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ABSTRACT

The interaction of a sharp density interface with oscillating
grid induced shear-free turbulence was experimentally investigated.
A linear photodiode array was used in conjunction with laser-induced
fluorescence to measure the concentration of a tracer that was
initially 1located in the 1less dense layer. A laser-Doppler
velocimeter was wused to measure the vertical component and a
horizontal component of velocity near the interface, and also at a
point where tracer concentration was measured. Potential refractive
index fluctuation problems were avoided using solutes that provided
a homogeneous optical environment. The study consists of two major

parts.

In the first part of the investigation, energy spectra,
velocity correlations, and kinetic energy fluxes were measured.
Amplification of the horizontal turbulent velocity fluctuations,
coupled with a sharp reduction in the vertical velocity fluctuation
level, was observed near the density interface. Moreover, the
experiments indicate that the density interface acts in a manner
qualitatively similar to a rigid flat plate inserted in the flow.
These findings are in agreement with previous results pertaining to

shear-free turbulence near rigid walls (Hunt & Graham 1978).
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In the second part of the investigation, internal wave spectra,
wave amplitudes and velocities, and the interfacial mixing layer
thickness were measured. The results indicate that mixing occurs in
intermittent bursts and that the local gradient Richardson number J
remains constant for a certain range of the overall Richardson
number Rj' The spectra of the internal waves decay as f-3 at
frequencies below the maximum Brunt-Vdisdla frequency. These
findings give support to a model of oceanic turbulence proposed by
Phillips (1977) in which the internal waves are limited in their
spectral density by sporadic local instabilities and breakdown to
turbulence. The results also indicate that, for a certain Rj range,
the thickness of the interfacial layer (normalized by the integral
length scale of the turbulence) is a decreasing function of RJ.. At
sufficiently high Rj the interfacial thickness becomes limited by
diffusive effects. A simple model for entrainment at a density

interface in the presence of shear-free turbulence is presented and

compared with the observations.
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CHAPTER 1

INTRODUCTION

1.1 Introductory Notes and Scope of Work

Turbulent mixing, and especially turbulent mixing within
density stratified fluids, continues to be a perplexing problem in
environmental and geophysical fluid dynamics. O0f particular
interest is mixing in the neighborhood of relatively sharp density
interfaces in oceans, lakes, reservoirs, and the atmosphere. Since
these interfaces can control and dramatically reduce the vertical
transport of momentum and mass it is desirable both to predict their
location and characterize the exchange processes that occur across

them.

In envirommental fluid mechanics, an understanding of these
mixing processes is essential in determining water quality in water
bodies containing a sharp density interface. The presence of such
an interface, by suppressing fluid turbulence, limits the downward
transfer of pollutants and gases such as CO, and O, from the upper
mixed layers (Fischer et al 1979) and the upward transport of
nutrients to organisms that live in the surface layer (Scavia &
Robertson 1981). It has important consequences in the design of
wastewater outfalls. In the atmosphere severe air pollution

problems may result from the presence of thermal inversions that



inhibit the wvertical transport of pollutants. Here again, a
knowledge of the exchange processes across the inversion layer can
be important in predicting and controlling air quality in the lower

atmosphere.

Several prior attempts (Gartrell 1979a, Kato & Phillips 1969,
Kantha, Phillips & Azad 1977, Wu 1973, Hopfinger & Toly 1976,
Wolanski & Brush 1976, Bouvard & Dumas 1967, Folse et al 1981,
Linden 1975, Crapper & Linden 1974, Hopfinger & Linden 1982, Kantha
& Long 1980, Turner 1968, Thompson & Turner 1975, McDougall 1979a,
Fernando & Long 1983,1985a,b,c, Cromwell 1960, and Rouse & Dodu
1955), both experimental and theoretical, have been made at
observing and modelling the mixing across sharp density interfaces.
However, most of these studies have focused on understanding bulk
quantities, such as the entrainment rate (i.e. the rate of mass
transfer of one fluid into the other) and the thickness of the
interfacial layer, rather than investigating in detail the mechanics
of the processes involved. It is thought that this is probably a
consequence of the limitations in the experimental equipment
available. In as much as these bulk parameters are important, these
studies have been a useful first approach. However, it is felt that
a closer scrutiny of the interfacial layer structure and processes
involved in the mixing is of primary importance to a fundamental

understanding of the problem.



In this work, we report the details of a study on the nature of
entrainment and the structure of sharp density interfaces subjected
to shear-free turbulence induced by an oscillating grid. The thrust
of the work is experimental but also includes the development of a
phenomenological model to aid in the prediction of the interfacial
layer thickness, the rate of entrainment, and the associated
internal waves. The experiments were performed in a two-layer
stably-stratified fluid and involved measurements of both fluid
velocity and the concentration of a tracer element initially placed
in only one of the fluid layers. Velocity measurements were
performed with a laser-Doppler velocimeter and vertical tracer
concentration profiles were determined wusing laser-induced
fluorescence. Refractive index fluctuation problems were avoided by
maintaining a wuniform refractive index in the fluid across the

interface.

A stable stratification inhibits turbulence so that a
continuous supply of energy is needed to sustain the fluid motion.
This can be achieved by use of an oscillating grid located in one of
the fluid layers. Previous experiments by others have used this and
other stirring mechanisms:

- Shear production of turbulence as in stratified shear flows

(Gartrell 1979a, Kato & Phillips 1969, Kantha Phillips

& Azad 1977, and Wu 1973).

- Convective heating or cooling on the surface (Hopfinger



& Linden 1982, and Kantha & Long 1980).

- Oscillating grids (Bouvard & Dumas 1967, Wolanski &
Brush 1976, Folse et al 1981, Linden 1975, Crapper &
Linden 1974, Hopfinger & Toly 1976, Turner 1968, Thompson
& Turner 1975, McDougall 1979a, Fernando & Long 1983,

1985a,b, Cromwell 1960, and Rouse & Dodu 1955).

In our experiments, the oscillating grid was chosen because it
is simple to build and run. Furthermore, with such a geometry the
equations of energy conservation can be greatly simplified since the

mean turbulent kinetic energy flux is one-dimensional.

In the following section we discuss previous theories and
experiments pertinent to the problem. The details of the
experimental method and apparatus are discussed in Chapter 2.
Chapter 3 contains the results of velocity measurements in and near
a density interface and close to a rigid flat plate and discusses
their significance. The results of concentration measurements and
concentration-velocity correlations are presented in Chapter 4. A
simple model for turbulent mixing and entrainment at a shear-free
density interface is also proposed. Chapter 5 is a summary of the

results obtained and the conclusions derived therefrom.
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1.2 Historical Background

1.2.1 Overview

The pioneering experiments of Rouse & Dodu (1955) showed that
when a stably stratified fluid is stirred by an oscillating grid (in
their case located at the base of a container) a mixed layer, whose
depth D increases with time, develops mnear the mixer. The
turbulence decays across an interfacial layer of thickness h located
between the mixed layer and the unmixed fluid. A large buoyancy
jump Ab = 2g(p, - p,)/(py + p;) is created between the two layers,
where g 1is the gravitational acceleration and py and p, are the
densities in the upper and lower layers respectively (see Figure
1.1). Cromwell (1960) constructed a similar experiment, but further
interest in the problem did not develop until Bouvard & Dumas (1967)
and Turner (1968) made some careful measurements. Since then, many
identical or similar experiments have been conducted (Wolanski &
Brush 1976, Folse et al 1981, Linden 1975, Hopfinger & Toly 1976,
Crapper & Linden 1974, Thompson & Turner 1975, McDougall 1979a, and

Fernando & Long 1983,1985a,b).

In these oscillating grid experiments 1investigators have
proposed that an entrainment velocity, defined as u, = db/dt, is
given by a simple law of the form

-

) (1.2.1)
1

ue/(au)o - R
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Figure 1.1: Schematic diagram of the experiment of
Rouse & Dodu (1955)



where o, is the r.m.s. Horizontal velocity and the subscript o here
and subsequently refers to the quantity being measured in a
homogeneous fluid at the same distance from the oscillating grid as
the density interface. Ri is an overall Richardson number defined
by R, = 4b % /(au)oz, and 20 is an integral length scale of the
turbulence defined as the area wunder the auto-correlation
coefficient curve of the horizontal velocity component (when the
velocity measurements are obtained with a rotating probe). It is
interesting to note that some investigators, such as Turner (1968),
used overall Richardson numbers based on the frequency of the grid
oscillation. However, the two different forms of the overall
Richardson number have been shown to be equivalent (Thompson &

Turner 1975).

In his experiments Turner found n = 3/2 when the density
stratification was due to salt. When the stratification resulted
from a temperature gradient, the value of n was found to be about 1.
Turner (1979) suggested that viscosity differences cannot be used to
explain the different values of n. He proposed that the large
differences in ug using salt and heat can only be explained by
consideration of the molecular diffusion of mass or heat as defined
by the appropriate diffusivity x. He added a second dimensionless
number, a Peclet number Pe = (au)o Qo / &, and proposed that the
entrainment velocity would be a function of both an overall

Richardson number and the Peclet number of the form
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ue/(ou)o = f <Ri’Pe)’ (1.2.2)

Turner (1968) suggested that

-1 -1/2
(¢c+ RiPe) , (1.2.3)

u /(o =R,
e/( u)o Rl
where ¢ is a constant. When Pe is small this relationship reduces
to

-1

ue/(au)o ~ Ri . (1.2.4)

When Pe is large (1.2.3) becomes

u /(o) - R, p M

i o (1.2.5)

The work of Turner motivated other investigations of the nature
of the mixing at a density interface and the properties of
oscillating grid turbulence. In the following section we will

discuss the results of some of these studies.



1.2.2  Properties of Oscillating Grid Turbulence

In order to evaluate properly the velocity and length scales of
the fluid turbulence near the density interface several studies have
addressed the problem of the evolution of the turbulence as a
function of distance from the grid. Thompson & Turner (1975), by
using a rotating hot film anemometer and three different grid
geometries, measured r.m.s. velocities and integral length scales
of the turbulence generated by an oscillating grid in a homogeneous
fluid. They found that the integral length scale varied as ¢ ~ z
where z is a vertical distance away from the grid. This is in

agreement with a result by Bouvard and Dumas (1967). Thompson &

Turner also found that the r.m.s. horizontal velocity decayed as
-3/2
o, 2 . However, Hopfinger & Toly (1976) suggested that a
-1
better fit to their data 1is o, "z Other experiments by

Hopfinger & Toly (1976) and McDougall (1979a) using laser-Doppler

-1
anemometry showed that o, "% - The dependence of o, on the

stirring frequency fg was systematically studied by Thompson &
Turner (1975) and McDougall (1979a). They both found that o, " fg
for grids consisting of square bars.

1.2.3 Mixing Near a Density interface

After Turner’'s work clearly showed different entrainment rates
for heat and salt interfaces, other investigators attempted to

explain the differences both theoretically and experimentally. A



problem that confronted experimentalists was that the molecular
diffusivities of heat and salt differ by about two orders of
magnitude and that other suitable solutes with intermediate
diffusivities are unavailable. This made the systematic study of
the problem over a continuous range of Pe very difficult. As a
result, the experimental data that is available tends to be at
either low Pe (using heat) or rather high Pe (using salt or other
solutes with comparable diffusivities). The results at each of
these ranges as well as those obtained at very high Ri will be

discussed next.

1.2.3.1 High Peclet Number Investigations

Previous attempts to estimate the mixing rate near a high
Peclet number density interface in the absence of shear have been
based on the energetics of the mixing process. Linden (1975)
proposed that the rate of change of potential energy due to mixing
is proportional to the total turbulent kinetic energy flux available
at the entrainment interface. This argument leads to a relationship

-1
of the form ue/(au)o ~ R, . However, other studies performed with

i
oscillating grids (Hopfinger & Toly 1976, Turner 1968, Fernando &
Long 1983, and Folse et al 1981) strongly suggest that entrainment

takes place at a rate much slower than that predicted by the

u_/(

e

au)o ~ Ri relationship. Long (1978) extended the results of

the rapid distortion theory of Hunt and Graham (1978) (referred to
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hereafter as HG) to estimate the wvertical and horizontal r.m.s.
velocities at the entrainment interface. Accordingly, large eddies
of the size of the integral length scale of the turbulence tend to
flatten at the density interface, thus transferring the kinetic
energy of the wvertical velocity component to the horizontal
components. Long further argued that the vertical r.m.s. velocity
at the entrainment interface, denoted as W, reduces to a wvalue
corresponding to that appropriate to the interfacial waves, which is
much smaller than the r.m.s. horizontal velocity component near the
entrainment interface. In a detailed analysis Long finds

-1/4 -1/4 .
wh/(au)o - Ri and ue/(ou)o ~ R, . As pointed out by Fernando

i
& Long (1985a), the latter relationship can also be obtained by
assuming that the rate of change of potential energy due to mixing
is proportional to the vertical kinetic energy flux available at the
interface. Experiments by Folse et al (198l) and Fernando & Long

-7/4
(1983,1985a,b) support the ue/(au)o ~ R, behavior, whereas

i
-3/2

Turner (1968) and Hopfinger & Toly (1976) find ue/(au)o ~ Rl

Long’'s model also suggests that the entrainment occurs due to the
breaking of interfacial waves 1in the interfacial layer. This
wave-breaking is éonsidered to occur through a resonance mechanism
in which the forcing is accomplished by the "quasi-isotropic" eddies
of the mixed layer acting on the upper surface of the interfacial
layer (Fernando & Long 1983). Some of the postulates of Long's
(1978) model have been verified by Fernando & Long (1983,1985b) and

Folse et al (1981). However, the mechanism for mixing and



wave-breaking, the flattening of the eddies near the interface in
accordance with the theory of HG, as well as the dependence of the
interfacial wave velocities on Ri have not been experimentally
verified in oscillating grid experiments. McDougall (1979a) carried
out experiments to measure turbulent r.m.s. velocities using an
LDV. Close to the density interface he observed a hint of some
amplification of the horizontal velocity at high Ri but did not have

enough data to assert this with confidence.

