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ABSTRACT

An experimental apparatus has been developed in which
the behavior of a density stratified two layer saline fluid
system with pulsed jet impfngement of the density interface
has been observed. Attention has been concentrated on the
effect that jet impingement has on the entrainment rate
through shear and harmonic oscillation of the interface.

It was found that low freguency pulsing of the jet led to
higher entrainment rates; however, this effect is minimal
in comparison to the length scale ratio and the density
ratio of the system. The experiments were constrained by
the size of the testing tank in the horizontal direction
and by limitations of the pulsing system. The data was
reduced using eqgquations derived from first principles of

physics and fluid mechanics.
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Chapter 1
INTRODUCTION
1.1 STRATIFIED FLOW SYSTEMS

There has long been an interest in mixing problems
related to stratified fluid systems. Studies into the
behavior of atmospheric (Zeman and Tennekes 1977) and
oceanic motions (Woods 1980) are now classic and recently
investigations of saline wedges (Ar%ta and Jirka 1987) and
salt gradient solar ponds (SGSP) (Munoz et al. 1988) have
been conducted. Basic to all of these flows is the
guestion of transport between the stratified layers. The
concern may be over the transport of heat, a dissolved
solid (NaCl! in many studies) or a combination of both such
as the double diffusive (heat and éalt) behavior of a
SGSP. In many situations, it is desirable to minimize the
transport or entrainment process thus keeping the lavers
distinct. This is decidedly the case in the SGSP where
homogeneous mixing of the entire fluid body would result in
poor pond performance.

However, in other situations it may be desirable to
enhance the mixing process. This is true in chemical
mixing, filling of large storage tanks and, because of its
great visibility and associated health problems, the

dissipation of air pollution layers or the so called "Brown
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Cloud" that develops above major metropolitan areas due to
a stable atmospheric temperature stratification profile.

Actively enhancing the entrainmment rate in stratified
flow systems has received little mention in the
literature. The purpose of this study is to explore a
possible mechanism for entrainment enhancement, evaluate
the experimental system used in this investigation and

supply suggestions for system improvement.

1.2 PREVIOUS RELATED WORK

Several studies have been concerned with the transport
characteristics of two layer systems. Turner (1968)
described the entrainment of salt and heat across the
interface of a two layer system agitated by an oscillating
grid. He found the entrainment rate to be dependent on the
Richardson Number. Crapper and Linden (1973) pursued this
study with the same apparatus as Turner. They found that
the Richardson and Peclet numbers are important in
characterizing the entrainment rate of the system.
Turbulent eddies created by the grid(s) impinged upon the
interface between the two layers causing fluid entrainment
from one layer to the other. The gradient Richardson
number is defined as:

Ri = g/p (de/dz)/(du/sdz)?2 (1.1)
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The first differential is the vertical density aradient of
the system. The second differential is the vertical
velocity gradient of the system. The terms g and p are
gravitational acceleration and reference density,
respectively. The Peclet number is defined as:

Pe = Q / Ds (1.2)
where Q is the volume flux per unit width of solute and Ds
the diffusion coefficient of the solute.

Work similar to this study was conducted by Baines
(1973). He studied mixing resulting from an axisymmetric
jet or plume impinging on a density interface contained in
a rectanaular tank. A layer of salt water was carefully
placed below a laver of fresh water. He then directed a
plume of the lower lavyer fluid or a jet of the upper laver
fluid onto the density interface. He found the entrainment
flux to be a function of the Froude number (Fp):

Q" / w2 b;2 = const * (Fp)3 (1.3)

The Froude number is a term more commonly used by
hydraulic engineers and is related to the Richardson number
as follows:

Fr= 1 / Ri 0.5, (1.4)

Turner (1986) provided an excellent paper on the
historical development of entrainment theorvy. This paper

beains with theoretical concerns regarding the "entrainment
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assumption”". This can be stated as, "the mean infiow
velocity across the edge of a turbulent flow is assumed to
be proportional to a characteristic velocity, usually the
local time-—-averaged maximum mean velocity or the mean
velocity over the cross-section at the level of inflow".
He then progresses into applications of gecphysical
phenomena such as a magma intrusion into magma chambers and
ash flows or nuee ardente. He discusses entrainment
processes within plumes, jets, and in turbulent shear flows
but does not consider jet impingment on density interfaces.
A number of investigators have explored turbulent shear
flows for a variety of situations. Arita and Jirka (1987)
have studied entrainment in saline wedges. The wedges are
flows of salt water into fresh water rivers and estuaries.
They found the behavior of these wedges to be dependent on
both the bulk Richardson and Reynolds numbers. The bulk

Richardson number is defined as:

Ry = (9/pg) (Ap1/u?) (1.5)
where:
g = gravitational acceleration
pg = layer density
Ap = density difference across interface

1 = length scale

u = velocity scale
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The Reynolds number is defined as:
Re = ul / v (1.6)
where:

v = kinematic viscosity

Analysis of this type is necessary for predicting the
affects that changing the geometry and flow conditions of
such areas will have on aquatic life.
The problem of shear fiow in density layered systems
has been explored by a number of researchers.
Christodoulou (1986) reexamined the work of a number of
previous researchers who invariably found entrainment rates
to be exponential functions of the bulk Richardson number.
we/u” = a RiX (1.7)
where:
We = entrainment velocity

characteristic velocity

c
]

a = experimentally determined constant.

While the exponent, x, is between -2 and -1, the form is
quite similar for all the studies compared.

McEwan (1971, 1983, 1983) has studied internatl gravity
waves in linearly stratified systems. His work has dealt

with the behavior of resonantly excited waves and
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associated mixing resulting from wave breaking. He has
shown that as energy is added to the interfacial system,
instabilities are created in the stratification which leads

to mixing.

1.3 OBJECTIVES

The primary objective of this study was to determine
the parameters relevant to the entrainment rate in a two
laver salt stratified fluid system with mixing provided by
a two dimensional pulsed jet, impinging at a right angle to
the interface.

Two methods were used to analyze the data. The first
was a dimensional analysis using the Buckingham Pi method.
The second was an energy (power) balance derived from
conservation of energy principles. Both are discussed in
greater detail in Chapter 3.

Secondary objectives dealt with evaluation of the
experimental apparatus. Specifically, an evaluation of the
jet pulsing system was desired because the system was a new
design. In addition, the wave damping system, which was
installed to eliminate wave reflection from the ends of the

tank, was to be evaluated.
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Chapter 2
APPARATUS DESCRIPTION AND EXPERIMENTAL METHOD

2.1 TEST CELL

A schematic of the flow system is shown in Figure 2.1.
The tank is made of one inch thick acrylic to provide both
structural integrity and optical access. Its internal
dimensions are 30.5 x 119.4 x 45.7 cm (12 x 47 x 18
inches). The bottom of the tank. is copper to allow uniform

heating of the bottom in future tests.

2.2 PULSING SYSTEM

The system for creating the pulsed jet is shown
schematically in Figure 2.1. Water is drawn from the top
layer of the tank by suction from a centrifugal pump.
Operation of this pump is controlled by a float switch in
the pressure tank down stream of the pump. The wiring
diagram for this control circuit is shown in Figure 2.2.
The float switch is an Omega Engineering Inc. LV - 90
Series Level Switch and has a maximum travel of 1.65 cm
(0.65 inch) from the on to the off position. The resulting
variation in tank water level yields a hydrostatic pressure
change of 2.38 KPa (0.34 psi) for fresh water. Because a
change in hydrostatic pressure in this tank can affect the
momentum flux of the jet, it is important that this

nre,

f!h;ﬁUR ,A ’ -~
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pressure be held to as near constant as possible. However,
with the current system, no more accurate pressure control
is possible.

Down stream of the pump is a Rockwell flow meter
(patent #2487783, serial #23386061) provided by the City of
Golden Water Department. The meter was calibrated by
measuring the time required to fill a 5 gallon container.
An error of less than 3% is associated with this
technique. This error is consistently biased to the high
side. The error in reading the results of these tank
filling tests is also less than 3%, however, this error is
biased to the low side and is therefore in an offsetting
direction to the meter error. Therefore, the overall meter
error is believed to be less than three percent.

The driving force for the jet is provided by air
pressure supplied to the pressure tank through a C. H.
Norgren Co. pressure regulator (#11-002-014) and output on
a Marshall Town Mfg. Co. dial pressure gauge (CSM #c2-71).
During operation, air is continually bled from the tank
through a small ball valve. The constant flow of air
allows the system to respond to the jet pulse more
Quickly. Because the regulator allows the flow of air and
responds quickly, a fairly constant pressure in the tank

results. The tank itself is a beer keg supplied by the
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Adolph Coors Company. The tank is made from stainless
steel and has a capacity of 58.7 liters (15.5 gal U.S.)
(Tank #16/16-15.5-84-D6).

Control of water flow through the tank is managed by a
check valve (Toyo Red-White 1/2" 125 S 200 WOG) on the
input side of the tank near the bottom. On the output side
of the tank is a solenoid controlied ASCO Red Hat I1
(8030A17, #CC82732S) valve. The solenoid valve is
controlled by the timing control circuit. A schematic is
shown in Figure 2.3. The basic circuit is a 555 Basic
A—-stable Circuit found in the Engineers Mini—-Notebook 555
Circuits (F. Mims 1984). Capacitors in parallel are added
to the circuit to enable the frequency range to be varied.
A variable 0-10 M-ohm resistor is also added. With this
configuration the system has a range of frequencies that
extends from 0.049 Hz to 1.374 Hz. As a result of

extensive help from Dr. Groves (personal communication

1990), a 0.0l uf capacitor was added to the Vcc and #5

pin of the 555 chip and a diode was placed between pins #3
and #4 in the output loop. These are shown on Figure 2.3.
These were added to ensure the smooth operation of the
circuit by overcoming its tendency to vary the fregquency in
a seemingly random manner.

The output signal from this circuit is in the form of a
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square wave. This signal causes the solenoid valve to be
open for 509 of the square wave period. The periods were
calibrated using a Nicolet Explorer | Oscilloscope (Model
2090-1, #824512) values of these periods are given in
Appendix E. The first column gives values, on an arbitrary
scale, for the variable resistor in the timing circuit.
Figure 2.4 shows the timing circuit frequency as a function
of dial setting for each possible setting of the paraliel
capacitors.

The final apparatus in the pulsing system is a line
jet. Figure 2.5 is a diagram of the line jet showing the
resulting flow. The jet was constructed using concentric
PVC plastic pipes of equal length with the ends sealed.
Each pipe has a slot cut down its length with the inner
pipe slot facing upward and the outer pipe slot facing
downward. Water from the flow meter is fed into the center
of the inner pipe where it flows towards the ends of the
pipe and through the inner stlot. It then flows around the
annulus between the inner and outer pipe and through the
outer slot. The purpose of this arrangement is to diffuse
the flow and produce a jet with a uniform flow rate over

its entire length.
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2.3 INTERNAL WAVE DAMPING

As mentioned earlier, internal waves are created at the
interface of the layers which must be critically damped at
the tank boundary to simulate a system of infinite
horizontal dimension. It is believed that energy in the
reflected waves will produce extraneous mixing behavior in
the system. In an attempt to minimiZze wave reF{ection from
the tank ends, a system of two 12.7“mm (0.5 inch) square
plastic grids were placed vertically at either end of the
tank in front of an open cell sponge. To estimate the
effectiveness of this system, the shadowgraph flow
visualization technique, described in the next section, was

used.

