GEK yet measure the
potential in the water between widely separated points.
Figures 18 zné 19 show the solenoids in the nommal ané energized

positions (Point 8). The valve between the eiectrodes is encased in metal

(Point A} and caanot te seen, but it is closed in the normal positiun.

The two solenoids are electrically conmected in parallel, so that when one

vaive is open the other is closed and vice versa. The two pictures show

how the solenoids pinch off greased 1/4-inch surgical rubber t :bin}/sever

-
o~

the sea water connection between the chambers in the manifold

4} ELECTRONICS

Figure 20 shows the electronics section ofsfne inscrument. This

sectinn contains the pressure sensor, the-amplifier c.vcuit, and a battexy

pack to power the first stage of the amplifier circuit.

¥ith an oceen current of 2 kngts (approximately 100 cm/sac) and a salt

bridge length of 20 meters » a typical -signal between the electrodes would

be 1 millivolt. The offset potential bgtWeen the electrodes in the same

sea water can sometimes be ewpectev-io be as great as 1 millivolt as well.

Therefore, maximum Signals at,cértain times can be expected to reach 2 milli-

[ 4

volts. To maximize the sibnal sent up the cable yet avoid saturating the

.

amplifiers at +10 volts, a voltage gain of 5000 is used in the amplifier

.of the GEK.
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The

AN

Figeze 231 shows a schematic diagram of the amplifier circuit.
The first

i

cinsists of two operaticnal ampiifiers in series.

P

2plifier
tag> has a gain of 250 and the second has a gain of 20 to give the total

TAETTIA WYY

voltage gain of 5000. The first stage is a non-inverting amplifier with -

the hign impedance input connected to the electrede which is momally in

communication with the long salt bridge. A model Z32¥ operational emplifier

is used in the first stage. It hizs an extremely low temperature drift,

U N o i il i L ‘ :
et o vl ot sy i kil

0.1 microvolts/°C, and 2 very large input iepedance, 109 chmas. This high
The second stagze uses

input impedance prevents loading of the electrode.
The

a model 1537 operaticnal amplifier as a differential input amplifier.
operation of the amplifier circuit in the nomal and switched modes is

shown in Appendix 1. The three capacitors in the circuit control the

i 'MMM&;JAM‘M&U

frequency response of the amplifier. The capacitor vaiuss are chosen such

that the high frequency roll off is 12 Zb/octave with the 6 db down point

being at 3 Hz. 3
The connections between the electronics and the electrode section of g

=

the instrument axe shown in Figure 22. The solenoids are connected in paralleil é
=

at a pair of Mecca connectors (Point A). The electrode circuit is completed ;é
through an Electrc-Oceanic connector which has coaxial beryllium copper con- 5
tacts (Point B). This counector is used because of its small thermally p
8 - 4

generated offset voltage. h ~. ;
5) PRESSURE SENSOR 4
|

A bourdon tube pressure sensor with potentiometer readour i3 used in

T YOV XA

the instrument to monitor the depth of the housing. The inside of the

e AT 2R 0¥,

bourdon tube is exposed to the oil pressure in the clectzsde section.

Since sea water is not permitted to come in contact with the-zoienoids or

N

solder connections, the entire electrode section (except for the electrode

chamber itself) is filled with a 1ight, non-conducting o1l. In order to

— e e = e N g e - -

Y )
%WM / F5 =
: N WS o _
w&.@emwcmmmhmsmu:dx\imm..&'u Loy, 3 <
Eg S RPN JTRRN.H

H
~
3
.
s RO P W




3 %&M&gg; 2

L

4

, ' :~» y
..t ]