Linden (1973) had previously proposed another model for
turbulent entrainment at a high Ri density interface. He
experimentally investigated the effects of a vortex ring impinging
on a sharp density interface and developed a model for the
ring-interface interaction. The model was then extended to
calculate the rate of entrainment at a density interface in the
presence of oscillating grid turbulence. This was done with the
conjecture that, in this particular case, a vortex ring appears to
be a good approximation to a turbulent eddy. Linden found that

-3/2 2
u/u ~ QR , where R, = Ab 1l / u |, is an overall Richardson
e’ s 1 1 s s
number, u and 1s are typical wvelocity and length scales
respectively near the interface, and Q is the ratio of the active
area of the interface (where entrainment is occuring) to its total
area. This result reduces to the entrainment law suggested by

-3/2 .

Turner (1979), i.e. u&/(au)o ~ Ri , if Q is a constant and u

and ls are taken to be equal to (au)o and JLO respectively. However,



the implication that Q 1is a constant as well as some other

assumptions in Linden’s model have not been tested.

The thickness of the interfacial layer h in salt stratified
experiments was determined by Crapper & Linden (1974) using both a
traveling conductivity probe and shadowgraph techniques. They found
h/SL0 to be independent of Ri and given by h/SZ,O ~ 1-1.5. They also
observed that there was no significant difference between their
time-averaged and instantaneous density profiles. Hopfinger & Toly
(1976) also measured h/;L0 and found a clear dependence on Ri which
contradicts the observations of Crapper & Linden. Hopfinger & Toly
also measured hs, the 'static’ thickness of the interface after the
stirrer has been stopped and the turbulent motion had calmed down.
They observed that hS ~ 2 and that (h-hs)/‘hS ~ Ri_ . Measurements
by Fernando & Long (1985b) using a traveling conductivity probe
suggest that at low Ri’ an instantaneous density profile is not a

good indicator of the average profile. They also find that h/D is a

constant considerably less than that obtained by Crapper & Linden.

As evident from the above discussion there 1is considerable
confusion regarding the thickness of the interfacial layer and the
shape of the density profile. Some of these discrepancies might be
partly due to the experimental methods employed. The use of a
shadowgraph might be misleading in determining h because the method
averages over the entire width of the experimental facility.

Moreover, a traveling conductivity probe may produce significant
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perturbations as it penetrates the density interface.

In experiments using different types of solutes, Wolanski &
Brush (1976) concluded that the exponent n in (1.2.1) is a function
of the Prandtl number Pr = v/k, where v is the viscosity. Such an
observation cannot be explained by either Linden’s (1973,1975) or
Long's (1978) theoretical models since both are independent of
viscosity and diffusion effects (at high Reynolds numbers).
McDougall (1979a) suggested that this observation might be due to
non-Newtonian effects exhibited by some of the fluids used by

Wolanski and Brush.

1.2.3.2 Low Peclet Number Investigations

In experiments involving heat as a stratifying agent, Crapper &
Linden (1974) found that molecular diffusion is important in the
determination of the interfacial structure at Pe < 200. 1In this
case they found that a diffusive core is formed at the center of the
interfacial layer across which all transport occurs by molecular
diffusion. Fernando (1986) pointed out that if all transport is due

to molecular diffusion then u, ~ k/h. By invoking the relationship

-1/2

h/£0.~ Pe , a result in agreement with the observations of

-1/2
Crapper & Linden (1974), Fernando obtained ue/(au)O ~ Pe . This

is clearly different from the Ri behavior observed by Turner

(1968). Denton & Wood (1981) suggested that at sufficiently Ilarge

R., u /(o) ~P and that the R. behavior observed by Turner
i e u’o e i
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occurs in a transition between the Ri and the Pe regimes when
ue/(au)o is plotted against Ri' In that work, Denton & Wood
considered that the entrainment at sufficiently large Ri is

predominantly due to molecular diffusion.

1.2.3.3 High Richardson Number Range

At very large Ri’ Turner (1979) suggested that all mixing
curves flatten out and become independent of Ri' Fortescue and
-1/2

Pearson (1967) showed that at very large Ri’ ue/(ou)o ~ Pe in

the context of gas absorption into a water surface. Turner (1979)
-1/2

suggested that their explanation of the Pe behavior, which uses

a theory based on molecular diffusion into the large eddies of

turbulence in the water, also seems aﬁpropriate for a wvery stable

/2
liquid-liquid interface. The Pe dependence is equivalent to

stating that

u, ~ k/h, (1.2.6)
with h given by

h ~ [kr ] , (1.2.7)

where r is the integral time scale of the turbulence near the
o ,

density interface. 1In this case T, may be viewed as the time of



molecular diffusion between overturns.

1

To obtain u /(o ) ~ P at sufficiently high R, when the

e’ *u’o e i

entrainment is governed by molecular diffusion, Denton & Wood (1981)
used (1.2.6) together with h ~ SLO as observed by Crapper & Linden at
high Ri when the stratification is due to salt. Denton & Wood also
suggested that their model could be improved by allowing for a
change in the interface thickness at low Pe as observed by Crapper &

Linden. A consequence of such an improvement implies that the rate

-1/2 -1
of entrainment changes from Pe to Pe as Pe increases for
sufficiently high Ri'
1.3 Goals of the Present Investigation

As evident from the discussion in Section 1.2, there is
considerable confusion in characterizing the structure of turbulent
density interfaces and the dynamics of mixing events. In
particular, there are many discrepancies in measuring the thickness
of the interfacial layer as defined by the temperature or salinity
gradients. Moreover, the mechanisms leading to the instability of
the interface énd subsequent mixing, as well as the
turbulence-internal wave interactions, are not very well understood.
In order to clarify some of these points we undertake in this study
the task of investigating in detail the nature of turbulent density
interfaces by measuring the properties of turbulence mnear such

interfaces, determining the <characteristics of the internal



wavefield (amplitude, velocities, and spectra), and characterizing
the mechanisms that lead to wave breaking and mixing. Moreover, we
measure the interfacial layer thickness, the vertical mass flux, and
investigate the evolution of mixing events. To achieve this, we use
some relatively new non-intrusive techniques, namely laser-Doppler
velocimetry and laser-induced fluorescence. Furthermore, the LIF
technique 1is capable of providing both temporal and spatial
resolution unattainable by conventional methods. We also aim at
developing a simple model to aid in the prediction of turbulent

mixing near a shear-free density interface.
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CHAPTER 2

EXPERIMENTAL METHOD

The experiments described in this work can be divided into five
categories:
(1) Turbulent velocity measurements in a homogeneous fluid.
(ii) Turbulent velocity measurements in and near a density
interface.
(iii) Turbulent velocity measurements near a rigid flat plate in a
homogeneous fluid.
(iv) Linear concentration measurements through a density interface.

(v) Flow visualization using laser sheet illumination.

The experimental procedure and equipment in each of these

experiments is discussed below.

2.1 Tank and Grid

All experiments were carried out in a 3.35m deep glass-walled
tank with a cross section of 1.15 x 1.15m. The tank was designed
and built in the laboratory and construction details are given in
Papanicolaou (1984). A schematic diagram of the experimental
facility is shown in Figure 2.1. The oscillating grid, which
consists of an array of rectangular bars 1.27 cm horizontal by 2.54
cm vertical, was placed in the upper portion of the tank as shown in

Figure 2.1. The bars are placed on 6.35 cm centers thus yielding a
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grid solidity of 36%. The grid solidity was chosen to be equal to
that in previous investigations (Turner 1968, Hopfinger & Toly 1976,
Fernando & Long 1983, Crapper & Linden 1974). A diagram of the
oscillating grid is shown in Figure 2.2. The outside dimensions of
the grid are 109.2 x 109.2 cm. The oscillating grid is supported by
a rigid frame that is suspended from the laboratory ceiling in an
attempt to minimize vibrations that may interfere with LDV and LIF
measurements. A 3 hp DC motor is used to drive the oscillating grid
via a reduction gear box. The rotary motion of the motor is
converted to the vertical reciprocating motion of the oscillating
grid by using an eccentric wheel and sliders. The tendency of the
grid to move laterally was suppressed by the use of four rods guided
by pillow blocks. A side view of the grid, eccentric drive, and
guide rods is shown in Figure 2.3. The stroke of the grid motion
was 6.35 cm with an oscillation frequency in the range of 2.12- 2.32
Hz. The frequency of the grid oscillation was chosen to be the
maximum value attainable without causing excessive vibration
problems. Due to the large size of the grid, a brace was needed to
prevent the grid from excessive deformation. Four pieces of
plexiglass, each being 69.9 x 15.2 x 1.27 cm, were glued together to
form an open ended box. This box was glued to the top surface of
the oscillating grid at a distance of 19.1 cm from each edge, with
the 15.2 cm side being vertical and the 1.27 cm side being placed
directly on top of a grid bar as shown in Figure 2.2. This resulted

in a solid brace that did not alter the grid solidity. It is
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anticipated that the effect of the brace on the flow in the central

parts of the tank is negligibly small.

2.2 Laser-Doppler Velocimeter System

A two-component LDV was used to measure the vertical wvelocity
component and a horizontal component simultaneously at the same
point in space. The transmitting and receiving optics of the LDV
are mounted on a counter-weighted instrument carriage. The carriage
is attached to the tank and provides both vertical and lateral
movement (normal to the plane of Figure 2.1) for the
instrumentation. The LDV employs a 7 mW He-Ne laser (Hughes model
3227H-PC) and uses a two reference beam system. The general optical
layout is shown in Figure 2.1 and the details of the emitting optics
are shown in Figure 2.4. The laser beams are split using prisms and
are directed by a combination of mirrors and lenses to intersect in
the middle plane of the tank. In order to discriminate the flow
direction the frequencies of the laser beams are shifted by 88.889
kHz using two 40 MHz Bragg cells (Coherent model 305). The
amplifiers used to drive the Bragg cells are model 300L RF Broadband
Power Amplifiers manufactured by Electronic Navigation Industries
Inc.. The electronics circuit for the Bragg cell exciters is shown
in Figure 2.5. The length of the probe volumes are 3.6 mm and 8.0
mm for the vertical and horizontal velocity components respectively

(Papanicolaou 1984). The Doppler shift obtained is 1132 Hz/cm/sec
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for the vertical component and 495.8 Hz/cm/sec for the horizontal
component. Other details of the optical set-up are given in
Papanicolaou (1984). The two reference beams and the scattering
beam are focused onto two fast response silicon photodiodes (EG&G

type DT-25) using two 12.5 cm converging lenses as shown in Figure

2.6.

It was found that the amount of particles present in the
laboratory  water supply system was adequate for velocity
measurements. As a result, no seed particles were added to the
water. The laboratory water was filtered using a commercial filter
(Sears) that entrapped large particles present in the water supply.
Details about the characteristics of particles present in the

laboratory water supply are discussed in Papanicolaou (1984).

The pre-amplified signal outputs of the photodiodes are fed to
two identical 1laboratory built signal processors. The signal
processors are of the counter type and include electronic circuitry
for the detection of Doppler bursts. A schematic of one of the
signal processors and the data acquisition system is shown in Figure
2.7. The raw signél from the photodiodes is amplified and band pass
filtered (Krohn-Hite model 3202 filter) at 80 and 100 kHz. The
filtered signal is then fed to two parallel circuits: the first
circuit is a zero crossing counter while the other parallel circuit
is a wvalidation circuit that reinitializes the counting if the

signal falls below a certain preset threshold. This insures that
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the only signals that are considered are due to particles passing in
the central region of the probe volumes. The output of the signal
processor 1s updated at a rate of about 200 Hz. Details of the
signal processor are in Gartrell (1979b). The signal processors
were calibrated before every experiment by using a sinusoidal signal
generator with known input frequencies fi that cover the range of
the expected frequency output of the photodiodes during the course
of an experiment. The corresponding analog output of the processor
Vi was recorded by the computer. From the (fi’vi) pairs a least
square fit of the form fa = A/V + B was determined where fa is the
estimated frequency output of the photodiodes, V is the analog
output of the processors, and A and B are constants. Such a fit
proved to be very accurate and the correlation coefficient was
typically about 1.00002. After determining the constants A and B,
fa (and hence the Doppler shift fD = fé1 - 88.889 ) can be calculated
from the above formula. The velocity is then obtained from fD in a
straightforward manner (e.g. Drain 1980, Durst et al 1976, and

Watrasiewicz 1976).

2.3 Laser-Induced Fluorescence System

The method of measuring concentrations by LIF 1is becoming
increasingly popular. In the last few years Papanicolaou (1984),
Koochesfahani (1984), and Papantoniou (1986), among others, have

successfully used this technique to obtain further insight on the
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nature of mixing in turbulent flows. The technique, as used in this
study, is based on the ability of Rhodamine 6G dye to fluoresce at
wavelengths near 570 nm when exposed to a laser beam having a wave
length of 514 nm. For a range of dye concentrations, the intensity
of the emitted light 1is proportional to the concentration of the
dye. This provides a mnon-intrusive method for measuring
concentrations. The details of the method of concentration
measurement by LIF will not be discussed here but a comprehensive

discussion on this subject can be found in Liu et al (1977).

In our set-up the 514 nm line of a 2 W argon-ion laser (Spectra
Physics model 265) 1is directed vertically downward by the use of a
combination of coated front surface mirrors. The beam then passes
through a small glass window placed at the free surface as shown in
Figure 2.1. Before it enters the water the beam also passes through
a 200 cm converging lens that is placed appropriately so that the
beam is of nearly uniform thickness of about 0.5 mm in the test
section. A section of the laser beam was imaged by an array of 1024
photodiodes (EG&G Reticon model RL1024G) after the original 514 nm
line was filtered-out using an optical filter. The photodiode array
is encased in an LC300A camera from EG&G. This camera is about the
size of, and its operation is analogous to, an ordinary photographic
camera, with the exception that the film 1is replaced by the
photodiode array and its associated electronic circuitry. The array

diodes are in a single row with a center-to-center spacing of 25 um.