2.4 FLOW VISUALIZATION

A shadowgraph has been placed behind the tank to
facilitate the visualization of the fluid behavior at the
interface. A schematic of this system is shown in Figure
2.6. Light is passed through a convex lens onto a mirror
where it is reflected into a plano—-convex lens. It
converges after passing through the plano-convex lens, and
passes through a pinhole and diverges before passing
through a Fresnel lens where it emerges as collimated

light. The collimated 1ight then passes horizontally
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through the test tank. Mylar or vellum with a grid
provides a diffuse surface for viewing and measuring the
fluid behavior. The shadowgraph is sensitive to the
horizontally averaged gradient of the index of refraction

(density).

2.5 TANK FILLING PROCEDURE

The tank is filled in a series of steps designed to
maintain the integrity of the fluid layers while obtaining
accurate measures of fluid and salt weights. The first
step is to measure the tare weight of an empty oval stock
tank on a rolling beam balance (Fairbanks CSM 4010). The
weight on the beam balance is then advanced to correspond
to the weight of salt necessary to achieve the desired
concentration, and then food grade salt is added until the
beam is in balance. Next, a 200 pound weight is added to
the beam and water is added until the beam again balances.
[t is important during the addition of water that vigorous
mixing occurs to dissolve the salt. This salt solution is
then pumped into the test tank with a submersible
centrifugal pump. After the filling tank is empty, it is
refilled with approximately 200 1b of fresh water and the
total weight of tank and water is recorded. This water is

then carefully poured into the test tank over the salt
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solution with a floating diffuser that minimizes intertayer
mixing.

When the fresh water layer nears the top of the test
tank, the pulsing system is filled. This is done by first
turning on the system pump without air pressure applied to
the pressure tank. However, it is good practice to have
pressure at the regulator at this time so there is no need
to leave the room to turn on the air flow. It is important
that the pump first be primed, which can be done by turning
it on for a short time, then turning it off to let the
water settle. After the water is settled, the pump is
restarted. Air will then be forced into the water inlet
which can cause the pump to loose its prime; therefore, if
air begins to enter the inltet, the pump must be stopped
until the water level in the test tank rises again. wWhen
the pressure tank is partially filled, an air pressure of
3-5 psig is added and the Jjet is turned on from the control
panel filling the flow lines which leave the pressure
tank. Failure to maintain pressure on the pressure tank
can result in water being siphoned from the test tank and
overfilling the pressure tank, thus allowing water to back
flow through the pressure regulator and the ball valve on
top of the pressure tank. This can lead to a leakage

problem and will render the test meaningless. During this
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time the jet must be submerged so that air does not reenter
the flow line. The plate of the floating diffuser must be
below the jet to eliminate unwanted mixing. After the flow
1ine to the jet is filled with water, the jet can be turned
off. The pump is run until the desired level in the
pressure tank is obtained. The submersible pump used in
filling the test tank is also run until the test tank is
filled to a level approximately 10 cm below the top of the

tank.

2.6 EXPERIMENTAL SYLLABUS

Preliminary testing was done to "shake down" the system
equipment. The system performed well during several hours
of operation and was deemed ready for actual testing.

Values for Nj, the jet pulse freguency, were obtained
from Appendix Table El1. Time and temperatures, for upper
and lower fluid layers, were obtained from a stop watch and
mercury thermometers, respectively. Measurements of the
interfacial level were determined visually from the vellum
grid on the tank side wall through use of the shadowgraph.
Values for jet flow volumes were obtained from the flow
meter. Fluid properties, such as density, viscosity and
diffusivity, were calculated using Bergman’s Property

Polynomials provided by Dr. Munoz (Bergman 1981).
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Table 2.1 shows the experimental syllabus for this
investigation. Experiments 2 and 4 were conducted twice to
confirm repeatability and are noted as experiments 2A and
4A respectively. A pressure of 5 psig was used for the
major portion of this experimentation although tank
pressure as high as 15 psig can be maintained. Several
runs were made at a pressure of 10 psig, however, the
entrainment rate for these rumns was so high that only
limited data were obtained. The values of tank pressure
were chosen to reflect the limits of the system. The
maximum and minimum values of frequency were chosen at the
limits of the timing system with other values of frequency
chosen at intervals between those limits. Since it was not
known which variables would be important for data
correlation prior to testing, the intent of the syl labus
was to cover the greatest range of variable values
permitted with the present system.

Table 2.2 and the data presented in Figures 2.7 show
the Brunt-Vaisala or natural frequency of various salt
layer systems with fresh water above and sailt below at
10 ©cC. The Brunt-Vaisala frequency is defined as:

N2 = (g/pg) (dp/dz) (2.1)

The horizontal 1ine on these plots represents the

system maximum operating frequency. Although the freguency
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TABLE 2.1

EXPERIMENTAL SYLLABUS

EXPERIMENT JET FREQUENCY WEIGHT % SALT
l 0.049 5.0
2 0.410 5.0
3 0.722 5.0
4 1.062 5.0
5 CONTINUOUS 5.0
6 0.049 10.0
7 0.410 10.0
8 0.722 10.0
9 1.062 10.0
10 CONTINUOUS 10.0

ADDITIONAL RUNS AT 10 psig ON PRESSURE TANK

11 0.049 5.0
12 0.410 5.0

13 1.062 5.0
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TABLE 2.2

NATURAL FREQUENCY OF SALT SOLUTIONS

THICK ¢»

1.000
2.000
3.000

4.000.

3.000
6.000
7.000
8.000
9.000
10.000

12

2.700
1.910
1.560
1.350
1.210
1.100
1.020
0.960
0.900
0.860

21

3.800
2.690
2.190
1.900
1.700
1.530
1.440
1.340
1.270
1.200

3

4.630
3.280
2.680
2,320
2,070
1.890
1.730
1.640
1.540
1,470

41

3.330
3.770
3.080
2,660
2,380
2.180
2.010
1.880
1.780
1.680

31

3,930
4.200
3.430
2.970
2.650
2.420
2.240
2.100
1.980
1.8680

SYSTEM

1.372
1.372
1,372
1.372
1.372
1.372
1.372
1.372
1.372
1,372

23
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FIGURE 2.7 NATURAL FREQUENCY OF NaCl SOLUTIONS
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range of the system can be increased through changes in the
timing circuit, the fluid system is not capable of
responding more quickly than it does at present. To
increase the frequency will require a new pulsing system

which is beyond the scope of this study.
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CHAPTER 3
RESULTS AND DISCUSSION
3.1 STATEMENT OF RESULTS
After the testing and data acquisition phase,
theoretical development and data reduction was performed.
Best fit Aines, which have correlation coefficients of
0.953 and 0.999, for the pulsed and continuous flows,

respectively, are:

Uesus = 0.0471 (Moj/ 2 9 Ay az)—0.916 (3.1a)
Uesu* = 0.1066 (Mgj/ 2 g Ay az)~1-024 (3.1b)
where:
Moj = Q2 / A, jet momentum flux
g = gravitational accetleration
Aj = cross sectional area of jet opening.
Ue = uUg At p2 (3.2)
where:
Ue = entrainment mass flow rate
Ue = entrainment velocity
At = horizontal area of tank
pp2 = density of lower fluid layer.
U* = Qj e} (3.3)

where:
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U* = jet mass flow - rate
Qj = jet volume flow rate
P] = density of upper fluid layer
Az = ug * 60 sec (3.4)
where:
Az = change in interface elevation.

The jet terms are average values over the time of a
test run segment. A test run segment is the period of time
between recorded measurements, a time of 3 to 30 minutes,
depending on the test conditions. Tests with higher
entrainment rates required shorter test segments. It was
decided for ease of calculation to use 60 seconds as the
time in the calculation of Az. The time duration for
individual experiments were from one to several hours. A
piot of the data, showing error bars, reduced with
equations 3.1a and 3.1b and the least squares best fit
lines of all data, is shown in Figure 3.1. The upper line
is a fit of the continuous flow tests and the lower line is
a fit of the pulsed flow tests. A possible explanation for
the lack of correlation between the continuous and pulsed
flow data is given in Section 3.3. The terms on the left
side of equations 3.1a and 3.1b represent a dimensionliess

mass flow rate.



T—-3996

10 72

Lol 4 b1yl

il

Lol

28

LS S B AR T LN B B S B B | T T T T T 1Ty —

10 ! . 1 . 10
Moj / 2 g Aj DEL =z

XOxelrcx PULSED FLOW

- %y CONTINUOUS FLOW

e+ FXPERIMENTS 11, 12, 13
FIGURE 3.1 FINAL DATA



T-3996 29

3.2 ENTRAINMENT CORRELATION DERIVATION
Dimensional analysis was originally used to reduce the
entrainment data acquired from the test tank. The

entrainment rate was assumed to be a function of the form:

Ue = F(MgjsNjsN.pjop2s M +u2:5:05) (3.5)
where:
Nj = jet pulsing frequency
N = Brunt-Vaisala (natural) frequency
u; = dynamic viscosity of upper layer

2 = dynamic viscosity of lower layer
S = vertical distance from Jjet to interface
Dg = mass diffusivity of salt in the system
A diagram of these physical parameters is given in Figure
3.2. Through application of the Buckingham Pl theorem,
eleven dimensionless groups were found. The M1 group
was chosen to be the dependent group. The groups are:
Ml = ug / MOJO-ZS Nj0~5
nz2 = S NJO'S / ”OJO.ZS
N3 = N/ Nj
na = p; / p2
5 = up / Moj Nj e2
6 = u; / Mgj Nj e2

n7 = Ds / Moj-5
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ng8 = N5 / né = u2 / uj
n9 = n4 / N8 = vl / vu
nio = L NJO'S / Moj0-25
ni1T = nz2 , n10 =S / L
where:
L = length of tank
v) = kinematic viscosity of upper layer

vo kinematic viscosity of lower layer

The resulting N groups make good sense physically.
The M2 group shows a direct dependence on the distance
from the jet to the interface and an inverse dependence to
the jet momentum flux. Therefore, the Ny group gets
smaller through either closer proximity between the
interface and the jet exit or greater jet momentum flux.
The entrainment rate should increase as the N2 group
decreases because more energy is available for interfacial
mixing. The N3 group was the one group anticipated
during dimensional analysis. This term is the ratio of the
natural frequency to the jet fregquency of the system and,
as in any dynamic system, can play a major role in system
behavior. It is interesting to note that multiplying
N2 and N3 produces a form of the Richardson
number. M4 is the ratio of the lower level density to

that of the upper level density. An increase in this term
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denotes a greater density step across the interfacial layer
which will result in a smaller entrainment rate due to
greater gravitational stability of the system. With a
large density step, the jet does not penetrate the lower
layer as far as would be expected with a smaller density
step. The N7 group is the ratio between the system’s
tendency to remain stable through mass.diFFusion and forced
mixing by the jet. The N9 group is the ratio of the
kinematic viscosities. Since these are analogous to the
terms for mass or heat diffusivity, this term is analogous
to the effectiveness of the jet momentum propagation from
the upper to the lower salt solution laver. Finally,

nNil is the ratio of the vertical scale to the

horizontal scate of the system.