. ¥ od

| : 3 3
, uoL}DaS aPO43ID|T 23 S4NbLd

b

oo

«
. :
j 4
W |
~ 3
B ‘ M
, 3
| v,
H ;
I _
| X
| !
I
2’ 3
i mn

Wl o

SR ALY

T

i e —

WAt

oy

-39~

N

§w;~:.::3¢{t\f M
h (= Py ois?
A 2

N Y

v e 0
teus

SN
Groodoe ANy bk
2 S R

I T

1 BT

m




-40-

equalize the pressure between: the oil in the electrode section and the

external sea water, » small compliant plastic bag open to the sea water is

placed in the el.ctrcde section (Figure 22, Point C). As the water pres-

sure increases, the bag expands and transmits the pressure increase directly

to the oil.
Figure 23 shows zn end view of the GEK. Peint A is the tube which

forms the long salt bridge. Points B and C are tke openings of the short

salt bridge. It is desirabie to have the ends of both salt bridges lie on

a line parallei to the ship’s track to avoid cutting across the horizontal
component of the esrth's magnetic field.

This is in effect achieved by splitting the short salt bridge so it

has two openings, one on either side of the long salt bridge. Point D is

the opening to the compliznt bag. Point E shows the plug for the oil fil-
ling hoie.

6) MISCELLANEGUS EQUIPMENT

Several parts of the instrument and its support equipment deserve

aohiduttbueilingad

comment. Amcng these are the towing cable, the insgrument case, and the
salt bridge: ¥
Galvanic currents from the ship or parts of the GEK or towing cable A
-5
cannot be distinguished from currents of motional emf origin simply by _*:
¥ svitching electrodes. So an essential precaution for this instrument is é
the reduction of galvanic currents neor the GEK to a negligible level. %
The instyument itself has no metal parts in contact with the sea (except %’:
of course the electrodes). Anon-metallic electromechanical cable is used g
and 800 feet can be streamed to place the GEK far frem the ship's field. {%
7z
The underwater electrical connection between the GEK and the cable :.;
is made with 2 four pin plastic Glenair connectors shown in‘ Figure 24, §
The pin type thru hull receptaclios. on the GEK are joined wilh the socket §
i

£
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type cable plugs which are spiiced to the eight conductors in the cable

d illustrated in Figure 25. The GEK is attached to the cable with the eye 7

splice shown aud a PVC bolt. The 7/8" diameter cable, which is plaited

I nea A0 o

polypropylene, is shown in Figure 26 with some of the plastic coated wires

exposed. The eight conductor cable can be stretched 10% without damage to .-
the electrical wires because of their unique construction. Each ele;trli

cal wire contains a copper conductor spirally wrapped around a-ﬂ&i;n core,
all of which are ccvered with a plastic waterproof jgcket:” Thus, when the
rope stretches, the copper conductor straightensﬁgiightly. The cable is

very slightly heavier than sea water,. -

A hand operated winch for féeling the cable and the attached GEK in
and out is pictured in Figure 27. The cable conductors are teminated at
a bulkhead connector th}ough the winch flange. Once the cable is let out
to the desired towing iength, the winch is braked, and a shipboard eight
conductor cable is piugged into the waterproof elecirical connector on the
winch (Figure 27, Point A}. This cable connects to the recorder and power
supplies.

The external housing for the GEK consists of two tubular PVC covers
which slip over the electrode and electronics sections. The center bulk-
head of the GEX has a slightly larger diameter than the ends so the radial
O-ring sezls need be engaged only for the last inch of assembly. The
tubes do not carry any axial load so it is sufiicient to position them
with plastic screws. The axial load is carried by internzl members. These
tubulaxr covers are shown in Figure 28.

