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X
~ Stratified shear flows and the associated internal waves are often
found in nature, both in the ocean and the atmosphere. The stability

of this type of flow is governed by the Taylor-Goldstein equation

o - L)t + u-e) ) R+ K] g =0

where the primes denote derivatives with respect to z, ¢ is the z de-
pendence of the perturbation, u the primary flow velocity in the x-di-
rection, ¢ the complex phase speed of the disturbance, and k the distur-
bance wave number. The equation also contains, as a stability parameter,

the local Richardson number

R](z) = ___:9_&'_(_2_)_
p(z)(u'(z))?

where p is the fluid density and g the acceleration of gravity.

~~"The shear flow investigated in this thesis is one in which the density
and velocity change rapidly across an interface between two miscible fluids.
The Richardson number profile in the region of the interface is measured
and the erosion of the interface is monitored periodically during the ex-
periment. The interfacial erosion is then explained in terms of the

gradient Richardson number profile. . SN
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\\ A wave tank eighty feet long, four feet high, and two feet wide is
used in this experiment. The fluid is stratified by varying the amount
of salt dissolved in the water and the shear flow is created by pumping
the upper layer in a closed circuit.

The results are presented as Richardson number profiles for various
time durations and overall shear velocities. A plot of the interfacial

position as a function of time is also included. ,
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CHAPTER 1
INTRODUCTION

Stratified flows are often found in nature, both in the ocean and
the atmosphere. With man's increased activity in the ocean, the atmo-
sphere, lakes and estuaries, it becomes necessary to know under what con-
ditions a stratified flow will become turbulent and what mechanisms are
responsible for the instability.

The generation and subsequent breaking of internal waves is thought
to be a major source of turbulence in stratified fluids. Theoretical
studies indicate that a number of mechanisms may be responsible for the
generation and growth of internal waves. The following are some of these

mechanisms: unstable shear flows, interactions between internal waves of

different frequencies and levels, interactions between surface and internal

waves, flow over an undulating bottom, current oscillations (e.g. tidal
fluctuations), and slowly moving pressure patterns above the free surface.
The vertical dispersion of salt, nutrients and pollutants in coastal
and oceanic waters is an extremely important process in nature. Indeed,
the entire ecosystem of most natural bodies of water is greatly influenced
by this process. If the water is homogeneous, the mixing can be carried
out by large-scale motions induced by winds, tides and evaporation-pre-
cipitation processes. When the water becomes stably stratified, however,
as in the oceans and most lakes and estuaries, the large-scale motions are

ineffective in the vertical mixing process and the small scale motions of

turbulence ‘become important.
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In the atmosphere, the instability of a stratified shear flow can re-
sult in clear air turbulence (CAT), a threat to the comfort and safety of
many airline passengers. A far more important aspects of CAT, however, is
found in its meteorological implications. In the atmospheric boundary
layer, the internal energy dissipation due to CAT may be on the order of
one half of all the energy losses. This lack of knowledge about energy
dissipation in the atmosphere is a major obstacle to the development of
numerical models for weather predictions (Fleagle (1969) and Long (1972)).

The linearized stability equation for stratified shear flows is the

so-called Taylor-Goldstein equation

" - [(u-c)=! u" + (u-c)=2 (u')2 R, + k2] ¢ = 0.
The primes denote derivatives with respect to z, ¢ is the z dependence of
the perturbation, u the primary flow velocity in the x-direction, c the
complex phase speed of the disturbance, and k the disturbance wave number.
The equation contains, as a stability parameter, the local Richardson
number
R; = ]
p(z)(u'(2))?
where p is the mass density and g the acceleration of gravity. In order
to solve the Taylor-Goldstein equation it is necessary to know the veloc-
ity and density profiles, and their derivatives, as functions of z. The
Richardson number profile can then be calculated.
The experimental works to date dealing with interfacial instability
and mixing appear to fall into two groups. The first group are those which

generate the familiar Kelvin-Helmholtz instability at the interface. In

these experiments the flow is accelerated rapidly to the point of instability,

the instability grows rapidly and the collapse is catastrophic. The sec-

ond group of experiments are those in which the interface tends to erode
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with time. In this case the disturbances are manifest as small wavelets

on the interface; the collapse of these disturbances does not radically

change the character of the interface. The vertical mixing across the
interface is, however, several times larger than that which can be ex-
plained by molecular diffusion.