Although the literature is rich with cases where the
Buckingham Pl Theorem has proved to be of value, it was not
useful in correlating the data in this case. Weak trends
were observed but the data were scattered significantly.

In addition, no apparent combination of N groups were
found that resuited in a correlation of the data.

In an effort to develop an appropriate correlation for
this system with relation to physical arguments, a second

method was used; utilizing a power balance.
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Observations of the interfacial system led to the use
of the interface as the control volume containing one
source and two sinks. The energy source was the jet and
the sinks were the increase in potential energy during
entrainment of heavier fluid parcels into the upper fluid
layer, and wave generation at the interface of the two
fluid layers. A power balance yields:

Pj = Pq + Pe (3.6)
where P refers to power and the subscripts j, d and e refer
to the jet, waves and entrainment, respectively. It was
then necessary to develop these basic terms using the

physical variables measured in the system.

3.2.1 JET POWER EQUATION DERIVATION
Jet momentum is given by:

momentum = p A j ve, (3.7)

where:
V = average jet velocity

Differentiating equation 3.7 with respect to time and
substituting Q/Aj for V gives (Olson, 1980):

Pj=p Q3 7/ 2a2 (3.8)
where:

Q = volumetric flow rate of jet
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3.2.2 POWER OF DEFORMATION (INTERFACIAL WAVES)
The power transmitted in & transient wave was developed

by Tipler (1976) and is given by:

P=op w? yo2 Ay Vv (3.9)
where:

Yo = wave amplitude

A, = frontal area of wave

v = wave velocity.

First consider the density. Because the waves are at
the interface of two fluid layers, the form of the density
was chosen to be the difference of the densities of the two
layers. The density of the lower layer is constant
assuming negligable salt diffusion. The value of density
for the lower layer is calculated from the weight percent
salt concentration in the initial lower layer solution.

The density of the upper layer increases, due to
entrainment, as the experiment progresses. The weight
percent salt in the upper layer is Fand, for a given test
segment, by dividing the difference between the total salt
weight and the weight of salt in the lower laver by the
difference between the total weight of water and the weight
of water in the lower tlavyer. Using this value for weight
percent the upper layer density is calculated.

The angular frequency w must be in the form:
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w = 2 M N (3.10)
because, once excited, the interface will oscillate at its
natural frequency, N.

The maximum wave amplitude, yo, will be considered
next. The deformation of the interface is a direct result
of the jet impingement, thus the amplitude of deformation
can be determined from a balance of forces between the jet
momentum flux and the pressure area or buoyancy forces that
must be overcome to deform the interface. The assumption
has been made (Turner 1986) that negligible momentum is
lost in the jet between the exit from the diffuser and the
impinament on the interface. These forces are shown in

Figure 3.3. The equation for this is:

f1 QJZ /-Aj.= g Wy 2Wg P2 Yo- (3.11)
which can be solved for y,. In equation 3.11

Wy = width of the test tank

Wqg = half width of deformation caused by

jet

All of the terms in this equation are relatively easy to
obtain from the experimental data and the tank dimensions
with one exception. The one factor which requires further
derivation is Wg, the half width of the interface

deformation.
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To determine Wgq it is necessary to use the viscous
flow theory of jet behavior. From Olson (1980) the
boundary of a jet flow is defined when the ratio u/umgx
equals 0.01. That is, the edge of the jet boundary laver
of a flow is defined as that point where the velocity of
flow is 1.0% of the velocity at its maximum. In bai?y and
Harleman (1966), the velocity profile for a 2-d line jet is
given as:
U / Unax = exp(-y2 / 2 C2 x2) (3.12)
where C is a constant equal to 0.109. Figure 3.4
illustrates this type of jet. In this study y = Wg, the
half width of the jet, and x = S, the distance from the jet
opening to the point in question. In this case, x is the
distance from the jet to the interface. Combining these
terms and solving for Wg vields:
Wg = [-2 C2 S2 1n (0.99)10-5, (3.13)
Substituting this into equation 3.12 and soliving for

Yo Qives:

Yo=(p1Q;2)/ (292WtA3[-2C2521n(0.99)10-5) (3.14)

Ay is the frontal area of the wave and can be
determined from the equation:
Ay = Yo Wge. (3.15)

Finally, the velocity of the wave must be determined.
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Lamb (1945) gives an expression for the velocity of a
transverse wave at the interface of two fluid layers of

differing densities. The expression is:

c2 = (g/K)[(p2-p1)/(P2+pP1)] (3.16)

where ¢ is the wave velocity and k is the wave number,
k =2 0 / A
By definition ¢ = A f, for a wave. Substituting
for c. N; and k and solving for A and then solving for
c gives an equation for wave velocity in terms of physical

parameters measured in this study:

v = (g/2nN) X[ (p2-p1)/(p24pP1)] (3.17)
Substituting equations 3.10, 3.14, and 3.17 into

equation 3.9 gives the power of deformation eguation:

Pg = (p2/p1)g N We Nl(p2/p1)/(P2+P1)] X

(p1Q52/ 20p2WeA § [-2€2521n(0.99)0-5133 (3.18)

3.2.3 POWER OF ENTRAINMENT
The entrainment power is that power consumed in

changing the potential energy of the system due to raising
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the centroid of the fluid system. The change in potential
energy per unit time is given by:

Pe

mg (z2 - Z]). (3.19)
where:

Pe change in potential energy from

entrainment

m = mass rate of fluid entrained

Z) initial elevation of fluid

z> = final elevation of fluid
This equation was differentiated with respect to time to
produce a power equation and P2ALUe was

substituted for m, to produce the equation:

Pa = p2 g At AZ ug. (3.20)

3.2.4 DATA REDUCTION AND EQUATION DEVELOPMENT

With equations 3.8, 3.18, and 3.20 representing the
power of the jet, waves and entrainment, respectively,
values for each were determined for each acquired data
point. These values are shown in Table 3.1. The wave
power terms were neglected since they are several orders of
magnitude smaller than those for the other terms. The
remaining terms were then organized into the dimensionless
groups given in equation 3.1. Values for these groups are

given in Table 3.1 atlong with the power term values for the
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2A

Pj

1.12E-03
1.12E-03
1.02E-03
1.11E-03
1.09E-03
1.02E-03
1.06E-03

7.81E-04
7 .88E-04
9.32E-04
8.02E-04
8.93E-04
7.03E-04
8.35E-04
8.42E-04
8.31E-04

- 8.34E-04

8.06E-04
8.01E-04
8.55E-04
7.82E-04
8.21E-04
7.76E-04
7.92E-04

1.08E-03
1.23E-03
1.07E-03
1.11E-03
1.04E-03
1.13E-03
1.01E-03
1.09E-03
1.12E-03
1.15E-03
1.07E-03
1.14E-03
9.50E-04
1.06E-03
1.18E-03
1.02E-03

TABLE 3.1

REDUCED DATA

Pe

2.03E-02
6.09E-03
3.57E-03
1.43E-03
4.34E-03
1.40E-03
3.01E-03

1.31E-03
9.59E-04
2.43E-03
2.39E-03
5.07E-04
7.06E-04
1.89E-04
1.98E-03
1.17E-03
1.31E-03
6.83E-04
3.05E-04
1.81E-04
3.59E-04
7.08E-04
3.05E-04
1.53E-03

2.51E-02
4.97E-03
6.46E-03
2.79E-03
1.24E-03
4.97E-03
1.24E-03
2.79E-03
3.11E-04
3.11E-04
3.07E-04
1.24E-03
1.24E-03
3.11E-04
2.79E-03
3.11E-04

Pd

5.51E-08
1.51E-08
6.76E-09
5.38E-09
3.86E-09
2.77E-09
2.41E-09

1.34E-08
1.07E-08
1.25E-08
7.61E-09
7.44E-09
3.86E-09
5.20E-09
4.60E-09
3.67E-09
2.91E-09
2.22E-09
1.87E-09
1.87E-09
1.43E-09
1.44E-09
1.21E-09
1.14E-09

4.24E-07
9.14E-08
3.84E-08
2.38E-08
1.47E-08
1.42E-08
7.84E-09
7.56E-09
6.22E-09
5.68E-09
4 .55E-09
4.83E-09
2.89E-09
3.51E-09
4.02E-09
3.49E-09

U/Ue

2.84E-01
1.62E-01
1.28E-01
7.51E-02
1.38E-01
8.02E-02
1.17E-01

1.15E-01
1.03E-01
1.55E-01
1.47E-01
7.17E-02
1.23E-01
4.47E-02
1.02E-01
7.51E=02
7.32E-02
5.81E-02
4.07E-02
3.07E-02
4.46E-02
6.15E-02
4.11E-02
9.15E-02

4.75E-01
2.02E-01
2.20E-01
1.56E-01
1.07E-01
2.07E-01
1.07E-01
1.57E-01
5.21E-02
5.16E-02
5.22E-02
1.03E-01
1.10E-01
5.29E-02
1.53E-01
5.36E-02

41

Moj / 2gAj del Z

1.72E-01
3.01E-01
3.68E-01
6.46E-01
3.50E-01
5.89E-01
4.06E-01

3.77E-01
4.23E-01
2.97E-01
2.97E-01
6.32E-01
3.39E-01
9.90E-01
4.34E-01
5.88E-01
6.03E-01
7.52E-01
1.07E+00
1.45E+00
9.68E-01
7.14E-01
1.05E+00
4.73E-01

1.02E-01
2.50E-01
2.18E-01
3.12E-01
2.36E-01
4.38E-01
3.06E-01
9.34E-01
9.51E-01
9.16E-01
4.74E-01
4.20E-01
9.03E-01
3.22E-01
8.78E-01
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4A

PJ

9.92E-04
9.87E-04
1.07E-03
9.19E-04
9.56E-04
1.01E-03
9.91E-04
1.00E-03
9.24E-04
9.78E-04
9.81E-04
9.39E-04
9.21E-04
9.15E-04
9.11E-04

3.00E-04
3.43E-04
2.62E-04
3.08E-04
3.19E-03
5.58E-05
7.62E-04
7.65E-04
7.81E-04
7.60E-04
7.61E-04
7.72E-04
7.79E-04
7.40E-04

6.20E-04
6.23E-04
5.75E-04
6.16E-04
6.10E-04
5.78E-04
5.51E-04
6.34E-04
5.54E-04
5.76E-04
5.26E-04
5.76E-04
5.95E-04

TABLE 3.1

Pe

1.23E-02
2.09E-03
2.90E-03
2.64E-03
3.09E-03
1.60E-03
2.63E-03
3.48E-03
1.26E-04
3.38E-04
1.08E-03
5.81E-04
1.03E-03

6.11E-04
1.50E-03
1.98E-04
3.88E-04
3.00E-03
2.50E-03
3.45E-03
3.39E-03
1.46E-03
7.38E-04
9.46E-04
1.43E-03
7.08E-04
6.50E-03