The aperture width of each pixel is 26 um. The field of view of the
camera depends on the lens selected and its distance away from the
laser beam. The object resolution is therefore determined by the
field of view. In our experiments a 50 mm f 1.8 Nikon lens was used
and the LC300A camera was supported on a rigid surveying tripod.
The imaged laser beam passes through the center of the tank and the
camera was at a distance of 65-80 cm away from the beam thus giving
a resolution of about 0.3-0.4 mm. The array was scanned by a sample
and hold circuit controlled by a clock, which switches from diode to
diode at an adjustable frequency w, - After scanning the last diode,
there is an adjustable blanking period before sampling the first
diode of the next scan. w_ was supplied by a signal generator and
was in the range of 85-110 kHz. The frequency at which data is
available from each pixel is given by wa/count, where "count" equals
the number of array diodes (1024) plus the blanking period clock
cycles (fixed at 64 in this study). This gives a data output rate
of about 80-100 Hz per pixel. However, due to the large amount of
data generated and the limited disk storage volume, only a fraction
of the available data was digitized and stored on a hard disk.
Typically, we digiﬁized every fourth scan thus yielding a frequency
of about 20-25 Hz per pixel. Alternatively, we could have obtained
these frequencies by using a smaller w, and digitizing every scan.
However, large wvalues of W, help in preserving the sharpness of the
flowfield. A total of 5120 array scans were recorded in the

experiments reported in Chapter 4.



The electronic circuitry included with the LC300A camera
assembly consists of three boards. These are the array board, video
processing board, and the interface board. The array board consists
of an integration counter that determines the number of clock pulses
between start pulses to the array. The video processing board
consists of an integrator, sample and hold <circuit, buffer
amplifier, blanking pulse generator, reset pulse, integrate pulse,
and sample pulse generators, while the interface board consists of a
clock generator, regulator, data comparator, line drivers, and a
line receiver. Other details of the circuitry are included in the
Reticon LC300A manual (1981). The camera is driven by a %15 V DC

power supply.

The analog output of the camera has an amplitude of zero to 1.0
V. Dark noise is typically less than 10 mV, giving a dynamic range
of 100:1. The analog output is digitized using a custom built A/D
(details are in Papantoniou 1986) and then fed to a PDP 11/60
computer through a DMA interface as shown in Figure 2.7. A
description of the data acquisition system is given in Section 2.8

and more details are in Papantoniou (1986).

Before experiments to measure concentration were carried out, a .
calibration was performed in order to account for the effects of
lens aberration, variable beam width, and various imperfections such
as‘ distortions caused by the glass windows. Rhodamine 6G dye was

mixed with dechlorinated water in the tank to yield a homogeneous



fluid with a known dye concentration. The beam was then focused
onto the camera and the average output from 512 scans was recorded
by the computer. A typical plot of the averaged camera calibration
output is shown in Figure 2.8 as a function of the pixel number.
After the calibration was over, special care was taken to insure
that the camera was not touched until the experiment was over.
Calibration curves such as the one in Figure 2.8 were used in
correcting the raw data output from the Reticon array. The dye
concentration during a calibration was determined so as to be within
10% of the dye concentration in an actual experiment. This was
needed since the fluorescent 1light seemed to attenuate as it
propagated through the fluid containing Rhodamine 6G on its way
towards the photo-diode array. It is to be noted that this kind of
attenuation is different from the attenuation of the original
incident laser beam as it passes through the Rhodamine 6G solution.
Within the range of dye concentrations used in this experiment, the
attenuation of the fluorescent light was estimated to be less than
10% of the light received by the array. Another precaution that was
taken to reduce the effects of fluorescent light attenuation was the
positioning of the camera at a higher vertical position than the
density interface. This was needed to insure that all the
fluorescent light incident on the array passed through a homogeneous
solution, i.e., the upper mixed layer, and was therefore attenuated
equally. By positioning the camera above the interface and using

similar dye concentration values in both the calibrations and the
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experiments, errors due to the attenuation of the fluorescent light
are limited to less than 1% of the wvalues recorded by the array.
Details of the use of the Reticon array camera are in Hannoun

(1986) .

2.4 Matching the Refractive Index

It is well known that index of refraction fluctuations create
problems with 1DV measurements. The consequences of these
undesirable effects have been studied by McDougall (1979b) and
Komori et al (1983). They concluded that, in general, the index of
refraction fluctuations induce "pseudo turbulence" in the high
frequency spectrum. To overcome this problem McDougall used two
different solutes (sugar and Epsom salt) to obtain two fluids with
different densities but with matching refractive indices. Due to
the fact that our tank was more than eighty times the volume of the
one used by McDougall, use of Epsom salt 1is not economical.
Moreover, the choice of the solutes is limited so as to avoid the
phenomenon of double diffusive convection, which introduces a
stringent constraint on solute selection. After an exhaustive
search, we have been successful in determining that the refractive
indices can be matched while maintaining a significant density
difference (up to 2.0%) by using ethyl alcohol and common salt as
solutes in the upper and lower layers respectively. In this way,

the phenomenon of double diffusive convection is overcome altogether



since both solutes are stably stratified. In any event, no double
diffusion of the salt finger type was observed in any of the
experiments. Furthermore, alcohol and salt are quite inexpensive
and their molecular diffusivities are approximately equal. A hand
refractometer (American Optics model AO 10419) was used to match the
refractive indices of the two layers. The tank was covered by a
sheet of plastic in order to minimize alcohol evaporation, which was
observed to be negligible after the cover was installed. Other
details of the method of matching the refractive index using salt

and alcohol are in Appendix A.

2.5 Procedure in Density-Stratified Experiments

Prior to the start of an experiment 1involving density
stratification two fluid volumes were prepared with salt and alcohol
as solutes, respectively. After matching the refractive indices and
insuring that the temperature difference between the layers was less
than 0.1 °C, the aqueous alcohol solution (typically 2-3% alcohol by
weight) was allowed to spread very slowly over the lower saline
layer using a carefully designed manifold. The manifold consists of
a perforated horizontal pipe placed at the top of the lower layer.
The alcohol solution was fed to the pipe under gravity and the fluid
that was forced out from the perforations formed a thin sheet and
spread over the heavy layer. To avoid interfacial mixing, the

filling process proceeded at a very slow rate and it took several



hours to stratify the tank. A schematic diagram of the tank

plumbing system is shown in Figure 2.9.

In the two-layer stratified mixing experiments measurements
were not started until the upper layer grew by at least 20% of its
depth at the end of the stratification process. This was done in
order to minimize the effects of any anomalies from the tank filling
process. Due to the transient nature of the experiment, the depth
of the upper mixed layer, referred to as D, is a slowly increasing
function of time. However, we limited the maximum variation in D
during any experiment to 12% of its value at the beginning of the
experiment, thus minimizing the effect of the transient due to
interfacial movement on Ri and other parameters. In the experiments
involving velocity measurements at various distances away from the
interface (Chapter 3), the velocities were measured at a fixed point
in space while the interface was moving downward. Hence, measuring
velocities at different times is equivalent to sampling velocities

at different distances away from the density interface.

2.6 Flat Plate Experiments

Flat plate experiments were performed in a homogeneous fluid,
the fluid being filtered tap water. The flat plate consisted of a
115 % 10.0 x 1.27 cm plexiglass plate which was placed in a position
pafallel to the grid at a distance of 21.2 cm away from the lowest

point of the grid. At this position the width of the plate was
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about five times the integral length scale of the turbulence. Since
the velocities were measured in a plane equidistant from the edges
of the plate, effects due to the finite width of the plate can be

considered to be minimal.

2.7 Laser Sheet Illumination

Visualization of the flow field in the presence of a density
interface was done by illuminating the flow with a sheet of laser
light about 0.5 mm thick and with fluorescent dye added to the upper
mixed layer. The sheet of laser light was obtained by expanding the
514 nm laser beam from the 2 W argon-ion laser using a cylindrical
lens. The advantage of this method of planar illumination is in the
preservation of the flow detail that is masked when the
visualization method averages over the depth of the flow. Pictures
using a 35 mm camera and Kodak ASA 400 film with shutter speeds of
1/250 seconds were obtained. Moreover, extended flow visualization

was carried out by taking 16 mm movie films.

2.8 Data Acquisition and Processing

The analog output of the LC300A camera was digitized using a
custom made analog-to-digital converter (Papantoniou 1986) and then
fed to a PDP 11/60 computer through a DMA interface. The data was
recorded on a DSD 880 Winchester disk as shown in Figure 2.7. The

data acquisition program was based on an assembly language



subroutine that maximized the efficiency of the process. The
program also sampled two AD11-K analog-to-digital converter channels
that were connected to the analog outputs of the two LDV signal
processors. These two AD11-K channels were sampled synchronously at
the end of each array scan. Thus, the velocities were also sampled
at rates of 20-25 Hz. It is to be noted that no mechanism was used
to insure the arrival of both velocity signals at the same time.
However, the new data update rate was about 200 Hz. As a result, we
can deduce that both components of velocity are measured within
about .005 sec. This should not have a significant effect on
velocity correlations. Other details about the data acquisition

process are given in Papantoniou (1986).

In the experiments that involved long velocity measurements
(Chapter 3), LIF measurements were used for the sole purpose of
locating the position of the density interface relative to the point
where the velocities were measured. Due to the large amount of data
generated and the finite disk storage volume, we were limited in
sampling concentrations before the beginning and after the end of
the velocity measurements. Each of the concentration sampling
intervals 1lasted for 90 seconds. From these two concentration

records the mean position of the interface was determined at two

distinct time intervals. Intermediate interfacial positions were
obtained by interpolation  according to the relationship

-3/2
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After the data were recorded on magnetic media, they were
transferred to a PDP 11/24 and a VAX 750 computer where all data
reduction was done. The LIF data were corrected by taking into
account the calibration curve as discussed in Section 2.3. The data
were also corrected for the attenuation of the laser beam as it
passes through the Rhodamine 6G solution by using a relationship of

the form

X
3

I-1, e €Cdxs 2.1
where 1 is the.flntensity of the laser beam after it traverses a
distance x5 in the fluid, IO is the initial intensity of the laser
beam at x3; = 0, C is the dye concentration, and e is the dye
absorption coefficient. The laser beam attenuation is actually
determined by replacing the integral in the last formula with a
summation and using the values of C as obtained from the array
output. The details of the method of correction for attenuation are
discussed in Koochesfahani (1984). The maximum correction due to
beam attenuation was kept to below 20% by using sufficiently low dye
concentrations. lMoreover, due to the fact that the dye
concentration away from the interface is almost constant, large
errors resulting from wmiscalculating the attenuation can be
detected. The determination of the constant ¢ 1is outlined in
Appendix B and other details of the data reduction process are in

Papantoniou (1986). Some of our LIF data were displayed at an image



processor at the Graduate Aeronautical Laboratories at Caltech.
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CHAPTER 3

CHARACTERIZATION OF THE VELOCITY FIELD

In this chapter, we report the details of an experimental
investigation on the nature of turbulence near a density interface.
We start by studying the characteristics of the turbulence generated
by the grid and measuring its spatial evolution. Following that, we
discuss the effects of the density interface on the turbulence
properties and compare these effects to those of a rigid flat plate
inserted in the flow. We also discuss the significance of the
findings and attempt to answer questions concerning the
applicability of the rapid distortion theory in situations where

there is no mean flow (Hunt 1984) and near sharp density interfaces.

3.1 Measurements in a Homogeneous Fluid

In this section we will briefly present turbulent velocity
measurements in a homogeneous fluid. Although other authors have
already reported similar measurements we feel that these results
constitute an important reference for comparison with measurements
across a density interface and near a rigid flat plate. Moreover,
we report here values of the velacity correlation coefficients,
kinetic energy fluxes, and spectra that have not been previously
measured. The grid oscillation frequency for all the experiments

reported in this chapter was fixed at 2.20 Hz. In Figure 3.1 the
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measured r.m.s. horizontal turbulent velocities [au] are plotted
in non-dimensional form against z/a, where z is a distance away from
a virtual origin coinciding with the lowest position of the grid and
a 1s the amplitude of grid oscillation. The wvirtual origin was
determined from the ordinate intercept when z,, a vertical distance
away from an arbitrary origin, is plotted against l/[au] and a
least-square line is fitted to the data. It can be seen from Figure
3.1 that a law of the form [au] ~ 1/z satisfactorily describes the
data. Actually, a different choice of the virtual origin will yield
a different dependence of [au] on z. However, the homogeneous fluid
measurements will only be used in the rest of this study as a
bench-mark for comparison with measurements near a density interface
and a rigid flat plate. It is also worth noting that the virtual
origin for the wvertical r.m.s. velocity, [crw], independently

obtained in a similar fashion, is within 1 mm of the virtual origin

for [ou]. Moreover, [aw] also satisfies a law of the form
[aw] ~ 1/z. The spatial averaging procedure is used to compensate
for the measured variation of 7, and o, in a horizontal plane. The

variation in % in a horizontal plane has a standard deviation of 5%

of [au] at z/a = 6.60, The spatially averaged correlation
* Throughout this paper, the brackets [ ] represent a spatial
average in a horizontal plane along a straight line. In all

homogeneous fluid measurements without the rigid plate, thirteen
points in the central region of the tank separated by 1 cm were used
for the averaging. Also, an overbar denotes time averaging.
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coefficient, [u_’V_JT/ouaW], where u’ and w' are fluctuating horizontal
and vertical velocities, respectively, is -0.023 with a standard
deviation of .07 at z/a = 6.60. More details about the horizontal
inhomogeneities in velocity are given in Appendix C. The average
value of [aw]/[au] is 1.32 for six values of z/a ranging from 2.80
to 7.60. This is slightly higher than the value of 1.2 measured by

Hopfinger & Toly (1976).

From simultaneous measurements of u’ and w' at the same point,

we can obtain the vertical kinetic energy flux term [q2w’'], where
q? = 1/2 (W2 + v'?2 + w'2), In doing so we make an additional
assumption that [v'?w'] = [u'?w'], where v' 1is the fluctuating

horizontal velocity component in a direction normal to that of u'.
This assumption is needed since we do not measure v' and it is
justified on the basis that there is no apparent reason why the time
averaged statistics in the direction of v' should differ from those
in the direction of u', considering the one dimensional nature of
the turbulent energy propagation and the geometry of the
experimental configuration. Accordingly, we will take
q2 =1/2 (2u'?2 + w'2), Hopfinger & Linden (1982) have assumed a
relationship of the form q?w’ ~ au3 for turbulence generated by an
oscillating grid. To test .the validity of such a relationship we
plot [W]l/s/[au] versus z/a as shown in Figure 3.2, From Figure
3.2 it seems that [W]l/s/[au] is a constant function of z/a if we

take into account that the estimated error in [q?w’] is about 15% of
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its value.