The first objective of this research is to measure the actual velo-
city and density profiles at the interface between two miscible fluids
in motion relative to one another; the Richardson number profiles will
be calculated from this information. The second objective is to gain
some insight into the mechanisms responsible for the mixing which takes

place at the interface between the two fluids.




CHAPTER I1
BACKGROUND THEORY
As mentioned in the introduction, the linearized equation for the
hydrodynamic stability of a stratified, incompressible, inviscid, shear

flow is i i y ;
¢ - [lu-c) " u" & (u-e) " (o'} R, #k]Jg=0. (1)

Note that the Boussinesq approximation (see Drazin and Howard, 1966) has
been used in the development of this expression. This equation contains,

as a stability parameter, the local or gradient Richardson number,

o Lol
B (2)

Equation (1) written in terms of the Brunt-Vaisala frequency, N(z) is

o' - [lu-c) u" + (u-c)™ N’(z) + K’ ¢ = O, (3)
where
N2(z) = 29 (2) (4)
p(z)

This equation has been called the Taylor-Goldstein equation after the
two men who first derived it, Taylor (1931) and Goldstein (1931).

The solution to this equation requires a complete knowledge of both
the density, p(z), and the primary velocity u(z), from which the Richard-
son number profile, Ri(z) can be obtained.

A sufficient condition for stability, as given by Miles (1961) and
Howard (1961), (for the flow model given above) is that the local Richard-
son number be greater than 1/4 everywhere in the flow. This does not mean

that the flow must become unstable if the local Richardson number falls
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below 1/4, nor does it mean that a turbulent flow must become laminar if
the local Richardson number is everywhere greater than 1/4. This theory
only applies to the conditions under which an infinitesimal disturbance
will decay. Transition from turbulent to laminar flow in a stratified
shear flow has been observed (Woods, 1969) to occur when the Richardson
number is of order one.

The analytical work done to date has been accomplished by assuming
the shapes of the velocity and density profiles. Some of the assumed
profiles are realistic; many of the others are not. The results of the
analysis of some specific problems are presented in the Appendix. These
results are helpful in establishing certain overall bounds on the stability
but fail to yield specific information about physically obtainable flows.
One important point brought into focus by the analytical work is that the
character of the instability and the point of instability are both highly
dependent upon the velocity and density profiles*. The results of such
analysis are normally presented as a neutral curve in the J-a plane. The
parameter J has been defined two different ways in the literature. Some
authors define J as an overall Richardson number,

Apgh
o(au)? *

where Ap is the difference in density between the upper and Tower layers,

n

J

p the average density, Au the difference in velocity of the upper and lower
layers, g the acceleration of gravity, and h the vertical length over which

the velocity and/or the density change. Other authors define J as the

*For ‘a more detailed discussion of this point see Hazel (1972) and
Howard and Moslowe (1972).




interfacial Richardson number.

J = Ri(zi)

In this definition Z; is located at the inflection point of the density
profile. In either case J may or may not be the minimum Richardson num-
ber for the flow. It becomes evident after studying the different models
that the solution to the stability problem depends upon the velocity and
density profiles chosen, and upon the way in which J is defined.

The model which most accurately fits the velocity and density profiles
obtainable in a real fluid is the numerical model developed by Hazel (1972).
Hazel showed, using a hyperbolic tangent velocity and density profile (see
Figure 31 of the appendix), that the characteristics of the instability

change as the density transition layer becomes thinner compared to the

velocity transition layer. Hazel defines his velocity profile by

u(e) = tanh (&),
where ¢ is a dimensionless vertical coordinate with its origin at the in-

terface. The density profile is given by

where o is a typical density measure and o the density at ¢ = 0. Note
that the velocity and density profiles are symmetric about ¢ = 0. The
parameter K is used to vary the thickness of the density profile with re-
spect to the velocity profile. As K grows larger, the thickness of the
interface is reduced and the density profile approaches a step function.
The changes in the stability characteristics coincide with changes in the
shape of the Richardson number profile (see Figure 1).
Region I:. (0 < K <V 2) In this case the Richardson number profile has
a minimum value at ¢ = 0 and continuously increases with ¢;

