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A bstract

A Laser Induced Fluorescence (LIF) technique has been used to measure the ef-
fect of surface waves on the dilution of a line plume produced by the merging of
buoyant jets discharged from a model outfall. Full-field, time averaged concen-
tration maps were produced of plumes both in wave and still conditions. From
these an increase in dilution was found comparable with published values for wave
effects on round plumes. The full field nature of the technique also allowed the

region of the plume in which the increase in dilution takes place to be clearly

identified.

LIF and Particle Image Velocimetry (PIV) measurements were also made of a
single round buoyant jet discharged into quiescent and simulated wave conditions.
Again fullfield, time averaged concentration and also velocity maps of the plume
were produced and increases in dilution due to wave effects were found to be in
line with previously published data. The apparatus allowed LIF measurements
to be taken under simulated wave conditions that could be used to produce three

dimensional concentration maps of the plume.

Finally, proposed improvements to the current experimental techniques are out-

lined along with areas of possible future research.
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Chapter 1

Imtroduction

Waste fluid is commonly discharged into the marine environment by means of
submerged outfall pipes. In order to limit the impact on the surrounding area,
a high initial dilution must be obtained. This is usually achieved by terminating
the outfall pipe with a multi-port diffuser. At its simplest this may consist of a
length of pipe with ports at regular intervals along its side (fig. 1.1a) or, where
conditions necessitate the pipe being buried, a pipe with multiple risers along its

length leading to the ports (fig. 1.1b)[1].

As the effluent is often less dense than the receiving water it will be discharged
initially as a buoyant jet that may then form a plume [2]. While the properties
of such jets and plumes have been well studied [3], as have the mechanics of
outfall diffusers [4], the effects of surface waves, a common feature in the marine
environment, on buoyant jets such as those produced by outfalls are less well

understood.

This thesis reviews previous éxperimental and theoretical work and describes ex-
periments conducted to investigate the effect of surface waves on buoyant jets
of the type commonly associated with marine discharges. Measurements of ve-
locity and concentration were made using Particle Image Velocimetry (PIV) and

Laser Induced Fluorescence (LIF) respectively. These are both optical techniques
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allowing non intrusive, full field measurements to be made.

Outfall pipe l I |

b)

Figure 1.1: Two typical multi-port diffusers terminating outfall pipes. a) Typ-
ical configuration for outfall laid on sea bed. b) Typical configuration for buried
outfall with risers lifting ports above sea bed.

1.1 Jets, buoyant jets and plumes

The fundamental difference between a jet and a plume is the source of the energy
that drives the flow. A pure jet, which may be formed by the discharge of a fluid
through an aperture into a larger body of the same or a similar fluid, is purely
momentum driven. For example the water issuing from a hose-pipe held into a
bath of water will be discharged as a jet of water. The smoke rising in a plume
above a fire however, is driven solely by buoyancy due to the density difference
between the warm air above the fire and the colder surrounding air. A pure
plume therefore is a flow which is solely driven by a source of potential energy
that provides the fluid with either negative or positive buoyancy in comparison

with its surroundings.
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Discharges of the type studied in the present work may however be classed as
buoyant jets, flows driven by both momentum and buoyancy. Though the dis-
charge is initially almost exclusively momentum driven, as the effluent is less
dense than the receiving fluid, buoyancy will also affect the jet. As the fluid
moves away from the discharge port so the effect of the jets’ initial momentum
will be reduced. The effects of buoyancy will then dominate, tending in the far

field to a pure plume.

Jets and plumes may be either laminar or turbulent and, as with pipe flow, this
may be described by the flow’s Reynolds number. Though, unlike in pipe flow,
it is not yet possible to predict at what value of Reynolds number a laminar jet
will become turbulent [2]. Experiments performed have shown that a jet with a
Reynolds number of 2000 may be described as turbulent, though the turbulence
will not be fully developed until a Reynolds number of 4000 [2]. In practice most
marine discharges will be turbulent in nature and this must be taken into account

when modelling such discharges.

1.2 Previous Studies

1.2.1 Jets and Plumes

As previously mentioned the physics and mechanics of jets and plumes have
both been well studied, experimentally and theoretically, both as phenomena in
themselves and also with reference to outfall diffusers. Good overviews are given
by both Fischer et al [2] and List [3]. Work by Papanicolaou and List [5, 6]
however is of particular interest. They not only investigated buoyant jets with
reference to outflows, but they too used optical measuring techniques for both

concentration and velocity measurements.

Velocity measurements were taken using Laser Doppler Anemometry (LDA -

also known as LDV, Laser Doppler Velocimetry). This technique is based on
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measuring the Doppler signal in laser light scattered by seeding particles in a
small interrogation area within the flow [7]. Simultaneously LIF concentration
measurements were made at the same point by measuring the light intensity
from a fluorescent dye present in the flow. The LIF technique is described in
greater detail in chapter 3. While both velocity and concentration measurements
were gained without disturbance of the flow, the technique employed still limited
measurement to that of a single point in the flow. Measurement of the entire
flow field would therefore require large numbers of experiments to be performed.
Despite this limitation their study investigated a wide range of momentum jets
and both positive and negatively buoyant jets, their data confirming many of the

theoretically predicted results for jets.

1.2.2 Outfalls and multi port diffusers

As the construction of large outfalls may be extremely expensive, a lot of work,
both experimental and theoretical has been conducted on the performance of dif-
ferent diffuser configurations. The main aim of these studies has been to produce
the required dilution of the effluent for the minimum construction cost given
the environmental conditions that exist at the proposed site; currents, natural
stratifications and tides. A good overview of outfall design, giving a number
of examples of actual outfalls is given by Roberts [4]. Further examples, where
environmental conditions lead to more elaborate diffuser configurations are also

given by Roberts and Toms [8], Roberts and Snyder [9] and Isaacson et al[10].

1.2.3 Wave-jet interaction studies

The first work on the effect of surface waves on buoyant jets was conducted by
Shuto and Ti [11] who investigated the effects of standing waves on a round, fresh

water jet discharged vertically into salt water.
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While they were interested in the effect of waves on plumes, the work was not
based on specifically modelling realistic outfalls. The discharge parameters that
they studied therefore were not those typically associated with realistic outfalls.
Buoyancy effects were relatively unimportant through the full rise height and the
wave parameters too were more extreme than those normally encountered near

outfalls, the induced motion being uniform with depth.

Concentration measurements were taken within the waste-field at three points
1-2cm below the free surface: one above the outlet; one 50cm upstream; and
the other 50cm downstream. To make measurements the plume was allowed to
reach steady state before the wave-maker was turned off and samples were then
siphoned from the three points. The siphoning rate was controlled so as not to
entrain liquid from other layers. Spectrophoto analysis was then used to find the
chromium concentration in the samples and by comparison with chromium levels

in the fresh water, the concentration determined.

While limited by a point measuring technique, their work showed that plumes
released under the influence of waves had a lower surface dilution than those
discharged into ambient conditions. They concluded that the diluting factor was
inversely proportional to the ratio of the discharge velocity to a characteristic
horizontal velocity of the ambient fluid, the characteristic horizontal velocity of
the ambient fluid that they used being the mean wave induced velocity, averaged

over half a wave period.

As well as producing a relationship for the surface dilution, an expression for
an entrainment coefficient, defined as the ratio of entrainment velocity to the
velocity exciting the entrainment, was also proposed. While of practical value
in calculating surface dilutions of plumes in a wavy environment, the theoretical
background behind the proposed expression was physically unrealistic. This led

to values greater than unity being predicted for some discharge conditions.

Later, Ger [12] based on earlier experimental work by himself and Ciray [13],
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examined the effect of waves on a horizontally discharged, round, buoyant jet.
Their discharge and wave conditions however were also outside the range usually
associated with outfalls, the wave induced motion again being almost uniform
with depth and the discharge being momentum dominated for at least half of the
rise height.

They noted a ‘significant effect’ of the wave motion on both jet trajectory and on
dilution due, they theorised, to increased entrainment resulting from the induced

horizontal motion of the plume and an altered rate of rise.

Like Shuto and Ti, Ger found that the axial dilution varied linearly with the ratio
of the average wave velocity over half a wave period to the outlet velocity. How-
ever unlike Shuto and Ti, his proposed expression for the entrainment coefficient
was more physically viable. Using expressions proposed by Chan and Kennedy
[14] for the jet trajectory and axial dilution, he defined a modified entrainment
coefficient to take into account the wave motion. Agreeing with accepted val-
ues for quiescent conditions, his entrainment coefficient was also shown to vary

linearly with wave effect.

While not directly linked to the type of jets associated with outfalls, a study
by Ismail and Wiegel [15] gave results of interest to the present study. They
investigated, both theoretically and experimentally, the effect of waves on a pure
surface jet. Study of this type of phenomena is important in the understanding

of flows such as rivers and tidal flows from bays entering the sea.

Their experiments studied a pure momentum jet discharged at the surface of the
ambient water and compared the spreading rate of the jet in still water to that in
opposing wave conditions. Measurements were made of the flow’s velocity along
the jet centreline using an electromagnetic flow sensor and the flow was also dyed

to allow flow visualisation photographs to be taken.

They predicted that within the range of conditions studied there would be a linear
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increase in the spreading rate of a developed jet due to opposing wave motion
and their experiments showed this to be the case. Though actual concentration
measurements were not made, conservation of mass implies that the increase in

the rate of spreading would also lead to an increase in the rate of dilution.

The outfall problem was revisited by Chin [16] who investigated a horizontally dis-
charged, single, buoyant jet under the influence of progressive, sinusoidal waves.
His discharge and wave parameters however were carefully chosen to realistically

match those of a typical outfall.

Unlike previous studies where the discharges had been more jetlike, that is mo-
mentum dominated, the discharges investigated by Chin became plumelike, that
is buoyancy dominated, very quickly as is found in typical outfalls. The wave
parameters were also modelled so that the wave-induced motions, while reach-
ing the bottom, became less with depth. These are the wave conditions more

commonly associated with the sites of outfalls.

Chin, like Shuto and Ti, was primarily interested in the wave effect on surface
dilution. Therefore point measurements, using a siphoning technique, were made
from the centre of the boil at the point where the plume surfaces. Again the rate
of siphoning was controlled, this time to be smaller than the minimum flow rate
at the top of the plume. This would again prevent entrainment of liquid from
below the measurement point. Measurement of conductivity of the samples and
calibration with known concentrations then allowed the dilution at the sampling

point to be found.

Observation of the wave-induced plume motion suggested to Chin that the pri-
mary influence of the waves was close to the source of the discharge. He noted
that when the wave motion opposed the discharge velocity then the jet would
‘explode’ and become plumelike closer to the port than under quiescent condi-
tions. However when the induced motion was co-directional with the jet velocity,

then the flow was observed to become plumelike further from the source than for
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the no-waves case. Chin noted that the combined result of these two effects was

a spraying effect at the source.

Once the plume began to rise he observed that the the whole plume was merely
advected backwards and forwards and from a Lagrangian viewpoint, that it ap-
peared no different to a plume under still ambient conditions. Like the previous
researchers before him, his measurements of surface dilution again showed a linear

relationship between increase in dilution and increased wave effect.

Following his experimental work [16], Chin developed a numerical model to sim-
ulate the effect of waves in increasing the dilution of a buoyant jet of the type
associated with outfalls [17]. The model was based upon solving simultaneous
equations describing the motion of the plume relative to the ambient fluid. Exper-
imental results were also used to determine the value of two empirical entrainment
coefficients: one describing the entrainment due to the rise of the plume; the other
the entrainment due to the forced motion of the plume. The resultant model was
able to give both the plume position and dilution for a range of discharge and

wave conditions, though with some limitations in the latter.

The simulated surface centreline concentrations were compared to his earlier ex-
perimental work and showed good agreement. Further verification of the model
was shown by setting the wave amplitude to zero and comparing with the work
of Fan and Brooks [18] on buoyant jets under still conditions. The simulated
schemematic of the plume position produced by the model, also showed features
very similar to those produced in the earlier experiments, the primary feature of

these being abrupt widenings of the plume along its axis.

While previous studies of buoyant jets had concentrated on the measurement of
plume concentration alone, work by Chyan et al [19] made simultaneous point
measurements of both concentration and velocities in a turbulent, round jet.
Using a combined LIF-LDV system based on one used by Hwung and Chyan
[20] and similar to that used by Papanicolaou and List [5, 6], they studied jets
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discharged vertically into realistic wave conditions. In addition to the quantitative
measurements, photographs of the fluorescing plume enabled visualisation of the

whole flow.

The flow visualisation results showed that the jet was translated backwards and
forwards, in the same way that Chin had observed the movement of a rising plume
under wave conditions. Again conservation of mass would imply that as the area
covered by the jet is larger than for ambient conditions, then there must be an
increase in dilution. This was more clearly seen on time-averaged images of the
jets motion which also showed that the rate of widening of the time-averaged jet
boundary was not linear. Instead it showed two linear regions separated by a
transition region. The first of these regions, closest to the discharge port, showed
the highest rate of widening while the region above the transition region leading

to the surface showed a lower rate of broadening.

While the reason for the large rate of spreading in the initial region was attributed
to the wave induced motion’s action on the direction of the jet rather than any
increase in a mixing process, the investigators believed that the transition region
did offer a new mixing mechanism. In this region they postulated that a large
amount of fresh water would be enclosed by the jet fluid as it was oscillated by
the wave induced motion. This, they thought, would lead to increased mixing

opportunities between the ambient and jet fluid.

Their quantitative results seemed to reinforce the existence of this new mixing
mechanism. Concentration measurements through cross sections of the plume in
the transition region showed a profile with two peaks symmetric about the jet
axis, rather than the Gaussian profile associated with jets in quiescent conditions.
They attributed the lower axial concentration to the same observed process of the

engulfing of fresh water by the jet which they named the ‘enclosing mechanism’.

The observation that the rise of the jet under wave conditions could be charac-

terised by a number of different regions was also shown by quantitative measure-
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ment of the axial concentration. In the initial region close to the port a large
decrease in concentration was measured corresponding to the region in which the
jet was oscillated by the wave induced motion. The second or ‘transition’ region
showed a small increase in dilution and this was attributed to the breakdown of
the jet structure limiting entrainment of ambient fluid. Finally, in the third re-
gion, the jet showed a gradual decay of the jet concentration. This was explained
as the characteristic scale of the jet having become larger than that of the wave

induced motion.