The integral time scale of the turbulence r, defined as the
area under the vertical velocity autocorrelation coefficient curve,
was found to be well represented by a function of the form

[r1/17] = O.Ol75[z/a]2 (where [r7]

rof is the wvalue of [r] at
z/a = 7.70) as shown in Figure 3.3. Thus, if we define the integral
length scale of the turbulence as L = [T][Uw], then we obtain
L =~ 0.1 z for our experiments. It is worth noting here that L is
different from the integral length scale % used by some other
investigators. The main difference is that 2 is directly obtained
as the area wunder the autocorrelation coefficient curve when
measurements with a rotating probe are made. However, since our
velocity measurements were obtained at a fixed point, the area under

the velocity autocorrelation coefficient curve represents an

integral time scale.

The Reynolds number, Re = [OWZ][T]/V, is plotted against z/a in
Figure 3.4. We notice that Re is almost constant and does not show
any significant trend for different values of z/a. In Figure 3.5,

we present a power spectrum of the vertical velocity fluctuations at

z/a = 6.60. It is possible to observe a range where the spectrum
-5/3 o

decays as f which seems to follow a prediction of the spectral

decay in the inertial subrange by Tennekes (1975) in the absence of

a mean flow.
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ENERGY SPECTRUM (homogeneous fluid)
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3.2 Measurements in Density Stratified Fluids

As discussed in Section 2.5, the velocity measurements in the
experiments with a density interface were performed at a fixed point
in space with the interface migrating very slowly. The time trace
of velocity is divided into several segments and the position of the
mean interface relative to the measuring volume is calculated for
each segment by interpolation as pointed out in Section 2.8*. The
experimental conditions in the experiments involving velocity
measurements near a density interface are presented in Table 3.1.
In Figures 3.6a and 3.6b, we plot normalized values of o, and g,
the horizontal and vertical r.m.s. components, respectively, as a
function of &/Lo where € is a vertical distance measured from the
mean density interface. From both Figures 3.6a and 3.6b, which
correspond to two different values of the stability parameter Rj’
where R, = Ab L /[o ]2 , we nmnotice that o /o ] 1is amplified,

N o/ 'Tu o u "Tu'o
whereas aw/[aw]o shows a monotonic decay as the interface is
approached. These measurements indicate that there is a transfer of
energy from the vertical component to the horizontal components,
thus rendering the turbulence strongly anisotropic. It is also

apparent from Figures 3.6a and 3.6b that the effects of the density

interface extend to about J;‘/Lo ~ 1. Figure 3.7a shows the energy

* The position of the interface for each data segment is defined as
the mean over the data segment of the vertical position of the point
at which the dye concentration is one half of its value in the mixed
layer.
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Table 3.1

Conditions for the experiments involving velocity
measurements near a density interface

Experiment Lo fg [au]O Ap R.j
number

(cm) (Hz) (cm/sec) (gm/cm3)
1 1.90 2.20 0.50 0.00919 70

2 2.21 2.20 0.42 0.00824 100
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spectra of the wvertical wvelocity fluctuations E for wvarious
non-dimensional distances §/LO away from the density interface,
whereas Figure 3.7b gives the energy spectra of the horizontal
velocity fluctuations. From Figure 3.7a we observe that there is
preferential attenuation of low frequencies (large scales) as we
approach the interface implying that the density interface has a
significant influence on the large eddies. The power spectra of the
horizontal wvelocity fluctuations in Figure 3.7b indicate that there
is a net energy gain at the low frequency end of the spectrum (large
scales) as the density interface is approached. Moreover, the high
frequency ends of all spectra remain virtually unaffected, implying
that the net transfer of turbulent kinetic energy from the vertical
to the horizontal components is confined to small eddy frequencies

or large eddy scales.

It is of interest to see how the profiles of both wvertical and
horizontal turbulence intensities affect the distribution of the
turbulent kinetic energy near the density interface. If we plot the
normalized total turbulent kinetic energy per unit mass, q_z/[c—F}o,
against &/L0 as shown in Figure 3.8 we notice that the wvalues of
?/['q‘f]o are less than 1 for ¢/L_ between about 0.5 and 1.0. A
similar result was obtained by HG for the case of shear-free
turbulence near a rigid boundary. They explained that the decrease

in the energy of the turbulence as being due to a rise in the mean

pressure. Very close to the flat plate, HG predict that the energy
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ENERGY SPECTRUM (with density interface)
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ENERGY SPECTRUM (with density interface)
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of turbulence recovers to its value far from the boundary. Figure
3.8 also shows that ?/[Ei}o exceeds 1 near the density interface.
This result is reproducible in every experiment and at the first
glance seems paradoxical due to the fact that the turbulent kinetic
energy near the interface exceeds its value in a homogeneous fluid.
However, if we plot W/[W]o against §/Lo, we notice that
W/[W]O drops from about 1 at §/L, ~ 1 to zero as §/L,
approaches zero as depicted in Figure 3.9. This implies that the
energy flux divergence increases and thus the energy that was
previously feeding the rest of the tank is now trapped in a layer of
vertical dimension on the order of Lo. As a result, turbulent
kinetic energy per unit mass values close to the interface may

exceed those in a homogeneous fluid.

3.3 Measurements Near a Rigid Flat Plate

In order to compare the effect of a sharp density interface on
shear-free turbulence to that of a rigid flat plate we report in
this section the results of velocity measurements made near a rigid
flat plate. The same set up is used as in the previous experiments
except for the substitution of the two fluid system with a
homogeneous fluid and the insertion of a rigid flat plate in the
flow. The details of the experimental techniques were described in

Section 2.6. The experimental conditions are given in Table 3.2.
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Table 3.2

Conditions for the experiments near
a rigid flat plate

Experiment L f [0 ]

o u‘o
number &

(cm) (Hz) {(cm/sec)

3 2.12 2.20 0.44



In Figure 3.10 we plot [au]/[au]o and (aw]/[aw]o against 17/LO
where 7 1s a vertical distance away from the flat plate and the
subscript o refers to measurements in a homogeneous fluid in the
absence of a flat plate at the vertical location of the flat plate.
Note that for this case, [ ] represents a spatial average of three
measurements in the same horizontal plane along a straight line and
separated by 2 cm. The behaviour of both [ou}/[au]o and[aw]/[aw}o
shows a striking qualitative similarity to the experiments where a
density interface is present. [au]/[au]o is amplified at small

values of n/LO, while [aw]/[aw]o shows a continuous decay as we
approach the rigid surface. Again, the effect of the wall on the

turbulence seems to extend up to r;/L0 ~ 1.

Figure 3.1la presents the enefgy spectra of the wvertical
velocity fluctuations Ew for different distances 77/LO away from the
plate whereas Figure 3.11lb shows the power spectra of the horizontal
velocity fluctuations Eu' We notice that the flat plate is most
effective at transferring energy from the vertical component to the
horizontal components at small frequencies. The high frequency end
of the spectrum is virtually unaffected by the presence of the
plate. This is equivalent to saying that the larger eddies are most

affected by the presence of the plate.

Figure 3.12 depicts the variation of [EE]/[E’Z]O with r)/LO when
the flat plate 1is present. On the same plot the variation of

{?)/[217]0 in a homogeneous fluid in the absence of the plate is
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ENERGY SPECTRUM (FLAT PLATE)
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Figure 3.1la: Energy Spectra of the vertical velocity
fluctuations near the rigid flat plate
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ENERGY SPECTRUM (FLAT PLATE)
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Figure 3.11lb: Energy Spectra of the horizontal velocity
fluctuations near the rigid flat plate
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also shown . We notice that [217]/[;17}0 in the presence of a flat
plate exceeds its value in the absence of a plate at small 7/ LO.
This result can also be explained by the increased values of the
energy flux divergence near the rigid flat plate. Figure 3.13

presents [qzw']/[qzw’]o plotted against n/Lo. It can be seen that

[q2w’]/[W]o decreases from about unity to zero as r7/L0 varies
from one to zero. This implies that the energy flux divergence is
high near the flat plate, and as a result, the turbulent kinetic
energy near the flat plate can exceed its value in the absence of
the plate at the same location. From Figure 3.13, we also notice
that the turbulent kinetic energy per unit mass at about
r)/L0 = 0.5-1.4 is less than that measured in a homogeneous fluid in
the absence of the plate. This might be associated with a rise in
the mean pressure in that region as discussed by HG for shear-free

turbulence near a rigid boundary.

3.4 Discussion

The primary objective of the present investigation was to study
the nature of shear-free turbulence near a stable density interface
and to acquire an increased understanding of turbulent mixing in

stratified flows. The experiments indicate that the density

* It is to be noted that in Figures 3.12 and 3.13 [q?] and [qZw']
are normalized by their values in a homogeneous fluid at the plate
and not by their wvalues in a homogeneous fluid at the same location.
Hence [q?]/[q?] and [q?w’]/[q?w’ ]o in a homogeneous fluid are not
equal to 1. ©
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interface acts, at least qualitatively, in a manner similar to a
rigid flat plate where %, is amplified and o is sharply attenuated
in a layer adjacent to the plate. This can be regarded as being due
to the flattening of the turbulent eddies near the interface/flat
plate. The point at which the maximum amplification in o, occurs is
about 0.1-0.2 L0 away from the interface or the flat plate. The
effect of the interface/flat plate on the turbulence seems to extend

to about one integral length scale away.

The study also determined the turbulence scales that are most
affected by the anisotropy created by either a density interface or
a flat plate. The power spectra of the wvertical velocity
fluctuations show that there is preferential attenuation of low
frequencies (large  scales) indicating that the density
interface/flat plate 1is more efficient in damping large eddies. On
the other hand the horizontal energy spectra indicate that there is
a substantial gain at the low frequency end of the spectrum. 1In
both the horizontal and vertical spectra, the high frequency end was
not significantly affected (since the velocity at the flat plate is
zero the energy spectrum will eventually approach zero in a very

thin viscous layer near the wall where no measurements were made).

One reason why the density interface affects the turbulence in
a very similar manner to the rigid flat plate and flattens the
turbulent eddies may be the sharpness of the density interface.

Figure 3.14 (a-c) presents pictures of the density interface taken
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by illuminating the flow with a sheet of laser light about 0.5 mm
thick and with fluorescent dye added to the upper mixed layer. The
advantage of this method of planar illumination 1is in the
preservation of the flow detail that is masked when the
visualization method averages over the thickness of the tank.
Figures 3.l4a and 3.14b indicate that the interface between the
turbulent and the non-turbulent fluid can be very sharp. This is in
contrast to the findings of Crapper & Linden (1974) who visualized
the flow through a shadowgraph and also determined the interfacial
thickness by using a conductivity probe. It 1is thought that the
determination of the interfacial layer thickness using a shadow
graph can be misleading since the resulting image represents an
average over a large horizontal span. Detailed interfacial layer
thickness measurements using laser-induced fluorescence techniques
that are reported in Chapter 4 support the fact that the interfacial
vlayer thickness h is finite but can be much smaller than

h/fl0 ~ 1-1.5 as determined by Crapper & Linden (1974).

Turner (1968) concluded that the large eddies are entraining
fluid in the form of sheets, which are ultimately mixed through the
whole stirred layer. Although our Figures 3.l4a and 13.14b are
similar to Turner'’s Figure 2a in thét they show eddies impinging on
the interface, movie films obtained in our experiment (using the
same method of visualization) indicate that the large eddies that

impinge on the interface "bounce" back up with no significant



Figure 3.l4a: Picture of the flow obtained using thin
laser sheet illumination. The fluorescent
dye is pre-mixed with the upper layer fluid
which appears light. R, ~ 60. 1 cm in the

picture corresponds to 1.2 cm in actuality



Figure 3.14b: See Figure 3.1l4a for caption



Figure 3.l4c: See Figure 3.l4a for caption. The

cloudiness is due to reflected light

from the rear window of the tank



entrainment of unstirred fluid. The movies also indicate that
patches of turbulence such as those in Figures 3.1l4a and 3.14b might

be the result of local interfacial instabilities that give rise to

patches of intense, small scale turbulence. Such patches occur
sporadically in time and space. Figure 3.l4c also shows some
intermittent mixing processes at a density interface. In this

figure the mixing processes at the right of the picture seem to be
more regular than those depicted in Figures 3.l4a and 3.14b. They
appear to have some of the characteristics of Kelvin-Helmholtz
billows. It is worth noting that the occurrence of mixing events
such as the ones in Figure 3.14c is apparently much less frequent

than mixing events similar to those in Figures 3.l4a and 3.14b.

The findings of our investigation for both the density
interface and the rigid flat plate indicate strong qualitative (and
sometimes quantitative) agreement with the postulates of the theory
of HG. In particular, the amplification of the horizontal
velocities accompanied by a sharp reduction in the wvertical
velocity, the form of the energy spectra, and the distance up to
which the effect of the wall/density interface is felt are all in
accordance with the predictions of HG's theory. At this point, it
is wbrth noting that the theory of HG is valid when the inertial
effects of the turbulence are not important and the vertical energy
flux is zero. However, Hunt (1984) shows that the basic conclusions

of HG are still wvalid even for t>1’0 provided the rate of



dissipation of turbulent kinetic energy is constant over n ~ Lo.
This might explain why our experiments which describe the
steady-state flow near the plate show some agreement with the
results of HG. One observation which is not in good agreement with
the results of HG is the magnitude of the amplification of the
horizontal turbulent wvelocity. Near both the density interface and
the flat plate, 7, is amplified by as much as 40% as opposed to a
maximum of 22% predicted by HG. This discrepancy might be due to
the increased values of the energy flux divergence near the density
interface and the flat plate. Moreover, the decrease in the energy
of the turbulence (compared to homogeneous fluid values) in a region
near the interface and the flat plate is in qualitative agreement
with HG. They argued that the decrease in the energy of the
turbulence is associated with a rise in the mean pressure in the

same region.

. . v .
The thickness of the viscous sub-layer § , where the horizontal
velocity begins to be attenuated, is predicted by HG to be
1/2 . . ]
2 (UTm) , where T is the integral time scale of the turbulence in
the free stream. This prediction holds for times on the order of 7
after the turbulence encounters the wall. In our experiments,
1/2 .
2(uro) is approximately 0.35 cm. The closest point to the plate
that we were able to measure velocities was at 0.25 cm away from the
plate surface. At that point [ou] has not shown any significant

decay. Although we did not measure §” we can still suggest that 5"



12
in our experiments is not larger than predicted by a s¥ = 2<UTO) /

relationship.

