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Abstract

in land costs due to urbanization has led many coastal communities to-
wards marine ontfalls as a convenient means of disposing of domestic and non toxic
wastes. It has been common practice to use submerged outfalls for small discharges
to take advantage of the immediate dilution available as the effluent rises to the
surface. The prime objective of the marine outfall installation is to maximize the
total dilution of the waste and to minimize impact on the marine environment. Jet
pumps or mixing tubes may be used to improve the initial dilution and to promote
plume submergence in small outfalls. Theoretical and experimental studies have
been carried out but field trials have been very limited.

Studies have shown that very limited improvement in dilution is obtained with
conventional mixing tubes. The basic reason for this is that the combination of in-
creased flow and increased diameter of the mixing tube modify the values of density
difference, relative depth and densimetric Froude number. Due to these changes
less mixing takes place between the end of the mixing tube and the surface than
would have taken place in the original jet discharged without a mixing tube. The
combination of increased dilution within the mixing tube and decreased dilution in
the buoyant jet has been found to limit the improvement factor of overall dilution
1o a factor of about two.

In this thesis experiments on a novel shape of mixing tube are described. This was
designed to overcome the problems discussed above and used a transition from a
square section at entry to a two dimensional slot at the exit. The study showed
that better performance can be acheived at low values of the Froude number. The
improvement of overall dilution with a slot mixing tube compared to the circular
mixing tube was however, fairly limited.

Little information is available to describe the field performance of mixing tubes.
‘This lack was rectified by a field study run parallel to the laboratory work. In this
study a circular mixing tube was built and installed on a small outfall located at
Spaniards bay on the east coast of the island of Newfoundland. Dye studies were
done at this installation to check the dilution achieved in the field. Comparisons
were made between the performance of a horizontal jet with and without the mixing
tube but little improvement in overall dilution was acheived with the mixing tube. It
was found that the mixing tubes performed better in the field than was theoretically
predicted.
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Chapter 1

Introduction

As land costs continue to escalate due to increased urbanization, more and more
coastal communities are turning to marine outfalls as a convenient means for dis-

posing of domestic and non toxic industrial wastes. The process involves some

pretreatment onshore to remove suspended solids and floating materials followed

by discharge offshore at a depth well below low water. The prime objective of the
marine outfall is to maximise physical dilution of the waste to protect. the quality
of the marine environment. Following dilution and dispersion, organic wastes are
stabilized by natural processes which, with proper design, occur without environ-

mental or aesthetic damage to the environment.

Comparisons between the performance of land based sccondary treatment plants

and ocean outfalls are often made as if they were comparisons hetween full treat-
ment and total lack of treatment. This approach to the problem is misleading and

irrational because the primary difference between the two lies in the location and

not in the manner of In a secondary plant sewage wastes are




stabilized by the action of bacteria and other micro-organisms in enclosed basins. In
the sea the same result is obtained by essentially similar processes (albeit natural)
but the size of the Lreatment zone is increased while the concentration of pollutants
is reduced. One major difference is the degree of control exerted over the two types
of treatment. Land treatment plants have closely controlled purification processes
whereas the only control over the natural treatment which occurs in the ocean lies
in the choice of the outfall site, the design of the outfall and the permissible load-
ing. Thus, dilution is very important in the design of ocean outfalls. Not only
does it decrease the concentration of wastes, it also provides an ambient source of
dissolved oxygen so that aerobic bacteria and higher forms of life flourish without
depleting the dissolved oxygen concentration. It has been documented that under
suitable wind, wave and current conditions, ocean outfalls provide favourable re-
duction in BOD at less cost (Clough and Cannon, 1981) and at less damage to the

environment (Allen and Sharp, 1987) than land based treatment plants.

It is often assumed, for example, that land treatment provides a pure effluent
with no side effects. However liquid wastes following treatment are usually rich in
nutrients and, when discharged to the sea, the relatively clear outflow conceals the
food immediately available for algae growth. This is not the case when effluent is
discharged through an outfall. Under these conditions the organic matter is widely
dispersed and breaks down slowly. The same total amount of nutrient is available
but this is released slowly over a wide area. Ocean outfalls seem to be particularly
suitable to small, remote, coastal communities where domestic sewage constitutes
the major part of the effluent. In addition an outfall is an alternative because

most of the cost is for capital works and the system needs very little maintenance



when compared to a secondary treatment plnt. "The simplest system of disposing
of effluent, common in the case of small discharges, consists of head work and a
long pipe which runs from the shore line to well below the lnv water mark. The
effluent is discharged through a circular nozle at the e of the pipe. The head
work usually consists of grit chambers to remove suspended solids aud a pump

chamber. Automatic pumps with float operated swithes are usied 1o prmp the

collected sewage at a regular interval of time. For larger flows it is common to use

a multiport diffuser in which cffluent is discharged throngh a series of ports located
along the length of the diffuser pipe. ‘This method has been used successfully for
decades but, there has also been considerable interest in the development, of other
devices which, by some means of premixing, increase the dilution even more than

can be achieved by multiport diffusers.

Various types of baflles and obstructions to the flow have heen tried inan efforl to
increase dilution above that which can be obtained by a simple jet, discharge. Jot-
pumps, or mixing tubes, have also been advocated on various occasions (Silvester
1967, Argaman, et al., 1975, Agg, et al., 197). These operate with elfluent. heing,
discharged from a nozzle into a larger diameter pipe, the mixing tube, in such a
way that receiving water is entrained at entry thus diluting the effluent within the
mixing tube itself. However, it has been shown both theoretically (Sharp, 1978)
and experimentally (Argaman, et al,, 1975) that theincrease in dilution caused by
use of these mixing tubes is limited to a factor of about two. This is becanse, pre-
dilution changes the characteristics of the jet such that subsequent dilution hetween
the mixing tube and the surface is less than the dilution which could be obtained

without the tube. The gain in dilution within the tube is thus offset by a reduction



in dilution between the tube and the surface.

“I'his thesis describes field and laboratory studies related to the use and eflectivencss
of mixing tubes. Despile some previous theoretical and laboratory work on cylin-
drical mixing tubes, no field data has been collected or reported to show whether
laboratory results can he scaled up for use in the field, To remedy this lack, cylin-
drical mixing tubes were designed and installed on a small outfall on the east coast
of Newfoundland. Dye studies were undertaken to determine whether dilutions
measured in the field were the same as those which could be predicted from pre-.
viously reported laboratory studies. The tubes were lefl in place over the winter
months and were then examined to determine whether the design was adequate
to withstand the winter weather. Alongside this fieldwork a laboratory study was

undertaken for a novel shape of mixing tube. This was designed to overcome the

problems which were responsible for limiting the imp of a cylindrical mix-

ing tube to a factor of about 2.0. Two different shapes of mixing tube were studied
in the laboratory and measurements were made of the pre dilution obtained within
each tube. The tubes were designed to convert the flow from a circular jet entering
the tube into a two dimensional flow from a slot at the end of the tube. Previous
studies of two dimensional jets then made it possible to calculate the overall dilu-
tion which could be obtained. It should be emphasized however that the primary
intention of this study was to determine whether the shape chosen represented a
feasible alternative to the more common cylindrical tube rather than to provide a

detailed design for practical use.




Chapter 2

Literature Review

2.1 Jets, plumes and buoyant jets

2.1.1 General

When fluid is discharged from a circular nozzle into another fhuid, the resulting llow
may be described as a pure (or momentum) jet, a buoyant plume or a bioyant, jet.
When no density difference exists between the two fluids the resulting flow is that
of a pure jet. The trajectory is a straight linc in the direction of the nozzle asis

and mixing occurs because of the initial momentum given to the flow as it leaves

the nozzle. If a density difference exists, but there is no initial momentum, the

resulting flow is called a buoyant plume. T'his is unusual in practice becaus

ome
initial momentum is almost always present. However the flow of heated air from
a warm point source (eg. a cigarette end) or of melting water from a fresh water
glacier submerged in sea water would be very plume like. In a true plume the flow is

vertical. When density difference and initial momentum are both present the flow

o



is termed a buoyant jet. Momentum dominates near the discharge nozzle and the
flow in this region is similar to that of a pure jet. However, as the initial momentum
i dissipated, buoyancy becomes more important. The flow passes through a stage
where both momentum and buoyancy are important but as distance from the nozzic
increases buoyancy becomes more and more dominant. With sufficient depth the
initial momentum may be completely dissipated and the fluid then rises under the
action of buoyancy alone. In this region the flow is similar to that of a buoyant

plume.

“This thesis relates primarily to the effect of mixing tubes on ocean outfalls discharg-
ing effluent with buoyancy and momentum. The literature survey will therefore
concentrate on buoyant jets and mixing tubes. Plumes and momentum jets will be
considered only in so far as their understanding impacts on an understanding of

buoyant jets.

2.1.2 Buoyant jet

When a buoyant cfluent flows into still water from the end of a horizontal pipe, it
is immediately acted upon by a buoyant force, the magnitude of which depends on
the density difference between the effluent and the receiving water. This causes the

jet of effluent to be deflected and accelerated towards the surface. As shear stresses

di bul : 1

are set up between the rising jet and the water,
and mixing takes place, first around the periphery of the jet and finally throughout
the whole column. With continued mixing, the density difference between the jet of

effluent and the surrounding water decreases in proportion to the amount of mi<ing.



Since mixing is most pronounced aronnd the edges of the rising column, it is this
part of the column which is decelorated most rapidly, thus setting up secondary

shear stresses and causing turbulent mixing thronghout the entire column,

The earliest experiments on buoyant jots were conducted by Rawn and Palmer
(1930) who cantilevered a nozzle from a raft in Los Angeles harbour and collected
dye samples at the boil of the jet. Measurements of surface dilution were made
and some empirical formulac were derived. 1t was later found that the empirical

formulac were not universally applicable.

The data collected by Rawn and Paliner were re-analyzed by Rawn, Bowerman and
Brooks (1960) who calculated the densimetric Froude number, Fa. the Reynolds
number, Ry, and the relative depth Y5 /d for cach test. Using partial analysis they

showed that

s, =¢(FA,II,,%) (21)

S, = dilution of the jet fluid defined as the ratio of concentration
of the jet fluid at any point to the concentration
of the jet fluid at the discharge point
densimetric Froude number defined as Q/g‘/ﬂ-
Reynolds number defined as Q/%vd®
rate of discharge from the jet
kinematic viscosity

Ap
9%
gravitational acceleration
difference in density between the discharging
fluid and the surrounding fluid
p = density of the receiving fluid




By careful analysis of the samples Rawn et al., were able to show that the Reynolds
number had no significant influence on the dilution. provided the jet flow was fully
turbulent. Because the Reynolds number calculated using Rawn's data was always
greater than 5000 making the flow to be fully turbulent, it was concluded that
Reynolds number had no appreciable significance on the initial surface dilution S,.

“Thus the hasic equation namely, (Equation 1) reduced to

(22).

A graphical solution (Figure 2.1) for the available data was developed to determine

the surface dilution S,.

Measurements for centre line dilution were made by Cederwall (1963) by means of a
conductivity probe placed within a salt water jet injected to fresh water. Maximum
concentration was observed along the axis of the jet. Comparisons of these dilutions
with Rawn, Bowerman and Brooks showed that at large densimetric Froude num-
bers the predicted dilutions of Rawn et al. (1960), were greater than the measured

minimum centre-line dilution.

Frankel and Cumnming (1965) carried out a series of experiments on buoyant jets
in a still recciving water. A graphical solution for concentrations within the jet
was developed with the aid of non dimensional relationships. It was found that the
distribution across the jet closely approximate the gaussian distribution. Vatious
angles of jet discharge were also tested and it was found that the horizontal jet

was the most efficient and the vertical jet least efficient. Frankel and Cumming
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Figure 2.1: Initial Solution after Rawn, Bowerman and Bzooks, (1960)
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also studied the effect of surface proximity on mixing in the surface transition zone.
Measurements of concentration were taken on the surface and at some depth below
it. They concluded that the effective diluting depth to diameter ratio is considerably
less than the available surface depth to diameter ratio. As a result, the dilution at
the centre-line of the plume cannot be calculated solely as a function of the depth
of nozzle below the surface. They estimated the effective mixing depth to be as

little as two thirds of the available depth in some instances.

A comprehensive study of buoyant jet phenomena was done by Abraham (Abra-,
ham, 1963, 1965). He assumed that the velocity and buoyancy profiles were of a
gaussian nature. Empirical relations for velocity distribution and distribution of

Lracer concentration at any cross section of the jet were developed,namely

U,

U _ o ”
gt (2.3)
Cr _ puiteto?
o € (2.4)
where
U, = centreline velocity of the jet
U, = velocity at a distance r from the centre line
C, = centre line coucentration
C, = concentration at a distance r from the centre line
T = radial distance measured from the centre line
s = axial distance of the plane from the nozzle

dimensionless coefficients

Lol
I
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Figure 2.2: Cross sectional profile of a buoyant jet (Abraham, 1963)

A typical sketch showing all the above parameters is shown in Figure 2.2.

The flow establishment for pure jets as outlined by Albertson, ct., al., (1956) was
used to explain the flow pattern. Figure 2.3 shows the Zone of flow establishment
and the zone of established flow. It was found that the length of the zone of flow
establishment was equal to 6 times the diameter of the jet. The analysis was based
on the assumption that the buoyant jet had jet like characteristics in the zone'of
flow establishment and plume like characteristics in the zone of established flow.

Values for the constants k and p were given by the relation



‘_ = E\Uo - u
=Y
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Figure 2.3: Zone of flow establishment and zone of established flow (Albertson et
al., 1956)
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where g was defined as the angle the jet axis makes with the horizontal at any

point distance s’ along the axis of the jet (Figure 2.2). The rate of entrainment

was represented as a [unction of the axial distance of the jet axis. The theoretical-
solutions developed were verified by experimental results. A graphical solution

(Figure 2.4)was developed for the prediction of the surface dilution.

Comparison of Abraham’s predicted dilutions with Rawn and Palmer (1930) showed

 dorabl

that there was at lower densimetric Fronde numbers but,

at large values, Abraham’s dilutions were lower than Rawn and Palmer. This

was discussed by Sharp (Sharp, 1968) who stated that this may be due to the

perfect still water of Abraham’s when compared to field

measurements of Rawn and Palmer. It would also be difficult to accurately locate
the point of minimum dilution during the sampling done by Rawn and Palimer,

again resulting in an overestimate of dilution.

Improvements on these theoretical solutions were made by Fan and Brooks (1966).

They assumed that the rate of entrainment was proportional o the local charac

istic velocity Um and the local characteristic radius of the jet or plume ‘b’ and by

following the technique used successfully by Morton et al. (1956) they presented,
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Figure 2: Prediction of surface dilution of a buoyant jet after Abraham (1963)
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o= %(wmb’ = 2zabl/, (2.6)

where a = a dimensionless constant of proportionality.

The velocity and fon profiles were in a slightly different form
than that of Abraham’s equation namely Equation (2.3) and (2.4) as

U, 2
LR
A

95 = e~/

(2.8)

Here A is a dimensionless spread ratio and 'b” is the halfl width of the jet.

A set of four ordinary differential equations namely Continuity , Momentum, Buoy-
ancy flux and the geometry of the jet were developed based on the rate of increase
in volume flux (Equation 2.6). One principle advantage of the entrainment equation
over Abraham’s approach is that it is more flexible and can he used for a variety of
problems such as those involving buoyant jets and plumes in a stratificd environ-
ment. This is because the plume width and the distance s’ need not be specified

in advance but can be derived from equations of motion and continuity.

In 1968 Cederwall (1968) developed a set of analytical jons to predict dilution

achieved in a horizontal buoyant jet, namely

7718
5o = 0.54Fa [();",ﬂ] Jor Y,[d <0.5F (2.9)
Fa



and

(h/'l)

S5, =054Fa [n 38—+ 066] for Y,/d>0.5Fs (2.10)

A generalised chart (Figure 2.5) was developed by Liseth (1970) combining the work
of various workers. He found that the field data predicts a higher degree of dilution
than shown by analytical results The reason for this is due to lateral mixing within
the transition zone which tends to increase the dilution. He also found that the
selected dimensionless parameter in his figure would show less scatter than plotting’

with other dimensionless parameters.

The later work in this area has tended to deal with refinements of the mathematical
models of Fan and Abraham and has generally confirmed the validity of the solutisns
shown in Figure 2.5. More recent work, which will be presented later, has dealt

with the effects of currents, stratification and waves.

2.1.3 Vertical buoyant jet

Studies on buoyant plumes were done by Morton, Taylor and Turner (Morton et

al., 1956) using the following assumptions

| The entrainment at any cross section is related to some characteristic velocity

at that section.

2 The velocity and buoyancy profiles across the plume are of similar form at

different heights.
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At section X - X :-

U(z,r) = U = Vertical velocity

' plz,r) = p= Density of the Plume
b(x) b = Radius of the plume
Pa = Density of ambient Fluid

= outside Plume

Po = Initial density of plume
o = Constant relating inflow velocity

| at edge of plume to vertical

velocity inside the plume
mimAL DlameTER
| oo
S—

Iigure 2.6: Flow parameters involved in the theoretical analysis of buoyant plume
(Morton et al., 1956)

3 Local variations in density are small in comparison to the density of the
ambient fluid at the source.
Using the notation shown in Figure 2.6 they were able to show that,
By principle of Conservation of volume

d
E(”b u) = 2rbau



by principle of conservation of mass

4 .
';—I(ﬂ?n’,») = 7bg(p. - p)

and by the principle of conservation of density difference

d
E(wh’u(/’a = p)) = 2wbau(p, = p.)

where
u = vertical velocity
b = radius of the plume
p = density of plume
a density of ambient fluid outside plume

initial density of plume
a = constant relating inflow velocity at edge
of plume to vertical velocity inside plume

These equations were derived with an assumption that velocity and buoyancy foree

across the plume were constant. Expressions for velocity and dilution along the je

axis were derived by reatranging the above equations to give

s
) £ 1

and

(2.12)

Where Q=constant
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This solution was compared with experimental results and also with results pro-
vided by Schmidt ( 1941) and Rouse et al. (1952) The proportionality constant
o was found to have a value of 0.093 and the vertical velocity and concentration

distributions were shown Lo be gaussian and given by

— [—sn(f)’] (2.13)
I'a 9
¢=cnezp [—30(;) (2.14)
Where
um = vertical velocity on axis of jet at distance x [rom origin
cm = concentration on axis of jet at distance x from origin

u and c are the vertical velocity and concentration at a point distance t from the

axis and a distance x from the origin.

Abraham (1963) analyzed jet diffusion in a liquid of greater density and suggested
that the factor x in the above equations should be replaced by (x+2d) for a jet of
finite initial diameter D and velocity U, . He also states that the value of Q in both

cquations is given by

= %d‘u,,M (2.15)

Po



because the densimetric Froude number is given by

PN A o
0T -rn( = )'/' 1210}
Equations 2.11 and 2.12 were rewritten as:-
-t+_’) cap [—\(l(— (2.17)
w3
) cep [—su( - (2.18)

Where u, and ¢, are initial velocity and concentration of the jet as it leaves the

nozzle.

Velocity and concentration on the axis of the jet can be calenlated using cquations

2.17 and 2.18 and at any other point on the jet by using cquations 2.13 and 2.14

A recent analysis makes use of the concept of characteristic lengths (Fischer o
1979), an approach which seems to be becoming more popular than the traditional
dimensional analysis based on the individual variables involved. The basic parame-

b

re initial

ters which determine the flow in a jet or a plume are considered to he

fluxes of volume, and buoyancy as Q, M, and I3 respectively.

The distance 2’ along the axis of the jet is included as a basic parameter. For a

vertical jet of diameter d discharging with a velocity of w into a receiving fluid with

" a density difference of Ap, the initial fluxes of volume, momentum and buoyancy




Thus we can write any flow variable (non dimensionalized) as a function of these

variables. Hence velocity of the buoyant jet " can be written as

Q MV A .
“’"‘ﬁ=f[w() B =1

Considering the limiting conditions where flow has both momentum M and buoy

ancy B, but no initial volume flux Q, the above solution for a round jet would take

:j[Bx“ ] ()

Fischer (1979) showed that equation 2.22 could be developed to give

the form

W

At A A
B O | g | for =< Bz

and

MM M M
R [ ]

B Bz 2> i (221)

where ¢; and ¢, are emperical constants. The ratio [M%/1/B'/%] is defined as a
charecteristic length I, For z < I the How is like a jet and for z 3 L, the flow

is like a plume.

The dilution of a vertical buoyant jet (S,) may be calculated using the dimensionless
values (Fischer, et al., 1979) of the volume flux () and distance from the jet orifice

(¢) as



are given as

) r A
Fw M=o B=g20)Q

4 2

where

g = pgravitational acceleration

d diameter of the jet

Ap n=p

p = density of the receiving uid

p = density of the fluid being discharged

‘Thus the dimensions of Q, B, and M will be

=%

“The basi

equation of the variables involved in vertical buoyant jet phenomena can

then be written as

6(Q,M,B,z)=0 (2.19)

For the above basic equation the non dimensional equation can be written as

M2z MO ’
¢(_._.Q 'FT?) =0 (2.20)

The first of these parameters includes momentum and volume flux and is important

in the analysis of momentum jets, while the second includes the efffect of buoyancy.



where

= plume Richardson number equal to 0.557
R, = jet Richardson number for a round jet defined as
1

) (1) e

1
Fa = densimetric Froude number

the dimensionless value of volume flux is given ( Fischer et al., 1979) as a function,

of ¢ as

p=¢ Jor (<1 (2.26)

B=CP for (31 (2:27)

where  is given by

plume coefficient equal to 0.25 (Fischer et al., 1979)
plume Richardson number equal to 0.557

‘p

R,



2.1.4 Two dimensional buoyant jet

A theoretical solution for the case of a two dimensional horizontal buoyant jet in

).

stagnant, homogeneous water has been presented by Abraham (Abraham |
This approach assumes that uie lateral velocity and buoyancy profiles are approsi-
mately gaussian., The similarity profiles for velocity and concentration for horizontal

two dimensional buoyant jets were presented as

u, Mesatt
e oklefs) i
=€ 2.28
A (2.28)
G, (2.0
C, =
where

U, = centre line velocity of the jet

U, = velocity at a distance r from the centre line

C, = centre line concentration

C. = concentration at a distance r from the centre line

r distance measured from the axis of the jet

K} axial distance of the plane from the nozzle

p,k = dimensionless coefficients

the value of dimensionless coefficients were given by the empirical equations nanely

B

PR )
k=32) +24(2) +50 (2.30)
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where  was defined as the angle the jet axis makes with the horizontal at the
required point (Figure 2.2). The theory is based on empirical functions for the
spread of mass and momentum where the rate of spread is introduced as a function

of the local angle of inclination of the jet trajectory.

The following equations have been solved:

“Two momentum flux cquations, namely

Horizontal momentum flux;

vz
)t scos = Bl

Vertical momentum flux;

o "
(2’;) U 2ssinB = M.sinB, +g / (s p,,)(l) Crsds

2%
where
s = axial distance of the plane from the nozzle
se length of flow establishment
Be Bat s=s.
M, Jypu?dA at s=s.
M, [ypu*dA at s=0
B depth of the jet



Geometric relations for the jet trajectory, namely

3 /8 s y 58 ”
= j cospds; and &= / cosd;

Continuity equation, namely

x 12
—Z ) U,Cs = BUC,
(k(1+,.)) U,Crs = BU,C,

A numerical solution to this system of equations was presented hased on the Bousi-
nesq approximation, that is, that density differences can he ignored in all terms
except the gravily term. A general solution was developed for design purposes and
the dilution along the axis of the jet (Sq), was plotted as a function of Fromde

number (F) and relative depth (y/B) as shown in Figure 2.7.

Improvement of Abraham’s theory for diffusion of a two dimensional buoyant jet
in uniform and linearly stratified environment was done by Fan and Brooks (1969).
The theory was based on the principle of entrainment, first proposed by Morton
et al., (1956) which was advocated by Fan and Brooks as more simple and more
logical from physical point of view. The equations solved in this theory were

Continuity equation, namely

%(ub) = 2au/VrT

Two momentum flux equations

horizontal momentum;
d u?b
E(ﬁauﬂ) =0



imensional buoyant jet Abraham (1965)

Figure 2.7: General solution for two di
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vertical momentum ;

Po —
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Geometric relations for the jet trajectory namely

& - s

=sinl

Numerical integration was carried out using Runge-kutta-gill method. The contre

line dilution for a horizontal buoyant jet was plotted as a fanction of Fronde mimber

and relative depth and is shown in Figure 2.8.

Experiments were conducted by Cederwall (Cederwall ac al.. 1971) to verify the
above theories of horizontal two dimensional buoyant jet in stagnant environment.

The hical ion of the th ical centre line dilution and comparison

with experimental data is shown in Figure 2.9

2.2 Factors affecting dilution
2.2.1 Effect of current

Any turbulence or disturbance caused in the receiving water will increase the dilu-

tion of the ocean outfall. Two different types of approaches, namely mathematical

o i

and exist for d ining the effect of current on the dilution.

Morton et al., (1956) origi d the integral hnique for single jet
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Figure 2.8: Dilution of slot buoyant jets in stagnant uniform environments (Fan
and Brooks, 1969)
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discharges. Fan (1967) followed the integral technique devised by Morton et al.,
(1956) and developed a sel of first order differential equations which could be nu-
merically integrated nsing the Runge-Kutta-Gill method. Assumptions were made
that flow was incompressible and turbulent, that the density difference was small
and that longitudinal convection was much larger than longitudinal turbulent trans-
port. Velocity profiles were considered to be similar at all cross sections normal to
the axis and the entrainment coefficient was assumed constant. Alam et al., (1982)
compared three Environmental Protection Agency (EPA) models (PLUME, OUT-
PLM, and DKHPLM) and models of Fan and Brooks, Abraham and Roberts. He
concluded that OUTPLM was of little use, perhaps because it had initially been
developed for cooling towers plume analysis. The models developed by Fan and
Brooks and PLUME model gave good results for still water while DKHPLM gave
consistently lower values than measured in both still and moving water. Results
from Abraham’s model varied depending on the current itude and Robert's
model significantly under predicted diluti

Using data collected at five marine outfalls around the coast of England, Agg and

Wakeford (1972) developed an equation for minimum centre line dilution as

S/ So = 7.526(Ua /U;)™**® (2.31)

Where



Sn minimum centre line dilution at the surface

S still water dilution under identical conditions of depth and density dilference
U, = velocity of ambient current

U; = velocity of jet at outfall

Based on the studies conducted on the long sea outfall at lastings on the south
coast, of England, Bennett (1981, 1983) developed an empirical relationship for the
ratio of moving water to still water dilution. He used Cedervall’s equation for the

still water dilution and presented his correction factor as:-

10gyCF = 1.554 4 0.684l0giUs — 0.46TLogioV — 0.297logyY, 2.32)

where

Sn = moving water dilution

S5 still water dilution

Ccr correction factor (S, /5,) applied to still water dilution

U, = current velocity

v velocity of the jet

Y, = depth of receiving water

Healso used linear regression to obtain the measured moving water dilution dircetly

as a function of U,,Y, and Uj or Q, the discharge. This gave the equation:-

Sm = 55.50(Ua" 0% [U, )Y, 15 (233)

He ded this formula in prefe of Equation(2.31) for practical design

Using the complete data base, comprising hoth sets of data namely Agg and Wake-
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ford’s and Bennetts, an effort was made by Sharp and Moore (Sharp and Moore
1987) o develop a new equation. A number of forms of equations were considered
and after some preliminary analysis, they adopted a form based on Cederwall's

still-water dilution and presented their equation as:-

(2.34)
where
Sm moving water dilution
Sy still water dilution
U, = current velocity
1% velocity of the jet
¥, = depth of receiving water

Comparisons of all these different empirical equations were later done and they
concluded that best predictions for the set of field data was from Equation (2.34)
with Agg and Wakeford's Equation (2.31) providing generally similar results with
slightly increased accuracy but decreased precision. they found that Bennet's mod-
ified equation significantly less accurate and less precise than either of the others.
The updated EPA models namely UOUTPLM, UDKHPLM, UMERGE were cho-
sen for comparison by Sharp and Moore (1989) who concluded that each of the
models tended to over predict dilution. They suggested that the increase in dilu-
tion due to a current should be looked on as a bonus to improve the performance
of the outfall and that designers should not rely entirely on the effect of a current

to prove the acceptability of an outfall.