‘

One inch inside diameter Tygon tubing is used in the arms of the salt
bridge. The tubing attaches to the end of the GEK with a PVC pipe coupling.
Fivé’and ten meter lengths are similarly joined together to make up to thirty

meters of salt bridge. Modular lengths allow damaged pieces to be replaced

easily and variable lengths to be deployed..
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II. Instruzmeant Problems and Their Solutions

During the course »f the comstruction and testing of the surface
GEK, many rizciems arose, severzl serious in nature. Although the electrode
asplifier cizcuit was a straightfomward and simple design, it proved to be
quite obstinate in its refusal to operate properly. when wired on printed
.circuit bozrd, the amplifier consistently oscillated at several hundred
kilchertz and it was cnly by rewiring the circnit on perforated board with
coaventional lezads that the circuit behaved. Then the circuit was wived
into the GEX. 3wz after intermittent malfunction on two field tests, it
was discovered that oscillations reoccurred sometimes when the amplifier
was posered threough the cable. The problem was finally eliminated by put-
ting C.1 microfarad capacitors across the power input temminzls of the
operaticnal amplifier of the second stage. This lowered the high frequency
power sourcz impedance.

A second type of protlem which appeared in the first bottom deployment
was the malfunction of one of the underwater Glenair electrical comnectors.
The connector was designed to provide a water tight seal but sca water seeped
into thz contact region. This caused an electrical short between several
pins. The solution to this problem was to fill the comnector with silicon
grease bafore plugging it in. Sea water was thus prevented from reaching
the pin comnéections.

A problem that was prescnt or the first towing experiment and potentially
on all towing experiments is the existence of air bubbles in the salt bridge.
A large air bubble can czuse an open circuit in one of the salt bridge amms.
In the towed GEK, open circuits caused by air hubbles are most likely to
occur in the yubber tubing near the valves. This is because the dismeter of

the salt bridge is smallest in this region, The existence of an open circuit

causes the amplifier to saturate because offset currents at the input a.e
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unshunted, The problem of air bubblés was grestly reduced by carefully
fiiling the salt bridge with sea water and zvoiding any air bubble en-
trapment during deployment in the water. Cottonm plugs (Tampons) were
then inserted in botk amms of the salt bridge. The piugs allowed eiectrical
conductize but i:ttic water iransfer and air bubkic entrapment ia the salt
bridge. In the bottoa mounted cenfiguration, aj bubble problems were
negligivle because the increased pressure compressed the bubbles to
insignificant size.
A serious probiem which had to be reccgnized and eiiminated in ail

GEK operations was the existence of grownd loops. When an electrical
path was present through the electrodes to grovnd and back te the elec-

tredes through a sea water path, a significant electrical current passed
through the electrodes and caused considerable drift in the electrode
potential. Schematically, the existence of ground loops anmd how they
were climinated is shown in Figure 2°. The actual ocean current is
repvesented as i voltage source ana resistor betwzen points B and D. Tie
sea water return path is showin by 3 resistor "etween points A and E. The
Public Utility leakage voltage is shown as a voltagc scurce between points
A and E. It is seen that if the surface support power supplies and re-
corder are connected to Public Utility ground, an electricai path is com-
pleted and relatively large amounts of current will £low through the
electrodes. However, if the surface support equipment has floaring
electrical grounds, then only circuit BCD is completed and a break is
made between points E and D. Since the magnitude of “he indniced signal
is on the order of tenths of millivolts and the input impedance of the
measuring circuit is high, negligibie current will flow through the elec-

trodes. In the field experiments, ground loops were experienced when AC

powered surface support equipment was used with the ground temminal

S e it

£
Y

Sanliiosastiilcvasiings

3
1S




R i 'l 3

R B TGRS ;
)t RS A N e S e L

i

5
o 3
o 3
w =4 mw 3
_.._., z & |
. W.._ Emw L)
% 3 o
g a &
&>

ic.
A i

PRE 5

AR E S

round Loops Schemat

ELEC{?ODE

n
G
oG ARk s

gure 29.

E

48(
} SIGNAL
#
D

Fi

{

sea |
WATER |

v ————

N

POWER
COMPANY

y T ) A et W e I N s e v e 8 VA e S MW

s Y e st e et} .ff'?»ﬁ&v\»aﬂi.p.m-%.&r;n. P




-51-

d connected. Once the ground teminal was disconnected it was noted that -
E" the ground loops disappeared. In order to avoid all possibility of

i;

- ground loops and to permit totally poxtabie support, all power supplies .

and the recorder vas converted ¢o battery

§ were replaced by batteries

powered opzration.
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SECTION C

iLaberatory and Field Tests of
the Sxitched Elecitode GEK, Both Towed
on the Surface’ and Anchored on tne Boitom.

