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ABSTRACT

'THREE-DIMENSIONAL WAKES IN LINEARLY STRATIFIED LIQUIDS

by

Philip J. Stockhausen, Charles B. Clark

Submitted to the Department of Civil Engineering on May 26, 1966, in
partial fulfillment of the requirements for the degree of Master of
Science.

The wake and the zone of turbulently mixed fluid behind a three-
dimensional body in a liquid with a linear density gradient were studied.
The objective of this investigation was to determine the configuration
of the wake and the mixed zone it generated as a function of distance
behind the body, and to examine the interaction of the wake and the free
surface. In the course of the investigation, an efficient method was
developed for generating a linearly stratified fluid from an initially
two-layered fluid. '

All experiments were conducted in a tank 50! long, and L4.5' wide,
which contained linearly stratified salt water to a depth of 30". A self-
propelled model, 2 1/2' long and 4 1/2" in diameter with a 6-inch diameter
circular disc mounted on the bow, was used to generate the wake. Specially
designed conductivity probes were used to measure the salt concentration
distribution behind the body. A motion picture study was conducted to ob-
tain data on surface movements. The average Reynolds number for the ex—
periments, based on the disc diameter, was 8.9 x 10%. Most experiments
were conducted with a density gradient of 1 dp

P, W
although supplementary su{face motion experiments were made with gradients
of zero and -0.0015 (ft) ~, to determine the effect of the strength of the
stratification on the surface motion.

= - 0.003 (ft)'l,

The principal results obtained from the experiments are as follows:

1. The initial turbulent expansion of the wake, immediately behind
body, was almost uniform in all directions, similar to the wake generated
in a homogeneous fluid. At approximately 50 disc diameters behind the
model, turbulent diffusion had subsided to the point that a significant role
was played by gravity forces, which acted on the fluid placed in density
disequilibrium by the turbulent mixing. The gravitational forces propelled

—ii-



the mixed fluid back toward a level of density equilibrium. This resulted
in a rapid vertical collapse of the mixed region. The\gollapse was com-
plete at a distance of about 75 disc diameters behind the model.

2. A continued horizontal expansion of the mixed region was de-
tected throughout all stages of wake generation and collapse, governed
at first by turbulent diffusion, and during later stages by the collapsing
of the mixed-fluid zone, which expanded laterally at about the level of
the model path. The horizontal extent of the mixed zone increased almost
linearly with time.

3. During the wake collapse, a convergence of fluid toward the
vertical plane of the model path was detected at the free surface. This
converging fluid replaced the mixed fluid which settled vertically toward
density equilibrium.

4, An argument based on energy considerations was presented to
show that the convergence of surface particles can occur only if the tur-
bulent wake extends to the free surface.

5. The rate of horizontal transverse convergence of fluid at the
free surface decreased as the density gradient, 1  dp , was decreased.

Py dy

6. The passage of the model and ensuing wake collapse generated
many modes of internal gravity waves.

Thesis supervisor: John F. Kennedy

Title: Associate Professor
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CHAPTER I
INTRODUCTION

The behavior of wakes in density stratified fluids has become a
subject of increasing interest in recent years, as more attention has
been directed toward understanding all phenomena associated with the
interaction between a submarine and its enviromment. A wake generated
in a density stratified fluid demonstrates several peculiar characteris-
tics which do not occur in homogeneous fluids. The purpose of this re-
port is to present the results of a laboratory investigation into the
configuration of the wake generated by a self-propelled body moving in
a laboratory tank containing a fluid whose density is linearly stratified.
In addition, attention was directed to fluid displacements generated at
the free surface by the moving body.

Previous investigations hawve been conducted to study the wake be-
havior of both two and three-dimensional bodies in homogengous and in
stratified fluids. A brief review of these studies is helpful in under-
standing the current investigation.

A submerged body moving in an otherwise quiescent fluid, or a body
held.stationary in a moving fluid, will generate a zone of turbulent mix-
ing behind it. This zone of mixing is defined as the wake region, and
its width is denoted by some lateral dimension, b. As the wake grows
laterélly behind the body, it transmits its momentum to the surrounding
fluid. For a homogeneous fluid, b may be defined by noting the regibn
where mean fluid velocities differ from those of the surrounding fluid,
as illustrated by the example in Figure 1. In the case of a demsity
stratified fluid, it is possible to define a wake width in terms of the
variations in the concentration of the density biasing agent. In this
case, the wake width is associated with the lateral dimension of the region
where concentrations vary by some fixed amount from their initial values.



u=20

Definition Sketch of the Wake Width, b, for a
Moving Body in a Still Homogeneous Fluid
Figure 1

' The classical analyses of a two-dimensional wake in a homogeneous
fluid are summarized by Schlichtingl. He reports that the width of the
wake of a two-dimensional body is proportional to x1/2, where x is the
distance behind the B;dy. Such, however, is not the case for a two-dimen-
sional wake in a density stratified fluid. As fluid globules or '"puffs"
of one density are displaced by turbulent mixing; they are surrounded by
fluid of a different demsity. Turbulent and molecular mixing will bring
the eddy and surrounding fluids to a new equilibrium density. In this
manner, the horizontal momentum of the displaced flui& ig transferred to
the surrounding fluid, which is the mechanism by which the width of the
momentum wake increases. This mixing process, however, is not instan-
taneous, and before cémplete.mixing is accomplished, the displaced fluid
is subjected to a gravitational force pulling it back toward a position
of density equilibrium. Gravity, therefore, exhibits an inhibiting effect
on the lateral transfer of momentum to the surrounding fluid and, conse-
quently, suppresses the wake growth. The wake width may attain a maximum
value a short distance behind the body, and then diminish as the gravity
effects dominate the turbulent mixing. This phenomenon, referred to as
"wake collapse", was observed in experimental studies at M.I.T. by Pfych,
Harty, and.Kennedyz, and by Kennedy and Froebel3. Both groups used the



same experimental equipment consisting of a flat plate of height, b°= 4.13
inches, towed broadside to the direction of travel at the interface of a
two-layered density stratified fluid. The Reynolds numbers for the experi--
ment ranged from 2.1 x 104 to 4.7 x 104. Measurements were made of the
variation of concentration and velocity profiles as the plate traveled'the
length of the laboratory tank. Prych, et al., defined a characteristic
wake half-width, bé, as the height above or below the original interface

where
c, = —— = 0.25, 0.75 (1)

where
= absolute concentration
concentration at the free surface

= concentration at the bottom. of the tank

a 0O 0O a
W 43
(]

= normalized concentration

*

In order to include the effect of differences in qoncentration between the

two layers, a stratification parameter, J, was defined:

(2)

where

p = mass density of upper layer

Ap = mass density difference of lower and upper layer
g = a'gravitational constant

b = heightnof the plate

CD = drag coefficient of the plate

U = velocity of the plate



The results of their experiments are summarized in Figure 22. Re-
ferring * to the figure, it is seen that the width of the contentration
-wake initially increases with distance behind the plate and then subse-
quently decréases, due to the gravitational effects described above.
Prych and co-workers also noted that the degree of vertical mixing de-
creased as the initial concentration difference between the two layers
was increased. This fact reinforces the notion that increased stability
is associated with an increase in the degree of stratificationm.-:

The data obtained by Kennedy and Froebel3 for the momentum wake are
plotted in Figure 3 and are compared with Schlichting and Reichardt's1
relation for circular cylinders of diameter, bo, in a homogeneous fluid.
The equation referred to in the figure is

1/2

b = 0.25(x S bo) (3)

1/2

It is interesting to note that the wake collapse here is preceded by a
region in which the wake width is greater for the stratified than for the
homogeneous case. This is contrary to what is expected and has not yet
been explained.