2.2.2 Effect of waves

The effects of waves have received much less attention than those of currents, Some
quantitative work has been carried out in order to develop an understanding of the
phenomenon and some predictor equations have been developed. Generally wave
effects have been shown to depend strongly on the type of the wave, deep water

wave effects being significantly different from those of shallow water.

Early studies were done by Shuto and Ti (1974) who developed empirical equations

1o daval

based on equations previ eveloped for jets discl

rged into a cross current and
modified on the basis of experiments carricd out with small jets discharged under
standing waves in a 0.5 m wide wave channcl. They found that surface dilution.

S, could be described by

of Yy
=127 (= (=2 235
Su= LA GHFNE) (2.35)

where

Y, = depthof discharge

H = wave height

F discharge Froude number= U;/(gD)"/*

D diameter of the jet

g gravitational acceleration

« = entrainment coefficient dependent primarily on wave condition

U; = velocity of the jet

Ger (1979) proposed a somewhat more complex arrangement identical with a dif-
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ferent entrainment coefficient. This equation gave centre line dilutions as a linear

function of the horizontal co-ordinate, X,at the point of measurement. Thus,

X
=1, 2o i
S = LI5[1 +221a75] (2.36)

where a is given in terms of the wave and jet velocities.

Qualitative experiments were conducted by Sharp (1986) who showed that the jet
structure under shallow waves was quite different from that experienced with decp
waves. In particular, under shallow wave action the jet broke into two distinet’
clouds of eflluent. whereas in deep water waves the structure was somewhat similar

to that experienced in still water. This suggested that a single theory could not be

valid for all wave types.

Recently Chin (Chin, 1987) used dimensional analysis with a length scale approach

based on Fischer’s work (Fischer et al., 1979) to identify the relevant length scales.

e p d the ional relationshi

SulS =1+ 6.15(Unaz/ U;) (2.37)

where S, is the average surface dilution with waves and S is the average surface
dilution without Waves. Upe is the maximum horizontal wave-induced velocity at
the discharge point given in terms of the wave parameters; H=vave height, L=wave

length, ¥;= depth, T= wave period, g= gravitational acceleration.



gT(H/L)

2Cosh( B

Upnaz =

2.3 Methods of increasing dilution

2.3.1 General

To maximise the performance of an ocean outfall, designers pay particular concern
to the dilution which will be experienced by the effluent after discharge. The overall-
dilution depends on the initial mixing that takes place in the rising columu of the
buoyant jet and the turbulent mixing that takes place when the plime is carricd
and dispersed by ocean currents. Because adequate initial dilution is so important

in the design of a marine outfall various cfforts have been made Lo increase dilution

without significantly increasing the cost of the operation. Much attention
been devoted to improving the initial dilution by changing the geometry of the

discharging jet.

Rawn et al.,(1960) looked at how dilution could be increased by changing the design
parameters and showed the effects of these changes in a simplified version of their
dilution chart. This simplified version is shown in Figure 2.10. To alter the dilution
it is necessary to change either the relative depth, ¥,/d, or the densimetric Fronde
number, Fy. However, because the density difference at the site is fixed by the
site conditions { approximately equal to that between fresh waler and sea water),

variation in the value of Fa can only be achieved by varying the discharge or the

outfall diameter. In general, the discharge is fixed, at least to the extent that it is
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Figure 2.10: Basic methods of increasing the surface dilution of buoyant jet (Rawn
et al., 1960)

limited between the lower and upper limits of the discharge flow. However it would
be possible to modify the discharge to some extent by discharging at a constant
rate over a carefully selected period of time. This would require construction of
storage ponds, either to hold back the effluent while the outfall is not discharging or
Lo balance out the flow so that the effluent could be discharged at a constant rate.
However this would involve excessive costs in building the storage ponds and the
smell nuisance because of the storage. This alternative which is practiced in many

places is shown in Figure 2.10 as line AD. Increasing dilution by changing the depth
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and diameter are limited due to cconomic considerations. Inercased depth can be

obtained only by running the outfall further offshore with resulting cost inereasos

due to the extra length of outfali required. Decreasing the dia

increases heal

losses and results in increased pumping costs. These alternatives are shown as line

AE and AC respectively in Figure 2.10.

2.3.2 Multi-port diffusers

Various methods have been devised to procure higher dilutions than would b
obtained by discharging effluent through a single nozzle located at the downstream
end of the sewer. The most common approach is to use a multi-port diffuser in
which the effiuent is discharged Lhrough a series of ports located on cither side

along the length of the diffuser pipe. The holes are placed so that jots dischiarge

horizontally and are separated by distances large enongh to ensure that that the
jets will not mix with each other. By doing this a simple discharge is converted to
a number of separate discharges each at a larger ¥,/d and at a different value of
Fa The increase in dilution can be seen by the line AB in Fignre 2.10. The use of
a multiport diffuser is a common approach in large outfalls. Sometimes it is also
common to bury the outfall pipe and discharge through ports located on vertical
risers. This is particularly true for outfalls designed to cope with large flow rates

from cooling water systems of thermal or nuclear power stations.



2.3.3 Baffles

Various attempts have been made to increase dilution by promoting additional
turbulence in the jet after the effluent has been discharged. Baffles and other
devices to obstruct the flow, or alter the flow pattern, were reported by Hansen
(Hansen and Schroder, 1968) and advocated by Snook (Snook, 1969). The devices
reported are illustrated in Figure 2.11 together with test details. Among all the
devices tested, items 2 and 3, (Figure 2.11) in which the flow is divided into two or
more components by placing the obstructions, doubled the level of dilution. Spiral’
inserts in the end section of the pipe showed little improvement and increased the
liead loss in the system. One device tested was actually detrimental and reduced

dilution.

2.3.4 Buoyant wall jet

When a buoyant effluent is discharged to the marine environment, it rises and
mixes with the receiving fluid due to the formation of turbulent eddies. However,
if the jet is discharged very close to horizontal solid boundary, it will be subjected
to the coanda effect which causes it to cling to the boundary for some distance
before rising. This type of jet is called a buoyant wall jet. A preliminary study
of the buoyant wall jet was done by Sharp (1975) and Sharp and Vyas (1977) to
measure the increase in dilution achieved when compared to that of a horizontal jet.
Experimental work showed that the surface dilution of such a jet was approximately

Lwice that obtained in an equivalent free jet.
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2.4 Methods of pre dilution
2.4.1 Venturi effect

Pre dilution devices operate by disturbing the flow pattern of the jets issuing from
the outfall or by drawing receiving water into the pipe thereby diluting the effluent
before it is discharged. Most of the ideas presented have not been detailed fur-
ther than the experimental stages. The earliest and simplest method employed was
the venturi principle advocated by Nece (1966). In this method the diameter was'
restricted over a section of the outfall pipe. Due to the increase in velocity and
reduction in pressure at the reduced section the ambient fluid was sucked through
the ports located in the conduit wall . Results indicated that the concentration in
the outfall pipe was reduced by 50%. No measurements were made for the subse-
quent dilution between outfall and surface but the general effect of pre-dilution can
be estimated from Figure 2.4. A decrease in concentration of 50% implies that the
discharge is doubled and that the density difference is halved. This therefore rep-
resents an increase(by a factor of v/2) in the discharge densimetric Froude number.
This increase in densimetric Froude number will have relatively little effect but may
be detrimental. Thus pre-dilution within the outfall may be, to some extent, offset
by a reduction in subsequent dilution between the discharge point and the surface.
The device involved substantial head losses and would be probably not be suitable

for this reason alone.



2.4.2 Pre-dilution devices

Six possible designs for devices to achieve pre-dilution of sewage before heing dis-

charged from a submerged outfall were studied by Agg and White (Agg and White,
1974). Of the methods investigated for inducing mixing and dilution. the most use-
ful was a device with a shape of a truncated cone. Average dilution factors, within
the mixing device, were found to be about 11 for low effluent flows and between

4 and 6 at higher discharge rates. An assesment of overall dilution that could be

achieved using this mixing device under ficld conditions was done using the data of,

Agg and Wakeford (1972). An overall improvement in dilution of apy

two was obtained in shallow water, but at larger depths the advantage of the deviee

was less marked.

2.4.3 Mixing tubes

Research on mixing tubes at the University of Western Australia was done by
Silvester. Dilutions of more than two were obtained within the mixing tubes (Sil-
vester, 1967) using relatively high velocity jets and with the receiving water at rest.
Modei tests were also conducted by Silvester and Patarapanich (1972) for the nse

of jet pumps in ocean outfalls. It was recommended that the length of the mixing

tube snust be seven times the diameter of the miixing tube and that the discharging
nozzle should be placed at least one diameter from the mixing tube. Water was
used in the model experiments but, although the results have been interpreted in
relation to sewage discharged from submerged outfalls, no account scems to have

been taken of the possible effect of density difference on the mixing mechanism.
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The maximum overall dilution factor appeared to be less than two although the
experimental results for vertical jets suggested that the predictions were conserva-
tive. Analytical comparisons were made for outfalls with and without mixing tubes
and it was observed that the overall dilution between the outfall jet and the surface

was improved by a factor of 1o more than two.

Only one ficld installation of a mixing tube has been reported but few details were
given (Anon 1966). This device was installed at a small outfall discharging sewage
from Surfer's paradise into the Nerang River in south East Queensland and was,
designed to pre-dilute the effluent by a factor of 2.5 prior to discharge. The system
worked satisfactorily, the only disadvantage being a slight increase in head on the

discharge pipe.

Laboratory tests were conducted by Argaman (1975) both in uniform and stratified

receiving fluids with a mixing tube having the geometry shown in the Figure 2.12.

‘T'he purpose of these tests was to measure the the primary dilution achieved within
the mixing tube. Based on these experiments a linear relationship was developed
to predict the primary dilution achieved in a mixing tube having a circular cross

section. This was given as

n= K, +(D/d)K, (2.39)
n primary dilution within the mixing tube
D = diameter of the mixing tube
d = diameter of the nozzle
The non di ional tants Ay and K, were d  from the |

results to be 0.8 and 0.7 respectively. The subsequent dilution achieved between



Figure 2.12: Circular mixing tube (Argaman el al., 1975)

the outlet of the mixing tube and the surface was calenlated using the Cederwall’s

equations 2.9 and 2.10. Argaman also combined the equation for initial dilution

(Equation ) with the Cederwall’s equation (1968) to provide a simplified equa-

tion to calculate the overall dilution as :-

e O‘MFA[%]um(ﬂ?&).m

(2.10)
Jor = <05(Ky+ Kaup)"”
- 25 ‘. o\ =15 L
Sn =054 (B4 [u.asiy—;.gl (B52)™ 4 0o
(2.41)

for ‘—‘;‘: S 0.5([\'. + I\'g%)l.ﬁ

in which S, = overall dilution obtained with a mixing tube and Fa = densimetric

Froude number of flow through nozzle. Improvement factors were caleulated for
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re 2.13: Improvement factors for overall dilution using a circular mixing tube
(Argaman ct al, 1975)

different 1)/ ratios. Here, the improvement factor (IF) is defined as the ratio of the
overall dilution achieved with a mixing tube to the overall dilution achieved without
a mixing tube attached under the same experimental or field conditions. The depth
parameter Y/d(Fa) and the improvement factor IF were plotted for different D/d
ratios (Figure 2.13. The improvement factor increased with the reduction of D/d

ratios and depth factor Y/d(Fy).
2.4.4 Limitations of pre-dilution devices and mixing tubes
Experimental studies to improve the overall dilution using pre-dilution devices have

been reported. The earlier studies were undertaken by Silvester who did experi-

mental studies on a circular mixing tube. The maximum improvement achieved



by his device was again limited (o a factor of two. Later studies with different
shapes of mixing devices were done by Agg and White (1971) who were able 1o

achieve initial average dilution of 11 within the mixing device but the overall di-

lution between the discharge nozzle and the water surface was limited to a factor
of approximately two. They also found that the overall improvement reduces with
the depth of water. Laboratory tests on circular mixing tubes based on Silvester's
design was done by Argaman (1975). The effect of mixing tubes on overall dilution
was examined by comparing the dilutions obtained by a simple outlet with and
without, a mixing tube. From Figure 2.13 it was concluded that, the mixing tube
improvement factor increases with decrease in the diameter ratio 12/d of the mixing
tube to the discharging nozzle. They also found that the improvement is greatest

as D/d hes 1.0. The maximum imp L factor that was reported was

approximately two.

Reasons for the experimentally observed limitations on the maximum value of In-

provement factor were studied theoretically by Sharp ( Sharp, 1978). Using e«

tions developed by Albertson et al., (1956) Liseth (1970) and Cederwall (1968) to
describe the dilution of jets and plumes. he concluded that the improvement. factor

due to pre-dilution lies in the range

n\° n\**
(2) <r<(2) wa
P P

Where



» = factor by which the effluent is pre-diluted before
being discharged from the mixing tube

p = factor by which the diameter increases

IF = improvement factor

This indicated that the pre-dilution device should be operated with as small a
value of p as is practically possible. This agreed with the conclusions reported
by Argaman et al. (1975) in the experimental studies of mixing tubes. Tables of

improvement factors were presented based on the different types of jets (Table 2.1).

‘T'his limitation of the improvement factor can be explained using Figure 2.4 which‘
is the relationship between dilution S, densimetric Froude number Fa, and depth
to diameter ratio Y,/d. Due to the entrainment of the surrounding water into the
mixing tube, there is an increase in discharge and a considerable decrease in the
density of the mixed fluid. Increase in the diameter of the mixing tube, when com-

nozzle, combined with the reduction in density diffe

pared to the di
between the discharge fluid from the mixing tube and the surrounding fluid in-
creases the densimetric Froude number and reduces the depth and diameter ratio.
Thus the improvement achieved in the mixing tube is partly lost in the buoyant
jet from the mixing tube to the surface thereby limiting the value of improvement

factor to a factor between two and three.

The suggestion was then made that future research should be oriented towards

devices which change the basic structure of the outfall jet, since the arguments

diluti

presented in the previous li that the ication of pi

devices which do not radically alter the flow patterns is limited.
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2| Bl =m Comment
3.61 | Momentum case, Fi large, (n/p)
.19 Tntermediate
1.26 Intermediate:
105 Buoyancy case,Fy small
237 Tntermediate
1.62 Intermediate
LI2 Buoyaney case.fy small
Type s Comment

Momentum jet
Fa=

Density difference zero

Buoynat plume

Fa = 0,Y,/d = co (2)" =10

Toitial velocity approaches zero

or very large depth

Buoyant jet
Y,/d < 0.5F

Intermediate

Fa large, Y, /d small

Buoyant jet
Yo/d > 0.5

Lo<ir<(z)”

Intermediate case, lower limit
for buoyancy dominant,upper limit
for momentum dominant and

L
y O

Table 2.1: Theoretical improvement factors for Y,/d < 0.5/ (Sharp, 1978)



Chapter 3

Field Studies of an Existing
Ocean Outfall

3.1 Introduction

The Spaniards bay outfall was installed in 1987 by the provincial government of

Newfoundland and Labrador to discharge the sewage wastes from the town of Tilton

and the town of Spaniards bay. A itoring study was und by the gov-

ernment (Sharp, 1989) to investigate the performance of the outfall. Part of this

investigation involved a dye study to estimate the amount of dilution in the outfall

and this was extended to i igate the field perf of cylindrical mixing
tubes. The study was done by injecting red dye solution into the sewage at the
pumping station and tracing it aflter it left the outfall nozzles. Samples were col-
lected both at the pumping chamber and at sea. The dilution achieved at the site

was then calculated based on the diffe in dye ions between the sam-

ples collected in the pump chamber and those collected at sea. Following initial



work to determine the dilution achieved by the outfall as it was dosigned mixing

tubes were installed and the process was repeated to determine the effect of the

mixing tubes.

3.2 Spaniards Bay Outfall
3.2.1 Outfall design

Spaniards bay outfall was designed to handle a normal flow rate of 3317 cubic
meters per day in 1987 rising to 4426 cubic meters per day in 2006 AD. The
outfall consists of a 200 mm diameter pipe extending 100 meters offshore, Sewage
waste is discharged through two nozzles of 100 mm diameter placed in a depth of
approximately 5.0 meters of water( Figutes 3.1 to 3.3). The ontfall was desigred
for horizontal nozzles, but during installation an error was made and the nozzles

were installed vertically.This error was only discovered during the first, dye study.
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3.2.2 Pump chamber

Onshore arrangements for discharging the sewage effluent utilize the collecting tank
of the existing, no longer useful. treatment plart. From there sewage is led into a
pump chamber through a rectangular channel. A right angled V-noteh is provided

at the end of the channel to facilitate flow measurement. The sump chamber h

a uniform rectangular cross-section of 2.6 m x 1.7 m over a distance of 1.4 meters

from the top but. below this the cross-section reduces to 1.5 x 1.0 m at the bottom

(Figure 3.4). Sewage is pumped into the bay by two pumps located at the bottom’

of the sump chamber. Cirinder pumps were chosen to prevent large solids from

being discharged into the bay.

Automatic float operated switches are nsed to operate the pumps (Fignre 3.1). Fhe
lowest float “A” switches off the pumps when the sewage alls o a level close to that
at which the pumps would run dry. Float "B’. set at a higher level, switches on the

first pump and, if the level continues to rise. the second pump is activated by the

third float *C'. The fourth float ‘1), set at the highest level, activates a warning
if the level of sewage in the chamber continues to rise when both pumps are in
operation. This would provide a signal to the operator warning him about the
rising trend and the possibility of pump failure. A switch board is provided ontside

the pump chamber to allow manual operation of the pumnps.
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Figure 3.3: Cross section showing the details of the discharging nozzles at the outfall
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SEWAGE INFLOW

100 cm

20¢cm

Iigure 3.4: Cross section of pump chamber along with automatic float operated
switches



3.3 Preliminary preparation for field work

3.3.1 Site visit

Two weeks prior to the study, a visit was made to the outfall site to inspect the

pump chamber and to estimate sewage How

As indicated previonsly, sewage was
led to the pump chamber through a rectangular channel, The chatnel was provided

side wall.

with a right angled Vnotch at its end and a linear scale attached 1o its

This had been installed for flow measurement but, due to the exces

ive sediment:

build up in the channel, the V-notch weir proved ineffective. The flow rate was

therefore calculated by inactivating the pumps and measuring the time taken for a
known rise in sewage level in the rectangular soction of the pump chamber. The

rate of inflow was thus found to be approsimately equal to 10 litres per second.

3.3.2 Planning of dye study

The main intention of the dye study was to measure the dilution achicved hetween
the discharge nozzle and the sea surface and then to install a mixing tube to measure
its performance in the field. Another purpose was to determine the movement of
the efluent as it dispersed away from the outfall. It was planned to inject a known
concentration of the dye solution to the inlet channel, in order to obtain well mixed.
dyed, sewage in the pump chamber. The dyed sewage would be pumped to the
sea by inactivating float switches and operating one pump by manual switching.

During pumping, samples would be collected from the pump chamber and the sea.

These samples would be later measured in the laboratory for dye concent



o
&

Differences in dye concentrations between the samples collected in the chamber

and the sca wonld then provide the dilution achieved in the outfall.

3.3.3 Selection of dye

It was decided to nse Rhodamine-B (m/s Aldrich, USA) as the red dye in powdered
form for preparing the dye solution. The main reasons for selecting this dye were
that the dye had no deleterious environmental effect (Douglas et al., 1983) and gave
a bright red colour when mixed with water, thus making it easy to identify . Other’

criteria were its cost and casy availability in the market.

3.3.4 Spectrophotometer

Because of accuracy and convenience the decision was made to analyze samples
using a spectrophotometer (manufactured by Pye Unicam Ltd., Series 518-100)
available in the biochemistry department of Memorial University. A Spectropho-
tometer is an instrument used to measure the relative concentration of any solution.
It works on the principal that the amount of light absorbed is directly proportional
to the concentration of the solution. Relative concentration is measured by compar-
ing the amount of light absorbed by the dyed solution and by the basic solution (ie.
the liquid in which the dye is to be dissolved). To determine the dye concentration,
the dyed solution and the basic solution arc placed in the two glass cells of the
spectrophotometer. The instrument passes two beams of light through the glass
cells and compares the amount of light absorbed by the two solutions. A numerical

value is displayed depending on the comparison. The relative dye concentration



corresponding to the numerical value is calenlated using a calibration chart. Tests

undertaken at a variety of concentrations showed that the measurable range of the

instrument was between | x 107%g/em® and | x 10™%g/em™ for the dye ata

wavelength of 550 nm. with no filters attached.

3.3.5 Preliminary arr t

Arrangements were made to have fresh water for the preparation of the dye solution
available on site by connecting a hose pipe 10 a fire phig near the outfall. Sample
bottles and a sampling device were borrowed from Environment Canada. A hoat

was hired for the study 1o collect samples from the sea. Beciuse the red dye

wonld be injected to the bay care was taken 1o inform the conneil of Spaniards hay

during the week prior to the test to ensure that local residents would not be nuduly

alarmed.
3.4 First Field Study
3.4.1 Initial preparation

It was decided to do one pumping cycle during a morming session and four eycles

during an afternoon session. Throughont the study the float switches were inacti
vated and pumping was done by manual operation. The duration of each pumping
cycle was measured by noting the time taken to fill the pump chamber up to the
maximum level 'AA’ ( Figure 3.4 ) and also the time to empty it using a single

pump. During the morning session, the duration of cach cycle was found to be 12



minutes.

“The rate of inflow was also ineasured in order to caleulate the rate of dye injection.
As mentioned carlier, excessive sediment build up in the inlet channel made the
Venoteh weir inelfective for measuring the flow rate. The flow rate was thercfore
calenlated by measuring the time taken for a known rise in the level of sewage
in the rectangular portion of the pump chamber. The rate of inflow during the

ssion was thus found to be 10.62 litres per sec. (Table 3.1). The dye

morning s
solution was injected into the inlet channel at a constant rate in order to obtain an-
approximately uniform concentration of dye in the pump chamber. The amount of
dye injected Lo the channel was based on the inflow rate and the expected dye con-

centration at sea. To ensure that the dye jon was within the bl

limits of the instrnment, it was decided that the expected dye concentration above
the outfall should be of the order of 1 x 10-°g/em®. The dilution achieved between
the discharge nozzle and the sea surface was expected to be about 30, as given in
the design data. The required dye concentration in the pump chamber was then

calculated as follows,

Design dilution of the outfall 30
Expected dye concentration in the sea 1x 107 g/em?®
Required dye concentration in the chamber = 30(1 x 107)

= 3x10™%g/cm?

The amount of dye to be added to the channel with a flow rate of 10.62 litre/s (920
cubic meters per day) to get a dye concentration of 3 x 10~%g/cm?® in the pump

chan.er was then calculated, Thus:



Rate of inflow in the channel =106 10%em® /s

Expected concentration in the chamber = 3 x 107"y /em®

Amount of dye to be injected (1062 x 100 x 107°)
= 0.32g/s

3.4.2 'Test set up at outfall site

At the outfall site, the experimental arrangements for injecting the dye solution
were sct up as shown in Figure 3.5. A evlindrical aluminum tank, ‘T, having a,
diameter of 82 cm and a height of 120 ¢m was placed on the toof of the pump
chamber. A control valve "A" was provided at the hottom of the tank T . A smaller

e the inlet

tank S, with two control valves B and (. was placed immediately al
channel. The two tanks T and § were linked by a hose pipe connecting valvis A

and B.
3.4.3 Rate of dye injection
It was decided to prepare a dye solution suflicient for three pumping cyeles. The

duration of each cyclc was taken as 12 minutes and the amount of dye required. at

a rate of 0.32 g/s, for three pumping cycles was calculated to be 691.2 grams. As

mentioned earlier pumps were operated manually and it was necessary Lo operate
the pump once every 12 minutes to stop overflooding. Thus it was decided to hive
12 minute cycle for dye injunction and sample collection though it seems a little

short for the receiving water to reach steady state conditions. 1t was found easicr

to inject a highly concentrated dye solution at a low rate than to inject a low con-
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Figure 3.5: Test set-up at the outfall site



centrated dye solution at a higher rate. Ilence. it was decided to mix 600 grams

+ concentration of 2.0 x 107y /em

of dye with 250 litres of water to achieve a dy

The rate of injection of the dye solution to give a uniform dye concentration of 3 x

10-3g/em® in the chamber was caleulated as follows.

Concentration of dye solution = 2.
Amount of dye to be injected = 0.
Rate of inflow of dye solution

< 107 /em?

3.4.4 Initial adjustment of test set-up

In the test set-up(Figure 3.5, the valve B was used to maintain the level in the
small tank S and valve C was used to adjust the rate of dye injection. It was this
necessary to adjust valve C by trial and error to achieve an inflow rate of 134 emn/s.
Initially, all valves were closed and the tank 'T' was filled with 250 litres of water(18
cm depth of water). Valves A and B were opened fully and the water was allowed
to fill the tank S. Valve C was opened when the water level reached the upper mark
SS of the tank S. The water level in the tank S was maintained at §5 by adjusting
valve B. This provided a fairly constant head and hence an approximately uniform
flow of dye. Using a measuring jar and stop watch, valve C was then adjusted 1o
discharge at an approximate rate of 134 cm®/s. The number of turns required to
close the valve (' was noted. Valve A was closed, valve C was opened and the water

was emptied from the set-up.
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3.4.5 Preparation of dye solution

All the valves A,B and C were closed and the dye solution was prepared in the
aluminium tank by mixing 600 grams of Rhodamine-B with 250 litres of water(48
em depth of water). Valves A and B were opened fully and the small tank was
allowed Lo fill. When ¢he level of the dye solution reached the upper mark S8, valve

B was closed.

3.4.6 Pumping cycle

Five men participated in the dye study. One person was stationed at the switch
board to operate the pumps and to signal the men in the boat to notify them
rogarding starting and stopping the pumping operation. Two men were stationed
on the boat to collect samples at the sea, during pumping. The collection of dye
samples from the pump chamber and the maintenance of an approximately constant

level in the tank S was done by two men stationed near the inlet channel.

The test was started by emplying the pump chamber until the level of sewage
dropped to the lowest level where the pump would run dry. At this instant valve C
was given the known number of turns to achieve a rate of injection of approximately
134 ¢m®/s and valve B was opened and controlled to maintain a constant head at
level §S. Dyed sewage was allowed to fill the chamber and once the level reached
the upper mark AA, (see Figure 3.4) one pump was switched-on. Samples were not
collected during the first pump out, due to a storage of 3140 litres in the 100 m

long, 200 mm diameter outfall pipe. Pumping was stopped when the level fell down



[

to the lowest level where the pumps would run dry. During the second pumping
cycle. two samples were collected from the pump chamber, one before pumping

and another midway through pumping. These samples were necessary (o pernit

accurate measurement of dye concentration in the sump chamber, Five samples at

the boil above the outfall were collected at intervals of approximately 2

seconds.
Efforts were made to collect samples {rom the centre of the boil, but this was not
always possible because of the difficulty, partly due to wind, in stationing the boat
accurately. Throughout the sampling period measurements were made for te time
of rise and fall of sewage level in the rectangular part. of the sump chamber, These

measurements were used to delermine inflow and outflow rates.