I. Introduction -

Labo}atory tests on the towed GEX were conducted throughout its
fabrication snd field testing. The most important of these were the °
electrode drift tests. Field tests were conducted on the GEK during
the last weegk ia July and the first three weeks in August according to

the following scheduie:

ASTERIAS 27 July 1971
ASTERIAS 30 July 1971

Eel Pond 4 pugust 1971
Eel Pond 6 August 1971
Eel Pond , 11 August 1971
ASTERIAS * 13 August 1971
Gate of Canso ° 17-18 August 1971

Teere L L.
..

IT. Shakedown tests

L

*

. Cey -
»

.

.

*

»

> a
*

1) TOWED TESTS :

i
The first ASTERIAS cruise was concucted in Vineyard Sound. Although
some data were cbtained, this first cruise proved to be more valuable in
checking, out handling and shipboard procedures. As a result of this cruise,
a verti§31 stand to facilitate filling tiie GEK with sea water was designed

L

and fa@ricated (See Figure 30). It was also decided that the Tygon tubing

should!be filled ashore to ease the final assembly procedure on board ship.
Tﬁe second ASTERIAS cruise was also conducted in Vineyard Sound. The

towea GEK worked well during the preliminaly shipboard tests, but later during
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a rum across the Sound it developed problems; the amplifier saturated.
At first it was thought that this was due to a bubkie in the salt bridge,
but laboratory tests conducted after the cruise showed that the cause of

the problem was electronic oscillations associated with the cable impedance.

2) BOTTOM TESTS

The first bottom deploywent was conducted in Eel Pord. The test site
was approximately fifty feet froz Eel Pond Bridge, near the Redfield parking
lot. A fifteen meter length of tubing was laid across the channel u the

bottom. Problems with rapid electrode crift and an imperfect Glenaire con-

nectsr preciuded the collection of worthwhile data. Laboratory tests were

coanducted to check on tihe electrode drift. The results of a 12-hour test

showed that when the GEK was placed in a trough of salt water tie electrode

drift was only %100 microvolts. The GEK was then placed ir a bucket of calt

water and the temperature was lowered to 9°C. As the temperature increased

to 15°C, the potential between the electrodes incxeased 250 microvolts. In

this test beth electrodes were in contact with the same water. But neither

of the results of the two tests could account for the large drift that was

obtained in Eel Pond.

.

The second Eel Pond deployment had the same large rapid drift in the
<
electrude offset. Tests held at the deployment site indicated a ground loop

problem that was finally solved by eliminating AC power and operating from

batteries.

III. Evaluaticn Tests

1) BOTTOM TESTS
The third Eel Pond bottom deployment yielded data which were free of

the original ground loop and connector problems, but it is still not easy

to explain them. The offset varied between 400 and 800 microvolts through-

out the deployment. The signal was very high and fairly stable at 800
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%160 microvol:s above the offset. It appeared as if there were a constant
field ir the area of the GEK with an alternating component riding on top of
this DC level. At first It was thought that this might be due to the presence
of large power cables in the vicinity of the site, but if this had been trve
than the same effect chould have bezn seen on the first two Eel Pond deploy-
ments. The data also differed from previously obtained data in that it was
unnaturally noise free. The data was plotted to see whether the AC component
corresponded tc what one would expect from the previous data {BL component

removad). These data showed sole corvespondence to the natural seiche period
.