The behavior of three-dimensional axi-symmetric wakes is somewhat
different than the behavior described above for simple two-dimensional wakes.
According to Schlichting'sl description, the width, b, of a circular wake

1/3 rather than xllz. A three-dimen-

in a homogeneous fluid increases as x
sional turbulent wake in a density stratified liquid would be expected to
collapse at a greater rate than a two-dimensional wake because of the lateral
expansion of the mixed zone into the unmixed fluid, and corresponding verti-
cal collapse necessitated by continuity considerations. Immediately behind
the body, turbulent mixing dominates the wake growth, and the wake should
expand almost uniformly in all directions. At greater distances behind the
body, where the mixing is less intense and fluid is displaced farther from
density equilibrium, gravity effects become dominant, and the lateral

spreading and associated vertical collapse of the mixed zone are the salient
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features of the wake configuration. In this zone, the motion is probably
nearly two-dimensional and in the plane normal to the wake axis, longitu-
dinal gradients having negligible effects. It should be noted that this
type of vertical collapse, associated with lateral spreading, cannot occur
in the case.of a two-dimensional wake; in that case, the collapse is due
to the displaced fluid returning to a level of density equilibrium before
becoming mixed with surrounding fluid. |

Schooley and Stewart4 investigated the behavior of a wake generated
by a self-propelled body in a linearly density stratified fluid having a
density gradient

L do __ 1585 (£r)7t
p y
o
where
o, = mass density of fresh water
v = vyertical dimension

It should be noted that a self-propelled body such as the one used by,
Schooley and Stewart will transmit no net momentum to the surrounding fluid
because the drag on the body is equal in magnitude to the thrust imparted .
to the fluid by the body. A self-propelled body is said, therefore, to
generate a ''momentumless' wake. For simplicity of analysis, Schooley and
Stewart assumed that their model, which was cylindrical and oriented with
its axis parallel to the ditrection of travel, generated an initially axi-
symmetric wake. Horizontal and vertical wake widths were obtained by in-
jecting. dye tracer from the model into the mixed region and visually mea-
suring the extent of the mixing zone. Schooley and Stewart were able to
measure the rate of vertical wake collapse and horizontal expansion, and
found that thebvertical collapse generated many modes of internal waves.

A significant finding of their study was that the vertical collapse also
caused a convergence, perpendicular to the axis of travel, of fluid at the

free surface.



A highly idealized study of the miﬁed regions associated with wakes
in stratified fluids was conducted by wu5.' He simplified the study by assum-
ing that a wake generated by a moving body is circular and homogeneous
throughout. He further assumed that such a problem .could be studied by
examining the behavior of a transverse cross-section of the wake. Wu wanted
only to study the gravitational and inertial effects associated with the
wake collapée-and excluded all effects arising from turbulent diffusion.

His experimental setup consisted of a cylindrical "slice" of quiescent homo-
geneous fluid encased within a fluid having a linear density profile. By
using colored fluids, he was able to study the wake collapse phenomenon when
ﬁhe mixed zone was allowed to spread in a stratified liquid. While his re-
sﬁlts may not apply directly to the actual case of the wake of a moving self-
propelled body, he clearly demonstrated the wake collapse phenomenon and its
influence:on the generation of internal waves. He was also able to make
precise measurements of the horizontal expansion of the mixed region asso-
ciated with the vertical decrease in wake width.

The -study reported herein was a further investigation of momentumless
three-dimensional wakes in linearly density stratified fluids. The primary
objective was to ascertain the configuratim of the mixed region in the tur-
bulent wake, and to study the interaction of the wake.collapse and the free
surface movements. Experiments were conducted in a rectangular tank, 4.5
feet wide and 50 feet long. The wake was generated by a twin-screw plastic
model, 2.5 feet long and 4.5 inches in diameter. The model was self-pro-
pelled and capable of speeds up to three feet per second. To facilitate the
experiments, a simplified method was developed to generate a linear density
profile in the tank by mixing an initially two-layered fluid in a special
way. Sodium chloride was used as the density biasing agent in the water and
acted as a tracer which enabled concentration measurements to be made with
specially designed conductivity probes. Variations in salinity were measured
in the zone of mixing as the model passed. The resulting data were plotted

as normalized isochler distributions for transverse cross-sections at various



distances behind the model. Free surface motion was.studied by placing
small particles on the free surface and taking motion pictures of . the
particle movements during a passage of the model.

The investigation revealed that a definite vertical collapse of the
wake or mixed region occurs, commencing at a distance of about ten model

lengths behind this body for the value of the density gradient investigated,

%-9%§?= -0.003 (ft)-l. The wake collapse is virtually complete at about
0.

fifteen model lengths behind the body, a time duration of 16 seconds after
passage of the body. This is a relatively slow time of collapse compared
to the value of 2.5 seconds reported by Schooley and.Stewart4; however, the
densitybgradient used by them was of the order of 50 times greater than that
used in the present study, which of course increased the stability of their
density profile. Immediately after passage of the model, the mixed region
directly behind the model expanded almost uniformly in all directioms, due
principally to turbulent diffusion. After the onset of the wake collapse,
however, the gravitational force responsible for the collapse rapidly be-
came dominant, and was the primary factor controlling the rate of lateral
expansion of the wake region during the later stages of the motion. The
motion picture studies indicated good correspondence between the time of
initiation of the wake collapse, determined from the density configuration
studies, and the beginning of convergence of fluid at the free surface
toward the region above the model path. An investigation of three different
density gradients, with all other quantities held constant, showed that the
rate of convergence of surface particles decreases with decreasing density
gradient.

Chapter II gives a detailed description of the self-propelled model,
instrumentation, and other equipment used in the experiments. It also
describes an efficient method developed for generating a linear density

profile, and the procedure used in the conduct of the experiments.



Chapter III presents an analysis of the laboratory data, a description of
the data reduction calculations, and an error analysis. Chapter IV contains
the presentation and a critical analysis of the results obtained. Chapter V

summarizes the principal results and conclusions of the investigation.
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CHAPTER II

APPARATUS AND PROCEDURE

This chapter presents a description of the apparatus used in the
experiments, and a detailed description of the operational procedures.
Before proceeding, it is helpful to present a brief outline of the experi-
mental procedure so that the functions of the various components of the

apparatus will be more clearly understood.

A, DBrief Qutline of Procedure

A linear profile was produced in the tank before each series of runs
in the following way. The tank was filled to half depth, and the salt tra-
cer was added and mixed into solution; then the upper half of the tank was
filled with tap water. A flat plate, oriented normal to the direction of
motion and located at the interface, and a rod, located three inches below
the surface, were passed through the two-layered system. A linear profile
resulted after the profile reached a state of equilibrium. The runs were
then begun. The recording probes were mounted on a movable carriage and
placed at desired positions before the submerged model was launched. As
the model passed the recording probes, changes in the local salt concentra-
tion, due to the mixing of the wake, were continuously recorded with an
electronic recorder. By combining the results of a large number of such
runs, a time history of the density configuration in the wake was concen-

tructed.

B. Apparatus
The principle items of apparatus used in the experiments consisted of

a large tank, a movable carriage, conductivity probes, and a self-propelled
body. The other appurtenances, which complemented the principle apparatus

and were required to conduct the experiments,are described jointly with the

-11-



principle items of apparatus in the following paragraphs.

