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ABSTRACT

During the last decade there has been an increasing interest in dis-
covering the existance of salt fingering in the ocean. The purpose of this
investigation was to determine the feasibility of optically detecting salt
fingers.

Theoretical calculations were conducted on the angular deviation and

displacement of parallel light rays propagating through an ordered salt fin-

ger model. It is assumed that salt fingers are square cells (one centimeter)
~with a checkerboard pattern of cells having high and low indices of refrac-
tion. The amplitude of index of refractlon, above and below the overall
average, was assumed to be between 5 X 10™% to 5 X 1076, From the computer
work it was concluded that an optical method that detects dlsplacement or
intensity would have more promise of finding salt fingers in the ocean than
an optical method that detects angular deviations.

From the computer results and experimental shadowgraph 1nvest1gat10ns
conducted by others, it was concluded that a shadowgraph method is the most
promising optical approach to use for detection of salt fingers. Depending
on the strength of the salt fingers, the optimum distance between the fin-
~gers and the shadowgraph screen may be as far as one to three hundred meters
to obtain a sharp image. To shorten this optical path a telescope-micro-
scope lens system called a ''shadowgraph shortener" was used.

Salt finger detection experiments were conducted in a large tank of
salt water. An expanded laser beam (5 centimeters) was passed through the
salt water and the "shadowgraph shortener'" to fall on a ground glass screen
which was photographed with a 16 mm movie camera. The weakest salt fingers
detected had a salinity gradient of .02 parts per thousand per 6 centimeters.
A survey was conducted on the salinity gradients in the Atlantic Ocean using
Nansen bottle data from hydrographic stations. The larger salinity gradi-
ents found in parts per thousand per 50 meters were only one order of mag-
nitude weaker than the experimental results.

An optical salt finger detector was designed using the same basic
set-up as used in the experiments:
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I. INTRODUCTION

In the last sixteen years there has been increasing interest in
discovering the existence‘ofysalt fingering in the ocean. In 1956,
Stommel et al. wrote a short paper describing a perpetual salt fountain.
A salt fountain can occur in a two layer system of hot, salty water over
cold, less salty water in which the hot, salty water is less dense than the
cold water, thus being gravitationally stable. If a small tube is put
into the tank allowing only the water from the lower layer to enter the tube,
the cold water in the tube being surrounded by hot water is heated up caus-
ing the water in the tube to become less dense than the surrounding water.
Therefore, the fresh water in the tube rises which in turn brings more
fresh water up the tube to continue the process.

The success of the above fountain is due to the diffusion of heat without
the diffusion of salt, but Stern (1960) noted that since the molecular
diffusivity of heat (KT = 1.5 X 1073 cm? sec™}) is about two orders of

magnitude larger than the molecular diffusivity of salt (Kg = 1.3 X 1073

sz

sec”! for salinity of 35% at 20°C), the tube is nét fieedéd .in oxder to-have a .
fountain. If a small parcel of water is displaced up or down, it will gain
or lose heat faster than it gains or loses salt, thus the body of water
continues to rise or sink. After a while there are numerous little salt
fountains which are called salt fingers (see Figure 1) flowing in opposite
directions.

If salt fingers exist in the ocean, they will be an efficient mechanisnm
for the vertical transport of heat and salt (i.e. more effective method

than molecular diffusion of salt and heat, Turner, 1967). Stern (1969) has

concluded from theoretical calculations that salt fingers might be a possible



Figure 1. Shadowograph view of salt fingers. Photograph was
taken by Claude Ronne for Albert J. Williams III.



energy source for internal waves. Salt fingers may also serve as a dilution
mechanism for a submerged cloud of sewage effluent (Fischer, 1971).

Howe and Tait (1970) and Cooper and Stommel (1968) have reported
step-like profiles of temperature and salinity in the ocean which is a
favorable condition for salt fingering to occur. Howe and Tait (1970)
have found these profiles neér the Mediterranean outflow in.the Atlantic
with an STD probe. These steps and layers were found between the depths of
1300 meters and 1500 meters. Figure 2a shows the various parameters of
these steps. Cooper and Stommel (1968) ha&e reported finding similar kinds
of profiles near Bermuda (see Figure 2b).