.

of Eel Pond but the correlation was not vexry good.
2) TOWED TESTS

The third ASTERIAS cruise, nsing a 20 meter salt bridge, appeared free
of all problems. The track of this cruise appears in chart 1, and the
results are given in Figures 31 and 34. Course A-B runs from Tarpaulin Cove
to Paul Point. The data indicate a west flow on one side of Middle Ground
and an east flow on the other. This agrees with the predictions of
Eldridge's 1971 Tidal Current Charts (White 1970). Course B-C runs from
Paul Point to the cable area near Lake Tashmoo. Course C-D follows tche
cable to Nobska Point. From this record we can see that flow is now totally
eastward, which is again in agreement with Eldridge. Course D-H contains a
series of 90° turns: D to E and F to G, running approximately parallel to
the current; and E-F and G-H, running across the current in opposite directions.
The latter tracks should be opposite in polarity but of the same magnitude.
Figure 34 shows the approximate agreement. The conversion of (V-V*) x B in
microvolts, to current in krots, is given in Appendix 2 (100 microvolts is
approximately .2 knots). Using this value in converting the data for course

A-B, we cbtain a maximum west flow of .4 knots and an east flow of .2 knots.

This again agreee with Eldridge. .
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Figure 35 showe typical raw datz obtained from the thizd ASTERIAS mum.

Y
RN A
.

TS R e R § L AN (o i i ( Ta i (it

The signzl sipezinposed on top of the expected signai is aoise, vhich can be

Iﬂilﬂ';!bﬁflw.\‘.cﬁndnm{uG‘.\l'}‘].(v)héwljm‘un‘.\u“ufuu.;}u X

o - filrerad out. This noise decreased as the towing speed of the GEX decreased,
iy . .
S as ¢ne jength ~f the tiawing czble was imcreased, and as the sea state decreased.
Iy, Deplovoent Test. on Bottom at Gate of Canso :
o -
3 The last field test was conducted in the Gate of Canso (See Chart YT},

b, o
8

This test azea was selected tecause of its lack of power cables, accessibiiity,

— -

The GEK was anchoryed on the Lottt

N

o

high currents, and excellent fishing. n

iS5 feet of water and a 3J meter salt bridge was stretched across the cihannel

,,.m,:!:‘
N ey

undex the region of significant current flow. ©Data from this test are coa-
tained in Figures 35 To 40.

The incoming fiow was more turbulent than the outgoing £low due to the

R R R .
’N'ﬁﬂ'l" 4 i_a!, x%ﬁ'l‘ﬁ”i

Nz ol
RGN S 1L

geometyy ot the site. The incoming flow contained much upwelling and dom-

ity i

welling which might account for scme of the variability of the signail.

Figures 41 and 4= are samples of raw data that show the marked difference ia
_,
k- character of the signal for tne two flows.

3 The electrode offset spotential drift was also plotted for the Gate of

Canso deployment. The plot of this is zhewn in Figures 43 and 44. Initial

deployment in the Gate of Cansc resujted in a rapid oZfset potential decrease

TRV M IR T SN G s PR 1L N T o B e LAY Pt S A Aoy O 4 7,

from 1000 microvoits to 450 microvolts in approximately cnc and cae half

i hours. This was probasbly dus to temperz2ture effacts caused Ly the new environ-
£
%: meat. For the next several hours there was g steady decreasz in the offset ;
potential to less than 200 micrvvolts mtil a yecorder malfimction interrupted s
? tne measurement. Upon re-acquisition of the signal, the offset potentiail was ’
b" 200 microvolts #2100 microvolts for the duration of the deployment. s!
R fi pa 3
: 'f In the Gate of Canso, the bottom conductivi¢y arfects tie voltage ob-
;‘; served across tie current. The copversion of T\1’* v B, in wicrovolts, to
current in knots, is given in Appendiz 2 {100 microvoits is agproximately
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GATES GF<ANSO
30METER SALT BRIDGE
i7-16 AUGUST 1971
TIME vs.V*x B
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Figure 36, fates of Canso 1330-1730.
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GATES OF CANSO
SOMETER SALT BRIDGE
17-18 AUGUST 1971
TIMEvs. V¥x B
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Figure 37 Gates of Canso 1730-2130.
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Figure 38. Gates of Canso 2130-0130.
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Figure 40. Gates of Canso 0530-0800.
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Typical Data=-Gates of Canso Incoming Flow.
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.26 kaots). Using this vaiue in converting the data from the Sate of Canso,
we chtain an average flow of .26 to .52 knots. This flow does not agree with
what was expected. It was anticipated that a much higher flow would be ob-
tained. A speedometer aboard the anchored R.V. SHADOWFAX measured currents
in excess of 4 knots at times. This difference can be explained if - (A)