Though not directly comparable, the authors having studied a vertically dis-
charged pure plume and Chin a horizontally discharged buoyant jet, Chyan et al
found that the effect on dilution in their study was almost twice that found by
Chin. They concluded that the primary factor in this increase was the orientation
of the jet, the enclosing mechanism being more powerful when the wave motion

was orthogonal to the jet orientation.

In a later paper, Chyan and Hwung [21] further analysed the experimental results
of their earlier work {19]. Their enclosing mechanism was renamed a ‘wave tractive
mechanism’ and they also postulated that a further increase in dilution could take
place due to the shedding of a wake vortex from the jet as it was oscillated by
the wave. However they concluded that when the wave period was less than
the shedding period a wake vortex could not fully develop and therefore the
enlarged jet area and wave tractive mechanisms would be the dominant factors
in increasing the dilution. They also proposed the title of ‘deflection region’ for
the initial region of increased dilution due to jet deflection; ‘transition region’
for the area in which the rate of dilution is less or indeed negative; and finally a
‘developed region’ in which the dilution rate is similar to that for no waves cases

in which the jet is merely oscillated horizontally by the wave motion.

Comparison was also once again made between Chin’s and their own experimental

results. While as mentioned previously the effect of wave motion seemed to be

10
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greater for a vertically discharge jet, it was noted that the actual initial dilution
was higher for a horizontally jet. Arguing that the wave tractive mechanism will
have greater effect when the wave motion is orthogonal to the jet motion, but also
acknowledging the higher initial dilution given by a horizontal discharge, it was
suggested that even greater dilutions could be achieved if the jet was discharged

horizontally but at right angles to the wave motion.

Returning to theoretical work Hwang, Yang and Chiang [22] produced a new nu-
merical model based on that of Chin [17]. This overcame one of the limitations of
the previous model; the inability to predict dilutions of plumes in waves inducing
large vertical motions in the water column. Again solutions were found by solving
simultaneous equations describing the plume’s movement relative to the receiving
water. However adjustments were made to allow the vertical motion induced by

waves to be accounted for.

Comparison of predicted schematic plumes agreed well with those observed by
flow visualisation experiments. Theoretical surface dilutions were also in agree-
ment with both the experimental work of Chin and also Fan and Brooks’s [18]
model for a buoyant jet. As well as the positional and surface dilution simulations
however, centreline velocity and concentration predictions were also presented,
showing the effect of the wave on dilution increasing with rise height. Though
no experimental work existed at the time for direct comparison, Chyan et al’s[19]
work having considered a vertically orientated jet; the velocity and concentration
measurements from the present study however will produce data with which these

simulations may be compared directly.

1.3 Present study

Following Chin’s approach of modelling a realistic outfall, the present study inves-

tigated the effect of surface waves on a two dimensional, line, buoyant jet. This

11
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is the type of flow produced by typical multi-port diffusers. Flows were studied

in both quiescent conditions and under a range of realistic wave conditions.

To make concentration measurements over the full area of interest, rather than
being limited to specific points as with earlier measuring techniques, a full field
LIF technique was used. As this technique had not previously been used within
the group it was necessary to develop equipment, techniques and analysis pro-
grams in order to make LIF measurements of the plume. This development is

described in chapter 3.

It was also intended to make full field velocity measurements on these plumes
using Particle Image Velocimetry (PIV) a further optical technique, but this
proved impractical so further LIF and also PIV experiments were carried out on
a single, three dimensional plume under simulated wave conditions. This further
study also allowed comparison of the properties of the two dimensional, line plume
to those of the three dimensional plume released from a point source in both still

and wave conditions.

In the following chapters the theoretical background to the wave-buoyant jet
problem is first described before an outline of the experimental techniques used is
given. The experimental methods for the two sets of experiments undertaken are
then outlined as well as the data processing techniques used. Finally the results

from the two sets of experiments are presented and areas for further development

of the work highlighted.

12
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Background

2.1 Summary

This chapter defines the equations describing the motions of flows investigated
in this study. Those governing the behaviour of buoyant jets are first shown and
as the flows in this study become plumelike very quickly, the equations for both
line and round plumes are then given. Finally the effect of waves on the water
column beneath them is reviewed, before the interaction between wave induced

motion and that of a jet examined.

2.2 The buoyant jet

As described in chapter 1, the discharge from an outflow can initially be described
as a buoyant jet and the most important factors governing a jet’s dynamics are

the mass, momentum and buoyancy fluxes of the flow [2].

For a turbulent jet, the mass flux pu, where p is the specific mass or volume flux
of the jet, is defined as the mass of fluid passing a jet cross section per unit time
and is given by

p,u:/prdA (2.1)

where p is the fluid’s density, A the cross-sectional area of the jet and w the

13
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MWL

Plume

dl =>
Port

Figure 2.1: Schematic of plume showing discharge parameters

time-averaged jet velocity in the axial direction.

From the previous equation the momentum flux pm, the amount of streamwise

momentum passing a jet cross section per unit time, is then given by

pm:/pr2dA (2.2)

m being known as the specific momentum flux.

Finally, the buoyancy flux pg3, defined as the buoyant weight of the fluid passing

through a cross section per unit time is given by

p,B:/AgprdA (2.3)

where g is the acceleration due to gravity, Ap = p, — p, the difference between the
density of the jet fluid p and the surrounding fluid p, and B the specific buoyancy
flux of the jet.

When examining the discharge parameters it will be the initial values of these

fluxes that will be of interest and for round jets, the type used in this study, the

14
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initial specific volume, momentum and buoyancy fluxes are defined respectively
as

Q = Zd, (2.4)
4
where d is the port diameter and v, the initial port discharge velocity.
M= %d%z (2.5)
and
B =g,Q (2.6)

where g., the initial reduced gravity is given by

J = Ap
o Pa

g (2.7)

As well as the initial values of the fluxes a further useful quantity in determining
the discharge’s behaviour would be a characteristic length scale. For a pure jet,
that is a flow which is purely momentum driven, this can be in terms of only @) and
M. Combining these to give a dimension of length, the simple jet’s characteristic
length scale can then be defined as [2]

:Q
Mz

lo (2.8)

It is also useful to note that /g is then equal to the root of the jet’s initial cross

sectional area and more specifically for jets discharged from a round port

lo=VA= \Ed (2.9)

If z is taken to be the distance from the source along the jet centreline, then, for
2 > lg the flow will be a fully developed jet, while for z ~ O(lg), the flow is still

controlled by the port geometry [2].

If a buoyant jet, a flow driven by both momentum and buoyancy, but one with no
initial volume flux is considered, then a further characteristic length scale can be

derived from the initial specific momentum and buoyancy fluxes M and B. Again

15
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combining these to give a dimension of length a second characteristic length scale

can be defined as [2]

&l

M
=35I

From this length scale we are able to determine the jetlike or plumelike nature of

Im (2.10)

the flow. For z > l5s the flow will be plumelike, while for z < lps, the flow will
be jetlike [2].

The ratio of these two characteristic length scales li,% is known as the jet Richard-
son number R, and defines how quickly a buoyant jet will become plumelike. If
Iar and g are of the same order then the buoyant jet will be plumelike from the

start.

As mentioned in chapter 1 however, in the design of out-falls the properties of
jet are more commonly classified by two dimensionless quantities, the Reynolds
and Froude numbers. The former, a measure of how turbulent the discharge is,
is given by the ratio of inertial to viscous forces in the flow

vod

Vo

R =

(2.11)

where v, is the kinematic viscosity given by £2. where u, is the initial viscosit
y y Le, p y

of the plume and p, its initial density.

For a round jet, such as those used in this study the Reynolds number may also
be defined in relation to the initial value of the jet’s specific momentum flux M,

as

R =

(2.12)

In order for the flow to be turbulent, as it is from a real diffuser, the discharge
Reynolds number must be greater than 4000 [2]. In this study, at the port the
discharge had a Reynolds number of 4600, ensuring the discharge was turbulent.

The second quantity, the port densimetric Froude number, which again deter-

mines how soon the discharge evolves from a jet to a plume, is defined as the

16
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ratio of inertial to buoyancy forces in the flow

Vo

V/o,d

In terms of the initial specific fluxes and characteristic length scales, for a round

Fy=

(2.13)

jet the Froude number can be written as

Fy= (I)z I _ (E)? M+ (2.14)
4 lQ 4 QBE

Typical outflows have Froude numbers of 16 [16] and from equation 2.14 we can

see that this would lead to a flow with [ approximately 16 times larger than [ps
and therefore a flow which becomes plumelike very quickly. Indeed this is the case
with a typical outflow and the flows investigated in this study were discharged

with a Froude number of the same order as that of a typical outflow.

2.3 Plume parameters
2.3.1 Plume concentration

As we have already seen the parameters that govern a buoyant jet’s behaviour
are the initial values of its specific volume, mass and buoyancy fluxes and the
distance from the source. Therefore any property of the flow may be written as
a suitably non-dimensionalised function of these variables. The main parameter
of interest in this investigation is the time-averaged, minimum centreline dilution
Sm. Following Roberts [1], the local buoyant weight, from which the dilution may

be obtained is taken as the dependent variable to give

g =f(2,Q,M,B) (2.15)

Dimensional analysis of these five variables using the Buckingham II theorem [2]

then gives three dimensionless variables

17
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B3 Mz 2B7
2.16 2.17 2.18
Mig (2.16) | 0 (2.17) and e (2.18)
which then gives
B3 1 :M? zB?
L _ 2.19
Mig' f( Q ’M%) (2.19)

While the above non-dimensional groupings are not the only ones possible, group-
ing as above then easily allows substitution in terms of previously defined length
scales. Thus using equations 2.8 and 2.10, the two terms on the right can be
expressed in terms of the characteristic length scales to give

Bz 1 f(z z) (2.20)

mig T \n'lo

. . ! . .
Now as S,, will be proportional to %,2 the previous expression becomes

1 B¢, 1 B3 z oz
o 5 =S (2.21)
9o M+ g g, M3 I’ g

substituting for g’ using equation 2.6 and then using the Froude equation (eq.
2.14) then gives

S z =z

— = —_— 2.22

iy (2.2
However for the type of flows under investigation where the flow quickly becomes

plumelike we can neglect the effect of Iy and write this equation solely in terms

of ﬁ
Sm z
=y <E> (2.23)

Ip is not the most easily measured quantity, so using equation 2.9 to give an

expression for (s in terms of d and substituting into equation 2.14 gives

I = G)z Fud (2.24)

Finally substituting this into the equation for the centreline dilution gives

% -s() =

18




Chapter 2 — Background

The exact coefficients must be found experimentally and for a pure round plume
the equation is accepted to be [1]

Sm z \3
m _ 0107 (2o 2
= 0.107 (dFd) (2.26)

with experimental results tending towards those given by the plume equation for

= > 10 [1].

If we now consider a line of round ports as is often found on a multi-port diffuser,
then a new parameter s, the port spacing must be taken into account. Therefore

the minimum centreline concentration may be written in the form

Sm _ z z
=1 () (220

If the receiving water is sufficiently deep, as is normally the case with out-falls,
then each of the individual plumes will merge together to form a flow the same
as that generated by a line source. In this case the coefficients for the equation

are those of the line plume solution [1]

Sm 22\"5 /2\3
s 029 o

Previous experimental work has shown that for a row of round sources, the re-

sultant plume’s minimum centreline dilution will tend towards the line plume

solution for 2 > 50 [1].

2.3.2 Plume velocities

In the previous section it was seen that where buoyant jets become plumelike
quickly the solutions to the resulting flow are given by the pure plume solu-
tions. Therefore in determining the form of the equation for the maximum,

time-averaged centreline velocity only the pure plume will be analysed.

Following the arguments of the previous section, all variables of a pure plume

must be a function of only the buoyancy flux, the distance from the origin and the
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viscosity of the fluid. Therefore the time-averaged, maximum centreline velocity

may be written in the form

wy, = f(B,z,v) (2.29)

However for fully turbulent flows the effects of viscosity will be very small and the
equation can be written in terms of only B and z. Including the experimentally

found coefficients then gives for a round plume[2]

1
W = 4.7 (5) ’ (2.30)
z
and for a plane plume 1
wp = 1.66 (g) ’ (2.31)

2.3.3 Cross-sectional profiles

While the exact shape of both the initial jet and resultant plume of the discharge
will vary with time, once the jet is established time-averaged measurements show

a Gaussian concentration profile [2]. This may then be written in the form
C = Cre "3V (2.32)

where C is the concentration at a point, C,, the centreline concentration and z
the radial distance from the centreline. The time-averaged velocity profile also
shows a Gaussian distribution and in an established jet the two profiles are said
to be self-similar. This means that any cross section through the jet or plume
may be expressed in terms of the maximum, centreline velocity or concentration
and a measure of the plumes width [2]. The concentration and velocity profiles

may therefore be expressed as

z

C= Cme"(ﬁ) (2.33) and w=wne () (2.34)

The coefficients by and b,, must again be found experimentally and the accepted
values for a round plume are 921 = 0.120 £+ 0.005 and 67"’ = 0.100 £ 0.005 and for
a plane plume ** = 0.157 £ 0.003 and 2 = 0.116 £ 0.002 [2].
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2.4 Wave theory

The waves used in the study (fig. 2.2), modelling those typically found at dis-
charge sites, may be classed as being of small amplitude, that is with a small am-
plitude in comparison to their wavelength. Velocities found within these waves
will therefore be small, allowing linear, or small amplitude wave theory to be
used [23]. Full mathematical treatments of this theory may be found in other

literature [23, 24] so only results relating to the present study are included here.