From experimental investigations conducted by Eriksen (1971) and the
author, it has been observed that salt fingers occupy a region where linear
~gradients of salinity and temperature occur. Using the average salinity
~gradient as an indication of the probability of salt fingering (in the
absence of any additional information), a contour map of the Atlantic's
maximun difference in salinity over a 50 meter interval was made. Only
the salt fingersing case of salty water above fresh water was indicated
(see Figure 3), The data for the above map comes from Nansen bottles at.
hydrographic stations of which Fuglister (1960) and Metcalf and Stalcup
(1969) ~are the main sources. The dots in Figure 3 represent these hydro-
graphic stations. The hydrographic data considered was further restricted
to the depth range of 100 meters to 1000 meters below the ocean surface
with the average depth between two bottles greater than 140 meters below the
surface.

Ideally one would like to detect salt fingers in the ocean by recording

the direct ocean parameters (temperature, salinity, density and vertical
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Figure 2. (a) Typical step and layer of salinity and temperature
from Howe and Tait (1970). (b) Typical salinity and
temperature profile from Cooper and Stommel (1970).
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velocity), but the variations in these parameters are quite small. A more
reasonable approach to use in detecting salt fingers is to rely upon the
characteristic effects of indirect parameters, such as index of refraction,
electrical conductivity, speed of energy propagation, and attenuation of
light or sound. Another property of salt fingers which should be useful

in detecting salt fingers is that they have at least a short ordering of
coherent and symmetrical cell structures. The above property will cause

any energy that propagates horizontally through salt fingers to be dif-
fracted, refracted and scattered. The propagation of energy through several
salt fingers will produce a semi-fandom fluctuation of the signal which will
be statistically detectable.

The purpose of this investigation is to determine the feasability of
detecting salt fingers optically, The following is a study of previous
investigations of salt finger detection, theoretical calculations of optical
properties of salt fingers and experimental work resulting from the theoreti-

cal calculations.



IT. PREVIOUS INVESTIGATIONS OF SALT FINGER DETECTION

Several investigations have been conducted or are being conducted
using some of the above-mentioned properties for detecfing salt fingers
in the ocean. Albro and Curtis (1971) conducted an experiment using a
modified eclipsed schlieren technique. The& passed an expanded laser beam
through a Ronchi ruling, a tank of sugar-salt fingers, and a second Ronchi
ruling onto a photoconductivity cell [Sugar-salt fingers are produced by
carefully pouring a layer of aqueous sugar solution over a layer of aqueous
salt solution where the two layers are gravitationally stable (Stern and
Turner, 1969)]. The second Ronchi ruling eclipses the light that passes

through the first Ronchi ruling (see Figure 4).

RONCHI
EXPANDING RULING
et LENSES

o SENSOR

~ SOURCE ‘ 1 TANK !

) |

NO SALT FINGERS PRESENT
{

_——
S —

- JI —

D

SALT FINGERS PRESENT

Figure 4. Schematic of multislit Schlieren.

If sugar-salt fingers exist in the tank, the differences in the index of
refraction between the fingers causes the light to be refracted, thus

allowing some of the light to pass through the second Ronchi ruling and fall



on the photocoﬁductivity cell. The photoconductivity cell was put in
series with a resistor and a battery in order to produce a voltage signal
across the cell since its resistance is a function of light intensity. The
voltage signal across the cell was recorded on a Sanborn, hot pen, paper
chart, recorder.

From the above investigation, it was found to be difficult to detect
any change in light intensity as the salt fingers developed if the laser
beam passed through only one region of the tank of sugar-salt fingers, If
the tank was translated across the beam, no significant fluctuations in
1ight‘intensity were noticed for undisturbed and turbulent sea water while
bubbles on the wall of the tank produced an irregular fluctuating signal,
and sugar-salt fingers produced a somewhat regular sinusoidal fluctuation
in signal (see.Figure 5). The investigators knew when they had sugar-
salt fingers since they were strong enough to be seen with an unaided eye.

Kim et al. (1971) conducted experiments using an ultrasonic pulse-
echo technique for detecting sugar-salt fingers (see Figure 6). A small
transducer capable of producing sonic frequencies from 800 KHz to 45 MHz
transmittéd a horizontal beam of sound which was returned by a reflector and
detected by the transducer. The attenuation of the beam echo was determined.
The investigators found that there was an attenuation loss of about 1.4 dB/cm
(in the 25 to 42 MHz range) in the sugar-salt finger interfacd as compared
to the regions above and below the interface. The investigators believe
that the loss was due to some type of scattering.