Testing was resumed in the aflernoon with the same procedure, 1t was decided
to run four Lest pumping cycles in addition to the fiest pumping eyele required to
fill the outfall pipe. During the afternoon session the rate of inflow of sewage was
found to be 8.2 litre/sec. It was decided Lo prepare a dye solution by mixing | Ky
of dye in 500 litres of water. The resulting solution, therefore, would have a dye

concentration of 2 x 10 g/em®. The ratc of injection was caleulated as hefore

and was equal to 123 cm3/s. Initial adjustments were made and the nnmber of
turns that had to be given to valve C to achicve a flow rate of approximalely of 123
em®/s was noted. The dyed sewage was pumped out four times following the first

pump out to fill the pipe. During each pumping cycle, two samples were collected

from the chamber and five samples from the sea. The samples were collected in the

same sequence as in the morning session.
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3.5 Analysis of samples

The collected samples were analyzed in the spectrophotometer previously men-
tioned. It was, however, first necessary to prepare a calibration chart to interpret
the numerical values given by the spectrophotometer in order to determine the
concentration of the samples. To prepare the calibration chart. a dye solution was

prepared by mixing 5 mg of Rhodamine-B with 200 ml of distilled water. The

resulting dye solution had a concentration of x 107% g/em®. Initial adjustments
were made as given in the users manual of the instrument. A wavelength plot was
run to determine the wave length at which the test had to be conducted. Proce-

s manual of the spectrophotometer were followed to run the

dures listed in the nse
plot for the dye used in the study and the instrument was adjusted corresponding
(o the peak value of the wave length plot. The prepared dye solution was tested for
dye concentration and the numerical value displayed by the instrument was noted.

“This numerical value therefore corresponded to the dye concentration of 2.5 x 1073

g/em?®. Calibration was continued by reducing the dye concentration of the pre-
pared solution by 50% and again noting down the numerical value displayed by the
instrument. This procedure was continued and the numerical values corresponding
to different dye concentrations were noted. Distilled water was used to cilute the
sample to acheive different dye coucentrations. The calibration chart which corre-
lates the numerical value, displayed by the instrument with the dye concentration
of samples was then prepared ( Table 3.2, Figure 3.6). It was found that the cali-
bration curve was linear to a concentration of 1.5 x 10 g/cm® and was nonlinear

beyond that. Since, the concentrations to be measured were always less than 1.5 x
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107% g/cm® the calibration curve was taken as linear throughout the relevant range.

Samples collected at sea were first analyzed. These were highly diluted and. as
expected. the dye concentration of the samples fell within the measurable range of

the instrument. (Measured concentration ranged from 2.1 x 1077 to 14.1 x 1077

-see Table 3.3)

“The numerical values displayed by the ins for differcnt samples were recorded

and dye concentrations were calculated using the calibration chart. Due to the lin-
carily of the calibration chart over the relevant range, the readings could be interpo-
lated to caleulate the dye concentration of the field samples. However, the samples
collected in the pump chamber were much more concentrated than those collected
in the sea. These were therefore diluted by a known quantity of water before lhp

The dilution was done by miing 5 ml of the sample with 20 ml of sea

water. This reduced the dye roncentration of the samples by a factor of five. These
diluted samples were then tested and the numerical values were recorded. The dye
concentrations calculated by these readings were multiplied by 5 to get the actual
dye concentration in the pump chamber. To check the accuracy of the calculated
dye concentration, 5 ml of the diluted samples were again diluted by adding 20 ml
of sea water. This reduced the original dye concentration by 25 times. These, dou-
ble, diluted samples were again Lested and the resulting dye concentrations were
multiplied by 25 to obtain the actual dye concentrations in the pump chamber.
‘The results of this analysis are shown in Tables 3.3 and 3.4. Dilution achieved at
the outfall was calculated by taking the ratio of dye concentration in the pumping

chamber and dye concentration in the sea. The results are shown in Table 3.5.
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The measured dilution varied between 18 and 50 for the set of samples collected at
sea. Average dilution was calenlated for each test and the variation was hetween 19
and 33, except for the dilution obtained during the afternoon test number 2 which
showed a very high dilution of 42. Experimental scatter was considered 1o he due

primarily to the difficulty in collecting samples exactly at the hoil.

These values were of the same order as the dilution (namely 30) which had heen

predicted during the design of the outfall. However, the outfall had bheen designed

for horizontal nozzles, whereas vertical nozzles had been installed in error. Also-

conditions experienced during the field study (eg. flow rates, depth, ele.) were
not identical to those of the design data. In order to elarify the situation thercfore
theoretical calculations were performed using the actual values of field data recorded

du. 1 the study.

3.6 Theoretical verification

The ocean outfall at Spaniards bay was designed for horizontal nozzles but, during
installation, an error was made and the nozzles were installed vertically. Dilution
achieved by a vertical buoyant jet placed at a depth z meters below the surface
of the water was given earlier (Fischer, 1979) in equation (2.25) and is reproduced

here as :-

(3.1)
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Where,

S, dilution «d

Q rate of Discharge through each nozzle

" dimensionless value of volume flux

. Richardson number

R, = Richardson number for simple plume,shown (Fischer, 1979) to be 0.557

“The Richardson number R, is dependent on the densimetric Froude number and is

given by

Where,

Iy = densimetric Froude number
= Q/\/o%F
diameter of the nozale
gravitational acceleration
difference in density of discharging and receiving water
density of receiving water

"The dimensionless value of volume flux £, is depe. Jent on ¢, which is the ratio of

dimensionless value of distance, defined as,

Cp2 & R
== ()

Where,




z = depth of the receiving water
e = plume coellicient equal to 0.25 (Fischer, 1979)
Ly = characteristic length of plume defined as ly/ 1.
lg = characteristic length of the jot

= \Fm)
d = diameter of the nozzle

The non dimensional volume flux is represented as a function of ¢ and is given as

or

Jor ¢>1 (i)

Receiving water depths were caleulated using the tide tables provided by Environ
ment Canada. The depth of the outfall nozzle was measured and was found to be
approximately 4.5 meters below the mean sea level (MSL). The tide level for the
morning test on October 9, 1988 was 0.71 m above MSL and during the afternoon
session it was 0.93 m above MSL. Thus the depth of receiving water for the morn-
ing session was 5.21 m and for the afternoon session was 5.3 m, As mentioned
earlier the rate of inflow of sewage into the chamber was calculated by measuring
the time taken to fill a known height of the sump chamber. The discharge velocity
of the nozzle was calculated by measuring the total volume discharged during the
pumping session. This, in turn, was determined by measuring the time taken to
pump-out a known depth of sewage in the rectangular portion of the pump chamber
(column 6 of Table 3.6)and adding the volume of sewage added by inflow during

the pumping session(column 10 of Table 3.6). "This total volume was divided by the



fon of pumping to gt the total discharge. This total discharge was divided

dura

by two due to the presence of two discharge nozzles,

le were caleulated

Using equation 3.1 the theoretical dilutions for the vertical no:
and are shown in Table 3.7, Theoretical dilutions for the flow conditions at site
vary between about 27 and 33. This theoretical dilution is in reasonable agreement

with the measured dilution, which varies between 19 and 33. except for the dilution

measured during the afternoon test number 2. It is considered that this high value

was probably caused by sampling al a point not quite at the centre of the boil.




3.7 Second field study
3.7.1 Initial preparation

As mentioned earlicr, an error was made during allation of the vutfall and the

nozzles were originally fixed fo discharge vertically instead of horizontally. This
error was rectified after the fiest study by replacing the vertical nozzles by hosi

zontal nozzles and the dye study was again done following the same procedure as

before. This second dye study was necossary in order o obtain data on horizontal

dizcharge before installing the mixing tubes. With the past experience the study

was well organised and seven pumping cycles were done. Two eyl e donne in

the morning session and five cyeles during the afternoon se

The inflow rate of sewage was calculated as before, by measuring the time taken

Lo fill a known height of the pumping chamber. During the morning session it was

cction 3.4.1) the required dye

afem®

found to be 6.75 litre/s. As in the previous study (§

-oncentration in the pump chamber, to get a dye concentration of 1 x107

in the ocean, was calculated to be 3 x 1075 g/cmi”.

The amount of dye to be added to the channel, with a flow rate of 6.75 litre/s,
to achieve a dye concentration of 3 x 107 g/em® in the pump chamber was then

calculated as



cross. Sewage level measurements Rate of | Rate of
“I'rial Areaof | inflow inflow
Number | the pump [Tnitial | Final | Rise in | Time Q
chamber | depth | depth | level | taken | Litres/sec | m®/day
inm? |inm. |inm. | inm. |insec.

Morning 44 140 | 097 [ 043 179 10.60 915.84
“T'rial 1

Morning 44 1.40 | 0.97 0.43 178 10.63 918.43
“Trial 2
Alternoon 44 140 | 0.97 | 0.43 228 8.30 71712

Trial 1
e

Alternoon 44 1.32 | 097 | 035 193 8.00 691.20
‘Trial 2

Table 3.1: Inflow rate of sewage into the pumping chamber



Vol. of Vol of waler | concentration Number on
previous dye | to be added | of dye solution | spectrophotometer
solution in cc. in cc. in gram/cc.

50 50 2.50x10~° 3.000
50 50 1.25x10-% 2.970
50 50 6.25x107° 1510
50 50 3.125x10~% 0.773
50 50 1.56x10-% 0.381
50 50 7.81x1077 0.183
50 50 3.90x10-7 0.091
50 50 1.95x10~7 0.045
50 50 9.75x10¢ 0.025
50 50 1.87x10~8 0.012
Table 3.2: Calit table of spectro-ph used during first and second

field studies



Number | Concentration
Test. Sample on of Dye
Number | Number | Spectro- in

photometer | gram/cc

1x1077
Morning 1 0.161 6.87
Test 1 2 0.212 8.93
3 0.217 9.13
4 0.342 14.06

5 0.271 11.26
Afternoon 1 8.36
Test 1 2 9.95
3 7.34
4 6.28
Afternoon 1 0.132 5.64
Test 2 2 0.272 11.30
3 0.112 4.90
4 0.112 4.90
Alternoon 1 0.237 9.92
Test 3 2 0.343 14.10
3 0.138 5.90
4 0.175 747

5 0.292 12.10
Afternoon 1 0.201 8.50
Test 4 2 0.232 9.72
3 0.153 6.54
4 0.298 123
5 0.213 8.97

Table 3.3: Analysis of samples collected at the sea during the first field study
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Test Sample | Volume | Volume | Reading Concen- Actual Average
Number | Number | of Dye | of water | on spectro- | tration of | concen- | Concen-
solution | added | photmeter the tration of | tration of
ince. | ince. dye | the sample | the sample
Lx 107 | Lx 1078 Lx 07
gram/ce. | gramfec. | gram/ec.
1 2 3 1 5 3 7 s
Morning | _1(a) 10 6.06 3.03 308
Test 1 1(b) 10 .21 303
2(a) 10 5.01 RS
3(0) 0 1.02
Afternoon | 1(a) 10 5.16 2,62
Test 1 1(b) 10 1.06
(a) 10 5.00 BET}
() 10 1.02
Afternoon | _1(a) 10 1.226 1.97 250
Test 2 1(b) 10 0212 .01
2(a) 10 1223 196 RE]
2(b) 10 0.237 0.99
Afternoon | 1(a) 2.5 10 1.058 1.28 216
Test 3 1(b) 25 10 0.207 0.57
2(a) 25 10 1103 116 23
2(b) 25 10 0219 0.92 230
Afternoon | _1(a) 2.5 10 0.846 342 171 1.75
Test 4 1(b) 2.5 10 0.167 0.71 178
2(a) 25 10 0821 3.32 1.66 .63
2(b) 25 10 0.152 0.61 160

In column 7, the concentration of sample (a) shown in column 6 is multiplicd
by five and sample (b) is multiplied by twenty five, to get the concentration
of the original sample. Column 8 is the average concentration of (a) and (b).

Table 3.4: Analysis of samples collected at the pump chamber during first field

study




Pump chamber | Volume Rate Pump chamber | Volume | Extra | Total Rate Rate
Test reading for of of reading for of | volume | volume of of
Number inflow water | inflow outflow water | dueto | of outflow | outflow
time | depth | inm® |inm3/sec | time | depth | inm® | inflow |outflow | inthe | in each
in sec. | inm. 1x107® |insec. | inm. inm® | inm® | outfall | nozle
in m3/sec. | in LPS
1x1072
Morning | 228 | 0.432 | 1.90 8.34 125 | 0432 | 1.90 104 | 294 2.35 1177
Test 1
Afternoon | 193 | 0.432 | 1.90 9.85 133 [ 0432 | 1.90 .31 21 241 12.07
Test 1
Afternoon | 179 | 0.432 | 1.90 10.62 185 | 0432 | 1.90 1.96 | 3.6 2.09 1045
Test 2
Cross sectional area of the pumpchamber = 2.59 x 1.70 = 4.4 m®

Cross sectional area of the nozzle = 7.85 x 107°m?

Table 3.6: Calculation of Inflow rate and Outflow rate of the outfall during first

field study



Dye Dye
Test concen- | concen- | Dilution | Average
Number | tration in | tration in | achieved | dilution/
the the Standard
chamber sea deviation
[x107° | tx 1077
gram/cc. | gram/cc.
Morning 6.87 44.10
Test 1 3.03 8.93 33.93
9.13 30.56 .87
255 11,06 1814 9.04
11.96 22,61
Alternoon 2.62 8.36
Test | 9.95
2.54 7.34
6.28
Alternoon 5.64
Test 2 2.50 113
2.48 4.90
190 | 50061
Afternoon 9.92 21.77
Test 3 2.16 14,1 15.32
5.90 37.79 24.93/
2.30 747 30.79 8.21
12.1 19.00
Alternoon 8.50 20.58
Test 4 L.75 9.72 18.00
6.54 25.84 19.17/
1.63 12.3 13.25 4.10
8.97 18.17

Table 3.5: Measured dilution during first field study



Depth Q v Fa n ¢ 55

inm. | in litres/sec. | in m/sec

5.0 1177 1.50 908 | 262 | 501 | o119
5.43 12.07 1.54 941 | 275 | 542 | 308
5.43 10.44 1.33 815 | 318 | 690 | 3325

Depth = Depth of receiving water in meters

Q = Rate of discharge from the nozzle in LPS

v = Velocity of the jet in meter/scc.

Fa = Densimetric Froude number of the jet

S, = Overall theoretical dilution

" = Dimensionless value of distance

¢ = Dimensionless value of volume flux

Table 3.7: Calculated theoretical dilution for the vertical nozzle installed at the
outfall during first field study
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Rate of inflow in the channel = 6.75 x 10* em?®/s

Ixpected concentration in the chamber 3 x 1075 g/em®

Amount of dye to be injected ( 6.75 x 10%)(3 x 107%) During the
= 0.21 gram/sec

Iorning session, it was planned to run two pumping cycles in addition to the first
cycle to fill the outfall pipe. Hence, it was decided to mix 500 grams of Rhodamine
B with 250 litres of water(48 cm depth of water) to achieve a dye concentration
of 2.0 x 107 g/em®. The rate of injection of the dye solution into the channel so

as to result in a uniform dye concentration of 3 x 107° g/em® in the chamber was

caleulated as

Concentration of dye solution = 2.0 x 103 g/em®
Amount of dye to be injected = 0.21 gram/sec
Rate of inflow of dye solution 0.21/2.0 x 1072
105 cm?/s

The same cxperimental set-up, explained in Section 3.4.2, was used during this
study. Initial adjustments were done as explained in Section 3.4.4 and the system
was adjusted to deliver a flow rate of 105 cm®/s The dye solution was prepared as

explained in Section 3.4.5.

3.7.2 Pumping cycle

Six people participated in the study . All were stationed in the same manner as
in the previous study except that three people were present on the boat instead
of two. The same procedures were followed to run the tests. Float switches were

inactivated and the pumps were operated with manual control. However, to vary



32

the flow rate, single and double pumps were used in alternating cyeles to pump-ont
the sewage from the chamber, The rate of inflow as well as onutllow was measured
by recording the time taken respectively to fill and empty a kuown height of the

pump chamber. During this study, the pumping cycle was stopped when the lovel

in the pumping chamber reached the lower point of the rectangular portion instead
of emptying the chamber as done in the previous study. This reduced the pumping
duration and saved the dye solution to run more cyclos, Two cycles were run in

addition to the first cycle to fill the outfall pipe. Three samples were collec

the pump chamber at equal intervals and six samples were collocted at the hoil

above the outfall in the sea duting each cycle.

Testing was resumed in the afternoon with the same procedure, It was decided to
mix one kilogram of dye with 500 litres of water to get a dye solution having a
concentration of 2x 107 g/em®. "The rate of injection of this dye solution into the

channel, was calculated as 97 cm3/s to give a uniform concentration of 3 x 107

gfemd. in the chamber. Preliminary adjustments were made as in the previous
session and five cycles were run in addition to the first cycle to fll the ontfall pipe.
Three samples were collected from the chamber and six samples were collected

above the boil at the outfall in the sea during each cycle.

The analysis of the samples was done as explained in Section 3.5. The same spee-
trophotometer used for the previous study was used to do the laboratory analysis.
Results are tabulated in Tables 3.8 to 3.13. Tables 3.8 to 3.13 give details of the
measured dilutions. Due to the difficulty of stationing the boat exactly over the

boil there was a considerable variation in the measured dilution at the sea. Average
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dilution for each test was calculated and was found to vary from a minimum of 32
to a maximum of 40 throughout the whole study. For comparative purposes, the
dilntions for horizontal nozzles for the existing field conditions during the study

were calculated based on the theory developed for horizontal buoyant jets.

3.7.3 Theoretical verification

The theoretical dilution for a horizontal buoyant jet was calculated using Ceder-

wall’s (Cederwall, 1968) equations which are again reproduced here for complete-’

ness.
- )]
o = 0.54F [——0 / )] Sor Y,/d <0.5F, (3.4)
Fs
s/3
S, =0.54F, ’o:ss(’:’,ﬁ + 0.66] Jor Y,/d>0.5F, (3.3)
a
Where,
Q = discharge through each nozzle
Y, = depthof receiving water
Fa = densimetric Froude number
Q/5\9s5ED*
= diameter of the nozzle
g = gravitational acceleration
Ap = difference in density of discharging and receiving water
p = density of receiving water

Recciving water depths were calculated using the tide tables provided by Environ-
ment Canada. The tide level during the morning session on June 28, 1989 was

0.85 meters and during the afternoon session was 0.93 meters above MSL. Thus



S

the depth of water during the morning tests was m and during afternoon was
5.43 m. Discharge rates were calculated as before ( Section 3.6) and are tabulated

in Table 3.14. Calculated dilutions for the horizontal buoyant jet wer

seed on

equations 3.4 and 3.5 and are given in Table 3.

is shows that the theoretical
dilution for a horizontal buoyant jet for the existing field conditions varied between
36 and 39 except for the low value of 28.9 associated with the larger Fronde number

obtained with both pumps in action. It is thus clear that the measured dilution

shown in Tables 3.12 and 3.13 with a variation of average dilution between 32 and

40 is in bl with the theoretical dilution varying between 36 and
39 as shown in Table 3.15. As mentioned in section 3.6 the measured dilution for
a vertical nozzle varies between 19 and 33. These values are smaller than those
obtained for horizontal jet and a small improvement in measured dilution can thus

be seen for a horizontal nozzle. This was as expected.



3.8 Field study of mixing tubes
3.8.1 Design of mixing tubes

The third field study was done al the same site to test the performance of the
circular mixing tubes. Two circular mixing tubes were designed based on the design
criteria of Argaman (1975). As mentioned in section 3.2.1, the outfall consists of
iwo nozzles-of 100 tnm in dismeter for discharging the sewage at a depth of 45 m
below moan sca level, Based on the design criteria of Argaman(1975) the best size-
of mixing tube for the existing 100 mm nozzles was considered to be a 125 mm (5
inches) diameter tube. This would provide a maximum feasible improvement factor
of 1.25 when compared to a horizontal nozzle without a mixing tube attached (see
equations 2.6 and 2.7). However 125 mm diameter Lube was unavailable .Jocally
and 150 mm (6 inches) diameter tube was used instead. This would give a lower
improvement factor of 1.1. Nevertheless, the main purpose of the study was to
check the validity of the theory in the field and a 150 mm (6 inches) diameter pipe

was acceptable for the purpose. Details of the mixing tube are shown in Figure 3.7.

It was decided to use PVC pipe instead of cast iron pipe in order to reduce the
overall weight. These mixing tubes were supported with a framework (Figure 3.7)
to place them in position. A flange was provided at one end of the tube to attach
to the existing nozzle and a metal grid was fixed to the bottom of the framework
in order to place rocks which would prevent movement. The actual mixing tube

installed at the site is shown in the Figure 3.8.



Number | Concentration
Test Sample on of Dye
Number | Number | Spectro- in
photometer | gram/cc
1x 1077
Morning 1 0.121 5.18
Test 1 2 0.228 9.57
3 0.213 8.97
4 0.180 7.68
5 0.168 717
6 0.168 AT
Morning 1 0.241 10.00
Test, 2 2 0.202 8.54
3 0.118 5.
4 0.104 146
5 0.178 7.59
Alternoon 1 0.131 0
Test 1 2 0.116
3 0.172
4 0.194
5 0.221
Afternoon 1 0.197 8.34
Test 2 2 0.218 9.18
3 0.164 7.00
4 0.143 6.11

36

Table 3.8: Analysis of samples collected at the sea during the second field study



Number | Concentration

Test | Sample on of Dye
Number | Number | Spectro- in
photometer |  gram/cc
1x10~7
Afternoon 1 0.206 8.69
Test 3 2 0.128 5.48
3 0156 | _ 6.67
1 0.131 5.61
5 0.213 8.97
Afternoon | 1 0.193 8.18
Test 4 2 0.231 9.68
3 0256 10.67
1 0.192 815
5 0.176 751
Afternoon | 1 0.141 6.03
Test 5 2 0.194 3.22
3 0114 1.89
1 0.193 318
5 0.130 5.56

Table 3.9: Analysis of samples collected at the sea during the second field study



B

Test Sample | Volume | Volume [ Reading Concen- Actual Average
Number | Number | of Dye | of water | on spectro- | tration of | concen- | Concen-
solution | added | photmeter the tration of | tration of
incc. | incc. dye | the sample
1x107% | 1x10-*
gram/cc.
1 2 3 4 5 6
Morning | 1(a) 25 10 1.88 251
Test 1 1(h 2.5 10 L1
2(a; 2.5 10 491 2.69
2(h 2.5 10 1.17
3(a; 2.5 10 5.57 315
3(b 2.5 10 141
Morning 1(a) 10 1045 4.23
Test 2 1(b, 10 0.211 0.89
2(a] 10 1003 4.06
2(b) 10 0.198 0.81
3(a 10 0.953 3.86 1.96
3(b, 10 0.189 0.80
Alternoon 1(a] 25 10 1.256 5.09
Test 1 1(b] 2.5 10 0.267 1.11
2(a] 25 10 1.329 5.39 2.7
2(b 2.5 10 0.227 1.12
3(a] 2.5 10 1.306 5.30 277
3(b] 25 10 0.279 1.16
Afternoon 1(a) 25 10 1.290 5.23 2.61 2.64
Test 2 1(b! 25 10 0.257 1.07 2.67
2(a) 2. 10 1.252 5.08 2.53 2.61
2(b 2 10 0.259 1.08 2.69
3(a) 2! 10 1.352 5.48 2.74 267
3(b) 2! 10 0.250 1.04 261

Table 3.10: Analysis of samples collected at the pump chamber during second ficld

study
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Test | Sample | Volume | Volume | Reading | Concen- | Actual Average
Number | Number | of Dye | of water | on spectro- | tration of | concen- Concen-
solution | added | photmeter the tration of | tration of
ince. | incc dye | the sample | the sample
1x107% | 1x10°° 1x10°%
gram/cc. | gram/cc. | gram/cc.
1 ' 3 4 5 8
Afternoon 2.5 10 1.186 4.81 24 2.51
] 2.5 10 0.251 1.05 2.61
25 10 1.252 5.07 2.54 2.59
2.5 10 0.255 1.07 2.65
25 10 1.352 5.48 274 2.83
2.5 10 0.280 L.16 2.91
Afternoon 10 1.273 5.16 2.58 2.66
Test 4 10 0.265 110 2.75
10 1451 5.88 2.94 3.00
10 0.297 1.23 3.07
10 1.402 5.69 2.84 2.91
10 0.287 1.19 297
Afternoon I(a) 2.5 10 0.934 3.78 1.89 1.96
Test 5 1(b 2.5 10 0.192 0.81 2.03
2(a] 2.5 10 0.970 3.93 1.97 2.02
2(h 2.5 10 0.195 0.83 2.06
3(a; 2.5 10 1.040 4.21 2.10 2.15
3(b 2.5 10 0.208 0.88 2.19

In column 7, the concentration of sample (a) shown in column 6 is multiplied
by five and sample (b) is multiplied by twenty five, to get the concentration
of the original sample. Column 8 is the average concentration of (a) and (b).

Table 3.11: Analysis of samples collected at the pump chainber during second field

study




Dye Dye
Test concen- | concen- | Dilution | Average
Number | tration in | tration in | achieved | dilution/
the the Standard
chamber sea deviation
1x107% | 1x1077
gram/cc. | gram/cc.
Morning
Test | 251
2.69
3.15
Morning | 2.17
Test 2
2.06
1.96
Alternoon 2.65
Test 1
PAT 10.37/
9.01
2.77
Afternoon 2.64 8.34 31.65
Test 2 9.18 28.75
2.61 7.00 37.28
2.67 6.11 13.69

Table 3.12: Measured dilution during second field study
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Dye Dye
Test concen- | concen- | Dilution | Average
Number | tration in | tration in | achieved | dilution/
the the Standard
chamber sea deviation
1x107% [ 1x1077
gram/cc. | gram/cc.
Afternoon 2.51 8.69 30.37
Test 3 5.48 47.90
2.59 6.67 39.13 38.85/
5.61 47.06 7.79
2.83 8.97 29.77
Afternoon 2.66 8.18 32.52
Test 4 9.68 2747
3.00 10.67 28.1 32,74/
8.15 36.81 4.51
2.91 7.51 38.74
Afternoon 1.96 6.03 32.5
Test 5 8.22 23.86
2.02 4.89 41.31 32.20/
8.18 24.69 7.08
2.15 5.56 38.67

Table 3.13: Measured dilution during second field study




Pump chamber | Volume Rate Pump chamber | Volume | Extra | Total Rate Rate
Test reading for of of reading for of volume | volume of of
Number inflow water inflow outflow water | due to of outflow | outflow
Time | depth | inm® | in m®/sec | time | depth | inm® | inflow |outflow | inthe | in each
in sec. | in m. 1%107® |insec. | inm. inm® | inm® | outfall | nozzle
in m?/sec. | in LPS
1x107?
Morning 233 0.356 1.566 6.72 316 0.356 1.566 212 3.686 L16 5.30
Test 1
Morning 121 0.178 | 0.782 6.46 290 | 0.356 | 1.566 1.87 3.436 1.18 5.90
Test 2
Afternoon | 230 0.356 1.566 6.8 268 0.356 1.566 1.822 | 3.388 1.126 5.63
Test 1
Alternoon | 212 0.280 1.232 5.8 180 0.356 1.566 1.792 2.61 L1145 5.79
Test 2
Afternoon | 253 | 0.356 | 1.566 6.18 290 | 0356 | 1.566 | 1.792 | 3.358 1.158 5.79
Test 3
Afternoon [ 250 | 0.356 | 1.566 6.26 4 0318 | 1.399 | 0.463 | 1.862 2.50 12,5
Test 4
Afternoon | 155 .356 1.566 8.03 308 0.356 1.566 247 4.039 131 6.55
Test 5
Cross sectional area of the pumpchamber = 2.59 x 1.70 = 4.4 m*
Cross sectional area of the nozzle x 10-*m?
Table 3.14: Calculation of Inflow rate and Outflow rate of the outfall during second
-

field study




Depth Q v Fa s Sajet)
z

5.35 5.80 0.74 4.52 11.82 37.54
5.35 5.90 0.75 4.60 11.62 37.25
5.43 5.63 0.72 4.39 12.37 38.95
5.43 5.12 0.73 4.46 12.17 38.65
5.43 5.19 0.74 4.52 12.03 38.45
5.43 12.50 1.59 9.75 5.57 28.90
5.43 6.55 0.84 511 10.63 36.39

z = Depth of receiving water in meters

Q = Rate of discharge from the nozzle in LPS

\ = Velocity of the jet in meters/sec.