1. Tank and Carriage
The steel tank, in which the experiments were conducted is 50 feet

long, 4.5 feet wide, and 3.5 feet deep. The front side-wall of the tank
contained a 10-foot section of 1/4-inch glass. Vertical rows of drain
cocks are located at three locations along the sides of the tank: omne at
each end of the front of the tank; and one row at the center of the back
wall. The density (salinity) profile was determined prior to each run by
measuring the salt concentration of the samples withdrawn through the drain
cocks. '

The launcher, used to bring the self-propelled body rapidly to its
operating speed, is spring activated and is located at one end of the tank
(see Figure 4). When it was activated, it propelled the model forward, and.
simultaneously engaged a toggle switch which started the model's battery-
driven motors. As the model approached the other end of the tank, it
passed under a vertical staff which engaged the switch and turned off the
motors. The body then came to rest against the foam rubber cushion shown
in Figure 5. The model was supported from a pair of 3/32-inch solid stainf'
less steel wires extending along tﬁe full 1engtﬁ'of the tank.

The movable carriage, shown in Figure 6, spanned the width of the
tank and rode on one-inch diameter rails mounted on the flanges at the top
of the tank. It was used to carry its power suppiy, speed control, and the
bridge boxes used in conjunction with the recording device. The mixing
plate and rod were mounted on the carriage during their pass through the
two-layered fluid system to generate the linear demsity profile. During an
experiment, the plate and rod were detached from the carriage, and the
salinity probes were mounted to it. The power supply for propelling the
carriage along the tank was a 1/8-horsepower d.c. reversible motor. A
5/64-inch stainless steel wire, spanning the length of the tank, was wrapped
around a pulley connected to the motor's drive shaft, and the carriage ad-

vanced along the tank as the pulley revolved. Thé speed of the motor and

-12-



STARTING
MECHANISM

Figure 4 Spring-lLoaded Launching Mechanism

Figure 5 Device for Stopping Model
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Figure 6 General view of interior of tank (drained)
showing movable carriage, model, and typical
probe array.

Lo
PLATE

Figure 7 Mixing Plate attached to movable carriage
(without rod)
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carriage were varied by a Minarik speed control. Constant speeds from 0.05
fps to 2.00 fps could be obtained with this apparatus by varying the size of
the pulley and adjusting the speed control. A movable carriage was required
not only for moving the ﬁixing plate and rod, but also to insure that the
fluid was constantly flushed between the faces of tﬁq probes during the runms.
The mixing plate, shown in Figure 7 is the same plaie that was used
by Prych, Harty, and Kennedyz. It is 53 inches wide, 4.13 inches high, and |

is attached to the carriage by vertical supports and centered at the level

- of the initial interface. A 53-inch long, l.5-inch diameter rod, used in

conjunction with the plate, was positioned 3 inches below the water surface.
It was found by trial and error that this array of the plate and rod com-
bination gives the desired linear profile for a carriage speed of 1.0 fps.

2. The Model

The self-propelled body, referred to as the model and shown in Figures
8a and 8b, is a self-driven electro-mechanical device used to generate the
turbulent wake. It has two propellers powered by four twelve-volt re-
chargeable nickel-cadmium batteries. A schematic drawing of the electrical
arrangement is presented in Figure 8c. A six-inch diameter disc, oriented

‘perpendicular to the direction of motion, is attached to the front of the

model to give a fully turbulent wake.

3. Measurement System

Conductivity probes were used to measure the salt concentration, and
thereby the density, in the turbulent wake behind the model. From these
measurements, the wake configuration was inferred. The two models of probes
used and their dimensions are shown in Figures 9a and 9b. Type B probes
were developed in order to obtain data from the area directly below the model
At the end of each probe, there are two O.l-inch diameter platinum surfaces
spaced . 1/8 of an inch apart, which act.as one arm of a bridge circuit (see.

Figure 10). The electrical resistance of the probes varies 1ineafly with

-15-
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Self-Propelled Model

Figure 8a
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the salt concentration of the fluid between the platinum surfaceé, as will

be discussed in Chapter III. The probes were securely attached to the car-
riage by two plexiglaés brackets mounted on a cathetometer, which it turn

was attached to a traverse track on the carriage. The probes were positioned
vertically by shifting them in the plexiglass holders and with the cathe-
tometer, and horizontally by moving their mount along the traverse track on
the carriage. The performance of the probes, with respect to time response,
temperature response, speed vs fluid entrainment, and the interaction be-
tween probes is contained in Chapter III. It was found that these sources

of error were of inconsequential magnitude when compared to the responses due
to. the concentration changes in the wake.

Two four-channel Sanborn recorders were used to record the salinity
data. One of the recorders has an averaging option that averages the res-
ponse over the preceding one second. This was of great assistance in re-
ducing the data, because any outside, periodic, electrical noise was com-

pletely eliminated from the recorder output.

C. Procedure

1. Preparation of the Linear Density Prafile

Before a series of experiments could be run, it was necessary to
generate a linear density profile in the tank. The usual procedure for
doing this is to place in the tank a series of fluid layers with an incre-
mental density difference between successive layers, and then allow mole-
cular diffusion to smooth the profile. However, this is a very tedious and
time consuming procedure, and it was judged impractical for the large tank
used in the present investigation. A series of experiments was therefore
conducted to develop an improved method of generating linear density pro-
‘files. The method finally developed and adopted proceeds as follows.

The tank was initially filled to a depth of fifteen inches, one-half
of the final depth, and enough salt was added to give a sodium chloride

concentration of 0.6 percent by weight. Two 0.5 horsepower, 1,750 rpm
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electric motors with twin-bladed propellers were used to mix the salt into
homogeneous solution. The flat plate and the rod described in section B
were then attached to the movable carriage and positioned vertically, as
shown in Figure 7, and the carriage, plate, and rod were moved to the end
of the tank. A four-foot square sheet of 1/4-inch plywood was floated on
the salt water at the center of the tank, and secured to prevent horizontal
drift. Fibrous material was placed in a loose layer on the top of the
flotation board. Tap water was allowed to run through the fibrqus material,
which acted as an energy dissipator, onto the flotation board at a rate of
about 16 ft3/hr until the tank was filled to a final depth of 30 inches,
after which the flotation board and the energy dissipator were removed from
the tank. Figure 11 illustrates the procedure used in depositing the fresh
water layer.

The flat plate and rod were then passed through the two-layered fluid
at a speed of one foot per second. When the fluid again came to rest and
reached equilibrium, a linear profile existed. Figure 12 shows a typical
density profile and illustrates the mixing method employed to obtain it.

The entire procedure for establishing the linear profile took approximately
28 hours, most of which was required to place the upper fluid layer.

To measure the resulting density profiles, samples were taken from
the drain cocks, and their conductivity, thus salt concentration, was deter-
mined with a conductivity bridge. Special care had to be taken to with-
draw the samples slowly, so that the fluid sample was selectively withdrawn
at just the level of the drain cock. The concentration of the samples was
found from graphs of conductivity vs sodium chloride concentration for dif-

ferent temperatures, prepared from data available in many physical handbooks.