4.97E-03
2.79E-03
1.24E-03
1.24E-03
1.24E-03
1.24E-03
3.11E-04
1.24E-03
3.11E-04
3.11E-04
1.24E-03
3.11E-04
3.11E-04

Pd

7.68E-08
4.24E-08
3.14E-08
1.73E-08
1.53E-08
1.40E-08
8.79E-09

6.69E-09

4.61E-09
4.68E-09
3.54E-09
2.74E-09
2.40E-09
1.88E-09
1.75E-09

4.99E-09
4.63E-09
2.31E-09
2.87E-09
2.26E-07
4.39E-11
5.40E-09
4.02E-09
2.77E-09
1.94E-09
1.75E-09
1.90E-09
1.07E-09

3.17E-08
1.76E-08
9.97E-09
8.90E-09
6.90E-09
4.96E-09
4.01E-09
4.37E-09
3.00E-09
2.85E-09
2.06E-09
2.27E-09
2.22E-09

(CONTINUED)

U/Ue

4.43E-01
1.41E-01
1.62E-01
5.67E-02
1.60E-01
1.20E-01
8.71E-02
1.11E-01
1.31E-01
2.44E-02
4.00E-02
7.27E-02
5.22E-02
3.80E-02
5.07E-02

9.60E-02
1.70E-01
6.74E-02
6.34E-02
8.08E-02
2.84E-01
1.39E-01
1.09E-01
8.57E-02
6.45E-02
5.60E-02
8.92E-02
6.25E-02
1.93E-01

2.54E-01
1.90E-01
1.30E-01
1.27E-01
1.27E-01
1.29E-01
6.59E-02
1.26E-01
6.58E-02
6.50E-02
1.33E-01
6.49E-02
6.42E-02

42

Moj / 2gAj del Z

1.06E-01
3.33E-01
2.98E-01
8.08E-01
2.90E-01
3.93E-01
5.38E-01
4.24E-01
3.48E-01
1.91E+00
1.16E+00
6.32E-01
8.74E-01
1.20E+00
8.96E-01

3.29E-01
1.94E-01
4.47E-01
5.02E-01
8.58E-01
6.33E-02
3.08E-01
3.94E-01
5.04E-01
6.64E-01
7.65E-01
4.82E-01
6.89E-01
2.19E-01

1.58E-01
2.12E-01
3.01E-01
3.15E-01
3.13E-01
3.02E-01
5.84E-01
3.21E-01
5.85E-01
6.01E-01
2.84E-01
6.01E-01
6.13E-01
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Pj

1.27E-03
1.31E-03
1.39E-03
1.31E-03
1.24E-03
1.22E-03
1.26E-03
1.29E-03
1.40E-03
1.38E-03
1.45E-03
1.36E-03
1.35E-03
1.42E-03
1.39E-03
1.36E-03
2.66E-04

9.42E-04
8.46E-04
1.05E-03
1.23E-03
1.01E-03
1.03E-03
1.02E-03
1.31E-03
9.77E-04
9.94E-04
1.01E-03
9.84E-04
9.84E-04
9.79E-04
1.10E-03
1.13E-03

8.90E-04
9.30E-04
8.81E-04
9.30E-04
8.61E-04
8.89E-04
9.17E-04
8 .86E-04

TABLE 3.1

Pe

5.27E-03
6.65E-03
4.47E-03
2.00E-03
1.81E-03
9.88E-04
1.66E-03
1.08E-03
1.01E-03
2.05E-03
2.07E-03
3.70E-04
7.87E-04
9.97E-04
6.90E-04
1.72E-03
4.36E-04

1.55E-03
4.46E-04
2.42E-03
1.61E-03
5.18E-04
5.76E-04
6.03E-04
6.26E-04
6.03E-04
5.05E-04
5.25E-04
9.66E-04
9.03E-05
2.42E-04
4.80E-04
2.67E-04

1.58E-03
1.50E-03
6.95E-04
1.08E-03
6.90E-04
4.31E-04
5.40E-04
3.32E-04

Pd

4.76E-07
2.74E-07
1.76E=-07
1.06E-07
7.52E-08
5.69E-08
5.13E-08
4.68E-08
4.59E-08
3.40E-08
7.49E-08
2.23E-08
1.80E-08
1.83E-08
1.59E-08
1.27E-08
2.30E-10

2.48E-07
1.45E-07
1.85E-07
1.40E-07
6.18E-08
5.50E-08
4.41E-08
5.99E-08
2.94E-08
2.64E-08
2.15E-08
1.67E-08
1.30E-08
1.13E-08
1.26E-08
1.24E-08

2.25E-07
1.83E-07
1.15E-07
9.75E-08
6.48E-08
5.60E-08
4.87E-08
3.78E-08

(CONTINUED)

U/Ue

2.09E-01
2.12E-01
1.70E-01
1.27E-01
1.23E-01
9.14E-02
1.17E-01
9.39E-02
6.25E-02
8.52E-02
8.81E-02
3.81E-02
5.56E-02
6.14E-02
5.14E-02
8.17E-02
7.84E-02

1.25E-01
6.97E-02
7.97E-02
6.51E-02
4.99E-02
5.21E-02
5.36E-02
5.03E~-02
5.44E-02
3.40E-02
3.55E-02
3.78E-02
1.38E-02
2.43E-02
2.94E-02
2.01E-02

1.29E-01
9.22E-02
6.39E-02
7.43E-02
6.08E-02
4.76E-02
5.26E-02
4.17E-02

2.52E-01
2.51E-01
3.18E-01
4.17E-01
4.21E-01
5.65E-01
4.44E-01
5.59E-01
8.61E-01
6.28E-01
6.18E-01
1.40E+00
9.52E-01
8.77E-01
1.04E+00
6.49E-01
3.84E-01

3.81E-01
6.61E-01
6.20E-01
7.98E-01
9.73E-01
9.38E-01
9.08E-01
1.05E+00
8.80E-01
1.41E+00
1.36E+00
1.27E+00
3.46E+00
1.96E+00
1.69E+00
2.48E+00

3.64E-01
5.15E-01
7.30E-01
6.38E-01
7.59E-01
9.79E-01
8.95E-01
1.11E+00
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11

12

Pj

2.37E-03
2.30E-04
8.51E-04
8.43E-04
8.64E-04
8.33E-04
8.48E-04
8.26E-04
8.35E-04
8.13E-04
8.25E-04
1.12E-03

5.62E-04
5.93E-04
5.83E-04
5.95E-04
5.63E-04
6.82E-04
6.60E-04
5.35E-04
1.94E-02
7.79E-04
5.92E-04
5.13E-04
1.54E-03
4.23E-04
3.65E-04

4.19E-03
3.26E-03
4.55E-03
7.99E-03

4.85E-03
4.43E-03
4.81E-03
4.59E-03
4.47E-03

TABLE 3.1

Pe

7.73E-04
3.10E-04
4.89E-04
1.75E-04
2.80E-04
2.46E-04
7.08E-04
2.66E-04
6.81E-05
1.02E-04
1.38E-04
1.64E-04

8.91E-03
4.73E-04
6.30E-04
4.24E-04
3.69E-04
3.77E-04
3.23E-04
4.57E-04
1.76E-04
9.59E-05
4.09E-04
5.87E-05
1.58E-04
4.18E-04
1.10E-04

3.90E-01
6.68E-02
5.36E-02
3.30E-02

1.78E-01
1.80E-02
2.67E-02
1.18E-02
9.68E-03

Pd

2.50E-07
1.93E-09
2.18E-08
1.82E-08
1.65E-08
1.35E-08
1.26E-08
1.12E-08
1.03E-08
8.89E-09
8.63E-09
1.48E-08

1.28E-07
6.45E-08
4.53E-08
3.79E-08
2.73E-08
3.29E-08
2.58E-08
1.46E-08
1.32E-05
1.84E-08
9.36E-09
6.18E-09
4.80E-08
3.10E-09

1.74E-05
9.75E-08
9.35E-08
1.63E-07

6.49E-06
2.80E-07
1.45E-07
8.21E-08
5.32E-08

(CONTINUED)

U/Ue

3.88E-02
4.99E-02
4.19E-02
2.51E-02
3.15E-02
2.99E-02
5.03E-02
3.11E-02
1.57E-02
1.94E-02
2.24E-02
2.84E-02

2.82E-01
4.81E-02
6.32E-02
4.73E-02
4.33E-02
4.10E-02
3.59E-02
3.53E-02
7.48E-03
1.51E-02
3.42E-02
1.36E-02
1.28E-02
3.29E-02
1.86E-02

1.53E+00
8.43E-01
5.51E-01
3.58E-01

8.56E-01
2.80E-01
3.32E-01
2.24E-01
2.04E-01
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1.66E+00

5.94E-01"

1.09E+00

1.82E+00
1.46E+00

1.52E+00
9.06E-01
1.45E+00
2.89E+00
2.31E+00
2.01E+00
1.76E+00

1.43E-01
8.49E-01
6.42E-01
8.63E-01
9.25E-01
1.04E+00
1.17E+00
1.11E+00
1.74E+01
2.94E+00
1.19E+00
2.85E+00
4.36E+00
1.10E+00
1.85E+00

4.95E-02
8.24E-02
1.41E-01
2.60E-01

9.34E-02
2.75E-01
2.39E-01
3.48E-01
3.78E-01
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EXP
13

10

Pj

3.85E-03
3.81E-03
3.70E-03
3.60E-03
3.97E-03

1.23E-02
1.28E-02

- 1.27E-02

1.24E-02
1.16E-02
1.09E-02
1.31E-02
1.14E-02
1.20E-02
1.20E-02
1.17E-02

1.16E-02
1.09E-02
1.10E-02
1.10E-02
1.04E-02
1.07E-02
1.04E-02
1.00E-02
1.05E-02
1.01E-02
1.03E-02

TABLE 3.1

Pe

1.71E-01
2.99E-02
2.12E-02
1.69E-02

'3.03E-03

6.85E-02
2.16E-02
9,62E-03
6.73E-03
6.97E-03
5.49E-03
2.83E-03
7.08E-03
3.33E-03
1.83E-03

1.51E-02
9.83E~-03
9.35E-03
5.26E-03
5.26E-03
2.09E-03
1.98E-03
2.85E-03
2.62E-03
3.03E-03
3.45E-03

Pd

3.76E-06
1.73E-07
7.51E-08
3.97E-08
3.77E-08

1.15E-05
2.16E-06
1.61E-06
1.29E-06
8.87E~07
6.33E-07
4.27E-07
4.30E-07
3.88E-07
3.16E-07

4.37E-05
1.87E-05
1.13E-05
5.87E-06
3.51E-06
2.61E-06
1.82E-06
1.39E-06
1.07E-06
8.44E-07
6.05E-07

(CONTINUED)

U/Ue

9.06E-01
3.78E-01
3.21E-01
2.90E-01
1.19E-01

3.48E-01
3.04E-01
2.04E-01
1.72E-01
1.79E-01
1.62E-01
8.93E-02
1.81E-01
9.97E-02
1.27E-01
7.44E-02

2.20E-01
1.80E-01
1.23E-01
9.26E-02
9.43E-02
5.87E-02
5.76E-02
5.43E-02
5.12E-02
4.88E-02
5.90E-02
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8.15E-02
1.93E-01
2.25E-01
2.46E-01
6.22E-01

3.13E-01
3.62E-01
5.38E-01
6.33E-01
5.95E-01
6.42E-01
1.24E+00
5.84E-01
1.08E+00
8.42E-01
1.43E+00

5.03E-01
5.99E-01
8.76E-01
1.16E+00
1.12E+00
1.81E+00
1.82E+00
1.91E+00
2.04E+00
2.12E+00
1.76E+00
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same data set and are plotted in Figure 3.1.