Our results are also in agreement with some of the results in
the model proposed by Long (1978). In that model, Long conjectures
that the results of the theory of HG apply to the case where the
rigid plate is replaced by a high Rj density interface. Long also
finds that the large turbulent eddies are flattened near the density
interface and he characterizes the entrainment process as an
intermittent bursting phenomena. Our results and flow visualization
pictures seem to support these arguments. Long also showed that

-1/4
W, =9 Rj << 9, However, we cannot test the validity of such
a relationship from our velocity measurements due to the large
errors that might be involved in measuring very small wvelocities
with our LDV equipment. Nevertheless, we are able to estimate Wy

from the concentration measurements and this will be discussed in

Chapter 4.

As a result of the redistribution of kinetic energy near the
density interface, the kinetic energy in the vertical velocity
component is onlif a small fraction of the total kinetic energy.
Therefore, previous conjectures (Linden 1975) that the rate of
change of potential energy due to mixing is proportional to the
total kinetic energy flux available at the interface may not be

valid.



McDougall (1979b) carried out experiments to measure the
velocities in and near a density interface and in the vicinity of a
rigid flat plate. His results did not indicate any substantial
amplification of the horizontal velocity in the vicinity of the flat
plate. According to McDougall there is a ... hint of some
amplification of the horizontal velocity" at higher Ri but he did
"not have enough accurate data to assert this with confidence".
This observation might be possibly due to the low Reynolds numbers
used in McDougall's experiments (the Reynolds numbers for
McDougall’s experiments were about 40), as opposed to values of
around 120 in our experiments. The HG theory is valid only at high
Reynolds numbers and the experiments of Uzkan & Reynolds (1967) and
Thomas & Hancock (1977) clearly show that high Reynolds number
turbulence 1is necessary for the amplification of the horizontal

velocity component.

It is also worth mentioning here that measurements at about one
integral length scale below the mean interface indicate that the
velocity is very small and is indistinguishable from the noise in
the LDV signal. This suggests that the interface inhibits the
downward transport of the mixed layer turbulence. It is thought
that the motion below the interface is irrotational, and as ai

result, decays exponentially.



CHAPTER 4

CHARACTERIZATION OF THE CONGCENTRATION FIELD

AND THE INTERFACIAL STRUCTURE

In this chapter, we report the details of linear concentration
measurements and concentration-velocity correlations in and near the
density interface. We start by making qualitative observations
about the structure of the density interface. Following that, we
discuss, 1in a more quantitative way, the characteristics of the
interface and the internal wave field. Finally, we present a simple
model for turbulent entrainment at a shear-free density interface

and compare our model with previous experimental findings.

4.1 Preliminary Observations

The most convenient and illustrative method of presenting the
linear concentration data is by displaying them in false color
images using a color video screen and an image processor. Figures
4.1(a,b,c,d) present such images of the flow reconstructed from the
Reticon camera data. 1In these figures, the vertical axis represents
a vertical distance whereas the horizontal axis represents time.
The concentration data, which have wvalues from 0 to 255 (with O
corresponding to fluid with no Rhodamine 6G dye), are color coded
according to the spectrum accompanying Figure 4.1. R. for the

J

experiments presented in Figure 4.1 and in the rest of this chapter
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is in the range 24-98. Rj was calculated based on average values

during an experiment.

In Figures 4.la and 4.1b, which present sequential flow images
at Rj = 24, it can be seen that the amplitude of the interfacial
waves is of the same order of magnitude as the thickness of the
interfacial layer. We can also observe that the shape of the
concentration profile varies with time and cannot be adequately
described by any one specific profile. In particular, an
instantaneous concentration profile does not bear much resemblance
to the average concentration profile, a result which is in
disagreement with Crapper & Linden (1974). The interfacial waves
seem to break intermittently thus giving rise to localized patches
of turbulent fluid. This breaking of the internal waves seems to
occur predominantly at the crests of the waves (i.e., when the
interface is near its highest point of oscillation). After the
occurrence of these local instabilities, some mixed fluid is
transported upwards and ultimately becomes fully incorporated into
the upper mixed layer. As Rj increases, as shown in Figures 4.lc
and 4.1d, the amplitude of the interfacial waves as well as the
thickness of the interfacial layer tend to decrease. Additionally,
theAinterface seems to get 'calmer’ and the frequency of wviolent
overturns decreases with increasing Rj. At Rj = 98 as shown in
Figure 4.1d, the mixing events seem less frequent and not as violent

as at lower Rj’ However, this should be regarded with caution,



since in this case the thickness of the interfacial layer 1is
comparable with the spatial resolution of our equipment. As a
result, some mixing events might go undetected. Quantitative
results concerning the thickness of the interface and the properties

of the internal waves will be presented in Section 4.2.

In Figure 4.2, a 30 s time-averaged concentration profile at
Rj = 24 is shown. An instantaneous concentration profile obtained
in less than 10 ms is also presented. We can observe, in a more
quantitative way than in Figure 4.1, that the instantaneous
concentration profile does not bear much resembance to the average
profile. This is thought to be due to both (i) the contribution of
internal waves to the average thickness of the interfacial layer and
to (ii) the temporal change in the shape of the instantaneous
profile. The significance of the internal wave motions in
determining the time-averaged concentration profile depends on the
ratio of the amplitude of the internal waves to the instantaneous
thickness of the density interface. The larger this ratio, the more
important the interfacial wave contribution will be. It will be
seen from results in Section 4.2 that this ratio increases with
increasing Rj. The temporal change in the shape of the
instantaneous profile is determined by the dynamics of the interface
and the occurrence of instabilities and mixing events. It can be
observed from Figure 4.1 that the temporal variability in the shape

of the instantaneous concentration profile decreases with increasing
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It is of interest to further 1investigate the intermittent
mixing events within the density interface. Figure 4.3 presents a
time history of the vertical velocity component at a point near the
interface for the same experiment depicted in Figures 4.la and 4.1b.
The vertical position of the point at which the velocity was
measured is marked on Figure 4.la. Moreover, the dye concentration
C at that same point, normalized by the time-averaged concentration
in the upper mixed layer Cu’ is also shown. Another quantity that
is presented in Figure 4.3 is ¥ = [1-C/Cu]w which represents the
vertical flux of the clear (lower) fluid. 1In this particular case,
Y is more useful as an indicator of interfacial activity than
(C/Cu)w, the wvertical dye flux. This 1is a result of ¥
preferentially disclosing motion of lower fluid mixing into the
upper layer fluid as shown in Figure 4.3. The temporal relationship
between Figure 4.3 and Figures 4.1(a,b) is established by the use of
alphabetically labelled arrows that correspond to the same instants

in time.

Event A depicted in Figure 4.la indicates that some lower layer
fluid 1is being ejected upwards. An examination of Figure 4.3
indicates that at A the vertical velocity maintains significant
upward (positive) wvalues. Figure 4.3 also shows that ¥ remains
pdsitive for about 5 seconds. These observations imply that Event A

represents a situation where there is a net vertical mass flux and
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can hence be labeled a mixing event. On the other hand, ¥ in Event
B switches signs in going from positive to negative. The net
vertical mass flux associated with B is small. This implies that
the observed behaviour at B is due to an interfacial wave since the
net vertical mass flux associated with internal waves is zero. An

examination of Figure 4.la also supports this observation.

Other occurrences of events leading to a net vertical mass
transport can be determined from an examination of ¥ in Figure 4.3.
There are several discrete positive peaks in ¥ without accompanying
comparable negative values. The arrows labeled C, D, E, G, and H
all indicate such events. Another observation that can be made from
Figure 4.3 1is that the vertical velocity maintains significant
upward values for these events. The length of time during which w
is upward is usually longer than the time ¥ remains positive for the
individual events. The flow images at E and G in Figure 4.1b
clearly reveal that some fluid is being ejected upwards whereas the
processes involved at C, D and H are less obvious. However, we can
notice that at C ,D, and H the interfacial structure is abrupt and
pointed and does mnot exhibit the smoothness associated with
relatively uninterrupted internal waves (such as B). The event
marked F indicates that % switches sign from positive to negative.
The net flux of clear fluid associated with F is upward since the
net area under the P curve in the vicinity of F is positive. All

these observations, when viewed in their entirety, indicate that the



intermittent mixing events occur sporadically in time.

4.2  Characteristics of the Interface and the Internal Wave Field

In this section we will present some quantitative results
concerning the dynamics of the density interface and the internal
wave field. Figure 4.4 presents concentration contours of C/Cu.
Three contours are shown corresponding to C/Cu = a with o taking on
the values 0.1, 0.5, and 0.9. To obtain a certain C/Cu = @ contour
the following procedure was followed: (i) for each array scan
determine, starting from the bottom of the scan, the wvertical
position of the first point at which C/Cu exceeds a; (ii) repeat
(1) for every scan; (iii) plot the vertical position versus time.
One consequence of the use of this method for determining contours
is its inability to determine multiple occurrences of C/Cu = a in
the event of concentration inversions. However, the fraction of
time at which there is an inversion in the concentration profile is

small in all our experiments.

Contours similar to the ones presented in Figure 4.4 are very
useful in studying the dynamics of the density interface. The slope
of a least-squares straight line fitted to a particular contour is a
measure of the vertical velocity u, of the interface. Such
least-squares lines were obtained and a representative one is shown
in Figure 4.5. The results indicate that ue/[a ] - Rj_n, with n

u o

being close to 3/2 as shown in Figure 4.6. This result is in
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Figure 4.6: Variation of u /(au]o with the
overall Richargson number Rj



agreement with Hopfinger & Toly (1976) and Turner (1968). The
variables in the experiments discussed in this chapter are given in
Table 4.1. The magnitude of the deviations of a certain contour
from the least-squares straight line, denoted by x, yields a measure
of the amplitude of the interfacial waves. To determine a
representative quantity that characterizes the amplitude of the
internal waves, we located the C/Cu = 0.1, 0.5 and 0.9 concentration
contours for each experiment and then determined the least-squares
best fit line for each of these contours. The r.m.s. value of x
was then computed and its average for the three different contours
in each experiment, denoted by ¢, was determined. ¢ is an overall
measure of the amplitude of the internal waves. The averaging
procedure was used to compensate for the limited length of record

available in each experiment.

Figure 4.7 presents a plot of g’/Lo versus Rj' It can be seen

that a relationship of the form g/Lo ~ Rj provides a good fit for

the experimental data. Actually, a least-squares line fit to the

-.91 -1
data yields g‘/L0 ~ Rj . A g‘/Lo ~ Rj relationship implies that

¢ ~ [ou]oz/Ab, i.e., the amplitude of the interfacial waves 1is

determined by the relative magnitude of the kinetic energy of the

eddies and the buoyancy jump across the density interface.

If z is a vertical distance to a certain contour line measured
c

from an arbitrary origin as shown in Figure 4.5, then w, = d(zc)/dt

d

represents an instantaneous vertical velocity of the internal waves.



Experiment
number

10

11
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Table 4.1

Conditions for the experiments involving

(cm)

1.

60

.70

.90

.84

.17

.95

.15

.39

concentration measurements

(Hz)

2.12
2.32
2.20

2.25

*

(o]

u-‘o

(cm/sec)

0.60
0.60
0.48
0.54
0.46
0.49
0.45

0.40

Ap

(gm/cm3)

0.

0

0.

o was calculated based on values at f

00541

.00693

00478

.00664
.00579
.00767
.00737

.00671

= 2.20 using

24

32

38

41

58

61

77

98
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Figure 4.8 presents w, as a function of time obtained from the

d
C/Cu = 0.5 concentration contour at Rj = 24, Every tenth point in
the original concentration contour was used and the deriviative was
calculated by taking the difference between two adjacent points. No
smoothing or filtering was applied. The r.m.s. value of w4 was
determined and the average of the r.m.s. values from the
C/Cu =0.1, 0.5 and 0.9 contours, referred to as W, was then
computed. Here again, the averaging procedure was used to
compensate for the limited time record in the experiments. The
quantity W is a measure of the vertical velocity of the internal
waves. Figure 4.9 presents w.l/[au]0 as a function of Rj' It can be
observed that W is well represented by a relationship of the form
-1/2
Wi/[au]o ~ Rj . After the determination of interfacial wave
amplitudes and velocities we obtained a measure of the internal wave
frequency n defined as n = cl(wi/g) where c,; is a constant. By

-1/2 -1

invoking the wi/[au]o -~ Rj and g‘/LO ~ R.j relationships we

1/2
obtain n_ - (Ab/LO) . It is to be noted here that if most of the

energy resides in the lowest internal mode as wusually is the case
when the thermocline is relatively sharp (Phillips 1977), then n_ is
approximately equal to the frequency of the lowest internal wave

mode.

The vertical concentration gradient in each scan was determined
by evaluating the spatial derivative of the concentration profile.

The derivative was computed by taking the difference in
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concentration as defined by adjacent pixels. The maximum value of
the wvertical concentration gradient was obtained and its average
over time, denoted by C’, was computed. The maximum average
Brunt-Vidisdld frequency in each experiment Nm was computed using
Nm2 = (ET/Cu)Ab*. A plot of Nmz/(Ab/Lo) versus Rj is shown in
Figure 4.10. It can be seen that the data for Rj < 50 can be well
represented by a relationship of the form Nm2/(Ab/LO) ~ Rjz. At
higher Rj the interface becomes sharp enough so that the calculation
of €' becomes significantly affected by the limited spatial
resolution. For example at Rj = 61 the calculated C’ equals
0.49 Cu/Az where Az 1is the spatial resolution of the camera which
was 0.038 cm in that experiment. We anticipate that the effects of
limited spatial resolution become _important when C” is about
.5 Cu/Az. As a result, we can conclude that at Rj > 50, we are

underestimating Nm because of limited spatial resolution. Hence,

the results for Rj > 50 should not be viewed with much confidence.