In the summer of 1971, Charles Eriksen investigated the use of a
shadowgraph method for detecting salt fingers while working at Woods Hole

Oceanographic Institution on a fellowship. He used a laser beam which was
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Figure 6. Schematic diagram of acoustic detector.
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spatially filtered, expanded to five centimeters, and collimated as his

shadowgraph light source. The beam was reflected down one periscope,

through about eighteeen inches of sea water, up a second periscope onto a

screen three meters away to form a shadowgraph image (see Figure 7).
PERISCOPES

Shadowgraph
Screen

|LAseR p==[exPanper }

SALT WATER

Figure 7. Schematic set-up of Charles Eriksen's shadowgraph
experiments.

Albert J. Williams III (private communication) found that small tank size
where the more narrow tank dimension is only about one order of magnitude
larger than the width of a salt finger causes a high order of orientation
of the fingers along the long side (see Figure 8). Therefore, Eriksen (1971)
used a large tank where most of the volume was far from the walls. This
reduced the above-mentioned effect so that the experiment was more like a
real ocean situation. The investigator obtained shadowgraphs of salt fingers
in which the salinity gradient was about 500 times stronger than that expected
in the ocean.

| Bruce Magnell (private communication) is using conductivity cells to
search for salt fingers. The investigator has mounted a conductivity sensor

and temperature sensor on the leading portion of a towed fish with two
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thermocouple heads and conductivity cells about 30 centimeters apart from
each other behind the front sensor. The front sensors measure individual
salt fingers while the back sensors are used to get the temperature and
salinity gradients. The apparatus is towed at various depths and various
speeds. If the instrument goes through a region of salt fingers, it is
hoped that the conductivity cell will sense an alternating change in
conductivity as it passes through each individual salt finger. The inves-
tigator has not done any laboratory detection of salt fingers, but he has
put his instrument through a salt ring (similar to a smoke ring) which had
a .003 difference in salinity from the surrounding water, and his sensors

detected this ring. Recent experiments near Bermuda (June, 1972) give a

strong indication of fingers with a spacing of 2 cm.
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III. THEORETICAL CALCULATIONS OF OPTICAL PROPERTIES OF SALT FINGERS

Stern (1970) conducted a theoretical study on the light intensity
fluctuations in traversing salt fingers using a random walk model for a ray
path, He used a statistical approach assuming that salt fingers have a short
range of ordering, i.e. each sinking finger is surrounded by four rising
fingers of lower density. The difference in density causes a difference in
the index of refraction between fingers. As light passes through these
fingers it.is refracted at each salt finger interface, thus changing the
overall light intensity field of a light beam. From this study, Stern con-
cluded that a micro-optical technique in conjunction with an STD probe
would be a promising method of detecting salt fingers in the ocean.

From other investigators such as Albert J. Williams III (private
communication), it is believed that salt fingers will exhibit a higher order
of coherence than assumed by Stern, i.e. the salt fingers will be in clusters
of square cells (say) at least ten cells square. To get some idea of the
amount of refraction and deviation of light rays through ordered salt fingers,
a computer ray tracing program was set up.

From several laboratory investigations of salt fingers and sugar-salt.
fingers, it has been determined that the fingers are made up of square cells
with alternating high and low index of refraction (Shirtcliffe and Turner,
1970). Figure 9 shows the contours of index of refraction of a salt finger
model.

The contours of index of refraction were determined from the following

equation,

X ™
n=n_+ An cos = cosim (1)
o a a
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Figure 9. Index of refraction contours of ordered salt fingers.

where n is the index of refraction,
ng is the average index of refraction
An is the amblitude of the index of refraction variation
a is the side dimension of a salt finger cell, and

X and y are coordinates with the origin in the center of a cell
of high index of refraction

Light rays bend in a varying index of refraction field according to the

following equation,

do _ 1 an
E (2)

where 6 is the angle of deviation
p is the direction of the light ray, and

q is the distance perpendicular to the light ray path.
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The total angle of deviation over a path length would be

6 = flde ~ (3)
2
Changing to the integral over path length and substituting equation 2 into
3, we obtain
1 do

6 = —dp = s 222 g 4
& TR “

Since salt fingers have a two-dimensional index of refraction gradient, the
gradients are projected on a line perpendicular to the light ray and added
or subtracted where appropriate (see Figure 10).