3.3 QUALITATIVE OBSERVATIONS OF SYSTEM BEHAVIOR

After a short transient period, the fluid motion within
the test tank was steady throughout each test segment.

Figure 3.5 illustrates the fluid motion observed in the
upper layer of this system. A roll cell develioped on
either side of the jet. These roll cells were observed by
moving the shadowgraph so that it illuminated the tank to
one side of the jet. The cells exhibited rotation in
directions opposite from each other but with a downward
motion on the side adjacent to the jet. The cells were
roughly circular and thus did not extend through the entire
horizontal extent of the upper fluid layer. On the side of
the cells away from the jet, a flow of the lower level
fluid could be seen traveling tangent to the roll cell as
it was drawn into the upper level fluid, then falling back
to the lower level on an arched trajectory. This flow was
created directly by the jet.

The jet was designed to operate in a pulsed mode as
described earlier. This pulsing actually had little effect
on the impingement into the interface since the pulses in
the higher freguency experiments blurred into a single flow

away from the jet thus appearing to be a continuous
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jet. The pulses in the
sufficient duration that the
a continuous jet appiied for
pulsed jet.

The center best fit line
from experimenté 11, 12, and
the high and low frequencies

total of only 14 data points

experiments so the exact equation of the best fit

of nominal value, however,

relative to the other data

were conducted with 10 psig air pressure

tank
experiments.
Therefore,
overcoming friction and
and more power
interface.
continuous flow data.
come inertial effects once

available for entrainment.

The

depression with a width egual

the interFéce.

is useful.

a smaller percentage of the power

inertial

it

interface was deformed by the jet

48

low freqguency experiments were of

effect on the interface was of

a short term rather than a

on Figure 3.1 represents data

13. These experiments include
possible with this system. A
were obtained during these

line is

the position of this data

These experiments

in the pressure

instead of 5 psig which was used in the other

This provides more power to the system.

is used in

effects in the flow limes

is available for entrainment at the
Similar reasoning explains the position of the

Since a steady flow must not over

is established, more power is
into a curved

to the width of the jet at

Although this depression remained present
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during each test segment, the surface of the depression
was quite active, as shown in Figures 3.6 and 3.7. As
fluid from the jet struck the interface, smaller scale
depressions within the overall depression would be seen.
These smaller depressions were the result of small scale
turbulence. A Reynolds number of 30 or greater is defined
as turbulent flow, based on the jet sliot width and initial
jet velocity (Daily and Harleman 1966). Since the jet had
a minimum Reynolds number at the jet opening for any
experiment of approximateiy 600, the jet was turbutlent.
However, any given spot on the interface would have a
direct force from the jet for only a limited time,
thefeFore. when the turbulence was not acting on such a
spot, the interface in that location would recover, this is
similar to the responce of the free surface of water to
multiple falling drops. This parcel of fluid that
recovered would contain fluid from the lower layer. At
some point during this response, the parcel would be
sheared by the jet flow. A portion of this fluid would
then be caught up in the roll cellis and, through mixing and
diffusion, would be at least partially incorporated into
the upper level. Other parcels would be carried upward but
would fall back inté the lower layer without being

incorporated into the upper layer.
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FIGURE 3.6 INTERFACIAL DEPRESSION AT INITIAL JET IMPINGEMENTf
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FIGURE 3.7 INTERFACIAL RESPONSE AFTER JET IMPINGEMENT
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Away from the depression caused by the jet, the
interface experienced movement from transverse waves.
These waves moved away from the jet and had a frequency
independent of that of the jet. While it was not possible
to measure this frequency directly, it is believed to be
the Brunt-Vaisala or buoyancy (natural) frequency resulting
from the interfacial density step. When a test segment was
completed, the fluid was allowed to come to rest. At this
point waves were observed with the aid of the shadowgraph
moving away from the center of the tank, but no waves were
observed reflecting from the ends of the tank. This
suggests that the waves observed during the tests were
traveling rather than standing waves and that the damping
system at the tank ends performed well. None of these
waves were seen to break, suggesting low wave energy
levels. This is in agreement with the calculated values
shown in Table 3.1 and supports the decision to neglect the
deformation term in the calculation of entrainment because
non-breaking waves will not significantly contribute to the
energy (power) balance.

The lower level appeared to be still except near the
interface. It was observed that the large density
difference between the levels prevented significant

penetration of the jet into the lower fluid. Thus little
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energy was available to excite the

lower fluid

layer.

53



T-3996 54

CHAPTER 4
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
4.1 SUMMARY

A series of experiments have been conducted to
determine the effectiveness of a proposed entrainment
enhancement technique. The technigue enhanced entrainment
by exciting a density interface with a pulsed jet. It was
anticipated that excitement of this interface at nodal
freguencies would cause resonance of the interface and lead
to enhanced, wave-driven mixing.

These experiments were conducted on a small scale in a
clear sided tank and used a shadowgraph system to provide
visual observation and measurement. A pulsing system was
developed to provide jet impingement of the density
interface within the test tank. The pulsing system was
constructed with an adjustable timing circuit to allow a
range of pulse frequencies so that the reliationship between
frequency and entrainment rates could be established.

Data were collected prior to and during the individual
experiments for later analysis. Two methods of analysis
were used. In the first method, the Buckingham Pi theorem
of dimensional analysis was used. The second technique
used first principles to develop an eneray balance. As

noted before, the units of this equation are power, but
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because energy balances are in more general use, this
equation was referred to as an energy balance for ease of
communication.

No relationships were found, among the dimensionless
aroups determined by the Buckingham Pl theorem, that could
be corretated into one governing equation. However, the
data were correlated as a result of the energy analysis.
It was found that wave energy does not play a significant

role in energy transport within this system.

4.2 CONCLUSIONS

It is concluded that there is no relationship between
the pulsing freguency and entrainment rate for this
system. In the development of equations 3.1a and 3.1b, the
only term containing frequency was the buoyancy frequency
of the density interface. Since the wave energy played an
insignificant role in entrainment, the factor Pg
containing the buoyancy frequency was neglected and thus no
freaquency effects are deemed relevant.

A review of the power term values in Table 3.1 shows
that in many cases the power of the jet is less than the
sum of the powers for the sinks. Also, as mentioned
before, the jet pulses tended to blend into a continuous

Jet. This implies that an error is introduced by assuming
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in section 3.2.2 that negligible momentum is lost from the
jet. In order to gain an estimate of the effect of this
blending and the vatidity of the assumption, values of
relative error were plotted as a function of the distance
from the jet to the interface. This relation is shown in
Figure 4.1. Data with relative errors below the value of
minus ten were considered extraneous and were neglected
from the analysis. The average value of the relative error
is -0.5. Because the jet power is known with a relative
error of less than 1 percent it must be concluded that the
powers of entraimment and/or deformation are over
estimated. Since, the relative error data show no trend
with respect to the distance from the jet opening to the
interface it is concluded that the assumption of negligible
momentum loss in the jet is valid.

Terms containing the horizontal extent of the system
were present in eqguations 3.1a and 3.1b which implied that
the horizontal extent of the system is important. It was
hoped that this would not be the case so that equations
3.1la and 3.1b could be applied to systems of infinite
horizontal extent.

The grid/sponge wave damping system was found to be an
effective design. During operation no wave reflections

were witnessed. If reflections were present, they would be
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seen immediately after the pulsing system was shut off,.
This was not the case. Fluid from the lower level was
forced to the sides of the tank by jet impinament and then
flowed back towards the eenter withouf waves being present.
In conclusion, the pulsing system is considered to be a
gualified success. It performed well during all tests.
However, the qualification in its success is the result of
two difficulties. First, during the higher freguency tests
a smaller flow rate was observed. This could affect the
final results because the lower flow rate corresponds to
lower power input. A given amount of power is consumed in
overcoming inertial and friction effects in the pulsing
system. Therefore, the percentage of the total power used
in overcoming these effects is greater for the low power
condition. Hence, less power is available for
entrainmment. Secondly, the range of freqgquencies was
restricted. The timing circuit used can provide
frequencies up to several thousand Heftz: however, as
shown in Figure 4.2, the flow system cannot respond more
quickly than it did during the tests. It would be
desirable to increase the flow volume per pulse so that the
effects at higher frequencies could be fully determined.
It is possible that such a system would reveal frequency

effects which were not apparent during this study.
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4.3 RECOMMENDATIONS

It is recommended that further study in this area be
conducted. Although it has been shown that no frequency
effects were measured in this system, it has also been
suggested that the 1imits on the pulising system coqld have
masked such effects. Further tests, for the purpose of
confirming these results, are warranted. A new pulsing
s&stem is regquired for further testing. [t is suggested
that this system incorporate a positive displacement piston
pump with an adjustable stroke and reciprocation rate.

This will provide the varied frequency needed while also
allowing control of the flow rate. Frequencies of up to 20
Hertz may be necessary to work with NaCl salt solutions.

If solutions of KC1 or other solutes which can create
higher density steps are used, higher frequencies may be
required. Conversely, if smaller density steps are used
lower frequencies will be required.

Future testing should incorporate a larger length to
height ratio in the design of the test tank. In the system
used for these tests horizontal motion of the fluid was
restricted. As the interface moved away from the jet the
roll cells on either side of the jet grew to a point where
they were constrained by the end walis of the tamnk. While

it is believed that this will have little effect on the
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test results, the gquestion remains as to the validity of

the developed equations

in relation to a system with

or possibly infinite horizontal extent.

large
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INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEM

RUN § HATER+TAR SALT+TARE FRESH INT

PRESSURE TARE TARE FRESH FIN
UATER T 0.00 SALT uT 0.00 FRESH IN

SALT SOLUTION ¥T 1 ERR N WIR DEPTH

LOWER LEVEL (Ms) JET DEPTH

TINE 5 S ¢ THK TEMP UP TEMP LOW FLOW INT FLOW FINL

PRESSURE = Pressure in pressure tank (psiqg)

WATER + TARE = Total weight of stock tank filled

TARE = Weight of tank prior to filling with water

SALT + TARE = Weight of stock tank with salt added

TARE = Weight of stock tank prior to adding salt

FRESH INT = Weight of stock tank vhen filled with water
prior to placing top layer of water

FRESH FIN = Weight of stock tank after top water layer
has been placed

(All weights are in pounds)

WRT DEPTH = Depth of water from bottom of tank to top {(cm)

JET DEPTH = Depth of jet opening from top surface of water

TIME = Duration of test segment (minutes)

S = Distance from jet opening to top of interface (cm)

S + THK = Distance from jet opening to bottom of interface (cm)

TEMF UF = Temperature of upper layer fluid (C)

TEMP LOW = Temperature of lower layer fluid (C)

FLOW INT = Initial flow reading on water meter (gal)

FLOW FINL = Final flow reading on water meter (gal)

(cm)
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INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEM

RUN | WATER+TAR 248.00 SALT+TARE  47.00 FRESH INT

PRESSURE 3.00 TARE 47 TaRE 37 FRESH FIN
WATER WT  201.00 SALT WT 10.00 FRESH IN

SALT SOLUTION T 1 474 Ny 0.049 WTR DEPTH

LOWER LEVEL (Ms) JET DEPTH

TINE § S + THK TENP UP TENP LOW FLOW INT FLOW FINL

11.00  11.60  I5.00  20.00  18.90 205081.56 205102.72
10.00  17.60  20.30  20.00  1B.90 205102.72 205121.95
10,00 20.75  23.70  20.00  19.00 203121.95 205140.39
11.00  23.15  26.10 20.20  19.00 205140.59 20516!.64
10.00  24.75  28.19  20.50  19.00 205161.64 205180.72
10.00  27.40  29.85  20.50  19.00 205180.72 205199.37
10.00  28.91  31.39  20.70  19.20 205199.37 203218.20
3.1

304.25
96.25
208.00
43.40
8.80

Moj
1.64E-06
1.64E-06
1.54€-06
1.62E-06
1.62E-06
1.54E-06
1.97E-06
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RUN
PRESSURE

TINE
3.50

5.00

5.00
6.00
3.00
2.75
5.00
10.00
11.00
13.00
11.00
10.00
10.00
10.00
10.00
10.00
10.00

2 WATER+TAR

5

SALT SOLUTION §T T

INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEM

TARE
WATER WT

LOWER LEVEL (Ms)

5
15.05
16.13
17.01
18.41
19.93
20.57
21.13
21.32
23.31
24,75
26.41
21.51
28.2¢
28.75
29.51
30.38
3t.28
32.85

S + THK
17.93
19.035
19.95
20.92
22.24
23.21
23.52
24.30
25.65
27.21
28.71
29.85
30.75
3.4
32.18
32.89
33.67

247 SALT+TARE

47

4.76

47 FRESH INT

TARE 37 FRESH FIN

200,00 SALT W7 10.00 FRESH IN
NJ 0.41 WTR DEPTH
JET DEPTH

TENP UP TEMP LOW FLOW INT FLOW FINL

19.80
19.90
20.00
20.00
20,00
20.00
20.00
20.00
20,00
20.00
20.00
20.00
20.10
20.30
20.50
20.50
20.70

18.50 205250.67 205260.06
18.50 205260.06 205268.62
18.30 205268.62 205277.67
18.50 205277.67 205288.00
18.60 2035288.00 205296.92
18.60 205296.92 205301.45
18.60 205301.45 205310.17
18.80 205310.17 2035327.66
18.60 205327.66 205346.81
18.70 203346.8! 205369.47
18.70 203369.47 205388.42
18.80 2053868.42 2054035.61
18.80 205405.61 205423.18
18.80 205423.18 205440.23
18.80 205440.23 205437.56
18.80 205457.56 205474.57
19.00 205474.57 205491.69

326
107
219.00
45.5

8

Noj
1.29€-08
1.30E-06
1.45E-06
1.32E-06
1.41E-06
1.20E-06
1.35E-06
1.36E-06
1.34E-06
1.35€-06
1.32E-06
1.31E-06
1.37E-06
1.29E-06
1.33E-06
1.2BE-06
1.30E-06
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 RUN #
PRESSURE

TINE
5.00
5.00
6.00
5.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.0%
3.00
5.00
3.00
3.00
5.00

27
5.00

SALT SOLUTION WT %

INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEM

WATER+TAR 247.50 SALT+TARE  47.00 FRESH INT

TARE
WATER WT

LONER LEVEL (Ms)

5

6.00
10.50
12.50
15.00
16.50
17.30
19.30
20.50
22.00
22.50
23.50
24,00
24.50
23.50
26.30
21.00
28.50
25.00

47.00

200.50 SALT W1

4.73

TARE 37.00 FRESH FIN
10.00 FRESH IN

N 0.410 WIR DEPTH
JET DEPTH

S ¢ THC TEMP UP TEMP LOW FLOW INT FLOW FINL

9.50
13.75
15.70
18.00
19.50
20.30
22,50
23.50
25.00
25.00
26.00
26.50
27.00
28.00
28.50
29.00
29.50

9.00

9.50

9.50
11.50
11.30
11.50
12,00
12.00
12.00
12.00
12.00
12.50
12.50
12.50
12.30
13.00
13.00

9.00 204508.30 204517.82
10.00 204517.82 204527.75
10.00 204527.75 204539.10
9.50 204539.10 204548.70
10.00 204548.70 204558.07
10.00 204558.07 204567.71
10.00 204567.71 204377.00
10.00 204577.00 204586.51
10.00 204586.51 204596.11
10.00 204596.11 204595.41
10.00 204595.41 20460S.10
10.00 204605.10 204614.55
10.00 204614.35 204624.3!
10.20 Z04624.31 204633.40
10.50 204633.40 204642.84
10.50 204642.84 204652.60
11.00 204652.60 204661.91

408.00
232.23
173.75
43.80
9.80

Noj
1.61E-06
1.75E-06
1.59€-06
1.64E-06
1.56E-06
1.65E-06
1,33E-06
1.60E-06
1.64E-06
8.70E-09
1.67E-06
1.55E-06
1.69E-06
1.47€-06
1.58E-06
1.69E-06
1.54E-06
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INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEM

RUN & J WATER+TAR 247.25 SALT+TARE 47 FRESH INT  309.23
PRESSURE S TARE 47 TARE 37 FRESH FIN  90.30
WATER WT  200.25 SALT 4T 10.00 FRESH IN  218.73
SALT SOLUTION T 1 4.76  Nj 0.722 WTR DEPTH  456.65
LOWER LEVEL (Ms) JET DEPTH 9.12

TINE S S ¢ THK TEMP UP TEMP LOW FLOW INT FLOW FINL  Moj

3.00 10.31 13.28  20.60  18.50 205518.67 205524.22 1.52E-06
5.00 12.75  15.08  20.60  18.50 203524.22 205533.45 1.51E-06
5.00 14,05 17,07  20.70  18.50 205533.45 205542.93 1.33E-06
5.00 15,58  18.26  20.70  18.50 205542.93 205551.94 1.44E-06
5.00 16,09  19.32 20.80  18.70 203551.94 205561.07 1.48E-06
10.00  17.55  20.1S  20.80  1B.70 205561.07 205579.65 1.33E-06
10.00  19.78  22.55  20.80  17.70 203579.65 205598.12 1.51E-06
10,00 21.39 24.20  20.80  1B.70 205598.12 203616.66 1.52E-06
10,00  23.45  25.67  20.80  18.70 205616.66 205634.70 1.44E-06
10.00  25.82 27.18  21.00  18.80 205634.70 205653.08 1.50E-06
10.00  26.27 28.40  21.00  18.80 203653.08 205671.48 1.50E-06
10.00  27.00  29.45  21.00  18.80 203671.48 205689.61 1.46E-06
20,00  28.33  30.39  21.00  18.90 205689.6! 205725.63 1.44E-06
20.00  30.21  32.25  21.10  19.00 205725.63 205761.57 1.43E-06
20.00  31.58  33.25  21.10  19.10 205761.57 205797.45 1.43E-06
33.41
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RUN ¢
PRESSURE

TINE
7.00
5.00
3.00

10.00
10.00
10.00
10.00
16.00
11.00
10.00
17.00
10.00
10.00
10.00

INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEM

4 UATER+TAR 247.25 SALT+TARE  47.25 FRESH INT  310.25

5

SALT SOLUTION WT 1

TARE
WATER WT

LOWER LEVEL (Ms)

S
11.92
12.75
13.83
14.25
15.04
17.24
19.25
21.61
24.57
26.18
21.27
28.84
30.40
.4
34.71

§ + THK
14.05
15.45
15.95
16.40
17.80
19.92
22.11
23.95
26.73
28.70
29.57
30.25
33.45
33.50

47.25

TARE 37.25 FRESH FIN  94.00

200,00 SALT T 10.00 FRESH IN  216.23

4.76

NJj 1.062 WTR DEPTH  45.53
JET DEPTH 8.1

TENP UP TEMP LOW FLOW INT FLOW FINL  Moj

21.00

21.00

21.00
21.00
21.00
21.00
21.00
21.10
21.50
21.60
21.70
21.80
21.90
22,00

20.50 205812.79 205821.48 6.84E-07
20.50 205821.48 205827.97 7.47E-07
20.50 203827.97 205833.90 6.24E-07
20.50 205833.90 205846.42 6.95E-07
20.50 205646.42 205873.71 3.30E-06
20.50 205873.71 2056880.79 2.22E-07
20.50 205880.79 205897.71 1.27e-06
20.50 205897.71 203924.82 1.27E-06
20.50 205924.82 205943.58 1.29e-06
20,50 205943.58 205960.48 1.27E-06
20.60 205960.48 205989.21 1.27E-06
20.60 205989.21 206006.19 1.2BE-06
20.60 206006.19 206023.22 1.29E-06
20.70 206023.22 206039.96 1.24E-06
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RUN ¢
PRESSURE

TINE
5.00
5.00
5.00
5.00
3.00
5.00
5.00
3.00
3.00
5.00
5.00
3.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00

8.00

A
5.00

SALT SOLUTION WT 1

INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEM

WATER+TAR 248.50 SALT+TARE  47.23 FRESH INT  402.50

TARE
WATER WT

LOWER LEVEL (Ms)

S

9.50
11.50
13.00
14.00
15.00
16.00
17.00
17.50
18.350
19.00
19.50
20.30
21.00
21.50
22.00
22,25
23.00
24.00
25.00
25.25
26

47.25

TARE 37.25 FRESH FIN  228.23

201.25 SALT WT 10.00 FRESH IN  174.25

4.73

NJ 1.062 WIR DEPTH  43.20
JET DEPTH 9.50

S+ THK TEMP UP TENP LOV FLOW INT FLOW FINL  Moj

12.75
14.50
16.00
17.00
18.00
19.00
19.30
20.50
21.00
21.70
22.50
23.00
23.30
24.00
24.50
24.75
25.50
26.50
21.20
21.75

9.00

9.00

9.30

9.50
10.00
10.00
10.00
10,00
10.00
10.30
10.50
11.00
11.00
11.00
11.00
11.00
11.00
12.00
12.00
12.00

9.00 204689.61 204697.51 1.11E-06
9.00 204697.51 204705.42 1.11E-06
9.00 204703.42 204713.12 1.05E-06
9.00 204713.12 204721.00 1.10E-06
9.00 204721.00 204728.85 1.09E-06
9.00 204728.85 204736.36 1.0SE-06
9.00 204736.56 204744.15 1,02E-06
9.00 204744.15 204752.10 1.12E-06
9.00 204752.10 204759.70 1.03E-06
9.50 204759.70 204767.40 1.05E-06
9.50 204767.40 204774.87 9.90E-07
9.50 204774.87 204782.57 1.05E-06
9.50 204782.57 204790.35 1.07E-06
9.50 204790.35 204797.72 9.64E-07
9.70 204797.72 204805.45 1.06E-06
10.00 204805.45 204820.85 1.05€-06
10.00 204820.85 204836.55 1.03€-06
10.00 204B36.35 204851.85 1.04E-06
10.00 204831.85 204867.20 1.05E-06
10.00 204867.20 204879.10 9.82E-07
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RUN §
PRESSURE

TINE
3.00
2,00
2.00
2.00
2.00
2.00
3.00
2.00
3.00
3.00
3.00

INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEM

S WATER+TAR 247.00 SALT+TARE  47.00 FRESH INT  336.25

3.00

SALT SOLUTION WT 1

TARE
WATER WT

LOWER LEVEL (Ms)