Fa = Densimetric Froude number of the jet

d = diameter of the nozzle

S, = overall theoretical dilution

oljet)
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Table 3.15: Calculated theoretical dilution for the horizontal nozzle installed at the
outfall during second field study
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Figure 3.7: Dimensions of the circular mixing tube installed during third field study



Figure 3.8: Photograph of the actual Mixing Tube installed at Spaniards bay
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3.8.2 Third field study

Divers were employed to place these mixing tubes in position at the site during the
first, week of October 1989. The ficld study was done on IL October, 1989 with the

same number of people as in the second field study. With the past experience the

study was well run and eight pumping cycles were completed. ‘Three eyeles we

completed during the morning session and five cycles during the alternoon se

The same procedures were followed Lo calculate the inflow rate of sewage as in the,
previous field studics. During the morning session the inflow rate was found 1o he
9.55 litre/s. As explained in scction 3.4.1 the required dye concentration in the
pump chamber was determined to be 3 x 107 g/en®. The amount of dye tu be
added to the channel, with a flow rate of 9.53 litre/s, to achicve a dye concentration

of 3% 1075 g/em? in the pump chamber was then caleulated as

Rate of inflow in the channel = 9.55 x 10% emn?/s
Expected concentration in the chamber = 3 x 107° g/
Amount of dye to be injected = (9.55 x 10°)(3x 107%)

= 0.3 gram/

During the morning session 300 grams of Rhodamine-B were mixed with 250 litres
of water (48 em depth of water in the dye tank) to achieve a dye concentration of
2.0 x 1072 g/em®. The rate of injection of dye solution into the inlet channel so
as to result in a uniform dye concentration of 3 x 107° g/crn® in the chamber was

calculated as



Concentration of dye solution = 2.0 x 1072 g/em®
Amount of dye to be 30 gram /scc
Rate of inflow of dye solution .30/2.0 x 107
150 em®/s

[T

The experimental set-up, described in Section 3.4.2, was used during this study.

Initial adj were done as cxplained in Section 3.4.4 and the system was

adjusted to deliver a flow rate of 150 cm/s The dye solution was prepared as

explained in Section 3.4.5,

‘Tests were run following the same procedures explained in section 3.7.2, During the’
alternoon session it was decided to run five cycles. Red dye solution was prepared
by mixing one kilogram of Rhodamine B with 500 litres of water to get a dye
concentration of 2 x 1073 g/em®. The rate of injection into the inlet channel, so as
1o get a uniform concentration of 3 x 10~° g/cm®. in the chamber, was calculated as
120 emd/s. Five cycles were run aller making the same preliminary arrangements
done for the previous studies. Three samples were collected from the chamber and

six samples were collected above the boil at the outfall in the sea during each cycle.

The spectrophotometer described in section 3.3.4 was again used to analyze the
samples and the procedures described in section 3.5 were followed during the anal-

ysis. Results are tabulated in Tables 3.17 to 3.22.

The dilution achieved in the sea with the mixing tube attached to the existing

nozzles varied between 42 and 51. A considerable i in the d

dilution was seen with the mixing tube when d to vertical and h

nozzles which had a variation in measured dilution from 19 to 33 and from 31 to



o

10 respectively. To examine the validity of the theory of mixi

g tubes in the liekl,

theoretical dilutions were calculated with measured field conditions.
3.8.3 Theoretical verification

The theoretical dilution for a circular mixing tube installed to a horizontal jel was
calculated using a combination of Cederwall's and Argaman's equations (Argaman,
et.al., 1975). These were introduced in Chapter 2 and are reproduced here:

"”(N\ v“\.')lm.'.

Su = 0518, [k

(3.6)
Jor = < 05(Ky + k)"
S =o.541~“4(ﬁ-"§_zﬂ)”[o.:xsl%‘w(ﬂ%‘ﬁ).“ + 060
(3.7)

s

in which S, = overall dilution obtained with jet pump. Ky and K are the constants

for > 0.5(Ki+ Ky

whose values were found to be 0.8 and 0.7 respectively (Argaman, et al.. 1975). Fy

= Froude number of flow through nozzle.

Receiving water depths were calculated using the tide Tables provided by Environ-

ment Canada. On the test date October 11 1989, the tid ls were .81 meters

above mean sea level (MSL) during the morning session and 0.92 meters above
MSL during the afternoon session. The depth of water above the discharging jeu
was thus 5.31 m for morning tests and 5.42 m for afternoon tests. Discharge rates

were calculated as before (section 3.6) and are tabulated in Table 3.23. Caleulated



dilutions for the horizontal circular mixing tubes are given in Table 3.24.

In Table 3.24, So(jne) corresponds to the calculated dilution for a horizontal jet and

om) shows the calculated dilution for a horizontal jet with a circular tube attached
Lo the existing outfall nozzle. The improvement factor, IF, is the increase in dilution
achieved with the mixing tube. There was a considerable variation between the
measured dilution at the field and the calculated dilution using equation 3.7 .
The theoretical values varied between 33 and 35 but the measured dilution varied
between 28 and 51. Out of eight tests done, six tests gave values between 42,
and 47. One lest resulted in a very low value (28) and one in a very high value
(51). In general the measured dilution appeared to be always higher than the
calculated dilution suggesting that the mixing tubes perform better in the field

than is predicted by the theory.

3.8.4 Removal of mixing tubes

Mixing tubes were left in the field for the entire winter. The purpose of leaving
them in place was to check the effect of winter weather on the tubes. Divers were
hired to remove the tubes on May 8, 1990. Before removal an underwater video
was taken to see the actual performance of the mixing tube in field. A red dye was
injected into the pump chamber during filming so that it would be easier to see the
buoyant jet from the mixing tube. Figure 3.9 shows a photograph of the mixing
tube after being removed from the sea. It was found that there were no deposits on
the mixing tube and no marine growths. The mixing tubes were in good condition

when they were removed, which made clear that they were able to withstand the
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Figure 3.9: Photograph of the mixing tube after being removed from the sea
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winter weather. The pipe which was made of PVC was in good condition. There
was a little corrasion on the metal parts of the mixing tube: namely the supporting
framne and the frame attached to the discharging nozzle. This was natural because
wildd steel was used for building the supporting frame and the attaching frame. If
the tube was tobe left in place on a long term basis it would be necessary to protect

it aggainst corrosion.

3.9 Discussion

The average initial dilution achieved at the outfall as initially installed was in

bl ¢ with the th ical dilution calculated for a vertical buoyant

jet.  Dilution should be minimum at the boil and should increase in the radial
direetion from the boil. Variation in measured dilution from one test to another is
partly due to changing site conditions (eg. flow rate) and partly dueto experimental
scatter. Due tothe wind, it was difficult to station the boat exactly at the boil and

this would cause some errors.

‘The dilution of the outfall was increased by replacing the vertical jet by a horizontal
jet. ‘This is clear from Tables 3.5 and 3.12, 3.13 The measured dilution for the

horizontal jet at the outfall is in bl with the calculated dilution

using Cederwall's equations (Cederwall. 1968).

A summary of the calculated and measured dilutions is shown in Table 3.25. It can
be seen that there is more variation in the measured values than the calculated val-

nes. During the first study with vertical discharging nozzles, the measured dilution
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varied between 19 and 41 but the averages of measured and calenlated dilutions

were in good agreement. The error between the average value of measured and

tion was also fonned

caleulated dilution was found to be 1 percent. A close correl

during the second series of tests with the horizontal nozzle, The por

ntage error
between the measured and the calculated dilutions varied hetween 14, This error
was reduced to 1% with the average values. It is noticeable in both series of tests
that there was no general tendency to overpredict or nnderpredict. Some individl-
ual tests were higher than calculated values and some lower. Despite the relatively

large percentage error in individual tosts the theoretical and measnred values are of

the same order of magnitude and are probably as close as can he expected. The test,

with a mixing tube showed higher variations between the calenlated and measured

values. The percentage error was always positive and typically in ex

Although the average error was +26% the individual errors varied from +22% 1o

+48% with one atypical value of -13.5%. This implies that the mixing tube p

formed better than predicted by the theory. It was difficult to caleulate the valune

of the improvement factor in the field because the field study relating Lo horizontal

nozzles was not done under the same conditions as field study of the mixing tubes.
However the final results might be influenced by the receiving waler temperature
and salinity, which were assumed to be same for all three field tests, 1t shonld also
be noted that the stratification and velocity of the receiving water were also not

taken into account during the calenlation.
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Figures 3.10 and 3.11 show the scatter of the measured and theoretical dilution the
for all three field tests. In conclusion it can be said that mixing tubes performed
better in the field than theoretically predicted. For horizontal and vertical jots the

theoretical dilutions are in reasonable agreement with the measnred dilutions,
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Vol of | Vol of water | concentration Numiber on
previous dye | to be added | of dye solution | spectrophotometer
solution in ce. | incc. in gram/cc.

50 50 1.25x 1078 2,107
50 50 6.75x 107 1,053
50 50 3.125% 107 0.52
50 50 1.56x 108 0.260
50 50 3.9x 1077 0.065
50 50 1.95x 10~7 0.033
50 50 9.76% 107 0.016
Table 3.16: Calibration table of spectro-ph used during the third field

study



Number | Concentration
Test | Sample on of Dye
Number | Number | Spectro- in

photometer gram/cc

1x 1077
Morning 1 0.115 6.91
Test 1 2 0.138 8.27
3 0.097 5.83
4 0.142 8.51
5 0.152 9.11
Morning 1 0.169 1.01
Test 2 2 0.101 6.01
3 0.120 7.19
4 0.143 8.57
5 0.151 9.05
Morning 1 0.169 10.1
Test 3 2 0.186 11.1
3 0.167 10.0
4 0.143 8.57
5 0.148 8.87
Afternoon 1 0.164 9.83
Test 1 2 0.127 7.62
3 0.106 6.32
4 0.141 8.45
S 0.131 7.80

Afternoon 1 0.186 11.20
Test 2 2 0.160 9.59
3 0.118 7.06
4 0.099 5.89
5 0.110 6.57
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‘Table 3.17: Analysis of samples collected at the sea during the third field study



Number | Concentration
Test | Sample on of Dye
Number | Number | Spectro- in
photometer gram/cc
1 x 107
Afternoon 1 0.123 7.37
Test 3 2 0.145 8.69
3 0.127 7.62
4 0.155 9.29
5 0.155 9.29
Afternoon 1 0.119 7.13
Test 4 2 0.110 6.57
3 0.124 744
4 0.173 10.4
5 0.138 8.27
Afternoon 1 0.089 5.27
Test 5 2 0.148 8.87
3 0.103 6.14
4 0.107 6.39
5 0.179 10.7
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Table 3.18: Analysis of samples collected at the sca during the third field study
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Test Sample | Volume [ Volume | Reading | Concen- Actual Average
Number | Number | of Dye | of water | on spectro- | tration of | concen- | Concen-
solution | added | photmeter the tration of | tration of
in cc. in cc. dye the sample | the sample
1x10°° | 1x107° 1x10°8
gram/cc. | gram/cc. | gram/cc.
1 2 3 4 5
Morning 1(a) 2.50 10.00 1.298 7.44 3.72 4.39
Test 1 1(b) 5.00 5.00 0.676 5.07 5.07
2(a) 2.50 5.00 1.045 6.20 3.10 3.09
2(b) 5.00 5.00 0.519 3.08 3.08
3(a) 2.50 10.00 0.892 5.3 2.65 2.66
3(b) 5.00 5.00 0.447 2.66 2.66 .
Morning 1(a) 2.50 10.00 1.041 6.18 3.09 3.08
Test 2 1(b 500 | 500 0,515 3.06 3.06
2(a) 2.50 10.00 1.044 6.19 3.04 3.09
2(b 5.00 5.00 0.518 3.08 3.08
3(a; 2.50 10.00 1.159 6.88 3.44 3.42
3(b 5.00 5.00 0.571 3.39 3.39
Morning 1(a 2.50 10.00 1.040 6.17 3.08 3.08
Test 3 1(b 5.00 5.00 0.518 3.08 3.08
2(a; 2.50 10.00 0.854 5.07 2.54 2.54
2(b} 5.00 5.00 0.427 2.54 2.54
Afternoon 1(a) 5.00 15.00 1.669 9.9 3.96 3.98
Test 1 1(b) 5.00 5.00 0.853 5.06 4.04
2(a) 5.00 [ 15.00 1.716 10.1 4.04 4.06
2(b) 5.00 5.00 0.861 5.00 4.08
3(a) 5.00 15.00 1.604 9.51 3.80 4.10
3(b) 5.00 5.00 0.812 5.49 4.39

Table 3.19: Analysis of samples collected at the pump chamber during third field

study
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Test. Sample | Volume | Volume | Reading Concen- Actual Averag
Number | Number | of Dye | of water | on spectro- | tration of | concen- Concer
solution | added | photmeter the tration of | tration of
incc. | ince. dye | the sample | the sample
1x107° 1x107® Ix 107
gram/cc. | gram/cc. | gram/ce.
1 2 3 4 5 7 8
Afternoon 1(a) 5.00 15.00 1.684 9.99 A4.01
Test 2 1(b) 5.00 5.00 0.852 5.06
2(a) 5.00 15.00 1.443 8.56 3o
2(b) 5.00 5.00 0.73 4.33
3(a) 5.00 15.00 1.516 8.99 3.62
3(b) 5.00 5.00 0.774 4.59
Afternoon 1(a) 5.00 15.00 1.549 9.19 3.69
Test 3 1(b 5.00 5.00 0.780 4.63
2(a, 5.00 15.00 1.522 9.03 3.69
2(b 5.00 5.00 0.798 4.73
3(a 5.00 15.00 1.318 7.82 310
3(b] 5.00 5.00 0.685 1.06
Afternoon 1(a) 5.00 15.00 1.386 8.22 3.28 334
Test 4 1(b 5.00 5.00 0.718 4.26 3.40
2(a) 5.00 15.00 1.423 8.44 3.37 3.36
2(b)] 5.00 5.00 0.702 4.17 3.34
Afternoon 1(a] 5.00 15.00 1.476 8.75 3.5 349
Test 5 2(b] 5.00 5.00 0.735 4.36 3.48
2(a) 5.00 15.00 1.431 8.49 3.39 341
2(b] 5.00 5.00 0.721 4.28 3.42

Table 3.20: Analysis of samples collected at the pump chamber during third field

study




Dye Dye
Test | concen- | concen- | Dilution | Average
Number | tration in | tration in | achieved | dilution/
the the Standard
chamber sea deviation
1x107% | 1x 1077
gram/cc. | gram/cc.
Morning 4.39 6.91 63.53
Test | 8.27 45.22
3.09 5.83 53.00 44.95/
8.51 33.78 11.99
2.66 9.11 29.19
Morning 3.08 7.57 40.68
Test 2 6.01 51.24
3.09 7.19 42.97 42,13/
8.57 37.98 4.94
3.42 9.05 37.79
Morning 10.1 30.49
Test 3 3.08 11.1 27.74
10.0 28.10 2891/
2.54 8.57 29.63 101
8.87 28.63
Afternoon 3.98 9.83
Test 1 7.62
1.06 6.32 64.24 51.66/
8.45 48.28 7.70
410 7.80 52.56

Table 3.21: Measured dilution during third field study

1



Dye Dye
Test concen- | concen- | Dilution | Average
Number | tralion in | tration in | achieved | dilution/
the the Standard
chamber sea deviation
1x107% | 1 x1077
gram/cc. | gram/cc.
Afternoon 4.01 11.2
Test 2 9.59
3.44 7.06
5.89
3.62 6.57
Afternoon 3.69 737 50.06
Test 3 8.69
3.69 7.62
9.29
3.19 9.3)
Afternoon 7.13 16.85
Test 4 3.34 6.57 50.83
7.44 45.03
3.36 104 33.30
8.27 40.63
Afternoon 5.27 55.66
Test 5 3.49 8.87 39.35
6.14 56.84 47.41/
3.41 6.39 53.36 9.99
10.7 31.86

Table 3.22: Measured dilution during third field study

1z



Pump chamber | Volume Rate Pump chamber | Volume | Extra | Total Rate Rate
Test reading for of of reading for of volume | volume of of
Number inflow water inflow outflow water | due to of outflow | outflow
time | depth | inm® |in m®/sec | time | depth | inm® | inflow |outflow | inthe | in each
in sec. [ inm. 1x107% |insec. | inm. inm® | inm® | outfall | nozzle
in m3/sec. | in LPS
1x10-2
Morning 173 0.356 1.566 9.05 115 0.356 1.566 1.401 2.607 2.26 113
Test 1
Morning 183 0.356 1.566 8.55 105 0.356 1.566 0.898 2.464 2.34 1L.7
Test 2
Morning 101 0.254 1.118 11.06 109 0.356 1.566 1.206 2.712 2.54 12.7
Test 3
Afterncon | 210 0.356 1.566 7.45 104 0.356 1.566 0.776 | 2.342 2.25 113
Test 1
Afterncon | 200 0.356 1.566 7.83 122 0.356 1.566 | 0.955 | 2.52i 2.07 10.35
Test 2
Afternoon | 183 0.356 | 1.566 8.56 109 0.356 1.566 | 0.933 | 2.499 2.29 11.45
Test 3
Afternoon | 190 0.356 | 1.566 8.24 103 0.356 1.566 | 0.849 | 2.415 2.34 117
Test 4
Afterncon | 203 0.356 1.566 7.71 112 0.356 1.566 0.864 243 2.17 10.85
Test 5

Cross sectional area of the pumpchamber = 2.59 x 1.70 = 4.4 m?
Cross sectional area of the nozzle = 7.85 x 1073m?

Table 3.23: Calculation of Inflow rate and Outflow rate of the outfall during third
field study =

>3
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Depth | Q v Fa T Satjet) Sofem) 1F

z Sotem)/Sotyen)
5.31 11.30 | 1.44 8.81 6.03 28.87 34.04 L1
5.31 11.70 | 1.49 9.12 5.82 28.58 33.83 1.1
5.31 12.70 | 1.62 | 9.90 5.36 27.95 33.42 1.2
5.42 11.25 | 1.43 8.77 6.18 29.69 34.90 L1
5.42 10.35 | 1.32 8.07 6.72 30.47 35.48 1.1
5.42 11.45 | 1.46 8.93 6.07 29.53 34.79 1.1
5.42 11.70 | 1.49 9.12 5.94 29.35 34.65 1.1
5.42 10.85 | 1.38 8.46 6.41 30.02 35.14 11

z Depth of receiving water in meters

Q Rate of discharge from the nozzle in litres/sec.

A Velocity of the jet in meters/sec.

Fa Densimetric Froude number of the jet

d diameter of the nozzle

Sujen = overall theoretical dilution for a horizontal jet

Sofem) overall theoretical dilution for the circular mixing tube

IF Improvement factor Sytemy/Sogiet)

Table 3.24: Calculated theoretical dilution for the Circular mixing tube at the

outfall during third field study
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Nozzle [ Theoretical | Measured | Percentage | Average | Average | Average
Type dilution dilution error theoretical | measured | percentage
dilution | dilution error
Vertical 27.19 29.87 9.6
jet 30.18 33.08 9.6
30.18 41.91 38.6 30.20 29.79 -1
33.25 24.93 250
33.25 19.17 -42.3
Horizontal 37.54 37.92 1.0
jet 37.25 31.97 -14.2
38.95 40.37 3.6
38.65 35.34 -8.56 36.89 35.09 -1
38.45 38.85 1.02
[ 2890 32.74 133
36.39 32.20 -11.5
Mixing 34.04 44.95 32.0
tube 33.83 42.13 24.53
33.42 28.91 -13.5
34.90 51.66 48.00
35.48 47.67 34.36 34.53 43.57 26
34.79 42.46 22.05
34.65 43.33 25.10
35.14 47.41 34.91

‘Table 3.25: Summary of calculated and measured dilutions during the field study




Chapter 4

Development of two dimensional
slot mixing tube

4.1 Introduction

In previous chapters it was shown that the dilution of an effluent could be increased

by using a pre-dilution device. Previous studies on these devices were done by Noce
et al (1966), Silvester (1967), and by Agg and White (1974) who found that the
improvement achieved with their pre-dilution devices was limited Lo a factor of

about two.

Based on the studies conducted by Silvester (1967, 1972), Argaman did an exper-
imental study on a model mixing tube. His pre-dilution device, called the mixing
tube, consisted of a circular tube of diameter 'D’ bigger than the discharging jet
diameter ’d’, and of length equal to seven times its diameter. Ile concluded that
the initial dilution within the mixing tube was a function of the diameter ratio

D/d. The improvement factor, defined as the ratio of, the overall dilution achieved
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with the mixing tube attached to a discharging jet, to the dilution of the discharg-
ing jet alone, was also limited to a factor of about two. Ile achieved the highest

improvement factor at the lowest diameter ratio D/d of 1.2,

The basic reason for this limitation was that the combination of increased flow
( Q to nQ), reduced density difference ( Ap to 22 ) and increased diameter( d
to ) reduced the relative depth (Y/d to Y/D) and increased the densimetric
Froude number (Fay to Faz). This resulted in less mixing between the end of the
mixing tube and the surface of the receiving fluid than was achieved by the jet.
withont a mixing tube. From Figure 2.4 it can be clearly scen that the reduction in
relative depth and increase in densimetric Froude number reduces the dilution in
the buoyant jet. The combination of increased dilution in the mixing tube followed
by decreased dilution in the buoyant jet resulted in limiting the improvement factor

to a factor of about two.

4.1.1 Multiple jets

One way to improve the effectiveness of the mixing tubes would be to increase the
dilution that occurs between the end of the mixing tube and the surface of the

receiving fluid.

Consider S; to be the overall dilution for a horizontal buoyant jet of diameter 'd"
discharging at a depth 'Y’ and S; to be the overall dilution with a mixing tube

of diameter 'D’ attached to it. The improvement factor (IF) for the mixing tube




would be thus.

(L1)

If '’ is the dilution taking place within the mixing tube and S is (he dilution in

the buoyant jet between the end of the the mixing tube and the surface ol rece

fluid, then

Sy =nSy (12)

Thus,

(1.3)

Typically Sy is less than S; because of the changes discussed carlier. However, in
order to take full advantage of pre- dilution "n’ , Sy must be kept greater than or
equal to Sy. It is known that the two variables that influence the overall dilution

of a buoyant jet are densimetric Froude number and the relative depth. Thus by

maintaining the relative depth and densimetric Froude number of the discharge
from the mixing tube approximately equal to those of the discharging jet, Sy could
be made equal to S;. One way to achieve this would be to have multiple jets at the

end of the mixing tube.

The minimum number of jets required to maintain Sy greater than, or equal to,

Sy could be calculated imately on the assumption that there is no mixing
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O rate of discharge from the jot

Q rate of discharge from the mixing tube

9 = g

9% gia

n dilution within the mixing tube.

z = number of nozzles

Ap = difference in density between the fluid discharging
from the jet and the surrounding fluid

Apy = difference in density between the fluid discharging

from the mixing tube nozzles and the surrounding fluid
£y

gravitational acceleration

density of the receiving fluid

densimetric Froude numbers of discharging
jet and the individual jets at the end of the
mixing tube respectively

For the densimetric Froude number Iy, of cach individual jet Lo be less than or

equal to the densimetric Froude number Fa, of the original jet

[}

Qa/z

2o 36 fhd:

But due to initial dilution of 'n’ in the mixing tube;

Q=nQ1  g=gi/n

thus,
MQfz @

2\ /(gi/m)de  5di\/gidi
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between one jet and another. Any mixing which did occur would reduce dilution

and wonld thus require a greater number of jets.

Assume there are r nozzles of diameter d; at the end of the mixing tube and let
the diameter of the nozzle discharging into the mixing tube be d, The arrangement

in shown, together with notation in Figure 4.1

o L"i Qzna,
&y _’Afz
o "
A v -5

Figure 4.1: Arrangement of multiple jets



and,

5/2
- ,,m("_') (1.4)

A

Assuming that dy = d; in order to maintain a constant relative depth,

z=n?

But on the other hand, if d2 < dy then
x> n'?

4.2  Slot mixing tube

For a circular mixing tube, the initial dilution n within the mixing tube is given by

the equation developed by Argaman (1975) as

n=K\(D/d)+ Kz (4.5)

Where K, and K; are constants having values equal to 0.8 and 0.7 respectively.
Equation 4.5 shows that, for a variation in diameter ratio between 1.2 to 6, the
initial dilution "’ varies between 1.7 and 5.5. The number of nozzles needed to
have a multiple jet design (section 4.1) for this variation of 'n’ would range between
3 and 14 (or more if dy < dy). The derivation for the number of jets required to
have a multiple jet design (section 2.1.4) is based on the assumption that there is

no intermixing of the jets released by the nozzles. Hence it would be necessary
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Figure 1.2: Development of the slot mixing tube

to ensure that there is no intermixing between the jets in the multiple jet design.

To eliminate the intermixing, it would be necessary to increase the length of cach

nozzle at the outlet of the mixing tube. This increase in length of individual noz

would increase friction and would probably decrease the dilution within the mixing

tube. Another alternative would be to join all the nozzles as shown in Figure 1.2

so that a slot is formed at the outlet of the mixing tube.

As mentioned earlier, the main objective of having a multiple jet discharge from a

mixing tube is to have values of Y/D and [} at the end of the mixing tube the

b

same as those of the di jet. Inatwo di ional slot jet the dilution (sec

section 2.1.4) depends on the densimetric Froude number and the relative depth,

where these parameters are based on the depth of the slot (instead of the diameter
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of a circular nozzle) Thus by adjusting the height of the slot it should be possible
to arrange for the dilution between the slot and the surface to be of the same order
as that which would be achieved by the original jet. To function properly the cross
sectional area of the mixing tube should be constant along its length and greater
than the cross sectional area of the original jet. Furthermore it would be beneficial
for the entry to the mixing tube to be circular or approximately circular. These
criteria lead to a design in which the height of the mixing tube decreases with
distance along the tube ( to obtain a thin slot at the end) while the width of the
tube increases with distance along the tube in order to maintain a constant cross’
sectional arca. It was also considered that tubes would be easier to fabricate if they
were made from flat plexiglass sheets, having a square cross section at entry and

Lapering Lo a thin rectangle slot at the end.

4.3 Experimental models of two dimensional slot
mixing tubes

In order to study the performance of the slot mixing tube, it was decided to build
a model and test it under laboratory conditions. By joining all the nozzles to form
a slot , the ratio of depth to the width of the slot would become high. Thus the
flow through this slot might be considered two dimensional and the theory for the
two dimensional buoyant discharge could be applied to obtain approximate values

for slot to surface dilution. This, of course, ignores the end effects but the use of

two dimensional theory would be ient and was idered to be bl

for an investigation of the feasibility of using slot mixing tubes.