so that Ri({) > @ A% [ > o,




Region I1: (V2 < K < 2) In this case the Richardson number profile has

a minimum value at some point above and below £ = 0. The

Richardson number is a local maximum at £ = 0 and Ri(c) + ™,

as § » =
Region I1I: (K > 2) In this case the Richardson number profile has an

absolute maximum at & = 0 and Ri(c) + 0, as £ » o,
The experimental work in this area can generally be divided into two groups
based on either the method used to generate the shear flow or the distur-
bance which results. If the shear flow is generated by rapidly accele-
rating the fluid from rest the resultant velocity and density transition
layers are approximately the same thickness. This method has been used
by Scotti and Corcos (1969) and also by Thorpe (1969). The velocity
profile produced in this way is directly related to the density profile
through the inertia terms in the Navier-Stokes equations. The instability
which dominates in this case is of the Kelvin-Helmholtz type. The resul-
tant Richardson number profile for a flow generated in this manner cor-
responds to Region I of Hazel's model, and the minimum Richardson number
falls at the interface. The other method of creating a shear flow is to
pump the upper and/or the lower fluid separate from one another. This
procedure results in a velocity profile that is only slightly dependent
upon the density profile and highly dependent upon the viscosity of the
fluid. The Richardson number profile generated in this manner is generally
of the type found in Regions II and 111 of Hazel's model, with the mini-
mum Richardson number falling above and/or below the interface. The inter-
facial Richardson number may be a local maximum in this case. This method
has been used by Wang (1972), Keulegan (1949), and Broward and Winant (1972);

it is also the method used in this experiment. The disturbance produced
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by this type flow does not exhibit the regularity and symmetry of the
Kevin-Helmholtz instability but manifests itself as wavelets on the
interface.

The rate of "erosion" of the interface (i.e. the rate of drop of the
interface) is known to increase as the shear flow is increased above some
critical value (Keulegan, 1949). A possible mechanism responsible for
this phenomena may be the existence of an unstable region just above the
interface where infinitesimal disturbances are able to grow to some finite
level. This unstable region may, however, be bounded from below and/or
from above by regions where the Richardson number is very large. Any
disturbances which try to propagate into these regions of large Richardson
number would be quickly damped. One objective of this thesis is to in-
vestigate this possibility by experimentally determining Richardson num-

ber profiles in a two layer stratified shear flow.




CHAPTER 111
DESCRIPTION OF FLOW

The flow studied for this experiment is characterized by two thick
layers of nearly uniform density fluid, separated by a thin transition
region in which the density changes rapidly (see Figure 2). In Figure 2
the thickness of the transition layer has been exaggerated with respect
to the overall depth, D. In the actual flow the transition region is
only about 4% of the total depth. The density stratification is pro-
duced by varying the amount of dissolved salt.

The upper layer, which initially contains almost no salt, is pumped
in a closed circuit. The flow exits at the downstream end of the test
section, is pumped through a 6 inch PVC pipe, and re-enters the test
section at the upstream end. The velocity profile generated in this man-
ner will be nearly uniform in the fresh water layer, will vary rapidly near
the interface, and become zero a small distance into the salt layer. 1In
general the velocity and density will vary in the vertical and horizontal
directions and time. Since the horizontal variations in density and ve-
locity are significant only near the entrance and exit, and since the
measurements are taken near the middle of the tank, horizontal varia-
tions will not be considered. The flow will be considered two dimensional
and the velocity and density profiles will be rapidly varying functions of
the vertical coordinate (near the interface) and slowly varying functions
of time.

Since the objective of this study is to investigate the mechanisms

10
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responsible for the mixing which takes place at the interface, only the
region surrounding the interface is of interest. This region is thin
’ compared to the overall depth; and the wave lengths associated with the

disturbances which form at the interface are short compared to the depth

of flow, thus the free surface and bottom are assumed to have no effect
on the interfacial mixing process. :

Due to the small velocities, the flow in the lower layer is always
laminar. The upper layer, however, can not be considered laminar since
the Reynold number, based on the hydraulic radius, is about 6500. The

turbulent intensity, as defined below, is very small.

A(uT)? fu < 1%

where u is the mean time averaged velocity and u' is the velocity fluc-

tuation about u.