Figure 2.2: Schematic showing sinusoidal wave parameters

The factor most important to this study is the wave induced velocity in the water
column beneath it. Using linear theory for simple sinusoidal waves, those used in
the study, the horizontal component of this velocity is given as [23]

_agk cosh k(h + )
R cosh kh

cos(kz; — wt) (2.35)

and the vertical component as

i h
Y — agk sinh k(h + z,) sin(kz; — wt) (2.36)

w cosh kh
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where k, the wave number, is given by

2m

k=— 2.37
4 (2.37)
and w, the radian wave frequency, by
2T
= — 2.
W= (2.38)

A further useful theoretical result, the Lagrangian paths traced by particles in
the water column under a wave, may also be derived from the equations for the

velocities beneath the wave. The horizontal motion is given by [23]

_ coshk(h+z,) .
z1(t) = —a s sin(kz; — wt) (2.39)
and the vertical motion by
_ sinhk(h + x2)
z2(t) = a b bh cos(kzy — wt) (2.40)

As can be seen in figure 2.3 the effect that the surface waves have on the water
column beneath them depends on the dimensionless factor —2— where h is the depth
of the water and L is the wavelength of the waves. For values greater than 0.5 a

deep water approximation may be used for the above two expressions giving [23]
z1(t) = —ae*® sin(kz, — wt) (2.41)

and

z5(t) = ae*? cos(kz; — wt) (2.42)

Similarly for % < 0.05 a shallow water approximation may be used [23]

z1(t) = —% sin(kz, — wt) (2.43)
and
zo(t) = a (1 + %) cos(kx, — wt) (2.44)

Examining the paths traced by the particles, their distance from the origin r =

\/z% + z2 in the case of the deep water approximation is given by

r = ae" (2.45)

22



Chapter 2 — Background

in the case of intermediate water by

a . : 7
T= T [cosh2 k (zq + h)sin? (kz; — wt) + sinh® k (23 + h) cos® (kz; — wt)]
(2.46)
and in the case of the shallow water approximation by
= a | sin® (k B+ (1+22) cos? (k t% 2.47
r=a k2h2s1n(x1—w)+ + 4 cos’ (kz; — wt) (2.47)

It can be seen that for deep water the particles trace circular orbits with radii that
decrease with depth. For both shallow and intermediate water however the orbits
are elliptical. While in intermediate water the horizontal distance the particles
move through decreases with depth, in shallow water the horizontal movement is

independent of depth (fig. 2.3).

It is the intermediate case, where the particles’ horizontal movement decreases
with depth that is normally encountered at the sites of out-falls [16] and experi-
ments were conducted with % = 0.16 to reproduce these conditions. The reasons
for this precise choice of value are explained in section 2.3 of chapter 4, ‘Wave

design’.

O\

h/L >0.5 0.05<hL <05 WL <0.05

N, 2% i 2 2 NN,

Figure 2.3: Effect of waves on water column
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2.5 Wave interaction

The inclusion of waves into the buoyant jet problem requires the introduction
of a third characteristic length scale related to the influence of the waves on
the discharge. Following Chin [16] this is defined as zp, a ratio of the initial
momentum flux of the discharge to the maximum horizontal wave induced velocity

at the port upqs.

M]/Z
= 2.48
ZM u'max ( )
where, from equation 2.35, U, is given by
k
2 (2.49)

HYmaz = w cosh kh

The dimensionless parameter ;’%, numerically equal to the ratio of the maximum
horizontal wave induced velocity at the port to the port velocity, then gives a
measure of the wave effect at the port. This study looked at values of %?4_ in the
range of 5.1 x 1072 to 9.5 x 1072 constrained by the tank dimensions and wave

paddle, but of the order of real outflows [16].
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Experimental Techniques

3.1 Summary

This chapter describes the two measurement techniques used in the study, Particle
Image Velocimetry (PIV) and Laser Induced Fluorescence (LIF). Both of these
are optical techniques and require the flow to be illuminated. As the method of
illumination used for both techniques is similar, a description of the illumination

method is presented first.

3.2 Flow illumination

Both measurement techniques used required that the full area of a thin slice
through the plume be illuminated. PIV has the further requirements that the pe-
riod of illumination be short enough that the particles do not move significantly
while illuminated, resulting in a streaked image and also that they scatter sufhi-
cient light to be recorded. As the particles in question are often very small, an
intense light source is required. The LIF experiments also required a light source
at the correct wavelength to excite a fluorescent dye. Laser illumination is emi-
nently suited to all these tasks as it is both intense and at a precise wavelength.

The small divergence shown by a laser beam is also useful in producing a thin
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light sheet. Where the period of illumination needs to be very small, for example
with very fast flows, it is often necessary to use pulsed lasers, the beam being
expanded to a sheet by optical methods. However for the maximum flow speed

! it was possible to use a continuous

encountered in this study, just over 1.2ms™
wave laser [25]. Used in conjunction with a scanning beam box a thin, pseudo

light sheet large enough to illuminate the whole flow could be produced.

3.2.1 The scanning beam system

The scanning beam system developed at Edinburgh University [26] produces a
pseudo light sheet by reflecting the laser beam first onto a spinning octagonal
mirror and then onto a second, parabolic mirror. As the rotating mirror is placed
at the focus of the parabolic mirror, the beam will always be reflected vertically
upwards by the second mirror. This produces the pseudo light sheet (fig. 3.1).
The period of illumination of a particle in the sheet, an important factor for the
PIV experiments, will be governed by the scan rate of the beam and therefore

the rotation rate of the octagonal mirror.

If the beam path between the laser and the scanning beam box is long the di-
vergence of the laser beam, though small, over a large distance may result in a
thick sheet being produced. This can be overcome by means of collimating optics
to narrow the beam prior to reflection from the octagonal mirror. The argon-ion
laser used however, having a beam aperture of 0.79mm and a divergence, 6, of
0.56mrad, produced a beam with a diameter of 0.89mm at the scanning beam
box in the purple tank and 0.90mm at that in the red tank. Further collimation

was therefore unnecessary.
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Pseudo laser sheet
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Figure 3.1: Scanning beam box laser sheet optics

3.3 Laser induced fHuorescence

As mentioned in chapter 1, laser induced fluorescence is a non-intrusive optical
technique that can produce a concentration map for the full flow field. The

process central to the technique is that of fluorescence.

A photon colliding with an atom can either be absorbed or scattered. The chance
of absorption will be highest if the photon’s energy matches that of one of the
atom’s excitation energies. If such a photon is absorbed then the energy is trans-
ferred to one of the atom’s electrons leaving it in an excited state. This however
is not a stable state for the atom and it can dissipate the energy by means of
emitting another photon of the same frequency as the first. If the atom though
is not isolated, as in a gas, but surrounded by others, as in a liquid or solid, then
this energy can also be dissipated by means of intermolecular collisions. These
collisions will result in the emission of photons at a range of frequencies and if
within the visible range, the material will be seen to glow. If this process occurs

quickly, that is within less than 10™"seconds then the material is said to fluoresce.
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The same process may also occur over a longer time period than this, in which

case it is known as phosphorescence [27].

Fluorescence can be used to measure concentration by dissolving a fluorescent
dye into the liquid to be studied. When illuminated by the correct frequency
light the intensity of the fluorescence will be proportional to the concentration of

the dye and therefore of the liquid under study [28].

3.4 Development of the LIF technique
3.4.1 IMumination

The flow illumination systems developed previously in the group for use with
PIV give an intense, thin, mono-chromatic light sheet that can cover a large
measurement region. As previously stated this is exactly the type of illumination
that is also required for LIF measurements and it was therefore decided to use

the laser systems already in place for the present study.

The lasers used within the fluids group at Edinburgh are of the Argon-ion type
(A=514.5nm and 488nm) and therefore a dye that fluoresces when illuminated
by light at one of these wavelengths was required. Snavely [29] shows that the
organic dye Rhodamine B (CasH3; N2O3Cl)(fig. 3.3) when dissolved in water
will fluoresce orange-red when illuminated by the blue-green light of an Argon-
ion laser (A=514.5nm). However the dye was initially to be dissolved in pure
methanol and Drexhage [30] shows that the wavelength of both absorption max-
imum and fluorescence of the dye will vary, dependent on the solvent in which it
is dissolved. If the absorption maxima of the dye were to shift dependent on the
concentration of the plume, then this may lead to a change in intensity of the
fluorescent light. This problem is compounded by the fact that the dye’s fluores-
cent efficiency is also dependent on the dissolving solvent. However if calibration

images were taken using known concentrations of plume solution, methanol plus
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dye, diluted with fresh water then these factors would be taken into account.

3.4.2 Calibration

Calibration using known intensities of dye is also necessary in order to convert
images of the plume into concentration maps. A technique to produce such

calibration images therefore needed to be developed.

While ideally the entire area of the tank covered by the light sheet would require
filling with known concentrations of dye, this would in practical terms mean filling
the whole tank. Given the dimensions of the tanks to be used for the experiments
this was not practical in either terms of time or the amount of dye that would
be required. To make the calibration process more efficient a smaller calibration
tank was built. This tank could be filled with dye of a known concentration and

then suspended in the light sheet allowing calibration images to be quickly taken

(fig. 3.2).

Light sheet :

Figure 3.2: Diagram showing calibration tank in position for taking calibration
image
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Add | 11ml | to give | 4.50% conc
Add | 14ml | to give | 4.00% conc
Add | 18ml | to give | 3.50% conc
Add | 24ml | to give | 3.00% conc
Add | 33ml | to give | 2.50% conc
Add | 22ml | to give | 2.25% conc
Add | 28ml | to give | 2.00% conc
Add | 36ml | to give [ 1.75% conc
Add | 48ml | to give [ 1.50% conc
Add | 67ml | to give | 1.25% conc
Add | 100ml | to give | 1.00% conc
Add | 167ml | to give | 0.75% conc
Add | 333ml | to give | 0.50% conc
Discard | 500ml
Add | 500ml | to give | 0.25% conc

Table 3.1: Calibration run concentration values

Initial experiments showed that the plume soon became highly diluted especially
in the regions of interest at the edges of the plume. It was found therefore only
to be necessary to conduct calibration measurements at low concentrations, that
is less than around three percent concentration. Trial and error also showed
that initially it was possible to distinguish only between concentrations no less
than 0.25% apart and so calibration readings were taken at these intervals from
2.5% down to 0.25%. Readings were also taken at 0.5% intervals between 2.5%
and 5.0% so that coarser measurements could be made in the core of the plume

without greatly extending the length of a calibration run.

To perform a calibration run 50ml of neat plume solution were added to 450ml
of clean water, mixed and then 450ml discarded. This gave 50ml of ten percent
concentration solution. Adding a further 50ml of fresh water then produced a
five percent solution which could be added to the calibration tank and the first
calibration image taken. Further quantities of fresh water were then added to the
calibration tank to give the concentrations shown in table 3.1. At each addition

of fresh fluid the calibration tank was well stirred and a calibration image taken.
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If the plume were to be directly imaged, then the intensity of the plume would
be a combination of the background laser light and the fluorescent intensity of
the plume. To prevent the intensity of the laser light swamping low levels of
fluorescent intensity the background laser light can be filtered out allowing only
an image of the orange fluorescent light to be recorded. This was achieved using
a pair of laser safety goggles, designed to absorb the wavelength of light emitted

by the laser, placed in front of the camera lens.

In order to utilise the calibration images and convert the images of the fluorescing
plume into concentration maps computer software had to be developed. This
software also allowed for imperfections in the laser light sheet to be corrected.

Further details of the analysis software are given in chapter 6.

Gl

G, 2 @
N ~ G

HC,~ N

Figure 3.3: Chemical structure of Rhodamine B

3.5 Particle image velocimetry

Particle image velocimetry is also a non-intrusive, optical measuring technique
but one that can provide velocity information about the flow. The principle of

the technique is based on recording images of small particles, either naturally
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present or seeded into the flow, at small time intervals apart. As the particles’
displacement can be found from analysis of the successive images and the time
interval between images is known, the particles’ velocity may be calculated. If
the particles have been correctly chosen then the velocity of the particles in a
region of the fluid will also be equal to that of the liquid in the same region. As
the seeding particles are dispersed throughout the flow, it is therefore possible to

gather velocity information over the full flow field.

The technique is now widely used with commercial systems available to measure
a diverse range of flows, both gaseous and liquid. A large increase in use is
mainly due to the advent of CCD devices to record images, allowing much faster
processing than was previously possible with systems using wet film photographic

techniques.

The following sections provide only sufficient background for an understanding
of how the PIV technique has been used in the present experiments, for a com-
prehensive guide to the subject the reader is directed to Raffel et al [25] and also
Melling’s detailed study on tracer particles and seeding for PIV [31].

3.5.1 Fluid mechanical properties of seeding particles

Possibly the most important property of a seeding particle is that it will faith-
fully follow the flow under study and not perturb it in any way. Therefore an
understanding of the particles’ fluid mechanical properties is very important in
choosing seeding particles. There are three main factors that will govern whether
a particle will follow the flow; inertial effects, gravity and the spatial averaging

of turbulence {32].

If there is a difference in density between the seeding particles and the fluid under
study then there may be a delayed response of the particle to any acceleration of

the fluid. This however will only be significant if the density difference is large
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or there are high frequency fluctuations in the fluid flow [32].

As well as accelerations of the fluid, the particles may also drift due to the ac-
celeration of gravity. For small particles the drift due to gravity may be defined

as
v, = G
184,

(pp - po) (31)

where d, is the particle diameter, p, fluid viscosity and p, and po the particle

and fluid densities respectively [32].

Finally the particles must be small enough that no spatial averaging takes place

due to the particle diameter being larger than the dimensions of eddies in the

fluid.

3.5.2 Light Scattering behaviour of particles

As well as faithfully following the fluid flow the seeding particles must also scatter
sufficient of the illuminating light that their position can be recorded. The par-
ticles used in PIV for seeding are normally spherical and their diameters larger
than the wavelength of the illuminating light. Their light scattering properties
may therefore be predicted by Mie scattering theory [33]. This states that if a

particle’s normalised diameter ¢, given by

q= BY (3~2)

where d,, is the particles diameter and A the wavelength of the illuminating light,
is greater than unity, then approximately g local scattering maxima will appear
between the scattering angles of 0-180 degrees. The average scattered intensity

will then increase approximately with ¢.

While it can be seen that for better scattering a large particle diameter is required,
as shown in the previous section, this may have an adverse effect in the particle’s

ability to follow the flow. The diameter of the particles is also important as
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analysis of the PIV technique has shown that error in velocity measurements
is strongly dependent on particle image diameter [25]. The smaller the image
diameter the lower will be any uncertainty in finding the centre of the peak and

the sharper the images, the higher the particles’ image intensity.