Tn order to consider the discharge as two- dimensional it is necessary to have an even

flow distribution along the exit slot. Because e width of the mixing tube increases
gradually towards the outlet of the mixing tube, the distribution of flow within the

mixing tube depends partly on the angle made by the side wall with the axis of the

mixing tube. This angle is represented as 0 (Figure 4.3). 1aving a narrow angle
would result in a long mixing tube which would increase the friction losses. On the
other hand a wider angle may result in water within the mixing tuibe leaving the
side walls and concentrating along the axis of the mixing tube. This wonld -osult
in more flow at the center and less flow at the edges. The angle of divergence used

in a venturimeter was hence used as a guide for selecting appropriate angle 0.

Previous studics done by Silvester(1967) and Argaman(1975) have shown that an
appropriate length for a mixing tube would be seven times the diameter. Because
the length and 0 are interrelated in the design of the mixing tube, it was decided

to determine the length for angles between 10 degrees and 20 degrecs.

Due to the difficulty in reducing a circular tube into a rectangular slot, it was
decided to use a square tube as indicated earlicr. Becanse of convenience, a 7.62
cm. x7.62 cm (3 in. x 3 in.) square tube was initially considered. The depth of the
exit slot was fixed at 1.27 cm (0.5 in.) which required the width of the slot to be
equal to 45.72 cm (18.0in.) for equal entry and exit arcas. For different divergence

angles 0 the length of the mixing tube was calculated as shown below.
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Figure 4.3: Basic lengths of the slot mixing tube

L = 4572 cm (18 in.)

D 7.62 cm. (3 in.)

0 angle of divergence in degrees

T = 25

Ty length of the mixing tube in cm.
150

= ST
“Table 4.1 shows the length for corresponding values of 0. Though it seems large, it
was finally decided to have diverging angle 8 of 20 degrees which corresponds to the
length of 55.01 cm. (21.66 in.) ( seven times the sides of the square cross section
of the slot mixing tube). These values would satisfy both the limitation for 6 and

length mentioned earlier.

Three models were constructed. Figure 4.4 shows the dimensions of Model X1.

Transparent plexiglass was used to fabricate the model. This facilitated viewing
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0 Ty | Ta+Te| 7o

in dogree | inem. | inem. | incm.
E} 13.53 261.60 | 21811
10 3061 | [30.96 | 10935 |
[ TE2L | 8729 | 1807
20 1046 | 6518 | 5501
%5 SAT | 5247 | M09

Table L.1: Typical values of the length 77, and divergence angle 0 of Model X1

of the flow inside the mixing tube. Aluminum plates were provided at the month
of the mixing tube. The mixing tube was supported with a stand so that it conld
be placed horizontally in position. An actual photograph of Model X1 shown in

Figure 4.5

Another smaller model with a 5,08 cm. x5.08 cm. (2in x2in.) square Lube was also
designed following the same procedure. All dimensions for this mixing tube were
reduced to two thirds of those of Model X1 except the divergence angle 0. ‘Thus
Model X2 was geometrically similar to Model X1, but was smaller. Figures 4.6

and 4.7 show the actual measurements and photograph of Model X2.

In Model Y1, the cross sectional atca was identical to that of Model X2; namely
5.08 x 5.08 cm. The divergence angle 0 was reduced to 10 degrees and the depth

of the slot was increased to 1.27 cm. (0.5 in.). This reduced the length of the slot
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to 20.32 cm ( 8 in.) providing a longer (length =43.80 cm.) and narrower mixing
tube when compared to Model X2. All three models were provided with aluminum
strips bent at an angle of 30 degrees with the axis of the mixing tube in order to
direct the surrounding water into the tube. The mixing tube was attached to a
stand so that the axis of the mixing tube would be horizontal. Figures 4.8 and 4.9

and show the actual dimensions and the photograph of the model Y1 respectively.
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Figure 4.5: Photograph of the Model X1
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Figure 4.7: Photograph of the Model X2
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Figure 4.9: Photograph of the Model Y1



Chapter 5

Laboratory study of slot mixing
tubes

5.1 Experimental arrangements
5.1.1 Experimental set-up

Experiments to determine the dilution of three slot mixing tubes were carried ont.
in the Fluid Mechanics Laboratory of Memorial University of Newfoundland. The
experimental set up (Figure 5.1) consisted of a steel tank 'A’, 1.83 meters x 1.83
meters (6 ft. X 6 ft.) in cross section and 1.52 meters (5 [t.) deep, and an aluminum
tank "B’ of diameter 0.78 meters (2.364) and 1.22 meters (4 fl.) deep. Two sides
of tank A were provided with glass walls to facilitate viewing when the experiment,
was in progress. A platform 46 cm. wide and 1.83 m. long, was provided 60 cm.
from the top of the tank to facilitate taking samples and to step into the tank. A
5.08 cm. (2 inch) diameter inlet was provided in the steel wall 33 em. from the

bottom of the tank. This inlet was made with a threaded socket, so that nozzles of

134
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different sizes could be fitted in. An outlet with a control valve "A’ was provided at
the bottom of the tank for emptying the tank when needed. Tank 'A” was used to
store the ambient fluid and tank B was used to store the discharging fluid during
the experiment. Tank B was connected to the inlet of tank A through a centrifugal

" was provided between the pump and

pump and a flow meter. A control valve 'C
the flow meter to control the flow rate of the discharging jet during the experiment.
An outlet with a control valve 'B’ was provided close to the bottom of tank B for
collecting samples from the tank during the test. Three nozzles each 30 cm. long
having a threaded end which fitted the inlet of tank A were used during the test.
"Three different sizes were used. These were of diameters 5.08 cm, 3.81 cm and 2.54
em. (2 inch, 15 inch and 1 inch). The flowmeter provided between the pump and
the inlet of tank A had a rated maximum discharge of 400 litres/min. and provided
an accurate flow measurement from 20 % to 100 % of the maximum discharge.
A switch board was provided to control the operation of the centrifugal pump.

IFigures 5.1 and 5.2 show the sketch and ph h of the set up respectively.

5.1.2 Flow meter

The flow meter located between the pump and the inlet nozzle was of the rotameter
type from Fischer Scientific (Precision Bore Flowmeter, Tube Number FP-2-27-G-
10/27). A photograph of the flow meter is shown in Figure 5.3. It consisted of a
steel float within a glass tube. The calibration in terms of percentage of tull scale
flow was written on the glass tube. The flow meter used in the experimental set

up had a flow rate of 400 litres/minute at 100% opening. Correction factors to be
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Figure 5.2: Photograph of the Experimental Set-up



Figure 5.3: Photograph of the Flow meter
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nsed to reduce the readings of the flow meter for fluids other than fresh water were
provided with the instrument. These factors were provided by the manufacturer

for varying specific gravities and various floats.

‘The flow meter was calibrated prior to use. This was done by filling tank A with
fresh water to a depth of 30 cm. With the pump switched on water was pumped
into tank A at different rates and the time taken for the water level to rise 10 cm
was noted. This was done with the rotameter set at different readings ( from 40%
to 80%of full scale at 10% intervals). Each flow was tested three times to obtain
an average time recording. These showed that the manufacturer’s calibration was

accurate within 1% to 2% of the measured flow.

5.1.3 Preliminary experiments

Preliminary experiments were done to check the flow distribution along the slot of
the mixing tube. [n order to consider the slot discharge from the mixing tube as
a two dimensional buoyant jet it was necessary to get an cven distribution of flow
along the slot. A red dye was used to check the flow distribution. To start with the
5.08 cm. diameter nozzle was fixed to the inlet of tank A. The model mixing tube
of cross section 7.62cm. x 7.62 cm.(3in. x 3in.) was placed at a distance of one jet
diameter (5.08 cm.) from the face of the nozzle. Care was taken to ensure that the
axis of the nozzle coincided with the axis of the mixing tube. Weights were laid on
the legs of the mixing tube to prevent it from moving due to the force of the jet.
All valves (A,B and C) were closed and tanks A and B were filled with fresh water

up to a depth of 76.0 cm. and 116 cm. from the bottom respectively. A plastic

s
j
:
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fAexible bottle fitted with a long fine steel tube, was filled with a red dye solution.

To start the experiments the pump was switched on and the valve ¢ ( I°

was opened slowly to give a full flow through the nozzle. Red dye was now injectud

near the mouth of the mixing tube by the person stationed on the platform of tank

A. It was clearly scen that the red dye was sucked into the mixing tube, This
showed that surrounding water was being entrained into the mixing tube, To check
the distribution of the flow leaving the tube, red dye was injeted all along, the
periphery of the slot and the strength of flow of the red dye was observed. 1t was
felt that there was more [low at the centre of the slot and less towards the sides,
The flow pattern during the first test is shown in Figure 5.1, T'his showed more low

at the centre and less flow at each side of the mixing tube. The test w;

repeated
at different discharge rates and the same results were observed. Although these
tests were qualitative, they showed clearly that there was an uneven distribution
of flow. Most of the flow remained in the centre of the tube and little dispersed to

either side.

In order to improve the distribution within the mixing tube it was decided to insert

wedge shaped baffles into the flow path. It was hoped that they would divide the

flow and direct it towards the sides of the tube. Initially three haffles were nsed
and were placed at a distance of 7.62 cm. from the face of the mixing tube. Each
baffle (Figure 5.5) was 8.9 cm. (3.5 inches) long and 0.6 em. (0.25 inches) wide.

They were shaped as a wedge with the sharp edge facing towards the mouth of the

mixing tube. Placing three baffles divided the mixing tube into four equal parts,

The experiment was repeated following the same procedure as before. A slight



141

FLOW DISTRIBUTION
CURVE

Figure 5.4: Flow pattern with in the slot mixing tube during the first test (Model
X1)

655 [em. 5.51em.

- 8.9 cm.

oT8em,

= - ) —

SECTION A-A T

Figure 5.5: Baffles used to divide the flow within the slot mixing tube
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improvement in the flow pattern was observed but there was still some bulking

towards the centre with less flow at either side (see Figure 5.6). Based on fhese
experiments it was decided to gradually change the angle of the sides by reshaping

the walls inside the mixing tube. (‘urved styrofoam sides

along with one contral

baffle were finally used. The shape of the sides was determined on a trial and error
basis by conducting additional experiments until the distribution of the ffow exiting
from the mixing tube scemed reasonably wniform. The final flow pattern is shown

schematically in Figure 5.7. ‘This layout was used in all fubure experiments.
5.1.4 Sampling methods
“The main purpose of the experimental study was o measnre the dilution within the

mixing tube. Hence, it was necessary Lo measure the concentration of some tracer

between the two ends of the mixing tube. Due to the presence of a density difference

between the discharging fluid and the receiving fluid in the practical application of
the buoyant jet, it was decided to use cither hot and cold water or salt, and fresh

water as ambient and jet fluid.

The possibility of having hot water for the discharging jet and cold water for the
ambient receiving fluid was first considered. This would provide a density difference
between the discharging and receiving fluid. The difference of temperature between
the two ends of the mixing tube would be a measure of the dilution achieved
within the mixing tube. For this purpose consideration was given to the use of a

set of thermocouples with a digital reader. However, because of the loss of heat

that occurs between tank B and the inlet nozzle, the possibility of considering the
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Figure 5.7: Flow pattern with bell shaped sides and central baffle (Model X1)
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temperature of the hot water in tank B to be same

that at tae month of the

wmixing tube was ruled out. It was also considered difficult 1o introduce a probe near
the outlet of the jet because it would interfere with the jet flow. “This introduced
a major problem in measuring the initial temperatnre of the jot which was an

important value in the calculation of the dilution.

The option of salt and fresh water was then considered.  Under normal cirenni-
stances it would be usual for the recciving water to be saline while the jet efllnent
would be fresh. However to reduce the amount of salt necessary for cach experiment.
it was decided to reverse the process and use salt water for the jet with tank A filled
with fresh water. This has no effect on the hydranlics of the mixing process and
merely reverses the direction of the resultant gravitational/buoyancy force whicl ef-

fects the

se/fall of the rising plume. In any case it was considered tiat the density
difference would not play a significant part in determining the pre-dilution within
the mixing tube. With fairly high jet velocities, inertia and momentum effects will

be much more significant than buoyancy effects in the short d

ance hetween the
jet exit and the entry to the mixing tube. Also, since subsequent dilution from

the slot was not measured during the same test, it had no deletercons effeet on the

final results. However use of salt water as the jet fluid changed the flow ecalibri

tion of the flow meter. As mentioned in section 5.1.1, becanse the flow meter was
calibrated using fresh water, a correction factor was nsed for all the measured flow
rates. The correction factor of 1.01 was read from the correction chart provided

with the instrument for salt water of density 1.026 nsed in the experiment. The

measured values corresponding to percentage openings were multiplied by the cor-

rection factor for future calculations. Because the salinity of the jet at the month
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of the mixing tube would be same as the salinity of salt water in tank B. it was
decided to collect the samples in tank B instead of collecting the samples at the
mouth of the mixing tube. To determine the salinity of the flow leaving the mixing
tube and to check on the flow distribution, it was decided to collect the samples at
five points along the exit slot of the mixing tube. These points were evenly spaced
from one end of the slot to the other. The average of these five samples was taken
Lo represent, the salinity of the jet at the end of the mixing tube. The dilution
within the mixing tube was calculated from the salinities of the various samples.

(see section 5.4).

5.1.5 Sampling device

Because of the limited storage of the discharging fluid in tank B, it was only possible
10 run the test for a fixed time at  particular discharge rate. Hence it was necessary

to collect all five samples during that time.

A sampling device was built to collect the samples from the five points along the
slot. A 0.625 cm (5/8 inch) diameter copper pipe 20 cm. long was bent at right
angles and was connected to a long flexible plastic tube. The plastic tube was then
connected to a pipe running through the bottom of the tank A. A tap arrangement
was provided at the end of the pipe so that the fluid, from the point where the
copper tube was placed, would flow through the tap by the action of gravity. A
steel rod 1 m long, was fixed to the bent part of the copper tube so that the
opening end of the copper tube could be placed at any point along the slot by

a person standing on the platform of tank A. The time taken to fill the whole



116

sampling device before a sample could be collected was also measured. With this

arrangement samples could be collected from any point by allowing sutlicient time

to fill the sampling device with the fluid at that particular point. This method

was complicated because of the need for two persons to collect the samples and

to measure the time between the samples. This device was used suecesslly for
some preliminary experiments. [lowever it was cumbersome to use in the main
experiments and another device which permitted simultancons collection of five

samples at fixed locations was designed.

The new sampling device consisted of five copper pipes fixed to a stand. These

pipes were bent so that they coincided with the fi

sampling points along the slot.
The other ends of these pipes were connected througl flexible plastic tubes Lo five
different pipes running through the bottom of tank A. Separate tap arrangements
were constructed for each of the five pipes. When the taps were operated flnid
flowed through the pipes under the action of gravity. These could thus be used to
sample the fluid exiting from the mixing tube. It should also be noted that since
the discharging jet was heavier than the receiving water the subsequent plume bent.
towards the bottom of the tank. Thus there was no interference of the plume with

the discharging jet.

The previous sampling device was used to collect samples around the mouth of
the mixing tube thus providing the salinity of the surrounding fluid at the time of
sampling. The Photograph of the whole experimental set up with the mixing tube

and sampling device in place is as shown in Figure 5.3.



5.1.6 Salinity meter

A portable conductivity /salinity meter (model number YS1 Model 33 ) from Fisher
Scientific was used to analyze the samples. The salinity meter had a measuring

range of salinity from zero to forty parts/thousand. This model could also be used

for and Setting the salinity meter to the
sample temperature would automatically compensate for temperature in salinity
readings. A probe with a long lead was provided with the instrument for measuring
the temperature/salinity of the samples. The probe was cylindrical in shape with
a diameter of 3 cm. and a height of 5 em. Manufacturer’s recommendations were
to immerse the probe completely in the sample before making any measurements.
A measuring jar was thus used lo make the measurements and it was found that
100 ml. was needed to immerse the probe sufliciently so as to make a reliable

of the li

y. The salinity meter was batlery powered

by two D size batteries.

‘To measure the salinity of the sample, the salinity meter was initialized by setting
the instrument to give a particular reading (the red line) on the dial gauge by using
the adjustment knob. The measuring probe was then immersed in the sample and
the instrument was set to read the temperature. The instrument was then adjusted
for the appropriate temperature and the salinity of the sample was directly read in

parts per thousand from the dial gauge. This procedure automatically compensated

for temperature in all salinity readings.
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re 5.8: Photograph of the mixing tube and sampling device in place

Figu:
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5.2 Experimental procedure
5.2.1 General

As mentioned carlier in section 5.1.1, three models were tested in the experiments.
Model X1 and Model X2 were of same shape and had a cross sectional area of
58.08s.cm and 25.81 sq.em respectively. Model Y1 was of a different shape but
also had cross sectional area of 25.81 sqcm. Figures 1.5, 1.7 and 1.9 shows the
photograph of the models X1, X2 and Y1 respectively. Model X1 was tested with
all three different sized nozzles mentioned earlier and this gave three different arca

Becanse models X2 and Y2 were smaller, having a cross section of 25.81

ri

sq.em in cross section, they were tested with only two nozzles, namely 3.81 cm and
1 Y ) ¥

2.51 em diameter. This provided only two area ratios for these two models. To
check the effect of variation in the flow rate on the initial dilution within the mixing
tube, tests were undertaken at different flow rates for each set of nozzles and mixing

tubes. Flows were d using the fl described in section 5.1.2. Tests

were run at five different flow rates namely; 5.39, 4.72, 4.04, 3.37.2.69 litres/sec.
with nozzles of diameters 3.81 cm and 2.54 cm. whereas experiments were run with
only four flow rates, excluding the flow rate of 2.69 litres/sec. with the nozzle of
5.08cm diameter. This was because the 5.08cm diameter nozzle did not flow full at

a [low rate of 2,69 litres/sec. Tests were repeated three times at each flow rate.

Initial tests were done with models X1 and X2 (The procedure is explained in
section 5.3.3 ). Twenty four different tests ( with each test being repeated three

times) gave a total of 72 experiments. However, because of an error, which will
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be explained in the following sections. these tests were all repeated. Ten tests and
thirty experiments were then conducted with model Y1 The results of all the

experiments are given in the Appendix.

5.2.2 Salt water preparation

The salinity meter used in the study had a measurable range of salinity from 0
parts/thousand to 40 parts/thousand. Beeawse the samples collectead from tank
B represented the salinity of the jet. care was taken to prepare the salt water in

tank B to be within the measurable fimi

This would facilitate the salinity mea-
surement by avoiding the back caleulation required to caleulate the salinity of the
samples if they were higher than the measurable limits. The amount of salt 1o he
added to keep the salinity of the salt water in tank 13 helow 10 parts/thousand was

calculated as foliows:

Diameter of tank B =78 em.
Maximum depth of water in tank 13 = 16 em.
Cross sectional area of tank B 2

Total volume of water in tank B
Density of water =1 gram/ec
Total amount of salt to be added to 534.3 x 10* ce. of
water to have a concentration of 40 parts/thousand

1.3 x 107 % 10)/1000

Typically the salinity of the jet was maintained between 27.0 and 36.0 parts/thousand.

The ambient fluid was [resh water at the beginning of the test and, in the initial
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:s of tests, the salinity increased as testing proceeded. As will be discussed, this
caused some problems and in a later series of tests tank A was flushed out between
Lests so that the salinity was always that of the fresh water supply. To prepare
Uhe salt, water, valve B (Figure 5.1) was closed and tank B was filled with 30 10 10
em. of water. Between 15 to 20 kg. of dry salt was poured into the tank. Water
in the tank B was thoroughly mixed using a rod nntil all the salt was dissolved.
Iresh water was then added Lo bring the level to the upper mark. The water was
constantly stirred Lo ensnre an even salinity throughout the water column prior to

the beginning of any test.

5.2.3 Test procedure

As mentioned earlier, tests were conducted in the fluids laboratory of Memorial
University of Newfoundland. To start with, the 5.08 cm. diameter nozzle was fixed
to the inlet of tank A. The model mixing tube X1 was then placed at a distance of
one jet diameter from the face of the nozzle. Weights were laid on the legs of the
mixing tube in order to prevent the movement of the mixing tube due to the force
of the discharging jet. The sampling device with five sampling pipes was moved in
front of the mixing tube so that the sampling pipe inlet coincided with the sampling
point of the slot. Care was taken to ensure that the centre point of the sampling
tube was aligned with the centre line of the slot. The other sampling device, with a
steel rod attached to hold it in place, was fixed near the mouth of the mixing tube
1o collect the samples of the surrounding water. All valves were closed and tank A

was filled with fresh water to a depth of 76 cm. Salt water in tank B was prepared



as described in section 2.2.3. All taps conneeted to the sampling device were open

50 as Lo have a free flow of water from tank A. Sampling bottles were nutnbered

and were placed near the taps for easy accoss. The time required for the samples
collected at the end of the sampling device to represent the Huid at the point of

sampling was also measured and was found to vary between 5 and 10 see. 11 was

decided to collect two samples from tank B. one before and one after collecting the

samples fron the end of the mixing tube. The time required to colleet the sample

§ Wit

from tank B by opening and closing valve 1 was hetween 15 and 20 see. ‘i

h

more than the time required for water from the end of the mixing tube to r

the end of the sampling device. so that the samples collected from the sammpling
device correctly represented the sample from the sampling point. This facilitated
casy collection of samples without the need 10 measure the time between collecting

the sample (rom tank B and the samples from the end of the miing tube,

The pump was switched on and valve (! was opened slowly to allow salt. water

to flow through the inlet nozzle. The valve was then adjusted to give the desired

reading on the flow meter. Valve B was opened and the sample from tank 13 was
collected. The samples from the end of the mixing tube along with the sample
of the receiving water were then collected from the tap arrangement. To end the
sampling procedure the second sample from the tank B was collected. When afl the

samples had been collected the discharge through the jet was increased and after an

appropriate lag time samples were again collected. This procedure was continued

until tank B became empty. Tests resumed after both tanks A and B had b

cleaned out and refilled.



At the conclusion of each experiment a number of samples were available for anal-

These

vere:

ysi

I Two samples from tank I3 giving samples of the fluid in the jet.
2 Five samples of the fuid leaving the end of the mixing tube.

3 One sample from tank A containing the receiving fluid from tank A.

“F'he size of sample needed for analysis was around 100 ml, Hence, sampling bottles
measuring 150 ml. were used for sampling and care was taken to fill the sampling

bottles to their neck during sampling.

The first experiments were nndertaken using a 5.08 em diameter jet and the model
mixing tube X1. This was tested at flow rates of 5.39, -1.72, 1.04, 3.37.2.69 Litres/sec.
ecach flow rate being tested three times. When this was completed the 5.08 cm noz-
2l was replaced by 3.81 cm (1.5 inch) nozzle and then the 2.54cm (1 inch) nozzle,
all tests being repeated for each nozzle. Model X2 was tested in ~ generally similar

pattern.

5.3 Analysis of samples

Samples were analyzed using the salinity meter described in 5.1.5. To do this,
the sample was transformed to a clean dry measuring jar. The salinity probe was
inserted and adjusted for temperature. Following this adjustment the salinity was

read and recorded. Detailed results are given in Appendix. Typical results are
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TEST NUMBER : 6 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 70%
FLOW RATE IN LITRES/SEC. : = 4.67
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 4.72

Sample Trial | Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
Tl 31.00 31.00 31.50
T2 31.00 31.50 3150
1 15.00 16.00 16.50
2 17.00 17.00 18.00
3 18.00 19.00 19.50
4 17.00 17.50 18.00
5 15.00 16.00 16.00
Salinity S2 0.00 3.00 5.00
Average of 1-5 16.40 17.20 17.60
Salinity §3
Average of T1 & T2 Salinity 31.00 3125 31.50
St
Initial dilution n 1.89 2.00 2.10

TI& T2  Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in

page one of Appendix

+ Sample of the surrounding water

nitial dilution within the mixing tube

s2
n

Table 5.1: Salinity of samples at Q = 4.72 x 10=* m?/s measured during the test 6



153

shown in Table 5.1. This mixing shows the salinity of the twa samples of jet fluid

(Tl and T2) along with the samples (nos. 1 to 3) taken from the mixing tube.

These sampling points were located as shown the first page of the appendix. The

measured salinities of three trials show a reasonably uniform salinity distribution
across the slot exit of the mixing tube with a variation from about about 16 parts
per thousand at the edges to a maximum of 19 at the mid point. The average
salinity was determined for each trial and this was used in calculating the dilution
within the mixing tube. The salinity of the surrounding water depended on the
time of sampling. It was zero during trial 1, when the test was started with fresh

water in tank A and increased in the later trials. The following section explains

how dilutions were determined.

5.4 Calculation of dilution

“The average of all five samples collected at the end of the mixing tube was taken
to represent the salinity along the slot and the average of the samples collected
from tank B was taken as the salinity of the jet. One sample was also taken near
the entry to the mouth of the mixing tube. This gave the salinity of the receiving
water. Dilutions were calculated as follows using the data in Table 5.1 for illustrative

purposes.

Consider a general case of the slot mixing tube with the following flow parameters:

i



Sy = salinity of the jet fluid

S; = salinity of the receiving Huid

Sy = average salinity of the fluid discharged from the mixing tube
Q, = volume of the jot fluid

Q2 = volume of the receiving fluid entrained into the

mixing tube
Qi+Q: = volume of the fluid from the mixing tube

_
Qz S, e Q*Ry
. ( Sa
=) —
139 (4
—
S

Figure 5.9: Flow parameters of a slot mixing tube
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Dilution within the mixing tube = n

but
QiS5+ @25, =
51+ (Q2/Q1)S2
Q2/Qu(S2 = Sa)
@2/ @

n

or

From Table 5.1,

For trial 1, §; = 0.0, Sy = 31.0, 83 = 16.4

n

(31.0 = 0.0)/(16.4 — 0.0)
1.89

For trial 2, S, = 3.0, § = 31.25, S3 = 17.2

n. = (31.25-3.0)/(17.2 - 3.0)
= 2.00

For trial 1, 8 = 5.0, §; = 31.5, §3 = 17.6

n

(315 — 5.0)/(17.6 — 5.0)
2.10

(Q1+Q2)/Qu
I+ Q2/ Q1

(Q1+@2)Ss

(83— 51)/(S2 = S5)
(81~ 83)/(S3 — Sa)
1+ (1 = 53)/(S3 = 52)

(81 = $)/(S3 = &)



Average dilution for test number 6 = (1.89 + 2,00 +2.10)/3

= 2.00

Dilutions were calculated in the same manner for all the tests. Average dilution

was calculated for each test and Tables

210 5.6 show the average dilutions along,

with the rate of discharge, Area ratio ( ratio of cross

eetional arca of the jet to the

cross-sectional area of the mixing tube) and jet Froude number for cach test.

As mentioned earlier, Argaman (1975) showed that the initial dilution within the
mixing tube was a function only of the diameter ratio of the mixing tube and the
discharging jet. In order to compare the results of the model mixing tubes with
those of circular mixing tubes, the initial dilution n was plotted as a Binetion of the
arca ratio Am/Aj. Here the arca ratio is defined as the ratio of the cross-sectional
area of the mixing tube to the cross-sectional arca of the discharging jet. The
reason for using the area ratio instead of the diameter ratio was hecause the cross
section of the model mixing tube was not circular. Figures 5.10 and 5.11 show the

variation of n as a function of area ratio at different flow rates.