2. The Wake Experiments

The form of the density profile existing in the tank was checked
prior to each run by taking fluid samples from the drain cocks and plotting
the resulting profiles. The profile was considered satisfactory if a linear

profile existed over the range of depths where probe measurements were to be
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Figure 11 Method of Depositing Fresh Water Layer
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taken. These depths ranged from ten inches above to ten inches below the
centerline of the model. The model was then positioned for launching and
the conductivity probes were placed at the locations where concentration
measurements were to be taken. The bridges of the probes were balanced by
adjusting the variable resistance and capacitance built into the recorders
until the initial concentration at each probe position corresponded to zero
deflection on the recorder. The height of the probes above or below the
centerline of the model where these initial adjustments were made is re-
ferred to as the''balance" position. A reference concentration was deter-
mined by first raising or lowering the probes 1.5 inches and noting the
corresponding deflections on the recording paper. The deflections were
then adjusted by varying the gain of the recorder until they were 20 percent
of the recording paper width. This procedure was called "zeroing', and the
new position of the probes was referred to as the zero position. Knowing
the concentration as a function of depth, as determined from the drain cock
samples, and knowing the deflection caused by moving the probes from the
balance to zero positions, a linear relation between concentration change
and recorder deflection was developed. The probes were then moved through
a 5-foot section of the tank at the zero position and also at the balance
position, the data from which was used to obtain an average recorder de-
flection between the two positions. If the variation in recorder deflection
at either the zero or balance positions, which was measured during the

two traverses at these constant depths, corresponded to more than 1/3 of
the total average deflection between these two positions, the density pro-
file was considered nonuniform, the tank was drained, and a new profile was
generatéd.

The apparatus was then in a state of readiness to record experimental
data, provided the recorder had experienced no drift during the zeroing
procedure. The probes were then moved at their balance position to the be-
ginning of the test section. During the entire balancing and zeroing pro-
cedure, as well as during the experiment, the probes were moved at a con-

stant speed of 0.085 fps. This insured a continuous exchange of fluid
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between the probe faces, thus preventing fluid from being retained in the
probe and yielding erroneous results.

The probes were then started forward as was the recorder data paper.
As the probes péssed the first reference point, x = 0, a remote marker
button was depressed giving a mark on the recorder data strip. To insure
uniformity of the experiments, the model was launched as the probes passed
the point x = 3 inches. This occurrence was also remotely recorded on the
recorder paper. Other points recorded during the progress of the run were
the time when the model passed the probes, the time when the model passed
x = 20 feet, and times when the probes passed x = 5 feet and x = 10 feet.
These data were necessary to determine the carriage and the model velocities.
The velocities of the model and the probes were relatively constant through-
out the experiments; average velocities were 1.92 fps and 0.085 fps res-
pectively.

In general, eight to ten runs were performed with each profile before
the tank was drained and refilled. Although considerable disturbance was
generated by the model, when a quiescent state returned, the profile was still
nearly linear, but with a slightly reduced gradient. A new profile was re-
quired when nonlinearities began to appear in the drain cock data or during

the balancing and zeroing procedure.

3. Surface Motion Experiments

. During this series of experiments to investigate surface motions in-
duced by the moving body, two different density gradients were used, in which
the initial sodium chloride concentrations of the lower layer were 0.6 and
0.3 peréent by weight. In addition, a series of runs was performed using
homogeneous tap water. A 16 mm Bell and Howell motion picture camera was
mounted approximately 5 1/2 feet above the free surface. Prior to each ex-
periment, a reagent to reduce surface tension, "Suffonic LF7" manufactured
by the Jefferson Chemical Company, was applied to the free surface in order to
prevent mutual attraction of the small paper particles which were then placed

individually on the free surface throughout the area to be photographed.
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After drain-cock samples had been taken to check the linearity of the density
profile, the model was launched and motion picture photographs of the free-
surface and particle movement were made at various camera speeds. The velocity
of the model was the only additional item of data taken for this series of
experiments. Quantitative data on the particle movements were extracted from
the motion picture films with the aid of a Bell and Howell 16 mm Time-and- |
Motion-Study projector. The film was projected directly onto a large sheet
of paper, and the movements of the individual particles were traced by hand-
winding the projector and marking the particle positions on the paper every
16 (or other number, depending on the camera speed) frames, to give one

second real-time increments. The relative particle positions were then mea-
sured, using as a scale the one-inch-division measuring tape which was placed.
just above the water surface and photographed during the experiments. A
clock was also placed in the camera field to give an additional check on

elapsed times.
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CHAPTER III

ANALYSIS OF DATA

A. Concentration Profiles

The method used to generate a linear density profile in the labora-
tory tank proved to be quite satisfactory, both from the étandpoint of ease
and speed of generation and the results obtained. A typical concentration
profile is shown in Figure 12. The average density gradient over the linear
range was-0.003 (ft)_1 for all experiments. As can be seen from the sample
profile in Figure 12, nonlinearities did exist very near the free surface
and close to the bottom of the tank. These nonlinearities did not interfere
with the study of wake configurations, because concentration variation mea-
surements were confined to the region over which the density profile was
linear.

The concentration profile remained stable over a long period of time,
and a passage of the model did not significantly alter the profile after the
fluid had returned to equilibrium. This fact enabled several experiments to
be conducted with each profile before the tank had to be drained and refilled.
Shown in Figure 13 is a sample density profile from the drain cock samples
taken six days after the original profile generation, and after fourteen
passages of the model. The data for this sample profile appear in Table I.

A nearly linear region still persists over the central portion of the tank;
however, such a profile would have warranted draining of the tank and genera-

tion of a new density profile.

B. Analysis of Data

Salinity concentration (density) measurements were made at 1 1/2-inch

intervals, both vertically and horizontally, throughout the region of mea-
surable concentration change in the wake. At each of these points, salinity

probe readings were recorded continuously as the model passed. Each
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TABLE I
Drain Cock Sample Data Sheet for Determination

of Pre-Run Concentration Profile

Run No. X2 4 January 1966

Drain Cock Height above Conductivity o Temperature Concentration

No. tank bottom Sample (ohms)~ - (°o0 (% NaCl)

(inches)

3 28 7/8 2,390 22.0 " .132
4 26 7/8 2,440 21.9 .1325
5 24 7/8 3,200 22.0 174
6 22 7/8 3,640 21.9 . .205
7 20 7/8 4,000 22.2 .22
8a 18 7/8 4,360 22.1 .24
8b 18 7/16 4,400 22.0 L 244
9a 17 3/4 4,480 22.0 .249
9b 17 3/8 4,520 21.9 .253
9¢c 17 4,700 22.4 .260
10a 16 1/4 4,820 22.5 .265
10b 15 7/8 4,920 22.4 .273
10c 15 7/16 5,000 22.4 .278
11 14 3/4 5,100 22.3 .284
12 12 7/8 5,400 22.4 .301
13 10 7/8 6,100 22.8 .340
14 8 7/8 6,650 22.8 .372
15 6 7/8 7,520 22.9 JA424
16 4 7/8 8,350 23.0 470
17 27/8 9,280 23.1 .523
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measurement yielded a record of the time variation of concentration at that
point. To relate recorder deflections to changes in concentration, the
bridges connecting the probes to the recorder were balanced at their res-
pective initial concentrations, as described in Chapter II. The resistance
measured between the electrodes of each probe then corresponded to zero
deflection on the recorder at the balance positions of the probes; all
quantitites measured at this position are denoted by the subscript, b.
Reference concentrations and corresponding recorder deflections were then
taken by shifting the probes to éhe zero position, denoted by the subscript,
o. Shown below is a schematic of;thg external leg of the electrical bridge

across which the probe was connected.’