the assumpticns in Appendix 2 are jncerrect, or (B) the average flow through
the gate is, indeed, between .Z6 and .52 knots, and our original assumptions
concerning this flow axe in error. '

These assumptions used in Appsndix 2 appear to be good. Maikus and Stern
(1952) used the same approximations with good results. Therefore, it appears
that the assumption concerning the flow is in errox. It was assumed that the
current was approximately uni form throughout the depth of the channel in the
vicinity of the deployed GEK. It is now believed that thete is only a thin
tongue of current that moves through the Gate with relatively quiet water Or

countercurrents in other regions.
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£ APPENDIX 1
v AMPLIFIER OPERATICN IN NORMAL AND SWITCHED HODES.
£ Let: x = potential of electrode in short salt bridge
i y = offset potentizl between electroges
:
’ z = true signal :
¥
3
; Notmal Operation
: x +y + z = potential of eiectrede in leng sait bridge with respect R -
: to electrode in short salt bridge. =4
. First amplifier stage: V__ = 250(x +y +12) =
. L S13L N z L
5, Secong zmplifier stage: Vout = [x - 250(x + y + z)]20 ;
V. = -(4980x + 5000y + 56002) {
: Solenoids Activated y
) x + y = potential of clectrode nommally in leng salt bridge w.y.t. \
i other electrode. )
' H L e PRI - 28 , "‘i
g First amplifier stage: Vaut = 250(x + ¥) ’gg
B
. Se.ond amplifier stage: Vout = {x - 250{& + y}}28 -
Vout = - (4989x% + 5000y}
. Therefore: Amplified true signal = Vout {(nommal) —Vnw {activated)
& -

fwplified true signal = -5006z
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APPENDIX 2

CONVERSION FACTOR FROM VOLTAGE TG CURRENT S¢LED.

Tuwed behand ASTERIAS: 20 meter salt bridge

- sl
E={V-¥)xF
-4 . 2
F_=0.5 gauss = 0.5 x 10 ~ webers/imeter

Assuming a 100 microvelt sigua . then:

o -6 velts. - -6 volts
¥ =100 x 19 m—s 10 E—e-:-::-

< -6
7 =2z it 7 volis/meter

V- 5
5% 10'¢ webers /meter

.
V-V = .1 neter/sec

I
Thersfore: V - V is azpproximately .2 knots
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Botica Mounted at Gste of Canss: A complets analysis of the electric currcnis
floding in the Gate of Tanzo depends on the exact velotity distribution and

bathye=try. it i> 5ot intended here to de such on analysis buf rather to

éorive an approximate cenversioit from measured volitage to valocity through

the Gate. To simplify the cziculation, two models wili be ussd: the first

~

to express the geometry iun the sipplest way and the second to sipplify the
field calculation.
The width of the channel, the depth of the water, and the average velocity
of the water are the sizpiest parameters which can be zssumed for the Gate
f Canso. So lei us represent the Gate as a rectargular channel of great
length, width L and depth d. The channe:i 1s filled with tiater of resistivity
o, moving at a unifomm velocity V normal to a vertical magnetic field B. The

bottom has a uniform resistivity Py and extends to iafinity in the lower

half space (below the water surface}.