* It is worth noting that the concentration and density gradients
are essentially equivalent if molecular diffusion is not important.
This is the case because the fluid density is an almost Llinear
function of the solute concentration, considering the very low
solute concentrations used in this study (Weast 1976). As a result,
the wvalue of N_ based on the concentration gradient will be
approximately equgill to that obtained from using the density gradient
when the above conditions are satisfied. Moreover, the
diffusivities of the solutes used are close. & for salt is 1.48 x
105 cm?/sec (Weast 1976), that for alcohol is 1.24 x 107% cm?/sec
(Reid & Sherwood 1966), and the diffusivity of Rhodamine 6G may be
estimated from formulas given in Reid & Sherwood (1966) to be about
0.8 x 105 cm?/sec. When molecular diffusion becomes important, the
tracer will not follow the solutes and the LIF method will
breakdown.
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2
They provide only a lower limit on Nm /(Ab/LO)‘ If an interfacial
layer thickness hc is  defined as hc = Cu/ C'", then the

2 2 -2
NIn /(Ab/Lo) ~ Rj relationship would lead to hc/Lo ~ Rj

The results of saline density profile measurements at high Pe
obtained by Crapper & Linden (1974) indicate that h/S&o is constant
with Rj' In Crapper & Linden's experiments h was determined by
least-squares fitting a straight line to the central 50% of the data
points (at least 20 points) in the interface and extending this line
until it intersected the mean density in the upper and lower layers.
In the instances when the interface is sufficiently sharp in our
experiments the determination of the interfacial layer thickness by
a method similar to that of Crapper & Linden is not possible. This
is due to the fact that the number of points with concentrations
between 0.25-0.75 Cu’is usually much less than 20 and and can be as
low as zero. This makes a direct comparison with the results of
Crapper & Linden impossible. Although there is some difference in
the method used to calculate h and hc, it is thought that these
differences cannot account alone for the discrepancies in the
observed dependance of h/S&o and hC/L0 on Rj' It is also worth
noting that values of hc/Lo as small as 0.03 were observed in our
experiments. This is much smaller than the h/Q'o = 1-1.5 values in
Crapper & Linden. Some of the discrepancies in the interfacial
thickness measurements may be due to the difference in spatial

resolution between the two experiments. Crapper & Linden used a
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conductivity probe traveling at 5 cm/s with a vertical resolution of
0.1 cm. Since the probe was traveling the actual resolution exceeds
0.1 cm and depends on the frequency response of the instrument and
the "washing" of the probe. The wvertical resolution in our

experiments was in the range of 0.03-0.04 cm.

It is to be noted that the Rj range is limited in our
experiments due to some practical considerations. At very small R,
the interface migrates very quickly, and as a result, we are not
able to obtain records that are long enough for statistical purposes
at fairly constant Rj' High values of Rj may be obtained by either
increasing the density difference, increasing the depth of the upper
layer, or decreasing the grid oscillation frequency. The latter
option was not used because the Reynolds number would have been
substantially lowered. Moreover, the density differences that were
used were kept low so as to reduce the effects of refractive index
fluctuations., The depth of the upper layer D was kept to below 25
cm to eliminate the undesirable wall effects observed by Fernando &
Long (1983) at large D. Additionally, higher Rj values were not

used because the resolution of the equipment becomes a limiting

factor for Rj > 50.
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4.3 Entrainment Model

Phillips (1977) has theoretically investigated the evolution of
infinitesimal disturbances at a sharp density interface in the ocean
in the absence of mean shear. He studied a case when the
Brunt-Vaisdld frequency is appreciable only within a small depth
surrounding the thermocline. The analysis was focused on the lowest
mode of the internal wave at the interface. For the case when the
layer above the thermocline is only a small fraction of the 1local
depth, Phillips showed that the frequency of the first mode internal
waves w is given by

w? = (4b)[gk/(l+coth(kd))],

where k is a horizontal wave number and d is the depth of the layer
above the thermocline. In the special case that k ~ 1/d the above
relationship reduces to w? = Ab/d. This last relationship 1is
equivalent to a result obtained in Section 4.2, namely na"' ~ Ab/Lo,

if we take into account that L0 = 0.1D.

Phillips then investigated the degradation of the first
internal wave mode and considered the possibility of occurrence of a
dynamic instability in the thermocline where the maximum rate of
shear U'm induced by the internal waves is maximum. He postulated
that if the rate of shear induced by the lowest mode 1is large
compared with the rate at which the basic flow changes, i.e., if

U’ >> w, then it might be anticipated that the stability criteria
m
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developed for stratified shear flows (Miles 1961) would be relevant
for the case of the lowest internal wave mode at a relatively sharp
thermocline in the absence of mean shear. Motivated by the results
of instability theory in stratified shear flows, Phillips
investigated the possibility of occurrence of similar interfacial
instabilities when the local gradient Richardson number J < 1/4 for
the case of the lowest internal wave mode at a sharp density
interface. The local gradient Richardson number J, defined as

2
J = (Nm/U’m) , was calculated by Phillips for this case to be

-2 -2 -2
J = {Nm/w - w/Nm} k s

where s is the amplitude of the thermocline displacement. When the

wavelength of the internal wave is large compared with the
2 -

thermocline thickness, i.e., w << Nm, we obtain J = (w/Nm) (ks)

The condition J = 1/4 yields a limiting slope

(ks)m = Zna/Nm (< 1).

Phillips suggested that if the energy supply to the internal
wave mode continues after the above limiting condition is attained,
a local instability may develop, with a length scale of the order of
the interfacial layer thickness, giving rise to a patch of intense,
small scale turbulence. Phillips added that the energy acquired

(and then ultimately dissipated) by the turbulence is at the expense
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of the internal wave, so that an occasional local instability of
this kind can restrict the magnitude of the internal waves in a
similar fashion to the way breaking limits the growth of surface

waves.,

The possibility of the occurrence of such an instability in our
experiments will be investigated next. To compare our experimental
results with the theory we will take s ~ ¢ since ¢ is a measure of
the amplitude of the interfacial waves. If we take k -~ l/Lo *, then
it follows that w ~ n, and J ~ (Lo/g‘)z(na/Nm)z. The assumption that
n << Nm was used and is valid because in our experiments Nm ~ 5 Hz,
whereas n_ as determined from visual observations of concentration
contours is about 0.1  Hz. A plot of Ji, defined by
Ji = (Lo/g)Z(na/Nm)z, versus Rj’ is shown in Figure 4.11 and
indicates that Ji is constant with Rj (Rj < 50). For Rj > 50, the
Nm values are significantly affected by the limited experimental

spatial resolution as previously discussed, and as a result, we

anticipate that the Ji values are overestimated. Actually, if we
-1

]

use the results from Section 4.2, i.e., ¢ ~ LoR and

2 2
Nm /(Ab/Lo) ~ Rj ‘(Rj < 50), we obtain Ji = constant.

* The assumption that k ~ 1/L  implies that the wavelength of the
lowest internal mode is setoby the integral length scale of the
turbulence near the interface (or equivalently the depth of the
upper layer). The consequences of this assumption will be discussed
later.
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The facts that ma2 ~ (Ab/Lo) and J = constant for a range of
Rj, when viewed by themselves, may not provide sufficient evidence
that an instability similar to the one discussed by Phillips (1977)
is limiting the amplitude of the lowest mode waves. To further test
the applicability of Phillips’ theory to our experiments, we will
compare the theoretical predictions of the amplitude of the
interfacial displacement and the internal wave spectra with our

experimental results.

Phillips (1977) had calculated the mean square displacement of
the thermocline aki when the process of local breakdown described

above limits the amplitude of a single wave train with wave number

k. He found

2
> 2 = 2
ay Zna /(Nmk) .

If most of the total energy resides in the lowest mode, as is
usually the case when the thermocline is relatively sharp (Phillips
1977), then the internal wave amplitude is approximately determined
by the mean square displacement of the thermocline due to the first

2
mode. This implies that s ~ «

2 -2

2
x = 2(wLo/Nm) ~ Lo Rj , if we take

k ~ ]./LD and w ~ n, for the lowest internal mode. This result is

equivalent to our experimental observation in Section 4.2, namely

-1

g/Lo ~ Rj , 1f we take s ~ ¢.
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If the lowest mode waves are visualized as a random succession
of wave groups at different wave-numbers, and if the growth of all
wave-numbers is limited by an instability similar to the one
discussed above, then the spectrum of the internal waves &(d,f)

where f is the frequency is predicted (Phillips 1977) to be

2 -1
&(d,f) ~ (dAb/Nm YE , f<«<w

2 -2 -3
~ (Ab) N f , w << f <K<K N _.
m m

An internal wave spectrum, obtained by a fast-Fourier transform

applied to the C/Cu = 0.5 contour at Rj = 24 is presented in Figure

-3

4,12, An £ range 1s observed for a range vwhere n, < f < Nm.

Moreover, spectra from different experiments, normalized by
2 - 2 2

(Ab) Nm with Nm - (Ab/Lo)Rj , are shown in Figure 4.13. All the

spectra collapse, thus giving support for Phillips’ theory. If we
use the actual measured NIn to normalize the spectra for Rj > 50, the
collapse is not as good. This might further indicate that Nm values
in that range are significantly attenuated by the limited

experimental spatial resolution.

The close agreement between our experimental results and the
theory suggests the existence of a saturated wave field at the
density interface and reveals that the process of local breakdown is

limiting the growth of various wave number disturbances. The form
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of the spectra, the behaviour of the wave amplitude and frequency,
as well as the constancy of J with Rj are all in agreement with the
theoretical model. This agreement between the theory and the
experiments, after invoking k ~ 1/LO, suggests that  this
relationship might be valid, thus implying that the wavelength of
the lowest mode internal waves is determined by the large turbulence
scales. This is not surprising in view of the flattening of the
large eddies near a density interface as observed in Chapter 3. As
a result of this flattening, we might anticipate that the largest
eddies in the mixed layer impose the largest horizontal length scale
of the internal waves. The flow images shown in Figure 4.1 also
provide qualitative support for the above theory in that they show
that the breakdown of the internal waves is a sporadic intermittent
process. The images also seem to indicate that the length scale of
the interfacial instability is comparable with the thickness of the
interface. The events marked A and E in Figures 4a and 4b clearly

show that.

In order to calculate the rate of entrainment at a shear-free
density interface, we have to determine (i) the volume of fluid
entrained in individual mixing events and (ii) the frequency of
occurrence of these events, fm. The above theory indicates that the
length scale of the interfacial instabilities is of the same order
as the thickness of the interfacial layer. This suggests that the

volume of fluid entrained per unit area per event is proportional to
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hc. The quantity fm could not be determined in the experiments, but
in general, it may be expressed as fm T, = G(Rj) where G 1is some
function. Furthermore, we may write:
u, = (volume entrained per event per unit area) x

(frequency of occurrence of mixing events)

or,
u, -~ (hc) X fm

thus,

ue/[au]o - hc fm/[au]o - fm "o Rj

The experiments of Fernando & Long (1983) and Folse et al
-7/4
3 whereas Hopfinger & Toly (1976) and

-3/2
Turner (1968) found that ue/(au)0 ~ R.j . These results imply

-1/4 1/2

either that (fmTo) ~ Rj or (fmro) ~ R.j respectively. We may

indicate that ue/(au)0 ~ R

thus conclude that the frequency of mixing events is a decreasing
function of Rj’ a result which is in agreement with our wvisual

observations in Figure 4.1.

It is anticipated that the decrease of hC/Lo with Rj cannot
continue indefinitely. We suggest that a lower limit on }%: at
sufficiently high Rj is determined by molecular diffusion. A
possible scaling of the interfacial thickness under these conditions

1/2 -1/2
is h -~ (x7 ) which yields h /L ~ P . The latter result was
c o ¢’ o e
observed in heat stratified experiments when the iInterface Iis

governed by molecular diffusion (Crapper & Linden 1974). The above

conjecture implies the existence of a cut-off region in which the
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processes determining the interfacial structure are altered. The

-2

cut-off point is obtained when hC ~ LoRj becomes of the same order
1/2 -2 1/4
as (kt ) , i.e., LR, ~ &L /[o.] . This yields an R, ~ P
o 0] o/ *"u'o i e

criterion for the onset of diffusive effects. In Figure 4.14 we
plot RjPe-l/4 = constant in the Pe—Rj plane. Below the line and
sufficiently far from it we expect the interfacial structure to be
governed by molecular effects. Sufficiently above the 1line the
interfacial structure can be described by the local wave breakdown
model as discussed in this chapter. It is also worth noting that
for small enough Rj’ say Rj < (Rj)a, the buoyancy effects are not

important and the upper layer grows in a similar fashion to a

turbulent front in a homogeneous fluid.

4.4 Discussion

This chapter presents a simple model for turbulent entrainment
at a shear-free density interface. The entrainment process and the
interfacial structure are proposed to be, in general, functions of
Peclet and overall Richardson numbers. The model suggests the
existence of three distinct entrainment regimes where  the
interfacial dynamics are governed by different force balances. At
ver}; low Rj’ i.e., Rj < (Rj)a’ it is expected that the buoyancy
effects are negligible and the mixed layer grows in a similar
fashion to a turbulent front in a homogeneous fluid. For

1/4
(Rj)a << Rj <L ,BPe , where B is a constant, the interface may be
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characterized by the existence of a saturated wavefield and the
occurrence of intermittent and sporadic local instabilities that
1/4

provide a mechanism for fluid mixing. At R, >> ,BPe the

interfacial structure is governed by molecular diffusion.

Although no experiments were carried out within the last range,
our experiments suggest that due to the sharpening of the interface
with increasing Rj’ molecular effects are bound to become important
at sufficiently high Rj. For example, a simple calculation shows
that for hc of about 0.05 cm, as obtained in our experiments at
Rj = 98, fc/hc, which presents an estimate of the molecular flux, is
about 2){]_0_4 cm/sec. The measured u, at Rj = 98 1is 8}{10_‘1 cm/sec.
This implies that the molecular flux contributes a significant
amount to the total mass flux at Rj = 98. Actually, hC = .05 cm at
Rj = 98 provides a high estimate for the interfacial thickness.
This is due to the limited spatial resolution of our equipment as
discussed in Section 4.2. The above calculation suggests that

2 5
molecular effects become important at Rj ~ 10 for P ~ 10

e
Turner’'s (1979) results suggest that molecular effects become
important at Ri ~ 10 for his heat-stratified experiments. Pe in

those experiments is estimated to be about a factor of 2000 lower
4

than our experiments. The Pe ~ Rj scaling for the onset of

diffusive effects implies that, based on Turner’s findings, we

expect diffusive effects to become significant at

1
Ri ~ 10 (2000) ~ 50 in our  experiments. Considering the
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different methods for obtaining the integral length scale of the
turbulence in the calculations of Rj and Ri and taking into account

that the point at which the diffusive effects become important is

1/4
not defined very precisely, the Pe ~ Rj relationship seems to

provide a good scaling for the onset of molecular effects when heat

and salt experiments are compared.