The particle image size can be found by considering the image formed from a
distant point source. This image will not appear as a point in the image plane
but will form a Fraunhoffer diffraction pattern, even if imaged by a perfectly
aberration-free lens [34]. The diffraction pattern takes the form of a circular
pattern known as an Airy disk and the diameter of this disk, dy;fs, represents the
smallest particle image that can be obtained for a given imaging configuration.

For a point source dgyisy is defined as

dyisy = 2.44f4(M + 1)A (3.3)

where f4 is the fnumber and M the magnification of the lens system being used.

In practice however, unless very small seeding particles are being used with a very
low magnification lens system, it is unlikely that the particles can be regarded as
point sources. As particle size increases, the influence of geometric imaging be-
comes more and more important. For an image of a particle with finite diameter,
the size is given by a convolution of the lens’s point spread function (PSF) with
the geometric image of the particle. If any aberration of the lens is neglected the

PSF may be approximated by the Airy function and the image size given by [25]

d, = \/(Md,,)Z +d% (3.4)

For the current application M << 1, the smallest f4 possible 1.6 and the wave-
length of the illuminating laser light 514.5x107°. Therefore the smallest image

size possible, assuming a point source will be

ddiff = 2um (35)
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3.5.3 Seeding density

It is not only the seeding particle size however that must be chosen carefully, the
seeding density too is an important practical consideration in performing PIV

experiments.

If the seeding density is low, that is images of individual particles can be detected
and the same particle identified on successive images, then particle tracking ve-
locimetry (PTV) analysis algorithms are used as opposed to PIV. As velocities
can only be found where there are particles to measure, a low seeding density

may also result in the loss of information from some areas of the flow.

PIV analysis is best used when there is a medium seeding density, that is individ-
ual particles can still be detected in images, but it is no longer possible to identify
the same particle in a successive image. Here rather than a tracking algorithm,

a statistical approach must be used.

If the seeding density however is too high, individual particles may start to overlap
and a speckle pattern will be seen. Again statistical methods may be used to
obtain velocity information from these images. This is what is done in laser
speckle velocimetry (LSV). The high particle concentration may however begin

to perturb the flow.

As well as a medium particle density, PIV works best when there is a homogeneous
distribution of particles. In this way velocity information may be found from all

regions of the images under analysis.

3.5.4 Illumination

As mentioned in the general discussion of flow illumination at the beginning of
this chapter, the PIV technique requires illumination that fulfills a number of

requirements: the illumination period must be short enough that particles do
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not form streaks on the image; and the particles also need to be illuminated
twice, with a short delay in between. This time delay must be long enough
that the particles’ displacements may be found with sufficient resolution, but
also short enough to avoid out of plane particles entering the interrogation area,
or particles in the plane leaving it. The minimum time delay possible between
images using a scanning beam system is the time period of the scan, the particle
being illuminated on consecutive scans. Longer time delays may be achieved

using a delay between exposures of the camera.

3.5.5 Imaging of the flow

The first PIV systems made use of wet film photography to record images of
the seeding particles in the flow field but advances in electronic imaging have
given rise to a more convenient recording medium. Electronic recording has the
advantage of immediate image availability and provides the images in a form that

may be readily processed by computer.

The most common method of recording images electronically is by means of a
charge coupled device (CCD). CCDs are small, of the order of 10 x 10um?, solid
state devices that convert light to an electrical signal. CCD sensors are usually
arranged into an array with each of the individual sensors being known as a
picture element or pixel. Typical, commercially available arrays are of the order
of hundreds or thousands of pixels square. Like any electronic device CCDs are
susceptible to electronic noise and as the amount of light scattered from a tracer
particle may well be small, this must be minimised. A major source of noise in
CCD sensors is the generation of a current from the device due to thermal effects.
Noise of this type may be reduced by cooling the array and though this was once

an expensive solution, electrically cooled cameras are now increasingly available.

As well as the recording medium, the method of recording PIV images is also

important. Though many variations exist on each, two inherently different types

36



Chapter 3 Experimental Techniques

of recording are used: single frame/multiple exposure and multiple frame/single
exposure. With single frame/multiple exposure methods, successive recordings of
the flow are made onto the same image, while for multiple frame/single exposure,
only one image is ever recorded per frame, the successive image being exposed
onto the following frame. Figure 3.4 shows a synthetic single frame/double ex-
posure image while figure 3.5 shows the same two exposures but on two separate

frames. As can be seen from the two separate images, between exposures the

});1!'!](']0\ were shifted down and to the right.

Figure 3.5: Synthetic double frame/single exposure PIV images

As short time intervals are normally required between exposures, the physical dif-

ficulty of winding-on the film in the required time led to the single frame/multiple
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exposure method often being the only option for use with wet film photography.
This method however has the major drawback that, without additional informa-
tion, it cannot be determined which of the exposures preceded the other. When
processing the image this may lead to directional ambiguity in the calculated
velocity vector. To overcome this difficulty a number of solutions were proposed,
with many investigators using an image shifting technique [25]. By adding a con-
stant, known shift between exposures all particle displacements are constrained
to be positive and the directional ambiguity removed. The known shift could

then be removed from the calculated velocity vector to give the true result.

The advent of widely available CCD cameras able to take successive exposures
within a short time interval has meant that multiple frame/single exposure meth-
ods, which do not suffer from temporal ambiguity, can now be more widely used.
This has removed the necessity for incorporating apparatus solely to overcome

temporal ambiguity and greatly simplified PIV systems.

3.5.6 Processing of PIV images

As mentioned in section 3.5.3, individual particles cannot normally be identi-
fied on PIV images and statistical methods are therefore used to evaluate them.
Detailed descriptions of the mathematical background behind the processing are
given by Adrian [35, 36] and Westerweel [37] so only an overview is presented

here.

In order to process a PIV image it is first broken down into a number of smaller
interrogation regions. As each of these of regions will provide one velocity mea-
surement, the spatial resolution of the resultant velocity map will be increased for
decreasing interrogation area. Decreasing the interrogation area size will however
reduce the number of particles with which the analysis is being made and this

may reduce the accuracy of the individual measured velocities.
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In order to find the displacement of the particles within the interrogation area
a type of pattern matching is used. Using as an example two successive images
produced using a multiple image/single exposure method, one image is essentially
shifted over the other until the greatest match between the images is found. The
displacement between the two images will then be equal to the displacement of

the particles between the two images. This method is known as cross-correlation

(38).

Mathematically, the cross-correlation function R of two functions f and g each

with arrays of size 1x7j is defined as

Ryg(ir) = F9) ® 960 = [ [ F(@B)gli+ i+ B)dads  (36)

where o and 3 are dummy variables. However in PIV analysis this function is
only calculated over a finite interrogation area and can therefore be rewritten as

M-1N-1

Ryy(3,5) Z > 009G+ m,j+n) (3.7)

N 26 20

Using as functions two successive images of the flow at each shift the sum of all
the overlapping pixel intensities will be calculated producing the cross-correlation
value for that point. Where the number of overlapping particle images is high,
the correlation value for that position will also be high resulting in a peak in the
correlation function. This value can then be used as an estimate of the particle
image displacement. It is important to remember that this technique will only
recover from the pairs of interrogation regions the average linear shift of the par-
ticles within the area. This places another constriction on the interrogation area
size in that it must be small enough such that second order effects, for example
displacement gradients, can be neglected. Figure 3.6 shows the cross-correlation
function for the synthetic images shown in figure 3.5 calculated using TedPIV
PIV analysis software [39]. The position of the strong correlation peak shows
clearly that the particles have been displaced down and to the right between the

two exposures. While the cross-correlation method may be applied to multiple
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Figure 3.6: Cross-correlation function of two successive PIV images

frame/single exposure images, it cannot be used for single frame/multiple ex-
posure images. In order to evaluate these images auto-correlation must be used.
Instead of the correlation being found between two images, the image is correlated
with itself
M-1N-1
f(i,5) 0 f(3,3) = Z > )+ m,j+n) (3.8)
N 7=6 n=o
The auto-correlation function, figure 3.7, of the single image shown in figure 3.4,
again calculated using TedPIV, shows three distinct peaks as opposed to the single
peak of the cross-correlation function. The large, central, self-correlation peak is
due to the image matching itself exactly. The two smaller peaks correspond to the
correlation of the images of the particles from the first exposure with the images
from the second exposure and vice versa. Once again a correlation peak correctly
shows the displacement of the particles down and to the right, but the second peak
also shows a displacement up and to the left. This again highlights the directional
ambiguity of the single frame/double exposure method. The displacement peaks

are also of lower amplitude than that of the displacement peak gained from cross-
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correlation. It is therefore necessary to have lower noise levels in images to be

processed by auto-correlation than those required for cross-correlation.

Figure 3.7: Auto-correlation function of a double exposure PIV image

If the correlation function were to be calculated directly using equation 3.7 then
it can be seen that the number of calculations required will be proportional to the
image size. Indeed there is a quadratic increase between the number of multipli-
cations to be calculated and the sample size. Given that typical PIV interrogation
area sizes may be of the order of thousands of pixels, the computational effort
required to directly calculate the correlation function may be very large. However
if use is made of the correlation theorem and a Fast Fourier Transform (FFT) al-
gorithm, this effort may be significantly reduced. The correlation theorem states
that the cross-correlation of two functions is equivalent to a complex conjugate

multiplication of their Fourier transforms:

f(z,y) ® g(=z,y) & F(u,0)G(u,v) (3.9)

The use of the correlation theorem still requires O[N*] calculations to be per-

formed, where N is the width in pixels of the interrogation area, but this number
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interrogation area must be increased. The prevention of aliasing places a further

criterion on the choice of interrogation region size.

The Nyquist theorem must be borne in mind not only when considering the
interrogation region size, but also in determining the shift of the interrogation
region across the image [40]. Given an interrogation region width of N the highest
spatial frequency that can be measured will be

as any frequencies higher than this will essentially be averaged out. Recalling the
Nyquist theorem, to correctly record this frequency, f the image must be sampled
at twice this frequency, 2f. The shift between interrogation regions can then be
calculated as

shift = % = % (3.11)
Therefore in order to correctly sample the image there should be a 50% overlap
between successive interrogation regions. For example if a 32x32 pixel interro-
gation region is being used then the interrogation should be shifted across the

image by 16 pixels at a time. This will result in a grid of velocity vectors spaced

16 pixels apart.

3.5.7 PIV processing summary

While the previous sections have covered the analysis of PIV images in sufficient
detail to show how velocity measurements may be obtained from the images, it
is by no means a complete description of the process. Other problems associated
with the use of FFTs in the calculation of the cross-correlation also exist and
while the procedure calculating the particles’ displacement has been outlined,
further techniques exist to increase the accuracy of the calculation. For a fuller
description of PIV processing and post-processing the reader is again directed to

Raffel et al [25].

43



Chapter 4

Line plume experiments

4.1 Summary

In this chapter the design criteria for the line plume experiments are discussed
and the resulting experimental apparatus described. The experimental method
is then given. Finally the experimental conditions for each of the experimental

runs are shown.

4.2 Experimental Design
4.2.1 Discharge properties

In order to realistically model the plumes produced by outfall pipes, the dis-
charged solution had to fulfill a number of criteria; it had to be less dense than
the receiving fluid so as to be buoyant, it had to have a similar viscosity to the re-
ceiving fluid to allow the Reynolds number at the port to be such that the plume

was turbulent and it also had to be transparent and miscible in the receiving

fluid.

Cost and ease of filling the tank dictated using tap water as the receiving fluid

and therefore a fluid less dense than, miscible in and transparent in water needed
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to be found. Initially it was thought that an ethanol/water solution would fulfill
these criteria and to investigate the necessary discharge parameters the Froude
number equation (eq. 2.13) was substituted into the Reynolds number equation
(eq. 2.11) to yield an equation for the port diameter, d, required for a discharge

of given Froude and Reynolds numbers

%
d= (R”‘;) (4.1)
Fgs

This equation was then substituted into equation 2.13 to find the term for the

required port discharge velocity
1 1 %
v, = (Rv,)3 (Fg(?) (4.2)

From the above two equations it was then possible to find expressions for the total
discharge, Dt and discharge of ethanol, Dg required, the latter being plotted so

that the most economical as well as practical solution could be found

Dr = v,m (242—> (4.3)
Di = (%) Dr (4.4)

where Pg is the percentage by weight of ethanol. These give the discharge rate per
port and must be multiplied by the total number of ports for the total discharge

rate.

Despite pure ethanol having a similar viscosity to water, when the two are mixed
the viscosity can substantially increase (fig. 4.1); the density of the mixture
will also not be constant (fig. 4.2)[41]. To see the effect of these changes on
discharge parameter equations 4.1-4.4 were plotted for ethanol discharged with

a Froude number of 14. This value of Froude number was chosen as one being
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similar to that of actual outfalls. It can be seen from the graphs, figures 4.3-4.6,
that the use of ethanol in producing a turbulent discharge would require a total
discharge rate of at least 10 1/min. Not only would pumping fluid at this rate
require an expensive pump, but also it would involve the use of a large volume of
ethanol which would both be expensive and also potentially hazardous due to its
flammable nature. It was therefore decided to see if a similar solution, but with

a lower viscosity could be found.

Methanol having very similar properties to ethanol, but a lower viscosity also
looked a good candidate. Even though the viscosity of a methanol/water solution
changes in a similar way to an ethanol/water mix (figs. 4.7 and 4.8), the combined
viscosity is not as high [42, 43]. As for ethanol, graphs were plotted of equations
4.1 to 4.4 showing the port diameter, port velocity and discharge rates for a

Froude number of 14 and a range of Reynolds numbers (figs. 4.9-4.12).

For the practical and economic reasons stated above, ideally a plume solution
needs to be found such that a Reynolds number greater than 4000 can be achieved
with both a low total discharge rate and also a low methanol discharge rate. From
graphs 4.11 and 4.12 it can be seen that this condition is met at both very high
methanol concentration, 100 percent, and very low concentration, 10 percent.
However, at low concentration the total discharge rate is much higher than for a
high methanol concentration. As it seemed that both storing and pumping the
volume of liquid required for a rate of 3 litres per minute was more desirable than
that required for a discharge of around 20 litres per minute, it was decided to
use a plume solution of pure methanol. Equations 4.1-4.4 were then replotted
against Reynolds number for a solution of pure methanol, discharged with a

Froude number of 14 (figs. 4.13-4.15).