R
R1 = 90.0 ohms L
R2 = 10.0 ohms

External Leg of Bridge Connecting the Probe to the Recorder
Figure 14
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In the circuit shown in Figure 14, P is the resistance between the probe
electrodes,and the total resistance, R, is the resistance across the entire
leg of the bridge. Hence,

PR2

R= R + 5—:—§; »(4)

The deflection, §, registered on the recorder is proportional to a change

in resistance, AR, in the entire leg,
AR = af (5)
where o is a constant. In the range of interest, it was found that the

concentration of salinity in the fluid entrained in the probe is inversely

proportional to the resistance across the probes,
1
“—
¢ P

where P is the resistance between the probe electrodes. Therefore,

| 11 |
e S S <]—P—9> a2 <39-> (6)
C -¢C 1 1 P, - P P AP P
(6} b 5— - Er- b o) o

o b

When a fluid of different salinity concentration than the initial balance
concentration enters the probes, the change in resistance across the ex-

ternal leg of the bridge is
R, P R, P

2 2Fp
Ry R, + P R, + P,
2 2 2
R,(P + RPR - P - RPR R o
(R2 + P) (R2 + Pb) (RZ + Pb) (RZ + P)
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is small compared to P and Pb’ equation (4) can be approximated by

Since R2
R22AP
AR = —/—— (8)
PbP _

Combining (5), (6), and (8), it is seen that

_C...:_.E;D_. - ﬁb_._i)_ § = BS
cC -C 2 AP
o b Rz o

where B is constant for each probe during each individual experiment.

Thus, it has been shown that, to a close approximation, the value of

-5 , is directly proportional

Co - cb

to the recorder deflection, the constant of proportionality being determined

the normalized concentration parameter,

by the condition that at the zero position, C = Co’ and § = 60; hence,

Co - Cb
Co - Cb o]

or
1
B= 3

)

which yields

6 .
= 5 (9)

fhe-results from any individual experiment did not provide enough
information to describe the configuration of the mixed region behind the
body. Therefore, it was necessary to combine the results obtained from all
of the experiments to produce plots of cross-sectional normalized isochlor

configurations at various distances behind the model. The parameter chosen
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to portray the salinity distribution is

C - CT

where

C = concentration at any point at any time, t

C.. = concentration at the upper limit of the linear density profile,

determined from the drain cock samples

C_ = concentration at the lower limit of the linear density profile,

B
also determined from the drain cock samples.
In order to obtain values of - CT from the experimentally determined
c, -C
B T
value of ¢ - cb , the following relation was used:
cC -¢C
) b
c - CT Co - Cb c - Cb Cb - CT
. -c." g -clle—=¢d *+ =<l (10)
B T B T o b B T
. . C -C c, -C
For any individual experiment, the constants, _o b, and b T
CB -’CT CB - CT

could be determined from the initial density profile obtained from the
drain-cock samples. Cross-sectional normalized isochlor maps were constructed
for distances of 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5, 25, 30, 35, and

40 model lengths behind the model. " During each passage of the submerged
model, the conductivity probes, although remaining fixed with respect to
cross-sectional coordinates, moved slowly along the tank. This resulted in

a distortion of the time scale recorded on the recorder data strip, which

was compensated for when the data were transcribed from the recorder charts.
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C. Error Analysis

A linear relation between recorder deflection and change in the norma-
lized concentration was demonstrated in the preceding section. From (5), it
is seen that this also implies a linear dependence of AR, the change in re-
sistance across the entire external leg of the connecting bridge, on
normalized concentration. Equation (9), from which values of the normalized

concentrations were calculated, can therefore be rewritten as

C-Cy _ AR (11)
C -¢C AR
o) b o
This result was checked for accuracy by measuring the value of C- Cb
c -¢C
o b

at various depths, as computed from (11), and comparing these values with
the exact values obtained from (6). The probe resistance, P, was measured
over a 1 1/2-inch range of depth in which the density profile was linear.
This was done by noting the deflection on the recorder that corresponded to
a certain probe resistance. This resistance was then measured independently
by replacing the probe with a decade resistance box measuring the resistance
that caused the same deflection on the recorder. The quantity, AR, could
also be easily calculated from (7), knowing R2(= 10.0 ohms). With AR and

ARO known, values of - Cb were obtained from (11). The results of

Co - Cb
several of these experiments are presented in Figure 15, which shows a plot

of values of ¢ - Cb obtained from (11) vs corresponding exact value

% =%
obtained from (6). The linear correspondence is quite good, verifying the
validity of (9) and (11).
Several sources of error in data measurement occurred, some of which
necessitated modification of the way in which data were taken. The primary

concern was whether the conductivity probes were actually recording changes
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in fluid concentration, or other related phenomena such as temperature
fluctuations due to heating of the fluid between the probe electrodes, which
would also influence fluid resistance. The magnitude of this and other sources
of error was determined by the series of experiments described below.

In order to test the effect of wvelocity fluctuations on probe read-
ings, the sensing devices were placed in a fluid with a fixed homogeneous salt
concentration. Fluid turbulence was generated with a magnetic mixer. The
deflections noted on the data recording strip indicated that the probes were
insensitive to velocity fluctuations at the level of recorder sensitivity used
in the tank experiments with the moving body.

During the preliminary stages of the tank experiments, the probes were
held stationary as the model passed. In this case, it was found that the
fluid in the vicinity of the sensing device of each conductivity probe was
heated due to the current passing through the fluid between the electrodes.
Since this affected fluid resistance significantly, it was necessary to take
measures to eliminate this effect. Related to this phenomenon was the fact
that the stationary probes did not respond immediately to a change in local
concentration because they were not continuously flushed with the local fluid.
It was not possible to isolate these two different effects, and they were,
therefore, treated simultaneously. A correction was sought by continuously
moving the probes longitudinally down the tank at a high enough speed that the
spaces between legs of the electrodes were continuously flushed with local
fluid. This prevented heating and also resulted in the probes sensing the
resistance of the local fluid. The description of how the probes were moved
is given in Section B of Chapter II. It was found that a probe speed of
0.085 fps“was sufficient to accomplish this purpose and eliminate any mea-
surable recorder drift resulting from heating of the entrained fluid.

The conductivity probes were found to interact slightly with each
other; however, the interaction was periodic and could be easily detected
and eliminated when the data were transcribed from thé recorder tape. As

mentioned previously, one of the Sanborn recorders was equipped with an
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averaging option that averaged the resistance readings over the previous one
second. This eliminated all periodic disturbances on the data recording
strip of that recorder.

The last experiment conducted in this series was to test the probes
for time response to an instantaneous change in concentration. For this
test, the probes were moved from air into salt water, and the time for the
recording device to reach a steady state deflection was noted. The time
response for all of the probes was of the order of 1/20 second, which was
considered inconsequential for the present application.