S
10.41
17.84
20.48
22.24
23.71
25.21
26.54
.11
29.22
30.49
32.14
33.03

S + THK
13,25
20.39
22.19
23.61
23.11
26.58
27.63
29.535
30.71
31.82
33.35

47.00

TARE 36.75 FRESH FIN  112.25

200.00 SALT WY 10.25 FRESH IN  224.00

4.08

Nj 0.000 WTR DEPTH  46.53
JET DEPTH 9.15

TEMP UP TEWP LOW FLOW INT FLOW FINL  Moj

19.00
20.10
20.50
20.70
20.80
20.90
21.00
21.00
21.00
21.00
21.10

22.00 207837.35 207858.78 8.15E-06
22.00 2076858.78 207867.46 B.36E-06
22.00 207867.46 207876.11 8.30E-06
22.00 207876.11 207684.69 B.16E-06
22.00 207884.69 207893.08 7.81E-06
22.00 207893.08 207901.29 7.48E-06
22,00 20790%.29 207914.37 B8.43E-06
22,00 207914.37 207922.71 7.71E-06
22.00 207922.71 207935.42 7.96E-06
22,00 207935.42 207948.12 7.95E-06
21.90 207948.12 207960.71 7.8B1E-06
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RUN §
PRESSURE

TINE
5.00
6.00
6.00
3.00
5.00
5.00
5.00
5.00

10.00
11.00
10.00
10.00
10.00
10.00
10.00
10.00

6 WATER+TAR

5

SALT SOLUTION WT 1

INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEM

TARE
WATER T

LOWER LEVEL (Ms)

5
10.03
12.08
14.58
16.63
17.88
19.07
19.95
21.09
22.01
.27
25.15
26,95
27.711
28.82
30.07
.11
32.75

S + THK
14,25
16.37
18.35
19.95
21.09
22.41
23.35
24.15
25,25
27.02
25.70
29.85
31.20
31.95
32.91
34.25

256.5 SALT+TARE 56.5 FRESH INT  330.50

36.3

TARE 36.5 FRESH FIN  111.00

200.00 SALT WT 20.00 FRESH IN  219.50

9.09

NJ 0.049 WTR DEPTH  46.15
JET DEPTH 8.95

TEMP UP TEMP LOW FLDW INT FLOW FINL  Moj

18.00
18.70
19.00
19.00
19.00
19.10
19.40
19.60
19.80
19.90
20.00
20.00
20.00
20.10
20.30
20.30

20.60 206050.91 206060.93 1.79E-06
20.60 206060.95 206073.12 1.83E-03
20.60 206073.12 206085.53 1.90E-05
20.60 2060835.33 206095.67 1.82E-05
20.70 206095.67 206105.61 1.75E-05
20.70 206105.61 206115.30 1.74E-035
20.70 206115.50 206125.49 1.77€-035
20.70 206125.49 206135.56 1.B0E-0S
20.70 206135.56 206136.2¢ 1.90E-05
20.70 206156.24 206178.87 1.8BE-05
20.70 206178.87 206199.81 1.95E-035
20.70 206199.81 206220.30 1.86E-05
20.50 206220.30 206240.71 1.85E-05
20.40 206240.71 206261.48 1.91E-05
20.40 206261.48 206282.11 1.89E-035
20.50 206282.11 206302.58 1.86E-05
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RUN B
PRESSURE

TINE
5.00
3.00

18.00
16.00
10.00
10.00
10.00
10.00
10.00
21.00
20,00
33.00
23.00
20.00
25.00
29.00

7 WATER+TAR

5

SALT SOLUTION WT 1

INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEM

TARE
WATER NT

LOWER LEVEL (Ms)

S
10.35
11.435
12.04
14.635
16.66
17.56
18.51
19.48
20.47
21.4
22.73
24.01
26.24
26.081
27.68
29.05
30.13

S + THK
14.32
15.35
16.07
18.25
20.14
20.91
22.00
23.00
23.72
24.56
26.08
27.35
29.17
30.05
31.00
31.75

257 SALT+TARE

37

200.00 SALT WT

9. 09

S7 FRESH INT

TARE 37 FRESH FIN
20.00 FRESH IN

N 0.41 WTR DEPTH
JET DEPTH

TEMP UP TEMP LOW FLOW INT FLOW FINL

16.70
17.10
17.20
18.00
18.00
18.20
18.60
18.70
18.90
19.00
19.10
19.50
19.80
20.00
20.00
20.10

19.00 206324.91 206334.00
19.00 206334.00 206342.77
19.00 206342.77 206376.66
19.00 206376.66 206408.43
19.00 206408.43 206427.0!t
19.00 206427.01 206443.73
19.00 206445.73 206464.38
19.00 206464.38 206484.61
19.00 206484.61 206502.97
19.00 206502.97 206541.75
19.00 206541.75 206578.91
19.00 206578.91 206639.61
19.00 206639.61 206681.90
19.00 206681.30 206718.60
19.00 206718.60 206766.32
19.00 206766.32 206822.15

352,73
135.00
217,73
46.45
8.95

Hoj
1.47€-06
1.36E-06
1.57€-06
1.75E-06
1.33E-06
1.55€-06
1.54E-06
1.82E-06
1.50E-06
1.51E-06
1.53E-06
1.50E-06
1.50E-08
1.49E-06
1.62E-06
1.64E-06
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RUN B
PRESSURE

TINE

3.00

9.00

9.00
10.00
10.00
10.00
10.00
10.00
14.00
16.00
15.00
15.00
13.00
15.00
15.00
15.00
15.00
15.00
15.00

9.00

8 WATER+TAR

5

SALT SOLUTION WT 1

INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEM

TARE
WATER §T

LOWER LEVEL (Ms)

5
10.26
11.37
12.82
13.81
15.11
16,135
16.97
17.89
18.61
19.91
20.79
21.86
22.50
23.31
24,07
25.36
26.15
26.35
27.04
27.61
28.09

S+ THKK
14.49
15.28
16.37
17.55
18.49
19.41
20.45
21.38
21.75
22.82
23.92
24.89
25.82
26.65
27.38
27.95
28.71
29.29
29.75
30.32

257 SALT+TARE

57

9.19

37 FRESH INT

TARE 36.75 FRESH FIN

200.00 SALT w7 20.25 FRESH IN
N 0.722 WTR DEPTH

JET DEPTH

TEMP UP TEMP LOW FLOW INT FLOW FINL

16.20
17.00
17.20
17.50
18.00
18.00
18.20
18.30
18.70
18.80
19.00
19.20
19.50
19.80
19.90
19.90
20.00
20.00
20.20
20.350

19.00 206832.40 206841.32

19.00 206841.32 206857.61
19.00 206857.61 206873.60
19.00 206873.60 206891.689
19.00 206891.69 206309.31
19.00 206909.3% 206927.12
19.00 206927.12 206945.11
19.00 206945.11 206962.89
19.00 206962.89 206997.46
19.00 206997.46 207015.61
19.00 207015.61 207041.91
19.00 207041.91 207068.12
19.00 207068.12 207094.54
19.00 207094.54 207120.64
19.00 207120.64 207146.89
19.00 207146.89 207172.91
19.00 207172.91 207199.02
19.00 207199.02 207224.89
19.00 207224.89 207250.89
19.20 207250.89 207268.18

393.30
186.50
207.00
44,85
1.50

Mo)
1.41E-06
1.45E-06
1.40E-06
1.43E-06
1.3BE-06
1.41E-06
1.44E-06
1.40E-06
2.71E-06
S.71E-07
1.36E-06
1.35E-06
1.38e-06
1.34E-06
1.36E-06
1.33E-06
1.34E-06
1.32E-06
1.33E-06
1.64E-06
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RUN §
PRESSURE

TINE
8.00
14.00
11.00
13.00
14,00
14.00
16.00
27.00
23.00
21.00
-24.00
24.00
24.00
35.00
33.00
30.00

9 WATER+TAR

S

SALT SOLUTION WT 2

INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEM

TARE
WATER WT

LOWER LEVEL (Ms)

5

8.81
12.15
13.17
14.21
15.14
16.04
16.95
17.85
19.24
20.15
20.91
21.51
22,73
23.22
24,135
25.62
26,34

5 ¢ THK
14.23
15.37
16.72
17.51
18.47
19.38
20.21
20.95
22.27
23.02
23.86
24.61
23.46
26.38
27.41
28.41

257.5 SALT+TARE S7 FRESH INT  361.73
57 TARE 37 FRESH FIN  131.00
200.50 SALT &7 20.00 FRESH IN  230.73
9.07 Nj 1.062 WTR DEPTH  47.33

TENP UP
21.20
21.70
21.90
22,00
22.00
22.00
22.10
22.40
22.60
22.80
23.00
23.00
23.00
23.00
23.20
23.60

JET DEPTH  10.00

TEMP LOW FLOW INT FLOW FINL  Moj

22.00 207279.35 207291.32 9.93e-07
22.00 207291.32 207312.63 1.03E-06
22.00 207312.63 207329.27 1.02E-06
22,00 207329.27 207349.06 1.03E-06
22.00 207349.06 207369.98 9.91E-07
22.00 207369.96 207392.28 1.13E-06
22.00 207392.28 207417.48 1.10E-06
22.00 207417.48 207457.12 9.56E-07
22.00 207457.12 207409.61 1.89€-06
22.00 207409.61 207521.39 1.26E-05
22,00 207521.39 207356.32 9.40E-07
22.00 207556.32 207592.74 1.02E-06
22.00 207592.74 207627.47 9.29E-07
22.00 207627.47 207677.57 9.09E-07
22.00 207677.57 207725.04 9.18E-07
22.10 207725.04 207767.65 B.95E-07
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RUN #
PRESSURE

TINE
3.00
3.00
6.00
6.00
6.00
6.00
6.00

10.00
10.00
13.00
10.00

INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEM

10 WATER+TAR 258.50 SALT+TARE  58.00 FRESH INT  252.25

5.00

SALT SOLUTION WT 2

TARE
WATER WT

LOWER LEVEL (Ms)

S
10.05
12.71
14.86
17.82
20.04
22.26
23.66
25.02
27.13
29.13
3L.63
33.95

S ¢ THK
14.35
16.37
18.42
21.37
23.35
23.45
27.35
28.62
30.94
2.4
35.05

56.00

TARE 37.00 FRESH FIN  126.00

200.50 SALT WT 21,00 FRESH IN 126,25

9.48

NJ 0.000 WTR DEPTH  47.45
JET DEPTH  10.20

TEMP UP TEMP LOW FLOW INT FLOMW FINL  Moj

18.00
18.80
19.00
19.00
19.10
19.60
19.90
20.00
20.00
20.20
20.40

20.30 208022.55 208035.14 7.81E-06
20.50 208035.14 208047.46 7.4BE-06
20.50 208047.46 208072.21 7.55E-06
20.50 208072.21 208096.91 7.52E-06
20.80 208096.91 208121.11 7.22E-06
20.70 208121.11 208145.58 7.3BE-06
20.50 208145.58 208169.79 7.22€E-06
20.30 208169.79 208209.64 7.05E-06
20.30 208209.64 208250.00 7.23E-06
20.50 208250.00 208301.86 7.06E-06
20.50 208301.86 208341,.97 7.14E-06
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RUN §
PRESSURE