To compare the results of the circular mixing tube with that of the model mix-
ing tube, the linear relationship for a circular mixing tube was superimposed on
Figures 5.10 and 5.11. Note that the straight line equation 4.4 for diameter ratio
becomes parabolic when used with area ratios. The initial dilution in the model
mixing tube was generally slightly less than the initial dilution in the circular mix-

ing tube. More variation in the initial dilution was observed with increase in the
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value of the area ratio. From these figures it is evident that there is variation in
initial dilution at different flow rates for the same area ratio which is different from
the results of Argaman for a circular mixing tube. The variation in initial dilution
with the flow rate also shows that the initial dilution n is not only a function of
Arca ratio bul varies also with the flow rate @ and hence with the Froude number

F. In dimensionless terms Argaman found that
n=s(2)
whereas these results indicate that , for the slot tube,
n=dGEF)
Note particularly that F is the Froude number of the jet and not the densimetric

Froude number. It is given by
Q

B
Ajv/gd

In order to study the trend of the variation of initial dilution, n was plotted against
different Froude numbers F for the same area ratios. Figure 5.12 shows the variation
of n with the jet Froude number F. There was a lot of scatter in the plotted points.
The initial dilution slightly increased with increase in Froude number for the area
ratios of 2.87 and 2.26, whereas the initial dilution decreased with increasing Froude
numbers for the area ratios of 11.46, 5.1 and 5.09. There was no continuity in the
initial dilution for the area ratios of 5.09 ( for model X2) and 5.1 ( for model X1)
which are close values. Instead there was a distinct break in the initial dilution
values for these area ratios. The scatter and inconsistency shown in Figure 5.12

was thought to be due to experimental errors related to the procedure used.

§
1
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During the first set of tests, explained in section 1. tank A was not emptied after
each test, but, depending on the amount of salt solution in tank B, sampling was
continned. Although the salt concentration of the surrounding water was measured
and was used in the caleulation of the dilution ( section 5.4 ), it was possible that
there was a stratification in tank A with more salinity al the bottom and less
towards the water surface. However during the calculation of dilution, the salinity

of the surrounding water was considered to be uniform and this may have led to an

error in the caleulation of dilution. In addition flow from the nozzle was continuous

which would lead to a time variation in the salinity of the receiving water. As the
Losting proceeded there would be a general increase in receiving water salinity in
the vicinity of the nozzle and there may have been changes in salinity between the
heginning and end of any particular test. Thus the single sample of recciving water
taken during the test may not have been representative. This could have caused
significant errors in calculating the dilution. It was hence decided to repeat the

tests with a slight variation in the test procedure,

5.5 Second set of experiments

As mentioned earlier, because of the experimental scatter found in the first experi-
ments, it was decided to repeat the experiments with the same flow conditions but

with a slight variation in experimental procedure.

During the second set of experiments tank A was emptied after each trial instead
of continuing the experiment again with an increased flow. To start the next trial,

valve A was closed and tank A was again filled with fresh water. This rectified
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the error in the experimental procedure becanse the receiving salinity wax

always equal to that of the fresh water supply throughont the trial and the samples

of the receiving water collected during the test always had zevo salinity. This also

eliminated the possible interference of the eliluent with the incoming jet. he
salt water in tank B was mixed with a rod to achieve an even salt concentration

throughout the water column.

The same number of tests discussed in section

I were condueted with model
mixing tube X1 following the new procedure. Because tank A was cmpticd and

refilled with fresh water before cach trial the receiving wats

niple was alw

zero. Following the determination of sample salinities. (Shown in Appendis 1) the
dilutions within the mixing tubes were caleulated as described carlier. AL this point

the initial dilution was plotted against the Froude nnmber for different avea ratios,

As in the previous case, the initial dilution decreased with the inerease in Fromde

number. The variation of the initial dilution was found con

ent at different area

ratios and there was much less experim;

ental scatter. Then. to check the validity of
the dimensionless plot, the experiments were continned with the Model mixing tube
X2. The Model mixing tube X2 was a scale model of Model mixing tube X1 and
had a cross sectional area of 25.81 sq. em. (4 s.inch). This model was too small
for the large nozzle and was thus tested with the 3.81 em. and 2.51 i diameter
nozzles following the same experimental procedures. The combined results of Model
X1 and Model X2 mixing tubes together with calculated values of Froude mumber
F, Flow rate 'Q’, Area ratios Am/Aj and the average initial dilutions for each test

are shown in Table 5.7 to 5.11. Figure 5.

shows the variation of initial dilution

n with the Froude number F' for different area ratios. It can be clearly s that
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the trend in the variation of initial dilution n is the same for all area ratios. he

initial dilution reduces with incre;

e in the jet Fromde number, There is a little
scatter in the piotted points but overall there is a smooth transition. Becanse of
the fixed area of the models and the limitation in the availability of pipes used 1o
represent Lthe nozzles. it was not possible to exactly duplicate the area ratios of
model X1 with model X2. IHowever the curve obtained for an area ratio of 5.10

with model X1 is very close to that obtained with an area ratio of 5.02 with model

Similarly the curves for arca ratios of

and 2,26 from models X1 and N2

respectively are very close. This agreement in results from the two geometricali,

similar tubes of different si

supports the fi

et that the initial dilution is not only
a function of the area ratio but also depends on the Froude number. Typically

Figure 5.13 shows that the dilution within the mixing tube decreases slightly as the

jet Froude number increases, and increases as the area ratio increases. Fhe de

with Froude number is relatively small. For example, with an arca ratio of abont

5.1 the dilution decreases from about 2.3 at a Froude number of 3.0 to abont. 1.6

at a Froude number of 17. However at a constant Froude number ol

dilution increases from a value of 1.5 at an area ratio of 2.3 to as much as !

area ratio of 11.5.

Tests were also conducted using the Model Y1 with the same experimen

pro-
cedures. As mentioned earlier Model Y1 was smaller than Model X1 and hence

tests were conducted using only two different nozzles. Tables 5

2 and 5.13 shows

the average dilution within the mixing tube for all the tests. Vigure 5.14 shows
the variation of dilution within the mixing tube with the Fronde number . The

trend in variation of initial dilution n is same as that of the models X1 and X2.
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‘I'he initial dilution n within the mixing tube de as the jet Fronde number

inereases and inere 1s the area ratio increases.

5.6 Calculation of overall dilution

Tl oveeall dilution is defined as the dilution between the discharge point and the
sutface of the receiving fluid. ence if a mixing tube is installed to a discharging
jet. the overall dilution would be the product of the dilution within the mixing 1ube
and (he dilution between the mixing tube and the surface of the recciving water.
For the models described here the mixing tube discharged through a rectangular
slot with length/breadth ratio equal to 32, At this geometry the discharge from
Ve mixing tube was treated as a two dimensional jet. End effects were ignored in
e Tollowing analysis which was undertaken to determine the approximate overall
dilution of the mixing tube studied. The effect of ignoring the end effects is proba-
bly 1o overestimate subsequent dilution between the miing tube and the surface,
However experimentation would be necessary to quantify the effect. Having de-
cided to treat the discharge from the mixing Lube as a two dimensional jet, the
theories developed by Abraham (1965) and Fan and wJrooks(1969) were considered
for calculating the subsequent dilution of the buoyant jet from the slot mixing
tube. Experimental verification of both the theories was done by Cederwall (Ced-
erwall, 1971) who found a close correlation between the theories and experiments
(see scetion 2.1.4). Fan and Brooks theoty was considered to be an improvemeat on
Abraham’s theory and hence was used to estimate the subsequent dilution from the

slot mixing tube. Figure 5.15 shows the graphical presentation of Fan and Brooks
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theory along with the experiments of Cederwall. This figure was used to caleu-

late the subsequent dilution from the slot mi ypical case of ambient

surronnding water of depth 100 em with no stratification was considered for the

caleulation purpose. Other flow parameters such as rate of discharge and density

difference were taken from the experimental . The x co-ordinate in
i 5 r\'? -~ .
Figure 5.15 namiely (%)™ Fagom) culated nsing the assumed depth of

ambient water and the depth of the slot of the model mixing tube and the densimet-
o\ ~1/2
Y

(%)

was then directly read from the figure. The dilution S; was then calculated from"

tic Froude mmber of the jot. The corresponding y co-ordinate namely
Ui relationship. ‘The overall diluition of the slot miixing tube was hence the product
of dilution within the mixing tube and the calculated subsequent dilution. A sam-
ple calenlation of the subsequent dilution and hence the overall dilution is shown

below.
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Figure 5.15: Graphical ion of center-line dilution for two dimensional

buoyant jet in stagnant environment and comparison with expeiimental data (Ced-
erwall, 1971)



o = rate of discharge from the jet

0 rate of discharge from the mixing tube

Am tional area of the mixing tube

Aj sectional area of the discharging jet

d eter of the discharging jet

B depth of the slot of the mising tube

Y depth of the receiving fuid

» density of the receiving fnid

A = dilference in density belween the fluid discharging
from the jet and the surrounding fuid

A = difference in density between the fluid discharging
from the mixing tube and the surrounding fluid
s

" gravitational acceleration

i g
yéez

A = g%
n = dilution within the mixing tube.

Fapys Fagny = densimetric Froude numbers of discharging
jet and the slot mixing tube respectively

Because *n’ is the dilution within the mixing tube we can write

=101 gp=a/n

and

Fay= (5.1)

nQ:
Fagmy = -2t 5.2
e A JeiB/n (&2



= () (5)"

. R AT LA .
Fagam) = Fagyn'® (m) (ﬁ) (5.3)

Calculation of subsequent dilution:

Cousidering test number 33 as the typical test, the different flow parameters are
= 5.08x 107 m.

B 0.0127 m.

Am/Aj 0

Q 260 x 1077 m?/sec.
Ap 0.026

g 35

n =

Therelore from cquations 5.1 and 5.3

Fag = 2128

Fagmy = 28.20

- coordinate of the

Assuming the depth of the receiving fluid as 1.0 meter, the
Figure 5.15, developed by Cederwall would be
X-coordinate:

Yyl

1 "
(E) Fagmy ™ = 0,96

For this value of the X-coordinate, the corresponding Y-coordinate is read as



Subsequent dilution Sy for the slot mixing tube is then calculated as

Si=985

“The overall dilution for the slot mixing tube would be the product of the dilution n’
within the mixing tube and the subsequent dilution S . Thus the overall dilution

Sam) would he,

Soom) = Sexn =

‘Table 5,11 shows the overall dilution calculated for the second series of tests with

Model X1 and X2.

A comparison was made between the predicted overall dilution from the slot mix-
ing tubes and a circular mixing tube. The cquations developed by Argaman and
Cederwall (equations 2.40 and 2.41) were applied to a circular mixing tube having
the same cross-sectional area as that of the experimental Model slot mixing tube.
Density differences, flows and depths etc., were taken to be same as the values used
in the computation of the overall dilution (section 5.6) for the slot mixing tube.
The improvement in overall dilution for a slot mixing tube relative to a circular
mixing tube was calculated by taking the ratio of the predicted overall dilutions
of the slot mixing tube to the circular mixing tube. The improvements in overall

dilution for Models X1 and X2 are tabulated in Table 5.15.
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Calcnlations for overall dilution and the improvement over cirenlar mixing tuhe
were also done for Model Y1 following the same procedure, Tables 5,16 and 5.17
shows the overall dilution and the improvement of overall dilution of Model Y1
when compared to a cireular mixing tube. These results are plotted in Figure 5.16
and 5.17.

Figure 5.16 shows the variation of the ratio of overall dilution with

the densimetric Froude number of the jet at different arca ratios for models N1

and X2. 'This show that the ratio of overall dilution decreases with inerease in
the densimetric Froude number. The ratio was above 1.0 for densimetric Froude
numbers from 10 to 35 and for arca ratios from 2.26 to 5.10. Results obtained from

Model X1 (Am/Aj

2.87 and 5.10) agreed well with those from Model X2 (Am/Aj

2.26 and 5.09). Results of the ratio of overall dilution were also plotted for model
Y1 (Figure 5.17). The same general trends were observed bul. for model Y1, the

ratio was always less than 1.0.

5.7 Discussion

Model mixing tubes X1 and X2 were geometrically similar with the length of the
mixing tube being approximately seven times the side of their square cross-section
at the entry. The divergence angle was 20 degrees and the ratio of depth of the

slot to the slot length was 36. Model Y1 had a length more than seven times the

side of its square cross-section. The divergence angle was 10 degrees and the ratio
of slot depth to the length of the slot was only 16. Madel Y1 was thus longer and
narrower than Model X1 and to some exlant, was more three dimensional and more

like a standard cylindrical mixing tube. From Figure 5.16 and 5.17 it is apparent
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that models X1 and X2 performed substantially better than Model Y1, In fact over
the whole of the range tested Model Y1 compared unfavourably with a standard
circular mixing tube giving overall dilutions of only 0.4 to 0.7 of that which wonld

be achieved by a standard tube.

For both the shapes tested the ratio of dilution with a slot tube to dilution with
a cylindrical tube increased as the densimetric Froude number decreased and also
increased as the area ratio increased. The best results, however, showed that. the
slot tube was only 1.2 to 1.3 times as effective as a cylindrical tube and, bearing in

mind the potential limitations of the theory nsed to estimate subsequent dilution

following discharge from the slot. this imy was only an approiamtion

Nevertheless the trend is such that there is some optimisi.

Most outfalls operate at low densimetric Froude numbers and figures 5,16 and
5.17 show that the ratio increases as the densimetric Froude number deereases.
Unfortunately it was not possible to obtain results at densimetric Froude nuubers
substantially less than 20 with the present experimental set-up. This was partly
because of the difficulty in measuring lower flows with the rotameter available, bnt
a more important reason lics in the nature of the flow pattern at low flows. The
best flow distribution at exit from the slot tube tended to occur at the highest
flows. As the flow from the nozzle decreased there was a tendency for the flow Lo
separate from the sides of the mixing tube. This gives a very uncvenly distributed
flow from the exit slot with most of the flow occuring at the center and with little at
the edges. A flow of this nature could not be considered to be two dimensional. It

is necessary also to make some comments on the two dimensional nature of the flow
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from the exit slot. With a width to depth ratio of 36 to | (Models X1 and X2) and
an even distribution across the slot, it is rcasonable to consider the flow, at that
point, to be two dimensional. However, as soon as the flow exits and begins to rise
towards the surface, end effects begin to modify the two dimensional nature of the
flow. These effects hecome more and more important with distance from the slot.
IT a substantial depth of water exists above the slot the flow will have become three
dimensional before reaching the surface. Under these circumstances the use of a two
dimensional theory provides only a guide to the magnitude of the dilution whizh
might be experienced. However, in the absence of time to conduct experimental
measurements of subsequent dilution, it was considered that the two dimensional
theory wonld be adequate particularly as the experiments were designed primarily
to test the feasibility of the idea of using a slot mixing tube rather than to design

a particular tube which could be used in practice.



17

Test | Model | Dia. of Flow | Discharge | Froude | Initial | Average
no. | no. | thejet | Am/Aj| meter number | Dilution | initial
d in cm. reading in F= ;‘J n diluition
in % | Litres/sec,

1L xt 5.08 | 287 30 539 2.96 153
X1 508 | 287 80 5.39 2.96 1.55 156

Xt 508 | 287 80 539 2.96 1.60

2 | X1 5.08 | 287 70 472 2.59 1.53
X1 5.08 2.87 70 472 2.59 1.56 1.59

X1 5.08 2.87 70 472 2.59 1.67

3 X1 508 | 2.87 60 1.04 2.92 1.55
X1 508 | 2.87 60 404 2.22 1.57 157

X1 5.08 | 2.87 60 4.04 2.2 1.59

4 | X1 508 | 2.87 50 3.7 1.85 1.39
X1 5.08 | 287 50 337 1.85 1.40 110

X1 5.08 | 287 50 3.7 1.85 141

Table 5.2: Average dilution within the slot mixing tube during tests 1 to 4
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Test | Model | Dia. of Flow | Discharge | Froude | Initial | Average
no. | mo. | thejet | Am/Aj| meter Q number | Dilution | initial
din cm. reading in F=5\?ﬁ-§ n | diluition
in % | Litres/sec.

5 | X1 | 381 [ 510 80 | 539 6.07 1.81
Xt | 381 | sl0 80 5.39 6.07 1.87 1.87

X1 381 | 510 | 80 5.39 6.07 1.94

6 | XL 381 | 510 70 472 5.31 1.89
X1 381 | 510 70 472 5.31 2.00 2.00

Xt | 381 | 510 70 472 5.31 2.10

7 | Xt | 38 | 510 | 60 4.04 4.55 1.91
Xt | 381 | s10 60 4.04 4.55 1.94 1.97

X1 | 381 | &l0 60 4.04 4.55 2.05

8 | Xl 381 | 510 50 337 380 2.00
X1 381 | 510 | 50 337 380 2.17 2.14

X1 381 | 510 | 50 337 3.80 2.25

! 381 | 510 | 40 2.69 3.03 2.26
X1 381 | 5.10 40 2.69 3.03 231 2.30

Xt | 381 | 510 40 2.69 3.03 2.32

Table 5.3: Average dilution within the slot mixing tube during tests 5 to 9
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Test | Model | Dia. of Flow | Discharge [ Froude | Initial [ Average
no. | mno. | thejet | Am/Aj| meter number | Dilution | initial
din cm. reading in F= n diluition
in % | Litres/sec.
10 X1 2.54 3.03 80 5.39 16.74 2.52
X1 2.54 3.03 80 5.39 16.74 3.01 2.85
X1 2.54 3.03 80 5.39 16.74 3.03
11 X1 2.54 3.03 70 4.72 1-1.66 3.1
X1 2.54 3.03 70 72 1166 33
X1 2.54 3.03 70 472 14.66
12 X1 2.54 3.03 60 4.04 12.54 2.89
X1 2.54 3.03 60 4.04 12,54 2.98 298
X1 2.54 3.03 60 4.04 12.54 3.08
13 X1 2.54 3.03 50 3.37 10.46 3.00
X1 2.54 3.03 50 3.37 10.46 341 331
X1 2.54 3.03 50 3.37 10.46 3.51
14 X1 2.54 3.03 40 2.69 8.35 344
X1 2.54 3.03 40 2.69 8.35 3.66 3.67
X1 2.54 3.03 40 2.69 8.35 3.90
Table 5.4: Average dilution within the slot mixing tube during tests 10 to 14
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“Test | Model | Dia. of Flow | Discharge | Froude Initial | Average
1o, no. the jet | Am/Aj | meter Q number_ Dilution | initial
din cm. reading in F= = n diluition
in % | Litres/sec.
15 X2 3.81 5.09 80 5.39 6.07 1.49
X2 3.81 5.09 80 5.39 6.07 1.51 1.51
X2 3.81 5.09 80 5.36 6.07 1.53
16 X2 3.81 5.09 70 4.72 5.31 1.47
X2 3.81 5.09 70 4.72 5.31 1.50 1.49.
X2 3.81 5.09 70 4.72 5.31 1.51
17 X2 3.81 5.09 60 4.04 4.55 1.42
X2 3.81 5.09 60 4.04 4.55 1.46 145
X2 3.81 5.09 60 4.04 4.55 1.48
18 X2 3.81 5.09 50 3.37 3.80 1.45
X2 3.81 5.09 50 3.37 3.80 1.47 1.47
X2 3.81 5.09 50 3.37 3.80 1.49
19 X2 3.81 5.09 40 2.69 3.03 1.36
X2 3.81 5.09 40 2.69 3.03 141 141
X2 3.81 5.09 40 2.69 3.03 147

Table 5.5: Average dilution within the slot mixing tube during tests 15 to 19
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Test | Model | Dia. of Flow | Discharge | Froude | Tmitial | Average
no. | no. | thejet | Am/Aj| meter number | Dilution | initial
din cm. reading in F=94) | diluition
in % | Litres/sec.

20 | X2 | 251 | 22 | 80 5.39 16.74 1.89
X2 | 254 | 226 | 80 5.30 16.74 90 190

X2 | 251 | 226 | 80 5.39 16.74 L2

21 X2 2.54 2.26 70 1.72 11.66 2.00
X2 | 254 | 226 | 70 472 14.66 2.03 204

X2 | 254 | 226 70 172 1466 2,10

22 | X2 | 254 | 226 | 60 4.04 1254 230
x2 | 251 | 22 | 60 1.04 12,51 246 251

X2 | 254 | 226 | 60 1.04 1254 2.87

23 | X2 | 254 | 226 | 50 3.37 1046 | 2.32
X2 | 254 | 226 | 50 3.37 1046 | 2.38 236

X2 | 254 | 226 | 50 337 1046 | 2.8

2 | X2 | 254 | 226 | 40 2.69 835 2.60
X2 | 254 | 226 | 40 2.60 835 2.75 271

X2 | 254 | 226 | 40 2.69 8.35 2.79

Table 5.6: Average dilution within the slot mixing tube during tests 20 to 24
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Model | Dia. of Flow | Discharge | Froude Initial | Average
no. | thejet | Am/Aj| meter Q Dilution | initial
d in cm. reading in n diluition
in % | Litres/sec.
25 X1 5.08 2.87 80 5.39 2.96 1.60
X1 5.08 2.87 80 5.39 2.96 1.57 1.58
Xi 5.08 2.87 80 5.39 2.96 1.58
26 X1 5.08 2.87 70 4.72 2.59 1.64
X1 5.08 2.87 70 4.72 2.59 1.60 1.62
X1 5.08 2.87 70 412 2.59 1.62
2K X1 5.08 2.87 60 4.04 2.22 1.64
X1 5.08 2.87 60 4.04 2.22 1.67 1.64
X1 5.08 2.87 60 4.04 2.22 1.61
28 X1 5.08 2.87 50 3.37 1.85 1.65
X1 5.08 2.87 50 3.37 1.85 1.67 1.67
X1 5.08 2.87 50 3.37 1.85 170
Table 5.7: Average dilution within the slot mixing tube during second series of tests

25t0 28
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Test | Model | Dia. of Flow | Discharge | Froude | Initial | Average |
no. | no. | thejet | Am/Aj| meter mumber | Dilution | initial
din cm. reading in F= :J n diluition
in % | Litres/sec.

2 | X1 3.81 5.1 80 5.39 6.07 184
X1 3.81 5.1 50 539 6.07 00 1.89

X1 3.81 5.1 80 5.39 6.07 1.93

30 X1 3.81 5.1 70 1.72 5.31 192
X1 3.31 5.1 70 1.72 5.31 1.88 Bl )

X1 3.81 5.1 70 172 541 197

3| X1 3.81 5.1 60 1.04 1.55 197
X1 3.81 5.1 60 404 155 194 1.96

X1 3.81 5.1 60 1.04 155 1.97

32| X1 3.81 5.1 50 3.37 3.80 212
X1 3.81 5.1 50 3.37 3.80 2.18 216

X1 3.81 5.1 50 3.37 3.80 2.18

3| X1 3.81 5.1 10 2.69 3.03 2.29
X1 3.81 5.1 10 2.69 3.03 2.26 227

X1 3.81 5.1 40 269 3.03 2.26

Table 5.8: Average dilution within the slot mixing tube during second series of Lests
29 to 33
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34 to 38

Test | Model | Dia. of Flow | Discharge | Froude Initial | Average
no. | no. the jet | Am/Aj| meter number | Dilution | initial
din cm. reading in F=%| o | diluition
in % | Litres/sec.
34 X1 2.54 11.46 80 5.39 16.74 2.52
X1 2.54 11.46 80 5.39 16.74 2.72 2.76
X1 2.54 11.46 80 5.39 16.74 3.04
35 X1 2.54 11.46 70 4.72 14.66 2.93
X1 2.54 11.46 70 4.72 14.66 291 2.90,
X1 2.54 11.46 70 4.72 14.66 2.86
36 X1 2.54 11.46 60 4.04 12.54 2.90
X1 2.54 11.16 60 4.04 12.5¢ 3.06 3.01
X1 2.54 11.16 60 4.04 12.54 3.08
37 X1 2.54 11.46 50 3.37 10.46 3.17
X1 2.54 11.46 50 3.37 10.46 3.25 3.23
X1 2.54 11.46 50 3.37 10.46 3.28
38 X1 2.54 11.46 40 2.69 8.35 3.37
X1 2.54 11.46 40 2.69 8.35 3.40 3.35
X1 2.54 11.46 40 2.69 8.35 3.21
Table 5.9: Average dilution within the slot mixing tube during second series of tests
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Test | Model | Dia. of Flow | Discharge | Froude | Tl | Average
no. | ne. | thejet | Am/Aj| meter number | Dilution | initial
die cm. reading | in F=%%1 | diition
in% | Litres/sec.

39 | x2 | 381 | 22 | % 5.39 6.07 149
X2 | 381 | 236 | s0 5.39 6.07 R ERE

X2 | 381 | 22 | s 5.39 6.07 152

w0 | x2 | 381 | 226 | 70 472 5.31 151
X2 | ast [ 29 | m 472 5.31 147 151

X2 3.81 2.26 70 1.72 5.31 1.54

41 X2 3.81 2.26 60 1.04 1.55 1.54
X2 3.81 2.26 60 4.04 4.55 1.51 1.52

X2 | 381 | 22 | 60 104 1.55 151

42 | X2 | 381 | 226 | 50 3.37 3.80 151
xz | 38 | 29 | 50 3.37 3.80 152 | 152

x2 | 381 | 226 | 50 3.37 .80 153

43 | X2 | 38 | 226 | 40 2.69 3.03 145
x2 | 381 | 22 | 40 2.69 3.03 145 | 146

x2 | 381 | 226 | 40 2.69 3.03 148

Table 5.10: Average dilution within the slot mixing tube during second series of
tests 39 to 43
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Test | Model | Dia. of Flow [ Discharge | Froude Initial | Average
no. no. the jet | Am/Aj| meter Q number | Dilution | initial
d in cm. reading in F= % n diluition
in % | Litres/sec.
A X2 2.54 5.09 80 5.39 16.74 148
X2 2.54 5.09 80 5.39 16.74 1.50 1.52
X2 2.54 5.00 80 5.39 16.74 1.58
45 X2 2.54 5.09 70 4.72 14.66 1.67
X2 2.54 5.09 70 1.72 14.66 1.61 1.63°
X2 2.54 5.09 70 4.72 14.66 1.62
46 X2 2.54 5.09 60 4.04 12.54 1.70
X2 2.54 5.09 60 4.04 12.54 1.82 175
X2 2.54 5.09 60 4.04 12.54 1.74
a7 X2 2.54 5.09 50 3.37 10.46 1.83
X2 2.54 5.09 50 3.37 10.46 1.90 1.89
X2 2.54 5.09 50 3.37 10.46 1.93
18 X2 2.54 5.09 40 2.69 8.35 1.93
X2 2.54 5.09 40 2.69 8.35 1.94 1.94
X2 2.54 5.09 40 2.69 8.35 1.95

Table 5.11: Average dilution within the slot mixing tube during second series of
tests 44 to 48




[B]

Test [ Model | Dia. of Flow [ Discharge | Froude | Tnitial [ Average
no. no. the jet | Am/Aj | meter Q number | Dilution | initial
d in cm. reading in = -"‘ n diluition
in % | Litres/sec.