When the interface is governed by molecular diffusion, i.e.

-1/4
sufficiently below the RjPe = constant line, we anticipate that

the rate of entrainment will be proportional to both the

concentration gradient and the appropriate diffusivity «, i.e.

b

u, -~ /c/hc. Denton & Wood (1981) had previously used a similar

relationship with h ~ JLO (or alternatively hC ~ Lo) as determined by

-1
Crapper & Linden (1974) at high Pe. This leads to a ua/(ou)0 ~ Pe

relationship. If we use hc ~ (k7 ) as suggested by our
experiments we obtain ue/(au)o ~ Pe , a result which is in
agreement with the findings of Fortescue & Pearson (1967) who

determined the rate of entrainment at high Rj in the context of gas

absorption into a water surface.

The model we are proposing is similar to the one presented by
Denton & Wood (1981) but with the following major exceptions: .
(i) our model is wvalid at all Pe as opposed to the low Pe limitation

in Denton & Wood’'s model and (ii) when the interface is governed by

-1/2

molecular diffusion we suggest a ue/(au)o ~ Pe as opposed to the

ue/(au)o ~ Pe relationship proposed by Denton & Wood. The
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-1/2 -1
differences between the Pe and Pe relationships may be
-1/2
gsignificant. In particular, the Pe dependence, when taken in
-2
conjunction with hc/Lo ~ Rj , provides a criterion for the onset of

molecular effects that 1is in agreement with the experimental
findings as discussed above. On the other hand, the ue/(au)o ~ Pe-1
relationship, when used with h/J% ~ constant, cannot predict the
prevalance of molecular effects at high Pe as observed in our

experiments.

Turner (1979) had reported that in heat stratified experiments

-3/2
by C.G.H. Rooth, where Pe was varied over a wide range, an Rj
range was observed. As Pe was reduced, the curves broke away from

-3/2
the Rj line at successively lower values of Rj’ rising above it

with decreased slope as molecular diffusion increases the transfer
rate. This last observation is in qualitative agreement with our

model.

1/4
Our model suggests that for (Rj)a << Rj << ﬂPe / , the

turbulence in the upper layer induces the internal wavefield at the
interface. Furthermore, it is the breakdown of these internal waves
that generates local mixing events. This turbulence-wave-turbulence
model is different from some earlier ideas about mixing near a
shear-free density interface, which postulated that the large eddies
in the mixed layer are directly responsible for entraining unstirred
layer fluid. For instance, Turner (1968) suggested that the mixed

layer turbulent eddies directly entrain unstirred layer fluid which
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becomes ultimately incorporated in the mixed layer. Moreover,
Linden (1975) suggested that the rate of change of potential energy
is proportional to the kinetic energy flux near the interface. Such
an energy argument indicates that the kinetic energy of the eddies
is directly converted into potential energy as the eddies impinge on
the interface. The work of Linden (1973), in which he studied the
effects of vortex rings impinging on a sharp density interface, also
suggests that the entrainment occurs after each eddy impinges on the
density interface. Although Linden (1973) postulated that the
mixing occurs after the recoil of the interface and not by direct
entrainment of fluid by the large eddies, the main idea is that
mixing occurs after the arrival of every eddy at the interface.
However, our flow images in Figure 4.1, the flattening of the eddies
near the density interface (Chapter 3), and the observations
concerning the internal wave field in Section 4.2 all suggest that
the mixing is a result of local wave breakdown and is not due to
direct entrainment of unstirred layer fluid by the individual large
turbulent eddies. The major idea in our work is that the mixing is
occurring sporadically and intermittently and is related to the
mixed layer turbulence only through the internal wavefield.
Moreover, it is also thought that the turbulence in the upper layer
is not very essential for the growth and the instability of the
internal wave field. Alternatively, irrotational disturbances in
one fluid layer may yield similar interfacial structure and dynamics

as in our experiment. Actually, Phillips’ (1977) theory assumes
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irrotational flow near the density interface. The close agreement
between our experimental results and the theory suggests that the
rotational aspect of the oscillating grid induced turbulence may not

be very essential to the problem.

Although the large turbulent eddies in our experiments are
flattened at the density interface and the mixing occurs
intermittently as postulated by Long (1978), the model proposed in
Section 4.3 is essentially different from Long's arguments. Two
major differences between our experimental results and Long's model
are in the functional dependence of the interfacial wave velocities
and the interfacial thickness on the overall Richardson number. 1In
our experiments, we find that hc/L0 is a fast decreasing function of

Rj as opposed to h/Qb = constant in Lbng’s model. Moreover, we find
-1/2 -1/4

that wi/[ou]o ~ Rj as opposed to wh/(au)o ~ Ri as predicted

by Long where Wy is defined as the r.m.s. vertical velocity of the

interfacial waves. Although the definitions of W, and w, may be

h
-1/2
slightly different, the wi/[au]o ~ Rj relationship provides a

-1/4
better fit to our data than a wi/[o ] ~ R, relationship.

u’o j
Furthermore, Long's model cannot account for the significant

molecular mass flux that was observed in our experiments at Pe ~ 10

2
and R, ~ 10
J

The realization that molecular effects might be important even
5
at P ~ 10 ©provides a possible interpretion of some of the
e

observations of Wolanski & Brush (1976). They suggested that the
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rate of entrainment is a function of both an overall Richardson
number and a Prandtl number Pr = v/K. An inspection of their
entrainment rate versus Richardson number plots suggests that the
various curves corresponding to different solutes (except for the
case of clay as a "solute") may be viewed as breaking away from an
Rj-n line (with n about 2) at values of Rj that become succesively
higher as Pr (and consequently Pe’ since v 1is almost constant)
increases. This is in qualitative agreement with our model. A more
quantitative comparison is difficult to make because the errors
involved in translating Wolanski & Brush’s form of the overall
Richardson number to a form similar to the one used in this analysis
might be large. It is worth mentioning that Wolanski & Brush
concluded that their mnon-dimensionalized entrainment rates are
independent of Pe. However, our model predicts that the dependence
of the entrainment rate on Pe is wvariable and depends on the
location in the Pe-Rj plane. In any event, our model shows that the

dependence on Pe is slow and in the extreme case is given by
-1/2

e In suggesting that the entrainment rate 1is

ue/[au]o ~ P
independent of Pe’ Wolanski & Brush varied Pe by about a factor of

3. If we take into account the amount of scatter in their data

. -m ;
points we cannot rule out a Pe dependence with m £ 1/2.

The results of our experiments indicate that the density
interface is very effective in limiting the transfer of vorticity to

the unmixed layer. It is thought that the generation of vorticity
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due to baroclinic effects prevents the large turbulent eddies from
overturning near the density interface. As a result, the
interfacial waves are excited as the vorticity near the interface is
countered by the baroclinic vorticity generation. Moreover, it 1is
anticipated that small scale rotational motions are not very
affected by the presence of the density interface, and thus are able

to overturn.
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CHAPTER 5

SUMMARY; SUGGESTIONS FOR FUTURE RESEARCH

5.1 Summary

In this work, the interaction of a sharp density interface with
oscillating grid induced shear-free turbulence was experimentally
investigated. Only one fluid 1layer was stirred and potential
refractive index fluctuation problems were avoided by using solutes
that provided a homogeneous optical environment. Laser-induced
fluorescence was used to measure the concentration of a tracer.
This technique, when used in conjunction with a photodiode array, is
capable of providing both temporal and spatial resolution
unattainable by conventional methods. Moreover, the technique is
nonintrusive and, when combined with a fast data acquisition system,
provides an unprecedented amount of information about the structure
and dynamics of the flowfield. A laser-Doppler velocimeter was also
used to measure the vertical component and one horizontal component
of velocity in and above the density interface and at a point where
tracer concentration was also measured. Turbulence intensities,
energy spectra, turbulent kinetic energy, and turbulent kinetic
energy fluxes were measured. Moreover, internal wave spectra,
amplitudes, velocities, as well as the vertical mass flux were

experimentally determined. The major findings of this study are
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summarized below:

1. The horizontal r.m.s velocity o, is amplified and the wvertical
r.m.s. velocity o, is sharply attenuated in a layer adjacent to the
density interface. This can be regarded as being due to the
flattening of the turbulent eddies near the density interface. The
point at which the maximum amplification in o, occurs is about
0.1-0.2 integral length scales away from the interface. The effect
of the interface on the turbulence extends to about one integral

length scale from the interface.

2. The energy spectra of the vertical wvelocity fluctuations show
that there is preferential attenuation of low frequencies (large
scales) as the interface is approached. On the other hand the
horizontal energy spectra indicate that there is substantial gain at
the low frequency end of the spectrum. This indicates that the
density interface is efficient in altering large eddies. Both the
horizontal and vertical spectra indicated that the high frequency
motion was not significantly affected by the presence of the

interface.

3. The experiments indicate that the density interface acts, at
1eas.t qualitatively, in a manner similar to a rigid flat plate
inserted in the flow. The attenuation of the vertical velocity, the
amplification of the horizontal velocities, the kinetic energy

distribution, and the form of the energy spectra exhibit similar
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trends in both cases.

4. The results of turbulence measurements for both the density
interface and the rigid flat plate indicate strong qualitative (and
sometimes quantitative) agreement with the postulates of the theory
of Hunt & Graham (1978). In particular, the amplification of the
horizontal velocities accompanied by a sharp reduction in the
vertical velocity, the form of the energy spectra, and the distance
up to which the effect of the interface/wall 1is felt are all in
accordance with the predictions of Hunt & Graham's theory. One
observation which is not in good agreement with the results of Hunt
& Graham is the magnitude of the amplification of the horizontal
turbulent velocity. Near both the density interface and the flat
plate, % is amplified by as much as 40% as opposed to a maximum of
22% predicted by Hunt & Graham. The discrepancy may be due to the
increased wvalues of the energy flux divergence mnear the density

interface and the flat plate.

5. From simultaneous concentration and velocity records as well as
motion picture films, it was determined that fluid mixing occurs in
intermittent, sporadic bursts. These bursts are a result of local
interfacial instabilities that are mnot directly related to -

individual eddies impinging on the interface.
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6. The local gradient Richardson number Ji = (Lo/g')z(na/Nm)2 (where
L0 is the integral length scale of the turbulence near the
interface, ¢ and n_  are measures of the internal wave amplitude and
vertical velocity respectively, and Nm is the maximum averaged
Brunt-Vdisdld frequency) is constant for a certain range of the
overall Richardson number Rj' R, is defined as Rj = AbLO/[au]0
where Ab is the buoyancy jump across the interface and [au]o is a

r.m.s. horizontal velocity near the interface. In that range, it

was found that g’/Lo ~ Rj and that the vertical wave velocity at

the interface obeys a wi/[au]0 ~ RJ.-I/2 relationship. Moreover, it

was experimentally determined that Nmz/(Ab/Lo) ~ Rj"’. This last

relationship implies that the thickness of the interfacial layer is

a rapidly decreasing function of Rj' It was also found that the
-3

internal wave spectra decay as £ at frequencies below the maximum

Brunt-Vdisdld frequency.

7. The form of the internal wave spectra, the behavior of the
internal wave amplitude and frequency, as well as the constancy of J
with Rj (fof a certain Rj range), are all in agreement with a
theoretical model proposed by Phillips (1977), in which the internal
waves are limited in their spectral density by sporadic local
instabilities and breakdown to turbulence. The instabilities occur
when the maximum rate of shear induced by the lowest mode internal
wave 1is large compared with the rate at which the basic flow

changes. The occurrence of such an instability, with a length scale
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of the order of the interfacial layer thickness, gives rise to a
patch of intense, small scale turbulence. The energy acquired (and
ultimately dissipated) by the turbulence is at the expense of the
internal waves, so that an occasional local instability of this kind
can restrict the magnitude of the internal waves in a similar

fashion to the way breaking limits the growth of surface waves.

8. A simple generalized model for turbulent entrainment at a
shear-free density interface was presented in Chapter 4. 1In that
model, the interfacial structure and the entrainment process are
proposed to be functions of Peclet and overall Richardson numbers.
The model suggests the existence of three distinct entrainment
regimes where the interfacial dynamics are governed by different
force balances. At very low Rj’ say Rj << (Rj)a, the buoyancy
effects are negligible and the mixed layer grows in a similar
fashion to a turbulent front in a homogeneous fluid. For
1/4

(RJ.)a << Rj << ,BPe , where B 1is some constant, the interface may
be characterized by the existence of a saturated wavefield and
sporadic local instabilities that provide a mechanism for £fluid

1/4
mixing as discussed in the preceding paragraph. At Rj >> ,BPe ,
the interfacial structure 1is governed by molecular diffusion.
Althéugh no experiments were carried out in this range, our results
suggest that, due to the sharpening of the interface with increasing

R,, molecular effects are bound to become important at sufficiently

high R.. These diffusive effects become significant when the
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interfacial thickness hC becomes of the same order as that of a
diffusive interface, i.e., (;cro)1 2, as observed by Crapper & Linden
(1974). Our experiments suggest a value of S of about 5 and the
experiments of Turner (1968) suggest a value of (Rj)a on the order

of 1.

1/4
9. Our model suggests that for (Rj)a << Rj << 'BPe the turbulence

in the mixed layer induces the internal wavefield at the interface.
Furthermore, it is the breakdown of these internal waves that
generates local patches of turbulent fluid that are responsible for
mixing. This turbulence-wave-turbulence model is different from
some earlier ideas about mixing near a shear-free density interface,
which postulated that the large eddies in the mixed 1layer are
directly responsible for entraining ‘unstirred layer fluid (Turner
1968, Linden 1975). Such arguments imply that the kinetic energy of
the eddies 1is directly converted into potential energy as the eddies
impinge on the interface. However, our experimental results suggest
that the mixing is a result of local wave breakdown and is not due
to direct entrainment of unstirred layer fluid by individual large
turbulent eddies. The major idea in our work is that the mixing is
related to the mixed layer turbulence only through the internal wave
field. Moreover, the turbulence in the upper layer may not have
been essential for the growth and instability of the internal wave
field. Alternatively, it is thought that irrotational disturbances

in one fluid layer might yield similar interfacial structure and
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dynamics as in our problem. Actually, Phillips’ theory assumes
irrotational flow near the interface. The close agreement between
our experiments and the theory suggests that the rotational aspect

of the turbulence may not be very essential in this problem.