From Figure 10, we obtain

R = — sin¢ - —g-cos¢ (5)

d N
R R (6)
1

(Appendix A is a flow chart of the computer program used).

It has been estimated that the salt finger cell size is of the order
of one centimeter (Stern, 1969). The amplitude of index of refraction can
be determined from the following equationm,

An = nsAs - nTAT (7)
where Ng is the change of index of refraction versus salinity,
N is the change of index of refraction versus temperature, and
AS, AT are the differences in salinity and temperature, respectively.
If we assume that we have sea water at a temperature of 15°C and a salinity

of 35%, we get from the Handbook of Chemistry and Physics the following

values: ng = 1.8 X 107%/%/00 and np = -0.84 X 1074/°C. Using these values

with a temperature difference of 0.3°C and a salinity difference of O.lo/oo,
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we obtain an amplitude of index of refraction of 7 X 1076, The minimum
amplitude of index of refraction selected for the computer work was

5 X 1075 and the maximum was 5 X 10™%. In all of the ray tracing results,
it was assumed that the average index of refraction was 1.344, Figure 11

gives the geometric representation of termms used in the following Figures

12 through 18,

-
>
> . ...
2 5. initial angle =¢p =0°
—>
>

)

T
Starting position

/)1/\/ Displacement

6“3~ Angular deviation

-

R

|
I
: Positive deviation
i

P
/:/ / nitol ang ¢ - a5°

Figure 11. Geometric representations of terms.

Figure 12 shows the angular deviation of light rays versus starting
position for three initial angles. It can be seen from this figure that
there is a considerable difference in angular deviation of light rays
starting at 30 degrees and 45 degrees. Figure 13 has initial angles going
from 30 degrees to 45 degress in intervals of three degrees. It can be seen

that the maximum angular deviation for initial angle 36 degrees is less than
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that of initial angle 33 degrees. Figure 14 gives us a more detailed
relationship between the initial angle and maximum angular deviation.

Figure 15 shows the displacements of light rays perpendicular to the
undeviated light path versus starting position for different initial angles.
Figure 16 shows the maximum displacement versus initial angle. From a compari-
son between Figures 14 and 16, it can be concluded that an optical method
that detects displacement or intensity would have more promise of finding
salt fingers in the ocean than an optical method that detects angular de-
viations. To get an idea of the concentration of light by salt fingers, a
computer ray tracing was made of light rays going through about thirty ordered
salt fingers (see Figure 17). Out of the computer work it was also found that
as the light beam passes through ordered salt fingers, the intemsity fluctua-
tion changes as the light path length increases (see Figure 18).

From the computer resulté and experimental shadowgraph work conducted
by Albert J. Williams III (private communication) and Erikseh.(197l), it is
the author's conclusion that a shadewgraph method is the most promiéing
optical approach to use for detection of salt fingers. As learned from
Eriksen's investigation, an expanded laser beam (see Figure 19) is a good
source of parallel light. It is important to have adjacent‘light rays parallel
to each other so that the signal (refraction by salt . fingers) to noise (local
variations in ray direction) ratio be kept to a maximum. Thus, if retraction
is expected to be no larger than 25 pradians, local collimation of the beam
must be good to 10 uradians.

A shadowgraph is formed at some optimum distance from fingers., If we
assume a salt finger cell size of 10 millimeters and an angle of deviation of

2.5 X 1075 radian, Figure 20 and the following equation,
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from 00 to 459,



-25-

mﬂwlﬂm

i
NMI

||||”Ml
W“I”MM

h“"“
il “
X
i

M&Wm

{;‘i'mﬂﬂ!ﬂ'“
"W
m
"W

Vi

vw

|w
iy
b
“v"nﬂi

0\

-
2

i
o8

l!u‘mliﬂ

HIW

il “|l

2
s

WMWWW%MW

alidd
[

gt il
N%WMNWM
IM
I
MH

i
uM

ingers.
1t fin
d sa
dere

ht through or
f 1ig
.go
tracin
Ray

Fiqure 17,



-26-

n=1.344

An=%.,000500
a=icm LIGHT RAY

initial angle = 45° PATH LENGTH
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Figure 18, Intensity fluctuation versus Tlight ray path length,
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Figure 19, Laser beam expander,
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0 = §/20 (8)
where 0 is the object distance,
§ is the cell size, and
o is the angle of deviation
r‘ 0 -

Figure 20. Object distance of a shadowgraph.