Using figure 4.13 a port diameter of 2.7mm was chosen as this gives a discharge
with a Reynolds number greater than 4000 and therefore a turbulent plume, the

appropriate discharge rate could then be found from figure 4.14. As a discharge
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rate of nearly 3 litres per minute could not be practically achieved using gravity
feed alone it was decided to include a pump in the apparatus. For future flexibility,
it was decided to obtain a variable rate pump to allow a wider range of flow rates

to be achieved should this prove necessary.

The flow rate was to be monitored using a glass, float type flow meter installed
between the discharge reservoir and the diffuser. As this type of flow meter has
to be calibrated for the specific liquid being measured and was calibrated for
water, it had to be recalibrated for methanol. This was done by pumping known
volumes of methanol through the meter and recording both the time taken and
the flow rate reading. A calibration graph could then be plotted, figure 4.16, and

used to calculate the actual methanol flow rate.

4.2.2 Diffuser design

It was intended to model the discharge of a multi-port diffuser, similar to a
realistic outfall in which the plumes from individual ports merge quickly to form
a single line plume [1]. The discharge was pumped through a model diffuser with
seven, evenly spaced, horizontally orientated ports along its length. The port
diameter had been determined from the calculations described previously and
were positioned so that discharge from the two end ports, reflected from the tank
walls could be regarded as discharge from virtual ports spaced with the same port
spacing, further along the diffuser (fig. 4.18). To ensure that ports at the far end
of the diffuser gave the same discharge as ports at the near end, it was necessary

to make sure that the diffuser pipe ran full. Fischer et al. [2] found that the

1

best ratio of total port area to pipe area lay between 3

and % Increasing the
ratio above this may lead to the pipe not running full and a ratio below this may
lead to an increase in the pressure required to pump the effluent out. While the
latter consideration may be vital for a real outfall, in the present situation the

pump available had a pumping range greatly exceeding that necessary to maintain
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enough pressure in the outfall. Therefore only the first of these considerations
needed to be born in mind. Half inch diameter copper pipe was used as this is a
commonly available diameter and would prove convenient for plumbing to other
parts of the apparatus. The total port area was a thirtieth of the cross sectional

area ensuring the pipe would run full.

\AY%

VIV

< Side of tank

ke s=57Tmm —————¢]

12mm

- e

—— 20mm — d=2.7mm

Figure 4.17: Section of the model diffuser used for line plume experiments.

4.2.3 Wave design

The computer controlled wave maker available was able to produce sinusoidal
waves with a range of amplitudes and wavelengths. In order that the waves pro-
duced would be continuous, a ‘beach’ of plastic foam was placed at the opposite
end of the tank to absorb the waves produced and minimise any reflection. As

previously mentioned in chapter 2, to produce movement in the water below the
A
L
between 0.05 and 0.5. Given the fixed depth of the tank of 0.7m, to be realistic

waves similar to that found at actual outflows, the ratio £ must have a value

the waves would require a wavelength of between 1.4m and 14.0m. Also to create
a realistic wave effect at the port, the longer the wavelength the better (eq. 2.49).
Experimentation with the wave maker found that the longest wavelength wave

that could be produced was 4.3m and this was the value chosen. Using the fixed
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Reflected discharge as if from
‘virtual port’ on an infinite diffuser

‘Vitual port’ “Vitual port’

Figure 4.18: Diagram showing reflected discharge from tank walls as though
from ‘virtual’ ports further along an infinite diffuser.

depth of the tank for A and 4.3m for L the ratio of % for these experiments will
therefore be 0.16, giving both realistic wave conditions and a realistic wave effect

at the port.

As described in chapter 2, the extent of the effect of the wave at the port is given
by the dimensionless parameter —5—3— which, as stated previously, is numerically
equal to the ratio of the maximum horizontal wave induced velocity at the port
to the port velocity. Given that the port velocity had been set by the plume
scaling, it was therefore necessary to vary the maximum wave induced velocity
at the port, umqz, in order to achieve different wave conditions. Equation 2.49
shows that this will be dependent on the wave number, period and amplitude.
As the first two of these had already been set by the choice of wave wavelength ,
the wave effect at the port was varied by using a range of wave amplitudes. The
wave maker available on the tank used to perform the experiments however was

only able to produce waves with a maximum amplitude of 3.0 cm. Controlling
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the wave effect purely by altering the wave amplitude therefore offered a very
limited range of cases. However equation 2.49 shows that within the range of this
experiment, the wave induced velocities increase as the surface is approached,
therefore the discharge depth can also be used to vary the effect of the wave on

the port.

It was therefore decided to discharge the solution from three different depths, 30,
45 and 60cm, and vary the wave amplitude at each of these depths. In this way
plumes under a wider range of wave conditions could be studied. Even at the
greatest discharge depth of 60cm, the diffuser was still 10cm above the bottom
of the tank and therefore the effect of the bottom of the tank will be negligible,
given that the bottom boundary layer will be of the order of a few millimetres

[16].

While this is not an ideal solution, introducing a further variable to the inves-
tigation, Chin has shown that any increase in dilution is not dependent on the
ratio £ [16] and therefore variation of this ratio will not affect the outcome of
the experiment. However, given a wave maker capable of producing waves with
larger amplitudes and wavelengths the wave conditions would have been altered
solely by variation of amplitude and wavelength. This would have allowed the

diffuser to remain permanently fixed in position.

4.3 Experimental Apparatus

The experiments were conducted in a glass sided and bottomed tank 7.5m long,
0.4m wide and 1.0m deep. At one end of the tank was fitted a computer controlled
paddle wave maker and at the other a 2m long, absorbing foam beach. For all
experiments the tank was filled with tap water (p = 998kgm™2 at 20°C [41])
to a depth of 0.7m. The discharge solution was held in a reservoir above the

flume connected to which were the variable rate pump and a limiting valve for

34



Chapter 4 — Line plume experiments

controlling the flow rate and a flow meter for measuring the flow rate. The
diffuser was then fitted across the width of the tank and plumbed to the flow
meter. Underneath the tank was fitted a scanning beam box, as described in
chapter 3, this produced a pseudo light sheet, 0.7m wide, which was projected
vertically through the glass bottom of the tank (fig. 4.19).

As Rhodamine B powder is not a pleasant substance to work with a stock solution
of highly concentrate dye was made up by dissolving 2.56g of Rhodamine powder
in a 2.51 winchester of methanol. 10ml of this concentrate stock solution were

then added to each winchester of methanol to be discharged.

4.3.1 Image Capture

The diffuser was positioned so that the light sheet was in the plane of the discharge
and passed directly through the middle of the central port (fig. 4.19). Images
of the fluorescing plume were captured using an 8 bit, black and white, 576x768
pixel array, Cohu CCD camera connected to a frame grabber card installed in a
PC. The camera was fitted with an orange filter to filter out the blue laser light
so that only the orange fluorescent light was detected. The software used [44]
allowed a maximum of ninety nine images to be captured, with a variable time
interval between images. All the line experiments were conducted with images
taken at half second intervals. This interval was chosen as a compromise between
having information from enough wave cycles to be able to create a time average

and enough information to record a complete cycle.

The camera was positioned so that the whole of the plume could be visualised
and at a height level with the water surface. It was found that if the camera was
above or below this level then information would be lost due to reflections from

the water/air interface.

Using an 8 bit camera, only 256 grey levels were available so the gain of the
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camera had to be set by trial and error to a point where the image was never
overloaded, that is the image was brighter than the brightness associated with a
pixel value of 255, but also contained as much information as possible about the
more dilute and therefore dimmer regions of the plume. Any overloading of the
image would prevent that image being used in a time average, as the extent to
which the image was brighter than the value of 255 would not be recorded. At
the other extreme if the gain was set too low, then a lot of information about
the more dilute regions would not be recorded. As different wave conditions
produced different diluting effects it was often necessary to repeat this trial and

error process for each experiment.

4.4 LIF experiments

Before and after each experiment a series of calibration measurements were taken
so that the pixel values of known concentrations could be found. This was done by
taking images of a small tank filled with plume solution of a known concentration,
placed into the the light sheet. A background image was also taken with the tank
completely filled with dye. By removing this background image from images
taken during the experiment, and also the calibration, it was hoped that any

imperfections in the light sheet could be compensated for.

Once the calibration images had been taken, the calibration tank was removed
and for wave experiments, the wave maker started. When the waves reached the
far end of the tank and their full amplitude, the pump and limiting valve were
adjusted to give the desired flow rate. Only once the plume had reached the free

surface was the sequence of images recorded.

Table 4.4 shows the parameters for each of the experiments performed. For all

experiments conducted with waves the wavelength was 4.3m.
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Wave paddle

Diffuser

e
A%

Figure 4.19: Wave flume equipped for LIF study of buoyant plumes.

Scanning Beam Box

Expt no. | Discharge depth/m | Wave amp/m %

1 0.30 - -

2 K 0.015 0.051
3 7 0.019 0.068
4 7 0.020 0.095
) 0.45 - -

6 K 0.020 0.061
7 ” 0.022 0.067
8 7 0.030 0.091
9 0.60 - -

10 K 0.020 0.053
11 K 0.025 0.066
12 7 0.030 0.079

Table 4.1: Parameters for LIF line plume experiments performed.




Chapter 5

Round plume experiments

5.1 Summary

This chapter discusses the design of the round plume experiments and describes
the apparatus used. Justification for the use of a moving diffuser as opposed to a

moving water column is given and the LIF and PIV experiments performed are

described.

5.2 Experimental Design

It had initially been hoped to conduct PIV experiments on the line plume de-
scribed in the previous chapter. Preliminary experiments however showed that
this was not possible with the apparatus arranged as it was. The light sheet
passed through the central port of the diffuser, illuminating a slice through the
centre of the plume. While the diffuser was discharging solely dyed effluent the
discharge from the three ports between the camera and the central port did not
interfere with the image of the fluorescing section of the plume, the dilution of
the plumes being large. When seeding particles were introduced into the flow
however, their opaque nature obscured the view of particles in the measurement

region. It was initially thought that this could be overcome by moving the light

58



Chapter 5 — Round plume experiments

sheet to beneath the port closest to the camera. As, due to the construction of

the scanning beam box, this was not possible a further solution had to be sought.

The previous line plume experiments had shown that the greatest influence of
the wave was to be found in the region close to the port, before the plumes had
merged. If the wave effect is greatest before merging then a study of wave/plume
interaction could be made on a single round plume. This would overcome the

problem of interference from particles contained within other plumes.

Ideally the round plume investigation could have been conducted in the same
tank as the previous experiments, allowing the use of the same wavemaker. This
would allow direct comparison with the previous results to be made. The tanks
within the group though are heavily used and the purple tank was not available
within the time scale required for this study, a move to a different tank was thus

required.

The available tank had the disadvantage of not being fitted with a wavemaker
but was fitted with a computer controlled trolley able to run horizontally along
its length. While at first this appeared to be a major hurdle in a study of the
effect of waves on plumes, when the motion induced by the waves was considered
this became less of a problem. The previous experiments had shown that the
increase in dilution at the port was mainly due to the induced motion being at
first in the same direction as the discharge and then opposing it. This type of
motion could be modelled by fixing the diffuser to the moving trolley. Though
it was thought that the vertical motion of the wave could also be simulated by
equipping the trolley with the means to raise and lower the diffuser this was
deemed prohibitively complicated for the small increase in accuracy. Despite the
fact that this approach neglects the vertically induced motion of the wave, it does
allow the effect of just one of the components of the wave motion to be carefully
controlled and examined. Further justification of this approach is given later in

the chapter.
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5.2.1 Discharge properties

To keep experimental conditions as similar as possible to those used in the two-
dimensional experiments the same discharge solution of pure methanol was used.
However to produce a single three-dimensional plume a new diffuser was designed.
A single half inch diameter copper tube was terminated with a 2.7mm diameter
port, the same diameter as used in the previous experiments (fig 5.1). By keeping
the flow rate through the port the same as in the previous experiments it was
hoped to again produce a plume with a Froude number of 14 and a Reynolds

number greater than 4000.

12.5mm

Figure 5.1: Model diffuser used for round plume experiments.

5.2.2 Wave emulation

As described in chapter 2, within the experimental parameters of this experi-

ment, the effect of the waves is to induce an elliptical motion in the water column
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beneath the surface. This motion can be resolved into two sinusoidally varying
components, one horizontal the other vertical. Under the conditions being inves-
tigated the horizontal component is approximately twice as large as the vertical
component and it is this component that opposes the discharge. It was decided
therefore to examine the effect of this component of the wave motion by moving
the diffuser and camera together horizontally in a sinusoidal motion through a

tank of still water.

While the case of water moving past the diffuser in a sinusoidal motion and that
of the diffuser moving sinusoidally through still water are not obviously identical
as the frames are accelerating, it has been shown that they are [45, 46, 47] by
putting the equations of motion of the oscillating frame in the same form as those
of the inertial frame. Following Earnshaw [45] the incompressible Navier Stokes

and continuity equations for the inertial frame are given as:

Oui Ouw _ 10p  Ou (5.1)
ot 9x;  pOx; Ox? '

Ou;

— =0 5.2

63:]- ( )
where z; = (z1,2,z3) are the co-ordinates in the inertial (tank) frame, p is

the fluid density and v the fluid’s kinematic viscosity. While the problem in
question involves the interaction of two different liquids with different densities
and viscosities it can be seen from the previous experiments that the discharged
fluid is quickly diluted to concentrations of around two percent. At this dilution
the plume’s density and viscosity are very close to that of the receiving water and
therefore the plume and the pure water can be thought of as being one liquid
with small perturbations in both density and viscosity. Any acceleration due to
buoyancy brought about by the difference in the liquid’s density will also only be

in the vertical direction and therefore will be the same in both frames.
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In the trolley frame, the co-ordinates (], =5, %) oscillate relative to the tank such

that
zy =z, —asinwt
$'2 = T2
leg = I3
=1t
Now
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so equations 5.1 and 5.2 become
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As the origin of the non-inertial, trolley, frame moves with velocity (aw cos wt, 0, 0),
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Substituting these into equations 5.5 and 5.6 gives

10 %ui  Oul ,0ul , 0u; ,0u;
_;5:%—}-1/6:6,2 = E‘,_ — aw? sin wt'8;; — aw cos wt’ 8_+ e / L} aw cos wt’ 92! +d51
(5.7)
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da! 0 (5.8)
where
P 1 ifi=1
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As p' = p — paw’x sinwt’
ou: , Ou! 19p 0%
v tYi5e, = " poal TV a7 (5:9)
and
ou’,
5 =0 (5.10)

J

This shows that the motion in the trolley frame is governed by the same equations
as in the tank frame but with a different pressure field, therefore the flows will

be identical.