49 Y1 3.81 5.09 80 5.39 6.07 143
Y1 3.81 5.09 80 5.39 6.07 L L4

Yt 3.81 5.09 80 5.39 6.07 1.45

50 YL 3.81 5.09 70 4.72 5.31 1.16
Y1 381 5.09 70 472 531 A6 1.46

Y1 3.81 5.09 70 4.72 5.31 L.A6

51 Y1 3.81 5.09 69 4.04 1.55 146
yi 3.81 5.09 60 4.04 4.55 146 116

Y1 3.81 5.09 60 4.04 4.55 1.46

52 Y1 3.81 5.09 50 3.37 3.80 1.49
Y1 381 5.09 50 3.37 3.80 1.50 1.49

Y1 381 5.09 50 3.37 3.80 1.48

Table 5.12: Average dilution within the slot mixing tube Y1 during tests 49 1o 52
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Tost | Model | Dia. of Flow | Discharge | Froude | Initial | Average
no. | no. | thejet | Am/Aj| meter number | Dilution | initial
din em. reading in F= % n diluition
in % | Litres/sec.

5 Y1 2.51 5.00 30 5.39 16.74 1.82
Yl 254 | 5.00 30 5.39 16.74 184 1.83

Y1 2.54 5.09 80 5.39 16.74 1.84

50 Y1 2.51 5.00 70 472 14.66 1.92
Y1 2.54 5.00 70 472 14.66 1.93 1.94

Y1 2.54 5.00 70 472 14.66 1.94

5 | Yl 2.54 5.09 60 4.04 12,54 1.88
Y1 2.54 5.09 60 4.04 12.54 1.94 1.9

Y1 2.54 5.09 60 404 12.54 2.00

56 | Y1 2.54 5.09 50 337 10.46 1.98
Y1 2.54 5.00 50 337 10.46 2.00 2.01

Y1 254 5.09 50 337 10.46 2.04

Table 5.13: Average dilution within the slot mixing tube during second series of
tests 53 to 56




Test | Am/Aj | Fagey | Fagm) | n | Xoo- | Yoo | Si | Sypom
No. ordinate | ordinate

2 | 287 | 2370 158] 087 | 116 | 1028

% | 287 | 205 T62| 002 | 1031002

27 | 287 | 17.6 16| Lo 110|016

28 | 287 | 1482 67| Liz | 1.08_| 947

20 | 510 | 4864 | 4292 [189| 072 | 128 |11.35

30 | 5.0 | 42.60 | 3840 [1.02] 048 | 122 |1082

31 5.10 36.46 | 33.98 | 1.96 0.85 L17 10.38

32 | 5.00 | 3041 | 32719 [2.16] 087 16 [ 1029

33 | 5.10 [ 24.28 | 2820 [2.27] 096 TIT | 085

34 | 1146 |134.04 | 7585 [2.76| 0.5 147 | 13.04

35 11.46 [117.38 | 71.54 | 2.90 0.51 1.46 12.95

36 | 1146 [100.47 | 6475 [3.01( 085 | 142 [1250

37 [ 1146 | 83.81 | 60.04 [3.23] 0.8 135 [ 1221

33 | 1046 | 66.90 | 50.62 | 3.35 | 0.65 132|171

39 | 226 | 4864 | 8353 |1.50 | 0.57 139 | 15.10 | 22.65
10 | 226 | 42.60 | 7344 150 062 | 1.31 [ 14.57| 21.86
41 | 206 | 36.46 | 63.68 | 151 | 068 | 1.31 [ 1424|2150
42 | 226 [ 3041 | 5348 [152] 0.17 123 [13.07 | 2032
43 | 206 [ 2408 | 43.54 | 154 088 | 115 [ 1250 | 19.25
44 | 500 |134.04| 8546 | 152 0.6 140 | 1521 ] 23.12
45 | 500 |117.38 | 8311 [1.63| 057 | 1.39 |1510] 24,61
46 | 500 [100.47] 7913 [175| 059 | 1.37 | 1489 76.00
47 | 5.00 | 83.81 | 74.00 [ 189 0.6 31| 1457 | 27.54
48 | 5.00 | 66.90 | 61.50 | 104 | 0.7 130 [ 14.13 | 2741
Tests 25 to 38 are conducted with Model XI and Tests 30 to 18 are

Table 5.14: Predicted overall dilution of the slot mixing tube Models X1 and X2

conducted with Model X2
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slot
Test, Fagiey | Soemy | mixing tube IF
No. | Am/Aj n [ Sa [ Sotem) | Sotam)/Sotem)
25 2.87 23.70 | 17.28 | 1.58 | 10.28 | 16.24 0.94
206 2.87 20.75 | 16.03 | 1.62 | 10.02 | 16.23 1.01
27 2.87 17.76 | 14.91 | 1.64 [ 9.76 | 16.01 1.07 !
28 2.87 14.82 | 13.80 | 1.67 | 9.57 | 15.98 1.16 :
29 5.10 48.64 | 25.25 | 1.89 | 11.35 | 21.45 0.85

30 5.10 [ 42.60 | 23.22 | 1.92 [ 10.82 | 20.77 0.89
31 5.10 | 36.46 | 21.19 | 1.96 [ 10.38 | 20.34 0.96
32 5.10 | 30.41 | 19.24 |2.16 | 10.29 | 22.23 116
33 5.10 | 24.28 | 17.34 | 2.27 | 9.85 | 22.36 1.29

34 | 1146 | 134.04 | 47.62 | 2.76 | 13.04 | 35.99 0.76
35 | 1146 | 117.38 | 43.13 | 2.90 | 12.95 [ 37.56 0.87
36 | 11.46 |100.47 [ 38.59 |3.01 | 12.59 [ 37.90 0.98
37 | 1146 [ 83.81 | 34.17 [3.23 [ 12.24 [ 39.54 116

38 | 1146 | 66.90 | 29.75 [3.35 [ 11.71 [ 39.23 1.32

39 2.26 | 48.64 | 32.86 | 1.50 | 15.10 | 22.65 0.69
40 2.26 | 42.60 | 30.01 | 1.50 | 14.57 | 21.86 0.73
a1 2.26 | 36.46 | 27.14 | 1.51 | 14.24 | 21.50 0.79
42 2.26 | 30.41 | 24.36 | 1.52 | 13.37 | 20.32 0.83

43 2.26 | 24.28 | 21.62 | 1.54 | 12.50 | 19.25 0.89

A4 5.09 |134.04 | 58.84 | 1.52 | 15.21 | 23.12 0.39
45 5.09 | 117.38 | 53.08 | 1.63 | 15.10 | 24.61 0.46

46 5.00 |100.47 | 47.25 | 1.75 | 14.89 | 26.06 0.55
47 5.09 | 83.81 | 41.56 | 1.89 | 14.57 | 27.54 0.66
48 5.09 | 66.90 | 35.84 [ 1.94 | 14.13 | 27.41 0.76

TTests 25 to 38 are conducted with Model X1 and Tests 39 to 48 are
conducted with Model X2

Table 5.15: Improvement of overall dilution of Model X1 and X2 when compared !
to circular mixing tube i
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slot
Test Fagjety | Sofem) mixing tube IF
No. | Am/Aj 0 [ Sa | Soam) | Sofem)/ Safem)

49 2.26 | 48.64 | 32.86 | 1.44 | 12.59 | 18.13 0.55
50 2.26 | 42.60 [ 30.01 | 1.46 | 11.62 | 16.97 0.57
51 2.26 | 36.46 | 27.14 | 1.46 | 11.70 | 17.08 0.63
52 2.26 | 30.41 | 24.36 | 1.49 | 11.26 | 16.78 0.69

53 5.09 |134.04 | 58.84 | 1.83 | 13.03 | 23.84 0.41
54 5.09 [ 117.38 | 53.08 | 1.93 | 12.95 | 24.99 0.47
55 5.00 [100.47 [ 47.25 [ 1.94 | 12.86 | 24.95 0.53
36 5.09 | 83.81 | 41.56 | 2.01 {12.59 | 25.31 0.61

Table 5.16: Predicted overall dilution of the slot mixing tube (Model Y1)

Test | Am/Aj | Fagey | Famy | 0 | Xeoo | Yoo | S | Sum
No. ordinate | ordinate

49 226 | 48.64 | 64.82 [ 145| 0.55 142 )12.59 | 18.13
50 226 | 42.60 | 56.70 | 145 0.60 1.31 11.62 | 16.97
51 2.26 | 36.46 | 49.95 [147[ 0.65 1.32 [ 11.70 [ 17.08
52 226 | 3041 | 4248 [149[ 0.73 1.27 [ 11.26 | 16.78

53 5.09 |134.04 [ 92.27 | 1.83 | 043 146 |12.95 | 23.70
54 5.09 [117.38 | 87.31 [1.93] 045 147 13.03
55 5.09 [100.47 ] 75.19 [1.94 | 0.50 145 [12.86
56 509 | 83.81 | 66.45 [2.01 | 0.54 142 | 12.59

Table 5.17: Improvement of overall dilution of Model Y1 when compared to circular
mixing tube



Chapter 6

Conclusion and
Recommendations

6.1 Field Study

During the field study the average dilution achieved at the outfall when vertical
nozzles were installed was in reasonable agreement with the theoretical dilution
calculated for a vertical buoyant jet. Due to the error in installation, the field tests
were repeated for horizontal buoyant jets. As expected, an increase in measured
dilution was achieved with the horizontal jet when compared to the vertical buoyant
jet. Measured dilutions for both horizontal and vertical buoyant jets were in good

with the calculated th ical dilutions. Although the percentage errors

between the measured and calculated dilutions were high for individual tests, the
errors between the average values of measured and calculated dilutions were found
to be only 1% for both horizontal and vertical buoyant jets. Results showed that

there was no over or under-prediction of the dilution measured in the field. Hence
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there was a close correlation between the measured and caleulated dilutions for

both horizontal and vertical jets.

There was a higher variation between the calculated and measured values for the
test done after installing the cylindrical mixing tibe. The percentage error then
was always in excess of 25% with measured dilutions alwags being greater than
the calculate theoretical dilutions. This implies that the mixing tube performed
better in the field than predicted by the theory. However the final results might

be influenced by the receiving water temperature and salinity which were assumed.

to be same for all three field tests. It should also be noted that the stratification
and velocity of the receiving water also were not taken into account. during the
calculation. Mixing tubes were left in place for the whole winter months of 1990,
After removal, they were found to be in good shape except for the rust on the stands
which were made of mild steel. [lowever it should be noted that no major storms
and no severe ice conditions were experienced during the winter of 1990. The good

condition of the tube on removal cannot therefore be taken as an assurance that

the design was structurally adequate under all winter conditions.

6.2 Experimental Study

Experimental studies done on slot mixing tubes showed that the dilution within the
mixing tubes decreased with an increase in Froude number at all arca ratios. Il was

thus clear that the dilution within the mixing tube was not only a function of a

ratio, as given by the theory for circular mixing tubes, but was also a function of jet.

Froude number. The subsequent dilution from the slot mixing tube was caleulated
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using the existing theory for a two dimensional buoyant jet devcloped by Fan and
Brooks (1968). Experimental flow conditions and 1.0 meter depth of receiving
fluid were assumed for calculation purposes. Overall dilution was caleulated by
taking the product of the measured initial dilution within the mixing tube and the
calculated subsequent dilution. Comparison was made between the performance of
the slot mixing tube with a circular mixing tube having the same cross sectional
area and operating under the same flow conditions as that of the slot mixing tube.
Results showed that improvement in overall dilution of a slot mixing tube compared
to a circular mixing tube decreased with increase in the densimetric Froude number
of the jet for all the different area ratios. The slot mixing tube performed better at
lower Froude numbers. Models X1 and X2 performed better than Model Y1 but the
maximum improvement relative Lo a cylindrical mixing tube was no more than 1.2
to 1.3 within the range tested. Model Y1 showed no improvement over a circular
mixing tube. Due to the limitations of the two dimensional buoyant jet theory used
for calculating the subsequent dilution, the overall dilution of the slot mixing tube

was only an approximation. Nevertheless the trends shown were optimistic.

6.3 Recommendations for further laboratory re-
search

As mentioned earlier, slot mixing tubes performed better at lower Froude numbers.

Further experiments at lower Froude numbers could provide better improvement

over the circular mixing tubes and should be und to ascertain the !

of any such improvement. From the trends shown in Figure 5.16 it is apparent that



further experimental work is required for slots operating at low Froude nurbers

s the flow Trom the st

but with a large area ratio. Ilowever at low Froude number
mixing tube is concentrated at the center of the slot with low flow at the edpes.
Hence it would be difficult to obtain even flow distribution all along the slot and

the slot might need to be redesigned to ensure an even distribution of flow.

Further experiments are also required to remove the problems associated with using
a two dimensional theory for the dilution between the slot exit and the surface,

These dilutions should be measured in a separale series of experiments.

In conclusion it can be said that the results obtained from the slot mixing tnbes
show some positive trends to indicate that slot tubes might he an improvement over
circular mixing tubes. Unfortunately the improvement does nol seem particularly
substantial. However results certainly indicate that further work shonld e done

along the same general lines.
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Chapter 8

Appendix

Fignres 8.1 and 8.2 show the position of the sampling points at. which samples were

collected during the tests.
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Figure 8.1: Sampling points for Models X1 and X2

-Ld _( - T—
23

Figure 8.2: Sampling points for Model Y1



TEST NUMBER : 1
FLOW METER READING IN PERCENTAGE: = 80%

FLOW RATE IN LITRES/SEC.

.33
CORRECTION FACTOR FOR SALT WATER: = 101

ACTUAL FLOW RATE IN LITRES/SEC,, Q=5.39

MODEL NUMBER: X1

Sample Trial 1 Trial 2 Trial 3
Salinity | Salinity in Salinity
in ppt ppt in ppt
T1 3100 3050 3050
T2 3050 3050 3050
1 18.50 19.00 19.00
2 2100 2150 21.00
3 2250 2300 23.00
4 2000 21.00 21.00
5 18.50 19.00 19.00
Salinity 52 000 300 4.00
Average of 1-5 20.10 2070 2060
Salinily S3
Average of TL & T2 Salinity 3075 3050 3050
s1
Initial dilution n 153 155 160
TI&T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

: Sample of the surrounding water
+ Initial dilution within the mixing tube

s2
n
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TEST NUMBER : 2 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 70%

FLOW RATE IN LITRES/SEC. : = 4.67

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 4.72

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
Ti 3050 3100 3100
T2 31.00 3100 3100
1 19.00 19.50 19.00
2 20.50 2150 2100
3 2250 23.00 2250
4 20.00 21.50 20.50
5 18.50 19.50 19.00
Salinity S2 0.00 3.00 4.50
Average of 1-5 20.10 20.10 2040
Salinity S3
Average of T1 & T2 Salinity 3075 31.00 31.00
S1
Initial dilution n 1.53 1.56 167
T1 & T2 : Samples collected from tank B
Samples 1-5  : Samples collected from the end of the
mixing tube according 1o the figure shown in
page one of Appendix
s2 : Sample of the surrounding water

+ Initial dilution within the mixing tube
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TEST NUMBER : 3 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 60%

FLOW RATE IN LITRES/SEC. : = 4.00

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 4.04

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
TI 30.50 30.50 3050
T2 30.50 30.50 30.50
1 18.00 19.00 1950
2 20.50 21.00 21.50
3 22.00 2250 23.00
4 20.00 21.00 21.00
5 18.00 19.00 19.50
Salinity S2 0.00 3.00 4.50
Average of 1-5 19.70 20,50 2090
Salinity S3
Average of T1 & T2 Salinity 30.50 3050 30.50
St
Initial dilution n 1.55 157 159
TI&T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

s2 : Sample of the surrounding water

n + Initial dilution within the mixing tube
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TEST NUMBER : 4 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 50%
FLOW RATE IN LITRES/SEC. : = 3.33
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q=3.37

Sample “Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T1 29.00 29.00 29.00
T2 29.00 29.00 29.00
1 19.50 20.00 20.00
2 21.50 2250 2250
3 23.00 2350 24.00
4 21.00 22,00 20.00
5 1950 2000 2000
Salinity S2 000 300 400
Average of 1-5 20.90 21.60 21.80
Salinity S3
Average of T1 & T2 Salinity 2900 29.00 29.00
st
Initial dilution n 139 1.40 141
T1I& T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

s2 + Sample of the surrounding water

n + Initial dilution within the mixing tube




TEST NUMBER : 5 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 80%

FLOW RATE IN LITRES/SEC. : = 5.33

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q= 5.39

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppL in ppt
T1 31.50 31.00 32,00
T2 32.00 3200 32.00
1 16.00 17.00 17.50
2 17.50 19.00 20.00
3 19.00 21.00 2150
4 17.50 19.50 20.00
5 16.00 17.00 18.00
Salinity S2 0.00 4.00 6.00
Average of 1-5 17.20 18.70 19.40
Salinity 3
Average of T1 & T2 Salinity 31.75 3150 32,00
S1
Initial dilution n 1.84 1.87 1.94
T1 & T2 : Samples collected from tank B
Samples 1-5  : Samples collected from the end of the
‘mixing tube according to the figure shown in
page one of Appendix
s2 : Sample of the surrounding water

n

+ Initial dilution within the mixing tube
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TEST NUMBER : 6 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 70%

FLOW RATE IN LITRES/SEC. : = 4.67

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 4.72

Sample Trial 1 Trial 3
Salinity Salinity
in ppt in ppt
Tt 31.00 3100 3150
T2 31.00 31.50 3150
1 15.00 16.00 16.50
2 17.00 17.00 18.00
3 18.00 19.00 19.50
4 17.00 17.50 18.00
5 15.00 16.00 16.00
Salinity S2 0.00 3.00 5.00
Average of 1-5 16.40 17.20 17.60
Salinity 53
Average of T1 & T2 Salinity 31.00 3125 31.50
S1
Initial dilution n 1.89 2.00 2.10
T1&T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

s2 + Sample of the surrounding water

n + Initial dilution within the mixing tube



TEST NUMBER : 7 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 60%

FLOW RATE IN LITRES/SEC. : = 4.00

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q=4.04

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T1 31.00 31.00 31.00
T2 31.00 31.00 31.00
1 15.00 16.50 16.50
2 16.50 18.00 18.00
3 18.00 19.50 19.00
4 16.50 18.00 17.50
5 15.00 16.50 16.00
Salinity S2 0.00 3.50 4.50
Average of 1-5 16.20 17.70 17.40
Salinity S3
Average of T1 & T2 Salinity 31.00 31.00 31.00
S1
Initial dilution n 191 1.94 2.05
T2 : Samples collected from tank B

T &
Samples 1-5 ¢

amples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

s2 : Sample of the surrounding water

n + Initial dilution within the mixing tube
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TEST NUMBER : 8 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 50%

FLOW RATE IN LITRES/SEC. : = 3.33

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 3.37

Sample Trial 1
Salinity
in ppt
TI 3050
T2 3100 31.00 3150
1 14.50 15.00 15.00
2 1550 16.00 17.00
3 17.00 17.50 18.00
4 1550 16,00 17.00
5 14.50 15.00 15.00
Salinity 52 000 3.00 450
Average of 1-5 15.40 1590 16.40
Salinity S3
Average of T1 & T2 Salinity 3075 31.00 3125
s1
Initial dilution n 200 2.17 225
TI & T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

s2 : Sample of the surrounding water

n : Initial dilution within the mixing tube



TEST NUMBER : 9 MODEL NUMBZER: X1
FLOW METER READING IN PERCENTAGE: = 40%

FLOW RATE IN LITRES/SEC. : = 2.67

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 2.69

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
Tl 30,00 30.00 30,00
T2 30.00 30.00 3000
1 1200 13.50 14.00
2 1350 15.00 1550
3 15.00 16.00 17.00
4 1350 15.00 1550
s 1250 14.00 14.00
Salinity S2 000 3.00 400
Average of 1-5 133 14.70 15.20
Salinity S3
Average of T1 & T2 Salinity 30.00 30.00 30.00
s1
Tnitial dilution n 226 231 232

TI&T2  :Samples collected from tank B

Samples 15 : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

s2 + Sample of the susrounding water

n : Initial dilution within the mixing tube
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TEST NUMBER : 10 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 80%

FLOW RATE IN LITRES/SEC. : = 5.33

'CORRECTION FACTTOR FOR SALT WATER: = 101

ACTUAL FLOW RATE IN LITRES/SEC., Q=5.39

Sample Trial 1 Trial 3
Salinity Salinity
in ppt in ppt
T 31.00 3100
T2 31.00 31.00 3100
1 1100 11.00 12,00
2 1250 1250 13.00
3 14.00 14.00 1450
4 1250 1250 13.00
s 1150 11.50 1200
Salinity S2 0.00 3.00 4.00
Average of 1-5 1230 1230 1290
Salinity S3
Average of T1 & T2 Salinity 31.00 31.00 3100
S1
Initial dilution n 252 3.01 3.03
T1 & T2 + Samples collected from tank B
Samples 15 : Samples collected from the end of the

mixing tube according to the figure shown in
page one of Appendix

s2 : Sample of the surrounding water

n + Initial dilution within the mixing tube

"
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TEST NUMBER : 12 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 60%

FLOW RATE IN LITRES/SEC. : = 4.00

‘CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q= 4.04

Sample Trial 1 Treial 3
Salinity Salinity
in ppt ppt in ppt
T1 3300 3300 3300
T2 33.00 33.00 33.00
1 10.00 1250 13.50
2 1150 1350 14.00
3 1400 15.00 15.50
4 11.50 13.50 1400
5 10.00 12.50 13.50
Salinity §2 0.00 3.50 5.00
Average of 1-5 11.40 13.40 14.10
Salinity S3
Average of TL & T2 Salinity 33.00 33.00 33.00
S1
Initial dilution n 289 298 3.08
T1 & T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

s2 + Sample of the surrounding water

n + Initial dilution within the mixing tube



TEST NUMBER : {

FLOW METER READING IN PERCENTAGE: = 70%
FLOW RATE IN LITRES/SEC. : =
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 4.72

MODEL NUMBER: X1

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T1 33.00 33.00 33.00
T2 33.00 33.00 33.00
1 9.50 11.00 11.00
2 1050 12.00 13.00
3 13.00 14.00 14.50
4 1050 12.00 13.00
s 9.50 11.00 11.50
Salinity S2 0.00 3.00 450
Average of 1-5 10.60 12.00 12.60
Salinity $3
Average of T1 & T2 Salinity 33.00 33.00 33.00
S1
Initial dilution n 311 3.33 352

TI&T2
Samples 1-5

S2
n

: Samples collected from tank B

: Samples collected from the end of the

mixng tbe according o the g shown in

page one of Appendi

+ Sample of the surmnndmg water

+ Initial dilution within the mixing tube




TEST NUMBER : 13 MODEL NUMBER: X1

FLOW METER READING IN PERCENTAGE:

FLOW RATE IN LITRES/SEC. : = 3.33

CORRECTION FACTOR FOR SALT WATER: =

ACTUAL FLOW RATE IN LITRES/SEC,, Q=337

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity i Salinity
in ppt ppt in ppt
T1 33.00 33.00 33.00
T2 33.00 33.00 33.00
1 10.00 10.50 10.50
2 11.00 12,00 12.50
3 13.00 14.00 14.00
4 1100 12.00 12.00
5 10.00 1050 10.50
Salinity $2 0.00 3.00 3.50
A of 1-5 11.00 11.80 11.90
Salinity S3
Average of T1 & T2 Salinity 33.00 33.00 33.00
St
Initial dilution n 3.00 341 3.51
T1 & T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

s2 + Sample of the surrounding water

n : Initial dilution within the mixing tube
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TEST NUMBER : 14

FLOW METER READING IN PERCENTAGE: = 40%
FLOW RATE IN LITRES/SEC. : = 2.67
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 2.69

MODEL NUMBER: X1

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T 33.00 33.00 33.00
T2 33.00 33.00 33.00
1 850 1000 1100
2 10.00 1150 12,00
3 1150 13.00 13.00
4 950 1150 1200
5 8.50 10.00 11.00
Salinity S2 0.00 300 450
Average of 1.5 9.60 11.20 11.80
Salinity S3
Average of T1 & T2 Salinity 33.00 33.00 33.00
51
Initial dilution n 344 366 3.90

TL& T2
Samples

52
n

: Samples collected from tank B

1-5  : Samples collected from the end of the

mixing tube according o the figure shown in

page one of Appendix

: Sample of the surrounding water

+ Initial diution within the mixing tube



TEST NUMBER : 15 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 80%

FLOW RATE IN LITRES/SEC. : = 533

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q=5.39

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T1 30.00 30.00 30.00
T2 30.00 30.00 30.00
1 18.50 19.50 19.50
2 21.00 22.00 22.00
3 2250 23.00 23.00
4 20.00 21.00 2150
5 18.50 19.00 19.00
Salinity S2 0.00 3.00 4.00
Average of 1-5 20.10 2090 21.00
Salinity S3
Average of T1 & T2 Salinity 30.00 30.00 30.00
S1
Initial dilution n 1.49 151 153
T1 & T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

s2 : Sample of the surrounding water

n + Initial dilution within the mixing tube
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TEST NUMBER : 16 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 70%

FLOW RATE IN LITRES/SEC. : .67

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 4.72

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T1 30.00 30.00 30,00
T2 30.00 30.00 30.00
1 19.00 19.50 19.50
2 2100 22.00 2200
3 2250 23.00 2350
4 21.00 21.50 2200
& 18.50 19.00 19.00
Salinity S2 0.00 3.00 4.00
Average of 1-5 20.40 21.00 21.20
Salinity S3
Average of TL & T2 Salinity 30.00 30.00 30,00
St
Initial dilution n 147 1.50 151
Tl & T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the

mixing tube according to the figure shown in
page one of Appendix

s2 + Sample of the surrounding water

n

: Initial dilution within the mixing tube
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TEST NUMBER : 17 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 60%

FLOW RATE IN LITRES/SEC. : = 4.00

‘CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q=4.04

Sample Trial 1 “Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T1 31.00 31.00 31.00
T2 31.00 31.00 31.00
1 20.50 21.00 21.00
2 22.00 2250 2250
3 24.00 24.00 24.50
4 250 2250 2250
s 20.00 21.00 21.00
Salinity §2 0.00 3.00 4.00
Average of 1-5 21.80 2220 2230
Salinity S3
Avcrage of T1 & T2 Salinity 31.00 31.00 3100
S1
Initial dilution n 142 1.46 148
Tl & T2 : Samples collected [rom tank B

Samples 15 : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

s2 + Sample of the surrounding water

n + Initial dilution within the mixing lube



TEST NUMBER : 18 MODEL NUMBER: X2
FLOW METER READING [N PERCENTAGE: = 50%

FLOW RATE IN LITRES/SEC. : = 3.33

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 3.37

Sample Trial 1 Trial 2 “Trial 3
Salinity Salinity in ity
in ppt ppt in ppt
Tl 31.00 3100 3100
T2 31.00 31.00 31.00
1 20.00 2050 2100
2 22,00 2250 2250
3 23.50 24.00 24.50
4 22.00 2250 22,50
5 19.50 2050 2100
Salinity S2 0.00 3.00 4.50
Average of 1-5 21.40 2200 2230
Salinity S3
Average of T1 & T2 Salinity 31.00 31.00 31.00
S1
Initial dilution n 145 147 149
T1 & T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the ¢nd of the
mixing tube according to the figure shown in
page one of Appendix

s2 + Sample of the surrounding watcr

n « Initial dilution within the mixing tube
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TEST NUMBER : 19 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 40%

FLOW RATE IN LITRES/SEC. : = 2.67

CORRECTION FACTOR FOR SALT WATEZR: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 269

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
TL 31.00 31.50 3150
T2 21.00 31.50 3150
1 2150 22.00 21.50
2 23.00 23.50 23.50
3 2500 25.00 25.00
4 23.00 23.00 23.00
5 21.50 22.00 21.50
Salinity S2 0.00 3.00 4.50
Average of 1-5 22380 23.20 2290
Salinity S3
Average of T1 & T2 Salinity 31.00 31.50 31.50
S1
Initial dilution n 136 141 147
TI&T2 + Samples collected {rom tank B

Samples 15 : Samples collected from the end of the
mixing tube according 1o the figure shown in
page onc of Appendix

52 : Sample of the surrounding water

n + Initial dilution within the mixing tube
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TEST NUMBER : 20 MODEL NUMBLR: X2
FLOW METER READING IN PERCENTAGE: = 80%
FLOW RATE IN LITRES/SEC. : = 5.33

CORRECTION FACTOR FOR SALT WATER: = .01

ACTUAL FLOW RATE IN LITRES/SEC., Q=5.39

Sample Trial 1 Trial 2
alinity in Salinity
ppt in ppt
T1 3200 32.00 3200
T2 3200 32,00 3200
1 16.00 16.50 1700
2 17.00 18.50 19.00
3 18.50 20.50 2100
4 17.50 19.00 1950
¥ 16.00 17.00 1750
Salinity S2 0.00 3.00 4.50
Average of 1-5 17.00 18.30 1880
Salinity S3
Average of T1 & T2 Salinity 32,00 32.00 3200
S1
Initial dilution n 1.89 1.90 192

TL& T2 + Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

s2 + Sample of the surrounding water

n : Initial dilution within the mixing tube
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TEST NUMBER : 21 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 70%
FLOW RATE IN LITRES/SEC. : = 4.67
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q=4.72

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T 3200 3250 32.50
T2 3200 3250 32.50
1 1500 16.50 16.50
2 16.50 18.00 18.00
3 1750 19.00 19.50
4 16,00 1750 18.00
5 15.00 16.50 17.00
Salinity S2 0.00 3.00 450
Average of 1.5 16,00 17.50 17.80
Salinity S3
Average of T1 & T2 Salinity 3200 3250 32.50
st
Initial dilution n 200 2.03 2.10
TI& T2 + Samples collected from tank B

Sumples 1-5  : Samples collected from the end of the
mixing tube according o the figure shown in
page one of Appendix

s2 : Sample of the surrounding water

n < Initial dilution within the mixing tube



TEST NUMBER : 22 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 60%

FLOW RATE IN LITRES/SEC.