The normalized concentration reported for each point, in Tables B~I
to B-XIII represent the average concentration obtained from two to four dif-
ferent experiments in which a measurement was made at that point. The ob-
jective of obtaining repeated measurements at each point was to reduce the
effects of various sources of error, such as random internal waves and tur-
bulent fluctuations, which could not be directly compensated for, and
thereby to obtain more meaningful data. The discrepancies between different
runs at the same point varied from less than 10 percent at large distances
from the path of the model, up to 100 percent and more, occasionally, at
short distances behind and in the path of the model, where the turbulent
mixing was most intense and the fluid motion quité random. More measure-
ments were made in these latter regions. By averaging the results of several
measurements, and discarding an occasional measurement that appeared es-
pecially erratic, it is believed that the data in all regions, with the pos-
sible exception of the near-wake of the body, are accurate to 10 percent or

less.
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CHAPTER IV
PRESENTATION AND DISCUSSION OF RESULTS

A, Summary of Experiments

Continuous records of salinity concentration were obtained at 1 1/2~
inch vertical and horizontal intervals throughout the region of significant
salinity variation. Two to four measurements were obtained and averaged for
each point. A brief summary of the principle descriptive parameters for the

salinity-contour experiments follows:

Average velocity: U= 1.92 fps

Maximum and minimum velocity: U= 1.59 fps to 2.22 fps

Bow-disc diameter: b°= 6.0 inches

Fluid kinematic viscosity:’ v= 1.08 x 107 ft®/sec

Average Reynolds number: R = _?_o_ = 8.9 x 104

Density gradient: Lldp _ = 0.003 (ft)—l
P4y

Densimetric Froude number: F= U,- Bi‘g— g—% = 0.0185

Vdisyld frequency: N=/- *;5- %3% = 0.31 (seo::)-l

o

Model length: L= 2,5 ft

Model body diameter: d= 4.5 inéhes

Fluid depth: y= 2,5 ft

B. Density Configuration behind the Model

Tables B-I through B-XIII, presented in Appendix B, summarize the

The data are presented in the previously dis-
c-¢C

T
B~ Cr

salinity concentration data.

cussed normalized form, C_ = , for various distances behind the

* C
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model and at all points on the data grid. There is an ebsence of data in
- Table B-I, for a distance of 2 1/2 model lengths behind the body, in the path
where the model passed because the probes could not be moved into the model
path fast enough after it had passed the probes to obtain measurements at
this short distance. , '

Graphical representations of the data from Tables B-~I to B-VI, B-VIII,
B-XI, and B-XIII are shown in the isochlor maps for various distances behind
the model presented in Figures 16a through 16i. These isochlor charts consist
of lines connecting points of equal normalized concentration, C,, in each of
nine different sections behind the model. The light horizontal lines super-
imposed on the maps show the positions of the initial normalized isochlors,
prior to the passage of the model, and the semi-circle on each map indicates
the outline of the path of the circular disc mounted on the model bow. The
heavy dashed lines on the maps enclose what were judged to be the zones of
principal mixing and disruption of the stratification. Individually, these
envelopes are necessarily somewhat subjective and arbitrary; as a collective
set, however, they are quite systematic in their definition of the mixed
zone. The envelopes can no longer be meaningfully defined after about fif-
teen model lengths (75 disc diameters) behind the body, because of the
diminished effects of turlulent mixing in the wake; additionally, the lateral
extent of the zone of disruption goes beyond the region over which data were
obtained. In all cases, the lateral extent of disruption is difficult to
define because of its narrow vertical extent, and the superimposed wave motion
that was excited by the model. Moreover, to the sides of the model there is
much less variation of C, from its initial value than there is above and
below the body since the mixed fluid spreading laterally has nearly the same
concentration as the initial concentration at that level.

The influence of the disruptive forces and the gravitational forces on
the density stratification is made clearer by examining the fluctuations of

the vertical positions and orientations of the normalized isochlors at the
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vertical centerline (E) in Figures 16b, 16d, l6e, and 16f. Looking now at
the isochlors above the model in Figure 16b, it is observed that the iso-
chlors are inclined upward near the §, indicating that the wake is expanding
vertically. In this instance, the turbulent mixing is dominant, and there
is a net upward flux of salinity abové the model at the §. The closed and
semi-closed isochlors in and near the path of the disc are another manifes-
tation of the turbulent mixing.

In Figure 16d, the effects of gravity and turbulent mixing are both
in evidence, both above and below where the model passed. At this distance,
ten model-lengths or fifty disc diameters behind the body, the vertical wake
collapse has begun. Gravity now is influencing the .2, .25, .6, .65, and
.7 isochlors, which have become either horizontal or inclined back toward
the level of the body, while the mixing is still influencing the .4, .45,
and .5 isochlors, which are more strongly affected by the wake turbulence.
At larger distances behind the body, gravity forces start to become dominent
throughout the disturbed region, and by 12.5 model-lengths (62.5 disc dia-
meters,see Figure 1l6e) the vertical collapse of the mixed region appears to
be well developed, corresponding isochlors above and below the body having
moved closer together. The semi-closed contours extending away from the §
suggest that well mixed fluid from this region is‘moving laterally away from
the body at levels of density equilibrium. The collapse is practially com-
plete by 15 model-lengths or 75 disc diameters, Figure 16f, and at this
point, turbulent mixing apparently ceases to be one of the dominant features
of the motion except in a few isolated regions. By 40 model-lengths or 200
disc diameters behind the body, Figure 161, the fluid system has nearly re-
turned to equilibrium, and only a few disruptions, presumably due to inter-
nal waves, remain.

Data obtained from the envelopes of the zones of mixing in Figures
16a to 16i are displayed in Figure 17, which is a plot of the heights and
widths of the envelopes of the zone of disruption wvs distance behind the

model. These plots substantiate the conclusions inferred from the isochlor
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maps; that is, the turbulent mixing dominates the vertical wake height ini-
tially, while at larger distances, the gravity forces and associated wake
collapse appear to be -the dominant features. By 7 or 8 model-lengths, gra-
vity forces have suppressed the vertical growth of the mixed region at the

G ,and by 15 model lengths have nullified its initial growth. The horizontal
extent of influence of the body on the stratification appears to increase
almost linearly with time.

Unfortunately, it was not found possible to define wake widths in the
usual sense of a distance between points where the concentration has some
prescribed departure from its initial value. Vertical concentration profiles
were drawn for several distances behind and to the sides of the body.

Typical examples of such profiles are shown in Figures 18a and 18b. 1In
practically all cases, the concentration departures from the initial profile
were too small and/or erratic to yield a meaningful definition of a wake
height. The erratic variations noted were no doubt due to the internal waves
in the fluid.

It is interesting to compare the results presented in Figure 17 on
the vertical extent of the mixed region with the results reported by Schooley
and Stewarté. They defined the extent of the wake by measuring the extent
of the dispersion of a dye tracer injected into the wake of a self-propelled

body in a fluid with a constant density gradient of El- do _ -0.1585 (f\‘:)_l

dy
In their work, gravity forces would be expected to be ;ore significant than in
the present study since their density gradient was 50 times greater than that
of this investigation. This notion is substantiated by Prych, Harty, and
Kennedyz, see Figure 2, who found that the wake collapse occurs at smaller

distances behind the body as the stratification parameter, J & 6—3)1/2
o
increases. The larger density gradient used by Schooley and Stewart should,

therefore, result in a larger gravitational effect which would be accompanied
by a more rapid inception of wake collapse than was found in the present study.

A brief comparison of the results of Schooley and Stewart and those of the
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present study is as follows:

Schooley and Stewart ‘ Present Study
-1
1 %g - 0.1585 ft %__%g = - 0.003 ft-l
Py dy o &Y
R = 10 R = 8.9 x 10%
* *
T = 1.0 sec. T = 9,75 sec.
* *
D = 20.4 D = 37.5
b* %*
b . 2.6 .1
b b
o : o
b = 2.2 em b = 6.0 in.
0o o]
* *
d = 7,5 cem- d = 16.5 in.
where

R = Reynolds number

T = time to maximum vertical wake width

D = distance in body diameters that model travels in T*

b = maximum vertical extent of the wake

b = diameter of disrupting body (disc diameter in the present study)
d = depth of submergence

The much larger value of T* in the present study supports the obvious
idea that the gravitational effects increase with increasing density gradient.
This time to the maximum extent of the vertical wake should also increase
with the intensity of turbulent mixing and hence the Reynolds number.