TINE
3.00
2.00
3.00
3.00

INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEM

11 WATER+TAR 264,80 SALT+TARE 47,00 FRESH INT 310,25

10.00

T INIT

3.50
2.30
2.00
1.40

TARE
WATER NT
SALT SOLUTION WT 2
LOWER LEVEL (Ns)

10.00
12.00
12.00
12.00

4700
217,80

439

TEMP UP TEMP LOW

10.50
10.50
10.70
10.80

TARE 37.00 FRESH FIN 130.00
SALT WT  10.00 FRESH IN 180.25
Nj 0.05 WTR DEPTH 45.70
JET DEPTH 12.00

S  FLOW INT FLOW FINL  Koj
4.00 2.05E+05 2.05E+05 3.97E-06
17.73 2.03E+03 2.05E+05 3.34E-06
22.40 2,05E+05 2.05E+05 4.17E-06
27.50 2.05E+05 2.05E+05 6.06E-06
31.50 ‘
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INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEM
RUN B 12 BATER+TAR 248,00 SALT+TARE  48.00 FRESH INT 305.50
PRESSURE  10.00 TARE 48.00 TARE 38.00 FRESH FIN  90.75
WATER WT  200.00 SALT WT  10.00 FRESH IN 214.75
SALT SOLUTION WT T  4.76 Nj 0.41 WTIR DEPTH  46.50
LOWER LEVEL (Ns) JET DEPTH  12.50
TINE T INIT TEWP UP TEMP LOW S  FLON INT FLOW FINL  Moj
4.00 3.55 10.10  10.50 6.50 2.05E+05 2.05E+05 4.37E-06
4.00 2,20 11,50  10.50  17.20 2.05E+05 2.05E+05 4.10E-06
4.00 3.36  11.70  10.50  20.60 2.05E+05 2.05E+05 4.33E-06
4.00 2,30 11,80  10.70  24.75 2.0SE+05 2.0SE+05 4.19E-06
4.00 2,30 11.80  10.70  27.50 2.0SE+05 2.05E+05 4.12E-06

30.00
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INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEN

RUN # 13 WATER+TAR 248.50 SALT+TARE  47.00 FRESH INT 228.70
PRESSURE ~ 10.00 TARE -47.00 TARE 37.75 FRESH FIN  69.29
WATER WT  201.50 SALT WT 9.25 FRESH IN  159.45
SALT SOLUTION WT X1  4.39 Nj 1.06 WTR DEPTH  45.50
LOWER LEVEL (Ns) JET DEPTH  11.80

TINE T INIT TEWP UP TEMP LOW S  FLOW INT FLOM FINL  Moj
4.00 3.20 10,80  10.00 6.40 2.05E+05 2.05E+05 3.74E-06
4.00 2,20 11.20 10.00  16.90 2.05E+05 2.05E+05 3.71E-06
4.00 2.00 I1.50 10.00  21.30 2.0SE+05 2.0SE+0S 3.84E-06
4.00 2,00 11,70  10.00  25.00 2.05E+05 2.05E+05 3.S7E-06
4.00 1.30 11.70  10.00  28.30 2.05E+05 2.0SE+0S 3.B0E-06

29.70
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APPENDIX B

BERGMAN’S PROPERTY POLYNOMIALS
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b

% by weight NaCl

temperature of solution in K

Density (kg/m3)

o]

82.63439 + 8.288505 Tb - 0.0238221 Tb? +

0.00002117 Tb3 + 7.43 mg

Kinematic Viscosity (m2/hr)

v

A

A+ B mg + C mg?

0.22576 - 0.001869 Tb + 5.2423E-6 Tb?2 -
4.9493E-9 Tb3

1.89603E-3 - 1.1938E-5 Tb + 1.8848E-8 Tb?2

-2.61E~-5 + 2.14147E-7 Tb - 3.968E-10 Tb?l
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APPENDIX C

MINIMUM REYNOLDS NUMBER CALCULATION
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Calculation for the last data point in experiment 9.

Re = Upax b / v
Unax = 9 / A =g / bl
So substituting:
Re =g/ 1 v
where:
1 = 0.299

Substititing values from the experimental data:

g (207,767.65 - 207,725.04)*3.785E-3/(30min*60sec)

q 8.960E-5
Because the jet was operated on a square wave with a 50% on
time the value of g must be multiplied by 2. Therefore:

g = 1.792E-4.

Assume total mixing of the layers so that the salt is
distributed uniformly throughout all water in the system.

mg = {20 1b / [(361.75-131)+(257.5-57)1}*100 = 4.638

The temperature of the system was:

Tb = 273 + 23.6 = 296.6 K



T-3996 88

The kinimatic viscosity is calculated from Beraman’s
polynomials.
A = 0.22576 - 0.001869(296.6) + 5.2423E-6(296.6)2 -
4.9493E-9(296.6)3 = 3.449E-3
B = 1.89603E-3 - 1.1938E-5(296.6) + 1.8848Ef8(296.6)2
B = 1.1331E-5
C = -2.61E-5 + 2.14147E-9(296.6) - 3.968E-10(296.6)2
C = 2.509E-6
Therefore:

3.449E-3 + 1.331E-5(4.638) + 2.509E-6(4.638)7

A%

v = 3.565E-3 m&/hr = 9.902E-7 me/s
So the minimum Reynolds number for the experiments was:
Re = 1.792E-4/(0.229*9.902E-7) = 605.27

This value corresponds to a turbulent flow condition.
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APPENDIX D

UNCERTAINTY ANALYSIS
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Measurement techniques were evaluated and uncertainty
values were assigned to each term in the data collection
procedure. From these specific uncertainties, the
uncertainty the dimensionliess of mass flow rate for
equations 3.la and 3.1b could be determined. The Cline and
McClintock (Holman 1989) method was employed. This method
uses an eguation of the form:

WR)={N3;_ [ (3R /3x;) w;1230:5
where:

W(R)is the overall uncertainty

R is the given function

Xj are the independent variables

wij are the specific uncertainties of the
independent variables

N is the number of independent variables

Uncertainty calculations were performed on the data
from the last test seament in experiment 3. The
uncertainty for this data set was 2.114E-3 and is shown by

the error bar on Figure 3.1.
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APPENDIX E

FREQUENCY CALIBRATION FOR TIMING CIRCUIT
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DIAL

0, QMuD)
1.G00
2,000
Z OO0
4,000
S.000
6. 000
7 .000
. 000
G .00
10,000
11.000
12,000
13000
14,000
15.000
16.000
17.000
1B.QCO
1@, 000
D0, OO0
21,000
2,000
2Z.000
24.,00C
25.000
26. 000
27 . Q00
2E.00Q
25 . 000
0, 000
T1., 000
T2.000
TIZ.000
J4.000
I5.000
36.C00
37.000
Z8.000

I9.000

TABLE E1

FEEEUEHCYjCALIERRTION FOR TIMING CURCUIT

FERIOD (sec)

(1Z2.4
micre )

20,210
20.090
20.050
20,050
20,040
20.020
20,030
17.4&70
19.9%C

20, 0090

19.960
19.9%0
19.520
19.6%0
19.220
1B8.720
18.210
17.770
17.240
16.EB20
14.260
1€.789
15,160
14,614
14, 000
13.729S
12.78%
12.17¢
11,650
11.0390
10,850
10,650
G.580
9.155
B.700
8.232
7.71%
7200
6.820

FREG
(Hz)

G, 049
0,030
0.0%50
Q. QS0
0.0350
0,030
0.0%9
0.0357
0,050
Q.00
GOS0
0. 050
Q.0TH
Q.050
G.051
0.0352
G, 037
G. 055
0,086
0,059
0,052
O, 082
Q. 067
Q. 068
0.068
0,071
0.07S
0.0G78
0.0ED
O.086
G001
Q.95
0. 04
0,104
0.10%
0.115
¢.121
0. 17.0
0.137
C¢.147

FERIQOD (=ec)

B
micro 1)

12,930
€. 920

15.92¢0
15.920
15.920
15.929
15.920
15.940
15.920
12,920
15.92¢
15.920
15.920
135.880
15. 680
15.320
14,920
14.540
14.190
12.7&60
12.4=0
17,000
12,590
12,120
11.680
11.200
10.720
10,2391
G9.745
Q.30g
g.21%
E€.475
e.045
7. 650
7.220
b.94LD
6,320
&.175

= ~-e
o.8.5

5. 45¢

FREC
(Hz?

0.06T
O.0487
G.GeT
(O PEAT
Q.063
Q.QES
0.0873
O.047
Q.06
0, CL8T
C.OLT
Q.07
C.0e73
0. 0563
0.C&t
0.055
0. 067
Q. 069
Q. 070
Q. Q72
0,074
QL0777
Q.0O7%
0.0873

CG.0BS

. 089
0.0
0.098
0.0
0,107
Qo112
0.11%
0. 124
0,131
0.1327
0.144
0.157
0,162
G.172

0.1873

FERIDOD (sec)

L
micro )

n . 40
334
824
n. 832
Z.832

Z.832

L Gl
[] .

T.ET0

3.830
Z.EZD
3.822
Z.e2e
Z.828

-, * A
Z.B24

*.816

Z.770
T.678
2.560
Z.434
J.402
3.304
Z.Z220
J.114
CZ.Q017
2,909
T.7%4
Z.657
2.551
2,442
2.342
2,110
2.013
1.922
1.e29
1.74S
1.¢60
1.568
1.44%
1.766
1.293

FREOQ
(Hz)

0,260
¢.251
0.261
G. 261
0.Ze&1
0.2&1
O.261
0.261
O.2&1
0.8
0.2¢1
Q. 261
0.261
0.2&2

Q.245

¢C.272
0.279
0.284
0.294
D203
Cc.Z>11
0.3Z1
LAFERIRS |
D.T44
¢. 202
Q.37
C.3I90
0.410
CQ.477
Q.450
C¢.474
0.457
C.S20
0.547
C.S573
o602
C. 672
O.46518
.72

s

0.779
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CIiAnL

40,000
41.000
42,000
43,000
44, Q00
45.000
446,000
47 .Q00
48, GO0
4G, OO0
S QO

S1.000

TABLE El

FREQUENCY CALIERRTIDN FOR TIMINS CURCUIT

(12.4
micro |)

E.410
S.865
5.440
4.984
4.576
S.9EO
Z.880
3.852

- =™
e o' al

3.8582
3.882
- pen

<
-e wled e

FERIOD (sec)

FRECQ
{(Hz)

0.156
0.171
0.184
0.201
0.220
0.251
0.258
0.260
0.260
Q. 250
0.2Z60
Q.260

FERIOD fsec)

(10
micro )

o.084
4. 484

4,252

3.948
J.&24
Z.118
Z.1C4
J.098
T. 098
.. 005
.08
J.098

FREQ
(H=)

0.197
0.21=
CG. 2329
0.2573
0.276

Q.321
0,722
0.2323
0.323
0.323
0,722

Q. .=2=
DRSO
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FERICD (sec)

~(2.4
micro )

1.215
1.110
1.030
0.942
0.8355

¢.734"

C.720
0.729
0.72%9
Q.729
0.729
0.72%

FFRED
(Hz)

0.823
0.901
©.971
1.042
1,170
1.342
1.370
1.372
LE72
1.372
1.372

=

LR I