To make comparisons with the line plume experiments the trolley movement
was designed to model the horizontal motion of the waves used in the previous
experiments. To achieve this the period of the trolley oscillations used was equal
to the period of the waves used in the earlier experiments. As stated in chapter
2 the wave effect on the discharge is numerically equal to the ratio of the wave

induced velocity at the port to the port discharge velocity so the ‘wave effect’
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was varied by changing the amplitude of the trolley motion while keeping the
period the same. Though not necessary to change the effect of the waves as in
the previous experiments, discharges at three different depths were studied for

comparison.

In order to achieve the relative motion both the camera and the diffuser needed
to be moved simultaneously relative to the tank. One of the Edinburgh tanks, the
red tank, was already fitted with a computer controlled trolley that could move on
rails along the length of the tank and it was decided to carry out the experiments
in this tank. While the mounting of the diffuser on the trolley seemed to be easily

achievable, mounting the camera presented a number of difficulties.

In the previous experiments the camera had been positioned approximately two
metres from the light sheet so that the whole plume was within the field of view
of the camera. This distance could be shortened by using a wider angle lens but
this would result in quite large optical distortion of the image, such as are seen
in images using a very short focal length fish-eye lens. The problem of mounting
the camera on the trolley but at a distance of around two metres from the light

sheet therefore needed to be addressed.

Initially it was thought that the camera could be mounted on an arm extending
from the trolley but this presents a number of practical challenges ranging from
the actual physical size of the apparatus to counter balancing the trolley. However
probably the most significant would be that any small vertical movement in the
trolley would be greatly magnified at the end of a two metre arm which could

result in the camera’s and diffuser’s motion being far from identical.

If the camera could be mounted on the trolley itself however, then any difference
in movement between the camera and diffuser should be minimised, however the
camera still needs to view the diffuser and light sheet under the trolley. It was
thought that this could be achieved by reflecting the image of the plume round to

the camera by means of an inverted periscope. The design finally decided upon is
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shown in figure 5.2. The height of the mirrors was chosen such that the camera’s
full field of view would not be restricted and the width was chosen so that the full

width of the light sheet could be viewed without the need to move the mirrors.

——

Camera

Figure 5.2: Diagram showing arrangement of mirrors for round plume experi-
ments

5.2.3 3d visualisation

Unlike the line plume of the initial experiments which was assumed to be identical
along its length above the merging of the individual plumes, with a round plume,
as the name implies, this is not the case. In order to visualise the variation in
concentration and velocity fields along the y-axis of the plume, it was decided to
image a number of slices through the plume and then combine these to build a
three dimensional representation of the plume (fig. 5.3). This would entail the
laser light sheet being passed through the plume at a number of places along its

y-axis.

As it was not possible to move the scanning beam box and therefore the light

sheet in this plane, it was instead decided to move the plume relative to the light
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sheet. This was achieved by mounting the diffuser on a section of the trolley that
could be moved across the width of the tank. The camera however was mounted
on a fixed section of the trolley so that the light sheet and therefore the section

of the plume being illuminated, would always remain in focus (fig. 5.4).

Slices through plume

Previous positions ~_—"" N
oflightsheet " b S

Tiuminated
slice of
plume

Fixed light sheet

Figure 5.3: Diagram showing cross sectional slices through round plume

5.3 Experimental Apparatus

The round plume experiments were conducted in a glass bottomed and sided tank
6.0m long, 1.0m wide and 0.5m deep, known as the ‘red tank’. This tank was also
fitted with a computer controlled trolley able to run the entire length of the tank.
As previously described, on this were mounted the diffuser and camera as well as
the efluent reservoir, pump and flow meter. As with the purple tank described
in the previous chapter, the red tank was also equipped with a scanning beam
box to produce a metre wide pseudo laser light sheet. This light sheet too was
projected vertically through the centre of one of the central sections of the tank

(fig. 5.7).
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Figure 5.4: Diagram showing lateral adjustment of trolley

5.3.1 Trolley programs

The Mint software [48] controlling the trolley servo motor required two data files
to reproduce the required trolley motion. The first a *.mnt file giving the program
parameters such as the number of oscillations required, the second a *.arr file
containing a list of numbers relating to the trolley’s velocity at a given step in
a single oscillation. To produce these data files a further program was used [49]
that when fed with an oscillation time period and amplitude would output the
relevant data files. These data files were produced for each of the wave conditions

with the time period being kept constant but with the amplitude being varied.

5.3.2 Image capture

For the LIF experiments conducted the Cohu camera and frame grabbing software

described in chapter 4 were again used but for the PIV experiments however a

cooled, 12 bit, PCO CCD camera was used.
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The PCO camera was used in its long double exposure mode [50] which allows
two images to be taken a short time interval apart and was controlled by OFS
VidPIV software and a TC142 timing box [51]. The exposure time of the first
image is governed by the length of TTL pulse initially sent to the camera but the
second exposure time is fixed by the configuration in which the camera is being
run, in this case 119ms. In the exposure mode used a dead time of 1us separated

the two exposures.

Bearing in mind the technical considerations outlined in 3 the required exposure
time was calculated from the theoretical plume discharge rate, the camera’s field
of vision and a proposed interrogation area of 32x32 pixels. To acquire pairs of
images with the required particle displacement it was necessary that the particles
be imaged on successive scans of the laser beam when used at its highest scan rate
of 150Hz. Scanning at this frequency gives a scan period of 7Tms and to prevent
double exposure of any of the particles, this also gives the required exposure time.
While it was possible to set the first of the camera’s exposures to this value using
a pulse of the same length the fixed length of the camera’s second exposure was
longer than required, so it was necessary to use an external electronic shutter
fitted between the camera and lens. The timings for the electronic shutter could
also be controlled by the PIV software, the timing box and a Uniblitz shutter
driver [52]. The pulse timings, device responses and resultant image exposure

times are shown in figure 5.5.

So that the velocity field at different phases of the ‘wave motion’ could be mea-
sured, it was necessary to trigger the camera from the motion of the trolley. A
line had previously been connected from the servo motor of the trolley giving a
voltage output proportional to the velocity of the trolley and this was used to
trigger the camera. The signal was first amplified and then fed into a peak locat-
ing box. This box produced a positive TTL pulse at each peak in the signal from

the trolley, corresponding to the point at which the trolley was travelling at it’s
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Figure 5.5: Diagram showing PCO camera exposure and shutter timings

highest velocity, that is at the central point of its oscillation, down the tank. The
pulse from the peak locating box was then fed into a pulse generator, enabling a
delay to be added, before a pulse was finally sent to the timing box connected to
the PIV computer allowing a further delay to be added before triggering of the
camera. To ensure the camera was triggered at the correct phase of the motion
the signal from the trolley and that to the camera were monitored using a CRO
and the delay on both the signal generator and PIV computer adjusted until the
correct phase of the motion was being imaged. The timing electronics are shown

on figure 5.6.
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Figure 5.6: Diagram showing timing for PIV experiments

5.4 LIF experiments

The plume solution was dyed with the same stock solution used in the previous
experiments, however 20ml of solution was used per winchester (2.51) of methanol
instead of the usual 10ml due to preliminary experiments showing that the plume
fluoresced less brightly than previously. As before a series of calibration images
was taken before and after each experiment using known dilutions of plume so-
lution. For the ‘wave’ experiments the trolley was then set in motion using the
program relevant to the amplitude required. The pump was then turned on and
the plume allowed to reach the surface before the camera was set running. Table

5.1 shows the parameters of the LIF experiments conducted

5.5 PIV experiments

The PCO camera and PIV software is a highly used resource and therefore it was
not possible to conduct the same range of experiments as for the LIF work. As
well as the no-waves case only two further conditions were studied and for each of

these only two slices through the plume were investigated. It was hoped however
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Expt no. | H/m | z disp./mm | Trolley amp/cm %
1 0.30 0 - -
i 0.30 5 - -
i1 0.30 10 - -
v 0.35 0 - -
v 0.35 5 - -
vi 0.35 10 - -
vil 0.40 0 - -
viil 0.40 5 - -
ix 0.40 10 - -
X 0.30 0 3.0 0.034
x1 0.30 5 3.0 0.034
xii 0.30 10 3.0 0.034
xiii 0.30 0 4.0 0.045
Xiv 0.30 5 4.0 0.045
XV 0.30 10 4.0 0.045
xvi 0.30 0 5.0 0.056
xvii 0.30 5 5.0 0.056
xVviil 0.30 10 5.0 0.056
Xix 0.35 0 6.0 0.067
XX 0.35 5 6.0 0.067
xx1 0.35 10 6.0 0.067
xxii 0.35 0 7.0 0.079
xxiil 0.35 5 7.0 0.079
Xxiv 0.35 10 7.0 0.079
XXV 0.35 0 8.0 0.090
Xxvi 0.35 5 8.0 0.090
xxvii 0.35 10 8.0 0.090
xxviii 0.40 0 3.5 0.040
XXiX 0.40 5 3.5 0.040
XXX 0.40 10 3.5 0.040
XXX1 0.40 0 5.5 0.062
XXXil 0.40 5 5.5 0.062
XXx1il 0.40 10 5.5 0.062
XXX1V 0.40 0 7.5 0.084
XXXV 0.40 ) 7.5 0.084
XXXVi 0.40 10 7.5 0.084

Table 5.1: Parameters for LIF round plume experiments performed.
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that sufficient information could be gained from these limited results.

Further to this the camera/lens arrangement used for the PIV experiments though
giving the required spatial resolution, was unable to fit the full plume within its
field of vision. As from initial LIF experiments it had been seen that the region
in which the wave motion had greatest effect was that closest to the port, this

was the region studied.

While it has been shown that conifer pollen can be successfully used in the studies
of flows in water (p=0.998kgl~')[32, 53, 45, 54] the present study required the
use of pure methanol (p=0.790kgl~') and its suitability could therefore not be
assumed. While pollen mixed with water remains suspended for several hours
without visible settling [32], pollen mixed with pure methanol settles in a matter
of seconds. This initially suggests that pollen’s response to the flow will not be
very good. However early experiments to measure the plumes’s concentration
showed that it quickly reaches that of the order of a few percent. While pollen
in pure methanol had settled quickly, pollen in a solution of ninety percent water
and ten percent methanol, a solution comparable to that of the plume near the
diffuser, showed no visible settling over a period of hours. This suggested that

pollen could after all be used for this study.

The density change of the plume solution not only affects the buoyancy of particles
in it but also its refractive index. This had not been considered a problem with
the line plume experiments. The dilutions of the efluent were high and therefore
the differences in refractive index small. Any small variations in the imaged
position of a given ‘point’ or any blurring due to the index mismatches would
also be averaged out by the time averaging process. The PIV technique however
is dependent on being able to accurately determine the change in position of the
particles and is also susceptible to change in particle size which could be caused

by blurring of the particles.

As with the line plume experiments the plume soon becomes very dilute and
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so any differences in refractive index will be very small, however close to the
port they may be more significant. In this region however the discharge also
has its highest velocity, initially beyond the measurement capacity of the PIV
system in use resulting in blurring of the particles. Any further blurring due
to mismatching of the refractive indices is therefore unimportant. These issues
and proposed improvements to the technique are discussed further in the final

chapter.

In order to produce the seeding density required in this region approximately 3ml
of pollen were added to each 2.51 of methanol. The discharge was then set to the
correct rate using the pump and limiting valve before the required trolley motion
was started. Once the plume had reached a steady state the sequence of images
was taken. For those experiments in which the trolley remained stationary the
camera was triggered at its maximum frequency of 2Hz by the PIV software itself

rather than by the trolley movement.
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Expt no. | H/cm | z disp./mm | Trolley amp./cm % Phase/°
[ 0.45 0 0 - -
II 0.45 0 7.5 0.084 0
11 0.45 0 7.5 0.084 180
1\% 0.45 0 7.5 0.084 270
\Y 0.45 0 7.5 0.084 90
VI 0.45 0 3.5 0.040 0
VII 0.45 0 3.5 0.040 180
VIII 0.45 0 3.5 0.040 270
IX 0.45 0 3.5 0.040 90
X 0.45 10 0 0 -
XI 0.45 10 7.5 0.084 0
XII 0.45 10 7.5 0.084 180
XIIT 0.45 10 7.5 0.084 270
XIlv 0.45 10 7.5 0.084 90
XV 0.45 10 3.5 0.040 0
XVI 0.45 10 3.5 0.040 180
XVII 0.45 10 3.5 0.040 270
XVIII 0.45 10 3.5 0.040 90

Table 5.2: Parameters for PIV round plume experiments performed.
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Figure 5.7: Experimental apparatus for round plume experiments
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through by the fractional variation in the background image taken after each set

of experiments.

Figure 6.1: Fasle coloured image showing variation in laser light sheet

Mathematically this process may be written as

Ipgiz) = loiagy (6.1)

I (i)

where Ip;; is the intensity of pixel (i,7) in the processed image, Io(1,7), the
intensity of that pixel in the original image, Ip(i,j) the intensity of that pixel
in the background image and Ip, the average pixel intensity of the background
image. While background effects may not be obvious on a single instantaneous
image, they may become more apparent on a time-averaged image composed of
many instantaneous images. Figure 6.2 shows a reverse video (for clarity), time-
averaged image with a number of dark vertical bands running through it caused
by variation in light sheet intensity. Figure 6.3 shows the same image once it had

been processed with the vertical lines much less visible.
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Figure 6.2: Time averaged, reverse Figure 6.3: Processed image with
video CCD image. background removed.