There are two coordinate systems referred to in this thesis (see
Figure 2 ). The Z-coordinate is fixed with respect to the tank; Z is
positive upward and Z=0 is at the bottom of the tank. The £-coordinate
is free to move with the density interface; £=0 is defined as the point

where the density is equal to the average density of the upper and lower

layers, 5 5
+ ‘
p(E:O) = _l_‘._z__l'_ 5

where Py is the density of the upper layer and o, is the density of the

lower layer. The relationship between the two coordinate systems is

Z=¢ +dy(t)
where d,(t), the vertical distance between £=0 and the bottom of the tank,
is a slowly varying function of time. The total distance between the free
surface and the bottom of the tank is given by D, which does not vary with

time. D = 45 inches
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CHAPTER IV
THE EXPERIMENT |

The internal wave tank located at the University of Florida Coastal
and Oceanographic Engineering Lab was used in this experiment. The in-
ternal wave tank was designed as a multipurpose facility; and therefore,
has many operational features not required for this study. For the pur-
pose of clarity, however, a description of the total facility will be

given below. Figure 3, a schematic drawing of the overall facility, shows

the location of the main components and the more important dimensions. |

The test section of the tank is 80 feet long, 6 feet high and 2 feet
wide in the lower portion and 3 feet wide in the upper wind tunnel sec-
tion. Figure 4 shows a cross-sectional view of the test section. In
this experiment, the bottom one-third of the test section is filled with
salt water and the middle one-third with fresh water. The upper one-third
of the tank is a wind tunnel used to generate wind waves and wind-induced
currents. The sides of the test section are made of 1/2 inch thick glass
panels; allowing visual observation of the flow from both sides. The wave
tank is capable of mechanically generating surface waves and internal waves
at the interface between the fresh and salt water.

Shear flows can be produced by pumping the upper layers in a closed
circuit. In this experiment only the shear flow capability was required.
The pumping system includes two centrifugal pumps connected in parallel.

One pump is 60 hp and can produce flow rates up to approximately 1 ft/sec.




T

A3LLLoR4 [[B43AQ 34T 40 Buimeuq dL3eWsYds ‘g aunbry

SNOILJI3S NOILISNYHL

dvind WO¥S5\

%Sa..olm _su3syosey savm M3 39S LI qgyne0y wawun amm, te
Y [ =1 !
| | A AL A A A A 2 2] A A 271777171712 =.
__ _ 27 (717 71 17 7 7 1717 1 71zZ17 17z 1A17 Iz 1o’
NVS  g3iyid ok o S13NVY —— IHYLNI HiY
» - " /68! -
[—.0ve — | M3IA 401 AlddnS DINYEAAH— |
mxzﬂrwoquFm EOFFmM)&qu NO S73NVd SSvI19. P
M _o&m; A\ w; v;n;w::\v w_mm 250K _
” | s Y N
as_:a S3IATVA 4 3NVLNI HIY
¥34SNVYL 3did AL, 2 Y3171 Y
dWNd MO14 Y¥Y3HS
aN3 anN3
H1NOS H LHON




15

Q&L COVER PLATE - ‘/,‘" THICK X 48" LCNG PLATES
le—
B

47"
P
 e—————37
AIR
‘\\\-z" GLASS PANEL
24" x ar"
WATER SURFACE
/
) J
4
FRESH
WATER
24"
: ‘\\_Z"GLASS PANEL E
SO 41" X S0 é
¢
e e
:
SALT k
! WATER 243"
STEEL -]
FRAME
—— I_‘
‘aﬂ
s —— .1- ey
18" X 18" GLASS PANEL AT
Q3,38 STATIONS: 3, 6, 10, I1, IS,
INCHES
SCALE
Figure 4. Cross-sectional View of the Test Section

k
!
%
b
i
E




o

T

16

juel aAeM JO puj weau3sdn ayl g a4nbr4

S3HON!