B
"Z'!
.-_-——-7——~\__,/“\~_‘/1\,4/\-'”“‘~.a"sJ”“'““]["'”
® vV Pw d
L

aepth
Length

r~
11

We wish to find the voltage between the lower corners of this channel as
a funciion of the velocity. In the idealization of the Gate whicli we have
assumed, there is a distribution of potential along the sides an‘ bottom of

he channel which arises from the geomaghetic electro-kinetic field and from
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tiie cicctric currest distribution in the sodiment oid the water. A gr2at

M2 simpiification can be made by assuming the side wails of the chanacl are
L -

e ¥

e cancicting oylinders haif immersed ia the sedizment, aad the wrter i the

-¥ <%

- - - o~ - b
chgritel 1S repiaced by anenf £ =V 2 B8

Rw = owL!d per unit lengeth. This moedel i3 easy to solve and is an gp-

proximation to the €irst model if the dimensions are chosen suitably. &

A A A A T O

onfiguration of 3 unit length of this second model is Showr

W
(9]
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. . - . . 5=
: o scale the seconc model to the first, thc immersed circumference of the B

cylinders is made equal to the depth of the channel plus a portion of the

N bottom wiath, say a quarter of L. Thus ro = (d+1./4)/7. It can be noted that o

the resistance through tihe sediment between A and B is just iwice what it

s i
: would be between two fu.l cylinders of radius r, separated by L in a full 5
€
¥ space of sediment with resistivity e The full cylinders in a full space b
v of sediment are symmetric ang the resistance per uni® length between thenm
:
% can be catculated.
; L odr .
: R 2 5= 1f L >>7

Full Space pB!rOan o 3
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RB < »E—-ln{ﬁL/(d+Li4)}

Then the voitags scross the chiznnel will be Em = ERB/{RB+Rw)

“

At the Gste of {anso, & = 30 molers, é = 5 meters, Pg = 4P

- <
RB = 1,3z = 5.2¢

E_= .45E

mn

Therefore, 1/2 of our voltage drop eccurs in the sediment. Thi

.
.

included in vie expression for weasured voltage a3 a K factor

KE

-
=, B where K = 2.
measured x T -

Assuming & 106 microvolt signal, it fcliows that:

E = 100 x 10'6 voits/30 meteys = 3.33 x 19"6 Vo

i

L

_2:3.33 x 10"6 volts/meter

<

s
- . /4
.8 x 10 4 webers/m

'-r* - . - . s -~
Y = 2+6.67 cm/sec, which is approximately ,Zo6 knots,
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Drever, R.G., and Sanford, T.B., "A Free-Fall Electromagnetic Current
Meter - Instrumentation,' Proceedings of the I.E.R.E. Conference on
Electronic Engineering in Ocean Te nology, 1.E.R.E., 8-9 Bedford
Square, London, 1970, pp. 353-370. )

This paper describes the instrumentation and operation of the free-
fall electromagnetic current meter. The theory of operation is only
briefly discussed. The instrument measures the electric fields induced
in the wnit and in the sea due to motion through the geomagnetic field.

The horizontal veiocity of the instrument is governed by the local
horizontal velocity of the ocean. It is assumed that the instrument, at
all depths, is in equilibrium with the horizontal motion of the sea. The
technique used by the authors is capable of rapidly meassuring the varia-
tions of horizontal velocity as a function of depth with a precision below
1 em/sec. The essential difference between this instrument and the surface
towed Geomagnetic Electro-Kinetograph (GEK) is that the former is used at
the sea surface to study the hnfizontal structure of an ocean current whilq
the free-fall instrument is used fo study the vertical structure. The main
cbjective for developing the free-fall instrument was to determine if it
was feasible to measure the weak motionally induced electric fields in the
ocean currents. The tests showed that it was not only practical but very
useful oceanographically to make these measurements.

Longuet-Higgins, M.S.,, Stern., M.E., and Stommel, H., "The Electric Field
induced by Ocean Currents and Waves, with Applications to the Method of

Towed Electrodes,' Papers in Physical Oceanography and Meteorology, Vol.
13, No. 1, M.I.T. and Woods Hole Oceanographic Inst., Nov., 1954, pp. )-37.