6.3 Calibration of concentration maps

With the background removed from all the images to be processed, including
the calibration images, the images of the plume could then be calibrated. This
was achieved by first finding the average pixel value associated with each of the
calibration images. This was done using another program [56] to find the average
pixel intensity over an area of the calibration image chosen by the user. Having
found the average pixel values associated with each calibration image a calibration
graph could then be plotted (fig. 6.4). From the graph the linear relationship

between fluorescent intensity and concentration can clearly be seen.

Finally the calibration values could be entered into a third program [57] to convert
the images of the plume (fig. 6.5) into concentration maps (fig. 6.6). For clarity
this program also false coloured the image according to the calibration data. As

theoretical values are normally quoted for a time-averaged plume, this program
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Figure 6.4: Graph showing calibra-
tion plot.

Figure 6.5: Instantaneous reverse
video CCD image of plume.

Figure 6.6: False coloured instanta- Figure 6.7: False coloured time-
neous concentration map. averaged concentration map.

79



Chapter 6 — LIF Image Analysis

also averaged all the instantaneous image files to produce a single time-averaged

concentration map (fig. 6.7).

6.4 Post processing

In order to further process the LIF images an analysis program was written in
C++ that also incorporated the calibration functions of the programs described
above. A ‘bmp’ object was written that as well as containing the mathematical
functions required for operations such as removal of the background information

and averaging of images, also contained functions for other analysis tasks:

A ‘calibrate’ function to allow an image or images to be converted to false
coloured, calibrated concentration maps using the data from the calibration ex-

periments in a similar manner to the program described previously;

A ‘centre’ function to be detect the centreline on a calibrated, time-averaged
image of the plume and output its position as well as the concentration along it

together with lines normal to it;

and finally a function to find the average deviation in concentration at a point in

the image from the time-averaged value at that point.

To detect the centreline of the plume two different algorithms were tried. The
first approach attempted to find the centreline by scanning each row of the array
containing the image intensity data and finding the highest value. These column
values could then be averaged over a number of rows to give the position of the
centreline. While this approach worked well with the majority of images, prob-
lems arose with images of plumes released into large amplitude waves. In these
images the detected centreline appeared to be to the side of the true centreline.
This may be explained by the fact that, as will be seen in chapter seven, with
increasingly large wave effect the plume departs from having a Gaussian profile

to one with two peaks. Under these conditions the centreline of the plume will
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therefore be a local minima and the point detected by the program the more

intense of the two peaks.

In an attempt to overcome this problem a second algorithm was tried. Rather
than detect the greatest value of intensity along a given row, the ‘centre of mass’
of the row was instead found, the ‘mass’ of a pixel being its intensity. The central
pixel of each row of the plume j,(7) may then be expressed as
Z;;Jma:t I(',J)]

J=jmaz (6 2)

Ja(2) =
where I(; ; is the intensity of the pixel at coordinates (z, j)-

While this method in theory overcomes the problem of finding the centre of a
plume with two concentration peaks of equal magnitude in a plume symmetric
about its axis, any lack of symmetry will result in a shift of the detected centreline

from the true centreline.

Though both of these methods detected centrelines close to the true centreline
for the majority of the plume rise height, correlation in the region of the plume
close to the port was very poor. Figure 6.8 shows the detected centreline points
marked in white (actual detected points have been retouched by hand for clarity).
The departure from the true centreline may be explained by the fact that in the
region close to the port the plume is horizontally orientated. Scanning the image
horizontally for a maximum value or centre of mass therefore will not detect
the true centreline. To find the plume centreline in this region a vertical scan
through the image was also made using the maxima detection algorithm (fig. 6.9).
Though this scan successfully detected the centreline in the horizontal region of
the plume it can be seen that there is a departure from the true centreline in the

later, vertical region of the plume.

In order to successfully detect the plume centreline over the full rise height a
combination of these two scans was used. Figure 6.10 shows the centreline de-

tected by using a vertical scan in the lower third of the plume’s rise height and a
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horizontal scan in the upper two thirds. This was the method of detection used

in the analysis of the results described in the following two chapters.

As well as the centreline itself, the concentration profiles normal to the centreline
are also of interest. The centreline detection function therefore also found the
positions of a user defined number of normals at a user defined spacing along the
centreline (fig. 6.11). Having detected both plume centreline and normals to it,
the program was able to output the coordinates for the centreline as well as the
discharge concentration along it and the normals. This allowed comparison of
the centreline dilution along the full plume rise height for discharges into a range

of no-wave and wave conditions.

The program’s mathematical functions also made it possible to find the magni-

tude of the fractional average deviation in concentration from the time averaged

. . . <Cl 4> .
concentration at every pixel, that is —c—,zi))—, over the complete image. Results of
]

this type should help in identifying the regions in which the waves were having
their greatest effect. The concentration map of the time averaged image was in
turn subtracted from each of the instantaneous image maps and the resulting
values squared to remove negative values. The result was then square rooted
and averaged with the resultant values from the other images. Finally the av-
eraged values were normalised by dividing through by the time averaged values.
Mathematically this may be expressed

< Cliy) > _ Tez¥ < Catig) ~ Clag) >

Cid) NC;)

(6.3)

where Cy(; ;) is the concentration at point (z,j) on instantaneous image number a
and N the total number of instantaneous images. Figure 6.12 shows an example
image showing the average magnitude of deviation from the time averaged values

(white = no deviation, then red through to violet with increasing deviation).
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Figure 6.8: Centreline detection using horizontal scanning showing good corre-
lation with true centreline in the vertical region of the plume.
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P Ay TR P

Figure 6.9: Centreline detection using vertical scanning showing good correla-
tion with the true centreline in the horizontal region of the plume.
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Figure 6.10: Centreline detection using combined horizontal and vertical scan-
ning method showing good correlation with the true centreline throught the rise

height of the plume.
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Figure 6.11: Processed image showing detected centreline and normals to it.
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Figure 6.12: Example image showing deviation from time averaged values.
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2, this equation is that for a pure line plume and the experimental results will
only begin to tend to this equation once the individual plumes have merged but
within z = 25s. In this case the merging point, z = 2.5s equates to & = 0.23
and z = 25s to & = 2.4. Figure 7.13 shows that the experimental results and

the theoretical concentration show agreement from % = 0.4 or z = 4.4s, after the

merging point but well within the expected agreement region.

An increase in dilution due to the effect of the waves is again shown by figure
7.13 , the greatest effect being within a fifth of the rise height. After this initial
increase a region with constant or slightly increased concentration is seen before
a final region in which dilution increases at a similar rate for both wave and

no-wave cases.

O Exp. 9 — no waves
O Exp. 10 - L/Z,, =0.053
< Exp. 11 - Ly/Z,, = 0.066

——— Theoretical max. conc. — no waves

R4 O
b2 (@)
LA
g b @IQB
5 88 o\ ;
§ OO%D o ®) —* Waste field

2r o

<O
o I 1 1
0 0.25 0.5 0.75 1

Figure 7.13: Normalised (rise height divided by discharge depth) centre line
concentration.

The initial and final regions were observed by Chin who noted the discharged jets
‘exploding’ close to the port when the wave induced velocity opposed that of the

discharge, but the plume merely being translated from side to side further above
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the port [16].

Chyan and Hwung [21] though investigating a jet orientated vertically, also noted
that the rise height could be divided into a number of regions. The region anal-
ogous with the initial ‘exploding’ region they named the ‘deflection region’ as a
vertical jet’s trajectory is deflected by the wave motion in this region. They too,
then recognised a region of lower or decreased dilution as observed in the present
results and noted that the increase in concentration was higher in stronger wave
conditions. They named this the ‘transition region’ and argued that here the
initial jet momentum had decayed to the extent that the jet flow was no longer
significantly deflected. Indeed in the present results this increase in concentration
takes place at around 2Z) in the rise height, the point at which the jet momen-
tum becomes of the order of half of the wave induced horizontal momentum. In
this region the influence of the initial jet momentum has decreased to such an
extent that it no longer influences the plume’s trajectory and motion is solely
due to the wave effect. Above this point as with the present and Chin’s results
they observed a ‘developed region’ in which the plume is translated horizontally

by the wave motion and identified by a decreased rate of dilution.

The normal concentration profiles from four sections of a plume discharged into
still water (experiment 9) are shown in figure 7.14. The profiles are as expected
from theory; Gaussian in profile throughout the rise height. Figure 7.15 however
shows profiles from a plume discharged with waves present (Experiment 4, iz“f{- =
0.095). It can be seen that while initially approximately Gaussian in profile, the

profile soon develops two distinct peaks.

This profile can be explained if a Gaussian profile in still water is first assumed
and then the plume motion due to the wave examined. As the plume is ap-
proximately vertical for the majority of its rise height, the normal profiles are
approximately horizontal and therefore only the horizontal component of the

wave motion need be considered. Equation 2.35 shows that the wave induces a
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Figure 7.14: Graph showing Gaussian normal concentration profile for plume
in still water.

sinusoidally varying horizontal motion in the column of water under the plume
and therefore on the plume. Given a sinusoidally varying displacement the spatial
distribution function for the plume can be calculated and then convolved with the
Gaussian concentration profile (fig 7.16). The resulting profile is then similar to
that observed experimentally, though the theoretical result shows peaks of equal
magnitude while the experimental results show the right peak to be smaller. This
may be explained if the trajectory of the plume is considered. While for the above
analysis the plume is considered to be vertical, in the case studied the initial jet
is orientated horizontally and therefore as the plume becomes vertical the fluid
on the outside edge of the plume has a greater area to occupy and will therefore
be more dilute. This may be seen in figures 7.1, 7.5 and 7.9 where the bands of
any given concentration level are thinner on the outside edge of the plume than

on the inner edge.

The double peak phenomena was only observed in the two experimental runs
with the strongest wave effect, that is experiments 4 and 8, %3— = 0.095) and

5—3— = 0.091). This is not to say that the plumes on other runs conducted under
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Figure 7.15: Graph showing departure from Gaussian normal concentration
profile due to wave motion.

wave conditions were unaffected. A smaller horizontally induced motion, rather

than resulting in two distinct peaks, will lead merely to a slight widening of the
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Figure 7.16: Effect of wave motion on gaussian concentration profile.

plume.

In order to quantify the effect of the waves on increasing plume dilution, a pro-
gram was used to find the average increase in dilution in the region below % = 0.6
between wave and no-wave cases. This region was chosen in order to omit the
wastefield as in this region no further mixing with fresh water will be possible.
The average increase was then plotted against %3— (fig. 7.17) and with Chin’s

experimental data [16]. From the gradient of the line of best fit the increase in
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dilution due to the effect of the waves can be written as

S Lq

— =146 7.1
S (1)
While this equation is that for the average dilution of a line plume, the %‘7;

coefficient is comparable with that for a round plume as calculated by Chin,
—=14+6.11>— (7.2)

This does not seem unreasonable given that the greatest increase in dilution due
to the wave effect occurs in the region before merging. In this initial region the
discharge is in the form of a number of individual round plumes and these will
each behave in the same way as that studied by Chin. After merging it has been

seen that there is limited further mixing due to the effect of waves.
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Figure 7.17: Increase in dilution against %}3—

The exploding effect observed by Chin also leads to a broadening of the plume
most clearly seen in figures 7.1-7.4. Figures 7.18 and 7.19, non dimensional plots

of plume width against rise height, show that the rate of broadening is increased
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for rise height less than 2Z,;, Chyan’s deflection region. In this region the rate of
broadening is 1.6 times higher than that for rise height greater than 27, with
a line of best fit gradient of 1.1 x 10® compared with a value of 0.69 x 10° in the
latter developed region. As can be seen from figure 7.20, the rate of dilution in
this region is of the the order of that of the no-waves case and therefore the waves

are having no further effect on the plume dilution.
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=) * Expt 3
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Figure 7.18: Plume width for Z < 2Zy,.

To identify the mechanism responsible for the increase in dilution due to wave
motion, the time-averaged concentration maps for each experiment were further

analysed to find the average magnitude of deviation from the time-averaged con-

- ! oy ) T
centration value, 5% A low value of <CT>

would imply that there is little
entrainment of fresh fluid taking place, the concentration at that point remaining

<C'>
(e

fairly constant over time. For values of > 1 where the average variation
from the mean is greater than the mean itself, the concentration at that point

will vary greatly over time implying a greater level of entrainment of fresh fluid.

Figures 7.21-7.24 show experiments conducted using a discharge depth of 0.3m,
figures 7.25-7.28 those discharged from 0.45m and figures 7.29-7.32 those from
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Figure 7.19: Plume width for Z > 2Z),.

0.6m. As with the earlier images the first in each sequence shows a discharge
into still conditions and the following three images discharges into waves with

increasing amplitude.

For discharges into ambient conditions, figures 7.21, 7.25 and 7.29, it can be seen
that the greatest deviations from the mean concentration values are to be found
around the edges of the plume. This is to be expected as it is in these areas that
the greatest volume of fresh water will be entrained by the plume. As described
earlier there is a thinner layer of effluent between the plumes’s core and fresh
liquid on the outside edge of the plume. It is therefore unsurprising that the

greatest levels of variation from the mean are to be found in this region.

Under the influence of waves, while the magnitude of the largest deviation from

the average value may not greatly increase, the area over which large variations

take place is greater. For example in figure 7.21 values of <%'> > 1.0 are confined

to the edges of the plume, whilst under the influence of waves values of this

magnitude are found closer to the core of the plume. This shows that under
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Figure 7.20: Plume width for no-wave and wave cases.

the influence of waves cleaner fluid is entrained deeper into the plume than under
ambient conditions resulting in an overall increase in dilution of the plume. Again

it can be seen that entrainment is greatest around the outside edge of the plume

where fresh liquid may more easily be mixed deeper into the plume.

Once again the wave effect is can be seen to be greatest in lower fifth of the
plume’s rise height, corresponding to the area in which the plume’s horizontal
momentum is greater than the horizontal wave momentum. In this region waves

of sufficiently large amplitude allow large variations from the mean to be found

at the very core of the plume.
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Round plume results

8.1 LIF results

As with the images recorded in the line plume experiments, time averaged con-
centration maps were produced for each of the experimental conditions. Figures

8.1 to 8.4 show discharges from 0.3m, figures 8.5 to 8.8 discharges from 0.35m

and figures 8.9 to 8.12 those from 0.4m. Again the first image in each case shows
a discharge into still water and the following three images discharges into waves

with increasing amplitude.