R u69(0

- ‘—I-W-p-. BMNOJAINOHM  HS3IA ADEN3SSY H3XYA 3AVA
37WoSs WNOOVX3IH ..Q\u \.{\\\l”l.\\)

VAL ALLELLL TP ALL L ELEL \\.\E\\ [LLLLLLL L LLLLLLLLLLLLLLILLLLLLL L LLLLLLLLLLLLLLL L L L L

e a0 o Sl

J/ ,w‘ ﬁ“__rLc M,/5?._,5

<, JITNVEGAH -QAY3S
R4

[

dild
MnOY¥S

5 [.4: ‘..YN\\\\I\.

zt\..l [

5.5.,._0 zwmQE .ﬁ!.
Nv...l SNOILI3S

g2 “h JONVUIN3

: qum -1 oNioy3AaH

Tk \,7, k.l\\\\;l

+

S _nzouﬁzo: HS3W '

i_ IYNOWX3IH LG | h——¥3103 o3

_ Dw _ iyt
g g e

= R 3 _

3601 DVIS-OLd 43 4 Sy doys sxudJ .

e o
¥30Gv1 1vm 3GiS " /
g w10l — _ IAVLNI ]

‘ iy

(Ll Lt LiLLd

\

5S¢

.82




W r e i 0o dndenis Y

17

4
i
E

However, at low flow rates (less than 3 in/sec) this pump heats the water
| excessively and is hard to control. The other pump is only 5 hp and can
produce flows up to approximately 3 in/sec. Therefore, for flows up to
3 in/sec the small pump is used to minimize thermal stratification in
the tank.

Since the internal wave generator was not used during this experiment,
the pier at the interface between the fresh and salt water was modified
to allow the upper flow to smoothly meet the stagnant lower fluid, and
to reduce disturbances caused by flow separation around the pier. To
accomplish this, a 1/4 inch thick plywood board was attached to the top
of the pier. The board was allowed to extend downward into the salt layer;

entering the salt water at a small angle (see Figure 5). To reduce large

scale disturbances to the flow, hexagonal mesh honeycomb flow straighteners

are located upstream of the entrance to the test section.

Instrumentation

The objective of this experiment is to determine the Richardson num-

ber profile in a stratified shear flow as a function of the vertical co-
ordinate. The determination of the Richardson number profiles requires,
however, a knowledge of both the density and velocity profiles. The in-

strumentation for this experiment was designed to obtain both profiles

simultaneously as a function of the vertical coordinate. A description

of the instrumentation system and its components is given below.

————

Figure 6 is a black box schematic of the instrumentation set-up. For
this experiment the internal wave gauges were not required. A vertical
traverse mechanism is mounted on top of the wave tank. Attached to the :

end of the traverse is an instrument package that contains a wedge-type
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hot-film probe, a glass bead thermistor, and a two-electrode conductivity
probe. All three probes are mounted at the same level and are horizontally
spaced about 1/2 inch apart. The horizontal spacing is enough that distur-
bances generated by one probe will not significantly affect the other probes.
The hot-film probe is mounted slightly forward of the others in order to
further reduce any effects the other probes may have on the velocity
reading.

Since the region of interest is no more than 4 inches thick, the
first, and most severe requirement imposed upon the instrumentation, was
that the vertical resolution be on the order of 0.025 inch. This require-
ment made the development of specialized instrumentation necessary.
The Traverse Mechanism: This unit was designed and built specifically
for the internal wave tank, and is driven by a 1/2 hp, variable speed,
DC electric motor. The traverse can move only in the vertical direction,
from a point near the free surface to a point 17 inches from the bottom;
a total distance of 28 inches. The unit may be stopped and started man-
ually or may be set to shuttle back and forth between any two points at
any speed between zero and approximately 6 in/sec. As the traverse mech-
anism moves, it drives a ten-turn, 10K, potentiometer. The potentiometer
is part of a DC circuit designed to give a linear output voltage propor-
tional to the position of the traverse (see insert in Figure 7). The
linearity of the potentiometer is 0.05%; therefore, the calibration curve
is almost a straight line (see Figure 7). This circuit is very stable
and the position can be determined within * 0.025 inch.
The Conductivity Probe: The conductivity probe is a modified form of the
probe designed by Sheppard and Doddington (submitted for publication in