.00
‘CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 4.04

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T 3200 3200 3200
T2 3200 32.00 3200
1 13.00 14.00 1350
2 1400 15.00 1400
3 15.50 16.00 15.50
4 14.00 15.00 14.00
5 1300 1400 1350
Salinity S2 0.00 300 450
Average of 1-5 13.90 14.80 14.10
Salinity S3
Average of T1 & T2 Salinity 32,00 32.00 3200
s
Initial dilution n 230 246 286
TI&T2  :Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page ane of Appendix

s2 + Sample of the surrounding water

n + Initial dilution within the mixing tube
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TEST NUMBER : 23 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 50%

FLOW RATE IN LITRES/SEC. : = 3.33

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q=3.37

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
TL 33.00 33.00 33.00
T2 33.00 33.00 33.00
1 13.50 14.50 15.00
2 1450 16.00 16.50
3 1550 17.50 18.00
4 14.00 15.50 16.50
5 1350 14.50 15.00
Salinity S2 0.00 3.00 4.00
Average of 1-5 1420 15.60 1620
Salinity S3
Average of TL & T2 Salinity 33.00 33.00 33.00
S1
Initial dilution n 232 238 238

T1&T2  : Samples collected from tank B

Samples 1-5 : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

s2 + Sample of the surrounding water

n + Initial dilution within the mixing tube
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TEST NUMBER : 24 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 40%

FLOW RATE IN LITRES/SEC. : = 2.67

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q= 2.69

Sample Trial 1 Trial 2 Tri
Salinity Salinity in Salinity
in ppt ppt in ppt
T1 33.00 33.00 33.00
T2 33.00 33.00 33.00
1 11.50 13.00 13.50
2 13.00 14.00 14.50
3 1450 15.50 16.00
4 13.00 14.00 14.50
5 11.50 13.00 1350
Salinity S2 0.00 3.00 4.00
Average of 1-5 1270 13.90 1440
Salinity S3
Average of T1 & T2 Salinity 33.00 33.00 33.00
S1
Initial dilution n 2.60 2.75 279
T1 & T2 : Samples collected from tank B

Samples 1-5 ¢ Snmplcs collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

n + Initial dilution within the mixing tube
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TEST NUMBER : 25 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 80%
FLOW RATE IN LITRES/SEC. : = 5.33
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q= 5.39

Sample Trial 1 Trial 2 “Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
TL 32.00 3200 32.00
T2 32.00 3200 32.00
1 19.00 19.50 19.00
2 20.00 20.50 20.50
: ] 22.50 2250 22.00
4 20.50 20.50 20.50
5 18.50 19.00 19.50
Average of 1-5 20.00 20.40 20.30
Salinity S3
Average of T1 & T2 Salinity 3200 3200 32.00
S1
Initial dilution n 1.60 157 1.58

T1 & T2  : Samples collected from tank B

Samples 1-5 : Samples collected from the cnd of the
mixing tube according to the figure shown in
page one of Appendix

s2 : Sample of the surrounding water

n + Initial dilution within the mixing lbe




TEST NUMBER : 26 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 70%

FLOW RATE IN LITRES/SEC. : = 4.67

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC, Q=4.72

Sample Trial 1 Trial 2
Salinity Salinity in Salinity
in ppt ppt in ppt
TL 30.00 30.00 30.00
T2 30.00 30.00 29.50
1 17.50 17.50 17.50
2 18.00 18.50 18.00
3 20.50 21.50 2100
4 18.00 19.00 18.50
5 17.50 17.50 1700
Average of 1-5 18.30 18.80 18.40
Salinity S3
Average of T1 & T2 Salinity 30.00 30.00 2975
St
Initial dilution n 1.64 1.60 1.62
T1&T2 + Samples collected from tank B
Samples 1-5 amples collected from the end of the

mixing tube according to the figure shown in
page one of Appendix
n + Initial dilution within the mixing tube



TEST NUMBER : 27 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 60%

FLOW RATE IN LITRES/SEC. : = 4.00

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 4.04

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
TL 30.00 3000 3000
T2 3000 30.00 3000
1 17.00 17.00 1750
2 18.50 18.00 18.50
3 2050 2000 2100
4 18.50 18.00 19.00
5 17.00 20.00 1750
Average of 1-5 1830 18.60 1870
Salinity S3
Average of T1 & T2 Salinity 30.00 3000 30.00
st
Initial dilution n 1.64 167 1.61
TI & T2 + Samples cullected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

n + Initial dilution within the mixing tube
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TEST NUMBER : 28 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 50%

FLOW RATE IN LITRES/SEC. : = 3.33

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 3.37

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity

in ppt ppt in ppt

Tl 32.00 3200 32.00

T2 32.00 3200 3200

1 18.50 18.00 17.50

2 19.50 19.50 19.00

3 21.00 21.00 2050

4 1950 19.50 19.00

5 1850 18.00 18.00

Average of 1-5 19.40 19.20 1880

Salinity S3
Average of T1 & T2 Salinity 32.00 32.00 3200
S1
Initial dilution n 1.65 1.67 1.70
T1 & T2 + Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according 1o the figure shown in
page one of Appendix

n + Initial dilution within the mixing tube



TEST NUMBER : 29 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 80%

FLOW RATE IN LITRES/SEC.

533
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q=5.39

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T1 3300 3350 3350
T2 3350 33.50 33.50
1 17.00 16.00 16.00
2 18.00 18.00 18.00
3 2000 19.50 19.00
4 18.00 18.00 18.00
5 17.00 16.50 16.00
Average of 1-5 18.00 17.60 17.40
Salinity §3
Average of T1 & T2 Salinity 3325 3350 33.50
SL
Initial dilution n 1.84 1.90 1.93
Tt & T2 : Samples collected from tank B

Samples 15 : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

n + Initial dilution within the mixing tube
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TEST NUMBER : 30 MODEL NUMBER: X1

FLOW METER READING IN PERCENTAGE:

FLOW RATE IN LITRES/SEC. : = 4.67

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC.,, Q=4.72

Sample Trial 1 Trial 2 Trial 3
Salinity s i Salinity

in ppt ppt in ppt

T1 32.00 32,00 3250

3200 3200 3250

1 15.50 16.00 15.50

2 16.50 1700 16.50

3 18.50 19.00 18.00

4 17.00 17.00 16.50

H 16.00 16.00 16.00

Average of 1-§ 16.70 17.40 16.50

Salinity S3
Average of T1 & T2 Salinity 3200 3200 3250
S1
Initial dilution n 192 1.88 197
Tl & T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

n : Initial dilution within the mixing tube

13
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‘TEST NUMBER : 31

FLOW METER READING IN PERCENTAGE: = 60%

FLOW RATE IN LITRES/SEC. : = 4.00

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC, Q= 4.04

MODEL NUMBER: X1

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
I 3250 3250 3250
T 3250 32,00 3250
1 15.50 16.00 15.50
2 16.50 17.00 16.50
3 18.00 18.00 18.00
4 16.50 16.50 1650
5 16.00 15.50 16.00
Average of 15 16.50 16.60 1650
Salinity S3
Average of T1 & T2 Salinity | 3250 32.25 3250
st
Initial dilution n 197 194 197
TI&T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
‘mixing tube according to the figure shown in

page one of Appe

ndix

n + Initial dilution within the mixing tube




TEST NUMBER : 32

FLOW METER READING IN PERCENTAGE: = 50%
FLOW RATE IN LITRES/SEC. : = 3.33
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC.,, Q=3.37

MODEL NUMBER: X1

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt

T1 3200 3200 32.00

T2 3200 3200 32.00
1 1400 1350 13,50

4 15.50 15,00 14.50

3 17.00 16.00 16.50

4 15.00 1500 15.00

3 14.00 14.00 14.00

Average of 1-5 15.10 14.70 14.70

Salinity S3
Average of T1 & T2 Salinity 3200 3200 3200
s1
Initial dilution n 212 218 2,18
TL & T2 : Samples collected from tank

Samples 1-5  : Samples collected from the end of the

mixing tube according to the figure shown in

page one of Appendix

n + Initial dilution within the mixing tube
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TEST NUMBER : 33

FLOW METER READING IN PERCENTAGE: = 40%
FLOW RATE IN LITRES/SEC. : = 2.67
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 2.69

MODEL NUMBER: X1

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T1 3250 32.50 3250
T2 3250 3250 3250
1 13.00 13.00 13.00
2 14.50 15.00 15,00
3 1600 16.50 16.50
4 1450 14.50 1450
5 13.00 13.00 13.00
Average of 1-5 14.20 14.40 14.40
Salinity $3
Average of T1 & T2 Salinity | 3250 3250 3250
s1
Initial dilution n 229 226 226
TI&T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the

mixing tube according to the figure shown in

page onc of Appendix
n  Initial dilution within the mixing tube
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TEST NUMBER : 34 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 80%

FLOW RATE IN LITRES/SEC. :

.33
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q=5.39

Sample Trial 2 Trial 3
Salinity in Salinity
ppt in ppt
T1 3100 3L
T2 31.00 31.00 3Loo
1 11.00 10.00 950
2 1250 1150 1000
3 1400 13.00 1200
4 1250 11.50 10.00
5 11.50 10.00 950
Average of 1-5 1230 1120 1020
Salinity S3
Average of T1 & T2 Salinity 3100 3100 3100
S1
Initial dilution n 252 272 3.04

T1 & T2  : Samples collected from tank B

Samples 1-5 : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

n : Initial dilution within the mixing tube
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TEST NUMBER : 35 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 70%
FLOW RATE IN LITRES/SEC. : = 4.67
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q= 4.72

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T1 36.00 36.00 35.50
T2 36.00 35.50 3550
1 11.00 11.00 11.00
2 12.00 12.00 1250
3 14.00 13.50 14.00
4 12.50 1250 1250
5 11.00 11.00 11.00
Average of 1-5 12.10 12.00 1220
Salinity 53
Average of T1 & T2 Salinity 36.00 35.75 3550
S1
Initial dilution n 293 291 286
TI & T2 : Samples collected from tank B

Samples 1-5 @ Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

n + Initial dilution within the mixing tube



TEST NUMBER : 36 MODEL NUMBER: X1

FLOW METER READING IN PERCENTAGE: = 60%

FLOW RATE IN LITRES/SEC.

4.00
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q= 4.04

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity

in ppt ppt in ppt

T1 3250 3250 33.00

T2 3250 32.50 33.00

1 10.00 10.00 2.50

2 1100 11.00 1100

3 13.50 1250 12,50

4 11.50 1100 1100

5 10.00 9.50 9.50
Average of 1-5 11.20 10.60 10.70

Salinity S3
Average of T1 & T2 Salinity 3250 32.50 33.00
S1
Initial dilution n 290 3.06 3.08

T1& T2 : Samples collected from tank B

Samples 1-5 : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

n + Initial dilution within the mixing tube
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TEST NUMBER : 37 MODEL NUMBER: X1
FLOW METER READING IN PERCENTAGE: = 50%

FLOW RATE IN LITRES/SEC. : = 3.33

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q=3.37

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
Tl 33.00 33.00 33.50
T2 33.00 34.00 33.50
1 950 9.50 9.00
2 10.50 10.50 10.50
3 1250 12.00 12.00
4 1050 1050 1050
s 950 9.00 9.00
Average of 1-5 1050 10.30 1020
Salinity S3
Average of T1 & T2 Salinity 33.00 33.50 33.50
S1
Initial dilution n 317 325 3.28
TI & T2 + Samples collected (rom tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

n < Initial dilution within the mixing tube



TEST NUMBER : 38 MODEL NUMBER: X1

FLOW METER READING IN PERCENTAGE: = 40%

FLOW RATE IN LITRES/SEC.

.67
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q= 2.69

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity

in ppt ppt in ppt

T1 34.00 3400 34.00

T2 3400 34.00 3400

1 9.00 9.00 .00

Z 1050 10,00 1050

3 12,00 12.00 12,50

4 10.00 10.00 10.50

5 9.00 9.00 9.50
Average of 1-5 10.10 10.00 10.40

Salinity 83
Average of T1 & T2 Salinity 34.00 34.00 34.00
S1
Initial dilution n 337 3.40 327

T1&T2  :Samples collected from tank B

Samples 1-5 ; Samples collected from the end of the
mixing tube according (o the figure shown in
page one of Appendix

n + Initial dilution within the mixing tube



TEST NUMBER : 40 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 70%

FLOW RATE IN LITRES/SEC. : = 4.67

‘CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 4.72

Sample Trial 1 Trial 2 “Trial 3
Salinity Salinily in Salinity
in ppt ppt in ppt
T 3200 3150 3200
T2 32.00 31.50 32,00
1 2050 20.00 2000
% 21.50 22,00 21.00
3 2200 23.00 22,00
4 21.50 21.50 21.00
s 2050 2050 2000
Avcrage of 1-5 21.20 21.30 20.80
Salinity $3
Average of TL & T2 Salinity 32.00 31.50 200
s1
Initial dilution n 151 147 154
TI&T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to tie figure shown in
page one of Appendix

n : Initial dilution witbw the mixing tubc



TFST NUMBER : 39 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 80%

FLOW RATE IN LITRES/SEC. : = 5.33

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q= 5.39

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
h 32.00 32.00 31.50
T2 32.00 31.50 31.50
1 20.50 20.50 20.00
2 22.00 21.50 21.00
3 23.00 23.00 22.00
4 21.50 21.50 21.00
5 20.50 20.50 19.50
Average of 1-5 21.50 21.40 20.70
Salinity S3
Average of T1 & T2 Salinity 32.00 3175 3150
S1
Initial dilution n 149 148 1.52
TI&T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

n + Initial dilution within the mixing tube
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TEST NUMBER : 41 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 60%

FLOW RATE IN LITRES/SEC. : = 4.00

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q= 4.04

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity

in ppt ppt in ppt

T 32.00 32.00 32.00

T2 32.00 32,00 3200

1 20.00 20.50 2050

2 21.00 21.50 2150

3 22.00 2250 250

4 21.00 2150 2150

S 20.00 20.50 20.00

Average of 1-5 20.80 21.20 2120

Salinity S3
Average of T1 & T2 Salinity 32.00 32.00 3200
S1
Initial dilution n 1.54 1.51 1.51
T1&T2 : Samples collected [rom tank B

Samples 1-5 @ Samples collected from the end of the
mixing tube according lo the figure shown in
page one of Appendix

n + Initial dilution within the mixing tube



TEST NUMBER : 42 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 50%

FLOW RATE IN LITRES/SEC. : = 3.33

COPRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q= 3.37

Sample Trial 1 Trial 2 “Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T1 32.00 3150 3150
j v 32.00 31.50 31.50
1 20.00 20,00 19.50
2 21.50 21.00 2100
3 2250 2200 2200
4 21.50 2100 21.00
] 20.00 19.50 19.50
Average of 1-5 2120 20.70 2060
Salinity S3
Average of T1 & T2 Salinity 3200 31.50 31.50
st
nitial dilution n 151 152 1.53
T1&T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

n ¢ Initial dilution within the mixing tube
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TEST NUMBER : 43 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 40%

FLOW RATE IN LITRES/SEC. 267

CORRECTION FACTOR FOR SALT WATER: 01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 2.69

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
Tl 31.00 31.00 3100
T 3100 31.00 3100
1 2050 2050 2000
2 2150 2150 21.00
3 23.00 23.00 2250
4 21.50 21.50 21.00
5 2050 2050 20,00
Average of 1-5 2140 21.40 2090
Salinity S3
Average of T1 & T2 Salinity 31.00 31.00 31.00
st
Initial dilution n 145 145 148
TI & T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

dilution within the mixing tube
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TEST NUMBER : 44 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 80%

FLOW RATE IN LITRES/SEC. : = 5.33

‘CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q=539

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T 31.00 31.00 3150
T2 31.00 31.00 31.50
1 20.00 19.00 19.00
2 21.00 20.50 20,00
3 285 22.00 2200
4 2100 21.00 2000
5 20.00 20,00 19.00
Average of 1-5 2090 20.50 20,00
Salinity S3
Average of TL & T2 Salinity | 31.00 31.00 3150
s1
Initial dilution n 1.48 150 158
TL&T2 : Samples collected from tank B

Samples 1-5  : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

n + Initial dilution within the mixing tube
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TEST NUMBER : 45 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 70%

FLOW RATE IN LITRES/SEC. : = 4.67

‘CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q=4.72

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T1 30.00 30.00 30.00
T2 30.00 30.00 29.50
1 17.00 17.50 17.00
2 18.00 18.50 18.50
3 20.00 21.00 2050
4 18.00 18.50 18.50
5 17.00 17.50 17.50
Average of 1-5 18.00 18.60 18.040
Salinity S3
Average of T1 & T2 Salinity 30.00 30.00 29.75
S1
Initial dilution n 167 1.61 1.62
T1 & T2 : Samples collected (rom tank B

Samples 1-5 @ Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

n + Initial ¢ilution within the mixing tube
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TEST NUMBER : 46 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 60%

FLOW RATE IN LITRES/SEC. : = 4.00

‘CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC.. Q= 4.04

Sample Trial 1 Trial 2 Trial 3

Salinity Salinity in Salinity

in ppt ppt in ppt

TI 32,00 3250 3250

T2 32,00 3250 250

1 17.50 1700 17.50

2 19.00 18.00 1850

3 2100 2000 210

4 19.00 1800 1850

5 17.50 1650 17.50

Average of 1-5 18.80 17.90 18.60

Salinity S3
Average of T1 & T2 Salinity 32.00 3250 3250
S1
Initialdilution n 170 1.82 1.74
TL&T2 : Samples collected from tank B

Samples 1-5 @ Samples collected from the end of the
mixing tube according to the figure shown in
page onc of Appendix

n + Initial dilution within the mixing tube



TEST NUMBE!

1 47 MODEL NUMBER: X2
FLOW METER READING IN PERCENTAGE: = 50%

FLOW RATE IN LITRES/SEC. : = 3.33

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q=337

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T 33.00 3350 33.50
T2 33.00 33.50 33.50
1 17.00 16.00 16.00
2 18.00 18.00 17.50
3 20.00 20.00 20.00
4 18.00 17.50 17.50
s 17.00 16.50 16.00
Average of 1-5 18.00 17.60 17.40
Salinity S3
Average of T1 & T2 Salinity 33.00 3350 3350
st
Initial dilution n 183 1.90 193
TI& T2 : Samples collected from tank B

Samples 15 : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

n : Initial dilution within the mixing twbe



TEST NUMBER : 48 MODEL NUMBER: X2

FLOW METER READING IN PERCENTAGE: = 0%

FLOW RATE IN LITRES/SEC. :

267
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC.,

Sample Trial 1 Trial 2 Tri
Salinity Salinity in Salinity
in ppt ppt in ppt
T1 3350 33.00 3300
T2 33.50 33.00 33.00
1 16.00 16.00 16.00
2 17.50 17.50 17.00
3 2000 19.00 1900
4 17.00 17.00 17.00
5 16.50 16.00 15.50
Average of 1-5 1740 17.00 16.90
Salinity S3
Avcrage of Tt & T2 Salinity 33.50 33.00 33.00
S1
initial dilution n 193 194 1.95
TL&T2 amples collected from tank B
Samples 1-5 amples collected from the end of the

mixing tube according to the figure shown in
page one of Appendix
n + Initial dilution within the mixing tube



TEST NUMBER : 49 MODEL NUMBER: Y1
FLOW METER READING IN PERCENTAGE: = 80%

FLOW RATE IN LITRES/SEC.

.33
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q=5.39

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T1 32.00 32.00 32.00
T2 3200 32,00 32.00
1 2200 2250 22.50
2 2250 2250 22.50
3 2200 2200 22,00
Average of 1-3 2217 22.00 2117
Salinity S3
Average of T1 & T2 Salinity 32,00 3200 3200
S1
Initial dilution n 1.43 144 1.45
TI & T2 amples collected from tank B
Samples 1-3 amples collected from the end of the

mixing tube according 1o the figure shown in
page one of Appendix
n + Initial dilution within the mixing tube
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TEST NUMBER : 50

FLOW METER READING IN PERCENTAGE: = 70%
FLOW RATE IN LITRES/SEC. : = 4.67
CORRECTION FACTOR FOR SALT WATER: = 1.U1

ACTUAL FLOW RATE IN LITRES/SEC., Q= 4.72

MODEL NUMBER: Y1

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinil
in ppt
T1 33.00 3250
T2 3250 3250 3250
1 2250 00 200
2 23.00 2300 23.00
3 2200 20 200
Average o 1-3 2250 233 233
Salinity S3
Average of T1 & T2 Salinity 3275 3250 3250
S1
Initial dilution n 1.46 1.46 146
TL &T2 : Samples collected (rom tank B

Samples 1-3  : Samples collected [rom the end of the

mixing tube according to the figure shown in

page one of Appendix

n + Initial dilution within the mixing tube



TEST NUMBER : 51 MODEL NUMBER: Y1
FLOW METER READING IN PERCENTAGE: = 60%

FLOW RATE IN LITRES/SEC. : = 4.00

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 4.04

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Saliniy
in ppt ppt in ppt
I 32,00 3200 32,00
T2 32.00 3200 32.00
1 21.50 2150 2150
2 2250 2250
3 22,00 2200 2200
Average of 1-3 22.00 22,00 2200
Salinity S3
Average of T1 & T2 Salinity 3200 3200 32,00
st
Initial dilution n 1.46 146 146
TI&T2 : Samples collected from tank B

Samples 1-3

amples collected from the end of the
mixing tube according to the figure shown in
page onc of Appendix

n + Initial dilution within the mixing tube




TEST NUMBER : 52

FLOW METER READING IN PERCENTAGE: = 50%

FLOW RATE IN LITRES/SEC. : = 3.33

CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 3.37

MODEL NUMBER: Y1

Sample Trial 1 Trial 2
I Salinity in
ppt in ppt
T 32,50 3200
T2 32.00 32.00 32.00
1 2100 20.50 2100
2 22.00 2250 22.00
3 21.50 2150 2150
Average of 1-3 21.50 21.50 21.50
Salinity S3
Average of T1 & T2 Salinity 32.00 3225 3200
st
Initial dilution n 149 1.50 148

TL&T2
Samples 1-3

amples collected from tank B
amples collected from the end of the

mixing tbe according to the figure shown in

page one of Appendix

n + Initial dilution within the mixing tube



TEST NUMBER : 53 MODEL NUMBER: Y1

FLOW METER READING IN PERCENTAGE: = 80%
FLOW RATE IN LITRES/SEC. : = 5.33
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 5.3Y

Sample Trial 1 Trial 2 Trial 3
Salinity Salinity in Salinity
in ppt ppt in ppt
T1 33.00 3250 32.50
T2 33.00 32.50 32.50
1 17.50 17.00 17.50
2 19.00 18.50 18.50
3 18.00 17.50 17.00
Average of 1-3 18.16 17.67 17.67
Salinity $3
Average of T1 & T2 Salinity 33.00 3250 32.50
S1
Tnitial dilution n 1.82 184 1.84
TI & T2 + Samples collected (rom tank B

Samples 1-3 : Samples collected from the end of the
mixing tube according to the figure shown in
page one of Appendix

n : Initial dilution within the mixing tube
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TEST NUMBER : 54

FLOW METER READING IN PERCENTAGE: = 70%
FLOW RATE IN LITRES/SEC. : = 4.67
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q= .72

MODEL NUMBER: Y1

Sample Trial 1 2 Trial 3
Salinity inity in Satinity
in ppt ot in ppt
T1 32.00 32.00 32.00
T2 32.00 3200 32.00
1 16.50 16.00 16.00
2 17.50 1750 17.50
3 16.00 16.00 16.00
Average of 1-3 16.67 16.50 16,50
Salinity $3
Average of T1 & T2 Salinity 3200 3200 3200
St
Initial dilution n 192 194 194
T1L & T2 : Samples collected from tank B

Samples 1-3  : Samples collected from the end of the
mixing tube according to the figurc shown in
page one of Appendix

n + Initial dilution within the mixing tube
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TEST NUMBER : 55 MODEL NUMBER: Y1

FLOW METER READING IN PERCENTAGE: = 60%
FILOW RATE IN LITRES/SEC. : = 4.00
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC., Q= 4.04

Sample Trial 2 Trial 3
Salinity in Salinity
ppt in ppt
T1 32,00 32,00
T2 3200 32.00 3200
1 16.50 16.00 1550
2 18.00 17.50 17.00
3 16.50 16.00 1550
Average of 1-3 17.00 16.50 16.00
Salinity S3
Average of T1 & T2 Salinity 3200 3200 32.00
s1
Initial dilution n 1.88 1.94 2.00
TI & T2 : Samples vollected from tank B

Samples 1-3  : Samples collected from the end of the
mixing tube accoiding to the figure shown in
page one of Appendix

0 : Initial dilution within the mixing tube

260



TIST NUMBER : 56 MODEL NUMBER: Y1

FLOW METER READING IN PERCENTAGE: = 50%
FLOW RATE IN LITRES/SEC. : = 3.33
CORRECTION FACTOR FOR SALT WATER: = 1.01

ACTUAL FLOW RATE IN LITRES/SEC,, Q=3.37

Sample Trial 1 Trial 2 “Trinl 3
Sulinity Salinity in Salinity
in ppt ppt in ppt
T1 3200 3200 3200
T2 3200 32.00 3200
1 16.00 16.00 15.50
2 16.50 16.50 16.00
3 1600 15.50 15.50
Average of 1-3 16.17 16.00 15.67
Salinity S3
Average of T1 & T2 Salinity 32.00 32.00 3200
s1
Initial dilution n 198 200 2,04
T1&T2 : Samples collected from tank B

Samples 1-3  : Samples collecled from the end of the
mixing tube according to the figurc shown in
page one of Appendix

n : tmitial dilution within the mixing tube
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