This is an extended discussion of the basic principles underlying the
natare of the electric field induced in the ocean by particular types of
velocity distribution. A fundamental difficulty in the problem is that
the electrical field at any point depends not only on the local water

velocity, but also on the olectrical current-density, which is detemined
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& of induction and the theory of towed electrodes is set out in detail.
h g
. The field eguations necessary for an exact analysis are given but pariicu-
B lar selutions for the cases of a sinusoidal stream, and stresms of rec-
- Tanguiar and eiliptical cross-section are worked out in detail. The solu-
. R tion for the rectangular section is of special iaterest, since ir can be
‘ used to build up the solution for a stream of arbitcrary cross-section, to
o e : any degree of approximation.
R N 3. Malkus, W.V.R.. and Stemn, M.E., "Detersination of Oczan Transports and
~ 3 - ~ ? N 2
Lot ' Velocities by Electromagnetic Effects,' Sears Foundation: Journal of
- : Maxine Research, Vol. 11, No. 2, November 15, 1952, pp. 97-105.
. 2y
The electric potentials in and about an ocean current are shown by R
3 the authors to be directly related in a simple fashion to the total fluid g
3 . &
traisport. 3Jeveral techniguss of measurement are discussed; including the s
N B : » Ll v T g { ::'l. 3
& . Gegmagnetis Electro-Kinetograph method. The erroys that may be involved : 3
A , -
£ : in each case are also discussad. Their work deteunines the relation i
3] y between the tota) potentials across the current and the total volune ’ ..
: p transport of fluid. The approximestions involved in relating iocal electric )
Ty : e
¥ e ] cbservables to local velocities are also detemmined.
Sy 53
4, Sauford, Thomas B., "Motionally Induced Electric and Magnetic Fields in E
< +ne Sea,' Journal of Geophysical Research, Vol. 76, No. 15, May 20, 1973, : -
=3 . pp. 3476.-34%2. ;
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s = § o
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7 23] 3,

vexrtically averapged vesucity, cun be detemmined for mezsarement: of the
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induced electriv and magnetic fields at the sea floor. Severai spacial
cases ave calculated illustrating the in{luences of the manties, the con-
ducting sediments, and thie horizontal scales of the motion. The thxee-
dimensional theéory was d2veloped because thc two-dimensionai theoxy is
generally inadequate when applied to actual flows having variations in

time and space.

w
L)

von Arx, William S., "An Electromagnetic Method for Measuring the Velocities
of Ocean Currents From a Ship Undzr Way," Papers in Physical Oceanography

and Meteorology, Vol. 1i, No. 3, M.I.T. and Woods Hole Gceancgraphic Insi.,
March, 1350, pp. 1-62.

This paper briefly traces the general developzent of the Geomagnetic

S Wt S ARy B AR sl § PRAASEAGS TER TV PIIAS Sp A I] fITNRIES SANNAY

Electro-Kinetograph starting from Faraday®s original! suggestion and early
experiments in 1832. A generai discussion of the basic primciples is
given but the main content of the paper deals with the author's surface-
towed Geomagnetic Electro-Kinetograpn (GEK). Practical considerations and
the validity of the electromagnetic method are presented to the reader.
Application of the zlectromagneiic method to observations in shoal water,

includirg both observations while under way and at a fixed station, are
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also discussed by the author.

Rwicorn, S., ‘Jeasurements of Planetary Electric Currents,' Nat::ye,
vol. 202, 1964, pp. 1C-13.

Stommel, H,, "Expioratory Measurements of Electric Potential Differences
between Widely Spaced Points in the North Atlantic Ocean,' Archiv fur
Meteorologie, Geophysik und Bioklimatologie, 7, Ser. A, 1954, pp. 292-304.

Young, F.B., H. Gerrard, and W. Jevons, '"On Electrical Disturbances Due
to Tides and Waves,” Phil. Mag. Ser. 6, Vol. 40, 1920, pp. 149-159.
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