Review of Scientific Instrumentation). The modifications consisted of
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only slight changes in shape and size; the principles of operation, how-
ever, are identical. This probe has two important features not found in
most conductivity probes. The first, is that it can measure the conduc-
tivity at any level with a vertical resolution of less than 0.025 inch.
It does this by drawing the fluid in through a horizontal slit in the
probe tip (see Figure 8). The process of selective withdrawal allows the
probe to draw fluid from only one density level. The second important
feature of this probe is that it employs two relatively large electrodes.
This reduces the low frequency drift problems associated with small elec-
trode conductivity probes. Tests, conducted to determine the effect of
temperature changes on the probe output voltage, indicate only a slight
temperature dependence (see Figure 9). Figure 10 is a schematic of the
conductivity probe electronics. This probe has a limited life time, and
aging does change the calibration curve; however, for time spans up to
abbut one day the probe is very stable. For this experiment the probe
was calibrated at the start of each test, which never lasted more than

a few hours. The conductivity probe calibration curve for this experiment
is shown in Figure 11.

The Velocity Probe: The velocity of the flow was measured with a con-

stant temperature hot-film anemometer manufactured by Thermo-Systems, Inc.
The system consists of a Model 1051 power supply and monitor unit, a Model
1050 bridge unit, a Model 1055 linearizer and a wedge-type hot-film sen-
sor, Model 1233 NaCl. The hot-film probe was calibrated in fresh water
as well as several solutions of salt water having specific gravities up
to 1.0315. The calibration curves are shown in Figure 12. The effect of
salinity on the anemometer reading is not insignificant; therefore, when

the data were reduced the output voltage was corrected for salt concentration
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effects. An overheat ratio of 1.05 was used in these tests. When larger
overheat ratios were used, bubbles formed on the probe tip in the salt
solutions.

The Temperature Probe: The temperature was measured using a glass bead
thermistor manufactured by Keystone Carbon Company. It is an experi-
mental model, Type 08127401, designed for use in salt water. The therm-
istor is placed in a low output impedance circuit, which gives an output
voltage proportional to the temperature of the fluid. The thermistor was
calibrated using a thermometer with 0.2°F divisions. The thermistor
calibration curve, shown in Figure 13, is almost linear. The calibration
curve was checked periodically and it was found that the curve shifted
slightly over long periods of time; however, the slope and shape of the
curve always remained constant.

The Tape Recorder: A four-channel, FM tape recorder, Model 3960A, manu-
factured by Hewlett Packard was used to record the output voltage from
all four sources (position indicator, thermistor, hot-film, and conduct-
ivity probe) simultaneously.

The X-Y Plotter: An Omnigraphic 2000 Recorder, Type 6, manufactured by
Houston Instrument was used during the tests to plot the conductivity vs.
position. This gave a visual display of the probe position with respect
to the interface, and also provided a check on the instrumentation drift
during the tests.

The Pre-Amplifier and Low-Pass Filter: The four-channel pre-amp and low

pass filter was placed in series with the four sensors. This unit is de-
signed to filter out electrical noise, picked up from equipment located
in the laboratory, and to match the sensor output voltage with the maxi-

mum allowable input voltage of the tape recorder. This unit has a high
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input-impedance and a low output-impedance which acts to isolate the sen-
sors from the recording equipment. The filter circuit is a fourth-order,
Butterworth, low-pass filter, with a cutoff frequency of 16.7 Hz. A
schematic of the pre-amp and filter circuit is shown in Figure 14. The
filter circuit for each channel may be switched in and out as desired.
The Yow-pass filter was not used with the hot-film anemometer.

The Strip Chart Recorder: An eight-channel Visicorder manufactured by
Honeywell is connected in parallel to the tape recorder in order to have

a visual record of the data.

Procedure
Calibration of Instruments: During this experiment, great care was
taken to insure the accuracy of the measurements. The position sensor
and the temperature probe both exhibit a high degree of stability; there-
fore, these probes were calibrated only once. Their calibration curves
were, however, checked before each test. The hot-film and conductivity
probes tend to change calibration over long periods of time (more than
one day); therefore, these probes were calibrated immediately before each
test.