The experimental conditions in the lab in which the round plume experiments
were conducted were less favourable than those in which the line plume exper-
iments had been undertaken. The laser used was unable to produce the same
level of illumination as previously and the room itself had a higher level of back-
ground light. These factors both lead to a reduction in the precision with which
measurements could be taken and also on the quality of the results as a whole.
However even from a visual examination of the images it can be seen that as
—5}% increases, the area of high concentration close to the port is reduced. As
the concentrations become lower, the higher background light level and reduced
laser power will have greater relative effect on the measurements. Therefore some

apparent increases in concentration may be seen in the body of the plume and
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towards the wastefield.

The mirrored region at the top of the plume in each case is due to reflection from
the lower surface of the water. In the previous experiments it had been possible
to arrange the camera so that it was level with the water surface thus minimising
the effect of reflections. However this was not possible to achieve with the mirror
system used for the round plume experiments. As the reflections only affect the
wastefield region of the images, a region outwith the main area of study this does
not pose a problem. The periodic vertical striping visible on some of the images is
due to a problem that occurred with the camera during some of the experiments,
the dark level varying periodically across the CCD array. The resultant noise
will have a greater relative affect on areas of low intensity and is therefore most
noticeable in regions of low concentration such as the wastefield. While correction
for the noise would be possible by filtering of the images, the region of greatest
interest in the present study, that near the port and along the centreline, is least

affected and correction was therefore deemed unnecessary.

From the key for the concentration maps in this chapter the decrease in level of
precision obtained from the line plume experiments (£0.13%), to (£0.25%) can
be seen. As previously mentioned, as well as the higher background light level,
this was due to the lower light output of the laser installed for use with the red
tank. This resulted in lower fluorescent intensities from the plumes. Calibration
points at quarter percent intervals were not then possible, as the difference in
intensity between them was too small. This could also partially account for the
lack of observed wastefield on the round plume images. Another reason for this
could be that the expected concentration of the wastefield due to a single round

plume will be less than that for a series of merging round plumes.

Following the analysis of the results outlined in the previous chapter the centreline
concentration was found for wave and no wave cases. Figure 8.13 shows the

detected centreline concentrations for experiment i, a discharge at 0.3m depth
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into still water and experiments z and ziii, again discharges from 0.3m but into
conditions of increasing wave amplitude. A plot of the theoretical maximum
centreline concentration found using equation 2.26 is also shown. The theoretical
curve will tend towards actual values for > 10 which for the plume under
investigation relates to a value of % = 1.05, a value greater than the actual
rise height. Even for the greatest depth discharge possible to be studied in the
red tank, 0.4m, agreement with the theoretical curve would not be found until
a depth relating to a point in the wastefield, % = 0.79. Though the discharge

depth is not sufficient to allow direct comparison between the theoretical and

experimental results, figure 8.13 does show both lines tending to the same value.

As with the previous results the graph shows an increase in dilution due to the
effect of the waves. Again an initial region of high dilution can be seen but the
region of reduced or constant dilution is less apparent than with the line plume
results. As with the reduction in measured wastefield, this may be due to both
the reduced sensitivity of the apparatus and the lower concentrations present
in a single round plume. The final region where the rate of plume dilution is

comparable with the no-waves case is again seen.

Only being able to measure concentrations to the nearest half percent a mean-
ingful comparison with Chin’s earlier results is not possible. His results were
obtained from just below the surface where the lowest values of plume concen-
tration are found and the relative errors involved with the present technique are
largest. Therefore the approach taken in the previous chapter has been adopted
and the average dilution in the lower two thirds of the plumes’ rise height found.
This also allows direct comparison with the previous results. Figure 8.14 shows
a plot of average increase in dilution against %ﬁ- and also Chin’s data. From the
gradient of the line of best fit the average increase in dilution due to the effect of
the waves on a round plume can be written as

S Lg
T =1+5570 (8.1)
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Figure 8.13: Normalised (rise height divided by discharge depth) centre line
concentration.

Though this is an average value over two thirds of the plume rise it gives a similar

value to Chin’s results found at the boil of the rising plume,

Sﬁo: ] +6.11§—AQ4 (8.2)
This shows that even though the concentration maps of the round plume show a
less visibly dramatic increase in dilution, due to the decrease in precision of the
results, there is still a similar increase in dilution. The reason for it being slightly
lower than for the line plume results may be due to the fact that these results are
for an oscillating system and not under full wave conditions. While the horizontal
motion has the largest influence on the discharge, the reason it was investigated,
the vertical motion will still have an effect. Taking away the vertical component

of the motion will therefore decrease the diluting effect on the plume.

It has been seen that the greatest wave induced increase in dilution is in the region

close to the diffuser port with the rate of dilution then being similar for both wave
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and no-wave cases until the bottom of the wastefield. The average increase in
dilution, taken to the wastefield, should therefore give a value comparable to the

increase in dilution found at the surface.

3 ' ' '
25 | i
.l i
A AN
(Qc A A |
&
O H=0.3m R
0 H=0.35m
& H=0.4m
A Chin 1987
05 - <ILine plume results 1
0 ‘ : ‘ ' ‘
0 0.05 0.1 0.15 0.2

Ld/Z,

Figure 8.14: Increase in dilution against % Line plume, round plume and
Chin’s 1987 results

Once again the average deviation from the mean concentration value was also
found for each experiment. Figures 8.15 to 8.18 show results from experiments
discharged from 0.30m, figures 8.19 to 8.22 results of discharges from 0.35m and
figures 8.23 to 8.26 those from discharges at 0.40m. Features similar to those in
the line plume results are again seen; the greatest entrainment being found at the
edge of the plume and the wave motion acting to allow entrainment deeper into
the plume itself. This effect is again found to be strongest on the outside edge of
the plume.

Figures 8.27 to 8.29 show concentration maps from three slices through the plume
at 0.5cm intervals. Figure 8.27 shows a slice through the central axis of the plume,

figure 8.28, 0.5cm from the centre and figure 8.29, 1cm from the centre. The graph
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in figure 8.30 shows normal concentration profiles taken at %zO.l from the three
images allowing the variation in concentration in both the x-z and x-y planes
to be seen. With further processing and extrapolation of these results it would
be possible to build up a complete three dimensional concentration map of the

plume.

Though experiment xxv, % = 0.090, was conducted with wave conditions almost
as extreme as experiments 4 and 8 in the line plume experiments where a double
peak in the normal profile was observed, no such double peak was observed in the
round plume experiments. Even if a double peak were present the lower precision
of the round plume experiments would not allow this to be clearly seen. As can
be seen in the line plume results the peaks are separated by a ‘col’ less than 0.5%
in concentration lower than the peaks themselves. A feature of this magnitude

would not then be apparent with calibration at 0.5% intervals.

8.2 PIV results

The results of the PIV experiments undertaken on round plumes are shown in
figures 8.31 to 8.38. The first figure shows a time averaged velocity map for
a discharge into quiescent conditions, that is with the trolley stationary. As
theoretically predicted the highest velocities are to be found at the centre of the
plume, decreasing smoothly to the edges. Towards the edges of the plume the
seeding concentration will be below that required for accurate PIV analysis and
this results in the more randomly orientated vectors towards the edges of the
plume. This effect is particularly apparent on the outside edge of the plume

where the mixing is greatest.

To examine the wave effect on the plume, phase averaged velocity maps were
produced for four points in the trolley’s motion; at the two extremes of the motion

and at the mid point of each pass. Figures 8.32 to 8.36 show velocity maps for
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Figure 8.30: Normal concentration profiles H=0.03m ;ZI—=0.1 No waves. §=0,
¥=1.9 and ¥=3.7

the mid point of the trolley’s motion as it is travelling in the opposing direction
to the discharge (@ = 0°). Under the influence of small amplitude motion (fig.
8.32) the discharge soon appears to be balanced by the trolley motion with the
vectors being increasingly turned to the vertical. With larger amplitude motion
however (fig. 8.36) the direction of the vectors’ horizontal motion is reversed.

This motion will also force fresh water further into the core of the plume.

At the turning point of the trolley (¢ = 90°) under small amplitude motion the
vectors show little difference to those found in the unperturbed plume (fig. 8.33).
In the case of the larger amplitude motion though, inertial effects will be greater

and variation from the undisturbed flow can still be seen (fig. 8.37).

As the trolley again passes the mid point of its motion, but in the same direction
as the discharge release (§ = 180°), deviation from the no-waves case can again

be seen. With both small (fig. 8.34) and larger (fig. 8.38) amplitude motions the
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vectors are swayed further towards the horizontal in the direction of the discharge,

the effect being greatest under the influence of the larger motion.

Reaching the second turning point (6 =
small amplitude motion again return almost to the no-wave configuration (fig.

8.35) while inertial effects are again seen under the effect of the larger amplitude

motion (fig. 8.39).
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While the PIV results presented give a general overview of the motion of fluid
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Figure 8.38: Phase averaged velocity map %3— = 0.084,0 = 180°
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Figure 8.39: Phase averaged velocity map %3— = 0.084, 0 = 270°
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Chapter 9

Conclusion

Using an LIF technique it has been shown that under wave conditions of the type
present at the sites of outfalls, the dilution of the discharged line plume can be
increased by wave effects. The full field nature of the technique allowed not only
the increase in dilution to be measured but also allowed the region in which the

increase takes place to be clearly identified.

The average increase in dilution of the line plume was found to be similar to the
increase in surface dilution reported by other researchers studying round plumes.
This is to be expected as the greatest increase in dilution was found to be in
the region near to the port and before individual plumes had merged. In this
region, where the plume’s horizontal momentum is still greater than that of the
wave induced motion, a ‘spraying’ or ‘exploding’ of the plume is seen. After
this point, as the plume’s momentum decreases to half that of wave motion, the
plume is merely oscillated by the wave motion and plume dilution is comparable
to that of a plume released into quiescent conditions. Examination of the average
deviation in concentration from that of the mean showed that the wave motion
allows entrainment of fresh water deeper into the core of the plume than possible

~in still conditions, resulting in higher dilutions.

LIF concentration measurements were also made of round plumes released into
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still and simulated wave conditions. Increases in plume dilution due to wave ef-
fects were found to be comparable with results published by other researchers
demonstrating that the simulated conditions emulated actual wave conditions
sufficiently well to be used in studies of this type. Again the region where the
greatest increase in dilution takes place was identified and entrainment of clean
water further into the plume found under the influence of wave motion. Prelimi-
nary PIV velocity measurements of the round plume were also made and general
observations about velocities within the plume recorded. A method for obtaining

three dimensional concentration maps of the round plume was also outlined.

9.1 Technical improvements

From the round plume results it can be seen that the quality of LIF results is
greatly dependent on the light source being sufficiently intense. While the addi-
tion of further quantities of dye can be used to increase the fluorescent intensity,
this will also increase attenuation of the laser light sheet. In the most extreme
circumstances the sheet may be absorbed before the water surface is reached.
A bright light source and low dye concentration is therefore preferable to a less
intense light source and greater dye concentration. With an insufficiently bright
light source the difference in intensity between concentrations also becomes less
distinct, reducing the precision of the measurement. A more intense light source
such as that used for the earlier work would therefore be required for any further

experiments.

In determining the correct dye concentration for use in the experiments a very
fine line had to be drawn between sufficient illumination and overloading the
camera. If overloading takes place on any of the instantaneous images then any
time averaged image made from them will not be a true, time averaged image.
A 12-bit camera with 4096 grey levels rather than the 8-bit camera used would

allow much greater scope for more precise concentration measurements to be
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made without overloading.

While time averaged LIF results have been presented it would be interesting
to produce phase averaged concentration maps for different phases of the wave
motion. This would provide greater insight into the effect of the wave motion
on the plume. In order to take images at a given phase of the wave motion
a triggerable camera such as the PCO camera used for the PIV measurements
would be needed. The camera could then be triggered by the wave maker at the

appropriate phase of its motion.

Improvements to the PIV results could possibly be made by seeding the receiving
water as well as the discharge. In this way the problem of low seeding densities
at the edges of the plume could be overcome allowing better data to be collected
from the edges of the plume. This would allow further analysis of the PIV results

in this important area.

In this study the PIV and LIF experiments were conducted separately with the
disadvantage that it is not the same plume under study each time. Combined
LIF and PIV systems are now available [39] allowing simultaneous LIF and PIV
images to be taken of the same plume. Combined with this is the possibility of
measuring out of plane velocity components with a more recent PIV system [39].
By using such a system in conjunction with the method of moving the light sheet
laterally through the flow under study, it would be possible to produce fully three
dimensional velocity and concentration maps of a plume interacting with wave

motion. This would allow a much fuller study of the wave/plume interaction.

Though a method for producing three dimensional concentration maps has been
shown, only basic results from this work have been presented. Further develop-
ment is still necessary on software to process data of this type to allow further
results to be taken from it. Development of the LIF analysis programs is also
required to allow the processing of the PIV data in the same way, allowing for

example centreline detection.
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9.2 Further study

With some of the improvements highlighted above made to the experimental

apparatus, the present research could be continued along a number of lines:

It has been seen that the increase in dilution of the plume is greatest when the
plume momentum is of the order of the wave induced momentum. As the point
at which this happens will depend on the discharge’s transition from a jet to
a plume, an investigation into the effect of varying the Froude number of the
discharge on the plume dilution would be a useful study. It may be that varying
the Froude number of a discharge to increase the dilution through wave effects
may be more economically viable than construction of a longer or more elaborate
outfall. Coupled to this could be an investigation into the angle at which the
effluent is discharged into wave conditions, Chyan and Hwung having found that
a vertical discharge of a round plume leads to greater dilution than a horizontal

discharge [21].

As previously mentioned an LIF study of a plume at different phases of the wave
motion would prove useful in studying the greater entrainment of fresh fluid
into the plume under wave motion. There is also scope for further study of the
wave/plume interaction using PIV. The results presented attempted to cover as
large a region of the plume as possible with the resultant loss of spatial resolution.
A closer study of areas such as the outside edge of the plume close to the port

could yield interesting results.

129



Appendix — Conclusion

List of publications
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