In both investigations, it is somewhat surprising how fast the wake
attains its maximum vertical dimension. The close ‘agreement between the

*
values of b /bofor the two studies is probably little more than coincidence.
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It would be expected that as the density gradient is decreased, the
vertical extent of the wake would increase, which would make a stronger wake
collapse possible. Howewver, the diminished density gradient reduces the gra-
vity effect. Hence, there must be an optimum combination of Reynolds number
(as a measure of the turbulent mixing) and density gradient that maximizes
the wake collapse phenomena. Either a zero or infinite density gradient
precludes a wake collapse.

Figures 19a, 19b, and 19c are plots of the normalized distance between
isochlors vs distance behind the model for various horizontal distances from
the vertical €, To normalize the isochlor spacing, the measured vertical
distances between the isochlors were divided by their original spacing. It
is observed in each of the figures that there is an initial increase of the
isochlor spacing at the § , which is accompanied by a small but consistent
decrease in spacing at the various horizontal distances from the € . The
first minimum spacing at the § occurs at about fifteen model lengths, and
this minimum is accompanied by a maximum or an increasing trend in the iso-
chlor spacing at the various distances from the § . These observations are
consistent with what one would expect from continuity considerations; that is,
a collapse in the vertical wake-height should be accompanied by an extension
of its horizontal extent as the fluid from above and below the level of the
body spreads laterally, increasing the isochlor spacing at the side of the
body. The maximum spacing at the € occurs at about five to eight lengths
behind the body; this is consistent with Figure 17. In Figure 19a, it is
seen that after about fifteen model-lengths, a periodic variation suggest-
ing internal wave motion appears to be the predominant influence.

The envelopes of the vertical extent of the motion of the .3, .5,
and .7 isochlors over the full period of time studied is shown in Figure 20.
This plot demonstrates the decreasing magnitude of the isochlor motion with
increasing distance from model. The magnitude.of the isochlor motion fif-
teen inches from the model § is probably comparable to the magnitude of the

internal waves.
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Figures 2la through 2le are plots of the nofmalized distance between
isochlors vs distance from the vertical @ of the model, for various distances
behind the model. These figures show the propagation of the displacement of
the isochlors from their initial positions, as the mixed fluid spreads
laterally. Again, as with the wake envelope plots on the isochlor maps,
the wake influence is seen to increase horizontally as tﬁe distance behind

the model increases.

C. Surface Effects
In addition to providing information about the motion of fluid at the

free surface, it was hoped that the surface motion studies would also yield
an independent'verification of the time scale of the wake collapse obtained
in the density configuration studies discussed in Section B. Two different

density gradients, ;— g-yﬁ’- = - 0.003 (££)" and - 0.0015 (£t)”}, in addition
o]

to a homogeneous fluid, were investigated in order to determine qualitatively
the effect of the density gradient on the time scale and the strength of the
wake collapse. The data presented in this section are the time variations of
the distance between pairs of particles that were initially equidistant from
and on opposite sides of the path of the model, for each of the three different
density gradients. Although it is not shown by these data, both a high degree
of eddy motion and a forward drift in the direction of the model were present
at the surface for every density gradient investigated, indicating that the
wake does extend to the free surface. Variations in the salinity configura-
tion near the free surface were not ﬁéasured.

Shown in Figure 22a are the particle spacings as a function of time

for the density gradient, %—- %% = - 0.003 (ft)-l, which was also used in
o _

the deﬁsity configuration studies. Recall from Section B that the principal
wake collapse occurs between 10 and 15 model lengths (50 to 75 disc diamete:s)
behind the body. Referring to Figure 22a, it is observed that a sharp con-
vergence of surface particles also occurs during this time interval. It is
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also noted in Figure 22a that the strength of particle convergence decreases
with increasing lateral distance from the path of the model. Some indication
of the eddy motion at the surface near the path of the model is shown by the
negative spacing between one pair of particles in Figure 22a, indicating that
these particles actually crossed paths and then diverged. This pair of par-
ticles appeared to be entrained in opposite sides of a strong eddy. Particle
convergence on the free surface appears to have ceased approximately 70
seconds (60 model lengths or 300 disc diameters) after passage of the model.

Figure 22b illustrates the results obtained for a density gradient of
- 0.0015 (ft)-l. As might be expected, the rate of convergence of particles
for this series of experiments is noticeably less than for the previous case,
the gravity effect being diminished by the reduced gradient. The lateral
extent over which the particle convergence can be detected is also reduced,
indicating that the wake collapse, which is responsible for the convergence
as explained in the next section, has a diminished effect on the surface
motion. In some instances, particles far from the centerline actually di-
verge, a result of random eddy motioén in this region. The duration of the
effects of the collapse on the free surface appeafs to be about the same as
for the larger density gradient (Figure 22a).

A similar series of surface motidn experiments was conducted for
homogeneous tap water, the results of which appear in Figure 22¢c. 1In the
absence of any density gradient and corresponding gravitational effects,
the particle motion is quite random, and, if there is any net lateral motion
of the surface fluid, it would appear to be a divergence. Comparing the
results of the three density gradients inveétigated, it is apparent that the
degree of density stratification is certainly an important influence on the

rate and strength of convergence of surface particles.
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D. The Physical Mechanism of Wake Collapsing

The experimental results reported in Sections B and C of this chapter
provide the basis for a better understanding of the behavior of the mixed
region and the turbulent wake of an axi-symmetric self-propelled body tra-
velling in a density-stratified liquid. A general description of the physical

phenomena occurring in the region is presented here, with specific reference
¢l do
dy =
0

- 0.003 (ft)-l used in both the density configuration study and in some of

to the experimental results obtained for the density gradient o

the motian studies.

1. Initial Stage of Wake Growth

In the early wake, at short distances behind the body, turbulent mix-
ing is the dominant feature of the motion, and the outline of the turbulent
wake and also the region of significant mixing would be expected to expand
at the same rate in all directions, similarly to a wake in a homogeneous
fluid. This phase is illustrated in Figure 23a. Note that turbulent diffu-
sion will transport more of the density biasing agent (salt in the present
experiments) vertically than horizontally, due to the larger gradients in the
vertical direction., This is shown in Figure 23a by the warying lengths of
the dashed arrows, which represent salinity transport due to turbulent mix-
ing. Note also that the potential energy of the fluid in the wake is increase
by the net upward transport of salinity, which has the effect of raising the
center of gravity of the mixed fluid. This is readily seen in the density
profile at the centerline of the body, which is also shown in Figure 23a.

The duration of this initial phase and the expanse of the mixed region should
depend on the strength of the density gradient. Either a very strong or a
very weak density gradient would diminish the vertical salinity transport
during this period, the former by increasing the stability of the density
profile, and the latter by diminishing the rate of vertical transport accom-
plished by the wake's eddy diffusivity.
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In the experiments, this initial phase appeared to extend to a dis-
tance of 2 1/2 to 5 model lengths (13 to 25 disc diameters) behind the body.
Beyond this distance the shape of the envelope delineating the zone of prin-
cipal mixing was elongated in the horizontal direction, indicating that the
collapse phase of the wake growth had begun.