Before the hot-film probe was mounted in the wave tank it was cal-
ibrated in a tow tank. The probe was pulled through still water at a
constant speed and the velocity determined by measuring the time re-
quired for the probe to traverse a known distance. During this time the
anemometer output was fed into an integrator unit manufactured by Disa
Company. The average output signal was then plotted against the measured
velocity. When enough points were determined a curve was drawn through
the points. The salinity of the water in the tow tank was then changed

and the process repeated.
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The conductivity probe was calibrated in the wave tank immediately
before each test as follows: a syphon, which draws water in through a
horizontal slot, was mounted at the same level as the conductivity probe.
The slots in the syphon and the conductivity probe are the same thickness,
therefore, they will both draw fluid by selective withdrawal from the
same density level. After the tank was filled the interfacial region
between the fresh and salt water was several inches thick (see Figure 16).
The conductivity probe and syphon were stepped through the interface. At
each level water was drawn off by the syphon. The specific gravity and
temperature of this water was measured with a hydrometer and thermometer,
and the output voltages from the conductivity probe and thermistor were
recorded. The specific gravity of the water drawn off was corrected for
temperature changes which may occur during the syphoning process, and the
corrected specific gravity was then plotted against the conductivity probe
output voltage. This process was repeated at each level until the entire
calibration curve was determined. The calibration curve used in this ex-
periment is shown in Figure 11. After the calibration was completed the
syphon was removed in order to reduce disturbances to the flow.

Data Acquisition: Two procedures were followed in this experiment to ob-

tain the velocity and density profiles. The first is referred to as a
constant speed traverse (CST). In this case the instrument package was
moved vertically at a constant speed from the fresh water layer through
the interface into the salt water layer. The length of time required to
make a traverse in this manner was about 30 sec. This is much shorter
than the time scales associated with changes in the velocity and density
profiles; therefore, profiles obtained in this way may be thought of as

quasi-instantaneous. The second procedure which was followed is referred
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to as a stepped traverse (ST). In this case the instrument package was
lowered through the interface in steps. and the traverse remained at
each level for up to 30 sec. This procedure was designed to determine
both the mean velocity profile and the rms value of the velocity fluc-
tuations at different levels through the transition region.

Before the shear flow was started a CST was taken. This was done
in order to detarmine the initial density profile, and to determine the
effect of the vertical velocity component on the anemometer reading.

After the flow was started a CST was taken about every ten minutes.
Due to the length of time required an ST was taken only once or twice
for each flow speed.

Data Reduction: After the tests were completed the data were taken from

the magnetic tape and reduced as follows. For each traverse (sometimes

referred to as a run) the conductivity, thermistor, and anemometer out-
put voltages were plotted vs. position using the X-Y plotter. The specific

gravity at each level was obtained from the conductivity voltage by using

Figure 11. If the thermistor indicated a significant temperature change,
the specific gravity was corrected for these changes. The velocity at
each level was obtained from the anemometer reading and the calibration

curve shown in Figure 12. Since the density at each level was known, a

lincar interpolation between the two curves in Figure 12 was used to cor-
rect the anemometer reading for density variations. This reduction procedure
was repeated until the velocity and density profiles were complete. These
profiles were then used as input to a simple computer program designed to
calculate the Richardson number profile. The program uses a weighted aver-
age of the forward and backward finite difference calculation to determine

the derivatives of the velocity and density at each point.

b B r v




CHAPTER V
RESULTS AND CONCLUSIONS

Prior to examining the results of this experiment some processes
vwhich take place in the tank during the experiment will be discussed.
After the shear pump is started the flow initially passes through a
transient period before reaching a steady state condition. During the
transient period the interface between the fresh and salt water sets-up
toward the downstream end of the tank and sharpens rapidly. Following
this, disturbances begin to form on the interface.

The generation of the set-up results in a seiching-type motion of
the interface which can be observed for several minutes. The calculated
period of oscillation, for the stratification used in this experiment, is
55 seconds; this compares well with the observed period.

The rapid sharpening of the interface, which takes place during
the first 15 to 20 minutes, starts at the upstream end and moves to the
downstream end of the tank. It is not possible to determine from the
data taken in this experiment if this process is a natural consequence
of the shear flow or if it results from the design of the tank.

Immediately after the interface has become sharp small disturbances
begin to form. The upper photograph in Figure 15 is of the disturbances
which form at small flow rates (less than 1 in/sec) and the lower photo-
graph shows the disturbance at larger flow rates.

A plot of the interface position vs. time is shown in Figure 16.