~gives us an object distance of 200 meters which means we would need a shadow-
graph optical path length on the same order of the object distance to obtain
a sharp shadowgraph. We can shorten this optical path with a telescope-
microscope lens system here temmed "shadowgraph shortener."

If we use thin lens theory for the 160 mm focal length telescope objec-
tive, the image distance necessary to obtain a sharp shadowgraph is:

1= 25 (9)

where 1 is the image distance from the lens and

f is the focal length of the lens.
Using the above example gives an image distance of 160.13 millimeters which

is a more manageable length to use in an ocean instrument package, Again,

using thin lens theory we can determine the size of the finger image,
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M=z (10)
where M is the magnification factor, and

§, = 8+M (1D
where 61 is the finger image size.
Therefore, the image size is now only eight microns wide. To increase the
image size, we must add one or two short focal length lenses to expand this
small image (see Figure 21). Table 1 shows several calculations of different
cell size and angles of deviation. From this table we note that we have
reduced the simple shadowgraph path length range of one to four hundred
meters down to around four hundred millimeters.

The final image falls on the ground glass screen and is photographed

from behind the screen.
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IV. EXPERIMENTAL SET-UP AND PROCEDURE

For s source of parallel light rays, a low-powered helium-neon laser
which produced a 5 millimeter-wide light beam was used. A laser was used
because it is bright; that is, it has a lot of energy per unit area and per
unit solid angle. (Bright sources can be collimated with little loss of
energy). The laser beam was expanded using a collimator which consisted of
the elements shown in Figure 19. A series of mirrors angled 45° to the
light beam axis reflected the light down one periscope, through a large
tank of salt water, up a second periscope, and through the ''shadowgraph
shortener" onto a ground glass screen to be photographed from behind by a
16 mm motion picture camera (see Figure 22). The "shadowgraph shortener"
consisted of the lens combinations as shown in Figure 21. The ground glass
screen was used to produce a real image of the laser beam to allow the
experimentor to see when some indication of salt fingering was occurring
so that the motion picture camera would be operated at the best time.

A 16 mm motion picture camera was used since it can take a very large num-
ber of pictures on one roll of film (4000 pictures per hundred feet of 16 mm
film) when it is used in an ocean instrument.

A large tank was used in conducting the experiments to reduce the
ordering and orientation of salt fingers caused by the wall. To generate
the salt fingering, the water surface was heated by two 250 watt heat lamps
which were positioned from 50 centimeters to 150 centimeters above the water
surface. Evaporation at the surface coupled with stable stratification
produced by the heating gave profiles of temperature and salinity which de-
creased with depth. After the above process had been operating for a while,

salt fingers were produced.
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PERISCOPES
—_ \ 16 mm Movie
|LASER=]ExPaNDER | Snadowgraph Camera
ground
"4 glass screen
SALT
WATER
LARGE TANK

Figure 22. Schematic of experimental setup,
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To measure the temperature, a glass bead themmistor which was calibrated
to +0.005°C was used with a digital ohmmeter toread the thermistor's re-
sistance. To get the salinity, water samples were drawn from various depths
with a glass tube. The samples were measured later with a laboratory sali-
nometer to *0.005 parts per thousand.

Several experiments were conducted, but only two of them will be dis-
cussed. In the first experiment the following procedure was used:

1. A batch of salt water was made up from filtered tap water and
Kosher salt with a specific gravity of about 1.027.

2. A two lens "shadowgraph shortener" was used as shown in Figure 2la.

3. The heat lamps were set about one half meter above the water sur-
face, turned on, and left on continuously throughout the experiment except
Qhen the camera was operating.

4, After the hea£ lamps had been on for an hour the camera was
operated for about half a minute, a temperature profile was obtained by
recording resistance in intervals of 2.5 centimeters above and below the
beam path, and three water samples were taken at the beam path level and
five centimeters above and below the path to be measured later.

5. Step 4 was repeated two more times at intervals of an hour.

6. After the heat lamps had been on for four hours, the salt water
was stirred to see if the vertical bands of light observed on the ground
- glass screen were destroyed.