2, Early Stages of Wake Collapse.

' As the zone of mixing expands with incfeasing distance behind the
body, the turbulent diffusion subsides, but is still significant at interme-
diate distances. The mixed region in the wake, in which the lines of con-
stant density are displaced from their initial position; is now in a state
of density disequilibrium with the surrounding fluid, and thus gravity forces
start to influence the behavior of the mixed region by returning the fluid
containing the displaced salinity toward a level of density equilibrium,
Viewed from energy considerations, the increase in potential energy that was
engendered by the turbulent mixing is transformed into the kinetic energy of
the net translational velocities of the fluid in and around the mixed zone.
Hence, one has the interesting situation of turbulent mixing, which gives no
net fluid displacement in planes transverse to the path, giving rise to a net
fluid motion as the mixed fluid seeks levels of density equilibrium. The
mixed fluid that spreads laterally outward, at about the level of the body,
is displaced by lateral inward flow above and below the body's path. This
stage of the wake development is shown in Figure 23b, where the solid curved
arrows represent the movement of the fluid moving toward equilibrium and the
motion produced in the surrounding fluid. It would appear unlikely that any
appreciable vertical motion would occur outside of the mixed zone, because
this would change the potential energy of the stratified fluid in the un-
mixed region and hence would require a source of energy that is not available.
This consideration bears the important implication that unless the turbulent
wake extends to the free surface andvaccomplishes some mixing in the vicinity

of it, there can be no convergence of the surface fluid. Turbulence was
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observed to extend to the surface in the present experiments, as was revealed
by the motion pictures of the free surface. If the turbulent field generated
by the body is not strong enough to generate some mixing in the region just
below the free surface, the wake collapse will have no effect on the free sur-
face, except possibly some wave oscillations.

The experimental results indicate that this phase of the wake's develop
ment, in which both turbulent diffusion and gravity-induced motion affect the
configuration of the mixed region, occurs in the vicinity of about 10 model
lengths behind the body, where the rate of vertical expansion has diminished
to almost zero, suggesting that gravitational body forces are suppressing the

expansion generated by turbulent diffusion.

3. Later Stages of Wake Collapse
At larger distances behind the body, the turbulence will have decayed

to the point where there is no significant diffusive transport. The behavior
of the mixed region is then dominated by the gravitational forces which drive
the mixed fluid to levels of density equilibrium where it spreads laterally,
as shown in Figure 23c. The isochlors return to their initial levels and
then oscillate about these levels until the internal waves dissipate. 1In
Figure 23c, the dashed arrows no longer appear, indicating that the turbulent
mixing has subsided. There is no longer a turbulent wake as such, but only
a mixed region. This mixed region increases in lateral extent but loses its
identity as density equilibrium is again reached.

It was concluded that in the present experiments this last stage, in
which t?e lateral spreading of the mixed region is the primary feature,
occurs at distances beyond about 15 model lengths (75 disc diameters) behind
the body.
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CHAPTER V
CONCLUSIONS

The purpose of this study was to conduct a comprehensive investiga-
tion of the configuration of a three-dimensional axi-symmetric wake generated
by a self-propelled body in a linearly density-stratified fluid, and the
fluid motion induced at the free surface by the collapse of the wake. The
study was approached from two avenues: 1) Identification of the zone of
turbulent mixing by studying the variations of the salinity concentration
distribution within the mixed region and in the surrounding vicinity, and;

2) Study of the motion induced at the free surface by measuring particle
displacements at the surface-. Extensive studies in both areas were conducted

for a density gradient, %% = - 0.003 (ft)_l, and additional studies of

surface particle movementsowere made for gradients of zero and -0.0015 (ft)_l,
to determine the dependence of the wake collapse and surface convergence on
the strength of the density stratification. All other quantities were held
constant throughout the experimental program. The twin-screw, self-propelled
body used in the experiments was 30 inches long, 4 1/2 inches in diameter, and
had a 6-inch diameter circular disc mounted on its bow. Its average speed

was 1.92 fps, giving a Reynolds number of 8.9 x 104, based on the disc dia-
meter.

The conclusions drawn from these experiments can be briefly summarized
as follows:

l. For the density gradient of - 0,003 (ft)—l and an average model
speed of 1.92 fps, an initial expansion of the wake region was detected
immediately behind the model. The growth rate appeared to be about the same
in all directions,and not unlike the wake in a homogenoous fluid. The first
effects of gravity appeared at a distance of about 10 model lengths or 50
disc diameters behind the model, as elements of the fluid displaced by tur-
bulent mixing moved back toward positions of density equilibrium. This was
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followed by a rapid vertical collapse of the mixed region as the turbulent
mixing subsided and gravitational effects became dominant. The configuration
of the salinity distribution indicated that the vertical collapse was vir-
tually complete at a distance of about 15 model lengths (75 disc diameters)
behind the body. _

2. A horizontal expansion of the mixed region was associated with its
vertical collapse. Although the lateral extent of the mixed region was dif-
ficult to define, it could be approximately delineated by comparing charts of
the normalized concentration contours for various cross sections behind the
model, and noting the displacements of the isochlors from their initial
positions. The horizontal expansion was observed to increase almost linearly
with time during the period of vertical wake collapse.

3. Concurrent with the vertical collapse of the mixed region, a con-
vergence,toward the path of the model, of fluid at the free surface was mea-
sured. This convergence is explained from continuity considerations; above
the path of the body, the descending mixed fluid in the collapsing wake is
replaced by fluid moving inward from the sides.

4, It was concluded from some energy arguments that there can be con-
vergence of the surface fluid only if the turbulent wake extends to the free
surface and generates some mixing in the vicinity of the surface. Lateral
convergence can occur only at the sides of a region which has undergone some
mixing.

5. A reduced gradient of - 0.0015 (ft)-l had the effect of decreasing
the lateral extent over which the surface convergence occurred, and decreas-
ing the rate of convergence. It was concluded that a reduced gradient
diminishes the relative strength of the gravitational effects, resulting in
a weaker collapse.

6. A field of internal graVity waves was excited by the passage of
the body, and presumably also by the collapse of the wake. These waves made
it very difficult to experimentally define the extent and geometry of the

turbulent wake and the mixed region.
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A by-product of this investigation was the development of a quick and
efficient method for generating linear density profiles in a large experimental
tank. A long 4-inch high plate (athwart to the direction of motion) and a
1 l/Z-inch diameter rod, both spanning the width of thé tank were towed at a
constant speed through an initially two-layered fluid. The plate was posi-
tioned at the density interface and the rod slightly below the free surface.
The resulting equilibrium density profile was linear over most of the depth
of the tank. It was found possible to use each profile for eight to ten ex-

periments before the profile became so disrupted that it was no longer usable.
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LIST OF SYMBOLS

constant of proportionality
constant of proportionality
recorder deflection
kinematic viscosity

mass density

mass density of fresh water
incremental difference
characteristic wake width
width or diameter 6f wake generating body
maximum vertical wake width
model body diameter

depth of submergence
gravitational constant
horizontal dimension
vertical dimension
concentration

distance in body diameters that moving body
travels in time T*

densimetric Froude number

length of model
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fluid resistance at a point
resistance

Reynolds number

time necessary to attain maximum wake width
horizontal velocity

average horizontal velocity



APPENDIX B

VALUES OF NORMALIZED CONCENTRATIONS
AT DISCRETE DISTANCES BEHIND THE
MODEL AND VARIOUS GRID POSITIONS
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