The data scatter for the first 90 minute period is large. This scatter,
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however, may be the result of seiching which has not completely died out.
Based on this data, the transient period is estimated to last 90 minutes
and the interface erosion rate for the steady state condition is 3.8x1073
in/min. The erosion rates for larger flow rates could not be determined
due to an insufficient number of data points. It is unknown if the
transients, which result from increasing the flow rate, had died to a
tolerable level.

The velocity, density and Richardson number profiles for Runs 1,5,
12,13,15,16 are shown in Figures 17 through 27. It should be noted
that Run #5 was made only 30 minutes after the pump was started; there-
fore, the profiles for this run may have some distortion due to inter-
facial motion. An important result obtained from the density profiles
is that the point of maximum density gradient always falls at £=0.
This implies that the inflection point in the density profile always
falls at the point where the density is equal to the average density of
the upper and lower layer. After the interface has become sharp and
the flow has reached equilibrium the maximum density gradient remains con-
stant. For this experiment the maximum gradient was maintained at a
value of 0.113 ( AS.G./in). This value may vary with the flow rate and
the degree of stratification.

The Richardson number profiles obtained are found to have certain
characteristics in common. First, if a Richardson number between 1/4
and 1 is chosen as a criterion for stability, the flow is characterized
by an unstable upper and a stable lower region. The point of maximum
density gradient (£=0) is always located a small distance. below the boun-
dary separqting the two regions. Secondly, the Richardson number profiles

all exhibit a shape similar to the profiles found in regions II and III
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of Hazel's model. A small distance above £=0 the Richardson number pro-
files have either a local or an absolute maximum. Above this point the
Richardson number drops rapidly to zero and below this point the profile
passes through a local minimum.

The results of this experiment indicate (for shear flows which are
generated in this manner) that the critical point in the Richardson
number profile (Ri < 1/4) is always found a small but finite distance
i above the point of maximum density gradient. For this reason insta-
| bilities must be initiated at a point above the interface and as these
disturbances propagate downward they are quickly dampened by the large
stratification. It appears that some of the energy of these disturbances
is transformed into small scale wave-type motions at the interface (see
Figure 15). As these waves grow and break, part of their energy is trans-
formed to potential energy by raising the center of gravity of the water

column.

The results of this investigation have provided the following new

information:

1). An actual simultaneous measure of the velocity and density
profiles in a two layer stratified shear flow;

2). A measurement of the Richardson number profile for this flow,
which shows that the critical point in the Richardson number pro-
file always falls above the point of maximum density gradient.

3). The inflection point of the density profile, which is also the
point of maximum density gradient, is found at £=0 and,

4). The interfacial erosion (or dispersion) rate under known dis-

tributions of velocity, density and Richardson number.
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CHAPTER VI
FUTURE STUDIES

The finite amount of time allotted to any experiment always results
in more questions than answers. Some of the questions which surfaced
during this experiment, but remain unanswered, are discussed below.

As an extension of this work, it would be desirable to obtain more
data for different flow rates and different degrees of stratification at
several locations down the tank. It may then be possible to determine
if these changes affect the characteristic shape of the Richardson num-
ber profiles. The relationship between the flow rate, the stratification
and the maximum density gradient could also be determined.

It was not possible, due to the small velocities and the type of hot-
film probe used in this experiment (wedge-type), to measure the velocity
fluctuations. A knowledge of these fluctuations would help in under-
standing the mixing process which takes place at the interface. This
information could be obtained in future experiments by using a cylindrical
hot-film probe.

The rapid sharpening of the interface which occurs during the first
15 to 20 minutes is not yet understood. In the future it may be helpful

to take more data during this period.
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APPENDIX
SOME ANALYTIC SOLUTIONS TAKEN FROM THE LITERATURE

The analytic solutions presented on the following pages are only a
few of the solutions obtained by various investigators. They are pre-
sented here to stress the points made in Chapter II; namely, that the
solution to the stability problem is highly dependent on the shape of
the velocity and density profiles and that the solutions which have
been obtained are not always indicative of reality. Note that the
Taylor model is stable over all a for J=0; while the Taylor and Gold-

stein model is unstable over a finite range of a for J=0.
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TAYLOR
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TAYLOR AND GOLDSTEIN
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