The second experiment that will be discussed was conducted as the first
experiment was except for the following:

1. The "shadowgraph shortener'" consisted of the three-lens combina-

tion as shown in Figure 21b.
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2, The heat lamps were set one and a half meters above the water
surface.

3. The first camera run was conducted twenty one hours after the heat
lamps were turned on.

4. The temperature measurements and salinity samples were taken at
intervals of six centimeters.

5. Two more runs were conducted an hour apart.

6. The heat lamps were turned off after 23 hours of operation, and
four more runs were conducted at intervals of an hour to see if salt

finger indications disappeared.
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V. RESULTS AND DISCUSSION

After the heat lamps were on for about one hour in the first experiment,
a shadowgraph was obtained which is shown in Figure 23a along with its
temperature and salinity profile. From the salinity profile, we get a
salinity gradient of 0,4 o/oo over 5 centimeteré, which is about four
hundred times greater than the total gradient over 50 meters measured in
the ocean.

From the vertical bands in the picture (Figure 23a), it is the author's
~ conclusion that salt fingers existed in the tank of sea water at the time
of the photograph. The picture obtained is similar to the shadowgraph of
sugar-salt fingers shown in Figure 1. From the picture it appears that
the salt finger cell size is about 5 to 6 millimeters. The rings in the
picture are believed to be Newton's rings due to reflections between the
lenses.

The shadowgraphs obtained in the next two hourly runs of the above
experiment were similar to the first one except that the bands were not as
straight and distinct. After conducting the experiment for four hours,
the water was stirred to see if the band pattern was destroyed, thus in-
dicating the absence of salt fingers (see'Eigure 23b for the recorded
shadowgraph) .

In the second experiment whefe two microscope objectives were used in
the '"shadowgraph shortener," the first indication of salt fingering was
obtained after the heat lamps had been on for twenty-two hours (see
Figure 24a). The salinity gradient at this time was only 0,02’°/oo over
6 centimeters which is only one order of magnitude larger than the 50 meter

total gradient found in the ocean. The shadowgraph is not very distinctive
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Figure 23. Shadowgraph results--a) after one hour with its
corresponding temperature and salinity profiles,
b) after four hours and mixing.
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Figure 24, Shadowgraph results--a) after twenty-two hours with
its corresponding temperature and salinity profiles,

b) after twenty-one hours, c) after twenty-five
hours.
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in comparison with the first experiment's results, but there appears to be
three bright bands with two of the bands blending together near the center.
One problem with the two microscope objective '"shadowgraph shortener' was
that the light beam exited the second microscope objective with a wide-
angled cone which caused a '"hot spot'" in the center of the screen. (This
condition was later eliminated with a Fresnel field lens over the ground
~glass.) When the above shadowgraph is compared with two other shadowgraphs
of which one was obtained one hour eérlier (Figure 24b) and the other
(Figure 24c) three hours later (after the heat lampé were turned off for
two hours), one sees that tﬁe previously mentioned shadowgraph (Figure 24a)
is an indication of salt fingering. The shadowgraph (Figure 24c) that was
photographed after the heat lémps had been turned off for two hours seems
to indicate that salt fingering had died down since the driving proéess is
changed.

The biggest problem with the above optical set-up is the guess work
that is necessary in deciding on the spacing of the "shadowgraph shortener"
lenses and the ground glass screen.in order to produce a sharp shadowgraph
of salt fingers of a specific strength. Fortunately there is a depth of
field similar to that obtained with a cam€ra lens that will allow one to .
see salt fingers weaker or stronger than a specific strength even fhough
the image will be less sharp as one moves away from the optimum strength
of salt fingers. It should be possible to reduce the guess work with a
lot of field work looking for salt fingers.

One advantage of the optical method used in the shadowgraph experiments
is that a 12 volt battery can operate both the laser and the camera which

would free a salt finger detector from having to be tethered to a surface
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vessel. The movie camera used in the above experiments can hold 400 feet
of 16 mm film. If a salt finger detector was attached to a slow moving
free fall instrument with a fall rate of five centimeters per second and
the camera was operated at 60 frames per minute, 800 meters of the vertical
ocean structure could be récorded on one dive.