10. The results of this study may be useful in the development and
improvement of one-dimensional reservoir models. Although the
turbulence in a reservoir may have different characteristics from
those of oscillating grid induced shear-free turbulence, there are
instances in nature when the mean shear is small. One such example
is when the turbulence is produced by heating or cooling at the
surface. 1In such instances, the results of our model may be readily
applied to predict the dynamics of mixing and the structure of

density interfaces in reservoirs.

5.2 Suggestions for Future Research

There are several important topics in density-stratified fluid
flow in need of further research. Some of these topics are
suggested by the findings of our investigation and will be discussed

in this section.

An important by-product of this study was the realization of
the importance of limitations due to the experimental equipment.
There has been a tendency in density-stratified studies to ignore

such limitations and as a result interpret measurements beyond their
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significance. One such example is in the use of travelling
conductivity probes. In many studies, the temporal and spatial
resolution of the probes was not reported and/or determined on site.
Moreover, errors due to the boundary-layer washing of such probes
were mostly left unaccounted for. As a result, the resolution of
travelling probes in some previous oscillating grid experiments may
not have been adequate. Furthermore, some discrepancies in the
literature  about interfacial thickness measurements may be
attributed to poor resolution as determined in the present
experiments. As a result, the need for higher resolution equipment,
both temporally and spatially, is of wutmost importance for
successful experimental investigations of density-stratified flows.
In this day and age, many alternatives are present and the most
promising among them are perhaps the optical-based techniques, since
they do not disturb tl:;e flow. It is thought that the use of some
advanced techniques, such as one and two-dimensional photodiode
arrays for measuring both concentrations and velocities, will prompt

numerous advances in our understanding of stratified flows.

One particular problem where the techniques used in this study
might be useful is the study of turbulent stratified shear flows.
This problem is considerably more complex than the shear-free case
because it involves more variables. However, it might be worth
while to test the applicability of a model similar to the one

proposed in the present investigation and determine whether a simple
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turbulence-wave-turbulence model is applicable.

Another interesting problem that was suggested by this
investigation is the study of the interaction of turbulence with
interfacial waves. Our investigation presented a very special case
in which both the length and velocity scales of the turbulence were
imposed. Moreover, our work constituted a first-order approach
based on the gross quantities involved, such as the turbulence
integral length scale and the lowest mode internal waves. It will
be of interest to predict the higher mode internal waves when
subjected to a variety of turbulence conditions. Moreover, the
evolution of internal waves in the presence of mean velocity shear
needs further investigation. Such studies may be analogous to
investigations of the evolution of surface waves when subjected to

turbulence in the lower atmosphere.

The simplified configuration of the experimental conditions in
this study as well as the availability of detailed experimental
results render the present problem an attractive candidate for
numerical modelling. The outline for such a model might include (i)
simulation of the oscillating grid induced turbulence, (ii)
modelling of the turbulence-internal wave interactiomns, and (iii)
predicting the occurence of interfacial instabilities and the

associated mixing.
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APPENDIX A

MATCHING THE REFRACTIVE INDEX

IN DENSITY-STRATIFIED FLOWS

Al Introduction

The use of optical methods such as LDV and LIF in experimental
fluid mechanics is becoming very common. The greatest advantage of
such methods is that measurements are made without disturbing the
flow. A major impediment to wusing optical methods to study
density-stratified flows is the wvariation of the refractive index
within the flow field. McDougall (1979a) has proposed a method for
the reduction of refractive index variations while maintaining a
density difference. The method relies on the fact that various
solutes in, say water, can contribute to the density and to the

refractive index of the solution in different proportions.

A new pair of solutes (ethanol and NaCl) were found to be
suitable for use in LDV and LIF studies of stratified flows. 1In
some circumstances the new pair is more useful than that described

by McDougall (1979a).
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A2 Practical Considerations

Consider two solutes A and B dissolved in water. The

refractive index iAB and density PAB of an aqueous solution of both

A and B may be expanded as

. _ 2
18 1.3330 + aich + aich + bich (A.1)
o .
+ biZCB + CiCACB + higher order terms
= 2
PAR 0.9982 + aplCA + ap2CA + bpch (A.2)
2 ; 3
+ prCB + CpCACB + higher order terms (g/cm3),

where CA'is the concentration of component A (defined as mass of
component A / total volume of solution), CB is the concentration of

component B, and the a’'s, b’s, and c¢’s are constants.

To prepare two solutions of solutes A and B, respectively,

having the same refractive i

= iB (where i, is the refractive index

A A

of the solution containing solute A), but with a prescribed density
difference Ap, two considerations have to be kept in mind:
(1) There is an upper limit on Ap that can be achieved. This
is due to non-linear terms in equation (A.1l).
(2) No double diffusive convection (salt fingering) should

occur at the interface.

As for the first limitation, it 1is to be observed that the

refractive index iAB of a mixture of the two solutions is generally

different from iA' The maximum difference between iA and iAB’
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denoted by max]|i is an increasing function of Ap as shown

aB ~ b

in figure A.1. A certain optical method will break down when

max|i exceeds Al (or Ap exceeds Ap ) where Ai is the
all max a

11

maximum allowable change in the refractive index. It is to be noted

AB - Ial

here that Aia is a function of both the distance the beams

11

traverse through an interface and the type of optical application.

In general, the longer the beam path, the smaller is Aia for equal

11

performance. Moreover, Aia for an LDV application is in general

11
different from that for LIF measurements. It was found
experimentally that a value of maxliAB - iA( of about 0.0001 may

affect the quality of LDV measurements when the beams traverse 30 cm

of interface.

To avoid double diffusive phenomena, a certain relationship has
to be satisfied by the solutes. McDougall (197%a) discusses this
problem at length and concludes that the relationship is very
stringent and excludes most pairs of solutes. In his experiments,
McDougall (1979a) used Epsom salt (MgSO,) and sugar as solutes with
the sugar solution being less dense. In this work we propose the
use of common salt (NaCl) and ethanol as solutes. By using this
pair of solutes double diffusive phenomena are eliminated since both
solutes are stably stratified. (An ethanol solution is less dense

than pure water).
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The use of salt and ethanol has an advantage in applications
where the volume of the lower denser layer is large and the upper
layer is relatively small. In that case the use of table
salt/ethanol instead of Epsom salt/sugar is more economical.
Moreover, the use of sugar in the lab can be impractical because it

tends to stick to surfaces and supports the growth of

microorganisms. However, the use of salt/ethanol has its own
disadvantages. First, there is a significant temperature increase
when alcohol 1is added to water. This can be remedied by either

adding ice or waiting for the solution to attain its equilibrium
temperature. The second is that alcohol is volatile. This can be a
handicap when the upper layer is vigorously mixed. One way around
this problem is to cover the tank. If only 95% of the surface is
covered, negligible amounts of alcohol escape within several hours

in the presence of mixing.

A.3 Experimental Verification

The application of the method was tested using an 1DV system in
the tank described in Chapter 2. Two different solutions were
prepared: one containing salt and the other containing ethanol.
Approximate amounts of both solutes were added so as to get two
solutions with close refractive indices and a density difference of

0.021 gm/cm®. The amounts were determined from tables of refractive
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indices and density versus mass of solute added as published in
Weast (1976). It was found that obtaining two solutions of the same
refractive index by relying on published tables alone can be very
frustrating. The main reason is the presence of impurities in both
the solutes and the water. A refractometer proved invaluable in
determining the difference in the refractive indices of the two
solutions. The refractometer used was an American Optical model
10419 that provided readings to within 0.000l. Appropriate amounts
of solutes were added to match the indices within the tolerance of

the refractometer.

In order to match the refractive indices to within less than
the tolerance of the refractometer, ethanol solution was injected
from a dropper into a rectangular plexiglass box 6 x 6 x 15 em (1 x
w x h) that contained the salt solution. The resulting plume was
observed on a shadowgraph. Then, the concentration of the ethanol
solution was adjusted very slowly by adding either very small
amounts of ethanol or water and the resulting solution was injected
into the pléxiglass box. This trial and error procedure continued
until the plume was not visible on the shadowgraph. At that point
the ethanol solution was carefully poured over the salt solution in
the large tank after ample time was a‘llowed for the ethanol solution

to reach its equilibrium temperature.
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The upper fluid was disturbed vigorously using manual power.
LDV measurements were performed by using laser beams that traversed
the tank horizontally through the interface and measurements were
made throughout the interfacial layer. Details of the LDV system
are described in Chapter 2. The LDV output signal was continuous
and was unaffected by the presence of the interface. Visual
observation indicated no significant displacement of the laser

beams. Moreover, salt fingers were not observed at the interface.

In the above experiment the density difference was 0.0207
g/cmd, McDougall (1979b) was able to carry successful LDV
measurements with a density difference between the layers of about
0.015 g/cm® using a tank of dimensions 25.4 x 25.4 x 46.0 cm (1 x w
x h). The maximum distance the laser beams had to traverse through
the interface in McDougall’s experiments was 25.4 cm, as compared to
115 cm in our experiment. It is expected that by using the
NaCl/ethanol solute pair in tanks comparable in size to McDougall’s
(1979b), 1DV measurements can be done successfully with density
differences of about 0.03 g/cm®. This value is comparable to the
maximum density difference across an interface in a stratified
natural body of water. It is also worth mentioning that a laser
beam .penetrating the interface vertically is much less affected by
the presence of the interface than a horizontal beam. As a result,
vertical LIF measurements can be performed with relative ease when

the refractive indices are matched.
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APPENDIX B

DETERMINATION OF THE DYE ABSORPTION

COEFFICIENT

In order to determine the dye absorption coefficient e of
Rhodamine 6G dye in Equation (2.1) a stock solution with a known dye
concentration was prepared. The 514 nm line of the 2W argon-ion
laser described in Chapter 2 was directed horizontally through a
10.0 x 10.0 x 20.0 cm square glass container with the 20.0 cm side
being vertical. After its passage through the container the beam
entered the experimental tank (described 1in Chapter 2) which
contained a homogeneous Rhodamine 6G dye solution. A section of the
beam in the tank was imaged onto a Reticon array. The glass
container 1initially contained pure water. Known volumes of the
Rhodamine 6G solution were successively pipetted into the container
thus yielding a solution of known dye concentration C. After each
dye addition the container fluid was vigorously mixed wusing a
magnetic stirrer and the average output of 512 array scans was
recorded. Afterwards, the spatial average of five adjacent pixels,
defined as Vc’ was computed. This last averaging procedure was used
to minimize the errors involved. 1n(VC) versus C 1is plotted in
Figure B.l. ¢ was then determined from the (VC,C) pairs by using
Equation 2.1. Equation 2.1 in this case reduces to:

-€eCs
Vc = (Vc)O e a, (B.1)
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where (VC)O is the value of VC at C=0 and s, is the width of the
glass container, i.e., 10.0 cm. The simplification of Equation
(2.1) wutilizes the fact that the array output voltage is
proportional to the beam intensity. The slope in Figure B.l, which
equals -€s_, was determined from a least-squares best fit straight
line and € was calculated to be 300/cm-(gm/lit). It is worth
mentioning here that the purity of the Rhodamine 6G powder was not
precisely determined by the manufacturer (Sigma) and as a result the
figure obtained in this study for ¢ is not suitable for powders of

different purity.
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APPENDIX C

HORIZONTAL INHOMOGENEITY OF

OSCILLATING GRID TURBULENCE

c.1 Introduction

In this appendix we discuss some of the properties of
oscillating grid induced turbulence, with particular emphasis on
horizontal inhomogeneities. Figure C.1 presents the vertical r.m.s.
velocity o, as a function of horizontal distance x,/M at z/a = 2.83.
M is the center-to-center spacing of the grid bars and is equal to
6.35 cm. The o, values are normalized by their spatial average,
(crw]. It can be observed from Figure C.1 that aw/[aw] exhibits a
definite trend, with the peaks in velocity being separated by about
a distance equal to M. Actually, the peaks in the r.m.s. vertical
velocity occur directly below grid bars. Figure C.2 presents the
normalized horizontal r.m.s. velocities as a function of horizontal
distance for the same experiment. A similar trend seems to exist
for the horizontal velocity as for the vertical velocity. However,
the relative magnitude of the inhomogeneity in the horizontal
velocity is less than that in the vertical velocity. Moreover, the

peaks in au/[au] are slightly shifted from the peaks in ow/[aw].

The correlation coefficient between u and w, denoted by

u'w'/[o ][aw], is plotted as a function of horizontal distance in
u

Figure C.3. We may observe the existence of both positive and
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negative peaks in the correlation coefficient. A comparison between
Figures C.1, C.2, and C.3 indicates that the peaks in the velocity
correlation coefficient are on either side of the peaks in the
velocity. The above observations suggest that the turbulence
produced by the grid may be viewed as a series of adjacent jets (or
wakes) produced by the oscillatory motion of the grid bars and

separated by a distance equal to the bar spacing.

It is of 1interest to investigate the evolution of these
horizontal inhomogeneities with distance away from the grid. Figure
C.4 presents a plot of aw/[aw] versus horizontal distance at
z/a = 5.67. 1In this figure, we may still observe the correlation
between the peaks in velocity with the mesh size. However, the
magnitude of the inhomogeneity in velocity is much less than that in
Figure C.1. In order to investigate this effect more
systematically, we will define ¢ as the ratio of the r.m.s. of the
o, fluctuations along x, to [aw]. § is a measure of horizontal
inhomogeneity in the vertical velocity. Figure C.5 presents § as a
function of non-dimensional distance away from the grid, z/a. We
may observe from Figure C.5 that # decreases as we move away from
the grid. In other words, the turbulence becomes less inhomogeneous
with increasing distance from the grid. Figure C.6 presents

u'w’/[au][aw] as a function of x,/M at z/a = 5.67. In this figure,

we may still distinguish some peaks in the velocity correlation

coefficient. However, some of the regularity observed in Figure C.3
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(which presents data at smaller z/a) is lost.

The above observations suggest that the distinect jets (or
wakes) generated near the grid merge into each other as we move away
from the grid, and as a result, the separate identity of individual
jets disappears with distance from the grid. It is also worth
noting that all the experiments in the remainder of this work were
performed at z/a > 5.0, a region in which the inhomogeneities in the

velocity are not very serious.