It is desirable to know the salinity and temperature gradients when
there is any indication of salt fingering on the film taken by an optical
salt finger detector. By knowing the gradients, it would help in the guess
work of setting the spacing of the "shadowgraph shortener' lenses and the
ground glass screen when other ocean areas are investigated. Also, the
_ gradients data may help in understanding the salt fingering process.

From the results of the experimental and theoretical computer work,
it was decided to design and build an optical salt finger detector (OSFD)
using the same basic set-up as used in the laboratory. The designing
procedure and reasoning is explained in Appendix B.

The OSFD is housed in a 4 1/2 foot, 12 inch outer diameter aluminum
tube with a hemispherical erld cap on one end and a flat end plate on the
other. The flat end plate has two port holes covered by a single glass
window.

The optical equipment is arranged in the following manner:

1. The collimator and "shadowgraph shortener' are aligned parallel
to each other side by side just behind the two port holes in the flat
plate.

2, The laser is behind the collimator and the ground glass screen

is behind the ""'shadowgraph shortener."
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3. The 16 mm movie camera, which fills the tube, is behind the laser
and the ground glass screen.

4. A 12 volt Gel cell which powers the laser and the movie camera
is last in line, just inside the hemispherical end cap. The camera and
battery can be removed from the pressure housing without disturbing the
alignment of the other optical components.

The laser beam is spatially filtered and expanded in the collimator.
Then the beam goes through a view port to be reflected back through the
second view port by two front surface mirrors set 90° to each other to
form a corner reflector one meter from the view ports. The booms that
hold the mirrors are on the sides of the light paths so that they do not
stir the observed water as the OSFD sinks. The reflected beam then goes
through the second view port and the "shadowgraph shortener" to fall on
the ground glass screen where it is photographed by the camera. The
alignment of the microscope objective in the '"shadowgraph shortener' is
achieved with two orthogonal micrometer screws. Since:the micrometers are
too far down the tube to reach, drums were rigged on them so they can be
adjusted by pulling on strings.

When the OSFD is used in the ocean, the Autoprobe will lower and
raise it along with a conductivity, temperature, and depth (CTD) probe.
The Autoprobe is a free-floating mid-water observational platform, built
by Kenneth Burt of Woods Hole Oceanographic Institution, that is capable
of changing its displacement under programmed electronic control or by
acoustic command. To synchronize the film data with the CTD profile, six-
teen small light emitting diodes were arranged around the ground glass screen
to be photographed along with the salt finger data. These lights produced

a binary code which is controlled by the clocking mechanism in the CTD probe.
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APPENDIX A - COMPUTER FLOW CHART OF RAY TRACING PROGRAM

L is the light ray path length

Y1 is the initial starting position
in Y direction

Input

¢ is the initial angle
no,n,a,L '

l Xl is dp
X_is the initial starting position
Y,=0 in X direction
m=3.1414592653589793

¢=0 See Figure 25 for geometric represen-
tation of variables

X1=;1acos¢

X°=-Y cos¢sing

1

L.=X +Lcos¢
)

1
6=0
X=X

© 2
Yo=chos ¢

Y =Y0+Ls;n¢

oan _ 7Ansin Xm Y
9x a a a
an nAhcos Xr . Ym
— % ———— —— Ssin—
3y a a a
_on an
R—§§51n¢-6—§;cos¢—e

®
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Ad is the light ray displacement
<;> from the undeflected ray.-

le

d;ncosi¢—ei

6=0+d6

X=X+X

Y;y+x1tan(¢-e)‘

>
I&(Y,-Y)cosg |

l

Output‘

0,4,0d,Y

Y1=Y1+.la
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Y2
¢
l ¥y
Yo
¢ l
€ X0 Ly > X

Figure 25. Geometric representations of some of the terms in
the computer program.
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APPENDIX B - OPTICAL SALT FINGER DETECTOR DESIGN

From the results of the experiments and theoretical work.on the com-
puter, it was decided to design and build an Optical Salt Finger Detector,
OSFD, using the same principle as the lab set-up. it is desirable that
the OSFD meet the following design restraints:

1. It needs a pressure housing big enough to contain the 16 mm
movie -camera which is the largest optical component.

2. Operational depth is set at 2000 meters which is the lower depth
of 'layering that has been found at the Mediterranean outflow.

3. It’is to be neutrally buoyant so that the Autoprobe can lower
and raise the’ OSFD in the ocean.

4. It must have an undisturbed region of salt fingering between the
light source and the recording element.

5. It needs view ports to allow the laser beam to exit and re-enter
the pressure housing.

6. A power supply is required to operate the laser and the 16 mm
movie driving mechanism.

7. It is to have a timing mechanism to synchronize the film data
‘with a CTD probe (A CTD probe will be lowered with the OSFD by the
Autoprobe).

To meet the first three restraints, an aluminum 6061-T6 tubing was
selected having an internal diameter of 10 1/2 inches, an external diameter
of 12 inches and cylindrical length. of 4 1/2 feet. For end caps to seal
off the ends of the tubing, it would have been desirable to have hemispheri-'

cal end caps since they are almost neutrally buoyant, but the need for a
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pair of view ports indicated that oﬁe of the end caps should be flat.
After deciding on a flat end plate for one end and a hemispherical end cap
for the other, the method of attaching them to the cylinder was considered.
Bolting was rejected for reasons of corrosion and Marmon V-band clamps were
rejected for wall reduction and corrosion reasons. Internal clamping was
selected as loss in internal diameter was tolerable at the window end. A
ring drilled for bolts was shrunk into the tube about one inch from one
end of the cylinder. Then the flat end cap was held to the cylinder by
internally bolting the cap to the shrink ring. The hémispherical end was
held to the cylinder by a pair of tie rods anchored in the flat end plate
which held a tapped bar into which the hemispherical end cap was bolted.
The bolt was later covered with a small aluminum cap (see Figure 26). The
last method was chosen since there are no dissimilar metals exposed to sea
water so corrosion is kept to a minimum. Also, the cylinder wall is not
weakened with this method as compared to the other methods.

Figure 27 shows three configurations that could be used to provide
an undisturbed region of salt fingering between the light source and the
recording element. The configuration "27c'" was chosen for the design of
the OSFD since the design has several advantages over the other two con-
figurations:

1. Only one pressure housihg is necessary which in turn reduces the
number of windows and end caps.

2. The collimator and the "shadowgraph shortener" can be aligned to
each other by having them parallel to each other with the two mirrors set
90° to each other to reflect the light beam‘from the collimator into the

receiver.
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Figure 27. Three possible configurations of the optical salt
finger detector.
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3. The total volume of the pressure housing is less since the light
source overlaps the receiver, thus also reducing the overall weight of the
OSFD.

A 12 volt Gell cell was selected as the energy source to operate
the laser and the 16 mm movie camera driving mechénism. About eight hours
of operation is possible before recharging is necessary.

To synchronize the film data with the CTD data, sixteen small red
LED lights were arranged around the ground glass screen to be photographed
along with the salt finger data. These lights produce a binary code which
is controlled by the clocking mechanism in the CTD proBe.

For the alignment requirement, it was decided to hold the laser,
collimator, "shadowgraph shortener," ;nd ground glass scréen separate
from the camera so that the alignment éf the latter components remain fixed
when the camera was removed from the presure housing to change the film.
Since the instrument will be aligned in air, it was desired that the expanded
laser beam exit perpendicular to the view port in order for the alignment
to remain the same when the instrument is immersed in the water. A box
channel design was selected to hold the four above mentioned components
with the box channel being attached to the flat end plate to accomplish
the view>port_alignment. The collimator and ""'shadowgraph shortener" are
held parallel to each other by two parallel V-grooves that were machined
in an aluminum block which is in turn screwed to the box channel such
that they are perpendicular to the flat end plate and on axis to the viewy
ports. The laser holder allows the laser to be moved vertically and side;

ways, pitched, and yawed to get it aligned with the collimator. The

ground glass screen is aligned by a slotted rectangular groove in the
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bottom plate of the box channel which allows the screen to be moved
toward or away from the 'shadowgraph shortener" depending on the spacing
of the lens to get a one and a half inch image. Figure 28 shows the
arrangement of the four components within the box channel attached to the
flat end plate.

The camera and battery are mounted on one holder to facilitate the
remo?al of them from the inside of the cylinder. The holder has holes
that the tie rods go through to serve as alignment guides for the camera.
It was necessary to tilt the camera 45° from the vertical to align the

camera lens with the ground glass screen because of its shape and size.
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